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A B S T R A C T

In this paper, we propose a novel approach to solve the problem of the fast decay of commercial Solid Oxide Fuel 
Cells (SOFCs) when directly fueled with dry ethanol. A Nickel Manganite of Lanthanum and Strontium 
(LSMN− La1.5Sr1.5Mn1.5Ni0.5O7±δ) material is used as a coating layer applied to the conventional Ni anode, aimed 
at modifying the ethanol fuel and suppressing both its craking and carbon deposition that usually occurs on Ni 
anodes. A thorough electrochemical analysis of the cell at 700 ◦C, including a durability test, polarization curves 
(I-V), and Electrochemical Impedance Spectroscopy (EIS) measurements, revealed that the LSMN-modified anode 
exhibits high stability. As shown by the decreased diffusion constraint observed in the I-V curves after prolonged 
operation, as well as the presence of three semicircles in the EIS spectrum. This behavior is explained by the 
occurrence of the so-called shuttle mechanism, which is expected to simplify deeply the fuel access into the Ni 
anode. Structural analysis of the LSMN coating using X-ray Absorption Spectroscopy demonstrated that the 
perovskite structure of the as-prepared specimen is modified due to Ni exsolution and the partial Mn reduction 
occurring under operating conditions. Despite the modification taking place on the original perovskite structure, 
suggesting new Mixed Ionic-Electronic Conduction (MIEC) properties for the LSMN, the experimental evidence 
presented in this paper proved the effectiveness of the approach of coating commercial SOFCs anode with 
specific active materials to improve performance.

1. Introduction

Increasing populations and technological advancements result in 
ever-growing energy consumption [1]. Global electricity demand is 
expected to increase even faster in 2026, with an average annual growth 
of 3.4 % in both advanced and emerging countries [2]. Aside from 
conventional energy demand, there will be another significant increase 
due to the rapid growth of data centers, artificial intelligence (AI), and 
cryptocurrency, sectors that are decentralized and growing faster in 
developing countries with clean and low cost electrical energy [2,3]. 
Most of the time, and especially in developed countries, the consump
tion of non-renewable energy results in devastating environmental and 
economic consequences, such as pollution and climate change, which 
raises the price of resources globally. Therefore, it is crucial to consider 

renewable energy alternatives that mitigate the negative impact on the 
environment and to consider accessible and safe energy technologies. As 
a result of a combination of government policies and industrial in
vestments, advanced countries should take a leading role in the devel
opment of clean energy technologies [3,4].

In this context, energy devices such as SOFCs (Solid Oxide Fuel Cells) 
hold great promise due to their low cost, ability to convert chemical 
energy directly into electricity, the absence of noise, superior efficiency 
compared to conventional technologies, and the modularity that enables 
them to meet almost any power load requirement [5,6]. In fact, as 
opposed to combustion-based technologies, which generate mainly 
thermal and light energy, not electricity at least directly, SOFCs are 
capable of conveying electrons between redox species in a controlled 
manner and can achieve up to 80 % efficiency with low pollutant 
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emissions, including almost no NOx and minimal CO2, when organic 
fuels are utilized, including those that are renewable [7,8]. During SOFC 
operation, the fuel releases its electrons at the anode, creating cationic 
species that react with oxide ions coming from the cathode to the anode 
through the electrolyte, while the loop is closed by electrons that 
circulate externally from the anode to the cathode thus providing useful 
electricity [9].

Bioenergy is emerging as a viable alternative to fossil fuels and a 
promising means to reduce CO2 emissions [10]. Among this type of 
renewable energy is bioethanol, which can be produced through 
biomass fermentation [11,12]. When used in advanced technologies like 
SOFCs, it can contribute to both the economy and the environment since 
it is a sustainable fuel that is already produced in large quantities for 
power generation [13–18]. It is currently used as a pure or additive for 
gasoline in vehicles, but if redirected to high efficiency technologies 
such as SOFCs, such a biofuel can achieve sustainability while mitigating 
environmental impact [4,13,19–23]. Additionally, the consolidated 
capability of transporting this fuel and substantial unrequired contam
ination with mercaptane, a hazardous component of fuel gas, make this 
an ideal fuel also for stationary applications based on fuel cells [24,25]. 
Despite the fact that SOFCs with their high operating temperatures 
could, in principle, simplify the use of organic fuels, there are still some 
safety concerns associated with the use of organic fuels in commercial 
cells This essentially limits large prototypes to running only on 
hydrogen, or with a pre-reformer and desulfurizer, which increases the 
complexity of the system as well as the cost of CAPEX and OPEX [26,27].

Currently, commercial SOFCs are manufactured with cells supported 
on a ceramic–metal composite (cermet) made of Ni and Yttria stabilized 
Zirconia (YSZ). Because of its excellent conductivity, its thermal 
expansion coefficient that is compatible with other components needed 
for the manufacture of a complete SOFC, and its significant electro
catalytic activity, this cermet is well suited to making robust SOFCs 
[28–30]. In addition, it has excellent stability at high temperatures and 
low PO2, although it has low redox properties at high PO2, which is its 
main limitation, for example, for solid oxide electrolysis cells (SOECs) 
based devices [31–33]. The Ni in such anodes acts as an electrocatalyst, 
facilitating electron extraction from the fuel (oxidation) and ensuring a 
continuous path for electrons toward the outside of the cell. However, in 
order to reach optimal conductivity, a substantial amount of Ni is 
needed, which generally represents approximately 60 % of the cell’s 
weight [34]. It is instead YSZ oxide that provides the ionic conductivity 
and thermal stability of this anode. The oxygen percolation is also a key 
factor in an optimal anode, and to guarantee continuity in its path, the 
inner part of the anode is more heavily laden with this material, thus 
generating a higher concentration of triple phase boundaries (TPBs) 
[35]. Additionally, the YSZ oxide has an optimal thermal expansion 
coefficient similar to those of the rest of the materials that are used in 
conventional cells, promoting rigidity in the cermet structure and 
contributing to reducing the risks of Ni sintering during SOFC operation 
[36]. As a downside, the high content of Ni used to fabricate SOFCs leads 
to carbon deposition when using dry organic fuels, thereby lowering the 
performance of the cells [37–40].

