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Abstract 

Coking on the conventional Ni-based anode is a grand challenge for direct hydrocarbon solid 

oxide fuel cells. In this work, a new type of coking-tolerant composite anode material, with a 

composition of Sr2FeMo0.65Ni0.35O6-δ-Gd0.1Ce0.9O2-δ, has been identified and evaluated on 

Y0.08Zr0.92O1.96 electrolyte-supported cells. The X-ray diffraction analysis indicates that the crystal 

structure of Sr2FeMo0.65Ni0.35O6-δ is relatively stable in wet air, while active nanoparticles of FeNi3 

are in situ exsolved from the parent perovskite oxides in pure hydrogen. A peak power density of 

439 mW cm-2 at 850 oC is achieved from the cell with Sr2FeMo0.65Ni0.35O6-δ anode when fueled by 

hydrogen. More importantly, addition of Gd0.1Ce0.9O2-δ in the anode can further improve the 

performance and stability. The cell with Sr2FeMo0.65Ni0.35O6-δ-Gd0.1Ce0.9O2-δ composite anode 

achieves a maximum power density of 551, 476 and 392 mW cm-2 at 850 oC when the anode is 

fueled by hydrogen, syngas and methane, respectively. The cell has shown negligible degradation 

for 210 hs in syngas and 600 hs in methane fuel, indicating that the Sr2FeMo0.65Ni0.35O6-δ-

Gd0.1Ce0.9O2-δ is a promising anode for solid oxide fuel cells. 
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1. Introduction 

Increased consumption of fossil energy in the past several decades has resulted in serious 

environmental concerns. As an efficient and environment-benign approach to produce electricity, 

fuel cell has attracted extensive research interests in recent years. Among the different types of fuel 

cells, solid oxide fuel cell (SOFC) possesses the unique advantages of all solid state cell components 

and ability of direct utilization of hydrocarbon-based fuels [1, 2]. However, the traditional Ni-cermet 

SOFC anodes are unstable for direct oxidation of natural gas or other hydrocarbon fuels since the 

Ni surface can be severely deactivated by carbon deposition (coking), unless reforming of the fuel 

stream is realized through supply of significant amount of steam or air [3, 4].Therefore, many efforts 

have been devoted to explore alternative SOFC anode materials with coking resistance for direct 

electrochemical oxidation of hydrocarbon fuels [5-7], which would be of high significance for 

eliminating the fuel reforming process, improving the SOFC system efficient and reducing the 

cost. Among the different alternative SOFC anode materials reported, perovskite based oxides such 

as La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM) [8], La-and Y-doped SrTiO3 [9], Sr2MgMoO6-δ [10], and 

Sr2Fe1.5Mo0.5O6-δ [11] have been extensively explored. However, either the conductivity or the 

catalytic activity (towards fuel oxidation) of those perovskite materials is not satisfactory, leading 

to lower cell power densities than that of Ni-based anodes. 

One successful strategy in recent years is to improve the performance of perovskite ceramic 

anodes by introduction of nanoscale metallic catalyst particles on the parent perovskite surfaces. 

There have been a series of catalyst particles being produced by infiltration process [12, 13]. 

However, repeated infiltration and firing are complex and time-consuming, causing the growth of 

nanoparticles. On the other hand, in-situ growth of reducible alloy from ceramic parent oxides has 
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been demonstrated to be an effective process to generate uniformly dispersed electro-catalytic 

nanoparticles on the ceramic anode surface [14]. In our prior work, perovskite based anode 

materials of Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ and La0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ have been developed, which 

can in situ form Co−Fe alloy nanoparticles [15, 16]; these nanoparticles significantly improve the 

activity and durability of the SOFC anodes when operating with hydrocarbon fuels.  

Recent study has also demonstrated that Ni−Fe alloy nanoparticles, formed on the surface of 

Sr2FeMo1-xNixO6-δ (SFMN) anodes via in situ reduction, improved the electronic conductivity of 

electrode materials. The total electrical conductivity can be reached 55.4 S cm-1 at 800 °C [17]. 

