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Lithium-ion batteries are commonly used for electrical energy storage in portable devices and are promising systems for

large-scale energy storage. However, their application is still limited due to electrode degradation and stability issues. To

enhance the fundamental

understanding of electrode degradation,

we report on the Raman spectroscopic

characterization of the promising 5 V spinel LiMn;sNips04 (LMNO) composite cathode. The Raman spectral variations

displayed during the charge-discharge cycle in the 3.5 V — 4.9 V vs. Li"/Li potential range are shown to be strongly

associated with the change in the transition metals valence states. A careful electrochemical and spectroscopic analysis

allows identifying specific descriptors of the NiZ*/Ni** /Ni*™ species in the Raman spectra and providing their relative ratio

during the redox process. This combined approach demonstrates the efficiency of Raman spectroscopy to determine the

state of charge (SOC) of the LMNO cathode, paving the way for a fast and reliable measure of the self-discharge

phenomenon in the spinel electrode.

Introduction

Developing cathode materials with high energy densities and
long cyclability is one of the key challenges for implementing
the lithium-ion battery (LIB) technology for the electric
vehicles (EVs), hybrid electric vehicles (HEV) and plug-in hybrid
electric vehicles (PHEV) applications.l’3 Among them, spinel
LiMn,O, (hereafter denoted LMO) and its derivatives have
been extensively investigated as promising candidates because

of their easy preparation, abundance, low cost and
environmental friendliness properties.“’6 LMO is already
commercialized but still suffers from poor cycling

performance, especially at elevated temperatures due to the
Jahn-Teller distortion as well as the disproportionation of Mn**
and dissolution of Mn”" in the electrolyte.7 Ni substitution in
LiMn,0O,4 has been reported to be an effective method to solve
the above problems.g’10 Thus, spinel LiMn; sNips0,4 (hereafter
denoted LMNO) is of great interest as cathode material for
power LIBs since it offers a high voltage plateau at ~4.7 V vs.
Li*/Li, a specific capacity of ~135 mAh {,f1 leading to a high
energy density of 700 Wh kg'1 (20 and 30% greater than LiCoO,
and LiFePO,, respectively).11 Spinel LMNO has a robust cubic
close-packed crystal structure made of edge-sharing MOgq
octahedra (M= Mn or Ni). The distribution of cations on the
octahedral sites was found to depend on synthesis conditions.
Ni and Mn have been proposed to either order in the 4a and
12d sites of an ordered P4332 space group or be randomly
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distributed in the 16d sites of a disordered Fd3m-type unit
cell.’> Great efforts have been made to understand the
fundamental chemistry and material issues of LMNO and
propose modification strategies to overcome its intrinsic
challenges for power LIBs, as introduced in detail in several
papers.s’la’14 Particularly, it was pointed out that the most
critical issue of LMNO is the high potential of these cathodes
that leads to electrolyte decomposition and concurrent
degradation reactions resulting in rapid capacity fade.” The
self-discharge has been a key issue even in commercialized Li-
ion batteries, which refers to the loss of capacity under open
circuit condition at the charged state.’®’ Many strategies have
been reported in literature in order to slowdown the self-
discharge process in LMNO. Among these, it is worth
mentioning optimization of LMNO particles architecture,
coating of the particles with a protecting material and
modification of the electrolyte using different kinds of
additives."®**” One of the remarkable properties of LMNO is
the structure-dependent redox reaction and phase
transformation, the disordering of Ni/Mn affecting the phase
transformation behaviour by extending the solid-solution
reaction for extracting lithium. The disordered polymorph with
an Fd3m symmetry is usually synthesized at 900 °C through a
fast cooling process.14 The delithiation/lithiation mechanism of
disordered LMNO has been investigated using mainly X-ray
and neutron diffraction.”®* These studies revealed that the
disordered spinel has a large solid-solution region at low
states-of-charge (LLMNO, 0.5 < x < 1)31, which is considered to
be the main reason behind its superior rate capability
compared to the ordered phase.33 Although X-ray diffraction
(XRD) and neutron diffraction provide a picture of the phase
evolution during cycling, we still lack information about the



