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ABSTRACT: Lithium-rich layered oxides (LRLOs) are opening unexplored frontiers
for high-capacity/high-voltage positive electrodes in Li-ion batteries (LIBs) to meet the
challenges of green and safe transportation as well as cheap and sustainable stationary
energy storage from renewable sources. LRLOs exploit the extra lithiation provided by
the Li1.2TM0.8O2 stoichiometries (TM = a blend of transition metals with a moderate
cobalt content) achievable by a layered structure to disclose specific capacities beyond
200−250 mA h g−1 and working potentials in the 3.4−3.8 V range versus Li. Here, we
demonstrate an innovative paradigm to extend the LRLO concept. We have balanced
the substitution of cobalt in the transition-metal layer of the lattice with aluminum and
lithium, pushing the composition of LRLO to unexplored stoichiometries, that is,
Li1.2+x(Mn,Ni,Co,Al)0.8−xO2−δ. The fine tuning of the composition of the metal blend
results in an optimized layered material, that is, Li1.28Mn0.54Ni0.13Co0.02Al0.03O2−δ, with
outstanding electrochemical performance in full LIBs, improved environmental
benignity, and reduced manufacturing costs compared to the state-of-the-art.
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■ INTRODUCTION

In the last decades, a wide variety of new electrode materials
have been developed and demonstrated for innovative lithium-
ion battery (LIB) formulations to push performance beyond
the state-of-the-art.1,2 Indeed, the massive change in the
societal needs from the beginning of the century to present is
leading to a remarkable energetic demand increase, beyond
short-term fluctuations, calling for more efficient, cheap, and
more sustainable energy storage technologies such as
batteries.3 High-capacity positive electrode materials are the
key component to increase the energy and power densities of
any future LIB formulation.
Lithium-rich layered oxides (LRLOs) are a well-known wide

family of mixed metal oxides with general formula
Li1+xM1−xO2, where M is a blend of transition metals, typically
containing manganese and cobalt. These materials can supply
capacities in the order of 200−250 mA h g−1 and operating
potentials in the range 3.4−3.8 V versus Li, overcoming
conventional layered oxide cathode materials.4−6 The peculiar
crystal structure of LRLOs, made up of a coexistence of two
lattices partially sharing crystal symmetries [i.e., the α-NaFeO2
rhombohedral (hR12) and the Li2MnO3 monoclinic (mC24)
lattices],7−9 allows for a redox activity originated by oxidation/
reduction of transition-metal ions and above 4.2 V by the
partially reversible O2

2−/O2
4− couple on the anion sub-

lattices.10,11 This last lithium exchange mechanism leads, on
charge, to irreversible molecular oxygen release at high

potentials.12 Therefore, the accumulation of oxygen vacancies
and subsequent rearrangements on the cation sublattice
promote lattice distortions upon cycling resulting in the long
term to wide structural transition into a spinel lattice.13,14

These structural changes lead to a monotonic mean redox
potential decay and capacity fading.15,16 Nevertheless, the
search of innovative LRLO with tailored transition-metal
blends and doping is rushing,17,18 aimed at reducing the cobalt
content of this class of materials but, at the same time,
ameliorating performances. Cobalt reduction has been
identified by EU and DOE19,20 as a major driver to improve
the environmental benignity of batteries and the sustainability
of the overall production−consumption−recycling lifecycle.
Furthermore, cobalt is a strategic commodity traded with rising
prices on the international markets, and therefore, its
minimization in a battery formulation substantially leads to
the reduction of energy storage costs, in terms of $ kW h−1

.21−23

The most, widely explored, chemical strategy to mitigate the
voltage decay and structural degradation in LRLO is the
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optimization of the transition-metal blend.4,5 Incorporation of
redox inactive metals, such as Al, Zr, and Ti, has been
proposed in order to stabilize the lattice24−26 as well as the
partial replacement of lithium ions with other alkali cations, for
example, K and Na,27 or doping on the oxygen anion
sublattice.28 As an example, Nayak et al.24 demonstrated that
Al has both bulk and surface effects which improve the
cyclability and reduce the drawbacks of LRLOs. Al doping on
LRLOs results in a decrease of specific capacity but increases
the stability upon cycling.
In this work, we demonstrate experimentally a strategy to

extend the concept of LRLO to unexplored stoichiometries,
landing to an optimized sample with stoichiometry
Li1.28Mn0.54Ni0.13Co0.02Al0.03O2−δ. Our general strategy com-
bines the simultaneous replacement of Co3+ centers in the
layered structure with balanced amounts of Al3+ and Li+,
exceeding for the last one, the common 1.2 stoichiometry
coefficient, and inducing vacancies in the oxygen sublattice.
Generally speaking, we demonstrate a new class of over-

l i t h i a t e d ma t e r i a l s , w i t h a g e n e r a l f o rmu l a
Li1.2+x(Mn,Ni,Co,Al)0.8−xO2−δ, recently patented by us.29 This
new class of materials combines the improved environmental
benignity provided by the Co substitution with stabilized and
enhanced electrochemical performance compared to stoichio-
metric nickel manganese cobalt or state-of-the-art LRLO.30−32

The complete series of the explored stoichiometries is reported
in Supporting Information, Table S1. Among all the newly
synthesized materials, we demonstrate the outstanding electro-
chemical properties in Li-ion batteries of the optimized sample
with stoichiometry Li1.28Mn0.54Ni0.13Co0.02Al0.03O2 (OM)
compared to the wel l -known LRLO benchmark
Li1.2Mn0.54Ni0.13Co0.13O2−δ

30,33 (BM).

■ EXPERIMENTAL METHODS
S y n t h e s i s o f t h e O v e r - L i t h i a t e d L R L O

Li1.2+xMn0.54Ni0.13Co0.13−x−yAlyO2−δ. The preparation of
Li1.2+xMn0.54Ni0.13Co0.13−x−yAlyO2−δ was performed by the sol−gel
method. Basically, stoichiometric amounts of lithium acetate
[LiCH3COO·2H2O, Sigma-Aldrich], manganese acetate [Mn-
(CH3COO)2·4H2O, Sigma-Aldrich, 99.99% trace metals basis], nickel
acetate [Ni(CH3COO)2·4H2O, Sigma-Aldrich, 99.995% trace metals
basis], cobalt acetate [Co(CH3COO)2·4H2O, Alfa Aesar, 99.999%
trace metals basis], and aluminum acetate [(HO)2Al(CH3COO),
Sigma-Aldrich] were dissolved in ultrapure water. 5 wt % excess of
lithium acetate was included in the synthesis to compensate the
lithium loss during the high heating process. An aqueous solution of
oxalic acid [C2H2O4 (Sigma-Aldrich)], acting as a chelating agent, was
added to the metal-acetate solution to have a chelating agent/metal
molar ratio of 1.5/1 and left under stirring. The pH in the mixture was
maintained at 8 by the addition of ammonia solution [NH4OH,
Sigma-Aldrich] dropwise. Then, the solution was dried slowly by
heating at 80 °C and continuously stirred until a viscous mass was
obtained. The as-obtained gel was finally completely dried at 200 °C
under vacuum. This double-drying procedure was applied to control
the particle morphology and size distribution as highlighted by Song
and coworkers.34 To obtain the final product, two thermal treatments
have been carried out in a muffle furnace in air. The resultant powder,
finely milled, was preheated in the furnace at 450 °C for 2 h at an
ambient atmosphere. The product was recovered from the furnace,
milled using a mortar and pestle, and reheated 12 h at 900 °C at an
ambient atmosphere.
Material Characterization. Synchrotron diffraction patterns were

