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decomposition of mechanochemically synthesised LaMnOs;
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The use of mechanochemistry to prepare catalytic materials is of significant interest; it offers an environmentally beneficial,

solvent-free, route and produces highly complex structures of mixed amorphous and crystalline phases. This study reports

on the effect of milling atmosphere, either air or argon, on mechanochemically prepared LaMnOs and the catalytic

performance towards N.O decomposition (deN20). In this work, high energy resolution fluorescence detection (HERFD), X-

ray absorption near edge structure (XANES), X-ray emission, and X-ray photoelectron spectroscopy (XPS) have been used to

probe the electronic structural properties of the mechanochemically prepared materials. Moreover, in situ studies using

near ambient pressure (NAP)-XPS, to follow the materials during catalysis, and high pressure energy dispersive EXAFS

studies, to mimic the preparation conditions, have also been performed. The studies show that there are clear differences

between the air and argon milled samples, with the most pronounced changes observed using XPS. The XPS results find

increased levels of active adsorbed oxygen species, linked to the presence of surface oxide vacancies, for the sample

prepared in argon. Furthermore, the argon milled LaMnOs shows improved catalytic activity towards deN.O at lower

temperatures compared to the air milled and sol-gel synthesised LaMnOs. Assessing this improved catalytic behaviour during

deN:O of argon milled LaMnOs by in situ NAP-XPS suggests increased interaction of N,O at room temperature within the

O1s region. This study further demonstrates the complexity of mechanochemically prepared materials and through careful

choice of characterisation methods how their properties can be understood.

1. Introduction

Developing catalytic processes that are both economically viable and
sustainable represents a significant challenge. To meet this ambition,
the development of new technologies can no longer rely on iterative
trial and error approaches and must instead be design-led using
sophisticated characterisation methods.! Synchrotron techniques,
such as X-ray absorption spectroscopy (XAS), have multiple benefits,
which aid the in-depth understanding of chemically important yet
complex systems.>™

Previously, we have reported the advantages of XAS for studying
the preparation of metal oxides prepared through
mechanochemistry; this solvent-free synthesis route produces less
waste than traditional methods and prepares materials with

1 UK Catalysis Hub, Research Complex at Harwell, Rutherford Appleton Laboratories,
Harwell Science & Innovation Campus, Didcot, Oxfordshire. OX11 OFA, UK

¥ School of Chemistry, University of Southampton, Southampton. SO17 1BJ, UK

§ Johnson Matthey Technology Centre, Blounts Court Road, Sonning Common,
Reading. RG4 9NH, UK

# Department of Chemistry, Faculty of Science, Sohag University, Sohag, P.0.Box
82524, Egypt.

+ School of Chemistry, Cardiff University, Main Building, Park Place, Cardiff. CF10
3AT, UK

L Diamond Light Source Ltd., Harwell Science & Innovation Campus, Didcot,
Oxfordshire. 0X11 ODE, UK

* Electronic Supplementary Information (ESI) available.

See DOI:

enhanced catalytic properties.®> Our recent study focussed on the
mechanochemical synthesis of LaMnOs; from its single oxide
precursors. During this process there was a significant amount of
amorphous material produced at different stages of milling.
Traditional characterisation methods, such as X-ray diffraction (XRD),
provided an incomplete understanding of the underlying chemistry.
Using XAS, that provides structural insights on all length scales,
allowed us to learn more about the principal chemical steps within
the milling process. Furthermore, these studies also increased the
understanding of how these materials promote the catalytic
decomposition of the environmental pollutant N,O (deN,0).

However, even after performing conventional XAS at the Mn K-
edge information such as the local charge density and electronic
configuration still eluded us. In this work we discuss the use of
further advanced characterisation techniques, such as high energy
resolution fluorescence detection (HERFD) to improve XANES
spectral resolution,®’ and X-ray emission spectroscopy (XES) to
attain information on electronic structure and oxidation state.®?
Furthermore,
conditions experienced during ball milling by performing an in situ
XAS study at high pressure in a diamond anvil cell (DAC). These new
structural insights have then been coupled with in situ near ambient
pressure X-ray photoelectron spectroscopy (NAP-XPS) to further
understand how ball milled materials have improved catalytic
activity at lower temperatures during deN,O.

we endeavoured to mimic the environmental



By combining these local structural and electronic techniques,
along with surface sensitive characterisation, it can be a powerful
tool for understanding how structural properties affect catalysis.
Herein, we report an in-depth analysis during the
mechanochemically synthesised LaMnOs; by XES and HERFD, not
previously reported. Furthermore, we can now link these structural
properties of the final material to the enhancement of catalytic
activity for the in situ deN,O combined with NAP-XPS.

2. Experimental

a. LaMnO; Sample Preparation
High energy planetary ball milling was performed at room
temperature in a 4—station Fritsch Pulverisette 5 Planetary Ball
Mill. ZrO, vessels were prepared with precursors Mn;03 and
La,03 at the correct proportions to synthesise stoichiometric
LaMnOs, along with 5mm ZrO, spheres at a sphere:powder ratio
of 10:1. Milling was then conducted up to 4 hours at 400 rpm in
sessions of 20 min, in both atmospheric and inert environments.
For the sol-gel synthesis stoichiometric amounts of
Mn(NO3),.4H,0, and La(NOs);.6H,0 were dissolved in deionised
water and added to a gel prepared by mixing equimolecular
amounts of citric acid (99.5%) and ethylene glycol (99.5%) as a
polydentate ligand. The excess water was slowly removed on a
hot plate until a viscous liquid was obtained. Subsequently, the
final slurry was slowly heated in air (1 °C min) from room
temperature up to 700 °C and kept at this temperature for 4 h.
These conditions are essential to obtain a crystalline material.
b. Ex Situ Characterisation
XES/HERFD measurements were performed on the scanning branch
of the 120 beamline at the Diamond Light Source, Didcot, UK.
using a Si(111)
high-resolution  X-ray

