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One step hydrothermal process is attempted to synthesize Li-rich layered oxide at 140 "C~180 'C.
Their morphology and crystalline structure are characterized by X-ray diffraction (XRD) and scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). Single phase
Li124MnggsNip 10, materials with good crystallization are obtained when the temperature is 180 'C.
Their average particle sizes are 70 nm with uniform distribution of elements. The Lij; 24MngesNio 102
nano-particles exhibit discharge capacities of 207 mAh g™ during the first cycle at a current of 20 mA
g™ between 2.5 and 4.8 V, and remained about 81.5% after 40 cycles. This hydrothermal process paves
an effective way to prepare Li-rich high capacity layered oxide cathode materials for Li-ion batteries.
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1. INTRODUCTION

Li-ion batteries have been widely used in consumer electronic devices, energy storage system
and electric vehicles [1-4]. With the rapid development of energy storage system and electric vehicles,
the traditional graphit|LiCoO, battery chemistry encounters growing challenges due to its obstacles in
terms of high cost, limited energy density, safety issue and cycling life [5,6]. To this end, the Li-rich
manganese based oxides with a formula of Li[Lig/z-2x3Mneszx3Mx]O2 (M refers to Ni, Co, Mn, etc.)
have attracted great interest in recent decade because of their high energy density [7-12]. Although
they are regarded as the potential candidate for the next generation cathode materials, their high
reversible capacity during first cycle, voltage fading during cycling, and poor capacity retention
especially at high rate make it still be a distance to the commercialization [13,14].
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Generally, synthesis plays very important role on the purity, crystallization, size distribution
and finally the electrochemical performance of the materials[15,16]. Up to now, various approaches
have been investigated to prepare Li-rich manganese based oxides, such as sol-gel methods [17,18],
co-precipitation method[19,20], solid state method[21], combustion method[22], ion exchange
method[23] and spray pyrolysis method[24]. Among all above routes, high temperature and long
sintering time is generally necessary, which means high energy consuming and hard control on crystal
size and morphology. Hydrothermal has been proven to be an effective way for preparing well
distributed nanostructured materials[25,26]. Furthermore, Zheng et al[27] used hydrothermal assisted
method to fabricate atomic level spatial distribution Li-rich manganese based material, which
presented much better capacity retention and smaller voltage fade as compared to those prepared by
sol-gel and co-precipitation methods.

Here, a facile one-step hydrothermal is employed to prepared Li-rich manganese material with
composition of Liy24MngesNig 102 in short time, neither precursors nor subsequent high temperature
calcinations are introduced in this preparation. The influence of reaction temperature, reaction time,
and concentration of LiOH solution on the purity, crystallization and size distribution of the products
are studied systematically. Besides, physical, chemical, and electrochemical properties of the
Li124MnoesNip 10, nano-particles were investigated to explore the potential of its applications in
lithium ion battery.

2. EXPERIMENTAL SECTION

2.1. Preparation of Lij 24Mng gsNig 102 nano particles

Li124MngesNig 102 nano-particles were synthesized by a facile one step hydrothermal method.
First, stoichiometric ratio of Mn(CH3COO),-4H,0, Ni(CH3;C0OOQ),-4H,0 and a certain amount of
(NH4)2S,05 were dissolved in 10ml deionized water for 30 min to form solution A, which was added
dropwise in to 30 ml LiOH sulution B with a concentration at 3.3M. After continuous stirring for 30
min, a dark brown suspension was obtained. Later, this suspension was transferred into a Teflon-lined
stainless steel autoclave, which was closed and allowed to react at 180 °C for a given period time.
After the hydrothermal reaction, the autoclave was cooled naturally to room temperature. The obtained
product was first filtered and washed with 2 mol L™ LiOH solution twice, with ethanol for 3 times and
dried in air at 80 °C for 10 hrs.

2.2 Materials characterization

The phase structure and purity of as-prepared products were examined by X-ray diffraction
(Bruker D8 Advance X-ray diffractometer in a Bragg—Brentano configuration) with Cu K,1 and Cu
K.2 radiation.The crystal morphology was characterized by scanning electron microscope (SEM, JSM-
5600LV, JEOL) and high-resolution transmission electron microscope (TEM, H-800, Hitachi).
Elemental composition (Li, Ni and Mn) of the product was measured by Inductively Coupled Plasma
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Optical Emission Spectrometer (ICP-OES, IRIS Intrepid Il XSP, ThermoFisher). Specific surface
areas were performed with a Nitrogen adsorption instrument (Micromeritics TriStar 11, Micromeritics
Inc.) at 77K.

2.3 Electrochemical measurements

Electrochemical performances were tested using CR2032 coin-type test cells assembled in an
argon-filled glove box. The cathode film was fabricated from a mixture consisting of 80wt% active
material, 10 wt% acetylene black and 10wt% polytetrafluoroethene (PTFE). Then as prepared film was
cut into rounded slices with a total mass loading of around 7 mg cm™. Celgard 2400 polypropylene
film was wused as separator; Ethylene carbonate/dimethyl carbonate/diethyl carbonate
(EC:EMC:DEC=1:1:1 by volume) solution containing 1 mol L™ LiPFg was used as electrolyte; Li foil
was used as anode. The charge-discharge tests were carried out on a Land battery test system within a
voltage range of 2.5- 4.8 V vs. Li*/Li at room temperature.

