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Abstract

Using density functional theory, we investigate methanol adsorption and dis-
sociation on the MnOs- and LaO-terminated, LaMn@; (001) surface as a
function of Sr dopant enrichment in and near the surface. In response to
bulk cleavage, we find electron depletion jof,the negatively charged MnO,
surface layer that is enhanced by St doping in the subsurface. In contrast,
we observe electron accumulation‘in the positively charged LaO surface layer
that is reduced by Sr doping in the surface layer. Methanol adsorbs disso-
ciatively on the LaO fermination of the LaMnOs (001) surface. Methanol
adsorption on thedLaO termination is strongly preferred over adsorption on
the MnQO, terminatiom. While moderate doping has a small influence on
methanol adsorption and dissociation, when 100% of La is replaced by Sr in
the surface or_ subsurface, the adsorption preference of methanol is reversed.
[f-4he surface is highly dopant enriched, methanol favours dissociative ad-

sorption on the MnOs-terminated surface.
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1. Introduction

Perovskites are a family of well defined oxide materials of composition
ABOg, where A is a large cation of similar size as the oxygen ion and"B
is a smaller cation filling octahedral holes created by the closed paeked lat-
tice of oxygen and A ions. The perovskite structure is very flexible'and ¢an
accommodate a large number of different A and B ions leading*tora great
variety of materials. One example of a perovskite material is Tanthanum
manganite, LaMnQOg. It is the parent compound of several important mate-
rials (A(1_xA,MnO;) that show colossal magnetoresistivity [1]. In addition,
LaMnOg and its doped variants attracted a lot ef attention due to their ap-
plication as a cathode material in solid oxide.fuel cells [2]. Our interest in
perovskite materials stems from the possibility of tuning catalytic properties
of oxides using the flexibility in.composition through A and B site occupa-
tion as well as doping type and range. We probe acid/base and redox sites
of mixed oxides using comversion reactions of oxygenates with the goal of
designing a highly selectivejand efficient catalyst. Methanol has previously
been used by us/asia probe reaction to characterize cerium oxide catalysts
[3, 4, 5]. Here, we study methanol adsorption and dissociation on LaMnO3
and Sr doped-LaMnOj; surfaces using density functional theory (DFT).

The ideal perovskite structure (CaTiOs) is cubic. The tolerance factor
[6] (t) is"a measure of the radii differences between A, B, and oxygen ions
and.ranges between 0.75 and 1.0 in stable perovskites [7]. Depending on the
tolerance fctor, many perovskites assume a distorted geometry. In LaMnOg
(t=0.94 [8]), La®" is smaller than O*~ and the MnOg octahedra tilt to fill
space. Further, the octahedra are elongated due to the Jahn-Teller effect



that allows for energy lowering when degenerate orbitals are partially oc-
cupied. The resulting structure for LaMnOg is orthorhombic and can be
described within the Pnma [9] or, equivalently, within the Pbnm [10] space
group. In the ground state, LaMnOQOj is an A-type anti-ferromagnetic insula-
tor [9]. When LaMnOj is doped with Sr, a rich phase diagram is‘observed,
where the metallicity and the magnetic state changes as a function of the Sr
fraction [11]. For instance, Lag 7Srg3MnOj3 has a ferromagnetic ground state.
Since Sr carries a formal charge of 24, the Jahn-Telfer distertions become
weaker in the doped material [12]. The crystal structure of Lag 7Srg3sMnOsj is
rhombohedral [12]. Doping can affect the surface eemposition strongly since
in Sr doped LaMnOj3, the surface is Sr enriched compared to the bulk [13].
Sr segregation was explained by surface polarization [14] and size effects [15].

As is typical for partially occupiedyd-orbitals, the electronic structure of
Mn3* is difficult to describe for standard DFT methods [16]. Hybrid DFT
methods are an expensivesalternative that result in better electronic proper-
ties [17]. Although, fot the HSE functional a universal value for the mixing
parameter predicting both/band gap and magnetic exchanges interactions in
LaMnOj; accurately was not found [18]. Identification of a universal value
for U is also_a difficulty when applying the cost effective DFT+U method.
While-avalue of U=4eV was determined to give good formation energies for
manganese oxides [19, 16], at that value of U, the PBE+U method predicted
the ferromagnetic state to be the ground state of LaMnOg3. In contrast, the
correct A-type anti-ferromagnetic ground state was obtained with the PBE
and PWO1 functionals [18, 20]. As the U value increases, the difference be-

tween the ferromagnetic and anti-ferromagnetic states decreases, which was



accounted for by the destabilization of the ferromagnetic state due to strong
orbital ordering [21]. Furthermore, the performance of the PBE+U method
worsens when instead of experimental structures optimized geometries are
used [21]. Regardless, standard DFT and DFT+U methods are most*com-
monly used for the investigation of LaMnOg3 and Sr doped LaMnQg.

