
Chinese Chemical Letters 34 (2023) 107494

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Boosting Li-ion storage in Li2MnO3 by unequal-valent Ti4+-substitution
and interlayer Li vacancies building

Yu Tiana,1, Yuling Zhaob,1, Fanqi Mengd,1, Kaicheng Zhanga, Yanyuan Qia, Yujie Zenga,
Congcong Caia, Yuli Xionga,e, Zelang Jiana,∗, Yang Sunb,c,∗, Lin Gud,∗, Wen Chena

a School of Materials Science and Engineering Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of

Technology, Wuhan 430070, China
b School of Materials, Shenzhen Campus of Sun Yat-sen University, Shenzhen 518107, China
c 21C Innovation Laboratory, Contemporary Amperex Technology Ltd. (CATL), Ningde 352100, China
d Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
e Sanya Science and Education Innovation Park of Wuhan University of Technology, Wuhan 430070, China

a r t i c l e i n f o

Article history:

Received 7 February 2022

Revised 10 March 2022

Accepted 7 May 2022

Available online 11 May 2022

Keywords:

Lithium-ion batteries

Li2MnO3

Unequal-valent Ti4+-substitution
Interlayer Li vacancies

Activated Mn3+/4+ redox

a b s t r a c t

Lithium rich layered oxide (LRLO) has been considered as one of the promising cathodes for lithium-ion

batteries (LIBs). The high voltage and large capacity of LRLO depend on Li2MnO3 phase. To ameliorate

the electrochemical performance of Li2MnO3, also written as Li(Li1/3Mn2/3)O2, we propose a strategy to

substitute Mn4+ and Li+ in Mn/Li transition metal layer with Ti4+, which can stabilize the structure of

Li2MnO3 by inhibiting the excessive oxidation of O2− above 4.5V. More significantly, the unequal-valent

substitution brings about the emergence of interlayer Li vacancies, which can promote the Li-ion diffusion

based on the enlarged interlayer and increase the capacity by activating the Mn3+/4+ redox. We designed

Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 with high interlayer Li vacancies, which presents a high capacity (290 mAh/g at

10mA/g) and stable cycling performance (84% over 60 cycles at 50mA/g). We predict that this strategy

will be helpful to further improve the electrochemical performance of LRLOs.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The continuous expanding application field of lithium-ion bat-

teries (LIBs) brings about an urgent demand for high-energy-

density and long-life LIBs [1–3]. Recently, lithium rich layered ox-

ide materials (LRLOs) have received significant attention due to

their large capacity and high redox potential. LRLOs can be formu-

larized as xLi2MnO3·(1− x)LiMO2 (0 < x < 1), where Li2MnO3 is a

special LiMO2 transition metal (TM) layered oxide with one-third

of the TM replaced by Li [4–6]. The ultra-high capacity of LRLOs

results from the extra Li+ sited in Li2MnO3 ingredient, which can

be activated with lattice oxygen oxidation when charging above

4.5V [7–9]. However, the removal of Li+ in TM layer of Li2MnO3

is laborious in dynamics [10], and excessive Li+ deficiency eas-

ily suffers structural destruction, such as TM migration [11] and

oxygen dimerization (O2− →On−) [12], leading to poor rate perfor-

mance and serious LRLOs degeneration both in capacity and volt-

age [13]. As mentioned, Li2MnO3 is a pivotal component and plays
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as the main “contributor” in LRLOs, but Li2MnO3 itself has bad

electrochemical activity and faces severe electrochemical deterio-

ration [14].

