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Lit+x(Nip37Mngg3)1-x02 (x=0.123, 0.111, 0.086, 0.070, 0.031) cathode materials were synthesized via
coprecipitation of carbonates and the samples with long lifespan for lithium ion batteries were obtained
through adjusting the content of lithium. Their crystal structure and electrochemical performance
were characterized by means of powder X-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), inductive coupled plasma (ICP), galvanostatic charge/discharge test and electro-
chemical impedance spectrum (EIS). The XRD data show that the materials can be indexed as a single
a-NaFeO, phase except the sample with x=0.031. The FESEM results indicate that the primary particles
size increase with an increase of x value and the secondary particles retain the spherical morphology. The
as-prepared sample with x=0.086 delivers the largest discharge capacity of 232.1 mAhg-! and a high
initial efficiency of 81.8% at 0.2 C in the potential range of 2.5-4.7 V. Moreover, the better cycle perform-
ances are obtained for samples with x=0.123 and 0.111, and the capacity retentions are up to 89 and 81%
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of the first discharge capacity at 0.5 C after 500 cycles, respectively.
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1. Introduction

Recently, lithium- and manganese-rich Li[Lij_x_y,MexMny]0;
(Me=Co [1-3], Cr [4], Ni [5-7], NiCo [8,9], etc.) compounds have
become attractive cathode materials owing to their high capac-
ity (>250mAhg-1) and cheaper raw material [5,7,10]. Generally,
Li[Li;_x_yMexMny]O, can be recognized as a solid solution of
LiMnO3 and LiMeO,, which have a similar structural model as
03-LiCo0, (space group R3m), except for the superlattice structure
[11-13]. Li[Li;_x_yMexMny]O; can obtain an enhanced structural
stability at high charged state and additional capacity at high
voltage beyond 4.5V vs. Li/Li* from the integrated Li,MnOs. How-
ever, Li[Li;_x_yMexMny]O, suffers from a large initial irreversible
capacity loss (50-100 mAh g~1) [11,14-16], inferior rate capability,
poor cycle life and a significant decrease of the discharge voltage
plateau upon cycling [17-20]. Some strategies have been proposed
to overcome these issues. Johnson et al. [21] reported that acid
treatment can greatly lower the first-cycle irreversible capacity
loss of the Li[Li;_x_yMexMny]O, electrodes. A. Manthiram et al.
[22,23] realized the high initial coulombic efficiency by blending
Li[Li;_x_yMexMny]O, with some insertion host materials, such as
V,0s5, VOy, LiyMns015 and so on. Although the initial irreversible
capacity can be reduced by the above approaches, the cycleability
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and rate capability of Li[Li;_y_yMexMny]O, were deteriorated in
the cases, which can be mitigated by cobalt incorporated or surface
modification [24,25]. Nevertheless, few report, to our knowledge,
shows the successful improvement on its integrated properties,
such as high initial efficiency, good rate capability, long cycle life
(i.e.500 cycles) and suppressed decline of discharge voltage plateau
especially after long-term cycling.

With the aim of achieving a high-performance of Li-rich mate-
rials, we synthesized the Liq+x(Nig37Mngg3)1_x02 (x=0.123,0.111,
0.086, 0.070, 0.031) cathode materials from Nig37Mngg3CO3 car-
bonate precursor, and the effects of lithium content on the
integrated electrochemical performance were studied, including
initial efficiency, rate capability, the change of discharge voltage
plateau and long cycling behavior.

2. Experimental

LiOH-H,0, Ni(NO3)2-6H,0 (all are 99.9% in purity) and
Mn(NOj3), (50% aqueous solution) were used as the starting mate-
rials for the synthesis of Lij+x(Nig37Mngg3)1_x02 (x=0.123, 0.111,
0.086, 0.070, 0.031). A mixed aqueous solution of 2.0M transi-
tion metal nitrate and 2.0 M Na,COj3 solution were simultaneously
added dropwise by peristaltic pump into a reactor, in which dis-
tilled water was under vigorous stirring. The pH value in the
reactors was maintained at 8.2, while the temperature was held
at 60°C. The resulting precipitates were filtered and washed three
times to remove residual Na*, and then dried under nitrogen at
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Fig. 1. XRD patterns of (a) the (Nig37Mnge3)CO3 precursor and (b-f) the
Liy4x(Nig37Mngg3)1-x02 samples: (b) x=0.123; (c¢) x=0.111; (d) x=0.086; (e)
x=0.070; (f) x=0.031 (the symbol ¢ denotes peaks assigned as Fm-3m).