The (001) surfaces of LaMnO3 and Sr doped LaMnOg wetre often compu-
tationally studied in the context of solid oxide fuel cells with highroperating
temperatures, where the cubic phase is stable [22, 23] 24,225¢26]. Oxygen
interactions with the surface were of particular interest_[27, 28, 29, 30, 31]
since oxygen is electrochemically reduced at.the eathode. In addition, hy-
droxylation of the LaMnOj surface and its\implication for wetting and the
oxygen reduction reaction were investigated,[32]. This relates to our work
of methanol/methoxy interactions with the surface. Similarly to water and
hydroxyls [32] that have a higher affinity to the LaO than to the MnO,
termination of (001) LaMnOs; we will show that the adsorption energy of
methanol is larger on the,La®, than on the MnO, termination but, depending
on Sr dopant ameuint and/distribution, the adsorption energy ratio can be

reversed.

2. Computational Details

Allvelectronic structure calculations are carried out using the projector-
augmented wave (PAW) method [33, 34] as implemented in the Vienna ab
initio simulation package (VASP) [35, 36, 37, 38]. For surface and adsorbate
calculations, we employ spin-polarized functionals [39, 40], an energy cut off

of 400 eV, and a I'-centered 4-4-1 Monkhorst-Pack k-point mesh. Dispersion



corrections are included through the D3 method by Grimme [41].

In order to choose a functional form, we perform bulk calculations for
LaMnOj using selected functionals. In previous work [21], the PBE+U [39,
42] method with U = 2 eV gave the correct A-type anti-ferromagnetic ground
state for the fully optimized LaMnOj3 geometry (although using-a, different
program package, QMAS), while a value of 4 eV for U [19; 16] and the
revised PBE (revPBE) [39, 40] functional predicted forndation emergies for
manganese oxides well [43]. Using the experimental structure’[10] at room
temperature described within the Pbnm space group (Exp in Table 1), we
calculated electronic properties of LaMnO3; withthe/PBE+U for U=2,3.4
eV and with the revPBE functionals. For the A-type anti-ferromagnetic
state, the indirect band gaps and averagesmagnetic moments at Mn sites
are given in Table 1. The band gaps are similar to the ones previously
reported [18] for PBE and PBE<4U"for a slightly different geometry. As
expected [18] and compared toexperimental results (1.0-2.0 eV) [44, 45, 46],
the revPBE method underestimates the band gap. The U parameter directly
manipulates the band gaps/which increases towards the experimental values
with increasing . Formally, the electronic configuration in Mn3" is 3 t,, 1 e,
which results in‘an ideal magnetic moment of 4 pg. The computed magnetic
moments de, not change much with the computational method employed
and. compare well with the measured magnetic moment of 3.7 pg [9]. Also
included in Table 1 are magnetic coupling constants (J.). J. measures the
energetic difference between the ferromagnetic (Epy) and the A-type anti-

ferromagnetic state (Exar) and, applying a classical Heisenberg Hamiltonian



[18], is given by
Erv — Eaar = —32Jc (1)

Our values follow the previously observed trend [18] that as U increases; so
does J.. Absolute values depend on subtle differences in the computational
set up and the experimental structure used. Predicting small energy differ-
ences in the magnetic states (smaller than 0.03 eV) is indeed a, diffieult task
for DFT. The validity of the Heisenberg picture should also be critically as-
sessed [18] when comparing the experimental value of J. =.—1.16meV [18, 47]
to computational results. However, the magnetic order ispredicted correctly
(negative J.) for the experimental structure with revPBE while the use of
U increases J. to where, at U=3, 4 eV, reverse magnetic order is computed.
Although, hybrid functionals perform reasomably for the band gap and J.
[18], they are too costly for our applieation. Despite the underestimation
of the band gap with revPBE andvin line with others [48], we prefer not to
use the +U method but regard correct magnetic ordering and the reproduc-
tion of formation energies [43] as more desirable properties of the revPBE
functional.