atomic level variations during the electrochemical reaction of
LMNO. The lithium local environment during charging has
been studied in detail by °Li MAS NMR3%*°
the local structure around Mn*" with lithium extraction has
been carried out by EPR.*' Raman spectroscopy (RS) on the
other hand is a highly versatile technique widely used to
characterize electrode materials. A detailed analysis of the
Raman spectra can infer lattice symmetry, coordination
geometry, oxidation state, coexistence of several phases,
presence of defects, impurities, strains and other phenomena
relevant for the characterization of electrode materials for
LIBs, as described in*. In particular, RS provides a unique
direct probe of the M-0 bonds in cathode materials, which are
at the heart of their electrochemistry and govern their
stability.“""4 A number of groups have applied Raman
microscopy to understand the structure and structural
evolution of various electrode materials for LIBs such as Ti0245,
V,0;5 (bulk and thin film)“s’48 as well as layered rock-salt-type
LiyM,0, (M = Co, Ni, Al, Mn) compounds.‘w’SS The pioneering in
situ  Raman microscopy study of Kostecki et al.* on
LiNipC0g15Alg 050, (NCA) showed that the Raman spectral
signature of NCA is sensitive to the compositional changes,
which provides a spectroscopic measure of the SOC of oxide
particles in the composite cathode. Later on, Nanda et al.
performed micrometer-resolved mapping to measure spatial
variations of the SOC at macroscopic length scale of the NCA
composite electrodes.”® More recently, Berg et al.>* carried out
operando Raman spectroscopy experiments to rationalize the
relationships between the spectral response of NCA and the
electrochemistry. Using complementary operando techniques
and DFT calculations, a picture of the bond character evolution
during charge-discharge was provided through the analysis of
the M-O band position and intensity, whereas the appearance
of new modes was associated to the formation of Li*
vacancies. Several papers have also reported Raman spectra of
Li-Mn-rich layered oxides, with considerable variety in terms of
both the observed Vvibrational features and their
interpretation.sz'55 In-situ Raman on Li; ;,Mng54Nig13C0g 130,
composite cathode revealed lithium extraction through the
presence of a new Raman band at 543 cm™ ascribed to the
oxidation of Ni** ions.”> More recently, operando Raman
spectroscopy experiments on LixNi; ,Co,Mn,0,
(y=0.1,0.2,0.33) composite electrodes during cycling reported
that Ni oxidation occurs as a stepwise NiZ* &Nt Ni**
process, with distinct Ni?*-0 and Ni**-O environments detected
through the 609 cm™ band and a band triplet at 480, 555 and
575 cm_l, respectively.54 However, to our knowledge, very few
papers have reported Raman spectroscopic studies on spinel-
based LMNO during charge—discharge.ss'57 An in situ Raman
spectroscopic investigation on (Cr, Co) doped LMNOs reports
as major conclusion the detection of a new band at 538 cm™ at
the end of the charge.56 Similarly, the other study performed
on LMNO thin film shows a new Raman band at 540 cm™
appearing around 4.7 V, assigned to the Ni*'—0 stretching
vibration.>’

In this work, RS is carried out for the first time to explore the
short-range environment in a disordered LMNO cathode

while evolution of
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during charge-discharge in the 3.5 — 4.9 V vs. Li"/Li voltage
range. Significant evolution of the Raman spectra is displayed
during the electrochemical reaction, signifying a modification
of the Ni-O bond strength directly related to changes in the Ni
valence state. We demonstrate that an appropriate analysis of
the Raman spectra enables a reliable determination of the
electrode SOC, through a quantitative estimation of the Ni2+,
Ni** and Ni** relative contents in the LMNO cathode. As a
proof of concept, show the potential
spectroscopy as an efficient and simple diagnostic tool to
measure the self-discharge phenomenon occurring in the
LMNO cathode.

we of Raman

Results and discussion

Structural characterization

Figure 1. SEM images of as-prepared LMNO powder.

