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Abstract:

LaosBaosCuxFer-xOs5 (0 < x < 1) perovskite was investigated as a cathode for a protonic solid
oxide fuel cell (H-SOFC) using BaZro1Ceo7Y0.20s (BZCY) electrolyte. A maximum electric
conductivity (76.84 S cm™ at 700 °C) was achieved in the air at the composition of
Lao.sBaosCuo.4Feos03-5. Comparing to LaosBaosCuOs.s (LBC), the increase in Fe content increased
the Dehem (1.07x10° to 1.74x10° cm? S?) and Kehem (1.12x107%° to 3.01x107%° cm? S?) at
LaosBaosCuo2Feos0s-5 (LBCF28) but decreased the proton conductivity from 7.5 to 4.3 mS cm™.
Either Fe doping in LBC or Cu doping in LaosBaosFeOs.s increased the thermal expansion coefficient
(TEC), but a low TEC among samples with mixed cations was achieved at Lao.sBaosCuosFeos03-s
(LBCF55) (16.12 ppm K1). LBC suffered from superficial decomposition in the ambient air, causing
an ohmic resistance loss of the full cell on Ni(O)-BZCY support. A high initial cell performance (820
mW cm2) can be achieved for the cell with LBCF55 and LBCF28 cathode but the latter was unstable

under a cathodic bias owing to the increase in ohmic resistance owing to the production of intermediate
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layer between electrode and electrolyte. With better stability than LBCF28 and higher performance
than LBC, LBCF55 was regarded as a viable cathode material for H-SOFC. This work explores
systematically the behavior of a perovskite with mixed Cu and Fe cations as a cathode for H-SOFCs.
Keywords: H-SOFC, cathode, perovskite, durability, hydrogen energy.

1. Introduction

Solid oxide fuel cells (SOFCs) are all-solid chemical power-generation devices that can convert
the chemical energy stored in fuel into electrical energy with high efficiency [1, 2]. Compared with the
traditional oxygen ion-conducting solid oxide fuel cells, proton-conducting solid oxide fuel cells (H-
SOFCs) having a lower operating temperature would decrease the degradation of the cell component
due to the high-temperature oxidation of metal structures and deactivation of electrocatalyst [3, 4]. At
a reduced temperature, the polarization loss on the cathode-electrolyte interface would be the
predominant factor limiting the electricity output of H-SOFCs [5]. Therefore, the optimization of the
cathode materials could be critically important to reduce the polarization loss of the cell and increase
the power output of the H-SOFC at a reduced temperature [6, 7].

The perovskite structure oxide with the general formula ABO3z could tolerate different types of
cations to tune the electric and ionic conductivity, and electrocatalysis for the oxygen reduction
reaction (ORR) on the cathode [8, 9]. There are similar importance in the ORR on the cathode side
between the protonic conduction and oxide-ion conductivity [10]. Perovskite-type cobaltites showed
superior ionic conductivity and catalytic activity toward ORR, whereas the much higher thermal
expansion coefficient (TEC) values than the electrolyte and possible phase transition could limit the
durability of the cell [11-13]. In addition, the effort to search for low-cost cathode material than

cobaltite also stimulates the search for cobalt-free cathodes [14-16].
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Both cuprate and ferrite-based perovskite oxides have been studied as the electrocatalysts for the
ORR at reduced temperature [17, 18]. La1sBa1.sCusO7+5 Showed a polarization resistance (Rp) of 0.041
Q cm? at 700 °C on Sr- and Mg- codoped LaGaOs electrolyte while Pr(ProsBai5)CusOyr-s reacted with
Smo.2Cepg02.5 to produce a composite of perovskite and fluorite for excellent ORR on BCZY
electrolyte[7, 19]. Ba,YCusO7-5 (BYC) has been studied as a cathode for an H-SOFC, and the Fe3*/4*
as a donor to dopant on Cu®*** was used to increase its oxygen content [20, 21]. RBaCuMOs (R=rare-
earth element, M=Fe and Co) having a layered perovskite-type structure [22, 23] was reported to
facilitate oxygen diffusion and further enhance the cathode performance of the SOFC [24-26]. The
increase of iron ions content can increase the oxygen vacancy (Vo ') concentration of the material, and
the lower bond energy of Cu-O compared with Fe-O bonds reduces the bonding strength of oxygen
ions, making it easier to migrate, thereby increasing oxygen ions permeability [12]. LaBaCuFeOs.s
have been studied as a potential SOFC cathode of a cell with SDC (Smo2Ceos019) or BCZY
electrolyte , but no stability was reported in either research under a bias [26, 27]. The properties of the
perovskite in terms of conductivity, stability and electrocatalysis with varying ratios of Cu?*** and
Fe3*** needs to be optimized under the actual H-SOFC working conditions.

