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Abstract 

This paper investigates the role of the stacking fault (5%, 20% and 50%) and the 

morphology of Li2MnO3 lamellar materials, issued from coprecipitation method with three 

annealing temperatures, on the surface reactivity. The structure and the morphology have 

been characterized by XRD, SEM and TEM. We studied the surface reactivity of these 

materials by combining X-ray photoemission spectroscopy (XPS), gaseous adsorption and 

first-principle calculations. An evolution of the reactivity toward the SO2 acid gaseous probe 

has been observed for the three materials, from pure redox mechanism toward mixed acid-

base/redox mechanisms, respectively for 5% and 50% of stacking faults. We demonstrated 

that the electronic structure of Li2MnO3 being not modified by stacking faulted. Thus, the 

surface reactivity of faulted Li2MnO3 is not linked to the SF rate but only governed by the 

accessible crystalline surfaces and the manganese environments at the surface atomic layer. 

The formation of (001)-Li surface according to the Li-overstoichiometry on the extreme 

surface and the random particles shape of the more faulted materials are responsible of the 

reactivity tuning. 
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1. INTRODUCTION 

The layered oxide LiCoO2 is still the mostly used material as positive electrode in 

commercialized lithium-ion batteries
1
. In order to circumvent its toxicity issues and the high 

cost of cobalt, other compositions of layered oxides were proposed. The best alternatives are 

nowadays the so-called NMC (333) (LiNi1/3Mn1/3Co1/3O2) and NMC (622) 

(LiNi0.6Mn0.2Co0.2)O2 which exhibit a better cyclability than LiCoO2 and a large capacity up 

to 185 mAh.g
-1

,
2
 with the upper voltage limited to 4.5 V vs Li

+
/Li, instead of 140 mAh.g

-1
 for 

LiCoO2, with the upper voltage limited to 4.2 V vs Li
+
/Li. The substitution of nickel and 

manganese for cobalt in LiCoO2 (one Ni
2+

 and one Mn
4+

 for two Co
3+

) results in (i) a lower 

cost, (ii) a higher thermal stability in the charge state of the battery thanks to a large fraction 

of Mn
4+

 in the framework, and (iii) the exchange of two electrons per transition metal from 

Ni
2+

 to Ni
4+

.
3,4

 The efficiency of such materials (i.e. NMC) is still limited by parasitic 

reactions which may occur at the electrode-electrolyte interface and lead, among other 

phenomena, to partial dissolution of the transition metals in the electrolyte
5
. Therefore, an 

improved knowledge of the surface properties and especially of the surface reactivity of these 

materials is crucial in order to understand the underlying mechanisms and propose solutions. 

Only few surface reactivity studies have been carried out on LiMO2 
6,7

 or LiCoO2.
 8,9

 

Dahéron et al. 
8
 provides significant knowledge on the characterization of (001) LiCoO2 

surface and especially put in evidence, both by XPS and theoretical calculation, the existence 

of oxygen atoms from the extreme surface significantly different from the ones of the lattice. 

Thus, using an original method, developed in our group, based on the adsorption of gaseous 

probes at the extreme surface of the electrode material, monitored by X-ray photoemission 

spectroscopy (XPS) and coupled to first-principle calculations, Andreu et al. 
6,10

 investigated 
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the surface reactivity of LiCoO2 and NMC, bare or coated by Al2O3. The coating was shown 

first to form an interphase
9
, a substituted Al-layered oxide, at the interface between the 

coating Al2O3 and the active material LiMO2, and then to decrease the surface reactivity 

toward the gaseous probes and changes the nature of the adsorbed species
9
. Following the 

same strategy, we recently focused on the role of manganese oxidation states on the surface 

reactivity through the investigation of Li2Mn
4+

O3 and LiMn
3+,4+

2O4 materials 
11,12

. Depending 

on the nature of the manganese species present at the extreme surface of the material, Mn
3+

 

and/or Mn
4+

, acid-base and/or redox type reactivity is involved at the surface. Li2MnO3 being 

a Li
+
 and Mn

4+
 rich layered oxide (also described as Li[Li1/3Mn

IV
2/3]O2) with lithium in excess 

in the transition metal layers,
13

 it is particularly suitable as a model for understanding the 

surface reactivity of the high energy Li and Mn-rich layered oxides (the so-called HE-

NMC’s) expected to be the next generation of positive electrode materials for Lithium-ion 

batteries as they deliver high reversible discharge capacity involving both cationic and anionic 

redox.
14–16

 Moreover, we have to mention that the particle size, Li-Mn site mixing and 

stacking fault content, controlled by the synthesis route
17

, impact the electrochemical 

performances
18,19

. Menon et al.
18 

explained that stacking fault and cation mixing are thought 

to facilitate the formation of long 3D Li percolation pathways responsible of larger 

charge/discharge capacity.  