Further, se explore how J. changes for the optimized structures (Opt in
Table 1).£To)ompute optimized bulk structures we perform constant volume
calculations, where the cell shape is allowed to change. The optimized volume
is'obtained by a fit to the Murnaghan equation of state. Lattice constants and
atemic positions are calculated for the optimized volume and for the desired
magnetic state. We observe (see Table 1) that the ferromagnetic state is
wrongly predicted to be more stable than the anti-ferromagnetic state for all

tested methods. There is no clear trend as to the effect of U. Included in



Table 1: Indirect band gap for the A-type anti-ferromagnetic state in eV, average total
magnetic moments p at Mn sites in up, magnetic coupling constant J. (see text) in meV
for the experimental structure at room temperature [10] (Exp) and optimized geometries
(Opt) using different functionals; also included are r-ratios describing the extent of ‘Jahn=
Teller distortion (see text) for the ferromagnetic (FM) and A-type anti-ferromagnetic

(AAF) states.

Exp Opt
functional
Gap | p Je Je | r (FM) | r(AAF)
revPBE 0.26 | 3.5 | -0.60 | 3.73 0.97 0.89

PBE+U, U=2eV | 0.71 | 3.7 | -0.15 | 1.86 | 0.96 0.88
PBE+U, U=3eV | 0.92 | 3.8 | 0.38 | 1.18 | ~0.90 0.88
PBE+U, U=4eV | 1.09 | 3.8 | 0.92 | 1.61 }_ 0.89 0.88

Table 1 is the ratio r for the ferromagneti¢'and the anti-ferromagnetic state.
This is a measure of the Jahn-Teller distortions experienced in the material.
These distortions elongate two Mn-O distances along one direction, leaving
four Mn-O distances.at shorter and similar values. The ratio, r, shown in
Table 1 is the ratio between shortest and longest Mn-O distance and is 0.88
in the experiméntal structure. An important point to realize is that r remains
close to the experimental structure in the optimized anti-ferromagnetic state
but varies as a function of U in the optimized ferromagnetic state, thereby,
influencing’ the relative energies of the states. Since Jahn-Teller distortions
are well predicted for A-type anti-ferromagnetic LaMnQO3 and the magnetic
ordering is calculated correctly for the experimental structure when using
revPBE, we believe that the error in J. calculated with revPBE for the

optimized geometries stems from an errouneous structure prediction of the
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Figure 1: Unit cells of bulk LaMnO3 and La r1,3MnO; (model 1 and 2), atoms are
]

rendered using scaled (by 0.5) crystal iomic radii [49], red - oxygen, cyan - manganese,
orange - lanthanum, yellow - strontium.

ferromagnetic state. We ore, retain our choice and use the revPBE
functional to describe A-type anti-ferromagnetic state of LaMnOj3 and for

r ribed in the remainder of this text. In addition,

cerned with the computation of adsorption energies,

where errors due.to the overstabilization of magnetic states are expected to at

leas’z@ ncel. Still, for Sr doped LaMnOQOs, the overstabilization of the
ed

0 rromagnetic state is concerning since the magnetic state changes

a function of doping level. The exploration of this issue is, however, beyond

scope of this work.
The computed lattice parameters for bulk A-type anti-ferromagnetic LaMnOs
are a = 5.576 A, b = 5.834 A, and ¢ = 7.720 A, compared to the experi-
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mental lattice constants of a = 5.537 A, b = 5.747 A, and ¢ = 7.693 Aat
room temperature [10]. The orthorhombic unit cell is shown in Figure 1. To
model the Sr doped bulk material we start with the experimental structure
of Lag7Sr93MnOs3 [12] at 15 K. In the experimental structure the La-versus
Sr positions are not resolved. We take the hexagonal unit cell and replace
two La atoms by Sr for a composition of Lag/35r;/3MnO3. In grder to model
different Sr distributions in the surface cells, we optimize two bulk models.
In model 1, the Sr atoms are at a distance of 5.56 A, and an6del 2, the Sr
atoms are separated by 3.85 A. The hexagonal unit cells of both models are
depicted in Figure 1. The optimized lattice cénstants/for the ferromagnetic
state of model 1 are a = 5.563 A, ¢ = 13.465 Aand of model 2 a = 5.563 A, ¢ =
13.425 Acompared to the experimental lattice ‘constants for Lag7Srg3MnOs
[12] of a = 5.502 A, ¢ = 13.341 A. Model2 has a slightly lower energy (by
0.03 V) than model 1.

