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1. Introduction

The solid oxide fuel cell (SOFC) is an electrochemical de-
vice that supplies electrical energy. It stands out for having 
high efficiency in energy conversion. 

In this context, many studies have been developed look-
ing for better materials for SOFC anode. Ceramic materials 
with perovskite structure based on Sr-doped lanthanum 
chromite manganite have shown promising results. For ex-
ample, La0.75Sr0.25Cr0.5Mn0.5O3-σ [1].  

So, having that material as base and that the high con-
tent of Sr2+ and the cationic deficiency at site A aim to in-
crease the electronic conduction. Whereas high content of 
Mn and the cation deficiency at site B aims to increase ionic 
conduction. Thus, the ceramic investigated here is the new 
composition Sr0.66La0.33Mn0.66Cr0.66O3+/-Z (33LSCM33).   

In addition to the reasons already mentioned, this inves-
tigation is also justified by the original choice of the synthe-
sis method used in this work. The material is synthesized us-
ing the micellar sol-gel method with structure directing and 
swelling agents. This method is wellknown to be used to pro-
duce porous morphology, which is an essential characteris-
tic for an anode material [2]. 

Furthermore, electrode fixation strategies are used for 
improvement the cells, as: sanding of green electrolyte, ele-
vation of electrode fixation temperature (Tf) and use of 
ZrO2–8%mol Y2O3 (YSZ) porous layer between electrode and 
electrolyte. Considering that these strategies should in-
crease the contact area between electrolyte and electrode. 

Therefore, this study has as its aims the synthesis of the 
material by a method never used to produce LaxSr1-xCryMn1-

yO3-σ type-materials and the production of a one with new 
composition, 33LSCM33. Moreover, the evaluation of elec-
trode fixation improvement strategies and, mainly, the char-
acterization (by electrochemical impedance spectroscopy, 
EIS) of the 33LSCM33 ceramic for possible implementation 
as SOFC anode material.    

2. Experimental

The 33LSCM33 was synthesized by the micellar sol-gel

method with structure directing (Pluronic® P123) and swell-
ing (TIPB) agents. The mixture with the agents, reagents and 
the controlled pH (3 <ph < 4) was subjected to hydrothermal 
treatment (80°C/ 48 h), drying (60°C/ 24 h) and calcined 
(1000°C/ 4 h). 

To produce the cells, the electrolytes were prepared 
from YSZ (TOSH) powder by pressing into disks and sintering 
(1350°C/ 4 h). Electrolyte disk was sanded prior to sintering, 
with exception of cell with Tf = 900°C. The electrodes were 
prepared from a slurry made with Deconflux WB 41 and the 
material investigated, with fixation of the electrode at tem-
perature (Tf) of 900, 1000 or 1100°C (/2 h). The Pt current 
collector was fixed on each electrode at 850°C/ 1 h.  

In one cell was used a YSZ porous layer. The layer was 
prepared from a slurry with YSZ and commercial vehicle ink, 
with fixation at 1300°C/ 1h.  

On the whole, it was produced 4 cells. The 1st cell 
showed inaproprieted fixation (Tf = 900°C). The 2nd, the 
electrolyte was sanded, and the Tf was 1000°C (C1000). On 
the 3rd cell, the electrolyte was sanded too and raised the 
Tf at 1100°C (C1100).  On the 4th, used the same condition 
of previous cell and added the YSZ porous layer between 
electrolyte and electrode (C1100*). 

The EIS measurements were performed with Autolab 
potentiostat/galvanostat with coupled FRA and with data 
collection by the Nova program. The measurements were 
taken at 950, 900, 850 and 800°C and under 7 % H2 atmos-
phere. Moreover, the measurements were realized at sym-
metrical cell configuration. In other words, in H2/ 33LSCM33 
(w/ or w/o YSZ layer)/ YSZ/33LSCM33 (w/ or w/o YSZ 
layer)/H2 configuration. 

Fig. 2.1 – Equivalent electrical circuit model. 

Furthermore, the data were obtained from the simulta-
neous adjustment of the Nyquist and Bode graphs using the 
equivalent electrical circuit model (fig.2.1). All Chi2 values 
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shows that the equivalent electrical circuit model fits are 
suitable (Chi2 ≤ 4.1x10-4). 

3. Results 

First, 3 cells Nyquist plot at different EIS measurement 
temperatures are shown (fig. 3.1). 
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Fig. 3.1 - Nyquist plot: C1000 (black), C1100 (red) and C1100* 

(green). 

