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A B S T R A C T   

In-situ exsolution can be used to generate fine nanoparticles on the surface of certain perovskites with novel 
properties that make them attractive candidates for use as anodes or protective layers in solid oxide fuel cells 
(SOFCs) fed with conventional fuels such as biogas. This study describes the fabrication and characterization of 
two exsolved perovskites, nickel manganite (LSMN) and nickel cobaltite (LSCN). However, the main objective of 
this study was to conduct a comparative analysis of electrochemical studies employing such exsolved perovskites 
as a coating layer on two button cells derived from the same large area commercial SOFC. A comparison of 
diagnostic results before and after prolonged operation showed that LSCN exhibited better performance due to its 
higher catalytic activity that simplified fuel via a mechanism called as “shuttle mechanism”. This behaviour was 
particularly evident in the EIS experiment, which, throughout the experiment fell on a simplified spectrum of 
only 2 semicircles and a reasonable total resistance of 0.316 Ω cm2. Aside from performance that, in the case of 
LSCN, reached 0.68 W cm− 2 @ 0.6V, such material appeared to be less affected by ohmic constraint due to its 
high reversibility. Nonetheless, as corroborated by the SEM reported in this paper, the superior advantage of 
using LSMN and LSCN as coatings in commercial SOFCs can be noticed in their ability to enhance the effec-
tiveness of dry biogas-fed SOFCs by mitigating the formation of coke on the anode.   

1. Introduction 

In commercial Solid Oxide Fuel Cells (SOFCs) directly fueled by 
hydrocarbon compounds such as biogas, one of the main challenges is 
finding a way to counteract the risks arising from carbon formation and 
deposition during fuel conversion into power energy [1,2]. Conse-
quently, the active phase on the anode side (i.e. Ni-YSZ, where YSZ 
stands for yttria stabilised zirconia) can be blocked, free spaces inside 
the anode can be obstructed, and the cell can break [3–5]. A cell with 
this issue performs poorly and is less durable. It may be possible to 
overcome these limitations by developing more reliable materials 
instead of Ni as the anode. Several studies report the existence of 
advanced anodes that are capable of competing with commercial anodes 
and appear more reliable than Ni for converting biofuels into electricity 
in SOFCs [6–9]. However, it would be necessary to understand, learn, 
and improve the entire production chain for cells and stacks in order to 
replace it with advanced materials. Clearly, this will require a revolution 
in cell manufacturing, stack assembly, and operational conditions, but it 
can also significantly impact the use of this technology in a positive way. 
This is the main reason why the producers of SOFC technology in the 
world have not yet suggested a real step change in materials used to 

construct SOFCs [10–14] that are substantially similar to those used in 
the first prototype of this technology demonstrated in the 1980s [15]. 
This technology advanced substantially in the last two decades with the 
development of anode-supported cells (ASC type), which allowed for a 
significant reduction in operating temperature [16–18]. Nevertheless, 
the current approach to tackling biofuel use problems still involves 
hardware to simplify fuel complexity (e.g. catalytic processors), but at a 
higher cost and complexity for the entire system [19–22]. Moreover, this 
approach also reduced performance (due to the dilution of fuel with 
water) and moderate risk of degradation from possible water manage-
ment and chemical processor deficiencies [23–25]. 

