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Spinel LiNipsMn; 504 as one of the high-energy positive electrode materials for next generation Li-ion batteries has attracted
significant interest due to its economic and environmental advantages. However, the sensitivity of this type of material upon short
to long term ambient storage conditions and the impact on the electrochemical performances remains poorly explored.
Nevertheless, this remains an important aspect for practical large-scale synthesis, storage and utilization. Herein, we study and
compare the evolution of surface chemistry, bulk crystal structure and elemental content evolution and distribution of
LiNip sMn, sO,4 using a variety of characterization techniques including XPS and STEM-EDS-EELS, as well as electrochemical
analysis. We show that Mn species dominate the outer surface (0—5 nm), while Ni and Li are preferentially located further away
and in the bulk. The studied LiNiy sMn; 5O, material is found to be stable, with minor changes in surface or bulk characteristics
detected, even after 12 months of storage under ambient air conditions. The low surface reactivity to air also accounts for the minor
changes to the electrochemical performance of the air-exposed LiNijsMn; 504, compared to the pristine material. This study
provides guidance for the appropriate storage, handling and processing of this high-performance cathode material.
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Rechargeable lithium-ion batteries (LIBs) are ubiquitous in our
modern lives, supplying electrical power to a wide range of
applications, from small scale portable electronics to medium and
large scale electric vehicles and residential storage units.'™ To meet
the ever-increasing demand for higher performance devices and
vehicles, it is imperative to develop LIBs with higher energy
densities and reduced environmental footprint.” The use of spinel
LiNip sMn; 504 (LNMO) materials as a positive electrode material is
promising for next-generation high energy density LIBs.® For
instance, LNMO has a theoretical capacity of 147 mAh g~ with
high discharge voltage of ~4.7 V vs Li*/Li, resulting in high energy
content approaching 650 Whkg ™" at the material level.” Moreover,
it has merits of high Li-ion diffusion and good thermal stability
while applied as cathode material for LIBs.® Other advantages
include low cost and good sustainability metrics due to the absence
of expensive and toxic cobalt.®

However, a series of challenges must be solved for LNMO to
become a commercially competitive and massively applied cathode
material. Typically, the LNMO-based cells suffer from capacity fade
upon charge-discharge cycling mainly because of dissolution of
transition metals, especially of Mn, into the electrolyte (leading
primarily to SEI instability and corrosion at the anode), instability of
electrode—electrolyte interphase, and electrolyte decomposition at
high operating voltages of ~4.7 V vs Lit/Li.>~"' Many strategies
have been adopted to address these issues, often concerning the
following aspects. First one is to protect the surface of the material
by an engineered coating layer. For example, carbon coating is a
very well established approach to not only stabilize the surface but
also enhance the electronic conductivity of the cathodes.'>'? Other

“E-mail: alexandru.vlad@uclouvain.be

coating materials, such as Li;PO4, TiO, and polypyrrole for
example, have been also shown to improve the electrochemical
performance.'*'® The second strategy is correlated with electrolyte
therapy via formulation optimization, use of additives and develop-
ment of novel high-voltage electrolytes and additives.”'®'” Doping
is an additional simple and effective strategy to modify the intrinsic
properties of electrode materials and in particular to boost Li ion
diffusion and improve structural stability.'®'° LNMO materials
doped with foreign cations (such as Na®, Mg>", A", Ti*" for
example) have shown improved cycling stability and rate
capability.'®"?

Since the surface plays an important role in the electrochemical
performance of LNMO cathode materials, surface analysis and
evolution can be helpful to understand the electrochemical behavior
upon aging.'" For instance, ambient storage analyses is useful to
determine how this material should be stored for long periods of
time, or how the storage conditions can affect the surface structure
and chemistry, and consequently, the electrochemical performances.
For example, it has been reported that ambient conditions storage
induces surface contamination species, resulting in degradation of
the Ni-rich layered oxide cathodes including LiNiygCoy. IMnO 102
(NCMSI 1) LINIO SCOO ]5A1() 0502 (NCA) and LINI() 94CO() 0602
While regeneration of the degraded cathode materials was found
possible using thermal treatment, this represents an additional
processing step, and could be difficult for manufacturers to realize
this before cell production (in particular for coated electrodes).”® It is
worth noting that Mn-rich spinel oxides are considered to have good
stability in ambient air (moisture and O, resistant), in comparison to
Ni-rich layered oxides. For instance, surface coating with spinel
LiMn,; ¢Aly ;04 has been, for example, reported to alleviate the
chemical instability of Ni-rich LiNijp;Cog15sMng 50, cathode
material.> However, to the best of our knowledge, there is no
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exhaustive investigation in literature on the ambient stability and
storage aging of LiNiysMn; sO, materials.

