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Abstract LiMn,0O,_,Br, nanoparticles were synthesized
successfully for the first time by a room temperature solid-
state coordination method. X-ray diffractometry patterns
indicated that the LiMn,O4 ,Br, powders were well-
crystallized pure spinel phase. Transmission electron
microscopy images showed that the LiMn,O, ,Br, pow-
ders consisted of small and uniform nanosized particles.
Synthesis conditions such as the calcination temperature
and the content of Br~ were investigated to optimize the
ideal condition for preparing LiMn,0,4 ,Br, with the best
electrochemical performances. The optimized synthesis
condition was found in this work; the calcination temper-
ature is 800 °C and the content of Br~ is 0.05. The initial
discharge capacity of LiMn,03 95Br( s obtained from the
optimized synthesis condition was 134 mAh/g, which is far
higher than that of pure LiMn,QO,, indicating introduction
of Br~ in LiMn,0, is quite effective in improving the
initial discharge capacity.
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Introduction

Development of the cathode materials for lithium—ion bat-
tery is vital to meet the demands of portable devices, power
tools, e-bikes, future usages of electric vehicles, and so on
[1]. Among three promising candidates for cathode mate-
rials (LiCoO,, LiNiO,, and LiMn,0,), lithium manganese
oxides (LiMn,O,) [2] are inexpensive cathode materials
with a high energy density, environmental acceptability, and
are more abundant in nature. In spite of these advantages,
LiMn,0O, has the problem of severe capacity fading during
charge and discharge cycles [3, 4], which makes it unsuit-
able for commercial application. Intensive research has
particularly focused on the mechanism of capacity fading
and has suggested numerous solutions.

Among these projects, doping [5, 6] is considered to be
an effective path to improve the electrochemical perfor-
mance of spinel LiMn,0O,, so several attempts have been
made for improving the lithium manganese spinels by
doping various metals ions [7-10]. Although such substi-
tutions often result in enhancing the stability of spinel, the
first discharge capacity of them is considerably lower than
that of the parent compound. The reduction in the first
discharge capacity is mainly due to the fact that the sub-
stituent ions do not contribute to the discharge capacity. In
1999, Amatucci et al. [11] and Palacin et al. [12] reported
that the introduction of the anion in spinel structure can
reduce the Mn oxidation state and then increase the first
discharge capacity. These interesting results derived from
the anion doping stimulated our research interest to
investigate the effect of other anions doping. To the best of
our knowledge, up to now, no Br™-doped cathode materials
(LiMn,O4_,Br,) have been reported.

It is believed that single-phase, homogeneity, uniform
particle morphology with nanometer size distribution is the
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desired feature for achieving a higher electrode activity
[13]. Nanometer-scale structured electrode materials are of
great interest as potential building blocks for future gen-
eration electronic devices with greatly reduced size [14],
because they show higher capacity and better cycling
performance than conventional electrodes composed of this
kind of materials [15]. There have been increased interests
in synthesizing nanostructures and their derivative com-
pounds for their diverse physicochemical properties and
potential applications as cathode materials for lithium—ion
batteries [16]. Moreover, it is well known that the prepa-
ration methods and post-treatment techniques could
influence the structure and electrochemical performance of
materials significantly [17-19]. Further, the subtle varia-
tion of chemical composition [20, 21] will bring great
changes in the electrochemical performance of products.
Room temperature solid-state coordination method [22, 23]
possesses the advantages of simple manipulation and better
prospects for commercialization as compared to the con-
ventional solid-state method [24]. More meaningfully, it
achieves homogeneous mixture of the starting components,
a low synthesis temperature and small grain size of the
powders. Besides this, several nanomaterials have been
synthesized using this method [25-27]. In this study,
LiMn,O,4_,Br, nanoparticles were synthesized successfully
for the first time by a room temperature solid-state
coordination method. The structures, morphologies, and
electrochemical properties of these materials were also
investigated.

