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Summary 

r-MnO? can be synthesized by acid treatment of the spine1 LiMnzOa; 
it is formed via an intermediate h-MnOz phase. The 7-MnOz phase is signifi- 
cantly more crystalline and contains less occluded water than electrolytically 
prepared MnOz (EMD). Unlike EMD, the occluded water can be removed 
almost entirely by heating the 7-MnOz phase to 300 “C. Heating to 300 “C 
causes a transformation of the 7-MnOz structure to a predominantly P-Mn03 
phase. The discharge capacity of the P-phase in room-temperature lithium 
cells is comparable with the capacity of the +y/&Mn02 phase which is formed 
by heating EMD to 350 - 420 “C. Lithium-ion diffusion rates in the 7-MnOz 
and &MnO, phases derived from the spine1 precursor were determined to be 
1 X lo-’ cm2 s-l and 2 X lOWi cm2 s-l, respectively. 

Introduction 

Li/Mn02 batteries play a small, but significant, role in the world’s 
battery industry. The manganese dioxide that is used predominantly in these 
batteries is prepared electrolytically (EMD). EMD has a r-type structure 
which is generally regarded to be an intergrowth of a rutile- and a ramsdellite- 
type structure. EMD contains, typically, 5 wt.% Hz0 which must be removed 
from the structure to ensure effective operation and long life of the battery. 
Heat-treatment of EMD to 350 - 420 “C removes about 80% of the water and 
causes a transformation of the 7-Mn02 structure to a r//3-MnO, phase [l]. 
During discharge of the battery, Li+ ions are inserted into, and reduce, the 
r/&MnO, phase to yield the product Li,Mn02 (0 < x < 1) [2]. This type 
of battery cannot be recharged or cycled to any useful extent. 

Considerable attention has been given recently to the application of the 
spinel-related manganese dioxide phase, h-MnO,, in lithium batteries. 
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X-MnO, is an anhydrous product which can be prepared at room temperature 
by lithium extraction from the spine1 Li[Mnz]Oa [3]; it has the [Mnz]04 
spinel-framework structure. Lithium can also be inserted into Li[Mnz]OG. 
Powder X-ray and neutron diffraction data have shown that the [Mn,]04 
spine1 framework remains intact over a wide compositional range, Li, [MnJ - 
O4 (0 < x < 2) [3 - 61. Cyclic voltammetry studies have shown that lithium 
may be cycled in, and out of, h-MnO,, thereby rendering this material an 
attractive electrode for a secondary lithium battery [7]. Although lithium 
extraction from Li[Mn2]04 occurs readily in acid at 25 “C [ 31, electro- 
chemical extraction beyond Li,.,[Mnz] O4 appears to be difficult [ 81. 

It has been reported recently that acid digestion of h-MnO, transforms 
the [Mnz]04 spine1 framework into a y-MnO, product with an anomalously 
low water content [9]. The water can be almost entirely removed by heat 
treatment to 300 “C. However, this heat treatment causes a transformation 
of the y-phase to a structure with predominant &MnO, characteristics. 

It has been established that P-Mn02 with a well-developed rutile struc- 
ture does not exhibit good electrochemical activity in lithium cells [lo]; a 
maximum uptake of 0.2 Li” ions per /3-Mn02 unit has been reported [ll]. 
By contrast, it has been found that the P-Mn02 phase derived from a X-Mn02 
precursor shows surprisingly good electrochemical activity in lithium cells. 
The electrochemical properties of this P-phase are reported in this paper and 
compared with the performance of standard heat treated EMD samples. 

Experimental 

The preparation of h-MnO, and y-MnO, by reacting LiMnz04 with 0.5 
M H,S04 has been reported in detail elsewhere [ 91. 

The water content of MnO, samples was calculated from their [H+] 
concentration, which was determined by gravimetric methods (0.1 wt.% 
[H+] corresponds to approximately 1.0 wt.% HzO). A Malvem Instruments 
Master Particle Sizer M3.0 was used to obtain particle-size distributions in 
the MnOz samples. Powder X-ray diffraction patterns were recorded on an 
automated Rigaku diffractometer with Cu KU radiation, monochromated 
by a curved graphite crystal. Lithium-ion diffusion rates (fi) in MnOz 
samples were determined by a method described by Basu and Worrell [ 12 1, 
with a Princeton Applied Research (PAR) Model 173 potentiostat/galvanostat 
coupled to a Model 175 programmer. The slopes of the open-circuit voltage 
curves required for the diffusion measurements were obtained from Li/ 
Mn02 cells between the compositional limits x = 0.02 and x = 0.08 in 
Li,MnO?. Lithiated MnO, cathodes were considered to have equilibrated 
when the cell voltage varied by less than 1 mV in 24 h. Electrochemical tests 
were carried out in two separate laboratories in cells of the type: 

