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Abstract 

The spinel. lithium intercalation compound LiMn204 is prepared and studied using the techniques of ax. impedance and cyclic voknmetry. 
The impedance behaviour of the LiMn204 electrode varies as lithium ions are intercalated or de-intercalated. The reversible behaviour of 
lithium ions in the LiMn,O., electrode is confirmed by the results of cyclic voltammetry. 
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1. introduction 

Spine1 structure Li-Mn-0 compounds are most promising 
as lithium insertion electrode materials for rechargeable lith- 
ium batteries. They are being developed because of the fol- 
lowing advantages: (i) a lower overall electrode cost 
compared with LiNiOa or LiCoO,; (ii) a high cell voltage; 
(iii) a long cycle life, and (iv) non-toxicity. Goodenough 
and co-workers [ 1.21 observed the reversible intercalation 
of lithium ions in the spine! structure LiMnzOd and showed 
the existence of two reversible intercalation plateaus at 4.1 
and 3.0 V versus Li/Li +. Tarascon and co-worlers [ 3-51 
conducted many investigations on the preparation of the spi- 
ne! LiMn204, as we!! as on the charge/discharge behaviour 
of cells that employed t!tis material. Despite a considerable 
number of studies on the electrochemicai behaviour of 
LiMnzO.,, the compound is still receiving much attention in 
efforts to improve its cycle life. On the other hand, there have 
been fewer studies on the properties of the interface between 
the LiMn,O, electrode and the electrolyte during the charge/ 
discharge processes of an Li/EC-DEC-LiPF,/ LiMnzO.,ce!! 
(EC = ethylene carbonate: DEC = diethy! carbonate). Such 
work is important in order to understand the electrochemical 
behaviour of the spine! LiMnzO, material as a positive 
electrode. 

In this paper, the preparation of the spine! LiMnzO, com- 
pound is reported. The electrochemical behaviour of an Li/ 
organic electro!yte/LiMn,O, cell is evaluated by cyclic vol- 
tammetry and a.~. impedance. 

0378-7753/%/$15.00 0 19% Etsevier Science S.A. All rights reserved 
PIISO378-7753(96)02458-S 

2. Experimental 

The compound L&&O, was prepared by reaction of 
LiOH (or LiNO,) with MnOz powder ( > 300 mesh) in air, 
the ratio of the two materials was 7:3. The rate of temperature 
rise was maintained at 10 “C/h over the 350-550 “C range. 
This provided sufficient time for me molten LiNO, salt to 
mix with the MnO, particles. The temperature was increased 
continuously from 550 to 800 “C (or 700 “C) at 50 “C/h, and 
then kept constant for about 50 h at 800 or 700 “c. The rate 
of temperature decrease was also controlled at 10 “c/h until 
the temperature reached the ambient value. The structure of 
the product was characterized by powder X-ray diffraction 
(X!W. 

The positive electrode consisted of 80 wt.% LiMnzO, and 
20 wt.% teflonized acetylene black, and was pressed on a 
nickel metal net with dimensions 4 mm X 5 mm. The eIectm- 
lyte solution was EC + DEC( 1:l) •t- 1 M LiPF, (or 
EC + PC{ 1: 1) + 1 M LiPF,) . Lithium meta! foils were used 
as the counter and the reference electrodes during electro- 
chemical measurements. Cyclic voltammetty was carried out 
with a Mode! 533 potentiostat at a scanning rate of 0.1 mV 
s- ‘. The properties of the interface between the LiiMn,o, 
electrode and t!te electrolyte for different amounts of lithium 
intercalation were analysed by a.c. impedance spectroscopy 
over a frequency range of 100 !cHz to 0.01 Hz. This was 
achieved with a 5208 Two phase Lock-in Analyzer that was 
coupled to a Mode! 273 potentiostat/ga!vonostat and con- 
trolled by an IBM computer. 
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3. Results and discussion 

3.1. XRD of LiMn204 sampIe 

According to the method of preparation described above, 
powder samples of LiMn204 were produced and then char- 
acterized by XRD, as shown in Fig. 1. ft was easily found 
that almost all of the diffraction peaks were attributable to 
the spine1 structure of LiMn20+ The crystal data of the sam- 
ples are nearly the same as those of standard LiMnsO,. The 
band of peaks for the sample prepared at 700 “C (Fig. 1 (a) ) 
is a little wider than that at 800 “C (Fig. 1 (b) ). This may be 

related to a difference in the size of the particles of the prod- 
ucts prepared at different reaction temperatures. 

