N

N

Insights into the electronic structure and vibrational
dynamics of Li 7 MnNN 4 anode material for Li-ion
battery: a combined experimental and computational
study
Y. Zhou, E.M. Roginskii, K.S. Smirnov, M.B. Smirnov, A.V. Savin, O.
Nguyen, J.-P. Pereira-Ramos, R. Baddour-Hadjean

» To cite this version:

Y. Zhou, E.M. Roginskii, K.S. Smirnov, M.B. Smirnov, A.V. Savin, et al.. Insights into the electronic
structure and vibrational dynamics of Li 7 MnN 4 anode material for Li-ion battery: a combined
experimental and computational study. Journal of Alloys and Compounds, 2022, 921, pp.166004.
10.1016/j.jallcom.2022.166004 . hal-03748972

HAL Id: hal-03748972
https://hal.science/hal-03748972v1
Submitted on 10 Aug 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03748972v1
https://hal.archives-ouvertes.fr

Insights into the electronic structure and vibrational
dynamics of Li;MnN, anode material for Li-ion battery:
a combined experimental and computational study

Y. Zhou®P, E.M. Roginskii®*, K.S. Smirnovd, M.B. Smirnov®, A.V. Savin®,
0. Nguyen®, J-P. Pereira-Ramos?®, R. Baddour-Hadjean®*

% Institut de Chimie et des Matriéaur Paris-Est (ICMPE), UMR 7182 CNRS et Université
Paris-Est Créteil, 2 rue Henri Dunant, 94320, Thiais, France
b Tenchnocentre Renault, 1 Avenue du Golf, 78280, Guyancourt, France
¢ Ioffe Institute, Polytekhnicheskaya 26, 194021, St. Petersburg, Russia
dUniv. Lille, CNRS, UMR 8516 — LASIRe — Laboratoire Avancé de Spectroscopie pour les
Interactions, la Réactivit et I’Environnement, 42 Rue Paul Duez, 59000, Lille, France
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Abstract

The electronic structure of the promising Li-ion battery {EIB)} anode mate-
rial Li,MnN, {EMN) synthesized by a solid-state reaction is studied using ab
inito calculations completed by Raman spectroscopy experiments. The struc-
tural optimization reliably reproduces the experimental one, hence validating
the accuracy of the chosen Density Functional Theory method. The theoretical
analysis of the electronic structure reveals the nature of the valence band as
composed from band filled by electrons with spin-up states only, which allows
refuting literature data about the claimed electronic character of EMNLi;MnN,.
Actually, the calculated electronic band gap £, = 0.95 eV is found to be in good
agreement with available experimental data. A careful experimental approach
provides the first experimental Raman spectra of hydroscopic EMNLizMnNy
at 293 K and 130 K. The analysis of the phonon states in the I'-point of the
Brillouin zone, completed by the computation of the Raman scattering intensi-
ties of the vibrational modes of the EMNLi;MnN, structure give a remarkable
agreement between simulated and experimental Raman spectra. With such a
good matching, a reliable assignment of all the observed Raman peaks to the
vibrations of specific structural units in the EMNLi;MnNy lattices is proposed.
In particular, the most intense band in the Raman spectrum is ascribed to a
totally symmetric MnN, breathing mode. We also show that, using different
wavelengths of exciting radiation, the transition from off-resonance to resonance
Raman scattering process can be observed. Furthermore, Raman spectroscopy
is revealed as an efficient in situ diagnostic tool to control the degradation of
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the EMNLi;MnN, powder in open air through the observation of extra bands
in the Raman spectra. Results of this study shed a light on the understanding
of the fundamental properties of EMNLi;MnN, and pave a way for the up-
coming operando Raman spectroscopy investigation of the atomic-scale induced
structural changes of this negative electrode material for EFHBLi-ion battery.

Keywords: ab inito, Raman, Electronic structure, Lithiated transition metal
nitrides, Li;MnNy,, Anode material, Li-ion batteries

1. Introduction

Lion batteries (LIBs) are considered as one of the most important energy
storage technologies for the modern society owing to their light weight and
high energy density, which explains their ubiquity in electronic portable de-
vices. With the urgent need for decreasing greenhouse gas emissions of road
transportation, a surge of the demand for LIBs is foreseen for the electric vehi-
cles (EV) application in the near future. As the part of intermittent sustainable
energy in the grid is increasing quickly, LIB is also an important technology
for large-scale energy storage. Tremendous and continuous research has been
achieved in this field over the past decade [, 2] 3] A].