In this work, LaosBaosCuxFe1xOs-5 (0 <x <1) varying the Cu/Fe ratio on the B site were explored
to find an optimized cathode for H-SOFC. The mixed Cu and Fe would increase the conductivity of
the perovskite compared those with either Fe or Cu alone. The LaosBaosCuosFeos0s.s (LBCF55)
cathode maintained a good stability, specifically, the R, increased slightly from 0.065 Q cm? to 0.068
Q cm? at 700 °C for 60 hours. The superficial decomposition of the perovskites causing the increase
in the ohmic resistance (Rs) could be the reason for the degradation of the cell, but does not increase

the R of the cell.
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2. Experimental
2.1 Materials preparation

Lao.sBaosCuxFer-xOs-s (0 < x < 1) perovskites were synthesized by the combustion method. When
x is equal to 0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1, the oxide is denoted as LBF, LBCF28, LBCF46, LBCF55,
LBCF64, LBCF82 and LBC. Stoichiometric amounts of La(NO3)3-6H20 (99.9% Macklin, China),
BaCOs3 (99.99% Aladdin, China), Cu(NO3)2:3H20 (99% Macklin, China), Fe(NO3)3-9H20 (99.9%
Aladdin, China) were dissolved in diluted HNO3 (5 wt.% in deionized water). Citric acid (a molar ratio
of metal cation: citric acid = 2:3) was then added as complexing agent. The admixture was heated on
a hotplate until the water evaporated continuously to form a gel that was ignited at 350 °C to induce a
self-propagating combustion. The powder was calcined in a muffle furnace at 600 °C for 2 hours first
and then 920 °C for 6 hours to obtain the perovskite powder. The powder calcined at 600 °C were
ground pressed under 20 MPa pressure, and calcined at 920 °C for 6 hours for the dense pellet for the
conductivity and thermal expansion coefficient (TEC) measurement.

BaZrp.1Ce0.7Y0205 (BZCY) electrolyte powder and 65 wt.% NiO-BaZro.1Ceo.7Y020s (NiO-
BZCY) anode powder were synthesized by the citric acid-nitrate combustion method [7]. BaCOs3
(99.99% Aladdin, China), Zr(CH3COQ)4 (Zr, 15.0-16.0 %, Macklin, China), Ce(NO3)3-6H>0 (99.95 %,
Macklin, China), Y203 (99.9 %, Macklin, China) and Ni(CH3COO),-4H>0 (99.9 %, Macklin, China)
served as the raw materials for BZCY powder. The powders were calcined in a muftle furnace at 600
°C for 3 hours firstly and then 1000 °C for 5 hours to obtain BZCY and NiO-BZCY powders.

2.2 Characterization
The phase structure of the samples was analyzed using a diffractometer (Cu K1 =1.54056 A,

Persee XD-3, China) in the 26 range from 10° to 80° at a step size of 0.02° in a reflective mode. The
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pellets of the samples were cut into a rectangular bar (3%x3x%12 mm in size), and the direct current (DC)
four-probe conductivity was measured on a high-precision multimeter (Keithley 2100, USA). A
dilatometer (PCY-140011, Xiangtan, China) was used to measure the thermal expansion coefficient
(TEC) and isothermal chemical expansion of the bar-shaped sample (4x8%20 mm). The
thermogravimetric analysis (TGA) in the air was carried out by a TG209 F3 tarsus instrument
(NETZSCH, Germany). X-ray photoelectron spectroscopy (XPS) of the cathode surface after the fuel-
cell durability test was collected on a K-Alpha spectrometer (Al K, radiation, Thermo Fisher, USA).

