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Abstract

Among candidates at the positive electrode of next generations of Li-ion technology and even beyond of post Li-ion
technology as all solid-state batteries, spinel LiNiosMn1sOs (LNMO) is one of the favourite. Nevertheless, before its
integration into commercial systems, challenges still remain to be tackled, especially the stabilization of interfaces with the
electrolyte (liquid or solid) at high voltage. In this work, a simple, fast and cheap process is used to prepare a homogeneous
coating of Al,Os-type to modify the surface of the spinel LNMO: the supercritical fluid chemical deposition (SFCD) route. This
process is, to our knowledge, used for the first time in the battery field. Significantly improved performance was
demonstrated versus those of bare LNMO, especially at high rates and for highly loaded electrodes.

KEYWORDS: Lithium-ion batteries, surface modification, high voltage positive electrode material, spinel oxide LiNio.sMn1.50a,

Supercritical Fluid Chemical Deposition

INTRODUCTION

One of the most important source of greenhouse gas emission
is transportation due to fossil fuel dependency. The use of
lithium-ion (Li-ion) batteries and more widely electrochemical
energy storage systems are great opportunities for decreasing
global environmental footprint with the development of
electrical and hybrid vehicles, especially if these batteries are
powered with renewable energies. SONY developed the first Li-
ion battery technology in 1991 and since then Li-ion batteries
have become the main electrochemical energy storage system
for mobile phone and electronic devices!, and more recently,
for transportation and storage of intermittent renewable
energies?. However, the electric vehicles (EVs) market requires
cheaper batteries with more autonomy, faster charge rates,
longer cycle life and improved safety. Thus, it implies the
development of Li-ion batteries with higher energy and power
densities. Nowadays, this technology is close to its limitations in
terms of cells gravimetric and volumetric energy densities (~300
Wh/kg and ~700 Wh/I, respectively) with graphite at the
negative electrode and layered oxides of general composition
LiMO; at the positive electrode (LiNi1-x,CoxAl,0> (NCA) or LiNi1-
xyMnsCo,0, (NMC))3-4. Perspectives to increase the energy
density are the use of alternative positive electrode materials
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with redox reactions occurring at higher voltages, or showing
the activation of multi-electron reactions or of combined
anionic and cationic redox reactions®>. The cobalt-free
LiNip.sMn1504 (LNMO) spinel oxide looks promising as a high
voltage positive electrode material with the activation of the
redox couples Niz*/Ni3*/Ni** at 4.7 V vs. Li*/Li (a two-electron
reaction), a three dimensional pathway for Li* ions, and a high
energy density of 650 Wh/kg at the chemistry level.
Furthermore, this compound is cobalt-free. Indeed, beyond that
the use of cobalt is controversial as its extraction is mainly done
in Democratic Republic of Congo by children under non-human
rights conditions, its substitution is required as Co is in the list
of critical elements. In addition the price of Co is very high
(72000 USD/t in June 2022).6 However, some issues have to be
mentioned, such as (i) promotion of electrolyte decomposition
at high voltages (> 4.9 V vs. Li*/Li) and (ii) Mn2* dissolution at the
interface with the electrolyte which is detrimental for the
cyclability of the battery due to crosstalk between the two
electrodes’8. To solve these problems, two main approaches
are investigated: i) the development of new electrolyte
formulations with stabilizing additives®*! or ii) the surface
modification of the positive electrode material in order to
stabilize the Cathode Electrolyte Interface (CEl) and improve the
cyclability. The second approach is the one developed in this
work.

Different inorganic materials can be used as surface coating
layers, such as oxides (Al;03, SiO,, LiAIO;, LisTisOq,, LizSiOs,
etc.)12-19, fluorides (AlFs, LaFs, etc.)20-22, or lithium-conducting
solid electrolytes (Li1.3Alp.3Ti1.7(POa)s, etc.)?324. The low cost and
abundant Al-rich oxide Al,03 was selected in this study. In
addition to its economic advantages, Al,Os could act as a HF
scavenger.2>27 |t would transform HF generated from the
electrolyte decomposition, to form a metal fluoride (AlF3) by
scavenging F- from the HF. The AIF; surface layer as formed
protects then the active material from further HF attack. One of
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the most commonly techniques used to prepare an Al;O3
coating is the atomic layer deposition (ALD),1228-32 which allows
a fine tuning of the thickness. Nevertheless, up to now ALD is
mainly performed directly on electrodes and not on powders
due to difficulties to control the formation of a homogenous
coating without any flow (fluidisation) of particles. The
drawback in that case could be a loss of percolation with the
generation of a coating of the conductive additive and binder
together with the positive electrode material, and thus a loss of
electrochemical performance especially at high rates.
Moreover, for future battery technology such as all-solid-state
batteries, different chemistries of coatings could be required at
each interface between the electrode materials and the
electrolyte. The ALD technique appears as non-flexible enough
to develop coatings on demand, as this process is expensive,
difficult to up-scale at the industrial level and with a rather slow
deposition rate33. More classical methods such as sol-gel or
coprecipitation have also been reported to prepare Al,03
coating,34-3% but a thermal treatment is often required to fully
decompose the precursors and remove all the residual groups
such as hydroxyls at the surface.l%15 Additionally, high
temperature sintering (> 500 °C) often leads to interdiffusion
between the coating layer and the active material and to
possible decrease of electrochemical performance. The control
of the homogeneity and thickness of the coating is critical, in
order to well balance the improved cyclability versus the
increase of the interfacial resistance. Here, we report a new
route to protect the surface of these high voltage spinel oxides:
supercritical fluid chemical deposition (SFCD) method which has
proven to be efficient to prepare homogeneous covering layers
of controlled thicknesses.3” The use of supercritical fluids (SCFs)
permits to reach interesting hybrid thermophysical
properties38. Indeed, SCFs exhibit gas-like viscosities and
diffusivities while they have a liquid-like densities. This property
helps for the dissolution of metallic precursors especially for
chemical deposition. It is an emerging method to modify
material surfaces, never reported in the field of battery
materials. The main advantages compared to common coating
techniques are32: i) the use of a green solvent3? (mainly CO5)
compared to other techniques (CVD, ALD*9), ii) the reduced
deposition time (deposition rate in SFCD is more than one order
of magnitude higher than in ALD), iii) the access to a wide range
of coating compositions#?, iv) the dry and ready-to-use coated
powder after the SFCD method and v) the possible scale up of
the process (possibility of a continuous process). The surface-
modified LNMO spinel oxides will be characterized combining
diffraction, microscopy and spectroscopy experiments in order
to determine, for highly loaded positive electrodes, the
relationship between the characteristics of the alumina-based
coating and the electrochemical performance in Li-ion batteries
cycled at high rates.