Although many strategies, such as atomic doping [15–17],

atomic mixing [18,19] and surface coating [20,21], are effective for

LRLOs and other cathode materials to keep their high energy den-

sities during the cycling, it is still hard to greatly improve the

electrochemical performance of monoclinic Li2MnO3. Many efforts

have been reported to deeply understand the decay mechanism

of Li2MnO3, introducing that the primary reasons are oxygen re-

lease and subsequent structural destruction caused by the exces-

sive oxygen oxidation at high voltages [22,23]. So far, unmodified

Li2MnO3 cathode has bad capacity retention even within 30 cy-

cles, and it can only operate at a very low current density be-

low 20mA/g [24–27]. Xia’s group used Li2RuO3 as a model and

designed a Li/Ru disorganized TM layer, which restrained oxygen

release and alleviated the cathode deterioration, providing a new

strategy to improve the stability of Li2MnO3 [19]. Yabuuchi’s group

prepared a xLi2TiO3(1− x)LiMnO2 binary system, which could de-

liver a reversible capacity of ∼250 mAh/g even at a high x value of

0.75, indicating that titanium anchored in Li2MO3 structure could
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Fig. 1. Design of unequal-valent Ti4+-substitution Li1-x[Li1/3Mn2/3]1-xTixO2 with interlayer Li vacancies. (a) The atomic structure evolution from fully ordered Li2MnO3 (left) to

equal-valent Ti4+ substituted Li2Mn1-xTixO3 (middle), and then to unequal-valent Ti4+ substituted Li1-x[Li1/3Mn2/3]1-xTixO2 with interlayer vacancies (right). (b) The theoretical

calculation results of vacancy (Li) formation energy in Li2MnO3.

improve its electrochemical properties [28]. Ti4+ can replace Mn4+

and Li+ in the TM layer and help improve the capacity retention

of Li2MnO3 cathode because of the same octahedral configuration

and electrochemical inertness of Ti4+ at high voltages [29–32]. In

addition to Ti4+-substitution, another effective strategy to improve

electrochemical performance is to introduce vacancies in cathodes,

which can optimize the electronic properties of host materials,

facilitating charge transfer and redox kinetics for Li-ion storage

[33,34]. In the case of cation vacancies, it can also serve as extra

host sites for Li-ions insertion, promoting Li-ion diffusion kinetics

during charge/discharge processes [35].

In this work, we designed Li2MnO3 cathodes with Ti4+ substitu-

tion for Mn4+/Li+ in TM layer accompanied by vacancies in lithium

layer to improve the electrochemical performance. According to

the density functional theory (DFT) calculation, Ti4+ substitution

for Li+ in the TM layer results in partial interlayer Li loss due

to the unequal chemical valence of Ti4+ and Li+, simultaneously

improving the kinetic activity of Li-ion diffusion. The designed

Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 cathode shows high capacity, stable cy-

cling performance and enhanced rate capability, which delivers a

capacity of 290 mAh/g (229 mAh/g for Li2MnO3) at 10mA/g and

a capacity of 242 mAh/g (167 mAh/g for Li2MnO3) with capacity

retention of 84% (39% for Li2MnO3) after 60 cycles at 50mA/g. The

improved electrochemical performance of Li0.7[Li1/3Mn2/3]0.7Ti0.3O2

cathode benefits from the unequal-valent substitution of Ti4+ for

Mn4+/Li+ and the associated interlayer Li vacancies, which in-

hibits the excessive oxidation of O2− above 4.5V, promotes Li-

ion diffusion kinetics and activates the reversible redox reaction

of Mn3+/4+. The unequal-valent substitution of Ti4+ is an ef-

fective strategy to improve the electrochemical performance of

Li2MnO3.

The structure of Li2MnO3 originates from α-NaFeO2 and

presents monoclinic structure with space group C2/m [36]. As

shown in Fig. 1a (left), the fully ordered Li2MnO3 can be re-

garded as a TM layered oxide with the chemical formula of

Li[Li1/3Mn2/3]O2, and the ordered TM slab is composed of one-third

[Li2bO6] and two-thirds [Mn4gO6] octahedrons. We follow the de-

sign rules described in Fig. 1a. Ti4+ can efficiently replace Mn4+ on

the 4g site because of the similar radius and same valence state of

Ti4+ and Mn4+ ions. [Ti4gO6] can inhibit the excessive oxidation of

O2− above 4.5V and improve the cyclic stability of Li2MnO3 struc-

ture due to the electrochemical inertness of Ti4+ at high voltage.

Based on equivalent state substitution Li2Mn1-xTixO3, we can ad-

just the ratio of lithium and titanium sources to make Ti4+ sub-

stitute Li+ on the 2b site and form Li vacancies in lithium layer,

represented by a general stoichiometry of Li1-x[Li1/3Mn2/3]1-xTixO2.

