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Abstract. 
Six synthetic manganese dioxides (coded SBPA. Faradiser WSZ. IBA no.14. rnA 

no.19. R2 and Faradiser M) covering the range of crystal structures exhibited by battery 
active materials were studied by XRD (X-Ray Diffraction) and FTIR (Fourier Transform 
Infra-Red) spectroscopy when H was inserted with organic reductants. Initial x-ray 
diffraction patterns (i.e. before H insertion) indicated a structural series. the Y-YCMn02 
series. where y-Mn02 designates the phase defined by de Wolff's intergrowth model. 
This model described y-Mn02 as a random alternation of two types of layers derived 
from the known structures of the minerals ramsdellite and pyrolusite. y-Mn02 may be 
characterised by one parameter. p. the pyrolusite type layer fraction. p=O corresponds 
to ramsdellite whereas p=l corresponds to pyrolusite. The additional structural defect 
responsible for the Y-YCMn02 series was found to be that of microtwinning in 
accordance with the model proposed by Pannetier et al. Material SBP A possessed a low 
degree of microtwinning with p=O.204±O.OO5 whereas typical battery active manganese 
dioxides IBA no.19 and R2 possessed x-ray diffraction patterns consistent with a high 
degree of microtwinning and p ... O.2. The other materials. except Faradiser M, displayed 
x-ray diffraction patterns intermediate between those of SBPA and rnA no. 19/R2. 
Faradiser M possessed a high degree of microtwinning but with p ... O.7. 

The most H inserted compounds (Le. of composition MnOOHUY also formed 
an analogous structural series. the b-bCMnOOH series. b-MnOOH may be described as 
a random alternation of two types of layers derived from the known structures of the 
minerals groutite and manganite which are reduced isostructural derivatives of 
ramsdellite and pyrolusite. b-MnOOH was successfully analyzed for the concentration 
of (presumed) manganite type layer defects (m) in an analogous manner to that required 
to determine p. which confirmed the existence of reduced intergrowth structures. m was 
found to be less than p unless the H insertion reaction temperature was lowered (-2°C) 
in which case m=p. This was consistent with the observed precipitation of small 
amounts of y-MnOOH when H was inserted with chemical reductants in non-aqueous 
solvents. 

The level of H insertion may be represented by the formula r in MnOOl\, where 
.. O.1~~1.0 (r starts at a value greater than zero due to the non-stoichiometry of battery 
active materials). H insertion into EMD (Electrodeposited Manganese Dioxide) R2 led 
to approximate isotropic lattice expansion in the H insertion region O.11~~O.80. This 
observation was consistent with a homogeneous solid state reduction with formation of 
a solid solution in which H+ and e- were mobile. In the region O.80~1.01 'new' non
moving peaks emerged characteristic of the final product while the original lines 
continued to move. The line shift indicated anisotropic lattice expansion. The 'new' 
non moving peaks could not be interpreted on the basis that a new phase was emerging. 
An explanation for this behaviour based on the properties of the defect crystal structure 
of the original material has been found. It involved identification of a type of x-ray line 
shift characteristic of random layer structures. The effects observed were consistent with 
random precipitation of b-MnOOH micro-domains within the solid solution. The 'new 
lines' which emerged represented a re-emergence of lines originally overlapped with 
other lines due to the particular effects of microtwinning. The appearance of micro
domains of the end product crystallizing within the solid solution implied that W and 
e - were no longer mobile in the crystal structure but located or 'frozen' in position. The 
presence of 'frozen' H (i.e. b-MnOOH micro-domains) was supported by 
measurements of FTIR band areas at wavenumber regions where OH vibration modes 
occurred. The onset of OH vibration modes with increasing H insertion supported the 
interpretation of the x-ray patterns. 

Interpretation of the FTIR spectra of material SBPA indicated no OH bond 
formation in the H insertion region O.068~~O.35 and OH bond formation in the region 



O.35~~O.882. Examination of the XRD patterns indicated heterogeneous solid state 
reduction had occurred in the H insertion region O.~~O.882. The onset of OH bond 
formation at r=O.35 was interpreted as a necessary precursor to heterogeneous reduction 
starting at r=OAO. Heterogeneous reduction was presumed to have occurred by H 
location in an outer particulate layer which propagated into the bulk. 

H insertion into the remaining materials was interpreted in a similar manner. That 
is beyond a certain r in Mn00f\. H location, as indicated by OH bond formation, led 
to crystallization of O-MnOOH micro-domains which either randomly precipitated in the 
solid solution or they associated in such a way that led to heterogeneous reduction. The 
r in Mn00f\. at which H started to locate appeared to depend on the relative rates at 
which H was inserted and diffused into the solid. H location occurred at r-O.20 for 
Faradiser M in contrast to R2 in which it located at r=O.80. 

A complementary study of the stability of the H inserted compounds in 7M KOH 
was carried out. Results from potential measurements, x-ray diffraction and SEM were 
obtained. Over a period of six weeks potential measurements indicated development of 
a heterogeneous potential at deep H insertion levels. X-ray diffraction and SEM signified 
formation of O-Mn02 and 'Y-MnOOH. The results confirm the proposition of Holton et 
al. that H inserted compounds are unstable in KOH and disproportionate into O-Mn02 
and 'Y-MnOOH. This work removes doubt concerning the above proposition since 
formation of O-Mn02 in their work was not simply the result of instability. The H 
insertion level at which instability was observed appeared related to the formation of 
O-MnOOH micro-domains, particularly for R2 in which instability occurred between 
O.8~~1.0. This coincides with the oxidation state, Mn01.6' beyond which alkaline 
manganese batteries cease to deliver useful power on prolonged intermittent discharge. 
Faradiser M possessed the largest instability region (OA8~~1.0) and would, on this 
basis, be unsuitable for alkaline manganese batteries. 
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1 Introduction 

This study was primarily concerned with structural changes which occurred when 

H+ and e - (or H) was chemically inserted via a solid state reaction into synthetic battery 

active manganese dioxide. This tenn, as shall become clear, accurately refers to a series 

of materials whose structure is the subject of considerable debate. The interest in such 

(hydrogen insertion) materials is not unrelated to their widespread application in the dry 

cell battery industry. Furthennore, the possibility of increasing usage in for example 

Li/Mn02 and rechargeable alkaline manganese batteries means that continued research 

into the properties of this material is ensured. Considering that it is well over 100 years 

since G.L.Leclanche patented l the 'Leclanche cell', which fIrst made use of 

manganese dioxide in the cathode, it is perhaps surprising that the crystal structure of 

modem high perfonnance materials is still in doubt. It may thus be inferred that the 

crystal structure of the H inserted derivatives is also a matter which is not satisfactorily 

understood. Byway of introduction the author proposes to review the classillcation of 

Mn02 and MnOOH polymorphs. MnOOH is considered the theoretical limiting 

composition when H is inserted in a solid state reaction process such as is generally 

accepted to occur during discharge of a dry cell battery, be it of the Leclanche or 

alkaline manganese type. 

1.1 Manganese dioxide polymorphs. 

A preliminary classillcation is presented here which adheres to an extent to the 

schemes presented by Giovanoli2 and Bums and Burns3. A recent important discovery 

concerning a new polymorph4 of Mn02 is included. The fInal classillcation, however, 

will need to take into account the results of this study. This question is returned to in 

chapter 9. 

Polymorphism is the rule rather than the exception for M02 metal oxides5• The 

reason for the large number of forms of Mn02 is currently attributed to the ability of 

[Mn061 octahedra to fonn endless chains (by sharing octahedral edges) which can be 

linked at octahedral comers with other chains3. It is convenient to divide the polymorphs 

I 



of manganese dioxide t into two categories; namely (1) perfectly periodic (or 

• crystalline ') stoichiometric phases and (2) not perfectly periodic (or not perfectly 

• crystalline ') non-stoichiometric phases. It is in the latter category which battery active 

synthetic manganese dioxide falls. Members of the above classes are as follows: 

(1) ~-Mn02 or pyrolusite, 

ramsdellite, 

A-Mn°2· 

(2) "(-Mn02. 

Members of classification (1) are now described with the objective of providing an 

introduction to the structure of "(-Mn02, which, as shall be revealed, is crucial to the 

understanding of battery active materials. 

1.1.1 ~-Mn02. 

In common with many other transition metals which have incompletely filled d 

sub-shells (namely Ti, Cr, Os, Ru, Ir, Sn and Ta) the dioxide crystallizes with the 

tetragonal rutile structure6. This is ~-Mn02 or pyrolusite (which is the mineral name). 

Figure 1-I(a) and (b) contain representations of this structure. Both are idealisations of 

the actual structure. In figure 1-1 (b) the oxygens are hexagonally close packed (h.c.p.) 

so that the octahedra formed are perfect or undistorted. Each occupying Mn has a 

coordination number (c.n.) of 6 and each ° a c.n. of 3. The sphere coordination number 

of a hypothetical (i.e. containing no manganese) h.c.p. oxygen structure is 12. Recently 

a new packing arrangement of spheres has been identified 7,8 with a sphere c.n. of 11. 

The packing density is somewhat less than h.c.p. (74.05%) at 71.87%. This arrangement 

may be used to produce an idealised rutile structure8 as shown in figure 1-I(a). This 

new packing scheme, named primitive tetragonal packing9 (p.t.p.), contains an equal 

number of two types octahedra of which metal atoms occupy one type. They appear as 

either squares or parallelograms on projection. The parallelograms represent undistorted 

octahedra (see figure 1-I(b)) and the squares heavily distorted octahedra. This results 

in the creation of a fourfold axis perpendicular to the plane of paper missing in a h.c.p. 

arrangement8• This structure represents much better the actual rutile (i.e. Ti02) structure 

t This description concentrates exclusively on those phases not containing any foreign ions in their 
structure. At one time compounds, now known to contain variable amounts of other elements, were 
believed to be polymorphs of manganese dioxide ego "&-Mn02". Giovanoli2 has reviewed and elucidated 
this problem. 

