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ABSTRACT: The redox properties of perovskites play an important role in AMn 1—XCUX03
A=lLa A=Pr

their use in thermo- and electrocatalytic applications. Here, we report the effects
of substituting copper for manganese in A(Mn;_,Cu,)O; (A=La, Pr; 0 < x <
0.4) perovskites on structural and chemical properties when lanthanum and
praseodymium are used as A cations, whereas the synthesis of Pr-based
materials has not been reported so far. On the one hand, we investigate the
influence of the Cu content on the crystal structure and the surface composition
of the materials and, on the other hand, how the composition affects the redox
properties of the materials under reduction with H, and reoxidation. The
detailed refinement of X-ray diffraction data revealed that complex structural
changes occur with increasing substitution, which, however, do not correlate
linearly with the copper content and proceed differently for the La- and Pr-based systems with octahedral tilting as the main degree
of freedom. While the structure of La-based perovskites changes with Cu content from the rhombohedral LaAlOj structural type (x
< 0.2) to the orthorhombic GdFeOj, type (x > 0.2), Pr(Mn,_,Cu,) O, perovskites form an O’-orthorhombic GdFeOj-type structure
over the whole composition range. In the temperature range up to 300 °C, which is important for low-temperature catalysis, the
perovskites studied are structurally stable in redox reactions with hydrogen and oxygen in the sense that segregation of secondary
phases essentially does not occur. However, the perovskites take up and release oxygen reversibly, which is reflected in the reversible
changes of the normalized unit cell volume and can be pictorially compared to the breathing in and out of lattice oxygen, the capacity
of which clearly correlates with the copper content. Nevertheless, the readily available lattice oxygen neither leads to higher activity
in propane oxidation, which is used as a probe reaction, nor does it have a negative effect on the selectivity of the valuable product
propene, which is in clear contrast to common concepts in oxidation catalysis. In addition, there is no simple correlation between the
structural parameters of the bulk and properties in catalysis. The perovskites thus serve as a carrier and reservoir for a catalytically
active Mn-oxide surface phase in low-temperature redox catalysis.
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materials were synthesized either by the Pechini method,"” the
citrate method,”” or by freeze-drying of sols obtained from
metal acetates.'”'®****** The substitution of manganese by
copper in La(Mn,_,Cu,)O; perovskites has been studied
repeatedly in oxidation reactions, in particular for CO
oxidation."®™** A synergistic effect of Cu and Mn was
postulated, which was attributed to the fact that Mn and Cu
share the functions in CO oxidation, with Mn—O being
responsible for the activation of oxygen and the Cu ions for the
adsorption of carbon monoxide.'® Tt has also been suggested
that substitution increases the oxygen mobility within the
perovskite lattice and thus the activity in oxidation reactions.”
In a study that mainly focused on the synthesis of
La(Mn,_,Cu,)O; perovskites, it was shown that nonstoichi-
ometry (excess or defect oxygen) can be adjusted by the
copper content.”* The redox properties of La(Mn,_,Cu,)O;
and the Mn**/Mn*" ratios were determined by temperature-
programmed reduction.'”****** However, there is still the
open question of whether the inserted Cu®" destabilizes the
perovskite structure under reducing conditions or whether the
inserted Cu®* tunes the amount of oxygen that can be released
as it has been reported for A-site substitution of A** by A’*",
e.g, by an alkaline earth element.”® In particular, the influence
of the amount of oxygen that can be reversibly removed and
incorporated into selective oxidation reactions over perovskites
has not yet been studied in detail.

Therefore, in the present work, two series of A(Mn,_,Cu,)-
O; perovskites (0 < x < 0.4; A = La, Pr) were synthesized by
solution combustion synthesis.”” It is observed that both the
Cu content,"® and the calcination conditions (temperature and
gas composition) influence whether the Cu-containing
lanthanum manganites adopt rhombohedral or orthorhombic
symmetry.”® Changes in the structure are related to the tilting
or buckling of the corner-sharing BOg octahedra, which is
different from the straight-line arrangement of the BOq
octahedra in the ideal cubic perovskite structure. Using Pr’*
for population of the A-sites, which is smaller compared to
La**, a new series of Pr(Mn;_,Cu,)O; (0 < x < 04)
perovskites can be reported here for the first time, forming
exclusively an orthorhombic GdFeO; type structure over the
entire compositional range studied. Making this series available
allows us to investigate the change in redox properties due to
Cu substitution without having to consider structural trans-
formations at the same time. Our analysis of surface
composition and structural changes during redox reactions
provide important insights for the use of A(B,B’)O; perov-
skites in applications where the redox properties of such
materials are essential.

B EXPERIMENTAL SECTION

Chemicals. For the synthesis of the catalysts La(NO;);-6H,0
(Alpha Aesar, purity 99.9%, LOT: 61800314), Pr(NO;);-6H,0
(Alpha Aesar, purity 99.9%, LOT: 61300461), Mn(NO;),"4H,0
(Roth, purity >98%, LOT: 468274760) Cu(NOs;),-6H,0 (Acros
Organics, purity 99%, LOT: AO374996), glycine (TCI, purity >99%)
and deionized water, which was obtained from a laboratory
purification system (Milli-Q), were employed.

Synthesis. The A(Mn;_,Cu,)O; (x = 0, 0.1, 0.2, 0.25, 0.3, 0.35,
0.4; A = La, Pr) perovskites were synthesized by solution combustion
synthesis,””>’ where glycine served both as fuel and as a complexing
agent. The target batch size was 10 g. Stoichiometric amounts of
metal nitrates were dissolved in distilled water together with glycine,
and the ratio between the glycine and metal nitrates was fixed to 2.36
to adjust the redox potential. The clear solution was stirred for 0.5 h,

quantitatively transferred into an evaporation basin, and the solvent
was evaporated on a hot plate at 95 °C. The obtained foam-like resin
was self-ignited on the hot plate set at 460 °C. The produced black
powders (yields from 37 to 84%) were collected and calcined in a flow
consisting of 20% O, and 80% Ar at 800 °C (flow rate 100 mL-min™",
heating rate 3 °Cmin™") for 6 h in a ceramic crucible positioned in a
calcination tube. The sample loss during the calcination process varies
between 3 and 35%. Pr(MngeCugs5)Os Pr(MngsCuy,)O; and
La(Mng¢Cuy4)O; were washed with diluted acetic acid (5% w/w)
after the calcination to remove traces of A,CuO, by-phases, followed
by washing with distilled water until neutral pH. Finally, the washed
samples were subjected to a second calcination process. All sample
numbers allocated by an internal database of the Fritz Haber Institute,
which allows a unique identification of the perovskite batches
described in this work, are given in Table S1 of the Supporting
Information.

Chemical Analysis. The metal content of the perovskites was
determined by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP OES) analysis employing an ICP OES Optima
8300 spectrometer (PerkinElmer) equipped with a Zyklon nebulizer.
The samples were dissolved employing distilled water with a
conductivity of 0.05 uS:cm™' from ELGA pure water system
(VEOLIA) and nitric acid in supra-pure quality into PTFE liners in
a microwave autoclave (Anton Paar). Certified single and multiele-
ment standard solutions were employed for calibration, being each
calibration based on a minimum of two points and forced through
zero. The measurements have been recorded in axial mode, using
water as the spectral blank and a solution of the chemical digestion
without a sample as the reagent blank. Spectral evaluation is based on
three points per peak. Every measurement was repeated at least three
times to calculate the relative standard deviation (RSD).

