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Abstract

Mechanical activation followed by rotary heating has been successfully applied to the synthesis of Cr-doped lithium manganese oxide
(LiMn04) powders. The precursor of Ligvin,_,O4 for Li-ion batteries has been synthesized from LiBILIO, MnO,, and CpO3 as
starting materials by mechanical activation, which ensured a high level of homogeneity in the chemical composition of the precursor anc
resulted in a reduction in the synthesis temperature and heating time. Highly crystallize¥hjCrO,4 (0.04 < x < 0.10) powders
were obtained by subsequent rotary heating of the precursor at 55057602 h. Rotary heating enhanced the experimental control in
chemical composition, particle size distribution and microstructure of the final products. The optimum mechanical activation condition
was determined based on XRD analysis. The synthesized MiGx_,O4 powder has a narrow particle size distribution, high discharge
capacities and good cyclability. The method of mechanical activation combined with rotary heating should be an excellent technique of
decreasing synthesis temperature and shortening heating time, and enhancing the uniformity of particle size of the product.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction These long heat treatments at high temperatures normally
do not provide very effective control of the microstructures
In last decade, lithium manganese oxide (Li¥Da) since grain growth and overall agglomeration of the particles

has been studied extensively as the cathode material forare always inevitable in these treatments. In addition, the
Li-ion battery from the aspect of low cost of raw mate- risk of possible volatilization of lithium itself is an inherent

rial, low toxicity and relatively high energy densif§—3]. problem, which tends to be accentuated due to the long heat
However, it is initially difficult to prepare LiMpO4 with treatment cycle. However, solid-state reaction technology is
long charge/discharge cycle life. A very effective way for easy and simple, and is one of the most suitable techniques
improving the cycling performance of LiM®4 is to syn- for industrialization.

thesize manganese-substituted LNh,_,O,4 spinel phase The disadvantages of the solid-state reaction are mainly

by doping with divalent or trivalent ions (M: A#4,5], Mg the higher synthesis temperature and longer high temper-
[6], Co [7,8], Ni [7], Fe[7,9], Ti [7,9], Zn [10] and Cr ature reaction time, together with the difficulties in the
[7,9,11-13] etc.). effective controls of chemical composition and microstruc-
The traditional synthesis method of LiM@, is direct tures as mentioned above. In recent years, great progress
solid-solid reaction of oxides or acetates of manganese andhas been achieved in developing new synthesis methods
either LiOH[14,15], or Li,CO3 [16,17]and LiNGO; [18,19] of LiMn 0,4 [20-25] One of the main approaches is me-
at high temperatures to enhance the diffusion process andchanical activation. The work of Kosova et al. on LijyDy
obtain a well-ordered structure. Due to this high temperature, [23—-25] showed that mechanical activation decreased sig-
there are some disadvantages such as broader particle sizeificantly the synthesis temperature of LiMdy and the
distribution, longer reaction time or other unwanted phases. resulted products exhibited tolerable electrochemical per-
formances. Mechanical activation can produce particle and
- _grain size down to the nanoscale, together with structure
*.cOrreSpondlng' athor. Present address: Laboratory of Materials defects. Energetic lattice defects, combined with short dif-
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E-mail address: g.song@tnw.tudelft.nl (G.-M. Song). activation and chemical reactions at low temperatures.
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Small initial particle size should facilitate the formation of
finely dispersed alloys on lithium insertion and, additionally gas
should ease the diffusion of lithium into the material. v A

The high temperature furnaces for solid-state synthe- Cﬂ: .__“
S (5 ]

sized Li-ion cathode materials, at present, are periodical
kilns or furnaces. The powders in the equipment are static.  Rgotating Furnace tube Resistance heater
Therefore, the temperature field within the powders is of- 3 X
ten non-uniform during heating or cooling, especially for T — \‘b 5
mass production, which will result in non-uniform chemical
composition and non-uniform particle size distribution in a
batch of synthesized powders. On the other side, these me-
chanically activated initial powders easily grow during the Fig. 1. Schematic of the furnace with a rotary tube.
following high temperature treatment, and sometime result