Li/l M LiC104 in PC, DME*/MnO, 

*PC = propylene carbonate; DME = dimethoxyethane. 
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Details of cell construction are given elsewhere [13, 141. At the CSIR 
(South Africa) cells were discharged at constant current at low rates, typi- 
cally at 30 PA cm-*. At the CNR (Italy), the discharge capacity and cycling 
behaviour of cells containing spinelderived /l-Mn02 and standard EMD 
cathodes were compared at a higher current density (1 mA cm-*); in these 
cells 20 wt.% Teflon acetylene black (TAB) was added to the cathode to 
improve the electronic conductivity and strength of the compacted Mn02 
electrode. 

Results and discussion 

The reaction conditions used for the preparation of some selected 
MnO, samples from LiMn204, heat treatment temperatures and [H+] values, 
as reported in ref. 9, are given in Table 1. The [H+] concentrations in EMD 
samples and heated products are also tabulated for comparison. Powder 
X-ray diffraction patterns of LiMn20g, X-MnO, and a standard, anhydrous @- 
Mn02 sample, prepared by decomposing Mn(N03)* in air at 400 “C [15], are 
shown in Fig. l(a) - (c). X-ray patterns of a y-Mn02 sample derived from 
LiMn204, EMD, and their heat treated products are given in Fig. 2(a) - (c) 
and Fig. 3(a) - (c). 

Lithium extraction from LiMn20a at 25 “C yields the anhydrous, highly 
crystalline h-Mn02 phase [3]. The structure of X-Mn02 has been well charac- 
terized [5, 61; it has the [Mn2]04 spine1 framework, as evident from the 
strong similarity in the powder X-ray diffraction patterns of X-MnO, and 
LiMn20G (Fig. l(a) and (b)). If the reaction temperature is raised to 40 “C 
and the reaction time with acid is extended (Table l), a y-Mn02 product is 

TABLE 1 

Reaction conditions used for the preparation of various MnOz samples from LiMnaO4 in 
0.5 M HaSO [9] 

Starting 
material 

Reaction 
temp. 
(“C) 

Reaction 
time 
(days) 

Heat 
treatment 
(“C) 

End- 
product 

IH+l 
(wt.%) 

LiMnzO4 25 
LiMnzOq 40 
LiMnaO4 40 
LiMq04 40 
LiMnzO4 40 

EMD(IC1) - 
EMD(IC1) - 
EMD (Delta)* - 
EMD (Delta) - 
EMD (Delta) - 

4 75 h-MnOz 
13 75 y-Mn02 
13 200 7-Mn02 
13 300 &MnOz 
13 350 fl-Mn02 

- 75 r-MnOz 
- 350 ?‘/WnO2 
- 75 ‘y-MnOz 
- 350 “y/P-MnO2 
- 420 r/P-MnO2 

0.03 
0.13 
0.09 
0.02 
0.01 

0.50 
0.07 
0.50 
0.10 
0.09 

*Obtained from Delta (EMD) (Pty) Ltd, Nelspruit, South Africa. 
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Fig. 1. Powder X-ray diffraction patterns of (a) LiMnzOa; (b) A-MnO,; (c) a standard, 
anhydrous fi-Mn02 sample prepared from Mn(NOs)z. 

w 
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Fig. 2. Powder X-ray diffraction patterns of manganese dioxide samples prepared from 
LiMnzOJ. (a) y-MnO,; (b) fi-Mn02 (after heating (a) to 300 “C); (c) /.%MnOz (after heating 
(a) to 350 “C). 
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Fig. 3. Powder X-ray diffraction patterns of (a) EMD; (b) “y/&MnOz” (after heating (a) 
to 350 “C); (c) predominantly fl-Mn02 (after heating (a) to 420 “C). 

obtained (Fig. 2(a)). The X-ray pattern in Fig. 2(a) is similar to that reported 
for other chemically prepared MnO, products [16, 171. This r-MnOz phase 
is significantly more crystalline than EMD (Fig. 3(a)). The r-MnOz phase, 
after drying at 7 5 “C, contains only -1 wt.% Hz0 ([H+] = 0.13 wt.%). Heat 
treatment to 300 “C removes the water almost entirely and results in a 
transformation to @InO, (Fig. 2(b)). The broad peaks in the pattern are 
attributed to strain in the individual crystallites. Further heating to 350 “C 
results in a sharpening of the peaks, indicative of the development of a more 
crystalline and less strained P-Mn02 product (Fig. 2(c)). The X-ray pattern of 
a well-developed &Mn02 phase is shown in Fig. l(c) for comparison. 

