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Supplementary Note 1:

The proton conductivity of BaZry3Y(,03 5 (BZY) has been reported by several groups
to be higher than 0.01 S cm™' at temperatures between 450 and 500°C..: 2 An air
electrode with high electrocatalytic activity towards oxygen reduction and oxygen
evolution reactions is related to its excellent triple conductivity of H*/O*/e~.> The
addition of BZY was expected to increase the proton conductivity and enlarge the three-
phase interface of the composite air electrode to enhance the electrocatalytic activity
towards the oxygen reduction and oxygen evolution reactions. In addition, the thermal
expansion coefficient of BZY is 9.55 x 10-% K-!,3 which matches well with MCCO.
The coupled BZY with MCCO could optimize the thermal compatibility between the
air electrode and the electrolyte.



Supplementary Note 2:

MCCO-BZY and MCO-BZY inks were brushed-painted on the dense BZCYYb
electrolyte surface and co-sintered at 900°C in the air for 10 min to form the single cells,
in which no sintering additives were used. One of the main purposes of the single cell
being fired at 900°C is to remove the carbonaceous organic material (such as terpinol
and ethyl cellulose) to form the porous structure. Besides, the thermal expansion
coefficient (TEC) of the MCCO is 9.0 x 10° K-! from room temperature to 300°C, and
15.0 x 10 K-! from 300°C to 1000°C. The TEC value of MCCO is closer to that of the
proton-conducting electrolyte BZCYYb used in this study, which is 9.8 x 10-6 K-1.* The
similar thermal compatibility was beneficial for short-term single-cell operation and
cycling tests. In addition, the thermal expansion coefficient of BZY is 9.55 x 1076 K-!.5
The coupled BZY with MCCO could optimize the thermal compatibility between the
air electrode and the electrolyte. Figure 3a shows the scanning electron microscopy
(SEM) images of the MCCO-BZY single cell after the durability tests. It is shown that
the air electrode has a porous structure, which is beneficial for mass diffusion and
transport. There are no apparent cracks in the tri-layer structure.



Supplementary Note 3:
In the electrolysis mode, H,O is transported to the air electrode side. In the presence
of the applied voltage, H,0O is decomposed into O, and protons:

. _
Air electrode; H20—2H + 0, +2¢

Then, the protons migrate through the dense BZCYYb electrolyte, while the electrons
are conveyed through an external circuit to the fuel electrode, eventually producing dry
Hzi

+ _
Fuel electrode: 2H T 2¢ —H,

Gas chromatography (GC, GC-7820) was used to examine the H, concentration on the
fuel electrode side to evaluate the Faradic efficiencies of the air electrodes in the
electrolysis mode, which was obtained according to the ratio of the amount of H,
produced in the experiment with a fixed current density to its theoretical value.
Displayed in Figure S22 is the schematic illustration of the water-splitting on the

MCCO-BZY air electrode surface in the protonic ceramic electrochemical cells.



Table S1. The XPS analysis of oxygen species for MCO powder

MCO Position (eV) Area (0/0,)/0*
H,0/CO5* 533.36 13508.51 0.3672
0,/OH- 531.83 56997.13
0,%/0r 530.65 40096.06

o* 529.98 109186.10




Table S2. The XPS analysis of oxygen species for MCCO powder

MCCO Position (eV) Area (0/0,)/0*
H,0/CO5* 533.36 16873.28 0.5929
0,/OH- 531.83 57506.85
0,%/0r 530.66 60622.42
o~ 529.87 102249.50




Table S3. The XPS analysis of Co 2p;,, for MCO powder

MCO Position (eV) Area Content
Co?* 778.77, 793.83 50338.60 28%
Co** 779.24,794.97 78180.84 43%
Co* 780.64, 796.23 52638.37 29%




Table S4. The XPS analysis of Co 2p;, for MCCO powder

MCCO Position (eV) Area Content
Co** 778.64, 793.75 43116.16 19%
Co** 779.23, 794.66 86491.78 37%
Co** 780.56, 795.72 102365.99 44%




