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ABSTRACT: The crystal structure of perovskites can incorporate IN THEORY Mn?* Mn-Perovskites MEASURED Mn2/Mn3*

a wide variety of cations, which makes this class of materials so in wet
interesting for studies of links between solid-state chemistry and oxidative dehydrogenation
of propane

catalysis. Perovskites are known as typical total combustion
catalysts in hydrocarbon oxidation reactions. The fundamental
question that we investigate here is whether surface modifications
of perovskites can lead to the formation of valuable reaction
products in alkane oxidation. We studied the effect of segregated
two-dimensional surface nanostructures on selectivity to propene
in the oxidative dehydrogenation of propane. Manganese-based
perovskites AMnO; (A = La, Sm) were prepared by combustion
and hydrothermal synthesis. Bulk and surface structures were
investigated by X-ray diffraction, temperature-programmed reduc-
tion, aberration-corrected scanning transmission electron microscopy (STEM), multiwavelength Raman, and ambient-pressure X-ray
photoelectron spectroscopy (AP-XPS) in combination with near-edge X-ray absorption fine structure (NEXAFS) spectroscopy.
Surface oxygen species responsible for C—H activation were distinguished by AP-XPS on the basis of a rigorous in situ analysis of the
O Is spectra recorded under a broad range of reaction conditions. Signals at 529.2, 530.1, 530.9, 531.2, and 531.8 eV were attributed
to lattice O, defect-affected O, surface O, oxygen in carbonates, and hydroxyl groups, respectively. Operando AP-XPS revealed
critical surface features, which occur under catalyst operation. The catalyst performance depends on the synthesis technique and the
reaction conditions. In presence of a two-dimensional MnO, surface phase, addition of steam to the feed resulted in an increase in
selectivity to the partial oxidation product propene to practically relevant values. The selectivity increase is related to the presence of
Mn in a low oxidation state (2+/3+), an increased concentration of hydroxyl groups, and a higher abundance of adsorbed activated
oxygen species on the catalyst surface. The surface analysis of a working catalyst highlights the importance of the termination layer of
polycrystalline perovskites as a genuine property implemented by catalyst preparation. Such a termination layer controls the chemical
properties and reactivity of perovskites. The information provides input for the development of realistic models that can be used by
theory to predict functional properties.

KEYWORDS: catalysis, selectivity, oxygen species, operando, AP-XPS, NEXAFS
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B INTRODUCTION catalytically active components. Perovskites were implemented
in oxygen-permeable membranes used in membrane reactors

The multifaceted compositional and structural chemistry of ] o i
for selective oxidation of methane and other short-chain

perovskites turns this mineral class' into an attractive
experimental ground to explore links between solid-state
chemistry and catalysis. The concept has been pursued for a
long time.”” Today, advanced experimental and computational
methods are available that facilitate descriptor-based identi-
fication of potential catalysts for more complex reactions and
challenging operating conditions.””

alkanes to higher hydrocarbons and olefins."”~"” Olefins were
synthesized at high temperatures over perovskite-supported
platinum catalysts in the catalytic partial oxidation of ethane
applying short contact times,'® in catalytic dehydrogenation of
; 19,20 . e
propane in the presence of steam, and in oxidative

Pure or partially substituted (A,A’,A’")(B,B',B"")(0,X), Received: March 19, 2020 Catalysis}
perovskites have been studied in various catalytic applica- Revised:  May 29, 2020 Qvi~§
tions,”” including oxygen evolution in alkaline solution,® Published: May 29, 2020

photocatalytic applications,” CO oxidation,'” DeNO, reac-
tions,"' and total combustion of alkanes and volatile organic
compounds,”'*™'* with the aim to replace noble metals as

© 2020 American Chemical Society https://dx.doi.org/10.1021/acscatal.0c01289
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dehydrogenation of propane applying chemical looping
technologies or pulse experiments to control the activation
of molecular oxygen on the surface of the perovskite
catalyst.”"**

The most productive catalysts so far in the activation of
short-chain hydrocarbons under oxidative conditions are based
on vanadium oxides.”* In general, high selectivity to value-
added products in the oxidation of alkanes is achieved over the
semiconductors vanadyl pyrophosphate (VO),P,0,”* and
MoVTeNbO,** in n-butane or propane oxidation, respec-
tively, even at high alkane conversion. Here, the abundance of
highly reactive electrophilic surface oxygen species is
controlled by a self-limiting charge carrier transport situation
that is created by band bending under the influence of the
feed.”” Thin self-supported layers are formed that contain V.0,
species, which expose the redox-active couple V**/V°>* and are
electronically decoupled from the semiconducting solid. The
total combustion catalyst manganese oxide can likewise be
converted into a more selective oxidation catalyst by
embedding MnO, species into a tungsten oxide matrix.”®
MnWO, evolves activity and selectivity when a layer of MnO,,
is exposed on the surface that contains a slight excess of the
Mn*/Mn** redox couple.

In the present work we question the universality of the
hypothesis and investigate whether the selectivity in the
oxidative dehydrogenation of propane to propene over Mn
perovskites can be changed by surface segregation of
manganese oxide species. Different preparation techniques
were applied to synthesize AMnO; (A = La, Sm) with the aim
to explore the potential of this total combustion catalyst in
selective oxidation of propane by varying the surface
composition. To further evaluate the influence of distortion
in Mn-based perovskites, a Sm-deficient perovskite was
included. It will be shown that the abundance of Mn on the
surface and the presence of steam in the feed determine the
selectivity to propene. Changes in the electronic structure of
the catalysts at elevated temperature in the reaction environ-
ment and the function of various oxygen species that are
present on the surface under operation conditions as analyzed
by ambient-pressure X-ray photoelectron spectroscopy (AP-
XPS) and near-edge X-ray absorption fine structure (NEX-
AFS) spectroscopy will be discussed.

B EXPERIMENTAL SECTION

Catalyst Synthesis. The perovskite catalysts were
synthesized via combustion and hydrothermal synthesis.

In the Pechini route,”” metal nitrates and glycine were used
as both complexing agent and fuel, respectively. Ratios
between metal nitrates and glycine were calculated, aiming at
equal oxygen balance. In the case of LaMnO;, 10.78 g of
La(NO,);:6H,0 (AlfaAeser), 6.24 g of Mn(NO;),-4H,0
(Merck), and 4.38 g of glycine (Lancester Synthesis) were
dissolved in 35 mL of H,O (MilliPore). The clear solution was
stirred for 30 min. For the synthesis of SmMnO;, 5.01 g of
Sm(NO;);-6H,0 (Aldrich) and 3.06 g of Mn(NO;),-4H,0
(ROTH) were dissolved in 40 mL of H,O. Then, 2.16 g of
glycine (Lancester Synthesis) was added. The light yellow
solution was stirred for 30 min.

The solutions were then quantitatively transferred into an
evaporation basin. The solvent was evaporated on a hot plate
at 170 °C. Foamlike resins were formed. Using a gas burner,
the evaporation basin was heated until the foam started self-
ignition. Dark black powders were obtained. LaMnOj; was used
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without further thermal treatment (internal sample ID 24906).
SmMnOj; was calcined in static air at 800 °C for S h of heating
at § °C min™" in air (internal sample ID 26849). The catalysts
prepared by combustion synthesis are denominated as
AMnO;-c (A = La, Sm).