Measurements were taken four-bounce

monochromator using a emission
spectrometer.l0 For this experiment, the spectrometer was equipped
with three Ge (440) analysers to allow the KB spectra to be
measured.’® Mn K-edge XES pectra were fitted using three voigt
functions which represent the K13, KBy and KB’ peaks.'! Prior to the
fitting, spectra were normalized, and linear background was
subtracted. During the fitting, peak splittings were kept constant at
theoretical values?'?; (i) splitting between KBy and KB’ peaks ~ 14 —
16 eV and (ii) KB« was lower than main, KP4 3, peak by ~3 eV. Same
fitting procedures were applied on spectra taken for Mn standard
materials for comparison purposes. HERFD were measured by
scanning the incident energy and detecting the fluorescence
intensity at the maximum of the Mn KB1,3 emission line with time
resolution of ~ 20 min/spectrum with 3 spectra collected. Data
processing, background submission and normalisation

performed using Athena package. In situ XRD ball milling was

was

performed at the ID15A beamline at the European Synchrotron
Radiation Facility using the a modified MM200 Retsch mill reported
by Halasz et. al.'>* The set-up comprised of a PMMA milling jar
containing one 5 mm WC milling media with Mn,03 and La,03
precursor powders. The mill operating at 30 Hz for ~19 h. The in situ
XRD was collected at 69 KeV, A = 0.17971 A with a beam size of 300
x 300 um?2. A Dectris Pilatus X area detector was used with an
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exposure of 5s and a readout time of 120s. The incident wavelength
and detector distance (430 mm) were calibrated using a NIST CeO,.
The Raw data frames were integrated using the internal ESRF
Matlab.Eva 5.0.0.22/PDF -4+ 2020 software package was used for
phase identification and data plotting. In situ high pressure EDE-
XAFS were performed at 120-EDE, the energy dispersive beamline at
the Diamond Light Source, Didcot, UK. Energy-dispersive EXAFS was
performed at the Mn K-edge (6539 eV) in transmission mode using a
Si(111) polychromator. A diamond anvil cell (DAC) was fitted with
0.5mm thick diamonds in order to reduce the diamonds absorption
and enable XAS measurements at the Mn K-edge. The single-crystal
diamond mini-anvils were mounted on fully perforated diamonds.
Pressure was measured by the ruby fluorescence method.'®> The
dispersive X-ray beam was focussed on the sample in the DAC with a
spot size of 0.05 mm diameter. Diamond single crystal reflections
were deglitched following a similar procedure to Hong et al.®
Spectra were recorded every 2 GPa of pressure. XRD was collected
a Bruker AXS D8 diffractometer with Cu Ka radiation over a range of
20 =10-130° with 0.044° step size (Johnson Matthey, Sonning
Common, UK). Phase identification was performed using Bruker-AXS
Diffrac Eva V4.2 with Rietveld refinement performed using Bruker-
AXS Topas 4.2. XAS measurements were performed at the B18
Beamline, Diamond Light Source. XAS measurements at the Mn K-
edge (6539 eV) and La Ls-edge (5483 eV) were performed in
transmission mode using QEXAFS setup with fast scanning Si(111)
double crystal monochromator. An appropriate foil was placed
between |; and lef and measured concurrently with XAS spectra
acquisition. At the Mn K-edge XAS spectra was acquired with a time
resolution of 20 min/spectrum (kmax = 14) averaged over 3 scans. At
the La Ls-edge XAS spectra were acquired with a time resolution of 5
min/spectrum (kmax = 10) averaged over 3 scans. Data processing
was background submission and normalisation was performed using
Athena and Artemis software package.!’'8 XPS was carried out with
a Thermo Escalab 250. The radiation used was monochromatised
aluminium Ko radiation with a 650 pum spot size. Charge
compensation was provided by the in-lens electron flood gun at a 2
eV setting and the “401” unit for “zero energy” argon ions. Sensitivity
factors after Scofield used in quantification performed by Johnson
Matthey, Sonning Common, UK.

c. Catalytic activity (deN,O)
DeN,O was carried out in a fixed-bed quartz reactor (Hiden CATLAB)
with the temperature range of 100-800 °C, using a ramp rate of 10
°C min~L. The reaction was performed at 30 mL min~! flow of 0.5%
N,O in He over 400 mg of catalyst with sieve fraction 125-250 um to
result in a GHSV = 18 000 h%. The exhaust gases composition was
measured using a Hiden QGA mass spectrometer for He (m/z = 4), N,
(m/z = 28), 0, (m/z = 32), N,O(m/z = 46).

d. In situ NAP-XPS deN,O
The catalytic reaction was performed on 3 samples;
mechanochemically prepared LaMnOs;, milled under air and
argon gas atmospheres for 4 h, and compared to sol-gel
synthesised LaMnOs.

NAP-XPS was performed at the beamline BO7-C (VerSoX) at the

Diamond Light Source. Spectra were recorded at the La 3d, Mn 2p, O
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1s, C 1s and Mn 3s levels at 834.5 — 855 eV, 641 — 655 eV, 529 — 532
eV, 284 - 289 eV and 82 — 89 eV binding energies, respectively, during
the deN,0. Samples were pressed into an 8 mm pellets containing 50
mg of LaMnOs;.The reaction was performed under 0.5% N,O in He,
with scans performed at room temperature in vacuum, room
temperature with 10 mbar of N,O and then subsequently at 400°C
and 600°C (still under 10 mbar of N,0). The measurements were
performed at specific incident energies for each XPS region to ensure
the same kinetic energy / depth of the emitted electron (~350 eV).
To achieve a variable depth profile the Mn3s region was recorded
with an incident energy of 1200 eV. Each XPS region was aligned to a
reference Cls peak at 284.8 eV® to compensate for charging effects.
Peak positions and FWHM determined after using Shirley
background subtraction on CasaXPS, with all residual standard
deviations of the curve fitting reported to be under 1.

