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ABSTRACT: In situ temperature-programmed (TP) analyses in a multi-
analytical approach including X-ray diffractometry (XRD), temperature-
programmed reduction (TPR), thermogravimetry (TGA), near-edge X-ray
absorption fine structure spectroscopy (NEXAFS) are used to study the
relationship between redox properties and structural changes in Pr0.5Ba0.5MnO3−δ
(m-PBM), PrBaMn2O5+δ (r-PBM), and PrBaMn2O6−δ (o-PBM) when exposed to
reduction/oxidation cycles. TP-XRD analysis shows that under reducing
conditions, between 300 and 850 °C, the biphase perovskite m-PBM turns
into the monolayered perovskite r-PBM. Stabilization of the latter phase at room
temperature requires early oxidation in air at a high temperature (850 °C) to
avoid segregation, resulting in the formation of the oxidized layered phase (o-
PBM). The o-PBM layered perovskite is characterized by the H2-TPR profile,
showing two reduction peaks at temperatures below 500 °C. TP-NEXAFS
characterization reveals the copresence of Mn(IV) (60%), Mn(III) (30%), and
Mn(II) (10%) and helps to interpret the reduction profile: Mn(IV) converts to Mn(III) at ∼300 °C (I pk), Mn(III) to Mn(II) at
∼450 °C (II pk). The TGA characterization confirms the reversibility of the o-PBM ↔ r-PBM process at 800 °C; in addition, it
shows that the r-PBM can be oxidized almost completely (∼99%) also by CO2 without accumulation of carbonates. This study sheds
light on the peculiar redox behavior of PBM-based materials and paves the way for their application as oxygen carriers and catalytic
promoters in different CO2 enhancement technologies. Here, we discuss the results obtained to develop versatile and redox-resistant
electrodes for solid oxide electrochemical cell/solid oxide fuel cell applications.
KEYWORDS: solid oxide fuel cell, CO2 electrolysis, double layered perovskites, redox behavior, temperature-programmed analysis,
NEXAFS

■ INTRODUCTION
In the past decades, the necessity for sustainable development
and greenhouse gas abatement led to continuous technological
advances in low-carbon-emission energy conversion tecnolo-
gies.1,2 Electrochemical technologies (fuel cells and electro-
lyzers), based on the use of renewable resources and CO2
valorization, have a growing importance in the present energy
transition.3 In particular, solid oxide fuel cells (SOFCs), which
work with H2 but also with traditional fuels, constitute an ideal
bridging technology.4 These systems directly convert the
chemical energy of fuels into electrical power, combining high
energy conversion efficiency with great fuel flexibility5,6 and
decreased emissions, producing electricity and heat at the same
time.7 The competitiveness of this technology compared to
traditional technology requires decreasing production costs and
extending the lifetime of devices. Several R&D efforts are
focusing on the identification and implementation of durable,
low-cost materials that enable the engineering of systems that
operate at a lower temperature,8−10 in a reversible manner11−13

(i.e., also functioning as electrolyzers), and that can be easily
manufactured. In this perspective, the development of

symmetric cells (with equal fuel and oxygen electrodes) would
lead to great advantages.11,14 The electrode materials for these
advanced devices must not only have better mixed electronic−
ionic conductivity but also high stability and flexibility to work in
different reaction atmospheres, i.e., they must have adequate
redox properties. A better understanding of the correlations
between structural changes, redox properties, and electro-
catalytic properties of materials is therefore crucial for progresses
in this field. Perovskite oxides and related structures (double
perovskites and layered perovskites) show a high compositional
and structural flexibility15 and have found application in
heterogeneous catalysis16 and energy conversion applica-
tions17−20 thanks to the possibility of tuning functional
properties (conductivity and catalytic and electrocatalytic
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activity) by properly doping A and B sites21 and through
exsolution of incorporated dopants.22,23

In the field of solid oxide electrochemical cells (SOECs),
perovskite has been shown to satisfy better than other more
conventional cermet materials the requirement of redox stability
and reversibility. Several perovskite oxides are able to preserve
their structure after numerous redox cycles, and moreover, they
show a high mixed ionic and electronic conductivity (MIEC) in
both oxidizing and reducing atmospheres.11,24−27 Recently, Pr
and Ba double layered perovskites were proposed as promising,
redox-stable electrodes for both cathodic and anodic applica-
tions in SOFCs. PrBaCo2O5+δ and PrBaFe2O5+δ were mainly
(but not only) investigated as cathodic electrodes;28−33 in 2015,
Sengodan et al.34,35 showed how high-temperature annealing in
hydrogen enables obtainment of the high-conductivity layered
perovskite PrBaMn2O5+δ from the mixed perovskite
Pr0.5Ba0.5MnO3. In reducing atmospheres, A-site Pr3+ and Ba2+

cations settle onto alternated layers, intercalated by a [MnO2]
sublattice. This lattice arrangement allows for a high electronic
conductivity due to the presence of Mn3+/Mn2+ redox couples
and an improved ionic conductivity related to the large number
of O2− vacancies through subcoordinated cation planes. This
transformation increases the efficiency of anodic electrodes in
SOFCs.