 
The electrical equivalent circuit model fitting data are 

shown: the series resistance values (Rs), polarization re-
sistance values and values associated with the impedance of 
the constant phase element (Zcpe) are presented (tab. 3.1 
and 3.2). 
 
Tab. 3.1 – Serie Resistance (𝑅𝑠/Ω). 

 C1000 C1100 C1100* 

950°C 5.0 36.5 6.68 

900°C 3.7 30.0 8.06 

850°C 6.2 57.6 10.6 

800°C 4.7 74.2 12.0 

 
The impedance of constant phase element is given by: 

 

𝑍𝑐𝑝𝑒 =
1

(𝑗𝜔)𝑛𝑄
                                 (1). 

 
In what, “j” is imaginary unit, “𝜔” is the angular frequency, 
“Q” is CPE parameter and “n” is the order. 

The capacitance (C) and frequency (f) are calculated by 
following equations (eq. 2 and 3, respectively) and the re-
sults are presented in the tab 3.3: 
 

𝐶𝑖 = 𝑄𝑖
(1

𝑛𝑖
⁄ )𝑅𝑖

[
(1−𝑛𝑖)

𝑛𝑖
⁄ ]

                               (2), 
 

𝑓𝑖 =
1

2𝜋𝑅𝑖𝐶𝑖

                               (3). 

 

Tab. 3.2 – Polarization resistance (𝑅2, 𝑅3 𝑎𝑛𝑑 𝑅4 /Ω) and values 
associated with impedance of constante phase element. 

C1000 

 950°C 900°C 850°C 800°C 

𝑹𝟐  9.2 12.1 57.3 109 

𝑸2 2.1x10-4 2.6x10-4 1.5x10-4 1.6x10-4 

𝒏2 0.79 0.89 0.73 0.74 

𝑹3  32.6 14.7 97.1 162 

𝑸3 4.9x10-4 7.5x10-5 6.0x10-5 2.6x10-5 

𝒏3 0.43 0.86 0.51 0.58 

𝑹𝟒  1.9 62.3 2.4 16.4 

𝑸4 7.0x10-7 1.7x10-4 9.4x10-8 1.2x10-5 

𝒏4 0.93 0.43 1 0.56 

C1100* 

𝑹𝟐  4.58 3.60 3.00 37.0 

𝑸2 9.0x10-2 9.0x10-2 1.0x10-1 4.0x10-4 

𝒏2 0.90 0.90 0.80 0.92 

𝑹3  6.71 9.8 14.4 36.7 

𝑸3 5.4x10-4 3.6x10-4 3.0x10-4 5.6x10-5 

𝒏3 0.87 0.96 1.0 0.72 

𝑹𝟒  5.96 17.6 36.8 31.2 

𝑸4 1.2x10-4 2.0x10-4 2.5x10-5 1.4x10-3 

𝒏4 0.60 0.52 0.50 0.32 

 

Moreover, according with classification of literature [3], 
the electrochemical processes in cells are identified (tab. 
3.3). 

 
Tab. 3.3 – Capacitance (C/ F), frequency (f / Hz) and electrochemi-
cal process (P) classification (SEI – sample-electrode interface, ER – 
electrochemical reaction, SL – surface layer and WI without identi-
fication process). 

C1000 

 950°C 900°C 850°C 800°C 

f2  4x102 1x102 1x102 4x101 

𝑪2  4.0x10-5 1.3x10-4 2.6x10-5 3.9x10-5 

P SEI ER SEI SEI 

f3  2x103 4x102 4x103 2x103 

𝑪3  2.0x10-6 2.5x10-5 4.3x10-7 5.0x10-7 

P SEI SEI SEI SEI 

f4  3x105 6x103 7x105 7x105 

𝑪4  2.5x10-7 4.1x10-7 9.4x10-8 1.5x10-8 

P SEI SEI SL SL 

C1100* 

f2  4x10-1 6x10-1 7x10-1 2x101 

𝑪2  8.2x10-2 7.9x10-2 7.0x10-2 2.8x10-4 

P WI WI WI ER 

f3  1x102 6x101 3x101 9x102 

𝑪3  2.3x10-4 2.8x10-4 3.0x10-4 5.0x10-6 

P ER ER ER SEI 

f4  3x104 7x103 2x103 3x103 

𝑪4  8.8x10-7 1.2x10-6 2.2x10-6 1.8x10-6 

P SEI SEI SEI SEI 

 

The Arrhenius plot is shown at next figure (fig. 3.2), the 
area specific polarization resistance (ASRp) is calculated 
from equation 4 and the ASRp values are presented (tab. 
3.4.):  
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                               (4). 
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Fig. 3.2. Arrhenius plot: C1000 (black) and C1100* (green). 