EXPERIMENTAL SECTION

Surface modification processes

LNMO powder was received from Nano One Materials Corp,
stored under ambient air and presents a mass-median-diameter
dso of 16 um and a specific surface area Sger of 0.96 m?/g.

Aluminium acetylacetonate (Al(CsH70;)s (Al(acac)s) from ACROS
ORGANICS (97%)) dissolved in absolute ethanol was used as Al
precursor for the preparation of the Al,Os-type layer at the
LNMO surface.

Two different synthesis routes were used, to prepare Al-rich
modified LNMO samples. The first method used as reference is
the dispersion. For 1 mol.% of Al,03 theoretically expected
compared with LNMO material, 35.5 mg of Al(acac); were
dissolved at 40 °C into 30 mL of absolute ethanol under stirring
into an Erlenmeyer flask, before adding the LNMO powder (1 g).
The pH was adjusted with NH3 base until 12, and then stirred for
one night (12h). This step will help to form AI(OH)s particles
from the degradation of Al(acac)s, those being reactive with
LNMO surface thanks to hydroxyl groups. Solvents, ethanol and
NHs, were evaporated at 55°C under vacuum using a rotavapor.
Finally, the powder recovered was heat treated in a tubular
furnace at 260°C for 2h under air to finally decompose the
aluminium phase into an amorphous phase (The
thermogravimetric analysis of the acac precursor is given in
supplementary information in Figure S1). The series of samples
as obtained are called DIS 0.5%, DIS 1%, DIS 2.5%, DIS 5%, and
DIS 10% in the following discussion as prepared with 0.5, 1, 2.5,
5 and 10 mol.% ratios theoretically expected compared with
LNMO material. For comparison, a blank was also prepared:
LNMO powder was dispersed, without acac, in absolute ethanol
at pH 12 during one night (12h) before being thermally treated
at 260 °C for 2h. SFCD was also used to modify the LNMO
surface (Erreur ! Source du renvoi introuvable.). The same
suspension (LNMO/Acac/Ethanol) is prepared but without NH3
because in the case of SFCD, Al(acac)s is soluble in the mixture
ethanol/CO,. The mixture was stirred continuously during one
night (12h) before being poured into a 50 mL high pressure and
high temperature vessel reactor, which was filled with CO; gas
at 5 MPa. CO;, was chosen as the main reaction solvent for its
easily accessible critical pressure and temperature (Pc = 7.38
MPa and Tc = 31 °C) and the possibility to remove it (recycle it
at larger scale) for recovering a dry coated powder, ready to
use. Absolute ethanol was chosen as co-solvent in order to
increase the solubility of the metal precursor. The reactor was
heated up to 170 °C (at ~10 °C/min) and maintained under
stirring with a speed of 500 rpom. When temperature rises,
pressure increases inside the reactor to reach around 10 MPa
once the temperature is stabilized. Then, compressed CO, was
added until a pressure of 20 MPa was obtained. Under these
conditions, the mixture CO,/ethanol (molar composition 80:20)
is supercritical. Indeed, the critical pressure and temperature of
this mixture are P = 14.5 MPa and T.=92 °C, respectively42. The
use of these conditions allows the decomposition of the
precursor and then the deposition of an Al-rich coating layer at
the surface of the active material. After one hour of reaction at
20 MPa and 170 °C, the powder was dried by removing the
solvent using a continuous CO; flow. Then, the reactor was
cooled down and depressurized, and the dry coated LNMO was
recovered. The series of samples as obtained was called SFCD
0.1%, SFCD 0.5%, SFCD 1%, SFCD 2.5%, SFCD 5% and SFCD 10%,
when modified using 0.1%, 0.5%, 1%, 2.5%, 5% and 10 mol.%
ratios of Al,Os theoretically expected compared with LNMO
material, respectively.



Considering the formation of a homogeneous coating at the
surface of LNMO particles as Al,0s3, thicknesses of 0.6, 3, 6, 15,
30 and 60 nm are expected for 0.1%, 0.5%, 1%, 2.5%, 5% and 10
mol.% of Al,0s3, respectively. These values have been calculated
considering the specific surface of the spinel (0.96 m?/g) and
taking into account densities for LNMO and for Al,O5 of 4.44
g/cm3 and 3.95 g/cm3, respectively.

CO, feed system

N
VN

Ar feed system

Solution : ethanol + coating
precursor + material

0-6 geometry equipped with a secondary monochromator and
X’celerator multi-strip detector. Each measurement was made
within an angular range of 26 = 8-80 ° and lasted for 34 minutes.
The Cu Ka radiation (A=1.5418 A) was generated at 45 kV and
40 mA. XRD was used to identify the phases, compare the
crystallinity and structural parameters of as-prepared materials.
The Fullprof suite*® was used to perform Le Bail (profile and cell

Back pressure regulator
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Figure 1 : Scheme of the SFCD process.

