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Abstract: Lithium-rich layered oxides is one of the most perspective candidates for cathode
materials of lithium ion battery, because of its high discharge capacity. However, there are
some disadvantages of uneven composition, voltage decay, and poor rate capacity, which are
closely related to the preparation method. Here, 0.5Li2MnQOs-0.5LiMnosNio.1C001O2 were
successfully prepared by sol-gel and oxalate co-precipitation methods. A systematic analysis
of the materials shows that the 0.5LixMnOs-0.5LiMno.sNio1Co0102 prepared by the oxalic acid
co-precipitation method has the most stable layered structure and the best electrochemical
performance. The initial discharge specific capacity is 261.6 mAh-g?1 at 0.05 C, and the
discharge specific capacity is 138 mAh-g* at 5 C. The voltage decay is only 210 mV, and the
capacity retention is 94.2% after 100 cycles at 1 C. The suppression of voltage decay can be
attributed to the high nickel content and uniform element distribution. In addition, tightly
packed porous spheres help to reduce lithium ion diffusion energy and improve the stability
of the layered structure, thereby improving cycle stability and rate capacity. This conclusion
provides a reference for designing high energy density lithium-ion batteries.

Keywords: lithium-rich layered oxide; cathode material; 0.5Li2MnQOs-0.5LiMno.sNio1Co00102;
voltage decay; co-precipitation method; sol-gel method

1. Introduction

With the rapid development of hybrid vehicles and electric vehicles, lithium-ion batteries
have been more widely used [1,2]. However, the traditional lithium-ion battery cathode
materials (e.g. LiMn20s, LiFePOs, LiNi13C015Mn1302, LiNiosCo02MnosOz) have a discharge
capacity of less than 200 mAh-g, which cannot meet the development requirements of the
electric vehicle industry [3-5]. The current solution is to increase the nickel content or use
lithium-rich layered oxides to increase the discharge capacity [6-10]. The lithium-rich layered
oxide has become a candidate for the next-generation of high-energy density lithium-ion
battery cathode materials due to its high capacity, high operating voltage, low cost and high
safety [11,12]. However, before commercialization, the technical challenge of voltage decay
must be addressed [13-16].

Many have shown that ion doping [17-19] and surface coating [20,21] can suppress voltage
decay of lithium-rich layered oxides. In addition, increasing the nickel content in the lithium-
rich layered oxide can also significantly suppress the voltage decay, and the energy density is
also improved [22-24]. The preparation methods of lithium-rich layered oxides include Solid-
State [25], co-precipitation [22], sol-gel [26], solvothermal [27], and so on [28,29]. It is
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controversial whether the lithium-rich layered oxide is a solid solution or a two-phase
composite structure, and the structure and performance of the lithium-rich layered oxide are
closely related to the synthesis [30-32]. In addition, the preparation method also affects the
atomic spatial uniformity of chemical species [33]. The effect of lithium-rich layered oxides with
low nickel content on the synthesis method has been studied intensively [34-36]. However, for
lithium-rich layered oxides with high nickel content, such as 0.5Li2MnO3-0.5LiNiosCo0.1Mno.1Oz
(LL-811), the effects of the preparation method on the microstructure and electrochemical
performance, and the reasons for the decreased discharge capacity with increasing nickel
content have not been investigated.

In this work, we compared the effects of the sol-gel method and the oxalate co-
precipitation method on the microstructure, element distribution and electrochemical
performance of LL-811. Two kinds of typical chelating agents, citric acid and sucrose, were
selected in the sol-gel method. LL-811 prepared by the oxalate co-precipitation method has the
best comprehensive performance. After 100 cycles at 1 C, the voltage decay is 210 mV, and the
capacity retention is 94.2%. The discharge specific capacity still reached 138 mAh-gat5 C. The
significant reduction in voltage decay can be attributed to the high nickel content and uniform
element distribution. In addition, tightly packed porous spheres contributed to reduce lithium
ion diffusion energy barrier and improve cycle stability and rate capacity.