By altering the anode’s outer surface, organic fuels (e.g. syngas) may 
be efficiently converted and carbon formation due to metallic Ni could 
be mitigated. This strategy has recently been pursued by many scientists 
in this field, with a few different approaches reported in the literature 
[26,27]. One of these involves doping commercial anodes with alkali or 
noble metals to affect catalytic reactions, usually those involving fuel 
reforming [28–31]. In general, this approach requires sophisticated 
doping technology, which results in higher costs even though steam 
should still be added to the feed. In this way, the carbon deposition risk 
is effectively mitigated, even though the fuel must be obviously diluted, 
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and some reoxidation risks for the anode and bipolar plate must be taken 
into account. The addition of an internal fuel processor could be a viable 
approach in other cases since fuel conversion can be controlled precisely 
[32–36]. In this approach, water should also be provided to the inlet, 
while the stack assembly should have sufficient space to accommodate 
the internal reformer, while temperature control is another critical issue. 
These achievements led to the development of a novel approach based 
on the modification of the surface of commercial cells using advanced 
materials. To be effective, these materials must be cheaper than noble 
metals, have resistant properties to carbon deposition, and must be 
applied with practical procedures similar to those used for making 
commercial cells. As well, they should possess promising properties for 
catalytic and electrocatalytic conversion of organic fuels to enhance the 
kinetics of the mechanisms involved, especially those requiring low 
steam content or dry conditions. 

Hence, an additional anodic active layer in commercial SOFCs based 
on exsolved perovskites was successfully demonstrated to overcome 
these shortcomings [37,38]. Using such materials as a functional layer 
for the anode of commercial cells (i.e. Ni-YSZ) enables the cell to benefit 
from optimum thermal and chemical conditions for internal reforming 
of organic fuels. As fuels are electrochemically oxidized, water and CO2 
are formed on the anode, which reacts with the inlet gas once it crosses 
the protective layer. This results in the production of syngas as well as 
creating a closed chemical loop that promotes fuel simplification, also 
known as the “shuttle mechanism” [39,40]. In addition, an active layer 
protects a commercial cell from direct contact with organic fuels, which 
can crack under a wide range of conditions on the Ni-YSZ anode [41]. 
These conditions can result from the peculiar features of an exsolved 
perovskite that is generally characterized by a highly stable surface and 
electrocatalytically active nanoparticles uniformly distributed on the 
surface with a high carbon coking tolerance in a hydrocarbon fuel at-
mosphere [40,42–48]. 

To accomplish this, two catalytic materials used as a coating layer for 
direct dry biogas-fed SOFCs were electrocatalytically analyzed and 
compared in this paper. The materials compared in this paper are 
manganite- and cobaltite-based perovskites that were exsolved by add-
ing Ni and thermally treated in two steps under oxidizing and reducing 
atmospheres. These materials clearly refer to two of the most commonly 
used cathodes used in this technology. The manganite based perovskite 
was quite exclusively used for the traditional SOFC technology operating 
at temperatures beyond 800 ◦C using a single electrolyte based on YSZ 
[49,50]. Instead, most advanced cells use perovskites made of cobalt, 
despite the fact that the cost of this metal is rising so rapidly that EU 
regulations include it on their critical raw material list [51]. A com-
parison of these two perovskites opportunely doped with Ni to improve 
their anodic performances is presented in this paper to determine 
whether they can have major potential for use as a fine protective 
coating on conventional SOFC anodes. The resulting stoichiometries 
examined were La1.5Sr1.5Mn1.5Ni0.5O7±δ (referred to as LSMN) and 
La1.5Sr1.5Co1.5Ni0.5O7±δ (referred to as LSCN) both showing a 
Ruddlesden-Popper (RP) phase. In order to enhance oxygen spillover 
characteristics, as well as electron and ion percolation, these materials 
were mixed with gadolinium-doped ceria (GDC) prior to their use as a 
coating layer. 

2. Materials and methods 

The citrate complexation method, also known as Pechini synthesis 
was used to synthesize the materials [52–54]. To conduct such prepa-
rations, stoichiometric amounts of high-purity La(NO3)3.6H2O (≥99.9% 
Alfa), Sr(NO₃)₂ (≥99% Aldrich) were used for the A-site of the RP phase, 
while Ni(NO3)2.6H2O (≥99.999 % Aldrich), and Mn(NO3)2.6H2O 
(≥99.99% Aldrich) or Co(NO3)2.6H₂O (≥99.99 % Aldrich) for the B-site 
in the LSMN and LSCN specimens, respectively. Initially, the precursors 
were dissolved in citric acid (≥99.5% Sigma-Aldrich) aqueous solution 
at a molar ratio of CA:(metal ion) = 3:1. Under constant stirring, the 

solution was gradually heated from room temperature to 120 ◦C. In this 
synthesis, ethylene glycol (≥99%, Aldrich) was used as a polymerizing 
agent. Subsequently, all organic materials were removed from the gel by 
drying it at 300 ◦C for 2 h and 500 ◦C for 3 h. After grinding the spec-
imens, the resulting powders were pelletized and sintered for 12 h at 
1300 ◦C to obtain satisfactory crystallization. 