In a previous study, we studied the characteristic of the (001) surface of a Li2MnO3 crystal 

containing 50% of stacking fault
11

. Thus, in this paper, we choose to get even deeper 

understanding of the surface reactivity of Li2MnO3 by investigating the role of the 

morphology moving from crystals to powders showing a wide range of specific surface areas 

and stacking faults by controlling the annealing temperature. The reactivity has been 
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investigated by combining gas probe adsorptions and XPS characterizations associated to first 

principle calculations of the electronic structure of the compounds at their surface. 

 

2. MATERIALS AND METHODS 

2.1. Synthesis of the materials 

The coprecipitation route was used to synthetize Li2MnO3 materials. A solution of 

Mn(NO3)2 (1M) (98% Fluka) was dropped into a solution of LiOH (1M) (98% Alfa Aesar) / 

NH4OH (3M) (28-30% J.T. Backer) with a stoichiometric ratio such as Li/Mn is equal to 2. 

The precipitate was dried using a rotavapor at 80°C then heated at 650°C for 12 h. The 

material was grinded and heated a second time at 650°C, 750°C and 850°C for 24 h. The 

samples have been labeled LMO-SF based on the amount (in %) of stacking faults (SF) 

determined by XRD as discussed hereafter. These three samples were obtained at 850°C, 

750°C and 650°C with 5%, 20% and 50% of SF respectively and will be called in the 

following LMO-5, LMO-20 and LMO-50, respectively. 

2.2. Characterization of the structure, composition and morphology 

The X-ray Diffraction (XRD) patterns were collected on a PANalytical Empyrean 

diffractometer, in reflection mode, with the copper radiation (K1 = 1.5406 Å and 

K2 = 1.5444 Å) and in the [8-75°] angular range with a counting time of 60 s and a 2θ step-

scan intervals of 0.02°. The amount of stacking faults in each compound was determined 

considering the extended study performed by some of us few years ago, 
17,20 

to identify the 

nature of the stacking faults observed in Li2MnO3 and their impact on the X-ray diffraction 

pattern. Indeed, for significant contents of stacking faults, the overall structure can no more be 
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described by an average unit cell, and thus the X-ray diffraction pattern cannot be simply 

calculated by Le Bail and Rietveld type refinements. Simulations or calculations taking into 

account the formation of faults in the ideal structure have to be performed to fully explain the 

pattern and the actual structure.
 17, 20-22

 Here, in order to get a qualitative determination of the 

stacking faults’ ratio, sufficient for the properties we wanted to address, we compared the X-

ray diffraction patterns recorded in similar conditions to results previously obtained by some 

of us.
 17,20

  

Electron diffraction patterns were recorded on a JEOL transmission electron microscope 

(JEOL 2100) operated at 200kV and equipped with an Orius 200D camera from GATAN. 

Prior to the observation a suspension of the materials was obtained by grinding them in 

ethanol. A drop of the suspension was deposited on a carbon supported grid.  

Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES): The Li/Mn 

ratios have been determined using an inductively coupled plasma optical emission 

spectrometer (ICP-OES, Varian, 720-ES), after dissolving the samples in a HCl/HNO3 acidic 

solution under boiling conditions.  

Scanning Electron Microscopy (SEM): Scanning electron microscopy (SEM) analysis of 

metallized samples (Pd-deposited) was performed using a Hitachi Model S-4500 microscope.  

Specific surface determination: Materials specific surface determination was performed 

by a Micromeritics ASAP 2010, using the Brunauer–Emmett–Teller (BET) theory
22

. We used 

a N2 gas flux as adsorption gas, and worked at 77.300 K. The detection limit of this device is 

1 m²/g. 

2.3. Surface investigation. 
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X-ray Photoelectron Spectroscopy (XPS): XPS analyses were performed on a Kratos Axis 

Ultra spectrometer with a focused monochromatized Al Kα radiation. The samples were fixed 

with double-coated tape and introduced in the spectrometer using an intermediate glove box 

to prevent any contamination or degradation of the adsorbed species due to a possible 

reactivity with the air. The vacuum in the analysis chamber was 5 x 10
-9

 mbar. The 

accelerating voltage and the applied current were 12 kV and 12 mA. The core peaks spectra 

have been calibrated by fixing the O 1s peak at 529.7 eV. After gas probe adsorption, due to 

the ultra-vacuum conditions of XPS analyses, only chemisorbed species are detected. 

According to the weak interactions involved, physisorbed species are supposed to undergo a 

quick desorption. Considering the size of the particles analyzed as it will be discussed in the 

following, the size of the XPS spot (700 x 400 µm) ensures that all the faces are statistically 

analyzed. 