3. Results and discussion

3.1 Understanding the mechanochemical synthesis of
LaMnO3

3.1.1 HERFD-XANES

XAS benefits from analysing both the amorphous and
crystalline content, as it does not rely on periodic ordering, to
give a combined bulk structure. Performing XAS at both the Mn
K-edge and La Ls-edge on ex situ time-slices during the
mechanochemical synthesis of LaMnOs allowed for further
insights into the mechanochemical synthesis of LaMnQOs, which
suggested that initially La dispersed over Mn,03 as soon as 1 h
of milling. However, traditional Mn K-edge XAS spectra often
results in broad features in the XANES region (Figure 1). The
major cause of this is the lifetime of the core-hole that is created

during the excitation of the 1s electron.?’ There is also the
added complication of the overlap of multiple transitions. The
different transitions arise as a consequence of both local and
non-local excitations; i.e. there is promotion to the hybridised
orbitals located on the absorber or there is charge transfer to a
neighbouring site.” This study has collected HERFD-XANES using
the KB1,3 emission line, which probes the decay from 3p—>1s, to
assess the changes to the electronic structure of the milled
materials as a function of milling time.

Figure 1 shows the XANES and HERFD-XANES data, with
expanded pre-edge regions for the milled materials and the Mn
oxide reference compounds. Assessing the Mn K-edge HERFD-
XANES, the level of spectral resolution has vastly improved
compared to the conventional XANES data. This increased
resolution is more clearly pronounced in the pre-edge region,
which shows more defined transitions that are well separated
from the main edge. The HERFD-XANES spectra of the reference
Mn oxides (Mn;0s3, Mn304, MnO, and LaMnOs) and their
interpretation allow for an increased understanding of the ball
milled intermediates and final material.

For the KB1,3 HERFD-XANES data the main edge results from
an allowed 1s = 4p transition. The position of this main edge
transition is dependent on the oxidation state of the system; an
increased formal charge on the Mn results in the transition
shifting to higher energy. In the pre-edge region, there are
multiple transitions that give rise to the complex structure
observed. The 1s = 3d transitions, that are normally forbidden
by dipole selection rules, in this region can be quadrupolar or
dipolar in nature, dependent on the local mixing of 3d/4p
wavefunctions and the presence of non-local excitations; these
occur with 3d states of neighbouring metal sites, through an
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Figure 1: (A) XAS Mn K-edge XANES compared to (B) HERFD-XANES of time-slices during the mechanochemial synthesis if LaMnOs compared to (C)
reference Mn (Il), (1), (IV) oxides and sol-gel synthesised LaMnOs with (D-F) their respective highlighted pre-edge region
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oxygen-mediated intersite hybridisation, e.g. Mn(4p)-O(2p)-
Mn’(3d).2! The size and shape of the pre-edge peaks is therefore
highly dependent on the geometry of central absorbing atom.”

Assessing the pre-edge region for Mn,03 two clear peaks
can be observed at 6540.8 eV and 6543.0 eV. These different
features arise as a consequence of the structure of Mn,03 that
contains two different Mn(lll) coordination sites. Both sites are
6 coordinate, with respect to oxygen, however, one site adopts
a more regular centrosymmetric O, geometry, whereas the
other displays a large degree of Jahn-Teller distortion. The work
by Farges showed that the lower energy peak can be assigned
to the centrosymmetric Mn site and the higher energy peak to
the Jahn-Teller distorted Mn site.?? This can further be applied
to the pre-edge features for the mixed valent Mn304, which
contains both Mn(Il) and Mn(lll). The intense peak at 6540.5 eV
results from the tetrahedrally coordinated Mn(ll), allowing for
3d-4p local hybridisation, resulting in an intense dipole
transition. A low intensity peak is also observed at 6542.6 eV,
originating from Mn(lll). It should be noted that the intensity of
these two peaks, at 6540.5 eV and 6542.6 eV, do not relate to
the proportion of Mn(Il) and Mn(lll). Work by Radu et al. shows
the Mn(ll) peak as a single feature, with the Mn(lll) feature
extending below the Mn(ll) peak due to the multiplet effect of
the final state (1s'3d°).2 For MnO,, the Mn(lV) cation is
positioned in an octahedral site, however, the pre-edge for
Mn(1V) is extremely complex and even HERFD-XANES struggles
to resolve the features.?? Previous work shows that the broad
feature observed at 6542.9 eV is a combination of 1s->3d
quadrupole transitions and non-local excitations.??

LaMnOs, synthesised here by the Pechini method?*, has two
peaks in the pre-edge region observed at 6542.3 eV and (a
shoulder at) 6547.7 eV. The peak at 6542.3 eV has been
demonstrated to be two overlapping peaks from both a 1s—> 3d
quadrupole transition and a 1s->3d4p non-local transition. This
non-local transition occurs from the 3d states of neighbouring
metal sites, Mn(4p)-0(2p)-Mn’(3d), through the vertex linked
octahedral units.?> The shoulder observed at 6547.8 eV is often
overlooked within the Mn K-edge XANES of LaMnOs. However,
work by Ignatov et al. showed they could not effectively model
this shoulder within LaMnO3; XANES without considering the
contribution of d and f orbitals, suggesting this shoulder arises
due to Mn 4p and La 5d hybridisation.?®

Using this analysis of reference Mn oxides we can now
effectively assess the changes within the pre-edge region of Mn
during the evolution of LaMnO3; by mechanochemical synthesis.
After 1 h of milling there are already clear differences in the
HERFD-XANES spectrum compared to Mn,0s. The key
differences are a decrease in intensity of the transitions at (1)
6540.8 and (2) 6543.0 eV. These changes provide important
information about the chemical steps occurring during the
milling process. The decrease in intensity of the transition at (2)
indicates that the extended crystallites of Mn,03 have been
significantly disrupted; the transition is a non-local excitation to
a neighbouring site and its reduced intensity is clear evidence
for less extensive Mn-O-Mn interactions. The decrease in the
transition at (1) indicates that there has been alterations to the
local geometry of Mn sites. On increasing milling time to 2 h,

4| J. Name., 2012, 00, 1-3

there is then an increase in intensity of the transitions
associated with LaMnOs at (3) 6542.3 eV, indicating that there
are changes to the local structure indicative of the formation of
a perovskite unit. There are no further discernible changes in
the spectra for milling times of 2-4 h. Comparing the final ball
milled, LaMnOs3, to the sol-gel reference, clear differences are
observed, most noticeably lower intensity transitions at (3) and
(4) at 6547.7 eV.

