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Thirty-one samples of  composi t ion M n O O H  r, where 0.1 < r < 1.0, were prepared under mild 
conditions by reacting a commercial electrodeposited manganese dioxide (EMD) with xylene, acetone, 
cinnamyl alcohol or combinat ions thereof. Although the X-ray pattern reflected the expected dilation 
of  the crystal structure in the region 0.1 < r < 0.8 the attainment of  an H insertion level of  
MnOOH0. 8 without  the emergence of  additional peaks is a new finding. The expansion was nearly 
isotropic and careful examination of  peak positions and intensities indicated changes in behaviour 
at about  r = 0.25 and 0.45. Another  finding was the ability of  inserted H to migrate across the 
boundaries of  nominally dry powders  in the region 0.1 < r < 0.8. In the region r > 0.8 expansion 
was clearly anisotropic and as a consequence new diffraction peaks emerged and some of  the peaks 
present at lower H insertion levels were substantially reduced in intensity. A particularly important  
observation was the restricted mobility shown by inserted H in the end-product  M n O O H  as this has 
implications for the performance of  E M D  in batteries. The X-ray diffraction pattern of  the end- 
product  was dissimilar to c~- and 7 -MnOO H in important  respects and a previous suggestion that it 

is called 6 - M n O O H  seems preferable. 

1. Introduction 

Manganese dioxide is the positive active material 
used in Leclanch6 and alkaline manganese batteries 
[1] which together dominate the primary battery 
market. Synthetic manganese dioxides and particu- 
larly those made by electrodeposition are used in high 
performance batteries. It is now widely accepted that 
manganese dioxide discharges by abstraction of H + 
from the electrolyte and reception of electrons from 
the external circuit via carbon black or graphite 
conductors [2]. The reaction may be conveniently 
represented as follows 

MnOOHr + AH + + Ae ~ MnOOHr+A 

where r represents the level of H insertion which 
changes from about 0.1 in the starting material to 1.0 
at the theoretical completion of discharge. 

Although many worthwhile investigations have 
been carried out on MnO2-H insertion compounds, 
some have used materials not employed in batteries 
and all have been limited to relatively few levels of H 
insertion. X-ray diffraction has proved to be a power- 
ful technique in this field and the purpose of this paper 
is to report the findings of a powder X-ray diffraction 
study on a manganese dioxide used in batteries at 31 
levels of H insertion. 

2. Experimental 

The starting material was a commercial electrodeposited 
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manganese dioxide of composition MnOOHoA 1 which 
has been used in many previous investigations [3-12] 
and is coded R2. R2 consists of 93.4% MnOl.95 
and 4.33% combined water evolved between 110 
and 1000~ [34]. Based on a nitrogen adsorption/ 
desorption study the material has been described as a 
non-rigid structure with platelets or flakes held apart 
at maximum contraction by the edges of neighbouring 
platelets or by debris [35]. It has BET surface area of 
38m2g ~ [35] and if sintered at 280~ to induce 
rigidity has a pore volume of 0.046 cm 3 g-1 [35]. 

A non-aqueous reduction medium was preferred for 
the reasons given in the next section. A new finding 
was that not only cinnamyl alcohol but also xylene 
which was used previously as an inert solvent and 
acetone caused reduction. The order of reactivity was 

xylene < cinnamyl alcohol (dissolved in xylene) 

< acetone 

With xylene, very long times were required at ambient 
temperature to achieve high degrees of reduction, for 
example, nine months immersion yielded a product of 
composition MnOOH0.89. This is a likely consequence 
of the difficulty of abstracting H from a stable aromatic 
compound. The reactivity of manganese dioxide with 
organic substances will not surprise those familiar 
with the excellent reviews of Fatiadi [13]. 

The three reductants were used individually and in 
combination under mild conditions, i.e. no heating 
above 40 ~ C and with cooling when appropriate. The 
final processes were an acetone wash, air drying and a 
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prolonged period of storage in an air-tight bottle. 
Fifty three samples were prepared from which thirty 
one were selected to cover the range 0.I ~< r ~< 1.0. 
The values of r in MnOOH~ were determined by the 
potentiometric method of Vetter and Jaeger [14]. 

Powder X-ray diffraction was carried out with the 
following equipment supplied by Philips: PW 1730/10 
high performance 4kW 60kV constant potential 
generator; PW 2253/20 broad focus copper anode 
X-ray tube; PW 1050/81 goniometer and step motor; 
PW 1710/00 diffractometer control; PW1752/00 graph- 
ite monochromator; PW 1711 / 10 xenon proportional 
counter. 

The operating conditions for traced patterns were: 
generator set at 45 kV and 60mA; goniometer scan 
speed of 0.02 ~ of 20 per second; chart recorder speed 
of 10 mm per degree of 20; proportional counter pulse 
height selection set between 35 and 70%; counter time 
constant of 2s; and diffractometer settings of 1 ~ for 
the divergence and scatter slits and 0.2mm for the 
receiving slit. 