120°C over 24h. The as-obtained precursor was subsequently
mixed with LiOH-H,0 using mortar and pestle. The mixture was
preheated at 450°C for 6h, then grinded and finally sintered at
850°C for 12 h in muffle furnace under air.

Powder X-ray diffraction (Rigaku D/max, Japan) using Cu K radi-
ation was used to identify crystalline phase of the as-prepared
samples. FESEM analysis was performed using ZEISS supra55 field
emission scanning electron microscope (Germany). Particle size
distribution was estimated by laser size distribution measurements
LMS-30 (Japan fresh Co., Ltd.). The precise cation composition of
the samples was determined by inductively coupled plasma optical
emission spectroscopy (Spectroflame ICP, 2.5 kW, 27 MHz).

The positive electrodes for the electrochemical studies
were prepared in the form of thin films of a mixture of
Li1+x(Nig37Mngs3)1-x02, acetylene black, and polyvinylidene flu-
oride (PVDF) binder (in a 85:10:5 weight ratio) coated onto
aluminum foil. The as-fabricated electrodes were dried at 120°C
and then cut into 12 mm in diameter. Coin cells (CR2032) were
assembled and sealed in an argon-filled glove box with 1M LiPFg
dissolved in EC/DMC/DEC (1:1:1 in volume rate) as electrolyte,
metallic lithium and porous polypropylene films as anode and sep-
arator, respectively. Charge and discharge tests were all performed
galvanostatically between 2.5 and 4.7V at 25°C at different rates
(1 C rate corresponds to the current density of 200 mAg—1) with a
LAND CT2001A battery test system (Jinnuo Wuhan Corp., China).
Electrochemical impedance spectrum (EIS) was performed under
a frequency range 100 kHz-0.001 Hz using a vibration voltage of
5mV to determine the resistance of the cycled cells.

3. Results and discussion

Powder XRD patterns of the co-precipitated (Nig37Mngg3)CO3
precursor and Li1+X(Nio_37Ml‘10.63)1,x02 (X=0.123, 0.111, 0.086,
0.070, 0.031) materials are shown in Fig. 1(a-g). As shown
in Fig. 1(a), the XRD pattern fits well with the structure
of MnCO3 (rhodochrosite, R-3c, JCPDS No.44-1472) and no

Table 1
The experimental and theoretical results of Ni/Mn and Li/(Ni+Mn) ratios of the
(Nip37Mnge3 )CO3 precursor and the Lij+x(Nig37Mngg3)1-xO2 materials.

Sample Ni/Mn Li/(Ni+Mn)

Experimental Theoretical Experimental Theoretical
Precursor 0.585 0.587 - -
x=0.123 0.585 0.587 1.230 1.281
x=0.111 0.587 0.587 1.256 1.25
x=0.086 0.587 0.587 1.203 1.188
x=0.07 0.586 0.587 1.169 1.151
x=0.031 0.586 0.587 1.093 1.064

remarkable secondary phase can be observed under the resolution
of the diffractometer, which indicates the complete intersolubility
of MnCO3 and NiCOs3. Moreover, the broadness of the diffraction
peaks could be attributed to the small grain size of the primary
particles with the value of about 8 nm calculated by the Scher-
rer equation [26]. Lij+x(Nig.37Mngg3)1_x02 (x=0.123,0.111, 0.086,
0.070, 0.031) materials were synthesized by a high-temperature
calcination process after thoroughly mixing the corresponding car-
bonate precursor with LiOH-H,O. From Fig. 1(b-f), we can see that
the major peaks in all Lij+x(Nig 37Mngg3)1-xO2 samples can be
indexed based on a hexagonal a-NaFeO, structure (space group:
R-3m, No0.166). Meanwhile, the weak reflection peaks between
20 and 25° can be observed, which correspond to the superlat-
tice ordering of Li, Ni and Mn in the transition metal layers for
the Li-rich layered solid solution materials [6-8]. The details of
the atomic arrangement in the transition metal layers of these
materials are not confirmed yet [27]. In addition, the XRD pat-
tern of Liq g31(Nig.37Mngg3)0.96902 (x=0.031) shows some slight
peaks (marked with ¢ in Fig. 1e) which can be assigned as cubic
rock-salt structure impurity component NigMnOg (space group:
Fm-3m, No. 225). The as-obtained material separates into a cubic
rock-salt phase and a dominated layered phase with lack of lithium
in agreement with the previous reports on the layered cathode
materials [28,29]. Furthermore, the splitting of the diffraction peaks
(006)/(102) and (108)/(110) in the XRD patterns become weak
with decreasing of Li excessive value x.