3. RESULTS AND DISCUSSION

3.1 Structures and Morphologies Characterization
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Figure 1. XRD patterns for the Li;24MngesNig:10, samples prepared at 140, 160 and 180 °C,
hydrothermal time: 24 h.

The XRD patterns in Fig. 1 show that the Li; 24MnggeNig 102 samples prepared at 140, 160 and
180°C for 24h is single-phase material indexed well in a hexagonal a-NaFeO2 structure with R-3m
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space group. Weak superstructure peaks observed around 20 = 20-25° are known to correspond to the
ordering of the lithium ions and transition metal ions in the transition metal layer of the layered
lattice[8,19]. Speaking of the hydrothermal product at 140°C for 24 h, the intensity of reflection peaks
is relatively lower, demonstrating not good crystallinity as samples prepared at 160°C and 180°C.
Furthermore, reflection peaks correspond to (006) and (012) directions can not be clearly
distinguished, which also indicates not so good layered structure. By comparison of samples obtained
at 160°C for 24 h with sample prepared at 180°C for 24h , although we can easily distinguish the
reflection peak of (006) direction from (012) , with increasing hydrothermal temperature Ty, the peak
intensity increases , which indicates that the crystallinity becomes better.

Moreover, the radius of Ni** (0.69 A ) is similar to that of Li* (0.76 A ), cation disorder
between Ni’* and Li* may hinder Li* intercalation/deintercalation during charge/discharge. Moreover,
according to Ohzuku and Makimura[28], a low ratio of peak intensity of (003) peak and (104) peak in
XRD profile generally reflects poor electrochemical reactivity due to high concentration of inactive
domains in layered structure. Furthermore, it’s generally concluded that when 1(003)/1(104) is greater
than 1.1, intact layered structure and low cation disorder are obtained[29,30]. Howerver, according to
the results of our caculation, 1(003)/1(104) ratio is 0.98, much lower than 1.1, which might be
correlated to irreversible capacity or poor rate capability of the material[31-33].
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Figure 2. XRD patterns of the samples obtained by the hydrothermal method at 180°C for 24h with
various Li/M(M=Ni+Mn) molar ratios: (a) 2:1 (b) 4:1 (c) 7:1 (d) 10:1.

In Fig. 2, the XRD patterns of samples obtained by the hydrothermal method at 180°C for 24h
with various Li/M(M=Ni+Mn) molar ratios were given. At lower Li/M(M=Ni+Mn) molar ratio, such
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as 2:1 and 4:1, maganese oxide hydroxides and nickel oxide hydroxides were obtained as the main
phases without any spinel and layered oxides. On the other hand, when Li/M(M=Ni+Mn) molar ratio
was increased to 7:1, single phase of Li-Mn-Ni spinel was obtained. Furthermore, when we increased
molar ratio of Li/M to 10:1, material indexed well in a hexagonal a-NaFeO, structure with
superstructure peaks observed around 20 = 20-25° was obtained. This dependece of hydrothermal
products on the LiOH concentration has already been reported in a previous report [34].
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Figure 3. XRD patterns for the Lij 24MnggsNip 10, samples prepared at 180 °C with Li/M(M=Ni+Mn)
molar ratio=10:1 for different hydrothermal time.

Fig. 3 displays the typical XRD patterns of samples obtained at 180 °C for different
hydrothermal time, which help us to study the reaction process and phase transformation. The
precursor before hydrothermal reaction is probably a compound of poorly crystallized a-MnO, (JCPDS
44-0141) and spinel phase Li-Ni-Mn oxides. After 1 h hydrothermal, the precursor transformed
quickly into spinel structure, accompanied by the vanishment of a-MnO, phase. Then, after 6 h
reaction, diffraction peaks around 20 = 38° and 65° could be observed, which indicates the beginning
of layered structure formation. Furthermore, if we prolong hydrothermal treat time to 12 h, 18 h and 24
h, all the XRD lines of the products can be indexed to the a-NaFeO, layered structure. The weak
superstructure reflections around 26 = 20°-25° indicates the ordering of the lithium ions and transition
metal ions in the transition metal layer of the layered lattice[8]. ICP-OES was used to determine the
elemental composition of the final product. Results shows that the experimentally observed ratio of
Li:Mn:Ni in product we prepared is 1.24:0.66:0.1.
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To further understand the crystallization process, we use SEM to track the morphology
variation with reaction time. The precipitation before hydrothermal shows a petal like surface, which is
possibly a-MnQO; integrating with some amorphous materials, such as Li-Ni-Mn oxides (Fig. 4a).
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Figure 4. SEM images for the Li;24MngesNig10, samples prepared at 180 °C for different
hydrothermal time: (@) 0 h, (b) 2 h, (c) 6 h, (d) 12 h, (e) 24 h and N2 adsorption—desorption
isotherms test (f).