Electrode preparation, cell assembly and electrochemical
tests

85 wt.% LNMO powders, bare or coated, were mixed with 10
wt.% conductive carbon (Alfa Aesar, 99.9%) and 5 wt.%
polyvinylidene fluoride (PVDF, Sigma Aldrich) in N-methyl-2-
pyrrolidone as solvent (NMP, Sigma Aldrich, 99.5%). The
mixture was stirred at 900 rpm during at least 2 h at ambient
temperature to obtain a homogeneous slurry. Then, this slurry
was casted with a thickness between 130 and 500 pm,
depending on the mass loading expected, on a 50 pum thick
aluminium foil. To remove NMP, the resulting wet electrode is
placed in an oven at 80 °C overnight (12 h), 16 mm diameter
electrode disks were cut and calendared under a press at 5 tons
to reduce porosity down to 40%. Once dried during one night at
80 °C under vacuum, electrodes and separators were placed
into an Ar-filled glovebox (with H,0 and O, contents lower than
1 ppm). Li metal was used as counter electrode. The electrolyte
(Solvionic, 99.9 % - 20 ppm max H,0) was 1M LiPFe dissolved in
ethylene carbonate and dimethyl carbonate (EC-DMC) (with a
1:1 v:v ratio). The electrochemical performance was evaluated
via a Biologic test system in the potential range of 3.5-4.9 V vs
Li*/Li. Rate capability (1C = 0.5 mA/cm?) and endurance tests
have been done considering 1C = 135 mAh/ginmo. For the
coated materials, the obtained capacity is given taking into
account the mass of the active material (LNMO) and the mass
of the coating.

Material characterization

The X-ray powder diffraction patterns were collected using a
PANalytical X'pert PRO MPD diffractometer in Bragg Brentano

parameters) refinements.

Chemical analyses were performed by Inductively Coupled
Plasma — Optical Emission Spectrometry (ICP-OES) (Varian ICP-
OES 720 ES) to quantify the Mn and Ni amount in the material.
Coated and uncoated materials (12-15 mg) were dissolved into
an acidic mixture made of 2 mL HCIO4, 4 mL HF, 4 mL HNOs and
4 mL H;SO4 and poured into a Teflon reactor before being
introduced into a microwave at 180 °C (Heating rate: 12 °C/min,
natural cooling in less than 1 h) during 30 min to dissolve all the
powders. In order to ensure reproducibility, each sample was
prepared twice and each solution was measured 5 times. The
results of these titrations are given in Table S1.

High-resolution scanning electron microscopy (HR-SEM) images
were collected on a JEOL JSM-6700F microscope to check the
morphology and surface modifications, and energy dispersive
spectroscopy analyses (EDS, Tescan Vega Compact) were
performed to determine changes in composition of the as-
prepared materials with a 15 keV acceleration voltage.
Solid-state nuclear magnetic resonance (ssNMR) technique was
used to study the local atomic and electronic environment of
the probed nucleus, here 27Al and 7Li and to highlight the
presence of aluminium at the surface of the material
considering the general shape of the integrated signal as the
interaction varies according to 1/r3, r being the distance in space
between the probed diamagnetic nucleus and the electronic
spins of the paramagnetic material, here LNMO. ’Li solid-state
NMR experiments were performed on a Bruker Advance Il 100
MHz (2.35 T) spectrometer equipped with a 2.5 mm MAS probe.
A rotor-synchronized Hahn echo (1t/2 - T- 1) sequence was used
with a 1t/2 pulse length of 1.1 us and a recycle delay of 0.5 s, and
96000 scans were acquired. The spectra were calibrated to a 1
M solution of LiCl. 27Al ssNMR experiments were performed on



a Bruker Advance Il 300 MHz (4.69 T) spectrometer equipped
with a 2.5 mm MAS probe. A one pulse sequence was used with
a pulse length of 1.16 ps and a recycle delay of 0.5 s. All samples
were prepared in air and spinning frequencies were set to 30
kHz.

Raman spectra were collected with a confocal LabRAM HR
Evolution microspectrometer from Horiba equipped with a 633
nm argon ion laser. They were collected in the wavenumber
range of 100 - 800 cm?, using a 10.6 mm focal length lens and
an acquisition time of 10 s and 20 accumulations.

Fourier Transformed Infrared (FT-IR) spectroscopy was
performed on a Bruker Equinox 55 spectrometer in the
wavenumber range of 400 - 4000 cm ! with a resolution of 4 cm-
1. Samples were grounded in a mortar with dried KBr (120 °C),
in an approximate ratio of 3/50 (by wt.%) and until a
homogeneous mixture was obtained. The background was
made before each series of analyses and automatically
subtracted from each spectra to remove H,O and CO; traces.
The spectra were collected with OPUS software.

Transmission electron microscopy (TEM) was performed on a
TEM-HR JEOL 2200FS 200 kV microscope. EDS was also carried
out by mapping to check for the repartition of the different
elements. Two drops of a suspension made of powder in
absolute ethanol were deposited onto a copper grid with
carbon membrane, prepared for TEM-EDS observation.

Auger electron spectroscopy (AES) was performed using a PHI
710Xi Auger nanoprobe equipped with a cylindrical mirror
analyser (CMA) mounted coaxially with respect to the electron
column. Thanks to this particular system geometry, the take-off
angle of the analysed Auger electrons is below 30 ° from the
primary electron beam and thus permits to avoid shadowing
effect. The pressure in the analysis chamber was maintained
between 1071° and 10-° mbar. The electron beam was set
normal to the surface, at 10 keV accelerating energy and 10 nA
current to obtain approximately 20 nm spot size. Specific zones
of a few micron-square were selected for scanning and spectra
acquisition in order to optimize the signal intensity to noise
ratio and limit the charge effect of the surface. Spectra were
acquired in direct mode with a step size of 3 eV. AES allows an
information about the thickness of the coating thanks to
stripping on few nanometers.