2. Experimental

2.1. The reagents and materials

Lithium acetate dehydrate (Li(CH3COO)-2H20, 99.0%), manganese acetate tetrahydrate
(Mn(CHsCOO)24H20, 99.0%), cobalt acetate tetrahydrate (Co(CH3COO)2-4H20, 99.5%), nickel
acetate tetrahydrate (Ni(CH3COO)24H20, 98.0%), Ammonium oxalate monohydrate
(C2HsN20+H20, 99.5%), Oxalic acid dihydrate (C2H2042H20, 99.5%), Sucrose (Ci2H2201,
99.0%), Citric acid monohydrate (CsHsO7H20, 99.5%), Sodium hydroxide (NaOH, 96.0%),
Nitric acid (HNOs, 65-68%) and Ammonium hydroxide aqueous solution(NHs-H:0, 26.7%)
were purchased from Sinopharm Chemical Reagent (Shanghai, China). Lithium hydroxide
monohydrate (LiOH-H20, 98.0%) was purchased from Xilong Scientific Co., Ltd. Nickel sulfate
hexahydrate (NiSO+6H20, 22 wt%) was purchased from jinchuan group Co., Ltd, Cobalt
sulfate heptahydrate (CoSO+4H20, 21 wt%) was purchased from Huayou Cobalt Co., Ltd.
Manganese sulfate monohydrate (MnSO4H:0, 31.8 wt%) was purchased from ISKY Chemicals
Co., Ltd.

2.2. Sol-gel method

LL-811 was synthesized by Sol-gel method, using acetic acid salts as raw materials and
Citric acid monohydrate as a chelating agent. Firstly, 16.2305 g lithium acetate dehydrate,
10.1567 g nickel acetate tetrahydrate, 1.2517 g cobalt acetate tetrahydrate and 13.6161 g
manganese acetate tetrahydrate were added to deionized water to form 1.5 mol/L of solution
A.36.2553 g citric acid monohydrate was added to deionized water to form 2 mol/L of solution
B. The molar ratio of metal ion to chelating agent was fixed to be 1:1.5. Then, the A and B
solutions were slowly mixed and the pH of the solution was adjusted to 7-8 with ammonium
hydroxide. The resulting solution was evaporated at 80 °C in a constant temperature water bath
to form a transparent xerogel. The gel was dried in a forced air oven at 120 °C for 12 hours to
obtain a precursor. Finally, the precursor was calcined at 480 °C for 5 h, and then calcined at
850 °C for 12 h in air to obtain a lithium-rich layered oxide (labeled as SLC). When using the
same procedure, the chelating agent was changed to sucrose and the pH was adjusted to 5 with
dilute nitric acid. And the acquired sample was labeled as SLS.

2.3. Co-precipitation method
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LL-811 was synthesized by oxalate co-precipitation. Firstly, 85.3673 g of nickel sulfate
hexahydrate, 11.2284 g of cobalt sulfate heptahydrate and 76.0176 g of manganese sulfate
monohydrate were added to deionized water to form 1.0 mol/L of solution C. 114.2593 g
ammonium oxalate monohydrate and 20.2726 g of oxalic acid dihydrate were added to
deionized water to form a solution D with an oxalate concentration of 0.6 mol/L. Secondly, the
solution C and the solution D were simultaneously slowly pumped into a 5 L continuous stirred
tank reactor (CSTR). The temperature and agitation speed were maintained at 50 °C and 800
rpm, respectively. In the co-precipitation process, the pH of the solution was maintained at 6.6
by the addition of 1 mol/L sodium hydroxide solution. After the feed was completed, stirring
was continued for 1 h to allow the metal ions to completely precipitate. In order to prevent
oxidation of the metal cations throughout the process, the CSTR was maintained under a
nitrogen atmosphere. Finally, the prepared oxalate precursor was acquired by vacuum
filtration and washed with deionized water, and then dried in a drying oven at 80 °C for 12 h.
The prepared oxalate precursor was thoroughly mixed with 5 wt % excess of LiOH-H2O
powder. The mixture was transferred to a furnace and calcined at 480 °C for 5 h, and then
calcined at 850 °C for 12 h in air to obtain a lithium-rich layered oxide (labeled as OCP).

2.4. Materials characterization

The crystal structure of LL-811 was observed with an X-ray diffractometer (Bruker AXS
D8 Advance). The morphology was characterized by field emission scanning electron
microscopy (TESCAN MIRA3 LMU). The elemental compositions were characterized using the
energy dispersive spectroscopy (Oxford X-Max20). The analysis of the microstructure and
composition of LL-811 was performed on a transmission electron microscope (Tecnai G2 F20)
equipped with energy dispersive X-rays.