However, the ionic conductivity of SFMN may not be adequate. Ceria-based oxide has been 

typically used to further increase the electrode ionic conductivity and extend surface reaction sites 

in SOFC anodes, especially for SOFCs using hydrocarbon fuels [18]. Further, the coefficient of 

thermal expansion of Sr2Fe1.5-xNixMo0.5O6-δ increases from 15.6×10-6 K-1 to 18.1×10-6 K-1 with x 

from 0.05 to 0.4, which are little higher than that of YSZ (10.8×10-6 K-1) [19]. Therefore, addition 

of GDC is also necessary to improve adhesion between the electrolyte and the electrode.  

Here, we report a composite of SFMN and GDC as potential anode materials for SOFCs 

operating in carbon-containing fuels such as syngas and methane. The in situ exsolved metallic 

nanoparticles from the SFMN-GDC composite has demonstrated promising fuel oxidation activity 

and coking resistance. More importantly, the performance and stability is improved significantly by 

addition of GDC. 

 

2. Experimental 

The perovskite Sr2FeMo0.65Ni0.35O6-δ (SFMN) was prepared by a conventional solid-state 

reaction method. The high purity precursors powders including SrCO3, Fe2O3, (NH3)6Mo7O24•4H2O, 
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Ni(NO3)2•6H2O were mixed at the stoichiometric ratios. The mixtures were ball-milled in ethyl-

alcohol with zirconia balls for 48 hs and then dried in oven at 70 oC for 24 hs. The precursor were 

fired at 1100 oC for 10 hs in air to obtain the perovskite phase, and then reduced in pure H2 at 850 

oC for 10 hs for X-ray diffraction (XRD) measurements. Gd0.1Ce0.9O2-δ (GDC) powders were 

purchased from Ningbo SOFCMAN Energy Technology Co. The SFMN-GDC (mass ratio of 5:5) 

slurry was screen-printed on the surface of the GDC/YSZ/GDC electrolyte, which were purchased 

from Huaqing Company (Kunshan, China), followed by calcining at 1150 oC for 2 hs. An electrode 

ink consisting of La0.6Sr0.4Co0.2Fe0.8O3-δ（LSCF）was applied as a cathode using screen-printing 

and fired at 1000 oC for 2 hs. The active area of both the anode and cathode is approximately 0.5 

cm2, and the thickness of electrodes is about 50 μm. The thickness of the YSZ electrolyte films is 

about 170 μm, and GDC buffer layer is about 10 μm. The single-cell performance was evaluated 

with the cells with a configuration of SFMN-GDC‖GDC/YSZ/GDC‖LSCF.  

The crystal structure of different powders after annealing was examined by XRD technique 

(PANalytical X'Pert PRO, Netherlands), with a scanning step of 0.02° in the 2θ range of 10-90°. 

The morphology of the electrodes was characterized by scanning electron microscopy (SEM, FEI 

Quanta 200). The electrochemical characterizations (IV curves and electrochemical impedance 

spectra) of single cells were typically measured with IM6 & Zennium Electrochemical Workstations. 

The frequency of electrochemical impedance ranges from 0.1 Hz to 1 MHz. Before testing, the cells 

were first reduced in H2 at 850 °C for 2 hs which were sealed on the alumina testing apparatus with 

a ceramic bond. Then the electrochemical measurements were evaluated in the temperature range 

of 700 to 850 oC, using H2, syngas (H2-CO, 1:1) or CH4 humidified with 3%H2O as fuel.  

3. Results and discussion 
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3.1 XRD analyses 

The X-ray diffraction (XRD) patterns of as-prepared and reduced SFMN (in pure H2 for 10 hs 

powders at 850 oC) were compared in Fig. 1(a). Before reduction, the SFMN powder exhibited a 

tetragonal structure (I4/m, JCPDS 15-0601) with strong sharp diffraction peaks. The two weak 

peaks of around 19 and 38° indicated the double perovskite structure of the SFMN, and lattice 

parameters for the SFNM material can be refined as a=b=5.54, c=7.87. No obvious secondary 

phases were observable, indicating that Ni was fully incorporated into the perovskite structure. 

As shown in Fig. 1a, the perovskite structure of reduced-SFMN was still maintained after 

reduction in pure H2 at 850 oC for 10 hs (SFMN-reduced). The main peaks shift to lower angles, an 

indication of a lattice expansion after reduction, most-likely caused by oxygen loss. However, new 

peaks (of ~43.8 o) were detected, which were indexed well with FeNi3 alloy structure (JCPDS 65-

3244) and Sr3FeMoO7-δ (JCPDS 52-1715) [17]. FeNi3 alloy phase was formed by exsolution of the 

parental perovskite phase, and the phase transformation generally occurred on the perovskite grain 

surface, which will potentially enhance the electrochemical performance of materials as SOFC 

anodes. 