3.2. Cyclic voltammetric measurements 

Figs. 2 and 3 show the cyclic voltammograms (CVs) for 
Li/EC-DEC-LiPF6/LiMn,0, and Li/PC-DEC-LiPF,/ 
LiMn*O, cells with a potential limitation of 3.5 to 4.35 V 
versus Li/Li+. There are two redox couples between 3.9 and 
4.2 V. This appears not to be in accordance with a one- 
electron transfer mechanism in rechargeable lithium batteries. 

w bs. li) 
Fig. 2. Cyclic voltammogram for Lil PC-EC-l M LiPF,/LiMn,O, cell; scan 
rate=O.l mVs_‘. 

It is often considered that lithium ions are intercalated from 
the electrolyte into the tetrahedral &I sites of the LiMn,O., 
spine1 structure. When a small number of Li + ions are moved 

Fig. I. X-ray powder diffraction pattern for spine1 struclure LiMn,O, pnpwed at: (a) 700 ‘C. and (b) 800 “C. 
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Fig. 3. Cyclic voltammogram for LI/DEC-EC-1 M LiPF,ILiMn,O, cell; 
scanmte=O.l mVs-*. 
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Fig. 4. Variation of capacity of Li/EC-DEC-LiPF,/LiMnzO. cell as a func- 
tion of cycle number: discharge mte= 0.2 mA cm-‘. 

into the tetrahedral sites of the spine1 structure, the repulsion 
between adjacent lithium ions is weak. With increase of Li+ 
ions into the tetrahedral sites. the activity of each Li+ ion 
will be influenced by the four Li + ions that surround it. As a 
result of this interaction between the lithium ions, the peak 
splits into two on the CV curves. The energy for the split of 
the peak can be calculated; it is about 0.02 eV for each Li- 
Li. By contrast, when the LiMnzO,electrode is oxidized, two 
related oxidation peaks appear on the CV curves. This indi- 
cates that the Li+ ions move out from the sites of the spine1 
structure. The peak split is also accompanied by the appear- 
ance of two stages at about 4.1 V on the typical charge/ 
discharge curve of the Li/LiMn204 cell. For both the electro- 
lyte systems, viz., EC-DEC-LiPF6 and PC-DEC-LiPF6. the 
spine1 structure of LiMn104 displays reversible lithium inter- 
calation/de-intercalation, as shown in Figs. 2 and 3. 

The variation in capacity as a function of charge/discharge 
number for an Li/EC-DEC-LiPF&iinsO~ cell is shown 
in Fig. 4. The discharge capacity reaches a maximum value 
( 129 mAh g - ‘) on the second or third cycle. and then 
decreases slowly with cycling at a rate of 0.2 mA cm-*. After 

cycle SO, the capacity has decreased to 113 mAh g-‘, i.e., 
13% lower than the maximum value. 

