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Abstract

Perovskites have been widely studied for electrocatalysis due to the exceptional
activity they exhibit for surface-mediated redox reactions. However, descriptors based
on density theory calculations or experimental measurements have assumed a bulk-like
configuration for the surfaces of these oxides. Herein, we probe the initial exposed
surface and screened subsurface of as-grown LaMnOj particles, demonstrating that
their augmented activity towards the oxygen reduction reaction (ORR) is related to
a spontaneous surface reconstruction. Our approach involves high-energy resolution
electron energy-loss spectroscopy (EELS) for fine structure probing of ionization edges
under electron-beam conditions that leave the structure unaffected. To interpret the
EELS results, we evaluate and compare with calculated spectra implementing several
theoretical models. Simulation packages involving atomic multiplet theory, density
functional theory using the muffin-tin approach, and electron hybrid density functional
theory were used to quantitatively demonstrate that a La deficiency on the surface
layers is responsible for equivalent tetrahedral Mn2* sites on the reconstructed surface
and, therefore, the +3 and +2 oxidation state of Mn coexist on the surface layers.
This electronic and structural configuration of the as-synthesized particles is indirectly
linked to strong adsorption pathways which promote the ORR on LaMnOg3 and thus it

could prove to be valuable design feature in the engineering of catalytic surface



Introduction

Manganese oxides of the perovskite structure exhibit excellent catalytic activity towards

the oxygen reduction reaction (ORR) in alkaline media®?

and are considered promising
candidates to replace the costly noble metal catalysts for charge storage in electrochemi-
cal devices.3® In particular, orthorhombic LaMnO3 (LMO) particles are the leading ORR
catalysts based on descriptors depicting activity as a function of e, orbital filling.® This im-
portant finding by Suntivich et al. led to increased interest in perovskite oxide catalysts and
extensive study of a number of perovskite structures using thin film growth techniques.”8
However, in most cases, perovksite nanoparticles have been found to outperform perovskite
thin films in real electrochemical systems.? Their functionality is unambigiously linked to
the surface character of the catalysts, however, the actual mechanism by which the reaction
proceeds it not known yet. Most of the studies consider bulk-like structure for interpretation
of the catalytic activity, however, studies also hinted to the role of possible surface recon-
struction mechanisms® and surface chemical environment changes.!'® More recently, in situ
and operando x-ray based studies have been implemented in order to acquire real-time infor-
mation on the mechanism during ORR of maganeze oxides.!! X-ray absorption spectroscopy
(XAS) data showed that the Mn** environment of the bulk structure is critical for the high
activity,!! whereas studies on Mn spinel structures revealed that a mixed valence (between
Mn?** and Mn?* or Mn?* and Mn?®") is the key to charge transfer from the catalyst to the
adsorbed oxygen.!? Apart from the valence, the Mn coordination has also been related to
the activity. 2714

Herein, we report on the surface properties of as-synthesized LaMnQOg3 particles by prob-
ing the surface and subsurface states by electron energy-loss spectroscopy (EELS). Similarly
to XAS, EELS provides information on the energy dependence of the density of empty states
in the conduction band (core-loss region) ! but, unlike XAS, EELS in scanning transmission

electron microscopy (STEM) mode is able to probe effects associated with the local environ-

ment of the surface regions. Electron probing of the Mn Ls 5 fine structure revealed a local



mixed valence on the first surface layers and this effect is correlates with changes on the
shape of the O K edge pre-peak. Quantification of spectra containing all elements yielded
a significant La-site deficiency at the surface. For the interpretation of the EEL spectra,
detailed analysis using various theoretical models was performed. The density of states was
computed using hybrid exchange density functional theory in an accurate local combination
of atomic orbitals approximation. The resultant orbital decomposition was found to be con-
sistent with an electrostatic picture of the bonding and thus interpretable within a simple
point charge model and ligand field framework. In the distorted octahedral environment of
the Mn ion in LMO the calculations suggest mixing of the d,2_,2 and d.» orbitals. Popula-
tion analysis of the charge density from the h-DFT calculations indicates the co-existance
of Mn®* and Mn?" ions at the LMO surface.The influence of the charge state on the EELS
spectra can be evaluated by computing the EEL spectra for various states and using them
as standards for interpretation of the measured Mn L3, fine structure, it is also possible to
deduce that the surface layers are composed of reduced Mn ions sitting in La sites (Mn?* in a
12-coordinated environment). This is further confirmed by the oxygen K edge fine structure
where the loss of the pre-peak is a signature of the lack of hybridisation between the Mn and
O orbitals. This further confirms the fact that part of the surface Mn?* ions sit in the larger

A site cage as opposed to the more confined B site octahedral configuration of the Mn3* ion.

