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Abstract: In the present work, structural and catalytic characterization was performed on La0.6Sr0.4MnO3

(LSM) nanofibers. The LSM nanofibers were obtained using the electrospinning technique. For com-
parison, LSM powders with identical composition were characterized as well. The LSM powders
were prepared through a self-combustion citrate-based procedure. SEM, EDX, XRD, and BET investi-
gations were carried out on both LSM nanofibers and powders, pointing out the different structural
features. The LSM nanofibers showed a higher surface area than the LSM powders and a lower
presence of strontium oxide on the surface. Results of the H2-Temperature Programmed Reduction
(TPR) tests showed evidence of a higher reactivity of the nanofibers compared to the powders. The
catalytic characterization was performed utilizing a methane oxidation activity test, revealing a better
catalytic performance of the LSM nanofibers: at 800 ◦C. The methane conversion achieved with the
LSM nanofibers was 73%, which compared well with the 50% obtained with powders at 900 ◦C.

Keywords: electrospinning; nanofibers; fuel anode; H2-Temperature Programmed Reduction (TPR);
Intermediate Temperature-Solid Oxide Fuel Cell (IT-SOFC)

1. Introduction

Fuel cells are electrochemical devices that directly convert the chemical energy of the
fuel into electrical energy, avoiding the Carnot cycle and allowing high efficiencies to be
achieved [1,2]. For this reason—and due to the constant increase in energy demand and
consequently in greenhouse gas emissions—fuel cells have drawn great attention over
the last few decades. Among all fuel cell configurations, intermediate temperature solid
oxide fuel cells (IT-SOFCs) have solid-state components. These offer wide fuel flexibility,
since they can operate with both hydrogen and light hydrocarbons [3,4]. The latter is an
interesting feature, since natural gas and methane are cheap and abundant fuels, whereas
pure hydrogen is mostly produced through the hydrocarbon reforming process [5–7]. In
the SOFC anode, methane can either be electro-oxidized directly or undergo an internal
reforming process in which methane is converted into hydrogen. Both options have been
investigated in recent years [8,9]. The internal methane reforming process is generally
carried out employing nickel-based electrodes. The main challenges of this process are
controlling temperature gradients across the SOFC stacks and avoiding coke deposition
over the nickel catalyst, with consequent catalyst deactivation. The previous issue is due to
the strong endothermicity of the methane steam reforming reaction, resulting in uneven
temperature distribution over the cell, with the possible formation of cold spots [6]. The
latter issue is behind the need to operate the cell with a steam-to-carbon (S/C) ratio larger
than three, which makes it difficult to achieve complete methane conversion [9]. Due to
these problems, IT-SOFCs running internal steam methane reforming processes require
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high costs and complex balance-of-plant (BoP) components. The direct electro-oxidation of
methane represents an interesting alternative. The direct utilization of methane provides
high open-circuit voltage, with high efficiency and simple BoP [8,10,11]. Nevertheless, the
direct electrochemical oxidation of methane cannot be carried out employing standard
nickel-based electrodes. Indeed, at an operating temperature above 800 ◦C, severe coke
deposition takes place. At temperatures below 800 ◦C, the nickel-based anode provides
low power densities [12]. Nevertheless, it is possible to use innovative anode materials.
Interesting improvements have been made employing anode materials containing Cu,
which does not catalyze the formation of graphite [9,10]. Another option is perovskite
materials, which have been widely investigated in SOFC applications as both anode and
cathode. The ideal perovskite, represented with the ABO3 general formula, is a versatile
metal oxide. It can be doped in both the A and B sites, affecting the oxygen stoichiometry
and improving the oxygen ion—as well as the electron conductivity [13–18]. One state-
of-the-art perovskite for SOFC cathode application is the Sr-doped LaMnO3. Lanthanum
substitution with strontium in the A-site results in an increase of electronic conductivity
from 83 S cm−1 for LaMnO3 to 320 S cm−1 for La0.6Sr0.4MnO3 (LSM), at the same operating
temperature of 800 ◦C [19]. The same type of material (La0.8Sr0.2Mn0.98O3) has also been
studied for oxidative coupling of methane in solid oxide membrane reactors [20]. Conduc-
tive perovskites—such as (La,Sr)(Cr,Mn)O3/(Ce,Gd)2−δ—have been tested in fuel cells
with a direct methane configuration, reporting a polarization resistance of 0.496 Ωcm2 at
850 ◦C [21].

