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a b s t r a c t

Li-rich layered oxides (LLOs) are the most promising high-capacity materials in the Li-ion batteries owing
to their cumulative oxygen anionic and cationic redox reactions. However, irreversible oxygen evolution
and transition-metal migration aggravate structural rearrangement and capacity fading. Although Co-
containing LLO possesses practical capacity and stability for commercial purposes, it suffers from scar-
city, toxicity, and high cost of cobalt. To ameliorate these bottlenecks, we improved the reversibility of
anionic and cationic redox in Co-free concentration-gradient LLO by integrating oxygen vacancies and
high Ni/Mn ratio on LLO's surface. We found that surface oxygen vacancies suppress oxygen release from
the surface, reduce the interfacial resistance that arises from electrolyte decomposition, and increase the
ionic diffusion; thereby, enhancing the cathode's capacity. Concentration-gradient LLO cathode with an
appropriate Mn/Ni ratio improved cation migration's structural stability and reversibility in the layered
and spinel-layered Li-rich materials. As a result, the charge transfer and interfacial resistance decreased
during the gradual de-lithiation and Ni redox reaction. The Co-free LLO with surface Mn/Ni~1.5 delivered
a reversible capacity of 250 mAh/g, with 99% capacity retention after 85 cycles at 0.1 C. This work
provided a practical approach for resolving the capacity decay of the Co-free LLOs by engineering the
cathode/electrolyte interface and structure.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Li-rich layered oxides (LLOs), x Li2MnO3$(1�x) LiMO2 (M ¼ Ni,
Co, Mn), are considered promising high-capacity cathode materials
(exceeding 250 mAh/g) for the near future high-energy-density Li-
ion batteries. Compared to commercialized cathode materials such
as LiCoO2, LLO exhibits an anionic redox couple in addition to the
usual transition metal (TM) redox couples [1]. The activation of the
Li2MnO3 phase in LLO materials above 4.5 V leads to the extraction
of Liþ from the Li and TM layers along with oxygen anionic redox,
thereby providing extra capacity [2].

The anionic redoxmechanism has proved challenging; however,
a clear consensus has been reached that it involves two contribu-
tions: a reversible oxygen redox within the bulk structure and an
irreversible oxygen evolution on the surface, which resulted in a

reduction of oxygen redox activity [3e6]. There are two theories
that can explain the oxygen redox and irreversible oxygen loss
based on the complication of the oxygen redox mechanism in 3d
TM LLOs [6]. The first theory is based on the formation of peroxo-
oxygen dimers (O�eO�) and reversible oxygen redox stems from
O2�/O� redox process [7]. The studies find that these dimers across
the LLO surface are highly active, and O2 and/or CO2 evolution can
occur by them reacting together and/or with electrolyte, respec-
tively [8].

The second theory states that anionic redox is based on the
formation of oxygen holes [6]. Some claim that localized electron
holes were created during charging in the O2p orbitals of
Oe(Mn4þ/Liþ) bonds, which are less covalent than OeNi4þ bonds.
Therefore, the release of O from the lattice can occur due to insta-
bility of oxidized O2� species [9]. While others indicate that oxygen
holes along the LieOeLi configuration join together and form
peroxo-like species, leading to oxygen oxidation. They found that
when electrons were extracted from the unhybridized oxygen
orbital, two neighboring oxidized oxygens rotated to hybridize,
without sacrificing much transition metaleO hybridization,
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therefore OeO bond is formed [10]. However, the neighboring
oxidized oxygen ions, in particular, surface oxygens were difficult to
rotate and to form a stable OeO bond, thereby leading to oxygen
loss [11]. Besides, these holes generally cause the reduction of TM-O
bonding strength, and result in oxygen release [6].

Another pernicious problem of LLO involves the irreversible
cation migration from the TM layer to Li layer during the delithia-
tion process, which is exacerbated by oxygen redox. The released
oxygen causes the generation of some oxygen vacancies on the
surface/sub-surface and assists the TM migration [12]. This TM
migration results in the formation of a spinel-like phase [5,13,14],
TM dissolution into the electrolyte at high voltage [15], and hence,
rapid electrode degradation in terms of capacity and stability.

Until now, most research efforts have been dedicated to the
control of oxygen gas release [12,16] or the cation migration in LLO
[13], although they affect each other [5]. On the one hand, to reduce
oxygen release and utilize reversible anionic redox activity over
cycling, surface sulfur polyanions [17,18], disordered rocksalt [19],
and surface oxygen vacancies using gas-solid interface reaction
[12], reducing atmosphere [20,21], solid electrolyte reactor
composed of a Yttria Stabilized Zirconia tube [22], leaching with
acid [23,24], and mixing with ammonium bicarbonate [25] have
also been proposed.

On the other hand, various strategies focusing on compositional
tuning [26], structure designing [13,27e29], surface modifications
[30e34], cation and anion doping [30,35e37], and electrolyte
composition [38,39] have been developed to alleviate the complex
cation migration in LLO during cycling.

In addition to the methods mentioned above, recently, LLO
cathodes with a concentration-gradient (LLO-CG) structure
exhibited improved performance, including highly reversible ca-
pacity and thermal stability [16,40e42]. As such, LLO-CG is more
mechanically stable compared to core-shell structures due to
decreasing mismatch-induced strain [40]. So far, a few LLO-CG
structures were reported, such as particles with a Li-rich interior
and a Li-poor surface by a molten salt treatment [16], Li-rich nickel
cobalt manganese oxides cathodewith gradient distributions of TM

ions by using ethanol assisted, and PO3�
4 -doping co-precipitation

method, respectively [41,42]. Besides, the surface with a high Ni/
Mn ratio promotes the capacity and suppresses side-reactions on
the electrode/electrolyte interface due to reduced Li2MnO3 with
poor conductivity and O2 evolution. Moreover, more Ni with higher
reduction potential provides higher working voltage. Controlling
the gradient distribution of TMs in the LLO cathode is significant;
however, the different ratio of TMs on the electrochemical prop-
erties of the cathode is still not fully understood.

Therefore, although various effective approaches have been
used to improve the reversibility of either anionic or cationic redox,
it is crucial to control both reactions because suppressing the ox-
ygen evolution cannot prevent the cation migration to the vacant Li
sites, which originates from the deintercalation of Li ions [13], and
vice versa. Nevertheless, up to date, minimizing the capacity decay
while using combined cationic and anionic redox has not yet been
achieved. This is due to the difficulty of doing so in conventional
synthesis methods, e.g., co-precipitation as it needs multi-step
complicated treatments to engineer both the structure and sur-
face of the cathode, and consequently, the high cost for scalable
industrial applications. Apart from performance, Co-containing LLO
materials suffer from cobalt's low availability, high cost, and
toxicity, though they possess practical capacities and stability for
commercial purpose [43].