The (001) surface of erthorhombic LaMnOjs is constructed by stacking
8 atomic layers that_eéxtendyperiodically in the x- and y-directions. The
equivalent plane it thethekagonal cell of the doped material is the (1124)
plane. However for simplicity and for consistency with literature [30, 50], we
use the term (001) surface for doped LaMnOjg as well. Although the presence
of oxygen vacancies can influence absorption properties and is more likely to
ogeuriin doped LaMnOs (with a vacancy formation on the order of 3eV [31]),
in this/work, we restrict ourselves to the stoichiometric materials. We employ
anstoichiometric slab that contains an even number of alternating LaO (SrO
or LaSrO, for doped LaMnOs) and MnO, layers and is terminated on one
side by a LaO (SrO, LaSrO,) and on the other side by a MnO, layer. The

11



relaxed surface is obtained by optimization of the top six layers with desired
surface termination while keeping the bottom two layers fixed simulating the
bulk. The stoichiometric slab has a dipole moment normal to the surface
for which dipole corrections are applied. Note that reconstruction-of the
polar surface may occur but is not considered in this work and other [20, 22,
23, 24, 25, 28, 29, 32, 48]. The dipole correction calculated by ' VASP for the
MnO, terminated LaMnOj stoichiometric slab is an order of magnitude larger
(0.10 €V) than for the nine-layered non-stoichiometric slabu(0.02 eV). The
dipole moment can be avoided by using a non-stoiechiometric slab [28, 29].
Surface energies are similar for the two slab§_[28]. However, in the non-
stoichiometric slab, the oxidation state of the metals is altered, which affects
oxygen vacancy formation energies [23] andmay, likewise, influence the redox
chemistry on the surface (which we ‘will jinvestigate in future work). We,
therefore, employ the stoichiometric slab. Similarly to previous work [23], we
find that the MnOs-terminated eight-layered stoichiometric slab is not quite
converged (0.06 J/m2Adifferencé in surface energy between eight and twelve-
layered slabs). Hewevery the surface energy of a 16-layer MnO,-terminated
stoichiometrig-slab with six relaxed top layers is converged with respect to
the numbef of relaxed layers (below 0.002 J/m?) and we anticipate that any
effect due to, thie neglect of additional bulk layers cancels for the calculation
of-adserption energies as is the main goal of this work. A vacuum layer of 15
Ais adfed in the z-direction to avoid interactions between slabs.

To investigate adsorbate-surface interactions, we use a p(1x1) expansion
of the surface cell that contains one (dissociatively) adsorbed methanol. This

corresponds to a coverage of methanol on the LaMnOj surface of 3.1 nm—2
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with slight deviations (< 0.2nm™?) for the doped material and simulates
a fairly high coverage that is typical for initial conditions in a TPD ex-
periment [3]. During optimizations of minimum adsorbate structures and
reaction paths, the top six atomic layers are relaxed while the remaining
two layers are fixed. Minimum energy paths are optimized with4he climb-
ing image nudged elastic band method [51] (CI-NEB), wheré we use tools
provided by the Henkelman group to set up the input./ Transition states
are confirmed by frequency analysis. A positive adsorptiontenérgy indicates
exothermic adsorption. The dissociative adsorptiontenergy is defined as the
sum of adsorption energy and dissociation enetgy.“For/the case of methanol,
it is the difference between the energy of methoxy and coadsorbed hydrogen
on the surface and the sum of the energy ofunethanol and the energy of the
surface. Bader charge analysis was carriedyout with the code provided by the

Henkelman group [52, 53, 54].

3. Results and Discussion

3.1. Surfaces

The optimized bulk geometries shown in Figure 1 are used to build six
surface ndodels of the (001) surface, for the MnO, and the LaO (LaSrOs, SrO)
termination of each bulk model. Although, it was argued [25, 48] that the
MnOs termination is more stable than the LaO termination, we are interested
imthe adsorption strength of methanol on both. This is because adsorbates
[30] and Sr dorping [25] change the stability of the surface termination. In
addition, in a realistic catalyst both surface terminations may be present.

For doped LaMnQOs, we cleave bulk model 1 such that one Sr atom is on

13



the surface or subsurface for the SrLaOy or MnO, termination, respectively,
while the other Sr atom is located four layers below that. Bulk model 2 is
cleaved such that the surface and subsurface layer contains only Sr and/O
atoms for the SrO and the MnO, termination, respectively. Four an-eight-
layered p(1x1) expansion of the surface cell, the composition of-he doped
surface is then Sry/4Lag;sMnO,. Model 1 and model 2 simfilate different
degrees of Sr enrichment in the surface [13].