Most of the studies on this material have been focused on the
relationship between the formation of the layered structure and
the exsolution process both in SOFC applications22,36,37 and in
catalysis.38−40 Only few studies discussed the oxygen storage
capacity of a layered structure,41,42 while no detailed studies
have been published on the redox processes involved in the
formation and stabilization of the layered structure, at least to
the best of the authors’ knowledge. In a previous study,43 we
demonstrated that the redox behavior of PBM oxides is
correlated to the structural changes that they undergo during
thermal reduction. This study aims to gain more insights into
this relationship and to verify correlations between reduction
processes and the intrinsic structural changes occurring in PBM
phases. For the first time, a parallel characterization of structure
rearrangement and redox cycles of these oxides has been carried
out via the combination of several in situ temperature-
programmed analysis techniques (TPR, TGA, XRD, and
NEXAFS). Details on the redox processes involved in the
reduction/oxidation of PrBaMn2O5+δ and PrBaMn2O6−δ layered
phases were obtained. The reversibility of the cycles and

versatility to different oxidizing environments (air and carbon
dioxide) were also investigated underlining the endurance of
these oxides to high-temperature and abrupt environmental
changes.

Finally, the practical impact of our findings on the
development of a new class of oxygen storage carriers for CO2
valorization technologies was investigated in the context of
SOEC/SOFC applications.

■ EXPERIMENTAL SECTION
Synthesis of PBM Phases. Four-gram batches of Pr0.5Ba0.5MnO3−δ

(m-PBM) powders were prepared by means of a sol−gel combustion
route. Stoichiometric amounts of Pr(NO3)3·6H2O (Treibacher
Industrie AG), Ba(CH3COO)2 (Sigma-Aldrich), and Mn(NO3)2·
4H2O (Sigma-Aldrich) were dissolved in distilled water. Citric acid
(CA, Sigma-Aldrich) was used as a complexing agent (in a 1:1
CA:cation molar ratio), and an ammonium hydroxide solution (30%,
Sigma-Aldrich) was added in order to adjust the pH of the solution to
6.3. The solution was stirred and dried at 150 °C for 20 h. The obtained
gel was self-ignited at 350 °C to remove most of the organic compounds
and calcinated in air at 850 °C (2 °C·min−1) in two steps of 3 h each.
Between the first and the second calcination, the sample was ground
manually for 5 min to promote a better homogeneity of the phases.
PrBaMn2O6−δ (o-PBM) was obtained by successive annealing of m-
PBM powders in humidified H2 (3% H2O) at 800 °C (10 °C·min−1) for
4 h and cooling the sample in air (∼30 °C·min−1). A pure layered
perovskite PrBaMn2O5+δ (r-PBM) phase was obtained from the o-PBM
reduction at 800 °C (10 °C·min−1) in 10% H2−90% N2 for 15 h
(cooling ramp of 30 °C·min−1, in N2).

Button Cell Preparation. Pr0.5Ba0.5MnO3−δ//Zr0.92Y0.08O2//
(La0.8Sr0.2)0.95MnO3−δ electrolyte-supported button cells were pre-
pared by screen printing using Zr0.92Y0.08O2 electrolytes (YSZ, Fuel Cell
Materials) with a diameter of 25 mm and a nominal thickness of about
300 μm. The (La0.8Sr0.2)0.95MnO3 (LSM) cathode was prepared using a
commercial powder (LSM20-P, Fuel Cell Materials), while m-PBM was
used to fabricate the anode. Perovskite powders were suspended in a
mixture of α-Terpineol (Sigma-Aldrich) and Triton X (70%−30% in
volume, respectively), adding a small quantity of graphite (5% of total
weight) to increase the porosity of the electrode. A laboratory screen
printing setup was used to deposit the anodic and cathodic inks on the
YSZ pellets. Both the LSM cathode and the m-PBM anode were
sintered for 4 h at 1200 (3 °C·min−1) and 1100 °C (3 °C·min−1),
respectively, to improve the interface adhesion between electrodes and
electrolytes. Before testing, a gold grid was used as a collector on both
the electrodes. Gold paste (AU-I, Fuel Cell Materials) was used to paste
the grids to the electrodes. A final calcination at 800 °C (5 °C·min−1)

Figure 1. Scheme of the preparation of Pr0.5Ba0.5MnO3 (m-PBM) and of the m-PBM//YSZ//LSM button cell.
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for 1 h was carried out for a well adhesion of the gold grids and to ensure
good electron collection during operation.

Figure 1 summarizes the main steps of the procedure described
above.

Characterization Techniques. X-ray diffraction (XRD) charac-
terization was carried out with a Philips PW3040/60 X’Pert PRO
diffractometer (Bragg−Brentano geometry), using Cu Kα radiation (40
kW, 20 mA, λ = 0.154 nm) and acquiring patterns in the 2θ range from
20 to 80°, at 0.02° steps with a counting time of 40 s·step−1. The
identification of the crystalline phases was done by consulting
bibliographical44−46 and online database references.47 A stainless-
steel chamber with Be windows was assembled on a spectrometer to
study the phase evolution in a reductive/oxidant atmosphere at high
temperatures; the spectra were acquired at 0.01° steps at a counting
time of 80 s·step−1 in the 2θ range from 20 to 34°. This is the range that
allows for observation of the reconstruction of the cubic and the
hexagonal structures into the layered phase, as well as possible
segregation and metastable phases. The restricted range of analysis
allows us to avoid long isothermal steps and to have a better
approximation of the structural modification occurring during a TPR
experiment.

Temperature-programmed reductions (TPRs) were carried out
consecutively in an analyzer with a thermal conductivity detector
(Autochem II 2920 Micromeritics). Before cycling, the surface of the
sample (50 mg of m-PBM) was cleaned of adsorbates by thermal
treatment in air at 500 °C for 1 h. Then, the sample was purged in N2 at
room temperature (RT) and heated to 900 °C (10 °C·min−1), under a
constant gas flow of 4.43% H2 in N2 (35 mL·min−1). After an isothermal
step of 10 min, the sample was left to cool in air (35 mL·min−1, ramp of
30 °C·min−1). The procedure was repeated four times. The CO2
oxidation and desorption were analyzed using a mass spectrometer
Pfeiffer Vacuum D-35614 Asslar using a constant flow of 20% CO2 in
He (35 mL·min−1). N2 was used during the TPD analysis.

