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tube was coated with NiO-YSZ slurry, and then immersed into ethanol for 10 s, 

de-moulded, and immersed into tap water for 12 h to complete the phase inversion 

process (step 1). The dried raw tubes were pre-fired at 1200 oC for 2 h to burn off the 

graphite and organic components to achieve some structural strength (step 2).  

Thin YSZ (TZ-8Y Tosoh) layer was fabricated on the outer surface of the 

NiO-YSZ tubes by a dip-coating process, and subsequently co-sintered at 1400 oC for 

5h (step 3).  

A-site non-stoichiometric (La0.85Sr0.15)0.9MnO3-δ (LSM) powder was synthesized 

using a glycine-nitrate process with La2O3, Mn(CH3COO)2
.4H2O, Sr(NO3)2 and 

glycine as the starting materials. La2O3 was first dissolved in concentrated nitric acid, 

and then stoichiometric amounts of Mn(CH3COO)2
.4H2O, and Sr(NO3)2 were added 

to form a clear nitrate salt solution, to which glycine was added at a glycine to nitrate 

molar ratio of 1 : 1. The mixed nitrate-glycine solution was heated on a hot plate until 

self-combustion took place, yielding very loose black LSM powder. The 

as-synthesized LSM powder was subsequently calcined at 900 oC for 3 h to remove 

possible organic residues and to form the perovskite structure. LSM-YSZ composite 

paste with 40 wt.% YSZ was painted on the electrolyte surface, dried and heated at 

1200 oC for 2h. Aqueous solution of Ce0.8Sm0.2O1.9 (1.0 M) was impregnated into the 

LSM-YSZ electrode and fired at 600 oC for 30 min to minimize the electrode 

polarization resistance. The tubular unites were about 8 cm long with 0.42 cm outer 

diameter and 0.35 cm inner diameter, and the LSM-YSZ electrode area was about 0.8 

cm2. 
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1287A-1260A). The electrochemical impedance spectra (EIS) were measured under 

open-circuit conditions in the frequency range from 1 MHz to 0.01 Hz. The amount of 

hydrogen produced from the SOEC process is calculated by the Faraday’s law, 

assuming 100% current efficiency.2 
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Fig. S4 SEM picture for Ni-YSZ of the inner side of the tubular structure. 

 

Fig. S4 reveals the magnified cross-sectional microstructure near the inner surface of 

the post-tested Ni-YSZ tubular substrate. There are many small finger-like pores in 

the skin layer area, and these finger-like pores cross the inner surface and the skin 

layer and thereby connect these two areas. Apparently, the high porosity of the 

Ni-YSZ substrate is beneficial for gas transport.
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Fig.S5 Impedance spectra for the cell measured before and after 24h short term 

test under the electrolysis conditions 

 

Fig. S5 shows the impedance spectra for the cell part of the tubular unit 

measured before and after 24h short-term test. The ohmic resistance slightly increased 

from 0.44 to 0.48 Ω cm2, while the cell polarization resistance is essentially 

unchanged. Overall, the cell electrochemical performance is relatively stable.  
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Fig. S6 XPS spectra of Ni 2p region registered for Ni-YSZ before and after 24 h test 

(a). Ni 2p3/2 spectra from (b) fresh sample, (c) SOEC part after 24 h test and (d) F-T 

part after 24 h test fitted with three species: metallic Ni, NiO and Ni(OH)2. 

 

The chemical composition of the samples was analyzed by X-ray photoelectron 

spectroscopy (XPS) (Thermo Electron ESCALAB-250). All the binding energy data 

were calibrated by C 1s component at 284.8 eV. A basically unchanged Ni 2p XPS 

spectra are present after 24 h short term test (Fig. S6a). For further study the chemical 

state change of Ni, the Ni 2p3/2 peak in Fig. S6a have been fitted with three peaks. 

Due to the complexity of the Nin+ species (e.g., NiO, Ni(OH)2, NiO(OH) and Ni2O3 

etc),3, 4 we only ascribe the Nin+ to two most likely species, i.e. NiO, Ni(OH)2 in this 

work. In Fig. S6b-d, a peak located at 852.1 ± 0.1 eV, which is assigned to the 

metallic Ni, peaks located at 854.7 ± 0.6 and 856.4 ± 0.7 eV, which can be attributed 
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to the NiO and Ni(OH)2, respectively. The area ratios of three Ni species (Ni : NiO : 

Ni(OH)2) are 1 : 0.83 : 1.09 for fresh Ni-YSZ, 1 : 1.05 : 1.30 and 1 : 2.32 : 1.60 for 

the Ni-YSZ at SOEC part and F-T part, respectively. A increased amount of Nin+ can 

be the reason for the increased ohmic resistance in the Fig. S6 after 24 h test. 

However, the partial oxidation of Ni shows no significant depressed effect on the 

SOEC performance. Moreover, the methanation process produce more H2O, thus Ni 

oxidation and hydroxylation is more evident at Ni-YSZ in F-T part process after 24h 

teat. However, the stable CH4 yield during the 24h short-term test demonstrates the 

fairly stable Ni catalytic activity for the COx hydrogenation. 
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