In addition to new materials, innovative electrode architectures have been investigated
as well. One-dimensional (1D) nanomaterials, like nanofibers and nanorods, have been
widely studied as promising electrode structures [22–28]. Nanofiber electrodes feature
a high void degree and active surface. The nanofiber manufacture process is carried
out by applying a high voltage between a metal precursor solution, injected through a
syringe equipped with a metal needle, and a metal collector. In order to achieve proper
nanofiber formation, several equipment and solution parameters must be optimized. In
particular, the solution flow rate, the applied voltage, the collector rotation speed, and the
environment-relative humidity may affect the final nanofiber structure. On the other hand,
once the process parameters are optimized, the results are reproducible [29–32]. Overall,
nanofiber-based electrodes are expected to show better electrochemical performance than
common powder ones. The two different architectures were investigated through the
electrochemical impedance spectroscopy test (EIS), and the nanofiber-based electrode
reported lower polarization resistance [33]. Nevertheless, the structural and microstructural
origin of this behavior has, to date, received little attention.

In this work, our aim was to understand how the structure and morphology of the
material affects its capability in activating and oxidating methane. The specific surface
area is not the only aspect that can deeply differ from powder to fibers; the surface compo-
sition can be severely modified by the synthesis procedure, and can play a relevant role.
Methane oxidation was selected as a model reaction because it is not easily promoted by
perovskites or Ni-free catalysts. Moreover, this is a reaction of high technological impact;
its application in direct methane IT-SOFCs is just one example. LSM electrospun nanofibers
and powders were synthesized, and particular attention was paid to the optimization
of the fiber procedure. The obtained materials were investigated using X-Ray Diffrac-
tion (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray Spectroscopy
(EDX), and N2-Physisorption. Particular care was devoted to the study of the surface using
X-Ray Photoelectron Spectroscopy (XPS). The H2-Temperature Programmed Reduction
(TPR) and methane oxidation activity tests were carried out to investigate stability and
catalytic activity.
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2. Experimental
2.1. La0.6Sr0.4MnO3 Nanofibers Preparation

Sr(NO3)2 (Sigma-Aldrich, St. Louis, Missouri, USA, ACS 99+%), La(NO3)3·6H2O
(AlfaAesar, Haverhill, Massachusetts, USA, 99.9%), (CH3COO)2Mn·4H2O (Sigma-Aldrich,
99.99%) were used as metal precursors for the starting solution for electrospinning. Each
precursor was carefully weighted to achieve a molar ratio 0.6:0.4 for La:Sr, and 1:1 for
(La + Sr):Mn. Before mixing, the metal precursors were dissolved in a solution of 60%/40%
water/ethanol. Polyvinylpyrrolidone (PVP, Mw = 1.3 × 106 g/mol) was then added to
the solution, achieving a weight ratio of 1:1.3 between the polymer and the metal salts.
The PVP represented the 10% wt/wt of the whole solution. Dissolution was obtained
using a magnetic stirrer for one night. The solution was then fed to the electrospinning
device, equipped with a temperature and relative humidity (RH) regulator and a flat
collector (Doxa Microfluidics, Malaga, Spain). The flow rate was 1 mL/h, the applied
voltage was 1.7 kV/cm, RH was 40%, and the temperature was 25 ◦C. Next, the raw
electrospun nanofiber tissue underwent heat treatment. The nanofibers were heated from
room temperature to 800 ◦C at a constant heating rate of 0.5 ◦C/m. The cooling occurred
without thermal control.

