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In this work, La-based perovskites with various stoichiometries were synthesized and tested for Autothermal
Reforming (ATR) in the intermediate temperature solid oxide fuel cell technology (IT-SOFC). Three materials
were compared, namely LagsSrosFepgCup203.s (LaSrFeCu), Lag3Sro7FeoyTip303.5 (LaSrFeTi) and

Lanthanum . Lag.4Sro.4Bag 2TiO3. 5 (LaSrBaTi), where the subscripts indicate the atomic ratio used during the synthesis. In the
Mesoporous perovskites . . . . .
IT-SOFC specific, two wet-chemistry approaches (solution combustion synthesis and chelate complex route) were used to

obtain mesoporous La-based perovskites. The physico-chemical properties of the materials were analyzed by
complementary techniques. Their semiconductive and redox properties were studied by in situ electrical con-
ductivity measurements as a function of the temperature and, at constant temperature, as a function of the partial
pressure of oxygen and of the nature of the gaseous atmosphere flowing over the solid. Then, the perovskites
were impregnated with 7 wt% of Ni, characterized and tested for the autothermal reforming of ethanol, model
biogas, and methane at 500 and 600 °C. Catalytic tests showed a high syngas production (83%) when ethanol
was used as fuel at 600 °C. Analysis of the carbon deposited under different reaction conditions was also per-
formed, in order to assess the stability of the proposed materials. Ni_LaSrBaTi exhibited almost complete ethanol
conversion and high Hp selectivity, together with strong structural/thermal stability and good resistance to coke
formation, which make this catalyst a promising candidate as IT-SOFC’s pre-layer anode.

Electrical conductivity

current limitations hindering SOFC commercialization, the growing
demand for more efficient power generation systems is the driving force

1. Introduction

Solid Oxide Fuel Cells (SOFC) are devices able to generate electricity
and heat through the electrochemical oxidation of different fuels (ie.,
biofuels or methane) and reduction of air, producing lower greenhouse
emissions compared to internal combustion engines [1-3]. The most
widely used SOFC’s anode consists of Ni-YSZ material, which however
presents some issues: deposition of carbon on the anode surface occurs
during the cell operation, causing a decrease in the electrical conduc-
tivity and redistribution of temperature and current [4-9]. Despite the
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for the development of more cost-effective, non-toxic, stable, and carbon
tolerant catalysts for the SOFC’s anode.

One strategy to advance the SOFC commercialization is the reduction
of the working temperature to 600-700 °C: the thermal degradation
process, which allows the formation of coke on anode surface, is thereby
decelerated [10,11]. The SOFC working under these temperature con-
ditions are called Intermediate Temperature Solid Oxide Fuel Cells (IT-
SOFC). On the other hand, another strategy can be the development of
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new materials for SOFC’s anode: in the specific, in the last years, several
research groups have focused their attention on perovskite-based ma-
terials as valid alternatives to Ni-YSZ [12-17]. The reason of such an
interest is due to their flexible composition: the general perovskites
formula is ABX3, where A and B are cations with total charge +6 and X
can be fluoride, chloride, or, usually, oxide [10,15,16]. The A and B
sites, which are 12-fold and 6-fold oxygen-coordinated holes, respec-
tively, can be occupied by a large variety of cations allowing the for-
mation of perovskite-related structure compounds [12,17,18]. Due to
this feature, most of the perovskites’ structures are distorted.

The improvement of the morphological properties of perovskites is a
key point to obtaining IT-SOFC with better performances. Thus, the
attention goes to mesoporous perovskite-based materials: the concen-
tration of active sites is higher in mesoporous materials due to their high
specific surface area. Furthermore, mesoporous materials are the right
compromise between high surface area and pores diameter (2-50 nm),
which improves the fluid-solid interactions and transport of the ionic
and electronic charge carriers [14]. In the literature, various synthesis
pathways and different chemical compositions of perovskites are re-
ported, and the La-based ones are the most studied [15,19-22]. Several
research groups synthesized perovskites through sol-gel [23], solid-state
reaction [14,15], Solution Combustion Synthesis [21], and Chelate
Complex Route [24].

The aim of this work is to study novel mesoporous La-based perov-
skites as pre-layer for anodes in IT-SOFC. Three different La-based pe-
rovskites, with different cations, were synthesized with various
stoichiometries and then characterized by different techniques, to
investigate their textural, structural, and chemical properties. The So-
lution Combustion Synthesis (SCS) and the Chelate Complex Route
(CCR) were chosen as synthesis methods to obtain mesoporous
perovskite-related structures. In-situ electrical conductivity measure-
ments were performed in order to study their semiconductive and redox
properties. Further, after impregnation with Nickel (7 wt%), the cata-
lytic activity of the synthesized materials was tested towards the ATR
reaction of ethanol (EtOH), model biogas and methane (CHy4) at 500 and
600 °C, in order to evaluate, at a laboratory scale, the behavior of such
materials as possible candidates as IT-SOFC’s pre-layer anode.

2. Materials and methods
2.1. Samples preparation

Lag.5Sr0.5Fe0.8Cu0.203.5, Lag.3Sto.7Feq.7Tio 3035 and Lag.4Sro.4Bag.2T
iO34s are the La-based perovskites synthesized in this work. The
subscript indicated the atomic ratio used for the synthesis.

2.1.1. Solution combustion synthesis (SCS)

The Lag 5Sr( sFep gCup.203.5 sample was synthesized through the SCS
method. The synthesis was adapted from references [21, 25]. Briefly, an
aqueous solution, containing ultra-pure water and the metal precursors
(as nitrates, provided by Sigma-Aldrich) in stoichiometric ratio (the
subscripts indicate the at. % ratios) was prepared. The fuel-to-oxidizer
ratio was fixed to 1.5 [25]. The glycine (provided by Sigma-Aldrich)
was chosen as a fuel due to the right balance of surface area and crys-
tallinity of the final products. After a few minutes of stirring, the
resulting solution was transferred in a crucible, which was put in an
oven and calcinated in air with a heating ramp of 5 °C min ! and kept at
a constant temperature of 600 °C for 2 h. The sample was labelled as
“LaSrFeCu”.

2.1.2. Chelate complex route (CCR)

The CCR is similar to SCS procedure and was adapted from reference
[24]. In both synthesis methods the samples were placed into an oven to
allow the formation of the final metal oxide powder. However, in the
case of CCR, the reaction goes through a polycondensation process,
which is not present in the SCS method. Specifically,

Applied Catalysis O: Open 192 (2024) 206959

Lag.3Srg.7Fep 7Tio.303.5 and Lag 4Srg 4Bag 2TiO3 5 were synthesized with
this method and labelled as LaSrFeTi and LaSrBaTi, respectively. Stoi-
chiometric amount of titanium (IV) isopropoxide (Sigma-Aldrich) was
added to glycerol (Sigma-Aldrich). After 30 min of stirring, citric acid
(Sigma-Aldrich) was added. The resulting mixture was heated to 60 °C
and stirred for 1 h. Afterward, stoichiometric amounts of metal nitrates
(provided by Sigma-Aldrich) were added at 30 min intervals each, under
continuous stirring. The solution was maintained at 60 °C for 2 h and
then the temperature was raised to 130 °C to achieve polycondensation
under vigorous stirring for other 2 h. The resulting gel was calcinated in
air with a heating ramp of 2 °C min~!. The first intermediate tempera-
ture (400 °C) was held for 2 h and the final temperature of 600 °C was
kept constant for 2 h.

