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ABSTRACT

This paper focuses on the surface reactivity of two spinel samples with different
stoichiometries and crystal morphologies, namely Li,,,Mn, O, with x = 0.05 and x =0.10.
LiMn,O, compounds are good candidates as positive electrode of high power lithium-ion
batteries for portable devices. The samples were investigated using both experimental and
theoretical approaches. On the experimental point of view there were characterized in depth from
XRD, SEM and XPS analyses. Then the reactivity was investigated through the adsorption of
(S0O,) gaseous probes, in controlled conditions, followed by XPS characterization. First-principle
calculations were conducted simultaneously in order to investigate the electronic properties and
the reactivity of relevant surfaces of an ideal LiMn,O, material. The results allow us to conclude
that the reactivity of the samples is dominated by an acido-basic reactivity and the formation of
sulfite species. Nonetheless, on the x = 0.05 sample, both sulfite and sulfate species are obtained,
the later, in lesser extent, corresponding to a redox reactivity. Combining, experimental and
theoretical results, this redox reactivity could be associated to the presence of a larger quantity of

Mn* cations on the last surface layers of the material linked to a specific surface orientation.



1. INTRODUCTION

The LiMn,O, spinel material is a good candidate at the positive electrode of high power
lithium-ion batteries for portable devices. Its theoretical capacity is approximately 140 mAh.g™",'
as much as LiCoQ,, still the most commonly used positive electrode of commercialized lithium-
ion batteries®. Contrary to LiCoO,, LiMn,O, is considered as a non-toxic and low cost material
with an operating voltage of 4.1 V vs. Li*/Li. The key issue for LiMn,0, is a fast capacity fading
upon cycling or storage at a temperature higher than 50°C, which is especially in relationship
with the transition metal dissolution into the electrolyte®. It is this latter key issue that we want
to address by considering the specific reactivity of different surfaces of the spinel structure. As
the electrolyte contains different alkyl carbonates as solvents and a Li salt (for instance LiPFy),
different reactions can occur with LiMn,O,. Dissolution of manganese in the electrolyte
(2 Mn™ 1) > M 10+ M™ ion) has been significantly observed for LiMn,O, *°. In order to
circumvent this issue, the use of an alternative electrolyte, such as LiB(C,0,), *, or manganese
and oxygen atoms substitutions by aluminum and fluorine atoms®, respectively, was considered
and lead to an improvement of cycling properties at high temperature. Even if more limited, the
LiMO, layered oxides (M = Mn, Ni, Co) suffer also from transition metal dissolution. To
improve their electrochemical performance at high potential, the formation of a coating with
AL O, for example has been revealed as a fruitful method to modify the surface reactivity of the
material toward the electrolyte. Previously, we studied on the basis of XPS analysis and first-
principal calculations, the surface reactivity of LiCoO, and NMC materials and the effect of a
Al,O, coating”” versus gaseous probes. We evidenced that the amount of adsorbed species and
their adsorption mode (redox and/or acid/base) are governed by the nature of the transition metal

of the electrode material. Moreover, the Al,O, coating of those electrode materials results in both



decreasing the active site concentration and modifying the adsorption mode of the gaseous probe.
For LiCoQ,, the coating modifies the surface reactivity with the identification of both sulfate and
sulfite species, which is in line with a change in the adsorption mode from redox toward
acid-base after Al/Co substitution'’. In the case of NMC materials, the phenomenon is more

complex related to the cation mixing effect.

In this paper, we studied the surface reactivity of Li,,,Mn, O, (x = 0.05 and 010) spinel
materials showing different stoichiometry and morphology. We performed the adsorption of a
gaseous probe (SO,) on the materials, in controlled conditions and used both XPS analyses and
first-principle calculations to identify the adsorption mode of SO, on the surface and characterize
its reactivity. We also determined the nature of the active sites on the material surface and

quantify their concentration.

2. MATERIALS AND METHODS

2.1. The two samples Li,, Mn, O, (x = 0.05, 0.10)

Two samples of Li,,,Mn, O, were prepared for x = 0.05 and 0.10 according to the method
described in details by Masquelier et. al., i.e. by mixing Li,CO; and MnO(OH) in
stoichiometric amounts according to the target composition and by heating the obtained mixture
at 400 °C for 2 h and at 800 °C for 20 h in air. An intermediate grinding was performed and the
powder was cooled down at 10 °C/min. As described in details in reference 12 the two spinel
materials crystallize in the cubic Fd3m space group, the manganese ions occupying the 16d
octahedral sites of a cubic closed-packed oxygen (32e sites) array. The MnO, octahedra are

linked to each other by sharing edges, forming a three-dimensional framework (Mn,O,)



