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Abstract 

The effect of the starting products and the synthesis temperature on electrochemical 
parameters of LiI_&lnz04 (0 <x < 1) are studied. Synthesis of LiMn,O, spine1 for lithium 
cells operating at low and medium discharge rates is not essentially affected by the nature 
of the starting products. Use of chemically-obtained manganese dioxide, instead of elec- 
trochemicaliy obtained one, or L.iNO, and LiOH, instead of Li2C03, displays significant 
advantages at high discharge rates. Thermal pretreatment of the reaction mixture in the 
temperature range of 350 to 550 “C improves the electrochemical behavior of the samples. 
Optimum results were obtained by a following reaction time of the main synthesis from 
75 to 200 h at temperatures in the 650-750 “C range. 

Introduction 

The structural and electrochemical properties of spinel-related MnOz, usually 
described by Lil _,MnZ04 (0 <x < 1) have been investigated previously [l-9]. In a series 
of papers using the synthesis suggested by Hunter [l], Thackeray et al. [3-51 and 
Ohzuku et al. [6, 7j demonstrated that Lil_,MnzOA of composition (0.27 <x< 1) can 
be cycled at about 4 V versus Li reference electrode. Recently, data for a very high- 
specific capacity and good reversibility of Lil _XMnzO., (0 <x < 1) at high discharge rates 
were presented [lo]. This study showed that if chemical manganese dioxide (CMD) 
and LiN03 are used as starting compounds for Lil _XMn,04 synthesis at 750 “C, products 
with significant higher performance are obtained than by employing the classical method 
proposed by Hunter [l]. The remarkable increase in specific capacity was explained 
by the higher specific surface area and better stoichiometry of the samples. These 
results give rise to the following questions: 

(i) How does the nature of the Li salt affect the electrochemical parameters of 
the product obtained? 

(ii) What is the effect of the nature of the starting MnOz and are there any 
significant advantages in the use of CMD instead of electrochemically obtained manganese 
dioxides (EMD)? 

(iii) Is the synthesis temperature of 750 “C optimum only for the fixed time of 
48 h, or can we find a more suitable combination of synthesis duration and temperature 
for a better electrochemical performance of the samples? 

The present work aims at finding out answers to these questions. 
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Experimental 

Samples studied were produced by heating a stoichiometric mixture of MnOz and 
Li salt in a platinum crucible for 12 to 200 h in the temperature range of 450- 
850 “C. The Li salts used were Li2COs, LiN03 and LiOH, commercial products of 
Fluka, the manganese dioxides were EMD Knapsack manufactured by A. G. Hoechst, 
and CMD Faradizer M supplied by Sedema. 

Electrochemical measurements were performed on test electrodes in a three- 
electrode cell containing 1 M LiAsFd in propylene carbonate:ethylene carbonate = 1:l 
as electrolyte. The active mass of the test electrodes was a mixture of the compounds 
studied and teflonized acetylene black at 1:l ratio by weight, homogenized by continuous 
stirring in ethers. After drying, test electrodes were formed by pressing 25 mg cm-’ 
of the active mass onto an expanded nickel grid at 5 t cm-‘. Thus the investigated 
compounds remained uniformly distributed in a highly porous (about 60%) electrically- 
conductive matrix. Under these conditions the samples were tested at high discharge 
rates without being affected by the contact resistance between electrode particles, or 
by the transport hindrance in the electrolyte which can be crucial in real electrodes. 
The huge amount of electroconductive binder and the high porosity exclude any 
macrostructural changes in the electrodes, due to continuous pulsation of the crystal 
lattice parameters of the intercalation compounds during cycling. These changes are 
typical of practical electrodes and commonly a source of incorrect conclusions regarding 
the reversibility of the materials studied. 

X-ray analysis was carried out on a Philips APD 15 diffractometer with Cu Kcu 
radiation. The specific surface area was evaluated by the BET method using a Strohlein 
& Co. AREA-meter. Electron micrography was performed by JEOL-Superprobe 733. 