Inspired by the considerations above, the preparation of Co-free
LLO-CGwith surface oxygen vacancies and suitable composition via
polyol-mediated process and subsequent calcination-driven diffu-

sion route is a novel and more effective method to control the ca-
pacity loss of the LLO materials, which has not yet been explored.
We apply a new surfactant-assisted polyol synthesis to obtain a
series of Li(Na-doped)-Mn-Ni-O oxide systems with a concentra-
tion gradient of TM ions by controlling the calcination time/tem-
perature, type, and amount of surfactant as well as reducing agent.

Without the need for careful control of pH or an inert atmo-
sphere, the proposed polyol method offers the benefits of low cost,
simplicity, versatility, scalability for large-scale applications, and
producing monodispersed nanoparticles morphology, which is
desirable for surface and interface studies [44]. In this process,
polyol acts as a solvent, reducing, chelating, and stabilizing agent to
prevent nanoparticle aggregation. Moreover, shape, size, and
component can be manipulated by affecting various factors such as
polyol type, reducing agent, capping agent, and reagent concen-
trations [44,45].

Herein, we demonstrate that the composition and Mn/Ni ratio
can be tuned by changing the type and amount of reducing agent.
Based on the electrochemical results, the suitable Mn/Ni ratio for
reaching high capacity was obtained in CG-LLO and spinel/LLO
structures. In addition, the carbon-based solvent (ethylene glycol)
and reducing agent (urea) produced the reducing environment to
create surface oxygen vacancies. As a result, the Co-free LLO ma-
terial with surface oxygen vacancies, and Mn/Ni~1.5 delivers a ca-
pacity as high as 254 mAh/g, with 99% capacity remaining after 85
cycles at 0.1C.

2. Methods

2.1. Synthesis of LixMnyNizO2 (LMNO ¼ LLO and LLO/Spinel)
materials

Synthesis of precursor (manganese nickel hydroxide or car-
bonate): TM chlorides- NiCl2.6H2O (0.0017 mol) and MnCl2$4H2O
(0.005 mol)- were mixed in 20 mL of ethylene glycol (EG) along
with surfactant (cetyltrimethylammonium bromide (CTAB)-oleyl-
amine) and reducing agent (NaOHeLiOH-urea). The mixture was
heated at 180 �C with constant stirring for 20 h in a round bottom
flask connected to reflux. The resulting solution was washed with
ethanol and deionized water several times with a centrifuge and
dried at 80 �C overnight.

Final step, synthesis of LMNO material: as-obtained precursors
were decomposed at 500 �C for 6 h. The as-prepared TM oxide
precursor was thoroughly mixed with different amounts of
LiOH$H2O in an agate mortar and annealed at different calcination
temperatures (700e900 �C) and times (8e16 h) in air.

2.2. Database

In this study, a total number of eight experiments for LMNO
cathodes, whose Li content is between 0.525 and 1.2 stoichiometric
content of Li1.2Ni0.2Mn0.6O2, were constructed with 6 input prin-
cipal variables of synthesis parameters (LiOH.H2O amount, type and
amount of reducing agent, type of surfactant, and calcination
temperature and time). The parameters were selected using a
random uniform distribution within the given ranges, (https://
sigopt.com/), with a goal of using this set as a seed for future
more detailed parameter space studies.

Previous results showed that 0.5Li2MnO3$0.5LiMn0.5Ni0.5O2
(Li1.2Mn0.6Ni0.2O2) could deliver a high discharge capacity of
~240 mAh/g between 2.0 and 4.8 V46. Then, the stochiometric
amounts of MneNi were used from the formula LixNi0.2Mn0.6Oy
oxide system, with a wide range of Li content (x: between 0.525
and 1.2 of the stochiometric value with 10% excess amount) to
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compensate Li loss because of the evaporation of Li at high tem-
perature. The Li concentration in the synthesized compounds was
also somewhat changed by adding LiOH reducing agent. Never-
theless, the amount of Li decrease in the final calcination is not
equal in all samples because of different calcination temperatures/
time, reducing agents, and Li2CO3 formation on the surface of
samples. The prepared materials were, respectively, marked as
L0.525, …, L1.2 (Table 1).

In this study, three types of reducing agents (NaOH, LiOH, and
urea) were used in the polyol process for reducing the transition
metals. It has been shown that the type of reducing agent and its
concentration play a significant role in the reduction rate of the
transition metal ions [47], as well as the size andmorphology of the
obtained precipitates [48]. With an increase of reducing agent
concentration, the reduction rate of ions, and number of nuclei
enhances, thereby smaller particles can be achieved [47]. Further-
more, LiOH is a weaker reducing agent than NaOH, which led to a
slower reduction process [49]. Besides, the morphology can be
adjusted by changing the reducing agent. In previous studies,
nanosheets and nanoparticles have been obtained using NaOH and
LiOH, respectively, due to the smaller ionic radius of Li ions than Na

[48]. Additionally, urea releases CO2�
3 instead of OH� for the pre-

cipitation of the transition metal ions [50]; therefore, it affects the
amount of carbonate/carbon and the finally generated oxygen
vacancy.

Moreover, it has been reported that various spinel/layered
structures with different electrochemical performance can be ob-
tained by changing the calcination temperature from 500 to 900 �C
[51]. Besides, the change in calcination time was studied to inves-
tigate the synthesis process (8-12-16 h). Meanwhile, the effect of
surfactants (CTAB [52] and oleylamine [53]) on the morphology,
chemical composition and structure, and particle size was studied
by controlling the particle growth.

2.3. Characterization

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) patterns for cathode materials were recorded using Rigaku-
Miniflex-6G diffractometer and Thermo Scientific K-Alpha to
identify the crystallography phase and surface chemical composi-
tion, respectively. Inductively coupled plasma- optical emission
spectroscopy (ICP-OES) was carried out on Axial ICP-OES, Varian.
730-ES, to investigate the elemental analysis of the oxide samples.
The microstructure, morphology, and particle size of the specimens
were characterized by field emission scanning electron microscope
(FE-SEM, MIRA3 TESCAN). Infrared spectra (4000e400 cm�1) of
solid samples were taken as a 1% dispersion in KBr pellets using a
Unicam Matson 1000 Fourier-transform infrared spectroscopy
(FTIR) spectrophotometer.