Because of this, ethanol-fed SOFCs still face challenges due to high 
risks associated with carbon deposits resulting from coking of ethanol 
over Ni-based anodes [41]. This effect has also been observed in one of 
our previous papers where a similar bare cell fed ethanol showed rapid 
decay which renders electrochemical diagnosis [42] impossible and 
demonstrates what has been reported experimentally and thermody
namically in the literature [15,16,18,43].

Consequently, most of the research efforts in this area are aimed at 
reducing the operating temperatures in the range 500–700 ◦C where the 
thermodynamics are more favorable, and developing new materials to 
replace or improve the performance of Ni/YSZ cermet [15,44,45]. 
Obviously, reducing the temperature extends the cell’s useful life and 
decreases the costs of materials used in SOFCs so they can be made 
cheaper. In spite of this, reducing the operating temperature involves 

challenges such as decreased oxygen reduction reaction (ORR) kinetics, 
a high activation energy, and considerable resistance to interfacial po
larization [46]. As far as replacing the Ni/YSZ cermet goes, a number of 
alternatives have already been proposed, including other cermets 
[47–50] and ceramic anodes [51–54]. However, many of these materials 
do not exhibit the same level of electronic conductivity or catalytic ac
tivity, and many do not have optimal Thermal Expansion Coefficients 
(TECs), chemical and physical stability at high temperatures. As a result, 
fabricating cells based on advanced materials is not trivial, which is why 
commercial SOFCs continue to use the same anode design developed in 
the 1980 s [55].

One emerging method to improve the performance of a SOFC oper
ating with organic fuel involves adding a catalytic layer to the Ni-anode 
[56]. In this approach, neither the architecture of SOFCs nor the pro
duction chain around this technology are changed. As a result, this 
approach is similar to attaching a chemical processor directly to a 
commercial cell anode, providing a synergetic advantage between the 
two layers [57]. In essence, the coating layer reduces carbon formation 
risks. This is as a result of an efficient simplification of the initial fuel by 
initiating a series of reactions which include dehydrogenation and 
chemical reactions with molecules produced by the supporting Ni- 
anode, where the syngas is converted into electricity, water, and car
bon dioxide. We have described such a mechanism as the shuttle mech
anism in one of our past papers [42].

Perovskite oxides have proved to be an attractive coating layer for 
this application due to their strong contrast to fuel cracking mechanisms 
[58–61]. These materials have acceptable ionic and electronic percola
tion characteristics derived from their mixed ionic-electronic conduc
tivity (MIEC), in addition to their flexibility in composition, which can 
be substantially tweaked quite easily. Additionally, their electrical 
charges and oxygen storage characteristics make them ideal for elec
trochemical processes and electrocatalysis. As a derived class of such 
materials, Ruddlesden-Popper (RP) materials have already shown 
unique properties resulting from the exsolution of cations from their 
original structure and the sublimation of them as encapsulated spheres 
on the surface of the materials, which give high chemical reactivity and 
physical stability [41,62–65]. Unlike the perovskites it derives from, the 
RP perovskites are composed of rock salt layers (AX) alternating with 
perovskites-like layers (ABX3) and have the typical formula of 
An+1BnX3n+1. In this structure, alkaline, alkaline-earth or rare-earth 
metals typically occupy the A site, whereas transition metals are 
located at B site [62]. Their stratified layer structure, tunable chemical 
compositions, transport properties, and thermal and mechanical stabil
ity make RP perovskites an important emerging class of electrocatalysts 
[64,66].

In previous works, a LSMN exsolute RP perovskite (La1.5Sr1.5Mn1.5

Ni0.5O7±δ) was used as the pre-catalytic layer on a conventional Ni/YSZ 
anode [41,67]. This catalyst had been examined in depth with regard to 
a biogas-fueled SOFC with the same architecture as that used here. These 
studies also examined the physico-chemical properties of this material 
prior to and after prolonged SOFC operation, as well as electrochemical 
analysis in operation and in the presence of dry biogas. Overall, these 
studies showed that biogas causes structural and morphological changes 
in LSMN.

This paper presents the results of electrochemical studies conducted 
with ethanol-fueled SOFCs as well as of physico-chemical character
ization consisting of X-ray absorption characterization carried out on as- 
prepared, reduced, and tested LSMN, X-ray diffraction of the spent cell 
to demonstrate any possible carbon deposition, and SEM images to get 
insights into the morphology of the spent cell. The study is intended to 
demonstrate the feasibility of such an approach, in which real fuels can 
be used in solid oxide electrochemical cells, while maintaining a high 
interest in converting ethanol into power energy through an electro
chemical process, which is intrinsically superior to what can be achieved 
with combustion engines.
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2. Materials and methods

A nickel manganite of lanthanum and strontium mixed with ceria- 
doped gadolinia is used as a coating layer and will be referred to as 
LSMN-CGO electrocatalyst. LSMN was synthesised using pure metal 
nitrates to achieve a theoretical composition of La1.5Sr1.5Mn1.5Ni0.5O7 

±δ. Following initial thermal treatments at intermediate temperatures in 
air to burn off organic materials and remove residuals, followed by high 
temperatures processing to create a crystalline phase, this material 
exhibited a Ruddlesden-Popper structure with two rock-salt layers (RP n 
= 2). The detailed description of the synthesis procedure and the 
physico-chemical characterisation have been outlined in our previous 
paper [41].