A ThermoFisher Scientific K-ALPHA spectrometer was used for
XPS surface analysis with a monochromatized Al-Ka source (hv
= 1486.6 eV) and a 400 pum X-Ray spot size. Powders were
pressed onto indium foils. The full spectra (0-1350 eV) were
obtained with a constant pass energy of 200 eV, while high-
resolution spectra were recorded with a constant pass energy
of 40 eV. Charge neutralisation was applied during the analysis
and depth profiles were fulfilled with an Ar* ion gun. High
resolution spectra (i.e., Cls, Ols, Lils, Mn2p, Ni2p, Al2p ...) were
quantified using the Avantage provided by
ThermoFisher Scientific. Main attention was paid on Al 2p, O 1s,
C 1s fittings after energy shift of all spectra compared to C 1s
maximum peak at around 284.8 eV. The spectra of the different
samples were obtained in the same conditions so it is possible
to compare them directly.

software

RESULTS AND DISCUSSION

Structure and morphology of the modified LNMO samples

XRD patterns were collected for each coated material, either
obtained by the dispersion method followed by a thermal
treatment, or obtained by the supercritical fluid-based process.
The patterns obtained for the series of coated samples are very
similar to that of the pristine one, given as reference in Erreur !
Source du renvoi introuvable.. They exhibit diffraction peaks
typical of a spinel type phase, described in the Fd-3m space
group (JCPDS N°80-2162), and the sharpness of the peaks
indicates good crystallinity with crystalline domains bigger than
1 pum (FWHM(111) = 0.1154(3) °. Moreover, whatever the sample,
no extra peaks are observed for the coated materials suggesting
either that, the material is not modified at all, or that the
aluminium-rich phase formed during the coating process is
amorphous in both cases. Indeed, Le Bail refinements of XRD
patterns for the bare LNMO and for the two 10 mol.% modified
LNMO lead to very similar cell parameters and volumes, ranging
between 8.1714(4) and 8.1722(4) A and between 545.61(5) and
545.81(5) A3, respectively (Figures S2 and Table S2). From these
first results, it appears thus, that the structure of the bulk LNMO
was not modified in contact with the supercritical CO,/EtOH
mixture. Reference materials were prepared from the
decomposition of Al(acac)s alone in the conditions used for the
formation of the coatings, in order to compare them with those
formed on or next to LNMO particles. Figures S3a-b show their
XRD patterns. Surprisingly, the material obtained by the
dispersion process is crystalline and contains a large amount of
the acac precursor, whereas the material obtained by the
supercritical fluid-based process is amorphous, revealing only
three broad lines at 18 °, 25 ° and 40 ° (26). In the former case,



a better degradation of the precursor is thus observed in
contact with LNMO, as no residue of Al(acac)s is observed.
Another main difference is observed between the two
processes: the first is done in a closed environment and allows
thus the control of the Al content in the final powder, whereas
in the case of the dispersion process the system is open making
that part of Al(acac)s precursor could be lost, as volatile, during
the thermal treatment.

The morphology and surfaces of the pristine and Al-rich coated
LNMO materials have been investigated by HR-SEM. As
observed in Erreur! Source du renvoi introuvable., all the
samples are characterized as expected by octahedral shaped
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Figure 2 : XRD patterns of the pristine and coated LNMO samples obtained either
by a dispersion process followed by a thermal treatment (a) and by a supercritical
fluid-based process (b).

particles**. Pristine LNMO shows smooth surfaces with sharp
edges (Figures 3a-b), whereas a coating is obviously observed
at the surface of both modified LNMO with softened edges
(Erreur ! Source du renvoi introuvable.c-f). Moreover, in the
case of the SFCD modified material, the surface layer seems to
be more homogeneous and covering than the one obtained by
Indeed, for the latter, small aggregates and
in Erreur! renvoi

dispersion.

roughness are observed Source du

introuvable.c, and even better in Erreur! Source du renvoi
introuvable.d.

Surface modification appears not detectable by XRD and has no
impact on the lattice parameters or the initial morphology of
the spinel material. However, the formation of the coating layer
is clearly observed at the surface of LNMO by HR-SEM, as an
amorphous phase.

Surface characterization of modified LNMO samples

In order to characterize deeper the modification of LNMO
powder, “Li and 27Al solid state MAS NMR experiments were
performed. The 7Li MAS NMR spectra collected for pristine and
coated materials are similar, as shown in Figure S4 in
supplementary information, which means that local
environment of lithium remains unchanged after the formation
of the coating in good agreement with no modification of the
bulk of LNMO as supported by XRD. Figure 4 compares the 27Al

Pristine

Figure 3 : SEM and HR-SEM images of pristine LNMO (a-b) and 5 mol. % Al,O3
theoretically expected modified LNMO obtained by the dispersion process (c-d) and
by the supercritical fluid-based process (e-f).