The proton conductivity was obtained by blocking-electrode method using alternate current (AC)
impedance measurement method. The BZCY and LBCF55 pellets were polished to 0.5 mm in
thickness. The LBCF55 pellet was sandwiched between to two BZCY pellets. Silver wire was attached
to the BZCY surface using the silver paste for the current collection. The total resistance of the
sandwich was measured using a Chroma 2302 LCR meter in the frequency range from 20 to 1M Hz
and the resistance of LBCF55 was calculated by the deduction of the resistance of two BCZY pellets.
The proton conductivity of LBCF55 was then calculated based on the resistance and geometry of the
LBCFS5S5 pellet. Similar operations were done on LBCF28 and LBC.

Electrical conductivity relaxation (ECR) was used to evaluate the oxygen transport characteristics
of a sample at a specific temperature using four-probe DC conductivity under a sudden change of
partial pressure of oxygen P(O2). A mass flow controller was used to modify the P(O2) in the
environment around the sample by mixing proportionate air and Ar. After a fast change in P(O2) from
0.21 to 0.02 atm., record the transient conductivity, normalize it using equation (1) [28], then fit the
solution of Fick's second law to get the chemical surface exchange coefficient (Kchem) and chemical

diffusion coefficient (Dchem ) [29] using an ECRTOOLS [30] code in MATLAB toolbox. The derivation
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process of the relevant equations was shown in equations (1-6) in supporting information.

gt = =2 (1)

Ox - 00

where g(?) is the normalized conductivity, oy is the initial conductivity, o is the instantaneous
conductivity at time t after P(O,) abrupt change, and o is the equilibrium conductivity for a given
P(O»).
2.3 Cell Fabrication and Testing

To make a NiO-BZCY|BZCY half-cell green body, co-press a suitable amount of NiO-BZCY
powder and BZCY powder, then sinter it at 1320 °C for 5 hours. The slurry was painted on the side of
the BZCY and sintered at 970 °C for 5 hours. To collect the current, the silver wire was attached to the
electrode with silver paste containing 20 % starch. The cell was sealed to the ceramic tube with high-
temperature inorganic adhesive (S525 SINWE, China), and the test device was heated to the desired
temperature in a tube furnace. The electrochemical impedance spectroscopy (EIS) and current-voltage
(I-V) of the produced fuel electrode were measured in the temperature range of 500 °C-700 °C after
H> (25 mL min™') was supplied into the anode chamber as fuel.

All electrochemical measurements were performed in the frequency range of 1 MHz to 0.1 Hz on
a Zennium Pro electrochemical workstation (Zahner, Germany). The sine wave for EIS was 10 mV in
amplitude, and the EIS data were fitted using Z-man software.
2.4 Density Functional Theory (DFT) calculations.

DFT calculations were conducted using the QUANTUM ESPRESSO package. The projector
augmented wave (PAW) was used simulating the electron-ion interactions. The Perdew-Burke-
Ernzerhof (PBE) functional was used as an exchanged-correlation functional approximation. A k-point

mesh of 3 <3 %<3 and a cutoff energy of 49 and 591 Ry for the charge-density cutoff were selected.
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The bulk LBC was represented by a cubic unit cell (7.81 x7.81 x7.81 A) which contains 40
atoms in a (2 %2 x2) supercell. The model of LasBasCugO24 was built to simulate the bulk of the LBC
perovskite. The LBF and LBCF materials were modeled by replacing 8 Cu atoms and 4 Cu atoms of
LBC to Fe and noted as LasBasCusFesO24 and LasBasFesO24 respectively. For the calculation of
oxygen vacancy formation, one of the center oxygen atoms was removed to mimic the 7, and all the
layers were relaxed. The central oxygen atom was selected to avoid the boundary effect.

The calculation equation of ¥, formation energy (Evo) was shown as formation (2)

Evo = (Evac + 1/2E02) - Eopt (2)

where Evac is the total energy of the supercell containing an ¥, ", Eo2 is the energy of an isolated
oxygen molecule, and the Eqp is the energy of optimized perfect supercell [31].

