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Abstract

This work synthesized a series of oxide composites with nominal compositions of
BaCeo57r04Y0.103.5s (BCZY)-Ceo5Y0502-5 (YDC) based on the BCZY/YDC molar ratios of
0.5:1, 1:1, 2:1, and 4:1 (BCZY-YDC-0.5-1, BCZY-YDC-1-1, BCZY-YDC-2-1, and BCZY-
YDC-4-1) using a one-pot solid state reactive sintering (SSRS) method. The X-ray diffraction
(XRD) patterns and refinement proved that the one-pot SSRS at 1450°C for 12h could achieve
the perovskite-fluorite dual-phase composites (DPCs) with the desired structure compositions.
The scanning electron microscopy (SEM) images showed that the two DPCs of BCZY-YDC-
1-1 and BCZY-YDC-2-1 formed excellent percolation for perovskite and fluorite phases. The
conductivity measurement by electrochemical impedance spectroscopy (EIS) and the
transference number measurement by the electromotive force (EMF) test proved that
changing the BCZY/YDC molar ratio and operating condition could adjust the DPC’s
conduction property to make them suitable for electrolytes and electrode scaffolds for
protonic ceramic fuel cells (PCFCs). The long-term conductivity testing and the crystal
structure analysis after EMF testing under versatile conditions indicated that the DPCs of
BCZY-YDC-2-1 and BCZY-YDC-1-1 were durable PCFC component materials. The PCFC
button cells with the as-discovered BCZY-YDC-2-1 and BCZY-YDC-1-1 as an electrolyte
and an anode scaffold, respectively, and the reported Ba-Ce-Fe-Co-O perovskite-perovskite

composite as a cathode showed promising performance under Ho/air gradient.
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1. Introduction

Solid state ionic materials with high singular ionic (oxygen ion or proton) conductivity
have found extensive applications as electrolytes in many energy conversion, storage, and
harvesting devices for power generation [1, 2], water electrolysis [3, 4], carbon dioxide
utilization [5, 6], ammonia synthesis [7, 8], hydrogen production and compression [9, 10], and
electrochemically sensing [11, 12]. Although most of the proton conducting oxides behave
some degree of oxygen-ion conductivity intrinsically, until recently, the capability of
simultaneous transport of both oxygen ion (O%) and proton (H") in some perovskite oxides
began to attract more attention in the applications for protonic ceramic-based energy devices
(e.g., fuel cells, electrolysis cells, and electrocatalytic membrane reactors). The transport of a
small amount of oxygen ion from the cathode to the anode through the electrolyte in the
protonic ceramic fuel cells (PCFCs) was one of the common strategies for mitigating the
coking effect of fuel-flexible PCFCs [13]. The solid oxide electrolysis cells made from
electrolytes possessing oxygen ion and proton conductivities showed more favorable
characteristics (e.g., higher efficiency and smaller cell size) than the electrolysis cells made
from either pure oxygen-ion or pure proton conducting electrolytes [14]. The electrocatalytic
membrane reactors made from co-ionic (proton and oxygen ion) conducting (CPOC)
electrolytes showed a significant improvement in methane dehydroaromatization (MDA)
performance. The simultaneous removal of hydrogen and addition of oxygen from and to the
MDA electrocatalyst through the CPOC electrolyte shifted the thermodynamic equilibrium to
the aromatic direction and burned the coke on the catalysts to improve the MDA performance
[15].

The phase-pure perovskite oxides of doped barium cerates and zirconates such as
BaCe0.7Z10.1Y0.1Yb0.103.s (BCZYYDb) [16] and BaCeo2Zro.7Y0.103.5 (BCZY27) [15], which

usually possess some degree of oxygen ion conductivity besides the dominant proton
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conductivity, behaved CPOC characteristic. The decreasing partial pressures of water and
hydrogen could increase their oxygen ion conductivity while decreasing proton conductivity.
In the most recent work, the phase-pure tetragonal perovskite of BasNbsMoO»p showed high
proton and oxygen ion conductivity at intermediate temperatures [17]. However, it is not easy
to simultaneously increase proton and oxygen ion conductivity by adjusting perovskite
dopants. The equilibrium between the protonation and deprotonation reactions determines the
partial ionic conductivity, while the solubility-limited extrinsic dopant (e.g., Y) concentration
decides the total ionic conductivity [18]. Because of the interdependence of proton, oxygen
ion, and electron in the perovskite structure and the limited adjusting parameters, the
discovery of phase-pure CPOC materials faces a significant challenge.

Mechanically mixing two pre-prepared phases with independently controllable
transport properties to form DPCs allowed more flexibility to design the CPOC materials. The
DPCs consisting of the oxygen ion-conducting phase and electron-hole conducting phase
found extensive applications in oxygen-permeable membranes and SOFC/SOEC oxygen
electrodes [19, 20]. The DPCs consisting of the proton conducting and electron-conducting
phases provided alternative hydrogen-permeable membrane materials [21]. In recent years,
combining a proton conducting phase and an oxygen ion-conducting phase has become a
strategy to form CPOC DPCs [22]. DPCs with doped BaCeOs.; or BaZrOss perovskites
(proton conductor) and doped ceria fluorites (oxygen ion conductor) successfully
demonstrated CPOC properties and achieved good performance as electrolytes for fuel cells,
electrolysis cells [23-26], and electrochemical membrane devices [21, 27-29]. However, the
DPCs fabricated by mechanically mixing pre-synthesized component phase powders resulted
in poor homogeneity, large phase domain size, continuous solid reactions, and emergent
interface impurities, which usually caused significant performance degradation for both

CPOC DPC materials [30]. For example, Lin ef al. [31] reported that the mechanically
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synthesized BaCe§Y0.203-5-Ce0sGdo202-5 composite further resulted ina new perovskite
BaCe1.6Y02Gdo204.9-5 phase at 1550°C, which greatly affected the electrical property. Similar
further reactions, which formed a new impure phase besides the original two componential
phases, also happened in other perovskite-fluorite composites by the slow cation diffusion [32,
33] during applications.

The one-pot synthesis/fabrication method provided an effective route to achieve stable
DPCs with homogenous phase distribution, stable phase composition, and stable
microstructure to ensure the steady promising transport properties for the resulted DPCs. In
this work, we adapted a novel one-pot SSRS fabrication method to prepare stable perovskite-
fluorite DPCs consisting of proton conducting perovskite oxide of BCZY and oxygen ion-
conducting fluorite oxide of YDC with different BCZY/YDC molar ratios (0.5:1, 1:1, 2:1, and
4:1). We investigated the phase compositions, microstructures, electrochemical properties,
and transference numbers for the as-prepared DPCs and compared them with the phase-pure
BCZY and YDC. After that, we proved the excellent stability by invariable crystal structure
and conductivity after long-term conductivity and EMF testing. Finally, we demonstrated a
promising PCFC performance by choosing BCZY-YDC-2-1 as an electrolyte, BCZY-YDC-1-
1 as an anode scaffold, and Ba-Ce-Fe-Co-O (a previously demonstrated DPC cathode material)
as a cathode. The BCZY-YDC DPCs fabricated by one-pot SSRS provided excellent
alternatives for high-performance protonic ceramic electrochemical devices for energy

conversion, storage, and harvesting.