Experimental

Stoichiometric lithium acetate, manganese acetate, lithium
bromide, and citric acid (worked as chelating reagent,
molar ratio of citric acid to the total metal ions is 1:1),
which were ground into powders separately, were mixed
with polyethylene glycol (PEG) 400 (worked as disper-
sants) in an agate mortar and ground with a pestle for 1.5 h
in order to make them react to reach the best possible
homogeneity. Then the mixtures were dried at 120 °C for
8 h to form precursors. The obtained precursors were
annealed at 500 °C for 1 h, after ground, held at 600-
800 °C for 10 h in air in a muffle furnace to obtain final
LiMn,O,_,Br, powders. Figure 1 shows the flowchart.

An X-ray diffractometer (XRD) (MXP18AHF, Mac,
Japan) with Cu Ku radiation (4 = 1.54056 1&) was used for
the identification of the crystalline phases of the powders.
The morphological characteristics of the products were
investigated using transmission electron microscope (TEM,
H-600, Hitachi, Japan).

The cells consisted of a LiMn,Oy4-based composite as
the positive electrode, a Li disk as the negative electrode,
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Fig. 1 Flowchart showing the synthesis of LiMn;0O4_,Br, samples by
room temperature solid-state coordination method

and an electrolyte of 1 M LiPFg in a 1:1 (volume ratio)
mixture of ethylene carbonate (EC)/dimethyl carbonate
(DMC). The cathode was formed by mixing the active
material with acetylene black and PVDF binder in 85:10:5
ratio in N-methyl-pyrrolidone (NMP). NMP acts as the
solvent for the binder. The paste was applied to an alu-
minum foil current collector using a blade. The film was
dried at 60 °C in air for 1 h and then was vacuum dried at
120 °C for 4 h. Celgard 2300 membrane was used as the
separator. The cells were assembled in an argon-filled
glove box. All the electrochemical tests were carried out at
room temperature. Cyclic voltammetry (CV) (CHI660B
Electrochemical Workstation Chenhua Co. of Shanghai,
China) experiments were conducted from 3.2 to 4.35 V ata
scan rate of 0.1 mV/s, and a Li metal disk served as both
counter and reference electrode. Charge/discharge tests were
performed at a constant current density of 0.30 mA/cm?®
within the potential range of 3.0 and 4.35 V.

Results and Discussion

The XRD patterns of LiMn,O,4_,Br, powders calcinated at
600-800 °C for 10 h are shown in Fig. 2. The XRD of the
powders calcinated at 600 °C shows the impurity peaks of
Mn,0; (marked by V). The formation of impurity phase
Mn,Oj; indicates that the temperature is not high enough to
reach full crystallization and containing some vacancies in
LiMn,0, structure during combustion. When the calcina-
tion temperature increases to 700 °C, the impurity peaks of
Mn,Oj; disappear and the pure spinel LiMn,O, structure
forms, which indicates that pure spinel LiMn,O, can be
produced by heat treatment at relatively higher tempera-
tures. Moreover, when the temperature increases, the
intensity of peaks grows correspondingly, which indicates
better crystallization is obtained. The diffraction peaks of
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Fig. 2 XRD patterns of LiMn,O4 ,Br,: (A) LiMn,0, calcinated at
600 °C; (B) LiMn,Oy calcinated at 700 °C; (C) LiMn,O, calcinated
at 800 OC; (D) LiMn203_95Br0_05 calcinated at 600 OC; (E) LiMl’l2
O3}95BI’0'05 calcinated at 700 OC; (F) LiMn203‘95Br0'05 calcinated at
800 °C; (G) LiMn,0s399Brg 19 calcinated at 600 °C; (H) LiMn,
03 90Brg ¢ calcinated at 700 °C; (I) LiMn,0O5 9oBry ;o calcinated at
800 °C

LiMl’l2O3_95BI‘0A05 and LiMn203.90Br0,10 SyntheSiZed at 700
and 800 °C corresponded to pure phase spinel structure.
The results indicate that the structure of the ternary spinel
remains when some of the O®~ in the spinel phase are
replaced by Br™. Doping do not seem to change the spinel
structure of the samples because no other impurity peaks
are observed in the XRD patterns. The lattice constants of
all the samples, which are calculated from the XRD
spectra, are summarized in Table 1. The samples with the
same chemical compositions calcined at different temper-
atures have little difference in lattice constants. However,
the products doped with Br™ have larger lattice constants,
which is ascribed to the substitution of O~ by Br~. The
Br has larger ion (1.96 A) radius than that of O*~ (1.4 10\)