Generally, SFM-based perovskite materals will react with YSZ electrolyte, with the formation 

of SrMoO4 and SrZrO3 as main reaction products[20]. Therefore, GDC interlayer was deposited 

between electrodes and YSZ in this work. Shown in Fig.1(b) is the room temperature XRD patterns 

for GDC, SFMN as well as SFMN-GDC pellets sintered at 1200 oC for 5 hs in air. No impurity 

phases can be observable in the XRD pattern of the high temperature-treated SFMN-GDC mixed 

powders, compared to the XRD patterns of pure GDC and SFMN powders. These results indicated 

that SFMN and GDC were chemically compatible. 
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3.2 Microstructure Characterization of Cells 

Fig.2(a) showed a cross-sectional scanning electron microscopic (SEM) image of the SFMN-

GDC‖GDC/YSZ/GDC‖LSCF cell, the SFMN-GDC anode and the electrolyte adhered very well, 

and the electrode thickness of SFMN-GDC was about 50 μm. The thickness of the YSZ electrolyte 

films was about 170 μm and GDC buffer layer was about 10 μm. A detailed SEM view of the as-

prepared SFMN-GDC anode (Fig.2b) showed porous structure with homogeneous particle size 

distribution and a clean smooth grain surface.  

After reduction in pure H2 at 850 oC for 2 hs, some nanosized particles with diameters of 30–

60 nm precipitated out, as shown in Fig.2c. The nano particles are most likely Fe-Ni alloy, indicated 

by XRD analyses. The nanosized particles are almost stable after three redox cycles at 800 oC, an 

average particle size of ∼60 nm, as shown in Fig.2d. For further comparison, the microstructure of 

SFM-GDC anode treated by similar reduction process was also shown in Fig.2f; the results showed 

that no obviously nanoparticles were observed. 

3.3 Cell Performance in H2 

Shown in Fig.3a is the EIS data measured at different temperatures for the SFMN-

GDC‖GDC/YSZ/GDC‖LSCF cell. Fig. 3b presents an example of EIS fitting from the cell with 

SFMN-GDC and SFMN anode, tested at 850 oC using H2 as fuel. The impedance spectra data for 

both anodes were fitted using the equivalent circuit model consisting of an inductor, a resistive 

element, and three R-CPE elements, which was similar as used in the reference [21]. The fitting 

with three R-CPE elements matched well with the experimental data. The ohmic resistances (RΩ) 

of SFMN and SFMN-GDC anodes were ~ 0.47 and 0.45 Ω cm2, respectively. The RΩ corresponds 

to the ohmic resistances, involving ionic resistance of the electrolyte and the contact resistance 
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associated with interfaces. The slightly difference is within the experimental error. 

The impedance spectra in Fig.3b showed an overlay of likely three depressed semicircles. The 

high-frequency responses in Fig.3b, which did not vary with above two type fuel cell anodes, can 

be attributed to the cathode. In the cell with SFMN-GDC anode, semicircles of the medium-and 

low-frequency were much smaller than those of cell with SFMN anode; hence the difference must 

be associated with anode processes [22]. Take the impedance spectra at 850 oC as an example, RLF 

of the SFMN-GDC cell (0.072Ωcm2) was less than half that of the SFMN cell (~0.287Ω cm2). The 

difference may owe to the increased rate of ionic diffusion or adsorption process, especially the 

extended three-phase boundary. Further, ionic conduction may have been increased by addition of 

GDC, which may occur in the process associated with middle frequency range.  

Overall, the total impedance of cell with SFMN-GDC anode was much smaller than that with 

SFMN anode due to the addition of GDC. Although SFMN was a mixed conductor of oxide-ion and 

electron hole with high electrical conductivity, it showed higher impedance value due possibly to 

its low ionic conductivity. With the addition of GDC with SFMN to form a composite anode, the 

mixed conductivity and catalytic activity of the composite anode is increased, as well proved in the 

literature [23, 24]. 