In this work, an Al-doped LiNipsMn; sO4 cathode material is
investigated in terms of its susceptibility to long term ambient
conditions storage. The LiNiypsMn;sO, samples after different
exposure durations (up to 12 months) have been analyzed and the
electrochemical behavior compared. The results show minimal
impact on the electrochemical response, indicating no significant
degradation caused by ambient storage of this cathode material. For
confirmation, various characterization techniques have been used to
analyze and compare the pristine and exposed LiNiysMn; 504
including SEM, TEM-EELS, XPS, and electrochemical Li-storage.
A comprehensive knowledge of the surface chemistry of the
LiNipsMn; sO, is used to understand the influence of ambient
storage on the electrochemical performance of the electrode and
give guidance to storage and processing of this promising cathode
material for practical applications.

Experimental

Sample preparation.—Al-doped LiNijy sMn; sO,4 (with a nominal
composition of Li[NigsMnj 45Alp05]O4, hereafter noted as LNMO
for simplicity) powder form material was supplied by Johnson
Matthey. The as-received LNMO was split into different batches,
stored for periods of 2 weeks (marked as LNMO_2w), 2 months
(LNMO_2m), 6 months (LNMO_6m) and 12 months (LNMO_12m)
while being continuously exposed to laboratory ambient air condi-
tions. The storage was performed by placing the LNMO powder in
open glass vials, loosely covered by Al foil to avoid dust
contamination. The vials were stored in a typical chemical fume
hood, with continuous air flow and vials periodically slightly tilted
and rotated to expose the powder evenly to air. After these periods,
the samples were transferred into an Ar filled glove box (MBraun,
<0.1 ppm O, and H,0) and stored inside. Another batch of as-
received pristine LNMO was stored in an Ar filled glovebox for
comparison, hereafter marked as LNMO_Pri.

Material characterization.—X-ray photoelectron spectroscopy
(XPS) experiments were carried on two different machines at two
different locations for consistency and data comparison. One set was
performed on a Thermo Scientific™ Nexsa™ Surface Analysis
System instrument using a monochromatic Al K X-ray source
(72 W). The other set of measurements were performed on Kratos
AXIS Supra+ system. Spectra were acquired using a monochro-
matic Al Ko (1487 eV) source operating at 144 W power (12 mA X
12kV) and pass energies of 20 eV for high-resolution spectra and
160 eV for survey spectra. These were acquired in the hybrid
spectroscopy mode over an area of approximately 700 x 300 um?.
Charge compensation was achieved using the Kratos electron charge
compensation system. Measurements were performed on powders
that were fixed on a conductive carbon tape. Data acquisition was
carried out using the ESCApe software, and processing was
performed with CasaXPS software (v2.3.17) utilizing a Shirley
background. Peak fits were achieved using Functional Lorentzian
(LF) line shapes. The peak positions were calibrated with respect to
C 1sat284.8eV.

Scanning electron microscopy (SEM) images were recorded on a
Zeiss Auriga 60 with Gemini SEM column. The pristine LNMO and
the exposed samples were also analyzed by transition electron
microscopy (TEM) on a double Cs aberration corrected cold FEG
Jeol ARM 200FC, operated at 200 kV. Element compositions were
analyzed by energy dispersive X-ray spectroscopy (EDS, 100 mm?
Centurio EDS detector covering a solid angle of 0.98 Sr) and
electron energy loss spectroscopy (EELS, GIF Quantum ER).
EELS was performed with a dispersion of 0.25 eV channel !, giving
an energy resolution of 0.8eV. LNMO is partly beam sensitive
under a 200 kV electron beam and cannot handle a too high dose of
electrons per unit area. In order to avoid possible beam damage
during spectroscopy mapping, the pixel time was kept at maximum