A ZEISS Libra200FE was used for transmission electron microscopy
(TEM) analysis. Specimens were suspended in isopropyl alcohol and
placed for 10 min in an ultrasound bath. A suspension drop was
deposited onto a lacey carbon copper TEM grid and analyzed after
overnight drying.

A JEOL JSM7610F Plus field-emission scanning electron micro-
scope (FE-SEM) was used to characterize the PBM button cells before
and after the electrochemical tests.

Thermogravimetric analysis (TGA) profiles were acquired using a
Q500 (TA Instruments). Several redox cycles were performed on 20
mg of m-PBM using H2 (2% in N2, 100 mL·min−1) as a reducing agent
and air for the reoxidation of the sample. For SDT (simultaneous
differential scanning calorimetry−thermogravimetry analysis), a Q600

(TA Instruments) was instead employed for a similar study, using CO2
(20% in He, total flow rate of 100 mL·min−1) as the oxidizing agent.

In situ AP-NEXAFS measurements were performed at the APE-HE
beamline of “Elettra” Synchrotron, in Trieste. The beamline is equipped
with an experimental setup designed to acquire NEXAFS spectra
continuously at 1 bar, in the TEY mode, by using a home-made reaction
cell, described in detail elsewhere.48 Oxidizing and reducing gases (H2
and O2) were injected inside the cell through a gas line controlled by
three flowmeters, calibrated to a maximum total flow of 50 mL·min−1.
Since the TEY mode is surface-sensitive (probing depth of ≈ 5 nm), the
first step of the experiment involved a thermal treatment from RT to
360 °C, exposing the sample to He (50 mL·min−1). After that, the
temperature was decreased to RT. Then, the temperature was increased
again to 370 °C, exposing the sample to a mixture of He (96%)/H2
(4%). Once the temperature reached 370 °C and upon observing the
Mn reduction, an oxidizing He (96%)/O2 (4%) mixture was fed while
decreasing the T to RT. The H2/O2 cycle was repeated twice to
investigate the stability of the sample under redox conditions. During all
the experimental steps, the Mn L2,3-edge NEXAFS spectra were
continuously acquired; thus, we had enough spectra to perform a linear
combination data analysis, and we were able to follow Mn electronic
structure modifications as a function of temperature. We fitted the Mn
L-edge NEXAFS spectra making linear combinations of well-defined
reference manganese oxide spectra49−51 as basis functions, according to
the following formula:52

a b cfitted spectrum MnO Mn O MnO2 2 3= · + · + ·

Thus, the concentration of the different oxidation states of Mn can be
obtained as follows:

a
a b c

%MnO
( )2 =

+ +

b
a b c

%Mn O3
( )2 =

+ +

c
a b c

%MnO
( )

=
+ +

where a, b, and c are coefficients ranging from 0 to 1 depending on the
different Mn(x) contents.

The electrochemical characterization of the fuel cells was carried out
using the EIS (electrochemical impedance spectroscopy) technique.
Data were collected with an AMEL 7200 frequency response analyzer
and an AMEL 7050 potentiometer. The applied excitation voltage was
10 mV, and the range of frequencies analyzed was 106−10−1 Hz. The
impedance spectra were registered first in hydrogen (20% in N2) in a
double-chamber configuration; then, the anode was exposed to several

Figure 2. XRD spectra (a) of m-PBM (Pr0.5Ba0.5MnO3−δ, black), o-PBM (PrBaMn2O6−δ, blue), and r-PBM (PrBaMn2O5+δ, red); (b) magnification
between 20 and 35°. c, Cubic phase. h, Hexagonal phase.
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switches in reducing and oxidizing (air and CO2) atmospheres at 850
°C.

■ RESULTS AND DISCUSSION
Figure 2 shows XRD patterns of the pristine Pr0.5Ba0.5MnO3 (m-
PBM) and the phases formed as an effect of its reduction and
consequent oxidation at a high temperature. The m-PBM (black

line) is constituted of two different structures, the cubic c
(Pm3m) and the hexagonal h (P63mc);34 both the oxidized
phase PrBaMn2O6−δ (o-PBM, blue) and the reduced one
PrBaMn2O5+δ (r-PBM, red) show instead the characteristic
signals of P4/mmm and P4/nmm tetragonal phases, respec-
tively.44 These results are in good agreement with the
literature.45 The reduction of m-PBM (where Pr and Ba atoms

Figure 3. (a) Reactive HC-XRD spectra from 34 to 20° and (b) TPR profile of m-PBM to r-PBM reduction; (c) reactive HC-XRD spectra and (d)
TPR profile of o-PBM to r-PBM reduction. In (a) and (c), diffractograms are reported from a higher angle to a lower angle to clearly show the
decomposition of the hexagonal phase.