Results and discussion 

The temperature dependence of the specific surface area for samples synthesized 
for 48 h from different combinations of Li salts and manganese dioxides is demonstrated 
in Fig. 1. As shown in Fig. 1, Li&Os, LiNOa and LiOH were used in stoichiometric 
mixtures with CMD or EMD. It can be seen that higher specific surface area products 
are obtained from LiN03 and LiOH than by synthesis from Li2C03. The same effect 
is observed for use of CMD instead of EMD. 

The effect of synthesis duration on the specific surface area of LiMnzO., produced 
from Li2C03 or LiN03 in combination with CMD or EMD at 750 “C is presented in 
Fig. 2. The results demonstrate that when using either LiNOa instead of Li2C03, or 
CMD instead of EMD, the time for reaching nearly constant specific surface values 
is remarkably shorter. 

To elucidate this effect, a comparison was made of the change of specific surface 
area with time during heating of pure Mn203 and of LiMnzOd (produced from LiN03 
and CMD) at 750 “C (Fig. 3). To be more precise, both materials were continuously 
ground in a ball mill until an approximately equal starting specific surface area of 
about 5 mz g-r had been obtained. Results of this comparison at 650 and 750 “C 
indicate that in this temperature range, Mn,O, has a considerably greater tendency 
of crystal growth by solid-state reaction than does LiMn204. Considering also that 
above 550 “C EMD and CMD decompose to Mn,O,, the results in Fig. 2 can be 
explained by the slowdown of reaction between Mnz03 and Li salt when employing 
EMD instead of CMD, or L&CO3 instead of LiN03. This conclusion is supported by 
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Fig. 1. Temperature dependences of the specific surface area of LiMnz04 obtained from different 
combinations of lithium salts and manganese dioxides. 

Fig. 2. The effect of the synthesis duration on the specific surface area of LiMnrO., produced 
from Li,cO, or LiN03 in combination with CMD or EMD at 750 “C. 
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Fig. 3. Dependences of the specific surface area of pure h4nz03 and LiMn204 on the heating 
time at 650, 750 and 850 “C. 
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the fact that LiN03 melts at a significantly lower temperature than Li2C03, and CMD 
has a higher porosity and a greater mean pore radius than EMD. 

Scanning electron microscopy (SEM) pictures of the samples confirm this sup- 
position. Figure 4 compares SEM pictures of starting CMD (Fig. 4(a) and (b)), with 
the ones of LiMn20d obtained from CMD and Li2C03 at 650 “C (Fig. 4(c) and (d)) 
and 850 “C (Fig. 4(e) and (f)). It can be seen that the typical morphology of CMD 
particles is considerably preserved. This is possible only if the Li salt had penetrated 
into CMD particles during the synthesis. 

The mean radius, r, of the LiMn204 crystals determined by the SEM nictures 
(Fig. 4(d) and (f)) coincide very well 
A, using the formula: 

with that calculated by the specific surface area, 

Fig. 4. SEM pictures of (a, b) the starting CMD, and (c, d) LiMn,O, obtained from CMD and 

L&CO3 at 650 “C and (e. f) at 850 “C. 
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Fig. 5. Effect of the synthesis duration on the specific capacity of samples synthesized at 650, 
750 and 850 “C. 
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Fig. 6. Dependences of the specific capacity on the duration of the LiMn,O, synthesis at 
700 “C for various combinations of starting products. 

discharge curves of test electrodes obtained from CMD with LiN03 and from EMD 
with Li2COS at I=2 C are presented. At high discharge rates electrodes made from 
CMD and LiN03 display a substantially higher utilization and mean discharge voltage 
in comparison with EMD and Li2C03. 

The obvious advantages of samples having larger specific surface area at high 
discharge rates provoked a search for those conditions which provide higher specific 
surfaces of the final product. One such possibility arises from results shown in 
Fig. 3 and from the fact that the most suitable synthesis temperature lies in the 600- 
800 “C range. Above 550 “C, MnO, decomposes spontaneously to Mn203, and thus 
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Fig. 7. Discharge curves of test electrodes with LiMn*O, produced from CMD with LiNOB and 
from EMD with M&O, at Z=2 C. 