2.2. La0.6Sr0.4MnO3 Powders Preparation

La0.6Sr0.4MnO3 powders were synthesized by the citrate route [34]. Stoichiomet-
ric quantities of lanthanum nitrate (La(NO3)3·6H2O, Sigma-Aldrich 99.99%, powder),
strontium nitrate (Sr(NO3)2, Sigma-Aldrich 99%, powder) and manganese acetate
(CH3COO)2Mn·4H2O (Sigma-Aldrich, 99.99%) were dissolved in deionized water and
nitric acid (HNO3). Citric acid (C6H8O7, Sigma-Aldrich ≥ 99.0%) was added as a complex-
ing agent (with a molar ratio of 1.9:1 with respect to the total amount of cations) under
stirring and then the solution was led to neutral pH by dropwise addition of ammonium
hydroxide. At pH 7, the stirring was stopped and the solution was heated overnight to
eliminate water and to allow the formation of a gel. The gel was burnt by heating at 400 ◦C.
The formed powders were calcined at 800 ◦C for 6 h using a heating and cooling ramp of
6 ◦C/min.

2.3. Morphological and Structural Characterization

The morphological characterization of both the LSM nanofibers and LSM powders
was carried out by acquiring images through the scanning electron microscope (SEM).
The SEM and energy dispersive X-ray (EDX) spectroscopy measurements were carried
out with a Zeiss SUPRA 40VP using a voltage of 20 kV. A dense bulk state of the samples
was set on a sample-holder by an electroconductive adhesive tape and introduced in the
measurement chamber. ImageJ software (NIH, Rockville, MD, USA) was used to identify
the average diameter of both LSM powder particles and LSM nanofibers, starting from the
SEM images. For the LSM powder particles, only the average diameter measurement was
carried out. On the contrary, for the LSM nanofibers, a tool within ImageJ called DiameterJ
was used to estimate the frequency distribution of the diameter of the nanofibers. This was
accomplished through a two-step process. At first, the software performed the SEM image
segmentation, producing a set of black/white pictures (Figures S1 and S2 in Supplementary
Materials). Then, based on the black/white images, the software computed the frequency
related to each nanofiber diameter. DiameterJ was specifically used for the estimation
of nanofibers’ diameter distribution, and could not be used to evaluate powder particle
size distribution.

X-ray photoelectron spectroscopy (XPS) measurements were carried out employing
a Perkin Elmer Φ 5600 ci Multi Technique System. The calibration of the spectrometer
was calculated by assuming that the binding energy (BE) of the Au 4f7/2 line was 84.0 eV
with respect to the Fermi level. Both extended spectra (survey-187.85 eV pass energy,
0.5 eV/step, 0.05 s/step) and detailed spectra (La 3d, Mn 2p, Sr 3d, O 1s and C 1s −23.5 eV
pass energy, 0.1 eV/step, 0.1 s/step) were collected with a standard Al Kα source. The
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atomic percentage was evaluated using PHI sensitivity factors [35] after Shirley-type
background subtraction [36]. The charging effects on the peak positions were deleted by
evaluating the BE differences with the C 1s peak set at 285.0 eV [37]. The samples were set
in the chamber on a sample holder, on which was stuck an electroconductive adhesive tape.
Bregg–Brentano geometry X-ray diffraction (XRD) analyses were performed, employing
the Bruker D8 Advance diffractometer with a Cu Kα radiation (40 kV, 40 mA, λ = 0.154 nm).
Temperature Programmed Reduction (H2-TPR) measurements were performed with the
Autochem II 2920 Micromeritics equipped with a thermal conductivity detector (TCD).
H2-TPR measurements were carried out in a quartz reactor using 50 mg of the sample,
heating from room temperature to 900 ◦C at 8 ◦C/min with a constant flow of 5% vol.
H2/Ar (50 mL/min).