The oxygen content determination was repeated three times per
sample using a TCH600 setup from LECO by applying the inert gas
fusion technique and employing 10 mg of each catalyst, which was
heated to 3000 °C in a He stream in a graphite crucible. CO and CO,
formed by the reaction of the oxygen in the sample with the crucible
were detected by an IR cell. Y,0; was used for calibration.

Scanning Electron Microscopy and Energy-Dispersive X-ray
Mapping. SEM images were obtained using a Hitachi S-4800
microscope equipped with a cold field emission gun. For imaging, 1.5
kV acceleration voltage and 4 mm working distance were set to
display the image by using both upper and lower secondary electron
detectors. EDX mapping was also done, setting the acceleration
voltage to 15 kV and the working distance to 10 mm. An energy-
dispersive QUANTAX 800 EDX spectrometer working with an
XFlash6I30 detector has been used to map the elemental distribution.
Usually, mapping was done for 2 min when sufficient counts were
gained (>10 kps). Recorded spectra were analyzed considering all
found peaks, and corresponding elemental ratios were calculated for
each map/spectrum. Standard deviations were calculated based on the
results of all maps.

X-ray Diffraction. The phase identification of the samples was
performed with powder X-ray diffraction (XRD) measurements on a
Bruker AXS D8 Advance II 0/60 diffractometer (Bragg—Brentano
geometry, Ni-filtered Cu Ka radiation, position-sensitive energy-
dispersive LynxEye silicon strip detector). The sample powder was
filled into the recess of a cup-shaped sample holder with the surface of
the powder bed aligned with the edge of the sample holder (front
loading). The powder XRD data were analyzed and the lattice
parameters were calculated using full pattern fitting according to the
Rietveld method as implemented in the TOPAS software (TOPAS
version S, copyright 1999—2014 Bruker AXS).

In order to compare the different lattice parameters of the
perovskites with each other, as well as between perovskite cells of
different symmetries, it is useful to normalize these parameters
according to their geometric relation with the ideal cubic perovskite
cell. For the orthorhombic GdFeOj; type in setting Pbnm, we thus
define:
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(1)

2)
©)

while for the rhombohedral LaAlO; type in a hexagonal coordinate
system (R-3cH), we use:

Ne3 (4)

Jiz ©)

The normalized unit cell volume is given by

|4
vV = — a/b/c/
Z xo, (6)

with Z,po, being the number of formula units ABO; in the cell

Furthermore, we use the pseudocubic lattice parameter:
Ll* — 3 V/ (7)

which represents the geometric mean of the normalized lattice
parameters but may also be regarded as the cell parameter a of a
virtual cubic cell with the same normalized volume as the actual unit
cell.

Finally, we measure the (dis-)similarity of the normalized cell
parameters by defining the cell distortion parameter:

;@ =d) + (0 —a") + (= a)
<= 3 ®

Thus, A’ is defined in analogy to a standard deviation, with the
minor difference that the geometric mean a* is used as reference value
instead of the arithmetic mean.

Near-Edge X-ray Absorption Fine Structure Spectroscopy.
Data were collected at room temperature in vacuum at the beamlines
ISISS and BEIChem-PGM at the synchrotron radiation facility BESSY
Il of the Helmholtz—Zentrum Berlin.*® The sample powder was
pressed into thin self-supporting discs. NEXAFS was conducted at the
Mn L;,-edges by moving the monochromator continuously with a
speed of 0.23 eV per second during data recording. The exit slit of the
beamline has been 111 and 180 ym for the measurements at the ISISS
and BEIChem-PGM beamline, respectively. The lens housing of the
Ambient Pressure X-ray Photoelectron (AP-XPS) spectrometer was
biased with +90 V and used as a Faraday cup to collect the NEXAFS
in the total electron yield (TEY) mode for La(Mn,_,Cu,)O;. For
Pr(Mn,_,Cu,)O;, the AP-XPS electron spectrometer was set to a
fixed kinetic electron energy of 385 eV at a pass energy of 50 eV to
collect the Mn L-NEXAFS in the Auger electron yield (AEY) mode. A
linear background has been fitted to the pre-edge region and
subtracted. The edge jump intensity has been normalized at 649 eV.
The NEXAFS has been analyzed by determining the contribution of
Mn**, Mn*, and Mn*" species. A linear combination of reference
spectra was applied to simulate the experimental spectra according to
a fit procedure of Mn-based perovskites described in a previous work
using the WinXAS 4.0 software package.*"*> The average Mn
oxidation state of each sample was calculated and plotted as a function
of the copper content (Figure Sla). The reference spectra used and
their contribution in each fit can be found in Figures S1b—f.

X-ray Photoelectron Spectroscopy. XPS spectra were recorded
at room temperature using nonmonochromatized Al Ka (1486.6 eV)
or Mg Ka (1253.6 eV) excitation and a hemispherical analyzer
(Phoibos 150, SPECS). Instrument work functions were calibrated to
give an Au 4f;/, metallic gold binding energy (BE) of 83.9S eV, while
the spectrometer dispersion was adjusted to give a BE of 932.63 eV
for metallic Cu 2p;/,. Furthermore, the binding energy scale was

calibrated by the standard Au 4f;, and Cu 2p;/, procedure. To
calculate the elemental composition, the theoretical cross sections
from Yeh and Lindau,™ the inelastic free path of the electrons from
Tanuma, Powell, and Penn,** and the transmission function of the
analyzer were used. For Cu 2p, Mn 3s, La 3d, and Pr 3d, Gaussian—
Lorentzian line shapes were assumed, and a Shirley background
correction was performed.**™** To analyze the Cu 2p and Pr 3d
signals, a reference Pr 3d spectrum was acquired measuring PrMnOj,
while several Cu 2p spectra were recorded measuring the La-based
series with the same filament as employed for Pr. Finally, the spectra
for the Pr-based series were fitted by scaling the two individual fits for
Pr 3d and Cu 2p with some allowance for energy position. Mn
oxidation states were estimated from the Mn 3s splitting.” C 1s fits
were based on standard C—C, C—0, and C=O0 binding energies.4o
The O 1s species have been fitted according to the model reported by
Koch et al,** modified by fixing O 1s carbonate species intensity to
those of C—O and C=0 species in C 1s fitted spectrum and by fixing
the Gaussian/Lorentian ratio to 75. The fitting parameters are given
in a previous study,’” and the percentage of the different oxygen
species are reported in Table S2 of the Supporting Information.
Surface Area Determination. N, adsorption was performed at
—196 °C using the Autosorb-6B analyzer (Quantachrome) after
outgassing the catalysts under vacuum for 2 h at 150 °C. All data
treatments were performed using the Quantachrome Autosorb
software package. The specific surface area was calculated according
to the multipoint Brunauer—Emmett—Teller method (BET) in the
range 0.05 < p/p, < 0.15, assuming a N, cross-sectional area of 16.2
2