Figure 4. (a) HC-XRD spectral magnification from Figure 3c of the main peak of o-PBM from 33 to 31° between 200 and 500 °C and its angular
position variation with the temperature; (b) variation of the cell volume as a function of T.
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are stochastically disposed) leads to a reconstruction of the cubic
Pm3m and the hexagonal P63mc into a unique tetragonal layered
structure, where A-site metals (Ba and Pr) settle onto alternated
layers intercalated by [MnO2] sublattices. It is reported34 that
the r-PBM phase can be obtained through a direct reduction of
m-PBM powders in pure hydrogen at 850 °C. However, in this
study, PrBaMn2O5+δ was obtained and stabilized at room
temperature in two steps: (I) the reduction of m-PBM and its
direct oxidation in air at 850 °C to form the oxidized phase
PrBaMn2O6−δ; (II) the reduction of this latter phase through a
heating ramp up to 850 °C. This procedure prevented
segregation of praseodymium oxide (Pr2O3) and manganese
oxides. This phenomenon may happen if the layered structure is
not yet stabilized, during the cooling phase of the reduced m-
PBM (as observed in our first attempts, Figure S1), especially at
medium-high temperatures, when instability of the Mn and Pr
phases is observed43 and Mn2O3 reduction and its gradual
incorporation into the perovskite structure concur with the spill
of Pr to form Pr2O3.

The direct oxidation of r-PBM at 850 °C did not cause a new
disorder in the Pr and Ba cation disposition, and the layered
structure of this phase seems to be maintained also in the
oxidized phase (o-PBM). However, an enlargement of the peak
and consequently an increase in the FWHM of the reduced

structure can be observed in Figure 2b. This is attributed to the
appearance of the (110) plane as a shoulder on the left of the
peak, as well as to a higher presence of defects in the r-PBM,
which is a less crystalline and more strained phase compared to
the o-PBM phase.44,45 Diffractograms of o-PBM and r-PBM also
revealed a different angular position of their main peaks (32.5
and 32.3°, respectively), thus indicating that the two phases have
different lattice cell dimensions, with a larger volume for the r-
PBM. This expansion is due to an increase in the number of
Mn3+/Mn2+ couples and the concomitant formation of oxygen
vacancies to keep electroneutrality during the reduction. A
minor coordination of Pr and Mn ions and an increase in the
length of Mn−O bonds lead to an increase in the tetragonality
and an enlargement of the unit cell as reported in the
literature.44−46

TEM analysis showed a similar morphology for all the three
samples (Figure S2). Nanograins appear well-shaped, averaging
in size hundreds of nanometers and with a tendency to
agglomerate and form bigger coral-like structures. The nano-
grains appear strongly crystalline, showing defined spots in the
SAED (selected-area electron diffraction) diffractogram. The
pattern indexing and analysis are consistent with XRD data
confirming the phase attributions at the nanoscale (Figures S3−
S5 in the Supporting Information).

Figure 5. (a) In situ AP-NEXAFS spectral evolution of the Mn L3 edge of o-PBM during the thermal treatment from RT to 370 °C in a reducing
atmosphere of He (96%)/H2 (4%). Black lines represent the acquired experimental spectra, while the red dotted lines are the result of the linear
combination analysis obtained combining the three reference spectra of Mn2+ (black), Mn3+ (red), and Mn4+ (blue) reported in the bottom part of the
figure. (b) Changing of the Mn oxidation state during the treatment of panel (a), obtained from the linear combination results, together with the
calculated errors. (c,d) Respective NEXAFS and linear combination results obtained during a second thermal treatment in H2 (4%), performed after
the sample has been cooled down in an oxidizing mixture of He (96%)/O2 (4%).
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It has been recently reported41 that the structural changes
described above bring about peculiar redox properties in PBM
phases. To investigate this in more detail, reactive hot-chamber
XRD and TPR results (Figure 3) were combined to gain insights

into the correlation between the structural evolution and the
redox behavior in PBM perovskites. In Figure 3a, the selected
angular range tracks the rearrangement from the cubic and the
hexagonal structures to the layered phase, thanks to the
modification of the main peak at 32.5° and the disappearance

Figure 6. Summary of the main correlations between structural changes and redox behavior of PBM phases obtained by a multianalytical approach.
Upper arrow: TPR and XRD results for the Pr0.5Ba0.5MnO3 → PrBaMn2O5+δ transformation involving a slow incorporation of the hexagonal phase into
the perovskite structure and a temporary segregation of Mn species between 300 and 800 °C. Bottom arrow: TPR, XRD, and NEXAFS results for the
transformation PrBaMn2O6−δ → PrBaMn2O5+δ, which occurs with the reduction of Mn in two steps in the range of 200−450 °C, which is reversible at a
high temperature.

Figure 7. Consecutive cycles performed on a PBM sample in (a) TPR analysis and (b) TGA. Air was used as an oxidation agent.

Table 1. H2 Consumption Values for Each TPR Cyclea

TPR cycle (no.) Tmax (°C)

H2
consumption
(mmolH2·g−1) reduction process

I 714 0.18
}1.53

hexagonal phase reduction
390 1.35 Mn(III) → Mn(II)

II 316 1.05
}1.78

Mn(IV) → Mn(III)
439 0.73 Mn(III) → Mn(II)

III 331 1.05
}1.78

Mn(IV) → Mn(III)
446 0.73 Mn(III) → Mn(II)

IV 347 1.04
}1.79

Mn(IV) → Mn(III)
455 0.75 Mn(III) → Mn(II)

aHydrogen consumptions are calculated via deconvolution of the
profiles.

Table 2. Thermogravimetric Weight Variation in % for Every
Redox Cycle during Reduction and Consecutive Oxidation

TGA
cycle
(no.)