3. Results

XRD (Fig 1(a)) of LaosBaosCuxFe1xO3-s (x=0, 0.2, 0.4, 0.5, 0.6, 0.8, 1) series were single-phase
perovskite at room temperature. All powders exhibited an orthorhombic structure except for a cubic
LBF, which is consistent with previous reported by others [26, 32]. The unit cell parameters (Table 1)
of the perovskites containing Fe showed an /mmm symmetry. The axial distortion in the copper and
iron coordination polyhedra, as well as the equatorial oxygen atom distortion, are the key hallmarks of
this structure [33]. The cell volume gradually increases with Cu** from LBF to LBCF28 and then it
starts to decrease. The increase of cell volume from LBF to LBCF28 could be a result of the reduction
of Fe*' to Fe** or the incorporation of Cu** and Cu?" with a larger cation radius than Fe*" and Fe*,
respectively. According to the previous research based on Mossbauer spectroscopy and susceptibility
on LBCF [34], the Cu doping at x < 0.2 will cause the increase in Fe*". Therefore, we think the

expansion could be related to the incorporation of large Cu*** in the perovskite lattice. With x > 0.4,
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the increase of oxygen vacancies will cause contraction of the cell volume [35]. When x < 0.4, there
could be an increase in the percentage Fe*" and Cu®* out of the total cations, which is consistent with

the extraordinarily high conductivity of LBCF28 and LBCF46.
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Fig 1. (a) XRDs, (b) electric conductivities, (c) TGA and (d) thermal expansion of LagsBaosCuxFe:-
x03-5 (x=0, 0.2, 0.4, 0.5, 0.6, 0.8, 1) in air.
Table 1

Thermal expansion and the room-temperature unit cell parameters.

Composition Acronym TEC Symmetry Lattice parameter e
ppm K'! al A b/ A clA A3
La, .Ba, ;FeO, LBF 14.19 Pm3m 3.9331(5) 3.9331(2) 3.9331(2) 60.84

La, Ba,,Cuy,Fe, O, LBCF28 1948 Immm  5.5698(4) 5.5559(6) 7.8859(2) 61.01
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La, Ba, .Cuy Fe, O, LBCF46 18.00  Immm  5.5505(5) 5.5592(1) 7.8530(7) 60.58
La, ;Ba,CuyFe O, LBCF5516.12  Immm  5.5772(4) 5.5632(4) 7.8064(8) 60.56
La, ;Ba, Cuy Fe),0; LBCF64 1686  Immm  5.5401(5) 5.5337(3) 7.8340(6) 60.04
La, ;Ba, CugFe),0; LBCF8216.61  Immm  5.5262(8) 5.5352(8) 7.8297(1) 59.88
La, ;Ba, ;CuO, LBC 1525  Pmmm  3.8944(6) 3.9097(3) 11.7438(5) 59.61

d: pseudo-cubic cell volume for comparison.

The electric conductivity (Fig 1(b)) of the oxides with mixed Fe and Cu was significantly higher
than those of LBF and LBC and the highest conductivity was obtained on LBCF46, reaching 75-80 S
cm* at 600-700 °C. The TGA at 800 °C in flowing air (Fig 1(c)) was used to explore the stability. The
actual loss of oxygen from the oxide lattice could be minor blow 300 °C and the obvious weight loss
of LBF could be attributed to the loss of adsorbed CO- or H>O. The oxygen loss started at 300 °C and
was generally reversible for all the oxides except for LBF. The irreversible oxygen loss of LBF could
be accounted for by the weight loss below 300 °C though the cation ordering on A-site was found to
be important to the oxygen stoichiometry of the perovskite-type ferrite [36].

Thermal expansion coefficient (TEC) is one of the key factors that would affect the durability of
the cell during the thermal cycles. The mismatch in TEC between the electrolyte and electrode material
will cause crack and delamination on the interface [37]. The dilatometry up to 800 °C (Fig 1(d)) showed
a linear curve and the TEC value of the LBC and LBF samples were 15.25 and 14.19 ppm K*,
respectively. However, the TEC of LBF could also be 19.4 ppm K in an oxygenated condition [38]
and the difference could be related to the difference in the oxygen content. The TEC of LBCF55 is

16.12 ppm K, which is closer to that of the electrolyte BZCY of 10.1 ppm K [39] than the other

9
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compositions with mixed Cu/Fe cation. The higher Fe** concentration in LnosBaosFeOs.s (Ln= La, Pr,
Nd, Sm, Gd and Y) increase with the TEC [38] and the thermal reduction of Fe* will add to the
chemical expansion [40]. With the doping of Cu, the decrease in the [Fe*'] against the total B-site
cation could be the reason for the lower TEC of LBCF55 than LBCF28 and LBCF46. Actually for
those with x > 0.5, the TECs are actually close becaused of the reduced [Fe*'].

