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Figure S1. Powder XRD patterns of (a) BZCYYDbN (b) BZCYYDbRu samples together with their reduced

samples. The catalyst powders were reduced by 80 mL min-! H, for 2 h at 800 °C.
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Fig. S2. Surface microstructure of (a) BZCYYDbN and (b) BZCYYDbRu characterized by scanning electron
microscope-energy dispersive X-ray dispersive spectroscopy (SEM-EDX). The catalyst powders were

reduced by 80 mL min! H, for 2 h at 800 °C.
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Figure S3. The metal dispersion and precipitation of (a) BZCYYDbN and (b) BZCYYDbRu characterized by
transmission electron microscope-energy dispersive X-ray spectroscopy (TEM-EDX). The catalyst powders
were reduced by 80 mL min! H, for 2 h at 800 °C. (The energy intensity of Ni Kal is similar to that of Yb
Lal, with overlapping spectra.). (¢) High-resolution transmission electron microscopy (HR-TEM) of

BZCYYbRu.
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Figure S4. The metal oxidation state of (a) BZCYYDbN and (b) BZCYYDbRu were characterized by Ni 2p

and Ru 3p X-ray photoelectron spectroscopy (XPS). The catalyst powders were reduced by 80 mL min-! H,

o]
for 2 h at 800 °C.
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Figure S5. Refined XRD profiles of (a) BZCYYbNRu and (b) reduced BZCY YbNRu sample.

Table S1. BET surface area of BZCYYbN, BZCYYbRu, and BZCYYDbNRu. The reduced catalysts were

treated with 80 mL min'! H, at 800 °C for 2 h.

Table S1. Characterization of catalyst specific surface area

Sample BZCYYbN BZCYYbNRu BZCYYbRu
REngE 1.328 3.378 2.538
catalyst

Catalyst 0.976 4.465 3.191
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Figure S6. Steam reforming conversion rate and CO and H; selectivity of (a) BZCYYbN, (b) BZCYYbRu,
(c) CNRu catalyst. (d) The selectivity comparison between various catalysts with the fuel of n-butane (with
the ratio of H,O:C = 0.5) during 600 °C to 700 °C. The steam reforming catalyst was reduced by H, for 2 h

at 800 °C before the test.
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Figure S7. SEM image that shows (a) the overall surface structure of the BZCYYDbNRu catalyst-attached
anode after stability test, and (b) the magnified parts of the catalyst surface. (¢) The digital image of the
anode without catalyst layer after the stability test. (d) XRD pattern of the BZCYYDbNRu after the cell

stability test. (Zry95,0,, PDF 01-081-1329)
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Figure S8. [-V and I-P of fuel cell performance with the BZCYYbNRu anode steam reforming catalyst

when operated at 600-700 °C using n-butane (with the ratio of HO:C = 1, and the flow rate of C4H;o was 5

mL min’!, the flow rate of H,O was 20 mL min-') as the fuel. The single fuel cell was reduced by H, for 2 h

at 800 °C before test.
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Figure S9. I-V and I-P of fuel cell performance with the BZCYYbN anode steam reforming catalyst when

operated at 600-700 °C using n-butane fuel (with the rate of H,O:C = 0.5) (a) and at 700 °C using H, fuel

(b) for comparison. The single fuel cell was reduced by H, for 2 h at 800 °C before test.
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Figure S10. I-V and I-P of fuel cell performance with the BZCYYbRu anode steam reforming catalyst
when operated at 600-700 °C using n-butane fuel (with the rate of H,O:C = 0.5) (a) and at 700 °C using H,

fuel (b) for comparison. The single fuel cell was reduced by H, for 2 h at 800 °C before test.
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Figure S11. [-V and I-P of fuel cell performance without anode steam reforming catalyst when operated at
600-700 °C using n-butane fuel (with the rate of H,O:C = 0.5) (a) and at 700 °C using H, fuel (b) for

comparison. The single fuel cell was reduced by H, for 2 h at 800 °C before test.
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Figure S12. -V and I-P of fuel cell performance with the BZCYYbNRu anode steam reforming catalyst



when operated at 600-700 °C using n-butane fuel (with the rate of H,O:C = 0.5) (a) and at 700 °C using H,

fuel (b) for comparison. The single fuel cell was reduced by H, for 2 h at 800 °C before test.
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Figure S13. Comparison of the stability performance of various SOFCs operated with hydrocarbon fuels in
direct internal steam reforming operations. Stability test for fuel cell with the BZCYYbNRu anode steam
reforming catalyst when operated at 600 °C with n-butane (with the rate of HO:C = 0.5), and such a single
fuel cell was reduced by H, for 2 h at 800 °C before test. Ref-cell-1-3 are the performance of the single cell

in the cited literature, corresponding to [1]-[3] in the supporting references respectively.

Table S2. Comparison of the stability performance of our SOFCs and those from literature when operated

with hydrocarbon fuels in direct internal steam reforming operations.



Table S2. Comparison of the stability performance of SOFC on hydrocarbon fuels in direct internal steam

reforming operations

Operating
Anode Gas composition Degradation
temperature Remarks Ref.
material °C) (Steam/Carbon) rate @ j mAcm2
2.32x103Vhlin
BZCYYNRu C4H;o(10ml)-Ar(50ml) LT
600 108 hours @ This paper
-Ni-YSZ S/IC=0.5 operation
j=200 mA cm™
1.86 x 102V h'lin
. C4H;0(10ml)-Ar(50ml) LT .
Ni-YSZ 600 32 hours @ . This paper
S/C=0.5 operation
j =200 mA cm™?
C4H;o(10ml)- 1.34 x 103V h7lin LT
PdO-Ni-YSZ 600 H>(10ml)-N,(60ml) 100 hours @ . [1]
operation
S/IC=3 j =150 mA cm™
2.82x102V hlin
. C,;H;o(10ml)-N,(90ml) LT
PdO-Ni-YSZ 600 30 hours @ . [2]
3% H,0 . operation
j =150 mA cm
C,4H;o(10ml)- 1.08 x 103V h7lin LT
PdO-Ni-YSZ 600 H,(10ml)-N,(60ml) 100 hours @ . [3]
. operation
S/IC=3 j =100 mA cm™
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