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The challenges of voltage decay and irreversible oxygen release
for lithium-rich layered oxide cathode materials have hindered
their commercial application despite their high energy density
and low cost. Herein, a facile post-annealing strategy is
developed to pre-introduce oxygen vacancies (OVs) into
Li1.2Mn0.457Ni0.229Co0.114O2 cathode materials. The induced OVs
modify the local Mn coordination environments, enhance
structural stability, and suppress oxygen release. The modified
cathode exhibits a discharge capacity of 224.1 mAhg� 1 at 0.1 C
after 100 cycles with 97.7% capacity retention. Even at 2 C,
excellent capacity retention of 93.3% after 300 cycles can be
achieved. In situ and ex situ X-ray diffraction are used to

elucidate the reaction mechanisms and crystal structure during
cycling tests. Ex situ X-ray photoelectron spectroscopy con-
firmed the suppressed oxygen release, enhanced oxygen
vacancies and reduced cathode-electrolyte interfacial layer after
cycling for the post-annealed cathode. Our results show that
the presence of oxygen vacancies through thermal expansion
diminishes the phase transitions in cathode materials during
the heating process. These findings contribute to developing
next-generation Li-ion batteries (LIBs) by oxygen vacancy
engineering for new cathode materials with improved electro-
chemical performances.

Introduction

Mn-based Li-rich layered materials xLi2MnO3 · (1� x) LiMO2,
M=Mn, Co, Ni, LR� MNC) are very promising cathode candidates
for next-generation lithium-ion batteries due to their low cost
and high energy density, which could be ascribed to the charge
compensation of lattice oxygen (oxygen-related anionic redox
reaction).[1–3] However, the redox reaction of lattice oxygen
(with an initial charge exceeding 4.5 V) causes irreversible O2

release and surface essential OVs leading to significant crystal
structural changes and irreversible capacity loss.[4,5] In addition,
the side reaction-induced electrolyte decomposition at the
electrode interface would lead to voltage decay.[1,6] Numerous
efforts, including surface modification,[7,8] adjustment of salt
concentrations,[9,10] doping and surface coating,[11–13] have been
applied to inhibit the irreversible phase transition, diminish the
contact between the electrode and electrolyte, and suppress
the migration of transition metals into the lithium slab.[14,15]

Ma and co-workers embedded Na ions in
Li1.2Mn0.56Ni0.16Co0.08O2 materials and created the surface OVs
during the lithiation process.[16] Na doping can effectively
accelerate lithium ion diffusivity, and the surface OVs can retard
oxygen release and enhance structural stability during cycling.
Accordingly, the as-prepared cathode delivers a high initial
Coulombic efficiency (CE) of 84.2%. Wang et al. investigated Al/
Ti co-doped Li1.13Mn0.517Ni0.256Co0.097O2 by coprecipitation
method.[17] The strong Al� O bonds can effectively stabilize the
lattice oxygen, and the Ti4+ can accelerate the Li+ trans-
portation during cycling and decrease the bandgap of lithium
layered oxides (LLOs), which can improve the capacity and rate
performance. Thereby, a voltage decay of 0.34 mV per cycle
and a high-capacity retention of 89.7% over 500 cycles at 1 C
can be realized. Kim and coworkers demonstrated that a
polydopamine (PDA) surface coating can improve the cycling
performance of Li-rich Mn-rich layered cathodes.[18] PDA, a well-
known oxygen radical scavenger, can provide a chemically
protective layer to minimize the unwanted growth of cathode
electrolyte interphase, reduce the release of oxygen gas and
significantly suppress phase transformation on the surface. The
formation of OVs can effectively enhance structural stability by
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suppressing O2 release, and thus deliver excellent electro-
chemical performance of the lithium-rich cathodes. Oxygen
vacancies can be generated in metal oxides by high-temper-
ature annealing process under an inert or vacuum
atmosphere,[19–21] which makes it possible to remove some of
the metal oxide lattice oxygen at high temperatures without
causing bulk phase transformation.[21,22] In this work, we
introduce a facile post-annealing treatment in an argon
atmosphere to introduce OVs on the surface of the
Li1.2Mn0.457Ni0.229Co0.114O2 cathode materials. The formation of
OVs can affect the local Mn coordination environments,
improve structural stability, and reduce the oxygen release
from the cathode to promote its electrochemical properties.
The oxygen vacancies can be tuned by varying the heat
treatment temperature or inert gas flow rate during annealing
process (Figure 1). A systematical investigation demonstrates
that reasonable number of OVs can effectively suppress the
depletion of TM ions in electrolyte and phase transition, thus
realizing the structural stability, sluggish voltage decay, and
improved capacity retention.