2 



(a) 

(b) 

Figure 1-1 (a) Projection on the (a,a) plane of the ideal tetragonal rutile structure based 
on p.t.p. of oxygens. (b) Projection on the (a,b) plane of an approximate rutile structure 
based pn h.c.p. of oxygens. Note that the structure is orthorhombic since 
b=3/(2V2)a-1.061a. Large circles represent an oxygen atom and small circles a metal 
atom. Open and filled circles represent z levels of 0 and ~ respectively. Inflnite 
occupied chains of octahedra extend in the c direction (i.e. perpendicular to the plane 
of the paper). 

3 



than an approximation such as that in figure I-I(b). Since it is based on an exactly p.t.p. 

arrangement of oxygens it is justifiably regarded as the ideal structure of rutile. One 

reason for showing both the approximated (figure I-I(b)) and the ideal structure (figure 

I-l(a)) is to emphasize the close relationship between their oxygen arrangements. The 

ideal rutile structure may be regarded as resulting from 'distorting' the h.c.p. oxygen 

framework t of the approximated structure. 

It is noted that ~-Mn02 does not crystallize m the ideal rutile structure as 

described, which predicts an ideal cia ratio8 of 0.5858 whereas the ratio calculated from 

published data6,1O, indicates that it is 0.653 (which is close to rutile6 in which 

c/a=O.644). 

Both the approximated structure and the ideal p.t.p. based structure may be 

described as consisting of infmite single chains of Mn occupied edge sharing oxygen 

octahedra extending in the c direction with chains joined at their octahedral comers. 

1.1.2 Ramsdellite. 

Ramsdellite, namedll after Ramsdell who first noted its occurrence12, occurs 

as a rare mineral the structure of which has been determined by Bystrom49. It essentially 

crystallizes in the diaspore structure but with elongated 0-0 bond lengths due to the 

lack of H bonding 13. In terms of the simplified description of manganese dioxide 

polymorphs, it may be regarded as infmite double chains of edge sharing octahedra with 

the double chains linked by comers to other double chains. Figure l-2(b) indicates a 

projection on the (001) plane of this simplified scheme. Evidently the oxygen 

arrangement in figure 1-2(b) is h.c.p. if the structure is formed from perfect octahedra 

and is therefore an analogous approximate structure to that represented in figure 1-1 (b). 

An analogous ideal ramsdellite structure to the idealised rutile structure may be 

obtained, figure 1-2(a). Conceptually this follows9 by regarding p.t.p. as an 

"intergrowth"t of body centred tetragonal packing (b.c.t.p.) and h.c.p. rather than a 

t It is noted that the structure shown in figure 1-1(b) is orthorhombic. It is interesting that claims 
for the existence of an orthorhombic form of pyrolusite105,94 have been made when it is found as a 
pseudomorph after manganite. Comparing the oxygen arrangements in figures 1-1 and 1-4 it appears that 
the h.c.p. arrangement is more closely related to the manganite structure than that of the p.t.p. 
arrangement. However, forming the axial ratios from published data105 on 'orthorhombic pyrolusite' 
indicates that the structure does not have h.c.p. oxygens. 

t The use of this term does not imply any connection with the de Wolff intergrowth model of 
y-Mn02 to be described in the next section. 
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Figure 1-2 (a) Projection on the (a,b) plane of the ideal ramsdellite structure based on 
a combination of b.c.t.p. and h.c.p. of oxygens. (b) Projection on the (a,b) plane of an 
approximate ramsdellite structure based on h.c.p. of oxygens. Large circles represent 
oxygen atoms and small circles metal atoms. Open and filled circles represent z levels 
of 0 and ~ respectively. Infinite occupied chains of octahedra extend in the c direction 
(i.e. perpendicular to the plane of the paper). 
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distorted h.c.p. network. Essentially b.c.t.p. corresponds to a structure composed (in the 

same projection as figure 1-1) entirely of squares and h.c.p. entirely of parallelograms 

therefore p.t.p. may be regarded as an alternation of squares and parallelograms. It is 

therefore a simple matter to construct other "intergrowth" structures such as the 

ramsdellite structure presented in figure 1-2(a). The orthorhombic unit cell is indicated 

in the figure. If t designates tetragonal and 0 orthorhombic then as noted earlier 

c t M 
- = 2-y2 = 0.5858, for ideal rutile. 
at 

~ c t = (2-fi)at = co' for ideal ramsdellite. 

From geometrical considerations it may be deduced that 

bo = 2a t 

bo M :.- = y2 + 2 = 3.414 
Co 

and smce ao = at 

bo then _ = 2. 
ao 

These values may be compared with those derived from the ramsdellite lattice49 

parameters which indicate that bJco = 3.241 and bJao = 2.045. It is noteworthy that the 

ideal ramsdellite lattice parameters are very close to those of the 'h.c.p. ramsdellite' 

which may easily be derived to be (see section 2.4.3). 

3 -- = 2.12. and 
{i 

The closeness of these ratios to that of the 'ideal' ramsdellite structure is a reflection 

of the intimate relation between p.t.p., b.c.t.p. and h.c.p. 

1.1.3 A-Mn02-

This phase has only recently been synthesized4
. It is based on cubic close 
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packing (c.c.p.) of oxygens rather than h.c.p. The structure is closely related to the spinel 

structure LiMn20 4 from which it was synthesized (by removing Li ions from the 

tetrahedral sites). The existence of a phase with c.c.p. of oxygens raises the interesting 

possibility of c.c.p. stacking faults occurring in an otherwise h.c.p. oxygen arrangement 

of a manganese dioxide. Such a suggestion has been made previouslyl4. In the normal 

notation. for designating close packed layers if ABAB... represents h.c.p. and 

ABCABCABCABC. .. c.c.p. then a C layer occurring (randomly) in an otherwise perfect 

h.c.p. arrangement represents a random stacking fault structure. The x-ray diffraction 

effects from such stacking faults have been theoretically treated by Wilson 15 and are 

exemplified (for instance) in cobalt. 

1.1.4 'Y-Mn020 

This phase may be precisely defined as an infmite structural series of related 

materials characterised mainly by their x-ray powder diffraction pattern, the end 

members of which are ramsdellite and pyrolusite. This is the modern description of 

')'-Mn02 which originates with the fundamental work of de Wolff8. In the original 

paper48, a structural intergrowth of ramsdellite type infinite double chains of octahedra 

randomly interspersed with pyrolusite type infinite single chains of octahedra was 

proposed following the suggestion of Bystrom and B ystrom50 (cf. section 2.3), see figure 

1-3(a) and (b). The plausibility of such a model was ascertained by examining the 

structures of both ramsdellite (figure 1-2) and pyrolusite (figure 1-1) and by noting 

similarities of certain actual diffraction patterns with that of ramsdellite and pyrolusite. 

Note that figure 1-3(b) is an intergrowth structure based on the approximated ramsdellite 

and pyrolusite structures (i.e. h.c.p. packing of oxygens) and figure 1-3(a) is the 

analogous ideal intergrowth structure based on a combination of b.c.t.p and h.c.p. of 

oxygens. The original model was valid only for small instances of p (fraction of 

pyrolusite type infmite octahedral chains). This restriction was removed in a later 

pape~7, which clearly indicated that p may and does vary from p=O (ramsdellite) to p=l 

(pyrolusite), and thus justifies the above definition of the collective name ')'-Mn02. 

It is often stated that the de Wolff model of ')'-Mn02 is a structural intergrowth 

of alternating layers of pyrolusite and ramsdellitel6. Such a statement is at best 

informative and at worst misleading since, as may be deduced from figure 1-3, 'unit 

cells' of pyrolusite do not necessarily occur except at high p values in which case 
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Figure 1-3 (a) Projection on the (a,b) plane an ideal de Wolff intergrowth structure 
based on a combination ofb.c.t.p and h.c.p. of oxygens. (b) Projection on the (a,b) plane 
of an approximate intergrowth structure based on h.c.p. of oxygens. Large circles 
represent oxygen atoms and small circles metal atoms. Open and filled circles represent 
z levels of 0 and ~ respectively. Infmite occupied chains of octahedra extend in the c 
direction (i.e. perpendicular to the plane of the paper). 
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ramsdellite 'unit cells' do not necessarily occur. Failure to recognise that Y-Mn02 is 

a random layer structure has led to erroneous deductions concerning crystallite size and 

strain 17. 

It is interesting to note that, apart from the end members, gamma manganese 

dioxide t is always non-stoichiometric 18,19,20,55. If the stoichiometry is expressed 

as x in Mn0x' x is always less than 2. Typically x=1.966±O.OO3, (this work sample 

SBP A) whereas the stoichiometry of crystalline ~-Mn02 and ramsdellite are verYl 

closet to x=2. Explanations for the observed non-stoichiometry has not attracted very 

much attention in the literature (see however the work of Parida18,19 and co-workers§). 

Chemical fonnulas for gamma manganese dioxide, for example22 

(2x-3)Mn°2·(4-2x)MnOOH.rnH20, 

nearly always assume that in fact manganese dioxide is stoichiometric and that the 

measured x is due to 'partial reduction' of the Mn4+ to Mn3+ due to the presence of 

H in the structure. Since these materials may accommodate H with a decrease in the 

value of x in Mn0x it seems odd and rather unsatisfactory that they always initially 

contain a residual H content. Why is it that the non-stoichiometry, as with many other 

binary metal dioxides, is not due to (for instance) interstitial manganese or oxygen 

vacancies? 

With regard to the above statement it is worth noting that the recently 

proposed23 "cation-vacancy model for Mn02" does not provide an answer to this 

question. This is because the presence of a Mn4+ vacancy, with 4 protons replacing lost 

charge, does not alter the stoichiometry as measured, since what is actually measured 

is the average valence of Mn (expressed as x in Mn0x) rather than the Mn/O ratio. The 

decrease in valency is accounted for in this model, as before, by postulating that a 

fraction of 0 2- are replaced by OH- with the consequential presence of Mn3+ (i.e. 

t It is clear that oxides referred as "Nsutite" or "p-Mn02" are members of the y-Mn02 structural 
series 10,20,105. 

t For 13-Mn02 see for example reference 21 page 22 where chemical analysis of rnA common 
sample no.6 (l3-Mn02) are given with an average x=1.996 see also reference 6 where x=2.00±O.02. In the 
case of ramsdellite an average composition corresponding to x=2.007 may be calculated from the values 
listed in table 1 reference 11. 