More precise Iocation of peak maxima and esti- 
mation of peak intensities were achieved by a pro- 
gramme which sampled the counts for 10 s in steps of 
0.01 ~ of 20 for 0.2 ~ of 20 on either side of the peak 
position estimated from a chart, and calculated the 
moving average for three successive samples. For the 
broad peak at about 20 22 ~ the step scan was extended 
to 0.4 ~ of 20 on either side of the estimated chart peak. 
All samples for X-ray diffraction were ground in an  
agate mortar for 10rain and mounted into the alu- 
minium sample holders by backfilling against glass 
slides. Interplanar spacings were calculated from 20 
values using the Bragg equation in the form 

Interplanar spacing = 0.0771/sin0 

where the interplanar spacing is in nanometres and 0 
is in degrees. 

3. Results and discussion 

Whilst a chemical process for insertion of H into 
manganese dioxide has obvious advantages over an 
electrochemical procedure in terms of the absence of 
complicating phases such as the electronic conductor 
and zinc compounds, there is one inherent difficulty 
which is often ignored. Irrespective of whether the rate 
of H insertion is controlled by diffusion of reactants or 
products in the liquid phase or solid phase or by the 
transformation of an activated complex at the inter- 
face between the phases, it is inevitable that the 
particles with the higher surface to volume ratio will 
receive the greater amount of H insertion per unit 
weight. In other words all chemical processes must 
result in r in MnOOH~ being higher initially for the 
smaller particles. Equalization of r among particles 
of different sizes may occur as a consequence of 
subsequent processes. 

In aqueous environments equilibrium between dif- 
ferent sizes of particles may be reached via the inter- 
vention of soluble manganese species. This, however, 

is a further complication as it may lead to the appear- 
ance of a phase and to behaviour which is not charac- 
teristic of the H insertion compound. The use of 
hydrazine in 30 wt % KOH, for example, led to the 
consumption of the smallest particles and to the 
deposition of 6-MnO 2 on the surface of the larger 
particles [15]. Non aqueous reduction media were 
therefore chosen for this study. Separate analyses were 
carried out to establish that no soluble manganese 
could be detected in the liquid media. 

Fortunately a simple unambiguous experiment has 
shown that the inserted H migrates across the particle 
interfaces of nominally dry powders. This process 
ensures uniform H insertion among equilibrated 
particles of different sizes and is the reason for the 
prolonged storage pretreatment used in this investi- 
gation. The evidence for this migration is given in 
Fig. 1. This figure shows how the X-ray diffraction 
pattern of a mixture containing equal amounts of 
MnOOH0.1t and MnOOH0.66 firmly packed in a sample 
holder [36] developed with time. The initial pattern 
shows the twin peaks expected of a mixture of materials 
having two H insertion levels. As time progressed the 
peaks gradually coalesced until after 18 days the 
normal five peak pattern was obtained. This must 
have occurred as a result of the migration of H from 
the MnOOH0.66 compound to the MnOOH0.u com- 
pound. Figure 2 compares the X-ray pattern of the 
50%-50% mixture of MnOOH0.H and MnOOH0.66 
after 61 days with a preparation of composition 
MnOOH0,3s. The peak positions were identical. Such 
a result is consistent with the principal driving force 
for this change being a H diffusion gradient in the 
solid state which led to a uniform H distribution 
throughout the material. 

Figure 3 compares the X-ray diffraction patterns of 
the starting material MnOOH0.u with MnOOH0.~0. 
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Fig. I. X-ray diffraction patterns of  a 50%-50% mixture of' 
MnOOH0.11 and MnOOH0.6~ as a function of  time, 
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Fig, 2, Comparison of the X-ray diffraction pattern of a 50%-50% 
mixture of MnOOH0, H and MnOOHo.66 after 61 days with that for 
MnOOH0.38. 

The insertion of  H up to r = 0.80 clearly proceeded 
without any change in the main features of  the dif- 
fraction pattern except the well-known movement of 
peak positions due to lattice dilation [16-22] and some 
changes in intensity. As far as the authors are aware 
MnOOHo8 is the highest H insertion that has been 
achieved without the emergence of additional dif- 
fraction peaks. This result is attributed to the non- 
aqueous environment and possibly also to the mild 
conditions which were used in the preparation of  the 
H insertion compounds. It is interesting that the small 
peak F also shifted and must be regarded therefore as 
originating from the same expanding crystal structure. 
A few minor peaks in Fig. 3 did not move with H 
insertion. Those at 20 38.3 ~ and 44.6 ~ were due to the 
aluminium sample holder and that at 20 26.5 ~ was due 
to carbon impurity in the electrodeposited manganese 
dioxide. 

