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1. Introduction

Solid Oxide Fuel Cells (SOFC) are energy generation de-
vices that oxidize a fuel to produce electricity, also generat-
ing high-quality heat in the process. Their remarkable con-
version efficencies and high fuel flexibility make them 
stand out as one of the most promising technologies for 
green power generation. In recent years, mixed ionic and 
electronic conductor (MIEC) oxides have been proposed as 
candidates for SOFC electrodes due to their good tolerance 
to fuel impurities and high stability under C-based fuels. 
Although the electro-catalytic activity of MIEC anodes for 
hydrogen oxidation is generally lower than that of state-of-
the-art Ni cermet anodes, their performance can be dra-
matically improved by functionalization of the the MIEC 
oxide surface with catalytically active nanoparticles (NPs). 
In this sense, exsolution is a very promising technique that 
consists in the controlled demixing of transition metals 
contained in the host oxide that, under the effect of a re-
ducing atmosphere, diffuse to the surface and form homo-
geneously distributed metallic nanoparticles.  

The process of exsolution depends on many factors 
that can be divided in two major categories, namely inter-
nal and external factors. The term internal refers to those 
parameters that are specific of the sample, such as the 
electrode microstructure, A-site stoichiometry/deficiency 
or B-site composition. The term external refers to the con-
ditions to which the electrode is exposed such as tempera-
ture, O2 partial pressure or applied cell voltage. Most works 
on exsolution focus on internal factors, i.e. comparing dif-
ferences between electrodes with different B-site dopants 
or A-site deficiency degree. In this work we will focus on a 
single system, the Sr0.93(Ti0.3Fe0.63Ni0.07)O3-δ (STFN) perov-
skite, and we will study the process of NiFe exsolution and 
its effect in the anodic behaviour for two different pre-
exsolution temperatures. 

It is important to note that the conditions to produce 
exsolution are similar to the operation conditions of a SOFC 
anode, i.e high temperature and reducing atmospheres 
(such as H2/H2O mixtures). Thus, studying the effect of 
external parameters on exsolution for anodes presents 
inherent difficulties since the metal/perovskite systems 
could continue to evolve under the anodic operation condi-
tions. There are studies in the literature where the optimal 
pre-exsolution conditions were studied for electrodes simi-

lar to the STFN presented here, but they were intended to 
work as cathodes in air [1,2]. Here we observe that it is 
difficult to find coincidences even in very similar systems: 
Yang et al. [1] found that a  SrTi0.1Fe0.85Ni0.05O3-δ electrode 
(prepared by solid state reaction and sintherized at 
1100 °C) presents a higher nanoparticle density and a bet-
ter cathode performance when it is pre-exsolved at 600 °C 
in a dry 10%H2/Ar atmosphere, whereas Ni et al. [2] report 
a better cathodic performance for a Sr0.95Ti0.3Fe0.6Ni0.1O3-δ 
electrode (prepared by solid state reaction and sintherized 
at 1200 °C) when it is pre-exsolved at 750 °C in a 
5%H2/3%H2O/92%N2 atmosphere. This difference of 150 °C 
in the optimal pre-exsolution temperatures for two such 
similar systems suggests that each system has unique 
properties and needs to be studied separately varying ex-
ternal conditions. 

In the present work, we face the task of evaluating pre-
exsolution conditions for a STFN anode. In this respect, we 
stablish that a necessary condition to study the effect of 
external factors in exsolution is that operation conditions 
need to be ‘softer’, i.e. lower temperautres and/or lower 
pH2, than the pre-exsolution conditions used. This way we 
can assume as an approximation that the system will not 
continue to evolve during operation, or in other words, 
that the system is ‘fixed’ by the pre-exsolution conditions. 
We will reduce one electrode at 700°C (STFN-r700) and 
another at 750°C (STFN-r750) and compare their electro-
chemical impedance spectroscopy (EIS) response in the 
range of 700°C to 550°C, i.e. lowering the temperature to 
prevent further evolution of the system.  

2. Experimental

2.1 Synthesis and structural characterization 

Sr0.93Ti0.3Fe0.63Ni0.07O3-δ (STFN) powder was prepared by 
a glycine combustion sol-gel method, as described previ-
ously in reference [3]. Stoichiometric amounts of titanium 
butoxide (C16H36O4Ti), SrCO3, Fe(NO3)3·9H2O and 
Ni(NO3)2·6H2O were used as precursors. The powder ob-
tained after ignition of the gel was treated at 850 °C for 6 h 
in air. STFN pellets were also fabricated for structural char-
acterization by uni-axially pressing the STFN powder and 
performing a thermal treatment at 1000 °C for 4 h. The 
obtention of a cubic perovskite phase was confirmed by 
powder X-ray diffraction (XRD) on a Panalytical Empyrean 
using Cu K𝛼 radiation, a graphite monochromator, and a 



 
 

 
                                                       8th Symposium on Hydrogen, Fuel Cells and Advanced Batteries, Buenos Aires, July 11th-14th, 2022 

 

PIXcel detector. The electrode microstructure and local 
composition after reduction treatments were analyzed by 
scanning and transmission electron microscopes combined 
with energy dispersive X-ray spectroscopy using a Zeiss 
Crossbeam 340 (SEM), a FEI Nova NanoSEM 450, and a FEI 
TECNAI F20 (TEM) microscope with a EDAX detector.  