§ Their work, which consistently concludes in favour of oxygen vacancies as the cause of the non
stoichiometry in what they call "gamma manganese dioxide", may be doubted due to their reliance on 
calculation of the . unit cell' volume which depends on the correct interpretation of the crystal structure 
of battery active materials. 
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'partial reduction '). Thus although this model is conceptually attractive from the point 

of view of explaining, in particular, how large quantities of 'structural water' may be 

accommodated in Mn02 it fails to provide an insight into why 'Y-Mn02 is inherently 

non-stoichiometric. 

1.2 MnIII oxyhydroxide polymorhps. 

"Oxyhydroxides may be described as compounds of metals in which the 

coordination group around the metal is composed of 0 and OH ligands. ,,24 The 

following shall restrict itself to oxhydroxides which have a composition approaching 

MnOOH. In which case the known polymorphs are a-MnOOH, 'Y-MnOOH, ~-MnOOH 

and O-MnOOH. Apart from ~-MnOOH, the others form compounds which may be 

described as reduced isostructural counterparts of the manganese dioxide polymorphs. 

They can be divided similarly, without however, any corresponding implications 

concerning deviations from stoichiometry (this question appears to have received even 

less attention in the literature than noted previously for manganese dioxide). 

MnOOH polymorphs are analogously divided into two categories; (1) perfectly 

periodic (or crystalline) modifications and (2) not perfectly periodic ('non-crystalline ') 

modifications. Members of these classes are: 

(1) 'Y-MnOOH (or manganite), 

a-MnOOH (or groutite), 

~-MnOOH (or feitknechtite) 

(2) O-MnOOH 

As before members of each class are described, with a view to gaining an 

understanding of the H insertion compounds produced in this work. 

1.2.1 'Y-MnOOH. 

The crystal structure of this modification has been determined by BuergeiH and 

the positions of H within the structure located (using neutron diffraction) by Dachs25
. 

A non-primitive B centred unit cell was chosen which preserved the previous convention 

for adopting the 'unique axis' as the b axis. A non-standard space group results i.e. 

B21/d. The structure has a monoclinic unit cell with J3=90° (which leads to it being 

referred to as 'pseudo-orthorhombic '). Using the general coordinates listed by 
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Wyckoff
26

, the fractional coordinates given by Dachs and the lattice parameters 

determined by Buerger a projection of the structure in the same orientation as previous 

figures was constructed, figure 1-4. The structure is intimately related to that of 

~-Mn02' compare figure 1-4 with figure 1-I(a). To quote Buerger "To the first 

approximation, it may be said that the structure is rutile-like. The manganese atoms 

occupy the centres of oxygen octahedra which form strings along the c axis by sharing 

edges." Oxygen atoms could not be considered as equivalent in terms of a number 

characteristics, including radii, such that the a and c unit cell dimensions become 

(approximately) doubled in manganite compared to ~-Mn02' (cf. section 4.1). The 

position of H within the structure is associated with one of the two types of oxygen, as 

suggested in the figure. 

1.2.2 a-MnOOH. 

The preliminary crystal structure determinations by Grone?7 and Colin and 

Lipscomb28 of this modification have been refmed using single crystal techniques by 

Dent Glasser and Ingram92. It essentially crystallizes in the diaspore (i.e. a-AIOOH) 

structure27 but with bond lengths reflecting Jahn-Teller distortion of the octahedra 

having Mn3+ at the centre92. The structure is closely related to ramsdellite, which 

belongs to the same space group. The orthorhombic ao and Co unit cell dimensions are 

similar but bo is 15% larger in groutite (see figure 4-1). 

H has not been located in this structure but Dent Glasser and Ingram suggested 

their location by analogy with diaspore (in which neutron diffraction studies have 

determined the H positions). Essentially hydrogen is bonded to one of two types of 

oxygens in the structure. Further discussion on the relation between groutite and 

ramsdellite may be found in section 4.1.1, in which it is noted that the approximately 

h.c.p. oxygen framework possesses a 'puckering' which is inverted in groutite with 

respect to ramsdellite. 

1.2.3 ~-MnOOH. 

This material, first synthesized by Feitknecht and Marti29, appears to be 

metastable, of variable stoichiometry, displaying a total of only 5 broadened reflections 

in its x-ray diffraction pattern. Because of the difficulty in synthesizing this 

material29,30, knowledge concerning its structure is limited. It has been 
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1.2.4 O-MnOOH. 

This phase t is directly analogous to that of y-Mn02. That is it say O-MnOOH 

may be regarded an infInite but bounded series of related materials the end members of 

which are groutite and manganite. The plausibility of such a series existing is not simply 

a consequence of the intimate relation between ramsdellite and groutite and pyrolusite 

and manganite but the plausibility as to whether an intergrowth structure of double and 

single infinite chains of manganese occupied octahedra could be constructed from the 

chains existing in groutite and manganite. This question is discussed in section 4.1. 

Evidence for members of this series was first recognised by Feitknechf2 et al. 

in their study of the reduction of disordered y-Mn02 by N2H4. Giovanoli33 et al. 

extended this work in a later study in which members of the y-Mn02 series were 

reduced by cinnamic alcohol in xylene. The conclusions reached therein, however, 

(stated in the next section and discussed in chapter 4) require, it shall be argued, 

substantial modillcation. 

Despite the fact that x-ray diffraction patterns of reduced y-Mn02 have been 

reported33 to contain qualitatively similar line shifts to that of Y-Mn02 (from the 

positions of rarnsdellite or pyrolusite, explainable by the de Wolff intergrowth model) 

no analysis for the 'p' layer fraction has been attempted and therefore the existence of 

reduced intergrowth counterparts has not been theoretically tested by the only method 

available. This work removes this deficiency by successfully analyzing compounds close 

to the composition of MnOOH in the manner of de Wolff. Evidently the O-MnOOH 

intergrowth structure will appear very similar to the y-Mn02 intergrowth structures 

shown in fIgure 1-3 (a) and (b) though with different 'unit cell' dimensions. 

The above conformation has added importance in that recent in situ neutron 

diffraction evidence34 has suggested that such reduced intergrowth structures do not 

occur during discharge of y-Mn02 in 7N KOD. Analogously it has been suggested that 

synthetic active battery materials do not form intergrowth structures. In contrast it is also 

claimed they reduce sequentially, that is ramsdellite type double chains are first reduced 

during insertion of H (or D) and then pyrolusite type single chains. The insertion of H 

into the pyrolusite type layers is not favoured, however, and the structure breaks. The 

breaking of the structure is associated with the appearance of Mn(OH)2. This has led 

t The name o..MnOOH was flrst proposed by Maskell et al.13 It is preferred to the use of 
"u-MnOOH" introduced by Giovanoli2. 
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Pannetier et al. 34,39 to produce a crystallographic phase diagram in which the formation 

of reduced intergrowth structures based on groutite type double chains and manganite 

type single chains is explicitly disallowed. 

1.3 Other manganese dioxide and oxyhyrdoxide polymorphs. 

It is interesting to note that, as yet, no corresponding H inserted A-Mn02 
compound has been reported. 

Not included in the above classification of manganese dioxides (at odds with 

both Giovanoli and Bums and Burns) is the phase named €-Mn02. The characteristic 

feature of this material is the (apparent) hexagonal symmetry of the powder x-ray 

diffraction pattern. De Wolf:t43 et al. have described this modification as consisting of 

h.c.p. 0 2- with Mn4+ occupying half the available octahedral sites (with the additional 

condition that face sharing of adjacent occupied octahedra be disallowed). Claims have 

been made for naturally occurring35 €-Mn02 as well as the synthetic fibrous material 

investigated by de Wolff et al. It has been suggested recently36 that materials 

previously thought to exhibit hexagonal symmetry, and therefore classed as €-Mn02, do 

not in fact posses this symmetry but rather an apparent hexagonal symmetry due to the 

particular diffraction effects caused by a structural defect, which shifts the line positions 

from those of y-Mn02 (cf. section 2.5). The validity of €-Mn02 as a separate 

polymorph of Mn02 is therefore in doubt. This work will provide further evidence that 

it is not a separate modification and therefore its non-inclusion is to some extent 

preemptive. 

1.4 Current state of the debate concerning the crystal structure of synthetic 

battery active manganese dioxide and their H inserted derivatives. 

Electrodeposited manganese dioxide (EMD) and chemical manganese dioxide 

(CMD), as manufactured for the Leclanche and alkaline Mn battery industry, are 

nonnally prepared in bulk and ground to fmely divided powders. The exact appearance 

of the particles appears to reflect the history of the process 138. One reason for the lack 

of agreement on the structure of these materials is that single crystals large enough for 

conventional x-ray diffraction analysis do not occur in the aforementioned processes. 
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Furthennore the powder x-ray diffraction pattern contains essentially only five broadened 

reflections (see section 2.1). 