The electrochemical performance of the prepared cathodes was
investigated by galvanostatic cycling in a coin-type half-cell
(CR2032). The coin cells were assembled in an argon-filled glove

box (LC Technology Solutions, INC.), with lithium metal (15.6 mm
diameter, 250 mm thickness) as the anode, 100e200 mL electrolyte
(1 M LiPF6 in EC/DMC ¼ 1:1 in volume, BASF), and Celgard 2400
membrane as the separator. The cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) measurements of
the coin cells were conducted using a VMP3 multi-channel
potentiostat (Bio-Logic, France). Further details on the synthesis
procedure, database, and characterization techniques can be found
in the Supplementary Methods. The first-principles calculations
were performed with the spin-polarized density functional theory
(DFT) calculations using CP2K. Further details on the synthesis
procedure, database, and characterization techniques can be found
in the Supplementary Methods.

3. Results

3.1. Synthesis mechanism

Synthesis of LMNOmaterials is a two-step process that involves:
1) preparation of the precursors via polyol solution reaction and 2)
mixing the precursor with Li hydroxide and heat-treatment to
complete the phase transformation and eliminate impurities
(Fig. 1). So, a series of Na-doped LieMneNieO oxide systems with
different contents of Li-TM cations were obtained by adding
different amounts of lithium source into a resulting precursor from
the polyol process.

The polyol process consists of two steps: 1) forming metal
complexes and 2) hydrolysis/condensation of metal chelates [45].
The complexation of metal ions would occur with chloride ions and
ethylene glycol. The hydroxide salts (NaOH, LiOH) or urea solutions
become hydroxide or carbonate groups, respectively, according to
Eq. (1). Then, the substitution of these groups occurs with chloride
ions and TM hydroxide or carbonate forms. After polyol synthesis,
there is a different Mn/Ni ratio in the precursor by using different
reducing agents; see chemical composition analysis of selected
samples (Table 1).

When the reducing agent was added to the solution composed
of chloride salts and EG, the color of the solution turned from light
green (neon) to dark green (sacramento), dark yellow, and finally
black in the case of urea (e.g., L1.00); as well as brown (at room
temperature) and lime (at higher temperatures close to boiling
point) in the case of NaOH and LiOH (e.g., L0.525 and L0.625),
respectively. Simultaneous use of CTAB and NaOH leads to forming
the sage color solution (e.g., L0.825).

Afterward, the transition metal oxide can be formed by calci-
nation of hydroxide/carbonate precursor (Eqs. (2) and (3)). During
this process, some of EG and its deprotonated molecules can be
transformed to carbon by releasing CO2 and H2O. In the final step,
after MnxNiO4 mixing with LiOH, followed by calcination, Liz(-
MnxNi)yO2 and Li2CO3 products were obtained according to Eqs. (4)
and (5).

Table 1
Selected LMNO cathodes from the dataset, ICP, XPS, and XRD results.

Sample No. LiOH/NiCl2 molar ratio Reducing agent Surfactant Calcination temp. Calcination time Mn/Ni ICP Mn/Ni XPS I(003)/I(104) XRD

L0.525-N-900 3.465 NaOH/TM ¼ 1.8 Oleylamine 900 �C 16 h 3.22 1.2 2.46
L0.575-U-750 3.795 Urea/TM ¼ 1.9 CTAB 750 �C 8 h 4.84 2.37 1.23
L0.625-L-750 4.125 LiOH/TM ¼ 1.7 CTAB 750 �C 16 h 6.24 3.16 6.28
L0.825-N-750 5.445 NaOH/TM ¼ 1.9 CTAB 750 �C 8 h 2.85 1.24 2.04
L0.925-L-700 6.105 LiOH/TM ¼ 1.8 CTAB 700 �C 12 h 3.44 2.13 1.11
L1.00-U-850 6.6 Urea/TM ¼ 1.6 CTAB 850 �C 16 h 1.95 1.44 1.06
L1.075-L-800 7.095 LiOH/TM ¼ 1.8 Oleylamine 800 �C 8 h 3.44 2.08 1.77
L1.20-L-700 7.92 LiOH/TM ¼ 2 CTAB 700 �C 16 h 2.31 e
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Reducing agent ðureaÞ : COðNH2Þ2 þ2H2O¼ 2NH4
þ þ CO3

2�

(1)

MnxNiðCO3Þ2 þO2 /MnxNiO4 þ 2CO2 (2)

Reducing agent ðNaOH; LiOHÞ : MnxNiðOHÞ4 þO2 /MnxNiO4

þ 2H2O

(3)

y MnxNiO4 þ zLiOH/ LizðMnxNiÞy O2 þ
z
2
H2Oþ

�
2yþ z

4
�1

�
O2

(4)

2LiOHþCþO2 / Li2CO3 þ H2O (5)

3.2. Material characterizations

3.2.1. Morphology of LMNO structures
Fig. 2 shows FE-SEM images for the TM oxide precursors and

final products of L0.525, L0.825, and L1.00. Based on the optimal
electrochemical performance of the cathodes and since a

significant stepwise capacity increasing over cycling is observed in
L0.525, L0.825, and L1.00, the characterization of these samples was
studied in detail. The obtained precursor for L0.525 has the
mesoscopic structure consisting of primary nanoparticles with size
~50 nm. Under calcining the polyol-derived precipitates, the self-
assembly of nanoparticles into a mesostructure occurs in order to
decrease the interfacial energy between the nanoparticles [28].
Moreover, the growth of nanocrystals is controlled by the low
surface energies of planes [54], which are marked by arrows in
Fig. 2a,c. The final L0.525 product has a polyhedral characteristic
with sharp edges. Likewise, the L0.825 precursor shows aggregated
nanoparticles (~25 nm) and less growth of nanocrystal planes
compared with the L0.525 precursor due to the changing of sur-
factant from oleylamine to CTAB. The final L0.825 product (Fig. 2h)
exhibits mesoscopic structural features by growth and assembly of
the nanoparticles, which are favorable to reduce charge transfer
resistance in the electrode/electrolyte interface and increase the
ionic and electronic conductivity.

Interestingly, after the urea and CTAB treatment, the L1.00
precursor (Fig. 2iek) shows uniform hierarchical hollow spheres,
composed of primary nanoparticles with size ~35 nm. The driving
force for the formation of hollow structure is the release of O2/CO2
gas volatilities from the interior of spheres [55].With increasing the
calcination temperature during the lithiation process, the final
L1.00 product appears to have mesostructured morphology. The
hollow structure of precursor leads to the formation of cavities on

Fig. 1. Schematic of polyol-assisted method to synthesize LieMneNieO oxides, reaction mechanism during synthesis, modification of LMNO samples by the creation of surface
oxygen vacancies and/or polyanionic with a Ni concentration-gradient structure (L0.525 and L0.825), and surface oxygen vacancies with a uniform higher Ni content and Li/Ni
cation mixing (L1.00).
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the final product, which is marked by arrow in Fig. 2l. Additionally,
the EDS elemental mapping results for precursors and the final
products of electrodes are shown in Figs. S1eS6, indicating a uni-
form distribution of each element in the samples.