collected at ELETTRA MCX beamline using a wavelength of 1.2 Å
(10 keV) in the range between 10° ≤ 2θ ≤ 90°. Diffractograms were
analyzed using Rietveld Refinement program GSAS-II.35 The
elemental analysis was carried out by inductively coupled plasma

optical emission spectrometry (ICP−OES), with an iCAP 7600 DUO
Thermo Fisher Scientific. The morphology and composition of the
materials were investigated by JEOL JSM-7500FA scanning electron
microscopy (SEM), with a cold-field emission gun, equipped with an
energy-dispersive X-ray (EDX) spectroscopy system based on an
Oxford X-Max silicon-drift detector (80 mm2 active area). High-
resolution transmission electron microscopy (HR-TEM) and high-
angle annular dark-field scanning TEM imaging were carried out using
JEOL JEM-2200FS TEM (Schottky emitter), operated at 200 kV,
equipped with a CEOS corrector for the objective lens and an in-
column image filter (Ω-type). Each sample powder was ground using
an agate mortar and pestle and sonicated in toluene, and the
supernatant was collected and drop-cast onto a holey-carbon-coated
Cu grid. X-ray absorption spectra at the Mn and Ni K-edges were
measured in the transmission mode at the X-ray absorption fine-
structure (XAFS) beamline of the ELETTRA synchrotron radiation
facility. A Si(111) double-crystal monochromator with an energy
resolution of 0.8 eV at 7 keV was used. The intensity of the
monochromatic X-ray beam was measured using three consecutive
ionization chambers (Oxford) filled with suitable gas mixtures.
Pelletized samples using polyethylene as a dispersing agent were
placed in an evacuated sample chamber: the homogeneity of pellets
has been checked before running the experiment. Reference spectra
on Mn2O3 (Sigma-Aldrich, 99%), MnO2 (Sigma-Aldrich, 99%), NiO
(Sigma-Aldrich, 99%), and LiNiO2 [synthesized from a stoichiometric
mixture of Li2O and NiO at 700 °C for 12 h in air and checked by X-
ray diffraction (XRD)] have been recorded as well under the same
experimental conditions. X-ray absorption near-edge spectroscopy
(XANES) spectra have been analyzed and fitted using Athena XAS
data processing software. X-ray absorption spectra at the Mn, Ni, and
Co L-edges have been measured at the advanced photoelectric effect
high-energy (APE-HE) beamline at the ELETTRA synchrotron
radiation source. The XANES spectra have been acquired using the
total electron yield detection mode, allowing a probing depth of ∼5
nm. The energy resolution of these spectra is about 0.1 eV. The OM
and BM samples, in the form of powders, have been glued on the
sample holder using conductive silver paste and then loaded on the
manipulator of the APE-HE chamber (under UHV conditions). The
sample was oriented at 45° with respect to the incident beam, probing
an area of ∼150 μm2. X-ray photoemission spectra of OM and BM
were recorded exploiting a conventional nonmonochromatized X-ray
source (Mg Kα = 1254 eV) with a hemispherical electron energy
analyzer in a dedicated chamber of the NFFA UHV MBE-cluster
system. Also, in this case, the powders have been glued on the sample
holder using a conductive silver paste. The samples have been
positioned at 45° with respect to the incident beam, probing an area
of ∼1 mm2 and a depth of ∼1 nm. The Mn 2p spectra have been
acquired using a pass energy of 50 and a dwell time of 2000 ms; they
have been aligned using the Au VB spectra of a reference Au foil
positioned just above the sample. Raman spectroscopy was carried out
using a Dilor Labram instrument equipped with a He−Ne laser source
at 632.7 nm and a CCD cooled detector. Si was used as the calibrating
standard for the energy scale.

Electrochemical Characterization. The positive electrode films
were prepared from the active material, a conductive Super P carbon
and polyvinylidene fluoride as a binder, in a weight ratio of 80:10:10.
The powders are initially mixed, and then, 1-methyl-2-pyrrolidinone is
added dropwise to form a slurry. The obtained slurry is casted onto an
aluminum current collector using a doctor blade and cut into
electrodes of 10 mm diameter. Finally, the electrodes were dried at
110 °C overnight. The as-prepared electrodes were assembled in Coin
cells 2032 in an argon-filled dry glovebox, facing the as-prepared
electrodes with metallic lithium disks (Sigma-Aldrich). A Whatman
GF/D embedded with the LP30 electrolyte [1 M lithium
hexafluorophosphate in ethylene carbonate/dimethyl carbonate (1:1
vol %), Solvionic] is used as the separator of the two electrodes. A
Biologic BCS-805 battery cycler has been used for electrochemical
tests. A charge/discharge activation procedure of cathode materials
has been done, consisting of two cycles at 37.7 mA g−1, two cycles at
75.4 mA g−1, and two cycles at 377 mA g−1. Electrochemical tests of
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both materials have been carried out at 37.7 mA g−1 in the voltage
range of 2−4.8 V (C-rate = C/5). Rate capability tests were
performed by changing the current density from 37.7 up to 754 mA
g−1 and then returning to 37.7 mA g−1.
Cyclic voltammetries at different scan rates have been performed

on lithium cells with the use of a Biologic VMP-3 potentiostat.
Finally, complete lithium-ion cells were assembled using graphite

(PI-KEM) as the negative electrode and tested using a MACCOR
S4300 system in a voltage range from 2.2 to 4.7 V using a current
density of 230 mA g−1for 300 cycles. The balance between the anode
and cathode has been maintained considering the full initial capacity
of graphite, and the cathode/anode mass ratio has been set at 1.75.

■ RESULTS AND DISCUSSION

Over-Lithiated Li1.28Mn0.54Ni0.13Co0.02Al0.03O2−δ (OM).
Li1.28Mn0.54Ni0.13Co0.02Al0.03O2−δ (OM) is an over-lithiated Li-
rich layered metal oxide, in which the content of cobalt has
been highly reduced by codoping with lithium and aluminum.
One cannot exclude the possible occurrence of oxygen
vacancies in the final lattice (represented by δ in the
stoichiometric formula), due to electroneutrality constraints,
while replacing Co3+ ions in the BM with Li+ and Al3+ ions (see
below for more details).
Following our approach, a series of materials have been

synthesized starting from the parent Li1.2Mn0.54Ni0.13Co0.13O2
(BM) material to identify the optimal Li/Al/Co ratio and
landing to the proposed optimized stoichiometry. All
compositions have been checked by ICP−OES (see Support-
ing Information, Table S2) confirming the expected
stoichiometries. The complete list of samples is presented in
the Supporting Information (Table S1) where the physical−
chemical characterization of all the over-lithiated materials is
also discussed in the application note 1.
Focusing on the optimized material, the structural and

morphological comparison of OM and BM is presented in
Figure 1 where synchrotron radiation XRD patterns, SEM, and

HRTEM micrographs, as well as fast-Fourier transform (FFT)-
reconstructed electron diffraction patterns, are shown.
From the morphological point of view, both BM and OM

consist of agglomerates of submicron particles being the size of
the OM particles around 400 nm, slightly larger compared to
that of sample BM (see also Figure S4 in the Supporting
Information). EDX spectroscopy maps shown in Figures S5
and S6 (Supporting Information) confirm that all elements are
uniformly distributed without the evidence of phase
segregation at the microscale.
Turning to the structure, synchrotron XRD patterns are

similar for both BM and OM and prove the formation of a
layered phase with coexisting hR12/mC24 structures. In fact,
for both BM and OM, the diffraction patterns can be indexed
by an hR12 lattice apart few extra peaks between 2θ of 16−25°
(inset in Figure 1a,b). These weak and broad extra peaks are
clues of the underlying monoclinic unit cell (mC24
lattice).35−37 Also, the HRTEM analysis confirms the same
monoclinic local crystal structures of the samples OM and BM
(see Figure 1e−h): for both samples, the electron diffraction
patterns reconstructed by FFTs are indexed by the mC24
structure. Thus, cobalt substitution, aluminum doping, and
over-lithiation do not alter the complexity of the structural
identity of this material, where disordered mC24 unit cells
almost randomly packed along the c-axis distort the long-range
symmetry to a hR12 lattice. A discussion of the structural
features of this complex lattice is summarized in the application
note 2 in the Supporting Information.
Deeper insights about the structure of OM can be drawn by

Rietveld refinements of synchrotron diffraction patterns (see
the application note 2, Figures S7a,b and Tables S3−S4 in the
Supporting Information). As expected, satisfactory refinement
convergences can be obtained only assuming the hR12
structure, reaching the refinement assuming the mC24 one
values of wR (%) above 9.6%.