MAS NMR spectra of aluminium phase prepared as reference by
SFCD and of three modified LNMO samples prepared either by
different processes or with different amounts of coating. Three
local environments are observed for aluminium in each case.
The most intense peak at around 2 ppm is assigned to AlOg
environment, the one at 31 ppm to AlOs and the one at 61 ppm
to AlO4 environment?>. First, as shown by the difference of
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Figure 4 : 27Al MAS NMR spectra (300 MHz, 30 kHz) of LNMO materials coated using SFCD and dispersion processes and bare aluminium phase prepared

by SFCD as reference. Spinning sidebands are denoted with asterisks.

spectra given in Figure S5 and by the similarity of those given in
Figure 4, the DIS and SFCD processes used to modify LNMO
allow the transformation of the aluminium acetylacetonate
precursor into a similar phase which appears amorphous as not
detected by XRD whatever its content. The shape and the
relative intensities of the observed signals are well consistent
with those reported in literature for an amorphous alumina
phase?>, with the presence of AlOg and AlO, peaks*. The
narrowness of the AlOg peak suggests an increase in topological
order in the amorphous oxide with the presence of small
crystalline domains#’. On the contrary, the presence of the AlOs
signal is directly linked to a structural disorder and corresponds
to coordination defects and indicates the presence of
amorphous structure 48,

Paramagnetic materials can induce dipolar interactions with the
nucleus close by, with a fast intensity decay with the mean
distance (1/r3) between the electron spin and the probed
nucleus. This leads to an overall broadening of the lineshape,
but this effect will only be felt by the closest neighbours. This
means, that the extension and the intensity of the spinning
sidebands will provide an idea of the proximity between the
coating and the LNMO.

As expected, the NMR spectrum collected for a less coated
material (2.5 % versus 10 %) shows a worst signal-over-to-noise
ratio, but a similar shape for the isotropic signals with their
spinning sidebands. The large broadening of the global NMR
signal and the large number of spinning sidebands reveal the
spatial proximity of the 27Al probe nucleus to the paramagnetic
transition metals containing material (here mainly Ni2* (d8
t2gfeg?) and Mn* (d3 t2g3)), but as confirmed by Raman
spectroscopy without any diffusion of Al into the spinel
structure (Figure S6). This shape of the NMR signal envelope
proves a high proximity between the coating and the LNMO
particles, in agreement with the formation of a coating as thin
layer. In the case of the dispersion process, for the same
theoretical amount of coating (10 %) the NMR signal normalized
to the acquisition time (Figure S7) is less intense, suggesting a
smaller amount of coating formed than expected. The semi-
quantitative analysis allows estimating 13 % for SFCD 10 % and

10 % for DIS 10 %. The order of magnitude is the one expected,
showing furthermore that SFCD 10% has a bigger amount of AL-
rich material at the surface than DIS 10%.

As shown on FT-IR spectra displayed in Figure 5 and Figure S8,
the surface modified LNMO samples do not contain any residue
of acac precursor. The spectrum of each coated material
contains all the peaks characteristic of the bare LNMO material
showing a disordered structure described the Fd-3m space
group,*® whereas the additional peaks observed above 800 cm-1
are similar to those typical of the coating prepared in
supercritical conditions as reference. The bands observed at
1030 and 860 cm-! and attributed respectively to vibrations of
Al=0 and AI-O are characteristic of an Al,Os-type phase>°.
Nevertheless, signals corresponding to vibrations of O-H, C-H
and C=C groups are also detected at 3550 cm-1, 2968 and 2930
cml, and around 1600-1500 cm, respectively (Figure S8).
These results suggest that an aluminium rich (oxyhydr)oxide
amorphous coating is formed with residues of carbon coming
from the transformation of Al(acac)s>!. Finally, as expected, the
larger the coating content, the more intense are its related
peaks. Table S3 summarizes wavenumbers and assignment for
the different peaks observed.



TEM-EDS analysis was performed in order to determine the
aluminium distribution within the powder. The results obtained
for the sample SFCD 10 % are given as an example in Erreur !
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Figure 5 : TEM-EDS mapping of surface coated material SFCD 10% showing O, Ni,
Mn, and Al repartition in red, blue, green and purple, respectively. and Nano Auger
spectra of SFCD 10%.

Source du renvoi introuvable.. They show that a homogeneous
Al-rich coating is formed at the surface of LNMO whose
thickness was estimated to be 15 — 20 nm by nano Auger
spectroscopy, which is less than expected. Indeed, the
estimation predicted a theoretical thickness of 60 nm if all the
particles were homogeneously covered. The synthesis being
done in a closed reactor, the organic part of the acac precursor
after its transformation can interact with the coating surface
and stop the growth; this can explain the difference between
the theoretical and experimental thicknesses. Thicker coating
being not necessary for such battery application, this has not
been optimized in this study.

XPS, as a surface characterization technique probing 5 to 10 nm
in depth, allowed determining the covering of LNMO by the Al-
rich coating, as well as the nature of chemical elements
(chemical bonds and oxidation states) present at the extreme
surface. The corresponding survey XPS spectra are given in
Figure S9 for the bare and coated LNMO materials, as well as
for the coating prepared as reference in SCFD conditions.
Erreur ! Source du renvoi introuvable. shows the Mn 2p, Ni 2p

Mn 2p TR aae 6423 eV Lits 49.9ev
—— SFCD2.5%
654.1 eV

2pap
2P

at 53.9 eV, while two peaks are observed at 854.7and 861.1
eV33, the main peak 2ps/; and its satellite being associated to
divalent nickel in environment close to that observed in Ni(OH),
54, The absolute intensity of these peaks associated to LNMO
decreases with an increasing covering of the surface by the Al-
rich coating. These results reveal that the modified SFCD 2.5 %
sample is more covered than the DIS 2.5 % sample, and, as
expected, itself even more than the bare LNMO. It
demonstrates that the SFCD process allows preparing more
covering coatings than the dispersion process.