Reduction treatments were performed in a 
10%H2:3%H2O:87%Ar atmosphere with P=1 atm at 700 °C 
and 750 °C to compare the differences in exsolution (sam-
ples labeled as STFN-r700 and STFN-r750, respectively). 

2.2 Cell fabrication  

Symetric cells for electrochemical characterization were 
prepared with STFN electrodes, LSGM electrolytes 
(La0.8Sr0.2Ga0.8Mg0.2O3, ‘Fuel Cell Materials’) and a LDC buff-
er layer (La-doped ceria, La0.6Ce0.4O2-δ). The electrolyte 
powder was pressed uniaxially and treated at 1450 °C for 
6 h in air to form a 1 cm diameter disc with 0.8 mm thich-
ness. The LDC powder was prepared by solid-state reaction 
method with stoichiometric amounts of La2O3 and CeO2 
and also treated at 1450 °C for 6 h. A LDC ink was then 
prepared admixing 5% PVB and 2.5% PVP as binders and a 
solution of 70% α-Terpineol – 110% isopropyl alcohol as 
dispersing agents. The ink was deposited by spin-coating 
on both sides of the LSGM electrolyte and then fired at 
1450 °C for 6 h in air. The same procedure was followed to 
prepare a STFN ink, wich was then spin coated over the 
LDC buffer layer and treated at 1000 °C for 1.5 h. The re-
sulting cell configuration was STFN/LDC/LSGM/LDC/STFN, 
with the LDC layer having a ~4 μm thickness and the STFN 
porous electrode a ~30 μm thickness. A silver paste grid 
was painted on top of the electrodes and gold grids were 
used on top as current collectors.   

2.3 Electrochemical characterization 

The symmetrical cells were used to measure electro-
chemical impedance spectroscopy (EIS) using an Autolab 
PGSTAT32 with a FRA2 frequency analyzer module in the 
frequency range of 1 MHz – 10 mHz and applying an AC 
perturbation of 10 mV with zero DC bias. EIS spectra of the 
symmetrical cells were measured in a single chamber with 
reducing atmosphere (10%H2:3%H2O:87%Ar). After reduc-
ing the cells for 45 min at 700 °C (STFN-r700 cell) and at 
750 °C (STFN-r750 cell), temperature was lowered towards 
550°C using 50 °C steps in order to characterize the anodic 
response as a function of temperature. The obtained spec-
tra were normalized by the cell geometric area and divided 
by two to account for the symmetric configuration. The EIS 
data was fitted using a electrical equivalent circuit model 
(EEC) with an open source Matlab code [4].  

3. Results 

3.1 Structural characterization 

Figure 1 shows a comparison of the nanoparticle com-
position, density and the electrode microstructure when 
the STFN electrode is reduced at 700 °C (STFN-r700) and at 
750 °C (STFN-r750) in a reducing atmosphere with 
10%H2:3%H2O:87%Ar. The XRD patterns of both samples 
are shown in Fig. 1(a) and (b) where we observe that the 
exsolved metallic phase has a FCC structure with space 

group Fm3m (#225), and the cubic perovskite phase of the 
parent oxide remains stable after reduction (as in the pre-
reduced sample, not shown in this abstract). The Ni-Fe 
nanoparticle composition, calculated with the peak posi-
tion according to Vegard’s law [5] and veryfied by TEM-EDS 
(not shown), is very similar for both reduction treatments. 
However, in the SEM micrographs of Fig. 1 (c) and (d) we 
see that the amount of nanoparticles per μm

2
, i.e. the na-

noparticle density, is much larger in the STFN-r700 elec-
trode. More specifically, the NP density in the STFN-r700 
sample is ~400 NP/μm

2 
whereas in the STFN-r750 it is only 

~66 NP/μm
2
. We can also observe that the STFN-r750 elec-

trode presents a rougher surface, forming surface ‘ledges’ 
that appear to reflect a more tense structure after reduc-
tion. In this sense we can state that the temperature range 
of 700-750 °C is a inflection point in this STFN electrode: (i) 
on the one hand the perovskite phase continues to be sta-
ble after reduction at 750 °C but (ii) on the other hand, the 
nanoparticle density is significantly decreased and the sur-
face roughness is increased, reflecting that the sample 
starts to face instability issues for higher temperatures. 

 

Fig. 1. Ni-Fe exsolution in STFN at 700 °C and 750 °C. 