Gas probe adsorption: The adsorption experiments were performed in a Micromeritics 

Autochem analyzer. 0.1g of samples was disposed onto a stainless frit in the reactor, 

previously cleaned and heated at 500°C under argon flux for 1h. The first step consisted in 

preparing the sample surface by heating the sample at 350°C for 4h under an argon flux, to 

remove all the physisorbed species from the surface. In a second step, the temperature was 

decreased to 80°C and the sample submitted to a helium flux for 1h. Then, to perform the 

probe adsorption, the gas was switched to a blend of 0.02% SO2 in helium for 15 min while 

maintaining the temperature at 80°C. The final step consisted in cleaning the surface of 

physisorbed species under a helium flux at 80°C for 1h. This whole procedure was performed 

three times to ensure the reproducibility of our results. 
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The SO2 gaseous probe allows the investigation of acidic-basic and redox properties. This 

probe was chosen because of its rather strong acidity and its small size, which allow to access 

to the largest amount of surface active sites. Moreover, sulfur is not present in the pristine 

materials and exhibits a large XPS binding energy (B.E.) scale suitable for the identification 

of the adsorbed species. Indeed, a reaction between SO2 and one oxygen atom of the extreme 

surface leads to the formation of a sulfite species (SO3
2-

), characterized by an S 2p3/2 core 

peak binding energy at 167.5 eV 
10

, whereas its reaction with two extreme surface oxygen 

atoms leads to the formation of sulfate species (SO4
2-

) characterized by an S 2p3/2 core peak 

binding energy at 169 eV 
10

. Finally, the interaction of the sulfur atom with a metal from the 

surface by dissociative mechanism results in the formation of sulfide species (S
2-

) (B.E. (S 

2p3/2) ≈ 162.0 eV) 
23,24

. The nature and the amount of adsorbed species were characterized by 

X-Ray photoelectron spectroscopy analyses. 

2.4. Computational details 

The electronic structure is calculated from density functional theory (DFT) calculations in 2D 

or 3D periodic boundary conditions for surface and bulk systems respectively. All the 

calculations were performed with the Vienna Ab initio Simulation Package
25,26

 (VASP) with 

the revised version for solid of the Perdew Burke Enrzerhoh (PBE) functional
23

. The wave-

functions were described in the Projector Augmented Wave
27,28

 (PAW) formalism with a 

plane waves basis set truncated at a cut-off energy of 600 eV to reach a convergence of 10 

meV per atom. Valence electrons described explicitly in the calculations were 1s
2
2s

1
, 4s

2
3d

5
 

and 2s
2
2p

4
 for lithium, manganese and oxygen atoms respectively. The Brillouin zone 

integration was done on a k-points grid uniformly distributed around the origin (Γ point) 

using a spacing of 0.35 Å
-1

 corresponding to a mesh of 4 × 3 × 4 for the C2/m bulk structure of 
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Li2MnO3. For the density of states (DOS) calculations the k-point mesh was multiplied by a 

factor 5. Charges calculations were performed by using Bader’s topological analysis
29

 on the 

basis of a finer grid for the density with a step of 0.03Å. For 3D calculations, the atomic 

positions were relaxed first and then all degrees of freedom were fully relaxed until forces are 

lower than 0.01 eV.Å
-1

. For 2D calculations, only the atomic positions were relaxed using the 

lattice parameters obtained from bulk calculations for the periodic directions. 

All calculations were done considering spin polarization with a ferromagnetic ordering. The 

magnetic moments of each atom were computed from the difference between spin up and spin 

down electronic densities. In order to describe accurately the strongly localized 3d electrons 

of manganese atoms, DFT+U calculations were undertaken using the rotationally invariant 

approximation of Dudarev et al.
30

 using a single effective parameter Ueff = 5 eV which was 

determined for Mn
4+

 species
31

 and commonly used for lithium layered oxides with manganese 

atoms
32,33

. 

 

3. RESULTS 

3.1. Structure, morphology and composition 

The X-ray diffraction patterns of the three Li2MnO3 samples synthesized in this work are 

compared in Figure 1. As already explained in the experimental part, the stacking faults ratios 

were estimated to 5, 20 and 50%, by comparison with results reported by some of us 
17

. 
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Figure 1. Comparison of the XRD patterns obtained for the three Li2MnO3 samples with 

different stacking faults ratios: LMO-SF with SF = 5, 20 and 50, determined by comparison 

with results reported by Boulineau et al
17

(see Figure S2 in supplementary information) (up). 



 

 

11 

Structure of Li2MnO3 with a stacking fault and the corresponding vector. Only octahedra are 

represented in yellow, green and violet for LiO6 in lithium layer, LiO6 and MnO6 in the 

lithium manganese layer, respectively (down). 