Figure 1. Structure and morphology of doped and pristine materials. (a,b) Synchrotron diffraction patterns, (c,d) SEM images, (e,f) HRTEM
images of selected fragments, suspended on holes in the carbon film, and the (g,h) corresponding FFT patterns of samples OM and BM,
respectively. The FFTs are indexed based on the mC24 structure (ICSD 202639).
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Overall, the structure of OM compared to that of BM is
almost unchanged, being the trigonal unit cell only marginally
expanded (+0.1%) compared to BM: this small increase
originates by a slight expansion of the lattice along the c-axis.
The atomic occupancy disorder (antisite defect concentration)
is also unaltered from BM to OM, whereas the oxygen
occupancy decreases below unity in the OM material. This last
change matches the charge unbalance originated by the
replacement of Co3+ with Li+ and Al3+ (pseudo n-doping),
thus confirming extended oxygen vacancies (i.e., estimated
OM stoichiometry from XRD: Li1.28M0.72O2−δ, δ = 0.06, where
M is the metal blend in the transition-metal layer).
The occurrence of oxygen vacancies induced by the pseudo

n-doping impacts on the electronic structure of the OM
compared to that of the BM as outlined by XANES at the K
and L2,3-edges for Mn, Ni, and Co and X-ray photoemission
spectroscopy in the Mn 2p region (see application note 3 and
Figures S8−S10). L- and K-edges show that the surface
composition is similar to the bulk one apart from minor
electronic disorder from both materials. Quantitative analysis
of the Ni and Mn K-pre-edges demonstrated the occurrence of
a minor Jahn−Teller (JT) electronic disorder originated by the
simultaneous charge transfer from the Ni2+ center to Mn4+ in
both BM and OM. The formation of JT distortions leads to the
formation of a small amount of Ni3+ and Mn3+ (∼6 and ∼11%
of the Ni centers and ∼5 and ∼14% of the Mn ions for the BM
and OM samples, respectively). One may notice that
overlithiation and Co substitution in the OM material led to
an increase of the JT defects compared to those of the BM one
and to an increase in the net oxidation state of the nickel
centers from +2.12 to +2.23 to mitigate the n-doping.

Starting from the ICP compositions and the XAS
experimental charges on Ni and Mn in both OM and BM, it
is possible to estimate the concentration of the oxygen
vacancies, assuming the electroneutrality constraints and the
Co3+ Al3+ Li+ oxidation states. Our estimates confirm the
presence of vacancies on the oxygen anion sublattices only in
the OM sample [i.e., δ = 0.1 assuming the general
stoichiometry Li1.28TM0.72O2−δ (OM)]. This defect concen-
tration is in quantitative agreement with the XRD Rietveld
results.
Once established, the impact of the alteration of the metal

blend induced by overlithiation, that is, formation of extended
oxygen vacancies and increase of JT distortions by minor
oxidation of the Ni2+to Ni3+, it is possible to reconsider the
apparent negligible structural changes of the lattice passing
from BM to OM. By assuming the Shannon atomic radii for
O2− (1.40 Å), Mn3+ (0.58 Å), Mn4+ (0.53 Å), Ni2+ (0.69 Å),
Ni3+ (0.56 Å), Co3+ (0.55 Å), Li+ (0.76 Å), and Al3+ (0.54
Å)38,39 and considering the volume of the unit cell derived by
Rietveld refinement, it is possible to estimate the correspond-
ing fraction filled by atoms in the transition-metal layer (2.8
and 3.0% for the BM and OM materials, respectively) as well
as lithium ions in the Li layer (5.5% for both materials), oxygen
anions in the O layers (68.7 and 66.5% for the BM and OM
materials, respectively), or unoccupied (structural voids, 23.1
and 25.0% for the BM and OM materials, respectively).
Overall, the minor structural change (+0.1% in the cell volume
passing from BM to OM) balances opposite structural
alterations: (i) the larger steric hindrance of the transition-
metal layer and the formation of oxygen vacancies that (ii)

Figure 2. Comparison of electrochemical performance in lithium half-cells of OM and BM. Cells have been assembled according to the following
galvanic chain: (−) Li/EC/DMC 1:1 vol LiPF6 1 mol/L/LRLO (+) and tested in galvanostatic regimes at C/10 (37.7 mA g−1) in the 4.8−2.0 V vs
Li range. (a) Potential profile of the first cycle of the galvanostatic cycling at C/10; (b) evolution of the potential profiles of the BM upon cycling;
(c) evolution of the potential profiles of the OM upon cycling; (d) evolution of the capacity retention in discharge upon cycling calculated by
dividing the discharge capacity at cycle N by the capacity recoded in the first electrochemical discharge of the cell; (e) comparison of the
Coulombic efficiencies in lithium half-cells of BM and OM electrodes; and (f) comparison of the mean discharge potential upon cycling for the BM
and OM electrodes.
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shrinks the volume occupied by the anion sublattice and (iii)
enlarge the empty voids in the lattice.
Electrochemical Performance in Lithium Half-Cells.

The electrochemical performance of OM has been evaluated
by galvanostatic charge/discharge cycling in lithium half-cells
in comparison to that of BM, as shown in Figure 2.
Figure 2a reports the first charge/discharge profile obtained

in the galvanostatic mode at C/10 between 2 and 4.8 V for the
two samples. On passing, we underline that the used
electrolyte, that is, LiPF6 1 M in EC/DMC, is electrochemi-
cally stable in this voltage range, being the onset of the
carbonate oxidation at 4.9−5 V versus Li.40 Upon charging, it
is possible to distinguish two electrochemical processes: a first
slope around 3.8 V, followed by a long plateau at 4.5 V. The
first slope accounts for the oxidation of Co3+/Co4+ and Ni2+/
Ni4+; while the process above 3.8 V is due to the oxidation of
oxygen ions to peroxide.41 It is important to recall that along
the 4.5 V plateau in the first charge, the oxygen peroxides
partially disproportionate to release molecular oxygen, thus
forming vacancies.42,43 Compared to the benchmark, OM
exhibits relevant differences. Overall, OM is still able to
exchange 264 mA h g−1 at the end of first charge to be
compared to 363 mA h g−1 for BM. Furthermore, the first
electrochemical oxidation of the OM occurs at slightly higher
potentials than that of BM (around 4 V) and a remarkable
shortening to the plateau at 4.5 V is observed. This
phenomenon is an expected consequence of the removal of
the redox active cobalt ions with redox inactive Li+ and Al3+.
Going beyond the first charge, the differences in the

potential profiles between BM and OM are minor. In fact, in
the first discharge and in all the following cycles, the potential
curves proceed through a long slope in line with similar LRLO
materials.5,10,12 The first discharge specific capacities are 271
and 214 mA h g−1, respectively, for BM and OM. The
reduction in the discharge capacity recorded for the OM
compared to that for the BM is counterbalanced by the
remarkable improvement in Coulombic efficiency of the first
cycle (i.e., 75% for BM and 81% for OM). Furthermore, the
OM shows, as reported in Figure 2b,c, increasing discharge
capacities upon cycling, whereas the BM material undergoes to
the expected fading trend.5,10,12