containing channels where the lithium ions occupy 8a tetrahedral sites. In the case of Li,, Mn,
.0y, a partial substitution of lithium for manganese is observed in the /64 sites. The two samples
were characterized in depth combining chemical analyses by inductively coupled plasma optical
emission spectrometry, and structural analyses by X-ray and neutron diffraction as reported in
reference 13. The more overlithiated the spinel phase Li,,,Mn, O,, the smaller is the lattice
parameter (8.2484(2) A for LiMn,O,, 8.2307(4) A for Li, ,sMn,,O, and 8.2188(3) A for
Li, ;,oMn, 40,) in good agreement with a higher average oxidation state for manganese (ionic
radii of 0.58 A for Mn** versus 0.53 A for Mn*)'* as required for charge compensation of the
lithium excess within the host structure. Indeed, 3Mn’* ions are replaced in the /6d sites by (1Li*
+ 2Mn*), with a general formula Li,, Mn*,,, Mn**, , O,. 44% and 37% of the manganese ions
are thus expected to be Mn’* in Li, ,sMn, 40, and Li, ,Mn, 4,0, respectively. Note that the
specific areas of the two materials have been determined by a Micromeritic ASAP 2010, using

the Brunauer-Emmett—Teller (BET) theory'” and were found to be very similar, below 2 m*.g™".
2.2.Scanning Electron Microscopy (SEM)

The surface morphology of the samples was analyzed using a JEOL JAMP 9500F Auger
Nanoprobe microscope under Ultra High Vacuum conditions (< 2 x10° mbar) fitted with a
Schottky field emission electron gun, using a conventional secondary electron detector (SED) in
the analysis chamber. The analyses were performed using a beam voltage of 30 keV and a beam
current of 2 nA. The materials were gold-sputtered with a Denton Vacuum Desk V metalizer

before being mounted on the sample holder.

2.3. Gas probe adsorption



The SO, adsorption was performed in a Micromeritic Autochem 2920 Analyzer. A first step
dedicated to the cleaning of the powders surface was conducted in order to desorb all the
physisorbed species. The Li,, Mn, O, powders were introduced in the silica reactor, and then

submitted to an argon flow at 350 °C for 4 h.

The powders were then maintained at 80 °C for 1 h under a Helium flow to ensure that the next
step, gas probe adsorption, was performed on a stable surface. Finally, the adsorption of SO, at
the surface of Li,, Mn, O, was performed at 350 °C for 15 min under a gas flow (50 mL-min™")
containing 0.02% of SO, in helium. Samples were kept under a He flow at 80 °C to remove the
physisorbed species from the samples surface. The gas probe adsorption has been performed
three times for most samples to ensure the reproducibility of the experiment. After adsorption,
the samples were transferred into a glove box before being analyzed, without being submitted to

ambient atmosphere.

The choice of the SO, gaseous probe was based on the small molecule size and its acidic
strength. The identification of adsorbed species as well as the involved mechanisms can be easily
obtained by X-ray photoelectron spectroscopy by considering the large binding energy (B.E.)
scale (almost 10 eV'®") of the S 2p core peaks depending of the chemical environments. The
SO, gaseous probe can be adsorbed on the surface, either according to basic/acidic and/or to
redox mechanisms’"°. If the adsorption is driven by an acid/base mode, SO;> sulfite species will
be formed at the surface characterized by a B.E. of the S 2p,, core peak at ~167.5 eV. In case of
redox adsorption mode, the adsorption will lead to the formation of SO, sulfate species

characterized by a B.E. of the S 2p,,, core peak at ~169.0 eV'®.



Quantitative information can also be obtained with the evaluation of the S/Mn atomic ratios,
deduced from XPS analysis of the core peaks of the adsorbed molecules (S 2p for SO, gas probe)

as well as the metals (Mn 2p for Mn) in the electrode material.

2.4. X-Ray Photoelectron Spectroscopy (XPS)

The XPS analyses were performed on a Kratos Axis Ultra spectrometer with a focused
monochromatized Al Ka radiation. The applied current and voltage were of 12 mA and 12 kV
respectively. The spot size was of 700x400 ym®*. The powders were placed on a Cu double tape
fixed on the sample holder. The samples preparation, for XPS measurements, was performed in a
glove box and transferred to the one which is directly connected to the XPS spectrometer. The
pressure in the analysis chamber was ca. 5 x 10 mbar. The spectra were calibrated in B.E. scale

from the Mn 2p,,, peak of Mn** at 642.3 V.

