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The electro-mobility revolution challenges the batteries community to develop rechargeable batteries with the highest energy
density, including the use of Li metal anodes. Relevant cathode materials include sulfur and molecules with the general formula
LiNixCoyMn,0O,, denoted as Ni rich NCM (x+y+z = 1; x > 0.5). We discuss herein new insights obtained from our recent work
with cells comprising Li metal anodes, LiNip¢Co0p2Mnp20, and LiNiO, cathodes with practical charge density higher than 3
mAh/cm?. Highly stable behavior of Li metal anodes was realized in solutions containing mono-fluorinated ethylene carbonate
(FEC) as a co-solvent. We found that the same solutions stabilize Ni rich NCM cathodes as well. We discuss herein the limiting
factor of Li-LiNiO; cells in terms of cycle life and have gained new understandings related to failure and stabilization mechanisms
of Ni rich NCM cathodes. Providing that the electro-mobility revolution succeeds, we may encounter a shortage in the availability
of nickel. We suggest herein strategies for handling this problem by the use of Mn based cathodes.

© The Author(s) 2019. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
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The development of reliable high energy density rechargeable Li
ion batteries and their world-wide commercialization can be consid-
ered as the most important and impressive success of modern electro-
chemistry. The success of this battery technology promotes in these
days the electro-mobility revolution. The Li batteries community gain
experience and self confidence that enable it to suggest development of
batteries with very high energy density comprising Li metal anodes'*
and very high specific capacity cathodes like sulfur>* and oxygen.’
In fact, intensive work was devoted to rechargeable Li metal anode
batteries during the eighties®’ and the nineties®'? of the previous cen-
tury, including attempts to commercialize several secondary Li metal
batteries.!*!> Due to discovery of intrinsic problems related to the sta-
bility of liquid electrolyte solutions in rechargeable Li metal batteries,
safety consideration and the success of Li ion battery technology that
seemed to rival Li metal based batteries, work in Li metal anodes
for rechargeable batteries was mostly abandoned around the years
2000-2005.'° Since then, the batteries community gained a lot of new
insights that led to a renaissance in developing again rechargeable bat-
tery systems comprising Li metal anodes in recent years.">!"-2% A lot
of efforts in these days are devoted to developing solid state secondary
Li batteries.”"?? In this paper we intend to discuss battery prototype
systems with Li metal anodes and liquid electrolyte solutions, because
of their advantages related to high rate capability and a possibility to
operate them even at very low temperatures.”> During the last decade
we have been working intensively in the field of Li-oxygen batteries
and discovered too many intrinsic problems related to the cathode
side’ (even if the problems related to the Li anodes can be mitigated
by appropriate protection strategies).>*°

It appears that all non-aqueous electrolyte solutions that can be
relevant to Li-oxygen cells are reactive with the Li superoxide and
peroxide species formed in solution phase upon oxygen reduction.?'-3?
Thereby, the existence of detrimental side reactions in these systems
seems to be unavoidable.**-3> Turning to the other high energy density
systems, namely, Li-sulfur batteries, they suffer from well-known
problem of a shuttle mechanism between the Li anode and the LiS,
sulfur reduction products which avoid their full recharge ability and

*Electrochemical Society Fellow.
**Electrochemical Society Member.
“E-mail: Doron.Aurbach@biu.ac.il

hence limit the practical specific capacity of the sulfur cathodes.’*’ It
seems however that the shuttle mechanism problem can be solved.3¥#!
Indeed, an impressive progress is recorded in developing some Li-S
systems which may found practical uses.*'* These systems are not
discussed further herein. The most relevant power sources for electro-
mobility are high energy density Liion batteries, which energy density
is determined by the Li intercalation cathodes used.***’ The most
promising cathodes for Li ion batteries belong to the NCM family
— Li;4xNiyCo,Mn,,O,, which can be divided into 2 sub-groups of
compounds: When x>0 and w>0.5 the cathode materials are defined
as Li and Mn rich compounds (not discussed in this paper). More
important seem to be the so called Ni rich cathode materials (x = 0,
y>0.5) as discussed further in the core of the paper.

