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Figure S1. H2-TPR curves of SFM/GDC and Ru-SFM/Ru-GDC powders. 
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Figure S2. a) Low magnification, b) high magnification HRTEM images, c) EDS element 

mapping of Ru-SFM/Ru-GDC powder. 
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Figure S3. Particle size distribution of the exsolved Ru metal on a) Ru-SFM and b) Ru-GDC 

surfaces. 
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Figure S4. XRD pattern of 2nd oxidated Ru-SFM/Ru-GDC powder during redox cycle. 

 

 

 

Figure S5. SEM image of 2nd oxidated Ru-SFM/Ru-GDC powder during redox cycle. 

 

 

 



  

5 

Figure S6. XPS spectrum of Ru 3p for 2nd oxidated Ru-SFM/Ru-GDC powder during redox 

cycle. 

 

 

 

Figure S7. XRD pattern of 2nd reduced Ru@Ru-SFM/Ru-GDC powder during redox cycle. 

 

 

 

Figure S8. SEM image of 2nd reduced Ru@Ru-SFM/Ru-GDC powder during redox cycle. 
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Figure S9. XPS spectrum of Ru 3p for 2nd reduced Ru@Ru-SFM/Ru-GDC powder during 

redox cycle. 

 

 

 

Figure S10. SEM images of a) LSGM electrolyte supported symmetrical cell, b) Ru@Ru-

SFM/Ru-GDC electrode. 
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Figure S11. EIS curves of symmetrical cell testing in 5% H2/Ar using a) Ru@Ru-SFM/Ru-

GDC electrode and b) SFM/GDC electrode, c) electrode polarization resistances and d) DRT 

curves of SFM/GDC and Ru@Ru-SFM/Ru-GDC electrodes. 
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Figure S12. XRD patterns of a) LSGM electrolyte and b) PBSCF/GDC composite cathode. 

 

 

 

Figure S13. XPS spectrum of Fe 3p for Ru@Ru-SFM/Ru-GDC powder after long-term CH4 

test. 
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Figure S14. Adsorption configuration of reaction intermediates on SFM surface for CH4 

conversion (Sr atom: green, Fe atom: golden, Mo atom: lilac, C atom: brown, O atom: red). 
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Figure S15. Adsorption configuration of reaction intermediates on Ru@Ru-SFM surface for 

CH4 conversion (Sr atom: green, Fe atom: golden, Mo atom: lilac, Ru atom: grey, C atom: 

brown, O atom: red). 
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Figure S16. Adsorption configuration of reaction intermediates on Ru@Ru-GDC surface for 

CH4 conversion (Ce atom: yellow, Gd atom: purple, Ru atom: grey, C atom: brown, O atom: 

red). 

 

 

Table S1. Comoparison of element valence states in Ru@Ru-SFM/Ru-GDC anode before and 

after reduction derived from XPS analysis. 

Electrocatalyst Ru (%) Fe (%) Mo (%) Ce (%) O (%) 

Ru-SFM/Ru-

GDC 

Ru4+:100.0 

Ru0:- 

Fe3+:57.5 

Fe2+:42.5 

Mo6+:100.0 

Mo5+:- 

Ce4+:78.3 

Ce3+:21.7 

CO3
2-/OH-:36.1 

O2
2-/O-:18.7 

Olat.:45.2 
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Ru@Ru-

SFM/Ru-GDC 

Ru4+:40.5 

Ru0:59.5 

Fe3+:39.0 

Fe2+:61.0 

Mo6+:95.0 

Mo5+:5.0 

Ce4+:62.0 

Ce3+:38.0 

CO3
2-/OH-:39.0 

O2
2-/O-:34.8 

Olat.:26.2 

 

 

Table S2. Comoparison of element valence states in Ru@Ru-SFM/Ru-GDC anode during 2nd 

redox cycles derived from XPS analysis. 

Electrocatalyst Ru (%) Fe (%) Mo (%) Ce (%) O (%) 

2nd oxidation 

Ru-SFM/Ru-

GDC 

Ru4+:100.0 

Ru0:- 

Fe3+:57.4 

Fe2+:42.6 

Mo6+:100.0 

Mo5+:- 

Ce4+:78.6 

Ce3+:21.4 

CO3
2-/OH-:36.0 

O2
2-/O-:18.6 

Olat.:45.4 

2nd reduction 

Ru@Ru-

SFM/Ru-GDC 

Ru4+:41.6 

Ru0:58.4 

Fe3+:38.7 

Fe2+:61.3 

Mo6+:94.6 

Mo5+:5.4 

Ce4+:61.5 

Ce3+:38.5 

CO3
2-/OH-:39.1 

O2
2-/O-:34.8 

Olat.:26.1 

 

 

Table S3. BET surface area of Ru@Ru-SFM/Ru-GDC and SFM/GDC anodes. 

Anode S (m2/g) 

SFM/GDC 6.38 

Ru@Ru-SFM/Ru-GDC 8.80 

 

 

Table S4. Summary of peak power densities of SOFCs between this work and others in H2 at 

800 ℃. 