The discharge capacity retention plot in Figure 2d confirms
the superior cell performance of the OM compared to that of
the BM for 200 cycles at the nominal current rate C/10
(corresponding to an effective rate of ∼C/5). In fact, the OM
keeps an almost constant specific capacity value of about 200
mA h g−1 from cycle 50 to cycle 200, while the BM fades from
250 to 219 mA h g−1. With respect to the first charge capacity,
the OM material shows an outstanding +44% increase in the
capacity retention at cycle 200 with respect to BM. Further
improvements can be highlighted in the cell performance of
the OM compared to that of the BM: (a) an increase of the
Coulombic efficiency (Figure 2e); (b) an increase of the mean
discharge potential (Figure 2f) at cycle 200 is 3.16 V to be
compared to 3.1 V vs Li for the BM material; (c) remarkable
reduction of the potential hysteresis between charge and
discharge (Figure 2f), that is, 0.7 V at cycle 200 to be
compared to 0.93 V for BM; and (d) massive reduction of the
cumulative irreversible capacity suffered upon cycling that is
reduced by −38% at cycle 200 compared to BM (see
Supporting Information, Figure S11).
Overall, the OM, despite the slight reduction in the specific

capacity compared to the BM (−5% at cycle 200), shows

superior capacity retention, smaller irreversible capacity, and
improved energetic efficiency (i.e., 82 vs 76% at cycle 200 for
Om and BM, respectively).
The CVs at different scan rates can be used to estimate the

lithium diffusion coefficient in the Li insertion process,
according to the Randles−Sevcik equation.44 The equation
predicts the dependence of the value of the peak current on the
square root of the scan rate to be linear. For both materials,
Figure S12 shows the CVs at different scan rates and the
corresponding linear fit of the peak current around 4 V
(charge) against the square root of increasing scan rates. The
DLi

+ value of OM is half in comparison to that of BM, revealing
only a slight decrease with respect to the large reduction of
cobalt.
Turning to the rate performance (see Supporting

Information, Figure S13a), the OM shows comparable power
performance with respect to BM, despite the 6.5 times smaller
cobalt content. The specific capacity of OM reaches around
120 mA h g−1 at a current of 754 mA g−1 and, furthermore,
when the current decreases again to the initial value, capacity
rises to the initial values of more than 200 mA h g−1.
Moreover, OM can sustain high current better than BM;
indeed, it maintains 58% of the initial capacity when the
current reaches 754 mA g−1, while BM only maintains 55.7%.
Moreover, we calculated the power density at different Crate
values (Figure S13b); in fact, the power density is another
important parameter to take into account for the practical
application. OM shows a comparable power density with
respect to BM at low current density and a slight improvement
at high current density. Despite the low content of cobalt, the
power density is also very promising.
Among all beneficial effects in the cell performance provided

by the substitution of Co with an optimized blend of Li/Al, the
most relevant one is the strong mitigation of the voltage decay
upon cycling shown in Figure 2b,c for the OM and BM,
respectively. LRLOs suffer a remarkable voltage decay upon
cycling due to the irreversible release of molecular oxygen, the
accumulation of oxygen vacancies, and the resulting structural
transformation from a layered to a spinel-like structure.13,45−47

The oxygen loss suffered during the first charge plateau at 4.5
V plays a crucial role in voltage fade48 as it impacts the redox
active couple at high voltage O2−/O− and the lattice stability.49

Therefore, the remarkable limitation of the voltage plateau in
the OM compared to that in the BM is an electrochemical
fingerprint of an improved balance between native vacancies
and lattice stability, likely leading to the reduction of the
voltage decay. To prove this point, the structural stability of
OM has been evaluated postmortem XRD and Raman spectra
of OM after 100 galvanostatic cycles at C/10, as shown in
Supporting Information, Figure S14. The diffractogram, in
comparison with the pristine one, highlights only a slight loss
of crystallinity and cell volume expansion of the original hR12
lattice without any trace of extra peaks due to the spinel
formation or other complex phase segregation (Figure S14a).
Regarding the Raman analysis, the spectra of pristine LRLOs
consist of two active modes connected to the hR12 lattice (600
and 485 cm−1) and six modes to the mC24 structure (605,
552, 432, 411, 364, and 328 cm−1).49,50 From the postmortem
Raman spectra (Figure S14b), the most intense peaks around
600 and 485 cm−1 are still visible and intense for OM samples
with a shoulder slightly shifted in the region of the spinel-like
structure. On the other hand, in the BM sample, it possibly
identifies only a broader peak around 620 cm−1. Instead, for
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both materials, the peaks associated with the mC24 structure
disappear. The spectrum of OM confirms that the layered
structure is still maintained. The results are in accordance with
the postmortem XRD; the superstructure peaks are not even
visible in the patterns and the layered structure is more defined
in OM.
Finally, postmortem BM and OM samples have also been

characterized by soft X-ray near-edge XAFS (NEXAFS)
spectroscopy to evaluate changes in the valence of transition
metals after the prolonged galvanostatic cycling test. In
particular, Mn L2,3, Ni L2,3 and Co L2,3 edges have been
acquired and the results are shown in Figure S15.
Looking at the upper panel of Figure S15a, one can observe

a substantial modification of the chemical environment of the
Mn sites, especially for the OM sample. In detail, after cycling,
a new feature appears at ≈639 eV, labeled as structure A in
Figure S15a. From the comparison with the reference spectra
of MnO2, Mn2O3, and MnO, this new feature can be attributed
to a Mn2+ oxidation state. Also, for what concerns the OM
sample, the modifications are more pronounced, indeed the
spectral shape is completely modified after cycling. From the
comparison with the reference spectra, we also detected the
presence of Mn3+ and Mn4+, indicating that different reduction
processes occurred during the charge/discharge cycles.
Looking at the NiL2,3 spectra of Figure S15b, in this case, for

the BM sample, no substantial spectral change has been
detected with respect to the spectrum acquired on the pristine
sample (Figure S10), indicating that a Ni2+ oxidation state is
maintained in the postmortem sample. While in the case of the
OM sample, some spectral modifications have been observed,
in particular a decrease in the ratio between the intensities of

structures E and F, parallel to the increase of the L2 edge
features (located at ≈870 eV). From the comparison of the
spectrum with the reference spectra in the bottom part of the
figure, this spectral modification could be attributed to a Ni2+

→ Ni3+ partial oxidation. Also, in this case, for OM, the
modifications are more pronounced with respect to the BM
sample.
Finally, Co L2,3 NEXAFS spectra of Figure S15c show one

more time that the BM sample maintains its electronic
structure after 100 cycles (Figure S10c), giving rise to the
spectrum with a shape typical of Co3+. For the OM sample, a
new feature appears at ≈777.5 eV (peak G), characteristic of a
Co2+ oxidation state; this result indicates a Co3+ → Co2+

reduction consequent to the charge/discharge process.
Demonstration in a Full Li-Ion Prototype. Once

established the superior performance of the optimized over-
lithiated LRLO (OM) compared to the benchmark BM, we
demonstrate its use as positive electrode in a full Li-ion
formulation versus graphite to prove the performance of a full
battery prototype. Battery performances are shown in Figure 3,
whereas the electrochemical characterization of graphite
lithium half-cells is reported in the Supporting Information
(Figure S16). Before assembling the full battery, the electrode
materials were activated in the lithium half-cell to stabilize the
performances. The positive materials undergo the activation
procedure described in the Experimental Methods section,
while the negative material was cycled between 0.01 and 2 V.
The full LIB shows promising and stable performance upon

cycling, reaching a specific discharge capacity of 150 mA h g−1,
based on the mass of the positive material, and using a current
density of 230 mA g−1 (1 C). The capacity retention after 300