The nominal compositions of the (Nig37Mngg3)CO3 precursor
and Liq.x(Nip37Mnge3)1_x02 (x=0.123, 0.111, 0.086, 0.070, 0.031)
samples were confirmed by the ICP/OES elemental analysis tech-
nique. As presented in Table 1, the results indicate that the average
chemical compositions of the obtained materials are very close to
the targeted stoichiometry.

Fig. 2(a-h) shows the SEM images of co-precipitated
(Nip37Mnge3)CO3  precursor — and  Lij.x(Nip37Mnoe3)1-xO2
(x=0.123, 0.111, 0.086, 0.070, 0.031) samples, as well as the
result of particle size distribution of the (Nig 37Mng g3 )CO3 precur-
sor. As can be seen from Fig. 2(a-b), the co-precipitated precursor
consists of roughly 20 wm spherical aggregates by primary par-
ticles with diameters <100 nm, in agreement with the broaden
diffraction peaks in the XRD patterns. Moreover, the as-prepared
(Nig.37Mngg3)CO3 has a narrow diameter range with the average
particle size of 17.353 wm. In addition, the secondary particles
of the Lij.x(Nig37Mngg3)1_x02 samples retain the spherical mor-
phology of Nig37Mng g3C0O3 precursor, which are not shown here.
We can see in Fig. 2(c-g) that the primary particles undergo a
size decrease with the content of Li excessive value x decreasing.
Li1+x(Nig37Mngg3)1_x02 samples with x=0.070 and 0.031 con-
sist of primary crystallites of 50-100 nm in diameter, while the
particles of Li1+x(Ni0.37MHO.63)1_x02 with x=0.086, 0.111 and
0.123 exhibit homogenous morphology around 100-200 nm in a
well-shaped configuration. The results indicate that the content of
excessive Li in the Li-rich series can improve the primary particles
size and crystallization of Lij.y(Nig37Mng g3)1_x02 materials.
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Fig. 2. SEM images of (a-b) the (Nig 37Mng3)CO3 precursorand (c-g) the Lij.x(Nig37Mnge3)1-x02 samples: (¢) x=0.123; (d) x=0.111; (e) x=0.086; (f) x=0.070; (g) x=0.031.

(h) Particle size distribution of the (Nip 37Mngg3)CO3 precursor.

Fig. 3(a) shows the initial charge/discharge voltage profiles
of the Lij+x(Nig37Mngg3)1_x02 electrodes in the potential range
of 2.5-4.7V at 0.2C, while the initial discharge capacity/initial
efficiency with excessive lithium content x are demonstrated in
Fig. 3(b). During the initial charge to 4.7V, the electrochemical
reaction occurs in two dominant stages: a smoothly sloping volt-
age profile below 4.5V, which is attributed to the removal of
lithium from the electrode structure accompanied with the oxi-
dation of Ni2* to Ni#*, and the voltage plateau profile above 4.5V,
which could be ascribed to the activation of Li;MnO3 component
[18,30]. This activation process has been considered to be associ-
ated with the irreversible extraction of Li;O from the transition
metal oxide composite materials [31]. The initial discharge capac-
ity and efficiency values increase for the samples with x=0.123
decrease to 0.070, and then decreased when the x value for the
samples decreases from 0.070 to 0.031 sequentially (Fig. 3(b)). As
shown in Fig. 3(a), Li1 g31(Nig.37Mngg3)0.96902 (x=0.031) electrode