2.4. Catalytic Characterization

The methane oxidation catalytic activity tests were carried out at atmospheric pres-
sure in a quartz reactor (6 mm ID) equipped with a packed bed of the LSM powders or
nanofibers under study. Temperature was increased until 800 ◦C with a ramp of 2 ◦C min−1.
Temperature was monitored by a thermocouple right upstream of the bed. A gas mixture of
methane and air (with a stoichiometric ratio of 1:2 between methane and oxygen) was used.
Flows were dosed by a Vögtlin Red-y system. The total flow of 100 mL min−1 was kept
constant, balancing it with He. After the reactor, water was eliminated by a cold trap. The
composition of the gas mixture (before and after reaction) was measured by GC (Agilent
7890A), with a TCD detector and 13X (60/80 mesh, 1.8 m) and Porapak Q (1.8 m) columns.

3. Results and Discussion
3.1. Morphological Characterization

SEM images of LSM nanofibers and LSM powders are reported in Figure 1. Figure 1a,b
shows the LSM powder particles after the sintering process. The images clearly show the
presence of particles of different dimensions and shapes. Besides well-defined polyhedral
crystals of more than one micron, small particles were evident. The average particle
diameter, evaluated through the ImageJ software (NIH, Rockville, MD, USA), was 0.7 µm.

Figure 1. SEM images: (a,b) LSM powders; (c,d) LSM nanofibers.

Figure 1c,d shows the LSM nanofibers after the thermal treatment. There were thin
nanofibers with no detachment, which ensured a compact network. It was possible to obtain
these features after optimization of the many solution and process parameters. Indeed, as
seen in Figure 1, the nanofibers showed a preferential cylindrical shape, which is the result
of correct solvent evaporation during the electrospinning process. The proper evaporation
of the solution was achieved by controlling three main parameters: the type of solvent,
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the humidity in the electrospinning chamber, and the distance between the needle tip and
the metal collector. Furthermore, the nanofibers appeared thin, but intact. This result
was achieved by adding a suitable amount of polymer to the precursor solution and by
optimizing the solution flow rate during the electrospinning process; essentially, the lower
the amount of polymer—and the higher the flow rate—the thinner the produced fibers.
Additionally, insufficient polymer quantities were shown to affect the nanofibers’ ejection,
provoking detachments. On the other hand, overly high flow rates require a high voltage,
which would break the drop on the top of the needle, hindering the correct elongation.

The DiameterJ analysis was carried out on the SEM images of the LSM nanofibers
in Figure 1c,d. Figure 2 shows, for each diameter range, the corresponding frequency,
as evaluated by the software. The highest frequency was found for the diameter range
0.08–0.1 µm. Figures S1 and S2 in Supplementary Materials report the details of the
DiameterJ analysis.

Figure 2. DiameterJ analysis of SEM images of LSM nanofibers after thermal treatment (Figure 1c,d).

XRD measurement was carried out on the heat-treated LSM nanofibers and citrate
route powders to verify the achievement of the desired crystal phase. In Figure 3, the
experimental patterns were reported together with the reference pattern. The experimental
patterns contained all the peaks related to the reference, without any additional peaks. It
confirmed that the thermal treatment permitted us to achieve crystallinity.

3.2. Chemical Characterization

Extended spectra (survey) were collected in the range of 0–1250 eV as reported in
Figure 4. In the XPS survey spectra, no signals of elements other than the expected ones
were detected. The atomic composition of the surface of the fibers, obtained from the
XPS data, revealed a good correspondence with the nominal one (determined from the
weighted amounts), as reported in Table 1.

The main difference between fibers and powders concerns the Sr/La atomic ratio.
Following the nominal composition, Sr/La atomic should be 0.7. A value of 1.7 was ob-
served in powders, whereas a value of 0.4 was detected in fibers. This suggests a marked
strontium surface segregation in powders, which was not detected in fibers. Strontium
segregation—with consequent formation of strontium oxide—is an undesired phenomenon
that is already well-known in the literature for Sr-containing perovskites. The B-site transi-
tion metal of perovskites plays a critical role in catalytic activity, and therefore it is necessary
to preserve the structure and the composition on the surface [38–40]. Furthermore, SrO
is traceable to lower electronic conductivity. For all these reasons, avoiding Sr-enriched
layers on LSM surface yields a substantial difference between the two syntheses and is an
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important preliminary goal reached by electrospinning. Surface segregation properties
of ionic solids are strongly related to their point defects. Assuming that, the presence or
lack of Sr segregation on the two samples can be seen as evidence of a different presence
of point defects in the two morphologies [41,42]. Further work will be spent to confirm
this hypothesis.