Figure 3. Full cell electrochemical test. Cells have been assembled according to the following galvanic chain: (−) graphite/EC/DMC 1:1 vol LiPF6
1 mol/L/LRLO (+) and tested in galvanostatic regimes at 1 C (230 mA g−1) in the 4.7−2.2 V range. (a) Sketch of used full LIB. (b) Specific
capacity vs cycle number plot; (c) voltage profile of selected cycles; and the (d) corresponding specific energy vs cycle. The specific capacity has
been calculated with respect to the cathode mass.
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cycles is 80.4% (Figure 3b). The voltage profile shows a
featureless slope in charge and discharge with irreversible
capacity losses limited to the first cycle being the Coulombic
efficiency >99.5% from cycles 2−300. A remarkable constant
specific energy is obtained reaching about 200 W h kg−1 at 1 C,
calculated with respect to the sum of both electrode masses,
with a stable energy efficiency approaching 80%. Additionally,
the promising energy values and the energy retention are in
line with previous results concerning LRLO materials, despite
the low content of cobalt.51−54

■ CONCLUSIONS

Herein, we propose and discuss a strategy to reduce the
content of cobalt of a typical Li-rich material (i.e.,
Li1.2Mn0.54Ni0.13Co0.13O2) by codoping with lithium and
aluminum, opening the door to overlithiation beyond the 1.2
stoichiometry paradigm. Through a rational balancing of
aluminum and lithium content with respect to cobalt, we
obtained an optimized material with the formula
Li1.28Mn0.54Ni0.13Co0.02Al0.03O2. Using synchrotron radiation
diffraction experiments, we proved that the layered structure of
Li-rich materials is maintained after the replacement with
aluminum and lithium. The small alteration of the lattice
results from the balancing of concurrent effects, namely, a
larger steric hindrance of the transition-metal layer and the
formation of oxygen vacancies. Despite a slight decrease of the
specific capacity, the performance of OM in lithium half-cells is
remarkably improved, thanks to the reduction of the
irreversible capacity accumulation, improvement of the
capacity retention, increase of the mean discharge potential,
and limitation of the potential hysteresis between charge and
discharge. In particular, a remarkable improvement in the
voltage decay is observed originated by the excellent structural
stability of OM upon cycling. As a final point, the
implementation of OM in a full LIB has been demonstrated
with excellent performance at high current rates.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaem.1c03396.

Additional experimental details including XRD pattern
refinement, ICP−OES results, SEM−EDS micrographs,
X-ray spectroscopies, rate capability test, and post-
mortem analysis (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Sergio Brutti − Dipartimento di Chimica, Universita ̀ di Roma
La Sapienza, 00185 Roma, Italy; GISELCentro di
Riferimento Nazionale per i Sistemi di Accumulo
Elettrochimico di Energia, INSTM, 50121 Firenze, Italy;
ISC-CNR OUS Sapienza, 00185 Roma, Italy; orcid.org/
0000-0001-8853-9710; Email: sergio.brutti@uniroma.it

Authors
Arcangelo Celeste − Dipartimento di Chimica e Chimica
Industriale, Universita ̀ degli Studi di Genova, 16146 Genova,
Italy; Graphene Labs, Istituto Italiano di Tecnologia, 16163
Genova, Italy; orcid.org/0000-0002-3421-2322

Rosaria Brescia − Electron Microscopy Facility, Istituto
Italiano di Tecnologia, 16163 Genova, Italy; orcid.org/
0000-0003-0607-0627

Giorgia Greco − Dipartimento di Chimica, Universita ̀ di
Roma La Sapienza, 00185 Roma, Italy

Piero Torelli − Laboratorio TASC, Istituto Officina dei
Materiali (IOM)−CNR, I-34149 Trieste, Italy

Silvia Mauri − Laboratorio TASC, Istituto Officina dei
Materiali (IOM)−CNR, I-34149 Trieste, Italy;
Dipartimento di Fisica, University of Trieste, 34127 Trieste,
Italy

Laura Silvestri − Dipartimento di Tecnologie Energetiche e
Fonti Rinnovabili, ENEA C.R. Casaccia, 00123 Roma, Italy;
orcid.org/0000-0002-5649-8237

Vittorio Pellegrini − Graphene Labs, Istituto Italiano di
Tecnologia, 16163 Genova, Italy; BeDimensional Spa, 16163
Genova, Italy

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsaem.1c03396

Author Contributions
L.S. and S.B. conceived the idea. A.C., R.B., S.M., S.B., and L.S.
performed experiments. G.G. and P.T. helped with data
analysis. S.B. and V.P. directed the research. S.B. and A.C.
wrote the manuscript with the help of other authors. All
authors contributed to the discussion and interpretation of the
results.

Funding
S.B. is indebted to the University of Rome La Sapienza for the
financial support through the project (Ateneo 2020IDEMA
Prot. RM120172A46A7608) and to ENEA and MISE
(Ministero dello Sviluppo Economica, Italian Government)
for the support through the PTR program 2019−2021
(Prot.Dip.Chimica Un. Roma La Sapienza 1381). L.S.
acknowledges financial support by the Italian Minister of
Economic Development (MISE) in the framework of “Ricerca
di Sistema Elettrico”. A.C. and V.P. acknowledge the European
Union’s Horizon 2020 research and innovation program under
grant agreement no. 785219, GrapheneCore2.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The XRD synchrotron radiation experiments were performed
at the ELETTRA beamline MCX with the help of Dr. Lara
Gigli and Dr. Jasper Plaisier under the frame of the proposal
20195014. The authors would like to thank Mariarosaria
Tuccillo for the helpful scientific discussion and Simone
Lauciello for the support in the morphological analysis.

■ REFERENCES
(1) Marom, R.; Amalraj, S. F.; Leifer, N.; Jacob, D.; Aurbach, D. A
Review of Advanced and Practical Lithium Battery Materials. J. Mater.
Chem. 2011, 21, 9938−9954.
(2) Scrosati, B.; Garche, J. Lithium Batteries: Status, Prospects and
Future. J. Power Sources 2010, 195, 2419−2430.
(3) Larcher, D.; Tarascon, J.-M. Towards Greener and More
Sustainable Batteries for Electrical Energy Storage. Nat. Chem. 2015,
7, 19−29.
(4) Wang, J.; He, X.; Paillard, E.; Laszczynski, N.; Li, J.; Passerini, S.
Lithium- and Manganese-Rich Oxide Cathode Materials for High-
Energy Lithium Ion Batteries. Adv. Energy Mater. 2016, 6, 1600906.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c03396
ACS Appl. Energy Mater. 2022, 5, 1905−1913