By contrast, EMD materials contain appreciably more water than the 
-y-MnO, phase described above, as reflected by their [H+] concentration (0.5 
wt.% [H+]). When heated to 350 “C - 420 “C, EMD loses between 80 and 
86% of its water. The powder X-ray pattern of EMD heated to 420 “C (Fig. 
3(c)) resembles that of the initial EMD phase (Fig. 3(a)), but clearly shows 
the onset of /3-Mn02 formation, as indicated by the broad peak at 28” 28; 
these results are consistent with published data for EMD [ 11. 

The electrochemical discharge behaviour of lithium cells containing p- 
MnOz cathodes derived from the LiMnzOG spine1 is compared with the per- 
formance of cells containing r/P-MnO, cathodes from heat treated EMD, 
and with a standard &Mn02 product (Fig. 4). Cells with EMD cathodes, 
whether heated at 350 “C or 420 “C, delivered a capacity equivalent to the 
uptake of 0.59 Li+ ions per MnOz (182 mA h g-‘) when discharged to a cut- 
off voltage of 2.5 V. A cell containing the standard P-MnO, cathode with a 
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Fig. 4. Discharge characteristics of various Li/MnOz cells (30 @A cm-‘). 1, Spinel-derived 
P-Mn02 heated at 300 “C; 2, spinel-derived fi-MnOz heated at 420 “C; 3, EMD, heated at 
350 “C; 4, EMD, heated at 420 “C; 5, fl-Mn02 from Mn(N03)2. 

highly developed structure gave a very poor capacity (0.21 Li+/MnO,, 65 
mA h g-l), which is consistent with earlier reports [ 10, 111. However, fl- 
MnO, cathodes derived from LiMnz04 gave surprisingly high capacities. 
A cell containing a cathode, heated to 350 “C, discharged at the same 
voltage as an Li/EMD cell (2.9 V) and delivered a marginally superior capaci- 
ty (0.61 Li+/MnOz, 188 mA h g-l); cathodes heated to 300 “C discharged at 
a slightly higher voltage (3.0 V), but provided a significantly enhanced 
capacity (0.68 Li+/MnOz, 210 mA h g-i). 

Reaction of spinel-derived fi-Mn02 and heat treated EMD samples with 
an excess of n-butyllithium at room temperature showed that both com- 
pounds react readily with one Li+ ion per Mn02 unit. With heat treated 
EMD, one lithium is inserted into the y//%MnO, structure to yield the 
lithiated product, LihJnOz. Lithium insertion causes a shift of the peaks in 
the X-ray pattern of EMD to lower 28 values, indicative of an expansion of 
the EMD lattice [ 21. However, powder X-ray diffraction patterns of lithiated 
P-Mn02 samples showed an amorphous “LiMnOz” product which could not 
be characterized. It is relevant to mention, however, that the reaction of a 
highly crystalline P-MnO, product with an excess of n-butyllithium at 50 “C 
yields the lithiated spine1 phase Liz[Mnz]04 [18]. A mechanism for the 
transformation of lithiated P-Mn02 to spine1 has been proposed; it involves 
a lithium insertion reaction, which is accompanied by a shear of the 
distorted hexagonalclose-packed oxygen lattice in rutile to the cubic-close- 
packed lattice in spinel, and a migration of one half of the manganese ions 
to neighbouring octahedral sites. It is conceivable that this process also 
occurs when the spine1 derived /3-Mn02 product is lithiated. The high reactivi- 
ty of this /3-Mn02 phase (both chemical and electrochemical) compared with 
a highly crystalline /.l-Mn02 phase can be largely attributed to its small 
average particle size (7.5 pm) and to the strain in the particles. The 
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TABLE 2 

Particle-size distribution in LiMnzOd, y_MnOz, and EMD (Delta) samples 

LiMnzOJ 

Size band 

(pm) 

