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Fig. S1 Schematics of the electrochemical cell and experimental set-up used for CO2 
electrolysis tests.
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Fig. S2 Room temperature X-ray powder diffraction patterns of as-synthesized SFMMx (x = 0 
– 0.5). The triangles (▽) denote the presence of SrMoO4 impurity phase.
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Fig. S3 Experimental and deconvoluted O1s XPS spectra for SFMM0.1 (a) as-synthesized at 
1100 °C in air, and (b) after reduction at 850 °C in 5%H2/Ar. The assignment of peaks in the 
O1s spectra of oxides is subject to significant controversary in literature. Peaks in the lower 
binding energy (BE) range are usually assigned to lattice oxygen, whereas the higher BE peaks 
are assigned to physiosorbed oxygen (at medium BE) or oxygen in OH radicals, H2O, CO or CO2 
(at the highest BE).
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Fig. S4 Arrhenius plot of the total electrical conductivity of SFM and SFMM0.1 in air. 
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Fig. S5 SEM images of (a) SFM and (b) SFMM0.1 ceramic bars recorded after ECR experiments 
under CO/CO2 conditions in the range 700 – 850 °C.
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Fig. S6 TPD thermograms of CO2 on SFM and SFMM0.1 powders. Comparatively high 
desorption rates observed at elevated temperature are attributed to desorption of 
chemisorbed CO2 by contrast with the desorption of physisorbed CO2 occurring at lower 
temperatures.
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       (a)

Fig. S7 (a) Impedance spectra and corresponding DRT plots of a symmetrical LSGM electrolyte-
supported cell with SFM electrodes. The impedance spectra are shown after subtraction of 
the apparent electrolyte resistance.
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           (b)

Fig. S7 (Contd.) (b) Impedance spectra and corresponding DRT plots of a symmetrical LSGM 
electrolyte-supported cell with SFMM0.1electrodes. The impedance spectra are shown after 
subtraction of the apparent electrolyte resistance.
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     (c)

Fig. S7 (Contd.) (c) Impedance spectra and corresponding DRT plots of a symmetrical LSGM 
electrolyte-supported cell with SFMM0.1-SDC electrodes. The impedance spectra are shown 
after subtraction of the apparent electrolyte resistance.
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Fig. S8 (a) Short-term stability test of the cell operated in CO2 electrolysis mode under a 
constant voltage load of 1.3 V and (b) Raman spectrum of the fuel electrode recorded after 
testing. The D-band at 1340 cm-1 and G-band at 1580 cm-1 are characteristic bands in the 
Raman spectra of graphitic materials.
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Fig. S9 SEM images of the SFMMn0.1-SDC | LSGM | LSCF-SDC cell recorded (a) before and (b) 
after 50 h CO2 electrolysis operation at 750 ºC.



13

Table S1. Lattice parameters and reliability factors obtained from Rietveld refinements of 
room temperature X-ray powder diffraction patterns of SFMM0.1 as-synthesized at 1100 ºC 
in air (oxidized) and after reduction at 850 ºC in 5% H2/Ar (reduced).

Space group a

[Å]

ωRp 

[%]

Rp 

[%]

χ2
 

 

Oxidized 𝐹𝑚3̅𝑚 7.84176(4) 7.65 5.97 3.333

Reduced 𝐹𝑚3̅𝑚 7.86728(4) 8.08 5.99 3.564

Table S2. Average oxidation state of the B-site elements in SFMM0.1 as-synthesized at 1100 
ºC in air (oxidized) and after reduction at 850 ºC in 5% H2/Ar (reduced). Data were obtained 
from deconvolution of XPS spectra.

 Fe Mn Mo average

Oxidized +3.04 +2.70 +6.00 +3.76

Reduced +2.92 +2.27 +5.90 +3.63

Table S3. Average Bader charges of atoms in stoichiometric SFMM0.1, non-stoichiometric 
SFMM0.1, i.e., after removal of a neutral oxygen atom from a 2×2×2 supercell (Sr8Fe6Mo2O24), 
and difference value.

Element

 

Stoichiometric

composition

Non-stoichiometric

composition

Difference

Sr +1.62 +1.59 -0.03

Fe +1.69 +1.62 -0.07

Mn +1.86 +1.67 -0.18

Mo +2.49 +2.47 -0.02

O -1.17 -1.19 +0.02
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Table S4 Bond lengths and angles in adsorbed CO2 on the perfect and oxygen-defective 
(Fe,Mo)O2-terminated (100) surface of SFM and on the perfect and oxygen-defective 
(Fe,Mn,Mo)O2-terminated (100) surface of SFMM0.25.