2.5. Theoretical calculation

Periodic Density Functional Theory (DFT) calculations were performed to estimate the relative
stability of crystalline surfaces of the materials, to compute the adsorption energies of the
gaseous probes and to investigate the underlying electronic processes. All calculations were

performed with the Vienna Ab initio Simulation Package'®”

(VASP). The wave-functions were
described in the Projector Augmented Wave* (PAW) formalism using a plane waves basis set
and a cut-off energy of 550 eV. All calculations were done using the GGA exchange and

correlation functional of Perdew and Wang™*’

(PW91). The Brillouin zone integration was done
using a 4x4x4 or 4x4x1 k-points mesh uniformly distributed around the I'" point of the reciprocal

space for bulk or surface systems respectively. LiMn,0O, is characterized by 3d electrons strongly



localized on the manganese atoms and requires to perform calculations using the DFT+U
formalism. We used the implementation of the rotationally invariant approximation of Dudarev
et al*, where U and J are melted in a single U,; = U - J parameter, and we adopted the value
U.;=4.84 eV from the work of Xu et al'. All calculations were carried out considering spin
polarization with ferromagnetic ordering. Charge calculations were performed by using Bader’s
topological analysis®?®. For bulk calculations, all degrees of freedom were fully relaxed whereas
the cell shape and volume were kept fixed and only atomic positions of the first atomic layers

were relaxed in the case of surface calculations.

We performed calculation on bulk and surface models of LiMn,0O, and analyzed the atomic
charges and the magnetic moments, in particular, to determine the oxidation state of the
manganese atoms. Calculations were performed in similar conditions for Mn"O, Mn",0; and
Mn"O, as references to determine standard values for the Mn magnetic moments. They lead to
47,40 and 3.4 u, for Mn**, Mn™ and Mn** respectively. The details of these calculations are

provided in Supporting Information, Table 1.

3. RESULTS

3.1. Bulk characterization



Figure 1. SEM images of Li,,,Mn, O,. (a) and (b) for x =0.05, (c) and (d) for x = 0.10. Insets
in the b and d images give schematic representation of the central particles. The crystallographic
faces are given with different colors depending on their orientation: green for (111), blue for

(001), red for (110) and orange for (113).



The morphology of the materials was characterized by scanning electron microscopy. As
displayed in the crystal sizes are in a range of 200-1000 nm. The Li, ,sMn, 0O, material,
presented in Figure 1 a-b, exhibits truncated surfaces at the edges and vertexes of the octahedral
crystals. On the basis of a previous work of Kim et al*’, the surface orientations can be assumed
to correspond to the lattice planes (111), (001) and (110) which are commonly observed in the
case of cubic lattices (see the graphical inset given in Figure 1 b). The crystal morphology
appears similar for the Li, ,(Mn, 4,0, material. Nonetheless, on the crystal displayed on Figure 1

d, the (110) lattice plane appears in a lesser extent.

3.2.Surface characterization

XPS analyses have been performed on bare and adsorbed materials. The Mn 2p, Mn 3s, O 1s,
Li 1s, S 2p and C 1s core peaks have been recorded to follow the evolution of the electronic
structure of the materials after SO, adsorption and to identify the nature and the concentration

of the adsorbed species.

3.2.1. Before SO, adsorption
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Figure 2. Mn 2p (a) and O 1s (b) core peaks for Li,,, Mn, O, materials with x = 0.05 and x =
0.10, before and after SO, adsorption. Blue and red curves correspond to the contributions of

Mn’* and Mn* species respectively, according to the reference materials (Figure S1).
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x =0.05

x=0.10

B.E.(eV) At. %

B.E.(eV) At. %

Mn 2p;, 642.3
O s 5299
531.5
Cls 285.0
286.5
287.8
288.9
Lils 542

17.5

26.7

11.6

383

224

6.3

2.6

1.6

329

11.3

642.3

5299

531.7

139

22.1

9.9

320

285.0

2864

287.8

289.0

37.1

54

0.8

32

46.5

542

7.6

Table 1. Binding energies and atomic percentages determined from XPS analysis for Li,, Mn,

O, materials with x =0.05 and O.1.

The XPS Mn 2p spectra of the spinel materials are given before and after adsorption in Figure

2 a. They consist in the two main components Mn 2p,, and Mn 2p,,,, due to the spin orbit

coupling, and satellites associated to those main peaks located at 11 eV toward the higher

binding energy side. The satellite associated to the Mn 2p,, component is hidden by the Mn 2p,,

component. The area ratio between the Mn 2p,, / Mn 2p,, is 2:1. The overall envelope of

Mn 2p,, peak evidences two oxidation states for the manganese cations according to the shoulder

observed for the at 641.4 eV. The Mn 2p spectra can be decomposed in two contributions due to

the Mn®* (641.4 eV) and Mn* (642.3 eV) cations. This identification of the mixed valency of the
y

manganese cation at the surface is confirmed by the Mn 3s spectra (Figure S2). Actually, the

exchange interaction of Mn 3s and 3d electrons leads to two photoemission final states and
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therefore to a splitting of the Mn 3s peak in two components for which the B.E. splitting value is
directly related to the Mn oxidation state. The B.E. splitting values for the Li,, Mn, O, is 4.9 eV
for x =0.05 and 4.8 eV for x = 0.10. Those values intermediate between those reported for a pure

3+/4+

Mn’** and Mn* (4.5 eV and 5.5 eV*® respectively) confirm the mixed valence state (Mn***") as

reported in the literature®.