in abnormal grain growth which causes broader particle size was carried out with an inductively coupled plasma atomic
distribution. Furthermore, the traditional solid-state synthe- emission spectrometer (Leeman Profile ICP-AES). The
sis method increases the difficulty of control of chemical charge/discharge capacity and cyclability were evaluated us-
composition and particle size of different batch of products. ing a prototype coin cell. The cell comprised a lithium metal
The particle size, crystalline structure and chemical com- electrode and LiGiMn,_,O4 electrode that were separated
position of LiMnzO4 play critical roles on the electrochem-  py a polypropylene separator. The Li®n,_,0O4 elec-

ical behavior of the cel[1,26]. So, it is a very important  trode consisted of 80 wt.% LiGMn,_,O4 powder, 5wt.%
and interesting topic that how to control the particle size of polytetrafluoroethylene (PTFE) as a binder and 15wt.%
distribution, chemical composition and phase structure. acetylene black. 1.0 M LiRfdissolved in ethylene carbon-

In this paper, mechanical activation and rotary heating ate (EC) and dimethyl carbonate (DMC) (1:1 (v/v)) was used
are combined to form a new synthesis technique in order to as the electrolyte. The charge and discharge cycling was gal-
decrease synthesis temperature and reaction time, and alsganostatically performed at a current density of 0.3 mAfcm
obtain good stoichiometric control of Li@Mn,_,O4 spinel with a cut-off voltage of 3.0-4.3V (versus Li/t) using a

with uniform particle size distribution. Here the chromium potentiostat/galvanostat system (EG&G 273 Instrument).
ion is used as a doping cation to improve the cycling perfor-

mance of LiMnO4. Mechanical milling is used to ensure

the uniform mixing of raw materials at nanoscale together 3. Results and discussion

with structure defects and short diffusion distance. The re-

sulted precursors are heated using a rotary furnace in order3.1. Effect of mechanical activation

to enhance the uniformity of temperature and particle size

of LiCr,Mny_,04 product during the high temperature syn- Fig. 2 shows the XRD patterns of powders milled for

thesis process. various times, herein the Cr content in LiMDy is designed
as LiCr.0sMny.9404. After milling for 20 min, the peaks
of MnO, become broader, and minor peaks of LiGHO

Synthesis furnace

2. Experimental can still be found. As milling time further increases, the
intensities of the peaks of MnCand LIOHH>O decrease
Starting materials for preparing Li@¥iny_,O4 (0.04 < and become unidentifiable, and on the same time, the peaks

x < 0.10) were LIOHH20 (>99%, Chengdu Reagent), of LiMn2O4 appear. After 1 h milling, the LiM$O4 spinel
Cro0O3 (>99%, Beijing Reagent) and electrolytic MpO  phase is predominant, which implies that Li-Mn—O spinel
(>99%, CMD, Xiangtan Manganese Co.) powders. MNO takes place when the mechanical activation time isupto 1 h
LiOH-H,O and CpO3 were milled using a planetary ball although these peaks of the spinel are broadened suggesting
miller with a weight ratio of stainless steel ball to powder spinel amorphization together with a reduction in crystallite
of 10:1, and the milling time ranged from 20 min to 25h. size and a rise in residual mechanical strain. MinorM#
The rotation speed of the miller was 200 rpm. Then, the can be found when the milling time is 25 h, which indicates
milled mixtures were placed into a self-made rotary furnace that longer milling time will lead to the formation of other
(seeFig. 1) and heated to 450—-75C for 2 h. The rotation phases.
speed of the elevated temperature furnace tube was 40 rpm. Lithium hydroxide has a layered structure and good
A Rigaku X-ray diffractometer (Dmax/2400) using CaK  plasticity. Kosova et al[24,25] thought a “smearing” of
radiation and a Philips XL-30 scanning electron microscope LiOH occurred on the surface of MnQparticles, and an
were used to characterize microstructures of the milled mix- amorphous layer formed during the initial stage of mechan-
tures and final products. The particle size of the preparedical activation. The hydroxyl groups were thereby bound by
powders was measured with a laser particle size analyzerhydrogen bonds to water molecules and locate near param-
(Coulter LS 230). The analysis of chemical composition agnetic manganese ions. Subsequently, electron transferred
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Fig. 2. XRD patterns of mixtures of LiOH,0, CrO3 and MnQ mechanically activated for various milling times (20 min—25 h), herein the Cr content

in LiMn 04 is designed as LiGsMn1.9404.