As-calcined pellets of LSMN and LSCN were again pulverised and 
ground in a planetary ball mill at 250 RPM for 6 h with commercial 
gadolinium-doped ceria (GDC), specifically Ce0.9Gd0.1O2. The high ox-
ygen storage capacity of GDC 10% combined with its acceptable elec-
trical conductivity makes it suitable for electrode manufacturing 
[55–57]. Afterwards, LSCN + GDC and LSMN + GDC were mixed with 
organic additives (8 wt% terpineol, 2 wt% polyvinyl butyral resin 
(BUTVAR B-98) and 2-propanol) in a planetary ball mill for 2 h to obtain 
inks to be deposited as a coating layer on commercial cells [45]. 

A single large-area (10 cm × 10 cm) commercial anode-supported 
solid oxide fuel cell (ASC), manufactured by InDEC® was used for 
electrocatalytic tests. This cell was laser cut into button cells, each one 
with a 2 cm2 active area. The cells were composed of NiO-YSZ/YSZ/ 
LSM, where YSZ stands for (ZrO2)0.92(Y2O3)0.08, while LSM stands for 
La0.8Sr0.2MnO3. Temperatures above 800 ◦C were optimal for these 
types of cells. After applying gold paste to both electrodes, the cells were 
annealed at 500 ◦C for 10 min to ensure ideal contact with the external 
electrochemical equipment. 

A painting procedure was used to apply LSMN + GDC and LSCN +
GDC inks on the anode of commercial cells, followed by the post- 
annealing step a 500 ◦C. The result of this procedure was a protective 
layer of approximately 20 mg cm− 2 of LSMN + GDC and LSCN + GDC. 

The next step was to conduct electrochemical testing on the button 
cells. One by one, the cells containing LSMN + GDC and LSCN + GDC 
were sealed with ceramic paste (AREMCO 316) at the end of an alumina 
tubular reactor, with the anode facing the inner of the tube and the 
cathode facing static air. Gold wires welded to each electrode ensured 
the electrical connection to measure both current and voltage. After this, 
the reactor mounting the cell was placed in a tubular furnace for pro-
longed testing at high temperatures (see Fig. 1). Curing the sealing paste 
according to the AREMCO procedure was a preliminary procedure. The 
standard procedure was to place the cell in diluted H2 (20% in He) for 
12 h at 800 ◦C to achieve the complete reduction of the Ni-anode before 
testing. The initial operation was conducted with diluted H2 (60% in He) 
as a baseline, followed by dry simulated biogas (i.e. CH4:CO2 = 60 vol 
%:40 vol%) at a flow rate of 15 cm3 min− 1. As part of electrochemical 
studies, open circuit voltages (OCV), polarization curves (current-po-
tential curves, I–V curves), impedance spectroscopy (EIS), and long- 
duration galvanostatic measurements were performed using a Bio-
Logic diagnostic tool equipped with a booster of 100 A and a frequency 
response analyser for impedance spectroscopy. 

For the physicochemical analysis, a Bruker D8 ADVANCE diffrac-
tometer operating at 40 kV and 40 mA was used to determine the 
crystallinity of specimens applied as coating layers. XRD patterns were 
analyzed using Bruker’s Evaluation Software for Crystallography (EVA) 
and phases were assigned according to the Crystallography Open 
Database (COD). A scanning electron microscope (SEM) FEI XL 30 was 
used to study spent cells’ morphology. 