The SEM images of the as-synthesized powder show high-
crystallized micrometric octahedral-shaped particles with
smooth surfaces (Fig.1). The Rietveld refinement of XRD
pattern of the as-synthesized powder (Fig.2a) corresponds to a
spinel structure (Fd3m space group, JCPDS No 80-2162)
consistent with the Ni/Mn disordered phase in which Ni and
Mn are randomly distributed on 16d position, Li and O on 8a
and 32e octahedral sites, respectively (see Fig.S1 and Table
S1). The PND pattern (Fig.2b) unambiguously points to the
formation of a pure disordered LMNO powder using the
synthesis procedure described in the experimental section.
The cubic close-packed LMNO crystal structure (Fig.S1) is made
of edge-sharing MOg octahedra (M = Mn or Ni) enabling 3D
channels for high rate Li" conduction. The refined cubic lattice
parameter a = 8.18 A is in agreement with previously reported
value.”® The presence of weak intensity reflections at ca. 20 =
43.8° and 51.3° (see enlarged view in Fig.S2) is due to small
trace of rock salt Ni rich impurities (space group Fm-3m). The
exact chemical composition of rock-salt impurities has not
been determined yet but it has been suggested to be Li;Ni,O,
(LiyMng 66Nig 34),0 and/or NigMnOg.>° EDS-SEM analysis give an
atomic Ni:Mn ratio of 1:2.9, with the presence of Ni rich

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Rietveld refinement of XRD pattern, * rock salt phase (a); neutron diffraction pattern (b) and Raman spectrum (c) of as-prepared LMNO powder.

impurities randomly distributed on the different sites of the
particles. The slight deviation from the expected 1:3
stoichiometry is due to oxygen loss at 900°C and the presence
of Ni-rich impurities.

Raman spectroscopy is a relevant structural method to
differentiate the ordered P4;32 and disordered Fd3m spinel
structures since it is highly sensitive to the local symmetry of
these two polymorphs. According to group theory, the number
of expected Raman-active modes for the ordered spinel
(6A,+14E+22F,) is much larger than for the disordered phase
(A1g+Eg+3Fy,). The Raman spectrum of the as-prepared LMNO
powder (Fig.2c) exhibits eight main bands located at 160, 212,
408, 499, 527, 597, 635 and 665 cm® typical of the Fd3m
disordered structure. Indeed, the rich Raman fingerprint
characteristic of ordering of the Ni** and Mn** species in space
group P4332, showing additional peaks at 221, 240, 251, 293,
325, 378 and 462 cm™ is not detected.®>% A full assignment of
this Raman fingerprint can be provided by analogy with the
parent compound LMO (Table 1).60’61

LMO LMNO
Fae(1) 163 160/212
Ee 342 408
Fae(2) 421 499/527
A 578, 625 597/635

Fas(3) 653 665

Table 1. Experimental Raman wavenumbers of LMO®® and LMNO (in cm™) and
their assignments.

The observation of a larger number of Raman bands (8)
compared to those predicted (5) is mainly attributed to the
introduction of Ni** and to the simultaneous existence of Mn*"

This journal is © The Royal Society of Chemistry 20xx

and Mn*" ions.® %% The latter provoke stretching vibrations of

both locally distorted Mn069' and isotropic Mnoss' octahedra.
The local Jahn-Teller related lattice distortions of Mn®" cause a
loss of translation invariance and a breakdown of the Raman
selection rules. A common feature of high voltage spinel
Raman spectra is the strong A;, band between 550 and 650
ecm™ and a group of bands between 100 and 550 cm™ of
weaker intensity. Previous experimental 084 3nd theoretical
5485 studies have shown the intense A, peak at 635 cm™
corresponds to the stretching of the 16d site cations M—O
bonds in the MOg octahedra (M = Mn, Ni). The splitting of this
vibrational mode is ascribed to the stretching of the Mn*—0
(at 597 cm™), and a mixture of Mn>*—0 and Ni**—O bonds at
635 cm™. The weak shoulder at 665 cm™ has Fog symmetry
and originates from bending vibrations of the 16d cations M—O
bonds. Another rather intense Raman active mode of Fy
symmetry is observed at 499 em™ with a weak additional
component at 527 cm™. This F.,¢(2) mode is reported as a pure
Ni-O stretching mode®®®® which suggests that its position and
intensity should be impacted by a change in the oxidation
state of Ni. The phonon line at 408 cm™® corresponds to the E,
symmetrical M—O—M deformation mode.®® Finally, the lowest
energy Fy,(1) phonons at 160 and 212 cm™ are predominantly
due to lattice translation modes.®®