The preparation of the positive electrode sheet, the assembly of the button cell and the test
procedures for electrochemical performance are the same as those of the previously published
articles [19]. Only the battery test system changed to NEWARE (CT-4008). The electrochemical
impedance spectroscopy was conducted by an electrochemical workstation (CHI660E) in the
frequency range of 1 mHz to 100 kHz.

3. Results and discussion

The powder X-ray diffraction patterns of the lithium-rich layered oxide prepared by two
different methods are shown in Figure 1. The major peaks in the XRD pattern could be indexed
based on a-NaFeO: layered structure with space group R3m and monoclinic symmetry with
space group C2/m [29]. The (006)/(012) peak and (018)/(110) peak can be clearly distinguished,
indicating that the material is a typical layered structure [37]. The lattice parameters of the
prepared samples are analyzed via JADE6.0, as shown in Table 1. Compared with SLS and SLC,
c and c/a values increased in OCP, indicating that the crystal lattice preferentially grows along
the c axis, thereby promoting the electrochemical reaction.

The SEM micrographs and elemental compositions of samples SLC, SLS and OCP are
shown in Figure 2. As shown in Figures 2a,b,d,e, the primary particles of the samples SLC and
SLS have a size of about 400-600 nm, but the uniformity of the particle size is poor. The
agglomerated secondary particles have no obvious morphology. As shown in Figure 2g, the
primary particle size of the sample OCP is about 300-500 nm, and the particle size distribution
is uniform. As can be seen from Figure 2h, the secondary particles are spheroidal and have a
particle size of about 20 um. In addition, there are pores on the surface of the secondary
particles closely clustered by the primary particles. Figures 2¢,f,i show the energy dispersion
spectrum (EDS) spectra of SLC, SLS, and OCP, respectively. All peaks correspond to the
characteristic peaks of the O, Mn, Co, and Ni elements, and the ratios of the elements are shown
in the interpolation table. This result indicates that a lithium-rich layered oxide positive
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electrode material having a high nickel content has been acquired.
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Figure 1. XRD patterns of LL-811 samples prepared by different methods.

Tablel. Lattice parameters of LL-811 samples prepared by different methods.

Lattice parameters

Sample - - - c/a
a(A) c(A) v(A3)
SLC 2.8564 14.2203 100.49 4.978
SLS 2.8605 14.2348 100.87 4.976

ocr 2.8551 14.2376 100.37 4.980

Element Weight% Atomic% (c)
OK 45.79 74.86
Mn K 32.26 13.58
CoK 2.73 1.21
NiK 19.22 9.55

Totals 100

Element Weight% Atomic%

OK 40.23 70.56
Mn K 30.20 15.39
CoK 310 1.47

NiK 26.37 12.58

Totals 100

1 2 3

P
[Full Scale 2020 cts Cursor: 0.000

Element Weight% Atomic%
OK 46.70 75.61
Mn K 28.83
CoK 2.82 1.24

9.56

13.59

NiK 21.66
Totals 100

Figure 2. SEM images and EDS spectrum of SLC(a-c), SLS(d-f) and OCP(g- i).
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Figure 3. TEM and HRTEM images of SLC(a,b), SLS(e,f) and OCP(i,j); (c,d) FFT of the
corresponding area in Figure 3b; (g,h) FFT and IFFT of the corresponding area in Figure 3f;
(k1) FFT and IFFT of the corresponding area in Figure 3j; The indexes marked by subscript R
and M are related to the rhombohedral (R3m) phase and monoclinic LizMnOs (C2/m) phase.