The ratio of Mn’" and Mn* can be determined from the Mn 2p spectra of spinel materials. For
this purpose, a decomposition of the Mn 2p peaks has been performed in an accurate manner
described in Figure S1. We obtained roughly the same results for the two materials, 56 + 1% and
54 + 2% of Mn™* species in the Li, ,sMn, o0, and the Li, ,Mn, ,0, materials, respectively. It
reveals - by comparison with the expected average content in Mn** within Li,, Mn, O, (44% for
x = 0.05 and 37% for x = 0.10) - that manganese ions are partially reduced at the surface of the

spinel-type materials.

The O 1s spectra of the bare materials, given in Figure 2b, present two contributions, one
at 529.7 eV associated to the oxygen anions of the materials, and a second one at 531.5 eV
related to the under-coordinated oxygen anions from the surface'®. The O 1s signal around
533 eV corresponds to the oxygenated adsorbed species. In the same way, the Li 1s core peaks

(Figure S3) located at 54.3 eV is associated to the lithium in the spinel structure.

The atomic percentages are gathered in Table 1. The stoichiometry of the spinel surface
determined from XPS core peaks are Li, ,sMn, 4O, , and Li, ,,Mn, 4,05, respectively for x = 0.05
and x = 0.10. The oxygen content is underestimated as the determination of the stoichiometry is
based only on the contribution of oxide anion (529.7 eV). Thus, oxygen atoms coordinated to Mn

and engaged in surface hydroxyl groups or undercoordinated belong to the component at
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531.5 eV. It may be noted a slight deviation of the Li content from the nominal stoichiometry at
the surface. The Li/Mn ratio is substantially for the x = 0.05 material larger than expected from

nominal values (0.64 and 0.55 against 0.54 and 0.58 for, respectively, x =0.05 and 0.1).

Nonetheless, the XPS results are consistent with the manganese valence values expected from
XRD results, corresponding to a slight increase of the Mn** concentration (44% in the
Li, ysMn, 45O, and 46% in the Li, ;,,Mn, 4,O, vs. 56% and 63%). The discrepancy between the XPS
and nominal stoichiometry is associated to the depth of the XPS analysis (5 nm at most) and thus

reflects usual surface effects.

3.2.2. After SO, adsorption

For the adsorbed materials, the atomic percentages obtained from XPS analyses are gathered in

Table 2.
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x =0.05 x=0.10

B.E. (eV) At. % B.E.(eV) At. %

Mn 2p;,, 6423 187 6423 13,5
O Is 529.9 309 52938 233
531.5 132 5316 19.6

44l 428
C s 284.8 209 284.1 24.9
286.3 26 2857 43
288.0 02 2876 0.4
288.6 06  288.1 23

243 © 319
S 2ps» 168.5 09 1684 22

169.3 0.4

13 22

Li ls 54.2 1.6 540 9.5

Table 2. Binding energies and atomic percentages determined from XPS analysis for the

Li,, Mn, O, materials after SO, adsorption.

The stoichiometry of the surface (considering the Li/Mn ratio) is not impacted by the
adsorption for the nominal composition x= 0.05 as we have found a material stoichiometry of
Li, ,;Mn, ¢s0;,,. For x=0.01, the stoichiometry of Li, ;;Mn, 4,05 corresponds to an increase of the
Li/Mn ratio (0.7 after adsorption instead of 0.55 before).

First, we consider the S 2p spectra associated to the sulfur issued from the SO, gas probe,
Figure 3. Due to the spin orbit coupling, the S 2p core peaks consist of two main components, S