For comparison, LaMnO; was synthesized via a hydro-
thermal route,’”*" by dissolving 18.19 g of La(NO;);:6H,0
(AlfaAeser), 10.54 g of Mn(NO;),-4H,0 (Merck) and 8.82 ¢
of citric acid (Aldrich) in 150 mL of H,O in a Teflon-lined
autoclave ([La] = 0.28 mol L™"). The autoclave was heated at
3 °C min™" to 60 °C, and 25 mL of 25% NHj; solution was
added dropwise while stirring. Finally, the pH was increased
from 8.7 to 9.0 by adding an additional 9 mL of NH; solution.
The solution was stirred for 2 h at 60 °C and subsequently
heated at 3 °C min™' to 140 °C and kept at this temperature
for 20 h. After reaction the resulting product was washed three
times with H,O, separated using a centrifuge, and dried
initially at 80 °C and once again at 110 °C. Afterward, 3 g of
the powder was calcined for 2 h in a pendulum furnace
(Xerion) at 700 °C (heating rate 4 °C min~") in synthetic air,
applying a flow of 100 mL min~'. The hydrothermally
prepared catalyst (internal ID 25104) is denoted as
LaMnOj-h.

Catalyst Characterization. X-ray Diffraction. X-ray
diffraction (XRD) patterns were measured on a Bruker D8
ADVANCE II theta/theta diffractometer, using Ni-filtered Cu
Ka radiation and a position-sensitive LynxEye silicon strip
detector. Structure parameters were calculated by least-squares
fitting of the diffraction patterns using corresponding structure
models taken from the ICSD database. Refinement was
performed utilizing the program package TOPAS (version
4.2, copyright 1999—2009 Bruker AXS).

Chemical Analysis. The metal content of the perovskite
catalysts was determined by X-ray fluorescence spectroscopy
using a Bruker S4 Pioneer wavelength dispersive X-ray
fluorescence spectrometer. For sample preparation, a mixture
of 0.05 g of the catalyst and 8.9 g of lithium tetraborate
(>99.995%, Aldrich) was fused into a disk using an automated
fusion machine (Vulcan 2 MA, Fluxana). For calibration the
binary oxides La, O3, Sm, 03, and Mn;O, were used. Deviations
from the ideal stoichiometry of the titer oxides were
determined by thermal analysis and taken into account.
Oxygen content determination was repeated three times per
sample using a TCH600 setup from LECO by applying the
inert gas fusion technique. For each measurement, 10 mg of
the sample was heated to 3000 °C in a He stream in a graphite
crucible. CO and CO, formed by reaction of the oxygen in the
sample with the crucible were detected by employing an IR
cell. Prior to the measurements, the machine was calibrated
using Y,0;.

Laboratory X-ray Photoelectron Spectroscopy (XPS). XPS
spectra were recorded at room temperature, using non-
monochromatized Al Ka (1486.6 eV) excitation and a
hemispherical analyzer (Phoibos 150, SPECS). The binding
energy scale was calibrated by the standard Au 4f,/, and Cu
2ps,, procedure.

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—
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Teller method (BET) in the range 0.05 < p/p, < 0.15 assuming
a N, cross sectional area of 16.2 A2

Electron Microscopy. Aberration-corrected scanning trans-
mission electron microscopy (STEM) was performed on a Jeol
JEM-ARM200 CF instrument with CEOS CESCOR and
CEOS CETCOR hexapole aberration correctors for probe and
image-forming lenses, respectively, at 200 kV. STEM images
were recorded with a high-angle annular dark-field (HAADF)
detector. Prior to the measurements the powdered material
was dry-deposited on a holey-carbon-coated copper TEM grid.

Electron energy loss spectrometry (EELS) was performed
using a Gatan GIF Quantum image filter. The energy
resolution was 0.7 eV, determined at a spectrometer dispersion
of 0.1 eV/channel. All spectra were acquired using this
dispersion setting utilizing the DualEELS mode, simulta-
neously recording the low loss spectrum and the core loss
spectrum using a drift tube voltage of 510 V, thus showing the
O K edge and the Mn L;, edge. Simultaneous acquisition of
the low-loss spectrum allowed for post-acquisition energy scale
corrections. The STEM settings of the microscope were set for
a convergence semiangle a of 20 mrad, while the S mm
spectrometer entrance aperture led to a collection semiangle
of 46.9 mrad. The acquisition time for the core loss spectra was
10 s per frame, summing three frames. Background subtraction
was performed using a 20 eV window for the background fit,
starting at S00 eV energy loss. STEM-HAADF images
recorded before and after spectrum acquisition were compared
to ensure the absence of beam-induced damage or contami-
nation.

Temperature-Programmed Reduction (TPR). TPR was
performed in a fixed-bed quartz reactor using 30 mg of the
catalyst. The TPR measurement was carried out without
pretreatment of the catalysts in a mixture of 5.01% H, in Ar
(flow rate 30 mL min~'), applying a heating rate of S °C
min~!. The maximum temperature was 900 °C. H,
consumption was monitored with a thermal conductivity
detector.

Raman Spectroscopy. Raman spectra were recorded ex situ
using a customized multiwavelength micro Raman spectros-
copy system (S&I Spectroscopy & Imaging GmbH) equipped
with a Trivista triple spectrometer (Princeton Instruments)
applying only the third stage and corresponding edge filters.
Seven laser sources covering from the near-infrared to UV
range were adopted. The catalyst was placed on a microscope
slide and excited by continuous wave lasers introduced from a
microscope objective (10X, 15X, or 50X). The backscattered
light was monitored by a liquid-nitrogen-cooled CCD camera
from Princeton Instruments (PyLoN:2K or PyLoN:100,
respectively, depending on the laser source used). The primary
beam was masked using edge filters. In order to achieve a
proper resolution for the respective lasers, the following
gratings were used: 300 grooves/mm (633 and 785 nm), 600
grooves/mm (442, 457, 488, and 532 nm) and 2400 grooves/
mm (355 nm). To minimize laser damage, the laser power was
tuned using two neutral density filters. The detailed measuring
conditions (laser power and exposure time) can be found in
Table S1 in the Supporting Information.

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. A detailed description of the experiments and the gas
chromatographic analysis is given in the Supporting
Information. The conversion of propane, Xy, and selectivity
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of product i, S;, in percentages were calculated on the basis of
the carbon number and the sum of all products formed

Z:;l l\]ici

_ X 100
Zileici + 3cc

C3H8 =
3Hg,out

Ng;
S, = X 100

l 2?:1 l\IiCi

where N; is the number of carbon atoms in the product i, ¢; is
the concentration of the product i in the reactor exit gas, and
CcHyou 18 the concentration of propane in the exit gas. The

carbon balance

n
Z,’:ll\TiCi + 3CC3HS,out

3¢, Hyin

X 100

carbon balance =

where cc y i, is the concentration of propane in the reactant
gas varies between 99.7% and 102% in all experiments. The
conversion of oxygen was calculated on the basis of the
difference in the oxygen concentration of reactant feed Coj,

and exit gas Co, oy

COZ,in - COZ,out
Xo =

2

X 100

COZ, in

Integral reaction rates 7o, Normalized to the specific surface
area in umol h™ m™ for propane consumption were

determined on the basis of the first derivation of the linear
. w

function XC3H8 —f(?>.
B dXC3H8

Toropane — @

where Xy is used not as a percentage but as a value between

0 and 1, W is the catalyst mass in g, F is the flow rate of
propane in pumol h™', and § is the specific surface area in m?
-1

Ambient-Pressure X-ray Photoelectron Spectroscopy
(AP-XPS). Ambient-pressure X-ray photoelectron spectrosco-
py measurements were performed at the ISISS (Innovative
Station for In Situ Spectroscopy) facility at the synchrotron
radiation source BESSY II in Berlin, Germany. The beamline
was described in previous publications.””*® Measurement
parameters and data analysis are explained in the Supporting
Information.