 

 

All the diffraction lines can be indexed using a unit cell described in the monoclinic space 

group C2/m, with cell parameters a ≃ 4.929 Å, b ≃ 8.531 Å, c ≃ 5.025 Å and β ≃ 109.34°. Note 

that depending on the synthesis conditions, the (020), (110), (-111), (021) and (111) peaks 

observed in the 20°-34° (2) angular range reveal a significant difference in broadening, 

which is huge for the sample LMO-50 obtained after a thermal treatment at lower temperature 

(650°C). These diffraction lines are the signature of the ordering between the Li
+
 and Mn

4+
 

ions in the octahedral sites of the slabs [Li1/3Mn2/3]O2, and of their ordered stacking along the 

caxis. The anisotropic broadening of these reflections (i.e. a diffuse asymmetry) is mainly 

associated to the presence of faults in the stacking of the ordered slabs [Li1/3Mn2/3]O2 along 

the       . 
17

 Indeed, the stacking vector is expected to be (0; 0; 1) whereas, as explained by 

Lang and Bréger, 
34,35

 two others, (1/2; 1/6; 1) and (1/6; 1/6; 1), corresponding to an in-plane 

gliding of the metal layer (see Figure 1) can occur, with an occurrence probability depending 

on the annealing temperature. The higher the annealing temperature, the sharper the 

diffraction lines are and the smaller the amount of stacking faults is. Indeed, the line profile 

required to describe the lines (020), (110), (-111), (021) and (111) observed for LMO-5 is 

close to that used for the overall pattern showing that the structure of Li2MnO3 is close to an 

extended ordered structure, in the [Li1/3Mn2/3]O2 slabs between the Li
+
 and Mn

4+
 ions and 

along the caxis in the stacking of these ordered slabs. Nevertheless, the asymmetry of the (020) 
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line highlighted by the high background between the (020) and (110) diffraction lines reveals 

the residual presence of a small amount of stacking faults.  

To support these results obtained by XRD analysis, electron diffraction has been performed 

on the three materials. Typical electron diffraction patterns are reported in Figure 2. All of 

them were obtained along the [110] zone axis which allows to visualize how far from ideal 

the stacking of the layers is. In all these patterns the central direction corresponds to the c* 

direction. Lines parallel to this direction are observed. The third one from the center is always 

similar to c* as corresponding to a direction of the basic cell describing the classical layered 

oxide compounds (i.e. LiMO2 without any ordering within the slabs and thus along the caxis). 

The two first lines are on the contrary related to the stacking sequence induced by the Li
+
 and 

Mn
4+

 ordering in Li2MnO3: the more diffuse they are the higher is the number of stacking 

faults. Obviously, on the diffraction pattern corresponding to LMO-50 only diffuse lines are 

observed between the rows of spots corresponding to the basic structure: their presence 

supports the ordering within the slabs of Li2MnO3 but the extended diffusion reveals the 

presence of a large amount of stacking faults along the caxis and thus the quasi absence of 

correlation between the ordered slabs. On the other hand, despite residual diffusion the 

reflections corresponding to the monoclinic structure are clearly observed on the two first 

lines of the patterns corresponding to the two other compounds, LMO-20 and LMO-5, 

indicating the presence of a smaller amount of stacking faults.  
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Figure 2: Electron diffraction patterns recorded along the [110] zone axis and 

representative of the compounds LMO-50, LMO-20 and LMO-5. The two yellow arrows on 

the LMO-50 pattern indicate diffusion lines revealing a high degree of stacking faults. The 

circles on the LMO-20 and LMO-5 patterns highlight the presence of reflections associated to 

the monoclinic structure and to the extended ordered structure of Li2MnO3.  

The Li/Mn ratios have been determined by chemical analyses using ICP-OES. The actual 

compositions are found very close to the expected ones, considering the stoichiometry in 

oxygen is equal to 3: Li2.01(±0.05)Mn1.00(±0.04)O3 for the LMO-5 material, 

Li2.02(±0.05)Mn1.00(±0.04)O3 for the LMO-20 material and Li1.99(±0.05)Mn1.00(±0.04)O3 for the LMO-

50 material (Table 1). Any direct correlation can thus be made between the average 

stoichiometry and the amount of stacking faults. 
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Figure 3. SEM images of the three Li2MnO3 samples: a) and a') LMO-5, b) and b') LMO-

20, c) and c') LMO-50. 

As shown by the SEM images (Figure 3), the three samples are characterized by agglomerates 

of primary particles. These agglomerates reveal heterogeneous shapes and sizes ranging from 

1 µm to a few hundred µm, whereas the primary particles size strongly depends on the 

synthesis parameters: the higher the annealing temperature, the larger the particles are. Note 

that the specific surface area increases significantly from 1.57 (± 0.02) m².g
-1

 for LMO-5 to 

6.36 (± 0.05) m².g
-1

 for LMO-50. In parallel, the analysis of the XRD patterns has also shown 

that the higher the annealing temperature, the smaller is the amount of stacking faults. In our 
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synthesis conditions and for the materials studied, a lower synthesis temperature is thus 

associated with smaller particles size and higher specific surface area (as expected) and a 

higher amount of stacking faults (Table 1). But, it does not imply that particles size and 

amount of stacking faults are correlated: indeed, a stacking fault is spread within the crystal 

(in the bulk) and thus not observed at the surface only, as defects could be for instance.  