As reviewed above, there are only three well established crystalline 

stoichiometric modifications ofMn02. Namely, ~-Mn02' ramsdellite and A-Mn02. Then 

there is the infinite but bounded series of materials forming 'Y-Mn02' which are always 

non-stoichiometric and elucidated by de Wo~8 as members of a structural intergrowth 

of double and single octahedral chains. The debate concerning synthetic battery active 

materials, which are themselves always non-stoichiometric in a similar manner to 

'Y-Mn02' has focused on whether they belong to the 'Y-Mn02 structural series or 

£-Mn°2· 

Preisle.-51 has shown that EMD, grown by the suspension bath process (SBP), can 

produce a continuous series of materials (in terms of x-ray diffraction, and other 

properties) from those of line rich 'Y-Mn02 to that of conventional EMD depending on 

the effective current density of deposition. Freund37 et al. 's x-ray diffraction experiments 

on orientated blocks of fibrous EMD (which has a powder x-ray diffraction pattern 

similar to conventional EMD), led to apparent inconsistencies if the de Wolff model of 

'Y-Mn02 were adopted. This led de Wout3 et al. to determine the structure of this 

material as £-Mn02. Giovanoli2 has subsequently claimed that conventional EMD is 

better represented by the £-Mn02 structure where £-Mn02 is considered to be an end 

member of 'Y-Mn02 due to increasing structural disorder, whereas ~-Mn02 and 

ramsdellite are the 'true' end members. 

Although single crystals of EMD have not been synthesized in a large enough 

size for single crystal x-ray diffraction, single crystal electron diffraction patterns have 

recently been reported44. The authors claim that their results are consistent with the de 

Wolff intergrowth model (rather than £-Mn02). EXAFS spectroscopy appears to support 

this conclusion38. 

Recently a new model for the structure of electrochemically active manganese 

dioxide has been proposed39,40.34 by Pannetier et al. It introduces the concept of 

microtwinning into the de Wolff model of 'Y-Mn02 (cf. section 2.5) as the structural 

fault which characterises battery active fonns. Evidence for this fault comes from a 

comparison with simulated diffraction patterns produced using computerised numerical 

methods. The results appear to account for many perplexing features of battery active 

manganese dioxide diffraction patterns, which, until this model had been introduced had 
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not received satisfactory explanation. If confirmed, this model represents a breakthrough 

in the understanding of the structure of battery active manganese dioxide. 

An important technique, so far excluded from the discussion, which inter alia 

provides structural information, is the reduction of Mn02 by the insertion of H into the 

structure. This is the most important reaction for dry cell batteries and occurs by 

insertion of H+ and e- in a single phase reaction (see chapter 8). Study of the 

accompanying 'lattice dilation', first reported by Brenet41, has already provided 

structural information (see introduction to chapter 4). It is not surprising (in view of the 

preceding discussion) that the structure of the most H inserted derivatives (i.e. close to 

composition MnOOH) and their relation to the initial material, particularly concerning 

the origin of 'new' lines 73 at deep H insertion levels, is also a matter which is not well 

understood. Thus in view of the uncertainty mentioned, the conclusions in particular 

reached by Giovanoli2 that insertion of H into y-Mn02 leads to a-MnOOH and £-Mn02 

leads to y-MnOOH deserves re-examination, especially for EMD and CMD. The 'a

MnOOH' produced, however, was meant to bear the same relation to a-MnOOH and 

y-MnOOH that y-Mn02 bears to ramsdellite and ~-Mn02' The term O-MnOOH is 

preferred in this work (see the footnote on page 13). 

I.S Aim of work. 

The aim of this work was to gain an insight into the crystal structure of the 

initial and H inserted fonns of synthetic battery active manganese dioxide primarily by 

examining the structural changes undergone when H is inserted in a solid state reaction. 

This has been attempted by studying a range of materials possessing differing 

'crystallinities' forming a series similar to that reported by Preisler-'l. A secondary aim 

was to study a property of the H inserted derivatives which may reasonably be expected 

to be connected with their structure, and thus attempt to correlate any detennined 

structural differences with the property referred to. In this case the stability of the H 

inserted fonns in concentrated KOH was considered a suitable candidate. This topic has 

additional interest in that, though not generally recognised as such, it may be of 

importance both in attempts to understand the lower than expected performance of 

alkaline manganese batteries on extended intermittent discharge regimes and also for 

endeavours to produce fully rechargeable alkaline manganese cells. 
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2 The Structure of Synthetic Battery Active 

Manganese Dioxide. 

2.1 Introduction 

This chapter is concerned with the crystal structure of commercially available 

synthetic battery active manganese dioxide. Such materials are widely used in the dry 

cell battery industry due to their superior discharge performance compared to natural 

materials42. The x-ray diffraction pattern is typified by that shown in figure 2-1 which 

is ofIBA (International Battery Association) common sample no.19. There are five main 

peaks in this pattern labelled A,B,C,D,E (peak Xl is a ~-Mn02 impurity and X2 is due 

to the aluminum sample holder. cf. section 2.3.1). The broad reflection at about t 22°29 

is characteristic and diagnostic of this type of material. It should be pointed out that 

although peaks A to E are prominent other reflections are present. If the scale in the 

region 70 - 140 °29 is expanded these become apparent as shown in figure 2-1 (b). In 

structure analysis no piece of information should be left out, however these reflections 

add little new information because they appear to be mostly weak higher orders of the 

peaks observed in the lower region of °29 and therefore will not be considered further. 

In order to introduce the subject of the crystal structure of Mn02 a simple model 

shall be described which, although failing to describe the actual material, serves as a 

good starting point for the discussion to follow. The simplest description of the structure 

of Mn02 must be that of a close packed 0 2- lattice with Mn4+ ions occupying 50% of 

the octahedral sites. It is assumed that the ionic radii23 of Mn4+ would not permit it to 

occupy the other type of site available23 (tetrahedral sites). This description is very 

similar to the model proposed by de Wolff et al.43 for £-Mn02. The generalisation of 

the above simple view of the manganese dioxides (not containing any foreign cations) 

is that of an approximately h.c.p. framework of oxygen ions interspersed in a regular or 

statistical manner with half the number of manganese ions. 

As has been reviewed earlier (chap. 1) essentially three rival structures have been 

proposed to account for the x-ray diffraction pattern of EMD. Two of these were 

originally proposed by the authors for different materials than that of figure 2-1. In the 

t All 029 values refer to CuKa radiation unless otherwise stated. 
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X-ray diffraction pattern of IBA no.19. (a) main diffraction peaks A. B. 
C, D, E, F (15-70°29, CuKa) (b) weak peaks (70-140°29). Xl and X2 
are due to impurities. 

absence of any other theory these have subsequently been applied by vanou!\ 

authors44,32.22 to materials with similar x-ray diffraction patterns to that of figure ~·l 

It is proposed here to attempt to resolve the conflict by examining each carefully in turn 

Because of it's conceptual simplicity the £-Mn02 model is considered first. The dc.

Wolff intergrowth model and will then subsequently be examined together with the a 

radical modification of it proposed by Pannetier et al. (see section 1.4). 

2.2 The e-Mn02 model. 

Figure 2-2 is a diagram indicating the relationship of a simple hexagonal unit 

cell. composed of oxygen ions, to one of the two possible octahedra with centres in the 

unit cell. There are thus two possible sites that a manganese atom could occupy as 

indicated in the diagram. An occupation of 0.5 manganese in each site would correspond 

to a completely random occupation of the available sites. For the description to 

correspond to the €-Mn02 model an important condition needs to be made clear. That 
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Figure 2-2 

(Mn4• occupy 50°'. of available 

octahedral sites) 

,-
'_I POSSible Mn positions; 

(1IJ, 2!J,314) or (1IJ, 2f3, 1/4) 

o oxygen positions (HCP) 

Simple hexagonal structure of £-Mn02 showing possible positions of 
manganese atoms and relation to [Mn06J octahedra. 

is that the occupation of the octahedral sites is 'pseudo-random' because ' face 

sharing' of Mn4+ in two adjacent octahedra is disallowed (because the "Mn-Mn distance 

would be improbably small"t). Face sharing corresponds to the two octahedra in figure 

2-2 their centres being the possible manganese sites. 

Randomness is assumed to exist in a 'layer', that is perpendicular to the ct hex 

direction, in the simple hexagonal cell defmed by the close packed 0 2- framework 

(figure 2-2). No face sharing implies a separation of chex in the direction perpendicular 

to a layer for any two manganese atoms. If one imagines filling a h.c.p. oxygen 

framework with Mn layer by layer then once the initial distribution has been (randomly) 

chosen the distribution of Mn in subsequent layers is completely determined. 

In order to elucidate the validity of the £-Mn02 model for EMD some simple 

considerations are worth discussing. If the structure is hexagonal the d (or interplanar) 

spacings are given by equation (2.1) and the ideal ratio of the a and c axis by equation 

(2.2). 

(2.1) 

t Quoted from a translation of the original paper (ref.43). 

:I: The subscript hex is introduced to distinguish hexagonal axis. 
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where d = interplanar spacing (A) 

h,k,l = Miller indices 

a,c = hexagonal axis (A) 

1 

>(~r1.633 (2.2) 

If the ionic radius45 of 0 2-=1.40 (A) then ahex=2.80(A) and from above chex=4.572(A). 

In order to discover which of these reflections are present for £-Mn02 the effect of 

adding manganese to the h.c.p. 0 2- framework must be considered. This is partly 

achievable by the appropriate structure factor calculation. It is the structure factor (Fhkl) 

which determines whether a given line appears even if the Bragg condition is satisfied. 

Fhkl can be calculated from equation (2.3). 

N 

Fhkl= L fn exp(2ni(hun +kvn +lwn)) 
n=l 

~,vn,wn = fractional coordinates of element n 

fn = atomic scattering factor of element n 

(2.3) 

Equation (2.3) is basically a summation of harmonic waves emanating from each atom 

in the unit cell for a particular direction or (hkl) satisfying the Bragg condition. It should 

be noted that the atomic scattering factors (fn) depend both on 29 (the scattering angle) 

and the incident x-ray wavelength. At 29=0 fn is defined such that it equals the atomic 

number of the element concerned. 