The chemical expansion of the perovskite is also important for the stability of the cathode that
could be subjected to the negative bias. Isothermal dilatometry (Fig 2(a, b)) indicated that the P(O,)
decrease from 0.21 to 0.02 atm. caused an expansion, and vice versa. The maximum expansion of LBC
was only 0.004 % and 0.005 % at 600 <C and 700 <C, respectively, which was only one-tenth that of
LBCF28 (0.043 % and 0.075 % at 600 <C and 700 <C, respectively). However, when the gas was
restored to air, LBCF28 did not shrink to the original size in 30 minutes which was a sign of destruction
of the structure. On the other hand, LBC and LBCF55 could shrink to the original size or smaller in
30 minutes because Cu ion in the square planar <CuO4> could change readily to <CuOs> pyramid with
oxide-ion intercalation, similar to Ba>Y CusOe+s, with slower Kkinetics during lattice expansion than

during contraction [41].
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Fig 2. Isothermal dilatometry of LBC, LBCF55 and LBCF28 under switching air and 10% air-90% Ar
at 600°C (a) and 700 °C (b). ECR of LBF (c) at 700 °C after a P(Oz) step adjustment from 0.21 to 0.02
atm.. The solid lines represent the corresponding fit to the measured data. (d) Proton conductivity of
LBCF28, LBCF55 and LBC measured using blocking electrode. The inset in (c) shows the fitted Dchem
and Kchem of LBC, LBCF55, LBCF28 and LBF at 700 °C.

The oxygen surface exchange coefficient (Kchem) and bulk diffusion coefficient (Dchem) Were
calculated using the ECR method [42] to probe the oxygen transport property [43]. When the P(O5)
was decreased from 0.21 to 0.02 atm. at 700 °C, and the normalized conductivity over time for LBF
as an example was shown in Fig 2(c). The Dchem and Kchem Values were obtained by fitting the transient
conductivity according to Fick's second law. Dchem and Kcnem Values increased with Fe content, and the

former was always around 4-5 orders of magnitude greater than the latter . Compared with some typical
11
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cathode materials, the Dchem Value of sample was greater than that of Lao.sSro.4Co1.yFeyOs.s about 10°
9-108 cm? S, and the value of Kchem Was similar to each other [44, 45]. It confirms that LBCF with
remarkably fast surface oxygen exchange and good oxygen ion diffusion properties at intermediate
temperatures.

The proton conductivities of the samples (Fig 2(d)) measured by AC impedance method in air
was positively correlated with temperature. In the same time, they decreased with increasing Fe content.
The estimated activation energy (Ea) of LBCF28, LBCF55, and LBC was 0.53, 0.50, and 0.46 eV,
respectively, by the linear fittness. Overall, LBC sample possesses high on and low activation energy.

The current-voltage (1-V) and current-power (I-P) curves (Fig 3(a-c)) of the single cells at the
first hour at different temperatures indicated that the open circuit voltages (OCVs) were higher than
the srandard voltage with BZCY as electrolyte, 1.0 V, showing that the electrolyte was airtight and the
gas crossover was minor. The peak power densities of the three full cells with LBCF28, LBCF55, and
LBC at 700 °C were 822, 820, and 650 mW cm?, respectively. The current densities (Fig 3(d)) at 0.6
V showed an overall decrease along with time at 700 °C. The cell with LBCF55 and LBCF28 showed
a similar current density within the first 5 hours, while the current density of the LBCF55 cell decreased
gradually, the one with LBCF28 degraded dramatically in the 5 to 24 hours and recover slightly to
reach a stable current density at 60 hours. Although the cell with LBC decreased slightly, the current
density in the time scope was lower than the one with LBCF55. The cell with LBF (Fig S1) yield bad
performance due to the low electric conductivity, while the cell with LBCF46 (Fig S2) showing highest

conductivity showed a similar performance to the one with LBC cathode.
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Fig 3. I-V (filled marks) and I-P (open marks) curves of single cell (a) LBCF28|BZCY|NiO-BZCY,
(b) LBCF55|BZCY|NiO-BZCY and (c) LBC|BZCY|NiO-BZCY at different temperatures. (d) The
evolution of current density of cells with LBCF28, LBCF55 and LBC cathodes at 700 °C. The
durability tests were repeated twice to check the validity of the results.