The peak at (1) is assigned to a 1s - 3d4p non-local
hybridised transition to neighbouring Mn sites, the strength of
this transition is dictated by the metal-oxygen bond length and
the metal-oxygen-metal bond angle.?” The strongest transition,
and ideal hybridisation, is achieved by a short bond length and
a linear bond angle.?> In our previous study, the Mn-O bond
lengths calculated by EXAFS for both the sol-gel and
mechanochemically prepared LaMnOs; have comparable
distances within the error range of the technique. Moreover,
the final ball-milled LaMnQOs is a complex mixture of both
amorphous and crystalline content, consistent with multiple
metal-oxygen-metal bond angles. The crystalline LaMnOs has a
more linear metal-oxygen-metal bond angle and it has a higher
intensity peak for this transition at (3). Furthermore, the
absence of the shoulder at (4) for the ball milled materials
suggests the lack of Mn4p La5d hybridisation.?® In our previous
work, we reported that the EXAFS fitting model for the ball
milled material required two Mn-La scattering paths at 3.24(1)
Aand3.37(1) A, which is significantly different to that observed
for the crystalline sol-gel sample. These changes in Mn-La
coordination have disrupted the Mn4p La5d hybridisation and
affect the transition at (4).

3.1.2 XES

The assessment of the HERFD-XANES pre-edge region has

provided a greater detailed understanding of changes to the
local geometry during the mechanochemical synthesis of
LaMnOs; and the differences compared to the sol-gel
synthesised perovskite. The pre-edge features suggest a purely
Mn(l1) state within the ball milled materials, with no Mn(ll) or
Mn(lV) features observed. However, as we have seen, the
XANES is strongly influenced by the local geometry around the
absorbing atom and this needs to be accounted for when
assessing oxidation state. We now detail Mn KBi3 emission
spectroscopy in order obtain more reliable information on the
Mn charge during the mechanochemical synthesis.
Figure 2 shows the Mn KB mainlines, consisting of a strong Mn
KB1,3 peak and with a Mn KB’ satellite at a lower energy, for the
3p—>1s transition of reference Mn oxides and a sol-gel
synthesised LaMnOs. The splitting of these peaks originate from
the strong coupling interaction between the 3p hole and the
total spin of the 3d electrons.?®2° Any energy shifts of the Mn
KB1,3 peak is expected to result from a combination of effective
nuclear charge (Zesf) and spin state. Work by Beckwith et al.
showed that for Mn complexes the Z.¢ and 3d spin effects
opposes one another.3° Therefore, an increase in oxidation
state corresponds to an decrease in total spin, which tends to
shift the Mn KBy 3 to a lower energy.?!

This journal is © The Royal Society of Chemistry 20xx
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oxidation state of the ball milled materials'!

This is strongly reflected in the Mn reference materials reported
here, which have fitted Mn KB13 peaks for MnO,;, Mn;03 and
M30, species at 6490.26, 6490.66 and 6490.73 eV, respectively
(Table 1) (Figure S1). When considering the reference sol-gel
synthesised LaMnOs, the fitted Mn KBi3 peak position is
reported at 6490.55 eV. This indicates that the Mn(lll) oxidation
state shows a small variation in the Mn KB, 3 peak position.

Assessing the position of the fitted Mn KBi3; peak for
reference Mn oxide materials as a function of oxidation state
allows us to extract oxidation state information (Figure 2C). The
positions of the Mn KB4 3 emission lines suggests that the milled
materials have an average oxidation state higher than the
Mn(lll) oxidation state expected. This is consistent with our
previous XPS analysis which identified Mn(IV) at the surface of
the mechanically prepared LaMnOs;. However, there is an
associated error in determining the positions of deconvoluted
peaks. When this is taking into consideration, alongside the
variance Mn(lll) reference materials (Mn,0s and sol-gel
LaMnQ3), all that can be reliably confirmed is that the net
oxidation state for all milled samples is very similar to that of
the sol-gel prepared LaMnOs.

Table 1: Mn KBi3 peak positions for reference Mn oxides and sol-gel
synthesised LaMnOs compared to ‘time-slices’ throughout the
mechanochemical synthesis of LaMnOs

Compound KB1,; max (eV) | Oxidation state
MnO, 6490.26 \%

Mn,03 6490.66 1]

Mn30,4 6490.73 1/m

Sol-gel LaMnO3; 6490.55 1]

1 h of milling 6490.57

2 h of milling 6490.53

3 h of milling 6490.54 3033

4 h of milling 6490.56

3.1.3 Investigating the formation of LaMnO; by high
pressure studies on La;03 and Mn,03

We have used ex situ analysis to provide further insights into
the mechanochemical synthesis of LaMnOs. Though in situ
milling has been successfully monitored in real-time using XRD

on materials such as MOFs with a vibrational mill and a PMMA

This journal is © The Royal Society of Chemistry 20xx

jar, it was not possible to observe the evolution of the
perovskite phase LaMnQOs using this set-up (Figure 3) with phase
ID reporting only La;0s3, La(OH)3 and Mn,0; diffraction peaks
after ~19 h of milling.1*

Mechanochemistry results in extremely localised high
temperature and pressure spots on the powdered materials
due to collisions between milling media and the milling jar.3%:32
High thermal synthesise (1300 — 1500 K), known as the ceramic
method, is commonly known as a traditional preparation
method for perovskites and are already well documented in
literaruture.333* Though high pressures have been applied to
already synthesised mixed metal oxides, there is limited
information on using pressure alone to synthesise the LaMnO3;
phase.3>3¢ |n order to mimic the forces transferred to the
powdered materials through the mechanochemical action of
the mill, in situ high pressure studies using a diamond anvil cell
(DAC) have been monitored by energy-dispersive-EXAFS (EDE)
at the Mn K-edge. Systematic studies were performed on
homogeneous mixtures of La;O3 and Mn,03 up to pressures of
30 GPa at room temperature. Even at the highest pressure
achieved with the perforated DAC, on mixtures that had been
ball milled for 30 min, no significant changes in the EDE spectra
were observed (Figure 4). This indicates that either higher
pressures or a combination of increased pressure and
temperature are needed to mimic the conditions that drive
mechanochemical transformations. Ultimately, this information