Figure 3. XRD results. The LSM reference pattern is shown in blue. Other experimental LSM
patterns are as follows: powders after thermal treatment in black; electrospun nanofibers after
thermal treatment in red; nanofibers after H2-TPR performed up to 550 ◦C in grey and 900 ◦C in
pink; powders after reduction in H2 up to 900 ◦C in orange; and nanofibers after CH4 oxidation up to
800 ◦C in green. Blue triangles refer to LSM peaks, while red circles denote MnO phase. All patterns
are normalized with respect to their maximum values.

Table 1. XPS and EDX quantitative results of the atomic composition of LSM fibers and nanofibers.
For better comprehension, nominal values are reported as well.

Theoretical % XPS Experimental % EDX Experimental %

Element Nominal % Fibers Powders Fibers Powders

O 60 58 74 62 58
La 12 15 4 12 12
Sr 8 6 7 7 7

Mn 20 21 15 19 22
Mn/(La + Sr) 1 1 1.4 1 1.2

Sr/La 0.7 0.4 1.7 0.6 0.6

Figure 4. Cont.
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Figure 4. XP spectra of LSM samples prepared, respectively, by citrate gel method (black line) and
electrospinning (red line) (the spectra are normalized with respect to their maximum value): (a) La
3d; (b) Mn 2p; (c) Sr 3d; (d) O 1s.

La 3d peak positions (834.6 and 851.0 eV for La 3d5/2 and La 3d3/2, respectively) were
consistent with those expected for this element in a perovskite powder. [43,44] The La
3d level was characterized by a double peak for each spin-orbit component, attributed
either to energy loss phenomena (induced by intense O 2p→ La 4f charge transfer events)
or strong final state mixing of electronic configurations [45]. The presence of the double
signals was characteristic of La (III), as reported in Figure 4a. The Mn 2p3/2 spectral lines
were centered in 642.4 eV, a typical position of Mn in oxides and manganites [46]. The
Mn 2p3/2 peak asymmetry was due to the presence of a shake-up phenomenon for the
Mn-emitted photoelectrons. This was observed, with a similar intensity, for both samples.
The interpretation of the Mn 2p spectrum was complicated because of the multiple splitting
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of the Mn 2p spectra of Mn4+, Mn3+, and Mn2+ ions. The exact oxidation state of Mn ions
was difficult to evaluate but, according to the references [47], the observed binding energy
of Mn 2p3/2, suggested that the oxidation state of Mn ions was (III) and (IV) for both LSM
nanofibers and powders. Overall, the higher binding energy for LSM nanofibers compared
to powders (See also Table S1 in Supplementary Materials) suggested a higher presence of
Mn (IV). The higher presence of the redox couple Mn4+/3+ in the nanofiber perovskite, as
reported in Figure 4b, confirmed the Sr doping effectiveness and was in agreement with the
absence of surface segregation. The stable insertion of Sr inside the perovskite cell presented
a promising indication for an improvement of the material electronic conductivity. Sr 3d
spectrum of LSM was fitted by the two components 3d5/2 and 3d3/2. Their BE was in
accordance with the typical values of Sr-O in perovskite (131.8–134.3 eV) [46]. A small but
significant difference was observed in the spectral region Sr3d is observed. In the spectrum
which referred to the powders, it was possible to observe a tail around 135–137 eV which
confirmed the more relevant presence of SrO Figure 4c. The fitting results underlined that
Sr from perovskite was more evident in the fibers and the contribution due to the SrO in
the powders (Table S1 in Supplementary Materials). The O 1s spectra showed the presence
of two contributions centered around 530 and 531.6 eV; the contribution at lower BE was
attributed to the lattice oxygen, whereas the one at higher BE was attributed to surface
oxygen species. This contribution was more evident in the fibers’ surface, as shown in
Figure 4d. The presence of hydroxyl groups on the surface of the two samples was due to
the exposition of the two samples in moist air. Nevertheless, the presence of these chemical
species on the surface was not relevant to this study, since they were easily removed by
heating the material during the catalytic analysis.