Temperature-Programmed Oxidation (TPO) and Temper-
ature-Programmed Reduction (TPR). TPO/TPR cycles were
performed in a fixed-bed U-shape quartz reactor using 180 mg of the
catalyst (sieve fraction 100—200 um). The sample was positioned
between two quartz wool layers supported on a quartz substrate. All
samples were exposed to sequential TPO-TPR cycles to examine the
amount of oxygen that can be removed and incorporated up to 300
°C and the reversibility of the redox process. The applied sequence of
thermal treatments in different atmospheres is presented in Figure S2.
The catalysts were first subjected to in situ calcination at 800 °C in
synthetic air (O,/He = 20/80, flow rate 50 mL-min""'). Then the
temperature was cooled down to room temperature in synthetic air,
followed by a change of the atmosphere to He (flow rate SO mL-
min~"), heating to 300 °C, holding for 2 h, and finally cooling down
again to room temperature in He. After this pretreatment procedure, a
minimum of three cycles of TPO and TPR were performed up to 300
°C, applying a heating rate of 5§ °C-min™" and using a gas composition
of 0.25% O, in He and 5% H, in Ar, respectively (flow rate SO mL-
min~"). At 300 °C, a holding time of 2 h was applied. The H, and O,
consumption was monitored with thermal conductivity and para-
magnetic detectors, respectively, built into a multichannel X-stream
gas analyzer by Emerson GmbH. The IR detector downstream of the
O, sensor ABB EL1020, is aimed to detect CO, during oxidation. As a
water trap, a tube containing a molecular sieve was installed ahead of
the TCD detector. The O, and H, detectors were calibrated with
certified calibration gas mixtures and controlled with a CuO standard
measurement. The controlled gas flow was maintained with mass flow
controllers EL-Flow by Bronkhorst. The gases used in the experiments
(Ar (99.999%) and He (99.999%)) were purified with additional
Oxysorb and Hydrosorb cartridges. The averaged oxygen exchange
capacity |Azl (molar fraction of removed and refilled oxygen) has
been calculated based on the molar amount of oxygen atoms
transferred during the TPO and TPR cycles using eq 9.

Az = To
M 480, )

with 71,50, being the amount of loaded perovskite in ymol, and 7 the

amount of oxygen atoms transferred during one cycle in ymol. The
latter is equal to the integrated area of the detected H, or O,
consumption during each cycle multiplied by a factor of 2 for TPO

https://doi.org/10.1021/acs.chemmater.4c00136
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Table 1. Summary of the Sum Formulas Calculated under Different Assumptions Based on the Metal Content Determined by
ICP OES Combined with the Oxygen Content Determined Independently and the Specific Surface Areas for Calcined

La(Mn,_,Cu,)O,

x (A+ B) =27 A=1° (B+B)=1° surface area (m*g™")
0 LaggoMn, 0,039 La; oMn, 4,03 03 LaggsMn 090595 117
0.1 Lay 0 (Mng g9Cuq10)O3.27 Lay 0o(Mngg;Cug,10) O35 Lay 03(Mngg9Cuy,10) O35 6.2
02 Lal.oo(Mno.socuo.zo)03.01 Lal.oo(Mﬂo.socuo.zo)03.01 Lal.oo(Mno.socuo.zo)osm 6.0
0.25 Layg, (Mn0‘79Cu0‘7_4) Oz14 Lawo(Mno.mcuo.zs) O34 L30,94(Mn0.7sc‘10‘z4) Ojz0s 5.5
03 Lago; (Mn0_75Cu0>28) Oz95 Lal_oo(Mn0_77Cu0_29) O;0s Lagg4(Mnyg 75Cug,5) O, 56 42
035 Lao.99(Mn0.66C‘10,36) Osn2 Lawo(Mno.sscuo.3s) Os.16 Lao,gs(MnoAsscuoss)Os,og 9.6
0.4 Laggo (Mno.59cuo.41 ) Os.90 Lal,oo(Mno,socu()Az) Os01 L30.99(Mn0.59cuo.41 ) O,97 5.9

“Stoichiometry calculated under the assumption that the sum of metals is equal to 2. bStoichiometry calculated under the assumption that the
amount of A is 1. “Stoichiometry calculated under the assumption that the amount of (B + B’) is 1.

Table 2. Summary of the Sum Formulas Calculated under Different Assumptions Based on the Metal Content Determined by
ICP OES Combined with the Oxygen Content Determined Independently and the Specific Surface Areas for Calcined

Pr(Mn,_,Cu,)O,

x (A +B) =2 A=1Y (B+B)=1° surface area (m*g™")
0 Pry 3Mny 470,74 Pry 4oMny,950; 66 Pr; 5sMn, 400, 5, 94
0.1 Pry 04(Mng g¢Cuy 1) Oz Pfl,oo(Mno.s3cu0.1o)03.os Pr1A07(Mno.s9cuo.11 ) O327 5.4
02 Pr o3 (M“0.77cu0.20) Oz01 Prl.oo(Mn0.7scu0.20)oz.93 Pr1_06(Mn0_79Cu0_21) Osz.10 42
0.25 Prmz(Mno.73cuo.25) 0,77 Pr 1.00(Mn0,7zcu025)02.72 Pr1A04(Mn0.74cu0.26) Oss2 9.0
0.3 Pr g3 (Mno,éscuo.w) Oas3 Pr; 00(Mng 66Cu25) 0273 Prlm(M“o,mcuo.so) O3 6.1
0.35 Prwz(Mno.mcuo.M)Ozno Pr 1,00(Mn0,6acu0.33)02.65 Pr1A04(Mno.6scuo.35)0276 3.0
04 Pry 0o(Mng 69Cug.30) Oy 55 Pr; 00(Mng 60Cu 39) 254 Pry o1 (Mng 6, Cug39) O, 57 24

“Stoichiometry calculated under the assumption that the sum of metals is equal to 2. bStoichiometry calculated under the assumption that the

amount of A is 1. “Stoichiometry calculated under the assumption that the amount of (B + B’) is 1.

cycles and by a factor of 1 for TPR cycles, according to the
stoichiometry of the chemical reaction (eq 10).

2H, + 0, - 2H,0 (10)

Since the oxygen transfers of oxidation and reduction have, strictly
speaking, opposite signs, we use the notation |Azl instead of Az for
the oxygen capacity.

Propane Oxidation. The catalytic tests were carried out using a
setup for partial oxidation (Integrated Lab Solutions) with 10 fixed-
bed tubular reactors (2 mm inner diameter) in parallel employing 100
mg (sieved particles, 100—200 ym) of catalyst with a total flow rate
varying from 5 to 30 mL-min~" in the temperature range between 260
and 300 °C. The catalysts were exposed to the oxygen-rich reaction
gas mixture containing C3Hg, O,, Ne, and N, in a ratio of 5:10:2:83
vol % using mass flow controllers (Bronkhorst USA, Inc.). An online
gas chromatograph was used for gas analysis (Agilent 7890A). The
permanent gases CO, CO,, O, and N, were analyzed by a
combination of a Plot Q (length 30 m, 0.53 mm internal diameter,
40 pm film thickness) and a Plot-MoleSieve SA column (30 m length,
0.53 mm internal diameter, 50 ym film thickness) connected to a
TCD detector. Propane and propene were analyzed by a combination
of a FFAP (length 30 m, 0.53 mm internal diameter, 1 ym film
thickness) and a Plot-Q column (length 30 m, 0.53 mm internal
diameter, 40 pm film thickness) connected to a FID detector.
Additionally, a methanizer was installed in order to detect CO and
CO, also at the FID detector with higher precision and accuracy with
respect to the concentrations revealed by the TCD detector. The
conversion of propane (Xc;ys) and the selectivity to products i (S;) in
percentages were determined using eqs 11 and 12, respectively, based
on the total amount of carbon atoms in the product and the sum of all
products formed,

Z?=1Nici
_ X 100
2 N + 3ccsngon (11)

Xeaus =

Ng;
S = —— X 100

D (12)

where N; is the number of carbon atoms in the product, and ¢; is the
concentration of the product in the effluent gas. The rates of C;Hjg
consumption, as well as C3;Hg, and CO, formation have been
calculated using eqs 13—15, where W is the mass of catalyst and F the
flow rate.