100000 - ,
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C 80000+
)
£
D 600004
0
™
g 400004
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20000
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Figure 3: XRD patterns at time 0 h and time 19 h after milling La20s3 and
Mnz03 with a PMMA vibrational mill
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combined with the results from the in situ vibrational mill,
confirms that the mechanochemical synthesis of these metal
oxide systems are extremely complicated to monitor in situ.
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Figure 4: In situ high pressure EDE spectra at 0 GPa and 20 GPa on
Laz03 and Mn03 mixture after high energy ball milling for 30 min

3.2 Comparison of milling environment
The La oxide precursor is significantly hydroscopic and readily
forms a hydroxide on exposure to air. To understand the effect
this change of precursor has on the final milled material, we
have conducted the milling procedure in an inert atmosphere of
argon.3’” The mechanochemical production of LaMnOs under
argon was performed for 4 h, with the final material then
subsequently exposed to air.

The XRD data was analysed using Rietveld refinement3® to
confirm the fraction of crystalline phases in the final milled
material (Figure 5). The data confirmed that for the
mechanochemically prepared LaMnOs under inert conditions a
milling time of 4 h was not sufficient to achieve complete
conversion to perovskite LaMnOs, with 77% crystalline
perovskite calculated (100% was achieved when milling in air).
The residual 23% comprises unreacted crystalline precursor
phases. Here, the excess moisture/oxygen present in the milled
material prepared in air is clearly beneficial in forming a
crystalline final product.

To assess the crystalline and amorphous content of the
argon milled LaMnO3; EXAFS analysis was also performed (Figure
6) (Table S1). The argon milled LaMnOs; EXAFS data is well
modelled, using a single Mn-O and two Mn-La scattering paths.
The two Mn-La scattering paths were calculated to be 3.13 A
and 3.30 A, similar to what was found for the air milled LaMnOs;
the shorter and longer distance La-Mn scattering paths arise
due to amorphous and crystalline content, respectively. In
general the EXAFS data of the air and argon milled samples are
similar, however, there are differences in the Fourier transform
resulting from changes in the amorphous/crystalline LaMn
phases present. This model also exhibits a degree of oxygen
deficiency, as with the air milled sample. To further investigate
this, HERFD-XANES and Mn KB XES studies have been
performed.
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As seen in section 1.1, broad unresolved features are
observed within the traditional XANES, with HERFD-XANES
showing a much greater resolution (Figure 1). Figure 7 shows
the XANES and HERFD-XANES data, with expanded pre-edge
regions for LaMnOjs catalysts synthesised by mechanochemistry
(in air and argon) and sol-gel, compared to the Mn;03
precursor. The argon milled sample clearly shows an unshifted
peak (1) at 6540.8 eV, which arises as a consequence of
unreacted Mn;,0s. The absence of peak (2) and the presence of
peak (3) at 6542.6 eV does, however, suggests the formation of
perovskite-like structures; peak (3) resulting from a transition to
the non-local neighbouring Mn sites within perovskites. The
decrease in intensity of peak (3) is indicative of a greater
proportion of structural disorder. Furthermore, the argon
milled material lacks the shoulder (4) at 6547.8 eV, suggesting
an absence of Mn4p La5d hybridisation.?® In the EXAFS model
the argon milled LaMnOs lacks the longer scattering path of 3.70
A present in the sol-gel prepared material (Table S1). This
further suggests that the changes in the Mn-La coordination
have disrupted the Mn4p La5d hybridisation and have affected
the transition at 6547.8 eV.

The observed shift in the main edge for the argon catalyst
could suggest a reduction in Mn charge. However, the edge
position at the Mn K-edge is not a suitable measure for
oxidation state as geometry and symmetry effects also
dominate the XANES and therefore KB1,3 emission spectroscopy
has been performed in order to achieve more reliable
information.

Using the fitting analysis stated in section 3.1.2, the Mn K
mainlines have now been assessed for the argon milled
LaMnQOs;, compared to the air milled and sol-gel prepared
perovskite (Figure 8) (Figure S3). Both air and argon milled
LaMnOs have fitted Mn KB1,3 peak positions within error of one
another, which is consistent with the sol-gel LaMnOs3, as stated
earlier.

Air milled LaMnO,
Argon milled LaMnO,
Sol-gel LaMnO,

DU U

Normalised intensity

20 40 60 80
20
Figure 5: XRD patterns LaMnOs mechanochemically synthesised 4 h under

atmospheric and inert (argon) conditions compared to the sol-gel
synthesised perovskite
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Previously, we reported the importance of assessing the
surface of the LaMnQOs; catalysts to identify possible active sites
for catalysis by X-ray photoelectron spectroscopy (XPS).> The
atomic percent ratios of La, Mn and O species at the surface of
LaMnOj3; show the argon milled to have higher ratio of La to Mn
on the surface compared to the air milled and sol-gel
synthesised samples (Table S2). Figure 9A shows the O1s XPS
signals of mechanochemically and sol-gel synthesised LaMnOs.
The argon milled sample follows a vastly different spectral
profile compared to that of both the air milled and sol-gel
synthesised LaMnOs. Previously, we reported using curve fitting
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to assess the change in adsorbed species on the catalyst
surface.®

Using curve fitting here, three features were deconvoluted
within the O1s XPS region at 529.3 eV - 529.6 eV, 531.1 eV -
531.7 eV and 533.4-535.0 eV. The lowest energy binding peak
at 529.3 eV - 529.6 eV is assigned to lattice-type oxygens in the
perovskite (0,%), with the peak at 531.1 eV - 531.7 eV assigned
to adsorbed species, such as 0%, O or OH.3°**! The peak at
~533.5 eV corresponds to adventitious carbon, with analogous
C-0 peaks confirmed within the C1s XPS region at 286.2 eV and
288.6 eV. 3941
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along with (B) which presents the KB1,3 max as a function of oxidation state, with a line of best fit calculated from the reference materials

and used to calculate the oxidation state of the ball milled materials™

Commonly it is assumed that active oxygen species adsorb
on the surface to compensate for lattice oxygen vacancies.*!
Firstly, the Brunauer-Emmett-Teller (BET) surface areas were
calculated to be within range of one another; ~5 m?g for the
ball milled samples and ~8 m?g? for the sol-gel LaMnOs.
Therefore, comparing the adsorbed oxygen to lattice oxygen
can give an indication of the changes to adsorption centres,
independent of surface area.*”* The argon milled sample
shows a greater intensity for the higher energy binding peak,
indicating more adsorbed species on the surface compared to
the other LaMnOs; samples. The relative intensity of the
adsorbed oxygen feature decreases in the order; argon milled >
4h milled = sol-gel preparation.