Table S5. The XPS analysis of Mn 2p for MCO powder

MCO Position (eV) Area Content
Mn?* 640.02 39695.18 22%
M 641.61, 651.90 83071.14 45%
n
4t 643.71, 653.40 59961.91 33%

Mn




Table S6. The XPS analysis of Mn 2p for MCCO powder

MCCO Position (eV) Area Content
Mn?* 640.02 39695.18 22%
M 641.61, 651.90 83071.14 45%

n
4t 643.71, 653.40 59961.91 33%

Mn
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Table S7. Temperature dependence of the polarization resistance (R,) of symmetrical

cells with MCCO-BZY and other high-performance electrodes reported recently.

Air electrode  Electrolyte Temp. [°C] R, [Q cm?] Authors, Year

MCO-BZY BZCYYD 700 0.133 This work
650 0.299
600 0.704
550 2.222
500 8.543
MCCO-BZY BZCYYDb 700 0.107 This work
650 0.217
600 0.418
550 1.076
500 3.190
MCCO-ScSZ ScSZ 800 0.03 Thanheem et al.
20196

750 0.06
700 0.2

650 0.57

CBO-GDC YSZ 700 0.58 Li et al. 20217

650 1.62
600 5.59

550 14.87

CMO ScSZ 800 0.14 Zhen et al. 20168

750 0.32

700 0.66

650 1.47

MCO-YSZ YSZ 800 0.43 Liu et al. 2013°
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Table S8. Temperature dependence of the PPDs of single cells with MCCO-BZY and

other high-performance electrodes reported recently.

Air electrode  Electrolyte  Fuel electrode  Temp. [°C]  Ppuax [W Authors,
cm?] Year
MCO-BZY BZCYYb NiO-BZCYYb 700 1.18 This work
650 0.77
600 0.45
550 0.26
500 0.14
MCCO-BZY BZCYYb NiO-BZCYYb 700 1.81 This work
650 1.34
600 0.86
550 0.50
500 0.27
MCO YSZ Ni-YSZ 800 0.39 Liu et al.
201112
750 0.25
700 0.14
650 0.06
MCO-SDC YSZ Ni-YSZ 800 0.15 Liu et al.
201112
750 0.13
700 0.08
650 0.04
CCO SSz Ni-SSZ 800 0.53 Shao et al.
2016"3
750 0.38
700 0.29

13



CMO

CMCO

MCCO-

ScSZ

FMCNZ-

GDC

7CO

CFLO

ScSZ

YSZ

ScSZ

YSZ

BZCY

BZCY

Ni-ScSZ

Ni-YSZ

NiO-YSZ

NiO-YSZ

NiO-BZCY

NiO-BZCY

800

750
700
650

800

750
700
800

750
700
800

750
700
650
700

650
600

700

650
600

550

1.08

0.81
0.51
0.30

0.50

0.47
0.34

1.92

1.74
1.38

1.08

0.92
0.75
0.55
1.60

1.24
0.82

1.05

0.75
0.50
0.30

Zhen et al.

20168

Liu et al.

2013°

Thanheem et

al. 20196

Xu et al.

202214

Xu et al.

202215

Yang et al.
202216

14



Table S9. Temperature dependence of the current density at 1.3V of single cells with

MCCO-BZY and other high-performance electrodes reported recently.

