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Abstract

Li-rich Mn-based xLi,MnO;¢(1-x)LiMO, (M =Ni, Co, Mn) cathode materials have attracted extensive attention because
of their specific discharge capacity (250-300 mAh g~!). However, their applications are significantly limited due to disad-
vantages, such as the low efficiency, the fast capacity attenuation, and the poor rate capability. Therefore, it is important to
investigate the mechanisms controlling the electrochemical properties and improve the performances. As a solid solution,
xLi,MnO;e¢(1-x)LiMO, is composed of the hexagonal phase LiMO, and the monoclinic phase Li,MnOs;. In this study, the
influence of elements Ni and Li on the electrochemical properties of xLi,MnO5e(1-x)LiMO, is systematically studied. It is
found that the decrease of Li content can lead to the increase of LiMO, in Li,Co ;3Ni, ;3sMn 5,0, system. LiMO, might span
the whole grain with the Li deficiency, thus contributing to the rapid conduction of Li ions. Meanwhile, Li,MnO; can benefit
the structural stability. The synergistic effect of the two components results in the excellent electrochemical performances.
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Introduction

Mobile electronics, electric vehicles, power grid energy stor-
age, and other fields are continuously in desperate need of
the lithium batteries with high energy densities, which are
mainly determined by the cathode materials [1-4]. The cur-
rent cathode materials such as LiFePO,, LiNi, , ,CoMn,O,,
and LiMn,0O, can no longer meet the requirements for the
high energy density [5]. In contrast, Li-rich Mn-based lay-
ered oxides xLi,MnO;e(1-x)LiMO, (0<x <1, M=Mn, Co,
Ni) (LLO), due to their high specific capacity, high operating
voltage, and low cost [6, 7], are widely considered as poten-
tial cathode materials for the next generation of commercial
lithium-ion batteries. LLO can be commonly written in two
forms, either as xLi,MnO5e(1-x)LiMO, or as Li; M, 0,
(M =Ni, Co, Mn) [8, 9], which can easily reflect the phase
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compositions or total elemental compositions, respectively.
In terms of phase compositions, LLO consists of two layered
structures LiMO, and Li,MnO; (Fig. 1). LiMO, has a hex-
agonal a-NaFeO, structure with a space group R3m, and the
transition atoms randomly distribute in M layers (Fig. 1a).
Li,MnO; has a similar layered structure as a-NaFeO,. The
difference lies in that one layer in Li,MnO; is completely
occupied by Li, while the other layer is occupied by 1/3 Li
and 2/3 Mn (Fig. 1b). As a result, the chemical formula of
Li,MnO; can also be written as Li[Li,,;Mn,;;]0,. Because
of the mixed layer of Li and Mn, Li,MnO; belongs to the
monoclinic system with a space group C2/m.

Since LiMO, and Li,MnO; have the similar layered
structure and interlayer spacing, the crystal structure of
LLO is difficult to be accurately characterized. Based on
the experimental results, LLO is considered to be a solid
solution of LiMO, and Li,MnO; [10-14], and the lattice
parameters depend linearly on the composition and follow
Vegard’s principle [11, 15-17]. The intergrowth of two-
phase domains has been directly observed in LLO, and
therefore, a nanocomposite structure of LiMO, phase and
Li,MnO; phase is proposed for LLO [8, 13, 18-23]. Until
now, there is still no clear conclusion about the structure of
LLO [24]. A schematic illustration of the structure using two
color balls as shown in Fig. 2 aims to clearly describe the
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Fig.1 a, b Schematic illustration of layered crystal structures of LiMO,
and Li,MnO;

situation. The zero-interaction energy between the balls indi-
cates a completely random distribution of the balls, which
can in a way reflect the atom distribution in an ideal binary
solution. The clusters are dominant in ideal solutions, and
each cluster contains dozens or even more atoms. The clus-
ters are consistent with the observed intergrowth two-phase
domains [20, 25]. Therefore, it can be inferred that LLO is
a solid solution of LiMO, and Li,MnO;.