Commercial LIBs have multiple choices for cathode materials such as layered
oxides (LiCoQ,, LiNi;_, ,Mn Co,0,, LiNiCoAlQ,...), spinel oxides LiNi, Mn, , O,
as well as olivine LiFePO,.[5] Such positive electrode materials are generally
coupled with graphite negative electrode. Graphite delivers a large capac-
ity (372 mAh g~!) at a potential of 0.1-0.2 V vs Li"/Li but suffers from
the formation of solid electrolyte interphase (SEI), leading to poor rate ca-
pability and moderate cycling performance [6], [7]. The low lithiation poten-
tial of graphite could also generate Li plating at high rate, which decreases
the lifetime of LIBs and may cause serious safety issues [8]. Lithiated tran-
sition metal oxide Li,Ti;O,, (LTO) on the other hand, able to circumvent
the problems of graphite [9], has been proposed as commercial anode mate-
rial for some specific applications. Thanks to a high working potential (1.5 V
vs Li) and minimal structural change during lithiation, the LTO anode ma-
terial grants inherent security, excellent rate capability and good cycling per-
formance. However, this is at the expense of a lower energy density due to
a higher working potential than graphite and a moderate specific capacity
(~150 mAh g=! at 1C rate). Hence, considerable research efforts are still
made toward more competitive anode materials such as alloy-dealloying metal
(SiGeSnSb), metal oxides, metal nitrides, sulfides, phosphides, etc... [10} 1T}, 12]
Among them, lithium transition metal nitrides (EFMN} are one of the most
promising anode materials[I] which have gained much attention due to their
appropriate working potential, large specific capacity and peculiar redox chem-
istry |13, [14] [15} 16, 17, 18, (19, 20, 21, 22| 23], 24].

Two groups of structure can be found in the ternary lithium transition metal
nitride family: layered LizN-type and 3D anti-fluorite structures. In the case
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of layered lithium transition metal nitrides, Li, Coy ,N is considered as the
most promising negative electrode material because of its large capacity (400
760 mAh g—!) available in the 0.0-1.4 V potential range [15, [16]. In the same
layered lithium transition metal nitride family, some of us have demonstrated
the existence of Lis 5, Ni,N and Lis ,,Co, N nitrides as genuine Li intercalation
compounds working in the 0.02-1 V potential range |21, 22] 23]. Among the
lithium transition metal nitrides crystallizing in the 3D anti-fluorite structure,
Li;MnN, (LMN) has received most attention [14] 24] 25] 26, 27, 28 29)new
ref 25. Indeed, thanks to a working potential of 1.2 V, problematic Li plating
can be avoided while enabling a higher full cell voltage than LTO. Moreover,
compared to benchmark LTO, LMN delivers a much larger specific capacity of
250 mAh g=! at 1C rate [24]. Excellent cycling performance were ascribed to
limited structural changes of LMN on cycling, described as reversible unit cell
breathing of ~7 % [28]. Besides exhibiting remarkable electrochemical proper-
ties, LMN shows unique redox chemistry : the nominal oxidation state of Mn in
LMN is +5, which is unusual and very high for Mn, and can even more go up to
6+ and 7+ on electrochemical oxidation in Li; ,MnN, [29]. Such peculiar redox
properties deserve a full understanding of the electronic structure of LMN.

Among spectroscopic techniques, Raman spectroscopy seems to be the most
suited to investigate the structure and electronic properties of electrode mate-
rials for LIBs [30]. In addition, with the support of calculations using Density
Functional Theory (DFT), key structure-spectrum relationships can be provided
for complex Li-host structures, as previously reported for vanadium-based ox-
ides used as positive electrode materials in LIBs [31], 32, 33] [34]. However,
Raman spectroscopy has little been applied for studying the vibrational dy-
namics of nitrides [35], 36, [37]. Furthermore, to the best of our knowledge,
no Raman spectrum of LMN has been reported yet whereas a few experimen-
tal and theoretical papers of its electronic state lead to contradictory conclu-
sions [38] B9 40, 41]. Indeed, results of calculations interpret the electronic
structure of LMN as a metallic [40, @1], but this conclusion contradicts with
absorption experiments [41] (edge of absorption of 1050 nm corresponding to a
band gap value E, = 1.18 eV).

The present work reports the results of a combined experimental and com-
putational study of the structure, electronic states and lattice dynamics of
the LMN crystal, with a particular emphasis on the Raman active vibrational
modes. This material was synthesized by solid state reaction and characterized
by means of galvanostatic experiments, X-ray diffraction (XRD) and for the
first time, by Raman spectroscopy. The comparison of the experimental and
computational results evidences a remarkable agreement and allows us to pro-
pose a complete and reliable assignment of peaks in the Raman spectrum to
vibrations of particular structural units.

The paper is organized as follows. The next section provides a summary
of the experimental procedures used for the material synthesis and character-
ization, as well as the computational protocol. Then, the electrochemical and
structural features of the LMN compound are presented, as well as the results
of the structure optimization using DFT. This discussion is followed by the
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analysis of the electronic structure using spin-unrestricted calculations. The
last section focuses on the Raman spectroscopy study, providing experimental
Raman spectra that are reliably assigned with the help of ab initio calculations.