2p,, and S 2p,,, separated by 1.2 eV and with an area ratio of 2:1. The S 2p spectra evidence that
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the adsorbed species are different for the two spinel materials. The S 2p spectrum of
Li, ;,oMn, o,O, can be decomposed into one doublet for which the S 2p,, B.E. value is 168.4 eV.
In the case of the Li,,sMn,,0O, material, two doublets are needed to fit the experimental
spectrum, with an S 2p,, B.E. of 168.5 and 169.3 eV. Based on previous studies”'*'®, the
expected B.E. values of the S 2p,, components after SO, adsorption are 167 eV and 169 eV,
respectively, in the case of the formation of sulfite and sulfate species at the materials surface. In
this study, the B.E.s of the S 2p,, components are slightly larger. Moreover, Flahaut et al.'” have
reported an S 2p;, B.E. of 167.9 eV and 169.6 eV for the dipropylsulfate and dimethylsulfite,
respectively. Thus, we can suggest that the SO, gas probe is adsorbed as sulfite at the
Li, ,\Mn, o,O, surface, and both as sulfate and sulfite species for Li, ,;sMn, 4sO,. The adsorption
mechanisms are thus different: a unique acid/base adsorption mode on the Li, ;,,Mn, ,cO, surface
and both acid/base (69%) and redox (31%) modes on the Li, ,sMn, ,sO, surface. Moreover, the
concentration of adsorbed species obtained from XPS analyses through the S/Mn ratio, leads to
significantly different values, namely 0.1 and 0.2 for Li,,Mn,,0O, and Li, ,,Mn, 40O,

respectively.
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— sulfite

— sulfate

173 171 169 167 165
Binding Energy (eV)

Figure 3. S 2p core peaks after SO, adsorption on Li,,,Mn, O, materials with x = 0.10 (top

panel) and x = 0.05 (bottom panel).

The O 1s spectra exhibits a significant rise of the component located at 531.5 eV (Figure 2b.)
upon adsorption. Moreover, the area ratio between the oxygen components associated to
adsorbed species and to oxygen anions of the material is higher for x = 0.10 which is consistent
with the difference in the adsorbed species concentrations obtained from the S/Mn ratios (S/Mn

ratio = 0.1 and 0.2 for Li, (sMn, 4sO, and Li, ,,\Mn, ,,0,, respectively).

In contrast, no significant difference (considering the whole envelope shape, components B.E.,

and FWHM values) can be observed in the Mn 2p spectra as well as for the Mn 3p and Mn 3s

17



spectra after SO, adsorption for the two Li,,,Mn, O, materials. Looking at the spectra more
closely, we can detect tiny variations of the manganese spectra after adsorption for the
Li, ysMn, osO,. First, the determination of the manganese valence from the Mn 2p core peaks
highlights an interesting evolution of the manganese electronic structure versus SO, adsorption
for this composition. The manganese valence has decreased only slightly; 60 + 1% of the Mn 2p
signal is assigned to Mn’ after adsorption instead of 56 + 1% before adsorption. This result
reveals that the redox adsorption mode induces an electronic transfer between the SO, gas probe
and the Mn* present at the surface for the x = 0.05 material. In contrast, this effect does not

appear in the XPS spectra for the x=0.10 material.
3.3. Computational results

In order to analyze more deeply the electronic processes associated to the surface reactivity, a
computational study of the bare surfaces of LiMn,0O, was undertaken, followed by SO,
adsorption on various surfaces of LiMn,0O,. Computational accuracy was first checked on the
bulk properties of an ideal LiMn,O, crystal, depicted in Figure 4a. The calculated value of the
lattice parameter is a = 8.427 A in good agreement with the experimental one® of 8.251 A with a
relative deviation of 2%. The magnetic moment calculated on manganese for a ferromagnetic
arrangement is 3.8 y;, corresponding to a Mn™*/Mn** mixed valence state for manganese in good
agreement with the mixed valence state observed from XPS measurement, and with the 50%

Mn’*/50% Mn*'state in this compound.
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Figure 4. (a) bulk structure of an ideal LiMn,O, structure. LiO, tetrahedra are in green and
MnO, octahedra in purple, (b) particles shape representation; (c-f) side views of the first atomic
layers of the surface models used in the calculations: (c) (111) surface, (d) (001) surface, (e)
(110) surface and (f) (113) surface. Li, Mn and O atoms are in green, purple and red respectively.

In figures (e) and (f), the numbers are labelleds used in the main text.
3.3.1. Bare surfaces

We considered the surfaces observed in the truncated octahedron (Figures 1b and 1d) which
are assumed to be (111), (001), (110) and (113) as suggested by Kim et al.”. Following the work

of Warburton et al’ who investigated the surface stability of LiMn,O, in various
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thermodynamics conditions, we selected the more relevant slab models for each surface on the
basis of the thermodynamic stability in a broad range of electrochemical conditions. The selected
models are depicted in Figure 4c-4f. Warburton et al.’' showed that the surface formation
energies of the (110) and (113) surfaces are higher than those of the (111) and (001) surfaces.
These results are consistent with the shape of the particles we obtained (Figures 1b and 1d)

where the (111) and (001) surfaces exhibit the largest area.