Intentional creation of oxygen vacancies in LR-MNC
through a post-annealing process in argon leads to better
structural stability and suppressed oxygen release which limit

the voltage decay in cathodes. The suppressed oxygen release
due to OVs creation diminishes the phase transitions in cathode
and improve the cyclability and reversibility of Li-rich cathode
during cycling. Decreasing c-lattice parameter indicates the
pre-introduced OVs and shrinkage of the layer structure after
post-annealing in argon.

Results and Discussion

To gain a more accurate understanding of the crystal structure,
Rietveld refinement was performed. The Rietveld refinement X-
ray diffraction (XRD) patterns of the LLO, and LLO-500 are
shown in Figure 2(a and b). All of the samples are phase-pure
without any impurity detected. The XRD patterns of the
cathodes show that all peaks can be indexed to the space
group R-3m with a layered hexagonal structure of α-NaFeO2

except for the weak diffraction peaks between 20° and 25°,
which are attributed to the superlattice monoclinic C/2 m
structure of Li2MnO3.

[23–26] The apparent splitting of the (018)/
(110) peaks and (006)/(012) peaks indicate a well-ordered
layered structure.[27,28] Rietveld refinement results of all samples
are briefly listed in Table 1. Both LLO (1.21) and LLO-500 (1.35)

Figure 1. Schematic of surface OVs formation through post-annealing treatment.

Table 1. Comparison of Rietveld XRD refinement results of the LLO, LLO-200, LLO-300, LLO-400, LLO-500, and LLO-600 cathodes.

Sample LiTMO2 (R-3 m phase) Li2MnO3 (C2/m phase) I(003)
/
I(104)

Rwp
[%]

a=b
[Å]

c [Å] c/a V [Å3] Composition [wt
%]

Li+/
Ni2+

z [O] a [Å] b [Å] c [Å] V
[Å3]

Composition [wt
%]

LLO 2.8553
(10)

14.2450
(4)

4.9896
(66)

100.61
(8)

78.12 7.8896 0.24452 5.0052
(12)

8.590
(3)

5.049
(15)

109.2
(11)

21.18 1.21 7.03

LLO-
200

2.8565
(15)

14.2501
(18)

4.9886
(05)

100.70
(17)

92.72 7.8896 0.24387 4.973
(3)

8.557
(4)

5.039
(3)

201.8
(2)

7.28 1.22 7.37

LLO-
300

2.8574
(19)

14.2596
(18)

4.9950
(08)

100.83
(18)

92.98 7.8144 0.24491 5.007
(3)

8.558
(5)

5.089
(3)

206.5
(2)

7.02 1.21 6.25

LLO-
400

2.8598
(18)

14.264
(2)

4.9876
(91)

101.03
(2)

93.20 7.7719 0.24667 5.048
(4)

8.526
(6)

4.975
(5)

201.7
(3)

6.80 1.25 5.75

LLO-
500

2.8588
(3)

14.260
(3)

4.9881
(06)

100.94
(3)

94.47 7.7705 0.25037 4.958
(7)

8.545
(7)

5.027
(8)

201.9
(5)

5.53 1.35 6.34

LLO-
600

2.8615
(2)

14.273
(3)

4.9879
(43)

101.21
(2)

87.63 7.7712 0.24695 5.050
(3)

8.575
(4)

5.051
(2)