from OH groups of LIOHH,0 to the Mrf* ions, partially
reducing them to M#t. The process is summarized as
follows:

4LiOH - H,0 + 8MnO;
= 4LiMn3 4+ Mn*t 04 + 6H20 + O, (1)

Further mechanical activatior=@5 h) leads to an amor-
phization and a decomposition of the Li-Mn-O spinels,

Mn;0O3. Based on the analysis of X-ray patterns of the
milled products, we can find a progressive reduction of the
manganese oxidation state as well as a modification of the
material with increasing milling time. The optimum milling
time in this study should be about 5h. The mechanical
energy stored in the milled particles pushes the reaction
between LIOHH,0, CrO3 and MnQ to form Cr-doped
LiMn 204 at low temperature.

Fig. 3 shows XRD patterns of the precursors of

with the appearance of new phases mainly identified asLiCrgosMn1.9404 heated at different temperature for 2h,
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Fig. 3. XRD patterns of mechanically activated precursor heated at various temperatures for 2 h in rotary furnace {€30h@&€in the Cr content in

LiMn 04 is designed as LiGleMn1.9404.
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herein the precursors were mechanically activated for 5 h. Ontional solid-state reaction process, the mechanical activated
heating at 450C for 2 h, ordered Li-Mn—O spinel is formed, powders exhibit a lower synthesis temperature and shorter
however, minor impure phase mainly identified as g heating time (e.g. 550-75Q for 2 h), which implies a com-
exists. With increasing temperature above 460the peaks  petitive ability to these currently developing wet-chemical
of Mn,03 diminish, whereas those of spinel phase increase. methods (such as sol-gel, Pechini process,[2&30-32)

At and above 550C, well-crystallized cubic spinel with  for low temperature synthesis of Li-Mn—-O spinels.

a space group-d-3m appears without MgO3 phase. The

lattice constants, which were calculated from XRD data, of 3.2, Effect of rotary heating

crystal cell of the samples heated at 550, 650 and®C5fre

0.8186, 0.8201 and 0.8230 nm, respectively. Thereis a slight Fig. 4ashows a typical micrograph of LigpsMn1.9404
increase in lattice constant with increasing temperature. powders milled for 5h followed by heating at 650 for

The ionic radius of Mfi* (0.0530 nm) is lower than that of 2 h. In order to investigate the effect of rotary heating, the
Mn3+ (0.0645nm) and Mft+ are more stable at lower tem-  powders synthesized in the same furnace without rotary
peraturd27]. Thereby, the lower lattice parameter indicates movement (static heating) is also shownhig. 4h It is

the M+ content in Li-Mn—O spinel is higher. As we know, significant that the particle size distribution of the prod-
the increasing of M#* content during the intercalation pro-  ucts with rotary heating is narrow with an average size of
cess brings Jahn—Teller distortif28,29] which results in 1.63um (seeFig. 5. On the contrary, the particle size of

a capacity fading of Li-Mn—O spinel. Therefore, lower tem- the products without rotary heating is non-uniform, and the
perature synthesis is preferable. Compared with the conven-average size is 2.4¢m. The statically heated powders are

" AccV  Spot Magn
;. & 10.0kVY 3.0 1000x

Fig. 4. Micrographs of LiCgosMn1.9404 powders synthesized at 650 for 2h. (a) The powders synthesized by rotary heating show uniform particle
size distribution; (b) the statically calcined powders show uneven particle size distribution.
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Table 1
Chemical composition and particle size of the samples of three batches
of LiCrg,0sMn1.9404 powders synthesized at 650 for 2h

°?2d === rotary heating
static heating

10

“. Batch 1 Batch 2 Batch 3
L g \ Li (Wt.%) 3.86 3.82 3.83
=~ T \ Cr (wt.%) 1.62 1.63 1.87
% Mn (wt.%) 59.1 58.8 58.6
g 6+ Li/Cr/Mn 1/0.056/1.936 1/0.057/1.942 1/0.065/1.931
® (atom ratio)
E 4 Average 1.63 1.56 1.60
2 diameter m)

associated with interactive grinding among the powders,
in a way, fines the powders and prevent abnormal particle
o1 T T T e growth. That is why the products prepared by rotary heating
Particle size, um hgvg smaller particle sige and much narrow particle si;e
distribution compared with the powders prepared by static

