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Reaction mechanisms for 0.5Li;MnQO;:0.5LiMngsNigp50, precursor prepared
by low-heating solid state reaction

Dong Li 1), Fang Lianl), Xin-mei Houz), and Kuo-chih Chou™?

1) School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing 100083, China
2) Department of Physical Chemistry, University of Science and Technology Beijing, Beijing 100083, China
(Received: 18 January 2012; revised: 6 March 2012; accepted: 26 March 2012)

Abstract: Lithium-excess manganese layered oxides, which are commonly described in chemical formula 0.5Li;MnOj;-0.5LiMng sNij sO,,
were prepared by low-heating solid state reaction. The reaction mechanisms of synthesizing precursors, the decomposition mechanism, and
intermediate materials in calcination were investigated by means of Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM), thermogravimetric analysis (TGA), and differential scanning calorimetry
(DSC). The major diffraction patterns of 0.5Li,MnQO;-0.5LiMn, sNij 50, powder calcinated at 720°C for 15 h are indexed to the hexagonal
structure with a space group of R3m , and the clear splits of doublets at (006)/(102) and (108)/(110) indicate that the sample adopts a
well-layered structure. FESEM images show that the size of the agglomerated particles of the sample ranges from 100 to 300 nm.
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[7], coprecipitation method [8-9], sol-gel method [10],
hydrothermal method [11], solid state method [12],
rheological similarity method [13], and combustion method

1. Introduction

Over the last few years, much work has been devoted to

the structures and properties of LiMnO, [1-4],
LiMng;sNigsO, [5] and LiMng333Nip333C003330, [6] com-
pounds because layered lithium manganese oxides are
promising cathode materials for lithium secondary batteries
in terms of abundance, cost, and nontoxicity. Among all
these systems, Mn-based lithium-excess layered oxides with
a formula of xLi,MnO;-(1-x)LiMn,M,_,0, (0<x<1, 0<y<1,
and M represents one or more transitional metal elements)
are more attractive. Due to the high theoretical specific ca-
pacity and a discharge capacity above 200 mAh/g, the suc-
cessful application of xLi,MnOs-(1-x)LiMn,M,_,0, can po-
tentially increase the energy density of Li-ion batteries.

Presently, Li-excess cathode materials have been synthe-
sized via various routes, such as the ion exchange method
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[14]. Nevertheless, low-heating solid state synthesis has
been assumed as one of the most innovative methods for
simplicity and low-energy consumption (materials synthe-
sized by only one step sintering) [15-16]. Besides, some
problems in the process of other preparations can be avoided.
For example, OH™ and CO3~ are frequently chosen as pre-
cipitants to precipitate transition metal ions in the process of
coprecipitation. When OH™ or CO%~ was added into the
solution of transition metal ions (Mn”", Ni*", and Co*"),
transition metal ions were not completely precipitated, but a
part of metal ions and precipitates will lose during the proc-
ess of washing precipitates. By comparison, composite
stoichiometry is exactly controlled though low-heating solid
state synthesis because of the simple preparation process.
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From the structural point of view, in the low-heating solid
state reaction, the crystal water is released during the mixing
process of raw materials, which causes the raw materials to
be in a ‘melted’ state. Therefore, as compared to the con-
ventional solid state preparation, the diffusion of molecules
in the state becomes easier, and the reaction can be carried
out at low temperature.

In order to improve the electrochemical performance of
Li-excess manganese layered oxides, the structures have to
be investigated. Among the factors that control the struc-
tures, reaction mechanisms of preparation are essential. Al-
though some reports about the cathode materials synthesized
by the low-heat solid state reaction were given [17], reaction
mechanisms of the synthesis precursor during the prepara-
tion process of Li-excess manganese layered oxides by the
low-heating solid state reaction are still obscure. In this pa-
per, the reaction mechanisms of synthesizing 0.5Li,MnQ;-0.5
LiMn, sNij 50, precursor through the low-heating solid-state
reaction were investigated. In addition, the decomposition
mechanism of 0.5Li,MnQ;-0.5LiMn, sNi, sO, precursor and
intercalation materials in the process of being heated from
room temperature to 1000°C were discussed.