Air electrode  Electrolyte  Fuel electrode  Temp. [°C] Current Authors,
density @1.3V Year
[A cm?]
MCO-BZY BZCYYb NiO-BZCYYb 700 -3.13 This work
650 -1.75
600 -0.97
550 -0.51
500 -0.24
MCCO-BZY BZCYYb NiO-BZCYYDb 700 -3.57 This work
650 -2.29
600 -1.17
550 -0.55
500 -0.21
NBSCF- BZCYYDb Ni-BZCYYD 750 -3.16 Kim et al.
BZCYYDb 201817
700 -2.41
650 -1.62
600 -0.75
LSN BCZY Ni-BCZY 700 -1.37 Yang et
al. 2018'#
600 -0.42
PBCC BZCYYDb Ni-BZCYYD 600 -0.72 Tang et
al. 2020
550 -0.39
500 -0.16
SFM-BZY BZY NiO-BZY 650 -0.31 Lei et al,
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Figure S1. Typical XRD patterns of as-synthesized MCO and MCCO powder.
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Figure S2. XRD patterns of BZCYYb and MCCO powder before and after co-firing
at 900 °C for 10 min in air.
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Figure S3. XRD patterns of BZY, MCCO, and MCCO-BZY powder after being fired
at 900 °C for 10 min in air.
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Figure S4. XRD patterns of BZY, MCO, and MCO-BZY powder after being fired at
900 °C for 10 min in air.
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Figure S5. XRD pattern of the MCCO before and after being fired at 1100 °C for 10 h
in air
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Figure S6. XRD patterns of MCCO powder before and after the treatment in wet air
(40% H,0) for 50 h at 600 °C.
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Figure S7. FTIR of MCO and MCCO powder after the treatment in wet air (40% H,0)
for 50 h at 600 °C.
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Figure S8. Thermal expansion behaviors of MCCO as a function of temperature
(tested from RT to 1000 °C).

24



Intensity, a.u.

810 805 800 795 790 785 780 775
Binding Energy, eV

Intensity, a.u.

810 805 800 795 790 785 780 775
Binding Energy, eV

Figure S9. XPS spectra of Co 2ps,, for MCO and MCCO powders.
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Figure S10. XPS spectra of Mn 2p for MCO and MCCO powder.
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Figure S11. Electrical conductivity of MCCO in dry and wet air (3% H,0)
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Figure S12. EIS of symmetrical cells with different MCCO-BZY mass ratios of a) 8:2,
b) 7:3, ¢) EIS of symmetric cells with MCCO. d) R, of symmetrical cells with
composite electrodes with different proportions.
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Figure S13. EIS of symmetrical cells with MCO-BZY, MCCO0.05-BZY, MCCOO.1-
BZY, and MCCOO0.15-BZY, and R, of symmetrical cells with composite electrodes at
700 °C.
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Figure S14. EIS of symmetrical cells measured in wet air at 600°C with MCCO-BZY
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30



a 0.7 b 0.7

06 Eon MCCO-BZY 06 Eon MCO-BZY
°r [100h °r

NE 0.5+ NE 0.5+

(3] o

C‘: 0.4 G_ 04

[} [}]

Q o

c c

S 03} So03f

[7] (2]

2 2

g 02} & 02}
01} 01}
0.0 0.0

Rir R Rye Ri¢ R Rye
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Figure S16. DRT analyses of R, as a function of pp, measured at 600°C
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Figure S17. DRT analyses of R;, as a function of py,o measured at 600 °C

33



—e_700°C
—v—650°C /,,.m-m.\ 1.2
i —4—600°C
1.0 - 55;2; \,. 2
—a— 50 g
0.8
> log 3
) 2
o £
g 0.6 %
>° °
047 04 2
5
o
0.2
00k L L L L 0.0
0 1 2 3 4

Current density, A cm™

Figure S18. I-V-P curves of single cells with MCO-BZY electrodes measured at 500-
700 °C in FC mode.
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Figure S19. EIS curves of the single cells measured at OCV conditions with MCO-
BZY.

35



1.3

1.2+
>
@
g 111
o @
> &
&>
1.0+
&>
)
0_9 % 1 F 1 L 1 H
-4 -3 -2 -1 0

Current density, A cm™

Figure S20. I-V curves of single cells with MCO-BZY electrodes measured at 500-
700 °C in EL mode.
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Figure S21. Schematic illustration of an R-PCEC operated in both fuel cell and

electrolysis modes
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