206.8
(18)

12.37 1.23 8.10
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samples have I(003)/I(104) values over 1.2. Furthermore the c/a
values of LLO (4.9896) and LLO-500 (4.9881) are larger than
4.8992, indicating the post-annealing treatment has no damage
to the layer structures and Li/Ni cation mixing.[29–36] Compared
to LLO (4.79114 Å), a considerable d-spacing shift in the c-axis
direction can be detected in the LLO-500 sample (4.78117 Å),
which can be ascribed to the pre-introduced oxygen vacancies
and shrinkage of the layer structure in LLO-500 (Supporting
Information, Figure S1a ). Comparison of the d-spacing changes
of the various post-annealed samples, including LLO, LLO-200,
LLO-300, LLO-400, LLO-500, LLO-600, shows that the LLO-500
sample displays the largest d-spacing change due to OVs
formation (see Supporting Information, Figure S1b). The Riet-
veld refinement of all the samples XRD patterns are presented
in Supporting Information, Figure S2. All the samples could be
indexed to trigonal space group R-3 m, and the weaker
superstructure peaks could be indexed to monoclinic space
group C2/m. Lattice parameters show no big difference
between the LLO and calcined samples. This finding implies
that the oxygen vacancy engineering by post annealing does
not strongly influence the whole structure. After post annealing
treatment, both the amount of Ni2+ and the occupancy of Li in
the Li layer are greater than that in the pristine LLO.
Interestingly, the Li+/Ni2+ disordering decreases with an
increase in Ni2+ content. The weighted-profile R value (WRP)
basically reflects the degree of agreement between the overall
calculated intensity and the measured intensity. All WRP values
are less than 10, indicating excellent fit results (Table 1). In
addition, both the LLO and LLO-500 samples are refined with
two different local structures of R-3 m and C2/m phases. The

fractions of the R-3 m and C2/m phases for LLO are 78.12% and
21.18%, while for LLO-500, the fractions of the R-3 m and C2/m
phases are 94.47% and 5.53%, implying a more ordered layer
structure in LLO-500 cathode. In the LLO-500 cathode, the
oxygen occupancy z(O) refined to 0.25037 is higher than that
of 0.24452 in the LLO sample, confirming less oxygen release
due to OVs formation (Table 1).

Scanning electron microscopy (SEM) images of the LLO and
LLO-500 are shown in Figure 2(c and d). Both LLO and LLO-500
materials display spherical morphologies, with LLO-500 having
a smaller particle size (less than 1 μm). The SEM images of the
samples at different post-annealing temperatures are shown in
supplementary materials (Figure S3). The microstructures of the
samples are further characterized by transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM). TEM and
HRTEM images of LLO and LLO-500 are shown in Figure 3(e
and f) and Figure S4, respectively. It can be concluded that
both the LLO and LLO-500 samples reveal distinct lattice
fringes, which is consistent with the characteristic plane (003)
of α-NaFeO2 (R-3m) (Figure 3e,f and Figure S4a–d). Fast Fourier
transform (FFT) images of the LLO and LLO-500 samples in the
supplementary materials, Figure S4(b–d) reveal that the inter-
planar spacing is ~0.47 nm, which is consistent with the (003)
preferential peak of the layer structure. A tiny portion of rock-
salt phase can be detected on the outer surface of the LLO
material compared to the well-defined surface layered structure
of LLO-500 (Supporting Information, Figure S4e and f). This part
of the rock salt phase is responsible for the blockage of lithium-
ion transport. In Figure 2(g), the distinct lattice fringes of
~0.47 nm can be observed in the HRTEM micrograph of the