This paper is both a review and a perspective article that matches
the purpose of the ILMB 2018 focus issue. After extensive recent
work on Li - Nig Cop2Mng,0; cells, Li — LiNiO, cells and graphite —
LiMn, 0,4 (LMO) cells (the latter containing functional separators), we
reached important integral view-points which led us to new insights
about capacity fading and relatively simple stabilization mechanisms
for the N rich NCM cathodes. Parallel intensive work on graphite
— LMO cells which capacity fading could be remarkably mitigated
by the use of functional separators, enables to suggest LMO as an
important cathode material for long term applications. We discuss
herein new perspectives that one can gain by reviewing rigorously our
recent work.

Experimental

Li-metal foils with a thickness of 0.25 mm (Rockwood Lithium or
FMC Chemicals Limited) that were kept in an argon-filled glove box
were used without any pretreatment. Stoichiometric LiNiO, was syn-
thesized using spherical Ni(OH), and LiOH - H,O precursors mixed
with molar ratio Li/Ni = 1.01:1 and calcined at 650°C for 10 h un-
der an oxygen atmosphere. Detailed description of the synthesis is
presented in Ref. 48. For composite electrodes preparation LiNiO,
powder was mixed with conducting agent and poly(vinylidene fluo-
ride) in a weight ratio of 90:5.5:4.5 in N-methylpyrrolidinone. The
conducting agent was a mixture of graphite KS-6 and carbon black
in a weight ratio of 6: 4. The slurry was spread onto Al foil, dried,
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Figure 1. Li-ion battery cathodes: important formulae, structures and voltage profiles during discharge. The potentials are versus Li reference electrodes. (a)

Reproduced with permission from Ref. 50. Copyright Elsevier 2014.

and roll-pressed. Cathode sheets comprising NCM 622 with the areal
capacity of 3.3 mAh cm~? were obtained from BASF (Germany).

For galvanostatic tests, Li-metal foil electrodes 14 mm in diam-
eter were assembled in two-electrode symmetric cell configurations
using coin-type cells (2325, NRC, Canada). The electrolyte solu-
tions were 1 M LiPFg in FEC/DMC 1:4, 1 M LiPFq in EC/DMC
(Merck, Germany) and 1M LiTFSI/DOL/DME/LiNO;. The amount
of the electrolyte solution used was 50 p.L/cell. With FEC-based and
ethereal electrolyte solutions we used 2 layers of polyethylene (PE)
separator (Tonen). With EC-based electrolyte solution polypropylene
(PP) separator (Celgard) was used.

For galvanostatic tests of Li|LiNiO, and Li| NCM 622 cells Li-
metal foil disk electrodes (thickness 0.25 mm, diameter 14 mm) and
LiNiO; cathodes (27 mg of active material, diameter 14 mm) or NCM
622 cathodes (diameter 14 mm) were assembled in two-electrode con-
figurations using coin-type cells (2325, NRC, Canada). The amount
of the electrolyte solution used was 33 1 cm~2 of electrodes (1.2 wL
mg ™! sctive material)- Li| LiNiO, cells were cycled with a current density
of 0.4-1.6 mA cm~2 and cutoff voltage 2.8-4.3 V, and Li| NCM 622
cells were cycled with a current density of 0.5-2 mA cm™2 between
2843 V.

SEM images were obtained with Environmental Scanning Elec-
tron Microscope, Ouanta FEG 250 (FEI). Air sensitive samples were
transferred from the Ar filled glove box to the chamber of the micro-
scope with the use of homemade vacuum tight transferring cell.*’

The impedance spectra in the frequency range of 100 kHz— 10 mHz
(EIS) were measured using a potentiostat-galvanostat Model 128N
Autolab (Eco Chemie).

X-ray diffraction (XRD) patterns were obtained with aD8 Advance
system (Bruker Inc.) using Cu Ka radiation operated at 40 mA and
40 kV.

Results and Discussion

On the choice of cathode materials for Li batteries for electro-
mobility applications.—Fig. 1 provides typical voltage profiles of the
most important cathode materials Fand the basic crystal structure of
the three main families of compounds: layered, spinel and olivine.