Tmax first
derivative

(°C)

weight loss
(reduction)

(%)

weight increase
(oxidation) (%)

oxidation
grade (%)a

I 420 2.6
}3.8 3.4 99.6%

803 1.2
II 420 2.7

}3.8 3.4 99.8%
500 0.9

III 428 2.8
}3.8 3.6 99.8%

501 0.9
aThe oxidation grade was calculated taking as a reference the previous
cycle.
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of the signals at 25.8 and 31.4°.34,44 In the temperature range
from 25 to 300 °C, no modification of the phase is visible, and
only a small H2 consumption peak appeared in the TPR profile
at ∼250 °C (Figure 3b), which is probably ascribable to a
preliminary superficial oxygen desorption.53 From 300 to 450
°C, we observed the disappearance of reflexes of the hexagonal
phase in the diffractograms alongside a large H2 consumption
peak in the TPR profile. Intuitively, a preliminary, reduced
layered structure is forming in this temperature range due to an
initial reordering of Pr and Ba cations54 and to the Mn4+

reduction to Mn3+. At 450 °C, the formation of Mn3+ causes
the segregation into different Mn2O3 species55 (marked with a
circle at ∼23° in Figure 3a), which is a common phenomenon
observed in manganite perovskites. Consequently, Mn2O3 is
stable and detectable in the diffractograms at between 450 and
650 °C, and the TPR profile does not show any H2 consumption.
Manganese(III) oxide starts to decompose at 700 °C, which is
the standard temperature56,57 for the reduction of Mn3+ to Mn2+.
The ultimate inclusion of Mn(III) segregated species into the
perovskite lattice ensues when the reduction to Mn(II) is
completed at around 800 °C. Close to this temperature, the H2
consumption profile declines until 900 °C (Figure 3b), and
several peaks become visible between 28 and 30° (Figure 3a).
They are associated to the initial stabilization of PrBaMn2O5+δ,
which then requires long isothermal calcination to be
completed.58 Pr2O3 was identified,59 and a later measurement
with a longer isotherm at 800 °C was carried out to verify its
incorporation (Figure S6).

At the end of the reduction ramp, both the samples in the hot
chamber and in the TPR reactor were maintained for 10 min in
H2 and then directly oxidized at 800 °C and cooled in air. The
same XRD and TPR procedures were then repeated on the
oxidized PBM (Figure 3c,d, respectively), leading to a significant
difference in the results. The in situ X-ray acquisitions show a
decrease in the amount of segregated Mn2O3 at temperatures
higher than 500 °C and no other detectable segregations.
Between 300 and 500 °C, the transition from the o-PBM to the r-
PBM phase occurs (marked with a circle in Figure 3c). As
mentioned before, this would cause an enlargement of the lattice
cell,61 which is detailed in Figure 4.

It is possible to see a notable variation in the angular position
of the main peak (012) to lower angles (Figure 4a), which
corresponds to an increment in the calculated cell volume of the
structure (Figure 4b). From 200 to 300 °C, a relative shift of
3.0% in the angular position corresponds to a lattice thermal
expansion of 0.4%. Between 300 and 450 °C, the relative peak
position changes by 32.0%, compatibly with an increase in the
volume of 2.8% and the formation of the larger PrBaMn2O5+δ
lattice. The transformation is confirmed also by a simultaneous
enlargement of the main peak and the appearance of a
“shoulder” (attributable to the (110) plane), which is character-
istic of the r-PBM phase.60 There is also a decrease in peak
intensity, which is compatible with a partial amorphization of the
sample during the phase transition.34,61 Between 450 and 500
°C, when the transition is completed, the angular shift is again
due to the thermal expansion, and it drops by 2.0%
(corresponding to a volume variation of 0.1%). The increase
in the volume is straightforwardly correlated with the redox
evolution of the material; meanwhile, the vacancy sublattice is
enriched with defective sites (due to the Mn4+ to Mn3+

reduction), and the structure itself stretches due to the decrease
in coordination of Mn cations.44,49 When the proper amount of
Mn3+ is formed, the entire lattice is large enough to permit the
reduction to Mn2+ and the release of the last excess of oxygen to
form PrBaMn2O5+δ.

Figure 3d clearly shows that the o-PBM → r-PBM transition
happens in association with a two-step reduction. Since no
metastable or intermediate phases were observed during the in
situ diffraction experiment, both the reduction steps are
attributable to the reduction of o-PBM to r-PBM. Plausibly,
the first TPR peak (at 320 °C) is related to the reduction of
Mn4+ to Mn3+ in the PrBaMn2O6−δ. Indeed, the direct
reoxidation of reduced r-PBM (at 800 °C in the first redox
cycle) is expected to turn a large amount of Mn3+ and Mn2+ into
Mn4+. The oxidation to Mn4+ is kinetically favored by the high
temperature and by the enlarged lattice of r-PBM, through
which oxygen can easily migrate.62,63 Moreover, in manganite
perovskites, the reduction of Mn4+ to Mn3+ is typically observed
in this temperature range.64 The second peak, at a higher
temperature (420 °C), could instead be explained by a
substantial anticipation of the reduction of Mn3+ owing to the
higher mobility of oxygen in the layered structure of o-PBM.41

The second reduction step proceeds until the equilibrium ratio
between Mn3+, Mn2+, and oxygen vacancies is reached, at
approximately 500 °C.

To support our hypothesis, the Mn species were investigated
via in situ AP-NEXAFS characterization of o-PBM. The spectra
of Mn L2,3 edges were acquired continuously, at ambient
pressure, exposing the sample to a mixture of He (96%)/H2
(4%) and heating from room temperature to 370 °C. Then, the
sample was cooled down to RT in an oxidizing atmosphere (He

Figure 8. Consecutive SDT cycles performed on a PBM sample using
CO2 as an oxidating agent.