2.2. Samples impregnation procedure

The Ni-catalysts were prepared by the wetness impregnation pro-
cedure [26]. In the process, the permeable material is impregnated with
a solution containing the desired substance (in this case Ni precursor),
and subsequently the solvent is dried or evaporated, leaving the sub-
stance deposited within the material’s pores. With this approach, it is
possible to customize the impregnation by manipulating the concen-
tration of the solution and the drying conditions, allowing to achieve
desired qualities and functions in the resulting material. In this work, the
metal source, nickel nitrate hexahydrate Ni(NO3),-6H20, supplied by
Sigma-Aldrich and used with no further purification, was dissolved in
ethanol solvent. This solution was used to impregnate, drop by drop, the
perovskite supports; then the solvent was allowed to evaporate leaving
the Ni precursor deposited within perovskites. The total metal loading
was 7 wt% with respect to the support. After the impregnation, catalysts
were dried at 120 °C, calcined at 600 °C for 4 h with a heating rate of
2 °C min~! and then cooled down with a cooling rate of 2 °C min~?,
Finally, the activation of the catalysts was performed for 1 h at 750 °C
under H; flow (10 vol% in He) using the same heating and cooling rates
as above. Final catalysts were labelled as Ni_LaSrFeCu, Ni_LaSrFeTi and
Ni_LaSrBaTi.

2.3. Samples characterization

The powder X-ray diffractograms (XRD) were recorded on a X’Pert
Philips PW3040 diffractometer using Cu Ka radiation (20 range =
20°-80°; step = 0.05° 20; time per step = 0.2 s). the Powder Data File
database (PDF 2000, International Centre of Diffraction Data, Pennsyl-
vania) was used for the index of the diffraction peaks. All the fresh as-
prepared catalysts and Ni-catalysts (fresh and spent) were character-
ized by the XRD technique.

The specific surface area (Sggr) and the total pore volume (Vp) were
determined via the Ny physisorption analysis at —196 °C (Micromeritics
ASAP 2020) on powders previously outgassed at 200 °C for 2 h to
remove moisture/adsorbed water and atmospheric pollutants.

A field emission scanning electronic microscope (FESEM) (Zeiss
Merlin, Gemini-II column, using an extra high tension (EHT) of 3 kV, a
working distance (WD) of 2.8 mm and a probe intensity of 120 pA) was
used to analyze the catalysts morphologies.

SEM-EDX technique was used to investigate fresh and spent Ni-
catalysts. A Phenom Pro-X scanning electron microscope equipped
with an energy-dispersive x-ray (EDX) spectrometer was utilized for this
purpose. The EDX analysis was used to evaluate the content and
dispersion of metals, by acquiring at least 20 points of investigation for
three different magnifications for all samples [27].

Thermogravimetric TGA/DSC analysis (Netzsch, Selb, Germany) was
used to investigate the carbon deposited over spent Ni-catalysts after
reaction. The thermal analysis was carried out in the range 20-1000 °C
with a heating rate of 2 °C min~! under an air flow rate of 100 cm®
min~ .

Temperature-programmed reduction/desorption analyses were



M. Dosa et al.

realized in a ThermoQuest TPD/R/O 1100 analyzer, equipped with a
thermal conductivity detector (TCD). The reducibility of the powder was
studied by the Ho-TPR, in which a pre-treatment was carried out before
the analysis by treating the sample with nitrogen (40 ml min™!) at
500 °C for 1 h. In the Ho-TPR analysis, the catalyst was exposed to a
reducing gas flow of 5 vol% Hy in Ar (20 ml min~?). The analysis was
conducted under a programmed heating from 50 to 900 °C with a
heating ramp of 10 °C min~'. In the O,-TPD analysis, the sample was
initially pre-treated under a 10 vol% O, in He flow (50 ml min’l) at
550 °C for 120 min and then cooled down to 50 °C still under the gas
flow. Then, the TPD measurement was performed by heating the sample
until 900 °C under a He flow (50 ml min~!) at a constant heating rate
(10 °C min™).

The X-ray photoelectron spectroscopy (XPS) measurements were
performed on an XPS PHI 5000 Versa probe apparatus using the
following conditions: band-pass energy of 187.85 eV, take-off angle of
45° and diameter of the X-ray spot of 100.0 pm. The curve-fitting was
performed by CasaXPS 2.3 software. A Shirley type baseline was used for
the deconvolution of high resolution XPS spectra of each element of
interest.

Electrical conductivity measurements were carried out to study the
semiconductive and redox properties of both perovskite supports and
supported nickel catalysts. To ensure good electrical contacts between
the catalyst grains, prior to the electrical conductivity measurements,
the solid powders were compressed at ca. 2.76 x 107 Pa (4000 psi) using
a Carver 4350.L pellet press. The densities of the pelletized samples are
tabulated in Table 1.

The oxide pellet was tightened between two circular platinum elec-
trodes placed in a horizontal quartz tube inserted in an electrical
furnace. Pt—Rh thermocouples soldered to the electrodes were used to
control the temperature. The flow rate of the gas stream passing over the
samples was controlled by fine needle valves and was measured by
capillary flow meters. The platinum electrodes were connected to a
FLUKE 177 multimeter, which was set to ohmmeter and used to measure
the electrical resistance of the pellet. This was converted into conduc-
tivity (o, in ohm™* em™?) by using the Eq. (1):

6=1/p=1/Rxh/S @

where p is the electrical resistivity of the solid (in ohm cm), R is the
measured electrical resistance (in ohm), h is the thickness of the
pelletized sample (between 2 and 3 mm) and S is the cross-section area
of the circular platinum electrodes (whose diameter is 13 mm), i.e., the
contact area between the metallic conductor and the semiconducting
oxide sample. The electrical conductivity of the pellet is proportional to
the concentration of the main charge carriers, n, according to the Eq. (2)
[28]:

6 =An 2

where A is the constant of proportionality that includes the charge of the
electron, the mobility of the charge carriers and the number and quality
of the contacts between the grains. Taking into consideration that the
oxide samples have similar specific surface areas and were pelletized at
the same pressure, and that the electrical conductivity measurements
were standardized, the constant A can be considered similar for all the
samples under identical conditions. Before the electrical conductivity

Table 1
Density of the pelletized Ni-free and Ni-bearing perovskite samples.

Ni-free perovskite Pellet density (g Ni-bearing Pellet density (g
sample cm™3) perovskite em™3)
sample
LaSrFeCu 2.73 Ni_LaSrFeCu 3.12
LaSrFeTi 2.64 Ni_LaSrFeTi 2.97
LaSrBaTi 2.48 Ni_LaSrBaTi 2.73
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measurements, each sample was thermally treated in flowing air to
250 °C to remove any adsorbed impurities, then cooled down to ca.
100 °C and finally heated again to the desired temperature with a rate of
5°Cmin"!. In this way, the concentration of adsorbed ionic species like
HO™ or H3O" that could be responsible for an additional surface con-
ductivity is negligible. In this work, the common reference state for the
variation of the electrical conductivity, both under different partial
pressures of oxygen and under different gas streams, was fixed under air
at 500 °C and atmospheric pressure. The different oxidizing and
reducing gaseous atmospheres used are as follows: air — CHy-air mixture
(with 5 vol% CHjy) — air — Hy—Ar mixture (with 5 vol% H») — air.