2. Experimental and computational details

2.1. Material Synthesis

LMN was synthesized by a solid-state reaction from reagent grade LizN
(Alfa-Aesar, —60 mesh 99.4%) and Mn metal (Alfa-Aesar, APS < 10 microns,
99.6%) as described in our previous work [24]. The Liz;N powder and Mn powder
were thoroughly mixed in an agate mortar and then pressed into pellet (14 mm
diameter and 6-8 mm thickness) under 10® kg cm=2. A 15% molar excess of
Li;N was used to compensate its sublimation during the heat treatment. The
pellet was then transferred into a rectangular alumina crucible that was placed
in the middle of two other alumina crucibles filled with titanium sponge, then
put into an airtight tubular stainless-steel reactor. The titanium sponge is inert
to the reaction and serves to trap trace amount of oxygen and moisture during
the reaction. The stainless-steel reactor was then heated in a tubular furnace at
750 C° during 12h under a continuous nitrogen gas flow (0.1 L/min). After the
heat treatment, the sintered pellet was hand ground into fine powder during 15
minutes in an agate mortar. All manipulations were carried out in a glove box
under dry argon atmosphere (p(O,, H,O) < 0.1 ppm).

2.2. Experiments

The XRD measurements were carried out with a Bruker D8 ADVANCE
diffractometer equipped with a CuK, radiation source and a LynxEye detector.
To avoid any degradation of sample due to the contact with environment, the
sample was placed in an airtight semi-sphere polymer holder during the data
acquisition. The Rietveld refinements were performed on as-collected pattern
using GSAS ExpGUI package [42] [43]. In the refinement, the atomic displace-
ment parameters Ujs, were constrained to be the same for all atoms of the same
chemical element, i.e. all Mn had the same Uy, value and the refinement took
into account a preferential orientation along the [222] direction found for the
sample.

Galvanostatic experiments were performed in a two-electrode CR2032 coin-
cell. The as-prepared LMN powder (70 % wt) was mixed with acetylene black
(22 % wt) and PTFE (8 % wt) and then rolled into a thin sheet. Approximately
0.5 cm? sheet was pressed under 10% kg cm™2 onto a copper grid (12 mm in
diameter) as working electrode. The mass loading was 5 mg cm~2. A metalic
lithium disk was used as auxiliary and reference electrode. The electrolyte used
was 1 Mol L~! LiPFg in ethylene carbonate (EC), diethy carbonate (DEC) and
dimethyl carbonate (DMC) solution (1:1:1, v/v, Alfar Aesar). 3 round sheets
(16 mm in diameter) of glass microfiber filter (Whatman ™ grade GF/A) were
used as separators.
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Raman spectra were measured in a back-scattering geometry using a LaBRAM
HR 800 (Jobin-Yvon-Horiba) micro-Raman spectrometer (diffraction gratings:
600 lines/mm, spectral resolution: 1.5 cm 1) equipped with a back illuminated
charge coupled device detector (Spex CCD) cooled by the Peltier effect to 200 K.
Different radiation sources were used, namely He—Ne laser (Ao = 633 nm) and
tunable Ar™ laser (Ao = 514 and 458 nm). Because of a high sensitivity of
nitrides to moisture [44], the powdered LMN sample was placed in a specially
designed airtight cell adapted for Raman experiments in the 100 — 300 K tem-
perature range. The spectra were recorded at temperature of 293 K and 130 K.
For the low temperature experiments, the sample was cooled down by a flow
of liquid N, vapor throughout the cell. The sample temperature was controlled
with the accuracy of 1 K by using an Au/Fe thermocouple.

A LWD50 objective was used to focus the laser light to a spot size of 1 ym?
on the sample surface. A D0.6 laser filter was used, which gives 25% of full laser
power. No sample degradation was observed using these illumination conditions.

2.8. Computations

The spin-unrestricted calculations were carried out with CRYSTAL17 code[45],
46] using LCAO basis set of double-zeta quality [47]. The exchange-correlation
energy was treated within the general gradient approximation (GGA) to DFT
with the PBEsol exchange-correlation functional [48]. The integration of the
Brillouin zone was performed over a 4 x 4 x 4 grid of k-points chosen accord-
ing to the Monkhors-Pack scheme [49]. The Kohn-Sham equations were solved
iteratively with the convergence criterion 10~® eV for the structure optimiza-
tion and the criterion was tightened up to 10710 eV for the calculation of the
phonon states and optical properties. The equilibrium structure was obtained
by minimizing the total energy with respect to both lattice parameters and
atom positions with the convergence criterion 2.5-1073 eV A~ for forces. Fre-
quencies and displacements of atoms in the vibrational modes were computed
by diagonalizing the Hessian matrix obtained by the numerical differentiation
of the analytical energy gradient with respect to atomic coordinates. [50].