Table 3. Thermogravimetric Weight Variation in % for Every
Redox Cycle during Reduction and Consecutive Oxidation in
CO2

SDT
cycle
(no.)

weight loss
(reduction) (%)

weight increase
(oxidation) (%)

oxidation
grade (%)a

total
oxidation

grade (%)b

I 3.5 3.1 99.4%

98.9%
II 3.4 3.1 99.7%
III 3.4 3.1 99.7%
IV 3.2 3.1 99.9%

aThe oxidation grade was calculated with respect to the previous
cycle, after the desorption phenomenon was visible immediately after
CO2 switch. bThe total oxidation grade was calculated with respect to
the % difference between the starting weight in cycle I and the final
weight in cycle IV.
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(96%)/O2 (4%)), to investigate the Mn redox behavior. After
that, a second thermal treatment in He (96%)/H2 (4%) up to
370 °C was performed.

Figure 5 reports the results obtained for the two thermal
treatments in a reducing atmosphere. Figure 5a,b refers to the
first series, while panels (c) and (d) to the second. The
electronic transitions giving rise to the most intense structures of
the spectra of Figure 5 are related to dipole-allowed 2p → 3d
transitions. In the figure, we focused our attention only on the L3
edge since it is the one with more identifiable spectral changes.
Looking at Figure 5a, a substantial modification of the Mn L3
edge during the treatment is observable. The first spectrum,
acquired at room temperature, is made of four main structures
labeled as a (646.1 eV), b (647.8 eV), c (651.1 eV), and d (653.6
eV). Performing a linear combination of reference spectra of
MnO, Mn2O3, and MnO2,

65 we were able to assign structure a to
Mn2+, b and c to Mn3+, and d to Mn4+. The fitted spectrum is
labeled with a dotted red line. From the linear combination
fitting, we obtained the relative concentrations of the species,
reported in Figure 5c. At 70 °C, the relative concentrations of
Mn4+, Mn3+, and Mn2+ resulted to be respectively 60, 30, and
10%. These values confirm the presence of a prevalent o-PBM

phase, which should be constituted mainly by Mn4+ and Mn3+

species. As we increased the temperature, we observed an
increase in Mn3+ and Mn2+ contents together with decreasing of
Mn4+, confirming the Mn reduction, up to 274 °C. At this
temperature, we observed a change in the reduction rate,
indicating that Mn4+ is reduced more easily than before. These
results are in perfect agreement with the TPR curve of Figure 3d,
where we observed the first maximum in the Mn reduction rate
at a temperature between 250 and 300 °C. The last spectrum,
acquired at 370 °C, shows Mn4+, Mn3+, and Mn2+ contents of
respectively ≈ 20, 50, and 30%, confirming that the first TPR
peak of Figure 2d is linked to the occurrence of a partial phase
transition from o-PBM to r-PBM. It must be considered that at
370 °C also, part of the second TPR peak contributes to the Mn
reduction, so probably part of the 30% of Mn2+ comes from the
reduction of Mn3+ → Mn2+ that occurs at the second TPR peak.
Looking at the first spectrum acquired at room temperature of
Figure 5c, we can see that a reoxidation occurred during the
sample treatment in He (96%)/O2 (4%). Indeed, from the linear
combination results, we calculated Mn4+, Mn3+, and Mn2+

contents of respectively ≈ 40, 40, and 20%. The reoxidation,
and thus the reversible formation, of the o-PBM phase was only
partial and not total as measured in TPR and XRD analyses
because the treatment in He (96%)/O2 (4%) occurred at lower
temperatures (360 °C vs 850 °C) and using lower concen-
trations of oxygen. The NEXAFS spectral series of Figure 5c
shows that the second thermal treatment in He (96%)/H2 (4%)
again brings about a Mn reduction. This time, we detected a
change in the reduction rate at 300 °C. At 370 °C, the Mn4+,
Mn3+, and Mn2+ contents are respectively ≈ 10, 50, and 40%.

Figure 9. Mass spectroscopy analysis of CO2 and CO during one cycle; in the magnification on the left, the concentration contribution of CO (blue)
after the injection of CO2 (black) in the reactor; on the right, the isotherm and the cooling ramp in CO2.

Table 4. Mass Spectroscopy Analysis during the Oxidation of
r-PBM with CO2 and a Consecutive TPD in N2

a

CO2
adsorption
(mmol·g−1)

CO production
(mmol·g−1)

CO2 desorption
isotherm

(mmol·g−1)
CO2 desorption

TPD (mmol·g−1)

4.69 1.78 1.46 0.83
aThe quantities are calculated from integration of the curves.
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Comparing the values obtained at this temperature to the ones
of the first series, there is the same amount of Mn3+, a +10%
amount of Mn2+, and a −10% amount of Mn4+. This is in line
with the fact that Mn resulted in a more reduced state in the
second treatment.

The combination of TPR analysis and NEXAFS character-
ization clearly confirms the reduction of both Mn4+ to Mn3+ and
Mn3+ to Mn2+ of the o-PBM sample between 300 and 500 °C,
where the phase transits from the oxidized layered form to the
reduced one.

Figure 6 summarizes the main findings of XRD, TPR, and
NEXAFS characterization highlighting the strong interplay

Figure 10. SEM images of PBM//YSZ//LSM: (a) Pr0.5Ba0.5MnO3 anode before testing; (b) entire button cell before testing; (c) o-PBM anode after 8
redox cycles in air (last step: air); (d) o-PBM anode after 4 redox cycles in CO2 (last step: CO2).