Because of the size mismatch between the La and O atems, the MnOg
octahedra in LaMnOj are tilted. This tilt is maintained in the doped ma-
terial. When the bulk is cleaved to yield the MnOs-terminated surface, the
octahedra are cut and the oxygen atoms on. the surface have different posi-
tions along the z-axis due to the tilt. In\résponse to cleavage, the octahedra
reorient to allow the surface oxygen atoms to be in the surface plane. The
reorientation of the MnQOg octahedra‘on the MnQO,-terminated surface was
observed for LaMnO3 as avell as doped models 1 and 2. When the bulk is
cleaved to yield the FaQ- (SrLaO,-, SrO-) terminated surface, the MnOg
octahedra remaindntactyand the octahedral tilt at the surface is preserved
in the relaxed-structure. The side view of the cleaved bulk and the relaxed
surfaces can befound in the Supporting Information, Figure S1. This view
also shows that in response to surface cleavage, the distance between surface
and. subsurface layer increases for both terminations of the LaMnOj3 surface
and surface model 1. However, when all La atoms are replaced by Sr in
the surface or subsurface layer in model 2, this distance decreases instead.
The change in surface-subsurface distance causes a response in the separa-

tion between subsequent layers. Similarly, octahedral tilting angles and bond
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LaMnO3 Srq/4Laz/4MnO3 model 1 Srq/4La3/4MnO3 model 2

MnO3 termination

Figure 2: Surface top views; atoms are rendered using crystal ionic radii [49], red - oxygen,
purple - oxygen in top layer of La©-,/SrLaOs-, SrO-terminated surface, cyan - manganese,

orange - lanthanum, yellow£ strontium; distances in A.

changes within the layers adjust from surface to bulk values within the top
six layersithat are-allowed to relax in our calculations. The surface triggered
distortions into the bulk are most likely not converged for the eight-layered
slab [50).déspite the convergence in surface energy with respect to the number
of relaxed layers (see computational details).

Figure 2 shows the top view of the relaxed surfaces, the top view of the
cleaved bulk can be found in the Supporting Information, Figure S2. In

the cleaved bulk structure of the MnOs-terminated LaMnOj3 surface, the
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Jahn-Teller distortion is visible in the top layer; the Mn-O distances are 0.25
Alonger in one direction of the MnOg octahedra compared to the other. As
the surfaces relaxes, the Mn-O distances in the top layer become similar.
Jahn-Teller distortions in the doped material are expected to be diminished
[12] and are not apparent in the doped bulk structures that we dalculated,
see Supporting Information, Figure S2. Although for the ferromagnetic state,
the degree of distortion is a function of the method used,/See computational
details. We observe an interesting difference between theisurface response
of doped model 1 and 2 for the MnO,-terminated ‘surface. While the Mn-
O distances in the surface layer remain similar,“although shorter than in
LaMnOs3, when the subsurface layer contains 50%La and 50% Sr (model 1),
the Mn atom moves away from the octahedren’center towards an octahedral
edge within the surface plane when, the subsurface layer contains 100% Sr
(model 2). This causes two adjacent Mn-O distances to decrease and, in
particular, one Mn-O distanceito be more than 0.55 Alonger compared to
the shortened bonds. In contrast to the MnOs-terminated surface, the LaO-
terminated surfacé shows- wide spacing between oxygen atoms of the top
layer with anasymmetric distribution of O atoms that surround La [48] or
Sr. The largest distance between oxygen atoms in the top layer decreases as
the Sp-Content/increases, due to the larger size of the Sr*" ion (132 pm [49])
compared to the La®>" ion (117.2 pm [49]).

The MnO, and LaO layers in LaMnOg formally carry a charge of -1 e
and +1 e per MnO, and LaO unit, respectively. Using Bader analysis we
evaluate the sum of atomic charges of the top layer of the surface cell per

MnOj and LaO ((SrLaOj)/2, SrO) unit, respectively, and compare to the
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Table 2: Sum of atomic Bader charges for the surface qg [e] and corresponding bulk values
qp [e] for the top layer of the surface cell per MnOs and LaO ((SrLaO3)/2, SrO) unit,
respectively, differences Aq [e] between bulk and surface charges and contributions frem
O, Mn, La, and Sr atoms; MnOy and LaO (SrLaOz, SrO) terminations of LaMnO3 and
Sr doped models 1 and 2.