2.4. Catalytic tests

The Autothermal Reforming (ATR) tests were performed with three
different fuels: EtOH, model biogas and CH4. The ATR reactions were
performed at 500 and 600 °C adopting as operative conditions the ratios
0/C = 0.5 and S/C = 2.5 where O is the oxygen, C is the carbon of the
fuel (EtOH, model biogas, or CHy4) and S is the steam in the inlet stream.
Catalytic activity experiments were performed at atmospheric pressure
in a quartz microreactor (internal diameter = 4 mm) placed in a ceramic
tube furnace, at a gas hourly space velocity (GHSV) of 120,000 h™. The
catalyst (~50 mg) was placed between quartz wool in the middle of the
reactor. The reaction temperature was monitored by a thermocouple
inserted into the reactor bed through a quartz tube. The temperature of
the reactor bed was kept constant by an electronic controller. The
maximum deviation measured in the reactor bed from the nominal
temperature was ~10 °C. An isocratic pump (Varian ProStar 210, Varian
Inc., Palo Alto, California, CA, USA) connected to an evaporator that was
heated at 220 °C, was used to feed water in the gas stream and to control
the steam to carbon ratio (S/C) in the reaction gas mixture; N, was used
as internal standard. The gas lines were heated at 120 °C to prevent
condensation. The microreactor was operated in down-flow mode with
the gas inlet placed at the top of the reactor. Reaction products were
analyzed with an on-line gas chromatograph (GC Agilent 6590, Agilent,
Santa Clara, CA, USA) equipped with FID, FPD and TCD detectors and
four columns (Alumina, Porapak Q, Haysep, Molecular Sieves (MS 5A)),
for their separation and detection. The catalytic activity results were
generally taken 20 min after the reaction conditioning and reproducible
data were obtained for registration periods of at least 600 min repeated
three times. Overall carbon and H, balances were close to 100% in each
experiment with moderate standard deviation lower than 3 [29].

3. Results and discussion
3.1. Textural and structural properties

The XRD was used to investigate the crystalline structure of the as-
prepared samples. The results are reported in Fig. 1. The LaSrBaTi
sample shows the XRD pattern of Lag 4Srg 4Bag 2Tipg03.5 perovskite
(pdf nr. 04-015-2708), exhibiting the typical (100), (110), (111), (200),
(210), (211), (220) and (310) crystal planes. The LaSrFeCu and LaSrFeTi
patterns can be ascribed to SrgsCuggslaggFegosO3 (pdf nr.
04—019—6593) and Sro_5L30,5Feo,5Ti0,503 (pdf nr. 04-002-91 85),
respectively. For both samples, diffraction lines corresponding to SrCO3
pattern (pdf nr. 04-006-5445) were also detected, meaning that the
amount of Sr inside the perovskite structure is likely lower compared
with the theoretical value adopted for the synthesis, due to the forma-
tion of SrCOs. A similar observation can be made for copper in LaSrFeCu,
since a low-intensity reflection of CuO was detected in the XRD profile of
this sample. These non-uniformities, which may be related to the
calcination temperature, enhance the charge carrier transport properties
and, hence, overall conductivity of perovskite materials. As known, the
conductivity may be impacted by non-uniformity or changes in perov-
skite phases in different ways. i) Crystal lattice imperfections like
missing atoms or altered atoms can form electron or hole carriers. These
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Fig. 1. X-ray diffractograms of a) LaSrFeCu, b) LaSrFeTi and c) LaSrBaTi.

imperfections can function as charge carriers or affect charge carrier
movement, influencing conductivity. ii) Perovskites have grains with
distinct orientations or phases, and higher or lower conductivity can
result from grain boundaries and contacts between phases. Charge car-
riers can pass through or be blocked by these contacts, impacting ma-
terial conductivity. iii) Changing the perovskite’s composition or adding
components might cause localized conductive areas. Doping with
certain elements adds charge carriers, improving conductivity [30].

Fig. 2 reports the XRD patterns of the samples impregnated with Ni,
before the activation (labelled as “Ni_LaSrFeCu (wi)”, “Ni_LaSrFeTi
(wi)” and “Ni_LaSrBaTi (wi)”) and after the activation. Nickel was
mainly present as NiO, after impregnation, eventually becoming
metallic Ni during reduction. Ni particles are likely larger in the
Ni_LaSrFeCu and Ni_LaSrFeTi samples, which are characterized by
sharper Ni XRD peaks; this is consistent with the EDX maps of these two
materials, in which more intense colored areas ascribable to bigger Ni
clusters can be observed (Fig. 2). Concerning the perovskite lattice, the
Ni_LaSrBaTi catalyst completely retained its crystalline structure after
activation, as confirmed by its almost unchanged XRD pattern.
Conversely, Ni_LaSrFeCu and Ni_LaSrFeTi exhibited important changes
after the activation treatment, compared to their non-activated coun-
terparts. In detail, high temperature reduction induced the formation of
a strontium-iron mixed oxide in both the samples, and it also resulted in
sintering; the XRD peaks corresponding to the perovskite structure are
indeed sharper after activation, signaling that growth and aggregation of
crystallites have occurred, especially in the case of Ni_LaSrFeCu. A more
marked phase transformation is likely associated to reduced surface
area, favoring Ni aggregation. Unfortunately, the overlapping of multi-
ple XRD peaks does not allow a reliable numerical estimation of the
average crystal size in perovskites and in the Ni particles after activa-
tion. Segregation of metallic iron or copper could also have occurred,
although the typical peaks of these metals cannot be clearly identified
since they are overlapped with those of the other species. The reason for
such different behaviors is related to the chemical composition of the
perovskites.

In fact, the only reducible element in LaSrBaTi is titanium, while the
other two samples also contain copper and iron cations, both of which
have two stable oxidation states, i.e., Cu®* and Cu', and Fet and Fe2+,
respectively. Moreover, Cu and Fe can be easily reduced to the metallic
form, in contrast to Ti (as also confirmed by H,-TPR and XPS, see below).

Applied Catalysis O: Open 192 (2024) 206959

Thus, the structure of the Ni_LaSrFeCu and Ni_LaSrFeTi samples can be
expected to be majorly affected by a thermal treatment in reducing at-
mosphere, also considering that temperature is one of the main drivers
for perovskite decomposition.

The N, physisorption was used to investigate the surface area and the
total pore volume of the samples. The results are reported in Table 2
while the adsorption isotherms are displayed in Fig. S1.

LaSrFeTi and LaSrFeCu exhibited type IV isotherms with clear H3
hysteresis loops, corresponding to an interparticle porosity. LaSrBaTi
showed a type IV isotherm too, but with a more complex hysteresis loop,
which is a combination of H2b and H3 types and corresponds to an
interparticle porosity with pore blocking in a wide range of pore necks
[31]. The BET specific surface areas (Sggr) of the perovskite samples are
relatively low and in agreement with the literature data [21,24,25].
Thus, depending on the sample composition, they vary from 12 m? g~!
for LaSrFeCu to 38 m? g~! for LaSrBaTi. The perovskites also show the
presence of porosity, with total pore volume in the range 0.07-0.21 cm®
g 1. The pore size distribution was evaluated, and the average pore
dimensions are in the range of mesoporous materials, as shown in Fig. S2
(LaSrFeCu = 11 nm, LaSrFeTi = 11 nm, and LaSrBaTi = 10 nm). It is
interesting to point out that the LaSrBaTi sample shows an increase in
the pore volume for pore sizes higher than 1000 A. This suggests that
this material has a larger mesopore structure compared to the other two
perovskites, which explains the higher Sggr obtained.

The morphology of the samples was investigated by FESEM analysis,
and representative images are reported in Fig. 3. All the samples display
foam-like morphology, which is characteristic of the two synthesis
methods used [21,24,25,32,33]. However, the SCS-synthesized sample
(LaSrFeCu) shows larger and rather flat aggregates, in contrast to the
finer nanoparticles observed in the two perovskites prepared by CCR.
Among the latter materials, LaSrBaTi has a better-developed three-
dimensional structure which allows higher surface area compared to
LaSrFeCu and LaSrFeTi, in agreement with the Ny physisorption results.

3.2. Chemical properties

The H,-TPR analysis was performed in order to investigate the
reducibility of the samples, the results obtained being reported in
Fig. 4A. The LaSrFeTi sample exhibits peaks between 400 and 650 °C,
which can be assigned to the gradual reduction of Fe>* to Fe?" [24,34].