1911

https://pubs.acs.org/doi/10.1021/acsaem.1c03396?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsaem.1c03396/suppl_file/ae1c03396_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergio+Brutti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8853-9710
https://orcid.org/0000-0001-8853-9710
mailto:sergio.brutti@uniroma.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arcangelo+Celeste"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3421-2322
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rosaria+Brescia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0607-0627
https://orcid.org/0000-0003-0607-0627
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giorgia+Greco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piero+Torelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Mauri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Silvestri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5649-8237
https://orcid.org/0000-0002-5649-8237
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vittorio+Pellegrini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.1c03396?ref=pdf
https://doi.org/10.1039/c0jm04225k
https://doi.org/10.1039/c0jm04225k
https://doi.org/10.1016/j.jpowsour.2009.11.048
https://doi.org/10.1016/j.jpowsour.2009.11.048
https://doi.org/10.1038/nchem.2085
https://doi.org/10.1038/nchem.2085
https://doi.org/10.1002/aenm.201600906
https://doi.org/10.1002/aenm.201600906
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c03396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(5) Susai, F. A.; Sclar, H.; Shilina, Y.; Penki, T. R.; Raman, R.;
Maddukuri, S.; Maiti, S.; Halalay, I. C.; Luski, S.; Markovsky, B.;
Aurbach, D. Horizons for Li-Ion Batteries Relevant to Electro-
Mobility: High-Specific-Energy Cathodes and Chemically Active
Separators. Adv. Mater. 2018, 30, 1801348.
(6) Dou, S. Review and Prospect of Layered Lithium Nickel
Manganese Oxide as Cathode Materials for Li-Ion Batteries. J. Solid
State Electrochem. 2013, 17, 911−926.
(7) Yu, H.; Zhou, H. High-Energy Cathode Materials (Li2MnO3-
LiMO2) for Lithium-Ion Batteries. J. Phys. Chem. Lett. 2013, 4, 1268−
1280.
(8) Rozier, P.; Tarascon, J. M. ReviewLi-Rich Layered Oxide
Cathodes for Next-Generation Li-Ion Batteries: Chances and
Challenges. J. Electrochem. Soc. 2015, 162, A2490−A2499.
(9) Thackeray, M. M.; Johnson, C. S.; Vaughey, J. T.; Li, N.;
Hackney, S. A. Advances in Manganese-Oxide “composite” Electrodes
for Lithium-Ion Batteries. J. Mater. Chem. 2005, 15, 2257−2267.
(10) Saubaner̀e, M.; McCalla, E.; Tarascon, J. M.; Doublet, M. L.
The Intriguing Question of Anionic Redox in High-Energy Density
Cathodes for Li-Ion Batteries. Energy Environ. Sci. 2016, 9, 984−991.
(11) Muhammad, S.; Kim, H.; Kim, Y.; Kim, D.; Song, J. H.; Yoon,
J.; Park, J.-H.; Ahn, S.-J.; Kang, S.-H.; Thackeray, M. M.; Yoon, W.-S.
Evidence of Reversible Oxygen Participation in Anomalously High
Capacity Li- and Mn-Rich Cathodes for Li-Ion Batteries. Nano Energy
2016, 21, 172−184.
(12) Strehle, B.; Kleiner, K.; Jung, R.; Chesneau, F.; Mendez, M.;
Gasteiger, H. A.; Piana, M. The Role of Oxygen Release from Li- and
Mn-Rich Layered Oxides during the First Cycles Investigated by On-
Line Electrochemical Mass Spectrometry. J. Electrochem. Soc. 2017,
164, A400−A406.
(13) Mohanty, D.; Kalnaus, S.; Meisner, R. A.; Rhodes, K. J.; Li, J.;
Payzant, E. A.; Wood, D. L.; Daniel, C. Structural Transformation of a
Lithium-Rich Li1.2Co0.1Mn0.55Ni0.15O2 Cathode during High Voltage
Cycling Resolved by in Situ X-Ray Diffraction. J. Power Sources 2013,
229, 239−248.
(14) Gu, M.; Belharouak, I.; Zheng, J.; Wu, H.; Xiao, J.; Genc, A.;
Amine, K.; Thevuthasan, S.; Baer, D. R.; Zhang, J.-G.; Browning, N.
D.; Liu, J.; Wang, C. Formation of the Spinel Phase in the Layered
Composite Cathode Used in Li-Ion Batteries. ACS Nano 2013, 7,
760−767.
(15) Sathiya, M.; Abakumov, A. M.; Foix, D.; Rousse, G.; Ramesha,
K.; Saubaner̀e, M.; Doublet, M. L.; Vezin, H.; Laisa, C. P.; Prakash, A.
S.; Gonbeau, D.; Vantendeloo, G.; Tarascon, J.-M. Origin of Voltage
Decay in High-Capacity Layered Oxide Electrodes. Nat. Mater. 2015,
14, 230−238.
(16) Croy, J. R.; Gallagher, K. G.; Balasubramanian, M.; Long, B. R.;
Thackeray, M. M. Quantifying Hysteresis and Voltage Fade in
XLi2MnO3·(1-x)LiMn0.5Ni0.5 O2 Electrodes as a Function of Li2MnO3

Content. J. Electrochem. Soc. 2014, 161, A318−A325.
(17) Zheng, J.; Myeong, S.; Cho, W.; Yan, P.; Xiao, J.; Wang, C.;
Cho, J.; Zhang, J. G. Li- and Mn-Rich Cathode Materials: Challenges
to Commercialization. Adv. Energy Mater. 2017, 7, 1601284.
(18) Pan, H.; Zhang, S.; Chen, J.; Gao, M.; Liu, Y.; Zhu, T.; Jiang, Y.
Li- and Mn-Rich Layered Oxide Cathode Materials for Lithium-Ion
Batteries: A Review from Fundamentals to Research Progress and
Applications. Mol. Syst. Des. Eng. 2018, 3, 748−803.
(19) COMMISSION STAFF WORKING DOCUMENT Report on
Raw Materials for Battery Applications.
(20) COMMITTEE OF THE REGIONS AND THE EUROPEAN
INVESTMENT BANK on the Implementation of the Strategic
Action Plan on Batteries: Building a Strategic Battery Value Chain in
Europe.
(21) Ahmed, S.; Nelson, P. A.; Gallagher, K. G.; Susarla, N.; Dees,
D. W. Cost and Energy Demand of Producing Nickel Manganese
Cobalt Cathode Material for Lithium Ion Batteries. J. Power Sources
2017, 342, 733−740.
(22) Simon, B.; Ziemann, S.; Weil, M. Potential Metal Requirement
of Active Materials in Lithium-Ion Battery Cells of Electric Vehicles

and Its Impact on Reserves: Focus on Europe. Resour. Conserv. Recycl.
2015, 104, 300−310.
(23) Schmuch, R.; Wagner, R.; Hörpel, G.; Placke, T.; Winter, M.
Performance and Cost of Materials for Lithium-Based Rechargeable
Automotive Batteries. Nat. Energy 2018, 3, 267−278.
(24) Nayak, P. K.; Grinblat, J.; Levi, M.; Levi, E.; Kim, S.; Choi, J.
W.; Aurbach, D. Al Doping for Mitigating the Capacity Fading and
Voltage Decay of Layered Li and Mn-Rich Cathodes for Li-Ion
Batteries. Adv. Energy Mater. 2016, 6, 1502398.
(25) Dahiya, P. P.; Ghanty, C.; Sahoo, K.; Basu, S.; Majumder, S. B.
Suppression of Voltage Decay and Improvement in Electrochemical
Performance by Zirconium Doping in Li-Rich Cathode Materials for
Li-Ion Batteries. J. Electrochem. Soc. 2018, 165, A3114−A3124.
(26) Kam, K. C.; Mehta, A.; Heron, J. T.; Doeff, M. M.
Electrochemical and Physical Properties of Ti-Substituted Layered
Nickel Manganese Cobalt Oxide (NMC) Cathode Materials. J.
Electrochem. Soc. 2012, 159, A1383−A1392.
(27) Liu, Y.; Ning, D.; Zheng, L.; Zhang, Q.; Gu, L.; Gao, R.; Zhang,
J.; Franz, A.; Schumacher, G.; Liu, X. Improving the Electrochemical
Performances of Li-Rich Li1.20Ni0.13Co0.13Mn0.54O2 through a
Cooperative Doping of Na+ and PO4