The formation of Li vacancies is caused by the unequal-valent

substitution between Ti4+ and Li+. And the amount of Li va-

cancies grows with the increase of the unequal-valent Ti4+-
substitution. Introduction of Li vacancy will promote the Li-ion

diffusion and activate the reversible redox reaction of Mn3+/4+

during charging/discharging processes, leading to high Li+ storage

ability.

However, Li vacancy probably emerges at three sites of 2b,

2c and 4h. The theoretical calculation for each lithium-absence-

state indicates that Li vacancy between TM layer is determined by

the energetically favorable configuration. According to the simu-

lation results, Li-ions would be preferentially extracted out from

lithium layer. For the case of the first Li-ion extraction, the en-

ergetically favorable sites are 4h and 2c positions for both pure

Li2MnO3 and Ti4+ substituted Li2MnO3. The formation of a Li va-

cancy in the LiMn2 layer (TM layer) requires 0.18 eV higher energy

than that in the lithium layer (Fig. 1b). It suggests that Li+ pref-

erentially anchored at 2b site in TM layer in crystallization pro-

cess, emerging Li vacancies mainly at 2c and 4h sites in lithium

layer [37].

The Li1-x[Li1/3Mn2/3]1-xTixO2 can be easily synthesized by

solid-phase reaction. Specifically, the prepared materials are

Li0.9[Li1/3Mn2/3]0.9Ti0.1O2, Li0.7[Li1/3Mn2/3]0.7Ti0.3O2, Li0.5[Li1/3
Mn2/3]0.5Ti0.5O2, which can be rewritten as Li0.9[(Li0.9Ti0.1)1/3
(Mn0.9Ti0.1)2/3]O2, Li0.7[(Li0.7Ti0.3)1/3(Mn0.7Ti0.3)2/3]O2, and

Li0.5[(Li0.5Ti0.5)1/3(Mn0.5Ti0.5)2/3]O2, respectively. The inductively

coupled plasma (ICP) results of these prepared materials are shown

in Fig. 2a, which are in good agreement with their chemical for-

mula. The particle morphology was characterized by scanning

electron microscopy (SEM). As shown in Figs. 2b-e, all samples

have the similar primary particle size of 2–3μm via solid-phase

synthesis. One difference observed from SEM images is that the

primary particles of Li0.5[Li1/3Mn2/3]0.5Ti0.5O2 locally agglomerate

and form secondary particles (Fig. S1 in Supporting information).

To confirm the atomic arrangement of the above designed

materials, we conducted high-angle annular bright field-scanning

transmission electron microscopy (HAABF-STEM). Fig. 2f shows the

HAABF-STEM image of Li0.9[Li1/3Mn2/3]0.9Ti0.1O2 along the [100]

zone axis. The atomic arrangement of Li0.9[Li1/3Mn2/3]0.9Ti0.1O2 is

similar to that of C2/m Li2MnO3 with a layer spacing of 4.8 Å and

a repeating sequence of two-atom TM–TM dumbbells in TM layer

[36]. A few (002) plane slip is caused by the partial absence of in-

terlayer Li. In the HAABF-STEM image of Li0.7[Li1/3Mn2/3]0.7Ti0.3O2

along the [100] zone axis (Fig. 2g), most regular domains with con-

secutive superlattice planes and the enclosed domains (red dotted

lines) with continuous TM atoms coexist, indicating that the partial

Li atoms at 2b sites are replaced by Mn or Ti atoms. In addition,

the spacing distance of Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 expands to 4.9 Å.