2. Experimental
2.1 Fabrication of BCZY-YDC DPC Pellets
BaCOs (Alfa Aesar, 99.8%), CeO, (Alfa Aesar, 99.9%), ZrO, (Alfa Aesar, 99.7%),

and Y203 (Alfa Aesar, 99.9%), and nickel (II) oxide (NiO, Alfa Aesar, Ni-base 78.5%) were
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the raw materials for the fabrication of BCZY+YDC DPC pellets with BCZY/YDC molar
ratios of 0.5:1, 1:1, 2:1, and 4:1 by one-pot SSRS method. The stoichiometric amounts of raw
materials were weighted according to the BCZY and YDC nominal formulas and their ratios
and added to Nalgene bottles. The addition of 5mol% NiO based on the sum of BCZY and
YDC served as a sintering aid. Ball-milling in isopropanol (IPA, 70% v/v) with 3mm YSZ
balls for 48h followed by drying at 90°C in the oven for another 48h resulted in well-mixed
BCZY-YDC precursor powders. Subsequently, the dry pressing of the precursor powders in
circular carbon-aided steel die-set with a 19mm diameter under 350MPa for 120s prepared
green pellets with thicknesses of ~2mm. By sintering the green pellets at 1450°C for 12h, we
finally obtained the BCZY-YDC DPC pellets of BCZY-YDC-0.5-1, BCZY-YDC-1-1,
BCZY-YDC-2-1, and BCZY-YDC-4-1, respectively. Following the same procedure, we also

prepared phase-pure BCZY and YDC pellets for comparison.

2.2 Characterization

The crystal structures of the BCZY-YDC, BCZY, and YDC samples were analyzed
using a Rigaku MiniFlex 600 benchtop powder X-ray diffractometer with monochromatic Cu
Ko radiation (1.5406 A). The powder X-ray diffraction (XRD) patterns were collected in a 20
scan range of 25°-85° with a scanning rate of 1°min and a step length of 0.02°. The
microstructures of the BCZY-YDC pellets and the button cells were characterized using a
Hitachi S-5000 microscope with an accelerating voltage of 20kV and an emission current of
35uA in a 30Pa vacuum chamber. The back-scattering (BS) scanning electron microscopy

(SEM) was used to identify the morphology and the phase distribution.
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2.3 EIS Measurement

The electrical transport property determines the material’s electrochemical
applications. The BCZY-YDC DPC pellets prepared by the one-pot SSRS method were
studied in detail using EIS measurement to find suitable applications as either electrodes or
electrolytes. After sandpaper polishing and proper cleaning, the BCZY-YDC DPC pellets
were painted with silver paste (Alfa Aesar, item number 44075) on both sides as electrodes to
prepare symmetrical cells. Gold wires (Alfa Aesar, item number 00725) tangled with silver
mesh (Alfa Aesar, item number 40936) served as extensive probes (four ends) to connect
platinum lead wires for EIS measurement.

The EIS measurement of these symmetrical cells was performed using a Gamry
Reference 600 Plus at 200°C-700°C under different atmospheres: air, wet air, 5% Ho>
(balanced by Ar), and wet 5% H» (balanced by Ar) with a flow rate of 50mL-min' (the
humidity was introduced by flowing the gases through room-temperature water bubbler). The
cell temperature was increased to 700°C with a ramp rate of 2°C/min and held for 1h to ensure
a steady operation state. Then the EIS data were collected under a perturbation voltage of 10
mV in the frequency range of 0.01Hz to SMHz. After obtaining the EIS data at 700°C, the EIS
data at lower temperatures were collected during the stepwise decreasing process using the
same procedure. The temperature step size was 50°C, the cooling rate was 2°C/min, and the
stabilization time was 1h. The EIS data under different atmospheres were collected using two
symmetrical cells: one for oxidizing atmosphere and the other for reducing atmosphere. For
each symmetrical cell, the measurement was performed at different temperatures, first
conducted under the dry atmosphere and then under the wet atmosphere. The collected EIS
data were analyzed by fitting with ZView software based on an equivalent circuit model to
output resistances and then convert to conductivities by considering the cell area and

thickness.
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2.4 EMF Measurement

By referencing [34], we further derived transference numbers and partial
conductivities of the BCZY-YDC-1-1 and BCZY-YDC-2-1 composite samples by testing the
EMF of the concentration cells with a configuration of gas (I), Ag electrode (I) | BCZY-YDC
electrolyte | Ag electrode (II), gas (II). By applying different gases with designed gas
compositions at each side of the concentration cells, we tested EMFs at 300°C-700°C for
deriving transference numbers under oxidizing and reducing atmospheres, respectively.
Cell-1. Oxygen concentration cell with oxygen gradient:
Air-3.12% H>0, Ag electrode (I) | BCZY-YDC | Ag electrode (IT), 02-3.12% H:O.
Cell-2. Oxygen concentration cell with water vapor gradient:
Air-3.12% H>0, Ag electrode (I) | BCZY-YDC | Ag electrode (II), Air-1.56% H>O
Cell-3. Hydrogen concentration cell with hydrogen gradient:
5% H2-3.12% H>0, Ag electrode (I) | BCZY-YDC | Ag electrode (IT), H2-3.12% H20O
Cell-4. Hydrogen concentration cell with water vapor gradient:
H»-3.12% H>0, Ag electrode (I) | BCZY-YDC | Ag electrode (IT), H2-1.56% Ha

The BCZY-YDC composites might involve the charged species of protons, oxygen
ions, and electrons. By assuming the ionic transference number was one, Eq. 1 could express
the theoretical EMFs (Vca) generated by the gas concentration gradient at different sides of
the dense membrane. R is the ideal gas constant, F is the Faraday constant, T is the
temperature, t is the transfer number (marked with species), and p is the partial pressure of gas

species at different electrodes.

I 11
RT PH RT Po
Ve = ty+ oF In <_p112> + toz- iF In <_I 2) (D)

Hp Po,
Taking the water formation (Eq. 2) into account, we could rewrite Eq. 1 as Eq. 3 and Eq. 4.

2H, + 0, = 2H,0 )
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Ve = (o + )2 1 (22 0 2 1 (E422) !
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Due to electron conduction contribution, the measured EMFs (Vea) were usually smaller than
the theoretical Nernst voltage calculated from Eqns. 1-4 based on the gas partial pressures and
temperatures. By dividing the measured EMF with theoretical EMF (Eq. 5), we could

calculate the total ionic transference number (t;) and electron transference number (tele).

_ Vmea
ti N Vecal (5)

In cell-1, the water vapor partial pressures at each side were the same, and the oxygen

partial pressure gradient generated the EMF. Thus, Eq. 4 could transform into Eq. 6.

II
Vear = (tys + to2-) o2 In (p&) (©)

PO,
We could obtain the total ionic transference number (ti)) and electron-hole transference
number (tele). In cell-2, the oxygen partial pressures at each side were the same, and the water

vapor partial pressure gradient generated the EMF. Thus, Eq. 4 could transform into Eq. 7.

1
RT p
Veal = ty+ — In (pﬁ—zo) (7)

2F H,0
We could separate proton and oxygen ion transference numbers. Therefore, using cell-1 and
cell-2, we obtained the transference numbers for proton, oxygen ion, and electron under
oxidizing atmospheres. Following the similar derivation, using cell-3 and cell-4, we could
obtain the proton, oxygen ion, and electron transference numbers in reducing atmosphere.