The O 1s, Al 2p and C 1s spectra of bare LNMO, SFCD 2.5 %, DIS
2.5 % as well as the SFCD Al-rich coating are compared in
Erreur ! Source du renvoi introuvable.a-n. The fitted spectra are
also given for information to identify better the nature of the
coating. The assignment of each contribution is reported in
Table S4. Figure 8a-c fully supports the results reported in
Figure 7. Indeed, the surface modified LNMO by SCFD appears
much more covered as its characteristic XPS spectra are close to
those of the Al-rich coating alone, whereas those characteristic
of the DIS 2.5 % material are intermediate between those of the
bare LNMO and the coating alone. For the O 1s core level
(Figure 8d), bare LNMO shows a main contribution at 529.7 eV
associated to M-O bonds in LNMO (M = Ni, Mn). Minor
contributions at 530.7, 531.6 and 533.0 eV could be attributed
to C=0 and C-O33, but also to OH bonds and adsorbed water>¢,
respectively. Carbon pollution is at the origin of some of these
peaks. The O 1s spectrum of the coating

—— Bare LNMO 'Ni 2p Bare LNMO
—— DIS 2.5% ——DIS2.5% 854.7 eV
|— sFcD2.5% —— SFCD 2.5%
Mn 3p
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861.1eV
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Figure 6 : Mn 2p, Li 1s and Ni 2p XPS spectra of bare and coated LNMO samples.

and Li 1s XPS spectra. Two main peaks are observed at 654.1
and 642.3 eV in all the Mn 2p spectra; they correspond to the
tetravalent manganese associated to Mn 2p;/2 and Mn 2ps/;
spin-orbit coupling components, respectively>2. The Li 1s peak is
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Figure 7: O 1s, Al 2p and C 1s XPS spectra for bare LNMO (black line), 2.5 mol. % DIS (orange line) and SFCD (blue line) coated, as well as Al,03 SFCD
Ref (green line): inter-comparisons in (a), (b) and (c), fitted spectra in (d-n). The different contributions to a spectrum associated to an element are

highlighted by different colours.

material prepared as reference in SFCD conditions shows only
three contributions with the most intense at 531.9 eV. This one
is attributed to Al-O bonding energies>, while the others could
correspond to C-O type bonds but also O-H type bonds as it is
highlighted in FT-IR. In the case of the coated LNMO materials
(SFCD 2.5 % and DIS 2.5 %), the ratio of intensities between the

O 1s peak at 529.8 eV (Mn-0, Ni-O) and the one at 531.9 eV (Al-
0) appears significantly dependant on the process used, and is
thus a very good criterion to determine the efficiency of the
process to prepare a covering coating: the higher the ratio, the
less covered is the active material (Erreur ! Source du renvoi



introuvable.a). This ratio is 0.54 for the SFCD 2.5 % material
versus 1.25 for the DIS 2.5 %

material, showing for the former a better covering by the Al-rich
coating. This trend is supported by changes in intensity for the
Al 2p core level peak at 74.3 eV which corresponds also to Al-O
bonds (Erreur ! Source du renvoi introuvable.b). Its intensity is
null for the base LNMO material (as expected) and increases for
the DIS 2.5 %, SFCD 2.5 % and coating alone materials. Fitted C
1s spectra allow to determine that residues of carbon remain
within  the coating after the precursor
transformation. Indeed, the C 1s spectrum of the bare LNMO
exhibits five contributions at 284.6, 285.3, 286.2, 287.2 and
288.3 eV, which correspond to CHx, C-CO, C-O, C=0 and COOR,
respectively>’. These contributions are due to carbon pollution

aluminium

at the surface of LNMO. The analysis of the coating material C
1s spectrum requires an additional contribution at low energy
(~284.4 eV), suggesting the presence of C-C aromatic for both
coated materials. Moreover, for SFCD material, a 290.3 eV
component is revealed probably linked to some CF, bonding
coming from the O-ring.

Atomic concentrations of Mn, Ni, Al and O, determined by the
quantitative analysis of the XPS spectra, are summarized in
Erreur ! Source du renvoi introuvable. for each sample. Mn/Ni
ratios were calculated in order to check for changes in surface
composition before and after coating. Bare LNMO material
exhibits a Min/Ni ratio at its surface equal to 4, as well as the
coated materials. For ”Al,O3 SCFD reference” the ratio O/Al is
1.33, i.e. lower than that expected for Al,O3 (O/Al = 1.5) but
closer than that for others possible Al rich material as Al(OH);
where O/Al is equal to 3. This ratio is equal to 1.49 and 1.85 for
the SFCD 2.5 % and DIS 2.5 % materials, respectively, suggesting
a composition for the coating close to Al,Os for the former and
enriched in hydroxyl groups for the latter. Finally, the ratio of
Al/(Ni+Mn) clearly shows that SFCD process allows the
formation of a more covering coating, by five times (5.71 vs.
1.03), than the dispersion process.

Table 1: Surface Mn, Ni, Al and O atomic concentrations extracted from the global analyses of XPS spectra and comparison of O/Al and (Al/(Ni+Mn)) intensity ratios.

Atomic concentrations

Mn Ni Al

Pristine 13.8 3.3 N/A
DIS 2.5% 7.1 1.6 9.0
SFCD 2.5% 2.2 0.6 15.6
« Al,03 SFCD » N/A N/A 17.7

To summarize this first part, it was demonstrated by NMR and
XPS that a coating layer of oxide based aluminium was
successfully deposited at the LNMO surface. SFCD process
allows to obtain a better coverage than the dispersion method.

Electrochemical performance

Electrochemical properties were deeply characterized and
analysed to demonstrate the influence of surface modification
by an Al-rich coating on the electrochemical performance of
LNMO, and to compare this performance depending on the
process used to prepare the coating (Erreur ! Source du renvoi
introuvable.a-d).