Fig. 2h displays a HAABF-STEM image of Li0.5[Li1/3Mn2/3]0.5Ti0.5O2

along the [110] orientation. Interestingly, the atomic arrangement

of Li0.5[Li1/3Mn2/3]0.5Ti0.5O2 likes the structure of a spinel phase

[38], which is quite different from the atomic arrangement of

Li2MnO3. By the way, the Li0.5[Li1/3Mn2/3]0.5Ti0.5O2 with less Li

content can be written as Li[Li1/3Mn2/3Ti]O4 resembling spinel-

phase LiMn2O4.
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Fig. 2. (a) The ICP results of the prepared Li1-x[Li1/3Mn2/3]1-xTixO2 (x=0, 0.1,

0.3 and 0.5). The SEM images of (b) Li2MnO3, (c) Li0.9[Li1/3Mn2/3]0.9Ti0.1O2,

(d) Li0.7[Li1/3Mn2/3]0.7Ti0.3O2, and (e) Li0.5[Li1/3Mn2/3]0.5Ti0.5O2. The HAABF-

STEM images along the [100] zone axis for (f) Li0.9[Li1/3Mn2/3]0.9Ti0.1O2, (g)

Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 and [110] zone axis for (h) Li0.5[Li1/3Mn2/3]0.5Ti0.5O2. Yel-

low dashed boxes in (f, g) indicate the same nine layers in Li0.9[Li1/3Mn2/3]0.9Ti0.1O2

and Li0.7[Li1/3Mn2/3]0.7Ti0.3O2. The ball represents atom in (f-h). Pink: Mn/Ti; Yellow:

Li; Red: O.

The structures of Li1-x[Li1/3Mn2/3]1-xTixO2 (x=0, 0.1, 0.3 and

0.5) were detected by X-ray diffractometer (XRD) and Raman

spectroscopy measurements. Fig. 3a shows the XRD patterns of

Li1-x[Li1/3Mn2/3]1-xTixO2, and all strong diffraction peaks are sim-

ilar to the layered α-NaFeO2 structure. The 2θ around 20°−22° is

attributed to the superlattice plane in monoclinic Li2MnO3, corre-

sponding to (020) and (110) planes [39]. The superlattice peaks

become weak with the augment of the x values, which reflects

a growing tendency to shape a chaotic arrangement of atoms

(Mn/Ti/Li) in TM layer. Finally, the superlattice diffraction peaks

disappear in Li0.5[Li1/3Mn2/3]0.5Ti0.5O2 with spinel structure. As

shown in the enlarged XRD patterns at 18°−23° (Fig. 3b) and

35°−40° (Fig. 3c), the low-2θ-shift of (001) and (130) diffraction

peaks corresponds to the increase of the interplanar spacing, which

fits well with the HAABF-STEM images (Figs. 2f and g) and the

XRD-rietveld results (Fig. S2 and Table S1 in Supporting informa-

tion), indicating increased Li vacancies in Li0.9[Li1/3Mn2/3]0.9Ti0.1O2

and Li0.7[Li1/3Mn2/3]0.7Ti0.3O2. Moreover, a new diffraction peak

(indexed to (311) plane in spinel LiMn2O4 [40]) is observed in

Li0.9[Li1/3Mn2/3]0.9Ti0.1O2 and Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 (Fig. 3c), as-

cribed to the interlayer Li vacancies.

Raman shift (Fig. 3d) was used to analyze the molecular struc-

tures of Li1-x[Li1/3Mn2/3]1-xTixO2, which were difficult to be de-

tected by XRD measurements. In monoclinic Li2MnO3, there are

two strong stretching-vibration (A1g and Ag) peaks and a distinct

bending-vibration (Eg) peak [41]. Specifically, the Ag peak located

at 425 cm−1 stands for a characteristic vibration of monoclinic

Li2MnO3 structure [42], while Eg and A1g peaks at 487 cm−1 and

605 cm−1 are associated with the Raman-sensitive layered struc-

ture [43]. For spinel-phase Li0.5[Li1/3Mn2/3]0.5Ti0.5O2, the Ag vibra-

tion disappears and the A1g peak shifts to 630 cm−1, which is ob-

viously different from the monoclinic Li2MnO3 structure [44]. For

Li0.9[Li1/3Mn2/3]0.9Ti0.1O2 and Li0.7[Li1/3Mn2/3]0.7Ti0.3O2, a slight red

shift of A1g peak indicates that they tend to transform to spinel

phase [45]. However, the stretching Ag vibrations still exist in their

molecular structures, illustrating that they still contain the mono-

clinic structure (like Li2MnO3). The Eg peak gradually weakens be-

cause of the variations in the local vibration symmetry of [TMO6]

octahedron [46], which mainly generates by the Li vacancies and

Ti4+ substitutions.