Figure 2. Refined XRD pattern of the a) LLO and b) LLO-500 cathodes; Unique morphological features associated with engineering of oxygen vacancies and
layered structure, SEM images of c) LLO and d) LLO-500; TEM images of the e) LLO and f) LLO-500, corresponding g) HRTEM and h) HAADF-STEM images of
LLO-500 sample.
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LLO-500 sample.[37–39] Furthermore, the high-angle annular
dark-field (HAADF) imaging in scanning transmission electron
microscopy (STEM) of the LLO-500 clearly shows that no
rocksalt phase exists (Figure 2h). The STEM and the correspond-
ing elemental mapping images of the LLO-500 sample confirm
the uniform distribution of Mn, Ni, Co, and O elements
(Supporting Information, Figure S5). The energy dispersive
spectroscopy (EDS) analysis data of the arrow area (see
Supporting Information, Figure S6) in the LLO-500 STEM is in
accordance with the stoichiometry of the sample, further
confirming the successful synthesis of LLO-500.

To evaluate the effect of post-annealing on the electro-
chemical performance of Li-rich cathode materials, systematic
electrochemical tests are conducted at various current densities
(1 C=300 mAg� 1) in the voltage range of 2.0–4.7 V. Typical
charge-discharge voltage profiles at 0.1 C for the LLO and LLO-
500 electrodes are shown in Figure 3(a and b). The first charge
curves for both LLO and LLO-500 consist of both a ramping
voltage curve (V�4.5 V) and a plateau voltage (4.5 V<V�
4.7 V). The slopes result from the oxidation of Ni2+/Ni4+ and
Co3+/Co4+,[40,41] and the plateau region above 4.5 V is ascribed

to the activation of Li2MnO3.
[40] The first charge and discharge

capacities of LLO cathode are 265 and 222.4 mAhg� 1, respec-
tively. The LLO-500 cathode exhibits the initial charge and
discharge capacities of 275 and 229.3 mAhg� 1, respectively.
The corresponding cycling performance of LLO shows fast
capacity fading after 100 cycles with a capacity retention of
87.4%. While for the LLO-500 cathode, a very small change in
the discharge capacity from 229.3 to 224.1 mAhg� 1 can be
observed under the same condition, with a capacity retention
rate as high as 97.7% (Figure 3c). The small increase in initial
discharge capacity may be due to the more ordered layer
structure and TM oxidation in LLO-500 cathode. A higher
average CE of 92.06% could be even achieved for LLO-500
compared to the LLO electrode (91.64%), which corresponds to
a high utilization of the total lithium content (Figure 3d). The
cycling performance of the samples annealed at different
temperatures was carried out as well (Supporting Information,
Figure S7a). The rate capabilities of LLO, LLO-200, LLO-300,
LLO-400, LLO-500, and LLO-600 are investigated (Figure 3e and
Supporting Information, Figure S7b–d). Obviously, the rate
performance increases with the calcination temperature, and all

Figure 3. Electrochemical testing of the LLO cathodes. Charge/discharge profiles of a) LLO and b) LLO-500 electrodes for the first (black color) and 100th cycles
(red color), half-cell cycling current density is 10 mAg� 1 (0.1 C); c) cycling performance of LLO and LLO-500 electrodes; (d) coulombic efficiency of the LLO and
LLO-500 samples at 0.1 C after 100 cycles; e) rate performance of LLO and LLO-500 at different current densities; f) mid-point voltage of the LLO and LLO-500
electrodes after 100 cycles; g) long cycling performance of the LLO and LLO-500 after 300 cycles at 2 C.
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samples show good capacity retention after the current density
returns to 0.1 C. LLO-500 achieves discharge capacities of 241,
223, 198, 174, 151, and 125 mAhg� 1 at current densities of 0.1,
0.2, 0.5, 1, 2, and 5 C, respectively. The capacities of the LLO
samples under the same conditions are 228, 210, 187, 162, 137
and 75 mAhg� 1, respectively. Figure 3(f) exhibits the mid-point
voltage of LLO and LLO-500 cathodes at 0.1 C. The voltage
retention of LLO and LLO-500 is 86.9% and 96.1%, respectively,
after 100 cycles. The smaller voltage fading is due to less
oxygen release and better electron transport of the LLO-500
sample. At a high current density of 2 C, the capacity retention
of the LLO-500 electrode was as high as 93.3% after 300 cycles
while that of the LLO electrode was only 70.1% (Figure 3g),
indicating a strong structural stability of the LLO-500 sample.
The voltage profiles of the LLO and LLO-500 electrode
(Supporting Information, Figure S8), indicates less capacity
fading of the LLO-500 sample due to less Li+/Ni2+ mixing and
more crystal stability.