By considering electrode polarization, Eq. 8 could further correct the transference
numbers, where Reetrolyte 1S the electrolyte resistance, Rioal is the total resistance (including the
Relectrolyte and the electrode polarization resistance) [35]. These resistances came from previous

EIS measurements by Gamry Reference 3000.
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t=1- Rele (1 _ Vmea) (8)

Rtotal Veal

2.5 BCZY-YDC Based PCFC Single Cells

The BCZY-YDC-2-1 and BCZY-YDC-1-1 DPCs obtained in this work were chosen
as the electrolyte and anode scaffold. The Ba-Ce-Fe-Co-O DPC discovered in our previous
work was chosen as the cathode. The button cells with a configuration of 40wt% BCZY-
YDC-2-1460wt%NiO | BCZY-YDC-1-1+5mol%NiO | Ba-Ce-Fe-Co-O were fabricated and
tested.

Precursor powders of the anode and the electrolyte were prepared by mechanically
mixing raw material powders through ball milling in isopropanol followed by oven drying,
similar to the method in section 2.1. With the preparation of electrolyte BCZY-YDC-2-1
precursor powder as an example, the procedure can be described as follows. Proper amounts
of BaCOs3, CeO,, ZrO2, and Y203 with a stoichiometry ratio of BCZY-YDC-2-1 and an
additional 5Smol% NiO as a sintering aid were ball-milled for 48h with 3 mm yttria-stabilized
zirconia balls grinding media and isopropanol as grinding solvent. The slurry was then heated
at 150°C in a box oven for 48h to get fully dried. Anode powder of 40wt%BCZY-YDC-2-
1+60wt.% NiO+ 20wt.% starch was prepared by mixing with BaCOs, CeO», ZrO2, Y203,
60wt.% NiO and extra 20wt.% starch using the same procedure. Ba-Ce-Fe-Co-O cathode
precursor powder was synthesized using the modified Pechini method described in our
previous work [36].

The green anode pellets with a diameter of 19 mm and a thickness of ~2 mm were
obtained by dry-pressing under 350 MPa for 12 s in circular carbon-aided steel die set.
Precursor paste of BCZY-YDC-2-1 electrolyte was prepared according to the following
procedure. The precursor powder, dispersant (20wt% solsperse 28000 in terpineol solution),

and binder (S5wt% V-600 in terpineol solution) with a weight ratio of 15:3:1 were mixed by
9
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manually grinding for 45 min in an agate mortar with an agate pestle. Thin electrolyte layers
were applied on both sides of green anode pellets by screen-printing electrolyte precursor
paste, followed by firing at 1500°C for 12h. Fired pellets were polished to remove one
electrolyte layer to change into half-cells. The Ba-Ce-Fe-Co-O cathode paste was prepared
using the same procedure to prepare electrolyte paste and then was screen-printed on the
electrolyte center to form a circular green cathode film with a diameter of 3/16 inches and a
thickness around 20um (after firing). The subsequent firing at 900°C for 5Sh completed single-
cell fabrication. Silver painting of electrode surface introduced current collectors while silver
mesh and gold wire attached to the current collector to get the button cells connected to
Gamry 3000 for fuel cell performance evaluation.

The button cells were sealed to an end of an alumina tube using Aremco Ceramabond
552 to separate into an anode chamber and a cathode chamber. The cell performance was
measured using a homemade testing station from 650 to 550°C with dry hydrogen
(25mLJmin") as the fuel and dry air as the oxidant (200mL[Jmin"). The current-voltage (I-V)
curves and the corresponding power density (P) were collected using Gamry Reference 3000.
The EIS spectra were collected under an open-circuit condition in the frequency range from
0.01 Hz to IMHz with a voltage perturbation of 10mV for understanding the ohmic resistance

and polarization resistance of the PCFC single cells.

3. Results and Discussion
3.1. Crystal Structures and Microstructures

The BCZY-YDC composite pellets were synthesized by a one-pot SSRS method
described in the experimental section. The XRD was employed to study the phase
composition for the BCFC-YDC composite pellets with nominal phase ratios of 0.5:1, 1:1, 2:1,

and 4:1. Fig. 1 shows that all composite specimens exhibit XRD patterns that perfectly match
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BCZY perovskite and YDC fluorite phases without any impurities. The YDC and BCZY
peaks for the composites are the same as those for phase-pure YDC and BCZY without peak
shifts versus variable phase composition, indicating that the YDC and BCZY in the
composites should have a similar element composition as the designed individual fluorite and
perovskite phase. As expected, the relative intensities of peaks for each phase increase along
with the designed amount in the composites. The Rietveld refinement by GSAS II software
allowed us to obtain the phase compositions for BCZY-YDC-0.5-1 and BCZY-YDC-1-1
DPCs. As shown in Fig. 2, the two phases are perovskite (Pm3m) and fluorite (Fm3m)
crystal structures. The phase ratios are 0.50:1 and 1.01:1 when assuming the individual phase
is consistent with the nominal stoichiometry. We can conclude that the one-pot SSRS method
allowed the fabrication of the BCZY-YDC DPCs with the desired crystal structures and phase

compositions.
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Figure 1. XRD patterns of BCZY-YDC pellets with different component ratios compared with pure BCZY

and YDC phases.
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Figure 2. The refinement results of (a) BCZY-YDC-0.5-1 and (b) BCZY-YDC-1-1 DPCs.

Furthermore, the BS-SEM was used to study the microstructures of the BCFC-YDC
DPC pellets. Fig. 3 indicates that the pellets are fully dense, consisting of two phases
represented by bright and dark grains. Since the intensity of BS electrons increases
monotonically with the increasing average atomic number of the detected phases [29], the
bright grains refer to the BCZY perovskite phase with a large atomic number, while the dark
grains stand for the YDC fluorite phase with a small atomic number. The phase ratio shows an
apparent effect on the composite percolation and grain size of each phase. The BCZY-YDC-
1-1 and BCZY-YDC-2-1 DPCs formed the best percolation for the two phases. The BCZY-
YDC-4:1 DPC did not form the percolated structure, in which the minor YDC phase stayed in
the grain boundary region of the main BCZY phase. Although the BCZY-YDC-0.5-1 DPC
also formed percolated structure, the percolation was not as good as that for BCZY-YDC-1-1
and BCZY-YDC-2-1 DPCs. In general, the phase ratio effect on the grain size does not show
an apparent trend. The BCZY-YDC-1-1 DPC shows the most homogenous grain size
distribution, and the two phases have a similar grain size of 0.5-1.5 um. The BCZY-YDC-2-1
DPC also shows good grain size distribution for both phases except for the small number of

large grains of the BCZY phase. With the further increase of the BCZY phase, the BCZY-
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YDC-4-1 DPC shows relatively large homogenous BCZY grains with a small number of
small YDC grains dispersed in the pocket or grain boundary regions. However, for the DPC
with the lowest BCZY phase (i.e., BCZY-YDC-0.5-1), both BCZY and YDC phases show the

two modal grain size distribution.

Figure 3. BS-SEM images of BCZY-YDC pellets’ surface with different component ratios: (a) 0.5:1, (b) 1:1,

(c)2:1, and (d) 4:1.