First, all the samples were evaluated as positive electrode
materials versus Li metal at a low current rate of C/10, in the
voltage range of 3.5 - 49 V vs Li*/Li and at controlled
temperature of 25 °C. Erreur ! Source du renvoi introuvable.a
compares the results obtained for all the samples modified in
supercritical conditions with the pristine material. It shows that
the larger the content in Al-rich coating at the surface of LNMO,
the smaller is the reversible gravimetric capacity. For instance,
the SFCD 10 % sample exhibits only 88 mAh.g! against 130
mAh.g1 for the SFCD 0.1 % sample and 135 mAh.g* for the bare
LNMO (Figure 9d). This result is expected as the coating is not

Ratios
O (Al-0) Mn/Ni O/Al Al/(Ni+Mn)
N/A 4.2 N/A N/A
16.6 4.4 1.8 1.0
23.2 3.8 1.5 5.7
23.6 N/A 1.3 N/A

electrochemically active. For the surface modified samples
obtained by the dispersion process, the trend is the same as
reported in Figure S10 in supplementary information, except
that for a similar expected content a larger gravimetric capacity
is obtained (107 mAh.g! for the DIS 10% sample vs 88 mAh.g!
for the SFCD 10% sample). This result also supports, as it was
discussed previously, that the covering is thinner than expected
with the dispersion process, and thus than that obtained by
SFCD. After three formation cycles at C/10, all the samples were
evaluated with a rate capability test showing increasing C-rates
from C/10 (0.05 mA/cm?) to 1C (0.50 mA/cm?) or 4C (1.99
mA/cm?) rate (charges in 10 h, 1 h, and 15 min, respectively)
(Figure 9b). The main goal here is to estimate the impact of the
coating on the fast charge performance. Small amount of
coating improves the performance at fast rates but if the
coating is too thick the performance decreases significantly.
SFCD 0.5 % is the optimized sample. (Erreur ! Source du renvoi
introuvable.b) Indeed, at low rates from C/10 to C/2
electrochemical performance is like those of the bare LNMO,
while at higher rates (> C/2) better performance is obtained,
especially at 4C. At the end of the rate capability test, the bare
LNMO sample delivers a reversible capacity of 109 mAh.g?,
which corresponds to 81.2 % of capacity retention, whereas the
SFCD 0.5 % coated material shows 93.3 % of capacity retention



with still 119 mAh.g! delivered. It must be noted that despite

mAh.g* corresponding to only 85.1 % of capacity retention,
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Figure 8 : Charge-discharge curves obtained tor the 1 cycle at C/10 rate (a), rate capability tests from C/10 to 4C rates (b), dQ/dV curves obtained at ditterent rates (C/10,

C/2, 4C) (c) and comparison of reversible capacity obtained for each coated LNMO material at C/10 (d).

better performance versus the bare LNMO, the SFCD 0.1 %
sample shows smaller improvement versus the SFCD 0.5 %
sample, suggesting that the thickness of the coating has also to
be optimized to reach optimized performance. In the case of the
dispersion process, as the formation of the coating is less
efficient, a larger theoretical content is necessary to
significantly improve electrochemical performance. For the
case of the dispersion coating, the DIS 1 % sample shows the
best performance. Among all the samples compared, those
modified by SCFD process show the best performance, despite
the similar capacities values at low rates. They are significantly
different at higher C-rate (2C, 4C). Indeed, DIS 1 % delivers 114

slightly better than for bare LNMO (81.2 %) but significantly
smaller than for SFCD 0.5% (93.3 %).

dQ/dV curves give additional information about the redox
activity. For LNMO, two different redox activities are observed:
the first one in the voltage domain of 3.5 - 4.2 V vs. Li*/Li is
associated to the redox activity of manganese (Mn3*/Mn%*) and
the second one in the voltage domain 4.4 - 49 V vs. Li*/Li
corresponds to nickel redox activity (Ni2*/Ni3*/Ni4*). The broad
shape of the first peak is characteristic of the solid solution
domain, whereas the sharp shape of the two next oxidation
peaks is characteristic of biphasic reactions. Erreur ! Source du



renvoi introuvable.c gives the comparison of the dQ/dV curves
in nickel redox activity domain for bare and coated LNMO
materials at C/10, C/2 and 4C, whereas a similar one in
manganese redox activity domain is available in Figure S11. On
the upper part of Figure 9c, at C/10, two peaks are observed as
expected, at 4.70 and ~4.75 V vs. Li*/Li in charge upon Li*
delithiation from LNMO. The first peak corresponds to the Ni%*
to Ni3* oxidation, and the second one to the Ni3* to Ni4*
oxidation34. In the case of SFCD coated materials, these peaks
are slightly shifted to higher voltages due to an increasing
resistance associated to the Al-rich coating formed at the
surface of the active material (as shown in Figure S12 in
supplementary information). Table S5 gives a quantitative
analysis of the redox processes involved depending on the
thickness of the coating: the thicker it is, the less intense are the
oxidation peaks revealing a decrease in nickel activity. The
effect is even more pronounced for the second nickel redox
activity (Ni3*/Ni**). As a consequence, the intensity ratio
between the Ni2*/Ni3* and the Ni3*/Ni** redox peaks increase for
thicker coating layers. When the cycling rate is increased to C/2,
internal resistance tends to increase further the polarisation as
shown by the shift of the oxidation peaks to even higher
voltages (for the bare LNMO, 4.71 and 4.77 V at C/2 vs. 4.70 and
4.75 V at C/10). Finally, when the cycling rate is increased up to
4C the Ni3*/Ni%* redox activity almost disappears due to a strong
polarisation, whereas that of the Ni2*/Ni3* redox couple is
maintained. This behaviour is expected as the cycling rate
increases. Nevertheless, it is interesting to highlight that the
extent of the shift is mitigated for the SFCD 0.5 % sample, for
which the coating would allow to mitigate the catalytic
degradation of the electrolyte and thus the growth of the
interface layer responsible for the internal resistance. Same
trends are observed for the dispersion surface modified
material.