exhibits higher charge voltage plateau and lower discharge voltage
plateau than other samples, which indicates the larger polarization
of Li1‘031(Ni0_37MHO‘63 )0.96902 (X=0031) when charged and dis-
Charged at 0.2 C. However, Li].ogG(Ni0.37MHO.63 )0.91402 (X=0086)
delivers the largest discharge capacity of 232.1 mAhg~! and a high
initial efficiency is 81.8% at 0.2 C between 2.5 and 4.7 V, which is
contributed to small primary particles and high crystallinity from a
textural point of view [32,33]. Hence, it is believed that the lithium
content contributing to the component, structure and morphology
of the samples, play an important role to obtain the high discharge
capacity and initial efficiency values.

Fig. 4 compares the rate capability for the
Li]+X(Ni0.37M1'10.53 )1—)(02 electrodes (X =0.123,0.111, 0.086, 0.031 )
After being charged at 0.2C, the cells were discharged at 0.2C,
then discharged at 0.5, 1, 2, 3, 5 and 0.2 C in subsequent cycles. The
results show that the rate performance of samples firstly increases
and then decreases with the x value. Lij ggg(Nig.37Mngg3)091402
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Fig. 3. (a) Initial charge/discharge voltage profiles of Lij+x(Nio37Mnge3)1-x02 elec-
trodes (x=0.123, 0.111, 0.086, 0.070, 0.031), and (b) the corresponding initial
discharge capacity and initial efficiency values.

(x=0.086) cell exhibits the best rate capability, which delivers the
discharge capacity of 202.2mAhg-1at 0.5C, 191.7mAhg ' at 1C,
177.8mAhg-! at 2C, 166.2mAhg-! at 3C and 145.5mAhg-! at
5C. Meanwhile, Li1_031 (Nio_37M1’10_63 )0_95902 (X =0.031 ) electrode
demonstrates an inferior performance at high rates, which is close
related to its poor electronic conductivity induced by Ni-enriched
impurity phases (NigMnOg) [29].

The long-term cycling performance and the median voltage
of discharge (the potential corresponding to a half value of the
discharge capacity) of Lij+x(Nig37Mngg3)1_xO2 electrodes in the
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Fig. 4. Rate capability of the Lij.«x(Nig37Mnge3)1-xO2 electrodes (x=0.123, 0.111,
0.086, 0.031) at different rates in the voltage range of 2.5-4.6 V.
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Fig. 5. (a) The cycling performance and (b) the median voltage of discharge of
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Table 2
The capacity retention and discharge capacity values of the Lij+x(Nip37Mngg3)1-xO2
electrodes.

Samples 1st discharge 100th discharge 100 cycles
capacity capacity capacity
(mAhg1) (mAhg) retention (%)

x=0.123 192.8 190.9 99

x=0.111 216.9 206.1 95

x=0.086 232.1 2135 92

x=0.070 230.7 177.6 77

x=0.031 141.5 124.5 88

voltage range of 2.5-4.7V at 0.2 C are shown in Fig. 5, and Table 2
summarizes the observed capacity and capacity retentions. It can be
found that as the Li excessive value x increases from 0.031 to 0.123,
the capacity retentions of the Lij.x(Nig37Mngg3)1-x02 cathodes
are 88, 77, 92, 95 and 99%, after 100 cycles, of an initial capacity
141.5,230.7, 232.1, 216.9 and 192.8 mAhg~!, respectively. When
the excessive lithium content increases, the amount of Li;MnOs3-
like component increases accordingly, and an appropriate amount
of Li;MnO3 introduced into the structure would lead to struc-
ture stability and excellent cycling performance [18]. Although
Li1+x(Nig 37Mng63)1_xO02 with x=0.086 delivers a highest initial dis-
charge capacity of 232.1mAhg-1, the capacity declines steadily
upon cycling, whereas Liq+x(Nig37Mngg3)1_x02 with x=0.123 and
x=0.111 electrodes show better cycle stability within 100 cycles.
However, Lij+x(Nig.37Mng g3)1_x0> electrodes with low Li excessive
value, i.e. x=0.070 and x=0.031, show poor cycling performance,
which may be due to the unstable composite structure, small
primary particles, poor crystallinity, large polarization and Ni-
enriched impurity phases (NigMnOg) in Li; 931 (Nig.37Mng g3 )0.96902
sample (x=0.031). The medium discharge voltage of samples
increases with an increase of Li content in the x rang of 0.031-0.086,
and then decreases with an increase of Li content in the x rang
of 0.086-0.123 (Flg 5 (b)) Li1+X(Ni0.37MI’10.53 )l—XOZ with x=0.086,
0.111, 0.123 deliver high median voltage of discharge above 3.5V
during 100 cycles, indicating the high energy output.