Methods

Sample preparation

LaMnOs single crystal particles were synthesised using the co-precipation method, as de-
scribed before.® The same, working powders were used for which the catalytic activity was
previously measured by Sintivich et al.® The size and shape of the particles varies dramat-
ically and, as illustrated in Fig. 1, the surface of the particles shows atomic steps and is

contamination-free. Direct interpretation of the images is hindered by the particle size (typ-



ically more that 100 nm up to 800 nm) and interference effects. For all S/TEM and EELS
experiments, the particles were dispersed in liquid water to prevent any chance of chemical
surface alteration with solvent solutions before analysis. Liquid suspended particles were
then deposited onto commercially available lacey carbon support film mounted on copper
grids. Spectrum imaging was performed on particle edges that were unsupported by the
carbon film to ensure all data were pure LMO spectra with no carbon contribution from the

support.

Transmission electron microscopy

Figure 1 shows a transmission electron micrograph taken on a spherical aberration (Cs) cor-
rected at the image plane Thermofischer ScientificTitan 80-300 TEM operated at 300kV at

a negative C; of -13 ym and a defocus of 8 nm.
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Figure 1: High-resolution TEM images of surface atomic layers of LaMnO3 depicting the
non-contaminated atomic step structure up to the very surface of the particle. The overlaid
schematics depict the simulated HRTEM map along with simulations of the atomic positions
where La is grey, Mn is black, and O is red.



Scanning transmission electron microscopy and electron energy loss

spectroscopy

The scanning transmission electron microscopy studies were performed on a double spherical
aberration (C;) corrected Thermofischer Scientific Titan Themis 60-300 operated at 200 kV.
All STEM EELS data acquisition was performed in spectrum imaging mode using a Gatan
GIF Quantum electron energy-loss spectrometer and using the Gatan ADF STEM detector
mounted in the GIF Quantum. The Themis electron monochromator was excited to give an
energy resolution of 0.3 eV at spectrometer dispersion 0.1 eV /channel. All spectrum images
were acquired using Gatan Digitalmicrograph at camera length 12.3 mm (in EFTEM mode),
giving a convergence semiangle (alpha) of 28 mrad, collection semiangle (beta) of 47.3 mrad
and ADF inner detection angle of 98.5 mrad. All spectrum imaging was performed in dual
EELS mode with the low loss energy offset set to 0 eV to allow for post acquisition energy
scale correction. The high loss energy offset was adjusted so that the oxygen K, manganese
Lso and/or lanthanum M; 4 edges were in the field of the view of the Quantum camera.
Data were acquired at 0.1 eV /channel for fine structural analysis and 0.25 ¢V /channel for
quantification. Probe current of approximately 100 pA was chosen to maximise the EELS
signal and to limit the electron beam induced damage. No damage or contamination were
seen after acquisition. All data processing was performed using Gatan Digitalmicrograph
v. 3.4. Energy drift was removed from all core loss spectrum image data sets by using the
“align SI by peak” function applied to the sibling low loss spectrum image. Quantification was
performed using the multiple linear least squares (MLLS) based quantification routine using
quantification parameters shown in Table 1. These parameters were previously optimised for
stoichiometric LMO. All ionisation edges were specified as non-overlapping and the ELNES
contribution (as shown in Table 1) was excluded from the quantification calculation. Plural
scattering was included in the quantification calculations allowing composition result to be
normalised for changes in specimen thickness. Atomic multiplet simulations for the Mn

Lj o white lines were performed using CTM4XAS for: Mn** in Dy, symmetry crystal field



and Mn?* in T, and O, symmetries. The results of these calculations were imported into
Digitalmicrograph and were used as fit components in a MLLS fit to background subtracted
Mn L3, edges present in spectrum images acquired from the LMO particles. 2D maps of
the fit coefficients were then generated in order to map out local changes in Mn valence and
coordination.