The Raman tensor a™ of each vibrational mode m was calculated as the
third order derivative of total energy with the coupled perturbed Kohn-Sham
method[51]. The Raman spectrum R(w) of a powder sample was simulated
as [52]

RO = Y iy (G g e

where the sum runs over vibrational modes, wy and w,, are the frequencies of
the incident radiation and of the vibrational mode m, respectively. In , Cm
and ,, denote two rotational invariants of the Raman tensor, §(z) is the Dirac
delta function and the other symbols have their usual meaning. The rotational



160

175

185

invariants (,, and -, are given by [52]

1
Cm = 3 (oz;'; + a;'; + 042”;) , (2)
1 m m m m m m
,y'?n = 5 [(aa:w - ayy)Q + (ayy - azz)2 + (awm - azz)Q]
3
+ 7 [(0Fy, + o) + (o + 0Z2)* + (g + oZ})?] (3)

with o (i,j = z,y, z) being the Cartesian components of the tensor a”. For
comparison with experimental spectra, the stick spectrum obtained with
was convoluted with a Lorentzian function with HWHM = 4 cm~!.The stabil-
ity of LMN was tested by calculating phonon dispersion curves over the entire
Brillouin zone with supercell approach implemented in PHONOPY package[53]
and the results are shown in Figure S1 in Supplementary Information (SI)

3. Results and Discussion

3.1. Electrochemistry

Figure shows a typical galvanostatic cycling curve of LMN at C/5 rate (for
LMN the current density at C rate I. = 168 mA g~!) in the potential window
0.9V — 1.6 Vvs. Li" /Li. The wide voltage plateaus at 1.20 V for oxidation and
1.16 V for reduction correspond to the Mn redox process during the lithium de-
intercalation and re-intercalation, respectively. As demonstrated in ref. 29 the
redox process involves the electrochemical oxidation of Mn®" in pristine LMN
to Mn®" and Mn"" and the reduction of Mn’" back to Mn®" and Mn®". The
presence of these high valence states of Mn is an unique example in selid-state
chemistrynitride chemistry of 3d metals. The electrochemical delithiation and
lithiation reaction can be written as (4):

Li;MnN, = Li,_ MnN,+ze +x L' (0< 2z < 1.8) (4)

As shown in Figure [T 1.8 lithium ions can be reversibly exchanged during
oxidation /reduction of LMN, which corresponds to a specific capacity of 300
mAh g~!. As reported by some of us, a small and highly reversible breathing
of the LMN structure during the redox process [28] ensures an excellent cycle
life with 96 % capacity retention at C rate after 100 cycles. [24]

3.2. Structural properties

LMN crystallizes in the P43n space group|25], with a primitive cubic unit
cell, as illustrated in Figure |2l and Figure S2 in SI. The Rietveld refinement of
LMN XRD pattern, Figure S3, leads to a lattice parameter a = 9.561 A, in
good agreement with the experimental value of 9.555 A reported by Cabana et
al. [26]

The structure of LMN is built of MnN, tetrahedra and the inter-tetrahedral
space is filled with Li atoms that stabilize the structure. In the primitive cubic
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Figure 1: Galvanostatic cycling curve of LMN at C/5 rate (34 mA g—1).

unit cell, the Mn atoms occupy 6¢ and 2a Wyckoff positions (WP) with local
symmetry 4 and 23, respectively. The N atoms are situated in the general 24i
and 8¢ WP with the local symmetry 3. The structure features two types of
MnN, tetrahedra, Figure S2. Mn1 atoms situated on the surfaces of the cubic
unit cell bonded to four N1 atoms, and Mn2 atoms situated on the vertices and
in the center of the cubic unit cell bonded to four N2 atoms, form two types
of tetrahedra hereafter referred to as "low-symmetry" and "high-symmetry"
MnN, tetrahedra, respectively. Anticipating the forthcoming discussion, this
structural peculiarity has a particular importance for the vibrational dynamics
of the LMN structure. There are five symmetrically nonequivalent Li atoms in
the unit cell. Two of them are located in high symmetry 60 and 6d WP with
local symmetry 222 and 4. Two other Li atoms sit in low symmetry 8e and 12f
WP, with local symmetry 3 and 2, respectively. The last Li atom occupies the
general 247 WP.

Table [T] and table 2] list respectively the experimental and calculated atomic
positions and bond lengths in LMN structure. It can be seen that a very good
agreement is found between the two sets of structural experimental data and the
results of the present DFT calculations. The calculated lattice parameter value
of 9.514 A differs by less than 0.5% from the experimental one. The comparison
of the measured and simulated XRD patterns of LMN, shown in Figure 3] reveals
also the good consistency between the calculated and experimental structural
features. A good agreement between the calculated and experimental bond
lengths values can be found as well with the only exception of Mn-N bonds that
are by 4-6 % shorter in the calculations than in the experiment, Table [2| The
results obtained from this whole structural analysis validate the accuracy of the



Table 1: Experimental and calculated atomic positions in the LMN unit cell (P43n) space

group, No. 218.