A pressed pellet of 13 mg of the perovskite powder was
measured first at room temperature under vacuum and then
heated in a 0/20/80/0 propane/O,/He/H,0O mixture (heating
rate S °C min~") to 270 °C. All gases and water vapor were
dosed to the XPS cell via calibrated mass flow controllers
(BRONKHORST). The gas composition was then switched
consecutively to 0/5/95/0, 10/5/85/0, 5/10/85/0, and 5/10/
45/40, back to 0/5/95/0, and finally to 10/5/85/0. The total
gas pressure under all reaction conditions was 25 Pa. The gas-
phase composition was monitored using a VARIAN CP-4900
micro gas chromatograph (micro-GC) and an IONICON
proton-transfer-reaction mass spectrometer (PTR-MS).

In Situ Near-Edge X-ray Absorption Fine Structure
(NEXAFS) Spectroscopy. NEXAFS was conducted at the Mn
L;, edges in the AP-XPS cell under the conditions applied in
AP-XPS by moving the monochromator continuously with a

https://dx.doi.org/10.1021/acscatal.0c01289
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speed of 0.23 eV s™". The exit slit of the beamline was 111 ym
for all measurements. The lens housing of the AP-XPS
spectrometer was biased with +90 V and used as a Faraday cup
to collect the NEXAFS in the total electron yield mode (TEY).
A linear background has been subtracted, and the edge jump
intensity has been normalized at 660 eV. The NEXAFS has
been analyzed by determining the contribution of Mn**, Mn*",
and Mn*" species, by a linear combination of reference spectra
for the single Mn oxidation states.

B RESULTS AND DISCUSSION

Bulk and Nanostructure of the Mn-Based Perovskite
Catalysts. According to X-ray diffraction, the perovskites are
phase-pure (Table 1). Both LaMnOj;-c and LaMnO;-h show

Table 1. Specific Surface Area and Structural Characteristics
of Calcined and Spent Catalysts

calcined catalysts

LaMnOs-h LaMnO;-c SmMnO;-c
S (m?g™") 34.1 29.2 6.9
space group R3c R3¢ Pnma
lattice parameters (A)

a 5.49745(18)  5.524(3) 5.82205(16)

b 7.5015(2)

c 13.3017(7) 13.547(15) 5.36391(16)
cell volume (A®) 348.15(3) 357.4(6) 234.265(11)
crystallite size Vol-IB (nm)  43.6(8) 49.9(14) 59.8(7)
strain (%) 0.1815(15) 0.2938(17)  0.1098(9)

spent catalysts
LaMnO;-h LaMnOj;-c SmMnO;-¢
space group R3¢ R3¢ Pnma
lattice params

a 5.49835(17)  5.5193(4) 5.81905(19)

b 7.4944(2)

c 13.3014(7) 13.4197(18) 5.36003(18)
cell volume (A%) 348.25(3) 354.04(7) 233.752(13)
crystallite size Vol-IB 38.1(5) 29.5(8) 67.2(2)

(nm)
strain (%) 0.1677(15) 0.208(6) 0.138(2)

diffraction patterns that correspond exclusively to the
rhombohedral perovskite structure (ICSD #75216) (Figure

S1). The cell volume of LaMnOs-c is slightly increased in
comparison to that of LaMnOj-h, indicating more oxygen
defects in LaMnOj-c in comparison to LaMnO;-h.>*™*" The
smaller ionic radius of Sm*" in comparison to La** forces the
SmMnOj-c to crystallize in the orthorhombic perovskite
structure (ICSD #95491) (Figure S1). However, the structural
motif of Jahn—Teller-distorted [Mn™OQ] octahedra is
maintained in all three catalysts. Only the degree of tilting of
these octahedra increases with decreasing rare-earth-metal ion
radius: i.e., by going from the rhombohedral (A = La) to the
orthorhombic structure (A = Sm).

The B/A ratio in the bulk of the perovskites depends on
both the synthesis technique and amounts of reactants (Table
2). LaMnOjs-h exhibits a distinct excess of La** in the bulk.
Oxygen excess reflected in § > 0 for La,MnOs,s5 (Table 2) is a
general property of the La-Mn perovskites under investigation.
The nonstoichiometry with regard to oxygen has been
attributed to Mn cation vacancies.”””” The combustion
synthesis allows for enrichment of Mn in the bulk by using
an excess of the Mn source in the synthesis (nominal
composition in Table 2), which results in a better utilization
of the phase width of Mn-based perovskites.”*** Mn®* ions
occupy vacant La** positions to enable a balanced structure.*
The variability of the Mn oxidation state (II, III, IV) buffers
forbidden charging and thus guarantees charge neutrality in the
Mn-based perovskites for different chemical compositions. To
summarize, an excess and a deficiency of La* is balanced by
the formation of manganese and oxygen vacancies, respec-
tively.*!

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) imaging reveals crystalline
particles for all investigated catalysts (Figure 1 and Figures
S2—S4). Nanoscale, crystalline by-phase oxides were not
identified. STEM imaging of the surface termination under
vacuum suggests that the investigated perovskite catalysts
contain surface terminations that are enriched in La (LaMnOj;-
¢, Figure la; LaMnOj-h, Figure S3a), Mn (LaMnOjs-c, Figure
1b; LaMnO;-h, Figure S3b; SmMnO;-c, Figure S4a), or Sm
(SmMnO;-c, Figure S4a,b). Mn cations that are slightly
displaced from their ideal equilibrium position toward the
vacuum have also been observed at the surface of LaMnOj;-c

(Figure 1b).