For both processes, an optimum content of Al-rich coating was
found to improve electrochemical performance versus those of
the bare LNMO (SFCD 0.5 % and DIS 1 %).

Rate capability tests were performed (for these modified
materials showing high performance (SFCD 0.5 % and DIS 1 %))
on high loading electrodes (11-12 mg/cm? vs. 3 mg/cm? for the
previous results), in order to get closer to industrial loading and
thus, to stress further the impact of the coating on
electrochemical Erreur !
introuvable. shows the results obtained for a rate capability test
with increasing C-rates from C/10 to 4C. The beneficial impact
of the coating appears even more pronounced in the case of
higher loading electrodes. Indeed, at 4C, SFCD 0.5 % delivers the
best specific capacity with 86 mAh/g versus only 23 and 16
mAh/g for DIS 1 % and bare LNMO, respectively. Thus, the
coating done by SFCD permits to stabilize the material at high
rates. A comparison of the obtained performance, between the
two loadings used 3 mg/cm? and 12 mg/cm?, was done in Figure
S13 for the coated sample SFCD 0.5%.
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Figure 9 : Rate capability tests with increasing rates from C/10 to 4C for highly
loaded electrodes (12 mg/cm?), for bare LNMO and for the best performance
materials modified by dispersion and SFCD processes.

In order to check for the phase stability after cycling at high C-
rate, post mortem analyses were performed after 100 cycles at
4C, a charge at C/10 and then a discharge at C/10 down to 3.5V
vs. Li*/Li until current reaches a steady state close to 0 mA. XRD
patterns were collected after disassembling the cell in a
glovebox under argon, washing the electrode in an excess of
dried DMC and preparing a sample-holder under argon (Figure
S14 showing XRD patterns and Le Bail refinements after cycling
(a-b), lattice parameters (c), SEM pictures (d-e)). Each XRD
pattern was refined considering a single phase described as the
pristine spinel phase in the Fd-3m space group. A slight change
(decrease) in cell parameters is observed, but it is expected as
the recovered materials are not fully lithiated after this long
cycling at high rate: 8.1698(2) and 8.1694(2) A for SFCD 0.5 %
and DIS 1 %, respectively, versus 8.1714(4) A for the pristine
LNMO. These smaller lattice parameters are in good agreement
with a higher average oxidation state for the transition metal
ions within the structure, and thus a smaller Li* re-intercalation
ratio. As shown by similar FWHM values (FWHM11) s;cp =
00937(14) °and FWHM(111) DIS = 00932(14) °vs FWHM(111) LNMO =
0.1154(3) °), no modification of the crystalline size domain is
observed upon cycling. SEM images were done on post cycling
materials and the morphology was not altered by fast charge.
Improvement of electrochemical performance at high rates was
demonstrated for coated materials (SFCD 0.5 % and DIS 1 %),
even for high loaded electrodes, and SFCD coated material
revealed better stabilization at high rate than dispersion coated
material. These results clearly appear attractive/competitive
versus/with those reported in literature4-16:29-31,58,59 (Erreur !
Source du renvoi introuvable.), despite the difficulties to
compare them directly because of lack of information on the C-
rate, loading, formulation, electrolyte ....
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Table 2 : Summary of results reported in literature for Al,03 modified LNMO materials used at the positive electrode of half cells versus Li metal

Electrode - .
Coatine technique loadin Rate capability at Cycling test at Number of Reference

E 9 gz 25°C (mAh/g)’ 25°C (mAh/g) cycles

(mg/cm?)
ALD (electrode) na 92 (5C) 118 (C/2 CCCV) 200 25
ALD (electrode) na na* 105 (C/2) (CC) 200 30
na na 122 (C/2) 100 =
ALD (electrode)
(ccev)

Sol gel na 76 (2C) 99 (1C na) 100 >8
Coprecipitation na 105 (20C discharge) 124 (1C) (CC) 300 23
Coprecipitation na na 134 (C/2 na) 100 16
Wet technique 2.85 100 (20C discharge) 120 (C/2 CC) 200 L=
Wet technique 1.1 83 (7C) 118 (1C CC) 200 14

Dispersion 3 114 (4C) na na This work
SFCD 3 119 (4C) na na This work
Dispersion 12 24 (4C) na na This work

SFCD 12 86 (4C) na na This work

*not available

$The capacity given in the table is the one obtained at the higher cycling rate

CONCLUSIONS

The formation of Al,Os-type coating was investigated by two
techniques: dispersion, a conventional route, and supercritical
fluid chemical deposition, never used in the field of battery
materials. SFCD is an up-scalable and sustainable promising
process. A coating could be deposited at the surface of
commercial LNMO particles. The formation of a more
continuous and homogeneous coating versus that obtained by
dispersion process was demonstrated by combining
complementary spectroscopic analyses (NMR, XPS and nano
Auger). The SFCD modified LNMO with 0.5% of Al-rich coating,
estimated to be about 3 nm in thickness, revealed very
attractive performance at high cycling rates (> 2C), even for
highly loaded electrodes. Indeed, a reversible capacity of ~120
mAh.g1 is maintained at 4C. This protected LNMO material
could be also of interest for more challenging batteries such as
all solid-state batteries that require controlling reactivity at
interfaces between the electrodes and the electrolyte. Beyond
LNMO, SFCD appears as a process to explore widely to tune the
nature of protective interfacial layers used to modify both the
electrodes and the electrolytes.
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