The structure factor for a random model (i.e. with 0.5 Mn in each site of figure 

2-2), is designated FR' It should be noted that FR does not reflect the 'pseudo 

randomness' of the £-Mn02 model as discussed above. Ultimately the test as to the 

validity of this calculation is whether it can reproduce the observed line intensities. The 

approximate relative intensities expected for a real powder pattern were calculated with 

equation (2.4). 

p = multip licity factor 

29 = Bragg angle 

Fhkl = structure factor 
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The factor in brackets makes the calculation applicable to the particular geometry of a 

diffractometer (employing a flat powder sample). The above expression does not include 

the so called 'temperature factor'. Following Cullity46 (p.132) the calculation was 

perfonned for the random model and a hypothetical close packed 0 2- lattice. The results 

are given in tables 2.1 and 2.2. The calculated intensities are actually the relative 

'integrated intensities' (total reflected energy), and so to compare these with the actual 

pattern it is necessary to integrate the counts under the peaks rather than use peak 

heights since in this case the relative peak heights are different from the relative peak 

areas due to the differing broadnesses of peaks A,B,C,D,E,F (see figure 2-1). For 

reference the values of the peak and background values used are contained in table 2.3. 

It should be noted that although a close packed 0 2- arrangement has no physical 

reality it would give the general appearance of any h.c.p. structure with an ionic (or 

otherwise) radius of about 1.40 (A). The calculated relative integrated intensities are 

Table 2.1 Calculated 'random' €-Mn02 model powder x-ray diffraction pattern, 
using equation (2.4), with ahex=2. 774 and chex=4·406· 

1 

°2e 1/11 No h k I F~ d P R 
(A) 

1 0 0 1 0 20.16 4.406 2 0 
2 1 0 0 158.9 37.43 2.402 6 44.5 

3 0 0 2 54.6 40.96 2.203 2 4.3 

4 1 0 1 71.1 42.88 2.109 12 31.2 

5 1 0 2 363.2 56.69 1.624 12 100 

6 1 1 0 410.7 67.53 1.387 6 43.7 

7 1 0 3 22 75.93 1.253 12 4 

8 2 0 0 100.6 79.85 1.201 6 8.7 

9 1 1 2 53.8 82.11 1.174 12 9 

10 2 0 1 18.9 83.4 1.159 12 3.1 

11 0 0 4 274.8 88.84 1.102 2 7.2 

12 2 0 2 186.3 93.94 1.055 12 27.9 

13 1 0 4 76.6 100.69 1.001 12 11.1 

14 2 0 3 11.8 112.01 0.93 12 1.7 

15 2 1 0 65.4 116.21 0.908 12 9.4 

16 2 1 1 11 120.18 0.889 24 3.2 

17 1 1 4 176.8 126.68 0.863 12 27 

18 1 0 5 9.6 137.43 0.827 12 1.7 

19 2 1 2 123.9 133.36 0.839 24 40.5 

20 2 0 4 53.6 143.46 0.812 12 10.4 

21 3 0 0 154.5 148.6 0.801 6 16.8 
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Table 2.2 Calculated powder x-ray diffraction pattern for a hypothetical h.c.p. 0 2-
structure with ~ex=2. 774 and chex=4.406. 

') 

No h k I F02_ °28 d P III! 
(A) 

1 0 0 1 0 20.16 4.406 2 0 
2 I 0 0 28.7 37.43 2.402 6 25.7 
3 0 0 2 101.7 40.96 2.203 2 25.8 
4 1 0 1 71.2 42.88 2.109 12 100 
5 1 0 2 13.8 56.69 1.624 12 12.1 
6 1 1 0 39.3 67.53 1.387 6 13.4 
7 1 0 3 22.1 75.93 1.253 12 12.9 
8 2 0 0 6.8 79.85 1.201 6 1.9 
9 1 1 2 25.9 82.11 1.174 12 13.9 
10 2 0 1 18.9 83.4 1.159 12 10 
11 0 0 4 22.6 88.84 1.102 2 1.9 
12 2 0 2 5.1 93.94 1.055 12 2.4 
13 1 0 4 4.4 100.69 1.001 12 2 
14 2 0 3 11.8 112.01 0.93 12 5.4 
15 2 1 0 3.8 116.21 0.908 12 1.7 
16 2 1 1 11 120.18 0.889 24 10.3 
17 1 1 4 13.9 126.68 0.863 12 6.8 
18 1 0 5 9.6 137.43 0.827 12 5.3 
19 2 1 2 3.3 133.36 0.839 24 3.5 
20 2 0 4 3.1 143.46 0.812 12 1.9 
21 3 0 0 11.9 148.6 0.801 6 4.1 

compared diagrammatically with the actual measured values from IBA no.19 in figure 

2-3. 

Table 2.3 Peak and background boundaries for integrated areas of IDA no.19. 

No Label Peak low backgr High backgr 
(°28) (°28) (°28) 

1 Peak E 17.57-28.08 16.57 -17.57 29.38-30.38 

2 PeakD 35.61-40.02 35.61-35.61 40.02-40.02 

3 Peak F 40.02-41.41 40.02-40.02 41.41-41.41 

4 Peak C 41.70-44.00 41.40-41.70 44.00-44.30 

5 Peak B 53.7-60.00 52.70-53.70 60.00-61.00 

6 Peak A 66.00-70.05 65.00-66.00 69.05-70.05 

22 



tl!!l!!.1!! 
(10-1 ) 

a8.8 (a) 

~8.1!! 

(10-0)(00-2) 

28.1!! (10-2) (11-0) 

~ I I 
28. I!! 31!!.1!! 4ELfI S8.8 GI!!.I!! 78 .8 

t1!!8.1!! 

(10-2) 

.... BI!!.I!! (b) 
4J 

w 
co 
<II 
4J 
co .- G8.1!! 
<II 
~ .... (10 -0) (11-0) .. --<II ~8.8 ... (10-1) .... 

28.8 

~ 
(00-2) 

I 
28.8 31!!.1!! 48.8 S8.fI G8.1!! 78. I!! 

t88.8 

E 

B 
(c ) 

B8.8 

G8.1!! 
D 

~1!!.8 

C 

A 

F - I I 

21!!.1!! 

21!!.1!! 38. I!! 4f1.8 S8.8 Ge.1!! 78.8 

("29 ) 

Figure 2-3 Effect of adding manganese to hypothetical h.c.p. 0 2
- structure on calculated 

intensities and comparison with those measured from IBA no.19. (a) Calculated relative 
intensities of hypothetical h.c.p. 02-structure, (b) 'random' E-Mn02 model (Mn atoms 
randomly occupy 50% of available octahedra), (c) measured rnA no.19 integrated 
relative intensities. Hexagonal indices are indicated in (a) and (b) and position of the 
forbidden (00'1) reflection is marked by an arrow. The peak labels in (c) are as given 

in figure 2-1. 
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For the calculated intensities in figure 2-3 the lattice parameters ::I. c were 
Ilex' hex 

re-evaluated to produce a better match to the observed line positions. This was achieved 

by combining the Bragg condition and the equation for plane spacing (equation (2.1» 

and equating the result to the observed sin2e values for the two most intense peaks (i.e. 

lines (10.0) and (10.2». Solving these two equations simultaneously produces 

ahex=2. 77 4(A) and chex=4·406(A). The effective 02- radius now becomes 1.387(A) and 

from equation (2.2) the axis ratio 1.588. This is below the value for a perfect h.c.p. 

arrangement. (see equation (2.2» but is comparable to the deviations from the ideal 

shown by metals having a h.c.p. structure47. 

The h.c.p. 0 2- calculation (figure 2-3 (a» is in considerable error compared to 

the observed intensities (figure 2-3 (c». The random model calculation reflects much 

better the observed intensities (figure 2-3 (b» apart from the complete absence of a line 

at approximately 22°2e. The d spacing of this broad line is approximately 4(A). There 

are incidentally no 'extra' lines due to the incorporation of Mn4+ in the h.c.p. 0 2-

structure. (i.e. FR and F02_ structure factors are zero at the same d spacing). 

To summarise, it has been shown the £-Mn02 model proposed by de Wolff et 

aJ. for fibrous EMD allows calculation by the classical structure factor method of the 

intensity and position expected for any line of EMD except the . 4(A) • peale The 

authors propose an explanation of this peak which occurs near (but obviously displaced) 

from the position of the forbidden (00'1) reflection (see table 2.1 and figure 2-3). Thus 

whether this model is correct appears to rest on the explanation for this diffraction 

maxima. 

2.3 The de Wolff intergrowth model of 'Y-MnOl' 

This model48 was originally proposed to account for the diffraction patterns of 

synthetic manganese dioxides showing a resemblance to the diffraction pattern of the 

rare mineral ramsdellite. Bystrom49 earlier had detennined the structure of ramsdellite 

and had also suggested that the differences between ramsdellite and 'Y-Mn02 were 

probably because 'Y-Mn02 was "an intennediate product between pyrolusite and 

ramsdellite" and later Bystrom and Bystrom50, directly anticipating de Wolff's 

intergrowth model state that. "The structure of 'Y-Mn02 has not been definitely 

established, but it seems that the structure is partly disordered, and possibly the 
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arrangement of the Mn ions changes from ramsdellite to pyrolusite at random. The cell 

dimensions of y-Mn02 indicate that the ramsdellite arrangement dominates." The 

differences between ramsdellite and Y-Mn02 ' later quantitatively stated and explained 

by de Wolfr
8 

(using the intergrowth model briefly described in section 1.1.4), were a 

broadening and shift of certain lines from the breadth and position of pure ramsdellite. 

The remaining • sharp' lines matched an orthorhombic lattice of similar dimensions to 

rarnsdellite. 

The question here is whether the model proposed by de Wolff could be applied 

to EMD. A cursory inspection of figure 2-1 compared with the diffraction pattern of de 

Wolff's y-Mn02 (see table 1 in reference 48) indicates no obvious relation apart from 

those lines associated with. the approximately h.c.p. 0 2- framework which appears 

common to nearly all forms of Mn02 (A.-Mn02 being the obvious exception with a c.c.p. 

0
2
- lattice). Only six lines (counting peak F) are present in EMD in the region 0-70 °2e 

compared to 15 in the specimen of y-Mn02 used by de Wolff. The situation is not lost 

however. 