Fig. 5. Particle size distribution of LiGpsMn1.0404 powders synthesized heating.

at 650°C for 2 h. The powders synthesized by rotary heating show uniform Three batches of LiGisMn1 9404 Were synthesized at
particle size distribution. Inversely, the statically synthesized powders ) )

show uneven particle size distribution and abnormal grain growth. 650°C f.O_I’ 2h usmg the same technique. The eleme.mal
compositions of Li, Cr and Mn and the average particle
size of these powders are givenTable 1 The atom ratio
bigger than the powders prepared by rotary heating. Thereof Li/Cr/Mn is in the range of 1/0.056—0.065/1.931-1.942,
are two peaks in the particle size distribution curve of the which is approximately 1/0.06/1.94. The average size of
statically heated powders, which implies that abnormal grain the three batches varies in the range of 1.58—Lr63The
(or particle) growth took place (marked by arrowHig. 5 above results imply that the chemical composition and av-
in the powders during static heating. Fig. 4b some big erage particle size of different batches of products are sta-
particles (their sizes are ovelpsn) can be found. The SEM  ble and almost invariant, which indicates a good quality
observation on the particle size distribution is consistent control and quality stability of LiGyosMn1.9404 products.
with the measured results by the particle size analyzer. Here, we also detected the Fe content in the products with
During the high temperature synthesis process, there ard CP-AES method. Iron was brought into the precursor dur-
often several parallel, as well as competing, reactions anding milling by stainless steel balls and stainless steel jar.
processes that are taking place. Therefore, it is desirable toHowever, the Fe content is low, waving at 0.27 wt.% when
have as high a thermal conductivity as possible to maximize the milling time is 5 h. Fe impurity was not detected by XRD
this heat transfer in order for heat to be transferred at as highpatterns due to its low content. According to the results of
arate as possible, which ensures a uniform temperature fieldkumar et al.[7] and Amine et al[9], Fe can been used
in the piled powders (especially for mass production) and is as doping ion of LiMaO, spinel, and Fe doped LiMi©4
commensurate with the prevention of other undesirable reac-has a good cyclability. Therefore, a very small amount of
tions and processes. Chemical reactions, element diffusiong=e existing in LiCtMn,_,O4 should have no unbeneficial
and grain growth within the mechanically activated precur- influence to the electrochemical performance of the final
sor with higher activation energy easily take place at high products.
temperature. If the temperature field is not enough uniform  The good uniformity of particle size is caused by two
during the whole high temperature period, the reaction and reasons: (1) mechanical activation resulted in an uniform
grain growth in higher temperature zone should easily take particle size; (2) the milled precursors and final products
place at a higher rate. When powders are static in the fur- were in a stirring and tumbling state during high temperature
nace, some fine particles will sinter together to form coarse synthesizing, which made the temperature and particle size
particles, and coarser particles will grow bigger and bigger of the materials uniform.
with the time. Thereby, abnormal grain (or particle) growth  The average size of the LiggsMn1.9404 powders syn-
will take place. Inversely, when the precursor powders are thesized at 450-75@ for 2 h was shown irfrig. 6, where
introduced into the rotating furnace, the powders are agitatedthe precursors were mechanically activated for 5h. The av-
and exposed to the reaction temperature by means of the roerage size of these powders increased fast fromOdfor
tation of the tube and the associated stirring or tumbling ac- 450°C to 3.87um for 750°C, which demonstrates that the
tion of the materials. Through this method, the temperatures synthesis temperature has a great influence on the average
of these powders are all made be uniform. Therefore, the size of the final powders, and also shows that the activated
grain (or particle) growth rate within all the powders almost precursors easily grow at high temperature. Therefore, the
should be same. Additionally, the stirring, tumbling action control of synthesis temperature and calcining time becomes
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Fig. 6. Average particle size of LigpsMn1.9404 powders synthesized at
various temperatures for 2 h.

very important for the activated precursors. Rotary heating
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Fig. 8. Lattice constant as a function of Cr substitution of in
LiCr,Mny_, 04 synthesized at 65CC.