The XPS Mn3s region spectra (Figure 9B) indicate a mixed
Mn oxidation state with peak splitting at 4.8-5.0 eV suggesting
the presence of Mn(IV) and Mn(lll) species (Table S3). Analysis
in the La3d region (Figure 9C) indicate a 3+ oxidation state for
all samples, however, the argon milled LaMnOs presents a
different multiplet splitting (Table S3). A reduced multiplet
splitting of 3.7 eV is indicative of La(OH)s species, consistent
with the higher surface ratio of La (Table S2), and the higher
percentage of adsorbed species, -OH, within the O1ls region.
This XPS analysis signifies the importance of surface sensitive
techniques, as well as bulk structure analysis, XAS and XES, in
order to understand how different synthetic routes, effect the
structural and catalytic properties of these LaMnOj3 catalysts.

3.3 Catalytic testing

N,O decomposition (deN,O) has been performed on the
differently synthesised LaMnQjs catalysts, with the light-off
temperature curves detailing the percentage conversion of
deN,O to N, (Figure 10). Good reproducibility of this
performance is shown in Figure S4. Air milled and the sol-gel
synthesised LaMnOs3 show similar activity, which begins ~350 °C
with 100% conversion achieved by 550 °C. The argon milled
LaMnQOs;, however, shows activity starting below 300 °C. This
indicates that the catalytic activity cannot be explained by
analysis of the bulk structures alone, as both ball milled
catalysts show similarities in structure by HERFD-XANES and
XES. The surface analysis of the Ols region by XPS, however,
indicates changes at the surface for the argon milled LaMnOs.
With the desorption of oxygen well understood to be the rate
controlling step within the mechanism of deN,O this supports
our previous work, that proposes the higher amount of surface
adsorption centres is linked to a higher conversion of N,O to N,
at lower temperatures.>*>4® Furthermore, this argon milled
catalyst shows a change in the light-off curve at 550 °C, which
has previously been correlated to an increase in crystalline
perovskite phase for other ball milled species during deN,O.
Here, the high reaction temperatures have resulted in annealing
of the ball milled perovskite, changing the catalyst structure and
thus the catalytic activity (Figure S5). However, the argon milled
catalyst still shows to be largely effective at lower
temperatures, before the phase transformation takes place.
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Figure 9: XPS in the (A) O1s, (B) Mn3s and (C) La3d region for LaMnOs synthesised by sol-gel and mechanochemistry with air and argon environments
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Furthermore, with XPS analysis showing the argon milled
catalyst to have a higher proportion of La at the surface, it raises
a very interesting feature as traditionally it is thought that the
Mn is the active species for catalysis in this system.%” Due to La
electronic configuration it does not possess redox capabilities
and is most stable in a 3+ oxidation state. However, differences
do occur in the multiplet splitting within the XPS La3d region,
with the argon milled catalyst having a higher percentage of
adsorbed oxygen species. In order to understand the role of La
during deN,;O and how the other XPS regions are affected
during the reaction in situ near ambient pressure (NAP)-XPS will
now be discussed.

3.4 In situ NAP-XPS deN,0O
In the previous sections, we were able to link the catalytic
activity towards deN,O to the surface properties of the LaMnO3
catalysts. It is critical to understand how the deN,O process
effects the surface properties and stability of our LaMnOs
catalysts during N,O adsorption, dissociation and desorption of
N». Our previous lab-based XPS was performed under vacuum
with a fixed incident beam. This ex situ analysis of the surface of
the catalysts often presents vastly different properties
compared to that under reaction conditions.*® Furthermore,
controlling the incident energy allows for the same specific
penetration depth of the surface for each XPS region.*® In this
section, NAP-XPS has been performed under working conditions
during deN,O with spectra recorded at the La3d, Mn2p, and O1s
regions at 834.5 — 855 eV, 641 — 655 eV and 529 — 532 eV
binding energies, respectively, for the differently synthesised
perovskite catalysts (Figure S6-S8). To achieve a comparison
depth profile the Mn3s region was performed with a greater
incident energy. With the argon milled LaMnOs catalyst showing
promising activity at lower temperatures (Figure 10) we now
the detail the surface properties during in situ deN,O compared
to the other LaMnO3 catalysts.

Initially, the Mn XPS regions (Mn2p and Mn3s) have been
assessed for the argon milled LaMnOs with scans performed at
RT under a N,O atmosphere (Figure 11A) and then after heating
at 400°C and 600°C (Figure S9). Within the Mn2p region two
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main peaks are observed at ~641.5 eV and ~653 eV, originating
from spin-orbit coupling, assigned as Mn2ps;, and Mn2pi/,
respectively.”® These peak positions give an indication of the Mn
oxidation state at the surface. Due to the broad and asymmetric
nature of the peaks, deconvolution of both Mn2ps, and
Mn2p1/,; peaks by curve fitting resulted in a total of four peaks
for the region, suggesting mixed valency. The deconvoluted
peak positions at RT in N,O for Mn2ps/, were recorded at 641.5
and 643.2 eV and for Mn2p;, at 653.3 and 655.6 eV
representing Mn(Ill) and Mn(IV), respectively (Table 2).5153 On
subsequent heating to 400°C and 600°C the peak positions are
observed to remain +0.2 eV within each other. Assessing the
area of the deconvoluted peaks within Mn2ps,, region can give
an indication of the relative abundance of Mn(lll) and Mn(IV)
contributions (Table 2).%° Calculating a ratio of the areas for
each measurement results in consistent 1: 1.3 0.1 ratio of
Mn(IV):Mn(lll) during in situ deN5O for the argon milled catalyst.