Table 2. Chemical Composition and Mn Oxidation State Determined by Different Techniques

catalyst

LaMnOj-h LaMnO;-c SmMnO;-c
nominal composition LaMnO, LaMnO;, Sm 9MnOj;
bulk B/A atomic ratio” 0.79 1.01 1.04
O content (wt %)” 20.39 + 0.48 2323 + 0.13 18.16 + 0.12
chemical composition” La; ;,Mng 30556 Lag 9oMn; 09O5.66 SmysMn; 4,0, 61
all elements normalized to B® La; ,;MnO; 5, La; ;MnO; ¢4 Smg osMnO, -
8 in A.BO;, +0.70 +0.69 —025
Mn oxidation state (La, 3+; O, 2—)° 3.57 4.36 2.71
Mn oxidation state (XPS)? 341 3.1 2.7
Mn oxidation state (NEXAFS)* 4.0 3.24 3.06
Mn oxidation state (TPR/XRE) 332 323 2.93

“According to metal determination using X-ray fluorescence analysis; no information on O content. bAccording to oxygen analysis based on inert
gas fusion technique; no information on A and B content. “Calculated on the basis of the combined chemical analysis of metals (footnote a) and
oxygen (footnote b). “Determined on the basis of Mn 3s splitting. “Determined on the basis of Mn L;, edge fitting. /Determined on the basis of
temperature-programmed reduction assuming the XRF-based formula A,BO; (0.96 < x < 1.27).
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amorphous surface termination

Figure 1. HAADF STEM images of LaMnO;-c: (a, b) high-resolution
HAADEF-STEM images of different LaMnOj crystals. The insets show
FFTs of the images. On the right are magnified surface terminations
taken from the regions of interest highlighted in the left HAADEF-
STEM images (white boxes in (a) and (b)). The magnified region of
(b) was rotated counterclockwise by 90°. The false colors highlight
bulk (blue) and surface regions (yellow); green circles denote La
surface sites, while pink circles show Mn surface centers. Original
images are presented in Figure S2 in the Supporting Information.

The HAADF-STEM images also suggest the presence of
structurally decoupled (Figure S3c) and amorphous surface
layers (Figure la and and Figure S4b). LaMnOs-h, in
particular, shows particles which are terminated entirely by
La atoms (Figure S3a), indicated by bright spots and agreeing
well with the increased La content in the bulk found by XRF
(Table 2). However, also Mn-terminated surfaces have been
found on the surface of the same catalyst (Figure S3b). The
HAADF-STEM images of LaMnOj-c (Figure 1) and
SmMnO;-c (Figure S4) also show stepped surfaces with
slightly displaced Mn or Sm atom columns. [MnOg] octahedra
as surface termination units are highly irregular, showing an
elongated Mn—O bond pointing into the free room, while the
diametric Mn—O bond is shortened with respect to the bulk
Mn—O bonds. In addition, the ability of Mn ions to occupy the
12-fold-coordinated position of La ions leads to probably
irregular MnO,, species on the surface.

La-site deficiency and partial substitution of A sites with Mn
in oxidation state 2+ can lead to the coexistence of Mn** and
Mn** redox couples on the surface of LaMnOs, as has been
shown by high-energy resolution electron energy loss spec-
troscopy for a material that was applied as an electrode in the
oxygen reduction reaction.*” Figure 2 shows a comparison of
the Mn L;, energy loss near-edge structure (ELNES) in the
bulk and on the surface of SmMnO;-c. The main peak of the
L; edge is shifted by 1.5 eV, indicating strong contributions of
Mn?" species on the surface and mainly Mn** species in the
bulk of the investigated particle. In the bulk spectrum less
contribution of Mn>" is expected because the beam is
irradiating not only the surface region but also dominantly
the bulk region. On the basis of the inelastic mean free path
(IMFP), the surface ELNES gives information on about 22

7011

Mn? Mn* —— Bulk ELNES
Vo Surface ELNES
3
S,
2
D
c
8
£
ke
[
N
s
£
i
(=]
=2
T T T T T
635 640 645 650 655 660 665

Energy Loss [eV]

Figure 2. Mn L, ELNES acquired in the bulk and on the surface of a
SmMnOj-c particle. It can be seen that the surface spectrum shows a
strong contribution of Mn** species in comparison to the Mn>*
species dominated bulk spectrum. This is evident from the 1.5 eV
energy shift of the main peak of the L; edge and changes in the shape
of the peak.

unit cells (estimated particle thickness 11 nm, IMFP = 0.13),
mainly located on the surface, and the bulk ELNES gives
information on about 60 unit cells (estimated particle thickness
30 nm, IMFP = 0.35), mainly located in the bulk, which is also
indicated by the measured total intensity (Figure SS). Thus,
the Mn®" is enriched in the surface region and the small
contribution of Mn®" in the bulk ELNES is ascribed to the
surface scanned inevitably during the bulk ELNES scan. The
full spectrum including the O K edge is shown in Figure SS,
while the STEM-HAADF image with indications of the
acquisition position of the energy loss spectra can be seen in
Figure S6. These EELS measurements were repeated on
several nanoparticles, giving similar results. However, on some
SmMnOj;-c nanoparticles there were no differences in bulk and
surface spectra visible. This indicates the presence of different
surface terminations.

In summary, electron microscopy suggests that the catalyst
particles show diverse terminations by both A and B, as well as
irregularly structured overlayers. The predominant oxidation
state of Mn on the surface of SmMnOj-c is 2+. The
investigation excludes considerable segregation of binary
oxide nanoparticles.

Multiwavelength Raman spectroscopy has been used to
further study the structural disorder of the catalysts (Figure 3).
The Raman spectra measured at room temperature by using an
excitation laser of 633 nm (1.96 eV) are in good agreement
with the literature.””** According to lattice dynamic
calculations, five modes (Alg and 4 E_) are Raman-allowed
for the ideal rhombohedral structure.” In the spectrum of
LaMnOjs-c (Figure 3, 4., = 633 nm) three dominant bands are
observed at 236, 495, and 616 cm™. The peak at 236 cm~! can
be assigned to a rotational A, mode. The other two peaks
correspond to bending and stretching Mn—O vibrations,
respectively, but are, according to the literature, not in accurate
agreement with the expected E, modes of the ideal
rhombohedral crystal structure.*

Deviations are common in spectra of mixed-valence
manganites and are caused by variations in the metal site
occupancy and the oxidation state of manganese.”> The Mn**/
Mn* ratio affects the Raman spectra due to differences in the
local symmetry, since [Mn"'Og] octahedra exhibit stretching
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Figure 3. Ex situ Raman spectra of LaMnOj-h (left), LaMnOj;-c
(middle), and SmMnOj-c (right) recorded using different excitation
wavelength lasers (see Table S1). Spectra are shown with offsets for
better comparison after background subtraction and intensity
normalization at 678 cm™ for LaMnQ;-h, 658 cm™ for LaMnO;-c,
and 607 cm™ for SmMnO;-c.

distortions due to the Jahn—Teller effect. The effect does not
occur in [Mn"Og] octahedra. The random distribution of
Mn** and Mn** results in locally distorted oxygen sublattices.
Therefore, the Raman spectrum of rhombohedral LaMnO; is
dominated by disorder-induced bands.*> Consequently, the
different preparation techniques of the two rhombohedral
catalysts LaMnO;-c and LaMnOj;-h are reflected in differences
in the peak maxima (Figure 3). The shift to higher
wavenumbers (526 and 641 cm™) in LaMnOs-h is also in
agreement with the decreased cell volume of the hydro-
thermally prepared catalyst (Table 1). The broadening of the
peaks has been attributed to a larger deviation of the real
structure from the ideal structure, most likely due to different
extents of oxygen excess,” which is in agreement with XRD
and oxygen analysis (Tables 1 and 2). Broadening due to laser
annealing is minimized in the present experiment, since the
employed laser powers should not affect the rhombohedral
structure (Table S1).*

The orthorhombic Pnma structure gives rise to 24 allowed
Raman modes (7Ag, 5By, 7B,, and 5B3g).44 The most
prominent bands observed in the spectrum of SmMnO;-c
(Figure 3) are located at 357, 481, 498, and 607 cm™L. The
peaks are tentatively attributed to B, rotation, B,, out-of-phase
bending, A, out-of-phase bending, and B, in-phase stretching
modes, respectively. Since the Jahn—Teller distortion is
compatible with the orthorhombic structure, the effect does
not contribute to the appearance of disorder-induced peaks in
the spectrum and the bands are comparatively narrow."