At higher temperatures (above 650 °C), the initial reduction of Titt
can occur alongside the reduction of Fe?* to Fe® [24]. At 900 °C, the
reduction of Ti** species in the bulk begins [24]. The LaSrBaTi sample
shows the reduction of Ti** in the range between 700 and 900 °C [24]:
the first peak (735 °C) is attributed to the reduction of the surface Ti*t
species, while the peak at high temperature (875 °C) to the bulk Ti**
reduction. The insertion of Ba allows the reduction of Ti** at a lower
temperature (875 °C) in this sample [19]. For this reason, in LaSrBaTi
sample, there is no peak centered at 900 °C which, on the other hand,
occurs in the LaSrFeTi sample. The LaSrFeCu sample shows a peak at
223 °C, which can be assigned to the copper reduction from Cu?* to Cu®
[32,35]. The peaks below 600 °C can be assigned to the gradual
reduction of Fe* or Fe?* species [34]. Instead, the peak at higher
temperatures is attributed to the reduction of Fe** or Fe?* to Fe® [34].
H,-TPR analysis evidenced that the LaSrFeCu sample is able to reduce at
lower temperatures, comparing with the other two samples.

O2-TPD analysis was performed in order to evaluate the oxygen
desorption capacities of the studied samples. Fig. 4B reports the Oo-
desorption profiles. As a whole, the several peaks of these samples could
be ascribed to the releases of oxygen by the different oxide-phases evi-
denced in the XRD analysis. Usually, four types of oxygen can be evi-
denced during O2-TPD tests over La-based perovskites: physically
adsorbed oxygen (< 100 °C), superoxide species (100-300 °C),
monatomic oxygen (400-550 °C), and lattice oxygen (>550 °C) [36].
The LaSrFeTi sample has a release of oxygen at lower temperature
(233 °C) compared to the other two materials, which can be ascribed to
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Fig. 2. SEM-EDX and XRD analysis. Ni_LaSrFeCu (wi), Ni_LaSrFeTi (wi) and Ni_LaSrBaTi (wi) are the sample impregnated with Ni before the activation. Ni_LaSrFeCu,
Ni_LaSrFeTi and Ni_LaSrBaTi are the final catalysts.
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Table 2

N, physisorption results evaluated at —196 °C.
Sample Sper” (m*g ") Vp (em®g )
LaSrFeCu 12 0.07
LaSrFeTi 35 0.21
LaSrBaTi 38 0.11

# Specific surface area was evaluated by the Brunauer-Emmett-Teller (BET)
method.

b The total pore volume was evaluated by the Barrett-Joyner-Halenda (BJH)
method during the desorption phase.

superoxide species on the surface of the materials [36]. All the three
perovskites are then characterized by the release of bulk oxygen at high
temperatures (>500 °C).

The XPS analysis was performed in order to investigate the oxidation
state of the elements of interest and the surface species of the samples.
Fig. 5 reports the deconvolution of high resolution XPS spectra of the
elements of interest: O Is, Sr 3d, La 3d and Fe 3p core levels. The average
amounts of the elements derived from the XPS spectra deconvolution are
reported in Table 3. The O 1s spectra are depicted in Fig. 5A. As a whole,
for all the samples, the peaks in the range 528.5-529.5 eV can be
attributed to lattice oxygen (Op). On the other hand, at higher binding
energy (530.0-535.0 eV), the peaks can be assigned to the chemisorbed
oxygen (O,) related to adsorbed oxygen and water, carbonates as well as
hydroxyls species [25,32,37-41]. The average quantities are reported in
Table 3, in terms of O,/Op. Fig. 5B reports the Sr 3d spectra, which show

LaSrFeTi

Applied Catalysis O: Open 192 (2024) 206959

two peaks, Sr 3ds,2 and Sr 3d3 /2, due to the spin-orbit coupling. By the Sr
3d core level deconvolution, the average amount of SrCO3 and SrO
species can be investigated (values reported in Table 3) [42,43].
Notably, all the samples contain SrCOs at their surface, in agreement
with the XRD results (vide supra). The LaSrBaTi sample exhibits the
lowest amount of strontium carbonate, which indeed was not detected
by XRD. The La 3d region (Fig. 5C) shows two doublets at 835 and 852
eV that can be attributed to two spin-orbit couplings of La 3ds5,, and La
3d3,/o, respectively. The magnitude of the multiplet split is diagnostic, a
gap of 4.6 eV being related to LayO3 species, 3.9 eV to La(OH)s species
and 3.5 eV to Lap(CO3)3 [20,44]. The relative abundance of these species
is reported in Table 3. The Fe 2p spectra are reported in Fig. 5D where
three major peaks can be found: the low binding energy peak at 710 eV
can be assigned to Fe 2ps/s, the high binding energy peak at 723 eV
corresponds to Fe 2pj 5, and the small peak at 718 eV is the Fe 2p3/»
satellite. The band at 710 eV can be deconvoluted into two peaks, one at
710 eV characteristic of Fe2* and the other one at 711 eV related to Fe>*
oxidation state [45,46]. It is possible to calculate the average amount of
these two species; the Fe?* /Fe3t values are reported in Table 3. It can be
observed that the surface Fe?'/Fe®' ratio is higher for LaSrFeCu
compared to LaSrFeTi. The Ti 2p is characterized by a doublet assigned
to Ti 2p;,2 and Ti 2p3/, located at binding energies of 463 and 457 eV,
respectively (Fig. S3, supporting information section) [47,48].

It is possible to discriminate the titanium oxidation state, namely
Ti** or Ti**, by the Ti 2ps/, deconvolution. The surface Ti>*/Ti*" ratio
is reported in Table 3. Interestingly, the LaSrFeTi shows a significantly

ENGELL

Fig. 3. FESEM images of the samples.
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Fig. 5. XPS spectra of A) O 1s, B) Sr 3d, C) La 3d and D) Fe 2p core levels.
Table 3

Elemental compositions (at. %) of the samples as derived from the XPS spectra
deconvolution.

Element LaSrFeTi LaSrBaTi LaSrFeCu

o 0,/0p 0.17 0.34 0.50

Sr Sr0O 0.44 0.69 0.63
SrCO3 0.56 0.31 0.38

La Lay0s 0.42 - 0.23
La(OH)3 0.48 0.45 0.17
Lay(CO3)3 0.10 0.56 0.60

Fe Fe*"/Fe3* 0.55 - 0.79

Ti Tidt/Titt 1.84 0.05 -

higher Ti®*/Ti*" ratio compared to LaSrBaTi. For the sake of brevity, the
Cu 2p and Ba 3d XPS spectra are not shown. In fact, due to their lower
concentration compared to the other elements, their characteristic XPS
peaks have low intensity and, hence, it is difficult to observe and analyze
them properly.

To better understand the effect of the reduction temperature on the
perovskites and on their structure, further XPS measurements were
performed on reduced LaSrBaTi, LaSrFeCu and LaSrFeTi (obtained by
performing the same thermal treatment adopted for the activation of the
impregnated catalysts). The results are reported in Fig. S4 and the
average amount of the element of interest, namely O, Fe and Ti, are
reported in Table S1. As previously mentioned in section 3.1, the
reducing treatment at high temperature entails the reduction of different
elements in the perovskites. It is possible to highlight this aspect by
evaluating the surface Fe" to Fe>" ratio, which significantly increases
for both LaSrFeCu and LaSrFeTi. The latter sample also exhibits a partial
reduction of titanium from Ti*" to Ti 3% (Table S1). Moreover, the
amount of surface oxygen species remarkably increases in these two
perovskites as well. This indicates that the reducing thermal treatment
can cause a deep change in the oxidation state of these samples, as also
confirmed by Hy-TPR profiles; for this reason, after the reduction, the
structure of the material changed, as previously mentioned and dis-
cussed in section 3.1 (Fig. 2). On the other hand, LaSrBaTi only exhibited
an increase in the amount of surface oxygen, while the relative abun-
dance of Ti®* and Ti** remained constant, and rather low, after the
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reduction. Thus, LaSrBaTi retained its crystalline structure after the
reducing treatment because the oxidation state of the elements in the
perovskite framework did not change significantly.