Electrochemical Investigation

The discharge-charge profile of LMNO is also a good way for
distinguishing between the ordered and disordered phases.
Fig.3 shows the charge-discharge cycling curves of our LMNO
powder. The initial charge capacity of 135 mAh g'1 indicates
the extraction of 0.92 Li/mole of spinel, in good agreement
with the literature. The small shoulder phenomenon detected

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Charge-discharge cycles from the second cycle of the LMNO electrode,
C/10 rate.

at ~ 4.1V (involving a capacity of ~ 14 mAh g’l) is attributed to
the Mn3+/ Mn*" redox couple. This electrochemical feature is
typical of disordered LMNO and points to the presence of 0.1
Mn*" ions/mole of spinel formed during annealing at 900°C.
The large plateau observed at higher voltage of 4.7V — 4.8V,
involving a total capacity of ~121 mAh g’1 (0.82 F/mole) is
assigned to the Ni redox system.zg’ao’67 The slight deviation
with the expected value of 1 F/mole is due to the presence of
electrochemically inactive Ni-rich secondary rock-salt phases,
leading to a lower Ni content in the spinel (= 0.41/mole instead
of 0.5), as previously reported.68 The presence of two plateaus
at 4.68 V and 4.75 V showing a well-marked potential
separation of 70 mV is also an indication of the disordered
nature of Fd3m LMNO, the Ni**/Ni** and Ni**/Ni*" redox
potentials and their gap being closely related to cation
ordering on the 16d octahedral sites. This separation is
reported to decrease from about 70 mV to around 20 mV,
depending on the degree of ordering.zg'ao'%'71 The capacity
value recovered in discharge (~ 133 mAh g'l) indicates the
good efficiency of the Li extraction/insertion reaction. An
excellent capacity retention is observed even after 50 cycles at
C/10 (96% i.e. ~129 mAh g'l) with a coulombic efficiency of ~
98%. The present LMNO/Li half-cell exhibits similar
electrochemical performance than that usually reported in the
literature. Accordingly, the structural changes of this cathode
material during the charge/discharge were further investigated
using XRD and Raman spectroscopy.

Structural study during charge-discharge

The full XRD patterns of L,,MNO electrodes recorded at
different x values (0 < x < 1) during charge-discharge as well as
a maghnification showing the (311) reflection (which is a good
indicator of the cubic lattice parameter) are shown in Figs.4
and 5a, respectively. The calculated lattice parameters of the
observed phases as a function of x in L,,MNO are given in
Fig.5b. During charge, several lines such as the (311), (440) and

4| J. Name., 2012, 00, 1-3

(444) peaks gradually shift toward higher angles, indicating
lithium extraction through a solid solution of the pristine phase
(phase 1) with decreasing cubic lattice parameter (from 8.18 to
8.09 A, see Fig.5b). A second cubic phase (phase 2) with a
lower lattice constant of 8.01 A appears when more than 50%
of the Li* was deintercalated from LMNO, i. e. at Li content
near 0.4 (x = 0.6). Both phases coexist up to the end of the
charge, with nearly constant lattice parameter in this diphasic
domain. Hence, the lithium deintercalation mechanism
consists in a solid solution for 0 £ x < 0.6, followed by a
diphasic region in which Ly4sMNO (phase 1) and LyogsMNO
(phase 2) coexist. The two processes are reversible upon
discharge. This one-step-transition mechanism where the first
diphasic reaction has been completely suppressed is typical of
a cation-disordered LMNO spinel34 and is consistent with
previous studies reported for micrometric Fd3m LMNO
spinel.27’3°'33’34 The relative phase abundance of phase 1
(L,xMNO with 0 < x £ 0.6) and phase 2 (Ly,sMNO), estimated
from the Rietveld analysis, is shown in Fig.5c. The amount of
the pristine cubic phase decreases from 80% for x = 0.6 to 20%
for x = 0.9 while at the same time the phase 2 becomes
dominant to be the unique phase for x = 0.92.
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Figure 4. Ex-situ XRD patterns of the L;sMNO electrode during the
second cycle. Charge (a); Discharge (b), *sample holder.
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The Raman spectra of the same L,.,,MNO electrodes recorded
at different x values (0 < x < 1) during charge-discharge are
shown in Fig.6. Note that whatever the x value, similar spectra
were found for the 10 investigated points, which indicates the
good homogeneity of the electrodes. As shown in Fig.6a, the
Raman spectrum of the initial LMNO electrode, with Raman