3.3. Electrochemical behavior

is an effective method to achieve a uniform temperature field The Li/LiCrgoeMny9404 cell were electrochemically
within the powders so as to control physical characterization cycled 100 times. The cycle characteristics of products

of the final products.

Fig. 7 gives the influence of doped &r ion content in
LiCr,Mn2o_, O spinel on the average size of the final prod-
ucts synthesized at 65C for 2 h, herein all the precursors
were milled for 5h. As C¥" ion contenty, increases from
0.02 to 0.10 (molar ratio of Cr/(GF Mn)), the average size

synthesized at 550-75C for 2 h are shown irfrig. 9. The
product synthesized at 55Q exhibited a lower discharge
capacity compared with those products synthesized at 650
and 750°C. The product synthesized at 680 delivered the
highest initial charge capacity of 126 mAh/g and a corre-
sponding discharge capacity of 120 mAh/g. The coulombic

varies slightly, which shows that the Cr content almost has efficiency for the first cycle is 95%. The discharge capacity
no influence on the average size of the final products. Onis well maintained at 104 mAh/g up to 100 cycles, showing

the other side, the lattice constant of Li®mn,_,O spinel

cell is decreased with Cr content (seig. 8). The radius
of Cr*t is 0.0615 nm, which is smaller than that of Rin

(0.0645 nm)[27], therefore, as G ion content rises, the
lattice parameter of the doped spinel decreases.

1.70
1.68—-
1.66—-
1A64—-
1.62—-
1.60—-
158—-

1.56

Average particle size, um

1.54 4

1.52 4

1.50 —_—
004 005

T T T
0.06 0.07 0.08 0.09 0.10

xin LiCrMn, O,

Fig. 7. Average particle size of LiGkn,_,0O,4 synthesized at 650C for
2h vs. Cr content.

a high reversible capacity and good cyclability. Usually the
small particles with large interface area can provide more
lithium ions for diffusion, thereby resulting in the high
ionic current and specific capacif$3]. The mean particle
size of the powders increased with increasing synthesis

125

110

105

100

Discharge capacity, mAh/g

95+

90 T T T T T T T T
0 20 40 60 80

T
100
Cycle number

Fig. 9. Discharge capacity of LigpsMn1.9404 synthesized at various
temperatures vs. cycle number.
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Fig. 10. Discharge capacity of Li/LiGMn,_,O4 cell as a function of cycle 4.4
number. LiCkMn,_,0O4 (0.04 < x < 0.10) powders were synthesized at 4.0
650°C. 36