Table 1: EELS Quantification Parameters Applied

Element Fit Range (eV) ELNES Signal Sum
Width (eV) Width (eV)

O 460.8 | 602.0 20.0 20
Mn 603.0 | 721.0 31.0 20
La 713.0 | 951.5 69.5 20

Computational Details

The calculations of the Mn L 5-edge and the O K-edge ELNES were performed by FDMNES
code with the full-multiple-scattering approach.!® Anti-ferromagnetic orthorhombic per-
ovskite oxide structure (space group number 62 in the Pbnm setting), with the lattice param-
eters a = 5.5367 A, b = 5.7473 A and ¢ = 7.6929 A, was used for the LaMnOs spectral calcu-
lations. '™ Self-consistent spin polarized electronic structure calculation within FDMNES
was performed after which spectrum calculation was done. Hubbard value U = 4 eV was
used for better treatment of the Mn 3d orbitals.2’ Cluster radius of 7 A surrounding the
absorbing atom was found to be sufficient for a converged calculated spectrum. Calculated
spectra were convoluted with the arctangent core-hole broadening model within FDMNES
with T'gole = 0.34 €V and T'gele = 0.20 €V values (which are calculated automatically) for the
manganese L35 and oxygen K edges respectively.

Additionally, L3 » edge of the Mn atom at various oxidation states and crystal fields was
calculated by the CTM4XAS 5.5 code.?! For the Mn®" in the Dy, symmetry (approximating

manganese in the bulk of the LaMnOQj3), crystal field parameters 10Dq = 1.5 eV, Ds = 0.4 eV



and Dt = 0.05 eV were chosen following Castleton and Altarelli.?? Lorentzian (0.2 V) and
Gaussian (0.7 eV) broadening was applied to calculated spectra to match the experimental
Mn Lj  line-shape. Additional spectral calculations of the Mn?* ions in the O}, and T} crystal
fields with the 10Dq values of 1.5 ¢V and 0.5 eV respectively were performed. Comparably
small crystal field splitting value in the Td symmetry is used by following previous results.??
The same broadening parameters as found in the bulk of the material are applied to the
calculated spectra of the Mn?*, therefore giving reasonable expected line-shape.

DFT calculations have been performed using the CRYSTAL1724 software package, based
on the expansion of the crystalline orbitals as a linear combination of a local basis set (BS)
consisting of atom centred Gaussian orbitals. The Mn and O atoms are described by a triple
valence all-electron BS: an 86-411d(41) contraction (one s, four sp, and two d shells) and an
8-411d(1) contraction (one s, three sp, and one d shells), respectively; the most diffuse sp(d)
exponents are aM?=0.4986(0.249) and a®= 0.1843(0.6) Bohr2.25 The La basis set includes a
nonrelativistic pseudopotential to describe the core electrons, while the valence part consists
of a 411p(411)d(311) contraction scheme with three s, three p and three d shells). The most
diffuse exponent is a*=0.15 Borh~2 for each s,p and d.?¢ Electron exchange and correlation

are approximated using the BSLYP hybrid exchange functional.?" 2

Results and Discussion

LaMnO3 (LMO) exhibits a Jahn-Teller (J-T) distorted orthorhombic Pnma) crystal struc-
ture at room temperature with distorted MnOg octahedra (point group Do) at trivalent
Mn?** site (3d* electron configuration). The h-DFT calculations reproduce this strong or-
bital interaction with the lattice and thus the symmetry breaking distortion. The computed
electronic structure of the Mn®* d* electrons in the LMO results in a distorted oxygen octa-
hedron along one axis (Fig. 2(b)). This distortion along the z axis (Jahn-Teller distortion)

breaks the local symmetry lifting the degeneracy of the highest energy occupied electronic