Cyclic voltammetry (CV) is performed to study the redox
process of the synthesized materials within a voltage range of
2.0 to 4.7 V at 0.1 mV/s scan rate. Figure 4(a and b) displays the
initial five CV curves of the LLO and LLO-500 cathodes, both of
which feature the unique CV peaks of Li-rich cathode materials,
namely the LLO-200, LLO-300, LLO-400, and LLO-600 cathode
materials (Supporting Information, Figure S9).[16,42–45] During the
initial charge, the peak located at ~4.0 V corresponds to the
oxidation of Ni2+/Ni4+ and Co3+/Co4+, which shows an
increased intensity in the following charge, indicating activated
electron transport.[46,47] While the other peak at ~4.6 V is
attributed to the activation of Li2MnO3, which weakens in
subsequent cycles, indicating that Li+ is irreversibly removed
from Li2MnO3 in the form of Li2O.

[16,43] The corresponding

reduction peaks of Ni4+/Ni3+ and Co4+/Co3+ are detected at
3.73 V and 4.37 V, respectively. The peak located at 3.26 V is
ascribed to the reduction of Mn4+/Mn3+, which becomes
apparent during cycling, manifesting a gradual increase in
capacity.[43–45] There are small changes for such a peak for LLO,
suggesting that LLO suffers from capacity fading during cycling
due to the total activation of Li2MnO3 during the first cycle,[16]

as shown in Figure 4(a). Additionally, the average voltage
fading at 3.73 V for LLO and LLO-500 from the first to the fifth
cycle is 0.034 and 0.017 V, respectively, indicating a better
stability for LLO-500. Interestingly, the differences values
between the anodic and cathodic peaks were 0.32 V and 0.12 V
for the LLO-500 cathode at the first and fifth cycles,
respectively, compared to 0.34 V and 0.17 V for LLO (Figures 4c
and d). This result confirms that LLO-500 has a better redox
reversibility than LLO.

Electrochemical impedance spectroscopy (EIS) studies were
carried out during cycling to investigate the reaction kinetics
and electrochemical characteristics of the electrode materials
prepared at different temperatures during cycling. High/
intermediate-frequency semicircles and low-frequency tails
were found in the initial and the fifth cycle (Supporting
Information, Figures S10). The high-frequency semicircle exhib-
its the resistance of the solid electrolyte interface (SEI) layer.[48]

In contrast, the intermediate-frequency semicircle is related to
the charge-transfer resistance at the cathode/electrolyte inter-
face (CEI) layer, and the low-frequency tail is ascribed to Li+ ion
diffusion.[49,50] The fitted results show that during the first cycle
charged to 4.7 V, the resistance decreases from 320 to 120 Ω
for the LLO and LLO-500 electrodes, respectively. After the five
cycles, the two electrodes show a similar SEI layer resistance.
The resistance decreases from 125 to 70 Ω for LLO and LLO-

Figure 4. CV of the first 5 cycles of the a) LLO and b) LL0-500 cathodes; comparison of CV profiles of the LLO and LLO-500 cathodes c) at the first cycle, and d)
after 5 cycles; electronic structure of Li-rich layered cathode materials, XPS spectra of O 1s for e) LLO and f) LLO-500 samples.
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500, respectively, indicating a thinner CEI layer for the LLO-500
sample. The larger charge-transfer resistance for the LLO
sample is likely to be the main reason for the capacity fading
because of the enhanced kinetic barrier for lithium extraction/
insertion. Collectively, these results reveal that the best electro-
chemical properties are obtained with the LLO-500 cathode
because of the well-defined layered structure, active Li-ion
kinetics, strong crystal stability, and reduced cation mixing.