2. Experimental

2.1. Synthesis

The mixture of stoichiometric C;H,O4-2H,0 (>99.5wt%),
LiOH'H,0O (>95wt%), C4HgNiO44H,O (>98wt%), and
C4HsMnO44H,0 (>99wt%) was milled for 2 h to obtain
paste precursors. The 0.5Li,MnO;-0.5LiMn,sNipsO, pre-
cursor after spray drying was calcinated at different tem-
peratures (250, 319, 346, 500, and 720°C) for 2 h in air fol-
lowed by furnace cooling to room temperature. The
0.5Li,MnO5-0.5LiMng sNip sO, cathode materials were pre-
pared at 720°C for 15 h.

In order to analyze whether the composition of precursors
contains LiHC,0,4, LiHC,04 was synthesized by dissolving
H,C,042H,0 in hot water and adding an equivalent mole
amount of Li,C,0, and was dried at 100°C for 2 h.

2.2. Measurements of thermal properties

The thermal decomposition processes of the precursors
were investigated in air by means of a thermal analysis in-
strument (SDT Q600, V20.9 Build 20).

2.3. Structure and morphology characterization

Powder X-ray diffraction (XRD, Japan, Rigaku, D/max-RB,
12 kW) using Cu K, radiation was employed to identify the

crystalline phase of the synthesized materials. Infrared spec-
tra were recorded by Fourier transform infrared spectros-
copy (FT-IR, Nicolet Nexus 670). Field emission scanning
electron microscopy (FESEM, Germany, ZEISS, SUPRA,
55) was performed to study the morphology and particle
size of 0.5Li,MnO5-0.5LiMn, sNij sO, obtained.

3. Results and discussion

3.1. XRD analysis of precursor

To investigate the reaction mechanism of composites in
the process of milling, the precursor dried was analyzed by
XRD. Fig. 1 also shows that the precursor includes a lot of
amorphous materials. XRD characteristic peaks of the raw
materials (manganese acetate and nickel acetate) disappear,
while the strong diffraction peaks of LiHC,0, appear with
some weak diffraction peaks of LiHC,04H,0. X-ray dif-
fraction patterns of the precursor indicate that paste precur-
sor dried consists of amorphous chelate, LiHC,O,4, and
LiHC,04H,0.
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Fig. 1. XRD patterns of the precursor (a) and LiHC,04 sam-
ples (b).

As shown in Fig.1, there are some weak peaks in the dif-
fraction patterns of LiHC,0, prepared in the experiment,
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which is indexed to LiHC,0O4H,O of JCPDS No.49-1209.
The work of Villepin and Novak [18] shows that LiHC,O4
do not absorb water at room temperature, it can be inferred
that the drying time of crystals is not long enough to prepare
pure anhydrous LiHC,O4, which makes the low-heating
solid state reaction and the thermal decomposition of pre-
cursors become more complex. However, compared with
the precursor including LiHC,O,, the investigation of the
precursor including LiHC,04-H,O is practical because it is
difficult to remove all the crystal water in experiments and
in industrial production.

3.2. FT-IR analysis of precursor

In order to further analyze the structure of amorphous
chelates, FT-IR was employed. The Fourier transform in-
frared spectra of the 0.5Li,MnO5-0.5LiMnysNiysO, precur-
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sor and the sintered powder are shown in Figs. 2(a) and 2(b),
respectively. Wavenumbers and assignments of the peaks
are listed in Table 1. Based on the analysis of the Infrared
spectra and XRD patterns, the reaction process of synthe-
sizing the 0.5Li,MnOj3-0.5LiMng sNij 5O, (Li; ;Mng¢Nig,0,)
precursor could be expressed as follows:

1.2H,C,042H,0+1.2LiOH-H,0—

1 2LiHC,0,4+4.8H,0 (1)
0.8LiHC,0,+0.8M(CH;CO0),4H,0—>
0.8CH;COOM(0OC),Li+0.8CH;COOH+
3.2H,0, M=Mn, Ni Q)

Combining Egs. (1) and (2), one obtains
1.2H,C,0,42H,0+1.2LiOH-H,0+0.8M(CH;C00),-4H,0—
0.8CH;COOM(OOC),Li+0.8CH;COOH+

0.4LiHC,0,+8H,0, M=Mn, Ni 3)
100 i
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Fig. 2. FT-IR absorption spectra of 0.5Li,MnQ5-0.5LiMn,sNis0, cathode materials: (a) precursor; (b) calcinated powder.