Xcans = f[y)
F (13)
Fesss = dXc3ps
d(%) (14)
Tcoz,c3n6 = M
’ a() (15)

The initial rates of C;Hg consumption and C;H or CO, formation
have been calculated by extrapolating the rates to the contact time
(W/F) = 0, which allows the comparison of all catalysts at the same
temperature decoupled from the contact time.

B RESULTS AND DISCUSSION

Synthesis of Perovskite Batches in the Gram Scale. In
contrast to solid-state synthesis, which usually produces
sintered products with a small surface area, solution
combustion synthesis is fast, easily scalable to 1—-10 g of
product with a medium to large specific surface area, and
relatively inexpensive due to the nitrate precursors and fuels
used.””*" The preparation of the nanostructured A-
(Mn,_,Cu,)O; (x = 0, 0.1, 02, 0.25, 0.3, 0.35, 0.4; A = La,
Pr) perovskites was optimized with respect to the amount of
glycine as fuel by setting the oxygen balance to zero."' For this
purpose, the amount of glycine as added fuel was adjusted

https://doi.org/10.1021/acs.chemmater.4c00136
Chem. Mater. XXXX, XXX, XXX—XXX


pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Figure 1. SEM images of calcined (a) LaMnO;, (b) La(Mng,5Cug,5)O;, (c) La(MnggsCugs5)O5 (d) La(MnggCug,)O;5, (e) PrMnO;, (f)

Pr(Mn0'75Cu0'25)O3, (g) Pr(Mn0'65Cu0'35)O3, and (h) Pf(Mno.écu()A)os-

based on the chemical analysis of the metal nitrates used so
that the available oxidizing nitrates in the metal salts formally
oxidize the fuel glycine to CO, and N, during the ignition
synthesis. The heating and the evaporation of the solutions,
which contain metal nitrates and glycine, initiate an exothermic
process that leads to spontaneous ignition and produces fine
powders. The time until self-ignition of the intermediate resins
at a reaction temperature of 460 °C becomes shorter with
increasing Cu content, which already shows the active role of
the Cu** as B’ element in changing the redox properties in
comparison to unsubstituted AMnOj;. To avoid effects related
to temperature and oxygen partial pressure, all A(Mn,_,Cu,)-
O; (A = La, Pr) self-ignition products were treated at the same
calcination temperature of 800 °C for 6 h in flowing synthetic
air. In Pr(MnggsCug;5)O;5, Pr(Mng¢Cugy)Os, and La-
(Mng¢Cug4)O;, Ruddlesden—Popper by-phases A,CuO,
were detected in small amounts of 0.6, 6.7, and 2.1 wt %,
respectively. Removal of the by-phase traces was achieved by
washing with acetic acid and subsequent recalcination resulting
in phase pure perovskites. For designation of the A-
(Mn,_,Cu,)O; (x = 0, 0.1, 0.2, 0.25, 0.3, 0.35, 0.4; A = La,
Pr) perovskites in the text, table headings and figure captions,
the nominal composition is always used (see Table S1 for
unique sample ID’s of the calcined materials).

Chemical Composition. According to chemical analysis,
the targeted substitution of manganese by Cu** ions on the B-
site of the synthesized perovskites was approximately achieved
(Tables 1 and 2). The atom percentages of the elements
determined by ICP OES analysis used for the formulas
calculated under different assumptions in Tables 1 and 2 are
summarized in the Supporting Information (Table S3). The
broad range in nonstoichiometry of manganite perov-
skites'”'>'* tolerates deviations in metal ratios in both
directions, i.e., depletion at either or both metal positions to
varying degrees. However, the formation of A-site vacancies is
favored over the formation of B-site vacancies, as shown for
LaMnO,."” In the present work, some small deviations from
the ideal values within the two series are observed. The La-
based perovskites have a higher (Mn + Cu)/A ratio than the
corresponding Pr-based samples (Figure S3). Contrary to
some findings reported in the literature, the oxygen content
does not decrease with increasing Cu substitution (Tables 1, 2,
and S3), suggesting that the average oxidation state of
manganese increases with increasing Cu** content.”> More-

over, the three samples, which had been subjected to a washing
process to remove traces of the A,CuO, by-phase (La-
(MngCug4)O0s, Pr(MngsCug4)O;, and Pr(MngesCuys5)03),
exhibit the expected ratio between A, Mn, and Cu. Thus, the
washing process removes only the traces of the A,CuO, by-
phase and does not leach out any of the A, Mn, or Cu
components.

According to SEM-EDX analysis, the elements are
homogeneously distributed in the calcined materials, as
exemplarily shown for low, medium, and high substitution in
LaMnO;, PrMnO;, La(Mny;5Cug,5)O;, Pr(Mng;5Cug,s)Os,
La(Mn,Cuyg4)O03, and La(Mny¢Cug,)O5 (Figures S4—S15).
Thus, as will be confirmed below using XRD data, a
homogeneous distribution of the metal ions A**, Mn", and
Cu’" in the bulk of the A(Mn,_,Cu,)O; perovskites can be
assumed. However, STEM EDX analysis revealed the presence
of some detached CuO particles for Pr(Mn,Cu,,)O5, which
were not detected by XRD. In Figure S16, separate peaks for
the Cu and the O signals, respectively, due to exsolved CuO at
the surface of Pr(Mn,¢Cu,,4)O; are highlighted in pink within
the spectrum of the line scan. In contrast, phase segregation
was not observed for La(Mn,¢Cuy4)O; (Figure S17). The fact
that segregated nanostructured CuO has been found only in
the Pr-based perovskite with the highest Cu loading might
indicate that the surface structure is influenced by the higher
orthorhombic lattice distortion in Pr-based perovskites, which
in turn is induced by the smaller size of Pr** compared to La*".

Morphology and Texture. All calcined A(Mn,_,Cu,)O;
perovskites are similar in terms of their morphology. Scanning
electron microscopy (SEM) imaging reveals that the materials
are composed of macroporous coral-like agglomerates of
nanocrystals, which form hollow tubes, hollow spheres, and
irregular caves caused by the self-ignition synthesis (Figure 1).
Again, no indication of any crystalline or amorphous by-phase
is detected at this scale. However, with increasing Cu content
in A(Mn,_,Cu,)O,, the tendency to form thinner and more
ramified networks (Figure 1b,c,d,f,gh) increases compared to
the unsubstituted AMnO; analogues (Figure la,e). The shape
of the La(Mn,_,Cu,)O; particles is more regular. It encloses
smaller void spaces than the examples reported in the
literature, which could be attributed to the optimized synthesis
conditions in the present study.”

The nitrogen adsorption isotherms are depicted in the
Supporting Information (Figure S18). Accordingly, the
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Figure 2. Normalized lattice parameters (a) of the rhombohedral (r) and O-orthorhombic (o) La(Mn,_,Cu,)O; phases and (b) of the O’-
orthorhombic (o) Pr(Mn,_,Cu,)O; phases. The pseudocubic parameter a* (yellow crosses) represents the geometric mean, providing a linear
measure of normalized unit cell size. For the normalization procedure, see XRD paragraph in the Experimental Section.

perovskites exhibit macropores, which agrees well with SEM
analysis. The specific surface areas of all calcined A-
(Mn,_,Cu,)O; perovskites range from 2.4 to 11.7 m*g™
(Tables 1 and 2) and are in a similar order of magnitude to
those of La(Mn,_,Cu,)O; compounds previously prepared by
combustion synthesis methods.'®****

Crystallographic Properties of the Calcined Perov-
skites. The powder XRD patterns of the calcined A-
(Mn,_,Cu,0); materials show that the La(Mn,_,Cu,)O,
perovskites with x = 0, 0.1, 0.2 belong to the rhombohedral
LaAlO; structure type, while the rest of the La series and all
members of the Pr series represent orthorhombic GdFeOj; type
structures. During the Rietveld refinement of the La-
(MngygCuy,)O; data, it turned out that an additional
orthorhombic minority phase had to be added to obtain a
satisfactory fit. For the orthorhombic structures, the broad-
ening of the reflections was observed to be anisotropic,
especially for the members of the Pr series. The best fits of the
peak profiles were obtained using a combination of isotropic
size broadening and anisotropic strain broadening (Stephens
model).*” The corresponding plots of the Rietveld refinements
are presented in the Supporting Information (Figures S19—
S32). A complete summary of the refined crystallographic
parameters is provided in the Supporting Information, Tables
S$4-57.