3. Results and discussions 

A first study determined the phase structure of exsolved perovskites 
used as functional layers for commercial SOFC cells. Fig. 2a and b shows 
the XRD patterns of samples calcined at 1300 ◦C and reduced at 800 ◦C. 
There is evidence for high phase purity for the LSMN in the XRD related 
to calcined specimens (Fig. 2a), and it was previously identified as a 
Ruddlesden-Popper (RP) phase with n = 2, containing two perovskite 
units between rock-salt layers based on La1-xSrxO, and with stoichiom-
etry La1.5Sr1.5Mn1.5Ni0.5O7±δ [52]. As opposed to LSMN, LSCN did not 
appear to be a pure phase according to the XRD results. Specifically, two 
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structures were observed, which led to Co-based perovskites (i.e. 
La0.5Sr0.5CoO3, COD card 152–5854 [58]) and Ni-based RP-phase (i.e. 
La0.5Sr0.5NiO4, COD card 152–1323 [59]). As far as the scope of this 
paper is concerned, we will refer to it as LSCN even though it is not a 
pure phase. Upon exposure to a reducing atmosphere and high tem-
peratures (>750 ◦C), Ni within the crystalline phase exsolves as 
embedded nanoparticles possessing an oxide composition, as illustrated 
in Fig. 2b, where the LSMN assumed the feature of LaxSr1-xMnO4±δ 
stoichiometry (LSM, RP n = 1) without any other impurities [52,60]. A 

similar phenomenon was observed for the LSCN, where metallic Ni and 
Co were partially depleted and exsolved to the surface, increasing the 
complexity of the initial perovskite. According to our recent paper [39], 
LSCN has however demonstrated a reversible mechanism, which ac-
complishes the mechanism occurring under anodic conditions. In light 
of this reversible behaviour, LSCN may be a promising material for 
electrochemical devices, although further research is necessary to 
determine its full potential. 

For the purpose of examining the electrochemical behaviour of cells 
coated with functional layers (LSCN + GDC or LSMN + GDC), we con-
ducted durability tests lasting approximately 270 h in each case 
following the standard procedures discussed in the experimental section 

Fig. 1. A schematic of the experimental setup for testing cells.  

Fig. 2. XRD patterns of LSMN and LSCN samples after calcination at 1300 ◦C 
(a) and subsequent reduction at 800 ◦C (b). 

Fig. 3. Polarization and power density curves of the cells coated with LSMN +
GDC and LSCN + GDC using biogas at 800 ◦C. At the beginning of the test (a) 
and at the end of the test, after 270 h of operation (b). 
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(not shown here). Upon reducing the anode (i.e. Ni-YSZ), dry biogas was 
fed to assess how the coatings enhanced cells’ behaviour. Fig. 3a and b 
compare the power density and polarization curves measured in dry 
biogas at 800 ◦C at the beginning (BoT) and end (EoT) of the durability 
test. At the beginning of the tests, the OCVs recorded in both experi-
ments were lower than 1 V, with the LSMN-coated cell showing a higher 
ohmic constraint than the LSCN-coated cell (Fig. 3a). Based on these 
initial experimental results, the LSMN-coated cell produced a maximum 
power density of 0.35 W cm− 2 @0.6V, while the LSCN-coated cell 
reached a maximum power density of 0.57 W cm− 2 @0.6V. However, 
over the course of the experiment, there was a gradual increase in OCV, 
which at the end exceeded 1 V for both cells investigated (Fig. 3b). 
LSMN-coated cells showed the highest OCV, though their performance 
remained limited by ohmic constraints also at the end of the durability 
test (Fig. 3b). Despite this, both cells showed enhanced performance 
with time, reaching maximum power densities of 0.44 W cm− 2 @0.6V 
for LSMN-coated cell and 0.68 W cm− 2 @0.6V for LSCN-coated cell. A 
significant part of these enhancements can be attributed to increased 
potential, as shown in Fig. 3b. 