Upon achieving the desired phase, the LSMN was mixed with 
Ce0.1Gd0.9O2 (CGO) in a 70:30 wt ratio. This combination was chosen 
due to CGO’s well-known ionic conductivity and oxygen spillover 
properties [68–70]. Consequently, the resulting electrocatalyst is ex
pected to possess adequate ionic percolation and oxygen storage ca
pacity, which could potentially enhance the oxidation of organic fuels. 
For adequate mixing of the ceramics (i.e., LSMN and CGO), 6 h of milling 
in ethanol was required to minimise friction in the jar.

Afterward, a slurry was prepared by mixing a 1:1 wt ratio of elec
trocatalyst powder (LSMN and CGO) to organics (5 wt% of binder (i.e., 
Butvar) and 95 wt% of dispersant (i.e. α-terpineol) in ethanol for 2 h at 
300 RPM. The resulting mixture was applied as a coating layer onto the 
anode side of an anode-supported SOFCMAN button cell (anode NiO +
YSZ/400 μm, electrolyte YSZ/10–15 μm, barrier layer GDC/2–3 μm, 
cathode LSCF + GDC/20–25 μm) [71] obtained by laser-cutting from a 
large area cell. After curing at 1100 ◦C, the organics from the slurry were 
burned off, resulting in a strong adhesion between the coating layer and 
the SOFC Ni-based anode. In this experiment, the active area of the cell 
was 1.13 cm2.

Subsequently, the button cell was mounted in the alumina reactor. 
The complete experimental setup for the test has been extensively 
detailed in our previous works [41,56,72,73]. Gold paste was painted as 
a grid and two gold wires for each electrode were used to connect the 
cell to external electrochemical testing equipment. Achieving a gas-tight 
seal for the anode compartment was accomplished using a ceramic paste 
(e.g. AREMCO) with specific curing steps, while the cathode side 
remained exposed to static air.

Upon reaching 700 ◦C, the anode compartment was purged with He 
(30 ml min− 1) and then supplied with diluted H2 in He (50:50 vol) at a 
total flow rate of 60 ml min− 1 and then in pure H2 (60 ml min− 1) up to 
reaching a stable OCV. Once this step was concluded, the cell conditions 
were changed to bioethanol (90 vol% in H2O) at a volumetric flow rate 
of 7.6 µl min− 1 in liquid form, mirroring typical concentration values 
found in Brazilian ethanol stations [4] and consequently the cell was 
placed in operating conditions (i.e. circulating current density). The 
injection of bioethanol into the reactor was facilitated by a micropump 
attached to a strategically positioned nozzle for rapid vaporisation at 
suitable temperatures. Additionally, an inert carrier gas (He) was 
introduced at a rate of 2 ml min− 1 to ensure uniform vapor distribution 
into the anodic chamber and efficient removal of the reaction products.

Electrochemical measurements were performed using a BioLogic 
instrument constituted by a booster up to 100 A and an impedance 
module ranging from ±10 V. Diagnostic procedures included galvano
static durability testing, measurements of characteristic I-V curves 
achieved at a scan rate of 10 mV sec-1, and impedance spectroscopy in 
the frequency range of 1 MHz–1 mHz with an amplitude of ±10 mV.

X-ray Absorption Spectroscopy (XAS) measurements were performed 
on the Ni-K and Mn-K edges of the as-prepared, reduced, and tested 
LSMN at the LISA-CRG beamline of the European Synchrotron [74]. The 
monochromator was equipped with a pair of Si(111) crystals cooled at 
Liquid Nitrogen temperature, whereas beam collimation, focusing and 
harmonic rejection were achieved by a pair of Si-coated mirrors (first 
cylindrical and second toroidal, Ecutoff = 15 keV). The incoming beam 

was monitored in a N2-filled ion chamber; the beam size on the sample 
was about 100 * 100 μm2. All measurements were carried out at room 
temperature. The “as-prepared” and “reduced” LSMN specimens were 
examined in transmission mode using a second ion chamber placed after 
the sample. The “tested” LSMN was measured on the remaining spec
imen attached to the electrode of the tested SOFC in Total Electron Yield 
(TEY) mode. This data collection mode allows a sampling depth below 
the sample surface of only a fraction of a micron [75]. These data were 
obtained in a Helium-filled chamber (PHe = 200 mbar) collecting the 
electrons with an anode placed at about 70 V with respect to the ground. 
Using this method, the signal contamination from Ni-YSZ electrode 
substrates is eliminated. In order to improve the signal-to-noise ratio, 2 
to 8 spectra per sample were collected in each study case. In order to 
ensure the stability of the energy scale and provide a reliable calibration 
for determining the edge position, a reference foil was probed along with 
the samples. XAS data analysis was carried out using the IFEFFIT 
package for data reduction and fit [76], whereas the EXAFS (Extended X- 
ray Absorption Fine Structure) theoretical scattering paths were calcu
lated with the FEFF8 code [77]. XANES (X-ray Absorption Near Edge 
Structure) and EXAFS parts were analysed, and the results are presented 
separately.

3. Results and discussions

A preliminary conditioning procedure was conducted with diluted 
H2 and progressively switched to pure H2 before the cell was put under 
operating conditions with liquid bioethanol at 90 % and He as a carrier. 
Fig. 1 shows the durability test carried out for 96 h during which, daily, 
the operation was stopped to conduct the diagnostic electrochemical 
characterization that will be discussed further in this paper. For this 
analysis, we started with a 50 mA cm− 2 current density and gradually 
increased it to 400 mA cm− 2 under galvanostatic conditions and recor
ded the cell potential accordingly. As shown in Fig. 1, in the period 
during which the current density was increased, the cell potential 
dropped, as expected, and this is a characteristic of fuel cells that lose 
voltage efficiency with increasing current drained from the cell. Further 
on, polarization curves are reported to illustrate this effect more clearly.