3− with Na3PO4. J. Power Sources
2018, 375, 1−10.
(28) Zhang, H. Z.; Qiao, Q. Q.; Li, G. R.; Gao, X. P. PO4

3-

Polyanion-Doping for Stabilizing Li-Rich Layered Oxides as Cathode
Materials for Advanced Lithium-Ion Batteries. J. Mater. Chem. A 2014,
2, 7454−7460.
(29) Celeste, A.; Silvestri, L.; Pellegrini, V.; Brutti, S. Materiale Di
Ossidi Di Metalli Di Transizione Ricco Di Litio. Italian Patent,
Number Application, IT 102020000016966, 2020.
(30) Pimenta, V.; Sathiya, M.; Batuk, D.; Abakumov, A. M.; Giaume,
D.; Cassaignon, S.; Larcher, D.; Tarascon, J.-M. Synthesis of Li-Rich
NMC: A Comprehensive Study. Chem. Mater. 2017, 29, 9923−9936.
(31) Nayak, P. K.; Grinblat, J.; Levi, M.; Aurbach, D. Electro-
chemical and Structural Characterization of Carbon Coated Li
1.2Mn0.56Ni0.16Co0.08O2 and Li1.2Mn0.6Ni0.2O2 as Cathode Materials for
Li-Ion Batteries. Electrochim. Acta 2014, 137, 546−556.
(32) Fu, F.; Yao, Y.; Wang, H.; Xu, G.-L.; Amine, K.; Sun, S.-G.;
Shao, M. Structure Dependent Electrochemical Performance of Li-
Rich Layered Oxides in Lithium-Ion Batteries. Nano Energy 2017, 35,
370−378.
(33) Venkateswara Rao, C.; Soler, J.; Katiyar, R.; Shojan, J.; West,
W. C.; Katiyar, R. S. Investigations on Electrochemical Behavior and
Structural Stability of Li1.2Mn0.54Ni0.13Co0.13O2 Lithium-Ion Cathodes
via in-Situ and Ex-Situ Raman Spectroscopy. J. Phys. Chem. C 2014,
118, 14133−14141.
(34) Song, C.; Feng, W.; Shi, Z.; Wang, X. Effect of drying
temperature on properties of lithium-rich manganese-based materials
in sol-gel method. Ionics 2019, 25, 4607−4614.
(35) Jarvis, K. A.; Deng, Z.; Allard, L. F.; Manthiram, A.; Ferreira, P.
J. Atomic Structure of a Lithium-Rich Layered Oxide Material for
Lithium-Ion Batteries: Evidence of a Solid Solution. Chem. Mater.
2011, 23, 3614−3621.
(36) Thackeray, M. M.; Kang, S.-H.; Johnson, C. S.; Vaughey, J. T.;
Hackney, S. A. Comments on the Structural Complexity of Lithium-
Rich Li1+xM1-xO2 Electrodes (M = Mn, Ni, Co) for Lithium Batteries.
Electrochem. Commun. 2006, 8, 1531−1538.
(37) Genevois, C.; Koga, H.; Croguennec, L.; Ménétrier, M.;
Delmas, C.; Weill, F. Insight into the Atomic Structure of Cycled
Lithium-Rich Layered Oxide Li1.20Mn0.54Co0.13Ni0.13O2 Using
HAADF STEM and Electron Nanodiffraction. J. Phys. Chem. C
2015, 119, 75−83.
(38) Shannon, R. D.; Prewitt, C. T. Effective Ionic Radii in Oxides
and Fluorides. Acta Crystallogr. 1969, 25, 925−946.
(39) Shannon, R. D.; H, M.; Baur, N. H.; Gibbs, O. H.; Eu, M.; Cu,
V. Revised Effective Ionic Radii and Systematic Studies of Interatomic
Distances in Halides and Chalcogenides. Acta Crystallogr. 1976, 32,
751−767.
(40) Brutti, S.; Gentili, V.; Reale, P.; Carbone, L.; Panero, S.
Mitigation of the Irreversible Capacity and Electrolyte Decomposition

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c03396
ACS Appl. Energy Mater. 2022, 5, 1905−1913