0.05 s per pixel, combined with a 110 pA beam current, a beam
diameter of 0.09nm and a pixel size of 0.10 x 0.10nm® The
preparation of cross-sectional lamellae of the LNMO powder
samples was done on a Helios G4 UX focused ion beam system.
To avoid ion beam damage and implantation into the top of the
sample, carbon protection layers were deposited where the initial
part of the protection layer was deposited by electron beam assisted
deposition. Coarse lamellae thinning was performed at 30 kV
acceleration voltage for the Ga™ ion beam. To minimize surface
damage, final thinning and polishing was done at 5 kV and then 2 kV
on both sides of the lamellae.

Electrode fabrication and cell assembly.—The working elec-
trodes for electrochemical tests were fabricated by dry grinding the
LNMO powder (80 wt%) with super P carbon (SP) as conductive
agent (10 wt%) and Poly tetra fluoroethylene (PTFE, powder,
Sigma-Aldrich) as binder (10 wt%) for 15 min, followed by pressing
the dry powder (around 3 mg) onto the coin cell case, as shown in
Fig. S1. The typical active material mass loading was approximately
9 mg cm 2. For the variable C-rate test, the ratio of the LNMO, SP
to PTFE was 70:20:10. All the electrochemical tests were performed
in half-cell configuration (CR2032, SS316 coin cell format) with a
Li-metal chip as counter and pseudo-reference electrode, and one
sheet of glass fiber (Whatman, GF/D) as separator. A solution of
1.2 M LiPFg in EC/EMC (3/7 wt./wt.) supplied by SOLVIONIC was
used as electrolyte. The cells were tested in the potential range of 3.0
to 4.9V (vs Lit/Li% in the constant current (CC) mode (1C rate
corresponding to a current of 147 mA gfl). The assembly was
carried out in an Ar filled glove box (MBraun, <0.1 pmm O, and
H,0). Galvanostatic charge-discharge tests were performed with a
Neware battery testing system (BTS-4000) at ambient temperature
(25 °C).

Results and Discussion

Figure 1A illustrates the protocol applied in this work for
exposure of LNMO powder to ambient air, containing trace amounts
of carbon dioxide (440 ppm in average) and water (75% average
annual humidity), at a laboratory temperature of 19.5°C on an
annual average. These air constituents are expected to react, along
with possible generated active oxygen species, at the surface of
LNMO, to form primarily lithium compositions such as Li,CO3,
LiHCOs3, or LiOH, along with minor Ni and Mn-based compounds.
This phenomenon is in particular enhanced and documented for Ni-
rich oxides while it remains an open question whether, and to what
extent, it can also occur on the surface of the LNMO spinel Ehase,
and how this can impact the electrochemical performances.”*!*
To analyze these, a series of techniques have been employed to
characterize the pristine LNMO and the air exposed samples, with
also electrochemical properties tested, compared and evaluated to
reveal the correlation.

The XPS analysis results of the pristine and 12 months aged
LNMO are shown in Figs. 1B, 1C and S2. The C 1s spectra
collected on both samples contain species attributed to carbonates
(289eV), C=0 (288eV), C-O (286eV) and C-C/C-H
(284.8 eV).”?% A small amount of carbonates (3%) was found to
exist already on the surface of pristine LNMO, most certainly
formed during the sample transfer and transport processes prior to
the start of the study. Little difference in the distribution of the
species can be detected for both samples according to their C 1s
spectra. The O 1s peaks arising from C-O, C=0/CO; and bulk
material are located at 532.4, 531.2 and 529.7 eV, respectively, and
there is no significant change after exposure to ambient air of
LNMO, even for a period of 12 months (the sample aged for _2w,
_2m and _6m displayed similar XPS composition and distribution,
refer to Fig. S3). Similarly, the Li 1s, Mn 2p, Mn 3 s and Ni 2p
peaks are equal prior to and after air exposure. This suggests that
storage under ambient conditions has minor influence on the surface
(to a maximum depth of 5-10 nm that XPS can probe) of the LNMO
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Figure 1. (A) Photograph of LNMO powder stored in the open glass vials, and exposed to ambient air conditions. The vials were periodically tilted and rotated
to ensure uniform exposure. XPS spectra for the pristine sample and the sample exposed in air for 12 months: (B) C 1 s and (C) O 1 s signals. The atomic

percentage bars and color codes are associated to the respective species.

cathode material, and that any surface changes are self-limited, and
may occur shortly after the synthesis and exposure to ambient air.
Additional techniques were subsequently applied to characterize the
samples and understand the characteristics of this material, in
particular the composition and phase evolution from outer to inner
surface.