The high specific capacity of LLO originates from both
cationic redox (M ions) in LiMO, and anionic (O ions)

Fig.2 The visual exhibition of LiMO, and Li,MnO; clusters in ideal
solution in LLO
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redox in Li,MnOj; [26, 27]. On the other hand, the oxygen
redox gives rise to the irreversible oxygen loss, thus lead-
ing to a low coulomb efficiency of the first cycle [27, 28].
Moreover, the serious attenuations of capacity and voltage,
and poor rate capability inhibit the application of LLO.
Such unwanted electrochemical performances of LLO can
be improved by applying nanoparticles, bulk doping, and
surface coating [29-33]. Furthermore, the oxygen loss in
Li,MnO; and electrochemical performances are signifi-
cantly determined by the chemical compositions of the
LiMO,-Li,MnOj solid solutions [5, 14, 34, 35].

In this study, different experiments have been designed
and a variety of characterization methods have been applied
to study the factors that can affect the oxygen loss in LLO
as well as the subsequent capacity. Moreover, the chemical
compositions of Ni and Li have been fine tuned to optimize
the electrochemical performances.

Experiments

A mixed salt solution is prepared with an appropriate
amount of MnSO,-H,0, NiSO,-6H,0, and CoSO,-7H,0.
A Na,CO; solution is prepared separately. The two solu-
tions are simultaneously dripped into the reactor with a
peristaltic pump. During the reaction, NH,-OH is used as a
complexing agent and a pH regulator in the reaction. After
the reaction, the product is washed several times, and the
carbonate precursor Ni,Coy, 55, Mn 5,(CO3), ¢ is obtained.
The prepared carbonate precursor and LiOH-H,O are fully
mixed in a mortar. Considering the Li loss during the sinter-
ing process, an excess of 3% Li is added. The mixed powder
is pre-sintered at 500 °C for 5 h (h), and then sintered at
850 °C for 15 h. Li-rich and Mn-based cathode materials
Li; 5C0g 6. xNixMny 5,0, and Li,Mn, 5,Niy 3Cog 130, are
obtained. The whole sintering process is carried out in oxy-
gen atmosphere.

CR2032 coin cells are assembled to study the electro-
chemical properties of the cathodes. The active material,
polyvinylidene fluoride (PVDF), and acetylene black (AB)
are blended according to the mass ratio of 8:1:1, and the
loading amount of the active material in the electrode is
2.5-3 mg cm™2. A Li metal sheet is used as a negative elec-
trode. The diaphragm is Celgard 2300, and the electrolyte
is LiPF¢ dissolved in ethyl carbonate (EC). The electro-
chemical performance is investigated with the cell test sys-
tem (Land CT2001A) in the voltage window of 2.0-4.8 V
(1C=250 mAh g7!), and all experiments are carried out
at 25 °C. Electrochemical impedance spectra (EIS) are
analyzed in the frequency range of 107-~10° Hz using an
electrochemical workstation (Autolab, PGSTAT302N),
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and the cells are charged to 4.0 V before testing the imped-
ance. The cyclic voltammetry (CV) curves between 2 and
4.8 V are measured with the electrochemical workstation.
The crystal structure is investigated by X-ray diffraction
(XRD, Ultima IV, RIGAKU Corporation). The morphol-
ogy and size of cathode particles are characterized by field
emission scanning electron microscopy (SEM, gemini500,
Zeiss). The microstructure and phase composition are
characterized by high-resolution transmission electron
microscopy (HR-TEM).

Fig.3 SEM images of
C0y,26.xNL,Mny 54(CO3)
precursors and

Li, ,C0y 26x<Ni,Mny 5,0, cath-
odes. (a) Cog,sMn 54,(CO3) 5,
(b) Coy_195Nig g6sMng 54(CO3) g,
(¢) Coy 13Nig 13Mng 54,(CO3)g g,
(@) Coy g65Nig 195Mng 54,(CO3) g,
(e) Li; ,Co 56Mny 540,, (F)

Li; ,Cog,195Nig g6sMng 5405, (8)
Li; ,Cop,13Nig 13Mny 540,, (h)
Li; ,Cog 965Nig,19sMng 540,

Results and discussions

The morphologies of the precursor and cathode particles are
presented in Fig. 3. The surface of Co ,sMn, 54(CO5), ¢ parti-
cle is smooth, and the particle size is 610 pm. With the addi-
tion of Ni, fine debris are adhered to the surface of precursor
particles. The spherical particles of Co ,sMny 5,(CO3), g are
inherited for Li, ,Coy ,,Mny, 5,0,, and the cathode particles
are dense. However, the particles of Li, ,Coy »¢_Ni,Mn, 5,0,
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Fig.4 XRD patterns of Li; ,Coy 4, Ni,Mn, 5,0, (x=0, 0.065, 0.13,
0.195)

(x=0.065, 0.13, 0.195) are porous, and they have a similar
morphology independence of Ni content, which could be
ascribed to that Ni hinders the densification during sintering.