Since this is a review article, we emphasize herein briefly two impor-
tant cathode materials that are beyond the scope of main work to which
this paper relates. The first one is LiMn; 5Nig 5O, spinel, whose redox
potential (due to transition of Ni** to Ni**) is around 4.8 V versus Li,
with a flat potential profile (due to 2-phase transition reactions) but a
limited capacity up to 147 mAh/g theoretically).>® This cathode mate-
rial is intrinsically highly stable and due to its spinel structure, it allows
the 3D diffusion process of Li ions intercalation into it. As such, this
cathode material exhibits excellent rate capability.’!? In fact, there is
another interesting high voltage cathode material, namely LiCoPOy,,
whose redox potential (also via a 2-phase transition reaction) is around
4.8 V. However, this material suffers from intrinsic stability problems
that are reflected in a relatively low specific capacity <120 mAh/g
(versus 165 mAh/g theoretical) and capacity fading during prolonged
cycling.>?

Another important cathode material presented in Fig. la is the
family of Li- and Mn-rich layered cathode materials, discovered and
developed a few years ago by Argonne National Lab (ANL) and other
groups.>* Preparation of lithiated mixed transition metal oxides, com-
prising the elements Li, Mn, Ni, O or Li, Mn, Ni, Co, O with an excess
of Li and Mn, produces a pristine cathode material which contains two
phases, Li,MnOj (inactive) and Li{MnNi]O, or LiiMnNiCo]O, (ac-
tive)mixed together on a nanometric scale. Polarization of these ma-
terials to potentials of >4.6 V versus Li leads to pronounced changes,
including some release of oxygen and de-lithiation that activates the
entire material and makes it fairly active. Here, the capacities may
approach the maximal values for LiMO, stoichiometry (one e~ and
one Lit per MO,) up to 300 mAh/g.

There is a great challenge in finding ways to stabilize these ma-
terials and thus benefit from intercalation cathode materials with a
specific capacity close to the maximum around 300 mAh/g. A most
important possible direction is coating, using particles with a core
shell structure and a selection of compositions that provide better sta-
bility on the account of some specific capacity.”>>’ More important
than these Li and Mn rich NCM cathode materials are the Ni rich
LiNi,CoyMn,_,_,0; (x — 1) materials, i.e., Ni-rich NCM. Here a
major advantage is the possibility to extract high specific capacity
(> 200 mAh/g).>® The higher the Ni content in these materials, the
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Figure 2. The effect of Ni content on the performance and properties of Ni-rich cathode materials. (a) Compositional phase diagrams of NCM layered oxide
materials, (b) Thermal response of multi-layer pouch cells containing NCM cathodes, graphite anodes and 1M LiPFg in EC:EMC 3:7 + 2% VC, (c) Cross-sectional
SEM view of cracks formed due to cycling of NCM 811, (d) Voltage profiles of NCM layered oxide cathodes and LiCoO, (a) Reproduced with permission from
Ref. 66, Copyright 2018, Wiley-VCH. (c) Adopted from Ref. 61 and with permission from Ref. 66. Copyright 2018, Wiley-VCH.

higher its specific capacity, up to a 240 mAh g~! limit posed by LiNiO,
(LNO).% The clear advantage of Ni-rich NCM is the high capacity that
can be extracted with charging potentials below 4.3 V versus Li/Lit.%
LIB with such cathodes can thus be fully charged without reaching
potentials that impair the stability of LiPFs/carbonates electrolyte so-
lutions. However, due to their higher Ni content, these materials are
more sensitive both mechanically (fatigue cracking upon prolonged
cycling) and electrochemically (more reactive in side reactions with
the electrolyte solutions).®* > Fig. 2a shows the phase diagrams of
three individual lithiated oxides LiNiO,, LiCoO,, LiMnO, with vari-
ous compositions of Ni, Co, and Mn. Although Ni-rich NCM cathode
materials offer high capacity as shown in the green area of Fig. 2a,
further improvements and optimization are needed in order to realize
their full potential as cathode materials for LIBs. The three transition
metal ions in the NCM cathodes have specific functions in terms of