 
Tab. 3.4 - Area specific polarisation resistance (𝐴𝑆𝑅𝑝 / Ω. 𝑐𝑚2). 

 C1000 C1100* D% 

950°C 4.94 1.95 61 % 

900°C 10.07 3.50 65 % 

850°C 17.72 6.10 66 % 

800°C 32.48 11.85 64 % 

4. Discussion 

In the Nyquist plot for 950°C, 2 arcs are visible in cell 
C1000 and 3 in cells C1100 and C1100*. All have a small arc 
at right side. As the temperature drops, this small arc disap-
pears in the C1000 and C1100. But, in the C1100*, there is a 
smaller arc reduction, but it remains visible (fig. 3.1). 

The C1000 cell has the smallest series resistances (< 7 
Ω). Whereas the C1100* has values higher than the previous 
cell, but they are still low values (≤ 12 Ω). In contrast, the 
C1100 has the highest values, and they are considered high 
(≥ 30 Ω). Consequently, the C1000 and C1100* are consid-
ered to have adequate electrodes fixation. In opposition, the 
C1100, according to the Rs criterion, has evidence of inade-
quate fixation (tab 3.1). 

The discussion of the C1100 cell will not be prolonged 
due to evidence of inadequate fixation indicated by Rs. 

The sample-electrode interface (SEI) process is present 
in both cells for different temperatures and different fre-
quency domains. Furthermore, it is the process that exerts 
the greatest influence on the Rp, except for C1100* at 
950°C. While the electrochemical reaction (ER) process is 
present at all temperatures of C1100* and only one temper-
ature of C1000, 900°C. It manifests in low frequency do-
mains (f ≈ 101-2 Hz). It's the primarily responsible for the Rp 
in the C1100* at 950°C (tab. 3.2 and 3.3). There are two 
other processes: superficial layer (SL) and one without iden-
tification (WI). The SL manifests exclusively on the C1000 at 
850 and 800°C for ƒ = 7.105 Hz. While the WI manifests ex-
clusively in the C1100*at 950, 900 and 850°C for ƒ ≈ 10-1 Hz. 
Both processes exert the least influence on the Rp of their 
respective cells (tab. 3.2 and 3.3). 

The ASRp values of cells C1000 and C1100* respect the 
linearity relationship at Arrhenius plot (fig. 3.2). 

The C1000 ASRp values are relatively high, with a value 
of 4.94 Ω.cm2 at 950°C. All values are greater than C1100*, 
a percentage difference (D%) above 60% for any tempera-
ture (tab. 3.4). While the ASRp values of the C1100* are rea-
sonable, with a value of 1.95 Ω.cm2 at 950°C. The lowest 
ASRp value among all values shown. Consequently, cell 
C1100* presents the best values and is the best anode can-
didate obtained in this work (tab. 3.4). 

In addition, as the electrode fixation strategies are ap-
plied, the ASRp decrease. Furthermore, the best result is ob-
tained in the cell that made simultaneous use of the 3 strat-
egies, C1100*. 

It is important to realize that the synthesis method is 
very little explored in the manufacture of porous materials 
for SOFC electrodes. In such a way, that it is used in an un-
precedented way for perovskite materials with composition 
of the LaxSr1-xCryMn1-yO3 type. 

Moreover, it should be noted that the material used in 
making the electrode of the cells, Sr0.66La0.33Mn0.66Cr0.66O3, 
has a unique chemical composition and, consequently, is 
produced in an unprecedented way by the micellar sol-gel 
synthesis method.  

Furthermore, it is necessary to know that the material 
used in the making of the electrodes does not present its 
optimized crystallographic and porous structures. Thus, with 
greater knowledge about the influence of the synthesis and 
processing parameters associated with the micellar sol-gel 
method on the material, it is possible to optimize the mate-
rial structures and, in turn, present a better electrocatalytic 
performance. 

5. Conclusions 

The anode material is produced in an unprecedented 
way by the micellar sol-gel synthesis method. And a new 
chemical composition is used as anode material. 

Strategies to improve the electrode fixation provided an 
enhancement in the electrocatalytic performance of the 
cell. 

C1100* cell has the lowest ASRp values, therefore, the 
best candidate. With ASRp = 1.95 Ω.cm2 at 950°C in 7% H2 
atmosphere in symmetrical cell configuration. 
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