LaMnO3; | Model 1 | Model 2

MnOy termination

qas -0.80 -0.70 -0.46
db -0.89 -0.75 -0.74
Aq -0.08 -0.05 -0.28
Aq O -0.13 -0.13 -0.31
Aq Mn 0.04 0.08 0.03
LaO (SrLaO,, SrO) termination

qas 0.69 0.48 0.32
db 0.89 0.66 0.42
Aq 0.19 0.18 0.10
Aq O 0.11 Op11 0.07
Aq La/Sr 0.08 0.07 0.02

corresponding valtes in the bulk. The charges are given in Table 2. The
bulk charge 0f-0.89 e for the MnO, layer is compensated by a charge of 0.89
¢’for the-L.aO layer in LaMnOgs. In the doped material, the absolute bulk
values'for the oppositely charged layers are not the same since they depend
on the location of the Sr atoms. If the bulk is cleaved, a layer is exposed
whose charge is only partially compensated on one side by an oppositely

charged layer. This is schematically shown for the MnO, termination in Fig-
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ure 3 with a corresponding scenario for the LaO termination. The response
of the MnO, surface to cleavage in LaMnQOj3 is to reduce the negative surface
charge through electron donation from the surface oxygen into the bulk with
some electrons from oxygen also being absorbed by Mn?**. When Sr®t re-
places either one or two La®* ions in the surface cell, the correspording bulk
charges of the neighbouring MnO, layer is slightly reduced.{ However, the
remaining charge of -0.75 e in the surface layer experiences less ¢empensat-
ing charge from the layer below, see Figure 3. While the surface response to
cleavage of the MnO, layer in model 1, where 50% of La3t/is replaced in the
subsurface, is similar to the response in LaMnOg3,we observe a much larger
difference between surface and bulk charges when 100% of La®* is replaced in
the subsurface. In model 2, the negative Smeface charge is not compensated
on either side by a positively charged layer. The surface charge reduction in
response to cleavage in model 2 originates from the oxygen atoms with little
charge absorption by Mn3#. For the LaO-terminated surface, the top layer is
charged positively and'the surface response to cleavage in LaMnQOj is for the
0?~ and the La’*dons te absorb charge from the bulk to reduce the surface
charge. When-St?* replaces 50% of the top layer La®* ions in model 1 and
100% of the La®t ions in model 2, the corresponding bulk charge is increas-
ingly reduced.” While, as for the MnO, termination, the surface response
toscleavage in model 1 is similar to the response in LaMnQOg3, we observe
a, relatively small charge redistribution in model 2. For the LaO (SrLaO,
SrO) termination, electron gain on 0?7, La*", and Sr** all contribute to the

charge reduction of the surface layer.
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02' Mn3+ 02- 02' Mn3+ OZ- 02' Mn3+ 02—

3+ 2- 3+ 2- 2+ 2+ 2-

La>* O + 1/2La>* O 1/2Sr 124 Sr<* O +/-0
Bulk Bulk Bulk

LaMnO3 Model 1 Model 2

Figure 3: Schematic representation of surface charges on the MnOs-terminated (001)

surface of LaMnO3 and Sr doped models 1 and 2.

3.2. Adsorbates

We probe the properties of the surfaces described in/the previous sec-
tion with methanol. Figure 4 shows the energetically lowest structures on
the different surfaces for methanol adsorbediand methanol dissociatively ad-
sorbed forming methoxy and hydrogen. Methanol and methoxy bind atop
Mn on the MnOs-terminated surfaces.zOnjthe LaO-terminated LaMnOs5 sur-
face, methanol binds atop La. An_energetically lower structure is obtained
for doped model 1, whenmethanol binds atop Sr instead of La. For doped
model 2, only Sr is available for atop binding on the surface. In contrast
to the MnOs-terminated, strface, on the LaO- (SrLaO,-, SrO-) terminated
surface, methexy prefers to bind in a bridge position between La, La/Sr,
and Sr depending on dopant level at the surface. The activation energy
for O,H"cleavage in methanol on the MnOs-terminated LaMnOg3 surface is
0.24 eV. The corresponding CI-NEB path is included in the Supporting In-
formation, Figure S3. On the LaO-terminated LaMnQOj3 surface, a bridge
position for adsorbed molecular methanol could not be located. All opti-
mization attempts led to dissociated methanol. Methanol approach onto the

LaO-terminated LaMnOj3 surface forming dissociatively adsorbed methanol
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LaMnO3 Sry/4LazsMnO3 model 1 Srys4LazsMnO3 model 2
MnO, termination