As can be seen from the trend of the cell potential up to at least the 
first stop of the cell and subsequent diagnostics, the cell’s performance 
was partially lost once it was placed at 400 mA cm− 2 on its first day of 
operation. This was the point when the cell appeared to become more 
stable, as a steady state condition had been achieved and persisted for 
about 96 h up to the end of the durability test. It was also evident that the 
cell behavior remained stable in spite of the interruptions for conducting 
redox cycles and Electrochemical Impedance Spectroscopy (EIS) ex
periments, as well as short periods of tens of minutes during which the 

Fig. 1. Durability test carried out at 700 ◦C by feeding bioethanol at 90 vol% 
(7.6 µl min− 1) and He (2 ml min− 1) as carrier.
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cell remained essentially at Open Circuit Voltage (OCV), during the EIS 
performed in this cell potential condition. Under OCV, not only there is 
not current circulation, but also H2O cannot be generated at the anode 
and, as a consequence, steam reforming of fuel is suppressed. This makes 
OCV conditions the most stressful for a SOFC, leading to carbon deposits 
and fast cell degradation under these circumstances [78]. Therefore, the 
stable behavior observed immediately after the electrochemical diag
nosis steps of the cell supports the hypothesis that the LSMN coating 
protects the cell from fuel cracking by mitigating its driving force.

Meanwhile, it was notable that the potential oscillated significantly, 
in an average range of 40 mV, throughout the entire durability test 
(Fig. 1). There are only a few possible explanations for this behaviour 
that is observed only in experiments using liquid fuels, while it was not 
seen in experiments using biogas [41,67]. The existence of this fact by 
itself excludes the possibility that this oscillation is the result of a re
action mechanism associated with fuel oxidation. As already discussed 
in our prior papers concerning similar architectures of cells having an 
anode coated with perovskites or derived from, the most likely complete 
fuel oxidation path can be described by the shuttle mechanism involving 
multiple reactions, each of which having its own kinetics and eventually 
producing intermediates [42]. Consequently, these oscillations could, in 
principle, be the result of fluctuating intermediate concentrations in the 
reaction zone (caused by factors such as diffusion, adsorp
tion–desorption phenomena, and/or related chemical reactions), ac
cording to what has been reported in the literature [42], and involve 
multiple reactions as follows: 

CH3CH2OH ̅̅̅̅̅̅̅̅̅→
LSMN+CGO

− CH2ads +CO+2H2 (1) 

2 H2 +2 O2− ̅̅̅̅̅̅→
Ni− YSZ 2 H2O+4 e− (shuttle mechanism) (2) 

H2O+ − CH2ads ̅̅̅̅̅̅̅̅̅→
LSMN+CGO 2H2 +CO (3) 

2H2 +2O2− ̅̅̅̅̅̅→
Ni− YSZ 2H2O+4e− (4) 

2CO+ 2O2− ̅̅̅̅̅̅→
Ni− YSZ 2CO2 +4e− (5) 

Therefore, the full ethanol oxidation half-cell reaction is as follows: 

CH3CH2OH+6O2− →2CO2 +3H2O+ 12e− (6) 

However, also intermediates can be formed as a result of chemical 
and electrochemical reactions, namely acetaldehyde, acetic acid, 
methane, and other C1 intermediates that increase the complexity of 
anode atmospheres, as well as the kinetics involved in their electro
chemical conversion to CO2 and H2O.

An alternate explanation for the oscillation is linked to the pump 
used to feed liquid ethanol and the flow rate of He as a carrier. Based on 
our experience, the oscillation cannot be eliminated with our setup at 
all. Apparently, it is related to the pump’s characteristics and the posi
tion of the ethanol injection nozzle within the reactor (e.g., the cell is 
mounted at the edge of an alumina tube), where ethanol immediately 
evaporates and passes over the anode transported by He, creating a 
dense atmosphere over the SOFC’s anode. Meanwhile, the flow rate of 
He greatly affected the cell’s behavior. Possibly, ethanol vapor could not 
be efficiently carried to the anode’s reactive zones with a relatively low 
flow of He. A relatively high flow rate, however, had the effect of 
depleting the region near the anode of fuel and its intermediates, in 
addition to negatively affecting the OCV’s thermodynamics. With 
several tentative tests on similar cells, we reached a compromise with 
the flow set for this experiment. However, it is important to note that 
according to our best practices, the optimal conditions should be 
determined based on the measurement setup, cell dimensions, and fuel 
characteristics.

Fig. 2 shows the characteristic I-V curve obtained during the cell’s 
preconditioning in H2, along with the characteristic curves collected 
during its daily operation at 700 ◦C. Using H2, the OCV was closed to 1.1 
V, a typical value for cells ASC2 (2nd generation of anode-supported 
cells) operating at this temperature. Although this value is slightly 
lower than one reported by the cell manufacturer (Ni anode, without 
LSMN) [71], it appears to be in line with our measurements for the paper 
reporting the behaviour of this cell with biogas [72]. Therefore, the 
observed partial depletion of OCV compared to manufacturer’s value 
was probably a consequence of different testing conditions, different 
flow rates, some shortcomings in our sealing method, or an effect of the 
coating layer, which could cause a small electronic leak. However, this 
OCV value remains still high, and the partial loss does not necessarily 
need to be considered as a constraint because, as can be seen from the 

Fig. 2. Polarization curves measured daily on the coated SOFC operating at 700 ◦C.
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manufacturers’ curves, this value decays significantly immediately after 
a few milliamps of current are discharged.

In contrast, there is a much greater difference between our curves 
and those of the manufacturers in terms of curve features and total 
performance. We found that the maximum power density of the cell fed 
with H2 was reduced by about 40 % compared with that of the manu
facturer [71], mainly because of an increased I-V curve slope, probably 
caused by the coating layer added to the cell. As mentioned, LSMN used 
as a coating layer is derived from perovskites, which are generally less 
electronic conductors than nickel. Also, the coating layer thickness as 
well as the thermal treatment for achieving appropriate adhesion be
tween the coating layer and the support, were not yet optimized and 
should be improved for better overall performance.