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

bands at 160, 212, 408, 499, 527, 597, 635 and 665 cm™, is not
altered for x = 0.1. This indicates that the Mn**—Mn*"
oxidation reaction does not induce noticeable change in the
M-0 bond lengths. However, from x = 0.2, the spectral profile
is progressively modified, especially in the 450-700 em™ region
corresponding to the F(2) and A;; modes. In so far as the
F,¢(2) mode is assigned to pure Ni—O stretching vibrations
while the A, one involves mixed Mn, Ni vibrations in the MOg
octahedra, the F,5(2) mode should be a relevant descriptor of
the Ni—O bond upon lithium extraction. Indeed, Fig.6a shows
that this component is strongly affected from x = 0.2, i.e. as
soon as the charge process involves the nickel redox system. In
the 0.2 < x < 0.6 composition range, the band at 499 em™
progressively disappears while the relative intensity of the
weak component at 527 cm™ increases to become practically
the unique feature in the F,4(2) region for x = 0.5. Then, from x
= 0.6, a new component emerges at 542 cm™ and increases at
the expense of the 527 cm™ band during the second half of the
charge (0.6 < x < 1). At the end of the charge (x = 0.92), the
Raman spectrum exhibits a sole high intensity peak at 542 cm™
in the F,,(2) region. These whole observations clearly indicate
that the band evolution in the F,4(2) region is precisely related
to the increase in the Ni oxidation state from +2 to +4 upon
charge. The increasing wavenumber (e.g. 499/527/542 cm™) of
the F,4(2) mode reflects a decrease in the Ni—O bond length
with Li extraction (from 2.07 to 1.88 A from x = 0 to x =1).72’73 It
is then reasonable to assign the 499, 527 and 542 cm™ Raman
bands to the Ni**~0, Ni**~0 and Ni*—0 stretching vibrations,
respectively. Hence, the 0.1 < x < 0.6 composition range
belonging to the solid solution region is associated with the
Ni**/Ni*" redox couple while the two-phase domain evidenced
for 0.6 < x < 1 corresponds to the Ni**/Ni*" system. Reverse
trends are displayed during the discharge (Fig.6b) and the
complete restoration of the Raman spectrum of LMNO is
observed after one cycle, with main bands at 164, 408, 500,
597 and 635 cm™. This result demonstrates the good
reversibility of the lithium extraction-insertion process at the
scale of the chemical bond.

Further quantitative information is accessible through the
analysis of the Raman relative intensities in the 450-700 cm®
wavenumber range. Indeed, the Raman spectrum profile in the
F,e(2) region is directly linked to the proportion of Ni**, Ni**
and Ni** species in the cathode, estimated from the relative
areas of the Fyg(Ni**), Foe(Ni*)and Fyg(Ni**)components. Raman
spectra fittings shown in Fig.7 lead then to the quantification
of the different Ni redox species in the cathode (Table 2), i.e.

its composition during the electrochemical reaction.

J. Name., 2013, 00, 1-3 | 5
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Figure 9. Effect of the self-discharge phenomenon on the electrochemical properties of LMNO (a) and Raman spectra of fully
charged electrode: No rest (b), 10 days rest (c), 20 days rest (d), 30 days rest (e).

transformation occurs along the upper voltage plateau at 4.75
V (x > 0.5), manifesting itself through an abrupt decrease of
the Ni3+ content at the benefit of Ni* species (red dashed
line). The evolution of the Ni**/Ni**/Ni*" relative amounts as a
function of x in L;,NMO electrodes estimated from Raman
spectra fittings is very close to the expected one (Fig.S3),
which demonstrates the reliability of the present Raman
analysis and its efficiency to provide a good estimation of the
electrode SOC.