(a) and (b) show the XRD pattern of STFN after reduction in a 

10%H2:3%H2O:87%Ar atmosphere at 700°C and 750°C respective-

ly. The Ni-Fe stoichiometry was calculated from the Ni-Fe peak 

position according to Vegard’s law [5]. (c) and (d) show SEM im-

ages on STFN pellets reduced at 700°C and 750°C respectively.  

3.2 Electrochemical characterization of STFN anode 

In this section we will briefly explore how the differ-
ences in exsolution observed in section 3.1 impact on the 
electrochemical anodic response of the STFN electrodes. 
Fig. 2 shows the EIS spectra of two symmetrical cells meas-
ured at 700 °C in a 10%H2:3%H2O:87%Ar atmosphere, one 
pre-reduced at (a) 700 °C and the other at (b) 750 °C. First, 
on the Nyquist plot we note that the anode polarization 
resistance is RP~0.88 Ω.cm

2
 in the cell with STFN-r700 elec-

trodes and RP~2.1 Ω.cm
2
 in the cell with STFN-r750. This 

indicates a better global response for the STFN-r700 elec-
trodes. Also, the inset of Figure 2(a) shows the equivalent 
electrical circuit (EEC) used to model the electrochemical 
response, where each element represents a process taking 
place in the anodic reaction. The association of each con-
tribution with electrochemical processes that take place in 
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the anodic reaction and the comparison between the two 
electrodes will be explored in the discussion section. 

Fig. 2. EIS response of the symmetric cell with STFN electrodes. 
Nyquist and Bode plots corresponding to EIS measurements at 
700 °C in a 10%H2:3%H2O:87%Ar atmosphere for the symmetrical 
cells with STFN electrodes pre-reduced at (a) 700°C and (b) 750°C. 
The arcs represent the contributions of each circuit element con-
sidered in the fit. 

Figure 3 shows the total resistance and the resistance of 
each contribution as a function of temperature for the cells 
with (a) STFN-r700 and (b) STFN-r750 electrodes. Here we 
confirm that the MF+LF response is the main limiting step 
in the STFN-r750 electrode, and that the STFN-r700 has a 
better response (lower resistance) compared to the 
STFN-r750 in all the temperature range. 

 

Fig. 3. Arrhenius plot of each contribution in the EIS response. 

Arrhenius plot of the different contributions ranging from Ultra-

high frequencies (UHF) to low frequencies (LF) in the EIS spectra 

of the symmetrical cells with STFN electrodes pre-reduced at (a) 

700 °C and (b) 750 °C. 

4. Discussion 

4.1 Considerations on the HOR in perovskite type anodes 

In this section we will associate the circuit elements 
used to model the anodic response in Fig. 2 with the differ-
ent steps on the hydrogen oxidation reaction (HOR) accord-
ing to their frequencies, temperature dependence and the 
literature on perovskite type anodes. Distribution of relaxa-
tion times (DRT, not shown) calculations were also used in 
this analysis. Here, the ultra-high frequency (UHF) response 
is associated with ion transfer in the electrode/electrolyte 
interface, and the high frequency (HF) arc is associated 
with ion diffusion and charge transfer processes [6]. These 
processes are similar on both cells with STFN-r700 and 
STFN-r750 electrodes. However, the main difference be-
tween these electrodes manifests in the middle and low 
frequency (MF and LF) contributions, which are associated 

with the adsorption-dissociation of the H2 molecule (MF) 
over the metallic nanoparticles, and with the hydroxyl OH

-
 

group formation, recombination and H2O molecule desorp-
tion (LF) [7]. These processes are significantly improved in 
the STFN-r700 which has a much higher nanoparticle densi-
ty. Also, the STFN-r750 parent perovskite oxide presents a 
higher number of O vacancies (determined by thermograv-
imetric experiment, not shown) which also impacts on the 
O availavility for OH

-
 group formation and recombination 

process. This is probably the reason for the lower frequen-
cy of the LF contribution in the STFN-r750, which reflects 
that this process becomes more sluggish in this electrode.  

5. Conclusions 

We compared the exsolution characteristics on a STFN 
electrode for two different reduction temperatures and 
found that although the Ni-Fe composition of the NPs was 
similar in both cases, the NP density was ~6 times higher 
for the STFN-r700 electrode. This difference significantly 
impacts on the EIS response, measured on symmetrical 
cells at 700 °C in 10%H2:3%H2O:87%Ar atmosphere, lower-
ing the RP from 2.1 Ω.cm

2
 (for the STFN-r750 electrode) to 

0.88 Ω.cm
2
 (STFN-r700). This improvement is observed 

mainly in the middle and low frequency (MF & LF) anodic 
processes, associated with adsorption-dissociation of the 
H2 molecule and with the formation/recombination of OH- 
groups. We also observed that the higher reduction tem-
peratures result in more O vacancy formation, which also 
limits the LF processes in the reaction. 
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