At insertion values greater than r = 0.8 the X-ray 
diffraction pattern changed in character. This is 
illustrated in Fig. 4 which compares the patterns of 
MnOOH0.8 and MnOOH10~. Peaks A, C and D 
decreased substantially in intensity and new peaks G, 
H, I and J emerged, Although as is shown in Fig. 5 the 
new peaks G, H, I and J correspond to peaks in the 
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Fig. 3. Comparison of the X-ray diffraction patterns of MnOOH0.u 
and MnOOH0.~0. 
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Fig. 4. Comparison of the X-ray diffraction patterns MnOOH0.80 
and MnOOHi. m . 

7-MnOOH pattern [23], the absence of the strongest 
7-MnOOH peak at 20 26.1 ~ and the continued presence 
at undiminished intensity of  Peak E which is not 
present in 7-MnOOH make it unlikely that there was 
a significant amount  of  recrystallization to 7-MnOOH 
in the region r > 0.8. On the other hand Fig. 6 shows 
that the X-ray diffraction pattern of  MnOOH~0~ has 
little correspondence with the published pattern of 

e - M n O O H  [24]. The conclusions of previous workers 
that the end product of H insertion is c~-MnOOH 
[20, 21, 25-29] or a mixture ofc~- and 7-MnOOH [30] 
are therefore not supported by this investigation. 
Attempts to cause the diffraction pattern to change at 
lower H insertion levels, i.e. r < 0.8 by refluxing 
samples in xylene at 138 ~ for 5 h, failed. It is particularly 
noteworthy, as shown in Fig. 4, that in the region 
r > 0.8, peaks B, C and D continued to shift to lower 
angles as H insertion increased. This behaviour is 
compatible with a conclusion that the solid solution 
extended over the complete range 0.1 < r < 1.0. 
Furthermore as the end product appears to be neither 
7- nor c~-MnOOH, the earlier suggestion that it should 
be distinguished from these compounds by calling it 
5-MnOOH [22] seems appropriate. 

If the dilation caused by H insertion were isotropic 
then the ratio of  any two interplanar spacings would 
be constant and independent of the level of H insertion. 
All six ratios derived from peaks A, B, C and D are 
presented as a function of r in Fig. 7. Peak E was not 
used because its breadth precluded accurate estimation 
of the associated interplanar spacing. Figure 7 shows 
that expansion was isotropic to within 1% up to a H 
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Fig. 5. Comparison of the X-ray diffraction pattern of MnOOH~,o~ 
with the JCPDS pattern for 7-MnOOH. 
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Fig. 6. Comparison of the X-ray diffraction pattern of MnOOH~ 0t 
with the JCPDS pattern for e-MnOOH. 

insertion level of  r = 0.8. At higher insertion levels 
than this the interplanar spacings derived from peaks  
C and D increased more rapidly than those derived 
from peaks A and B. Thus in the region r > 0.8 
dilation was clearly anisotropic. It seems probable 
that the new peaks G, H, I and J which emerged in this 
region were a consequence of  the anisotropic expansion 
changing the symmetry of  the crystal structure. 

Even in the region r < 0.8 slight trends in the inter- 
planar spacing ratios which were greater than experi- 
mental error are observable in Fig. 7. For  example 
the interplanar spacing ratios derived from peak 
B/peak A increased at first with r and then decreased. 
The converse applies for the ratio derived from 
peak D/peak B. Thus even in the region r < 0.8 the 
shape of the unit cell must have been changing slightly 
with H insertion. Figure 8 shows plots of the individual 
interptanar spacings derived from peaks A, B, C and 
D. The higher rate of  dilation with increasing H 
insertion for peaks C and D in the region 0.8 < r < 
1.0 is clearly evident. Peaks B and C in particular also 
appear to show a change in the dilation rate at about 
the mid-reduction point. Figure 8 is also drawn to 
indicate that another change in the rate of  dilation 
took place at r = 0.25. The justification for suggest- 
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ing a change at this level of  H insertion is strengthened 
when peak heights are considered. 

Reproducible peak heights and integrated peak 
intensities are experimentally difficult to achieve. The 
factors responsible for variability include, changes in 
the performance of  the X-ray source, variations in the 
particle size distribution, differences in the packing of 
the sample in the holder, and statistical errors arising 
from the detection procedure. Examination of  the 
diffraction patterns revealed that, in general, all the 
peaks in a particular pattern were either high or low or 
in between. In other words the circumstance that one 
peak in a pattern would be higher than normal while 
another peak was lower than normal did not arise. 
This observation indicated that smoothing of  the peak 
height data by a normalizing process would be valid. 
Peak A was chosen for normalization because, as is 
shown in Fig. 9, the height of  this peak appeared to be 
independent of H insertion level in the region 0.1 < 
r < 0.8. The line drawn on Fig. 9 denotes the 
smoothed peak height values, ,17, used for peak A in 
normalization. The normalized heights of  other peaks 
were calculated using the relationship 