The focus of this study, however, was not to optimize this aspect but 
rather to demonstrate that a commercial cell which, in principle, cannot 
operate directly on carbon-based fuels due to Ni’s significant limitations 
and cracking reactions as also demonstrated in one of our previous pa
pers [42], can instead be operated in fuel-flexible mode by advancing 
knowledge about this cell configuration that has already been demon
strated with biogas [41,67].

When the fuel was moved to bioethanol, the initial OCV was around 
0.94 V, and this value gradually increased throughout cell operation to 
reach a maximum value of 0.98 V. As it is expected, the shuttle mecha
nism of reactions generates many intermediates, so that the increase in 
voltage shall likely be a consequence of the raise of partial pressure of 
multiple intermediates, including H2 and CO, that were initially absent 
or in a limited percentage, in the anode compartment. Although the gas 
composition at equilibrium can be predicted, this does not reflect the 
experiment’s status since a cell placed under operating conditions would 
be very far from equilibrium, especially because ionic oxygen trans
ported from the cathode through the electrolyte is more reactive than 
molecular oxygen.

Interesting features can be also observed from the polarization I-V 
curves (Fig. 2), obtained once the feed was switched to bioethanol. The 
curve obtained at 0 h appears to be controlled by a significant diffusion 
constraint, indicating a problem for the fuel to reach the triple phase 
boundary (TPB) rather than the release of products from the reactive 
zones. After 23 h, this effect was moved towards higher current density, 
which is consistent with the shuttle mechanism, which promotes a 
modification and thus simplification of fuel through multiple reactions 
involving dehydrogenation, partial oxidation, reforming, and finally 
resulting in a mixture of H2 and CO. This mixture is able to diffuse quite 
smoothly through the anode and up to the region near the anode- 
electrolyte interface where TPB is wide. However, all of the I-V curves 
exhibited such a constraint at the higher current densities because the 

amount of fuel is insufficient to sustain cell operation under such con
ditions. In fact, the carrier percentage may play an important role in this 
constraint for at least two reasons. One is that using inert gas as a carrier 
dilutes the fuel. Secondly, because the carrier helps removing products 
far from the anode, but also the reagents present in the anode chamber 
in large excess. Thus, optimizing both the flow rates of bioethanol and 
N2 as a carrier could improve the performance of the cell, and this may 
be a topic for further improvement.

For all tests involving bioethanol, a significant drop in cell potential 
was observed as a function of current density, but still remaining almost 
linear in the range between 0.9 V and 0.6 V, and with a slope that 
differed slightly from that observed in H2. Therefore, from this point of 
view, it is obvious that a substantial part of the difference in perfor
mance achieved in bioethanol and H2 is primarily a consequence of the 
relatively low OCV observed in bioethanol, compared to H2, as well as 
the slightly higher ohmic resistance for bioethanol fed cells. However, a 
more detailed understanding of resistance differences can be gained by 
analysing EIS.

The impedance measurements at OCV are shown in Fig. 3 and some 
impedance parameters from the spectra are reported in Table 1. Ac
cording to the polarization I-V curves, Fig. 2, the OCVs measured in 
bioethanol ranged from 0.94 to 0.98 Volts. This implies that the features 
of EIS spectra cannot be compared since their characteristics are largely 
dependent on the potential at which they are measured. However, there 
are some characteristics of these EIS spectra that can be discussed 
together.

According to Fig. 3 and Table 1, in the presence of H2, the Rs (series 
resistance, measured as the X-axis intercept of Nyquist plot at high fre
quencies) was 0.28 O cm2, significantly lower than the values observed 
with bioethanol. When using H2, two semicircles are evident and the one 
at low frequency appears to be dominant. A typical characteristic of such 
a cell is that these semicircles are generally associated with the anodic 
and cathodic reactions, which at the OCV are mainly associated with the 
activation energy of the hydrogen oxidation and the oxygen reduction 
reactions [79,80]. As a general rule, for high-temperature cells, such as 
SOFCs, and for optimised cell architecture and materials, oxygen 
reduction is the most energetically intensive process [81]. Consequently, 
it is obvious that the high-frequency semicircle is associated with 
hydrogen oxidation and the low-frequency semicircle with oxygen 
reduction. In this case, however, we are facing with a coating layer that 
has not yet been well optimized in terms of morphology, composition, 
and adhesion to the anodic support, so the conclusion above may not be 
fully applicable. Nevertheless, it is interesting to note that the presence 
of a functional layer does not result in an additional semicircle or in a 
very high resistance constraint. When a layer is not sufficiently 

Fig. 3. EIS spectra measured at OCV and daily on the coated SOFC operating at 700 ◦C.
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conductive, such as metals supported on ceramics, usually used as cat
alysts for fuel reforming, current circulation is difficult, making the 
operation of SOFCs very challenging. Therefore, in our cell architecture, 
there is no dramatic increase in cell internal resistance that would render 
the cell unusable, and although the coating layer adds some resistance, it 
is not significant.