X-ray photoelectron spectroscopy (XPS) was employed to iden-

tify valence states of Mn and Ti in these materials. As shown

in Figs. 3e and f, both Mn and Ti present as tetravalence

in Li0.9[Li1/3Mn2/3]0.9Ti0.1O2 and Li0.7[Li1/3Mn2/3]0.7Ti0.3O2, which

indirectly proves the existence of Li vacancies. By the way,

a right-shoulder peak visualizes at the Mn 2p3/2 spectra of

Li0.5[Li1/3Mn2/3]0.5Ti0.5O2, indicating the co-existence of Mn4+ and

Mn3+ in spinel-phase Li0.5[Li1/3Mn2/3]0.5Ti0.5O2.

The charge/discharge measurements of Li1-x[Li1/3Mn2/3]1-xTixO2

(x=0, 0.1, 0.3 and 0.5) were conducted to explore the influence

of the unequal-valent Ti4+-substitution with interlayer Li vacan-

cies on the electrochemical performance. Figs. 4a-d display the

charge/discharge curves of the above cathode materials for the

first two cycles at a current density of 10mA/g. To facilitate com-

parison, their initial charge/discharge curves are placed together

in Fig. S3 (Supporting information). The initial charge capacities of

Li2MnO3 (247 mAh/g), Li0.9[Li1/3Mn2/3]0.9Ti0.1O2 (231 mAh/g) and

Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 (205 mAh/g) are mainly contributed by

the oxidation of O2− above 4.5V. With the increase of unequal-

valent Ti4+-substitution, the decrease of the charging capacity

is ascribed to the effort of Ti4+ substitution, which inhibits the

lattice oxygen oxidation at high voltages. Meanwhile, the slightly

increasing capacity between 3.5–4.5V is caused by the oxidation

of Mn3+. By contrast, the spinel-phase Li0.5[Li1/3Mn2/3]0.5Ti0.5O2

cathode exhibits much lower first charge capacity (117 mAh/g)

than other samples. The initial discharge capacities of

Li2MnO3, Li0.9[Li1/3Mn2/3]0.9Ti0.1O2, Li0.7[Li1/3Mn2/3]0.7Ti0.3O2,

and Li0.5[Li1/3Mn2/3]0.5Ti0.5O2 cathodes are 229, 241, 290 and 252

mAh/g, respectively. Compared with Li2MnO3, the Ti4+-substituted
samples present a new plateau, located at around 2.8V in

Li0.9[Li1/3Mn2/3]0.9Ti0.1O2 and Li0.7[Li1/3Mn2/3]0.7Ti0.3O2, but 2.6V

in spinel-phase Li0.5[Li1/3Mn2/3]0.5Ti0.5O2. This unique lithiation

process is related to the reduction of Mn4+ accompanying with

the intercalation of Li+ [18], which benefits from interlayer Li

vacancies. The plateau related to Mn3+/4+ redox extends with

the unequal-valent Ti4+ substitution, increasing until the phase

transferred to spinel after Ti4+ substituted Li2MnO3. The long

plateau means a deep reduction reaction of Mn3+/4+, indicating

that unequal-valent Ti4+-substitution and interlayer Li vacancies

can increase the capacity of the sample. And the voltages asso-

ciated with the increased capacities of Li0.9[Li1/3Mn2/3]0.9Ti0.1O2

and Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 are completely retained in the sec-

ond cycle, indicating good reversibility of Mn3+/4+ redox. The

corresponding differential capacity versus voltage (dQ/dV) plots

of Li1-x[Li1/3Mn2/3]1-xTixO2 (x=0, 0.1, 0.3 and 0.5) exhibit similar

electrochemical changes to their charge/discharge curves. Fig. 4e

shows initial dQ/dV plots of charging process, the oxygen dimer-

ization peak weakens with the increase of x value and finally

disappears in spinel-phase Li0.5[Li1/3Mn2/3]0.5Ti0.5O2. The paired

dQ/dV plots during discharge are shown in Fig. 4f, a sharp peak

emerges around 2.8V after unequal-valent Ti4+ substituting, which

corresponds to the Mn3+/4+ redox activated by Ti4+ substitution

and interlayer Li vacancies. The sharpest reduction peak appears

in Li0.7[Li1/3Mn2/3]0.7Ti0.3O2, and the reduction peak shifts to 2.6V

in spinel-phase Li0.5[Li1/3Mn2/3]0.5Ti0.5O2.