Normalized height of  peak X 

a a" x height of  peak X 

height of  peak A 

Figure 10 shows plots of  normalized peak heights 
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Fig. 9. Height of peak A against H insertion level. 
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Fig. 10. Normalized peak height against H insertion level. 

against the level of H insertion. The existence of a 
change at about r = 0.25 is now obvious particularly 
for peaks B and D and the change at about the mid- 
reduction point is confirmed. A fairly sharp and 
substantial decrease in peak height occurs in the 
region 0.8 < r < 0.9 for peak D and as is shown in 
Fig. 9 for peak A. A similar but less substantial 
decrease in peak height may occur for peak C. These 
changes were noted earlier in connection with Fig. 4 
and are consistent with a change in symmetry causing 
peak splitting. 

The migration of H across interparticulate bound- 
aries in order to achieve the same level of H insertion 
in two materials was demonstrated with MnOOH0.~ 
and MnOOH0.66 and is illustrated in Fig. 1. Figure 11 
shows the movement of peaks for a 50%-50% mixture 
of the starting and most reduced materials, i.e. 
MnOOH0 H and MnOOH~.01, firmly packed in a 
sample holder. Although peaks A, B, C and D of the 
starting materials and peaks A', B', C' and D" of the 
most reduced material moved closer together with 
time indicating some migration of inserted H, the 
amount of migration was limited. Even after 447 days, 
coalescence of the peaks, which would have indicated 
the attainment of the same level of H insertion in the 
two materials, was not observed. The diminution in 
the intensities of the new peaks G, H, and J on contact 
with the starting material as is shown in Fig. 11 is 
indicative that these peaks are properly part of the 
solid solution system. However, their continued 
presence even after very prolonged contact with the 
starting material is further evidence of a restriction to 
H migration. From the positions of peaks A, B, C and 
D in the mixture and Fig. 8 it was possible to calculate 
the amount of H received by the material which had 
a composition of MnOOH0.~ at zero time. The results, 
which are shown in Fig. 12, confirm that although the 
initial migration of H occurred relatively rapidly the 
anticipated content of inserted H was not achieved 
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Fig, t 1. Comparison of  the X-ray diffraction patterns of  a 50%-50% 
mixture of MnOOH0,n and MnOOH~,0~ initially and after 138 days. 

even after very long times. The inference that in the 
region 0.8 < r < 1.0 the migration of inserted H 
may be inhibited has important implications for the 
performance of batteries and their energy yield. 

4. S u m m a r y  

As H was chemically inserted into a commercial 
electrodeposited manganese dioxide, the crystal struc- 
ture dilated and the intensities of five main peaks 
changed. Expansion occurred anisotropically although 
in the region 0.1 < r < 0.8 it was nearly isotropic. 
Changes in behaviour were discernible at three levels 
of H insertion: r = 0.25, 0.45 and 0.80. 

In the region 0.l < r < 0.25 peak heights remained 
reasonably constant. However slight anisotropic 
expansion would be expected to cause stresses at 
crystal boundaries and it is speculated that at r = 0.25 
the stresses were relieved by the generation of enlarged 
regions of disorder between crystallites with concomi- 
tant reductions in crystallite size. Once this process 
had started dilation was able to occur more rapidly, 
and peak heights fell due to the generation of larger 
amounts of disorder between the crystallites which 
became smaller in consequence. This is the presumed 
explanation of  behaviour in the region 0.25 < r < 
0.45. 

The change at r = 0.45 confirms changes that have 
been observed in other phenomena at about the mid- 
reduction point [31]. These have been attributed to 
changes in the type of site occupied by the inserted 
species [31, 32] and hence to a change in configurational 
entropy of the inserted species [32, 33]. 

Finally in the region 0.8 < r < 1.0 the expansion 
generated by the inserted H (or more accurately 
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Fig. 12. Increase in the H insertion level of MnOOH0 u , as a result 
of H migration from MnOOH~.0~ in 50%-50% mixture, as a 
function of  time. 
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generated by the reduct ion of  positive charge on  the 

manganese  ion) caused the uni t  cell to change shape. 

In  consequence peaks A, C and  D decreased in 
intensi ty and  four  new peaks appeared.  The change in 
un i t  cell shape was accompanied  by a dramat ic  

reduct ion in the mobi l i ty  of  abou t  hal f  of  the inserted 
H. 

The X-ray diffraction pa t te rn  of the end-produc t  is 
dissimilar to both a - M n O O H  and  7 - M n O O H  in 
impor t an t  respects and  a previous suggestion that  it is 
termed 6 - M n O O H  seems preferable. 
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