3.3. Materials characterization by electrical conductivity measurements

3.3.1. Electrical conductivity measurements as a function of temperature

The electrical conductivities of the perovskite-based mixed oxides, i.
e., LaSrFeCu, LaSrFeTi, and LaSrBaTi, have been measured as a function
of temperature between 200 and 580 °C under air at atmospheric
pressure. The variations of log(c) versus temperature are compared in
Fig. 6.

It can be observed that the electrical conductivity of the perovskite
samples varies within a wide range, i.e., seven orders of magnitude. Over
the entire temperature range studied, it follows the order: LaSrBaTi <
LaSrFeTi < LaSrFeCu, the LaSrBaTi sample showing measurable con-
ductivity values starting from 220 °C. In Fig. 6 it can also be observed
that the addition of Ni changes the electrical conductivity of the LaSr-
FeCu and LaSrFeTi samples. Thus, the conductivity of Ni-bearing LaSr-
FeCu decreases, while that of the Ni-bearing LaSrFeTi increases
compared to their Ni-free counterparts, so that their conductivities
become comparable. At the same time, the conductivity of the LaSrBaTi
sample is not significantly affected by the presence of Ni. However, the
Ni_LaSrBaTi sample shows measurable electrical conductivity values at
temperatures higher than 280 °C. The order of conductivity of the Ni-
bearing samples within the temperature range studied is as follows:
Ni_LaSrBaTi << Ni_LaSrFeTi ~ Ni_LaSrFeCu.

The Arrhenius plots (log(c) vs reciprocal temperature) obtained for
both Ni-free and Ni-bearing perovskite-based oxides are presented in
Fig. 7, and their corresponding Arrhenius parameters are tabulated in
Table 4.

In Fig. 7 it can be observed that all the samples show linear variations
of log(c) with the reciprocal temperature with at least two inflection
points within the temperature range studied, except for Ni_LaSrFeTi
which shows no inflection point. These linear variations are in agree-
ment with a semiconducting behavior of all samples, with their elec-
trical conductivity governed by the Arrhenius law (Eq. (3)):
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L . . .
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Fig. 6. Variation of log(c) (¢ in ohm ! em™Y) versus temperature for the Ni-free
and Ni-bearing perovskite-based oxides under air.
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Fig. 7. Arrhenius plots for the electrical conductivity ¢ (in ohm ™' em™) of the Ni-free and Ni-bearing perovskite-based oxides under air within the temperature

range 200-580 °C.

Table 4

Arrhenius parameters of the electrical conductivity of the Ni-free and Ni-bearing
perovskite-based oxides within different temperature ranges determined by the
inflection points of the Arrhenius-type plots represented in Fig. 7.

Sample E. (eV) 6o (Q em™)
Temperature range Temperature range
Low Intermediate High Low Intermediate High
LaSrFeCu 0.08 0.05 0.09 0.28 0.15 0.27
LaSrFeTi 0.52 1.42 0.44 0.08 2.6 x 107 0.55
6.0 1.0 x 108 2.2
LaSrBaTi 0.30 0" and 0.23" 0.51 X and 3.8 x 107 x
10° P 107°
Ni_ LaSrFeCu 0.22 0.13 0.38 0.30 0.05 3.22
Ni LaSrFeTi 0.11 0.11 0.11 0.04 0.04 0.04
. 2.5 5.0x10°®¢ 2.7
NilasrBaTi 019 10 and 068  x and 3.7 x 10°  x
0.38 107 d 104

@ Temperature range from ca. 290 to 440 °C.
b Between 440 and 520 °C.
¢ Between 360 and 460 °C.
4 Between 460 and 520 °C.

6 = 6p-exp[ — E./(RT)] 3

where oy is the pre-exponential factor and E, is the activation energy of
conduction. At the same time, the inflection points of the Arrhenius-type
plots account for a change of the activation energy of conduction
ascribed to changes in the conduction mechanism with temperature. The
corresponding activation energies of conduction are tabulated in
Table 4; all the values fall within the range observed for similar perov-
skite materials [49,50], accounting for the activation of the electrical
mobility in a small polaron hopping mechanism. The only exception is
represented by the significantly higher activation energy of conduction
of the Ni-free LaSrFeTi sample in the intermediate temperature range,
which rather corresponds to the charge carrier generation than to the
activation of the electrical mobility. Notably, for the LaSrBaTi perov-
skite a temperature-independent behavior of the electrical conductivity
is observed in the temperature range from ca. 290 to 440 °C. This
behavior, which disappears in the Ni_LaSrBaTi sample, results from the
neutralization of positive holes and electrons and will be better
explained in the section 3.3.2.

Finally, the pre-exponential factor oy in Eq. (3), which is a material
constant depending on the concentration of the charge carriers, was
estimated for all the samples from the intercept of the corresponding
straight lines in Fig. 7. The values obtained for the different temperature
ranges are listed in Table 4. It can be observed that oy and, hence, the
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concentration of the charge carriers significantly depends on the nature
of the material and, for a given solid, on the temperature. It is note-
worthy that the addition of Ni to the LaSrFeCu oxide leads to an increase
of the activation energy of conduction within all the temperature ranges
determined by the different inflection points of the Arrhenius plot. Also,
while the oy value in the low temperature range is not much affected, it
is three times lower for the Ni-bearing sample compared to Ni-free
LaSrFeCu oxide in the intermediate temperature range, whereas it is
more than ten times higher for the Ni LaSrFeCu sample in the high
temperature range. In the case of LaSrFeTi oxide, the addition of Ni leads
to a unique activation energy of conduction within all the temperature
range studied, which is significantly lower compared to the E. values
obtained for the Ni-free sample. At the same time, the o value is lower
for the Ni_LaSrFeTi sample compared to the Ni-free LaSrFeTi oxide, a
decrease by ca. nine orders of magnitude being noticed for the inter-
mediate temperature range. The activation energy of conduction for the
Ni_LaSrBaTi sample is lower than that of Ni-free LaSrBaTi oxide in the
low temperature range, while in the intermediate and high temperature
ranges, it is higher. At the same time, the oy value is lower for the
Ni_LaSrBaTi sample compared to the Ni-free LaSrBaTi in the low tem-
perature range, while it is higher in the intermediate and high temper-
ature ranges.

In summary, the addition of Ni to the multicationic perovskite oxides
strongly impacts on their semiconducting behavior as a function of
temperature; the observed effects are determined by the cationic
composition of the oxide and, for a given composition, by the temper-
ature range.

3.3.2. Electrical conductivity measurements as a function of the partial
pressure of oxygen

To determine the dominant conduction mechanism of both Ni-free
and Ni-bearing semiconducting oxides, the variation of their total con-
ductivity was recorded as a function of the partial pressure of oxygen at
constant temperature of 500 °C [51]. The results obtained are shown in
log-log plots in Fig. 8. It can be observed that, except for LaSrBaTi, the
two other perovskites show positive slopes, i.e., do6/0Pgy > 0, which
correspond to a p-type behavior. Since the perovskite structure does not
accept interstitial oxygen species [52], the main point defects in the p-
type LaSrFeCu and LaSrFeTi perovskites are lanthanum vacancies, V},,
together with substitutional defects of Sr(II) sitting on La(IIl) lattice
points (the A sites in the ABOs perovskite structure), ie., Sr’La, and
substitutional defects of Cu(II) or Cu(IIl) and Ti(III) or Ti(IV) sitting on
Fe(III) lattice points (the B sites in the ABO3 perovskite structure), i.e.,
Cuy, or Cuf, and Tiy, or Tiy,, respectively. All the negatively charged
defects are compensated by positively charged ones, such as Fep,, i.e., Fe
(IV) sitting on Fe(III) lattice points, and, for LaSrFeTi, Ti}, as well, which
are associated to the positive holes, h*, responsible for the observed p-
type behavior of these materials.