  Bond lengths      Bond angles  

C-O1

[Å]

C-O1

[Å]

C-O1

[Å]

∠O1-C-O2

[°]

∠O2-C-O3

[°]

∠O1-C-O3

[°]

SFM
{Perfect}

1.27 1.27 1.37 131.2 114.3 114.5

SFM
{oxygen-defective}

1.21 1.37 1.37 126.0 108.3 125.7

SFMM0.25
{perfect}

1.27 1.26 1.37 130.6 115.3 114.2

SFMM0.25
{oxygen-defective}

1.21 1.37 1.37 125.9 108.3 125.7

Table S5. Polarization resistance (Rp) of SFM, SFMM0.1 and SFMM0.1-SDC electrodes. 
Data were extracted from impedance spectra of symmetrical LSGM electrolyte-
supported cells obtained under open circuit conditions in 50% CO/CO2 at different 
temperatures. Data given for SFM were taken from our previous study.1

700 ºC

[Ω cm2]

750 ºC

[Ω cm2]

800 ºC

[Ω cm2]

850 ºC

[Ω cm2]

SFM 8.76 2.36 1.12 -

SFMM0.1 4.36 1.50 0.60 0.31

SFMM0.1-SDC 0.90 0.71 0.50 0.34
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Table S6. Performance of Ni/YSZ cathodes for CO2 reduction in solid oxide electrolysis 
cells at specified cell voltage (V) and specified temperature (T).

Gas composition Current density
[A cm-2]

V 
[V] 

T 
[°] 

Ref.  

50% CO/CO2 0.65 1.2 850 2

30% CO/CO2 0.80 1.2 850 2

25% CO/50% CO2/Ar 0.77 1.2 850 3

25% H2/CO2 0.90 1.2 800 4

50% CO/CO2 0.75 1.2 850 5

25% H2/CO2 0.91 1.2 800 6

50% CO/CO2 0.34 1.5 900 7

30% CO/CO2 0.28 1.5 900 7

30% CO/CO2 1.37 1.5 800 8
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Table S7. Performance of perovskite-type oxides with exsolved metal or alloy particles 
as cathode for CO2 reduction in solid oxide electrolysis cells at specified cell voltage (V) 
and temperature (T). In a few cases, also the performance of the perovskite oxide host 
lattice is indicated. 

Electrode Gas composition Current density
[A cm-2]

V 
[V] 

T
[°] 

Ref.  

Cu@(La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9Cu0.1O3-δ-SDC CO2 0.23 1.5 800 9

La0.75Sr0.25Cr0.5Mn0.5O3-δ-SDC CO2 0.14 1.5 800 9

Ni@(La0.2Sr0.8)0.9(Ti0.8Mn0.1)0.9Ni0.1O3-δ-YSZ CO2 0.08 1.5 800 10

La0.2Sr0.8Ti0.8Mn0.1O3-δ-YSZ 1% CO/50% CO2/Ar 0.05 1.5 800 10

Ni@(La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9Ni0.1O3-δ-SDC 50% CO/CO2 0.18 1.5 800 11

La0.75Sr0.25Cr0.5Mn0.5O3-δ-SDC CO2 0.14 1.5 800 11

NiFe@La0.6Sr0.4Fe0.8Mn0.2O3-δ 1% CO/50% CO2/Ar 1.68 1.5 800 12

NiFe@La0.6Sr0.4Fe0.8Ni0.2O3-δ-GDC 30% CO/CO2 0.60 1.5 800 13

NiFe@La0.6Sr0.4Fe0.8Ni0.2O3-δ-GDC CO2 0.65 1.5 800 14

FeCo@(Pr0.4Sr0.6)3(Fe0.85Mo0.15)2O7

Pr0.4Sr0.6Co0.2Fe0.7Mo0.1O3-δ

30% CO/CO2

30% CO/CO2

0.87

0.68

1.5

1.5

850

850

15

15

Co@PrBaMn1.8Co0.2O5+δ 30% CO/CO2 0.78 1.5 800 16

Co@La0.6Sr0.4Co0.7Mn0.3O3-δ-SDC 30% CO/CO2 0.80 1.5 800 17

NiFe@La0.6Ca0.4Fe0.8Ni0.2O3-δ-SDC CO2 0.80 1.5 800 18

NiFe@Sr2Fe1.5Ni0.1Mo0.4O6-δ-SDC CO2 2.16 1.5 800 19

NiFe3@Sr2Fe1.33Mo0.45Ni0.2O6-δ-GDC CO2 0.93 1.6 800 20
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