The observed structures match the general trends seen in
A¥B*Q, perovskites when A is a rare earth element, which
predominantly crystallize in the orthorhombic GdFeO;
structure type. Under ambient conditions, the rhombohedral
LaAlO; type is much rarer and usually occurs when
comparatively large A’* (usually La) are combined with
small B>* (Ni, Co, Al) ions. In the case of particularly small
Al**, rhombohedral symmetry is also realized with the slightly
smaller A elements Pr and Nd. LaMnO;, however, represents a
special case, as it may crystallize, depending on the synthesis
conditions, in either orthorhombic or rhombohedral symme-
try, with significantly variable lattice parameters. The reason

for this variability lies in the potential of manganese to adopt
several oxidation states (2+/3+/4+) in perovskites, which in
turn enables a rich defect chemistry of A, Mn, and O
sublattices. On the one hand, LaMnOj; may deviate from the
ideal A:B ratio by being A-deficient, in which case vacancies in
the A sublattice are balanced by Mn adopting an average
oxidation state between 3+ and 4+.*> On the other hand, even
LaMnO; with a stoichiometric metal ratio can be oxidized to
what is commonly termed “LaMnQ;,;” for convenience.
Regarding crystallography, however, this oxidation is realized
by the simultaneous formation of A- and B-site vacancies with
retention of a complete anion lattice, i.e., La;_,Mn;_,O; (& =
8/(3 + §8)), rather than the incorporation of interstitial
0){}7g¢3n.12’44’45 Finally, the d* high spin configuration of Mn®
usually causes a Jahn—Teller distortion of the MnOg
octahedra. This distortion can be either cooperative or not,
resulting in two distinctive subtypes within the GdFeOj;
structure type. In stoichiometric LaMnO;q, as well as
LaMnO;,s with small J, the Jahn—Teller effect is expressed
cooperatively and causes significant orthorhombic distortion of
the crystal lattice with b > a (setting Pbnm), which is either
termed O’-orthorhombic or ORT1 phase, by different
authors.”>**™** For intermediate 0, the statistical substitution
of Mn** with Mn*" disturbs the cooperative distortion,
resulting in more similar lattice parameters with a > b, called
O-orthorhombic, or ORT?2 phase, respectively. Larger 6 finally
causes the crystal structure to become rhombohedral, with all
Mn—O bonds being equal by symmetry. Thus, we can assume
that our rhombohedral La(Mn,_,Cu,)O; perovskites with x <
0.2 are of the more oxidized type.

It has been reported in the literature that when manganese is
replaced with copper in La(Mn,_,Cu,)O;, the perovskite
structure is preserved up to x = 0.6.** However, under
conventional synthesis conditions (i.e, without applying high
oxygen pressure), Cu will only adopt a maximum oxidation
state of +2. To maintain the charge balance with an average
valence of +3 at the B-site, the introduction of Cu** changes an
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equal amount of manganese from +3 to +4, ie, A-
(Mn**|_,,Mn*" ,Cu®",)O5. At x = 0.5, all available manganese
is oxidized to +4, thus setting an upper limit for substitution.
The presence of cation vacancies, whether caused by A
deficiency or oxidation, would increase the initial average Mn
oxidation state and hence lower this substitution limit even
further. In our own synthesis attempts, phase pure La-
(MngsCuy5)O; proved difficult to obtain reproducibly, while
single phase Pr(Mn,3Cuy5)O; was not to be obtained at all.
Thus, we regard the aforementioned report of La(Mng,Cuy)-

O, with some skepticism,”* attributing it to a limited sensitivity
for secondary phases.

For a convenient comparison of the unit cell dimensions
between different symmetries, we use normalized unit cell
parameters (Figure 2) as defined in the Experimental Section.
In the La(Mn,_,Cu,)O; series (Figure 2a), rhombohedral
structures are observed up to x = 0.2, where already a
significant amount of orthorhombic phase is present. At higher
values of «, the lattice parameters show moderate ortho-
rhombic distortion with a’ > ¢’ > b, corresponding to the O-
orthorhombic phase. In contrast, the Pr(Mn,_,Cu,)O; series
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(Figure 2b) exhibits a significantly stronger orthorhombic
distortion with b’ > a’ > ¢’ over the whole range of x, thus
being of O’-orthorhombic type. Despite these difterences, both
series have in common that the lattice parameters changes with
x are more pronounced in the region 0 < x < 0.2, while they
become quite subtle and nonmonotonous in the 0.2 < x < 0.4
range. The pseudocubic parameter a*, which is a convenient
measure for the overall size of the (normalized) unit cell, is
generally smaller for the Pr series compared to its La
counterparts. This contraction of the cell volume is mainly
caused by a stronger octahedral tilt, which in turn may be
intuitively attributed to the smaller ionic radius of Pr**.

The mean values with corresponding standard deviations of
selected interatomic distances and angles in the refined
perovskite crystal structures are summarized in Table S8.
Figure 3 shows the individual A—O distances and their mean
values for the La and Pr series, obtained by Rietveld
refinement. Despite the smaller ionic radius of Pr** compared
to La*, the mean distances (A—Q) are quite similar in both
series because all 12 A—O distances of the distorted
cuboctahedron are included in this average. In the Pr series,
a pronounced gap between eight shorter and four longer bonds
can be seen. This corresponds to a differentiation into a first
and second coordination shell, resulting in an effective
coordination number of eight. In contrast, the La series
shows a much less distinct gap between nine shorter and three
longer distances, corresponding to a coordination number of
nine. If only the first coordination shells are considered, then
Pr** is actually smaller than La®*, in line with expectation.

The individual and mean B—O distances of both perovskite
series are compared in Figure 4, revealing significant
differences in the distortion of the BO4 octahedra. In
Pr(Mn,_,Cu,)O;, B—02 is much longer than the other two
bonds, with B—O2’ slightly shorter than B—O1, representing a
Jahn—Teller elongated octahedron. In contrast, the ortho-
rhombic representatives of La(Mn,_,Cu,)O; exhibit an
approximately inverse arrangement, with compression along
the B—O2 bond axis. Surprisingly, the mean value (B—O) in
the Pr series is larger than that of its La homologues for any
given x. This seems counterintuitive because in a simple hard
sphere model, the B—O distance should only depend on the
nature of B, not on the type of A. This demonstrates the limits
of the fixed ionic radii picture, as the B—O distances apparently
respond with some degree of flexibility to the stronger strain
caused by the larger octahedral tilt in the Pr series.