Figure 11. r-PBM//YSZ//LSM button cell performances in terms of
current density at 0.5 V (black curve) and maximum power density (red
squares) during 8 repeated redox cycles at 850 °C. Flow gases: 20% H2
in N2 (100 mL·min−1) in the reducing steps and air (100 mL·min−1) in
the oxidizing steps. The maximum of power density was calculated from
I−V polarization curves registred at the beginning and at the end of
every reducing step (and it was always reached at ∼0.5 V).

Figure 12. r-PBM//YSZ//LSM button cell performances in terms of
current density (IUPAC convention) during 4 repeated H2-SOFC/
CO2-SOEC cycles at 850 °C. Gas flow: 20% H2 in N2 (100 mL·min−1)
in the SOFC mode and 100% CO2 flow (100 mL·min−1) in the SOEC
mode. Every cycle has a duration of 12 h (6 h in H2 and 6 h in CO2).
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between the redox properties of PBM perovskite phases and
their structural modification. For the first time, it was clearly
demonstrated that the reduction of layered PrBaMn2O6−δ to the
layered PrBaMn2O5+δ implies a reduction of Mn in two
overlapping steps (first, Mn4+ to Mn3+ and then Mn3+ to
Mn2+). The reduction is completed at sensibly lower temper-
atures than that of mixed Pr0.5Ba0.5MnO3, and it occurs with a
stabilization of Mn2+ directly inside the lattice of layered
structures, without the formation of segregated Mn2O3.

The reversibility of the r-PBM to o-PBM phase transition,
along with the oxidation rate of PrBaMn2O5+δ in air, was
investigated with several repeated TPR and TGA analyses
(Figure 7a,b, respectively). TPR cycles confirm previous
observations: from the second cycle, the profiles look similar,
demonstrating the reversibility of the redox process for the
layered phases. Table 1 reports the amount of H2 consumed in
each redox cycle. After the second cycle, there are no significant
differences in the quantitative results and in the position of
peaks. The deconvolution of TPR profiles successive to the first
reduction (which are related to the transition from o-PBM to r-
PBM) allows an approximate quantification of Mn species inside
the o-PBM. In agreement with NEXAFS results, about 25% mole
fraction of Mn is coordinated as Mn(IV) inside the lattice of o-
PBM, and it reduces during the first step in Mn(III). Mn(III) is
converted to Mn(II) in an amount of 17.5% in the second step of
reduction.

The total amount of H2 consumption remains almost constant
in each step and in each cycle, meaning that the reduction/
oxidation process is reversible and leads always to the same
molar fractions of Mn(IV), Mn(III), and Mn(II).

Similar results were obtained in the thermogravimetric
analyses (Figure 7b and Table 2). The derivative signals (wt
%) of the first and the second thermogravimetric reduction
(Figure S7a,b, respectively) have shapes comparable with the
corresponding TPR profiles, except for some dissimilarities in
the peak position (Tmax) due to the different configurations of
TGA and TPR analyzers. No significant changes are detectable
between the second and the third TGA-redox cycle, denoting
also in this case the reversibility of the phase transition. In
addition, TGA analysis allows us to gain details in the process of
oxidation. Figure 7b shows that the reoxidation of r-PBM to o-
PBM at 800 °C takes place in a few seconds with restoration of
the initial weight of 99.8%, meaning that the reoxidation of r-
PBM is almost complete in our operating conditions. Table 2
shows that the loss and gain in weight for the layered structures
are almost the same (in average 3.6%). Assuming that the loss/
gain of weight is due to the release/uptake of oxygen of layered
perovskites, we can evaluate that the oxygen nonstoichiometry
in r-PBM is δ ∼ −1 (comparable to literature values34,58). On
the basis of such substoichiometry, it is reasonable to estimate a
Mn(III)/Mn(II) ratio of ∼1 in r-PBM. Taking into account that
in the second step of reduction, the total Mn(III) is reduced to
less than 50% (only 17.5% from TPR results) and that the redox
process is reversible, we can infer that Mn(II) is already present
in the o-PBM phase, in agreement with NEXAFS analysis.

The quantitative estimations obtained from TPR and TGA
analyses allow us to draw some conclusions on the mixed ionic
and electronic conductivity of PBM layered perovskites:

• The low oxygen substoichiometry of r-PBM suggests that
this phase has a high concentration of oxygen vacancies in
the lattice, through which O2− anions could migrate,66

and therefore a high ionic conductivity.

• The copresence of Mn(III) and Mn(II) in both r-PBM
and o-PBM structures should have a beneficial effect on
their electronic conduction since the transport of e−

through the perovskite16,66 is due to the coupling of
different oxidation states of B-site cations.

• The reoxidation of r-PBM does not compromise the high
number of redox couples in o-PBM, permitting
appropriate electronic conductivity also in oxidative
conditions.41,67

All the above observations suggest a possible employment of
these oxides in SOFC and SOEC technology. In this perspective,
to assess their potential application in CO2 electrolysis, the
redox behavior of PBM phases was investigated also using CO2
as an oxidation agent.