In the first 2 h of the hydrothermal reaction, the petal like materials are gradually disappeared
and small particles with an average particle size of ca. 30 nm formed (Fig. 4b), which agrees with
researches on the similar material. In detail, the petal like a-MnO, can be used as precursor to prepare
layered Li-Ni-Mn oxides. So in our system, with gradual disappearance of petal like a-MnO,, the
single phase Li-Ni-Mn-O spinel oxide formed. During the following reaction time, these nano-
particles grew up to an average particle size of ca. 50 nm at 6 h(Fig. 4c) and even bigger at 12 h(Fig.
4d),. Finally, after 24 h hydrothermal reaction, well-dispersed nano-particles with an average particle
size of ca. 70 nm were obtained(Fig. 4e). On the basis of the morphology evolution with the reaction
time, a dissolution-recrystallization mechanism[35,36] is proposed to describe the formation and
growth of these Li; 24Mng gsNio 10, materials during hydrothermal.

The N, adsorption—desorption measurement was carried out to characterize the surface area of
the as-prepared nano-materials, as presented in Fig. 4f. The BET specific surface area was calculated
to be 49.43 m?* g™* which is coincide with the particle size observed in SEM images.
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3.2 TEM Analysis of Li; 24MnggsNio 10, Material
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Figure 5. (a) HRTEM and (b)Mapping images of the Li; 24Mng gsNio 10, prepared at 180 °C for 24h

As shown in Fig. 53, the fringes in HRTEM image are identified as 0.47 nm, which agrees well
with the {003} or {001} lattice spacing of rhombohedral LiMO, (M=Mn, Ni, Co, etc.) and monoclinic
Li,MnOs. The clear lattice-fringe observations indicated nanoparticles are with good crystallinity and
no impurities exist. Besides, images of element mapping are shown in Fig. 5b, it can be observed that
Mn and Ni are uniformly distributed in the sample without phase separation. This is consistent with the
results obtained from X-ray diffraction patterns. Considering the results of HRTEM, it was confirmed
we fabricated well distributed single phase rhombohedral Li; 24MnggsNio 102 nanoparticles with good
crystallinity.

3.3 Electrochemical performances of Lij 24MnggsNip.10, Material

Fig.6a depicts charge/discharge curves between 2.5 and 4.8 V for the Lij24MnggsNip 10,
material prepared at 180 °C for 24 h. During the 1% charge process with current density of 20 mA g%,
two different regions can be observed. The first region below 4.6 V is ascribed to the oxidation of Ni**
to Ni**, while the subsequent platform is assigned to the removal of Li,O[9]. The discharge capacity in
the 1% cycle is 207.4 mAh g™ with a coulombic efficiency of 78.2%. The poor initial efficiency is
attributed to the irreversible removal of Li,O. The cycling performance of the Lij24MnggsNio10-
material at the current density of 20 mA g™ is shown in Fig.6b. The capacity retention of the electrode
is 81.5% after 40 cycles. The capacity fade might be attributed to following factors. One reason is the
severe electrochemical decomposition of electrolyte at high potential, because of the large surface area
of our material. The other reason is the unavoidable structure transformation during cycling due to
thermal kinetics[13,37].

Fig.6c presents the rate capability of the prepared Lij24MnggsNip10, material. The as
mentioned structure transformation is more serious at high discharge rate. After 4 cycles discharge at
0.5C and 4 cycles at 1C, when the discharge rate is recovered to 0.1C, there is an irreversible capacity
loss of 10 mAh g™. As for the rate capability, this material delivers a capacity of 190 mAh g™ at 0.5C,
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with a ratio of 91% to the capacity at 0.1C. However, the discharge capacity decreases to 97 mAh g
when the current density is increased to 200 mA g™, and the cycling performance deteriorate badly.
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Figure 6. (a) Charge and discharge profiles at different cycles, (b) Cycle performance, and (c) Rate
Capability of Liy 24MngesNig 10, prepared at 180 °C for 24h

As what we have discussed earlier in the XRD part, although we have fabricated single phase
rhombohedral Lii24MngesNip 10, nanoparticles with good crystallinity, according to the low
1(003)/1(104) ratio, there might be high Li*/Ni* cation disorder, which may hinder Li*
intercalation/deintercalation during charge/discharge and cause bad electrochemical performances
especially at high current density[28,32,33].

4. CONCLUSION

Mono-dispersed Lii24MnggsNip 10, nano-particles can be prepared by one-step hydrothermal
process. A dissolution-nucleation-growth mechanism is proposed to describe the reaction during
hydrothermal, as well as formation of the crystalline nano-particles. This nano-particles can deliver a
capacity of 207mAh g™ at the first cycle at a current density of 20 mA g™ in the potential window of
2.5- 4.8 V vs. Li*/Li, and remained about 81.5% after 40 cycles. However, the rate performance at 200
mA g™ is poor and deteriorates quickly, which may due to high Li*/Ni* cation mixing in layered
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structure. Element dopping and surface modification could be efficient way to reduce such Li*/Ni*
cation disorder, severe capacity fade at high rate. This study demonstrate that the hydrothermal process
paves an effective way to prepare Li-rich high capacity layered oxide cathode materials for Li-ion
batteries.
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