1912

https://doi.org/10.1002/adma.201801348
https://doi.org/10.1002/adma.201801348
https://doi.org/10.1002/adma.201801348
https://doi.org/10.1007/s10008-012-1977-z
https://doi.org/10.1007/s10008-012-1977-z
https://doi.org/10.1021/jz400032v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz400032v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1149/2.0111514jes
https://doi.org/10.1149/2.0111514jes
https://doi.org/10.1149/2.0111514jes
https://doi.org/10.1039/b417616m
https://doi.org/10.1039/b417616m
https://doi.org/10.1039/c5ee03048j
https://doi.org/10.1039/c5ee03048j
https://doi.org/10.1016/j.nanoen.2015.12.027
https://doi.org/10.1016/j.nanoen.2015.12.027
https://doi.org/10.1149/2.1001702jes
https://doi.org/10.1149/2.1001702jes
https://doi.org/10.1149/2.1001702jes
https://doi.org/10.1016/j.jpowsour.2012.11.144
https://doi.org/10.1016/j.jpowsour.2012.11.144
https://doi.org/10.1016/j.jpowsour.2012.11.144
https://doi.org/10.1021/nn305065u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn305065u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat4137
https://doi.org/10.1038/nmat4137
https://doi.org/10.1149/2.049403jes
https://doi.org/10.1149/2.049403jes
https://doi.org/10.1149/2.049403jes
https://doi.org/10.1002/aenm.201601284
https://doi.org/10.1002/aenm.201601284
https://doi.org/10.1039/c8me00025e
https://doi.org/10.1039/c8me00025e
https://doi.org/10.1039/c8me00025e
https://doi.org/10.1016/j.jpowsour.2016.12.069
https://doi.org/10.1016/j.jpowsour.2016.12.069
https://doi.org/10.1016/j.resconrec.2015.07.011
https://doi.org/10.1016/j.resconrec.2015.07.011
https://doi.org/10.1016/j.resconrec.2015.07.011
https://doi.org/10.1038/s41560-018-0107-2
https://doi.org/10.1038/s41560-018-0107-2
https://doi.org/10.1002/aenm.201502398
https://doi.org/10.1002/aenm.201502398
https://doi.org/10.1002/aenm.201502398
https://doi.org/10.1149/2.0751813jes
https://doi.org/10.1149/2.0751813jes
https://doi.org/10.1149/2.0751813jes
https://doi.org/10.1149/2.060208jes
https://doi.org/10.1149/2.060208jes
https://doi.org/10.1016/j.jpowsour.2017.11.042
https://doi.org/10.1016/j.jpowsour.2017.11.042
https://doi.org/10.1016/j.jpowsour.2017.11.042
https://doi.org/10.1039/c4ta00699b
https://doi.org/10.1039/c4ta00699b
https://doi.org/10.1039/c4ta00699b
https://doi.org/10.1021/acs.chemmater.7b03230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b03230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2014.06.055
https://doi.org/10.1016/j.electacta.2014.06.055
https://doi.org/10.1016/j.electacta.2014.06.055
https://doi.org/10.1016/j.electacta.2014.06.055
https://doi.org/10.1016/j.nanoen.2017.04.005
https://doi.org/10.1016/j.nanoen.2017.04.005
https://doi.org/10.1021/jp501777v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp501777v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp501777v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11581-019-03012-6
https://doi.org/10.1007/s11581-019-03012-6
https://doi.org/10.1007/s11581-019-03012-6
https://doi.org/10.1021/cm200831c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm200831c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.elecom.2006.06.030
https://doi.org/10.1016/j.elecom.2006.06.030
https://doi.org/10.1021/jp509388j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp509388j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp509388j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/s0567740869003220
https://doi.org/10.1107/s0567740869003220
https://doi.org/10.1107/s0567739476001551
https://doi.org/10.1107/s0567739476001551
https://doi.org/10.1016/j.jpowsour.2011.08.022
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c03396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in a LiNi0.5Mn1.5O4/Nano-TiO2 Li-Ion Battery. J. Power Sources 2011,
196, 9792.
(41) Xu, J.; Sun, M.; Qiao, R.; Renfrew, S. E.; Ma, L.; Wu, T.;
Hwang, S.; Nordlund, D.; Su, D.; Amine, K.; Lu, J.; McCloskey, B. D.;
Yang, W.; Tong, W. Elucidating Anionic Oxygen Activity in Lithium-
Rich Layered Oxides. Nat. Commun. 2018, 9, 947.
(42) Foix, D.; Sathiya, M.; McCalla, E.; Tarascon, J.-M.; Gonbeau,
D. X-Ray Photoemission Spectroscopy Study of Cationic and Anionic
Redox Processes in High-Capacity Li-Ion Battery Layered-Oxide
Electrodes. J. Phys. Chem. C 2016, 120, 862−874.
(43) Saubaner̀e, M.; McCalla, E.; Tarascon, J.-M.; Doublet, M.-L.
The Intriguing Question of Anionic Redox in High-Energy Density
Cathodes for Li-Ion Batteries. Energy Environ. Sci. 2016, 9, 984−991.
(44) MacLeod, A. J. A note on the Randles-Sevcik function from
electrochemistry. Appl. Math. Comput. 1993, 57, 305−310.
(45) Yu, S.-H.; Yoon, T.; Mun, J.; Park, S.; Kang, Y.-S.; Park, J.-H.;
Oh, S. M.; Sung, Y.-E. Continuous Activation of Li2MnO3
Component upon Cycling in Li1.167Ni0.233Co0.100Mn0.467Mo0.033O2
Cathode Material for Lithium Ion Batteries. J. Mater. Chem. A
2013, 1, 2833−2839.
(46) Song, B.; Day, S. J.; Sui, T.; Lu, L.; Tang, C. C.; Korsunsky, A.
M. Mitigated Phase Transition during First Cycle of a Li-Rich
Layered Cathode Studied by in Operando Synchrotron X-Ray Powder
Diffraction. Phys. Chem. Chem. Phys. 2016, 18, 4745−4752.
(47) Robert Armstrong, A.; Holzapfel, M.; Nová, P.; Johnson, C. S.;
Kang, S.-H.; Thackeray, M. M.; Bruce, P. G. Demonstrating Oxygen
Loss and Associated Structural Reorganization in the Lithium Battery
Cathode Li[Ni0.2Li0.2Mn0.6 ]O2. J. Am. Chem. Soc. 2006, 128, 8694.
(48) Qiu, B.; Zhang, M.; Wu, L.; Wang, J.; Xia, Y.; Qian, D.; Liu, H.;
Hy, S.; Chen, Y.; An, K.; Zhu, Y.; Liu, Z.; Meng, Y. S. Gas-Solid
Interfacial Modification of Oxygen Activity in Layered Oxide
Cathodes for Lithium-Ion Batteries. Nat. Commun. 2016, 7, 12108.
(49) Hu, E.; Yu, X.; Lin, R.; Bi, X.; Lu, J.; Bak, S.; Nam, K.-W.; Xin,
H. L.; Jaye, C.; Fischer, D. A.; Amine, K.; Yang, X.-Q. Evolution of
Redox Couples in Li- and Mn-Rich Cathode Materials and Mitigation
of Voltage Fade by Reducing Oxygen Release. Nat. Energy 2018, 3,
690−698.
(50) Ruther, R. E.; Callender, A. F.; Zhou, H.; Martha, S. K.; Nanda,
J. Raman microscopy of lithium-manganese-rich transition metal
oxide cathodes. J. Electrochem. Soc. 2014, 162, A98.
(51) Han, J.; Zheng, H.; Hu, Z.; Luo, X.; Ma, Y.; Xie, Q.; Peng, D.-
L.; Yue, G. Facile synthesis of Li-rich layered oxides with spinel-
structure decoration as high-rate cathode for lithium-ion batteries.
Electrochim. Acta 2019, 299, 844−852.
(52) Wu, F.; Kim, G. T.; Kuenzel, M.; Zhang, H.; Asenbauer, J.;
Geiger, D.; Kaiser, U.; Passerini, S. Elucidating the effect of iron
doping on the electrochemical performance of cobalt-free lithium-rich
layered cathode materials. Adv. Energy Mater. 2019, 9, 1902445.
(53) Murugan, V.; Arul Saravanan, R. S.; Thangaian, K.; Partheeban,
T.; Aravindan, V.; Srinivasan, M.; Sasidharan, M.; Bharathi, K. K.
Modulating Anion Redox Activity of Li1. 2Mn0. 54Ni0. 13Co0. 13O2
through Strong Sr−O Bonds toward Achieving Stable Li-Ion Half-/
Full-Cell Performance. ACS Appl. Energy Mater. 2021, 4, 11234.
(54) Hou, P.; Li, F.; Zhang, H.; Huang, H. Stabilizing the cationic/
anionic redox chemistry of Li-rich layered cathodes by tuning the
upper cut-off voltage for high energy-density lithium-ion batteries. J.
Mater. Chem. A 2020, 8, 14214−14222.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.1c03396
ACS Appl. Energy Mater. 2022, 5, 1905−1913

1913

https://doi.org/10.1016/j.jpowsour.2011.08.022
https://doi.org/10.1038/s41467-018-03403-9
https://doi.org/10.1038/s41467-018-03403-9
https://doi.org/10.1021/acs.jpcc.5b10475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b10475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b10475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c5ee03048j
https://doi.org/10.1039/c5ee03048j
https://doi.org/10.1016/0096-3003(93)90154-7
https://doi.org/10.1016/0096-3003(93)90154-7
https://doi.org/10.1039/c2ta00309k
https://doi.org/10.1039/c2ta00309k
https://doi.org/10.1039/c2ta00309k
https://doi.org/10.1039/c5cp04801j
https://doi.org/10.1039/c5cp04801j
https://doi.org/10.1039/c5cp04801j
https://doi.org/10.1021/ja062027+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja062027+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja062027+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms12108
https://doi.org/10.1038/ncomms12108
https://doi.org/10.1038/ncomms12108
https://doi.org/10.1038/s41560-018-0207-z
https://doi.org/10.1038/s41560-018-0207-z
https://doi.org/10.1038/s41560-018-0207-z
https://doi.org/10.1149/2.0361501jes
https://doi.org/10.1149/2.0361501jes
https://doi.org/10.1016/j.electacta.2019.01.078
https://doi.org/10.1016/j.electacta.2019.01.078
https://doi.org/10.1002/aenm.201902445
https://doi.org/10.1002/aenm.201902445
https://doi.org/10.1002/aenm.201902445
https://doi.org/10.1021/acsaem.1c02090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c02090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c02090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0TA05429A
https://doi.org/10.1039/D0TA05429A
https://doi.org/10.1039/D0TA05429A
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.1c03396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?utm_source=pdf_stamp