Figure 8, together with Table 3, reports results of TGA cycles
employing CO2 as an oxidant. As it was observed for the
experiments in air, the reoxidation of r-PBM to o-PBM occurs
very rapidly. In addition, the gain in weight is beyond the initial
value, which is probably due to the adsorption of CO2 on the
surface and the formation of carbonates on basic surface sites
(Ba2+ and Pr3+) of the perovskite.60−62 Then, the weight slowly
(40 min) decreases to a final recovery of 99.4% (99.6%, in air).
To have information on the mechanism of CO2 desorption, an
analogous experiment was performed in the TPR equipment
following the reactants and products during the isotherm
measurement with a mass spectrometer. Figure 9 shows that the
rapid gain in weight observed is attributable to a fast reoxidation
of r-PBM, with production of CO in the first 5 min accompanied
by a simultaneous adsorption of CO2 on the surface. CO2
continues to be adsorbed for almost 30 min and is then released
with time without any CO production. Table 4 reports the
quantitative analysis of the experiment: 38.0% reacted CO2
(area below 20.2% in Figure 8) was converted to CO, and 31.1%
was desorbed as CO2 during the isotherm step at 800 °C, while
no variations in concentration were registered during the
cooling ramp. A further 17.7% was desorbed during a TPD
analysis carried out in N2, as shown in Figure S8. According to
these results, CO2 can easily oxidize r-PBM to o-PBM; however,
the oxidation grade in CO2 is lower than in air (98.8% vs 99.8%,
respectively) due to possible formation of surface carbonates.
Under our operating conditions, these latter species appeared
unstable and only temporally adsorbed on the surface, thus not
representing a severe limitation on redox cycles.

Such a behavior is crucial in all those applications of PBM
perovskites where the environment is expected to be rich in
CO2, as for example the electrochemical conversion of carbon
dioxide in an SOEC device or SOFCs fed by biogas.

PBM oxides were tested as electrode components under
SOFC/SOEC operating conditions to assess the impact of their
redox behavior on cell resistance against abrupt changes in the
gas supply, which could occur during a malfunction or
maintenance shutdown.

m-PBM//YSZ//LSM button cells were prepared as described
in the experimental part and characterized through scanning
electron microscopy (SEM) before and after being exposed to
H2/air or H2/CO2 redox cycles (Figure 10). Figure 10a,b shows
the m-PBM electrode morphology after the sintering in air at
1100 °C, with micropores and macropores and round-shaped
grains. Figure 10c,d evidences that the grain shape became
rectangular/tetragonal after redox cycles, confirming the
occurrence of the transition from the m-PBM to the r-PBM
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phase (with a tetragonal structure) during the reduction
conditions adopted for the cell testing.34

The endurance of the PBM layered electrode to several redox
cycles is illustrated in Figure 11. No sensible variation in terms of
delivered current density was registered during and at the end of
the experiment. An average value of 109.3 mA·cm−2 was
continuously measured during the reducing conditions, while
the average maximum power density was 52.2 mW·cm−2.
Further data in the performance of cells are provided in the
Supporting Information (Figures S9 and S10). All results
demonstrated that the electrode did not undergo significant
mechanical strains and morphological reconstruction. More-
over, the transition from the oxidized to the reduced layered
phase of PBM resulted in reversibility in SOFC operating
conditions. Lattice expansions/contractions of these types of
electrodes were compatible with the mechanical strength of the
YSZ electrolyte prospecting a long-term redox resistance of cells.
Similar results were obtained using CO2 as a fuel and oxidant.
Figure 12 shows the current density of the cell operating in an
alternating SOFC/SOEC mode in pure H2 or CO2 at constant
voltages of 0.5 and 1.5 V.

In this experiment, we assumed that CO2 also performed as an
oxidizing agent of the r-PBM phase since it was used pure and in
excess. A small deactivation in the fuel cell mode was observable
after the initial CO2 exposure, in agreement with the results
shown in Figure S10d. The small decrease in delivered current
density could be attributable to the formation of surface
carbonates, which may hinder the active sites for H2 oxidation.
However, the performance was recovered by the fourth cycle.
Therefore, some sort of anode “hysteresis” can be assumed,
which probably requires a longer period in the SOFC operation
mode to restore the active surface PBM after CO2 adsorption or
numerous redox cycles for its complete regeneration. On the
other hand, the activity toward CO2 electrolysis was proven to
be constant during the cycles. This behavior allows us to exclude
the occurrence of irreversible degradation phenomena due to
the formation of stable carbonates, at least under our test
conditions, thus confirming the potential use of layered PBM
oxides as electrode components of reversible SOEC systems.
Further studies will be devoted to investigating the stability of
the materials under different experimental conditions and
atmospheres and for prolonged time. Following the method-
ology developed in this study, catalytic and electrocatalytic
functionalities will also be implemented with different synthesis
methods (coprecipitation, impregnation, and ball-milling) with
the aim at studying the relationships between the activation at
intermediate temperatures of C1 molecules (CH4 and CO2) and
the redox properties of these materials.

■ CONCLUSIONS
This study gives insights into the redox properties of the layered
phases PrBaMn2O5±δ (with 0 ≤ δ ≤ 1). These phases are formed
from Pr0.5Ba0.5MnO3−δ perovskite with a specific thermal redox
treatment at high temperatures. Here, we demonstrate that the
evolution of the PBM perovskite structure to a layered phase is
accomplished by a different temperature-programmed reduc-
tion profile that could be considered diagnostic of a complete
transition. NEXAFS studies demonstrated that the reduction of
the layered oxidized phase PrBaMn2O6−δ occurs in two steps
involving sequentially the redox couples Mn(IV)/Mn(III) and
Mn(III)/Mn(II) at temperatures considerably lower than those
reported for the conventional Mn-based perovskites. The
process is reversible with fast kinetics of oxidation in different

oxidizing atmospheres (air and CO2) without structural changes
of the layered structures and segregation of carbonates or other
oxide phases. These findings pave the way for potential use of
this class of oxides as oxygen carriers, promoters, and catalysts in
several CO2 valorization and H2 production technologies.

Furthermore, this work demonstrates the importance of a
multianalytical approach to characterize the functional proper-
ties of materials and to assess their potential fields of application.
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