their structure and electrochemical performance, which enable them
to be used as effective Li insertion electrodes. The Ni?*/3* and Ni3*+4+
redox couples provide the majority of the reversible capacity. Ther-
mal response of multi-layer pouch cells containing NCM cathodes,
graphite anodes and electrolyte presented in Fig. 2b gives an indi-
cation of a lower thermal stability of NCM cathodes with higher
Ni content. Fig. 3d shows typical voltage profiles of these cathodes,
demonstrating the effect of Ni content on their specific capacity. Apart
from the layered ordering, the presence of cobalt improves the rate
performance, in addition to the capacity obtained from the Co**"4+
redox reaction. The presence of Mn stabilizes the local structure, and
Mn** remains electrochemically inactive during cycling. Four prob-
lems are exacerbated with the increase in Ni content: i) cation mixing
between Li and transition metals during synthesis, mainly Li*/Ni%*,
which interferes with the mobility of Li ions; ii) low thermal stability
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Figure 3. Galvanostatic cycling results and Nyquist plots measured for symmetric Li-Li cells before (full dots) and after cycling (hollow dots). Insets: images of
cycled separators. Electrolyte solutions (a) 1M LiPFs/FEC/DMC, (b) IM LiPF¢/EC/DMC, (c) 1M LiTFSI/DOL/DME/LiNO3 (33 pL cm™2). Reproduced with

permission from Ref. 49. Copyright 2017, American Chemical Society.

(Fig. 2b); iii) formation of cracks during prolonged cycling (Fig. 2¢);
and iv) surface reactivity.®*%® Since in this paper we intend to discuss
insights from testing Li-LiNO, cells, it is important to mention some
recent work on Li anodes.

Reconsideration of Li metal anodes for high energy density Li
batteries.—In our recent works we demonstrated a very stable Li
metal stripping—plating at a high rate and high areal capacity in FEC-
based electrolyte solution.*>” Typical galvanostatic cycling results

obtained for three Li|Li cells cycled in three important electrolyte
solutions with areal charge/discharge capacity of 2.5-3.3 mAh/cm?
and current density of 2 mA cm™ are shown in Fig. 3. The cells
cycled in the FEC-based electrolyte solution (Fig. 3a) demonstrates
stable behavior for more than 3600 hours (more than 1100 cycles)
with a voltage profile typical for a stable and homogeneous lithium
plating/stripping process.®®® For the cells with FEC-based electrolyte
solution after the initial cycling with higher voltage profiles we always
observed stabilization with lower voltage profiles. This behavior is
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well known and relates to the reorganization of the Li surface (in-
creasing of surface area) and the formation protective surface films,
which maintain prolonged cycling of the high specific surface area Li
electrodes.”

Cells cycled with the same current density in EC-based electrolyte
solutions (standard ones for Li ion batteries) demonstrate a much
higher and more unstable voltage during both charge and discharge
steps and fail after about 200 cycles (Fig. 3b). In ethereal solutions
(commonly used in Li-S batteries) the cells typically performed only
100-200 cycles before failure and demonstrate monotonically in-
creasing in the voltage profile due to dendrites formation and the
depletion of the electrolyte solution (Fig. 3c). Thus, typically the

symmetric Li|Li cell cycled with the FEC based electrolyte solution
shows markedly better cycling behavior than that observed for the
cells cycled with the EC-based and ethereal electrolyte solutions.
The cell cycled in the FEC-based electrolyte solution was stopped
and disassembled after 1100 cycles of stable cycling. The separator
was wet indicating that no massive dendrite formation accompanied
by the depletion of the electrolyte occurred in this case. To the contrary,
all the separators from the cells cycled in the EC-based and ethereal
solutions disassembled after 200 and 130 cycles, respectively, were
dry. The insets in Figs. 3a and 3c present the images of Li anodes
and PE separators after cycling. It is clearly seen that for the FEC
based solution the inner sides of separators after cycling are free of
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metallic Li and preserve their integrity. In contrast, after cycling in
the ethereal solution Li was accumulated between 2 separators due to
the penetration of Li dendrites through the separators.

Typical Nyquist plots measured for symmetric Li|Li cell before
and after cycling are presented in Fig. 3. A drastic decrease in the
surface film and charge transfer resistances of the cells cycled in the
FEC-based solution implies the changes in the morphology of Li metal
anodes with an increase of the effective surface area of the electrodes.5
For the cell with EC-based solution very high impedance before cy-
cling is obviously caused by slow diffusion of Li ions in the pores of
PP separator due to its poor wettability in this electrolyte solution. Af-
ter cycling the failed cell demonstrates much higher impedance than
that of the cell cycled in the FEC-based solution. A huge impedance
of the cell failed in the ethereal solution is indicative for the depletion
of the electrolyte and drying due to massive dendrite formation.