When bioethanol was fed to the cell, a minor reducing atmosphere 
resulted in an immediate increase of Rs to 0.37 O cm2 (Table 1), which is 
about 0.1 O cm2 higher than that caused by H2. Yet, there is also a 
possibility that this increase is a consequence of partial Ni re-oxidation, 
primarily due to the presence of H2O in the feed of ethanol (10 %). As a 
result of prolonged exposure to ethanol, the Rs decreases to 0.33 O cm2, 
suggesting that the reducing force of the environment in the anode 
compartment is altered. As discussed above, the shuttle mechanism could 
be responsible for this change because it is expected to promote a 
modification of the gas compositions into anodic compartments due to 
ethanol decomposition into intermediates like H2 and CO, creating a 
different atmosphere in the anode compartment than the initial one. As 
mentioned above, a notable feature of the EIS spectra measured for the 
cell fed with bioethanol is their higher Rs compared to that fed with H2. 
In theory, carbon deposits in the anode as a result of carbon-containing 
fuel cracking promote an increase in electronic percolation in the anode, 
and one effect on EIS is the reduction of Rs. In addition, fuel oxidation 
generally becomes more challenging [82–84]. This is because anodic 
pores are occluded, so that the Triple Phase Boundary (TPB) extension is 
reduced, resulting in increased constraints on turnover events. 
Furthermore, the occlusion of pores increases the diffusion constraints 
for reactants and products [85]. Generally, all of these effects would be 
seen in the EIS spectrum by a slight decrease in Rs but a rapid increase in 
the total resistance (Rt, the intercept of EIS with x-axis at low fre
quencies). Interestingly, none of these features changed in the EIS of 
bioethanol-fed cells during the entire period of this testing (Tabel 1), 
proving the effectiveness of the electrochemical anodic process occur
ring in the LSMN protecting layer.

In contrast to pure H2, in the EIS measured for bioethanol-fed cells, a 
third semicircle can also be seen. Based on previous experience with 
similar cell architectures, we believe that such behavior occurs when 
multiple oxidizable species are present at the same time, including H2 
and CO, which exhibit similar kinetics [73,78,86]. For example, car
boxylic acids and aldehydes that are intermediates produced during the 
partial oxidation of bioethanol, as well as unconverted ethanol, can be 
oxidized by different mechanisms and at different rates. Consequently, 
these species will diffuse to the cell’s region where TPB is relatively 
abundant and will react with ionic oxygen, each with a specific kinetics 
and number of electrons involved. Therefore, some of the heavy species 
could contribute to one semicircle of the EIS. Frequencies for each in
dividual semicircle suggest evidence of this effect. According to the 
experiment conducted at OCV with H2, the high frequency semicircle is 
centered around 200 Hz and the low frequency semicircle is centered 
around 0.6 Hz. Upon switching to bioethanol, the high frequency 
semicircle appears around 1.3 kHz and then moves to 200 Hz after 90 h, 
achieving the same value as H2. A 35 Hz intermediate semicircle is 
observed, while the slower mechanism is between 1 and 0.1 Hz, similar 

to the slower mechanism found in cells fed with H2. Thus, the additional 
semicircle observed for experiments conducted with bioethanol is the 
medium-frequency semicircle, which may reflect the oxidation of heavy 
intermediates.

Fig. 4 and Table 1 show the EIS data obtained at a cell voltage of 800 
mV. During these analyses, it was observed that feeding H2 resulted in 
almost the same Rs as at OCV, while Rt decreased. It is a general effect of 
voltage at which EIS measurements are carried out, and it is also evident 
in the shape of the I-V curves (Fig. 2) where an apparent change in slope 
is visible around 1 V for the experiment carried out in H2. At 800 mV, the 
slope of the I-V curve for the H2-fed cell was slightly lower than that 
observed at OCV, supporting a more effective electrochemical process. 
In addition, as illustrated in Fig. 3, the EIS of the H2-fed cell still exhibits 
two semicircles at 800 mV and most significant changes are observed at 
low frequencies. It is basically a matter of the more energetic process 
becoming more effective with the increase in current density, as 
happened at 800 mV. For an optimised cell operating in H2 and air, this 
phenomenon correlates with the reduction of molecular oxygen, which 
is more energy-intensive and requires twice the electrons of molecular 
hydrogen oxidation.

In contrast, the cell fed with bioethanol exhibits a different behavior. 
This experiment shows a relatively low OCV, below 1 V, during the 
durability test, and the slope at low current density does not correlate 
with a strong activation energy. However, at 800 mV the curves for 
bioethanol show a worse slope feature compared to OCV. Therefore, the 
EIS of Fig. 4 shows a higher Rt than the related spectrum recorded at 
OCV (Fig. 3). Additionally, these EIS showed at least three-four semi
circles. This aspect is discussed in the Supplementary Materials through 
an analysis of the relaxation time distribution based on the fitted EIS at 
800 mV. They also appeared quite noisy due to the oscillation caused by 
the pump, as we have already discussed for the durability test in Fig. 1. 
In spite of this, it was quite evident that the EIS behaved similarly to that 
of OCV (Fig. 3). Initially, the Rs value was 0.37 O cm2, but it decreased to 
0.34 O cm2 as testing time passed. In contrast, there was a progressive 
increase in Rt, which at the end of the durability test (90 h), reached 
approximately 0.91 O cm2. Of course, this significant resistance was 
responsible for the overall performance of the cell. A further insight is 
gained by considering the frequencies of each semicircle recognized at 
800 mV. Across all experiments, the fastest semicircle is around 1.3 kHz, 
which suggests similar kinetics in experiments involving H2 and bio
ethanol, since this fuel is expected to be simplified to syngas and other 
intermediates according to the shuttle mechanism. Across all experi
ments, medium frequency semicircles are centered around 5 Hz and 
suggest a similar mechanism likely related to oxygen reduction. Addi
tionally, only ethanol experiments have low-frequency semicircles 
around 0.01–0.14 Hz, indicative of a more kinetically constrained 
mechanism probably related to the oxidation of heavy intermediates.

In Table 1, we present a comprehensive report of the major findings 
of this cell diagnosis.

A comparison of XRD spectra of LSMN after it is calcined at 1100 ◦C, 
after its reduction at 800 ◦C, and as a coating layer of the spent cell is 
shown in Fig. 5. As a result of this study, it is evident that the grazing 
angle of the cell hinders the identification of LSMN’s exact state in the 

Table 1 
The most significant electrochemical data obtained on the coated SOFC operating at 700 ◦C.

