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1. Introduction

In recent years, Solid Oxide Fuel Cells (SOFCs) have
gained great interest in the pursuit to satisfy the world’s 
high energy demand, as they enable the direct and efficient 
(≥60%) transformation of chemical energy from fuels into 
electrical energy through oxidation-reduction reactions. 
The main advantage is that it can be fed directly with dif-
ferent types of fuels, such as hydrocarbons, hydrogen, 
alcohols, etc. [1]. The typical cell is formed by a Ni cerment 
and YSZ, Ytria Stabilized Zirconia, (Ni/YZS), a dense YSZ 
electrolyte and a lanthanum strontium manganite as the 
cathode (LSM) which requires high operating temperatures 
(900-1000 °C). This leads to several problems such as mate-
rial degradation, abrupt volume changes leading to me-
chanical rupture, among others. Currently, the worldwide 
effort is focused on developing materials that allow to op-
erate efficiently at intermediate temperatures (500-750 °C) 
where the reaction kinetics decrease, intensifying the po-
larization problems and increasing the associated re-
sistance. 

CeO2 is a widely used material due to its excellent abil-
ity to store or release oxygen from its structure depending 
on the surrounding atmosphere. Doping with ZrO2 pro-
motes thermal stability and reduction capability [2]. In 
particular, the mixed oxide Ce0.9Zr0.1O2 has shown to have 
excellent redox and catalytic properties [3-5]. However, the 
need to improve its conductivity (ionic and electronic) in 
reducing atmospheres has been reported [5]. In this sense, 
partial substitution of Zr4+ by Sm3+ is proposed to incorpo-
rate oxygen vacancies in the oxide structure which might 
improve the mixed conductivity. In this work we analyze 
the effect of Sm doping in nanocrystalline Ce0.9Zr0.1-xSmxO2-

x/2 mixed oxides on their electrochemical performance as 
anode materials in several fuel compositions and tempera-
tures. 

1.1 Synthesis process 

Ce0.9Zr0.1-xSmxO2-δ (x= 0.1, 0.08, 0.06, 0.04, 0.02, 0) 
mixed oxides were obtained by the nitrate-citrate combus-
tion method. Ce(NO3).6H2O (Merck, 99.99%), 
ZrO(NO3)2.6H2O (Sigma-Aldrich, 99%), Sm(NO3)3.H2O (Sig-

ma-Aldrich, 99.9%) and citric acid C6H8O7.H2O (Merck, 
99.5%) were used as reactants. Appropriate amounts of the 
metal cations were dissolved in 38 mL of distilled H2O to 
obtain 1 g of the corresponding mixed oxide. Citric acid was 
then dissolved in 12 mL of distilled H2O and was poured 
into the 1 L beaker in a molar ratio to total metal cations 
equal to 2/1. The obtained solution was stirred and aged 
for 18h at 90 °C. The temperature was raised to 150 °C to 
allow the self-combustion of the powders. The remaining 
solids were calcined at 500 °C for 2h. Samples are denoted 
as XSmCit where XSm stands for the %at. Sm in the mixed 
oxides.  

1.2 Characterization techniques 

Electrochemical Impedance Spectroscpy (EIS) meas-
urements were carried out in a symmetric cell configura-
tion (anode/electrolyte/anode) with a AUTOLAB 
PGSTAT302N potentiostat/galvanostat provided with a 
FRA32 frequency analyzer module. A 20 mV AC perturba-
tion and a frequency range between 1MHz-1mHz were 
used in the experiments. EIS spectra were collected at iso-
thermal and steady state conditions. Measurements start-
ed at 750 °C and temperature was reduced to 500 °C with 
50 °C steps. Gas supply was kept costant at 70 mL.min-1 

(STP) with 3 mol% H2O to avoid an excessive reducing at-
mosphere that could produce a shortcut of the cell. A 
commercial SDC (20% Sm Doped Ceria, Fuel Cell Materials) 
sintered disk was used as electrolyte. The anode slurry 
formed by mixing the samples with a binder (DecofluxTM 
WB41, Zschiwmmer and Schwartz) in a 60%/40% mass 
ratio, was fixed on both sides of the electrolyteby a heating 
treatment at 1100 °C for 2h. A commercial silver paint was 
used as the current collector. The Area Specific Resistance 
(ASR) of the electrode depends on difussive processes of 
the electroactive species, their adsorption on the surface 
and the difussive processes of the charge and gaseous spe-
cies. The ASR was calculated with the expression ASR =
0.5 ∙ Rp ∙ Ae where Ae is the electrode area and Rp is the 

total electrode polarization resistance. The latter was 
measured from the difference between the low and the 
high frequency intercepts with the real axis in the Nyquist 
plot. Ternary oxides were tested and showed stable re-
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sponse at 7 vol.% H2 composition after three consecutive 
cycles. Reproducibility of the response was also demon-
strated in two different measuring cells.  