Table 1 Lattice constants calculated from the XRD spectra

Nominal Calcination Lattice
composition temperature parameter
°O) (a/nm)
LiMn,0y4 600 0.8215
700 0.8213
800 0.8210
LiMn,03 95Brg 05 600 0.8223
700 0.8221
800 0.8220
LiMn,03 9oBrg. 10 600 0.8233
700 0.8229
800 0.8226

and Br~ substitution leads to reduction of Mn*" to the
larger Mn”" cations, which results in improving capacity
as reported by Amatucci et al. [21]. Because the powders
calcinated at 600 °C show the impurity peaks of Mn,O3,
we did not do the electrochemistry test of them.

The trend of morphology variation of different
LiMn,O,_,Br, with temperature is similar, so the TEM of
LiMn,03 95Brg o5 powders calcinated at 600-800 °C for
10 h are given as examples in Fig. 3. The sample calcined
at 600 °C agglomerates severely and its size is about
200 nm. This maybe due to some Mn,0O3 impurity existing
in the sample. As the temperature increases to 700 °C, the
distribution of the particle size becomes narrow and the
average particle size is about 100 nm. The decrease of
particle size is due to the breaking of agglomerated
powders as the calcination temperature increases, but
agglomeration still exists. As the temperature increases
further, it presents the spherical particle morphology,
homogenous particle composition and narrow distribution
of particle size. The extent of agglomeration of particles in
the sample is meliorated. The particle size of the sample
calcined at 600 °C is larger than that of the sample calcined
at 700 and 800 °C, which indicates the calcination tem-
perature has significant effect on the crystallization and
morphology of the samples. This agreed well with the
result of XRD. Products with nanosized particles would
facilitate reducing the diffusion length of the lithium ions
during intercalation and deintercalation processes, which
would improve the electrochemical performance of the
samples [28].

Cyclic voltammograms of the Li/LiMn,O4 ,Br, cells
between 3.2 and 4.35 V at a scan rate of 0.1 mV/s for the
first cycle are shown in Fig. 4. The cyclic voltammograms
reveal that there are two pairs of redox peaks on each cycle
voltammograms. The two pairs of redox peaks correspond
to two-step reversible intercalation/deintercalation reac-
tion. The samples synthesized at 800 °C present higher
current peaks than the ones prepared at 700 °C. The
LiMn,03 9sBrg g5 samples synthesized at 800 °C possess
the highest current peaks, which indicates that the product
calcined at 800 °C might have better electrochemical
activity.

Figure 5 displays voltage versus discharge capacity
curves for LiMn,O4_,Br, between 3 and 4.35 V versus
Li/LiMn,O,4_,Br, by applying 0.3 mA/cm? at room tem-
perature. For LiMn,0,_,Br, sample prepared at 700 °C, the
initial discharge capacity of pure spinel is 106 mAh/g. It
increases to 127 mAh/g as y = 0.05 and decreases to
118 mAh/g as y = 0.10. It is clear that the increase of
initial discharge capacity results from Br~ doping. This
may be explained by the following reasons. The substitu-
tion of monovalent Br~ for divalent O®~ results in the
increasing of Mn>" content in spinel which contributes to
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Fig. 3 TEM photographs of

LiMn,03 95Brg o5: (a) calcinated
at 600 °C, (b) 700 °C, and (A)
(c) 800 °C
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Fig. 4 Cyclic voltammogram of Li/LiMn,0,4_,Br, cells between 3.2
and 4.35 V at scan rate of 0.1 mV/s: (A) LiMn,O, calcinated at
700 °C; (B) LiMn,0O, calcinated at 800 °C; (C) LiMn,Oj3 95Brg o5
calcinated at 700 °C; (D) LiMn,Os3 o5Br( o5 calcinated at 800 °C; (E)
LiMn,0s3 9¢Brg 1o calcinated at 700 °C; (F) LiMn,Os3 9¢Brg (o calci-
nated at 800 °C

charge/discharge capacity during intercalation/deintercala-

tion of Li* in LiMn,0O,4. Moreover, Br~ doping brings in
larger lattice constants of samples, thus Li™ can move more