The XRD patterns of Li, ,Co 4.,Ni,Mn, 5,0, are plot-
ted in Fig. 4. Because the crystal structures of LiMO, and
Li,MnO; are very similar, their XRD patterns are almost
identical. The only difference is the small characteristic peak
of Li,MnOj; at 20-25°. Therefore, all samples are indexed
as Li,MnO; phase or the mixture of hexagonal LiMO,

Fig.5 Electrochemi- 5.0

phase and monoclinic Li,MnO; phase [36-38]. The lattice
constants a and c¢ increase continuously with the Ni con-
tent, which could be attributed to the larger radius of Ni**
(0.69 A) compared to that of Co** (0.55 A) [39]. The ratios
of c/a and I(003)/1(104) reflect the degree of the cation mix-
ing, and a higher value indicates a lower cation mixing [40,
41]. The ratios of both c¢/a and 1(003)/I(104) decrease with
the Ni content, suggesting that Ni results in cation mixing
due to the similar ionic radius of Li* and Ni** [39].

The cycle stability of the samples is measured in the
range of 2.0-4.8 V. The current of the first three cycles is
0.1 C, and the current of the following cycles is 0.5 C. The
initial charge—discharge curves of Li, ,Co, 55.,Ni,Mn, 5,0,
are shown in Fig. 5a. All curves consist of two stages. The
first stage between 3.9 and 4.5 V is mainly due to the redox
of Ni** and Co>" into high valence states. The second stage
at about 4.5 V is mainly related to the reduction of 0>~ to
O, and this process is partially reversible, resulting in a low
first coulomb efficiency. The initial discharge capacity of
Li; ,C0p16.xNi,Mny 5,0, is 38.1 mAh g~!, 165.8 mAh g™/,
187 mAh g7!, and 162.6 mAh g~! for x=0, 0.065, 0.13,
and 0.195, respectively. With the increase of Ni content,
the discharge capacity first increases and then decreases,
and Li, ,Co, ;3Nij 13Mng 5,0, has the highest capacity.
The capacity retention rates are 73.7%, 85.8%, and 93.9%
for x=0.065, 0.13, and 0.195, respectively (Fig. 5b). The
medium voltage of Li; ,Co 4..Ni,Mn, 5,0,, presented in
Fig. 5c, increases with the Ni content. With the increase

(@)

cal performances of

Li; 5Cog 56 xNi\Mng 5,0, (x=0,
0.065, 0.13, 0.195). (a) The
initial charge—discharge curves.
(b) Cycle stability. (¢) Medium
voltage
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Fig.6 SEM images of
Li,Coy 13Nig 13Mng 5,0,
with varying Li contents:
(a) x=1.02, (b) x=1.08, (c)
x=1.14, (d) x=1.2

$4800 3.0kV 9.3mm x10.0k 8/26/2020

of Ni content, the voltage attenuation decreases. High Co
content can lead to the formation of well-defined hexagonal
layered structures, and thus better electrochemical perfor-
mances. On the other hand, high Co content can reduce the
Ni**/Ni** redox pair, which is not conducive to the electro-
chemical performances [42—44]. Therefore, an appropriate
Ni content gives the best electrochemical performances.

Li, ,Co, 15Nij 3Mn, 5,0, has the best electrochemical
performances in Li, ,Co ,4.,Ni,Mn, 5,0, series. There-
fore, Li,Co, ;3Nij 3sMng 5,0, (x=1.2, 1.14, 1.08, 1.02)
is investigated further to study the effect of Li content
on electrochemical performances. The SEM pictures of
Li,Coy 3Nig ;3Mn, 5,0, are presented in Fig. 6. All sam-
ples are spherical secondary particles composed of primary
particles. The particles of all samples are porous and com-
parable with each other, implying that the morphology is
not significantly affected by the Li content. The XRD pat-
terns of Li Co, ;3Nij ;3Mn, 54,0, are similar for all x val-
ues (Fig. 7), which could be indexed as a-NaFeO, structure
(space group: R3m). The small peak between 20 and 25°
represents Li,MnO; with monoclinic structure (C2/M space
group).