Atom WP  Experiment® Experiment? Experiment® Calculation?
a, A 9.57(1) 9.5548(3) 9.56077(11) 9.5142
x=5 x="5 x=" x="
Mnl 6¢ y=0.0 y=0.0 y=0.0 y=0.0
7=Y4 z=Ya 7=Y4 7="Y
Mn?2 2a x=y=2z=0.0 x=y=2z=0.0 x=y=2z=0.0 x=y=2z=0.0
x=0.375 x—0.3582(2) x—0.3629(6) x=0.3563
N1 243 y=0.375 y=0.3811(1) y=0.3785(6) y=0.3833
z=0.125 2z=0.1085(6) z=0.1089(18) z=0.1063
N2 8¢ x=y=z=0.115 x=y=72=0.1095(6) x=y=72=0.1155(17) x=y=2z=0.1089
x=0.0 x=0.0 x=0.0 x=0.0
Lil 6b y=Ya y=Ya y=Y2 y="2
z=0.0 z=0.0 z=0.0 z=0.0
x="4 x="4 x=Y4 x=Ya
Li2 6d y=0.0 y=0.0 y=0.0 y=0.0
z=Y> z=Y> z=" z=Y2
Li3 8e  x=y=2z=0.25 x=y=2=0.233(3) x=y=2=0.2306(25) x=y=2z=0.231
x=0.25 x=0.252(3) x=0.2497(28) x=0.25115
Li4 241 y=0.25 y=0.236(3) y=0.2446(27) y=0.23862
2z=0.0 z=-0.014(3) z=-0.021(4) z=-0.01914
Li5 12f x=0.25 x=0.257(5) x=0.268(5) x=0.263
y=2z=0 y=z=0 y=z=0 y=z=0
@ Ref. 25
b Ref. 26

¢ This work. x2=2.718, Rwp=3.39 %, Rp=2.44 %, background: Chebyschev

12 parameters. (Figure S3, SI)
4 This work.
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Figure 2: View of the LMN unit cell in the projection on the ac crystallographic plane. Color
legend: cyan — manganese, blue — nitrogen, pink — lithium.

chosen DFT method to reproduce the experimental structure of LMN.

3.3. Electronic structure

To the best of our knowledge, only two studies have reported the electronic
structure of LMN and both described this material as a metal with a partially
occupied highest valence band. [40, 41] This picture is however doubtful in view
of the optical absorption edge value of LMN, which was experimentally found
at 1050 nm (1.18 eV) in ref. 41l Furthermore, as it will be shown below, LMN
exhibits a characteristic Raman spectrum, which is quite unforeseen for a metal.

The calculated electronic band structure of LMN is plotted in Figure[d One
observes a significant difference between the spin-up and spin-down electronic
states near the Fermi energy (E = 0) that emphasizes the need of using the
spin-polarized calculations for the electronic structure analysis of this material.
The valence band of the highest energy is built of 16 states with the spin-up
polarization, while the conduction band of lowest energy has a mixed character
and is composed of both spin-up and spin-down electronic states, Figure
The top of the valence band is found in the I'-point and the bottom of the
conduction band is in the R-point of the Brillouin zone. The calculated band
gap value £, = 0.95 eV is close to the experimental estimation of 1.18 eV



Table 2: Experimental and calculated lattice parameters (in A) and bond lengths values of
LMN. Bond length values between nitrogen atoms N2 and lithium ones are given in brackets.

Exp.® Calc.® Calc.b
Lattice Parameter
a 9.561 A 9.514 A 9.555 A
Bond lengths
Mnl1-N1 1.911 1.811 1.818
Mn2-N2 1.913 1.799 1.803
Lil-N1(N2) 2.050 (2.038) 2.031 (2.031) 2.029
Li2-N1(N2) 2.088 (2.076) 2.121 (2.121) 2.126
Li3-N1(N2) 2.213 (2.225) 2.217 (2.140) 2.241
Li4-N1(N2) 2.102 (2.009) 2.079 (2.141) 2.155
Li5-N1(N2) 2.098 (2.110) 2.155 (2.155) 2.170
@ This work.
b Ref. 40
E Experiment
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Figure 3: Experimental (after the background removal) and DFT simulated X-ray diffraction
patterns of LMN. Peaks in the simulated XRD are labeled with hkl reflexion indices. The
experimental pattern is negated for clarity.

from the absorption edge energy[41]. While PBEsol XC functional gives lattice
constants of solids in a good agreement with experimental ones, the functional
is known to underestimate band gap values.new ref 55[54, [55] The computed
E, can therefore be viewed as a lower theoretical estimate and LMN can be
characterized as an indirect band gap semiconductor with a narrow gap.