The spectra change significantly by using higher excitation
energies. Here, laser wavelengths of 532, 488, 457, 442, and
355 nm (2.3, 2.5, 2.7, 2.8, and 3.5 €V) were applied (Figure 3).
The results are in agreement with the resonant behavior of the
phonon Raman cross section in LaMnO; when the excitation
energy is close to the Jahn—Teller gap at 2 eV.** When higher
excitation energies are used, additional bands are detected at
578 cm™! and 678 cm™! in LaMnOj-h, 658 cm™ in LaMnOj;-c,
and 651 cm™! in SmMnO;-c (Figure 3). A weak line at 653
cm ™! was attributed to defects in YMnO;.** Recently, a strong
wavelength dependence was observed for the Raman spectra of
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nanostructured MnWO, catalysts that exhibit extraframework
MnO, surface chains showing bands centered at 620 and 665
cm™.*” The feature at 651 cm™ in the spectrum of SmMnO;-
¢, and perhaps also the peaks at 678 cm™' in LaMnO;-h and
658 cm™ in LaMnOj-c, might, therefore, also indicate the
presence of segregated manganese oxide surface species.*®
Such an assignment would be in agreement with the detection
of Mn oxide single and double layers by electron microscopy
(Figure 1 and Figures S2—S4).

In summary, Raman spectroscopy reveals a high degree of
disorder in the catalysts with a rhombohedral crystal structure.
In addition, evidence for segregation of MnO,, surface species,
in particular on the surface of SmMnOj-c, is provided.

Catalytic Performance in Oxidative Dehydrogenation
of Propane. The catalysts exhibit high activity in the oxidative
dehydrogenation of propane with an onset of the reaction at
temperatures already below 230 °C (Figure 4, Figure S7, and

(A) (B)
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t:u:c .. 40 \.
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Figure 4. (A) Rates of propane consumption over LaMnO;-c (filled
squares), SmMnOj-c (filled circles), and LaMnO;-h (open squares)
in the oxidative dehydrogenation of propane in a feed of 10/5/85
propane/0,/N, (W/F = 0.2 g s mL™") as a function of temperature.
Rates of MnWO,, Mn,0;, and MnO,”® as well as LaMnO;_EG,
LaMnO, BG, and LaMnO, PG* (h, hydrothermal; EG, 1,2-
ethylene glycol; BG, 1,4-butylene glycol, PG, 1,3-propylene glycol)
are taken from the literature. (B) Selectivity to propene as a function
of propane conversion in the temperature range between 250 and 310
°C (W/F=02gs mL™) in a dry, oxygen-rich feed (5/10/85/0
propane/0O,/N,/H,0 (red)) and wet, oxygen-rich feed (5/10/45/40
propane/O,/N,/H,0 (blue)).

Table 3). LaMnO;-c and LaMnOj;-h show similar and
SmMnOs-c higher specific reaction rates (normalized to the
specific surface area of the catalyst) in comparison to LaMnO,
that has been applied in the total combustion of propane and
tested in a high excess of air in the feed.*’ Increasing the
oxygen to propane ratio results in increased propane
conversion, showing the effect of the oxygen partial pressure
on the overall reaction rate (Figure S7). The rates are
comparable to rates measured over the total combustion
catalysts Mn,0; and MnO, and much higher in comparison to
nanostructured MnWO, that also exhibits an enrichment of
MnO, on the surface.”® The activity trend scales with the onset
of hydrogen consumption in temperature-programmed reduc-
tion (Figure S8). The two LaMnOj catalysts are similar in
terms of activity and onset temperature in H,-TPR (160 °C),
whereas a lower onset temperature of 130 °C was measured for
the more active SmMnOj-c catalyst. However, the apparent
activation energy is similar for all catalysts under oxygen-poor
and oxygen-rich feed compositions (Table 3), suggesting a
similar nature of the active phase. In addition to CO,, propene
is formed as a second product (Figure 4B) with a selectivity of
approximately 20% for the catalysts prepared by combustion
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Table 3. Propane Consumption Rates at 270 °C and Apparent Activation Energies E, (250 °C< T < 310 °C, W/F =02 g s
mL™") in Dry Feed (Propane/0,/N,/H,0 = 10/5/85/0), Dry, Oxygen-Rich Feed (Propane/0,/N,/H,0 = 5/10/85/0), and
Wet, Oxygen-Rich Feed (Propane/0,/N,/H,0 = 5/10/85/40)

LaMnOs-h LaMnO;-c SmMnOj;-c

Toropane_dry (#mol h™" m™) 56.1 + 2.6 73.8 + 34 500 + 23
Fosopane_deyonch (Hmol b~ m™) 389 + 1.8 SL1+23 349 + 16
Foropane_wet (#mol h™' m™?) 9.9 + 0.5 109 + 0.5 106.9 + 4.9
E, 4y (K] mol™) 77 £ 03 77 £ 0.2 70 + 0.6
E, dyorich (KJ mol™") 82 + 0.4 77 + 0.4 73 £ 0.6
E, et (k] mol™) 110 + 0.3 106 + 0.7 9 + 1.3

synthesis and even lower selectivity for the hydrothermally 80 B smVnO,c

derived fgts%lzft. Possibly formed CO is likely fully converted 7ok B LaMnO,c

to CO,, 777" which is different in comparison to V-based 2o b Il LaMNOh

catalysts applied in the oxidative dehydrogenation of ©

propane.””>’ No oxygenates were observed. The selectivity ;\(\50 3

decreases further at higher temperatures at which V-based + 40 F

catalysts are normally studied (Figure S9); however, the drop < 3

is quite moderate, suggesting that consecutive reactions of = 20

propene are less important over perovskites. Variation of the = 0

oxygen content in the feed has no effect on the selectivity

i 0
(Figure SIO).. . S . K S SR TR
The selectivity to propene is significantly increased by © O 48 &
. . . . ) o
adding H,O to the oxygen-rich feed, in particular for 'b&o"‘\ & ‘@&‘ @Q’b‘ =
SmMnOs-c. The increase is less distinct for LaMnO;-c (Figure < S @

4B). In contrast, the LaMnOj5-h catalyst shows decreased
selectivity to propene on employing a wet feed. The cofed H,O
decreases the conversion of propane slightly.”* Water may
block a part of the adsorption sites, since strong interaction
between H,O and ideal Mn-terminated perovskites has been
reported.” Alternatively, water in the feed may change the
concentration of adsorbed oxygen species by shifting the
equilibrium of catalyst regeneration reactions.”® In any case,
the selectivity increase is not caused by decreased conversion
(Figure 4B). The apparent activation energy increases for all
catalysts including LaMnOj-h, which shows reduced selectivity
in a wet feed (Table 3). Irrespective of the differing catalytic
behaviors of the three catalysts, their crystalline structures
(Figures S11 and S12) as well as their surface compositions
(Table S2) remained stable during catalytic testing in dry and
wet feeds. LaMnO;-c showed some decrease in cell volume
after catalysis (Table 1), indicating healing of oxygen vacancies
under reaction conditions.”* The changes in the lattice volume
of SmMnO;-c are smaller (Table 1). According to the lattice
parameters of the spent LaMnOj-h, no changes in the bulk are
found in this case. The stability of the bulk crystal structure is
also demonstrated by the HAADF-STEM images of the spent
LaMnO; catalysts (Figure S12).