state of the e, orbitals (as compared to the non-distorted environment as seen in Fig. 2(a))
giving a distinct ground state for the energetically highest electron. Within this electronic
picture, the half-filled e, has been assumed to play a defining role in the catalytic properties
for the ORR of this oxide compared with other transition metal perovskites.® However, the
MnOg octahedron is not distorted only along one axis in the LMO, the distortions occur
along two axis giving rise to three different Mn-O bond lengths and local symmetry low-
ering to Dyy,. Calculations of the energy levels for the spin up case (the spin down case is
equivalent and is not shown for clarity) as a function of increased deformation of the MnOg
octahedron are shown in Fig. 2, along with the corresponding atomic models. The Fermi
level is also indicated for reference. In the case of a symmetrical oxygen octahedron (point

group Op,) shown in Fig. 2(a), the energy levels are split into two states. The d,2_,2 and d.2

y
(e, orbitals) are found to be degenerate, but when a distortion along the z axis is included
the e, orbitals split as shown in Fig. 2(b). This geometry corresponds to the Dy;, symmetry,
which is typically assumed to represent the octahedra configuration in LMO. In reality, the
environment around the Mn3* ion is less symmetric with the point group Dy, as seen in Fig.
2(c). Additional distortion in the xy plane within octahedra leads to a complete separation
of the filled ¢y, states and the mixing of the d,2_,» and d.» orbitals (d,2_,» wavefunction
acquires some nature of the d,2 and vice versa (see Supplemental Information for more de-
tails). This mixing of the d energy levels (one filled, one empty) on an atomic level could be
a contributor to the enhancement of the ORR activity for LMO.3°

A local, direct method for experimentally determining the empty density of states is
electron energy-loss spectroscopy in a transmission electron microscope. Advances in the
instrumentation in recent years have made it possible to perform experiments with both
high energy and spatial resolution. The information of the fine structure gained from core-
loss edges can provide direct evidence of the hybridisation of oxygen 2p and manganese 3d

states when comparing the surface to the bulk of the LMO crystal. The treated data of

the spectrum image (Fig. 3(b)) for oxygen K and Mn L, after removal of background and
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Figure 2: Atomic models and corresponding calculated density of states for an isolated
MnOg octahedron as a function of increasing deformation. Shown are the results for the
simplified symmetric case O, (a), the asymmetric one-axis case Dy, (b), which is normally

used to model LMO, and the two-axis asymmetry Dy, (c), which represents the Jahn-Teller
distorted LMO.
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thickness effects are shown in Fig. 3(a); the La Ms 4 edge is omitted as there is no change of
its fine structure. The near-edge fine structure (ELNES) of the Mn L3 reveals a shift towards
lower energies accompanied with a minimisation of the oxygen pre-peak () evident in the
first surface layers of the particle. The shift of the surface Mn (from v to /8 as indicated
in Fig. 3(a)) is about ~ 1.5 €V to lower energy. This along with the Ly/Lj intensity ratio
change can be readily attributed to the change in the valence, i.e. the manganese is reduced
to the +2 oxidation state at the surface.?!

To better understand the distribution of elements at the surface and the bulk of the
as-synthesised LMO, quantification of the EEL spectrum image, that also includes the La
peak, was performed. The results, shown in Fig. 3(c), confirm the bulk structure with the
nominal composition of 20:20:60 for La:Mn:O. Near the surface however, a deficiency in La
is evident, whereas Mn remains relatively stable. The deficiency of La sites on surfaces of
LMO films was previously reported by resonant inelastic x-ray spectroscopy measurements
on thin films.3? This deficiency can be accounted for by the loss of oxidation of Mn, meaning
that it tends to hop to the La site, possibly occupying both Mn and La sites on the surface
of the perovskite. Indeed, possible occupation of the Mn in La vacancies would reduce the
valence of Mn. Relative to the electrocatalytic activity of LMO, it is was previously reported
that the La bridge sites can interfere with the adsorption of O on Mn sites.3? Replacement
of La by Mn?T is thus likely to result in an increase in the overall catalytic activity by means
of increased presence of Mn ions at the surface and subsurface. In addition, tuning the
La-site deficiency can affect the oxygen vacancies and the valence of the B-site can result
in an overall enhancement of the activity.3* At the same time, previous DFT calculations®
predicted that the reduced valence of the Mn ions can favour the binding of *OOH, one of
the steps involved in the pathway of electrocatalytic oxygen reduction.