3.3. A.c. impehnce measurements 

The a.c. impedance technique provides information on the 
charge transfer and diffusion of lithium ions in both the sur- 
face layer and the interior of the LiMn,Ol electrodes. AL 
impedance studies were conducted on an Li/EC-DEC- 
LiPF&insO, cell under different conditions of discharge/ 
charge in order to observe the behaviour of Li+ ion interca- 
lation and de-intercalation. The results are presented inFig. 5. 
Theimpedancespectra(a),(b)and(c)weremeasurodw~~ 
thecell wasdischarged to4.15.3.54aud 3.16V,respectivefy, 
during the first discharge. The spectrum (d) m to 
charging of the cell to 4.16 V. In Fig. 5(a), the impedauce 
spectrum consists of two semi-circles and a ‘spur’ with a 
slope of about 45”. The electric capacities of the semiciiles 
are 6.0~ IO-’ and 2~ 10m2 F cmv2. Therefore, it is con- 
cluded that the semi-circle in the high-frequency zoneresults 
from an interfacial charge-transfer impedance between the 
electrolyte and the Liin204electrode. Thesemi-circleat low 
frequency is related to Li + ion diffusion from the surface of 
the electrode to inside the spine1 structure of the LiiusO.. 
Both of the impedances are small ( < 100 Q). as indicated 
by their semi-circle diameters. Although the ‘spur’ at the right 
of the spectrum is not apparent, it still shows a difftrsii 
determining step during discharge of the cell. With further 
discharge, spectra (b) and (c) reveal that the semi-circle at 
low frequency disappears and changes to a long ‘spur’. This 
means that diffusion of Li+ ions into the spine1 stmeture 
becomes more difficult. Furthermore, the ‘spur’ inclines 
towards the imaginary axis afterdischargeof thecell. Accord- 
ing to fractai theory and Moive’s formula [ 61 

Rem. cnlms 
Fig. 5. A.c. impedance spectra of IA/EC-DEC-tiPFJLiMnt04cell at dif- 
ferrncOCVs:(a)4.15V;(b)3.54V;(c)3.16V.and(d)4.16V;h#lwacy 
range: IO kHz to 0.01 Hz. 
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Fig. 6. Ax. impedance spectrum of Li/EC-DEC-LiPF,/LiMn@.,cell after 
46 cycles. 

II= 1-2&P (1) 

where n is the fractal exponent, and a is the constant phase 
angle formed by the spur line and the imaginary axis direc- 
tion, and is < 45” after discharge. The fractal exponent n has 
a value between 0.5 and 1 during the discharge process of the 
cell. This indicates a variation in the surface morphology of 
the LiMn204 electrode, that is. the surface of the electrode is 
becoming more rough. This behaviour hinders movement of 
the Li+ ions to the 8a sites of the spine1 structure. On the 
other hand, when the electrode is charged to the original open- 
circuit vohage (OCV), i.e. VW, = 4.16 V, the impedance 
spectrum in Fig. 5(d) is similar to that before discharge, as 
shown in Fig. 5 (a). On the other hand, spectrum (d) becomes 
smaller than spectrum (a), and this indicates that the dis- 
charge and charge behaviour have improved after the first 
cycle. The principal reason for this improvement may lie in 
the fact that the interfacial properties are improved after dis- 
charge/charge of the cell. The observation that the discharge 
capacity increases from the second cycle should be partly 
related to the above explanation. The impedance experiment 
was also performed on the cell after 46 charge/discharge 
cycles. The results (Fig. 6) show clearly that thecomposition 
of the spectrum does not change substantially, even though 
the semi-circle at low frequency is enlarged. Analysis of the 
impedance experiments demonstrates that this type of spine1 
structure material has good Li+ intercalation and de-inter- 
calation characteristics for rechargeable lithium batteries. 

4. Conclusions 

The spine1 structure of an LiMn,O, positive electrode for 
use in lithium rechargeable batteries has been prepared and 
investigated by cyclic voltammetry (CV) and a.c. impe- 
dance. The spine1 structure of the LiMn,04 can be obtained 
easily if the reaction temperature is controlled at 700 or 
800 “C for over 50 b under the conditions of a slow rate of 
temperature increase. 

The CV results show that Li + ions can be intercalated and 
de-intercalated reversibly. The CV peaks display a split phe- 
nomenon. This is due to interaction bet ueen the intercalated 
Li + ions. Analyses of the impedance of an Li/electrolyte/ 
LiMnzOl cell shows that the semi-circle is gradually changed 
to a ‘spur’ as discharge of the cell proceeds to greater depths, 
This implies that thediffusion of Li+ ions from theelectrolyte 
into the spine1 electrode becomes more difficult and that the 
surface morphology of the cathode is changing. On the other 
hand, the impedance spectrum can be virtually recovered after 
the cell is charged to the original WV. The capacity of an 
Li/EC-DEC-LiPF,/LiMn,O, cell declines from the maxi- 
mum value of 129 to 113 mAh g - ’ after 46 charge/discharge 
cycles. 
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