Surface Characterization of the Working Catalysts.
Ambient-pressure XPS reveals differences in the elemental
composition near the surface in comparison to the bulk
concentration, which was determined by X-ray fluorescence
(Figure S). The SmMnOs-c catalyst exhibits a slightly higher
Mn concentration on the surface of the fresh catalysts. The La-
containing catalysts, in particular LaMnOj-h, are characterized
by a shortage of surface Mn. No significant changes are
observed under the different reaction conditions. The
distribution of surface oxygen species as well as the oxidation
state of manganese, however, undergo considerable changes,
especially in a switch from dry to wet feed.

7013

Figure S. Fraction of Mn related to the metal content in the bulk
(XRF) and in the near-surface region (IMFP = 0.6 nm), calculated
from AP-XPS spectra;. Applied conditions are given below the x axis.
LaMnOj-h was only measured at room temperature under vacuum.
The total pressure was constant at 25 Pa employing all feeds.

The nature of the oxygen surface species, which are
responsible for the activation of the reacting molecules, was
analyzed by fitting the O 1s core level spectra of LaMnO;-c
and SmMnO;-c (Figure 6 and Table 4), which requires the
contribution of seven different oxygen species. The fitting
procedure is described in detail in the Supporting Information.
Differentiation and assignment of the components were
derived from the development of the O 1s peak during
variation of temperature (Figures S13 and S14), feed
composition, and excitation energy (Figure 7 and Figure
S15). The assignment is discussed with regard to the
literature.”” >’ Fitting parameters” are summarized in Table
4.

The Oy,yice peak occurs at the lowest binding energy of 529.2
eV. It originates from regular lattice oxygen atoms and, thus,
increases in intensity if higher excitation energies are used,
which extends the inelastic mean free path (IMFP) of the
electrons and consequently the information depth (Figure 7
and Figure S15, white squares).””*%%"%>

The peak at 530.1 eV is assigned to oxygen atoms positioned
next to defects (Ogeper).”°> In contrast to O the
contribution of Oy decreases when higher excitation
energies are used, showing that the corresponding O
sites are more abundant in the near-surface region (Figure 7
and Figure S15, compare white and black squares). The
remarkable fraction of defects is in line with calculations
suggesting a stabilization of the (001) and (110) surfaces of
LaMnO; by oxygen vacancies.””** These defect-related oxygen
atoms may, however, also be located next to cation vacancies,
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Figure 6. Measured O 1s spectra (black) collected at 270 °C for LaMnO;-c in a dry (A) and wet propane oxidation feed (B) as well as SmMnO;-c
in a dry (C) and wet (D) feed (feed composition indicated in the figures as propane/O,/He/H,O ratios) and the corresponding fits (red) using
seven single contributions (colored peaks with the assignment provided in the legend). The broken line represents the background. (E) Correlation
of the intensity of the O 1s peak due to O, onate 25 @ function of the C 1s peak of C_,yponqe during heating from room temperature to 270 °C (the
temperature is illustrated by using a color code from blue (room temperature) to red (270 °C)) in 20% O, (Figure S13).

Table 4. Summary of Fit Parameters Used for O 1s Spectral Fitting®

oxygen species

Olattice O defect Otz Oivmie Oon OH20 ads Ossymmtsay
BE (eV) 529.2 530.1 5309 5312 531.8 5332 534535
fwhm (eV) 1.1-13 1.4-1.6 1.4-1.6 1.7-2.0 1.4-1.6 1.5-1.7 1.5-1.7

“The Gaussian—Lorentzian mixing factor was used as defined in CASA XPS.% The absolute binding energy (BE) accuracy is estimated to be
around +0.1 eV.

frequently present in Mn-based perovskites.‘%’37’41 The Ogefoct temperature (Figure 7), which contains more data points in
signal increases slightly during heating in 20% O, in helium at comparison to the measurement of SmMnO;-c (Figure S15),
temperatures above 150 °C (Figure S14) and further in a dry suggests that the trend of O, mirrors the trend of Oggq to
propane oxidation feed, whereas it decreases slightly again in a some extent: i.e., Oy, increases when Oy decreases. The
wet feed on LaMnOs-c (Figure 7). The limited data of the observation is in agreement with the assumption that the

measurement of SmMnO;-c exhibit a constant O gese
concentration and even an increase in wet feed (Figure S15).
In conclusion, the experiments under different atmospheres
support that oxygen vacancies cause the shift in binding energy
in comparison to regular bulk oxygen atoms.

The peak at 530.9 eV decreases due to evacuation (1 X 107°
Pa) at 40 °C and further during the pretreatment in 20% O, in
He (Figure S14). The signal reaches a very low intensity level
already at a temperature of 100 °C. A slight increase is
observed again in the propane oxidation feed at 270 °C and in
particular when steam is added (Figure 7 and Figure S15). On

creation of oxygen vacancies in a propane-containing feed at
elevated temperature provides active sites for oxygen
adsorption and dissociation.””®” The measured data points
probe steady-state situations that result from such processes.
The formation of surface carbonate species was monitored
in a separate CO, adsorption experiment. After pretreatment of
SmMnOj;-c in 20% O, balanced by He from room temperature
to 270 °C, CO, was fed and the catalyst was cooled in flowing
CO, to room temperature again. The O_pone peak is
identified at a binding energy of 531.2 eV, which increases
to the same extent as the C

the basis of the very low temperature at which the peak carbonate Peak increases. The C 1s
disappears, its origin is tentatively attributed to surface or binding energies appear between 288 and 289 eV (Figure
adsorbed oxygen species, for example O7, on the surface of the §16). In all temperature-programmed desorption experiments,
perovskites, which is also in accordance with the liter- the O ybonate intensity (Figure S17) was calculated on the basis
ature.>’596° Consequently, the peak at 530.9 eV is called of the C ponaee intensity (Figure S16), and the intensity ratio
Ogufacee The measurement of LaMnOs;-c at the reaction was kept constant in all fits.
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Figure 7. Fraction of oxygen species obtained from O 1s core level fitting of the AP-XPS spectra of LaMnO;-c. Spectra were conducted under
different conditions, which are indicated at the top (the feed composition is specified as propane/O,/He/H,0) and summarized in areas A (gray -
vacuum (vac) at room temperature and then at 270 °C for B (yellow, oxidative or inert atmosphere), C (red, propane oxidation feed), and D (blue,
wet propane oxidation feed). After A and before B LaMnO;-c was heated at 5 °C min™" from 40 to 270 °C in 20% O, balanced by He. White
squares denote spectra measured using 1300 eV excitation energy instead of 700 eV (black squares). The inset gives the ratio of ion currents of
mass to charge ratio m/z 41/44 (black) and m/z 42/44 (red). The signals at m/z 41 and 42 mainly represent propene, and that at m/z 44

represents CO,.