The area-specific resistance (ASR) of the three cells all decreased with the temperature (Fig S3),
indicating that the electrochemical reaction was a thermal activation process. The polarization
resistance (R,) of the cell with LBCF55 as the cathode (Fig S4) reduced from 2.397 Q cm? to 0.065 Q
cm? from 500 °C to 700 °C, and ohmic resistance (Rs) decreased from 0.451 Q cm? to 0.198 Q cm?.
The ratio of Rp/R; (total resistance) decreased from 84.2% at 700 °C to 24.7% at 500 °C, which meant
Rp was pre-dominant in reduction of the Rt at temperature below 600 °C.

The EIS of the cells before and after chronoamperometry test (Fig 4(a)) for 60 hours at 700 C
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were used to probe the degradation mechanism under the cathodic bias in the fuel cell mode.The ASR
of the cells after the durability test was in the sequence LBCF55 (0.308 Q cm?) < LBC (0.336 Q cm?)
< and LBCF28 (0.386 Q cm?) ,which is consistent with the initial cell performance. The EIS were
fitted with two Voigt elements and the graph of the equivalent circuit is shown in Fig 4(b). The
resistances (Fig S5) for the arc at the the high-frequency arc (R1) and the low-frequency (R2) were
linked to charge transfers and adoroption and dissociation of O molecules, respectively [46]. The Ry
of the cells with LBCF28 and LBC increased after durability test (0.025 and 0.008 Q cm?), while the
one with LBCF55 increased slightly (0.007 Q cm?). On the other hand, the R, of the LBCF28 and LBC
cell dcreased during the durability, but the one of LBCF 55 cell maintained a stable value. The

decreased in Rz accounts for the R, decreased in the LBC cell.
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Fig 4. (a) EIS for the cells with LBCF28, LBCF55 and LBC at 700 °C before and after
chronoamperometry. The black line is the fitted data with two Voigt elements. (b) Graphical
representation of the equivalent circuit for the fitting of EIS. (c) XRDs of LBCF28|BZCY|NiO-BZCY,
LBCF55|BZCY|NiO-BZCY and LBC|BZCY|NiIO-BZCY cells after testing at 700 °C.

After chronoamperometry test at 700 °C, the cathode materials on BZCY electrolyte maintained

the perovskite structure for all the three cells (Fig 4(c)), but surface decomposition producing BaCOs
14
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was observed. However, the relative intensity of BaCOz on the LBCF55 surface was much weaker
than the other two. After the 120-hour calcination at 700 °C at OCV, the XRDs (Fig S6) of LBCF28,
LBCF55, and LBC showed good stability, and no BaCOs was found in the XRDs. The comparison of
the phase composition of the cathode under load and at OCV indicated that the transport of protons
and application of cathodic bias posed great exertion on the stability of the cathode.

As the electrochemical process takes place on the very surface of the cathode and XPS (Fig 5)
was used to further study the superficial properties of the electrode after the durability at 0.6 V. A full
spectral scan of the XPS spectrum was performed in the range of 0-1350 eV, and the peaks for La, Ba,
Cu, Fe, O and C peaks were found (Fig 5(a)). The XPS spectrum of Ba 3ds. (Fig 5(b)) showed two
splits at 780.0 and 778.1 eV were assigned to BaCO3 and perovskite, respectively [47, 48]. The absence
of Ba 3ds/2 peaks for perovskite indicated the severe decomposition of LBC, which is consistent with
the high ohmic loss the cell with this cathode. The core-level scan of C 1s (Fig 5(c)) could be
decomposed into a triad of sp® C (284.8 eV), C-O group (286.0 eV) and C=0 group (289.1 eV) of
carbonate a peak [49]. In LBC, the Cu 2ps/, spectrum was represented by Cu*, Cu?* and Cu®* peaks
with binding energies of 931.8, 933.5 and 935.5 eV, respectively [50, 51], but the spilt for Cu®*
disappeared as a result of the inclusion of Fe®* [52]. The core-level scan for Fe 2p indicated the
presence of Fe?" after the durability test in both LBCF55 and LBCF28, which could be linked to the
reduction of Fe** and Fe** under a cathodic bias [53, 54]. The increase of Cu as an acceptor will reduce
the valence of Fe in the oxygenated perovskite. Due to the three-dimensional interaction between
copper ions, Cu®* is formed through partial saturation of Fe** atomic energy levels, and then Fe** is
reduced to Fe3* through redox equilibrium [34]. The fitting results of Cu 2p and Fe 2p XPS spectra
were shown in Fig 5(d, e) and Table S1. The peak (Fig 5(f)) at 528.6 eV and 531.6 eV in the O 1s XPS
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277  spectra can be attributable to lattice oxygen (M-O) and oxygen vacancies, respectively, while the
278  splitting of the binding energy of O 1s at 533.1 eV in LBC was attributed to C=0 species [55, 56] as

279  aresult of the surface decomposition.