3.2. Electrical Conductivity

Understanding the detailed electrical conduction properties for the BCZY-YDC DPCs
at variable temperatures under different atmospheres can provide insightful guidance for
designing their applications (e.g., electrolytes, electrode, and hydrogen-permeable
membranes). Based on symmetrical cells of the dense composite pellets coated with identical
silver electrodes on both surfaces, the composites’ total conductivities were measured using
EIS at temperatures from 200°C to 700°C under atmospheres of dry/wet air and dry/wet Svol.%
H; (balanced by Ar). Fig. 4 provided the EIS Nyquist plot obtained at 250°C under wet air for

the BCZY-YDC-1-1 composite pellet. The black square markers were the experimental data
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points of the Nyquist plot based on area-specific resistance (ASR). These data points
displayed a small semicircle at the high-frequency range, a big semicircle at the intermediate-
frequency range, and a straight line with ~45 degrees relative to the Z-real axis at the low-

frequency range.

1 ® Nyquist Curve
- s Rbulk b Ws1
15000. Fitting Curve RA——We—
CPE\)qu CPEgb
&
£ 10000 -
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N .
' 5000 4
1 ... —
0 5000 10000 15000 20000 25000 30000
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Figure 4. The fit of the EIS Nyquist curve of BCZY-YDC-1-1 at 250°C under wet air. The inset is the

equivalent circuit model used for this fitting.

The equivalent circuit model (inset in Fig. 4) related to the electrolyte bulk transport,
electrolyte grain boundary transport, and electrode reaction processes were used to fit these
experiment data by ZView software to derive the global conduction behavior through the
intergrain (grain boundary) and intragrain (bulk) of the pellet sample. The excellent fitness of
the red curve to square markers proved that the proposed equivalent circuit model could well
describe the experimental data. Following the analysis procedure, we fitted all the
experimental EIS data and achieved the electrolyte and electrode transport/reaction
information of the symmetrical cells made from the BCZY-YDC composite pellets. We also
studied the electrical conductivity using the same method for the BCZY and YDC phase-pure

pellets for comparison. Fig. § provides the plots of the natural logarithm of the product of

14
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total conductivities and temperature (In(cT) versus the reciprocal temperatures (1/T) under

different atmospheres for these pellets.
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Figure 5. Temperature dependence of conductivity for BCZY-YDC pellets under different atmospheres: (a)

dry air, (b) wet air, (c) dry 5% H,, and wet 5% H,.

Under dry air atmosphere (Fig. 5a), the conductivity versus temperature plots show
excellent linearity for all the six tested pellets at the whole temperature range 200-700°C. The
phase-pure YDC pellet shows the lowest conductivity and highest conduction activation
energy of 1.38 eV. The high activation energy is consistent with the conduction behavior of
the doped ceria materials primarily dominated by oxygen ions in dry air (oxidizing

atmosphere), as commonly reported in the literature[37]. The phase-pure BCZY pellet shows
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the highest conductivity and the lowest conduction activation energy of 0.72 eV, slightly
higher than those reported for pure proton conduction in perovskite oxides[38]. The lack of
hydrogen and water usually made the proton conducting perovskite oxide an oxygen ion
conductor with a small contribution of electron-hole in an oxidizing atmosphere with
activation energy higher than pure proton conduction but lower than the pure oxygen-ion
conduction in fluorite oxide. All the BCZY-YDC DPC pellets show conductivities and
activation energies between the pure BCZY and pure YDC samples. The BCZY phase played
a more critical role in determining the DPC’s conduction behavior for all these four DPCs.
For example, the conduction activation energy for the BCZY-YDC-0.5-1 DPC pellet is 0.87
eV, 0.51 eV lower than that for phase-pure YDC pellet but very close to that for phase-pure
BCZY pellet (0.72 eV). The BCZY-YDC-1-1, BCZY-YDC-2-1, and BCZY-YDC-4-1 DPC
pellets, with the increased BCZY phase, do not show a marked decrease in conduction
activation energy, staying between 0.77 eV and 0.87 eV. The total conductivity for these
composite pellets increases with the increasing amount of BCZY phase slightly, which are
slightly smaller than the total conductivity for the phase-pure BCZY pellet but much higher
than that for the phase-pure YDC. The observation of the conduction behavior is consistent
with the microstructure of these four DPC pellets. The formed percolation and relatively high
conductivity of the BCZY phase in these composites made the apparent conduction behavior
close to the BCZY phase in the DPCs.

Under wet air atmosphere (Fig. Sb), the conductivity-temperature plots show different
linearities for different BCZY-YDC DPCs. The phase-pure YDC plot hardly changes
compared with the one under dry air since it still behaves almost pure oxygen ion conduction.
On the contrary, the phase-pure BCZY shows a significant increase in conductivity and a
noticeable decrease in conduction activation energy (from 0.72 eV to 0.54 eV), indicating that

the dominant charge carriers through the BCZY structure may include both oxygen ions and
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protons. The introduction of easily transport protons is the reason for higher conductivity and
lower conduction activation energy. As for the BCZY-YDC DPC pellets, in general, the plots
are still close to the phase-pure BCZY plot, indicating a much higher conductivity than the
phase-pure YDC pellet. With the increase in the BCZY phase, the plot linearity gets poorer
and converges at high temperatures, indicating the typical co-ionic (proton and oxygen ion)
conducting behavior. The conduction activation energies for these four composite pellets
focus on 0.63-0.69 eV, close to the charge transport activation energy in the phase-pure
BCZY structure. It proves that the highly conductive BCZY phase plays a dominant role in
deciding the transport behavior of the BCZY-YDC composite pellet in a wet air atmosphere
even the BCZY to YDC ratio is only 0.5:1.

Under dry 5vol% H» (balanced by Ar) atmosphere (Fig. Sc¢), the conduction behavior
for all the six samples shows a noticeable difference from that measured under oxidizing
atmosphere (dry/wet air). The pure YDC pellet shows a dramatic increase in conductivity
corresponding to a significantly decreased conduction activation energy of 0.88 eV. At
temperatures higher than 500°C, the pure YDC’s conductivities are higher than all five
samples. The increase in electronic conductivity that occurred to doped ceria under a reducing
atmosphere can reasonably explain this conduction change for pure YDC [39]. The pure
BCZY pellet shows slightly decreased conductivity, corresponding to a small drop of
activation energy (from 0.72 eV to 0.46 eV) than in the oxidizing atmosphere (dry/wet air).
The hydrogenation of BCZY in the reducing atmosphere usually results in proton
conductivity and a decrease in electron-hole conductivity. The activation energy absolute
value of ~0.46 eV is within the range of activation energy for pure proton transport for doped
barium cerates and zirconates. The slightly decreased activation energy at the high-
temperature range, a common phenomenon for proton conducting perovskite oxide caused by

decreased proton concentration, can be observed. As for the BCZY-YDC DPC pellets, the
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conductivity shows a reverse change trend versus the BCZY-YDC ratio compared with that in
an oxidizing atmosphere. The higher amount of YDC phases corresponds to higher
conductivity. However, the activation energy does not show a clear change trend, staying in
the range of 0.5-0.6 eV. The dominance of the increased electronic conductivity caused by the
YDC phase in the DPC pellets can explain the increasing conductivity with the increasing
YDC in DPCs.