The structures of Li; ;,Coq 3Nij 3Mn; 5,0, and
Li, ,Coy ;5Nij 13Mny 5,0, samples are further analyzed using
HR-TEM and fast Fourier transformation (FFT) (Fig. 8).
An example HR-TEM image of Li; ,Co, ;3Nij ;sMn, 5,0,
is shown in Fig. 8a. The region in the red square is further
magnified in Fig. 8b with the zone axis of [010], confirmed
by FFT analysis. The determined lattice plane spacing as

5.00um [ S4800 3.0kV 9.9mm x10.0k 9/29/2020 5.00um

marked in Fig. 8b is~0.43 nm, which corresponds to the
(020) plane of the monoclinic C2/m structure, indicat-
ing more Li,MnO; phase in the Li, ,Co 3Nij ;3Mn, 5,0,
sample. Similarly, one example HR-TEM image of
Li; 0o,Coq 13Nig 13Mny 5,0, is shown in Fig. 8c and the mag-
nified image of the region in the red square is presented
in Fig. 8d. The investigated region has a hexagonal R3m
structure determined from FFT image. The determined
lattice plane spacing in Fig. 8d is ~0.47 nm, which agrees
well with the (003) planes of the R3m structure. Another
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Fig.7 XRD patterns of Li,Co, ;3Niy 3Mn, 5,0, (x=1.02, 1.2)
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Fig.8 (a) HR-TEM image of
Lil.2 and marked region of (a)
is further magnified in (b), (c)
HR-TEM image of Lil.02 and
marked region of (c) is further
magnified in (d), (e) HR-TEM
image of Lil.02 and marked
region of (e) is further magni-
fied in (f). The insets in (b), (d),
and (f) show the corresponding
fast Fourier transformation of
the marked regions

example HR-TEM image of Li, (,Co 3Ni, ;3Mng 5,0,
showing the monoclinic C2/m structure with the zone
axis of (110) is shown in Fig. 8f, magnified further from
Fig. 8e. The determined lattice plane spacing in Fig. 8f
is ~0.44 nm, which corresponds to the (110) planes of the
monoclinic C2/m structure. The theoretical phase compo-
sitions of Li; ,Coy 13Niy 13Mny 5,0, are 60% Li,;;Mn, 50,
(monoclinic) and 40% LiNi,;;Co,,sMn,,;0,, and the theo-
retical phase compositions of Li; ,Co, ;3Nij ;3Mny 5,0, are
36% Li,;3sMn, 30, and 64% LiNij 5,,C0q 5,4Mn) 55,0, (hex-
agonal), which is consistent with the TEM observations.
Although many literatures have reported that the spinel phase
can be formed by lithium deficiencies [45-47], no spinel
phase has been identified in the Li, ;,Co, 53Ni; 3sMn 5,0,
sample. This is probably due to the limited sampling regions

@ Springer

0.47 nm

of TEM, and the possibility of the existence of spinel phase
cannot be ruled out.

The cycle stability of Li,Co, ;5Ni, ;3Mng 5,0, at 0.5
C is shown in Fig. 9a. The initial specific capacities of
Li,Coy 15N, ;;Mn 5,0, are 212.0 mAh g~!, 224.8 mAh g7/,
202.0 mAh g_l, and 187.0 mAh g_1 for x=1.02, 1.08, 1.14,
and 1.2, respectively. In general, the electrochemical perfor-
mances of Li,Co, 3Nij ;3Mn, 5,0, increase with the decrease
of Li content. Li; ,sCoy 3Nig ;3Mn, 5,0, exhibits the high-
est initial capacity, and Li, ,Co, 3Nij ;3sMn, 5,0, delivers
the best cycle stability with a capacity retention of 100.5%
after 200 cycles. The excellent electrochemical properties of
Li, (,Co, ;5Nij 13Mn, 5,0, may be related to its phase composi-
tions. With the decrease of Li content, the ratio of LiMO, phase
increases and Li,;Mn,;O, phase decreases, as proved by TEM
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(Fig. 8). As a solid solution, the hexagonal phase LiMO, could
span the whole grain in Li; 1,Co {3Nig 13Mny 5,0,, which is
conducive to the conduction of Li ions. At the same time, the
monoclinic phase Li,;Mn, 30, can maintain the structural sta-
bility. Therefore, the synergistic effect of the two phases can
give rise to the high capacity and cycle stability. The discharge

medium voltage of Li; (,Co 3Nij ;3Mng 5,0, is always
higher than that of Li, ,Co, 3Ni, ;3Mn, 5,0, (Fig. 9b). The
discharge capacity and voltage of Li, ,Co, ;3Ni, ;3Mn; 5,0,
decrease continuously with the cycles (Fig. 9c), while Li, ,

Co, 13Nij ;3Mn;, 5,0, could maintain the voltage stability
(Fig. 94d).