Thus, excellent cycling performance of Li metal anodes was
demonstrated in the EC-free FEC-based organic carbonate electrolyte.
Symmetric Li|Li cells demonstrated an extremely long cycle life and
stable voltage profile for more than 1100 cycles at a current density of
2 mA cm~?2 and areal capacity of 3.3 mA h cm~2 with minimal amount
of the electrolyte solution sufficient for wetting of the separator in the
coin cells (50 pwL/cell). High performance of Li anodes we attribute

to the formation of stable and efficient SEI on the surface of the Li
metal electrodes cycled in the FEC-based electrolyte solution.

The surface chemistry developed on Li-metal and Si negative elec-
trodes in FEC based solutions was thoroughly explored by our group.
Fig. 4a presents the reduction reactions of FEC in the presence of
Li™ detected on lithiated Si anodes. According to XPS data oxygen
free carbon containing species are the main components of the surface
films which are formed on Si anodes in FEC-based electrolyte solution
and unsaturated polymer V is the most important component for the
effective passivation of Si anode surfaces.”!”> The formation of the
unsaturated polymer film on the surface of Si anodes prevents further
decomposition of the electrolyte solution and further formation of
carbonate surface species. A very similar XPS spectra measured from
Li metal anodes in symmetric Li|Li cells suggests that the reactions
presented in Fig. 4a take place on the surface of Li anodes as well.
The other components found on the surface of Li metal anodes are
polycarbonates and PEO-like polymers.®’

Another possible reaction path of FEC transformation on Si an-
odes presented in Fig. 4b relate to *CH,CHO and *CH,CFO radicals
that can abstract H from FEC, initiating chain reactions which lead
finally to the formation of oxygen free cross-linked polymers on the
electrodes’ surfaces.”>’* While most of the surface analytical work we



Journal of The Electrochemical Society, 166 (3) A5265-A5274 (2019)

carried out on FEC based solutions was with lithiated silicon anodes,
the conclusions seems to be relevant to Li metal anodes as well.

A depiction of polymer films developed on Si or Li metal anodes
from FEC-based solutions is shown in Fig. 4b. The reduction reactions
of FEC in the presence of Li* lead to the formation of polymeric
species (elastomeric components) and LiF clusters. The latter serve as
SEI components that allow free Li*t migration through these surface
films.

High energy density Li batteries based on high specific capacity
Ni-rich cathodes and Li metal anodes.—Due to effective passiva-
tion of the surface of anodes by the formation of thin elastic surface
films in FEC-based electrolyte solution we achieved an excellent cy-
cling performance of Li metal anodes in symmetric Li|Li cells with
commercial current density and areal capacity. It is very important,
however, to achieve stable long-term operation of full Li|cathode cells
with a practical level of energy density per unit area. The unique prop-
erties of FEC which forms effective protective SEI on both anodes (as
discussed above) and cathodes’7® make it an excellent component
in electrolyte solutions for Li batteries. We showed that FEC based
electrolyte solution significantly improves the cycling performance of
cathodes including 5V Li Nij sMn, 50O, spinel cathodes,”” high capac-
ity integrated xLi,MnOj - (1—x)LiNi,Mn,Co;_,_,0, cathodes’ and
even 5 V LiCoPOy, cathodes, which are very problematic.”»” In our
recent works we demonstrated a very stable cycling performance of
Li|[NCM 622 and Li| LiNiO, cells with practical loading of cathode
material and low amount of FEC-based electrolyte solution.*¢7-80