The peak at a binding energy of 531.8 eV also behaves to
some extent inverse to the signal of Oy during the
pretreatment in 20% O, in He (Figure S14): ie., it increases
in intensity at low temperatures and decreases again above 150
°C while H,O is simultaneously released (water signal m/z 18;
see Figure S14). Therefore, and on the basis of the reported
spectra of relevant hydroxides,””**** the signal at 531.8 eV is
attributed to oxygen atoms in hydroxyl groups (Ogy). The
contribution exhibits the most distinct increase in a wet feed,
which further supports the assignment (Figure 7 and Figure
S15). The concurrent increase in the concentration of Ogy
and Og,pc (Figure 7 and Figure S15) and in particular the
decrease in the concentration of Oy imply that defects are
involved in water dissociation, resulting in filling the vacancies
and forming OH groups.”’

Finally, the peak at 533.2 eV is attributed to adsorbed
molecular water. The weak tail in the range observed at room
temperature between 534 and 535 eV is assigned to very small
amounts of adsorbed oxygen-containing surface species,
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respectively.”" Their contributions diminish to zero at elevated
temperatures; only molecular adsorbed H,O is still indicated in
traces (Figure 7 and Figures S14 and S15).>” This is reasonable
because water is formed during the reaction or is cofed
extensively when a wet feed is applied (Figures 6 and 7 and
Figure S15). The quantification of this species is challenging,
as its intensity is affected by the background subtraction and
the exact choice of the peak shape.

On the basis of the assignment of O 1s peaks discussed
above, changes on the catalyst surface during the pretreatment
and reaction can be described as follows. During heating to
270 °C, all of the adsorbates are removed and the major part of
the surface carbonate is also removed (Figure S14). This
process is the same for both LaMnO;-c and SmMnO;-c. Thus,
the stability of adsorbates and carbonates on the surface is
independent of the A element.

The feed-sensitive structural changes in the near-surface
region elucidated by in situ XPS were also the same for both
LaMnO;-c and SmMnO;-c (compare Figure 7 and Figure
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Figure 8. Normalized Mn L;, edge spectra of LaMnO;-c (left) and SmMnOj-c (right) conducted as fresh catalysts (black) and at 270 °C
employing a dry propane oxidation feed (red; 5/10/85/0 propane/Oz/He/HZO) and after switching to wet feed (blue 5/10/45/40 propane/O,/
He/H,0). The difference spectrum obtained from a subtraction of wet feed (blue) from dry feed (red) spectra is given in green. Spectra are plotted

with an offset.

S15). After a switch to a propane oxidation feed, the O 1s
spectra change and the relative concentration of Oy, is
reduced, while the contributions of O and O,y increase
and become more important. Ogyy as well as Oy, . represent
about 10—20% of the detected oxygen species.

Interestingly, no formation of considerable amounts of
carbonates is observed, although the formed CO, can form
carbonates under the moist conditions. Likewise, the surface
concentration of Ogy changes only slightly, although water is
formed as a couple product. The concentration of the
corresponding surface species is apparently too small to be
observed by XPS spectroscopy. The negligible poisoning of the
catalyst by the reaction products CO, and H,O is also ascribed
to the low conversion of propane reached in the in situ cell
(<0.1%). In addition, the changes are small by switching from
the oxygen-poor (10/5/85/0) to the oxygen-rich (5/10/85/0)
dry propane oxidation feed.

However, when 40% of H,O is added to the feed, a further
decrease in Oy, is observed (Figures 6B,D and 7 and Figure
S15) indicating structural changes in the near-surface region.
Remarkably, not only Ogy but also Ogyg is increasing
(Figure 7 and Figure S15). In the experiment with SmMnO;-c
(Figure S15), which was performed in shorter periods of time,
the contribution of Oy also increases in comparison to dry
feed immediately after switching to wet feed but then decreases
again in accordance with the observations made for LaMnOjs-c
(Figure 7). The surface changes in wet feed are accompanied
by an increase in selectivity to propene. The ratios of measured
ion currents of m/z 41 and 42, which come mainly from
propene, and m/z 44, which comes from CO,, increase in a
wet feed (Figure 7 and Figure S15, insets). These results reflect
well the results obtained in catalytic testing in laboratory
reactors (Figure 4). Again, as is observed in dry feed, the
formation of surface carbonates is missing. The results suggest
that in the presence of H,O in the feed the coverage of the
perovskite surface is changed. Both the increased concen-
tration of OH species and the higher abundance of adsorbed
activated oxygen apparently account for a more selective
situation. The bulk of the perovskites seems to be rather
unaffected by the feed, because feed-related changes are less
pronounced using a higher excitation energy: ie. 1300 eV
(white squares in Figure 7 and Figure S15) instead of 700 eV
(black squares in Figure 7 and Figure S15). If we remember
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the different elemental distributions in the near-surface region
of the perovskites under investigation, a higher selectivity to
propene is achieved when Mn is enriched in the near surface
(Figure S). Hence, there are good reasons to assume a
pronounced interaction of the H,O in the feed with surface
Mn—O bonds.*® In summary, the concentration of the metals
on the surface does not significantly vary under different gas-
phase compositions at 270 °C (Figure 5), but defect
concentration and coverage with oxygen species are affected
(Figure 7 and Figure S15), which may have an effect on the
formal oxidation state of Mn.

The electronic structure of the perovskite and the oxidation
state of the B cation have been predicted to affect the reactivity
of perovskites in terms of dissociative oxygen adsorption and
oxygen vacancy formation energies.72 The two reaction
energies are of importance in oxidation catalysis regarding
the activation of molecular oxygen and catalyst regener-
ation.””””® The mixed Mn valence is reflected in the Mn L,
edge spectra of the three catalysts (Figures S18 and S19). X-ray
absorption at the L;, edge probes 3d orbital population and
splitting; hence, both oxidation state and transition-metal site
symmetry have an effect, which might complicate the analysis if
distortion of the octahedra in the perovskites matters.”*”"* All
spectra appear to represent a mixture of Mn®*/Mn* in an
octahedral environment.”” The presence of Mn** cannot be
excluded. The average oxidation state estimated from the
NEXAFS fitting is given in Table 2. A comparison of the Mn
L;, edge spectra of LaMnOs;-c and SmMnO;-c measured
under different conditions is depicted in Figure 8. Deviations
in the spectra are visible especially in a switch from a dry (red)
to a wet (blue) propane oxidation feed. The difference
spectrum (green) that is obtained when the spectrum in wet
feed is subtracted from the spectrum in dry feed resembles a
Mn L, edge spectrum of a Mn*'-containing metal oxide. This
observation agrees with a previous report in which the partial
reduction of Mn*" to Mn®" as an effect of high H,O vapor
pressure in the gas phase has been shown for LaMnO,.*” The
same applies to SmMnOj-c. For SmMnO;-c, a more
pronounced second minimum is observed in the difference
spectrum, which indicates the additional reduction of a
minority Mn*" fraction })resent in this material. The
appearance of a Mn****)/Mn** redox couple indicates
similarities to nanostructured MnWO, catalysts, in which
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Mn®*/Mn*" was identified as the corresponding redox pair
responsible for oxidation catalysis.28 Moreover, the Mn®"/
Mn*" redox couple has been regarded as important in the
electrocatalytic oxygen reduction reaction on LaMnOj;
particles,”” signifying parallels in oxygen activation in these
two different processes over perovskite catalysts.