The morphology, crystal structure and elemental content of the
LNMO surface were also analyzed with SEM and TEM. Bright field
(BF) TEM (Figs. 2A-2B) shows that pristine LNMO particles are
multi-crystalline, with faceted grain boundaries. The faceted surface
morphology was also observed in SEM (inset of Fig. 2A). In the BF
TEM image in Fig. 2B, the dark contrast grain is oriented on a

[1-10] zone axis. The electron diffraction pattern (inset of Fig. 2B)
matches a cubic crystal with a lattice parameter of 8.1-8.2 A. In
contrast to a pure face centered unit cell, the diffraction pattern
shows weak intensities in the forbidden 110 and 100 Bragg
reflections. The loss of face centered ordering may be due to
(partial) periodic ordering between the Mn and Ni atoms.

In the high angle annular dark field (HAADF) STEM image
(Fig. 2C) the contrast scales proportionally to Z* (Z = atomic
number) and the image shows the atomic columns containing heavy
Ni/Mn elements, while atomic columns with lighter Li and/or O are
not visible. In the outer few nm towards the surface, the signal
increases, which is an indication of increased concentrations of Mn
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Figure 2. Characterization of pristine LNMO surface along the [001] crystallographic direction. (A) Bright field (BF) TEM image with inset of SEM image. (B)
BF TEM image of a grain oriented on the [1-10] zone axis with inset of the corresponding diffraction pattern. (C) HAADF STEM image and (D) a model of the
LNMO unit cell. (E) HAADF STEM image and mapping of (F) Li, (G) Mn, (H) Ni and (I) O elements with change of atom percentage in the spectrum image
area by EELS. Quantitative change of the signal as a function of distance from surface by using the Li K, Mn M, ; and Ni M, ; peaks in EELS (J) and by using
the O K, Mn L 3 and Ni L, 5 peaks in EELS (K). In (J) the sum of Li, Mn and Ni adds up to 100% in every pixel, while in (K) the sum of Mn, Ni and O adds up

to 100% in every pixel.

and-or Ni. In Fig. 2D, the surface near region from Fig. 2C is
magnified and shown alongside a model of the LNMO unit cell
viewed in the [110] projection. In the outer 1-2 nm, the normally
invisible Li atomic columns (red arrows in Fig. 2D) show strong
contrast in the dark field STEM image. This indicates that heavy
transition metals are substituting Li in the outer unit cells of the
material.

Elemental maps and line profiles that show the changes in the
chemical composition as a function of distance from the surface are
displayed in Figs. 2E-2K. The line profiles are created by averaging
several tens of pixels along the horizontal direction in the elemental
maps. The elemental maps and line profiles confirm the indications
from the dark field STEM images that a clear increase is observed in
the Mn concentration in the outer 2nm, with a corresponding
decrease of the Li concentration. Whereas the Ni concentration
shows a minor increase in the 2-4 nm near-surface region, in the
outer 2 nm, however, there is no observable increase in the Ni
concentration. This implies that the HAADF STEM contrast at the
positions of the Li atoms in the outer 2 nm are due to Mn atoms,
substituting Li in this region. The O concentration is also observed to