3.2.2. Structural and chemical characterization of the LMNO
products

As shown in Fig. 3a, XRD characterization was carried out to
investigate the crystal structure of the L0.525 to L1.075 products.
LLO exhibits the characteristics of the layered a-NaFeO2 structure
with the combined pattern of Li2MnO3 (space group: C2/m) and
LiTMO2 phase (space group: R3m, TM: transition metal). Notably,
the spinel LiMn1.5Ni0.5O4 phase (space group: 3Fdm) represents a
slight shift of diffraction peaks, especially in the range of 36�e38�

and 44�e45�, as compared to LLO. From L0.525 to L0.625, the
patterns of all the products suggest a composite of the layered and
spinel phases. With the increasing Li content from L0.525 to L0.625,
the spinel phase decreases, and the completely ‘layered’ structures
could be observed in the XRD patterns of L0.825-L1.075 electrodes
(see Supplementary Note1 for details).

Table 2 shows the chemical composition of the L0.525, L0.825,
and L1.00 cathodes measured by ICP and EDX. According to the
results, L0.525 and L0.825 materials form Na-doped Li-rich struc-
tures. LMNO structure receives more Li ions from LiOH salt, and the
amount of Li2CO3 also increases. Except for L0.825 sample due to
lower calcination temperature and reduction of CO2 production.
FTIR measurement was used to investigate the lithium carbonate
formation on the LMNO surface (Fig. S7), in which the sharp

characteristic peaks located around 869, 1643, and 1500 cm�1 are
attributed to the Li2CO3

43. Besides, before transition metal oxide
grinding with LiOH, there is some wastage of transition metal
precipitation during washing, drying, and calcination steps; thus,
the final Mn and Ni content is also lower than their stoichiometric
amounts and leads to an increase in the stoichiometric lithium ratio
in the final material.

3.2.3. Evaluation of concentration-gradient structures in LMNO
cathodes

The surface and bulk chemical composition of products
determined using XPS and ICP analysis, respectively, is shown in
Fig. 3b. Since the depth of analysis for XPS measurement is ~5 nm,
the XPS result can be attributed to surface composition of mate-
rial. The decreased ratio of Mn/Ni on the surface compared with
the bulk compositions indicates that concentration gradient
LMNO cathodes were generated because Ni2þ has higher solubility
constant value (Ksp ¼ 1.4 � 10�7) than Mn2þ (Ksp ¼ 8.8 � 10�11)
and harder to precipitate [50]. Therefore, a concentration gradient
can be formed in the precursors and final LMNO materials, as
illustrated in Fig. 1.

Type and amount of reducing agent play a vital role in Mn/Ni
ratio in the bulk and, subsequently, on the surface of LMNO. Weak
(urea) and strong (LiOH, NaOH) bases have a different behavior in
reducing the transition metals. The order of their reducing strength
is NaOH > LiOH > urea. With increasing the base strength, more Ni
can be precipitated along with Mn ions, thus there is a lower Mn/Ni
ratio for L0.825 and L0.525 materials with NaOH/TM ¼ 1.9 and 1.8,

Fig. 2. FESEM images of the as-prepared TM oxide precursor of (aec) L0.525 sample (denoted as L0.525(P)), (eeg) L0.825(P), and (iek) L1.00(P), and final product of (d) L0.525, (h)
L0.825, and (l) L1.00.
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respectively. However, the lowest Mn/Ni ratio was observed for
L1.00 by using less urea, which shows the simultaneous tendency of
Mn and Ni ions to precipitate, unlike faster precipitation of Mn ions
in strong bases.

3.2.4. Evaluation of oxygen vacancies creation
The oxidation states of oxygen on the surface of all samples were

determined by XPS after normalization of C 1s. The intensity of the
binding energy at 529.46e529.77 eV representing TM-O covalency

Fig. 3. Structural and chemical characterization of LMNO cathodes. (a) XRD patterns of the synthesized products with an amplified region of 35�e39� and 43�e46� . The standard
Bragg position of Li2MnO3, LiMn1.5Ni0.5O4, and LiMO2 phases are indicated. The peak marked by rhombuses is the reflections originating from the MnxNiy phase. (b) Ratio-stacked
bar chart of surface and bulk Mn/Ni measured by XPS and ICP, respectively, (c) XPS of O 1s for all samples, (d) Percentage-stacked bar chart of oxygen species measured by XPS, (e)
high-resolution O 1s for L1.00, (f) Rietveld refinement of L1.00, and (g) Ni2p spectra for L1.00.

Table 2
Chemical composition of selected LMNO cathodes measured by ICP and EDX.

Sample No. Chemical composition

L0.525 (Li1.082 Na0.005) Mn0.812Ni0.252O2.135C0.025 ¼ 1.03 [(Li1.006 Na0.005) Mn0.792Ni0.246O2] þ0.025 Li2CO3

L0.825 (Li1.327 Na0.038) Mn0.639Ni0.225O2.34C0.1 ¼ 1.01 [(Li1.111 Na0.038) Mn0.630Ni0.221O2] þ 0.1 Li2CO3

L1.00 Li1.44Mn0.63Ni0.32O2.45C0.055 ¼ 1.14 [Li1.17Mn0.55Ni0.28O2] þ 0.055 Li2CO3
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is lower than that of the oxygen vacancy (531.29e531.93 eV) and
the carbonate group (eCOx�

3 at 532.47e532.85 eV) for almost all
samples (Fig. 3c and d). This result is more clearly observed by the
significant change on the intensity of the binding energy at 531.5 eV
(Fig. 3e), which represents peroxo-like oxygen component O2ne,
that can be assigned to oxygen vacancies in the crystal lattice for
the L1.003,12.

The creation of oxygen vacancies might be through two paths.

1) The ethylene glycol on the surface of precursors converts to
carbon during calcination process.

2) Decomposition of urea leads to release the carbonate (CO2�
3 ) at

elevated temperature of polyol process (180 �C) through reac-
tion 1 and thus the precipitation of carbonate precursor can be
happened [50].

Therefore, according to Eqs. (6) and (7), some of surface lattice
oxygens were released by CO2 from carbonate and/or oxidation of
carbon in the calcination step, forming oxygen vacancies on the
LMNO surfaces, and using of urea promotes the creation of surface
oxygen vacancies. By comparison of L0.575 and L1.00, it is worth
noting that other conditions such as appropriate temperature along
with urea is needed to have high oxygen vacancies.