@ Springer

40

38

3.6

341

Voltage (Livs Li")

32F

301

ol v vy
0 20 40 60 8 100 120 140

Capacity ( mAh/g)

Fig. 5 Voltage versus discharge capacity curves of LiMn,0, ,Br,:
(A) LiMn,O, calcinated at 700 °C; (B) LiMn,O, calcinated at
800 °C; (C) LiMny0595Brgos calcinated at 800 °C; (D) LiMn,
05.95Brg o5 calcinated at 700 °C; (E) LiMn,03 9oBrg 19 calcinated at
700 °C; (F) LiMn,05 90Bry 1o calcinated at 800 °C

freely in the sample and this might help increase the
capacity [21]. When the calcination temperature increases
to 800 °C, LiMn,0,4_,Br, samples deliver initial discharge
capacity of 109, 134, and 121 mAh/g as y = 0, 0.05, and
0.10, respectively. Samples calcined at relatively higher
temperature have higher initial discharge capacity. The
LiMn,03 95Brg o5 synthesized at 800 °C possess the highest
initial discharge capacity. However, with the increase of
Br~ content in spinel (from 0.05 to 0.10), the initial dis-
charge capacity decreases, which maybe due to Br™ doping
that can improve the initial discharge capacity, but the Br™
content has an optimal value. In this work, the optimal
value is 0.05.

The above-mentioned results show that effective anion
doping can result in improvement of initial discharge
capacity. Figure 6 displays the variations of discharge
capacity versus cycle number curves of LiMn,O4 Br,
between 3 and 4.35 V versus Li/LiMn,O,4_,Br, by applying
0.3 mA/cm” at room temperature. As can be seen from
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Fig. 6 Discharge capacity versus cycle number curves of LiMn,
O4_,Bry: (A) LiMn,0, calcinated at 700 °C; (B) LiMn,0, calcinated
at 800 °C; (C) LiMn,Os5¢5Br( o5 calcinated at 700 °C; (D) LiMn,
03.95Brg 5 calcinated at 800 °C; (E) LiMn,0; 9oBrg 1o calcinated at
700 °C; (F) LiMn,05 ¢0Bry 1o calcinated at 800 °C

Fig. 6, the samples doped by Br™ have larger initial dis-
charge capacity than the pure spinels. However, Br~-doped
samples present appreciably high capacity loss than the
parent compound. For LiMn,0,4 ,Br, sample prepared at
700 °C, the capacity retention rate of pure spinel is 86%. It
decreases to 79% as y = 0.05 and 82% as y = 0.10. For
LiMn,O,4_,Br, sample prepared at 800 °C, the capacity
retention rate of pure spinel is 83%. It decreases to 82%
as y=0.05 and 79% as y = 0.10. The LiMn,O,4 ,Br,
(y = 0.05, 0.10) samples have higher initial discharge
capacity but lower cycle life than that of the parent com-
pound. This is due to the increase of Mn>" content by
monovalent Br~ substitution for divalent O*~. The high-
spin Mn> " ions give rise to the Jahn-Teller distortion which
is the origin of the capacity loss. In a word, the increase of
Mn** causes two effects: (1) the increase of initial discharge
capacity and (2) the decrease of the capacity retention. As
reported by many literatures, surface modification and cat-
ion codoping can overcome Jahn-Teller distortion [29]. Sun
et al. [30, 31] reported that LiAlO.34Mn1.7603_9850.02 and
Li; g3AlgoMn; 303 96S0.04 materials prepared via a sol-gel
method showed excellent cyclability in both 4 and 3 V
regions. In our lab, the research work of Br~ and AP
codoping for improvement of the electrochemical perfor-
mance of spinel LiMn,O, is undergoing.

Conclusion

In this work, LiMn,0,4_,Br, nanoparticles were synthesized
by a room temperature solid-state coordination method
for the first time. The powders have homogeneous
morphology, small particles, and high crystallinity. The

CV and charge/discharge test revealed that Br~ doping
improves the initial discharge capacity of the samples. The
LiMn,O5 95Brg o5 calcined at 800 °C has an initial dis-
charge capacity of 134 mAh/g.
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