The (111) surface model, called Li-rich model by Warburton et al.” (Figure 4c) is terminated
by a lithium layer which enhances the surface stability. This lithium layer is stacked on top of a
sheet of MnO, octahedra. The computed magnetic moments of the manganese atoms in the sub-
surface layer are 3.3 yy for 2/3 of the manganese atoms, and 3.9 y, for 1/3 of the manganese
atoms, corresponding to Mn** and Mn™* species respectively, according to the calculations on the

reference compounds (see Supporting Information, Table S1).

The (001) surface model, called Mn/O (001) by Warburton et al.’' (Figure 4d) is the most
stable among the (001) surface composition on a broad range of thermochemical conditions
(oxidizing conditions and electrode potential versus Li*/Li potential). It consists in a stacking of
Mn,0O, and Li layers, the termination layers being an Mn,O, sheet with manganese atoms in an
ML, environment. The computed magnetic moments of manganese atoms on the surface layer
are 4.0 pg, and correspond to Mn** species. From the top to the core of the slab model, the
computed magnetic moments are 3.4 pup, 3.6 uy and 3.8 u, which is the bulk value,

corresponding to an increasing content in Mn™*.

The (110) surface model, called Li/O (110) by Warburton et al’' (Figure 4e) follows a

stacking sequence of alternate LiMnO, and MnO, layers with oxygen atoms on the last atomic
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layer. This oxygen layer completes the manganese octahedra at the surface, leading to an
enhanced stability. The magnetic moments of the sub-surface manganese atoms are 3.3 g,
corresponding to Mn*". As already observed for the (001) surface model, from the top to the core
of the slab model, the computed magnetic moments increase corresponding to an increasing
proportion of Mn** species. The oxygen atoms of the last atomic layer, label 1 in Figure 4e,
exhibit a lower electronic charge of -0.76 e instead of -1.07 e in the bulk of LiMn,0O,. This is
attributed to the low coordination of these oxygen atoms which present only two cation

neighbors instead of four in the bulk structure.

The (113) surface model, called Li/Mn/O by Warburton et al.” (Figure 4f) is considered as a
high-index surface and can be described as a stacking of Mn,O, and Li layers, as the (001)
surface, but twisted around an in-plane axis by about 45°. At the surface layer, this leads to
manganese atoms in an ML; environment which exhibit magnetic moments of 4.0 y for 2/3 of
the manganese atoms (label 1, Figure 4f), and 2.8 yy for 1/3 of the manganese atoms (label 2,

Figure 4f), corresponding to Mn** and Mn** respectively.

The four models described above present various oxidation states for the manganese atoms on
the last surface layers and therefore suggest different behaviors upon adsorption of a gas probe.
The variety of the considered models will allow us to establish the relationship between the

chemical composition and the surface reactivity.

3.3.2. Surfaces after SO, adsorption

Calculations of the adsorption of an SO, probe molecule were performed on the four surface
models described above. Sulfite and sulfate sites were probed in an exhaustive way by

considering all nonequivalent oxygen atoms at the last atomic layer of the surface. The initial
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geometries were obtained by placing the SO, molecule either in a tetrahedral (bridge sites) or a
trigonal (top sites) environment for the sulfur atom leading to the formation of sulfate or sulfite
species, respectively. For the sulfite adsorption, the sulfur atom is located 1.55 A away from the
oxygen atom belonging to the surface. For the sulfate adsorption, the sulfur atom is located
initially 1.55 A away from the barycenter of two surface oxygen atoms. The geometry is then

fully relaxed and the adsorption energy, E, 45, 1S computed from

Eads = Esurface+502 - (Esurface + ESOZ)

where Egyrrqcetso, 1S the energy of the adsorbed system, Egyrfqce 18 the bare surface energy
and Eg,, the energy of an isolated SO, molecule obtained from the calculation of an isolated SO,
molecule in a cubic box of 10 A length. The adsorption energies and the electronic transfers,
from the SO, molecule towards the surface, of the most stable sulfite and sulfate adsorptions are

gathered in Table 3. The electronic transfers were computed from the Bader charges analysis.

