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Cathode  material  Li-Mn  spinel  materials  LiMn,O, LiAlgosMn1050395F00s  and
LiC0g.01Alp.0sMnN1.9403.95F0.05 for Li-ion battrry have been successfully synthsized by a citric acid sol-
gel method. The crystalline structures of as-prepared cathode materials were characterized by XRD.
The electrochemical performances of the materials were tested by constant-current cyclic testing and
cyclic voltammogram. The results showed that the materials possessed pure spinel structure . By
multiple co-doping with Al,Co and F elements, LiC0g01Alo0sMn1.940395F005 exhibited very good
electrochemical performance. Its initial specific discharge capacities were 122.9 mAh/g and 120.8
mAh/g at the room temperature (25 °C) and the high temperature (55 °C) , respectively. Its capacity
retentions were 96.8% and 92.5% after 40 cycles, respectively. It has been confirmed that multiple
doping could improve the stability of spinel structure and cycle performance greatly.
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1. INTRODUCTION

Because Li-Mn spinel LiMn,0,4 has many advantages as one of the most promising cathode
materials for Li-ion battery , it has been widely studied as a promising cathode material for lithium-ion
batteries [1-12].. Also this kind of material has been systemically investigated in our laboratory over
more than 10 years[1-5]. However, its low specific discharge capacity, specially its fast capacity
fading at high temperature limits its application in large scale. Although the fading mechanism is not
yet very clear, it has been agreed that there are three main reasons to claim for the capacity fading: (1)
manganese dissolution from LiMn,O, into electrolyte solution, [6,7]; (2) the decomposition of
electrolyte solution in the higher voltage region [8];(3) the Jahn-Teller effect[9,11,12] out of the deep
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discharging to distort the crystal lattice by more Mn®*. Especially, the Jahn-Teller effect is the most
prominent factor to reduce the electrochemical performance for Li-Mn spinel . Doped by metal
element (Li,Mg,Co,Ni,Al,Cr,Fe, and so on) or by anion ions (Cl and F) has been proved to be one very
good method to improve the cycling stability of LiMn,O, [10,11, 13-32]. Especially ,many
experiments have confirmed that Al doping[14-18] or Co doping[13,19-20] could improve the cycling
stability of Li-Mn spinel . The F element doping has been proved to be favourable for the cycling
stability of Li-Mn spinel[2,23,27,31]. Co-doping LiMn,O,4 by metal element and anion ion would be
more effective in improving the stability of LiMn,O,4. Also in consideration of that the element Al is
both cheaper and lighter than the Mn element. So in this work, mutiple co-doping Li-Mn spinel
materials , LiMn204, LiA|0.05Mn1_9503.95F0_05 and LiCOXA|0_05Mn1.g5.X03,g5Fo,o5 have been Synthesized
and investigated. All the materials have been synthesized by a citric acid sol-gel method at a lower
temperature.

2. EXPERIMENTAL

2.1 Preparation of materials

The stoichiometrical reagents LiINOs; (A.R grade), Mn(CH3COO),-4H,O (A.R. grade),
Co(NO3)2-6H,0 (A.R. grade) , AI(NO3)3-9H,0 and LiF were dissolved into deion water. The resulting
solution was heated to 80 °C, then a proper amount of citric acid (A.R grade) was dissolved into it. The
pH value of the solution was adjusted to about 7.0 by adding concentrated NH; - H,O. After 3-5 h,
the sol-gel was formed. After the sol-gel was dried in a dessicator at 85 °C for 8 h , it was heated at
300 °C for 6 h and 500 °C for 6 h. Then the sample was calcined at 700 °C for 12h. Finally, the pure
spinel LiMn,O, and the doped spinel cathode materials ,  LiAlposMn1950395F005  and
LiC0o.01Alp.0sMnN1.9403.95F0.0s Were obtained. Their compositions were confirmed by AAS and ICP
measurements.

2.2. Structure characterization

X-ray diffraction (XRD) for the materials were measured by the instrument Bruker D-8 with
Cu Ka radiation at 3 °/min in 20 = 10 ~ 90° with the step 0.02°.

2.3. Electrochemical measurements

After mixing the active material (80 wt%) with acetyleneblack (12 wt%) and polyvinylidene
fluoride (PVDF) binder (8 wt%) in N-methylpyrrolidinone (NMP) solvent, the mixed slurry was
obtained. The slurry was coated on an aluminum foil by a Doctor-blade technique, followed by drying
in a vacuum oven at 100 °C overnight. The cells were assembled in in an Ar-filled glove box. The
complete cell comprises a cathode, a Celgard (2325) separator, and a Li-foil anode. The electrolyte
used is LB-315 (1M LiPFg in m(DMC):m(EMC):m(EC)=1:1:1).
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Then some CR2032 coin cells were made. Charge-discharge characteristics were tested
galvanostatically on a Land CT2001A (Wuhan, China) between 3.0 and 4.5V (versus Li/Li*) with a
current density of 0.2 mA/cm? ( corresponding C/3) at 25 °C and 55 °C , respectively. Cyclic
voltammetry (CV ) measurements of the prepared powders were performed in the voltage range 3.0-
4.5V at a scan rate of 0.1mV s™. The CV measurements were by one ZAHNER-IM®6 instrument made
in Germany.