(a) ‘ a (b) Ba3d,, Basdy, (C) LBCF28
Cu e o A_ 0-C=0 O'C'O4 E
. . | BCE28 i i - -
Laddp o ii LBCF55 i i
Cu2p 2P O1s Cls
. i LBCF55 i i - -
La3d Ba3d /\ LBC
% LBQ ‘ : : “, - l' >
1000 500 0 795 790 785 780 290 285
(d) (€) Fezy ()
LBCF28 X :
Cu2py, Cu2pg,

960 950 940 930 730 720 710 535 530

280 Binding Energy (eV)

281  Fig 5. XPS of LBCF28, LBCF55, LBC after the fuel-cell durability test: (a) overview survey and the
282  high-resolution core-level scans of (b) Ba 3d, (c) C 1s, (d) Cu 2p, (e) Fe 2p and (f) O 1s.

283 Cross-section SEM (Fig 6(a-c)) of the LBCF28 and LBC cell after the durability test revealed a
284  dense barrier layer between the electrode and the electrolyte that is absent in the one for the cell with
285  LBCF55 cathode. The LBCF55 cathode was a uniform porous structure, and the particles connected
286  to each other and adhered to the electrolyte. The composition of the dense layer (around 2 mm in
287  LBCF28 and ) on the electrolyte was found to be Zr and Y enriched layer (Fig S7), which is consistent
288  with the ohmic loss in the cell with LBCF28 and LBC cathode. In some places of the LBCF28 cathode
289  (Fig S7), large BaCOs particles could reside above the zirconia-rich dense layer, cuasing the
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delamination of the electrode from the electrolyte. The dense layer could be related to the
decomposition of the electrolyte. In the higher-magnification image of the cathode (Fig 6(d-f)), there
were fine particles (< 200 nm) outgrown on the surface of the grains of perovskite. According to the

XPS and XRD analysis, this fine particle could be attributed to the BaCOs3 particles.

Fig 6. Cross-section SEM image of the (a) LBCF28, (b) LBCF55 and (c) LBC cell after durability

testing for 60 hours, the enlarged SEM images of (d) LBCF28 (e) LBCF55, and (f) LBC cathodes after
durability testing for 60 hours.
4. Discussion

The cathode reaction of an H-SOFC involves the adsorption, and dissociation of O, for the
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production of Oags that would react with OH™ (equation (3)) for the production of HO and Vo™ as a
result of the reduction of the perovskite [57]. The oxide-ion and protonic conductivity would be both
important for the reaction sites of the cathode.

40Ho" + Oz +4e =2H,0+400*  (3)

where Kr&ger-Vink notation is used.

As OHo' in solid phase is reacting with the gaseous Oz, the oxide-ion conductivity of the cathode
would be beneficial to the expansion of reaction sites and give room to the incorporation of Oo* into
the perovskite for the structure stability. For the oxide-ion conductivity, the formation energies of one
Vo from LasBasCugO24 (LBC), LasBasCusFesO24 (LBCF) and LasBasFesO24 (LBF) (Fig 7) indicates
that Evo from 0.89 eV in LBC raised to 3.25 eV in LBF, which is in contrast with the trend of oxide-
ion conductivity. Moreover, in a mixed Cu/Fe perovskite, e.g. LBCF55, Ey, in the sequence of Fe-Vo-
Fe > Cu-Vo-Fe > Cu-Vo-Cu for a § of 1/24. However, acceptor doping of Cu**?* in LagsBaosFeOs
will increase the oxygen deficiency (8): e.g. the & in LBC in the air is close to 0.667 out of 3 as in
LaisBa15CusO7, which is equivalent to 5 oxygen vacancy out of 24. The further loss of oxygen will
induce a higher Evo, Which could explain the higher oxide-ion conductivity in the Fe-rich perovskite.
On the other hand, the high & of cuprate is consistent with the high protonic conductivity: donor doping