100
o - 80
+._
- L
¢ =
> 60
= e,
= oz
I 3
2 L 40
&
2 L
o
20
364 4 .. . |
|22 A -4 A4 eo-0-0--a [0
3'4 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
xinL, MNO

Figure 8. Galvanostatic charge profile of LMNO showing the different redox
couples involved during the second charge. The evolution of the Ni?*/Ni**/Ni**
ratio determined from the Raman spectra analysis are shown by dashed lines.
Blue circles: Ni**, Green squares: Ni**, Red triangles: Ni**. The error bars
correspond to statistical error of the deconvolution procedure.

To our knowledge, very few studies have attempted to
characterize Li* insertion/extraction behavior of high voltage
. . 56,57 .
spinel using Raman spectroscopy In both studies,
operando Raman measurements lead to interfering signals
from the electrolyte and only a new band at 538-540 cm™tis

This journal is © The Royal Society of Chemistry 20xx

detected at the end of the charge, without any quantitative
analysis being provided.

Self-discharge study

The present findings have prompted us to explore the
degradation process that takes place when the cathode is
delithiated. Indeed, it is known that spinel cathodes are prone
to instability issues in their charged state, i. e. severe
electrolyte oxidation associated to metal dissolution.”>™’

In order to characterize the occurrence of this so-called self-
discharge phenomenon and to measure its kinetics, LMNO
electrodes were charged at constant current (at C/10) till the
potential 4.9 V vs. Li*/Li then kept at zero current for varying
rest times (10, 20 and 30 days). After this rest time, a constant
current reduction is applied, leading to the discharge curves
reported in Fig.9a. The obtained results confirm the
occurrence of a self-discharge phenomenon at high voltage,
the discharge capacity value of 135 mAh g'1 recovered without
rest time decreasing to 124 mAh g'1 (8% loss), 110 mAh g'1
(18% loss) and 100 mAh g'1 (26% loss) after 10, 20 and 30
ageing days, respectively. The impact of the self-discharge
phenomenon on the Raman spectra of charged electrodes is
illustrated in Fig.9b-c-d-e. The Raman profile in the F,, region
is strongly modified, showing an additional component at 524-
530 cm™ whose relative intensity increases with the rest time
of the fully charged electrode at the expense of the 541 em™
band.

Such evolution indicates a gradual reduction of Ni** into Ni**
that can be quantitatively described based on Raman spectra
fittings shown in Figs.9b-c-d-e. The obtained results (Table 3)
show that the Raman analysis leads to estimated capacity
losses in the range 3—8%, 13—17% and 23—-27% after 10, 20, 30
days rest, respectively, very close to the values obtained from
discharge tests, of 8, 18 and 26% ,respectively.
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Electrochemical Raman spectroscopy analysis
analysis
Rest Capacity | v (Ni"- % v (NiT- % xin
time loss 0) Ni®* 0) Ni** L;.,MNO
(in (%) (cm™) (cm™) (loss)
days)
0 0 542 100 0.92
(0)
10 8 524 22 541 78 0.86-0.89
(3—8%)
20 18 525 46 541 53 0.76-0.80
(13-17%)
30 26 529 63 542 37 0.67-0.71
(23-27%)

Table 3. Electrochemical and Raman spectroscopy analysis of the self-discharge
phenomenon at high voltage of LMNO. No rest, 10, 20, and 30 days rest of the
fully charged electrode in open circuit voltage.

Conclusions

In this study, we present Raman spectroscopy as an original
and efficient tool to probe the local structure variations in a
disordered LMNO cathode during lithium deintercalation/
intercalation in the 3.5 V — 4.9 V voltage range. A complete
assighment of the LMNO Raman spectrum is provided,
allowing identifying reliable descriptors of the redox
mechanism in LMNO at the level of the Ni—O bond. Significant
variations in the Raman spectra are observed on the high
voltage plateau at ~ 4.7 V, which are directly linked to the
activity of the Ni redox species. Appropriate Raman spectra
fitting performed at different state of charge and discharge
lead to Ni**/Ni**/Ni** relative amounts that are found very
consistent with the electrode SOC. As a proof of concept, the
Raman study of fully charged electrodes kept at rest up to 30
days successfully pictures the unstable nature of Ni** ions and
provides a fast, reliable and quantitative measure of the self-
discharge phenomenon.