Galvanostatic cycling results obtained for Li| LiNiO, cells with
areal charge/discharge capacity of about 4 mAh cm~2 cycled in FEC-
based electrolyte solution are shown in Fig. 5a. A very stable cy-
cling of the cells with about 100% efficiency for 540 cycles was
observed at a current density of 1 mA cm~? (Figs. 5a, 5b red curves).
The cells demonstrated voltage profiles typical for LiNiO, cathodes
(Fig. 5¢). The black curves shown in Fig. 5a relate to the cells cycled
with different current densities and reflect a very good rate capabil-
ity of LiNiO, cathodes with high areal loading. The cells underwent
more than 700 cycles without pronounced capacity fading. A mod-
erate capacity fading observed up to about 150 cycles was followed
by stabilization with very low capacity loss per cycle. The blue curve
in Fig. 5a demonstrates cycling performance of Li|LiNiO, cells with
EC-based electrolyte solutions. It is seen that FEC-based solution sig-
nificantly outperforms EC-based solution. Obviously, FEC provides
more effective stabilization for both the cathodes and the anodes in
Li batteries due to the formation of more effective protective sur-
face films.®® The significantly higher Coulombic efficiency that was
measured for Li|Cu cells with FEC-based compared to EC-based
electrolyte solution supports this conclusion.®’ Typical Nyquist plots
measured with Li|LiNiO, cells before cycling and after 13 and 540
cycles are presented in Figure 5d. The decrease in the surface films
and charge-transfer related resistances of the cells reflected by the
impedance spectra due to cycling is obviously relates to the changes
in the morphology of the Li metal electrodes with increase in the
effective surface area of the Li anodes, since the LiNiO, cathodes do
not change pronouncedly during cycling.®”-8

SEM images of the pristine LiNiO, material are shown in
Figs. 6a, 6c, 6e and LiNiO, cathodes cycled in a Li|LiNiO, cell
for 540 cycles are presented in Figs. 6b, 6d, 6f. It is seen that LiNiO,
particles remained undamaged without any signs for micro-cracks for-
mation. We could not observe cathodes’ particles with visible damages
after prolonged cycling. Typical particles related to cycled cathodes
(Fig. 6f) are almost indistinguishable in their morphology from that of
the pristine LNO material (Fig. 6e). XRD patterns of cycled LiNiO,
cathodes presented in Fig. 6g did not reveal the formation of new
phases, as well as the ratio of the intensities of the peaks remained un-
changed. These observations confirm structural stability of the LNO
electrodes during prolonged cycling.

The scheme of the formation of surface films on the surface of
LiNiO, particles in EC and FEC based electrolyte solutions and de-

A5271

* Kapton film
80000 - g =—Pristine LNO electrode
. § == NO electrode after 540 cycles
m 60000 - 3 o
Z = g
‘» 40000
=
3
E 20000
0 \ . :
10 30 50 70
28

Figure 6. SEM images of pristine LiNiO, cathode (a, c, e) and LiNiO, cath-
ode cycled in Li| LiNiO; cell for 540 cycles (b, d, f) at different magnifications
and XRD patterns of pristine LiNiO; electrodes and LiNiO; electrodes in fully
lithiated state from Li|LiNiO, cell after 540 cycles with a current density of
1 mA ecm~2 in 1M LiPFg FEC/DMC electrolyte solution (g). Peaks marked
with asterisks relate to Kapton film. Reproduced with permission from Ref.
80. Copyright 2018, American Chemical Society.

velopment of cracks in the secondary LiNiO, particles during cycling
in EC-based electrolyte solutions is presented in Fig. 7a. It is remark-
able that with FEC-based electrolyte solutions, very stable cycling
behavior of LiNiO, cathodes was observed during cycling in a full
potential range of 2.8—4.3 V (Fig. 5), whereas in Ref. 48 (Fig. 7b) it
was shown that cycling LiNiO, cathodes with upper cutoff voltage
higher than 4.1 V led to capacity loss because of structural damage
due to H2 — H3 phase transition accompanied by micro-cracking.
Capacity fading of LiNiO; is associated with phase transformations
at high states-of-charge and surface instability.*>81:82 According to
Refs. 65,83-86 the formation and propagation of micro-cracks upon
cycling arises from the anisotropic lattice volume changes, which
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Figure 7. (a) Schematic presentation of the formation of surface films on the surface of LiNiO; particles in EC and FEC based electrolyte solutions and
development of cracks in the secondary LiNiO; particles cathode during cycling in EC-based electrolyte solution. (b) Cross-sectional SEM images of the initial
charge-ended LiNiO, cathodes and cycling performance of LiNiO; cathodes at different upper cutoff voltages, as indicated. (b) Reproduced with permission from