Samples LMO-5 LMO-20 LMO-50 

Stoichiometry Li2.02 (±0.01) Mn1.00 (±0.04) Li2.02 (±0.05) Mn1.00 (±0.04) Li1.99 (±0.05) Mn1.00 (±0.04) 

% SF < 5 20 50 

Particles’ length (nm) 550 300-500 10-100 

SA (m².g
-1

) 1.57 (± 0.02) 2.53 (± 0.01) 6.36 (± 0.05) 

Table 1. Composition in Li and Mn, amount of stacking faults (% SF), particles size and 

specific surface area (SA) of the Li2MnO3 samples. 

3.2. Surface characterization by XPS of the bare Li2MnO3 materials 

First, the bare materials were considered and their surface properties characterized by XPS 

analyses. The XPS core peaks Mn 2p, Mn 3s, O 1s, and Li 1s and C 1s (given in 

supplementary information as Figure S3 and S4) of the three LMO samples have been 

recorded before gas probe adsorption. The Mn 2p and Mn 3s core peaks are depicted in 

Figure 4. The binding energy values of the Mn 2p1/2 (654.3 eV) and Mn 2p3/2 (642.3 eV) main 

components as well as the splitting B.E. value of the Mn 3s core peak (4.5 eV-4.2 eV) are 

characteristic of tetravalent manganese atoms in an oxygenated environment
11,12

. As no 

shoulder has been observed at 641.4 eV
11

, the presence of Mn
3+

 cations could be excluded. 

Moreover, the value of the Mn 3s multiplet splitting is 4.5 eV and no significant change has 

been detected for the three S.F. ratio values. Thus, we could confirm that the presence of 
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manganese at the trivalent and divalent states can be excluded as the Mn 3s core peaks 

splittings would be of 5.5 eV and 6.5 eV, respectively.
36

   

Figure 4. Mn 2p (left) and Mn 3s (right) core peaks for Li2MnO3 materials characterized by 

different contents in stacking faults (S.F.). 

The Li 1s spectra (given in supplementary information as Figure S3) exhibit, whatever the 

content in SF, a unique component localized at 54.5 eV and associated to Li
+
 in Lithium 

layered oxides
6
. No components characteristic of Li2CO3 (B.E. C 1s = 290.1 eV and Li 1s = 

55.5 eV) and LiOH (B.E. Li 1s = 54.9 eV)
37

, usual impurities formed on the Li transition 

metal oxides surfaces, have been identified. According to the atomic percentages determined 

from the analysis of the XPS spectra and gathered in Table 2, the samples LMO-5 and LMO-

20 are underlithiated. Indeed the Li 1s / Mn 2p ratios are of 1.5 and 1.7 respectively, whereas 

sat
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the expected ratio is 2. On the contrary, the LMO-50 sample appears overlithiated with a 

Li/M ratio at its surface of 2.5. However, we have obtained by considering the Mn 3p signal, 

that the Li 1s / Mn 3p ratio values are lower, 0.6, and constant for these three samples. The 

binding energies of the Mn 3p core peaks are closer to the Li 1s B.E. and much lower than for 

the Mn 2p. Thus, the Mn 3p core peaks are more assigned to the deeper analysis zone of the 

XPS than Mn 2p core peaks. Thus, the large difference in the Li / Mn ratio depending of the 

considering manganese orbitals could be related in part to the migration of the Lithium ion 

toward the surface. Moreover, as no change on the Mn 2p and Mn 3s spectra has been 

identified depending on the Li / Mn ratio, we thus could estimate that the manganese valence 

is almost three in the first ten nanometers of the material. 
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Figure 5. O 1s core peaks for the three Li2MnO3 samples with 5%, 20% and 50% of stacking 

faults before adsorption. The white, grey and green components correspond to the structural 

oxygen atoms, the surface oxygen atoms and the oxygen atoms of adsorbed species, 

respectively. 