Under wet 5vol% H» (balanced by Ar) atmosphere (Fig. 5d), the conduction behavior
of these pellets shows marked change compared with those in dry Svol% H> and the dry/wet
air (oxidizing atmosphere). The phase-pure YDC pellet shows decreased conductivity and
increased conduction activation energy when changing dry 5vol% H> into wet Svol% H». The
introduction of water could increase the oxygen partial pressure to some degree, which
probably decreased the electronic conductivity and contribution to the total conductivity of
the pure YDC in wet 5vol%. The phase-pure BCZY pellet shows the same conduction
activation energy and slightly increased conductivity when changing dry 5vol% H» into wet
5vol% H,. The easy hydration of BCZY in a wet atmosphere could increase the proton
concentration, resulting in increased proton conductivity. However, the conductivity in a wet
reducing atmosphere is still slightly lower than in the oxidizing atmosphere. The existence of
electron-hole conductivity for the BCZY phase under oxidizing atmosphere may be
responsible for the higher conductivity in an oxidizing atmosphere. For the four BCZY-YDC
DPCs, switching the atmosphere to wet 5vol% H> from dry 5vol% Hb», the conductivity
exhibited reverse tendency versus the BCZY/YDC ratio. The pellet with a higher BCZY/YDC
ratio shows a higher conductivity since the proton conduction dominated the transport
behavior of the DPCs.

Furthermore, comparing with conductivities of state-of-the-art DPCs consisting of

doped BaCeOs.5 and doped ceria phases[21, 31, 40-44], the conductivities of as-prepared
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BCZY-YDC-4-1 under wet 5% H»> and wet air stand in the reasonable range and show more
competitive conduction at lower temperatures (Fig. 6). The lower activation energies (as the
slope of plots) of the BCZY-YDC DPCs achieved in this work can be ascribed to the better

percolation structure and chemical compatibility between the two phases.
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Figure 6. Total conductivity comparison between as-prepared BCZY-YDC-4-1 under wet air and wet 5% H»

and state-of-the-art composites.

Table 1. Comparison of total conductivities of as-prepared BCZY-YDC-4-1 and state-of-the-art

composites shown in Fig.6 at 600°C.

Ref. Perovskite Phase Fluorite Phase Conductivity (S'em™)  Atmosphere
This work BaCey.5Z1r04Y0.1035 Ceo5Y0502.5 2.78x1073 Wet 5% H,
This work BaCey.5Zr04Y0.103.5 Ceo5Y0502.5 3.91x1073 Wet Air

21 BaCe.65Zr020Y0.15035 Ceos5Y0.15025 9.29x107? Wet H,
31 BaCe3Y 02035 Ce08Gdo201.9 1.66x1073 Wet Air
40 BaCe3Y 02035 Ce0sY 02025 1.02x10? 4% H»
40 BaCeosY 0205 Ce0sY 02025 3.50x1073 Air

41 BaCegSmy 035 Ceo.sSmo.202-5 6.72x1073 Wet H,
42 BaCe3Y 02035 Ce0sY 02025 7.96x1072 Wet 5% H,
43 BaCeos3Y0.1703:5 Ceo.855m0.1501.925 1.99x10? Air

44 BaCeosSmy 2035 Ceo.sSmo2025 1.13x10? Wet Air
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The BCZY-YDC DPCs may involve the conduction of multiple species such as
protons, oxygen ions, and electrons (or electron holes). Therefore, we investigated the three
charged species’ transference numbers and partial conductivities using the EMF method. Fig.
7 summarizes the transference numbers and partial conductivities for BCZY-YDC-1-1 and
BCZY-YDC-2-1 under oxidizing atmosphere a 450°C-700°C, the ordinary operation
temperatures of protonic electrochemical devices. Fig. 7a and Fig. 7c¢ indicate that the total
ionic transfer numbers (ty+ + tgz-) for both BCZY-YDC-2-1 and BCZY-YDC-1-1composite
pellets increase rapidly with decreasing operating temperature (0.95 at 450°C to 0.55 at 700°C
for BCZY-YDC-2-1 and 0.86 at 450°C to 0.46 at 700°C for BCZY-YDC-1-1). The electronic
conduction usually results from some electron contribution in the BCZY perovskite phase and
a small electron contribution due to Ce**/Ce** in the YDC fluorite phase. The positive effect
of operating temperature on the electronic transference number is consistent with the
commonly reported small polaron transport mechanism for protonic ceramic in an oxidizing
atmosphere (e.g., pure oxygen). The decreased ionic transference numbers and increased
electronic transfer numbers with increasing YDC phase in BCZY-YDC composite further
proved this explanation. Furthermore, the oxygen ion transference numbers in the wet
oxidizing atmosphere are pretty low for both samples, indicating that the protons are the
primary ionic transport carriers. It verifies that the protonic ceramic phase dominated the
conduction behavior of BCZY-YDC composites, consisting of the transport activation
energies obtained from total conductivity measured by EIS. Based on the total conductivities
in wet air and the measured transference, the partial conductivities under wet air are
calculated and summarized in Fig. 7b and Fig. 7d. It is consistent with the transference
number observation that the oxygen ion conductivities are too low to contribute to the

conduction for both samples. The proton conduction dominated the conductivity at lower
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temperatures. The comparable electronic conduction caught up at high temperatures,

indicating both samples can work as an electrolyte at lower temperatures, but BCZY-YDC-2-

1 is a better electrolyte than BCZY-YDC-1-1 due to the higher ionic conductivity and ionic

transference number.
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Figure 7. Ionic transfer numbers in oxidizing atmospheres of (a) BCZY-YDC-1-1 and (c) BCZY-YDC-2-1.

The transfer numbers of ty+ + tyz- and ty+ were tested by concentration cell 1 and cell 2, respectively. The

transfer numbers of tyz— were calculated by subtraction of ty+ from ty+ + tyz-. And te- was calculated by 1-

(ty+ + toz-). Corresponding partial conductivities of (b) BCZY-YDC-1-1 and (d) BCZY-YDC-2-1 were
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Figure 8. Ionic transfer numbers in reducing atmospheres of (a) BCZY-YDC-1-1 and (c) BCZY-YDC-2-1.
The transfer numbers of ty+ + tyz- and tyz- were tested by concentration cell 1 and cell 2, respectively. The
transfer numbers of ty+ were calculated by subtraction of tyz- from ty+ + tyz-. And te- was calculated by 1-

(ty+ + toz-). Corresponding partial conductivities of (b) BCZY-YDC-1-1 and (d) BCZY-YDC-2-1 were

calculated based on transfer numbers and conductivities under wet 5% Ho.