Table 1. FT-IR spectra of the precursor and cathode materi-
als

Wavenumber / e Assignments  Precursor i::lsz:fs
3396 [19-20] O-H X —
3445/1580 H,0 (adsorbed) — X
2933 C-H x —
1622/1427 C=0, COO” X —
1493/1437/546 Ni-O — X
1317/1051/819 [21] C-COO X —
777/737/667/617/494 [21] M-O (M=Ni, Mn) X —
627/511 [20, 22-23] M-O — X
451 [23-25] Li-O X —
449 Li-O — X

Note: x means containing the corresponding wavenumber.

There are no COO and C=0 groups in the infrared spec-
tra of 0.5Li,Mn0O;0.5LiMn,sNiysO, powder (Table 1),
which indicates no residual oxalates, acetates, and carbon-
ates in the cathode powder. The supposition can be also
confirmed from the XRD patterns of the cathode powder.

3.3. Structural analysis of decomposition products and
thermal analysis of precursor

According to thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) curves in Fig. 3, it can
be seen that the prepared precursor decomposes in four
stages as a result of dehydration, dehydroxylation, and de-
carburization, with the rearrangement of material structure.
The process is accompanied by two endothermic peaks and
a sharp exothermic peak. To confirm the decomposition
products at different temperatures, the precursor is calci-
nated at the corresponding temperature, and decomposition
products are characterized by XRD.
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Fig. 3. TGA-DSC curves of the precursor at a heating rate of
10 K-min™.

The first stage is observed in the temperature range from
45 to 135°C. Mass loss is most probably corresponding to
the release of adsorbed water, a little of acetic acid, and
crystal water from LiHC,04,-H,0 [25].

The second stage of decomposition is observed in the
temperature range from 135 to 250°C, and Fig. 4 shows that
the corresponding products at 250°C consists of LiyC,0y,
LiyCOs, (LiggsNios)(Nig76Mng21)O,, and R (R=LiNigsMn; s-
O4+LiNig 1sMn; g,0Oy). It is deduced that LiHC,O,4 [26] and
amorphous chelate in Eq. 3 decompose completely in the
process. Fig. 4(a) also shows that Li,C,O, begins to de-
compose at 250°C. In addition, all the peaks can be indexed
based on a spinel structure except some weak diffraction
peaks of Li;C,04, Li;COs, and (Lig.95Nig05)(Nig.70Mn21)O2.
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Fig. 4. XRD patterns of 0.5Li,MnO;-0.5LiMnysNiysO, precursor calcinated at different temperatures (a) and the magnified pat-

terns with the 2@ ranging from 16 to 46°.

As shown in Fig. 4, compared with the sample at 250°C,
there are no obvious changes in the XRD patterns of the
samples calcinated at 319 and 346°C except that the diffrac-
tion peaks of Li,C,04 disappear. It can be deduced that re-
sidual Li,C,0,decomposes completely. Due to this reaction,
Fig. 3 shows that there is a sharp exothermic peak in the
range.

The XRD pattern of the sample calcinated at 500°C in
Fig. 4(b) shows that decomposition products do not consist
of Li,CO;. It can be illustrated in the TG-DSC curves (Fig.
3). There is little weight loss accompanying a small endo-
thermic peak in Fig. 3, which results from Li,CO; being
decomposed into Li,O and CO, [27]. However, there are no
characteristic peaks of Li,O in the patterns of the sample. It
can be inferred that Li,O reacts with other decomposition
products to form solid solution. Fig. 4(b) shows that com-
pared with the sample calcinated at 250°C, the intensity of
diffraction peaks of the samples appearing at 26=18.5° cal-
cinated at 319 and 346°C are higher. With increasing the