Fig. 4a showed the typical current density-voltage-power density curves of SFMN-

GDC‖GDC/YSZ/GDC‖LSCF single cell with hydrogen as fuel and ambient air as oxidant. The 

open-circuit voltage (OCV) values were about 1.09 V at 850 oC, close to the Nernst potential, 

indicating a dense electrolyte and a good sealing of the tested cells. Maximum power densities of 

551, 475, 366 and 271 mW cm-2 can be achieved at 850, 800, 750 and 700 oC, respectively. The 

performance is higher than the electrolyte supported cell with LSCFN-GDC anode [25]. One 
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possible reason is the high catalytic activity of FeNi3 nanoparticles toward H2 oxidation. The FeNi3 

nanoparticles were in situ exsolved from the SFMN ceramic backbone, and homogeneously coated 

on the substrate surface, which can effectively accelerate the electrode reaction processes. 

Additionally, compared with the SFMN‖GDC/YSZ/GDC‖LSCF cell with SFMN anodes, the 

maximum power densities in H2 increased from 439 mW cm-2 up to 551 mW cm-2 at 850 ℃. The 

improved performance was mainly attributed to the addition of GDC, which can provide the ionic 

conduction path, extend the reaction zone, and thus reducing the polarization resistance, as similar 

shown in Fig. 3b. Moreover, the SFMN-GDC‖GDC/YSZ/GDC‖LSCF cell also showed a stable 

power output at 850 °C under a constant current density of 0.45 A cm-2, as demonstrated in Fig.4b, 

indicating that the SFMN-GDC anode have excellent electrochemical performance and good short-

term structural stability.  

3.4 Cell Performance in CO-H2 

The performance of single cells has also evaluated in syngas (H2:CO=1:1). Shown in Fig.5 are 

the I-V-P curves of cells with a configuration of SFMN-GDC‖GDC/YSZ/GDC‖LSCF, using air 

as oxidant and CO-H2 (1:1) as fuel at 700-850 oC. The peak power densities of the cell are 476, 390, 

294 and 199 mW cm-2 fueled by a mixture of H2-CO at temperatures of 850 ℃, 800 ℃, 750 ℃ and 

700 ℃ respectively, as shown in Fig. 5a, suggesting that SFMN-GDC have good catalytic activity 

to syngas oxidation.  

However, the peak power density of the cell is 551 mWcm-2, which is higher than that 436 mW 

cm-2 of cell when fueled by pure CO only at the same operating temperature of 850 ℃. These results 

indicated that the SFMN-GDC composite anode had better electrocatalytic activity towards H2 

oxidation than CO fuel. The area specific resistance (ASR) was fitted using the equivalent circuit 
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model (LRs(RHF)1(RMF)2(RLF)3), as shown in the Fig. 5b. The total polarization resistances were 

fitted to be 0.128Ωcm2 in H2, and 0.234Ωcm2 in CO at 850 oC, respectively, which further 

suggested the slower kinetics of CO electro-oxidation. 

The durability of cell with SFMN-GDC anode when fueled by syngas (CO:H2=1:1) was further 

tested under constant current for various durations ranging from tens of hours up to 210 hs between 

850 and 750 oC, as shown in Fig. 6. No significant degradation in performance was found even 

under OCV condition, suggesting that SFMN-GDC has excellent coking tolerance. 

3.5 Cell Performance in CH4 

Finally, we evaluated the electro-catalytic activity of the SFMN-GDC when fueled by CH4 

(with addition of only 3% H2O). Shown in Fig.7a are the I-V-P curves of cells with a configuration 

of SFMN-GDC‖GDC/YSZ/GDC‖LSCF, using air as oxidant and humidified CH4 (3% H2O) as 

fuel at 750-850 oC. The peak power densities of the cell are 392, 267 and 161 mW cm-2 at 

temperatures of 850, 800 and 750 ℃ respectively, the polarization resistance value of the cell is 

only 0.27, 0.44, and 0.75 Ω cm2 at 850, 800 and 750 ℃, respectively, as shown in Fig. 7b, suggesting 

that SFMN-GDC have good catalytic activity to methane oxidation. This agrees well with previous 

studies that ceria-based oxide promotes hydrocarbon oxidation [26]. Firstly, ceria-based oxide 

becomes a mixed conductor in the reducing atmosphere, potentially expanding the reaction zone 

beyond three-phase boundaries. Secondly, ceria-based oxide has high ionic conductivity, facilitating 

the transport of oxygen ions within the anode. Thirdly, ceria-based oxide shows an excellent oxygen 

storage capability (OSC), which can be further enhance by addition of SFMN. The enhanced OSC 

may further increase methane oxidation rates. 