D216 E=069 D183 E=062 D222 E=065 D184 E=095 D213 E=133 D1.88 E=1.93
LaO (SrLaO,, SrO) termination

D161 E=1.40
00 4.72

D 1.67 E=1.42
00 4.79

Figure 4: Energetically lowest structures for methanol adsorbedand methanol dissocia-
tively adsorbed on the MnOs- and LaO-(SrLaOs-, SrO-) terminated surfaces of LaMnOsg
and Sr doped models 1 and 2, top views; surface“atoms are rendered using crystal ionic
radii [49], atoms that possess covalent bonds arewenderéed using covalent radii [55]; top sur-
face layer is show for LaO termination, top'two layers for MnOs termination; red - oxygen,
cyan - manganese, orange - lanthanum, yellowi- strontium, gray - carbon, white - hydro-
gen; E - (dissociative) adsorption energies in eV; D - distance between methanol/methoxy
and surface in A(defined in text), QO - distance between methoxy and surface oxygen
in between which methoxy is located in A, OH - distance between hydroxy hydrogen of

methanol and interacting surface oxygen in A.

is barrier-less{ The corresponding CI-NEB path is included in the Supporting
Information,)Figures S4. We hypothesize that the barriers for O-H cleavage
do not qualitatively change with doping and believe that at elevated temper-
ature (ise«f room temperature), methanol as well as dissociatively adsorbed
methanol will be present in equilibrium distribution on all investigated sur-
faces.

Also included in Figure 4 are the adsorption energies for methanol and

the dissociative adsorption energies (defined in the computational details) for

20



methoxy/H on the surfaces. Methanol dissociation is slightly endothermic
(by 0.07 V) on the MnOs-terminated LaMnOj3 surface and exothermic on
all other investigated surfaces. Methanol and methoxy/H bind stronger 6n
the LaO-terminated than on the MnOs-terminated LaMnOs surfacem For
dissociatively adsorbed methanol the adsorption energy differenee. between
methoxy atop Mn on the MnO, termination and methoxy bridging two La
ions on the LaO termination is 1.27 eV, which is substantial. ForSr doped
model 1, where 50% of La are replaced by Sr in eithér the.surface or the
subsurface layer, adsorption is also stronger on the StLaQOs termination than
on the MnO, termination but to a lesser extent.than on the LaMnQO3 surface.
For doped model 2, where all of La is replaced by Sr in either the surface
or the subsurface layer, this relationship,isieversed and methanol as well as
methoxy/H are more strongly bound en the MnOy-terminated surface.

We observe that adsorption energies on the MnO,-terminated surface are
similar for LaMnOj3 and for deped model 1, albeit the dissociative adsorp-
tion energy is larger for,model 1. However, there is a significant increase
in adsorption strength when methanol (by 0.64 eV) and methoxy/H (by
1.31 eV) adsorb,on the MnOs-terminated surface of model 2, where the
subsurface’layerscontains Sr and O only. Added in Figure 4 are distances
between methanol /methoxy and the surface. We define this distance as the
difference between the z-coordinate of the methanol/methoxy oxygen and
the z-coordinate of the metal ion it is bound to. For bridged species we
use the average of the z-coordinates of the two involved metal ions. For
the MnOs-terminated surfaces, the distance between methanol and the sur-

face is similar for LaMnOg3 and the Sr doped models. The distances be-
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tween methoxy and the surface for dissociatively adsorbed methanol can
also not be correlated with the adsorption energies. The hydroxy proton
in methanol is separated by more than 2.1 Ato any surface oxygen indi-
cating that the hydrogen/surface interaction is not a strong contribution to
the adsorption strength. Instead, the interaction between methanol and the
MnOs-terminated surfaces is dominated by the interaction between an elec-
tron pair of the methanol oxygen and empty states of Mu. In dissociatively
absorbed methanol, the negatively charged oxygen atom of methoxy interacts
with the surface, although the hydrogen/surface interaction contributes as
well. It is plausible that the reduction in negative surface charge observed for
the doped surfaces (see previous section), particularly for model 2, facilitates
interaction with the electron pair in methanel by decreasing electrostatic re-
pulsion, even more so for the negatively charged methoxy. This is a possible
explanation for the increased adserption strength on the MnOs-terminated
surface of doped model 2.