of Fe**** on Cu®*2* would decrease the hydration and protonic conductivity of the mixed perovskite.
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Fig 7. Formation energy of one oxygen vacancy from LasBaiCugOos, LaiBasCusFesO2s and
LasBasFesO24. The inset shows the LasBasCusgO24 supercell model as an example. La, Ba, Cu, O atoms
are in brown, green, blue and red, respectively; the Cu atom was substituted by Fe to form
LasBasCusFesO24 and LasBasFegO24 supercell models respectively. * represent two oxygen vacancies
out of twenty-four oxygen sites.

The stability of superconducting Ba>Y CusOy7-s is notoriously poor in highly humid conditions
[58]: i.e. it tends to decompose at 85 °C and 85% relative humidity for the production of CuO, Ba(OH):
and O; as a result of the reduction of Cu®* to Cu?*. The stability of pure cuprates would be an issue if
they were used as a cathode for the generation of H20O under an reducing atmosphere. In the presence
of CO2 in the air, the production of BaCOz is foreseeable at a temperature of 700 °C. The higher valence
of Fe**®* doping was found to increase the stability of the LBCF55 and LBCF28 at OCV (Fig S6), but
the high Fe content (e.g. LBCF28) was found to decrease the stability of the cathode under cathodic
bias because the generated Fe?* does not fit in the octahedron or pyramid in the perovskite, but is

tending to generate a planar <FeOs> [2, 49], causing the destabilization of the perovskite. The
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instability from the dilatometry of LBCF28 indicate that the change to and for the planar <FeO4> and
pyramid/octahedron is impossible in Fe-enriched sample in this study. Moreover, the low protonic
conductivity of LBCF28 would decrease the functional area where protons would transport and restrict
the combination of OH" and O to the very electrolyte/cathode interface, causing higher humidity in
this region, accelerating the production of Ba(OH)2 and the following BaCO:s.

According to the EIS, the increase in Rp is minor in the cell with LBC, LBCF55 and LBCF28 and
most of the cells loss is from the ohmic resistance as a result of the instability of the perovskite. The
segregation of insulating BaCOz along with the valence decrease in Cu and Fe cation would be
detrimental to the conductivity of the electrode. However, the generation of nanoparticles of BaCOs3
was reported to improve the Kcnem Of the electrode for faster surface diffusion of oxide-ion, which
could be the reason for the nearly unchanged Rp [59, 60]. The exsolution of BaCO3z on LBC and
LBCF28 under a 0.6 V bias was found to assist the adsorption and dissociation of O molecules which
could be related to the increase in Kchem and the surface area of the electrode. The increased ohmic
resistance in LBCF28 could be related to the Zr-rich layer, blocking the transfer of electrons and
protons.

5. Conclusions

Single-phase LaopsBaosCuxFe1xOs.s oxides with various Fe content have been explored as a
cathode material of H-SOFC. Their structure, chemical stability, electrical conductivity and
electrocatalysis under a cathodic bias have been investigated to study the impact of Fe/Cu ratio on each
performance. The value of TEC grows dramatically as the amount of Fe increases, as does the value
of conductivity, while proton conductivity drops. The LBCF55 cathode material has good electrical
conductivity and proton conductivity. The oxygen-transport kinetics using ECR measurements
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discovered that LBCF55 had comparable oxygen transport and surface exchange Kinetics to
prototypical LSCF and BSCF. LBC is not stable in the air , while LBCF28 showed a superior
conductivity and electro-catalysis at the beginning, but they showed dramatic degradation under a
cathodic current. The interlayer between the electrolyte and the electrode could be the reason for the
deterioration of the cell as ohmic resistance is the prior parameter for the cell loss. The layer between
the electrode and electrolyte is rich in Zr and Y and the BaCOs3 particle could have caused the
delamination of the electrode. At 700 °C, a peak output of 820 mW cm is archived with the LBCF55
cathode showing an Rp of 0.068 Q cm?. The cell also maintained good stability under a bias of 0.6 V
for 60 hours. LBCF55 with high conductivity showed a decent initial polarization resistance and good
chemical stability as the cathode of an H-SOFC.
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