MnxNiðCO3Þ2 þ
�
1� a

2

�
O2 /MnxNiO4�a þ 2CO2 (6)

y MnxNiO4 þ zLiOHþ
�
2yþ z

4
�1þ a

2

�
C/ LizðMnxNiÞy O2�a

þ z
2
H2Oþ

�
2yþ z

4
�1þ a

2

�
CO2

(7)

3.2.5. Liþ/Ni2þ mixing
The intensity ratio of I(003)/I(104) < 1.2 is an indication of un-

desirable Ni2þ/Liþ cation mixing; however, in some studies, it is
observed that cation mixing improves the structural stability
[56e59]. As summarized in Table 1, L1.00 shows higher cation
mixing and disordered structure resulting from the high Ni content.
Rietveld refinement of the XRD patterns was performed on the
L1.00 sample (Fig. 3f and Table S1). The exact phases for L1.00 are
(Li0.882Ni0.118)(Li0.118Ni0.381Mn0.5)O2 (70.9%) and Li1.33Mn0.67O2
(29.1%) with refined Ni2þ/Liþ mixing of 11%, corresponding to the
composition of Li1.17Mn0.55Ni0.31O2, which is consistent with ICP
results.

The oxidation states of TM on the surface of all samples were
also measured by XPS. As observed in Fig. 3g and Fig. S9, the main
peak for L1.00 is related to Ni2þ, manifesting the content of Ni2þ is
higher than other samples. Thus, the higher Ni2þ content in L1.00
and cation mixing of Ni2þ in Liþ sites is largely related to the two
most important factors: increasing Ni content in the material and
oxygen vacancy generation, leading to migration of the sur-
rounding Ni ions in Li layers due to higher oxygen release.
Furthermore, the ammonia from the decomposition of urea re-
duces the oxidation state of transition elements to compensate
the unbalanced charge caused by the lattice oxygen deficiency
[60]. The XPS spectra and fitted curves of O 1s, Na 1s, Mn 2p, and
Ni 2p3/2 have been also shown in Figs. S8eS11 and Table S2 (see
Supplementary Note2 for details).

3.3. Electrochemical performance

Galvanostatic chargeedischarge measurements were carried
out for a series of samples (L0.525-L1.2) at room temperature

(Fig. 4a and Fig. S12). There is a drastic evolution of the first
charging voltage profile over much longer cycles in L0.525, L0.825,
L1.00, and L1.075 samples upon diffusion of Ni on their surfaces (as
discussed in the XPS results part). The surface Mn/Ni ratio around 2
was significant in stepwise capacity increase which leads to a
higher lithium diffusion barrier near the surface region [61].

L0.525 shows the initial charge and discharge capacity of 99 and
93 mAh/g at 0.1C, which increases to 152 mAh/g after 150 cycles at
0.2C (Fig. 4a). To further support the electrochemical performance
of cathodes, selected charge-discharge curves of the L0.525, L0.825,
L1.00 and other cathodes at 0.1C are displayed in Fig. 4bed and
Fig. S13, respectively. Sample L0.525 (Fig. 4b), like L0.575 and
L0.625 (as shown in Fig. S13), possesses a typical LLO-spinel com-
posite structure, in which the wide plateau at about 4.5e4.8 V and
the small plateau at 2.9 V during the charge process witness the
existence of LLO and spinel phase, respectively. The discharge ca-
pacity of L0.525 increases to 205mAh/g after 183 cycles at 0.1C. This
increased capacity over cycling is attributed to a higher slant curve
from 4.1 to 2.8 V associated to Ni redox.

L0.575 delivers the initial charge and discharge capacity of 389
and 261 mAh/g at 0.1C. After 150 cycles, the discharge capacity
decays to 59 mAh/g at 0.2C (Fig. 4a). The increased initial charge
capacity, compared to L0.525 electrode, is mainly ascribed to the
wide plateau at 4.5e4.8 V, referring to the high Li2MnO3 content, its
activation process and removal of Li ions accompanying oxygen
evolution from it. Based on elemental analysis, the high Li2MnO3 is
ascribed to high Mn amounts. XRD and electrochemical results
exhibit that L0.575 has a layered-spinel phase in which the layered
phase is higher than the spinel phase. Although L0.575 can deliver
high initial capacity compared to L0.525, the irreversible capacity
loss caused by extra removal of Li ions in first cycles leads to low
capacity upon cycling.

The initial charge and discharge capacity of L0.625 are 316 and
209 mAh/g; the decreased discharge capacity in first cycle is
ascribed to irreversible Li2MnO3 activation process. Sample of
L0.625 have about 20% higher discharge capacities in the fifth cycle
(253 mAh/g) than that in its first cycle, which is attributed to the
suppressed Li2MnO3 activation process affected by the formation of
a small amount of spinel phase on the surface [51]. L0.625 presents
shorter plateau above 4.5 V, compared to L0.575, owing to more
surface oxygen vacancies. L0.525 shows lower capacity in first cy-
cles compared with L0.575 and L0.625 electrodes, but has a better
stability upon long-term cycling, which is related to optimum Mn/
Ni ratio on its surface.

Likewise, L0.825 with initial charge and discharge capacity of
312 and 146 mAh/g has a similar charge-discharge trend to L0.525
sample withmaximum discharge capacity of 160.6 mAh/g after 104
cycles at 0.2C (Fig. 4a). Furthermore, the discharge capacity of
L0.825 at 0.1C reaches to 172 mAh/g after 94 cycles (Fig. 4c). The
reversible capacity retention ratio after 150 cycles relative to
maximum discharge capacity at 0.2C and 0.1C is 98% and 92%,
respectively.

However, L0.925, as a layered structure, demonstrates an initial
charge and discharge capacity of 279.3 and 145.4 mAh/g at 0.1C,
respectively; while the fourth discharge capacity is 178.8 mAh/g at
0.1C, which is related to gradual Ni redox (Fig. 4a). However, the
capacity of L0.925 declines substantially after five cycles, and the
material has 28 mAh/g after 150 cycles at 0.2C because of its low
crystallinity as a result of low calcination temperature. The reduc-
tion in crystallinity could aggravate the particle microcracking,
which lowers the electrical contact between the current collector
and cathode, leading to capacity loss [62].