2.3.1 The series y-MnOl to Yt-MnOl. 

De Wolffs model is a structural intergrowth between ramsdellite and 

pyrolusite t. The basis of the model is that both minerals contain well defmed structural 

units which can plausibly be introduced into one another without any major distonion, 

of either crystal lattice. A continuous series of intergrowth crystals therefore ought til 

exist from rarnsdellite to pyrolusite. Such a series indeed seems to exist, as is ShO\\l1 t"l~ 

heat treatment experiments57 on y-Mn02. For EMD, however, another series exi.'\t .. lhe 

end members of which are neither ramsdellite or pyrolusite. This series is known to C "1,t 

because of the variation of x-ray diffraction pattern with the conditions of deposition of 

the manganese dioxide. The usual process of EMD production is by anodic oxidat 1110 

of manganese ions from an acidic manganous sulphate bath at elevated temperaturc~ 1 

(90-95°C). Depending on the current density of deposition it is known that a range of 

manganese dioxides is produced51. At low current densities a 'high structured' EMD 

is formed while at higher current densities a 'lower structured' EMD is formed which 

has the typical six lines of commercial EMD (i.e. similar to that of figure 2-1). 

Intermediate current densities produce intermediate structured products. The author is 

t See however section 1.1.4 as to why such a statemen t should not be taken as definitive. 
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fortunate t to have materials representative of this phenomena produced by the 

Suspension Bath process51 (SBP). This process enables higher current densities to be 

used with titanium electrodes which would otherwise be sensitive to passivation. It 

consists of adding particles of Mn02 (or even lower oxides) in the form of a neutral 

suspension to the suspension bath. The results have been explained on the basis of 

absorbtion of these particles on the surface of the deposition electrode increasing its 

active surface and therefore lowering the effective current density of deposition. Figure 

2-4 shows four materials all produced under the same conditions except that different 

concentrations of suspended particles (expressed in mgrl) were introduced. Figure 2-4 

(a) has the highest concentration of suspended particles and thus was produced by the 

lowest effective current density of deposition. The powder x-ray diffraction pattern 

strongly resembles the mineral nsutite, and has many more lines than the material of 

figure 2-1. Figure 2-4( d) has the lowest concentration of suspended particles and 

therefore according to the theory the highest effective current density of deposition. Its 

pattern looks similar to that of figure 2-1 except for the stronger line at 28.4°29. As has 

been mentioned already this is believed to be a ~-Mn02 impurity produced by a 

chemical (rather than electrochemical) reaction in the deposition bath. The break up of 

peak A into two separate peaks is also observed as a difference between figures 2-1 and 

2-4. The x-ray diffraction pattern of EMD with no added particles is of course that of 

figure 2-1. 

To summarise, it appears that a continuous series of related x-ray diffraction 

patterns are produced from a pattern resembling the mineral nsutite at low current 

densities, to that of the conventional six peak pattern of commercial EMD formed at 

higher current densities. 

Giovanoli2 has considered that while ramsdellite and pyrolusite are the true end 

members of the 'Y-Mn02 group increasing crystalline disorder of 'Y-Mn02 leads to 

another series between 'Y-Mn02 and £-Mn02. This is the series exemplified in figure 

2-4. £-Mn02 is then a pseudo end-member of the 'Y-Mn02 group. It is however meant 

to be disorder of the crystal structure not just the results of small crystallites. As 

Giovanoli states "the disorder is such that the space group alters from the diaspore type 

to NiAs type." It shall become clear in the following discussion that this definition is 

not adequate and, for reasons which shall become clear, the terminology adopted here 

t Kindly donated by E.Preisler. 
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Figure 2-4 Effect on x-ray diffraction pattern of increasing effective current density of 
deposition for SBP-EMD. (a) 1000, (b) 500, (c) 200, (d) 100 (mgr1) all at 120 (Am-2) 

· geometrical' current density. 
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is of a structural series extending from Y-Mn02 to y
t
-Mn0

2
. 

In this study five materials were chosen which represent the range of structures 

found in the commercially available synthetic manganese dioxides for primary 

batteries
52

. It is of interest to see whether these materials are members of the series 

y-Mn02 to YCMn02' Figure 2-5 displays the x-ray diffraction patterns of these 

materials. Two are CMDs (Chemical Manganese Dioxide) (b) and (d) and two are 

EMDs (a) and (c) (the fifth material is the SBP-EMD of figure 2-4 (a), labelled SBPA). 

From the appearance of these patterns it is clear that (a),(b) and (c) fit into the above 

mentioned series while (d) is distinctly different. The pattern of (d), however, can be 

reproduced exactly by heat treatment of (c) for one day at 300°C in arr53. Faradiser 

M therefore does not represent an unknown structure of Mn02 provided an explanation 

for (c) can be found. 

For the moment the following question shall be addressed: given that EMD 

deposited at low effective current density of deposition possesses more x-ray diffraction 

lines, or is more • structured " does it in fact fit the intergrowth model proposed by de 

Wolff? 

2.3.2 Does SBP-EMD fit the intergrowth model of de Wolff? 

Firstly a short description of the model shall be given with the aid of figure 2-6 

(a reproduction of fig.2 from the original paper48). Figure 2-6 (a) which is a projection 

on the (001) plane shows a simplified ramsdellite structure together with a pyrolusite 

layer type (cf. figure 1-3). The double chains of Mn02 octahedra extend in the c 

direction and share opposite edges with their neighbours. Between chains only the 

comers of the octahedra are shared. Similarly single chains of Mn02 octahedra 

distinguish pyrolusite. The diagram is simplified because the oxygen frameworks of 

pyrolusite and ramsdellite are not strictly the same (compare figure 1-1 (a) and figure 

1-2 (a)), nor are they perfect octahedra as shown in the figure. Perfect octahedra are 

formed if the oxygen (or strictly speaking the 0 2-) framework is h.c.p. (or just 

hexagonal). 

The introduction of the pyrolusite type layer can be described as a local 

shortening of the b axis. Figure 2-6 (b) indicates that a transverse component is also 

introduced. This description works only if single layers occur in isolation and so the 

model (in this version) is valid only for small pyrolusite type layer concentrations. If p 
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is the probability of a pyrolusite type layer, p= 1 for pyrolusite and p=O for ramsdellite. 

The model is thus reduced to a succession of two kinds of infmite layers having at the 

boundary a layer phase shift caused by the local shortening of the b axis. (There is also 

the question of the layer fonn factor but this is neglected in this simplified model which 

deals with the effect on the positions of lines rather than their intensities.) 

The effect on the diffraction conditions is clearly indicated in figure 2-6 (c). This 

ramsdellite layen or double chains 
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Figure 2-6 (reproduced from de Wolff8 ) (a) Schematic draw~g of part of the propo~ed 
random layer model for 'Y-Mn02' viewed along c. (b) Same, vIewed along a. ~c) S~ctlon 
h = constant of the reciprocal lattice of this model. Lines with k = odd are shifted m the 
direction of the arrows. 
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diagram is of a section of the reciprocal lattice and can be constructed from the section 

of the 'real' lattice of figure 2-6 (b). Recalling the defmition of the reciprocal 

lattice54 "The point hkl in the reciprocal lattice representing the plane (hkl) in the real 

lattice lies on the normal from the origin to the plane, and at a distance p from the 

origin, where 

(2.5) 

, and k is a constant, ... " . Here ~ has been chosen such as to produce a convenient size 

for the diagram. Also ~ for the two perpendicular directions in reciprocal space are not 

equal in order to exaggerate the displacement of the reciprocal lattice points (in fact 

b * =2.25/b and c * = 1. 25/c). In the diagram the reciprocal lattice for ramsdellite (a*,b * ,c *) 

and the 100% fault lattice (a*,b*',c*) are drawn in the same space. In general a 

reciprocal lattice point is shifted in the direction of the k axis towards its neighbouring 

point in the reciprocal fault lattice and the corresponding peak is shifted and broadened. 

Certain points coincide with fault lattice points and are therefore not shifted nor 

broadened. The precise conditions have been found by de Wolff to be the following. 

Those points with (~k+l) even in the reciprocal ramsdellite lattice are neither shifted nor 

broadened. Those with k odd are shifted by a constant amount in reciprocal space. The 

sign of the shift is given by the arrow in figure 2-6 (c) and results in either a higher or 

lower d spacing compared to the perfect ramsdellite lattice. 

Returning now to the question posed at the beginning of this section a table 

similar to table 1 in de Wolffs paper was constructed for the sample labelled SBPA, 

table 2.4. The indices have been assigned to SBPA using de Wolff's table. Unambiguous 

indices for the 'sharp' lines are marked with a hash. These were used to calculate the 

lattice parameters a,b,c of an orthorhombic lattice similar to ramsdellite. This is achieved 

as follows: recalling that 

1 h2 k 2 12 (2.6) 
-=-+-+-
d2 a2 b2 c2 

is the equation for the d spacing of an orthorhombic unit cell, in order to fmd a,b and 

c a linear regression analysis can be performed. This is in preference to solving the 

equations simultaneously as in section 2.2 which may be unduly biased if one d spacing 

happens to have a large error. The independent variables are h2
, ~, and 12 and the 

dependent is l/d2. The regression analysis was performed using a spreadsheet software 
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package and provides t l/a2
, 1/b2 and l/c2 which can be solved to obtain a.b and c. The 

results are a=4.427, b=9.32 and c=2.846. In this case it is convenient to represent d 

spacings by q= 1 04/d2 in which case from eqn.2.6 

(2.7) 

If 'lo represents the observed d spacing then qo - 'Ie is the shift from the orthorhombic 

lattice. The theoretical shift (Aq) now has to be worked out. This is computed from the 

constant shift in reciprocal space r&* where rf is the fraction of the b* axis. Recalling 

that 

and from equation 2.6 

Table 2.4 Observed d and q=104/d2 for pattern SBPA; calculated q=CIc for indices 
hkl; observed 'lo -'Ie and calculated Aq shifts; hkl related to ramsdellite 
indices hkl. 