The nature of the first valence band can be understood by the analysis of
projected density of states (PDOS) shown in Figure [5l The peak in the total
DOS just below the Fermi energy (E = 0 eV), Figure [Bh, corresponds to the

10
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Figure 4: Calculated electronic band structure of LMN. Black and red curves stand for the
branches of spin-up and spin-down electronic states, respectively. The origin of energy axis is
placed at the Fermi energy indicated by the gray dashed line. The indirect optical transition
is shown by arrow, see text for detail.

previously mentioned valence band with the spin-up states, Figure 4l Figure
and Figure |pd point to the major and nearly equal contributions of Mn and N
atoms to the valence states, whereas the contribution of Li atoms to the band
is almost negligible, Figure [5p. Furthermore, Figure [Bp and Figure [Bf show
that the states are formed by the d-orbitals of Mn and p-orbitals of N atoms,
respectively. It is worthy noting the absence of contribution from the valence
4s Mn orbitals to the band. This result suggests that two electrons occupying
the orbital in free Mn atoms are engaged in bonding with N atoms in the LMN
structure. The projected DOS for Mn in valence zone below -3.5 eV (Figure |5¢)
demonstrates some amount of electronic density for d-orbital which would be
attributed to unpaired electron on 3d orbital of Mn atom. This statement repro-
duce the experimental results obtained from electron paramagnetic resonance
spectra [38].

The Mulliken population analysis confirms this supposition. Indeed, the
analysis for the Mn atoms shows an empty 4s orbital and five-fold occupied
3d orbitals, whereas the p-orbitals of nitrogens acquire an additional electron
density. The Mulliken analysis yields the most stable configuration with the
difference of number of the spin-up — spin-down states equal to 16.0 that agrees
with the result obtained from the band structure examination.

3.4. Raman spectroscopy

The unit cell of LMN (multiplicity Z = 8) contains 96 atoms and therefore,
the structure has 285 optical vibrational modes. The decomposition of the

11
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Figure 5: Calculated total (a) and projected (b) to (f) density of electronic states (PDOS)
of LMN. PDOS in panels b) — d) are the density projected on the states of the Li, Mn and
N atoms, respectively. Each PDOS in the panels b) — d) was scaled by a factor equal to the
multiplicity of the corresponding Wyckoff position (Table . PDOS in panels e) and f) is
the density projected on the valence orbitals of the Mn and N atoms, respectively. In all the
panels, the density due to the spin-down states is negated for clarity.

modes in the irreducible representations of the P43n space group in the I' point
of the Brillouin zone gives the following result:[56]

Loptic = 941 + 1145 + 20E + 3717 + 38T5. (5)
Except the modes of As and T} symmetry which are silent, all the other modes
are Raman-active and one can therefore expect at most 67 peaks in the Raman
spectrum of LMN. A complete analysis of the vibrational modes of LMN in the
symmetry representations of the space group is given in Table S1 (SI).

The experimental Raman spectra of LMN recorded at 293K and 130K are
plotted in Figure [6h, where they are compared with the Raman spectrum com-
puted according to equation . Except a better resolution and a slight shift
toward higher frequency for spectrum recorded at 130K, there is no signifi-
cant different between these two Raman spectra. The discussion below will be
mainly based on the spectrum recorded at 293K. Table [3]compares the positions
of peaks in the experimental and calculated spectra. The simulated spectrum
remarkably well reproduces the experimental spectra and a slight high-frequency
shift of peaks in the computed spectrum compared with the experiment can be
explained by a small underestimation of the calculated lattice parameter and
the Mn-N bond, Table For convenience of discussion, the spectrum in Fig-
ure [6h can be divided into three frequency regions, namely a low frequency
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range (up to 450 cm~1), Figure @3; a medium frequency range (from 450 ¢cm ™!

to 600 cm~1), Figure [ and a high frequency range (600 cm™! to 900 cm™!),
Figure [6d. The patterns of atomic displacements in the phonon modes with
high intensities are displayed in Figures S4 (low frequency part of the Raman
spectrum), S5 (medium frequency part) and S6 (high frequency part) in SI.

The low frequency region, Figure[6p, contains peaks related to modes result-
ing from the superposition of atomic displacements of Li and N atoms with the
major contribution of the Li atoms. As the displacements of Li atoms produce
small changes of the system polarizability, the corresponding peaks in the Ra-
man spectra have low intensity. Positions of peaks in the calculated spectrum
well correlate with those in the experimental spectra and the computed rela-
tive intensities are in a reasonable agreement with the experiment. The most
intense peak 2 in this low frequency range, observed at 230 cm ™!, stems from a
phonon with large-amplitude displacements of Li atoms, Figure S4b. The peak
6, observed at 362 cm ™!, corresponds to a phonon combining displacements of
Li atoms with a deformation of Mn1(N1), tetrahedra, Figure S4f whereas the
peaks 7 and 8, observed respectively at 390 cm~! and 410 cm™!, correspond
to Li displacements accompanied by deformation vibrations of the Mn1(N1),4
tetrahedra, Figure S4g, S4h.