The O 1s spectra reported in Figure 5 have been decomposed into three components. The 

first one at 529.7 eV is associated to the oxygen anions in the bulk of the lithium layered 

oxides, the second one at 531.4 ± 0.2 eV  is assigned to the oxygen anions localized at the 

extreme surface of the lithium layered oxides and showing a deficient coordination
12

, and the 

last one at 533.4 ± 0.2 eV is attributed to the oxygen atoms issued from adsorbed species. A 

slight increase of the proportion of surface oxygen atoms and adsorbed species (at 531.6 and 

533.7 eV) is observed in Figure 5, from 28% to 38% of the whole O 1s signal for LMO-5 and 

LMO-50 respectively, which is consistent with the increase of the specific area of these 

materials. 
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  LMO-5  LMO-20  LMO-50 

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

Mn 2p  642.3 15.6  642.3 10.6  642.3 10.6 

O 1s Adsorbed 

species 

533.3 1.8  533.4 3.6  533.6 3.2 

 531.3 9.6  531.6 8.2  531.6 10.0 

 O
2-

 529.7 29.9  529.7 25.4  529.7 20.6 

   41.4   37.2   33.8 

C 1s  CO2 288.9 3.9  288.9 3.0  288.9 4.0 

 C-O 286.8 2.4  286.5 3.8  286.6 7.6 

 C-C, C-H 285.3 10.6  285.1 27.8  285.2 17.6 

   15.0   34.7   29.2 

Li 1s  54.5 24.2  54.5 17.5  54.5 26.4 

Li/Mn 2p   1.5   1.7   2.5 

Li/Mn 3p   0.6   0.6   0.7 

Table 2: Binding energies (eV) and atomic percentages (at.%) determined for the Mn, O, C 

and Li elements from the analysis of the XPS spectra recorded for the three LMO-SF (SF = 5, 

20 and 50) samples, before adsorption. 

Electronic structure of perfect and faulted structures 

The electronic structure of a bulk Li2MnO3 was investigated from DFT+U calculations
11, 32, 33

. 

The full relaxation of the C2/m unit cell of Li2MnO3 leads to the lattice parameters a = 4.94 Å, 

b = 8.54 Å, c = 5.01 Å and β = 109.5°. The highest relative deviation from the experimental 

lattice parameters is obtained for the parameter c with 0.5%. Li and Mn atoms contained in 

Li2MnO3 are partially disordered in the transition metal layers. However, in our study, we 

decide to only consider the effect of stacking faults on the electronic structure on an ideal 

material structure, without atomic mixing. In order to investigate the impact of SF on the bulk 

structure, 1×1×2, 1×1×3 and 1×1×4 supercells were built. In each cell a Li/Mn plane was 

shifted according to the (1/2, 1/6) vector. These three structures are in fact associated to 50%, 
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33% and 25% of stacking faults respectively. Only a difference in energy of 0.5 meV per 

formula unit is observed for the three structures in comparison with the perfect stacking 

described in the C2/m space group. This value being in the range or below the accuracy of the 

calculation, it leads that the energy cost for the formation of SF is close to zero which agree 

with the existence of this kind of faults. After the full relaxation of the structure geometry, 

whatever the amount of SF the first coordination spheres of Mn and Li remain unchanged, the 

Mn-O and Li-O bond lengths being 1.92 Å and 2.05 Å, respectively. The comparison of the 

electronic structures of bulk and faulted systems was done by comparing the density of states 

(DOS) and the electronic potential energy. The computed DOS of the perfect bulk system and 

the SF50 model are superimposed, see Figure S5. In Figure S6 we have projected the average 

electrostatic potential energy along the c-axis for the perfect and SF50. One can see that the 

electrostatic potential energy curves are superimposed and that the periodicity of the potential 

energy is not broken due to the stacking fault. Thus, we confirmed that the different 

electrochemical performances reported for Li2MnO3 materials containing different S.F. 

content and exhibiting different morphology
18

 are not directly linked to stacking fault content 

and Li/Mn ordering. 

3.3. Surface characterization by XPS of Li2MnO3 after SO2 adsorption 

The surface reactivity of LMO-SF materials was investigated by coupling the adsorption of 

SO2 as a gas-phase probe and XPS analyses, under controlled conditions, by considering in 

detail all the core peaks associated to the elements of the materials and of the adsorbed 

species. 

The stoichiometry and the electronic structure at the materials’ surface have been checked by 

XPS just after the first step of the adsorption procedure. Based on the quantitative analysis, 
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we have evidenced that the thermal treatment increases the surface Li over-stoichiometry, i.e. 

Li/Mn 2p (Table 3) are increasing after adsorption for the three samples, and that the Li/Mn 

2p evolution versus the S.F. content is maintained. This may be due to the combine effect of 

the increase of the specific surface (with the SF rate) and a migration of the Li ion toward the 

surface during the adsorption process related to its huge reactivity. 

The S 2p core peaks associated to the adsorbed gas probe are shown in Figure 6. The 

atomic percentages of all the elements present at the surface are gathered in Table 3. 

Concomitantly, the O 1s core peaks spectra given in figure 7 present a significant increase in 

the amount of the surface oxygen species after SO2 adsorption, in agreement with the 

additional contribution of oxygen from the adsorbed SO2 gas probe.  