In contrast to the” MnOsgsterminated surfaces, methanol adsorption is
aided by hydrogen/surface’interactions on the LaO- (SrLaOs-,SrO-) termi-
nated surfaces®™As depicted in Figure 4, the hydroxy group points towards
the surfacé for @ hydrogen/ surface oxygen distance of 1.71 Ain LaMnOs,
which-becomes  shorter in the Sr doped models. Also the distance between
methanol and the surface is shorter for the doped models than in LaMnOs.
This is in line with a slightly increased adsorption energy for methanol bind-
ing atop Sr in the doped models compared to methanol bound atop La in
LaMnOgs. The large dissociation energy for methanol on the LaO-terminated

LaMnOj surface is accompanied by a considerable decrease (larger than on
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the MnO, termination) in adsorbed species to surface distance, by 1.08 A As
we have described in the previous section, the LaO termination of LaMnOg3
is characterized by wide spaces of 4.72 Abetween oxygen atoms in the t6p
layer. This gives the methoxy the opportunity for a closer approach-te the
surface when settling between these oxygen atoms. When methoxy adsorbs
on the surface, the surface oxygen-oxygen distance is further increased to
5.31 A(see Figure 4) indicating a flexible top layer with/respectyto atomic
positions. As La is replaced by Sr in the surface layer, the.sutrface oxygen-
oxygen distances decrease due to the increased size 0f.Sr?* compared to La3*.
This decrease is fairly similar for models 1 and, 2 with/and without dissocia-
tively adsorbed methanol (see Figure 4 and Figure 2) resulting in a similar
decrease in dissociative adsorption energiéssfor the doped models compared

to LaO-terminated LaMnOs.

4. Conclusion

Using DFT, we probéd the MnO, and the LaO termination of the (001)
surface of LaMnOg, withmethanol. We further investigated the influence
of Sr dopingon surface properties and (dissociative) adsorption energies of
methanol Since St is known to segregated towards the surface [13], we em-
ployed two different models of Sry4Laz/sMnO,. In model 1, 50% of La was
replaced.with Sr in the subsurface and surface layer for the MnO, and SrLaO,
termination, respectively, with another layer of 50% La and 50% Sr four lay-
ers below. In model 2, 100% of La was replaced with Sr in the subsurface
and surface layer, respectively. When LaMnOj3 and Sr doped LaMnOgj are
cleaved to yield the MnOs-terminated surface, the MnOg octahedra, that
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are tilted in the bulk are cut along the central plane exposing oxygen atoms
with different positions relative to the surface plane. This causes a structural
response, where the incomplete octahedra reorient to allow for a smooth sur-
face. Cleavage to yield the LaO- (SrLaO,-, SrO-) terminated surface-deaves
the MnOg octahedra intact and little restructuring is observed in,response
to cleavage. The LaO- (SrLaOs-, SrO-) terminated surfacescare character-
ized by wide spaces in between the top layer oxygen atoms that-allow the
methoxy oxygen to settle in between the oxygen atoms in asbridged position
between La, La/Sr, or Sr depending on doping level, Electron depletion in
the surface layer compared to bulk values of the MnOs-terminated surfaces
and electron accumulation in the LaO- (StLaO,-;"SrO-) terminated surfaces
were explained as a function of dopant fraetion in the surface or subsequent
layer. Methanol is more strongly houndy both associatively and dissocia-
tively, on the LaO- than on the"MnOs-terminated LaMnOjs (001) surface.
Activation energies for O-H cleavage in methanol on the surface are either
small (0.24 eV) or barrier-less¢ The introduction of Sr decreases the disso-
ciative adsorptionenergy,of methanol on the LaO-terminated surface. While
50% of La replacement by Sr in the subsurface of the MnO, termination
has little effect ‘on the (dissociative) adsorption energies of methanol, when
100%,of Lanis xeplaced by Sr, there is a significant increase in (dissociative)
adsorption/energy. This causes a reversal of the relative adsorption energy,
adsorption is energetically favoured on the MnO, termination of the highly
Sr,enriched surface.

We hope that this study is a first step into understanding pathway se-

lectivity during methanol conversion over LaMnO3 and Sr doped LaMnOs.
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While both, the MnO, and the LaO (SrO) termination may be present un-
der reaction conditions, catalytic conversion only occurs when methanol is
bound to the surface; i.e., below the desorption temperature. Over LaMnO3
methanol is available at the LaO terminated surface up to considerably higher
temperature than on the MnO, terminated surface. If conversiof over the
MnO, termination is desired, a possible route is through Sr«doping, where
adsorption strength over the MnO, termination is increaged in regions with

high Sr enrichment in the surface.
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