To further understand the contribution of interlayer Li va-

cancies caused by unequal-valent Ti4+-substitution to Li-ion stor-

age, we compare the electrochemical characteristics of equal-

valent Ti4+ substituted Li2Mn1-xTixO3, including Li2Mn0.9Ti0.1O3

and Li2Mn0.7Ti0.3O3, where Ti4+ only replaces Mn4+ without Li

vacancy formation. The XRD patterns of Li2Mn1-xTixO3 (x=0,

3
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Fig. 3. (a-c) XRD patterns at different ranges, (d) Raman shifts and (e, f) high-resolution XPS spectra for Mn and Ti of Li1-x[Li1/3Mn2/3]1-xTixO2 (x=0, 0.1, 0.3 and 0.5).

Fig. 4. First-two cycles charge/discharge curves of (a) Li2MnO3, (b) Li0.9[Li1/3Mn2/3]0.9Ti0.1O2, (c) Li0.7[Li1/3Mn2/3]0.7Ti0.3O2, and (d) Li0.5[Li1/3Mn2/3]0.5Ti0.5O2 at 10mA/g. The

corresponding dQ/dV plots of (e) charging process and (f) discharging process related to the first cycle.

0.1 and 0.3) (Fig. S4 in Supporting information) manifest high

similar structure. Fig. S5 (Supporting information) shows their

charge/discharge curves at 10mA/g. The simply equal-valent Ti4+-
substitution (Ti substituted Mn) can also activate Mn3+/4+ re-

dox, but reversibility is worse than that of unequal-valent

Ti4+-substituted Li2MnO3, which is our designed strategy to

achieve Ti4+-substitution and build interlayer Li vacancies. The

Li2Mn0.9Ti0.1O3 and Li2Mn0.7Ti0.3O3 show the lower Coulom-

bic efficiency (CE) than that of Li0.9[Li1/3Mn2/3]0.9Ti0.1O2 and

Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 in the second cycle, indicating that inter-

layer Li vacancies can also improve the stability of electrochem-

ical process. Compared with the designed unequal-valent Ti4+-
substitution cathodes, there are no sharp peaks in the dQ/dV

plots of equal-valent Ti4+ substituted Li2Mn1-xTixO3 during the dis-

charge process (Fig. S6 in Supporting infromation), demonstrating

that the activation of Mn3+/4+ redox is mainly contributed by the

unequal substitution with interlayer Li vacancies.

The cycling performance of Li2MnO3 based cathodes was

measured at a current density of 50mA/g. As shown in

Fig. 5a, the initial capacities of Li0.5[Li1/3Mn2/3]0.5Ti0.5O2,

Li0.7[Li1/3Mn2/3]0.7Ti0.3O2, Li0.9[Li1/3Mn2/3]0.9Ti0.1O2, and Li2MnO3

cathodes are 220, 242, 143 and 167 mAh/g, respectively, and their

capacity retention after 60 cycles are 59%, 83%, 84%, and 39%, re-

spectively. Li2Mn0.9Ti0.1O3 and Li2Mn0.7Ti0.3O3 cathodes have 139

and 143 mAh/g capacities with 47% and 61% retentions at 50mA/g

after 60 cycles (Fig. S7 in Supporting information). Among these

cathodes, Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 cathode shows the highest CE

in 60 cycles, especially in the first five cycles (Fig. S8 in Sup-

porting information). In view of these results, the unequal-valent

Ti4+-substitution with interlayer Li vacancies building and Ti4+-
substitution can increase capacities and improve cyclic stability

of Li2MnO3 based cathodes. In addition, Li0.7[Li1/3Mn2/3]0.7Ti0.3O2

cathode delivers a high energy of 661Wh/kg (457Wh/kg for

Li2MnO3) and a residual energy of 447Wh/kg (144Wh/kg for

Li2MnO3) after 60 cycles (Fig. 5b and Fig. S9 in Supporting infor-

mation). The rate ability of Li1-x[Li1/3Mn2/3]1-xTixO2 (x=0, 0.1, 0.3

and 0.5) cathodes also was investigated. The rate performance of

Li2MnO3 cathode is enhanced with the appropriate unequal-valent

Ti4+-substitution (Fig. 5c), implying that Ti4+ substitution and

interlayer Li vacancies induce a thermodynamically fast Li-ion

intercalation process in the Li2MnO3 structural phase.