In order to further investigate the long-term cycling perfor-
mance of Lij+x(Nig37Mngg3)1_x02 (x=0.123 and x=0.111) showing
good cyclestability within 100 cycles, the cells were cycled at 0.5C
between 2.5 and 4.7 V for 500 cycles as shown in Fig. 6(a). It reveals
that the 500th discharge capacities of Lij 123(Nig37Mngg3)087702
(X = 0.123) and Lili]ll(Ni0.37MI‘10.63 )0.33902 (X =0.111 ) are 162.3 and
166.1 mAh g1, respectively, and the respective capacity retentions
are about 89 and 81% of the initial discharge capacities of 183.3 and
204mAhg-1. However, these cathodes suffer from voltage decay
on long-term cycling (500 cycles), which can be seen from Fig. 6(b).
This phenomenon may be explained by the migration of manganese
and nickel into the lithium layers upon cycling, resulting in a grad-
ual transformation from the layered structure to a spinel-like phase
[34], and the voltage decay lowers the energy output and efficiency
of cell.

Further experiments and analysis were also performed to gain
insight into the influence of lithium content on the discharge
voltage plateau of Lij+x(Nig37Mnge3)1-xO- electrodes (x=0.123,
0.111, 0.086, 0.070, 0.031). The potential profiles of the 1st, 2nd,
10th, 50th and 100th cycles of Lij+x(Nig37Mngg3)1-xO2 between
2.5 and 4.7V at 0.2C are shown in Fig. 7(a-e), where the cor-
responding differential capacities vs. voltage plots of the 1st,
2nd, 5th and 50th cycles are also shown in Fig. 9(a’-e’), respec-
tively. There are obvious changes in the voltage profile with
cycles. As the number of cycle increases, the discharge capac-
ity above 3.5V gradually decays, while the dQ/dV peak below
3.5V shows an increase of magnitude following by a slightly
shifts to lower voltage near 3V, as presented before [34]. The
deterioration performance as aforementioned become much more
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Fig. 8. (a) The original and fitting electrochemical impedance spectra curves of the
Li/Li1.111(Nip:37Mngg3 )o.8s9 02 cells after 7th cycles and 500th cycles. (b) The equiva-
lent circuit adopted to fit impedance.

distinct with a decrease of Li content in Liq.+x(Nig37Mngg3)1-x02
electrodes. The structural evolution appears associated with sub-
sequent cycles, which does not necessarily accompany oxygen
evolution during the first charging [34]. What is more, the struc-
tural evolution upon cycling can be inhibited with an increasing
of X in Li+x(Nig37Mngg3)1-x02. As previous reports on zLi;MnOs-
(1 —z)LiMeO, solid solutions, high lithium content leads to high
ratio of Li;MnO3; which play a vital role to stabilize the struc-
ture [30]. Therefore, the results confirmed that by introducing the
appropriate amount of lithium content (0.086 <x > 0.123) into the
series can suppress structural evolution during cycling and result
in an excellent cycling performance.