This increase in OCV can be explained by what might be happening 
in the anode cell during the operation. A conceivable explanation of this 
observation could be provided by one of our previous papers presenting 
a “shuttle mechanism” for ferrite-based exsolved perovskites coated on 
commercial cells. This mechanism relies on a combination of chemical 
and electrochemical reactions occurring at the coating layer, allowing 
the oxidation of biogas with the help of H2O and CO2 produced during 
fuel oxidation and reducing the risk of methane cracking. Several re-
actions can occur in the anode compartment. Since biogas contains a 
high percentage of CO2, dry reforming of methane is quite feasible at 
first: 

CH4 + CO2⇄ 2CO + 2H2 (reaction 1) 

As a result of this reaction, CO and H2, which have better mobility 
than biogas, can diffuse at the anode-electrolyte interface and be 
oxidized to form H2O and CO2 and obviously power energy: 

H2 +O2− → H2O + 2 e− (reaction 2)  

CO+O2− → CO2 + 2 e− (reaction 3) 

It is possible for H2O and CO2 to diffuse to the outer side of the cell 
where the partial pressure of methane is sufficiently high and take part 
in steam reforming: 

CH4 +H2O → CO + 3H2 (reaction 4) 

As a result, the OCV was determined by the complex gas mixture in 
the anode compartment, which changed over time, reflecting also the 
catalytic properties of the coating layers. 

As a means of illustrating the overall impact of cell constraints on 
their performances, Fig. 4a and b shows the first derivative curves of the 
related polarization curves (Fig. 3a and b). According to Fig. 4a, at the 
beginning of the experiment, the LSMN-coated cells had a significantly 
higher Area Specific Resistance (ASR) than the LSCN-coated cells. In 
addition to a significantly higher activation constraint (curves at low 
current densities) indicating a lower kinetic towards the oxidation of 
biogas, the region mainly affected by the ohmic constraint (intermediate 
current densities) was not optimal compared to the LSCN-coated cell. A 
rapid increase in resistance was observed starting at 0.2 A cm− 2, which 
indicated a dramatic loss of conductivity. The reason for this effect is 
that the LSMN was derived from the LSM electrocatalyst, one of the 
oldest cathode electrocatalysts used in SOFCs, while the LSCN was 
derived from the LSC electrocatalyst, one of the most widely used 
electrocatalysts in advanced SOFCs today because of its much lower 
overpotentials [61]. Fig. 4b illustrates how the LSMN’s features changed 
at the end of the test, while the LSCN’s remained mostly unchanged. 
LSMN-coated cells showed a relatively high activation control, which is 

consistent with an electrocatalyst with moderate properties for catalytic 
reactions involving methane, although its ohmic constraint became 
relatively low. Regarding the diffusion constraint, generally occurring at 
high current densities, only the cell coated with the LSCN showed 
moderate control, which is explained by the fact that the characteristic 
I–V curves were collected up to 0.6 V amply before the power density 
curve reached its maximum (Fig. 3a and b). 

Further diagnosis was conducted by measuring impedance spectra at 
0.8 V and 0.7 V in the presence of dry biogas during cell operation 
(Fig. 5a–d). Initially, the spectra showed three well-defined semicircles 
associated with the main mechanisms involved during the conversion of 
fuel into energy. This is particularly evident in the case of LSMN-coated 
cell, which, as discussed above, had limited catalytic activity (Fig. 5a 
and c). Thus, it is likely that one semicircle is caused by oxygen reduc-
tion at the cathode, while the other two could be caused by the oxidation 
of complex fuel at the anode [62,63]. The oxidation of H2 and CO can 
occur rapidly and may generate the semicircle at higher frequencies 
[64], while the direct oxidation of methane may be responsible for the 
semicircle at lower frequencies [65]. While this event is probable, 
kinetically it is not preferred since it involves the exchange of eight 
electrons in a single reaction. According to the first derivative curves in 
Fig. 4b, such behaviour still prevailed in the EIS of LSMN-coated cell 
even at the end of the test (Fig. 5b and d). A simplified EIS profile 
conforming to just two semicircles was observed in the LSCN-coated cell 
collected after the testing. This indicates that the biogas was mostly 
converted into syngas and the conversion into energy power was pri-
marily accomplished by oxidizing H2 and CO. An event such as this 
would be possible only if a catalyst (i.e. LSCN) could catalyze efficiently 
the conversion of biogas into syngas. 