% 

‘y-MnOz 

Size band 

(Eun) 

% 

EMD 

Size band 

(cun) 

% 

118.4 - 54.9 0.0 
54.9 - 33.7 2.5 
33.7 - 23.7 28.7 
23.7 - 17.7 32.7 
17.7 - 13.6 19.0 
13.6 - 10.5 9.3 
10.5 - 8.2 4.3 

8.2 - 6.4 2.0 
6.4 - 5.0 0.9 
5.0 - 3.9 0.4 
3.9 - 3.0 0.2 
3.0 - 2.4 0.1 
2.4 - 1.9 0.0 
1.9 - 1.5 0.0 
1.5 - 1.2 0.0 

118.4 - 54.9 0.0 
54.9 - 33.7 0.0 
33.7 - 23.7 0.0 
23.7 - 17.7 0.0 
17.7 - 13.6 0.4 
13.6 - 10.5 9.8 
10.5 - 8.2 28.5 

8.2 - 6.4 28.5 
6.4 - 5.0 17.4 
5.0 - 3.9 8.6 
3.9 - 3.0 3.8 
3.0 - 2.4 1.7 
2.4 - 1.9 0.7 
1.9 - 1.5 0.3 
1.5 - 1.2 0.1 

564.0 - 261.7 0.2 
261.7 - 160.4 2.9 
160.4 - 112.8 7.0 
112.8 - 84.3 9.6 

84.3 - 64.6 10.8 
64.6 - 50.2 11.0 
50.2 - 39.0 10.7 
39.0 - 30.3 9.6 
30.3 - 23.7 8.3 
23.7 - 18.5 6.9 
18.5 - 14.5 5.5 
14.5 - 11.4 4.3 
11.4 - 9.0 3.3 

9.0 - 7.2 2.5 
7.2 - 5.8 1.9 

Mean particle size Mean particle size 
= 20.4 /.&I =7.5/&n 

Mean particle size 
= 41.1 /.Im 

amorphous nature of the lithiated product is attributed to an extremely 
small particle size, which results from the break up of the strained @-Mn02 
particles during lithiation. 

Particle-size distributions of typical EMD, LiMnzOQ and y-MnOz (ex 
LiMn,04) samples used in this investigation are compared in Table 2. It is 
noteworthy that the mean particle size of y-MnOz (7.5 pm) is significantly 
smaller than that of EMD (41.1 pm). Note also that the mean particle size 
of r-MnOz is appreciably smaller than that of the LiMnzOa parent material 
(20.4 pm); the reduction in particle size is a result of the dissolution of Mn*+ 
ions during the formation of the h-Mn02 precursor according to the reaction 
[31: 
2LiMn204 - Liz0 + 3Mn0, + MnO 

The cycling behaviour of spinelderived /3-Mn02 and heat treated (360 
“C) EMD I.C.l cathodes, containing TAB, in cells operated at 1 mA cm-* 
(charge and discharge) is compared in Fig. 5. These cathodes yielded an 
initial discharge capacity of 206 mA h g-i MnO, (0.67 Li+/Mn02) and 208 
mA h g-’ (0.68 Li+/MnO*), respectively. The cells lost capacity rapidly on 
cycling, as expected. 

Li+-ion diffusion rates (ii) in heat treated, spinel-derived y-Mn02 and 
P-Mn02 phases were determined to be significantly higher than in correspon- 
ding heat treated, standard EMD and /3-Mn02 phases. For example, for a 
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Fig. 5. Cycling behaviour of Li/MnOz cells (1 mA cm --2 discharge and charge). (a) Spinel- 
derived @-Mn02, heated at 300 “C; (b) EMD (I.C.l, heated at 360 “C). 

spinelderived y-MnOz phase that had been heated to 200 “C! ([H+] = 0.09 
wt.%), B = 1 X lo-’ cm2 s-l in contrast to B = 9 X lo-” cm2 s-* for a heat 
treated EMD sample ( [H+] = 0.10 wt.%). B values for the anhydrous /3- 
MnO, phases derived from LiMn204 and Mn(N03)2 were 2 X lo-i0 cm2 s-l 
and 6 X10-r’ cm2 s-i respectively. The value of B obtained in this work 
for the standard sampies of EMD and P-Mn02 compare well with data re- 
ported elsewhere, viz., 3 X lo-'" cm2 s-i [19] and 3 X 10-l’ cm2 s-l [20], 
respectively. 
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