Experimental

Synthesis

LMNO powder was synthesized using the co-precipitation
route that provides good crystallinity of the Fd3m phase.sg’60
Stoichiometric amounts of lithium, nickel and manganese
acetate (100% Aldrich) were dissolved in distilled water and
stirred for 30 minutes. An oxalic-acid solution (1:1 molar ratio
of oxalic acid to metal ions) was then added drop-wise under
stirring to obtain a green precipitate. The precipitate solution
was continuously stirred for 30 minutes before kept for
overnight drying at 110°C. The obtained powder was pressed
into pellets and preheated at 490°C to remove the carbonates
in excess. The resulting powder was pelletized again and
heated at 900°C for 96 h in air at 5°C/min.

Characterizations

Crystal structures were determined using X-ray and neutron
diffraction as well as Raman spectroscopy. XRD experiments

8| J. Name., 2012, 00, 1-3

were performed using a Panalytical XPert pro apparatus
equipped with a X’Celerator detector and a CoKa radiation
(AKa = 1.789 A). All the diffraction patterns were collected with
a 20 step of 0.0167°. The as-collected patterns have been
analyzed using Rietveld refinement method with the GSAS
ExpGUI package.67’68 Neutron diffraction data were collected at
room temperature on the POLARIS medium resolution time-of-
flight (TOF) powder diffractometer at the ISIS spallation
neutron source, Rutherford Appleton Laboratory (RAL), U.K.
The experimental conditions of TOF are detailed in®. Raman
spectra were recorded with a LaBRAM HR 800 (Jobin-Yvon-
Horiba) Raman micro-spectrometer including Edge filters and
equipped for signal detection with a back illuminated charge
coupled device detector (Spex CCD) cooled by Peltier effect to
200 K. A He:Ne laser (632.8 nm) was used as the excitation
source. The spectra were measured in back-scattering
geometry. The resolution was about 0.5 em™ A 100X
objective was used to focus the laser light on sample surface
to a spot size of 1 umz. The power of the laser beam was
adjusted to 0.2-0.5 mW with neutral filters of various optical
densities | order to prevent local heating of the sample. Raman
spectra were systematically recorded on 10 different spots of
each sample to check the homogeneity. The morphology of
the LMNO powder was characterized by scanning electron
microscopy (SEM), Zeiss, Merlin-type microscope. Energy
Dispersive X-ray Spectroscopy (EDS) analysis was applied to
determine the elemental composition together with SEM with
an accelerating voltage of 10-15 kV.

Electrochemical tests

The positive electrode is prepared by mixing 80 wt% of active
material (LMNO powder) with 15 wt% of carbon black (Alfa
Aesar, 99+ %) and 5 wt% of PTFE (Fluka chemicals) as binder.
About 6 mg of this mix is pressed on a 16 mm stainless steel
current collector. Li metal (Alfa Aesar, 99.9%, metal basis) was
used as negative electrode. CR2032 coin cells were assembled
in an argon-filled inert atmosphere glovebox (<0.5 ppm of H,0
and <0.5 ppm of O,). The two electrodes are separated by a
Whatmann glass fibber soaked in the electrolyte. The
electrolyte solution was battery grade 1 M LiPFg dissolved in
ethylene carbonate: dimethyl carbonate (EC: DMC), 1:1 vol. %
(Sigma Aldrich). Electrochemical experiments were performed
at 20°C using a VMP3 Biologic apparatus.

The structural investigation was carried out inthe 3.5V —-4.9V
potential window by using two electrodes coin cells, during the
second charge-discharge cycle of LMNO. The cells were
charged (and discharged) at C/10 rate up to the required x
composition in L;,MNO (0 < x < 1), by maintaining the cell at
the required voltage until the current through the cell was not
changing more than 2uA/h. The cells were then disassembled
in the glove box. The positive electrodes were rinsed 3 times
with DMC in order to remove any electrolyte residues and
placed in appropriate airtight sample holders to be further
analysed by XRD and Raman spectroscopy.

For self-discharge study, after being completely charged at 4.9
V, the cells were kept at zero current for varying rest times (10,

This journal is © The Royal Society of Chemistry 20xx



20

and 30 days). Then, they were disassembled and the

positive electrodes were cleaned by DMC three times and
analysed by Raman. At the same time, a second batch of cells
were fully charged and kept in in same ageing time conditions
(10, 20 and 30 days rest), then discharged to estimate the
capacity loss.
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