At high frequencies, the intercept of the EIS with the x-axis is known 
as the series resistance (Rs) and it is often associated with the electrolyte 
conductivity of an ideal SOFC cell [66]. Nevertheless, such resistance 

Fig. 4. The first derivative curves obtained for the cells coated with LSMN +
GDC and LSCN + GDC at the beginning of the experiment (a) and after 270 h 
(b) of operation. 
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can increase with the aging of practical cells due to coarsening of Ni in 
the anode, reducing electronic percolation. Moreover, an additional 
layer based on materials that are not optimized for ionic-electronic 
conductivity, such as those used in these experiments, can also 
contribute to the increase of resistance over time. As it pertains to these 
experiments, we noticed that the Rs increased during the durability test. 
Based on Fig. 5a and b, the LSMN-coated cell exhibited the strongest 
effect, with an initial Rs @ 0.8 V of 0.045 Ω cm2 reaching 0.079 Ω cm2 at 
EoT. Rs @ 0.7 V exhibited similar behaviour, with values moving from 
0.047 Ω cm2 at BoT to 0.087 Ω cm2 at EoT (Fig. 5c and d). The results of 
these experiments also revealed that Rs was affected by the potential at 
which EIS is acquired; the effect was particularly apparent for 
LSMN-coated cells. There was such an effect at the BoT, but it was 
particularly evident at the EoT, where the Rs value was 0.079 Ω cm2 @ 
0.8 V, increasing to 0.087 Ω cm2 @ 0.7 V (Fig. 5b and d). The change in 
slope of the ASR curves shown in Fig. 4a–b between 0.8 V (i.e. 0.36 A 
cm− 2) and 0.7 V (i.e. 0.56 A cm− 2) may explain this effect. It is likely that 
the occurrence of such a phenomenon was influenced by a superficial 
modification of LSMN, which in turn changed its conductivity. 

Table 1 summarizes Rs and Rt (defined as total resistance derived 
from the intercept of EIS at low frequencies with the x-axis) for all ex-
periments. By comparing these data, it is apparent that the Rt decreased 
over the course of the durability test and this is what led to the increased 
performances observed in Fig. 3a and b. Only the Rt at 0.8 V measured 
for the LSMN-coated cell deviates moderately from this trend, due to an 
ASR more dependent upon the activation constraint as observed in 
Fig. 4b. 

The microstructure of the supporting anode based on Ni-YSZ and 
coating layers after 270 h at 800 ◦C is shown in Fig. 6. There was no 
significant Ni coarsening in each cell studied, and the electrode (Ni-YSZ) 
microstructure appeared uniform with high porosity for adequate mass 
diffusion of reactants and products (Fig. 6a and c). It is noteworthy that 
anode pores appear without carbon deposits, which contributes to the 
remarkable cell performance observed in the I–V curves (Fig. 3a and b). 
This state is caused by the synergistic effect generated by the presence of 
H2O and ionic oxygen concurrently in the anode, which suppresses 
parasitic reactions, as well as by the presence of the coating layer, which 
simplified fuel, reduced coking, and prevented cell deactivation. Ac-
cording to Fig. 6b and d, the coating layers contained fine-embedded 
nanoparticles with spherical (LSMN) and cauliflower (LSCN) shapes. 
The uniform distribution of fine particles and their strong interaction 
with the support, prevent any possibility of coarsening, thereby pre-
venting any possible loss of active surface area. Additionally, the 
exsolved LSCN particles have a much higher surface area than smooth 
spherical particles in LSMN, allowing them to perform better as a 
coating layer, as demonstrated by the electrochemical tests. As for the 
Ni-YSZ anode, there is no evidence of any carbonaceous species on the 
porosity of the coating layers, indicating the effectiveness and robust-
ness of these experiments. 