To study the variation in the surface chemical states of TM
and O after post-annealing, the X-ray photoelectron spectro-
scopy (XPS) measurements were carried out. The measured
spectra of Figure S11 clearly display the existence of Li, Ni, Co,
Mn, C, and O elements. Figure 4(e and f) shows the O1s XPS
spectra of the LLO and LLO-500 samples. It is evident that the
presence of oxygen vacancies On� (0<n<1) on the surface of
LLO-500 (19.1%) is higher than that of the LLO (17.9%), and
the surface oxygen content is reduced (1.4%),[16,18] suggesting
that most of the residual active oxygen species (Li2CO3/LiOH)
are reduced after the post annealing process in argon
atmosphere. This is beneficial to inhibit the TM migration to
the Li layer thereby improving the crystal stability. Additionally,
the prominent O 1s peak at 529.28 eV, corresponding to the
lattice oxygen O2� of the LLO, gradually shifts to higher binding
energy (529.98 eV) in the LLO-500 sample, which can be
attributed to a suppressed spinel phase transformation.
Compare with LLO, LLO-200, LLO-300, LLO-400, LLO-600, the
LLO-500 sample presents the largest relative area of the oxygen
vacancy (On� ) to surface oxygen (13.64), indicating less oxygen
release due to OVs formation (Supporting Information, Fig-
ure S12 and Table 2). Additionally, the STEM and the corre-
sponding EDX line scans images of the LLO and LLO-500
samples demonstrate that the LLO-500 possess less O atoms,
thus apparently indicating the reduced oxygen release from
the surface of the cathode after calcination in argon (Support-
ing Information, Figure S13). Figure S14 (a, b) show the XPS
spectra of Mn 2p for LLO and LLO-500 samples. There is not
much difference in the Mn 2p spectra between LLO and LLO-
500. The peak of Mn 2p3/2 and Mn 2p1/2 is located at 641.98 eV
and 653.63 eV, respectively.[16,18] The content of Mn4+ in LLO-
500 (14.6%) is less than that of LLO (14.1%), thus indicating
that more redox reaction of Mn atoms and less dissolution of

Mn in the Li layer. For the Ni 2p spectrum, the peak
corresponding to the Ni 2p3/2 state can be deconvoluted into
two peaks, located at 856.88 eV and 854.58 eV, ascribed to Ni3+

and Ni2+ states, respectively.[51,52] The small peak area of Ni3+

corresponding to LLO (12.7%) is larger than that of LLO-500
(10.4%), which may be due to the enhanced oxygen vacancies
of LLO-500 resulting in the compensation of Ni2+ ions from
Ni3+ ions, trapping the Ni ions to avoid transform to Li
layer,[38,39,53] increasing the transport of Li ions to the Li layer,
and then enhance the electron transport and electrochemical
performance.[38,39] Figure S15 shows the oxygen vacancy de-
pendence of the samples in different temperatures. It can be
seen that the concentration of the oxygen vacancy increases as
the annealing temperature rises from 200 to 500 °C and then
decreases as the temperature rises to 600 °C. These results
show that LLO-500 has higher oxygen activity.

The ex situ and in situ systematic studies were further
carried out to elaborate the reaction mechanism and crystal
evaluation during cycling. Figure 5(a and b) reveals ex situ SEM
images of the LLO and LLO-500 samples after 100 cycles,
respectively. LLO-500 is free of cracks and particle shape
deformation, indicating that it is more stable than the LLO
sample. Ex situ XRD was performed to investigate possible
structural changes after cycling. Figure 5(c) displays ex situ XRD
spectra of LLO and LLO-500 electrode charged to 4.7 V after
100 cycles. The intensity ratio of both I(003)/I(104) for LLO (1.29)
and LLO-500 (1.42) are still over 1.2. There is no obvious change
for both LLO and LLO-500 after cycling compared to the
corresponding XRD spectra of the untreated samples. The d-
spacing of (003) plane shifts to 4.83658 Å for LLO-500
compared to that of 4.823337 Å for the LLO sample, indicating
more effective transport of Li+ ions and reduced voltage decay
for LLO-500, as shown in Figure 5(d). The ex situ XRD results
reveal that the LLO-500 sample still exhibits a clear splitting
between the (006)/(012) and (108)/(110) diffraction peaks; these
findings indicate that the sintering temperature is beneficial to
the formation of layered structures.[27,28] It is reasonable to
expect that after charging to 4.7 V, the electrostatic repulsion
between oxygen layers would be activated, shielded by Li
atoms before charging. It can also be seen that the peak
corresponding to the superlattice ordering of Li2MnO3 disap-