No d qo h k I 'lo-'Ie Aq 
b*/8 

1 3.956 639 623 1 1 0 16 31 
2 2.606 1472 1544 1 3 0 -72 -85 
3 2.421 1706 1695 0 2 1# 11 0 
4 2.338 1830 1858 1 1 1 -28 -27 
5 2.218 2033 2032 2 0 0 1 0 
6 2.127 2211 2203 1 2 1# 8 0 
7 2.064 2348 2349 1 4 0# -1 0 
8 1.861 2887 2778 1 3 1 109 88 
9 1.635 3739 3727 2 2 1# 12 0 

10 1.610 3859 3873 2 4 0# -14 0 
11 1.491 4501 4619 1 5 1 -118 -142 
12 1.424 4929 4938 0 0 2# -9 0 
13 1.363 5380 5377 0 6 1# 3 0 
14 1.337 5590 5561 1 1 2 29 31 
15 1.303 5888 5885 1 6 1 3 0 
16 1.303 5888 5907 1 2 2 -19 0 
17 1.251 6391 6482 1 3 2 -91 -85 
18 1.214 6781 6779 0 4 2 2 0 
19 1.198 6966 6970 2 0 2 -4 0 
20 1.164 7375 7409 2 6 1 -34 0 

21 1.065 8818 8811 2 4 2 7 0 

t This method is directly analogous to the two dimensional problem of finding the best straight line 
through a set of points by the method of least squares. 
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where 

q' 0 = 1041d2 = 104(h2/a2 + b/2 + l2/c2) 

I~* I = k I b* I ± rf I b* I 

then Llq = qo' - qc as before. Regarding rf as an adjustable parameter it was found that 

a shift of b * /8 (see appendix A) gives an approximate fit to the observed ~ - 'Ie (see 

table 2.4). Appendix A contains a method for finding rf based on optimisation of a 

function which reflects the closeness of the observed to the calculated shifts. Note the 

considerable error for those values which theory predicts to be zero. The worst is -34 

for peak 20. This however occurs high up in the °29 range (88°29 in CuKa radiation) 

where the peaks are very weak and overlapped and the assigned indices in doubt. The 

weakness of the peaks could be due to additional crystallite broadening compared to de 

Wolff's material. 

The shift fraction is less than de Wolff's (b*/8 compared to b *n). From de Wolff 

the shift fraction in reciprocal space is related to the pyrolusite concentration by 

equation 2.8. 

(2.8) 

which implies with rr1n that p=O.25 and with rrl/8 p=O.23. It is better to compute 

a p fraction for each instance of a diffraction pattern measured rather than to average 

the d spacings of a number of patterns and then determine p. This is because p depends 

on relative line shifts and thus to a good approximation, its detennination is unaffected 

by specimen height displacement (the main source of error in diffractometer line 

position measurements, see chapter 3, section 3.5). An average p=O.20±0.OO5 has been 

determined from four measures of the diffraction pattern for sample SBP A (see appendix 

A). 

The answer to the question posed at the beginning of this section 2.3.2 is that 

SBPA does fit the de Wolff model for "(-Mn02. A shift in reciprocal space 

corresponding to p=0.20 accounts for the broadened peaks. Only one peak is missing 

from those listed by de Wolff down to d=1.06(A). Other peaks beyond this exist and 

could be used to check further the above statement. 

This conclusion accords with recent important work on the same subject44
. These 

authors used single crystal electron diffraction to confmn 'directly' the rarnsdellite 

pyrolusite intergrowth model for various samples of EMD & CMD. This conclusion 

reversed some of their earlier structure determinations55 using the same technique 

which favoured a hexagonal structure. Their statements in general need to be qualified 
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and one in particular rejected. 

The two laboratory made EMDs, EMD I and EMD2, on which single crystal 

electron diffraction patterns were observed, were both deposited in conditions which " 

correspond to those reported for the deposition of "£-Mn02" ". The most notable 

difference is the use of a chloride bath, which is known to produce fibrous56 EMD. The 

number of lines for these two EMDs is reported as 11 in the case of EMDI (deposited 

at higher current density than EMD2) and 18 in the case of EMD2. It is not known over 

what range of °2e (CuKa radiation) that this information refers to. It seems clear, 

however, that these materials must correspond to the low effective current density region 

of the series indicated in figure 2-4. The fraction of pyrolusite domains p=0.10 - 0.18 

for EMD2 corresponds to a (0.04 - 0.09)b * shift in reciprocal space. In the case of 

EMDl, however, the shift in reciprocal space ofb*/3 does not correspond to p=O.5 (via 

equation (2.8» as stated. This is because the model does not apply in this region. In 

order for the model to apply there must be a prevailing lattice (either ramsdellite or 

pyrolusite) where faults, in the form of b', can be introduced. In the case of equal 

fractions of pyrolusite and ramsdellite domains it is clear that this description no longer 

applies. There is no longer two kinds of translations but many others. For example a 

translation corresponding to a succession of two or more pyrolusite type layers. All these 

possibilities would need to be considered. In the case of low p, however, one can 

assume that isolated layers of pyrolusite occur and the description in terms of randomly 

alternating b and b' translations is valid. De Wolff attempts to illustrate this point by 

considering the consequences of the model for pyrolusite concentrations approaching 

p=O.5. " ..... the simplified model is indeed only an approximation. If it were exact, larger 

pyrolusite concentrations than that of pattern D (p=O.25) would yield patterns converging 

to that of an ab'c-Iattice (for which p=O.5), with the shifted lines gradually sharpening 

to normal powder lines." In other words it is imagined that because of the large 

frequency of pyrolusite type layers, on average, only one type of lattice exists (namely 

the ab'c-Iattice) and all the powder lines are normal i.e. sharp. 

Because of the above, the fmdings of Strobel et al. can be questioned. EMDI is 

not fully compatible with the de Wolff model as stated. Similarly it follows that neither 

is ICS2, an rnA common sample with an x-ray diffraction pattern similar to figure 2-1, 

or CMD9 a home made CMD. The results for EMD2 remain valid however. 

The restriction that the simplified model introduced by de Wolff did not apply 
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at higher p concentrations was removed in a following paper with Laudy57. In the 

authors opinion this paper has been overlooked to a substantial extent especially 

considering its wider application compared to the original paper. In order to distinguish 

the models the following abbreviations shall be used. SdWIM == Simplified de Wolff 

Intergrowth Model; GdWIM == Generalised de Wolff Intergrowth ModeL 

2.3.3 The Generalised de WoltT Intergrowth Model (GdWIM). 

In this section the GdWIM shall be briefly described. It succeeds in removing 

the restriction of the SdWIM model to low values of p only. This means that the 

restriction that a pyrolusite type layer must follow a ramsdellite type layer (or vice 

versa) is removed. The succession of the two types of layers is random (but with 

important built in restrictions, see section 2.4.3). 

The GdWIM is described fully in the paper but it is important for the following 

sections to state again the approximations it requires. A formula for the scattered 

intensity I for an infInite random succession of the two types of layers ramsdellite and 

pyrolusite described by the single parameter p (fraction of pyrolusite type layers) was 

sought. The approximations are as follows: 

a) The diaspore structure 0 2- framework in ramsdellite and the (very nearly, see section 

1.1.1) p.t.p. 0 2- lattice in pyrolusite do not fit ideally in a possible layer intergrowth of 

the two. This also applies to the metal ions. Such differences are neglected and the 

coordinates in each layer are imagined to be uninfluenced by surrounding layers. 

b) the sequence of pyrolusite (P) and ramsdellite layers (R) is random. 

c) The contribution of the 0 2- lattice is neglected. 

d) The fractional coordinate x of a Mn atom in the ramsdellite layer is set to zero. 

x=O.022 (with respect to the ramsdellite unit cell) in the mineral, note that x necessarily 

would be zero if the oxygens were h.c.p. (see figure 1-2). 

The fonnula found by Laudy and de Wolf"f7 describes all the main features of 

their ,,(-Mn02' This material strongly resembles, in its x-ray diffraction pattern, figure 

2-4 (a) that of SBPA which has been shown to fit the SdWIM. p=O.30 in their case 

compared with an average p=O.20±O.005 for SBPA. Increasing p in the GdWIM 

produces changes in the calculated pattern which are qualitatively similar to the effects 

of heat treating the actual materialS7. p= 1 corresponds to pyrolusite, which was also the 

fmal product obtained by heat treatment (the temperature was 490°C for the fmal 
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product, beyond this transformation into Mn20 3 occured) though the pattern obtained 

was observed to be still somewhat broadened compared to mineral samples. 

It is clear that the GdWIM accounts for the series y-Mn02 to ~-Mn02 when the 

y-Mn02 is described by the SdWIM. The next question that presents itself is whether 

any modification of the GdWIM could account for the series y-Mn02 to Yt-Mn02 as 

described in section 2.3.1. 

2.4 Extending the GdWIM. 

An extension of the of the GdWIM is proposed here which could plausibly 

explain the series y-Mn02 to YCMn02' It is based on the findings of Turner and 

Buse128 who used high-resolution microscopy (HRTEM) to examine specimens of 

nsutite. 

Orientated grains of nsutite were imaged and found to consist mainly of a 

random layer structure with layer dimensions consistent with that of a ramsdellite 

pyrolusite intergrowth structure. A few grains, however, contained layers with 

dimensions consistent with three [Mn061 octahedra forming chains in the c direction as 

before. The structure consisting solely of layers of triple octahedra has not been 

discovered and thus has no analogue to ramsdellite or pyrolusite layers. The effect of 

this defect in such small concentrations on the x-ray diffraction pattern of nsutite must 

be small since nsutite is adequately described by the GdWIM, but it seems at least 

possible that an increasing concentration of this hitherto unknown defect may be 

responsible for the diffraction patterns y-Mn02 to YCMn02' Introduction of another 

layer would further disrupt the phase relations between neighbouring layers leading in 

general to further broadening and extinction of x-ray peaks. 

2.4.1 Predicting the effects on the x-ray diffraction pattern of triple octahedral 

layers. 