 
2. Results and Discussion 

Figure 1 shows ASR values acquired in a 7 vol.% H2 at-
mosphere. The 6SmCit anode presents the lowest ASR val-
ue of 0.011 Ω.cm2 at 750 °C. It can be seen that cells with 
Sm contents greater than 6 at.% have higher ASRs over the 
entire temperature range tested due to the association of 
oxygen vacancies that decreases the ionic conductivity. 
Likewise, higher ASR values were observed in anodes with 
Sm contents below 6 at. %, due, in this case, to a lower 
concentration of oxygen vacancies. EIS results were ana-
lysed using Distribution of Relaxation Time (DRT) deconvo-
lution method and Equivalent Circuit (EC) fitting process. 
DRT calculations [6] indicate that there is one limiting pro-
cess with a characteristic frecuency around 0.1 Hz. Results 
also confirm that the incorporation of Sm decreases the 
resistance associated to this process. The data was also 
fitted with the equivalent circuit represented in the inset of 
Figure 2 and, in some cases, an additional R//cpe was in-
cluded to fit the data. Figure 2 compares the DRT profiles 
calculated 1) from experimental data, 2) from the EIS spec-
tra simulated using EC (Fitting) and 3) from the simulation 
of the individual contribution of the W element of the EC 
(Fit-Warburg). It is observed that both analyses confirm 
that the limiting process can be modeled by the Warburg 
element. This is valid for all the experiments performed in 
this work. This can be related to the diffusion of oxygen in 
the solid, to the dissociative adsorption of the reagents on 
the surface and/or to the electrochemical reaction on the 
surface all of them, favored by the extrinsic vacancies in-
corporated by Sm doping. Results also show that this pro-
cess is thermally activated with a decrease in the resistance 
and an increase in its characteristic frecuency with temper-
ature.  

 

 
Fig. 1. ASR values for XSmCit in 7vol.% H2 atmosphere. 

 
Samples 0SmCit, 4SmCit and 6SmCit were tested under 

several reducing atmospheres. Figure 3 shows that, regard-
less of the Sm concentration in the oxides, the ASR de-
creases with increasing H2 concentration in the fuel, com-
patible with diffusion of gaseous species that benefits the 
electrochemical reaction. On the other hand, the L2/D pa-
rameter of the Warburg element, where L is the effective 
diffusion thickness and D is the effective diffusion coeffi-

cient, increases. This could indicate that oxygen diffusion is 
slower due to aggregation of defects in reducing atmos-
pheres. DRT analysis show a decrease of the resistance and 
the characteristic frecuency with H2 concentration (Figure 
4). At a fixed H2 concentration, the ASR decreases and L2/D 
parameter increases with increasing Sm content. These 
could indicate that, although to some extent diffusion in 
the solid is slower, the larger amount of oxygen vacancies 
in the surface enhances surface reactions. It is worth men-
tioning that the Ce4+ reduction produces an increase in the 
electronic conductivity.  

 

 
Fig. 2. Comparison of DRT analysis for sample 6SmCit. 

  

 
Fig. 3. Comparison of ASR as a function of H2 concentracion at 750 

°C for 0SmCit, 4SmCit and 6SmCit.  

 

 
Fig. 4. DRT analysis for 6SmCit at different H2 atmosphere. 

 
The solids were also tested in a dilute (7 vol.%) and 

concentrated (20 vol.%) CH4 atmosphere. The ASR values of 
the latter are slightly lower. Sample 6SmCit continues to 
show the best performace up to 500 °C where the trend is 
reversed, see Figure 5. Nervertheless, the obtained ASR are 
higher than those obtained in the H2 atmosphere, which 
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can be related to the complicated oxidation process and 
the molecule size of CH4. DRT analysis confirmed that the 
resistance of all processes decreases with CH4 concentra-
tion while the characteristic frecuency of the main process 
remains almost the same, see as an example Figure 6. The 
L2/D parameter is the same in both atmospheres, except 
for 6SmCit at 500 °C. The inclusion of extrinsic oxygen va-
cancies due to the incorporation of Sm decreases the re-
sistance without modifying the characteristic frecuency up 
to 600 °C where the frecuency decreases with the increase 
of Sm, see Figure 7. Thus, a fourth peak is observed at high 
frequencies that may be associated to charge transfer pro-
cesses. These observations imply that in CH4, the limiting 
process could be due to the dissociation and electrooxida-
tion of CH4 on the surface. However, the contribution of 
oxygen diffusion and charge transfer processes cannot be 
discarded at low temperatures. 
 

 
Fig. 5. ASR values in 20 vol.% CH4 at 750 °C for 0SmCit, 4SmCit and 

6SmCit. 

 

 
Fig. 6. DRT analysis for the 6SmCit sample under different 

concentrations of CH4 in the fuel at 750 °C.  

 

 
Fig. 7. DRT analysis for XSmCit in 7  vol.% CH4 at 500 °C. 

3. Conclusions 

The results indicate the existence of a mixed oxide 
compositionally homogeneous, formed by the three cati-
ons, which optimizes the behavior of the anode material in 
different gases and feed compositions. EIS measuremets 
show that the Ce0.9Zr0.04Sm0.06O1.97 (6SmCit) oxide has the 
best electrocatalytic performance, more active in hydrogen 
atmosphere than in methane. Its activity is better with 
higher fuel concentration in the feed. The obtained ASR 
values are: 0.011 Ω.cm2, 0.004 Ω.cm2 at 750 °C in 7 vol%. 
and 40 vol%. H2 atmosphere respectively; 0.14 Ω.cm2 and 
0.09 Ω.cm2 at 750 °C in 7 vol%. and 20 vol%. CH4, respec-
tively. Moreover, its response was stable after three con-
secutive cycles in a dilute hydrogen atmosphere. The DRT 
analysis determines that three processes are involved and 
that the limiting one can be ascribed to the diffusion of 
oxygen species coupled with the electrooxidation of the 
fuel.  
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