Surface  species E,, (€V) Aqs,

(111) Sulfite -1.12 -04
(00T1) Sulfite -1.49 -0.1
(110) Sulfite -0.89 -0.2
(110) Sulfate -2.71 1.1

(113) Sulfite -1.14 -04
(113) Sulfate -4.29 10

Table 3. Adsorption energy (E,,) and electronic transfer, Aq, from SO, towards the surface for

the most stable structures.
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Whatever the surface, the electronic transfer is about one electron from the SO, molecule
toward the surface in the case of the formation of sulfate species, while a smaller transfer, of at
most 0.4 electron from the surface toward the SO, molecule, is obtained in the case of sulfite
species. This agrees with the redox reactivity associated with the sulfate formation and the acid-
base reactivity associated with the formation of sulfite species®’. The range of computed
adsorption energies indicates the formation of chemisorbed species, stable enough to be observed

by XPS characterizations under ultra-high vacuum conditions.
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Figure 5. SO, adsorption on LiMn,O, surfaces after structural relaxation. (a) and (b) Sulfite
adsorption mode on (111) and (001) surfaces respectively, (¢) and (d) sulfate adsorption mode on

(110) and (113) respectively.
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In the case of the (111) and (001) surfaces, the formation of sulfite species is favored with an
adsorption energy of -1.12 and -1.49 eV respectively. The formation of sulfate species was also
considered but actually leads to the formation of sulfite species. The relaxed geometries of the
most stable adsorptions are depicted in Figure 5a and Figure 5b for surfaces (111) and (001)
respectively. In both cases, the adsorbed molecule is stabilized by the formation of secondary
interactions between oxygen atoms of SO, and cations of the last atomic layer of the surface. In
the case of the (001) surface, the oxygen atoms of SO, complete the coordination sphere of the
manganese atoms in order to place them in an ML, environment corresponding to the bulk
structure. The lengths of these bonds are similar to other Mn-O bonds in the bulk octahedra
(2.03/2.14 A vs 1.96 A). For both surfaces, the electronic structure of manganese atoms is kept
unchanged, consistently with the low charge transfer associated to the acid-base reactivity and

the formation of sulfite species.

In the case of the (110) and (113) surfaces, the formation of sulfate species is favored although
the formation of sulfite species appears thermodynamically possible. On the (113) surface the
formation of sulfate species is obtained only in the vicinity of the Mn** manganese atoms, label 2
in Figure 4f. The most stable structure is depicted in Figure 5d and the associated adsorption
energy is -4.29 eV. The electronic transfer from the SO, molecule toward the surface involves a
large rise in the magnetic moment of the closest manganese atom from 2.77 to 4.68 p. This can
be interpreted as the reduction Mn*" + 2e” = Mn** and as a transfer of formally two electrons
from the SO, molecule as already observed in a previous study on LiMO, compounds’. In
addition, the SO, molecule is stabilized by the formation of secondary interaction with a free
lithium atom at the surface (interatomic distance 1.9 A), materialized by a dashed bond in Figure

5d, leading to a strong adsorption. On the (110) surface, the most stable sulfate species is
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obtained by an adsorption on the last oxygen layer, label 1 in Figure 4e and is depicted in Figure
4c. The electronic transfer from the SO, molecule toward the surface is spread over both the
oxygen atoms of the last atomic layer and one sub-surface manganese. Indeed, the electronic
structure analysis leads to a reduction of one sub-surface manganese atom from Mn*" to Mn’*
which is evidenced by a rise in magnetic moments from 3.31 to 3.99 ;. Simultaneously, the
electronic charges of oxygen atoms on top of which the adsorption takes place decrease form -

0.76e to -1.12e.

In conclusion, the formation of sulfate species, which involves the reduction of species on the
last atomic layers, is favored only if Mn*" species are available on top of the surface, namely for
the (110) and (113) surfaces. On the contrary, if only Mn* species are available or Mn* are
buried in the sub-surface layer, the formation of sulfite species is favored which is the case for
the (111) and (001) surfaces. In addition, this conclusion can be reinforced by our previous work’
on LiMnO, where only sulfite species were obtained when the last atomic layer contains only
Mn’* cations (the (104) surface) and both sulfate and sulfite species were obtained when higher
oxidation degrees are present for manganese present at the surface (Mn*" and Mn** on the (110)

surface).

4. DISCUSSION

The two spinel materials studied in this paper differ in their nominal Li/Mn ratio, Li, ,sMn, 4O,
and Li, ;Mn, 0,. The slight decrease in the lattice parameter with the increasing Li/M ratio is
consistent with the increase of the Mn valence. Nonetheless, the Li/Mn ratio is different on the
surface and in the bulk of the materials, which leads to surface stoichiometries determined by

XPS of Li, ,,03Mn, 4505 .0, and Li, (., sMn, 4O5,.,, for x =0.05 and x = 0.10 respectively showing
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that the presence of trivalent manganese (Mn’*) at the surface is larger than expected

theoretically.

The secondary electron micrographs obtained on theses samples show that only the (111),
(001) and (110) surfaces have been experimentally identified for the truncated octahedral
particles in good agreement with the spinel structure. Thus, we discuss only of those three

surfaces from a theoretical and experimental point of view.