Figure 4 compares the experimental bulk-like (subsurface) and surface Mn Ls » edges with
selected theoretically calculated spectra. The calculations for the bulk Mn3* include three

approaches; the open access CTM4XAS program that is based on atomic multiplet theory,
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Figure 3: (a) Electron energy-loss spectra showing the fine structure of the oxygen K and
Mn Lj o edges (SI3) from the surface (light blue) to the bulk (magenta). (b) Annular dark
field (ADF) image showing the probed area with annotated regions of the spectra in (a), and
(¢) quantification of the EEL spectra showing the relative composition of all three elements
present, La, Mn, and O, as a function of distance from the surface (0 nm) to the bulk (20
nm and above).
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the open-access FDMNES program that is based on density functional theory calculations
using the muffin-tin approach, and the CRYSTAL program that is based on an electron
hybrid density functional theory (for more details see Methodology in Supplemental Infor-
mation). The latter can only calculate the manganese L3 edge since spin orbit splitting is not
accounted for, instead the single DOS of the unoccupied 2p to 3d states is produced. For the
bulk case, Figure 4(a), the all electron and muffin-tin based DFT and the simple electrostatic
model all produce a similar description of the electronic structure which is consistent with
that measured. The trend reveals, as reported previously for Mn-based +3 oxides,?' that
the main L3 peak is broad and centred at 642 eV. Its fine structure exhibits features on the
higher energy side of the main peak with the main contribution coming from the J-T split-
ting of the e, orbitals in the Dy, or Dy, symmetry. For the case of the surface, Figure 4(b),
several calculated spectra were used to interpret the results. Atomic multiplet calculations
in various crystal fields were performed for Mn?* octahedral and tetrahedral coordinations,
whereas compounds showing these two geometries were used to calculate DFT-based spec-
tra. In MnFe,O4 the Mn is at the +2 oxidation state with tetrahedral coordination whereas
in MnO Mn?" is found in an octahedral coordination. The position of the peak is well con-
firmed as the +2 oxidation state for all cases. However, discrepancies in the fine structure of
the octahedral vs tetrahedral coordinations arise. Specifically, both calculations agree that
the difference between the two coordinations has to do with features in the fine structure
located at low energy for the tetrahedral case whereas the features location for the octahedral
coordination is after the main peak. The pre L3 peak is related to transitions of orbitals
with tg, character and it is typically associated with the 6-fold coordination of the octahedral
configuration.

Relating these contributions from bulk to surface to the experimental EELS data, mul-
tiple linear least squares (MLLS) fitting was performed. Having established the conformal
calculated spectra under the different theoretical approaches, the CTM4XAS spectra were

chosen for the fit. Figure 5 indicates the maps of the fitted spectrum image (a) to the Mn3*
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Figure 4: Theoretical calculations for the J-T distorted LMO crystal taking account oc-
tahedra distortion, valence and coordination for the bulk (a) and the surface (b) of the
experimental Mn L3 ELNES. The spectra have been aligned with respect to the main Ls
peak and ordered according to the complexity of the calculated spectra.
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Dy, (b), the Mn** Ty (c), and the Mn** Oy, (d). A comparison of the relative intensities of
the three contributions is shown in 5(e). As expected, the Dy, Mn3" signal dominates the
bulk. At the first few layers of the surface however (close to 0 nm distance), the character
changes dramatically and the maps reveal a significant contribution of T; Mn?* whereas for
the O, Mn?* the fit is within the noise. The T; Mn?* character fits well with the surface La
deficiency, further implying that the Mn ions on the surface occupy 12-coordinated La sites.
The resulting 3d orbital splitting in a 12-coordinated cubo-octahedral site is equivalent to a
weak crystal field with the T, symmetry. To deduct the equivalence of the tetrahedral (7})
and 12-coordinated cubo-octahedral sites we use the point charge model (See Supporting
Information) to calculate the energy level splitting as a function of M-O distance, Fig. 6.
12-coordinated and 7T, sites produce reversed orbital splitting pattern similar to the one
in O, symmetry. However, the change alone of the Mn site symmetry from the O, to the
12-coordinated one (while preserving the Mn-O distances), would already reduce the #y4-€,
splitting by two. Considering that the average bond length in the La site is about 1.4 times
larger than in the normal Mn site, the #, to e, splitting is reduced even further due to the
decreased crystal field, Fig. 6. Overall, the energetical splitting of the #,, and e, orbitals for
the manganese residing in the perovskite A site is expected to be roughly 20% of the mag-
nitude when the manganese is in the B site. Therefore, the increased distance of the oxygen
neighbours on the A site of the perovskite explains well the much weaker hybridisation of
the Mn?" with the oxygen on the surface (loss of pre-peak at the surface).