The partial reduction of Mn**/#* to Mn*" species under the
reaction conditions is also supported by the analysis of the Mn
3s splitting energy (Figures S20 and S21). According to
Galakhov et al,” the oxidation state of manganese in Mn-
based perovskites can be roughly estimated, but with large
uncertainties. Nevertheless, on the basis of an analysis of the
Mn 3s splitting for LaMnO;-c (Figure S20) and SmMnOj;-c
(Figure S21), the reduction of the average oxidation state of
Mn by switching from dry to wet feed is confirmed.
Interestingly, the SmMnO;-c catalyst was oxidized during
heating in 20% O, from formally +2.7 to +3.1 before applying
feed (Figure S21). The average oxidation state of freshly
prepared SmMnOj-c of +2.7 matches with the oxidation state
+2.7 calculated on the basis of chemical analysis (Table 2).
Moreover, the average oxidation state of Mn acquired from Mn
3s peak splitting analysis agrees well with the trends observed
in the analysis of the Mn L;, edges that indicates the presence
of partially reduced Mn at 270 °C under wet propane
oxidation conditions. The consistent results based on different
analysis tools convincingly confirm the reliability of the
observed trends and reveal that the surface oxidation state of
Mn is sensitive toward different atmospheres in the employed
low temperature range between room temperature and 270 °C.

The minor surface rearrangements observed in the present
experiments might be a consequence of the limited
concentration of oxygen vacancies near the surface in the
applied mild reaction environment. Perovskites are frequently
unstable under more severe conditions, such as in solid oxide
fuel cells, because the high concentration of oxygen vacancies
in the surface region leads to detrimental segregation of the A
cation and even to phase separation due to electrostatic
effects.”” In the present investigation the surface composition
is mainly controlled by the synthesis technique and pretreat-
ment conditions. The high excess of La in case of the
hydrothermally synthesized LaMnOs-h, which appears to be
detrimental with respect to the selectivity in propane oxidation,
is already evident at room temperature before the reaction.
Consequently, the phase compositions of the spent catalysts
remain unaffected and the reaction conditions in terms of
temperature and feed composition have no significant effect on
the elemental distribution on the surface (Figure S5). This is
different from vanadium oxide based oxidation catalysts with
open, nondense crystal structures, such as the so-called M1
structure, which show considerable surface dynamics with
respect to element distribution and oxidation state of the
redox-active element vanadium under the reaction conditions
of propane oxidation depending on the feed composition.*"**

B GENERAL DISCUSSION AND CONCLUSION

The Mn-based catalysts AMnO; (A = La, Sm) studied in the
present work exhibit the formation of propene as the only
selective oxidation product in the oxidation of propane. The
exclusive product of deep oxidation and C—C bond splitting is
CO,. Propene formation is favored by an excess of Mn on the
surface of the catalyst. A high partial pressure of oxygen in the
feed increases the activity and reduces the selectivity to
propene. The negative effect of the oxygen partial pressure is
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overcompensated for by addition of steam to the feed. The
results further corroborate the concept of surface modification
as an important tool to control the selectivity in oxidation
catalysis over metal oxides.””*"**

Steam in the feed causes a significant increase in selectivity
to propene to values that become attractive for selective
oxidation, in particular in case of the catalyst SmMnOj-c,
which exhibits an excess of Mn on the surface. The elemental
composition on the surface of the perovskite is primarily
determined by the synthesis, because the surface concentration
of Mn does not increase further due to wet conditions or
reaction time. Under the applied reaction conditions neither
structural changes nor segregation of phases occur.

AP-XPS reveals that the number of adsorbed water
molecules is small at the reaction temperature, but the
coverage with hydroxide species grows under consumption of
defect sites when water vapor is added. Interestingly, another
surface oxygen species, which is tentatively assigned to
adsorbed activated oxygen, increases as well in wet feed,
suggesting that both a high concentration of surface hydroxyl
groups and the presence of electrophilic oxygen species on the
surface have a positive effect on propene selectivity. The
increase in the concentration of electrophilic surface species is
in accordance with the simultaneous decrease in concentration
of defect sites. It is necessary to investigate the nature of these
species further by an application of complementary operando
techniques.

Furthermore, the presence of steam in the feed gives rise to a
lower overall oxidation state of the Mn"" surface ions (n < 3)
that appear as mixtures of Mn** and Mn>* on the surface of the
fresh catalysts. The sensitivity of the manganese oxidation state
to the feed composition indicates that manganese is the redox-
active element in propane oxidation, as in the oxygen reduction
reaction over LaMnO,.**

Explicit clarification of the effect of water on the reaction
mechanism requires detailed mechanistic investigations. The
current in situ experiments provide awareness about coverage
changes on the surface in terms of hydroxyl groups and
adsorbed oxygen species and a reduction in the valence state of
the B cation. These changes may have implications on either
site isolation or the regeneration mechanism of the catalyst.

The performance of perovskites in alkane oxidation indicates
that they are hyperactive with respect to selective oxidation of
the desired products, of which oxygenates are intermediates on
the way from the alkane to CO,. The present work showed
that surface modification by interfering with abundance, cation
ordering, and local electronic structure of the B cation is a
powerful strategy to moderate the hyperactivity. Two avenues
of modifications were found: namely, by synthetic measures
favoring Mn overabundance and by process conditions
favoring modification of anion vacancies and surface coverage.
Redox changes of the Mn near-surface species were reflected in
the abundance of surface oxygen likely being essential for
activating propane.

It is a fortuitous property of the present perovskites that the
formation of a termination layer and its adaptation to changes
in chemical potential can occur without having to change the
cubic base of the structure. No structure-induced segregation
and no irreversible breakdown of the translational order are
necessary. This ensures a facile response of the system to
changes in the reactant phase and little propensity to the
formation of inactive (A cation) or detrimental deactivation
products (binary Mn oxides). Such behavior is similar to that
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of the highly stable and well-performing M1 phase that
undergoes reversible dynamic surface modifications.”’ This
encourages further efforts in improving the performance of
these systems toward practical application.

Further studies need to identify the function of the B cation
modification. In addition to a direct interference with the
activation of reactants, the modification may also affect the
kinetics of active site formation and regeneration (the chemical
dynamics) of the system. The present work highlights in
broader terms that the identification of a suitable catalyst must
not stop at the preparation of a single phase as judged from its
translational structure. Rather, the details of the real structure
in the near-surface region has to be optimized for a desired
function. A single preparation of a phase in high-throughput
search strategies may easily end up with an unsuitable surface
termination and thus discredit the potential of a phase as a
catalyst. The present work calls for a modification of such
strategies examining families of compounds of the same
translational structure synthesized under different conditions
so as to modify the near-surface region.
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