The oxidation of Fe(III) to Fe(IV) to compensate the charge imbal-
ance due to the Sr(II) substitution for La(IIl) is in agreement with the
results reported by Barbero et al. [53] for La; yCayFeOs with x < 0.2. At
the same time, as shown for x values higher than 0.2 in La; yCayFeO3
[53] or as low as 0.1 in La; yCayFe;.yNiyO3 [54] and in line with the Oa-
TPD data of our samples (Fig. 4), the creation of oxygen vacancies, V¢,
as charge compensating defects cannot be completely ruled out, mainly
in the case of LaSrFeTi system for which the oxygen release was detected
during the TPD process at temperatures significantly lower than 500 °C.
However, because both LaSrFeCu and LaSrFeTi perovskites behave as p-
type semiconductors, the charge compensating defects, such as Fey,, and
Tiy, (for LaSrFeTi), are dominant.

The addition of Ni to the p-type LaSrFeCu and LaSrFeTi perovskites
does not change the nature of the conductivity, as the slopes of the log(c)
- log(Po2) plots remain positive (Fig. 8). However, interestingly, the p-
type conductivity of the LaSrFeCu system decreases, while that of the
LaSrFeTi increases in the presence of Ni. In other words, the deposition
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ohm~' em™1).

of Ni on the LaSrFeCu perovskite leads to a decrease in the concentration
of the positive holes, suggesting either an electron transfer from the
metallic Ni particles to the p-type semiconducting support, or an in-
crease in the concentration of oxygen vacancies compared to the Ni-free
perovskite. Contrarily, the deposition of Ni on the LaSrFeTi perovskite
leads to an increase in the concentration of the positive holes, suggesting
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either an inverse electron transfer, i.e., from the p-type semiconducting
support to the metallic Ni particles, or a decrease in the concentration of
oxygen vacancies compared to the Ni-free perovskite. It is worth noting
that the addition of Ni to LaSrFeCu perovskite results in an increase of
the slope of the log(c) — log(Po2) plot compared to the Ni-free
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perovskite, which suggests an increased ability of the Ni_LaSrFeCu sys-
tem to exchange oxygen with the gas phase. On the other hand, a
decrease of the slope of the log(c) — log(Po2) plot is observed for
Ni_LaSrFeTi and, hence, a decreased ability of this system to exchange
oxygen with the gas phase compared to the Ni-free LaSrFeTi perovskite.

—4— LaSrFeCu
-<>-Ni_LaSrFeCu

—&— LaSrFeTi
- <~ Ni_LaSrFeTi

—&— LaSrBaTi
-+ - Ni_LaSrBaTi

500

Fig. 9. Variation of the electrical conductivity of the Ni-free and Ni-bearing perovskites A) LaSrFeCu, B) LaSrFeTi and C) LaSrBaTi during sequential exposures to
different gas streams at 500 °C (¢ in ohm™! cm™?!). The dashed vertical lines separate the different gas sequences.
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The n-type behavior observed for LaSrBaTi perovskite at 500 °C,
which shows a log(c) - log(Po2) plot with negative slope, i.e., d6/0Pg2 <
0, can be explained taking into consideration the temperature-
independent behavior of its electrical conductivity observed in the
temperature range from ca. 290 to 440 °C (Fig. 7). Thus, most probably,
at temperatures lower than 290 °C, the LaSrBaTi perovskite is also a p-
type semiconducting oxide with the charge carriers (positive holes)
associated to the substitutional defects of Ti(IV) sitting on Ti(IIl) lattice
points (the B sites in the ABO3 perovskite structure), i.e., Tiy;. The charge
compensation is ensured by the cationic vacancies, V;,, and the substi-
tutional defects of Sr(II) and Ba(Il) sitting on La(IIl) lattice points (the A
sites in the ABO3 perovskite structure), i.e., Sr/La and Ba,, respectively.
At low temperatures, these negatively charged defects associated to
energy states in the band gap act as hole traps. With increasing tem-
perature, the holes are liberated from traps, which corresponds to the
ionization of these defects resulting in an increase of the density of
charge carriers (Egs. (4, 5 and 6)):

V-V, +3h° 4
Sry,—Sr, +h )
Ba},~Bd,, +h (6)

and, hence, the p-type conductivity of the semiconducting oxide in-
creases. In the temperature range from 290 to 440 °C, the solid simul-
taneously starts losing lattice oxygen with formation of oxygen
vacancies, V¢, and generation of electrons, €, according to the Eq. (7):

05—-1/20, + Vg +2¢ @
which neutralize the positive holes resulted by the ionization of the
defects, explaining the apparent temperature-independent behavior
observed [55]. Then, at temperatures higher than 440 °C, the density of
conduction electrons becomes higher than that of positive holes and,
hence, the n-type behavior becomes dominant, as suggested by the
variation of ¢ as a function of the oxygen partial pressure at 500 °C
(Fig. 8). Interestingly, the deposition of Ni on the LaSrBaTi perovskite
slightly increases the n-type conductivity of the solid, suggesting an
electron transfer from the metallic Ni particles to the LaSrBaTi perov-
skite support. At the same time, the slope of the log(c) - log(Po2) plot
becomes two times lower (Fig. 8), suggesting that the addition of Ni
negatively affects the ability of the material to exchange oxygen with the
gas phase according to the Eq. (7).

3.3.3. Study of the redox behavior of the materials by in situ electrical
conductivity measurements

The redox behavior of both Ni-free and Ni-bearing perovskite-based
mixed oxides was studied by measuring the variation of their electrical
conductivity at a temperature close to the catalytic reaction tempera-
ture, i.e., 500 °C, under different successive oxidizing and reducing gas
streams, i.e., air — CHy/air mixture — air — Ho/Ar mixture — air. The
variations obtained are shown in Fig. 9. It can be observed that the
electrical conductivity of all the p-type materials decreased under the
CHjy-air mixture compared to that under air, indicating the reduction of
the oxide under the CHg-air flow, which behaves as a reducing gas
mixture. This confirms the p-type semiconducting behavior of both Ni-
free and Ni-bearing LaSrFeCu and LaSrFeTi perovskites, according to
the p-type criterion 06/0Preducing gas < 0. However, the amplitude of the
effect, which is a measure of the extent of reduction of the oxides under
the CHy-air mixture, is small in all cases, suggesting that the reduction is
rather limited to the surface and subsurface regions of the solids.

Under a new air stream, the electrical conductivity increased to the
initial value for all the p-type materials, accounting for their complete
reoxidation. Notably, according to the p-type criterion do/dPg > 0, this
behavior confirms that all samples remained of p-type after reduction
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under the CHg-air mixture. Under the Ho—Ar mixture, the electrical
conductivity has a peculiar behavior for each of the p-type materials
studied.