To further understand the effect of preparation methods on crystal microstructure, the
microscopic morphology of the samples SLC, SLS and OCP are shown in Figure 3. Figure 3a,e,i
are TEM images of SLC, SLS and OCP samples, respectively, and the particle size is consistent
with that of the SEM image. Figure 3b,f,j shows the HRTEM images of the corresponding area
in Figure 3a,e,i. There is a clear lattice fringe in the “c” region of Figure 3b with interplanar
spacing of 0.477 nm, corresponding to the (003) plane of the layered phase. These
corresponding diffraction points of the (003) and (006) panel can be found in Figure 3c of its
fast Fourier transform (FFT). The FFT of the “d” region in Figure 3b is shown in Figure 3d, and
there are diffraction points of the a-NaFeO: layered structure of the space group R3m and the
monoclinic system of the space group C2/m. Figure 3f shows very clear lattice fringes with a
lattice spacing of 0.474 nm and 0.236 nm, corresponding to the (003) and (006) plane of the a-
NaFeO: layered structure, respectively. The FFT pattern and IFFT pattern of the “g” region are
shown in Figure 3g h. The lattice spacing measured in Figure 3j is 0.478 nm, corresponding to
the (003) plane in the layered structure. Figure 3k,1 show the FFT pattern and IFFT pattern of
the “k” region, respectively. These isolate two sets of lattice pattern of LiMO: and Li2MnOs
indicates lithium-rich layered are composite structure in SLC and SLS samples, while the only
one sets of lattice pattern gives a proof of solid solution in OCP sample. Moreover, for OCP
samples, the (003) plane has been significantly expanded compared to the other two samples,
and it will help improve the rate capacity of lithium-rich layered oxides. X-ray line scan element
distribution (EDX) maps of SLC, SLS and OCP samples are shown in Figure 4. The results show
that the elements of OCP are uniformly distributed and no nickel segregation occurs [33, 38].
And evenly distributed transition metal elements help to enhance the stability of the layered
structure and suppress capacity and voltage decay [19,33].

The initial charge and discharge curves for all samples between 2.0 and 4.8 V at the current
rate of 0.05 C are shown in Figure 5a. It showed similar initial charge and discharge curves,
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which is consistent with the characteristic curve of the lithium-rich layered oxide. The charging
curve can be divided into an “S” zone below 4.5 V and an “L” zone above 4.5 V. The “S” region
correspond to the oxidation of the transition metal in the LiNiosCo01Mno1O2 component, and
the “L” region correspond to the Li and O removed from the crystal structure in the form of
“Li20” [22]. As shown in Figure 5a, the initial discharge specific capacity of LL-811 prepared
by the co-precipitation method is 262 mAh-g, which is much higher than that of the SLC (220
mAh-g1) and SLS (231 mAh-g1) prepared by the sol-gel method. Figure 5b shows the initial
charge-discharge curve of specific energy. OCP has the highest specific capacity, which is
attributed to the fact that the lithium-rich layered oxide prepared by the oxalate co-
precipitation method has smaller primary particles, and the secondary particles have a porous
spherical morphology, which can shorten the diffusion pathway of Li*ions.
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Figure 4. TEM images and EDX maps of SLC(a,d), SLS(b,e) and OCP(c,f).
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Figure 5. Initial charge and discharge curves of LL-811 samples prepared by different methods:
(a) specific capacity; (b) specific energy.

Figure 6 shows the voltage and capacity decay of all samples between 2.0-4.6 V at a current
rate of 1 C. As can be seen from Figure 6a, after 100 cycles, the discharge median voltage decay
of OCP is 210 mV and the retention reaches 94.1%, which is higher than 91.8% of SLC and 87.9%
of SLS, and the voltage decay is obviously suppressed. Figure 6b shows the specific capacity
decay of the lithium-rich layered oxide cathode material. It can be seen that after 100 cycles, the
specific capacity retention of OCP is 94.2%, which is significantly higher than 88.4% of SLC and


https://doi.org/10.20944/preprints201912.0157.v1
https://doi.org/10.3390/ma13020334

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 December 2019 d0i:10.20944/preprints201912.0157.v1

83.5% of SLS. By comparing the discharge specific energy of all samples, the results in Figure
6¢ are similar to those in Figure 6b. The discharge specific energy of OCP retention is 89.9%,
while the SLC and SLS are only 81.2% and 74.2%, respectively. Figure 6d-f shows the discharge
curves of SLC, SLS and OCP at different cycle times. In the first 75 cycles, the specific capacities
of the SLC and SLS were decayed from 166.9 mAh-g1 to 152.1 mAh-g'and 179.5 mAh-g to
152.2 mAh-g7, respectively. However, the specific capacity of OCP is only decayed from 182.3
mAh-g1 to 178.7 mAh-g, and the capacity decay is much smaller than SLC and SLS. For the
discharge median voltage, the decay of OCP is also significantly suppressed. OCP has a lowest
voltage decay and a largest specific capacity after 75 cycles, indicating that its layered structure
is more stable. The voltage and capacity decay of the OCP samples was suppressed, which can
be attributed to the high nickel content, uniform element distribution, and stable layered
structure [22,23,33]. In addition, the secondary particle structure is tight, and the presence of
pores on the surface is also the reason for the best electrochemical performance of OCP.
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Figure 6. Voltage and capacity decay of LL-811 samples prepared by different methods: (a)
voltage decay, (b) specific capacity decay, (c) specific energy decay, (d-f) discharge curves for
different cycles.
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Figure 7. Rate performance of LL-811 samples prepared by different methods: (a) rate capacity,
(b-d) discharge curves at different rate.
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Figure 8. (a) Nyquist plots and (b) plots comparison of Z’ vs w2 for LL-811 samples after the first cycle.