Table 2. Comparison of the XPS data including O1s, Mn2p and Ni2p of the LLO, LLO-200, LLO-300, LLO-400, LLO-500, and LLO-600 cathode materials.

Sample
No.

Oxygen lattice
(O2� )

Oxygen vacancy
(On� )

Surface oxy-
gen

Oxygen vacancy (On� )/surface
oxygen

Mn3+ (2p
3/2)

Mn4+ 2p
3/2

Ni2+ 2p
3/2

Ni3+ 2p
3/2

Binding energy [eV]/relative areal [%]

LLO 529.28/79.2 531.38/17.9 533.48/2.9 6.17 641.98/85.4 644.78/
14.6

854.58/
50.5

856.78/
12.7

LLO-200 529.78/62.4 531.78/26.2 533.38/11.4 2.3 642.48/84.0 645.18/16 855.28/
52.0

857.68
12.2

LLO-300 529.80/69.0 532.08/22.3 533.58/8.7 2.56 642.68/86.7 645.48/
13.3

855.18/
50.3

857.28/
12.9

LLO-400 529.38/72.3 531.48/22.9 533.28/4.8 4.77 641.98/85.2 644.78/
14.8

854.78/
50.0

856.98/
13.1

LLO-500 529.98/79.5 532.48/19.1 534.78/1.4 13.64 642.68/85.9 645.28/
14.1

855.28/
54.1

857.98/
10.4

LLO-600 529.38/62.6 531.48/32.9 533.18/4.5 4.73 641.88/86.3 644.68/
13.7

854.68/
48.6

856.78/
13.6
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pears, confirming the activation process of Li2MnO3
[23–26] as can

be seen in Figure 5(c).
To further investigate the crystal structure changes during

charge and discharge process, in situ XRD measurements were
performed at voltages between 2 and 4.7 V during the first
cycle (Figure 5e). It can be seen that the (003) peak shifts to a
lower diffraction angle, while the (101) and (104) peaks shift to
a higher diffraction angle during the initial charge process. This
observation can be attributed to the increase of the lattice
parameter c due to the increased electrostatic repulsion of the
adjacent oxygen layer, and the shrinkage of the TM-TM
distance due to the shortening of the TM� O bond due to Li+

extraction.[56–58] During the discharge, the diffraction peaks shift
in the opposite direction upon the insertion of Li+. The peak
shift to the original position for the LLO-500 (dashed line) is
caused by the reversible oxygen atom O2� and the reversible
TM migration from the octahedral position of the rigid TM layer
to the octahedral position of the Li+ layer. This leads to
stabilization of structure and voltage.[40] It is worth noting that
the peaks are almost stable for the LLO-500 cathode, thereby
indicating less oxygen release.

Furthermore, the ex situ XPS was carried out to investigate
the valence state of cathode materials after 100 cycles. Fig-
ure 5(f and g) shows the ex situ O1s XPS results for the LLO and
LLO-500 samples in the charged state of 4.7 V after 100 cycles.
Compared to the XPS spectra of the untreated LLO and LLO-
500 samples, the binding energy changes between the lattice

oxygen (O2� ) and oxygen vacancy (On� ) states can be observed
in the LLO and LLO-500 samples after cycling. The intensity of
the binding energies at 529.88 eV significantly decreases, which
confirms that the number of oxygen vacancy increases after
charging to 4.7 V. It is evident that the surface oxygen content
at 533.58 eV for the LLO-500 (42.2%) is reduced compared to
the LLO (43.5%), suggesting less oxygen loss even after cycling.
These results indicate that less parasitic reactions occur on the
surface of LLO-500 cathode than LLO cathode.