Thus, when the Hy—Ar mixture flows over the Ni-free LaSrFeCu
perovskite leads to a stepwise decrease of the electrical conductivity,
followed by a final slight increase before reaching the steady state.
Indeed, the introduction of the Hy—Ar flow over this sample leads, as
expected, to a decrease of the electrical conductivity, which seems to
tend to a plateau, but at 155th minute it suddenly decreases by more
than one order of magnitude followed by a new quick decrease at 175th
minute, then it passes through a minimum at 195th minute and, finally,
slightly increases to reach the plateau corresponding to the steady state.
Based on the X-ray diffraction analysis, which shows that LaggSrg o
Fep.95Cup,0503 perovskite is the main crystalline phase identified in
LaSrFeCu mixed oxide, together with tiny amounts of SrCO3 and CuO
side-phases, obviously the conductivity of the perovskite phase prevails.
Thus, the first and the second decreasing steps of the electrical con-
ductivity account for the stepwise reduction of the B-type cations from
the perovskite structure, i.e., Fe(IV) — Fe(Ill) and Cu(II) —» Cu(l) in the
first step, followed by Fe(IlI) — Fe(II) and Cu(l) — Cu® in the second
step. The last decrease of the electrical conductivity, followed by a slight
increase before reaching the steady state is quite similar to the behavior
of CuO under a reducing gaseous atmosphere [56], and, hence, it is
attributed to the reduction of tiny CuO particles identified in the LaSr-
FeCu sample: Cu(II) — Cu(I) followed by Cu(l) — cu’ accounting for the
decreasing and increasing steps of the electrical conductivity, respec-
tively. This suggests that the CuO crystallites are not distributed on the
surface of the perovskite phase, but they are rather buried into the
perovskite matrix, forming a kind of core-shell particles with a tiny CuO
core and a thinner perovskite shell. This is in line with the low intensity
of the Cu 2p XPS spectra peaks observed. Finally, when a new air
sequence is introduced over the reduced Ni-free LaSrFeCu sample, the
electrical conductivity increases and reaches a new steady state, which is
different from the initial steady state under air. This suggests that
LaSrFeCu sample is not completely reoxidized after being reduced under
the Hy—Ar mixture. Notably, the electrical conductivity of the sample
under the Hy—Ar flow varies within ca. four orders of magnitude ac-
counting for a profound (bulk) reduction of the mixed oxide.

The behavior of the Ni-bearing LaSrFeCu perovskite under the
Ho—Ar mixture is similar to that of the Ni-free sample, the electrical
conductivity reaching practically the same steady state corresponding to
the complete reduction of both solids. However, the last decreasing step
of the electrical conductivity of the Ni_LaSrFeCu sample under this
reduction mixture leads directly to the steady state, without passing
through a minimum followed by an increase of the electrical conduc-
tivity, as observed for the Ni-free LaSrFeCu sample. This suggests that in
the presence of Ni, the reduction of the tiny CuO particles from the
perovskite matrix takes place in a single step: Cu(Il) — CuP. This is
obviously due to the participation in the reduction event of the spilled
over atomic hydrogen formed by the dissociation of molecular H, on the
metallic Ni particles [57]. Interestingly, when the final air sequence is
introduced over the reduced Ni_LaSrFeCu sample, its electrical con-
ductivity increased to the initial value suggesting its complete
reoxidation.

The electrical conductivity of the LaSrFeTi sample, which consists of
Lag 5Srg.sFep sTig.503 perovskite phase with tiny amounts of SrCOj3 side-
phase, decreases under the Hy—Ar mixture within less than one order of
magnitude, suggesting no deep reduction of this material. However, the
reduction is deeper than under the CH4-air mixture. Then, under a new
air stream the electrical conductivity increases and reaches a new steady
state, which is different from the initial steady state under air. This
suggests that LaSrFeTi sample is only partially reoxidized after being
reduced under the Ho—Ar mixture. On the other hand, the electrical
conductivity of the Ni_LaSrFeTi sample strongly decreases under the
Ho—Ar mixture accounting for its profound reduction obviously due to
the involvement of the of the spilled over atomic hydrogen formed by
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the dissociation of dihydrogen on the metallic Ni particles present in this
material. Again, the reoxidation of the Ni-bearing LaSrFeTi material is
almost complete under the final air stream as its electrical conductivity
increased to a value close to the initial value. It seems that the reox-
idation of the p-type perovskites reduced under Hy, which is only partial
in the absence of Ni, is favored by the presence of metallic nickel par-
ticles, becoming, thus, complete.

The data in Fig. 9 show that the electrical conductivity of the n-type
materials under air is significantly lower compared to their p-type
counterparts. Under the CHy-air mixture, the electrical conductivity of
both Ni-free and Ni-bearing n-type LaSrBaTi perovskites slightly
increased compared to that under air. This corresponds to the reduction
of the oxide in the presence of the CHy-air mixture, which behaves as a
reducing gas stream. According to the n-type criterion 06/0Preducing gas >
0, this confirms their n-type semiconducting behavior. Notably, the
amplitude of the effect is small accounting for a low degree of reduction
of the solids under the CH4-air mixture, which is most likely limited to
the surface region. When a new air stream was introduced over the n-
type samples, their electrical conductivity regained its initial value
(Fig. 9), suggesting that they are completely reoxidized. According to
the n-type criterion d6/0Pg3 < 0, this behavior confirms that the samples
remained of n-type after reduction under the CHy-air mixture.

The introduction of a Hy—Ar mixture over the n-type solids after the
second air sequence leads to a strong increase of their electrical con-
ductivities of several orders of magnitude (Fig. 9), that of the Ni-free
perovskite being higher than that of the Ni-bearing material at steady
state. This suggests that, compared to the reduction under the CHs-air
mixture, which is limited to the surface and subsurface regions, under
the Hy—Ar mixture both n-type solids are profoundly reduced. However,
unexpectedly, the Ni-bearing LaSrBaTi perovskite is, at steady state, less
reduced than the Ni-free mixed oxide. Under the final air stream, the
electrical conductivities of both solids immediately decrease reaching
plateaus close to the initial steady state under air. This clearly suggests
that the re-oxidation of both Ni-free and Ni-bearing LaSrBaTi perov-
skites reduced under H, is completely reversible. However, a close in-
spection of the curves corresponding to the reoxidation of the reduced
solids shows different reoxidation rates. Indeed, the reoxidation rate,
do/dt, of the Ni-free LaSrBaTi perovskite is higher than that of Ni-
LaSrBaTi. These results point to an unfavorable effect of metallic Ni
particles on the redox properties of the n-type LaSrBaTi perovskite. This
is in line with the observed negative effect of Ni on the ability of the
LaSrBaTi material to exchange oxygen with the gas phase (section
3.3.2).

Since the Ni-bearing samples are used as catalysts, their behavior
was further studied during two supplementary reduction-reoxidation
cycles under Hy—Ar mixture and under air, respectively. As it can be
observed in Fig. 9, all the systems return to their original reduced or
oxidized states after each new cycle. No noticeable changes could be
observed in the behavior of Ni_LaSrFeTi and Ni_LaSrBaTi samples during
the two supplementary reduction-reoxidation cycles, whereas the step-
wise reduction of the cations in the Ni_LaSrFeCu sample during the new
reduction sequences became less marked, suggesting an improved
electron transfer in the solid after a few reduction-reoxidation cycles.

To summarize, the in situ electrical conductivity measurements
during sequential periods under reducing (CH4-air and Hy—Ar mixtures)
and oxidizing (air) gas streams clearly demonstrate that all Ni-free and
Ni-bearing perovskite-based materials are in a slightly reduced state
under the CHy-air mixture and profoundly reduced under the Ho—Ar
mixture. LaSrBaTi perovskite is of n-type, while LaSrFeCu and LaSrFeTi
perovskites are of p-type, the nature of their conductivity remaining the
same after the deposition of metallic Ni particles on their surface. The n-
type materials are completely reoxidized under air after the reduction
steps, in particular after the Hy—Ar sequence. However, the reduction is
deeper and the reoxidation process is faster for the Ni-free compared to
Ni-bearing LaSrBaTi perovskite. On the other hand, the Ni-free p-type
perovskites reduced under H; are only partially reoxidized compared to
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their Ni-bearing counterparts, which return to their original reduced or
oxidized states after several reduction-oxidation cycles. Obviously, the
nickel deposition strongly influences the semiconductive and redox
properties of all the perovskites studied.