In the medium frequency region, Figure [6f, most peaks originate from the
deformations and rotations of MnN, tetrahedra. Thus, the peak 9, observed
at 438 cm™!, can be related to the doubly degenerated vibrational mode of E
symmetry that involves a distortion of the Mn1(N1), tetrahedra, calculated at
457 cm ™!, Figure S5a. The most intense peak 10, observed at 454 cm™!, can
be assigned to two vibrational modes of the A; and E symmetry calculated at
461 cm~! and 463 cm ™!, both yielding a distortion of the Mn1(N1), tetrahedra
that is accompanied by a displacement of lithium atoms sublattices, Figure
S5b. The peaks 11 to 13, observed at 479, 503, 541 cm ™! respectively, are due
to several modes that correspond to different deformations and rotations of the
tetrahedra and to displacements of lithium atoms, Figure S5c,d.e.

The high frequency region of the spectrum contains the most intense peaks
labeled 15 and 16, Figure [6ld. Given its position and intensity, the peak 15
observed at about 700 cm™! can be assigned to a totally symmetric A; mode
at 701 cm™! in the computed spectrum. The displacements of atoms in the
mode are shown in Figure [Th and the mode can be characterized as a sym-
metric stretching vibration of the Mn-N bonds in the Mn1(N1), tetrahedra
(breathing mode). The in-phase change of the bond lengths results in a signifi-
cant variation of the total polarizability that accounts for the high intensity of
the corresponding peak in the spectrum. It is noteworthy that only the Mn-N
bonds in "low-symmetry" Mn1(N1), tetrahedra vary in the A; mode, whereas
the Mn—N bonds of "high-symmetry" Mn2(N2), tetrahedra remain unchanged.

According to our calculations, an analogous "breathing" mode, Figure Séc,
of the Mn2(N2), tetrahedra has a markedly higher frequency of 778 cm~! and
a very low Raman intensity. Such a difference between two counterpart modes
of structurally similar MnN, tetrahedra requires a special discussion. In our
opinion, this peculiarity is due to a different coordination of the N1 and N2

13



Table 3: Experimental and calculated frequencies (in cm™!) of Raman active vibrational
modes of the LMN structure.

Experimental Calculations
Peak T=293 K T=130K A E Ty
1 172 178 194
2 230 232 229
270
3 291 292 289
4 306 309 297 300
5 330 337 314
6 362 364 370
379
7 390 391 384 384
395 391
397
8 410 412 409
414
9 438 444 457
10 454 459 463 461
11 479 484 471 473 488
492
12 503 509 514 510 513
524
13 541 547 544 543
551
560
14 662 671 668
15 696 702 701
16 748 753 778 729 732
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Figure 6: Experimental (Ao = 633 nm) Raman spectra of LMN recorded at T = 293 K (green
color) and at T = 130 K (orange color), and the calculated (light blue color) spectrum of the
compound. a) — general view; b) to d) — the spectra in different spectral regions as defined
in the text. The panels b) — d) also display spectral components (thin lines) obtained by the
deconvolution of the experimental spectra.

atoms by Li atoms. Given that the sum of ionic radii of the Li and N atoms
is equal to 2.05 A[57, [58], only the Li-N contacts shorter than 2.1 A will be
considered. Then, one finds that each N1 atom lies in the top of a trigonal
NLi3 pyramid with Li-N-Li angles of 114°-119°, Figure S7a, whereas an N2
atom is surrounded by four lithium atoms forming a tetrahedron, Figure S7b.
It is also noteworthy that the N2-Li3 contact is the shortest one with the length
of 2.02 A and the Li3-N2-Mn2 atoms form a linear angle. In such structural
subunits, the breating vibration of the Mn1(N1), tetrahedron in the A; mode
with the frequency of 701 cm™! has a little impact on the length of the Li-N
bonds in the LigMn1(N1), moiety, Figure S7a. On the other hand, the A; mode
with the frequency of 778 cm™! produces lengthening of the Mn2-N2 bonds
and simultaneous shortening of the N2-Li3 bonds, Figure S7b. Therefore, such
antiphase variations of the Mn2-N2 and Li3—N2 bonds account for the relatively
high frequency and very low Raman intensity of this mode.

Because of its very low Raman intensity, the 778 cm™' mode can hardly

15



Figure 7: Atomic displacements in the modes at 701 cm ™! (a) and 729 cm ™! (b) corresponding
to the peaks 15 and 16 in the Raman spectrum of LMN, respectively. Projection of the unit
cell on the ac crystallographic plane is shown.

be related to the peak 16 observed at 750 cm ™!, Figure @i Instead, one can
associate the peak 16 with the modes of F and 7T, symmetry computed at
729 cm~! and 732 cm ™!, respectively. The former mode involves an asymmetric
stretching vibrations of the Mn1(N1), tetrahedra with two stretching and two
shortening Mn-N bonds (atomic displacements are shown in Figureﬂ)). It is also
noteworthy that the neighboring tetrahedra vibrate out-of-phase in the mode.
The mode T5 at 732 cm ™~ has a similar nature but the atomic displacements are
localized on the Mn2(N2), tetrahedra, Figure S6b. The asymmetric character of
the vibrational motion in the modes can account for a low Raman intensity of the
corresponding peaks in the computed Raman spectrum, Figure [6d. Finally, low
intensity peak 14 can be assigned to out-of-phase Li atom vibrational mode (Fig-
ure S6(a)) with symmetry T5. As in the case of vibrational modes corresponding
to the peak 16, the out-of-phase displacements of Li atoms in neighborhood
planes leads to a very low Raman activity of the mode.