Comparison of the argon milled catalyst to the air milled and
sol-gel prepared LaMnOs show that there are distinct variations
of the initial Mn(IV)/Mn(lll) peak positions and area
contributions (Table S4 and S5) (Figure S10 and S11). However,

Table 2: NAP-XPS deconvoluted peak positions and areas during in situ
deN;O of the argon milled catalyst at Mn2p, Mn3s, La3d and O1s regions

RT RTin 400°C 600°C
vacuum N,O in N,O in N,O
peak 1 ; 641.5, 641.3, 641.1,
46205 52777 63001
peak 2 . 643.2, 643.3, 643.3,
39338 40166 44761
Peak 3 . 653.3, 653.0, 652.6,
26307 24094 20800
Mn2p benk 4 ) 6556, | 6551, | 6543,
23371 18093 22707
Spin coupling - 11.8 11.7 11.5
Ratio
Mn(IV):Mn(lll) ) 11 13 14
Peak 1 83.12 83.18 83.55 83.36
Peak 2 88.18 88.26 88.83 88.72
Mn3s
Satellite - - 93.38 92.01
Splitting 5.1 5.1 5.3 5.4
Peak 1 834.19 834.52 833.9 834.0
Peak 2 838.13 838.32 838.2 838.5
Peak 3 836.46 836.79 836.0 836.2
La3d
Peak 4 850.95 851.29 850.8 850.9
Peak 5 854.91 855.26 855.1 855.3
Peak 6 853.09 853.68 852.9 853.1
Lasds/, 39 3.8 43 44
splitting
Spin coupling 16.8 16.8 16.9 16.8
529.3, 529.3, 529.3, 529.7,
Peak 1
4867 26741 46686 37254
531.3, 531.1, 531.5, 530.9,
Peak 2
o1s 6909 51708 44746 28693
peak 3 533.4, 533.0, 534.0, 532.2,
1940 16494 1472 6739
534.6,
Peak 4 - 6911 - -

J. Name., 2013, 00, 1-3 | 9



A —— Raw data

— Peak 1 :
— Peak 2 -"'"‘i
——Peak 3 / \

% Peak 4 '

4@ —— Background

c - = - Fit

(8}

=

©

©

12 -

660 655 650 645 640 635
Binding energy (eV)
B Raw data
Peak 1
Peak 2
—— Background
= Fit
: \
8
E
2
&
@
o

94 92 90 88 86 84 82 80 78
Binding energy (eV)

Figure 11: (A) Mn2p region and (B) Mn3s region for the argon milled
catalyst at RT under a N2O atmosphere

on heating to 400°C and 600°C during deN,O the Mn(1V)/Mn(ll1)
ratios for all catalysts remain within 0.2 of one another, with
similar deconvoluted peak positions recorded. This is indicative
of surface reactions occurring during catalysis that change the
net oxidation state.

The Mn3s region provides complimentary information and
was recorded at an increased kinetic energy of ~770 eV, for
enhanced depth profiling. The splitting of the Mn3s peak
(Figure 11B) at ~83.5 and ~88.5 eV (Table 2) is a final state effect
due to the parallel and anti-parallel coupling between the spins
of the remaining 3s electron and the 3d electrons.®® On
increasing oxidation state, i.e. a decrease of d electrons, the
separation between these two peaks is known to decrease.>®
For the argon milled catalyst a Mn3s peak splitting value of 5.1
eV is observed at room temperature in vacuum. This suggests,
a mixed Mn(1V)/Mn(ll1) valency, with literature reporting a peak
splitting of 5.4 eV for Mn,03 and 4.4 eV for Mn0,.>>°3 No change
is observed for the Mn3s peak splitting on the exposure to N,O
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gas. However, on increasing temperature, this splitting
increases to 5.4 eV, which is indicative of the Mn(lll) oxidation
state.>® This increased depth-profiling observes the diffusion of
sub-surface oxygen towards the exterior of the particle, which
is responsible for the observed change in oxidation state.>®57
The lattice oxygen that has migrated towards the surface is then
available to participate in the deN,O process.”®>° With the
mixed Mn(lll) and Mn(IV) valences still observed at 600°C at a
lower depth penetration (Mn2p region) it suggests this is a
highly surface sensitive reaction.

This behaviour, of the splitting energy increase due to
elevated temperatures, within the Mn3s region was also found
for the other LaMnO3 catalysts (Table S4 and S5) (Figure S10 and
S11). Understanding the Mn2p and Mn3s XPS regions highlights
that, though the differently synthesised LaMnO3 catalysts have
varying bulk properties, at the surface there are similarities in
how the Mn environment acts under working conditions.

The La3d XPS region (Figure 12 and S12) shows the typical
doublet splitting, with the lower energy doublet assigned to
La3ds; and the higher, La3d3.,.%° The peak splitting of the
La3ds/, doublet has been used to understand the nature of the
La species.®! The asymmetric nature of the peaks within the
La3d region required three peaks to deconvolute each doublet
(Figure 12 and S12).5263 For the argon milled catalyst, all the
values of La3ds/; peak splitting during deN,O are typical of La(lll)
compounds, which is further confirmed by the spin-orbit
coupling values of 16.8-16.9 eV for all species (Table 2).4
Initially, at RT under vacuum, the La3ds/; peak splitting of 3.9 eV
is indicative of La(OH); (Table 2). This is further confirmed by
the presence of La(OH)s diffraction peaks in Figure 5. Increasing
the temperature during deN,O results in an increase in the peak
splitting value, suggesting the formation of an oxide species at
the surface.®*