3. RESULTS AND DISCUSSION

3.1. X-ray diffraction

Fig.1 presents the XRD patterns of LiMn,Os ,  LiAlgosMnyg503.95F0.05 and
LiC0o.01Alp.0sMnN1.9403.95F0.05 . It can be seen that all the XRD patterns of all the materials show typical
spinel phase. Their structures still have space Fd3m group. So it could be considered that the doped
metal elements occupy some 16d positions of Mn in the crystals. And in the Fd3m group, Li* occupys
8a position, O%and F~ occupy 32e posions. In the LiCog01Alp0sMn1.940395F005 Sample, the radius of
Co>* or AP** is almost equal to that of Mn**, so Co®* and AI** could easily occupy the 16d positions in
LiMn,0Oy crystal. Also the Mn-F bonding is stronger than the Mn-O bonding, so the F doping would
enhance the crystal stability.
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Figure 1. XRD patterns of the as-prepared materials (a) LiMn,Os; (b)LiAlgosMny.o503.95F0.05 ;
(c)LiCoo.01Al0.05MN1.9403 95F0.05

3.2. Charge-Discharge Characteristics

Fig.2 shows the initial charge-discharge curves of the prepared samples at room temperature
and a constant current density of 0.2mA/cm? in the potential range from 3.0 to 4.5V. It can obviously
be seen that the charge-discharge curves of all the samples have two distinctive voltage plateaus,
characteristic of the well-defined spinel LiMn,O,4 cathode, which implies that there are two steps for
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lithium intercalating and deintercalating into the material. The charging voltage plateau appears in
4.0V~4.2V and discharging voltage plateau appears in 4.12V~3.98V.
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Figure 2. Initial charge /discharge curves of the as-prepared materials, (a): LiMn,Oy;
(b)LiAlo.0sMny 0503 95F0.055  (C)LiC00.01Al0.05MN1.9403.05F0.05

3.3 Cycling Performance at Differen Temperatures

Fig.3 shows the cycling performance of the three materials at C/3 rate in voltage range of 3.0-
4,5V at 25°C.

[N
w
o

120 |
=
g 10f
£ .
2 100 |
Q
@®©
&
o 90 |
[}
2
S 8o}
Q
R] —m— a
©
o 70 —e—b
S —A—c
2
2 60 [
50 1 1 1 1 1
0 10 20 30 40

cycle number

Figure 3. Cycle performance of the as-prepared materials, (a)LiMn,04; (b) LiAlgosMny.9503.95F0.05;
(c) LiC00.01Alo.0sMn1 6403 65F0.05; at 25 °C

Fig.4 shows the cycling performance of the three materials at C/3 rate in voltage range of 3.0-
4.5V at 55 °C. From Fig.3 and Fig.4 ,it could be found that co-doping may increase the cycling
stabllity at both room temperature and high temperature with a great deal. Among the three materials,
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LiC00.01Al.0sMn1 0403.05F0.05 has the best cycling stabllity. The doping by Co®" and AI** could increase
the average valence of Mn so as to reduce the unfavourable Jahn-Teller effect. The stronger Co-O or
Al-O bonding also enhance the spinel crystal stability. Further co-doping by F could increase the
ability of spinel material against HF attack in electrolyte solution[ 14] . So it is not surprising that
LiCog.01Alp.0sMnN1.9403.95F0.05 has displayed the best cycling stability not only at room temperature , but
also at high temperature.
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Figure 4. Cycle performance of the as-prepared materials, (a)LiMn,O4; (b) LiAlgsMn1 9503 .95F0.05;
(c) LiC0o.01Alo0sMny.9403 95F0.05; at 55 °C

3.4. Cyclic Voltammetry
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Figure 5. Cyclic voltammetric curve of the LiCog 01Alp.0sMnN1.9403.95F0 05 Sample

The cycle voltammogram properties of the best sample LiCo0g01Alp0sMnN1940395F005 Was
tested. Cyclic voltammogram (sweep rate: 0.1mV s™ ) in the potential region of 3.0-4.5 V is presented
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in Fig. 5. For the cyclic voltagram curve, there are two pairs of reversible peaks, oxidation and
reduction peaks corresponding to Li* extraction and insertion, which reflect the typical Mn*/Mn**
redox process of the spinel structure in the 4V domain. That all the peaks are sharp shows that this
spinel material has excellent lattice structur [33,34].

4. CONCLUSIONS

The APP*, Co®, and F co-doped Li-Mn spinel cathode materials  LiMn,O, ,
LiAly05Mn1.9503.95F0.05 and LiCog 01Alg0sMn1.9403.95F0 .05 have been successfully synthesized by a sol-
gel method calcined at 700 °C. The co-doping materials present very good cycling stability. Among
all the materials synthesized in this work, LiC0g.01Alo.05sMn1.9403.95F0.05 Shows the best electrochemical
performance. At room temperature, it has a very high initial discharge capacity of 122.9 mAh-g™*and a
high capacity retention of 96.8% after 40 cycles . At high temperature 55°C , it still has a very high
initial discharge capacity of 120.8 mAh-g™and a high capacity retention of 92.5% after 40 cycles . It
could be concluded that co-doping is a good way to improve the stability of Li-Mn spinel LiMn,0,.
The spinel LiCog01Alp.0sMn1.9403.95F0.05 IS one promising cathode material for Li-ion battery.
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