Since the sequences of both the B—O bond lengths (Figure
4) and the normalized lattice parameters (Figure 2) differ
between the La and Pr series, we tried to trace the connection
between the distortions of the BOg octahedra and the
orthorhombic unit cells. As can be seen in Figure S, the B—
O2 and B—O2' bonds lie roughly in the a,b-plane,
approximately at 45° angles between the two axes. The tilting
of the BOg octahedra, however, inclines B—O2 slightly more
toward the b axis, while B—O2’ is leaning more toward a.
Apparently, this small inclination already provides sufficient
leverage for the Jahn—Teller elongation of the B—O2 bond
(Figure 4b) to influence the b axis more strongly than a, thus
altering the relative length of the lattice parameters. The trends
in selected bond angles are shown in Figure S33. In this
context, it should be noted that we had also prepared a series
of La(Mn,_,Cu,)O; samples calcined at 1000 °C (not
included in this manuscript), where all B—O bonds became
equal within experimental error. This absence of octahedral
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Figure 5. Comparison of the crystal structures of the corresponding
orthorhombic representatives (a) La(Mng,sCugy,5)O; and (b)
Pr(Mny;5Cug,s5)O5 to illustrate the differences between the O- and
O’-orthorhombic variants of the GdFeOj structure type. While the
difference in unit cell proportions is not readily apparent to the eye,
the associated stronger octahedral tilt and larger off-center displace-
ment of the A ions in the Pr case are clearly visible. The longest of the
three distinct B—O bonds in each structure is emphasized in black.
Blue balls represent the B and B’ atoms, red balls represent the O
atoms, and the orange and green balls represent the A atoms La and
Pr, respectively.

distortion, however, had no significant impact on the tilting or
unit cell proportions compared to the 800 °C series. Hence, we
may state that the octahedral compression described above for
La(Mn,_,Cu,)O; is only an optional feature of the O-
orthorhombic phase, while the Jahn—Teller elongation of the
BOjg octahedra in Pr(Mn;_,Cu,)O; is characteristic for the O’-
orthorhombic phase.

The semirigid nature of the BOg octahedra, with octahedral
tilting as the main degree of freedom, causes strong
correlations between the structural parameters, some of
which are depicted exemplarily in Figure 6. For example, we
observe that for a given A element, the parameters (A—O) and
(B—O) exhibit a positive, approximately linear correlation,
which even includes both structure types in the La series
(Figure 6a). A similar but negative correlation is found if only
the A—O distances of the first coordination shell are averaged
(Figure 6b). The observed tolerance factor t,,, which was
introduced by Sasaki et al,*” is based on the ratio between
(A—0) and 4/2(B—0) and measures the amount of deviation
from the ideal cubic perovskite structure. In Figure 6¢, it is
shown that the switch between rhombohedral and ortho-
rhombic symmetry occurs around ty,, & 0.99 in the system
studied here. Finally, since a variation of the tolerance factor
causes changes in the amount of octahedral tilting, which is
accomplished by variable bending of the B—O—B angles,
another correlation is observed between the mean angle (B—
O-B) and ¢, (Figure 6d).
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Figure 6. Parameter correlations in A(Mn,_,Cu,)O; (A = La, Pr) perovskites: (a) Approximately linear relation between mean distances (A—O)
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To briefly summarize the discussion above, it can be stated
that the substitution of Mn by Cu in A(Mn,;_,Cu,)O,
perovskites causes structural changes that are not linear, or
monotonous, with the parameter x. Also, no influence of the
size of the A element on the mean A—O polyhedral size can be
observed. The most likely reason is that the different local
geometries of the three species Mn®", Mn*', and Cu®*, two of
which are Jahn—Teller ions, statistically sharing the B-site, lead
to a complex superposition in the average crystal structure. On
the other hand, most of the structural parameters, like mean
atomic distances, mean angles, ., etc., exhibit strong, often

almost linear, correlations with each other, demonstrating the
complex balance of forces in the perovskite structures.
Trends in the Metal Oxidation States of the Calcined
Perovskites. The substitution of manganese by the divalent
copper should be accompanied by a change in the mean
oxidation state of manganese, which is three in the Cu-free
perovskites studied here.” It can be assumed that the
introduction of Cu?* leads to the oxidation of the
stoichiometric amount of Mn®* to Mn*". NEXAFS spectra of
some of the perovskites were measured at the Mn L;-edge and
fitted with relevant reference compounds containing Mn*',
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Figure 7. Atomic ratios of the elements in the near-surface region determined by XPS as a function of the nominal Cu content: (a) Cu/(Cu + Mn),
(b) A/(A + Mn + Cu), (c) Cu/(A + Mn + Cu), and (d) Mn/(A + Mn + Cu).

Mn*', and Mn** species (Figure S1). Regardless of the type of
A, the average oxidation state of Mn"" increases linearly (black
dotted line in Figure Sla) with increasing Cu content and
corresponds to the expected oxidation state (gray dotted line
corresponds to the theoretical values). The Mn** content, i.e.
the average oxidation state of Mn"", is therefore determined by
the Cu content.

The depth of information of the NEXAFS measurements is
about 6 nm. In order to compare these values with the
oxidation state near the surface, the perovskites were examined
by photoelectron spectroscopy. The core level spectra of La,
Pr, Mn, Cu, O, and C are presented in Figures S34—S38. They
are in qualitative agreement with the literature.'” Accordingly,
Cu is present exclusively in the oxidation state 2+ and La and
Pr in the oxidation state 3+ in the surface region.

The average surface Mn oxidation state was estimated based
on the Mn 3s splitting (Table S9 and Figure $39).* It varies
between 2.1 and 3.5 and is lower than expected based on the
bulk stoichiometry of Cu, especially for the La-based series.
For the Pr-based series, the average oxidation state of Mn"*
increases with increasing copper content except for the
Pr(Mng¢sCug35)O; sample (Table S9). No trend is observed
for the La-based series, perhaps due to the higher number of
surface defects, which could occur as clusters of vacancies, each
bound to two Mn*" ions in the 3d® configuration. In such a
case, the formation of oxygen vacancies on the surface would
be accompanied by the reduction of Mn** ions to Mn**, which
would explain why the average oxidation state does not

increase with the increasing Cu content.”® Another explanation

could be that the formation of holes in the O 2p states (d* L-
ground state configuration) could lead to a decrease in Mn 3s
splitting, although the formal valence of Mn increases.”” In
summary, also the surface oxidation states do not scale linearly
with the parameter x.

Chemical Composition at the Surface. The Cu content
in the surface region determined by X-ray photoelectron
spectroscopy is generally higher compared to the nominal bulk
values (Figure 7a, Table S10). However, in almost all
perovskites, the most abundant metal atoms on the surface
are the A atoms (Figures 7b and S40), especially in the La
series. An exception is La(Mny¢Cuq,)O;, which could be due
to the loss of La during the washing process in which the by-
phase La,CuO, was removed, even though this was not evident
from the bulk analysis. Considering only the Cu content, the
surface region of the La series is enriched in copper in almost
all cases compared to the theoretical values, while the surface
of the Pr series is depleted in Cu (Figure 7c). All surfaces have
lower Mn content than would be expected based on ideal
A(B,_,B’,)O; stoichiometry (Figure 7d).

The strong Jahn—Teller distortion in Cu"Og octahedra
could be the reason for the Cu enrichment in the surface
region of the La series. The distorted Cu"Og4 octahedron has
more space when it is on the surface of the solid and not
subjected to the strain of the surrounding less distorted MnO
octahedra and A% cations, as it is the case in the bulk.
Although this should also be true for the Pr series, it is not
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observed (Figure 7c). The low Cu concentration measured on
the samples containing Pr (Figure 7c) could be due to errors in
the cross-section taken from the literature for the lantha-
nides.”> In addition, about 5—13 at% of the surface oxygen
atoms belong to carbonates (Table S2), which may also
introduce errors in the determination of the surface
composition for all samples and reduce the depth of
information. However, this does not affect the general trends,
which are certainly sufficiently reliable and must be taken into
account in the following discussion of the functionality of
A(Mn,_,Cu,)Oj; perovskites in redox reactions.