decrease at the surface, yet this does not imply higher O vacancies in
the spinel lattice at the surface. The O concentration is determined
based on the relative amount of oxygen compared to Mn and Ni.
Given that the Mn concentration significantly increases towards the
surface, this will automatically decrease the relative concentration of
O, even though the number of O atoms per unit cell is constant.
To further clarify the atomic structure and chemical composition
evolution on the surface, the EEL spectra including O and Li K-
peaks and Mn and Ni L, 3-peaks for pristine LNMO, at various
distances away from the surface, are shown in Fig. 3, as well as S4
and S5. These are acquired from different surface facets to
demonstrate that the findings presented and discussed in Fig. 2 are
not unique to a specific surface orientation. The spectra for the
surface facet of [001] are compared in Fig. 3 and taken at various
distances of 0-1, 1-2, 2-3, 4-5 and 9-10 nm away from the surface
to verify the evolution of the oxidation state and content of Mn.
The Mn L, ; peak shows a clear chemical shift towards lower
onset energies towards the surface, meaning that the oxidation state
is reduced (Fig. 3C). In the bulk, the oxidation state of Mn is
primarily +4, with additional contribution of Mn>*. On the very
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Figure 3. (A) EEL spectra collected at various distances away from the surface in the spectrum image area (Fig. 2E) of pristine LNMO, with the O K-peak and
Mn and Ni L, 3-peaks included. The corresponding zoomed in spectra of (B) O K, (C) Mn L, 3 and (D) Ni L, 5.

surface, i.e., at O—1 nm, contributions from Mn>" are evident. In
addition, the Li signal in outmost 1 nm is very weak, suggesting that
most of the Li has been replaced by Mn, as can be seen from EEL
spectra of Mn M, 3 and Li K and corresponding atom percent values
in Fig. S4. Little change can be observed for the Ni L, 3-peaks in
Fig. 3D, indicating that the oxidation state of Ni is constant and
independent of the distance to the surface. Hence deconvolution of
EEL data is associated with high uncertainties, it was omitted.
However, the fine structure of the oxygen signal can differ
significantly for different structures. The O K-peak (Fig. 3B) shows
significant changes close to the surface and transforms into a peak
with a fine structure typically observed for Mn;04.%° Similar
analysis was also performed on the air exposed LNMO powders
(Fig. S6), with no changes noted in particle morphology, crystal
structure, or element distribution from surface to bulk, as compared
to the pristine LNMO, implying that aging has little effect on these,
and that any surface re-organization may have happened either
during the synthesis, or immediately after.

It has been shown that surface structure and element distribution
can have an impact on the electrochemical performance of
LiNig sMn; sO, electrodes.!! However, to the best of our knowledge,
the impact on its stability under ambient storage conditions has been
not specifically investigated, although it is assumed to be a stable
material. According to the combined STEM-EDS-EELS analysis, it
can be concluded that Mn dominates the LNMO surface, while Li
and Ni tend to locate deeper into the bulk of the particles. Combined
with XPS results, it can be assumed that the outermost 1-2 nm of the
particles consist of a Mn;O, depleted type spinel (with possible Ni
substitution), given the mixed Mn valence and Li-sites occupancy.

This type of Mn3Og4-like structure has been reported to form on the
surface of spinel LiMn,0O, and LiNijysMn; 504 cathode materials
during electrochemical delithiation process.”**! Important to high-
light here is that the Mn3;O, like structure is already observed on the
pristine material in this work, and not as a result of electrochemical
delithiation. The low oxidation states of Mn on the surface can be
attributed to surface loss of oxygen in the spinel phase during
synthesis process, leaving oxygen deficiency sites. Mn;O,4 is
considered to have good thermodynamic stability and can be also
used as photo catalyst.*> To note that photo catalytic reaction
proceeds in an air-saturated and water-rich environment, confirming
it’s enhanced stability. Thus, the generation of a stable Li-poor - Mn-
rich oxide on the outer surface acts as a protecting layer, making the
LNMO stable in air for long periods of time, with minimal surface
structure and composition changes, and as shown next, minimal
influence on electrochemical performances.

The electrochemical performances of the pristine and the ambient
air exposed LNMO powder sample have been next evaluated and
compared. Li half-cells have been assembled and tested to determine
if the air exposure of the powders affects the electrochemical
properties. To avoid interference of solvent and electrode processing
(with thus additional exposure to air, moisture, or temperature
treatment), a powder electrode assembly protocol was used, wherein
the composite electrode was prepared by dry blending of LNMO
powder, a binder (PTFE) and a conductive agent (Super P) inside a
glovebox. The composite powder was then pressed onto coin cell
case, and the cell assembly was finished by adding the separator, Li
metal chip and the electrolyte. Figures 4A and 4B show the typical
potential - capacity galvanostatic profiles for the first three cycles,
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acquired at a rate of C/10, for pristine LNMO and LNMO_12m (stored
under ambient conditions for 12 months). As already noted in the
surface analysis section, minor differences in the galvanostatic charge-
discharge profile are observed, with the LNMO_12m cells system-
atically displaying slightly lower capacity (123 vs128 mAh g™ ', at the
first discharge cycle). The two characteristic plateaus around 4.7 V (vs
Li*/Li) in the galvanostatic charge-discharge profiles correspond to the
two sharp peaks in the differential capacity (dQ/dV) plots of both
electrodes (Fig. 4C), which are related to the Ni**7* and Ni*™**
redox couples.” The redox process centered around 4 V (vs Li*/Li) is
attributed to the Mn>*** couple.®* The redox peaks are broadened and