DFT calculations (Fig. 6) in terms of structural relaxation and

total energy were carried out to further understand the improved

LIBs performance of the modified Li2MnO3 cathodes. The simpli-

fied model of Ti replacing Mn is adopted to show the effect of Ti4+

substitution in Li2MnO3. Calculation results show that the aver-

4
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Fig. 5. (a) Capacity, (b) energy density, and (c) rate performance of the Li1-x[Li1/3Mn2/3]1-xTixO2 (x=0, 0.1, 0.3 and 0.5) at a current density of 50mA/g.

Fig. 6. (a) Calculated bond length of TM-O between oxygen and transition metals in Li2MnO3, Li2Mn0.9Ti0.1O3 and Li2Mn0.7Ti0.3O3, respectively. (b) Calculated formation

energies of Li vacancies in Li2MnO3, Li2Mn0.9Ti0.1O3 and Li2Mn0.7Ti0.3O3. (c) Calculated reaction Gibbs free energy of O2 release from the lattice of Li2-xMn1-yTiyO3, with x=0,

0.125, 0.25, 0.375, 0.5, 0.625, 0.75, and y=0, 0.1, 0.3.

age length of the TM–O bond increased compared to the length of

the Mn–O bond in Li2MnO3 after Ti4+ substitution (Li2Mn0.9Ti0.1O3

and Li2Mn0.7Ti0.3O3) (Fig. 6a). O1-O6 stand for six TM–O bonds

in [TMO6] octahedron as shown in Fig. S10 (Supporting informa-

tion). In addition, the substitution of Ti4+ pushes the surround-

ing atoms away from the [TiO6] octahedron, which is consistent

with the Mo doped Li2MnO3 configuration [47], indicating that

the surrounding structure is loose. For the Li2Mn0.9Ti0.1O3 and

Li2Mn0.7Ti0.3O3 structures, the calculated supercell volume will in-

crease from 413.5 Å3 to 418.0 Å3 and 417.7 Å3, respectively, as

listed in Table S2 (Supporting information). According to Gao et al.

[47], the expanded lattice due to Ti doping can facilitate the Li-ion

diffusion. The correlations between the delithiation energy and the

lithium content under different substitution conditions are shown

in Fig. 6b, where n represents the number of Li-ions extraction.

With respect to the pristine Li2MnO3, the delithiation energy is re-

duced by 0.58–0.75 eV after the Ti4+ substitution, indicating that

the electrochemical activity of Li2MnO3 is enhanced by the incor-

poration of Ti4+.
Furthermore, we evaluate the O2 release reaction to reflect the

stability of the oxygen sublattice in Ti4+ substituted Li2MnO3 us-

ing DFT calculations. Considering the entropy of gas phase O2 un-

der standard states (−T�S=−0.63 eV) [48], the Gibbs free energy

�G can be obtained. Fig. 6c shows the reaction Gibbs free energy

of O2 release from the lattice of Li2-xMn1-yTiyO3. Upon delithiation,

the Gibbs free energies decrease monotonically, indicating that the

lattice stability of Li2-xMn1-yTiyO3 will decrease with increasing

amount of delithiation. In the case of unsubstituted Li2MnO3, the

formation Gibbs energy is below zero when x > 0.4, indicating that

the oxygen release reaction would occur spontaneously. After Ti

doping, the spontaneous oxygen release will delay to x > 0.5 and x

> 0.6 for Li2Mn0.7Ti0.3O3 and Li2Mn0.9Ti0.1O3, respectively, suggest-

ing that the O2 release reaction is suppressed and consequently the

structural stability is improved.