The concentration of adsorbed species is of the same order of magnitude as on the 

Li2MnO3 crystal surface (S/M = 0.1) reported by Flahaut et al.
8
 In the case of LMO-5, a sole 

S 2p doublet is observed with a S 2p3/2 B.E. of 169.0 eV characteristic of sulfate species
6
. For 

the LMO-20 and LMO-50 samples, a second environment characteristic of sulfite species is 

observed at S 2p3/2 BE of 167.6 eV and 168.0 eV, respectively. Thus, the two more faulted 

samples and large S.A. allow the adsorption of the SO2 gas probe in the form of both sulfate 

and sulfite species. At first sight, the surface reactivity of the LMO-SF materials appears to be 

directly linked to the SF ratio and the particles size.  

But, we notice that the total reactivity toward SO2 decreases with the increase of the SF 

ratio concomitantly with the specific area. Indeed, the S/Mn 2p ratio decreases from 0.20 for 

LMO-5 to 0.10, for both LMO-20 and LMO-50, just as in the case of the proportion of the 

oxygen component, associated to the adsorbed species (B.E. = 531.3 eV), in the entire O 1s 
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signal. Thus, the SO2 adsorption is less favor when the oxide anions are present in a lesser 

extent at the surface concomitantly with an increase of the Li over-stoichiometry.  

The more faulted materials favor the acidbase adsorption mechanism as the sulfite 

contribution to the whole S 2p signal is of 13.8% and 30.6%, respectively, for LMO-20 and 

LMO-50. In addition, we can notice that the S 2p3/2 B.E. assigned to the sulfate species 

increases up to 169.5 eV for the LMO-50 material. 

  

Figure 6. S 2p core peaks after adsorption for the three LMO materials. 
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Figure 7. O 1s core peaks for the three Li2MnO3 samples with 5%, 20% and 50% of stacking 

faults after adsorption. The white, grey and green components correspond to the structural 

oxygen atoms, the surface oxygen atoms and the oxygen atoms of adsorbed species, 

respectively. 
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 LMO-5  LMO-20  LMO-50 

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

Mn 2p 642.3 11.7  642.3 9.7  642.3 9.5 

O 1s 533.5 5.1  533.8 2.8  533.9 2.1 

 531.8 18.2  531.8 10.3  531.8 10.5 

 529.7 23.8  529.7 20.6  529.7 19.1 

  47.1   33.6   34.3 

C 1s 289.2 0.8  288.7 2.0  288.6 1.9 

 286.6 4.4  286.3 3.1  286.2 5.6 

 285.0 8.5  285.0 22.3  284.8 20.9 

  13.7   27.5   28.4 

S 2p3/2 169.0 2.5  169.0 1.0  169.5 0.4 

    167.6 0.2  168.0 0.3 

  2.5   1.2   0.7 

Li 1s 54.5 25.0  54.5 28.0  54.8 27.5 

Li/Mn 2p  2.1   2.8   2.8 

Li/Mn 3p  0.6   0.6   0.6 

Table 3. Binding energies (eV) and atomic percentages (at. %) obtained from XPS analyses 

of LMO-SF materials with SF = 5, 20 and 50% and after SO2 adsorption. 

 

4. DISCUSSION 

LMO materials showing different particle size, specific surface area and amounts of 

stacking faults were studied using XPS, before (as bare) and after SO2 gas probe adsorption 

and DFT calculations. Clear and continuous differences have been observed between LMO-5, 

LMO-20 and LMO-50 samples. The higher the synthesis temperature, the larger are the 

particles size and the smaller amount of stacking faults is obtained: moving from LMO-50 to 

LMO-20 and LMO-5 synthesized at 650, 750 and 850°C respectively.  
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The adsorption of SO2 gas probe at the surface of the three samples has revealed the 

formation of sulfate species for LMO-5 whereas both sulfate and sulfite species are formed on 

LMO-20 and LMO-50. The acidbase adsorption mode is favored for large SF ratio and small 

particles as the accessible oxide anion, needed to form sulfate species, at the extreme surface 

is decreasing due to the overstoichiometry in Lithium ions. According with the particles shape 

evolution with the stacking fault contents, we must also consider the role of the manganese 

environment and the surface index on the adsorption mode
11

.  