4. Conclusions 

A pair of button cells derived from the same anode-supporting 
commercial cell, were coated with two electrocatalysts developed for 
operating in dry biogas and studied to demonstrate the feasibility of 
using exsolved perovskites to mitigate the risks associated with using 
such dry fuel in commercial cells. A study was conducted to compare the 
behaviours and characteristics of commercial cells before and after 
prolonged use in order to gain insight into the potential benefits of this 
approach. According to this comparison, the exsolved LSCN layer per-
formed better since the B-site of this perovskite contains Co instead of 
Mn as for LSMN (the other exsolved perovskite studied in this paper). 
These results were attributed to enhanced O2− transport into crystal 
structures as well as better electronic mobility, which improved kinetics 
and conductivity. Particularly, such behavior was evident in the com-
parison of the first derivative of the polarization curves. The LSCN had a 

Fig. 5. Comparison of impedance spectra collected before and after the durability test (BoT and EoT).  

Table 1 
Rs and Rt values at the beginning and end of the durability test.   

Coating 
layer 

Rs @ BoT 
[Ω⋅cm2] 

Rt @ BoT 
[Ω⋅cm2] 

Rs @ EoT 
[Ω⋅cm2] 

Rt @ EoT 
[Ω⋅cm2] 

0.8 
V 

LSMN +
GDC 

0.045 0.456 0.079 0.503 

LSCN +
GDC 

0.051 0.342 0.061 0.316 

0.7 
V 

LSMN +
GDC 

0.047 0.629 0.087 0.555 

LSCN +
GDC 

0.052 0.381 0.062 0.313  
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lower ASR in the intermediate current range, which contributed to the 
better slope of the polarization curves, allowing for superior perfor-
mance at 0.6 V (i.e. 0.35 W cm− 2 for the cell coated with LSMN and 0.57 
W cm− 2 for the cell coated with LSCN). In consequence of prolonged 
operation, enhanced performances (i.e. 0.44 W cm− 2 for the cell coated 
with LSMN and 0.681 W cm− 2 for the cell coated with LSCN) were 
achieved due to a number of factors, including an increased open circuit 
voltage (i.e. 1.04 V for the cell coated with LSMN and 1.01 V for the cell 
coated with LSCN), as well as an increase in reagent diffusivity as 
indicated by EIS analyses which showed a simplified spectrum and by 
the first derivative curves that showed lower ASR at 0.6 V (i.e. approx. 
0.6 Ω cm2 for the cell coated with LSMN and 0.34 Ω cm2 for the cell 
coated with LSCN. According to electrochemical analyses, both of these 
changes are the result of shuttle mechanisms initiated by exsolved pe-
rovskites, albeit with some differences. Furthermore, SEM analysis 
showed that, although both LSCN and LSMN have surfaces characterized 
by fine particles, LSCN likely has a higher surface active area due to the 
cauliflower features exhibited by the embedded particles. As a result of 
these different characteristics, the LSCN showed a more pronounced 
tendency to promote the “shuttle mechanism”. As a result of producing 
syngas, the electrochemical reactions occurring at the anode and pro-
ducing electricity were simplified, as they involve primarily H2 and CO, 
which in optimized SOFCs operating at 800 ◦C have similar kinetics. EIS 
clearly demonstrated this difference in behavior between the two cells 
investigated. After the reaction, both cells showed no carbonous species, 
indicating that this type of approach may reduce the risks associated 
with using hydrocarbon fuel directly in commercial SOFCs. 

In light of these results and literature data concerning the redox 
properties of both LSCN and LSMN, it seems that LSCN might be 
particularly suitable as an anode or coating layer in SOFCs, although 
there is space for further improvement in reducing temperatures and 
improving electrical conductivity within the coating layer. 
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