An EDX analysis was carried out to better understand the chemical composition in
the inner region of the nanofibers. Table 1 shows the comparison between the nominal
and the experimentally detected percentages of the two samples. No marked differences
were present between fibers and powders with the nominal values, confirming that the two
syntheses were successfully realized, and the Sr segregation was limited to a few surface
monolayers. It is possible to assert, thus, that the two samples differed in morphology and
in the chemical composition of their surfaces.

3.3. Temperature Programmed Reduction (H2-TPR) and N2-Adsorption-Desorption

The TPR profiles obtained for the fibers and the powders, as compared in Figure 5,
showed two peaks, one at 430 ◦C and the other at 700 ◦C. Both were related to manganese
cation reduction, since manganese is the only species that can be reduced in the analyzed
temperature range. The lower temperature peak corresponded to the reduction of Mn4+,
while the second was due to the reduction from Mn3+ to Mn2+. This hypothesis, suggested
in the literature [48], was also confirmed by the XRD measurements performed after H2-
TPR. In the XRD patterns obtained after TPR, MnO was observed, but the main part of the
sample maintained the perovskite structure. In Figure 3, the XRD pattern obtained for the
fibers’ sample reduced up to 550 ◦C (hypothetically, when the first reduction was finished,
but the second one had still to start) underlined the absence of the MnO phase. This result
confirmed that the peak at the higher temperature was due to the reduction to Mn2+.

The experimental hydrogen consumption of a mole of fibers is about 9 × 10−5 mol,
which is lower than the theoretical one (16.7 × 10−5 mol/mol). This was calculated
assuming that all the Sr inserted in the sample promoted the manganese to Mn4+, and all
manganese was reduced to Mn2+. This assumption was disproved, however, as the XRD
after TPR showed LSM phase presence. Indeed, a simple calculation showed that about
50% of the Mn in the sample was reduced to Mn2+. In addition, in order to understand
whether the different morphology modified the stability, the same reducing treatment (5%
H2 in Ar at 900◦) was performed on the powders. Significant differences were noted in
the TPR profiles. The peak referring to Mn4+/3+ reduction started at 305 ◦C for powders,
or 35 ◦C higher than for nanofibers. Furthermore, the Mn3+/2+ peak was much higher for
nanofibers than for powders. These two results indicated that nanofibers featured a higher
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reactivity. The post-reduction XRD was also significantly different. From Figure 3, it is
possible to note how the powder diffractogram showed the same reflexes after reduction
of MnO observed in the fibers, but with a lower intensity. The different behaviors observed
between powders and fibers suggested lower reducibility of the powders. This could be
explained by considering two aspects: first, the high presence of SrO on the powder’s
surface, which behaved like a coating for the perovskitic structure, protecting it from
reduction; and second, the higher surface area observed for the fibers.

Figure 5. TPR profile of LSM nanofibers and powders. The patterns are normalized with respect to
their maximum values.

Figure 6 shows the N2-adsorption-desorption isotherms carried out on LSM nanofibers
and powders. The BET plots of the two samples were both tracible to type IV isotherms,
since they showed a hysteresis cycle between the adsorption and desorption processes.
Therefore, at the same partial pressure, during the desorption, more nitrogen was des-
orbed than gas adsorbed in the adsorption process. The hysteresis served as a signal of
a mesoporous material, but the small region between adsorption and desorption curves
indicated that there was little dispersion of the average width of the pores [49]. The BET
isotherms made it possible to determine the BET surface area. The surface area calculated
for the LSM nanofibers was 16.7 m2/g. A good correspondence with other studies in the
literature could be observed in this material [50]. This value more than doubled the surface
area calculated for the LSM powders (5.8 m2/g). The latter was in line with the typical
values for LSM perovskite powders synthesized by the citrate route and treated at the
same calcination temperature (800 ◦C). The high BET surface area obtained for the LSM
nanofibers, together with the absence of Sr-segregation, could explain the low hydrogen
stability found at high temperatures in the TPR measurements.