Redox Properties. From the structural and surface analysis
it becomes clear that there is no simple relation between the
chemical composition and the defect structure of the
perovskites. The redox behavior of the A(Mn,;_,Cu,)O;

perovskites was investigated by TPO/TPR cycles to quantify
the amount of oxygen that can be removed with hydrogen and
replenished reversibly with oxygen in a temperature range
relevant for catalysis. After in situ calcination to remove
potential adsorbates, the samples were first heated to 300 °C in
helium to check whether the samples would already lose some
oxygen at this temperature in an inert atmosphere. However, as
no oxygen was consumed within the limits of detection during
the following temperature-programmed oxidation of the first
cycle, this is apparently not the case. From the first reduction
on, oxygen is reversibly removed from the perovskite structure
and then reintegrated during TPO in the next cycle. Hence, the
second TPO/TPR cycle is shown exemplarily in Figure 8,
while the full set of measured oxygen and hydrogen
consumption profiles is shown in the Supporting Information,
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Figures S41—S48. The onsets of the TPO profiles shift slightly
to lower temperatures with increasing Cu content x in both
series, but no corresponding systematic trend is observed for
the TPR profiles.

Figure S49 shows the temporal evolution of oxygen transfer
during the individual cycles. While it seems that in several
cases the first TPR values are slightly larger than in the
subsequent steps, we found no statistically significant support
for this notion. Since no clear decreasing or increasing trend is
observed, we conclude that the oxygen transfer values are
stable within the limits of experimental precision, demonstrat-
ing that the redox process is essentially reversible. Hence, the
results of the individual measurements were averaged to obtain
more robust data (Table S11), which are displayed in Figure 9.
While the absolute amount of oxygen transferred can be
calculated directly from the experiment, assignment to the
perovskite formula requires knowledge of the formula of the
starting material or the reduced state and thus the exact
composition. Since neither was known a priori with sufficient
precision, we started with the simplified assumption that
initially, all perovskites were of ABO5 4, type (Figure 9a). Thus,
in undoped perovskites, the oxidation state of the manganese is
3+.” The introduction of copper causes equimolar amounts of
Mn®* to change to Mn*" because it follows that B** =
(Mn**,_,,Mn*" ,Cu®*,) for charge balance reasons. This
assumption is supported by the NEXAFS measurements
(Figure Sla). As it was not clear which of the two B elements
was reduced to which oxidation state, we calculated several
theoretical redox scenarios for comparison with the exper-
imental values. Full reduction to metallic Cu and thus
exsolution of Cu particles and decomposition of the perovskite
structure was not observed, neither by electron microscopy nor
by XRD. If both Mn**/** would be reduced to Mn?*, and Cu**
to Cu’, then the oxygen transfer should vary according to Azl
= 0.5x + 0.5 (Scenario 1). If only manganese was reduced to
Mn?*, |Azl would be constant at a level of 0.5 (Scenario 2). In

Scenarios 3 and 4, the reduction of manganese stops at Mn**,
while Cu** is either reduced to Cu* (Scenario 3) or remains
Cu®* (Scenario 4), leading to the relations |1Azl = x or 1Azl =
0.5 x, respectively. Among these four possibilities, only
Scenario 3, which is shown in green in Figure 9a, approaches
the observed trend. However, the experimental data show an
approximately constant offset to higher values, with even the
x = 0 samples already having an oxygen capacity of
approximately 0.1. One possibility is to assume that Mn**/**
would be reduced to Mn*”* instead of Mn**. However, there
is no plausible reason why the reduction should end in a mixed
valence state. Furthermore, it has been reported that the
reduction of Mn** to Mn?* occurs only at temperatures
significantly higher than in the present experiments.”® Another
possibility is that the starting materials actually are of “ABO3,5”
type, with 0 in the order of approximately 0.1, and thus initially
contain more Mn** than caused by the Cu?* substitution alone.
At least for LaMnOj; and its copper-substituted variants, this
assumption is also in line with the XRD results discussed
above. Following these considerations, we now adjust our
model assuming that the reduction ideally ends with the
stoichiometry A**(Mn*",_ Cu*,)O;_,, which thus provides the
basis for calculating back to the initial ABOj;, 5 stoichiometries
(Figure 9b). Since a contribution of approximately 0.1 O
atoms to the total formula mass is relatively small (<1%), the
experimental data points in Figure 9b differ only very slightly
from the first approximation in Figure 9a. The hypothetical
scenarios, however, are now shifted to higher values. For
simplicity, we assume a common 0 value of 0.09,
corresponding to the average  of the experimental values, in
all scenarios.

To summarize these results, the oxygen capacities |Azl of
both perovskite series are very similar to each other, ie,
independent from A, and exhibit an approximately linear
dependence on the copper content x. Since the oxygen
capacity is remarkably independent of A, it is therefore not
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related to the different perovskite structures described above.
The most plausible explanation for the observed data is that
the calcined starting materials are of a moderately oxidized
“ABOj;, 5" type, with relatively similar 6 values in the range 0.09
+ 0.05, which can be reversibly reduced to A(Mn,_,Cu,)O,_,
containing Mn®" and Cu’. Finally, the observed oxygen
capacities, being in the order of 0.1—0.5 oxygen atoms per
formula unit ABO;, exceed the capacity of (near-)surface
reactions by several orders of magnitude, demonstrating the
involvement of bulk lattice oxygen, as previously reported for
the Lay,SrysMnO; system.”’

Crystallographic Changes during the Redox Process
of A(Mn,_,Cu,)O5_, Perovskites. The XRD patterns of the
perovskite samples after TPO/TPR cycling demonstrate that
the volume structure of the perovskites investigated here
changes reversibly under the conditions applied, without losing
structural integrity. Overlay plots comparing the patterns of
oxidized and reduced states demonstrate impressively how
drastic the lattice parameters change (Figures S50—S63).
Rietveld plots of the reduced samples are shown in Figures
S64—S77. All reduced perovskites probably exhibit ortho-
rhombic structures (Figures S64—S77 and Table S12). The
appearance of characteristic superstructure reflections (e.g., at
ca. 25° 20) indicates the change from rhombohedral to

orthorhombic symmetry due to reduction for the correspond-
ing La perovskites (Figures S50 and S51). Pr(Mn,_,Cu,)O;
with 0 < x < 0.2 shows two overlapping perovskite phases
(Figures S71—S873, Table S12). It should be noted that in
several cases, the reduced perovskite phases become metrically
pseudocubic. Due to the concurrent disappearance of the 111
and 021 superstructure reflections, the assignment to the
GdFeOj; structure type remains somewhat tentative but is
more plausible in this context than a LaAlOj; type structure.
While all XRD patterns after TPO/TPR cycling were subjected
to Rietveld refinement, the small sample amounts, admixture of
quartz wool, problems with pseudosymmetry, and overlapping
reflections between coexisting perovskite phases generally
resulted in a lower precision of the refined atomic coordinates
as compared to the initial samples. Hence, we do not discuss
atomic coordinates and bond distances due to the reduced
reliability, but focus on a qualitative discussion of the observed
phase changes (Table S12) and the refined unit cell parameters
and volumes (Table S13) instead.