temperature continuously, the intensity of diffraction peaks
of the sample at 500°C becomes weaker, and the position of
diffraction peaks appearing at 26=44° has a small deviation,
which is attributed to the formation of new phase
Li; gg(Mn,Nij_,);11205. In Fig. 3, it is clear that no further
mass loss and thermal effect are observed, even though the
temperature is heated to 1000°C. The XRD pattern of the
sample calcinated at 720°C for 2 h in Fig. 4(a) shows that all
the peaks can be indexed on the basis of layered a-NaFeO,
structure. The weak reflection peak appearing between 20
and 25° shows the characteristic of complex Li,MnOs-
LiMO, phase resulting from the order of metal ions (Li’,
Mn*, and Ni*" ions in the transition metal layers) and the
existence of Li;MnOj; [28]. It is deduced that when the sam-
ple was heated from 500 to 720°C, solid solution was ob-
tained by the diffusion of transition metal and lithium ions
in oxides.

The associated reactions for these processes can be ex-
pressed as follows:
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LiOH-Hy0(s)+HC04 2H,0(s) > LiHC,04(s)+4H,0(2) (4)
LIHC04(s)—>LixC,04(s)HH,0(2)+CO(@)+COx(e)  (5)
CH;COOM(OOC),Li(s)+Os(2)—>

R(s)+(Lig.95Nig 05)(Nig.70Mng 21)O2(s)+Li,COs(s)+

COx(g)tH20(g) (6)
where
M=Mn, Nl, R:LiNi().sMIll ‘5O4+LiNi0'1 8Mn1 .8204 (7)
L12C204(S)—)L12C03(S)+C0(g) (8)
CO(g)+0,(g)—>COy(g) )
Li,CO;(s)—>Li,0(g)+CO,(g) (10)
R+(Lip95Nig.05)(Nig.79Mng 21)Ox(8)+Li,0(s)+0x(g)—>

05L12Mﬂ0305LlMl’l05N10502(S) (1 1)

3.4. Structure and morphology analysis of cathode pow-
der

The XRD pattern of 0.5LiMn,0; 0.5LiMn, sNiy 5O, cal-
cinated at 720°C for 15 h in Fig. 5 shows that all the peaks
can be indexed based on a hexagonal a-NaFeO, structure
with a space group of R3m [28-31]. The clear splitting of
(006, 102) and (108, 110) [32-33] indicates that the sample
with a well-development layered structure was prepared by
low-heating solid state reaction.
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Fig. 5. XRD pattern of 0.5Li,MnO;-0.5LiMn;NiypsO, pre-
cursor calcinated at 720°C for 15 h.

FESEM was performed to investigate the morphology
and particle size of 0.5Li,MnQO5-0.5LiMn,sNigsO, power
calcinated at 720°C for 15 h. Figs. 6(a) and 6(b) show that
the size of the agglomerated particles of the sample ranges
from 100 to 300 nm. Fig. 6 shows that the sample consists
of agglomerated particles with the submicrometer diameter,
which is attributed to the large specific surface area and high
specific surface energy.

jL €

Fig. 6. FESEM images of 0.5Li,MnO;-0.5LiMn,sNij 5O, precursor calcinated at 720°C for 15 h.

According to Refs. [34-36], Li-excess manganese layered
oxides xLi,MnOs-(1-x)LiMn,M,;_,0, (M=Ni, Co) were usu-
ally prepared at 800-1000°C. Compared with the literatures,
the low-heating solid state method with the characterization
of simple process, precise stoichiometry, and low sintering
temperature is a promising route to industrial production of
Li-excess manganese layered oxides.

4. Conclusions

(1) The 0.5Li,MnOs-0.5LiMngsNigsO, precursor was
prepared by the low-heating solid state reaction, and the re-
action processes of synthesizing the precursor were investi-

gated by XRD and FT-IR. The associated reaction could be
expressed as
1.2H,C,0,42H,0+1.2LiOH-H,0+0.8M(CH3COO0),-4H,0—
0.8CH;COOM(0OO0C),Li+0.8CH3;COOH+0.4LiHC,0O4+
8H,0O (M=Mn, Ni).
(2) The decomposition process and intermediate materi-
als in the calcination were investigated and confirmed.

(3) After the precursor was calcinated at 720°C for 15 h,
0.5Li,MnO5-0.5LiMn sNipsO, cathode materials with a
well-development layered structure were obtained. FESEM
images show that the agglomerated particle sizes of the
powder distribute between 100-300 nm.
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