3.2

LicrO.an1.904

temperature from 550 to 75C, as previously reported. So ! . . . . . .
the sample synthesized at 53D should have the highest 0 20 40 60 80 100 120 140
initial capacity. But the powders synthesized at 66thave
the best electrochemical performance. The lower capacity
of the powders synthesized at 58D is probably explained  Fig. 11. Charge/discharge curves at the first cycle and 50th cycle of
as that the lower synthesis temperature which did not deliver Li/LiCr ;Mn2_, 04 cells, LiCr.Mn,_.O4 (0.04 < x < 0.10) powders were
a very well-ordered Li-Mn—O spinel without any other im-  synthesized at 65C for 2h.
pure phase (due to the limit resolution of XRD method), or
may be due to the short calcining time, which is not enough files of Li/LiCr,Mn2_,04 cell for the 1st cycle and 50th
for sufficient reaction to synthesize a high quality spinel.  cycle are shown ifrig. 11 The strength of Cr—O bonding is
Fig. 10 shows the relationship between the dis- higher than Mn—O bonding on the basis of standard Gibbs
charge capacity of the cathode and the cycle number forenergies of the formation of the both oxides at 29g8K],
Li/LiCr Mn,_, 04 cells. As expected, the doped spinels thereby Cr cations enhance the stability of the octahedral
display good cycle performance in terms of discharge ca- sites in the spinel skeleton structure. As Cr content increases,
pacity and cycle-life. The good cyclability is probably due the structure will become more stable, consequently, the
to the substitution of some Mn—O linkages in the spinel initial capacity decreases and the cyclability increases, that
by Cr—O. The doped &t cations enhance the stability of is consistent with the results of Wang et[87] and Yoshio
the octahedral sites in the spinel skeleton struc{Gd. et al. [38] on Cr doped LiMnO4. Considering the initial
The initial discharge capacities of these powders decreasespecific discharge capacity and the capacity retention rate,
with increasing Cr-substitution content in the active ma- sample LiCpoeMn1.9404 exhibited good cycling perfor-
terials because of a decrease in the amount of extractablenance, with initial discharge capacity of 120 mAh/g and
Lit+ ion in the spinel. For LiCr Mn,_,O4, Cr* replaced capacity retention rate of 91% in this study. Zhang et al.
the place occupied originally by M and the amount of ~ [13] had reported that LiGrnMn1 904 showed best cycling
Mn3t in spinel was reduced by the increasing amount of performance among LiGMn,_.O4 spinels ¢ = 0, 0.02,
Cr3t. Since C?* ions cannot be oxidized in this potential 0.05, 0.1) and its initial capacity increased with Cr content
range, the amount of removableLis determined by the  increased from 0.02 to 0.1, this tendency is some differ-
amount of Mt [35], and thus, only (1 x) moles of Li" ent from our present results and the results of Wang et al
can be removed from per mole of Lidvin,_,O4. During [37] and Yoshio et al[38]. This different may be cause by
discharging, only a maximum of (& x) moles of Li can the different preparation method and different Cr sources.
be re-inserted into each mole of cathode material, which Zhang et al. used a modified mGCrg} instead of CO3 and
is consistent with the results shown fig. 10 Inversely, CrQO3 [13]. The effects of the amount of Cr substitution on
as Cr content increases, the discharge capacity retentiorthe cycling performance and capacity are highly dependent
rate becomes better. The discharge capacity retention rateon the thermal history and raw materials. The optimum Cr
after 50 cycles is 89% for LiGaMny9604, 91% for contents in spinel are basically between 0.05 and 0.1.
LiCro.06Mn1.9404, 92% for LiCry ogMn1.9204, and 94% for The above results indicate that Li®#tn,_,O4 products
LiCro.10Mn1.9004. The responding charge/discharge pro- with narrow particle size distribution and high capacity and

Capacity, mAh/g
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good cycle retention were successfully synthesized by a [5] C. Julien, S. Ziolkiewicz, M. Lemal, M. Massot, J. Mater. Chem. 11

solid-state reaction at lower temperature for a shorter heating
time. The rotary heating used in this study gives the prospect

of continuously synthesizing oxide powders for Li-ion cath-

(2001) 1837.
[6] I.S. Jeong, J.U. Kim, H.B. Gu, J. Power Sources 102 (2001) 55.
[7] G. Kumar, H. Schlorb, D. Rahner, Mater. Chem. Phys. 70 (2001)
117.

ode materials with rotary furnaces. Once perfected, the mass [8] B. Banov, Y. Todorov, A. Trifonova, A. Momchilov, V. Manev, J.

production of cathode oxide powders by way of the high
temperature rotary furnace should yield an excellent, con-
sistent, reproducible, economical powder, possibly superior
to many presently being produced.

4. Conclusions

In this paper, well-crystallized LiGMn,_,04 (0.04 <
x < 0.1) spinels were prepared from the mixture ofCOg,
Cro,0O3 and MnQ using a technique of combining me-
chanical activation and rotary heating. The mechanically
activated precursors of LiGMn,_,O4 can be transferred
into well-ordered spinels at lower heat treatment temper-
ature for a shorter time. The rotary heating technology

provided a homogeneous temperature field associated with

stirring or tumbling action of the powders, which ensured
that the final products have a good stability in structure,
chemical composition and particle size distribution. The
LiCrg,06Mn1.9404 powders synthesized at 650 for 2h

deliver high discharge capacities and good cycle retention.
The technique of mechanical activation followed by rotary

heating is easy, simple and cheap, and is ideally suited 1024
the solid-state synthesis of lithium manganese oxides at

lower temperature for a shorter time.
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