Evidence of this transformation is also confirmed by the projected density of states of the
Mn and La orbitals and their comparison with the oxygen K edge. Figure 7 shows the EEL
spectra of the oxygen K edge for the surface and the bulk overlapped with the calculated
spectrum using FDMNES. Also shown are the calculated projected density of states for all
the manganese and lanthanum orbitals (filled curves). The O K edge can therefore be inter-
preted within three distinct regions. Firstly, the calculations show strong hybridisation of

the O 2p and Mn 3d depicted in the pre-peak of the edge (corresponding to the one free spin
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Figure 5: MLLS maps of EELS spectrum image (a) fitted for Mn L3 edge based on CTM4XAS
calculated spectra for the Dy, Mn** (b), the T; Mn** (c), and the Oy, Mn** (d). Also shown
is the relative contribution of the three profiles (e).
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Figure 6: Calculated 3d orbital ordering diagram in a 12-coordinated cubo-octahedral site.
Metal - oxygen distance is normalized to the average bond length of the B site. Value of 1.4
corresponds to the average bond length in the LMO A site. Energy is scaled to the 10Dq
(crystal field splitting) value of octahedral site with normalized M-O distance of the value
one. As it can be seen, when increasing the metal-oxygen bond length, the magnitude of
splitting is reducing.
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up state and completely free spin down states of the manganese). A region corresponding to
the La orbitals (between 4 - 10 eV) follows and the last broad peak around 13 eV exhibits
predominately Mn 4sp character. The calculations accurately predict the oxygen K edge for
LaMnOgj and the assignment of the features seen in the oxygen K edge is very similar to

previously reported configuration interaction calculations. 3¢
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Figure 7: Projected density of states of the Mn 3d (spin up and spin down), Mn sp, La
4f, and La 5d (spin up and spin down configurations are equivalent and therefore only spin
down is shown for clarity) as calculated from FDMNES. Shown is also the total FDMNES
calculated EEL spectrum for the oxygen K edge along with the experimental EEL spectra
for the bulk and the surface. The energy scale was shifted to zero on the onset of the edge,
being also the onset of the Fermi level for the projected density of states.
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Conclusion

Based on the chemical profile of the surface and subsurface of LaMnOj electrocatalytic
particles, three complementary mechanisms could be responsible for the enhanced oxygen
reduction reaction activity. Starting from the bulk, this slight mixing of the orbitals in the
octahedra of the J-T distorted structure could make all possible absorption sites behave
the same, independent of their electron density surrounding them. On the surface, the
reduction of the oxidation state of Mn in relation to the La-site deficiency is linked to
its partial substitution with Mn in a +2 oxidation state that are no longer hybridised with
surrounding oxygen ions. Possibility of hydroxide groups terminating the surface layers is not
excluded, however these species are not probed by EELS and therefore their contribution has
been omitted. Despite the likely presence of hydroxides, the evidenced surface configuration
exposes the Mn?* ions occupying the A bridge sites and further favours the oxygen absorption
by the A bridge sites. The coexistence of Mn?* with Mn3* sites has been shown to occur
during ORR ' and therefore this double ionic valence of the transition metal could be linked

to a more efficient pathway that promotes the ORR activity of LMO particles.
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