A difference in the intensity of some peaks in the computed and experimental
spectra can also be attributed to the fact that the Raman spectra in Figure [6]
were measured in electronic resonance conditions. Indeed, the energy of the
exciting radiation (fiwg = 1.96 €V for Ay = 633 nm) is greater than the band gap
estimated for LMN (0.95 eV). The dependence of the spectra on the wavelength
Ao is displayed in Figure [8h. One can clearly see that the relative intensity of
peaks 15 and 16 is strongly affected by the energy of the incident radiation.

As mentioned above, LMN is very sensitive to the moisture and has reactiv-
ity in air.[44] Figure shows the Raman spectrum in the high-frequency range
as a function of air exposure time. The spectrum recorded after 10 minutes air
exposure still exhibits the intense peak 15 at 700 cm~!, but a new broad band
can be observed at 810 cm~!. After 40 minutes air exposure, the relative inten-
sity of this new component at 810 cm ™! has strongly increased, an additional
peak has emerged at 770 cm™! whereas the relatvie intensity of the peak 15
at 700 cm ™! has significantly decreased. In order to understand the nature of
these new Raman features, an electrode made of the pristine LMN (with formula
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Figure 8: a) — Raman spectra of LMN powder sample in the airtight cell, measured with
different wavelengths of the incident radiation Ag. b) — Raman spectra of LMN powder
sample obtained 10 min., 40 min., and 100 min. after opening the airtight cell, measured with
A0=633 nm. c) — Raman spectrum of electrochemically oxidized LigMnN, electrode sample
in the airtight cell, measured with \o=633 nm.

Li,Mn®"N, was electrochemically oxidized to LigMn®"N,, then transferred in
the airtight cell for Raman measurement. As shown in Figure [8¢, the Raman
spectrum of the electrochemically oxidized sample exhibits an intense band cen-
tered at 807 cm~! which can be safely assigned to the vibration of N atoms
with shorter distance to Mn®" atoms. Since the new peak at 810 cm~' for
air-exposed samples (Figure ) coincides with the intense peak at 807 cm™!
in LigMnN,, this suggests that the degradation process of LMN in air first
involves the formation of the oxidized form of LMN, namely LigMn%*N, struc-
tural units.[44] For longer time of air exposure of LMN (100 min), Figure ,
the decomposition process carries on: the 770 cm~' band now dominates the
Raman spectrum in the 600-900 cm~! wave number range while the relative
intensities of the characteristic Raman peaks at 700 cm~! for Li;MnN, and
810 cm ™! for LigMn%tN, units, have practically disappeared. This evolution
strongly suggests the complete degradation of LMN after 100 min air exposure.

These results show that Raman spectroscopy is an efficient probe to control
the integrity of the highly hygroscopic LMN sample and to monitor the oxidation
state of Mn in the LMN anode material, as recently reported in the case of Ni
in the LiNi, ;Mn, O, cathode.[59] This opens the opportunity for the study of
the redox mechanism involved in LMN under electrochemical operation.

4. Conclusions

This paper presents the results of combined experimental and computational
study of LMN structure and vibrational dynamics. This compound exhibits
promising electrochemical performance for LiBs. In addition to high specific
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420

capacity of 300 mAh g—!, its operation voltage of 1.2 V allows a great improve-

ment of battery safety. The structure of the compound was obtained using
the Rietveld refinement of powder XRD data. The initio computed structural
characteristics are in an excellent agreement with the experimental data. The
electronic structure of the material was obtained in the spin-unrestricted cal-
culations whose results enable us to characterize LMN as an indirect band gap
semiconductor with a narrow gap and solve controversial literature data. The
computed band gap of 0.95 eV is in a reasonable agreement with the experimen-
tal estimation obtained from the optical absorption edge energy (=~ 1.18 eV) [41].
The calculations show that the electronic states at the top of the valence band
are formed by the d and p states of Mn and N atoms, respectively, with spin
up polarization only and the total spin amounts to 16 pp. The experimental
Raman spectra of the compound were measured for the first time and their anal-
ysis was performed on the basis of the ab initio calculations. The analysis has
allowed a reliable assignment of all prominent peaks in the spectra. The nature
of most intense peak in Raman spectra is clarified by considering the symmetry
of the crystalline lattice and that of the vibrational mode, it has been ascribed
to a totally symmetric MnN, breathing mode at 700 cm~'. We showed that
Raman spectroscopy is a very efficient tool to monitor the manganese oxidation
state in LMN and its reactivity in air. This combined experimental and compu-
tational Raman approach provides key structure-spectrum relationships, which
is crucial for the further understanding of the atomic scale changes induced in
LMN upon electrochemical operations.
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