Conclusions

In this study, a facile post-annealing process in an argon
atmosphere is conducted to pre-introduce oxygen vacancies
(OVs) on the surface of Li1.2Mn0.457Ni0.229Co0.114O2 cathode oxide
materials. The post-annealing in argon was found to play
important roles on the layered structure, crystallinity, and
electrochemical performance of the samples. Compared to the
pristine LLO, the post-annealed LLO-500 materials with pre-
introduced OVs inherits less cation mixing and enlarged Li
slabs. Consequently, the corresponding cathodes display a
mitigated voltage decay, reduced electrochemical resistance,
and excellent electrochemical performance. The as-prepared
LLO-500 cathode delivers a high discharge capacity of
224.1 mAhg� 1 at 0.1 C after 100 cycles with 97.7% capacity
retention. Even at 2 C, a superior capacity retention of 93.3%

Figure 5. Ex-situ and in-situ evidence of LLO Cathodes. a) Ex situ SEM images of a) LLO and b) LLO-500 samples after 100 cycles. c) The ex situ XRD pattern of
LLO and LLO-500 cathodes charged to 4.7 V after 100 cycles; d) d-spacing of the LLO and LLO-500 charged to 4.7 V after 100 cycles; e) in situ XRD of LLO-500
cathode for the first cycle, with corresponding initial charge-discharge curve; ex situ XPS spectra of O 1s for f) LLO and g) LLO-500 charged to 4.7 V after
100 cycles.
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after 300 cycles can be achieved. Ex situ XPS study reveals that
after 100 cycles, the parasitic reactions occurring in the LLO-
500 cathode are greatly decreased, confirming the excellent
stability and suppressed oxygen release. In situ XRD of LLO-500
demonstrates the reversible crystal structure during the charge
and discharge process. This post-annealing strategy provides
valuable insights for the development of high-performance and
high-safety Li-rich cathode materials.

Experimental Section
The Li1.2Mn0.457Ni0.229Co0.114O2 was first prepared by hydrothermal
method and then by a solid-state method. Stoichiometric
amounts of Ni/Mn/Co sulfate, polyvinylpyrrolidone (PVP, surfac-
tant), and sodium bicarbonate (precipitant) aqueous solution
were mixed in appropriate ratios to obtain the carbonate
precursor Mn4/6 Ni2/7Co1/7CO3. Firstly, 4.0 mmol MnSO4 · 4H2O,
2.0 mmol NiSO4 · 4H2O, 1.0 mmol CoSO4 · 4H2O, 0.4 g polyvinylpyr-
rolidone (PVP) and 4.0 mmol ascorbic acid were dissolved into a
mixed solvent of 60.0 mL of water and 60.0 mL of triethylene
glycol (TEG). The above solution was then transferred into a
polytetrafluoroethylene (PTFE) container, sealed in and placed in
a stainless-steel autoclave and held at 180 °C for 12 h. After
cooling to room temperature, a purple precipitate was obtained,
which was then washed with deionized water and centrifuged.
the precipitate was then dried at 80 °C overnight. After that, the
carbonate precursor was mixed with Li2CO3 in a stochiometric
ratio and heated to 800 °C in air for 12 h at a heating rate of
5 °Cmin� 1. In the second step, the black product (LLO sample) was
then sintered under argon at different temperatures of 200, 300,
400, 500 and 600 °C at a heating rate of 5 °C/min for 30 min to
achieve the final Li- and Mn-rich cathode materials (named as
LLO-200, LLO-300, LLO-400, LLO-500 and LLO-600). Afterward, the
synthesized powder was naturally cooled down to room temper-
ature (25 °C). Finally ground in a mortar for further character-
ization. The cell assembling and characterization details are
provided in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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