Ref. 48. Copyright 2017, American Chemical Society.

lead to grain separation and intensive reactions of the active mass
with components of the electrolyte solutions used in Li ion batteries.
Besides, it is known that chemical and electrochemical reactions of
the lithiated transition metal oxide cathode materials with compo-
nents of the standard electrolyte solutions used in Li batteries cause
degradation of the cathode surface.’”# Such surface reactions ac-
companied by electrolyte solution decomposition and gas generation
deteriorate the performance of Li batteries. The problem of gas evo-
Iution is especially important for Ni-rich materials, as the increase
of Ni content in the cathode increases also the amount of LiOH and
Li,CO; residues on the particles. LiOH reacts nucleophilically with
alkyl carbonates while Li,CO5; decomposes to form CO, gas.89 Due
to unavoidable strains and stresses developed in the particles during
repeated Li insertion/de-insertion cycling, micro-cracks are formed in
them. In the absence of effective passivation, electrolyte solution can
penetrate into the cathode particles through the micro-cracks formed
during cycling, reacting with a fresh cathode material, thereby expe-
diting the degradation of the cathode’s active mass.®*3+90-93 In Ref. 80
it was shown by XPS that the main components which are formed on
the surface of LNO cathodes after cycling in FEC-based electrolyte
solutions are LiF, as well as C- and O-containing substances, includ-
ing Li,COs, Li alkyl carbonates and polyethylene oxide (PEO)-like
polymer species. Thus, the choice of electrolyte solutions which in-
duce favorable surface chemistry is very important to attain stable
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cycling of cathodes comprising the very reactive LiNiO,. Obviously,
an excellent stability of high capacity stoichiometric LiNiO, cathodes
in FEC-based electrolyte solutions is achieved due to the formation
of effective protective surface films.

Another example of excellent cycling stability of Ni-rich cathodes
with practical loading in Li|NCM 622 cells with Li metal anodes in
FEC-based electrolyte solutions is shown in Fig. 8. The cells with
electrodes’ loading of 3.3 mA h g~! can undergo many hundreds of
stable cycles, demonstrating high rate capability. It is remarkable, that
Li|NCM 622 cells can be cycled at 1.5 mA cm~2 for more than 600 cy-
cles, whereas symmetric Li|Li cells demonstrate stable performance
for more than 1000 cycles even at higher areal capacity and current
density (Fig. 3a).**%” In a follow up work, EMC:FEC based elec-
trolyte solutions were also found to be very suitable for Li-NMC 622
and Li-LNO cells with practical loading (around 2 and 5 mAh/cm?
respectively).” That work is a further substantiation of the importance
of FEC as an excellent co-solvent for high energy density secondary
Li (metal) batteries, as we discovered in the work described herein.

According to spectroscopic studies of solutions from cycled cells
by NMR measurements,®’ cycling Li|NCM is accompanied by a much
faster consumption of FEC compared to the situation in symmetric
Li|Li cells. The performance of the full cells strongly depends on the
current density and the amount of the electrolyte solution in them.
We attribute this observation to the involvement of the products of
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Figure 8. (a) Galvanostatic cycling results obtained for LilNCM cells cycled with different current densities, as indicated, in FEC and EC based electrolyte
solutions and (b) voltage profile measured for Li]NMC cells cycled with a current density 1.5 mA/cm? in FEC based electrolyte solution. The amount of electrolyte
solution used was 33 wL/cm~2. Adopted with permission from Ref. 67. Copyright 2018, American Chemical Society.



Journal of The Electrochemical Society, 166 (3) A5265-A5274 (2019)

the oxidative decomposition of the electrolyte solution at the posi-
tive electrodes in detrimental side reactions on the Li anodes, which
worsen their passivation. These products are transferred further to the
anodes being reduced on the anodes to form solid and gaseous prod-
ucts, which were detected by XPS and FTIR. These side processes
lead both to a faster depletion of the electrolyte solution in the cycled
cells and to the growth of resistive surface films on the Li anodes,
resulting in kinetics problems. According to the XPS measurements,
the content of LiF in the surface films on Li anodes, which are formed
in Li|[NCM cells, is markedly higher than that formed in symmetric
Li|Li cells.