As such, the discharge capacity in L1.00 increases from
94.9 mAh/g (1st cycle) to the largest capacity of 254.5 mAh/g (46th
cycle) and stabilize at 252 mAh/g at 0.1C, maintaining a reversible
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capacity retention ratio above 99% of its maximum discharge ca-
pacity even after 85 cycles (Fig. 4d). When cycled at 0.2 C, L1.00
shows the maximum discharge capacity of 209.2 (87th cycle) with
97% capacity retention after 150 cycles (see Fig. 4a and Supple-
mentary Note3 for details). As shown in first charge curve of L1.00

(Fig. 4d), the oxidation peak around 4.8 V related to the activation
process has a lower intensity due to formation of oxygen vacancy
comparison with other layered LMNO products (L0.825 and
L0.925), although the Ni and oxygen redox has a higher intensity in
the following cycles. The reversible Ni and anionic redox lead to an

Fig. 4. (a) rate capability of the products when cycling between 2.0 and 4.8 V at various rates from 0.1 to 1 C at room temperature; (b) selected chargeedischarge profiles of the
L0.525, (c) L0.825, and (d) L1.00 cathode; (e) Full experimental history of random seeds with highlighted best sample from the viewpoint of capacity.
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improvement of the capacity of L1.00 sample and is discussed in
detail in later.

Increasing Li content in L1.075 results in the first charge and
discharge capacity of 135 and 47 mAh/g, which increases afterward
upon cycling prior to stabilize at 147.0 mAh/g after 32 cycles at 0.1C
(Fig. S13) and 82 mAh/g after 108 cycles at 0.2C (Fig. 2a) due to
surface Mn/Ni e 2. Moreover, L1.2 has first charge and discharge
capacity of 252.9 and 102.5mAh/g at 0.1C, which discharge capacity
decays to 64 mAh/g after 150 cycles at 0.2C.

The charge profiles of L1.075 and L1.2 show that the amount of
LiTMO2 composition is much less than Li2MnO3 phase due to the
formation of higher Li-rich phase caused by introducing high Li ions
into materials. Consequently, Ni redox reduces as a decrease in the
slant curve from 3 to 4.5 V in L1.075 and L1.2 electrodes compared
with L1.00 (Fig. S13), thereby severe capacity reduction can be
observed. As shown in Fig. 4d, the first cationic redox (from 3 to
4.5 V in first charge profile) exhibits specific capacities of ~70 mAh/
g, which increases during cycling. Moreover, the specific capacities
above 4.5 V in first charge is related to anionic redox. In subsequent
cycles, the cationic and anionic redox are increasing to ~250 mAh/g
due to surface Mn/Nie2 and high amount of surface oxygen va-
cancies. The growing of Ni and oxygen redox during cycling has
been further confirmed by CV analysis of L1.00 sample over
extensive cycling, which is presented in Fig. 5b.

However, the first cationic redox for L1.075 sample shows spe-
cific capacities of ~20 mAh/g, which is much less than L1.00 (as
shown in Fig. S13). Although, the cationic redox in L1.075 grows
during cycling, however, the maximum charge capacities after 100
cycles reaches to 110 mAh/g. Likewise, for L1.2 sample, the cationic
redox in first cycle exhibits ~80 mAh/g without stepwise capacity
increasing over cycling. Therefore, the maximum cationic redox of
L1.2 is lower than L1.00, which is shown in Fig. S13.

Furthermore, the larger irreversible Li2MnO3 activation process
can be observed for the L1.075 and L1.2 samples compared to L1.00
due to high Li content along with lower surface oxygen vacancies,
which lead to loss of electrochemically active lithium sites and
oxygen. From Fig. S13 correspond to L1.2 sample and Fig. 5a, it can
be found that there is a large Li2MnO3 phase activation plateau even
during the second cycle leading to higher irreversible oxygen redox.
The charge capacity after 1st, 2nd and 3rd cycles are 253, 175, and
123 mAh/g, respectively, which demonstrates the large irreversible
capacity loss.

3.3.1. Study the appropriate Mn/Ni ratio for CG-LMNO structures
Interestingly, the optimum materials for long-term cycling sta-

bility were L0.525, L0.825, and L1.00, which have a lower Mn/Ni
ratio (�2) and obtained by stabilizing the cationic redox chemistry
(Fig. 4e). Based on the galvanostatic results, the occurred redox

Fig. 5. Oxygen vacancy evaluation on the electrochemical properties of LMNO cathodes. The initial CV curves of (a) L0.525-L1.2 samples at 0.05 mV/s, (b) CV plots for L1.00 at 1 mV/
s, (c) Linear relationship of the peak current (Ip) and the square root of the scanning rate (n1/2), Ip ¼ kDLiþ

1/2 w1/2 (k is constant) for L0.825-L1.075 electrodes, (d) EIS results of materials
after 1st and (e) after 30th cycle.
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reactions around 4 V are attributed to Ni2þ, which are gradually
developed over cycles. This prevents the extraction of more Liþ

from the lattice, which causes the cation migration. Thus, Liþ ions
are gradually involved in the reactions, increasing the capacity
during cycling and overall stability. In addition, L1.00 has better rate
property than L0.525 sample with similar stepwise capacity in-
crease and initial charge capacity, with a maximum charge capacity
of about 116.7mAh/g at 0.2C, 94.9mAh/g at 0.5C, and 78.5mAh/g at
1C-rate, respectively.

Among the cathodes with stepwise capacity increase behavior,
the L1.00 cathode shows higher extent of reversible Ni2þ redox, this
is because of two reasons; high Ni content and cation mixing. To
investigate the structural properties of the materials and origins of
the above results, thermodynamic stability of the LiMnO2,
LiNi0.2Mn0.8O2, LiNi0.3Mn0.7O2, and LiNi0.5Mn0.5O2, we calculated
their formation energy using DFT calculations. As shown in Fig. S18,
the formation energy of structures is clearly decreased by
increasing Ni ratio, resulting in more stable structures which con-
firms the structural stability of L1.00 sample.

This result in agreement with previous studies that indicated
increasing the Ni content in LLO materials has been lead to lessen
the structure degradation and improve cyclic stability and rate
performance by inhibiting the layered-to-spinel phase trans-
formation [37,63,64]. Ni ions can migrate out from the Li layer
because of the larger ionic radius of Ni ions relative to Mn ions,
which tend to be trapped in dumbbells; thus, prevents continuous
migration of TM ions to Li sites by reversible migrating between TM
layer and interlayer, inhibiting LieLi dumbbell and layered-spinel
transition as a pillar.

Likewise, as summarized in Table 1, L1.00 shows higher cation
mixing and disordered structure, which may arise from the high Ni
content and oxygen vacancies. Some scholars believe that the cation
mixing of L1.00 plays a positive role in retarding structural rear-
rangement through supporting the Li slabs and reducing repulsion of
neighboring oxygen layers during the gradual delithiation process
and Ni2þ/Ni4þ redox [26], which good agreement with our result.
Therefore, the appropriate amount of surface Mn/Ni ratio, high Ni
content and calcination temperature will be needed to optimize
structural crystallinity and cation mixing of LLO cathodes.