OCV 
(Volts)

EIS @ OCV 
(Ohm cm2)

EIS @ 800 mV 
(Ohm cm2)

Power density @ 0.8 V 
(W cm¡2)

Power density @ 0.7 V 
(W cm¡2)

Rs Rt Rs Rt

H2 _conditioning 1.098 0.28 0.66 0.28 0.58 0.30 0.38
Bioethanol_0h 0.93 0.37 0.71 0.37 0.81 0.15 0.21
Bioethanol_23h 0.97 0.34 0.70 0.35 0.80 0.16 0.25
Bioethanol_44h 0.95 0.34 0.73 0.35 0.82 0.16 0.22
Bioethanol_68h 0.95 0.33 0.77 0.34 0.92 0.16 0.22
Bioethanol_90h 0.95 0.33 0.82 0.34 0.91 0.14 0.21
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coating layer. There are multiple reflections due to the support (i.e. 
metallic Ni (JCPDS card 04-0850) and YSZ (JCPDS card 37-1307), re
flections of Au (JCPDS card 04-0784) derived from the gold paste used 
for the electrical contacts, and reflections of CGO (JCPDS card of CeO2 
04-0593) used in mixture with LSMN to enhance oxygen spillover 
characteristics and oxygen ion percolation within the coating layer. 
According to this figure, the support is in a reduced state because no NiO 
patterns were observed (JCPDS 04-0835 or 22-1189) and, perhaps more 
interestingly, there was no clear signal indicative of carbon, which 
generally appears broad around 26.65◦ because it is amorphous when 
formed as a result of cocking.

In Fig. 6, morphology of fresh bare and spent cells is analyzed by 
SEM. It is apparent from the freshly bare cell that the Ni-YSZ support is 
oxidized, which results in a limited porosity at the anode. This photo 
shows the electrolyte (i.e. YSZ), which appears to be dense with a 
thickness of about 10 μm, the barrier layer (i.e. CGO, about 2.8 μm) 
which protects the cathode from direct contact with the main electrolyte 

and is a bit thinner than the main electrolyte, and a porous cathode.
In contrast, the used cell exhibited a reduced anode with a more 

“open” morphology. In this case, YSZ particles measuring 0.9–1.7 mm 
and Ni particles of finer size can clearly be seen. There is a noticeable 
difference in the coating layer morphology (about 33 μm), as well as a 
regular interface between the coating layer and the supporting anode. 
Carbon is not evidently present in either the anode or coating layer, 
which confirms the other experimental findings.

XANES data provided semi-quantitative information about the 
valence state of the metals under analysis, Mn and Ni in the present case 
and revealed the chemical evolution of these elements in consequence of 
chemical and electrochemical reactions. Fig. 7 shows on the left side the 
data at the Mn-K edge compared with reference compounds for Mn4+

(MnO2), Mn3+ (Mn2O3, bixbyite), and Mn2+ (MnO) taken from the LISA 
beamline database [87]. The as-prepared sample exhibited an edge 
coinciding with that of MnO2, confirming its valence state near 4+, as 
expected for the perovskite structure. In the reduced sample, an edge 

Fig. 4. EIS spectra measured at 800 mV and daily on the coated SOFC operating at 700 ◦C.

Fig. 5. Patterns of LSMN after calcination at 1100 ◦C accomplished during the synthesis procedure, subsequent reduction at 800 ◦C simulating operating conditions, 
and as a coating layer as a result of prolonged cell operation.
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appears at the same position as the Mn in bixbyite, indicating a 3+
valence state. Meanwhile, the tested sample is positioned halfway be
tween MnO and Mn2O3, revealing a valence state between 2+ and 3+ . 
Concerning Mn in the spent material the XAS analysis shows a valence 
shift for Mn and a structural increased disorder. However, the data are 
still compatible with a perovskite model (i.e. oxygen in the first coor
dination shell and a mix of La/Sr in the second shell) so it is reasonable 
to suppose that the RP phase adapts to the modified valence of Mn 
though maintaining the perovskite structure. In this case, lacking 
appropriate reference compounds, it is not possible to perform the 
Linear Combination Fitting (LCF) analysis of the XANES part.

In the case of Ni (Fig. 7, right), its edge raises at an energy slightly 
above that of the model compound NiO, revealing a valence state above 
2+ for Ni. When reduced, metallic Ni forms, as evidenced by a marked 
edge shift to lower energies so that the spectrum coincides with that of 
the metal. Following electrochemical cycles, the tested sample exhibits 
an edge still close to that of the metal. Nevertheless, the presence of a 
slight white line at about 8350 eV suggests the co-presence of an oxide 
phase. According to the EXAFS analysis (Fig. 8), however, this oxidation 
is of a limited amount, passing from 0.9(1) to 0.8(1). This observation is 
confirmed by the XANES analysis made by LCF analysis using metal and 
NiO as models.

Quantitative EXAFS analysis has been carried out using the ARTEMIS 
code [76], and for the fitting procedure, the theoretical EXAFS signals 
were derived using the FEFF8 code [77] based on the structure of a 
mixed La/Se perovskite (La1.2Sr0.8)MnO3.94 [88]. As analogous litera
ture data for Ni were not available, in order to analyse the data at the Ni 
edge, this metal was substituted for Mn in the previous structure [88].