When the atmosphere turned into a reducing one, a different conduction behavior
appeared. Fig. 8a and Fig. 8c, the transference number-temperature plots for both BCZY-
YDC-2-1 and BCZY-YDC-1-1, indicate the total ionic contribution in the whole temperature
range (450°C-700°C) are slightly higher than that in an oxidizing atmosphere. On the one
hand, the BCZY-YDC-1-1 sample’s total ionic transference numbers are ~0.95 and 0.70 at
450°C and 700°C in the reducing atmosphere versus 0.86 and 0.46 at the same temperatures in
the oxidizing atmosphere. The relatively high electronic transference number in both reducing
and oxidizing atmospheres at lower temperature further prove that BCZY-YDC-1-1 is good

anode scaffold material. On the other hand, the BCZY-YDC-2-1 sample keeps a very high
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ionic conduction ( ty+ + tgz- >0.95) at the same temperature range. The total ionic
transference number doesn’t decrease with the increasing temperature. The steady high total
ionic transference number further proved that BCZY-YDC-2-1 is a better electrolyte material.
The oxygen ion and proton transference numbers in the reducting atmosphere show opposite
results compared with those in the oxidizing atmosphere. The oxygen ion transference number
increased significantly, which is higher than the proton transference number in the most
temperature range. The temperature effect showed the trend of emerging extreme regions for
both ionic transference numbers. BCZY-YDC-2-1 shows much higher oxygen ion
conductivity than the BCZY-YDC-1-1 sample. The higher oxygen ion transference number
than the proton transference number might result from the higher oxygen vacancy in the
reducing atmosphere in the proton conducting perovskite phase. We also calculated the partial
conductivities under wet 5% H> (Fig. 8b and Fig. 8d) based on the total conductivity under
wet 5% Hz atmosphere. Proton conductivities are similar for the two samples. Electronic
conductivity increases steadily as the temperature rises for BCZY-YDC-1-1, while BCZY-
YDC-2-1 shows an almost standstill value above 500°C. BCZY-YDC-2-1 shows much higher
oxygen ionic conductivity than BCZY-YDC-1-1, even though it has a lower fluorite phase
concentration. Therefore, the partial conductivity data further support that BCZY-YDC-2-1 is

a good electrolyte candidate while BCZY-YDC is a suitable anode scaffold.

3.3. Structure and Electrical Conduction Stability

The standard issue for DPCs is the precipitation of the new insulate phase and
degradation of electrical transport property because of the sluggish solid state reaction
between the mechanically mixed two phases or the matrix and infiltrated phases[30]. In this
work, we studied structural stability and electrical conduction stability using BCZY-YDC-2-1
as an example. Fig. 9 provides the conductivity of the BCZY-YDC-2-1 DPC pellet versus
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testing time under wet air. Within the 100 h, the total, bulk, and grain boundary conductivities
did not show any degradation. At around 80 h, the power outage caused the discontinuity of
data points, which did not affect the electrical conductivity stability. Fig. 10 compares XRD
patterns for fresh BCZY-YDC-2-1 and the used sample after electrical conductivity testing for
100h. The used sample did not form any new phase, which shows the same crystal
composition as the fresh sample.

Furthermore, the composite crystal structure stability under oxygen, hydrogen, and
steam gradients can directly express the material suitability for stable electrolyte and electrode
scaffold. We investigated the crystal structure using XRD on pellets after the measurement of
EMEF, which endure a totally 150 h gradient treatment. Fig. 10 compares the XRD patterns of
tested BCZY-YDC-2-1 and BCZY-YDC-1-1 DPC pellets and the corresponding fresh
samples. The long-term treatment under typical fuel cell gradient did not degrade the crystal
structure for DPCs, ensuring their stable suitability for fuel cell electrolyte and electrode

scaffold.
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Figure 9. The conductivity stability of BCZY-YDC-2-1 under wet air at 600°C (the break around 80 h caused

by the power outage).
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Figure 10. The XRD pattern for the tested BCZY-YDC-2-1 sample and samples exposed to various gradients

(BCZY-YDC-1-1 and BCZY-YDC-2-1) compared with the fresh samples.

3.4. Performance of Button Cells

We fabricated single cells using BCZY-YDC-2-1 electrolyte, 40wt%BCZY-YDC-1-1
+ 60NiO% anode, and Ba-Ce-Fe-Co-O cathode to study the potential for the BCZY-YDC
DPCs as PCFC electrolyte and anode components. Fig. 11 summarizes the cell performance
and EIS analysis for the single cells at 550°C-650°C under the H»/air gradient and the SEM
image of the tested cells. The I-V and I-P curves (Fig. 11a) show that the open-circuit
voltages (OCVs) of the single cells are 1.03 V, 1.07 V, and 1.11 V at 650°C, 600°C, and
550°C, respectively, which are close to the theoretical OCV values at these temperatures,
indicating the negligibly small electronic leak through electrolyte film and the excellent gas-
tight cell sealing. Comparing the OCVs for the single cells made from co-ionic conducting
perovskite-fluorite composite electrolytes reported in the literature [26, 31, 41, 43, 45, 46], the
OCVs for our single cells achieved higher OCV values, further proving the small electronic
leakage through BCZY-YDC-2-1 electrolyte layer (Fig. 12). The peak power densities at
650°C, 600°C, and 550°C are 239, 198 and 146 mW-cm? respectively. The corresponding
current densities are 468 mA-cm?, 357 mA-cm?, and 254 mA-cm? at respective
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temperatures. Fig. 11b presents the open circuit EIS analysis results for the single cells under
Air/H» gradient at different temperatures. The experimental data markers of the Nyquist plot
measured at all three temperatures of 650, 600, and 550°C have intercepts on the Z-real axis,
ascribing to the ohmic resistance. The rest of the data markers at the lower frequency range
display two depressed arcs, ascribing to cathode polarization resistance and anode
polarization resistance. The fitting spectra by ZView software using the equivalent circuit
model (inset in Fig. 11b) allowed the calculation of the ohmic ASR (Ro), the total
polarization ASR (Rp), the anode polarization ASR (Rpa), and the cathode polarization ASR
(Rpc). With increasing the temperature from 550°C to 650°C, and the Ro decreases from 1.01
Q-cm? to 0.60 Q-cm?. Based on the electrolyte thickness of 13 pm (Fig. 11c), the calculated
conductivities of the electrolyte film are 1.3 mS-cm™, 1.7 mS-cm™ and 2.2 mS-cm™! at 550°C,
600°C, and 650°C, respectively, which are close to the conductivities at corresponding
temperatures for the BCZY-YDC-2-1 composite pellets measured under wet 5% Ho.
Therefore, we can conclude that the BCZY-YDC-2-1 composite can serve as a promising
intermediate-temperature SOFC electrolyte. The cathode polarization ASRs at 650°C, 600°C,
and 550°C are 0.19, 0.28, and 0.42 Q-cm?, respectively, consistent with the cathode
performance BCFC twin-perovskite cathode reported in our previous work [36]. The anode
polarization ASRs are 0.13, 0.20, and 0.37 Q-cm? at the same three temperatures. Fig. 11c
shows the SEM image of the single-cell cross-section after the performance testing. The
adhesion between the cathode and the electrolyte is still excellent. The cathode and anode
layers are keeping good porosity. Combining with nickel to form cermet, BCZY-YDC-1-1

can serve as a promising component as a solid oxide fuel cell anode.
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The data for other single cells with co-ionic composite electrolytes BaCeo sSmo203.5-Ceo sSmo.201.9 [26],
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BaCeo3Y0.203.5-Ce0.8Gdo.201.9 [31], BaCepsSmo 203.5-Ceo.sSmo 2045 [41], BaCeo.83Y0.1703-5-Ceo.855m0.1501.925

[43], BaCe05Y0.203-5-Ceo.sSmo.202-5 [45], and BaCe.83Y0.1703-5-Ceo.855mo.1501.92 [46].
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Conclusions

We successfully synthesized a series of perovskite-fluorite BCZY-YDC DPCs with
BCZY/YDC molar ratios of 0.5:1, 1:1, 2:1, and 4:1 using the one-pot SSRS method. The EIS,
SEM, and EMF characterization proved that BCZY-YDC-2-1 and BCZY-YDC-1-1 could
work as electrolyte and anode scaffolds for PCFC by considering their CPOC/TPOEC
properties and phase composition/distribution. The further stability testing of electrical
conductivity and crystal structure showed promising long-term durable operation. The PCFC
button cells of 40wt% BCZY-YDC-1-1+60wt% NiO | BCZY-YDC-2-1| Ba-Ce-Fe-Co-O
showed promising fuel cell performance under hydrogen as fuel and air as oxidant. The new
BCZY-YDC DPCs fabricated by one-pot SSRS can serve as promising components for

protonic ceramic electrochemical devices.

