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Figure S1. Schematic illustration of the testing system for proton conducting solid

oxide electrolysis cells
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Figure S2. Open circuit voltages of single cell measured from 550 to 450 °C with 80 %
H,-20 % CO,; (blue) and 24 % H,-6 % CO,-70 % Ar (orange) injected to the cathode,

respectively.
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Figure S3. Temperature dependence of (a) R, and (b) R,, of P-SOEC tested at OCV

condition with 20 % CO,- 80 % H, mixture in cathode. Activation energies for R, and

R, are also calculated.
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Figure S4. Impedance spectra of P-SOEC measured at 550 °C and electrolysis voltages

of (a) 0 V, (b) 0.1 V, (¢) 0.2 V, and (d) 0.3 V (vs. OCV) with H; (hollow) and H,-CO,

mixture (solid) injected to cathode.
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Figure S5. Hydrogen evolution rate (red) and Faradic efficiency (black) of pure steam

electrolysis in P-SOEC as function of electrolysis current density measured at 550 °C.
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Figure S6. Long term stability of CO, conversion via P-SOEC measured at (a) 550 °C

and (b) 450 °C under an electrolysis current density of 200 mA cm.
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Figure S7. SEM pictures of fractured single cell after testing at 450 °C for 100 hours:
(a) overview of single cell, (b) enlarged view of the interface between electrode and
electrolyte, (c) enlarged view of anode, (d) enlarged view of cathode and (e) enlarged

view of electrolyte and anode.
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Figure S8. Composition of condensed liquid for cathode outlet gas.
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Figure S9. Flow rates of (a) Hy, (b) CO and (¢) CH, in cathode outlet gas as function

of applied current densities measured at 550 °C.
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Figure S10. Temperature dependence of (a) theoretical equilibrium composition and
(b) its enlarged view for the original gas of 6 % CO,-24 % H,-70 % Ar. Temperature
dependence of (c) theoretical equilibrium composition and (d) its enlarged view for the

gas with additional 0.469 % H, in 6 % CO,-24 % H,-70 % Ar mixture.
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Figure S11. Illustration of various carbonate configurations
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Figure S12. CO,-TPD  spectrum of BZY and nickel powders.
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Figure S13. Possible schematic diagram of CO, reduction reactions in P-SOEC. H'(red) indicates the protons transferred from anode, H*(green)

indicates the hydrogen atoms from hydrogen dissociation in nickel.



Table S1. Performance of SOECs reported in the literature in similar test conditions.
BCZYZ (BaCe(sZro3Y.16Zn00403), LSMC ((Lag 75510.25)0.0sMng sCros03), CMF
(Cep.sMngsFep0,) LSFM  (Lag6Srg4FeooMng03), LSCF (LageSrg4Cog2Fe)303),

GDC  (Gdp:Ceps0,), BZCYYZ  (BaZrCeo7Y0.1YboosZngos03), BCZDy

(BaCe3ZrosDy(203), NBN (Nd;sBagosNiO4), BZY (BaZro3Y(,0;), SFM

(Sr2F61.5M00.5O6), BZCYS5 (BaZI’O.3C60.5Y0.203), SEFC (SI‘EUQFG1‘8C00.207) YSZ

(Zrogs5Y01502), LSM  (LagsSrooMnO;), BZCY7  (BaCeo7Zro1Y0203), LSN
(La] .zsrolgNiO4), PNO (PI'2NiO4), BZCY6 (BaZro.ZCeoﬁYo.zOg), NBSCF
(NdBa0.5Sr0.5C01 .5F60.506)
Applied
Single cell configuration Test atmosphere N Stability | Current Year/
Open circuit Voltage
density
(cathodelelectrolyte|anode) (cathode|anode) voltage(V) test (Alem?) reference
\4
Ni-BCZYZ|BCZYZ|LSMC-
CO,|5%H,0-95%Ar 0.1 (600 °C) 2 12h 0.1 2013[1]
BCzYZ
CMF-
LSFM/LSCF+GDCBZCYY CO,|3%H,0-97%H, 0 (600 °C) 1.3 _ 0.25 2015([2]
Z|Ni-Fe
Fe-BCZYZ|BCZYZ| Ni-
CO,|3%H,0-97%H, 0(614°C) 2.6 lh 1.5 2011(3]
BCZYZ
Ni-BCZDy|BCZDy|NBN- 50%CO0,-50%H,
0.8 (700 °C) 1.5 10h 1 2018[4]
BCZDy [30%H,0-70%Air
90%N,-10%H,
Ni-BZY|BZY|BZY-SFM 0.92 (550 °C) 1.3 100h 0.1 2017[5]
[3%H,0-97%Air
96%Ar-4%H,
Ni-BZY|BZY|BZY-LSCF 0.86 (600 °C) 1.32 80h 0.055 2015[6]
[3%H,0-97%Air
Ni-BZCYS5BZCYS|BZCY5- 3%H,0-97%H,
0.99 (600 °C) 1.5 230h 1.05 2018[7]
SEFC [10%H,0-90%Air
Ni-YSZ|YSZ|YSZ-LSM 11.4%C0,-68.6%H,- 0.09 (800 °C) 1.3 24h 0.4 2014(8]




BaCO; modified
Ni-YSZ|YSZ|YSZ-LSM

Ni-BZCY7BZCY7|LSN

Ni-BZCY6/BZCY6|PNO-
BZCY6

Ni-
BZCYYb|BZCYYb|NBSCF-
BZCYYb

Ni-BZY|BZY|BZY-SEFC

20%H,0]Air

20%CO0,-80%H,|Air

3%H,0-
97%H,[20%H,0-
80%Air

H,[40%H,0-60%Air

10%H,0-
90%H,|10%H,0-
90%Air

20%C0,-80%H,
[10%H,0-90%Air

6%C0,-24%H,-
70%Ar{10%H,0-
90%Air

0.05 (800 °C)

0.98 (700 °C)

1 (600 °C)

1.03 (550 °C)

0.94 (600 °C)

0.97 (550 °C)

1 (450 °C)

0.93 (550 °C)

1.3

1.3

1.5

280h

40h

60h

100h

0.69

1.37

0.6

0.42

1.73

0.76

1.23

0.45

0.41

0.2

2018[9]

2018[10]

2018[11]

2018[12]

This work

Calculations

1. Selectivity

The selectivity of CO and CHy are calculated by the equation (1):

Selectivity(%) =

mole of target product * carbon atoms in molecular formula

mole of reacted CO,

* 100%

(1




2. Faradic efficiency
The faradic efficiency is calculated by equation (2):

mnF

="

2)

where n is mole of hydrogen, I is current, t is time, m is transport number of electron,

and F is faradic constant
2. Thermal equilibrium composition calculation

Thermal equilibrium gas composition is calculated through minimize Gibbs method

(equation.3):
G(ny) :Zi{ i,

3)

Where n; is the mole of species i and #; is the chemical potential of species i. Take the

derivation of n;, and at the equilibrium state, there should be:

d(GS_l-’S.f?m) P =0
“4)

Achieving n; by solving equation (4).



Assuming the Faradaic efficiency is 43.8% at the electrolysis current density of
400mAcm?, and the calculated hydrogen production is 1.22 ml/min-cm? according to

equation (5):

)

where 7 is mole of hydrogen, / is current, ¢ is time, m is transport number of electron,
and F is faradic constant. Considering the effective area in our single cell is 0.38465

cm?, 0.469 ml/min hydrogen should be added to simulate the electrolysis system.
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