Fig. 10 Electrochemical analy- (a) (b)
sis of Li,Coy 13Nig 13Mng 5,0,: 0.9 1 st 0.9 1 st .
(a) CV curves of 2 nd Lil.02 2 nd Lil.2
Li, ,Coy 13Nig 13Mng 540, < 06 206 3rd
(b) CV curves of g g
Li; 52Coy,13Nig 13Mny 540,, (¢) 203 =03
EIS at the 1st cycle, (d) EIS at 2 &8
the 50th cycle 3 0.0 3 0.0-
-0.3 -0.3
20 25 30 35 40 45 50 20 25 30 35 40 45 50
Potential (V vs Li/Li") Potential (V vs Li/Li")
(¢)120 (d) 1000
50th cycle _w
o x=12 800+ g
901 Ist cycle o x=1.02 o x=12 =
600- o x=1.02

240 0 300 600 900
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Table 1 Resistance of
Li,Coy 13Nig ;3Mng 5,0,

Samples 50th

R/Q Rgp/Q R, /Q R/Q Rgp,/Q R,/Q
Li]_2Ni0_13C00_13Mn0_5402 84.7 32.6 7.0 1429 1120.0
Li; ¢,Nig 13C0g 13Mng 540, 23.8 16.2 5.2 35.5 156.4

To explore the transition process of Li,Coy, ;3Nij 13Mng 5,0,
(x=1.2, 1.02) during cycles, the CV curves of two samples
are studied (Fig. 10a and b). Both samples exhibit a small
peak at ~4.1 V and a large peak at ~4.7 V, which corre-
spond to the activation of LiMO, and Li,MnO; components,
respectively. After the second cycle, the activation peak of
Li,MnO; component in x=1.2 is quite weak while the activa-
tion peak of Li,MnO; component in x=1.02 is still strong,
indicating a better reversibility of Li; 1,Co, 13Nig ;sMn s,0,.
The electrochemical impedance spectra of the first and 50th
cycles were measured, and the Nyquist plots are shown in
Fig. 10c and d. Both curves are composed of two semicir-
cles and a straight line. The semicircle in the high frequency
region is related to the resistance of the SEI film, and the
semicircle in the medium frequency region is related to the
charge transfer process between the positive material and the
electrolyte, and the straight line in the low frequency region
results from the Warburg diffusion process in bulk materials
[48-50]. The resistance values are listed in Table 1. In the
first cycle, the Rggy and R of Li; (,Co, 13N, 3Mny 5,0, were
significantly lower than those of Li; ,Co ;3Nij 13Mny 5,0,.
After 50 cycles, Rgg; and R of Li; ,Co 13Ni, ;3Mn, 5,0,
increase dramatically, while the resistance increase of
Li; oCoq 5Nij 13Mn, 5,0, is much smaller, indicating the
high stability of Li; ;,Co, ;5Ni, ;3Mng 540,.

Conclusions

LLO can be considered as a solid solution of LiMO, and
Li,MnOs;. The influences of the chemical compositions,
e.g., Ni and Li in LLO, have been systematically studied
in order to optimize the electrochemical performances. In
Li; ,C0 26xN1,Mny 5,0, system, Li, ,Coy 13Nig ;3Mng 5,0,
presents the highest capacity and the best cycle stability.
Then the Ni content is fixed at 0.13, and the influence of Li
contents has been further explored. We have found that the
fraction of LiMO, in Li,Co, 3Ni, ;3Mn, 5,0, increases with
the decrease of Li. LiMO, component can span the LLO
particle, which is beneficial for the conduction of Li ions.
Meanwhile, Li,MnO; component can sustain the layered
structure of LiMnO,. As a result, Li, ,Co ;3Nij ;3Mny 5,0,
exhibits an initial capacity of 224.8 mAh g~! and a capacity
retention rate of 100.5% after 200 cycles.
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