Acknowledgment

This material is based upon work supported by the US Department of Energy’s Office
of Energy Efficiency and Renewable Energy (EERE) under the Fuel Cell Technologies Office
Award Number DE-EE0008428 and Office of Fossil Energy under the Award Number DE-

FE0031871.

Disclaimer: “This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade

name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its

29



1  endorsement, recommendation, or favoring by the United States Government or any agency
2 thereof. The views and opinions of authors expressed herein do not necessarily state or reflect

3 those of the United States Government or any agency thereof.

30



—
SO0 I Nk~ W

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

References

[1] S.D. Park, J.M. Vohs, R.J. Gorte, Direct oxidation of hydrocarbons in a solid-oxide fuel
cell, Nature, 404 (2000) 265-267.

[2] C.C. Duan, J.H. Tong, M. Shang, S. Nikodemski, M. Sanders, S. Ricote, A. Almansoori,
R. O’Hayre, Readily processed protonic ceramic fuel cells with high performance at low
temperatures, Science, 349 (2015) 1321-1326.

[3] S. Park, Y.Y. Shao, J. Liu, Y. Wang, Oxygen electrocatalysts for water electrolyzers and
reversible fuel cells: status and perspective, Energy & Environmental Science, 5 (2012) 9331-
9344,

[4] L. Bi, S. Boulfrad, E. Traversa, Steam electrolysis by solid oxide electrolysis cells
(SOECs) with proton-conducting oxides, Chemical Society reviews, 43 (2014) 8255-8270.

[5] M. Li, B. Hua, L.C. Wang, J.D. Sugar, W. Wu, Y. Ding, J. Li, D. Ding, Switching of
metal-oxygen hybridization for selective CO2 electrohydrogenation under mild temperature
and pressure, Nat Catal, 4 (2021) 274-283.

[6] J. Hwang, R.R. Rao, L. Giordano, Y. Katayama, Y. Yu, Y. Shao-Horn, Perovskites in
catalysis and electrocatalysis, Science, 358 (2017) 751-756.

[7] 1J. McPherson, T. Sudmeier, J. Fellowes, S.C.E. Tsang, Materials for electrochemical
ammonia synthesis, Dalton T, 48 (2019) 1562-1568.

[8] G. Marnellos, M. Stoukides, Ammonia synthesis at atmospheric pressure, Science, 282
(1998) 98-100.

[9] N. Danilov, A. Tarutin, J. Lyagaeva, G. Vdovin, D. Medvedev, CO2-promoted hydrogen
production in a protonic ceramic electrolysis cell, ] Mater Chem A, 6 (2018) 16341-16346.
[10] H. Malerod-Fjeld, D. Clark, I. Yuste-Tirados, R. Zanon, D. Catalan-Martinez, D. Beeaff,
S.H. Morejudo, P.K. Vestre, T. Norby, R. Haugsrud, J.M. Serra, C. Kjolseth, Thermo-
electrochemical production of compressed hydrogen from methane with near-zero energy
loss, Nat Energy, 2 (2017) 923-931.

[11] L. Malavasi, C.A.J. Fisher, M.S. Islam, Oxide-ion and proton conducting electrolyte
materials for clean energy applications: structural and mechanistic features, Chem Soc Reyv,
39 (2010) 4370-4387.

[12] H. Iwahara, Y. Asakura, K. Katahira, M. Tanaka, Prospect of hydrogen technology using
proton-conducting ceramics, Solid State Ionics, 168 (2004) 299-310.

[13] C. Zhou, J. Sunarso, Y.F. Song, J. Dai, J.X. Zhang, B.B. Gu, W. Zhou, Z.P. Shao, New
reduced-temperature ceramic fuel cells with dual-ion conducting electrolyte and triple-
conducting double perovskite cathode, J Mater Chem A, 7 (2019) 13265-13274.

[14] J. Kim, A. Jun, O. Gwon, S. Yoo, M. Liu, J. Shin, T.H. Lim, G. Kim, Hybrid-solid oxide
electrolysis cell: A new strategy for efficient hydrogen production, Nano Energy, 44 (2018)
121-126.

[15] S.H. Morejudo, R. Zanon, S. Escolastico, I. Yuste-Tirados, H. Malerod-Fjeld, P.K.
Vestre, W.G. Coors, A. Martinez, T. Norby, J.M. Serra, C. Kjolseth, Direct conversion of
methane to aromatics in a catalytic co-ionic membrane reactor, Science, 353 (2016) 563-566.
[16] L. Yang, S.Z. Wang, K. Blinn, M.F. Liu, Z. Liu, Z. Cheng, M.L. Liu, Enhanced Sulfur
and Coking Tolerance of a Mixed Ion Conductor for SOFCs: BaZr(0.1Ce0.7Y0.2-xYbxO3-
delta, Science, 326 (2009) 126-129.

[17] S. Fop, K.S. McCombie, E.J. Wildman, J.M.S. Skakle, J.T.S. Irvine, P.A. Connor, C.
Savaniu, C. Ritter, A.C. Mclaughlin, High oxide ion and proton conductivity in a disordered
hexagonal perovskite, Nature Materials, 19 (2020) 752-+.

[18] K.D. Kreuer, On the development of proton conducting materials for technological
applications, Solid State Ionics, 97 (1997) 1-15.

31



[S—
SOOI B~ W=

N B PADSDDDDEAERESEPRASD WL L LLWWLLWWWNDNDNDNDNDNDNNDNDDNDFE R R =
SOOI NP WML OO NPAE WL OUOUWUXNDANNPE WD, OOVWNONWUN R W -

[19] A.A. Plazaola, A.C. Labella, Y.L. Liu, N.B. Porras, D.A.P. Tanaka, M.V. Annaland, F.
Gallucci, Mixed Ionic-Electronic Conducting Membranes (MIEC) for Their Application in
Membrane Reactors: A Review, Processes, 7 (2019).

[20] E. Ivers-Tiffee, A. Weber, D. Herbstritt, Materials and technologies for SOFC-
components, J. Eur. Ceram. Soc., 21 (2001) 1805-1811.

[21] E. Rebollo, C. Mortalo, S. Escolastico, S. Boldrini, S. Barison, J.M. Serra, M. Fabrizio,
Exceptional hydrogen permeation of all-ceramic composite robust membranes based on
BaCe0.65Zr0.20Y0.1503-delta and Y- or Gd-doped ceria, Energy & Environmental Science,
8 (2015) 3675-3686.

[22] L. Yang, Z. Liu, S.Z. Wang, Y.M. Choi, C.D. Zuo, M.L. Liu, A mixed proton, oxygen
ion, and electron conducting cathode for SOFCs based on oxide proton conductors, J Power
Sources, 195 (2010) 471-474.