To further understand the effect of the preparation method on the rate capability, the rate
capability of SLC, SLS and OCP is shown in Figure 7. The samples prepared by oxalate co-
precipitation shows higher discharge capacity at various rates. The specific capacities of OCP
is 261.6, 233.4,200.9, 184.6, 157.4 and 138.0 mAh-g at the discharge rates of 0.05C, 0.1 C, 0.5C,
1 C, 3 C and 5 C, respectively. It indicates that increasing the spacing of the (003) plane,
increasing the contact area of the electrolyte with the positive electrode material, and
shortening the lithium ion diffusion path can increase the rate capacity of the lithium-rich
layered oxide. Figures 7b-c shows the discharge curves of SLC, SLS and OCP at different
discharge rates. As the rates increases, the discharge capacity and voltage of all samples have
different degrees of decay. The results show that when the battery is discharged at a higher
current density, the electrode resistance will increase significantly, and the discharge energy
will be greatly reduced, which will seriously affect the application of the lithium-rich layered
oxide positive electrode material in electric vehicles. However, the capacity and voltage decay
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of the OCP samples are minimal, and the rate performance is more excellent.
Table 2. Impedance and lithium ion diffusion coefficient of LL-811 prepared by different methods.

Sample Rf (Q) Rct (Q) Dvi* (cm?s™)
SLC 230 503 2.04x1013
SLS 173 491 1.86x1013
OCP 246 369 3.67x1013

In order to understand the influence of the preparation method on the interfacial
electrochemical and reaction kinetics of LL-811, the electrochemical impedance spectroscopy
(EIS) of LL-811 prepared by different preparation methods were investigated. The Nyquist
plots of SLC, SLS and OCP are shown in Figure 8a. The impedance spectrum was fitted using
the embedded equivalent circuit in Figure 8a, and the fitting results are shown in Table 2. The
results show that the SLS has the smallest Rf and OCP has the smallest charge-transfer
resistance (Rct). Figure 8b shows the linear relationship between Z' and w2 and the slope
obtained by linear fitting represents the value of o. The lithium ion diffusion coefficients
calculated by the formula are shown in Table 2 [39]. The lithium ion diffusion coefficient of
OCP is 3.67x10® cm?s, which is higher than 2.04x103 cm?s of SLC and 1.86x1013 cm?-s! of
SLS. This proves that the lithium-rich layered oxide prepared by the oxalic acid co-precipitation
method has a faster migration rate of lithium ions, and the rate performance is more excellent.

4. Conclusions

The effects of preparation methods on the structure, morphology and electrochemical
properties of 0.5LiMnO3-0.5LiMnosNio1Co0102 cathode materials were systematically
investigated. The results show that the lithium-rich layered oxide prepared by the oxalate co-
precipitation method has the best performance. After 100 cycles at 1 C, the voltage and capacity
decayed are only 210 mV and 10 mAh-g?, and the retention rates are 94.1% and 94.2%,
respectively. The specific capacities of OCP is 261.6, 233.4, 200.9, 184.6, 157.4 and 138.0 mAh-g-
1 at the discharge rates of 0.05 C, 0.1 C, 0.5 C, 1 C, 3 C and 5 C, respectively. The significant
reduction in voltage decay can be attributed to the high nickel content and uniform element
distribution. In addition, tightly packed porous spheres help to reduce lithium ion diffusion
energy and improve cycle stability and rate capacity. Therefore, the synthesis method plays an
important role in the preparation of high energy density lithium-rich layered oxide cathode
materials. This conclusion provides a reference for designing high energy density lithium-ion
batteries.
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