3.4. Catalytic tests

All the metal catalysts tested towards the catalytic activity in the
autothermal reforming of CH4 and model biogas did not show relevant
results, as reported in Fig. S5 and S6 (supporting information section).
According to other studies [26,58-60], the reactivity of CH4 and biogas
is low in the ATR condition at temperatures lower than 800 °C.
Conversely, the autothermal reforming of EtOH showed a significant
production of syngas, providing interesting results (Fig. 10). All the
metal catalysts showed almost a full conversion of EtOH at both reaction
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Fig. 10. H; and CO production by ATR of Ethanol on Ni-based perov-
skite catalysts.
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temperatures considered, 500 °C and 600 °C, as shown in Fig. 10.

The most interesting results came from Ni_LaSrFeTi and Ni_LaSrBaTi.
In particular, at 600 °C, Ni_LaSrFeTi has high selectivity to syngas pro-
duction, which is up to 83 vol% in terms of CO + Hy obtained. However,
if the distribution of the reaction product in the outlet stream is
analyzed, the Ni_LaSrBaTi exhibited the highest Hy/CO ratio compared
to the other samples, as reported in Table 5. Depending on the tem-
perature conditions, the results were probably correlated with the
different compositional and structural formulations of perovskites.

The good performances of the synthesized Ni-based catalysts are also
due to the porous structure of the perovskite support, which provides
higher surface area and, thus, higher dispersion of the active phase. In
the literature, supported catalysts are commonly investigated for ATR of
ethanol [61-64]. As an example, Peela and Kunzru [62] used different
catalysts, such as 1%Rh/Al,03, 1%Rh-20%Ce/Al,03 and 2%Rh-20%
Ce/Al;0s3, the last sample evidencing the highest product selectivity and
activity. CeOy promoted Rh performances thanks to its high oxygen
storage capacity and redox properties, but still the presence of alumina
was assumed necessary. Han et al. [63] supported Rh over mixed Ce—La
systems, in which La allowed to improve the surface area of CeOs; this
positive effect resulted in total conversion of ethanol at 300 °C when
CeO, was doped with 30 mol% La. Furtado et al. [64] evidenced that the
support plays a crucial role on the metallic dispersion of Ni-Cu-based
catalysts. In fact, the highest ethanol conversion was noticed for
Ni-Cu/a-Aly03, while the highest Hy selectivity was observed for
Ni-Cu/Ceg.6Zro.402. Also, in this case the good dispersion of the active
phase on the Ce—Zr oxide support was related to increased presence of
active oxygen, which prevented the formation of coke. In all these
studies [62-64], the dispersion of the active phase on a support material
with higher surface area was crucial for increasing the number of
possible active sites, thus improving the final performances.

Since the evaluation of the stability of a catalyst is crucial for its
possible applications [65], the spent materials obtained after ATR tests
at different temperatures were characterized by XRD, not only to iden-
tify possible structural modifications but also to investigate the forma-
tion of carbon species. In addition, coupled TGA-DTGA and SEM-EDX
analyses were also used to estimate the amount of deposited coke. X-ray
diffraction analysis evidenced that the pristine perovskite structures of
the Ni_LaSrFeCu and Ni_LaSrFeTi samples were not stable under the
reaction conditions (Fig. 11). This was not the case for Ni_LaSrBaTi,
which showed good stability at both reaction temperatures used. Thus,
despite the syngas production of Ni_LaSrBaTi (78%) is slightly lower
than that of Ni_LaSrFeTi (83%), the former sample may be more suitable
for the reaction conditions used, due to its good stability at intermediate
temperatures. Different carbon content was detected for the different
catalytic systems. In particular, a higher quantity of carbon was detected
in the spent Ni_LaSrFeCu and Ni_LaSrFeTi, as evident from the XRD
patterns in Fig. 11, in which the line at 26° indicates the formation of
coke.

This was also confirmed by both TGA and SEM-EDX analyses, as
reported for example in the case of the Ni_LaSrFeCu catalyst after ATR
reaction at 600 °C (Fig. 12).

Indeed, the TGA-DTGA profile of the spent catalyst exhibited an
exothermic peak at about 600 °C, corresponding to the combustion of
the deposited carbon. The overall carbon content over the analyzed
spent catalysts is reported in Fig. 13.

In line with XRD analysis, large amounts of carbon were revealed in

Table 5
H,/CO molar ratio of the outlet stream under EtOH ATR condition.

Sample Hy/CO @500 °C H,/CO @600 °C
Ni_LaSrFeCu 3.1 0.5

Ni_LaSrFeTi 0.3 5.4

Ni LaSrBaTi 2.4 770*
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both Ni LaSrFeCu and Ni LaSrFeTi, whereas the carbon quantity
detected over the Ni_LaSrBaTi sample was scarce, for both tested tem-
peratures. Interestingly, irrespectively of the nature of the electrical
conductivity of the catalyst, the deposited carbon content increases with
increasing the oy value, which depends on the concentration of the
charge carriers in the semiconducting material. This could suggest that
the charge carriers, either electrons or positive holes, are involved in the
surface bonding of the intermediates responsible for the coke formation.

The Ni_LaSrBaTi catalyst was also submitted to a stress stability test,
cooling the sample down at room temperature and heating it up to the
reaction temperature, where it was kept on stream for 10 h. After
repeating five times this cycle, the catalyst exhibited a loss of catalytic
performance of 10% and an increment of deposited carbon of 30%.
Nevertheless, this carbon does not significantly deactivate the catalyst,
probably because the decomposition of ethanol leads to the formation of
ordered coke that does not sensibly affect the performance of the ma-
terial [60,66].

4. Conclusions

Among the three synthesized perovskites, the physico-chemical
characterization revealed that the most interesting materials were
LaSrFeTi and LaSrBaTi, which exhibited relatively high surface area and
pore volume. In particular, LaSrBaTi exhibited a very stable crystal
structure, which was fully preserved after impregnation of Ni and
reducing treatment for catalyst activation. In contrast, the other two
samples can be more easily reduced, and this results in a less stable
structure and in a lower Ni dispersion.

The electrical conductivity measurements showed that LaSrBaTi was
of n-type, while LaSrFeCu and LaSrFeTi were of p-type. Their redox
properties were strongly influenced by the deposition of metallic Ni
particles on their surface, but the nature of their conductivity remained
the same. The n-type materials were completely reoxidized under air
after reduction, but the process was faster and deeper for the Ni-free
LaSrBaTi sample compared to the Ni-bearing one. On the other hand,
the Ni-free p-type perovskites were only partially reoxidized compared
to their Ni-bearing counterparts. The electrical conductivity behavior
under the different reducing gas streams suggests that the Ni-bearing
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perovskite catalysts are partially reduced under the ATR reaction
mixtures.

The catalytic performance of the Ni-based perovskite catalysts was
evaluated for different fuels: very low conversions were observed for the
ATR of model biogas and CH,4, due to the low reaction temperature used,
whereas ATR of ethanol led to significant syngas production. The EtOH
ATR tests showed that the Ni_LaSrFeTi sample exhibited high reactivity
for syngas production at 600 °C with a high Hy/CO ratio. However, it
also showed a moderate deposit of carbon over time, which decreased its
performance. The charge carriers, either electrons or positive holes,
seem to be involved in the surface bonding of the intermediates
responsible for the coke formation. On the other hand, the Ni_LaSrBaTi
sample exhibited complete conversion, a very high Hs selectivity
(almost 100%), and a low carbon deposition. Moreover, this perovskite
showed superior stability compared to the other two samples: indeed, its
crystalline structure remained stable not only after Ni impregnation and
activation but also after the catalytic tests, as confirmed by XRD. Hence,
Ni_LaSrBaTi can be considered a promising catalyst for the production of
hydrogen-rich syngas through ethanol ATR in IT-SOFC.
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