According to the calculations on the (111), (110) and (001) surface orientations, the
manganese cations are only present in the Mn’* and Mn** oxidation state. The manganese
cations, which are located at the sub-surface layer of the (111) orientation, possesses a Mn*"**
mixed valence. For the other two orientations, the manganese cations at the extreme surface
exhibit a unique valence, Mn™ for the (001) and Mn*" for the (110) orientation. In a same
manner, the valence of the manganese has been clearly identified by XPS and in particular by
combining the information issued from the Mn 2p and Mn 3s core peaks spectra and corresponds
to a Mn*"** mixed valence. As the SEM study strongly suggests a majority of (111) and (001)
surfaces, XPS results and theoretical calculations are in accordance to propose a mixed valency
of the manganese cations at the spinel surface.

After SO, adsorption on the three considered orientations, computational results evidence the
formation of either sulfite or sulfate species. Only sulfite species are thermodynamically stable
on the (111) and (001) surfaces, whereas both sulfite and sulfate species can be obtained on the
(110) surface with a higher stability of sulfate species.

Concurrently, the adsorbed species have also been experimentally characterized by XPS after

gas probe adsorption on the material surface. From the S 2p core peaks, we have identified a sole
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sulfite adsorption mode for the Li, ,\Mn, ,,O, spinel, while both sulfate and sulfite species were
obtained in the case of the Li, ,sMn, 4sO, spinel with sulfite species in higher quantity.

According to computational results, the sulfate species detected for the x = 0.05 spinel material
could only be linked to the redox reactivity of the (110) surfaces of the spinel crystals. Two
experimental results substantiate the assignment of the redox reactivity to the (110) surfaces: 1)
the (110) surfaces are present in a lesser amount than (111) and (110) and, 2) the acid-base
adsorption mode is predominant (69% of sulfite compared to 31% of sulfate species). In
consequence, although the amount of the different orientations was not quantified accurately, we
may suggest that the difference in the reactivity of the x = 0.1 and x = 0.05 samples is due to a
morphology change leading to a higher amount of (110) surface in the x = 0.05 sample than
x = 0.1 which can be observed from SEM imaging, Figure 2.

This argumentation, based on computational results, is strengthened by the full agreement with
the description of the electronic processes taking place, analyzed from the XPS measures.
Indeed, computational results evidence a large electronic transfer, associated to the reduction of
surface or sub-surface manganese atoms, in the case of the formation of sulfate species, while
only low transfers are obtained in the case of the formation of sulfite species, these two processes
being associated to a redox or an acid-base reactivity, respectively. Moreover, in the case of
sulfate formation on the (110) surfaces, the calculations show that the closest manganese atoms
are reduced from Mn*" to Mn*. From XPS analysis of the Mn 2p spectra decomposition after
SO, adsorption, a noticeable increase of the Mn content (from 56 + 1% to 60 + 1%) has been
observed, in the case of Li, ,sMn, ,sO, material. This indicates a reduction of Mn*" into Mn’*
associated to the redox adsorption process. For the Li, ,Mn,,0O, spinel, no change in the

oxidation state of the manganese cation has been experimentally detected which agrees with the
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acid-base character of the sulfite adsorption suggested from computational and experimental

results.

5. CONCLUSION

In this work, we focus on the surface reactivity of Li,,,Mn, O, spinel materials with two
different stoichiometries (x = 0.05 and x = 0.10). Their structure, morphology and chemical
composition were characterized in-depth. The surface reactivity was investigated through the
adsorption of a gaseous probe (SO,) in controlled conditions, and both XPS analyses and first-
principle calculations were undertaken in order to identify and quantify the adsorbed species on

the surface and characterize the surface reactivity.

The formation of both sulfite and sulfate species, associated to an acid-base and redox
reactivity, respectively, was identified from XPS analysis and computational results. Both
approaches allow us to evidence that the formation of sulfate species is only allowed in the
presence of Mn** cations which are reduced due to an electronic transfer from the SO, molecule
to the surface of the material. On the contrary, only sulfite species are formed in the presence of
Mn™* cations. More generally for manganese compounds, increasing the presence of manganese

atoms at the +1II oxidation degree limits the redox surface reactivity.

According to the computational and experimental results, the presence of sulfate species could
be attributed to the (110) facets in the spinel crystals. In consequence, we may suggest that the
reactivity of manganese materials can be controlled by managing the shape of the crystal. Indeed,
redox reactivity could be limited in the case of spinel compounds by lowering the area of (110)

facets or more generally by lowering the amount of manganese species at high oxidation degree.
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It would be worthy of continuing research and investigations in order to characterize the
proportion of each surface in the two spinel materials. Thus, we would precise the link between

the morphology and the reactivity of the spinel materials.
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