Fig. 8a presented the short-term stability of the SFMN-GDC‖GDC/YSZ/GDC‖LSCF cell 



10 
 

under different discharge current densities at 800 oC when fueled with humidified CH4 (3% H2O). 

It has been reported that cells can maintain better stability under high current densities in 

hydrocarbons based fuels like CH4 [27]. However, in this work, no obvious degradation was 

observed at the current density from 0.1 A cm-2 to 0.25 A cm-2. Furthermore, the stability of the cell 

at higher or lower temperature (850 oC and 750 oC) has also been evaluated for several hundred 

hours, as shown in Fig. 8a. All these results demonstrated that SFMN-GDC have better coking 

tolerance. 

After the durability test in CH4, the cell was disassembled, and the microstructures of the 

porous SFMN-GDC anode were examined, as shown in Fig.8b. In general, carbon deposition can 

occur by methane pyrolysis, CH4→ C + 2H2. A significant result from the cell tests was the absence 

of carbon deposition. However, the SEM microstructures were also examined for of the porous 

SFMN-GDC anodes after measurements in CH4 for 600 hs and in syngas for 210 hs, as shown in 

the Fig.8b. Nearly no carbon or carbon fibers were detected at the anode side, indicating carbon 

deposition may be suppressed by reaction between oxygen ions and carbon at the anode during 

SOFC operation, and suggested the relatively good coking resistance of the SFMN-GDC electrode.  

 

4. Conclusions 

 

In this work, performance and stability of single cells with a configuration of SFMN-GDC‖

GDC/YSZ/GDC‖LSCF were evaluated when fueled by H2, syngas and CH4, humidified by 3% 

H2O, respectively. Compared with the SFMN anode, SFMN-GDC anode showed much higher 

activity and better stability when fueled by syngas and methane. In situ exsolved Ni-Fe alloy 

nanoparticles functioned as a key factor for the anode performance enhancement, while the addition 

of GDC also promoted hydrocarbon oxidation, suggesting that the SFMN-GDC composite anode is 
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a good candidate SOFCs anode for direct utilization of hydrocarbons. 
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Fig.1. (a) Room-temperature XRD patterns of as-prepared SFMN powders and after reduction in 

pure H2 for 10 h; (b) XRD patterns of SFMN, GDC and SFMN-GDC (1:1) powders. 
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Fig.2. Microstructure characterization: (a) SEM images of the SFMN-

GDC‖GDC/YSZ/GDC‖LSCF cell; (b) SFMN-GDC anode before reduction, (c) SFMN-GDC after 

reduction; (d) SFMN-GDC after three redox cycles; and (e) SFM-GDC anode after reduction. 
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Fig.3. (a) Impedance spectra for the SFMN-GDC‖GDC/YSZ/GDC‖LSCF cell and (b) Example fits 

to the EIS data of SFMN-GDC and SFMN anode cell tested at 850 oC at open-circuit voltage. 
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Fig. 4. (a) Voltage-current curves and (b) Stability test under constant current of 0.45 A cm-2 at 

850 ℃ using H2 for the SFMN-GDC‖GDC/YSZ/GDC‖LSCF cell. 
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Fig.5. (a) Voltage-current curves and (b) impedance spectra of SFMN-

GDC‖GDC/YSZ/GDC‖LSCF cell measured at different temperatures in CO-H2. 
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Fig. 6. Stability test under different current densities and different temperature using CO-H2 for 

the SFMN-GDC‖GDC/YSZ/GDC‖LSCF cell. 
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Fig.7. (a) Voltage-current curves and (b) impedance spectra of SFMN-

GDC‖GDC/YSZ/GDC‖LSCF cell measured at different temperatures in humidified CH4 (3% 

H2O). 
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Fig.8. (a) Voltage versus operation time of the single cell fuelled with humidified CH4 (3% H2O) 

at different current densities and different temperature. (b) Cross-sectional SEM images of the 

cells with SFMN-GDC anodes after H2, syngas and CH4 test. 

 