3.4. Methane Oxidation Catalytic Activity Test

The catalytic results obtained with LSM nanofibers and powders are reported in
Figure 7. A GC analysis of the reaction products, carried out after water condensation,
showed that the molar ratio between the produced CO2 and the consumed CH4 was 1:1.
No other reaction products were detected by the instrument. Therefore, since there was
a full correspondence between methane consumption and CO2 production, the complete
oxidation of methane was confirmed. For the nanofibers, the onset temperature for methane
oxidation was about 500 ◦C; for powders, it was 100 ◦C higher. The temperature of 50%
methane conversion was lower for nanofibers (700 ◦C) than powders (900 ◦C). For the
nanofibers, the maximum conversion was about 75% at 800 ◦C. Considering that the typical
temperature range for SOFCs application was between 600 ◦C and 800 ◦C, it could be
argued that this catalytic activity of nanofibers could be exploited in relationship with their
application in these devices. Taking into account the catalytic results and the previous
material characterizations, the higher activity of nanofibers could have two different
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explanations. The first is the higher surface area of nanofibers (compared to powders) and,
consequently, the higher number of active sites for the reaction. In addition, the higher
performance of nanofibers could be explained by the previous XPS results. Indeed, SrO in
the LSM powders surface was inactive to methane oxidation and covered the underneath
of the perovskite structure. On the contrary, electrospinning synthesis made it possible to
maintain the active perovskite phase up until the last atomic layers. Figure 3 compares the
XRD patterns obtained for the nanofiber samples as-synthesized and after the reaction. No
differences were detectable considering either the position of the peaks or their FWHM.
Thus, no modification regarding the phase structure or crystallinity was attributable to the
performed catalytic test.

Figure 6. N2-adsorption and desorption isotherms for LSM powders (black) and nanofibers (red).

Figure 7. Catalytic activity in methane oxidation measured for LSM powders (black) and
nanofibers (red).

4. Conclusions

La0.6Sr0.4MnO3 (LSM), the SOFC cathode state-of-the-art material, was prepared in
the form of nanofibers and powders. Proper synthesis and crystallinity were confirmed for
both samples by XRD. The X-ray photoelectron spectroscopy (XPS) measurements showed
that the two different synthesis routes heavily influenced the surface properties, since LSM
powders displayed strontium oxide segregation, which was not detected in nanofibers. The
catalytic activity toward direct methane oxidation was investigated for the two samples,
showing that the onset temperature for methane oxidation was 500 ◦C with nanofibers,
and 600 ◦C with powders. Methane conversion at 800 ◦C was 73% with nanofibers and 50%
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at 900 ◦C with powders. Two explanations were proposed for the superior performance of
nanofibers; first, the absence of strontium oxide segregation on the surface, which exhibited
perovskitic active sites up until the last atomic layers; and second, the higher surface area
(as revealed by BET analysis). Since the typical working temperature range for IT-SOFCs is
600–800 ◦C, the structural and catalytic characterizations performed in this work support
the possibility of using LSM nanofibers on the anode side. This is particularly relevant,
since it paves the way for the development of symmetric IT-SOFCs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/en14123602/s1, Figure S1: Example of ImageJ segmentation process. In the left top corner,
the original SEM picture is reported. The other images are the black/white segmented images.
Figure S2: Example of ImageJ diameter location process. The red lines represent the central axes of
the nanofibers in one of the segmented images. Figure S3: Fitting curves for the different element
lines studied in this work. From top to bottom: O1s, La3d, Sr3d, Mn2p. On the left there are the
powders spectra, while on the right those for fibers. Table S1: Fitting parameters of the different
studied orbitals.
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