Figure 10 shows that the normalized unit cell volumes
increase significantly during reduction, by values between 1.3
and 2.4 A® (2.2—4.0%). These volume changes, leading to the
significant peak shifts seen in the XRD overlay plots (Figures
S50—S63), which corroborates the TPO/TPR results con-
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cerning the reversible removal of bulk lattice oxygen. While it
seems counterintuitive at first that the removal of atoms from a
crystal lattice would result in a volume increase, this
observation can be explained by the increase of the B"" ionic
radii upon reduction of the positive charge. Furthermore, an
oxygen vacancy in the lattice means that the neighboring
cations, whose charge was previously compensated by an
anion, now face each other and experience a repulsive force
across the vacancy. No direct correlation between the volume
change AV’ and the copper content x (or the oxygen capacity
|Azl) is observed, which is likely caused by the superposition of
several effects on the unit cell volume, like change in mean
ionic radii, amount of octahedral tilting and local vs
cooperative Jahn—Teller distortion.”” By combining the XRD
and TPO/TPR results, we find that the perovskite materials
investigated here show a surprising capacity to “breathe”, i.e.,
“exhale” and “inhale” lattice oxygen reversibly.

Catalytic Properties in Propane Oxidation. The
structural investigations presented above have shown that
both the change of A and the partial substitution of B by B’
have a complex influence on the structural parameters of the
perovskites and their redox properties. Interestingly, the molar
fraction of oxygen atoms that can be exchanged reversibly up
to a temperature of 300 °C, |Azl, appears to depend only on
the amount of Cu in the perovskite and not on the type of A,
although the BOg4 octahedra are differently distorted with
respect to La or Pr as A-site element (Figures 9 and S49). In
previous studies, perovskites have shown interesting catalytic
properties in alkane activation in this low-temperature range.’”
To investigate whether the structural trends and the trends in
redox behavior are also reflected in catalysis, the materials were
studied in the oxidation of propane (Figures 11, $78, and S79).

The apparent activation energies determined based on the
consumption rate of propane are listed in Table S14. The
values between 60 and 80 kJ-mol™ are consistent with the
values found for most redox-active catalysts in propane
oxidation.>?

Interestingly, there is a negative trend between the amount
of exchangeable lattice oxygen and the rates of propane
consumption (Figure 11a). The reaction rate decreases with
increasing availability of lattice oxygen, i.e., with increasing
copper content (Figure 7c) and decreasing Mn content
(Figure 7d) in the bulk and on the surface, indicating that
surface manganese species are active centers for propane
oxidation (Figure 11b),>* and Cu acts as a diluent.
Remarkably, a discontinuity occurs exactly at the phase change
of the La-containing samples. In any case, according to the
observed trends in Figure 11a,b, the perovskites appear to act
as support for a manganese-containing active phase in the form
of a supported monolayer, as was previously observed for
manganese tungstates.

The reaction mainly produces CO, as a product of total
oxidation. However, especially at low propane conversion,
considerable amounts of propene are also obtained as a
valuable product of oxidative dehydrogenation of propane
(Figure S79). The rate of CO, formation measured at 300 °C
for all the different catalysts linearly correlates with the rate of
propane consumption (Figure 11c) showing that the catalyst
composition affects only the activity, but not the selectivity, i.e.,
there is no correlation between surface composition and
selectivity to propene. Consequently, also the rate of propene
formation is independent of the amount of exchangeable lattice
oxygen (Figure 11d). The bulk oxygen available under reaction

conditions therefore has no negative effect on the selectivity to
propene, which is a surprising observation in light of current
concepts in oxidation catalysis.>®

The different trends obtained for the consumption rate of
propane and the formation rate of propene as a function of the
exchangeable oxygen |Azl (Figure 1la,d) indicate that CO,
and propene are formed according to different mechanisms
and bulk oxygen probably does not play a role in the entire
reaction network. This could be due to the low reaction
temperatures.SG’57 In any case, it becomes clear that the
selectivity in alkane oxidation on perovskites cannot be tuned
by simply varying the chemical composition of the catalyst.
Rather, the concentration of the active surface manganese
oxide species, which essentially determines the reactivity
(Figure 11b), depends on the bulk composition and the bulk
properties in a very complex way. In order to elucidate
complex reactions on sophisticated catalysts, data-centered
approaches are therefore required,”® which we will also adopt
in the future for the systems investigated here.

Summary and Conclusions. Phase pure perovskites
A(Mn,_,Cu,)O; with 0 < x < 0.4 were prepared by
solution-combustion synthesis in small intervals of x for
A = La and complemented with the corresponding series A =
Pr. The La(Mn,_,Cu,)O; perovskites with low Cu content (x
=0, 0.1, 0.2) belong to the rhombohedral LaAlO; structure
type, while the rest of the La series represent orthorhombic
GdFeO; type structures. The Pr(Mn;_,Cu,)O; perovskites,
which have not yet been described, form O’-orthorhombic,
GdFeO; type structures over the entire compositional range.

Substitution of Mn by Cu in A(Mn,_,Cu,)O;, (A = La, Pr),
perovskites causes structural changes that are not linearly
correlated with the x parameter. This is due to the complex
superposition of distortions in the structure presumably partly
caused by interacting Jahn—Teller effects of Mn** and Cu**
ions.

Furthermore, a higher local strain is observed in the Pr
compounds compared to the La compounds in the entire
phase range. It is expressed by the wider spread of A—O and
B—O distances in the Pr-series which in turn represents a
higher degree of distortion of the A-site cuboctahedron and the
B-site octahedron compared to an ideal cubic perovskite
structure. Additionally, the Pr(Mn;_,Cu,)O; samples are
characterized by a different distortion of the BOg octahedra
compared to the La(Mn;_,Cu,)O; samples reflected in
different longest B—O distances.

The strain induced by Jahn—Teller distortion affects also the
Cu/Mn ratios in the near-surface region, which is higher than
the nominal ratio. However, as far as the overall composition is
concerned, an enrichment of the near-surface region with A
cations was detected in almost all materials.

The substitution of manganese for copper has an impact on
the redox properties. A clear correlation between the degree of
Cu’" substitution and the amount of reversibly exchangeable
oxygen |Azl was observed.

The removal of oxygen during reduction has an influence on
the defect structure, which is partly compensated by changes in
the symmetry of the bulk structures. The structural changes
depend on whether A is La** or Pr’". Thus, the rhombohedral
structure of La(Mn,_,Cu,)O; for 0 < x < 0.2 transforms into
an orthorhombic structure, and the orthorhombic structure of
Pr(Mn,_,Cu,)O; for 0 < x < 0.2 partially transforms into an
additional orthorhombic phase. In the temperature range up to
300 °C, the perovskite materials studied here show structural
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stability in the sense that segregation of secondary phases
largely does not occur and the ability to “breathe”, i.e.
reversibly “exhale” and “inhale” lattice oxygen is observed.
This structural flexibility is important for the application of
the perovskites as catalysts in redox reactions, such as propane
oxidation. However, no direct correlation was found between
specific crystallographic or bulk parameters and -catalytic
properties. The negative trend of activity with respect to the
amount of exchangeable oxygen, which is determined by the
Cu content, deviates from the common concept in oxidation
catalysis of the involvement of lattice oxygen in elementary
steps of alkane oxidation, and, at least for perovskites, points to
a different reaction mechanism that requires further inves-
tigation. The oxidation of propane on Mn-based perovskites is
clearly a surface phenomenon, which is controlled by Mn
surface sites. The nature of the surface in turn depends in a
very complex way on the properties of the bulk. This
complexity prevents new catalysts from being discovered by
simply varying the chemical composition of the catalyst.
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