Both the air milled and sol-gel LaMnOs3 start with a higher
La3ds, splitting value, of 4.1 eV and 4.2 eV respectively,
compared to that of the argon milled catalyst, indicating a more
oxide surface initially (Table S4 and S5) (Figure S13 and S14).%°
The ball milled samples record a decrease in the La3d splitting
on exposure to N,O (~ 0.1 eV). This could be indicative that the
adsorbed N,O is interacting with surface La species.
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Figure 12: La3d XPS region for the argon milled catalyst showing the

deconvoluted peaks at RT under a N,O atmosphere
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Figure 13 shows the deconvoluted fitted peaks for the O1ls
region in argon milled LaMnOs at RT under a N,O atmosphere
and then at 600°C (full data set Figure S15). On deconvolution
of the O1s region three oxygen species can be identified (Table
2). In table 2, peak 1 is assigned to lattice-type oxygens (0,%),
peak 2 to adsorbed species such as 0,7, O" or OH and peak 3 and
4 is associated with adsorbed adventitious carbon or molecular
water.3%-4

By monitoring in situ deN,O by NAP-XPS clear changes can
be observed within the O1s region for the argon milled catalyst,
which have not been previously reported. Whilst remaining at
RT, on the introduction of N,O an increase in the proportion of
adsorbed species can be observed, along with the presence of a
higher binding energy peak at 534.6 eV (Figure 15A). This is
indicative that N,O is adsorbed on the surface at room
temperature, in agreement with La3d XPS data. A change in the
area of peak 1, arising due to lattice-type oxygens, is observed
on exposure to N;O. This could indicate a possible
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Figure 13: Ols region for the argon milled catalyst showing the
deconvoluted peaks at (A) RT and (B) 600°C under a N2O atmosphere
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rearrangement of the surface structure due to N,O interaction.
On increasing the temperature to 400 °C the surface adsorbed
species decrease. Further increase of the temperature to 600°C
shows a significant change in the peak shape, along with a 0.5
eV energy increase in the binding energy of peak 1. Here, the
change in relative oxygen species abundance and peak positions
could relate to either the hydrothermal removal of adsorbed
oxygen species from the surface, as seen in the La3d region
(Table 2), or changes due to the Mn enivronment.®%%” The Mn2p
and Mn3s XPS data confirm that under these conditions the
surface Mn species are relatively unchanged, whilst at greater
depths oxygen is transferred towards the surface. Considering,
that the O1s data is acquired at the same depth penetration as
the Mn2p, it infers that the changes observed are correlated to
changes in La speciation.

Both the air milled and sol-gel prepared LaMnOs also
recorded a higher proportion of adsorbed species at the surface
on exposure to N,O (Table S4 and S5) (Figure S16 and S17).
Significantly, the air milled and sol-gel catalysts do not have
peak 4, fitted at 534.6 eV for the argon milled LaMnOs3, present
within the O1s region. This suggests that there are distinct
surface sites for the argon milled LaMnOs that are involved in
the deN,O process at lower temperatures, increasing the
catalytic activity (Figure 10).>%°° Furthermore, the air milled
catalyst also suggests a rearrangement in surface structure due
to exposure of N,0O, as a reduction in peak 1, corresponding to
lattice-type oxygen, is observed.

The deN,O catalytic testing observed an abrupt change to
the light off profiles for the ball milled prepared samples that
have been assigned to a phase transformation (Figure 10). This
behaviour mirrors what is found in the O1s XPS data; between
400°C and 600°C there are significant changes within the O1s
profile for the balled milled samples. Conversely, the sol-gel
prepared LaMnOs; shows a similar peak profile within the Ol1s
region at both 400°C and 600°C, suggesting a relatively stable
oxygen environment.

Although the role of Mn towards the catalytic activity is
clearly important, in this work the Mn2p region shows minimal
changes during deN,0.%® However, there are significant
changes, within the La3d and O1s regions that have provided
additional value in understanding the catalytic activity of these
LaMnOs; systems. Furthermore, variations within the in situ
deN,O NAP-XPS regions compared to the ex situ XPS reported
in 3.2 show the importance in tuning the incident beam in order
to achieve equivalent data for each XPS region at the same
penetration depth.

4. Conclusions

Here we have successfully provided in-depth insights into
understanding the electronic and geometric changes during the
mechanochemical synthesis of LaMnOs. By performing ex situ
HERFD measurements on ‘time-slices’ during milling we
successfully identified the reduction of precursor Mn,0s3
features within the pre-edge region and the evolution of peaks
assigned to LaMnOs. However, significant alterations are
observed within the ball milled perovskite which indicate
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disruption to the Mn-La coordination, specifically to the lack of
Mndp La5d hybridisation, in comparison to the sol-gel prepared
LaMnOs. XES performed at the MnKB1,3 emission line suggest a
‘bulk’ Mn(l11) oxidation state throughout the mechanochemical
synthesis.

Efforts to perform in situ milling and to replicate the
conditions experienced during milling by in situ high pressure
experiments on La,03 and Mn,03 precursors were unable to
induce structural changes. This confirms that the
mechanochemical synthesis of these metal oxide systems are
extremely complicated to monitor in situ.

Investigating how the milling atmosphere effects the
formation of the perovskite phase, shows that an argon
environment decreases the proportion of crystalline LaMnOs
after 4 h of milling, compared to an air milling atmosphere.
However, performing deN,0O shows this argon milled catalyst to
have an improved performance at lower temperatures
compared to the air milled and sol-gel LaMnOs. With the bulk
structural analysis of the ball milled materials reporting similar
structures it indicated that the catalytic activity of deN,O is
strongly correlated to the proportion of oxygen vacancies
recorded at the surface from ex situ XPS.

By performing in situ NAP-XPS deN,O we were able to
further this understanding of this improved catalytic activity
whilst studying the different LaMnOj3; catalysts under working
conditions. Within the O1s region the argon milled catalyst
showed a higher proportion of adsorbed species on exposure to
N,O at RT, indicating an increase interaction with this species. It
also highlighted that all catalysts remained with a mixed
Mn(Il1)/Mn(IV) valency, even at elevated temperatures of 600°C
whilst working under catalytic conditions.

This work, therefore, demonstrates how the use of further
advanced characterisation, such as HERFD, XES and NAP-XPS,
can provide an in-depth understanding of the electronic,
structural and surface properties of LaMnOs induced by the
mechanochemical synthesis.
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