Fig. 8 shows the results from the analysis of the samples at both the 
Mn-K and Ni-K edges. In this analysis, a three-shell model was fitted to 
the data: a metal (either Ni or Mn)-Oxygen shell (visible on the Fourier 
Transform − FT- as a peak at about 1.5 Å), a mixed metal-La/Sr shell, 
(peak at 2.6 Å in the FT) and a Metal-Oxygen-Metal (collinear config
uration visible at about 3.5 Å in the FT) shell. Note that the FT presented 
here are not phase-corrected, so the peaks do not appear exactly at the 

crystallographic values. Table 2 summarizes the quantitative results of 
these analyses. A Mn-O excess of 30 % was detected, which indicates 
that not all the metal is in its perovskite form, rather it is competing in an 
amorphous oxide phase. In the coordination shells above the first, the 
crystallographic values of neighbors were taken into account. The La/Sr 
ratio was also fitted in these analyses, yielding a value of 0.50(5). In the 
as-prepared sample the perovskite structure can well reproduce the data 
with the 3 coordination shells, confirming the occurrence of this phase 
in this sample.

Upon sample reduction, a different behavior is observed for the two 
metals. Mn keeps a perovskite-like structure, as testified by the three 
coordination shells still well visible in the Fourier Transform, with some 
rearrangement with respect to the pristine structure. Most presumably, 
the cations of the A site move from the perovskite layer of the RP phase 
to the rock-salt layer to balance the charge change occurring in the B site 
with the loss of Ni and the valence change of Mn. On the other hand, Ni 
exsolves from the perovskite forming metal particles, as confirmed by 
the fit extended up to 4 coordination shells.

Concerning the tested material, in the case of Mn, the structure was 
heavily disordered compared with the reduced material, nonetheless, a 
perovskite-like model can still reproduce the data. This can be explained 
by the fact that as Mn changes its valence state, so changing its ionic 
radius, a change in the La/Sr ratio should take place (although not 
detectable by the EXAFS data), resulting in an evolution of the RP phase 
and altered coordination distances.

In contrast, nickel (Table 3) still fits on four coordination shells in the 
fcc structure, although with a slightly reduced metallic fraction that can 
tentatively be explained by the presence of a minority oxide phase, as 
also suggested by the XANES spectrum.

A relatively high cell potential coupled with an excess of fuel resulted 
in the cell being operated under a reversible mode, and as a result, the 
anode operated under acceptable reducing conditions. It is not surpris
ing that this result occurs since water and CO2 are formed during 
operation, promoting a slight re-oxidation of Ni, especially at the surface 
level.

Fig. 6. Study illustrating the layers of bare and spent cells by SEM.
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4. Conclusions

This study reports the results obtained with a commercial SOFC 
coated with a novel exsolved perovskite layer (i.e., LSMN) and fed with 
ethanol at a volume percentage commonly found in Brazilian fuel sta
tions. The goal was to show that this approach could overcome limita
tions associated with commercial cells for stationary applications while 
improving the realistic utilization of these devices in place of conven
tional combustion engines. In order to prove this, electrochemical tests 
were conducted, showing the cell’s stability for a long period (approx. 
100 h) in an operational mode where commercial cells usually decay 
rapidly with this fuel. Additionally, the detailed electrochemical anal
ysis (e.g., polarization curves and impedance spectra) proved that one of 
the key factors in the success of this approach is the modification of the 
fuel over the coating layer leading to substantial contribution to sup
pressing carbon deposition in the Ni-reach layer. In a few of our previous 
papers, it was discussed and studied the shuttle mechanism that enabled 
this behavior. According to the I-V curves, a maximum power density of 
300 mW cm− 2 @ 0.57 V was achieved when diffusion constraints were 
mitigated by simplification of the fuel, as expected when considering the 
shuttle mechanism as the effective event occurring in the LSMN layer 
during operation. There were also two kinetics for the oxidation 
mechanisms occurring on the anode in the EIS analyses, which is a 
further indication that the anode chamber was subjected to a complex 
fuel atmosphere. Bulk analysis of as-prepared, reduced, and tested 

LSMN-based specimens has revealed that the initial structure of perov
skites observed in the as-prepared material is lost after reduction in 
favour of a Ruddlesden-Popper phase, as indicated by Ni signals asso
ciated with its metallic phase, and Mn signals associated with the Mn3+

phase. These results indicate that despite being exposed to H2O and CO2 
produced by the ethanol conversion into electricity and the H2O being 
fed in solution with ethanol (10 vol%), the electrocatalyst remained 
under reducing conditions, preventing extensive LSMN reoxidation.
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Table 2 
Results of EXAFS analyses performed on the samples bearing the perovskite structure. Mn samples and the as-prepared Ni sample.

Sample Rmet-O (A) σ2
met-O (A2) Rmet-La/Sr (A) σ2

met-La/Sr (A2) Rmet-met (A) σ2
met-met (A2)

Ref [88] 1.91*4 
2.27*2

​ 3.29 *8 ​ 3.83 *4 ​

Mn as-prepared 1.87(1) 0.003(1) 3.27(2) 0.002(1) 3.84(2) 0.003(1)
Mn reduced 1.87(2) 0.002 (2) 3.32 0.011(1) 3.77 0.013 (1)
Mn tested 1.99(4) 0.002 (2) 3.1 (1) La3.2 (1)  

Sr
0.009(1) − −

Ni as-prepared 2.01(2) 0.004(2) 3.27(2) 0.004(2) 3.85(2) 0.005(2)

Table 3 
Results of the quantitative EXAFS analysis of the reduced and tested samples at 
the Ni-K edge. The structure was fitted with 4 coordination shells with distances 
derived from an overall lattice parameter value. For clarity, the structural values 
for the first shell are also reported. The global amplitude was calibrated on a 
metallic Ni model and found to be slightly reduced in the tested sample, sug
gesting the presence of an oxide phase.

Sample Metal Fraction latt. Par a (Å) RNi-Ni (Å) s2 
Ni-Ni (A2)

Ni reduced 0.9(1) 3.54(1) 2.49(1) 0.006(1)
Ni tested 0.8(1) 3.53(1) 2.48(1) 0.005(1)
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cej.2025.162981.
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