The LMO-5 particles being platelet like, their surfaces could be assigned to the most stable 

surface for the Li2MnO3 material, i.e. the (001)-O surface
32

. Previous theoretical studies
11,12

 

have demonstrated that this surface contains mainly Mn
4+

 cations and favors the formation of 

the sulfate species. These results can be directly compared to those obtained on LMO crystals 

oriented along the (001) direction. For this crystal, the surface reactivity was dominated by a 

redox adsorption mode characterized by a unique doublet with a BE of S 2p3/2 at 169.0 eV 

assigned to sulfate species, the same as in LMO-5. The comparison between the results on a 

(001) oriented platelet powder sample (LMO-5) and a crystal oriented along the (001) 

direction may state that, both, the (001)-O surface and the Mn
+4

cations of LMO favors redox 

adsorption mode and sulfate formation. Moreover, as the SF ratio of the crystal reaches 50%, 

we can argue that the SF ratio cannot be retained to explain the tuning of the surface 

reactivity. This last point has been confirmed because of computational results that show that 

the electronic structure of LMO is not modified consequently to the introduction of a SF even 

on the sub-surface atomic layer. It should also be noted that the Li / Mn ratio are nearly equal, 

1.4 for the crystal and 1.5 for LMO-5.  
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If we are looking for the LMO-20 and LMO-50 materials, the SEM images evidence that, the 

particles shape is getting more random with the increase of the surface area and the Li / Mn 

ratio. As the dispersity of the samples morphology get larger concomitantly with the Li-

overstoichiometry, the orientation of the surfaces and thus the manganese atom environments 

are modified.  

We suggest that the MnO6 octahedron of a well-defined (001) surface could become MnOx 

environments due to the loss of one or more Mn-O chemical bonds associated to the 

formation of surfaces of higher indexes
38

. This surface modification should promote other 

manganese valence states such as Mn
3+

 
11,12

 on the top atomic layer, in a such very low 

content that could not be discernable by XPS.  Thus, the acid-base adsorption mode
11

 could 

be favored with the formation of sulfite species.  

We could also suggest that the surface reactivity is governed by another parameter, which 

plays on the surface reactivity, the increase of the Li content at the surface. This hypothesis 

could match with the results issued from calculations on the (001)-Li surface for which the 

manganese atoms are still in the tetravalent state
11

. Both acid-base and redox (which involve a 

manganese surface reduction) modes are indeed thermodynamically favorable for the SO2 

adsorption mechanism on this surface (-2.1 eV and -1.7 eV, respectively, for sulfate and 

sulfite species). The increase of Li / Mn 2p involves also interaction between adsorbed 

species and Lithium as secondary interaction, which conduct to a preferential sulfite species 

adsorption
12

. The increase of sulfite species, reported in Figure 6, with the Li / Mn 2p ratio 

support this hypothesis.  

It is to note that the S 2p3/2 B.E. values after SO2 adsorption on the LMO-SF surfaces are 

slightly larger than those usually reported, in the case of the formation of sulfite and sulfate 
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species at the oxide materials surface, i.e. 167.5 eV and 169 eV 
6,9,39

,  respectively. 

Theoretical studies 
7,11

 have provided a detailed view of the underlying electronic processes 

associated to the adsorption mechanism of the SO2 gas probe on the Li2MnO3 and LiMO2 

(M = Ni, Mn, Co) surfaces using first-principle calculations. In the case of sulfite adsorption 

mode, an electronic transfer is observed from the surface toward the SO2 molecule of about 

0.4e whereas, no electronic transfer was observed in the case of LiCoO2. Moreover, this 

electronic transfer is localized on the oxygen atoms surrounding the sulfur atom of the SO2 

molecule leading to an environment that becomes more negatively charged and could explain 

the increase of the B.E. of the S2p core peaks in that case. In the case of sulfate species, there 

is a clear shift of the S 2p core peaks toward higher BE. This shift is correlated to the Li/Mn 

ratio which is higher than all other surfaces investigated previously (Li/Mn = 1.4 in ref 11).  

5. CONCLUSION 

The surface reactivity of Li2MnO3 (LMO) material was investigated through the adsorption 

of SO2 gaseous probes followed by XPS characterization. This material allows us to 

investigate the role of Mn atoms at the tetravalent state in the reactivity of NMC compounds. 

The materials were synthetized by a coprecipitation route and three samples showing an 

evolution in the morphology and stacking faults (SF) ratio were obtained with 5, 20 and 50% 

of stacking faults.  

The adsorption mechanism of SO2 the acid gas probe changes depending on the stacking 

fault content. However, calculations give the proof that the SF do not impact the density of 

states of the material. For platelets materials, the adsorption mode is redox. Indeed, the (001)-

O surface is favored, while possessing Mn
4+

 cations and lower Li content at the extreme 
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surface. The SO2 adsorption mechanism evolves toward an acidbase mode for the more 

faulted materials where the overstoichiometry in Li and the Mn
4+

 ions at the extreme surface 

leads to the formation of (001)-Li surface for which, both acidbase and redox mechanisms are 

favorable. 

So, the parameters governing the adsorption mechanism and the tuning from redox toward 

acidbase adsorption are related, in a first instance, to the orientations of the power facets and 

the manganese electronic structure, and secondly to the Li/Mn ratio at the last surface layer. 

Thus, high faulted Li2MnO3 materials are less reactive toward acid probe while promoting Li 

3D percolation pathway at the primary particles surfaces. 
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