Even though full Li[NCM cells demonstrated a lower cycling sta-
bility than symmetric Li|Li cells, in Ref. 67. We unambiguously and
strongly substantiated conclusions about the unique properties of so-
lutions containing FEC as a co-solvent on the stability of all kinds of
rechargeable Li cells containing Li metal anodes. The most important
insight obtained from the studies reviewed herein relate to a better
understanding of the degradation and stabilization mechanisms of Ni
rich NCM cathodes. Extensive work was devoted to doping NCM
cathode materials as a mean for their stabilization, via mitigation
of strains, stresses and cracking.®®*>* A specially interesting exam-
ple is our recent studies on W doped LNO electrodes that revealed
a complex behavior of the doped cathode material. These electrodes
demonstrate a stable performance due to complicated bulk and surface
rearrangements.’’ In turn, our results show that much simpler means,
related to simple surface protection, can reach impressive stabilization
of these sensitive materials. Our results mean that high energy density
Li ion cells based on very high specific capacity LNO cathodes can
be fabricated, thus fulfilling the needs of high energy density batteries
for EV applications.

Abundance of metals and alternative cathodes for future needs
of electric vehicles, if the electro-mobility revolution will succeed.—
Since the massive use of batteries based on Ni rich NCM cathodes for
electro-mobility seems to be very realistic, it is important to discuss
the availability of nickel as a major component in them, taking into
account that recycling of used batteries will not meet the demands
of new batteries, if EVs will conquer the roads all over the world.
Although the authors of recently published works claim that according
to their calculations nickel has sufficient supply to meet the increase in
demand for Li batteries,”®® it can be clearly anticipate that a success
of the electro-mobility revolution will obviously lead to a shortage
of nickel. Hence, in order to promote long term use of EVs on the
roads we have to suggest batteries that use more abundant materials
than nickel. Manganese is much more abundant than nickel in earth
crust.'%%19" We can suggest LiMn, 0, (LMO) cathodes for EV batteries
when we will reach a shortage in nickel. Using LMO cathodes means
a compromise on energy density (Fig. 1b) but a pronounced gain in
rate capability, better low temperature performance, cost and high
round energy efficiency per cycle. In turn, the use of LMO cathodes
in Li ions batteries introduces a severe durability problem due to
the well-known issue of Mn ions dissolution from the cathodes into
the electrolyte solutions. The presence of Mn ions in solutions in
Li ion batteries is very detrimental for the passivation of the graphite
anodes and hence for the stability of the cells during prolonged cycles.
However, for this problem we developed a solution based on the use
of relatively cheap and easy to prepare functional separators which
trap Mn ions during the critical stage in which the passivation of the
graphite anodes is built-up, during the first cycles of the cells.%02103
These developments can facilitate the use of LMO based Li ion cells
for applications that require prolonged cycle-life.

Conclusions

This review article summarizes previous work related to symmet-
ric Li|Li cells, and containing Li anodes and Ni rich NCM cathodes.
The fact that electrolyte solutions containing FEC as a co-solvent
passivates very well both Li metal anodes and Ni rich NCM cath-
odes enabled to test at practical rates Li-LNO and Li-NCM 622 cells
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comprising electrodes with practical loading (3.3—4 mAh/cm?) during
very prolonged cycling experiments. Usually, LiNiO, cathodes cycled
with an upper potential limit up to 4.3 V vs. Li, suffers from pro-
nounced capacity fading. We understand now the major mechanism:
stresses related to the phase transitions that these cathodes undergo
upon delithiation/lithiation cycles (up to 4.3 V) forms cracks that ex-
pose active LiyNiO, area to solution species. The surface reactions
within the cracks promote further propagation and intensification of
cracking and detrimental side reactions which decompose the particles
of the active mass.

This destruction mechanism can be mitigated by doping LNO with
foreign multivalent cations such as W3+.%7 Our studies show that using
electrolyte solutions containing FEC which anodic reactions cover the
LNO particles by protective surface films, which remarkably mitigate
capacity fading. Such surface films avoid contact between the active
mass and solutions species. Hence, even if some cracking occurs
during initial cycling, the cracks thus formed do not propagate further
if the active mass is effectively isolated from the solution species by
flexible SEI type surface films.
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