slightly polarized at higher C-rate of 1C (Fig. 4D), arising from fast
electron exchange, mass transfer, as well as Li-metal counter-electrode
polarization with however, no significant differences noted between
the two samples.

The capacity and cycling stability of the pristine and exposed (for
all periods analyzed) LNMO samples are presented in Figs. 4E and
4F. Again, no significant difference in performances can be
observed, with all the electrodes delivering a discharge capacity in
the range of 124—133 mAh g~ at a rate of C/10 during the first five
cycles, followed by similar gradual capacity retention attained at a
rate of 1C. After 200 cycles, the capacity retention is between 98 and
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103 mAh g~! for all the electrodes, with no obvious trend indicated.
A similar observation can be made on the measured coulombic
efficiency (CE) values, with nevertheless slightly higher CE in
average for pristine samples.

Figure 5 displays the typical rate capability of the pristine LNMO
and LNMO_12m electrode materials as tested in Li half-cells, under
identical mass loading and cell construct (i.e. powder form electrode
processing, at high mass loading). A slightly higher capacity (of
about 10 mAh g~ ') is attained for pristine samples with the C-rate
performance further found to be minimally affected by the ageing
process, with proportional capacity loss upon increased C-rate for
both electrodes (Fig. SA). It should be noted that significant capacity
loss at high C-rate of 5C, contradicting the intrinsic high power
performances of LNMO material, is primarily due to the excessive
polarization at the counter Li-metal electrode (given the high mass
loading used) and thus attaining early cutoff voltage, in particular of
the charge step. Both electrodes show good capacity recovery after
the C-rate test, with also stable cycling at a rate of 1C (94.3% and
96.1% for pristine and LNMO_12m, respectively). Little difference
can be seen in the CE values measured over the 400 cycles, the most
significant being a 1.6% improvement for pristine LNMO over the
LNMO_12m at the first cycle.

Conclusions

Ambient storage stability of an Al doped spinel LNMO
(Li[Nig sMn; 45Alg05]O4) is investigated through the use of surface,
bulk and electrochemical analysis techniques. Powder form samples
were stored under ambient air conditions for various periods of up to
12 months and compared to the pristine LNMO. We find that the
surface and bulk structure of LNMO remain minimally affected,
even after a long duration of 12 months of storage. The electro-
chemical tests of the respective electrode materials show equally
good electrochemical performances, assigned to minor surface
changes after long-term air exposure, further supporting the finding
of little influence of ambient storage on the electrodes. A Li depleted
Mn;0, type structure is detected on the outermost surface, which is
at the origin of this enhanced stability. It is known that synthesis and
doping can greatly affect the crystal structure and surface chemistry
of LNMO. Heat treatment conditions and Al doping have been found
to impact the space group of LNMO.*~*7 Moreover, Al doping can
allow LNMO to show disordered crystal structure and have higher
content of Mn*" in comparison to LNMO without Al doping.*®
Therefore, it can be assumed that the Al doping of LNMO in the
current study can be at the origin of the air stability as it can cause
the disordering and element substitution to form the Mn-rich layer
with low valence on the surface which is more chemically stable in
air. For non-doped samples, additional studies might be required,
although it can be reasonably assumed that if a Li depleted Mn;O,4
type structure is, or can be generated on the surface (either during the
synthesis, or by other elements doping) similar stability properties
can be expected. Overall, this study provides guidelines for, and
demonstrates that the Al-doped spinel LNMO can be handled and
stored under ambient conditions for long periods of time, which can
simplify the storage, transportation and processing of this type of
next generation cathode material.
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