Anode 
Electro

lyte 

Thickness 

（μm） 
Cathode Fuel 

PPD 

(W cm2) 
Ref 

Ru@Ru-Sr2Fe1.5Mo0.5O6-δ/Ru-

Gd0.1Ce0.9O2-δ 

(Ru@Ru-SFM/Ru-GDC) 

LSGM 230 
PBSCF/

GDC 
H2 1.026 

This 

wor

k 
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Sr2Fe1.5Mo0.5O6- 

(SFM) 
LSGM 320 LSCF H2 ~0.500 [5] 

SrTi0.3Fe0.7O3-δ 

(STF) 
LSGM 500 LSCF H2 0.700 [6] 

Sr2Fe1.5Mo0.5O6-δ-R 

(SFM-R) 
LSGM 230 

LSCF/S

DC 
H2 1.240 [7] 

Ru@Ce0.2Sr0.8Fe0.95Ru0.05O3 

(Ru@Ce20SFR) 
LSGM 320 

Ce20SF

R 
H2 0.850 [8] 

CoFe-

Pd@La0.6Sr0.4Co0.15Fe0.8Pd0.05

O3-δ 

(CoFe-Pd@LSCFP) 

LSGM 300 
LSCF/G

DC 
H2 1.680 [9] 

Fe-Co-

Ni@Sr2FeCo0.2Ni0.2Mo0.6O6-δ 

(Fe-Co-Ni@SFCNM) 

LSGM 270 
LSCF/G

DC 
H2 0.850 [10] 

RuFe@Sr(Ti0.3Fe0.7Ru0.07)O3-δ 

( RuFe@STF-Ru) 
ScSZ 140 STF H2 0.400 [11] 

Ni@Sr3Fe1.3Mo0.5Ni0.2O7-δ-

Sm0.1Ce0.9O2-δ 

(Ni@RP-SFMN-SDC) 

LSGM 400 
LSCF/G

DC 
H2 0.409 [12] 

FeNi3@Sr2FeMo0.65Ni0.35O6-δ 

(FeNi3@SFMN) 
LSGM 300 LSCF H2 0.790 [13] 

NiFe@La0.6Ce0.1Sr0.3Fe0.9Ni0.1

O3- 

( NiFe@CLSFN) 

LSGM 300 CLSFN H2 0.675 [14] 

LSGM, (La, Sr)Ga0.8Mg0.2O3-δ; PBSCF, PrBa0.5Sr0.5Co1.5Fe0.5O6-δ; GDC, (Gd, Ce) O2-δ; LSCF, (La, 

Sr) (Co, Fe) O3-δ; SDC, Sm0.2Ce0.8O1.9; ScSZ, Sc2O3-ZrO2. 

 

 

Table S5. Summary of peak power densities and stabilities of SOFCs between this work and 

others in CH4 at 800 ℃.  

Anode 
Electro

lyte 

Thickness 

（μm） 
Cathode Fuel 

PPD 

(W cm-2) 

Stab

ility 

(h) 

Ref 

Ru@Ru-

Sr2Fe1.5Mo0.5O6-

δ/Ru-Gd0.1Ce0.9O2-δ 

LSGM 230 
PBSCF/

GDC 
CH4 0.63 200 

This 

work 
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(Ru@Ru-SFM/Ru-

GDC) 

Sr2Fe1.5Mo0.5O6–δ 

(SFM) 
LSGM 320 LSCF CH4 0.05 - [5] 

Sr2ZnMoO4 

(R-SZMO) 
LSGM 300 LSCF CH4 0.33 110 [15] 

Co@Sr2Fe1.3Co0.2Mo

0.5O6-δ 

(Co@SFCM) 

LSGM 170 LSCF CH4 0.15 200 [16] 

Co-Ni-

Mo/Sr2FeMoO6–δ 

(CNM/SFM) 

LSGM 300 
CNM/SF

M 
CH4 ~0.48 24 [17] 

CoFe@La0.5Ba0.5Mn

0.8Fe0.1Co0.1O3-δ 

(CoFe@LBMFC-2) 

LSGM 300 BSCF CH4 0.26 200 [18] 

Pr6O11-PrBaMn2O5+δ 

(Pr-PBMO) 
YSZ - 

Pr-

PBMO 
CH4 0.23 130 [19] 

Ni@La0.4Sr0.4Ti0.85R

u0.07Ni0.08O3−δ 

(Ni@L0.4STRN) 

LSGM 500 LSCF CH4 0.45 25 [20] 

Ni@(La0.2Sr0.8)0.925T

i0.55Mn0.35Ni0.1O3-δ 

(Ni@LSTMN) 

LSGM 350 LSCF CH4 0.39 100 [21] 

NiFe@La0.6Ce0.1Sr0.3

Fe0.9Ni0.1O3- 

(NiFe@CLSFNi) 

LSGM 300 CLSFNi CH4 0.52 14 [14] 

FeCoNiCuAl-

Sm0.2Ce0.8O2 

(FeCoNiCuAl-SDC) 

LSGM 300 LSCF CH4 0.37 20 [22] 

LSGM, (La, Sr) Ga0.8Mg0.2O2-δ; PBSCF, PrBa0.5Sr0.5Co1.5Fe0.5O6-δ; GDC, (Gd, Ce) O2-δ; LSCF, (La, Sr) 

(Co, Fe) O3-δ; BSCF, Ba0.5Sr0.5Co0.5Fe0.5O6-δ; YSZ, Y2O3-ZrO2. 
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