LiMnZO~ synthesis is accomplished by reaction of Mnz03 with the respective Li salt, 
instead of MnOz and the Li salt. For LiMnzOa produced from CMD and LiN03 at 
700 “C the reaction proceeds as follows: 

CMD + LiN03 700 Mnz03 + LiN4 700 LiMqO, (2) 

During synthesis, two competitive processes take place. On one hand, the Mnz03 
crystals grow by a solid-state reaction, which leads to a decrease of surface area 
(Fig. 3). On the other hand, LiMnZOd is produced via the reaction of Mnz03 with 
the Li salt. The remarkably higher rate of the former reaction (Fig. 3) is the most 
plausible reason for the substantial decrease of specific surface area in the synthesized 
product. 

As shown earlier [lO-121, LiMnzO., with distorted spine1 structure is produced at 
temperatures below 550 “C, which allows the synthesis to be performed following a 
reaction model different from eqn. (2). Initially, at a temperature below 550 “C a 
spine1 with distorted structure, (LiMn20.&.cr can be synthesized and then, after longer 
heating in the range 600-800 “C, stoichiometric LiMnzOa with ordered structure would 
be produced. Thus, using the model 

CMD + LiN03 s (LiMn204)disl s LiMnzOa (3) 

a stoichiometric LiMnzOd spine1 with a well-ordered crystal structure can be synthesized 
without passing through the Mn20S phase as intermediate product. 

As can be seen from Fig. 8, the intermediate (LiMnzO.&h, obtained by heating 
of the reaction mixture for 48 h at 450 “C ensures a considerably higher specific 
surface area of the final product. It has been experimentally established that this effect 
is much stronger if thermal pretreatment is performed by continuous temperature 
sweep of 2 to 10 T/h within 350-550 “C. The dependence of specific surface area 
on the duration of synthesis for a thermally-pretreated sample by a temperature sweep 
of 5 “C/h in the range 350-550 “C is also illustrated in Fig. 8. 
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Fig. 8. Dependences of the specific surface area on the synthesis duration for a sample thermally 
pretreated at 450 “C for 24 h and by temperature sweep of 5 “C/h in the range 350-550 “C. 
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Fig. 9. Charge/discharge curves at 3 h rate of LiMn,O, produced from a mixture of CMD and 
LiN4, preheated by temperature sweep of 5 “c/h in the range 350-550 “C and then synthesized 
at 700 “C for 120 h. 

Figure 9 presents charge/discharge curves at 3 h rate of a LiMn*O, test electrode 
obtained from a mixture of CMD and LiN03, preliminary heated at 350-550 “C at 
5 “C/h and subsequently synthesized for 120 h at 700 “C. Despite the relatively high 
rate of the electrochemical process, the charge and discharge curves are identical, 
differing by less than 100 mV. 

The surprisingly low electrode polarization, obtained under conditions specified 
in Fig. 9, is confirmed also by their discharge curves recorded from Zdch =0.2 C to 
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Idch = 5 C, shown in Fig. 10. All discharge curves presented in Fig. 10 were taken after 
charge _ at zch- -0.2 C. It can be seen that even at extremely high discharge rates 
corresponding to Id& = 5 C the electrode preserves over 50% of its theoretical capacity. 

Thermal pretreatment at lowertemperatures, in combination with following synthesis 
at 650-750 “C, leads to an improvement of electrode reversibility. Long-term cycling 
tests of electrodes optimized in this way are demonstrated in Fig. 11. It is evident 
that, together with very high specific energy, these samples exhibit good reversibility, 
properties that establish them as very promising materials for positive electrodes in 
secondary Li batteries. 
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Fig. 10. Discharge curves at different currents for test electrodes with LiMn,04 produced from 
CMD and LiNOg at 700 “C, after charge at Ich=0.2 C. 

E 
Li,_, Mn204 

iT, 
d 

I,-h=l,-,& = 0.3c 

s 

g so- o CMD + LI NO3 

u D CMD*LiOH 

A CMD + LI,CO~ 

I 
20 40 60 80 

CYCLES 

1 

Fig. 11. Specific capacity vs. cycle number for test electrodes witb LiMn,O, synthesized from 
CMD and LiNO, at 700 “C for 120 h. 
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