The electrodes underwent 7 cycles between 2.5-4.7V and
then fully charged to 4.7 V. Considering that the contribution of
anode to the cell resistance is minimal after 7 cycles and can
be ignored, the charged cells rested for 10h before EIS test-
ing. The cells after 500 cycles were disassembled in the glove
box and then the three-electrode cells were assembled with
the used cathode as working electrode, and the fresh lithium
foil as counter and reference electrode for an electrochemical
impedance spectroscopy (EIS) analysis. The voltage values of the
test cells were observed to be in a steady state before the EIS
test, and the voltage drop was about 0.2V. The correspond-
ing Nyquist plOtS of Li1'111(Ni0_37M1’10'63)0_33902 (X=0.111) after
7 and 500 cycles are given in Fig. 8, respectively. There are
two semicircles in the diagram: the semicircle in the high fre-
quency domain is ascribed to the passivating surface-film (solid
electrolyte interface, SEI) on the cathode, while the other semi-
circle in the relatively low frequency region could simply be
assigned to the charge transfer resistance (Rct). The calculated
surface-film resistances of Liq 111(Nig37Mngg3)o.88902 (x=0.111)
electrodes after 7 and 500 cycles are 10.8 and 45.8 2, respec-
tively. While Li; 111(Nig.37Mng g3 )0.88902 (x=0.111) electrodes after
7 cycles exhibit a charge transfer resistance (Rct) of about 279.6 Q.
The charge transfer resistance (Rct) of the electrodes after 500
cycles becomes as large as 3240 Q2 in our experiments (Table 3). The
results show that the charge transfer resistance (Rct) of the Li-rich
cathode materials increases obviously upon cycling, which plays a
dominant role on the impedance parameter and electrochemical
performance. Based on the previous reports about EIS [7,9], it can
be found that once the voltages reach the plateau region between
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Fig. 9. SEM images of Lij 111(Nio 37Mnge3)0.89902 elctrodes (a, b) before cycling and (c, d) after 500th cycles.

Table 3
Impedance parameters of Li/Lij 111(Nio37Mngg3)ogsoO2cell after 7th cycles and
500th cycles.

Cycle Rs/Q RE/Q Ret/Q
7th 78 10.8 2796
500th 6.1 45.8 3240.0

4.50 and 4.60V, the major changes in the spectra is dominated by
a significant increase of the charge transfer resistance (Rct). How-
ever, the charge transfer resistance (Rct) growth upon high voltage
cycling is complex nature of the material system (e.g. various trans-
port process overlap at high voltage), which needs further studies in
the near future. The morphologies of the electrodes before and after
500 cycles are shown in Fig. 9. The fresh active material particles
show homogeneous morphology and good contact with acetylene
black, while the particles in the electrode after 500 cycles seem to be
separated from acetylene black due to the presence of many voids
between them. In addition, some primary particles show abnor-
mal growth, which is one of the reasons leading to an increase
of charge transfer resistance after long-term cycles. It’s concluded
that the charge-transfer resistance of the electrode increases signif-
icantly after long-term cycling which may lead from many factors
including gradual structural transformation or worse interparticle
contacts during cycling [35].

4. Conclusion

Li]+x(Ni0_37Ml'10.53 )],XOZ with a fixed ratio of Mn:Ni=0.63:0.37
but a different excessive lithium content have been pre-
pared from co-precipitated (Nig37Mngg3)CO3 precursor. These
samples appear single phase with layered structure except
Li1.()31 (Nio,37M1‘10'53 )0.96902 (X =0.031 ), inwhich an additional phase
NigMnOg in the cubic rock-salt structure can be observed. All the
samples retain a spherical morphology of the precursor. The pri-
mary particles tend to grow up and show clear boundaries with
increasing lithium content. Lij ggg(Nig37Mngg3)0.91402 (x=0.086)
expresses high initial efficiency of 82%, a high discharge capacity
of 232mAhg-! at 0.2C and a good rate capability, for example

145.5 mAhg-! at 5C. The series exhibits the capacity retention
of 88, 77, 92, 95 and 99% of the initial discharge capacity after
100 cycles. Moreover, Lij 123(Nig37Mngg3)o.87702 (x=0.123) and
Liq.111(Nig37Mng63)0.88902 (x=0.111) operated at 0.5 C exhibit the
capacity retention of 89%, and 81% after 500 cycles, respectively.
Hence Liq ggg(Nig 37Mng 3)0.914]02 cathode material with large dis-
charge capacity, low irreversible capacity, high median voltage
of discharge, good rate capability and cycling performance is a
promising material for the high power and high energy lithium ion
batteries. Furthermore, the abnormal increase of the charge trans-
fer resistance (Rct) at high voltage after long-term cycling leads
to poor cycle performance of the series, which should be further
studied in the near future
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