We carried out ex-situ XRD measurement to detect the struc-

tural evolution of Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 and Li2MnO3 at open

circuit (OC), full charge (FC) and full discharge (FD) states under a

current density of 10mA/g. The ex-situ XRD patterns are shown in

Figs. 7a and b. At the first FC state, the diffraction peak of (001)

slightly shifts to high degree (clearly shown in Fig. S11a in Sup-

porting information) in Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 due to the lat-

tice oxygen oxidation with Li+ removing from TM layer. On con-

Fig. 7. Ex-situ XRD patterns of (a) Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 and (b) Li2MnO3 cath-

odes. And ex-situ XPS spectra of the Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 electrode for (c) Mn

and (d) Ti elements.

trast, the (001) diffraction peak of Li2MnO3 shifts to low degree

at initial FC state (Fig. S11b in Supporting information), indicat-

ing the enlarging of the interlayer spacing caused by the excessive

lattice oxygen dimerization and the oxygen release, which repre-

sents an unstable structure during the charge process. At the initial

FD state, the interlayer spacing of both Li0.7[Li1/3Mn2/3]0.7Ti0.3O2

and Li2MnO3 becomes large due to Li+ intercalation, which is

a typical lithiation phenomenon in layered oxide cathodes. The

(001) diffraction peak of Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 moves back,

which means that Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 with enlarged inter-

layer spacing can alleviate the strain perpendicular to z axis

during Li+ intercalation. It avoids the lattice collapse in layered

structure. Differently, the (130) diffraction peak of FD state in

Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 disappears, which means that the Mn4+

reduction induced extra embedded Li+ are not arranged as reg-

ularly as Li+ in Li2MnO3. The extra Li+ intercalation exhibits a

good reversible behavior as the (130) diffraction peak reappears in

Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 electrode at the second FC state.
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Furthermore, the ex-situ XPS tests were taken out to analyze the

charge compensation mechanisms and identify the source of the

increased capacity. Fig. 7c shows the ex-situ XPS spectra of Mn el-

ement in Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 at different states. Mn4+ is not

oxidized to a high valence state during the charge process, while it

is partially reduced to Mn3+ as expected with a Mn4+/Mn3+ ions

ratio of 2.2 (closing to the Li/VLi ratio of 0.7/0.3 in lithium layer)

in the first FD state. It can further confirm that the increased ca-

pacity is originate from the Mn3+/4+ redox reaction. Subsequently,

almost all of the Mn3+ are oxidized to Mn4+ at the second FC state,

representing a good reversibility of the Mn3+/4+ redox. The ex-situ

XPS spectra of Ti element in Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 are shown

in Fig. 7d. Ti4+ always exists without charge transfer, further ver-

ifying the stable and inert of titanium in cathodes at high volt-

ages, which is beneficial to improve the electrochemical stability

of unequal-valent Ti4+-substituted Li2MnO3 cathodes.

In summary, a series of unequal-valent Ti4+-substituted
Li2MnO3 (Li1-x[Li1/3Mn2/3]1-xTixO2, x=0, 0.1, 0.3 and 0.5) samples

are successfully designed. After unequal-valent Ti4+-substitution,
the interlayer Li vacancies are built. Our strategy can stabilize the

structure and improve the cycling performance of Li2MnO3-based

cathodes. In particular, the substitution of Ti4+ for Li+ in TM layer

leads to the formation of Li vacancies in lithium layer, which is

in good agreement with the DFT calculation results that the Li

vacancies preferentially existed at 2c and 4h sites (lithium layer)

in Li2MnO3. The interlayer Li vacancies facilitate the Li-ion trans-

port and greatly increase the capacity by activating the reversible

Mn3+/4+ redox during the charge/discharge processes. In addition,

DFT calculations simultaneously confirm that the Ti4+ substituted

Li2MnO3 can promote Li-ion diffusion and inhibit the oxidation of

O2− above 4.5V. The as-designed Li0.7[Li1/3Mn2/3]0.7Ti0.3O2 cathode

displays a high capacity of 290 mAh/g, stable cycling and enhanced

rate performance. Therefore, the unequal-valent Ti4+-substitution
is an efficient strategy for improving the electrochemical perfor-

mance of Li2MnO3.
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