[23] H. Ding, X. Guo, J. Li, Q.Q. Hu, H.B. Sun, Z.Z. Yang, G.C. Li, F.Y. Yu, C.F. Li, Y.S.
Wang, Processing and characterization of novel Ce0.8Sm0.1Bi0.102-delta-
BaCe0.8Sm0.1Bi0.103-delta (BiSDC-BCSBi) composite electrolytes for intermediate-
temperature solid oxide fuel cells, International Journal of Hydrogen Energy, 46 (2021) 7515-
75217.

[24] A.K. Niaz, M.G. Jung, J.Y. Park, A.V. Virkar, H.T. Lim, Spatial investigation of
electronic properties in composite electrolytes for solid oxide fuel cells using embedded
probes, Journal of Power Sources, 438 (2019).

[25] H.B. Sun, X. Guo, F.Y. Yu, Z.Z. Yang, G.C. Li, J. Li, H. Ding, F.P. Meng, Z.K. Fan, P.
Wang, W.L. Yan, Z.Q. Hu, Enhanced sinterability and electrical performance of Sm203
doped CeO2/BaCeO3 electrolytes for intermediate-temperature solid oxide fuel cells through
Bi203 co-doping, Ceram Int, 45 (2019) 7667-7672.

[26] Z. Gong, W.P. Sun, J.F. Cao, D. Shan, Y.S. Wu, W. Liu, Ce0.8Sm0.201.9 decorated
with electron-blocking acceptor-doped BaCeO3 as electrolyte for low-temperature solid oxide
fuel cells, Electrochimica Acta, 228 (2017) 226-232.

[27] H.D. Cheng, X.B. Wang, X.X. Meng, B. Meng, J. Sunarso, X.Y. Tan, L.H. Liu, S.M.
Liu, Dual-layer BaCe0.8Y0.203-delta-Ce0.8Y0.202-delta/BaCe0.8Y0.203-delta-Ni hollow
fiber membranes for H-2 separation, ] Membrane Sci, 601 (2020).

[28] H.D. Cheng, B. Meng, X.B. Wang, X.X. Meng, S.M. Liu, CO2 and Steam-Assisted H-2
Separation through BaCe(0.8Y0.203-delta-Ce0.80Y0.202-delta Hollow Fiber Membranes,
Energy & Fuels, 34 (2020) 683-689.

[29] W.A. Rosensteel, S. Ricote, N.P. Sullivan, Hydrogen permeation through dense
BaCe0.8Y0.203-delta - Ce0.8Y0.202-delta composite-ceramic hydrogen separation
membranes, International Journal of Hydrogen Energy, 41 (2016) 2598-2606.

[30] Y. Lin, S.M. Fang, D. Su, K.S. Brinkman, F.L. Chen, Enhancing grain boundary ionic
conductivity in mixed ionic-electronic conductors, Nat Commun, 6 (2015).

[31] D. Lin, Q.H. Wang, K.P. Peng, L.L. Shaw, Phase formation and properties of composite
electrolyte BaCe(.8Y0.203-delta-Ce0.8Gd0.201.9 for intermediate temperature solid oxide
fuel cells, Journal of Power Sources, 205 (2012) 100-107.

[32] M. Keane, M.K. Mahapatra, A. Verma, P. Singh, LSM-YSZ interactions and anode
delamination in solid oxide electrolysis cells, International Journal of Hydrogen Energy, 37
(2012) 16776-16785.

[33] A.L. Shaula, V.V. Kharton, F.M.B. Marques, A.V. Kovalevsky, A.P. Viskup, E.N.
Naumovich, Oxygen permeability of mixed-conducting composite membranes: effects of
phase interaction, J Solid State Electr, 10 (2006) 28-40.

[34] D.L. Han, Y. Noda, T. Onishi, N. Hatada, M. Majima, T. Uda, Transport properties of
acceptor-doped barium zirconate by electromotive force measurements, International Journal
of Hydrogen Energy, 41 (2016) 14897-14908.

32



[S—
SO0 B W=

[OSIAUSIRUS RS RN USROS R UL I O I NS T O I (O I (T (O T NS R O R O R O R e e
AN W= OOV N W= OOV IONWN AW =

W
|

[35] M.L. Liu, H.X. Hu, Effect of interfacial resistance on determination of transport
properties of mixed-conducting electrolytes, J Electrochem Soc, 143 (1996) L109-L112.

[36] Z.Y. Zhao, J. Cui, M.D. Zou, S.L. Mu, H. Huang, Y.Q. Meng, K. He, K.S. Brinkman,
J.H. Tong, Novel twin-perovskite nanocomposite of Ba-Ce-Fe-Co-O as a promising triple
conducting cathode material for protonic ceramic fuel cells, Journal of Power Sources, 450
(2020).

[37] T.S. Zhang, J. Ma, L.B. Kong, S.H. Chan, J.A. Kilner, Aging behavior and ionic
conductivity of ceria-based ceramics: a comparative study, Solid State lonics, 170 (2004)
209-217.

[38] J.L. Ding, J. Balachandran, X.H. Sang, W. Guo, J.S. Anchell, G.M. Veith, C.A. Bridges,
Y. Cheng, C.M. Rouleau, J.D. Poplawsky, N. Bassiri-Gharb, R.R. Unocic, P. Ganesh, The
Influence of Local Distortions on Proton Mobility in Acceptor Doped Perovskites, Chemistry
of Materials, 30 (2018) 4919-4925.

[39] J. Wright, A.V. Virkar, Conductivity of porous Sm203-doped CeO2 as a function of
temperature and oxygen partial pressure, J Power Sources, 196 (2011) 6118-6124.

[40] Y.G. Liu, L. Dai, W.J. Zhang, H.Z. Zhou, Y.H. Li, L. Wang, Preparation of dual-phase
composite BaCe0.8Y0.203/Ce0.8Y0.202 and its application for hydrogen peimeation, Ceram
Int, 42 (2016) 6391-6398.

[41] W.P. Sun, Y.Z. Jiang, Y.F. Wang, S.M. Fang, Z.W. Zhu, W. Liu, A novel electronic
current-blocked stable mixed ionic conductor for solid oxide fuel cells, Journal of Power
Sources, 196 (2011) 62-68.

[42] G.L. Burton, S. Ricote, B.J. Foran, D.R. Diercks, B.P. Gorman, Quantification of grain
boundary defect chemistry in a mixed proton-electron conducting oxide composite, J Am
Ceram Soc, 103 (2020) 3217-3230.

[43] H.P. Wang, L.J. Zhang, X.M. Liu, H.L. Bi, S.L. Yu, F. Han, L. Pei, Electrochemical
study on Ce0.85Sm0.1501.925-BaCe0.83Y0.1703-delta composite electrolyte, Journal of
Alloys and Compounds, 632 (2015) 686-694.

[44] D. Medvedev, V. Maragou, E. Pikalova, A. Demin, P. Tsiakaras, Novel composite solid
state electrolytes on the base of BaCeO3 and CeO2 for intermediate temperature
electrochemical devices, Journal of Power Sources, 221 (2013) 217-227.

[45] B. Zhu, X.R. Liu, T. Schober, Novel hybrid conductors based on doped ceria and BCY20
for ITSOFC applications, Electrochem Commun, 6 (2004) 378-383.

[46] B. Li, S.F. Liu, X.M. Liu, S. Qi, J. Yu, H.P. Wang, W.H. Su, Electrical properties of
SDC-BCY composite electrolytes for intermediate temperature solid oxide fuel cell,
International Journal of Hydrogen Energy, 39 (2014) 14376-14380.

33