3.3.2. Evaluate the redox properties of TM ions
The corresponding CV experiments of cathodes have been car-

ried out to evaluate the redox potential of the TM ions (Fig. 5a).
L0.525-L0.625 manifest typical spinel redox features, in which the
anodic peaks at ~3e3.2 V/3.8, ~4.1, and ~4.7/4.8 V are attributed to
Mn3þ/Mn4þ, and Ni2þ/Ni4þ redox in spinel phase, respectively [65].
Moreover, the CV curves of L0.525-L0.625 confirm the formation of
the second layered LLO phase, indicating that the anodic peaks at
~4.15/4.3 V and ~4.6e4.8 V are ascribed to the Ni2þ/Ni4þ and
Li2MnO3 activation, respectively. Taken together, the charge
compensation of Li removal at ~4.6e4.8 Vwould result in reversible
as well as irreversible anionic redox accompanied by significant
oxygen loss from the surface. A reduction process corresponding to
the activation process involves two reversible contributions, (1) O2p

and (2) O2�/n� 66,67. O2p is attributed to the formation of electron
holes in the O2p band coordinated by Mn4þ and Liþ ions during the
Liþ removal [9]; while O2�/n� is ascribed to a reversible O2�/n�

contribution [66,67]. Likewise, in the CV profiles of L0.825-L1.2, the
peaks of LLO are observed. Details of the CV results can be found in
the supplementary Note4.

The CV curves for some of samples were not closed due to
passivation of the electrodes and improvement of Li ions and
electron transfer kinetic. In composites with spinel phase, the
voltage at the beginning of charging is associated with the nickel
redox voltage. But with increasing cycle, the nickel redox increases

due to the improvement of ion kinetics and electron transfer. Thus,
the current at the beginning and end of the cycle is different,
leading to creation of non-closed CV curve. Also, another point is
related to passivation, which can be seen especially in layered
phases. It occurs when the passivating compound is deposited on
the electrodes and causes the reduction of reaction rate. Therefore,
the peak potential shifts to more negative and positive in cathodic
and anodic reactions, respectively.

3.3.3. The role of oxygen vacancies on the L1.00 electrochemical
properties

Previous studies have been reported that during the activation
of Li2MnO3 phase, the active lattice oxygen (OO) in LLO transformed
to some surface oxygen vacancies (VO) and oxygen gas (O2),
assuming oxygen release in the form of gas. Thus, this reaction can
be simplified as follows [12]: OO/

1
2O2 þ V €O þ 2e�. By considering

the chemical activity of OO is equal to 1 and the concentration of
generated e� is twice that of VO (½e�� ¼ 2½V €O�Þ, the equilibrium

constant of this reaction can be written as K ¼ 4½V €O�3PO2
1=2, and

consequently, PO2
¼ K 0½V €O��6 in which K 0 ¼ K

4.
Based on the equations, the oxygen partial pressure (PO2

) de-
pends on the content of the oxygen vacancies (V €O), and the creation
of surface oxygen vacancies is accompanied by a less oxygen release
[12].

Thus, evidence of surface oxygen vacancies on the electro-
chemical performance of our samples is observed in.

(1) Inhibiting oxygen release above 4.5 V. Hence, the initial two
CV curves of the samples were studied to evaluate the oxy-
gen release from cathodes with different oxygen vacancies.
For this aim, the samples with single LLO phase were
compared to eliminate the effect of spinel redox peaks (can
be seen in Fig. 5a). The blue regions in CV curves correspond
to oxygen evolution from the cathodes. As mentioned before,
the contributions of oxygen redox are O2p (>4.5 V) and
O2�/n� (~3.3 V) redoxes. The difference between the first and
second oxygen oxidation peak above 4.5 V (O2p) in L1.00 is
smaller than the other samples due to the existence of more
oxygen vacancies on its surface, inhibiting the irreversible
oxygen release.

For emphasizing the occurring redox processes, the CV profiles
of L1.00 sample during extensive cycling are presented in Fig. 5b.
The CV result reveals that the O2P peak does not possess capacity
fading, indicating that the released oxygen for the L1.00 cathode is
very low. Furthermore, during the initial charge-discharge of the
L1.00 material, the broad peak around 4.3 V is attributed to O2�/n�

as well as Ni2þ/Ni4þ redox, while O2�/n� and Ni2þ/Ni4þ extensively
developed in oxidation and reduction peaks in addition to the slight
increase of O2p, which confirms the stepwise capacity increasing of
L1.00 sample.

(2) reduction decomposition of electrolyte and improving of
conductivity at the cathode/electrolyte interface due to
suppression of the reactive oxygen radicals from formation
on the cathode’ surface upon de/lithiation process.

To evaluate this item, the conductivity is further investigated
utilizing the EIS analysis from cathodematerials. EIS measurements
were performed for pristine samples and after equilibrium at a
charged state of 4.8 V from 1st, 10th, 20th and 30th cycles (Fig. S20).
An entire Li-ion battery cell can be modeled using an equivalent
circuit shown in Fig. S21, in which the Rb, RSEI, Rct, and W
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parameters stand for the internal resistance of the cell, solid-
electrolyte interface resistance, charge transfer resistance, and
Warburg element, respectively [68].

The first semicircle of the EIS spectrum originates from the
impedance of a layer that forms on the interface between the
electrode and electrolyte. This interfacial layer is called the solid
electrolyte interphase (SEI) layer, and it is generated by the
decomposition of the electrolyte. It was found that RSEI is extremely
sensitive to the reactivity of the electrolyte during the first lith-
iation cycle, which released oxygen andMn dissolution could affect
its reactivity. As clearly observed in Fig. 5d and e, the RSEI results of
the electrodes after the 1st cycle are in order: L0.575 > L0.625e
L0.525 > L0.825 > L0.925 > L1.075 > L1.00. L1.00 cathode has the
smaller RSEI after the first charging due to low released oxygen and
high Ni content on the surface, thereby reducing electrolyte
decomposition. Whereas the L0.625 and L0.575 have higher RSEI
due to more Mn on their surface, consequently Mn dissolution into
the electrolyte because of its reaction with released oxygen. L1.00
keeps this trend after the 30th cycle: L0.575 > L0.825 >
L0.925 > L0.825 > L0.525 > L1.075 > L1.00.

And (3) increasing of Liþ diffusion and ionic conductivity. Oxy-
gen vacancies in the LLO electrochemical properties is increasing of
Liþ diffusion and ionic conductivity. From the research on the Liþ

migration from the octahedral sites in Li layer to TM layer through
intermediary tetrahedral sites, there is a high chance of escaping
the trapped Liþ in the tetrahedral sites (LieLi dumbbells) with
introduction the oxygen vacancy. So, the favorable Liþ diffusion into
adjacent octahedral sites leads to increased ionic conductivity [12].

For calculating the Liþ diffusion for products, the CV curves were
studied at different scanning rates, which are shown in Fig. S22.
Fitting the linear relationship between the peak currents and the
square root of the scanning rate for peaks yields comparable Li ion
apparent diffusion coefficient DLi values to those for the cathode
materials, according to the Randles Sevick equation:

Ip ¼
�
2:69�105

�
n3=2ADLiþ

1=2CLiþw
1=2 (8)

where Ip is the peak current of anodic or cathodic peaks, n is the
number of electrons per formula during the insertion, A is the
effective contact area between the electrode and electrolyte, CLiþ is
the concentration of Liþ in the cathode, DLi is the diffusion coeffi-
cient of Li, and w is the scan rate [69].

Based on Eq. (8), the fitted slopes of the different electrodes are
calculated and shown in Fig. 5c. Apparently, the DLiþ at the voltage
of O2P reaction for L1.00, which is proportional to its slope, is higher
than other electrodes due to lower irreversible oxygen loss in the
initial charge. Of course, the mesoscopic structure could enhance
the Liþ diffusion due tomore surface area. Thus, both the creation of
oxygen vacancies and mesostructure design play a positive role in
Liþ diffusion.

Further, the second semicircle in the EIS results is related to the
Rct, which is linked to the kinetics of an electrochemical reactions
that occur during the charge-discharge process [68]. Hence, by
comparing the Rct(1st) results: L1.2 > L1.075 > L1.00 > L0.825 >
L0.925 > L0.525 > L0.625 > L0.575, the higher electronic conduc-
tivity of L0.525, L0.575, and L0.625 should be essentially attributed
to the spinel phase with 3D Li-ion diffusion channels, which leads
to higher capacity especially in initial cycles, as previously dis-
cussed. As such, in layered structures, the cathodes with lower Li
content possess better charge transfer due to higher Liþ

concentration-gradient during intercalation process, which facili-
tates the surface kinetics of L1.00, and L0.825 electrodes upon
cycling.

At the same time, the Rct after 30th could be observed in the
following order: L0.575 > L1.075 > L0.825 > L1.00 > L0.525. Thus,
the L0.525, L1.00, L0.825, and L1.075 samples have the smallest
Rct(30th), respectively, which is coinciding with the galvanostatic
results. Thus, a stepwise capacity increase of electrodes over long
term cycling could be ascribed to lower Rct and high Ni/Mn ratio on
LLO's surface.

According to the results, we could prioritize the factors influ-
encing the Rct: Firstly, the high Ni/Mn ratio on LLO's surface, and
presence of the spinel phase, which can be seen in comparison of
L0.525 with other LLO-CG structures; secondly, surface oxygen
vacancies, and mesoscopic structure by comparison of L1.00 with
L0.825. The creation of oxygen vacancy has a considerable effect in
reducing charge-transfer resistance for Liþ migration and less
electrode polarization, demonstrating a lower chance of trapping
the Li-ion in the LieLi dumbbells, thereby ionic conductivity
improvement [12] (see Supplementary Note5 for details). Thus, the
Rct and RSEI of L1.00 after 30th cycle reveals that oxygen vacancy
introduction in CG-LLO with surface Mn/Ni~1.5 accompanied by
mesoscopic structure has a considerable effect in reducing inter-
facial and charge-transfer resistance.

To summarize, we herein employed random seeds to explore
the various synthesis parameters more efficiently and find the
optimal synthesis conditions to design the LMNO cathodes that
satisfy the electrochemical properties such as large capacity, long
cycle life, and good rate capability (Fig. S23). Based on our inves-
tigation, L1.00 was found to give the best performancewith namely
the large capacity, cycle life and rate capability (Fig. 4c), see Sup-
plementary Note6 for details. Our best capacity and those of others
are provided in Table 3, suggesting that the prepared Co-free LLO
can be used as a promising cathode material for Li-ion battery.

4. Conclusion

In summary, this work provides practical approaches that will
help resolve irreversible anionic and cationic redox issues by en-
gineering the cathode/electrolyte interface and structure. We

Table 3
Comparison with recent reported Co-free LLO cathodes.

Cathode materials Test conditions (mA/g) Charge/discharge
capacity (mAh/g)

Capacity Retention Method Refs.

Li(Li0.17Mn0.55Ni0.28)O2 20 254 99% (after 85 cycles) Polyol-assisted This work
Li(Li0.2Mn0.6Ni0.2)O2 48 220 93% (after 100 cycles) Co-precipitation [30]
Li(Li0.2Mn0.6Ni0.2)O2 32 240 88% (after 50 cycles) Co-precipitation [46]
Li(Li0.2Mn0.6Ni0.2)O2 35 220 85% (after 100 cycles) Co-precipitation [70]
Li(Li0.2Mn0.6Ni0.2)O2 250 205 84% (after 100 cycles) Sol-gel [71]
Li(Li0.2Mn0.6Ni0.2)O2 5 220 76% (after 40 cycles) Sol-gel [13]
Li(Li0.2Mn0.6Ni0.2)O2 100 187 75% (after 100 cycles) Combustion [72]
Li(Li0.2Mn0.53Ni0.27)O2 250 199 50% (after 200 cycles) Co-precipitation [73]
Li(Li0$17Mn0$58Ni0.25)O2 20 226 22% (after 80 cycles) Co-precipitation [74]

As a result, this advantage of the L1.00 cathode could be attributed to increasing oxygen vacancies at high calcination temperature under reducing atmosphere as well as high
Ni/Mn ratio on its surface and Li/Ni cation mixing.
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proposed a new strategy to improve the electrochemical perfor-
mances of Co-free LLO synthesized via a polyol-assisted method by
integrating oxygen vacancies and the high Ni/Mn ratio on LLO's
surface (Mn/Ni~1.5). The specific amount of oxygen vacancies on
the surface of as-synthesized LLO cathodes plays a crucial role in
improving electrochemical performance due to less oxygen gen-
eration during cycling and driving the reversible anionic redox
processes, decreasing the interfacial and charge transfer resistance
of Liþ diffusion. At the same time, high Ni segregation on the sur-
face of concentration-gradient layered and spinel/layered Li-rich
materials with the ratio of Mn/Ni � 2 leads to a higher lithium
diffusion barrier near the surface region. Consequently, stepwise
capacity increase is associated with enhanced specific capacity and
better cycling capability. Therefore, we conclude that the high ca-
pacity in L1.00 is mainly attributed to reversible anionic redox
processes and cationic redox of Ni2þ/Ni4þ. This study offers the
simple, versatile, low-cost, and scalable approach to control the
oxygen vacancy, and surface Mn/Ni content in Co-free concentra-
tion-gradient Li-rich oxides, highlighting their promise as high-
capacity cathodes.
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