An exactly similar treatment to that originally proposed in the SdWIM (section 

2.3.2) can be applied to the extension of the GdWIM for the case of defects of triple 

octahedral layers. In other words if q is the probability of a triple octahedral layer then 

the diffraction effects for the case of low q concentration in an otherwise perfect 

ramsdellite matrix can be demonstrated by consideration of the ramsdellite reciprocal 

36 



lattice and the 100% faulted lattice (a*,b*",c*). In this case b" is now a local 

lengthening of the b axis to 5/4 of its nonnal length. The transverse component in this 

case is 

(2.9) 

Sharp reflections are predicted for b/4 +1/4 = 0,1,2,3,4 ... or k/2 + 1/2 even which can be 

deduced from drawing the reciprocal lattice for ramsdellite and the completely faulted 

lattice on one another as in figure 2(c) (figure 2-6, this work) of de Wolffs paper. 

Further detailed consideration of this proposal is unnecessary as from the above it is 

predicted that lines (140) and (240) remain sharp and unshifted with increasing 

concentration of q or p (since they are the only lines in the y-Mn02 pattern with both 

k/2+1 and k/2+1/2 even). This however is at odds with the observed diffractograms which 

indicate either a shift or a shift and broadening of both lines (see figure 2-12) when 

traversing the Y-YCMn02 series. 

Although there is no experimental evidence to justify introducing larger layers 

in the b direction of four times (or greater) a pyrolusite type layer it appears worth 

pursuing this notion given that triple octahedral layers do at least broaden and shift the 

remaining lines of y-Mn02 including the remaining sharp lines. The suggestion that the 

YcMn02 may contain layers of greater dimensions has been made by Burns59. 

Consideration of the resulting diffraction effects of many simultaneous defects 

in the way contemplated for pyrolusite layers or triple octahedral layers (i.e. by means 

of the reciprocal space lattice) would become increasingly complex and impracticable. 

A better approach is to calculate directly the diffraction pattern resulting from a random 

sequence of layers of unlimited variety of width concentration and layer form factor. 

The layer form factor is an entity introduced to enable such a description to be 

meaningful. It represents the scattering power of a layer and is analogous to the atomic 

form factor for an atom (as used in equation (2.3)). Layer form factors are calculable 

by summing up the contribution of atoms in a layer repeating unit. The problem of 

calculating the diffracted intensity from a random layer crystal thus reduces to summing 

up the layer form factors characteristic of each layer taking into account their phases 

which in this case bear a constant relation to adjacent layers. 

If the radiation scattered from a mixture of r kinds of layers in a crystal of n 

layers is considered then the scattering from the kth layer may be represented as y<r)e ik8 
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where V(r) is the scattering vector of the rth layer the magnitude of which is equal to the 

layer form factor. e
ikS 

contains the phase shift between layers and is nonnally 

detennined by the magnitude of the vector connecting neighbouring layers. An equation 

for the case outlined (and other variations) was found by Hendricks and Teller60. The 

GdWIM represents one particular case of these more general equations. Originally the 

author attempted a similar treatment by adapting the H&T (Hendricks and Teller) 

equations to the hypothetical Mn02 crystal containing random layers of integral widths 

of [Mn061 octahedra. A more convenient and flexible method however has recently been 

discovered. A short digression on this method is presented in the next section. 

2.4.2 Computation of the diffraction pattern of 'Y-Mn02' 

In this section a method for computing the diffraction pattern of 'Y-Mn02' which 

as before, is best represented by the pattern of SBPA (figure 2-4(a» is presented. It 

relies on a program which has become available to calculate the diffraction patterns of 

random layer crystals. The program makes use of the algorithm described in a paper by 

Treacy Newsam and Deem61 titled "A General Recursion Method for Calculating 

Diffracted Intensities From Crystals Containing Planar Faults". The FORTRAN version 

obtainedt here was successfully run on a Vax mainframe computert. Great care is 

required when specifying input for this program (see appendix B). 

Consider figure 2-7(a) which is analogous to figure 2-6(a). Here the 'Y-Mn02 

crystal is imagined to be composed of four types of layers designated R and R' 

(ramsdellite type layers) and P and P' (pyrolusite type layers). The oxygen lattice in this 

case is imagined to be ideally h.c.p. The projection is on (001) as in figure 2-6(a). 

Figure 2-7(a) represents a possible sequence of the four types of layers consistent with 

the GdWIM described in section 2.3.3. The reduction of this description to a model 

containing only two types of layers is possible because of condition (c) in the GdWIM, 

which states that the contribution of the oxygen lattice is ignored. This means that the 

layers RR' and PP' are related by unit cell translations and thus are equivalent. 

The case of an RR' translation is illustrated in figure 2-7(c). If the origin of an 

R layer is considered to be on a Mn atom then the translation (indicated by the dotted 

t I am grateful to Dr J.Pannetier for bringing this program to my attention. 

t Located at Middlesex University Computing Centre. 
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Figure 2-7 (a) projection on (001) of idealised ramsdellite pyrolusite intergrowth 
structure showing possible sequence of RR 'PP' layers. (b) atoms considered for layer 
fonn factors (c) representation of why R and R' are not related by a translation unless 
oxygens atoms are neglected. Open and filled circles indicate z-levels of 0 and ~ 
respectively. 
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line) connects this atom with the origin of an R' layer. Applying the same translation 

to an oxygen atom in the R' layer however does not translate to an equivalent oxygen 

atom in the R' layer (as indicated again by the dotted line). Thus R and R' are not 

connected by a translation unless the oxygen framework is ignored. Obviously neglect 

of the oxygen framework in the GdWIM meant that the greatest error in the computed 

patterns occurred for those lines heavily contributed by oxygen. Since it appears that the 

related lines are prominent in EMD this approximation is no longer appropriate for 

testing modifications to the model and therefore the oxygen lattice must be included. 

2.4.3 Including the oxygen framework. 

The crystal now needs to be considered as a random sequence of the four layers 

RR 'PP'. In this notation RR 'RR ' ..... represents ramsdellite and PP'PP· ..... pyrolusite. The 

sequence of layers is arbitrary apart from the following conditions on the next layer. 

If R then R' or P ; If R' then R or P' 

If P then P' or P'; If P' then P'or R' 

Combinations such as RR are disallowed. One can see why this is by examining figure 

2-7(b). This indicates the atoms chosen to represent layers RR'PP' which are the atoms 

required to calculate the layer form factors. It should be noted that the composition of 

a R or R' layer is Mn20 4 and that of a P or P' layer Mn02 since for example atoms at 

the comers of the layer repeating units are shared by four such units. Extending any of 

these repeating units in the a and c direction produces the corresponding layer. 

Combination of these layers in the b direction then produces the entire crystal. However 

the combination such as RR will not correspond to the ramsdellite pyrolusite intergrowth 

model. Similarly RP' for example would be disallowed whereas RP is allowed. It might 

be thought that PR is also disallowed since adjacent manganese across the layer 

boundary are not at the same level of c and thus corresponding octahedra would not 

share comers as is required by the model. This however is dealt with in the connections 

between layers which specify a translation vector between the origins of the given 

layers. Thus the translation vector joining PR has a component in the c direction of -!hc, 

which in effect converts a 'black atom' into a 'white atom' (and vice versa) in figure 

2-7(b). 

The computed pattern with the orthorhombic lattice parameters and p value 

determined in section 2.3.2 for sample SBPA is presented in figure 2-8. It should be 
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Figure 2-8 Comparison of calculated (according to the GdWIM) and observed "(-Mn02 
x-ray diffraction patterns with p=O.20. Orthorhombic indices are indicated. (h1d) marks 
the unshifted · sharp' lines and (hkl) marks lines related to (hkl) but broadened and 
shifted. 

noted that adopting these lattice parameters means that the oxygen lattice is not perfectly 

h.c.p. as previously supposed. This is because the ratios of the orthorhombic lattice 

parameters are fixed by a h.c.p. oxygen lattice. The relationship between hexagonal and 

orthorhombic parameters is easily deduced to be 

ao = chex 

bo = 2--J3ahex 

Co = ahex 

which implies that bJco=2--J3 .. 3.464 whereas the actual ratio ofbJco for SBPA is 3.281. 

The background has been stripped from the pattern of figure 2-8(a) and the 

pattern displaced vertically relative to the calculated pattern in order to facilitate 

comparison. All the features of the actual pattern (excepting the weak maxima labelled 

Xl and X2 due to ~-Mn02 and the Al sample holder) contain peaks in the calculated 

pattern. However, the relative intensity, exact positions of the broad peaks and number 

of diffraction maxima are not precisely duplicated. In view of the approximations the 

model contains, however, the correspondence seems reasonable. 

The difference in relative intensity between observed and calculated patterns is 
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Table 2.5 Calculated ramsdellite pattern using Bystrom's fractional coords. and 
those derived from an h.c.p. 0 lattice plus effect on the calculation of 
replacing f02_ with f01 _' 

A B C D E F G H I J K L 
no. h k 1 29 d spac. p inl inl diff. inl diff. 

(°29) (A) Bystr. h.c.p. H-I fOl_ I-K 

1 1 0 0 19.991 4.4414 2 0 0 0 0 0 
2 1 1 0 22.165 4.0105 4 100 100 0 100 0 
3 1 2 0 27.726 3.2174 4 3.2 0 3.2 0 0 
4 1 3 0 35.216 2.5484 4 38.1 32 6.1 32 0 
5 0 2 1 36.949 2.4328 4 28.7 27.6 1.1 26.4 1.2 
6 1 0 1 37.488 2.399 4 0.5 0 0.5 0 0 
7 1 1 1 38.755 2.3235 8 28.7 49.2 -20.5 49.2 0 
8 0 4 0 38.578 2.3337 2 5.8 12.4 -6.6 11.9 0.5 
9 2 0 0 40.625 2.2207 2 5.7 3.8 1.9 3.3 0.5 

10 2 1 0 41.811 2.1604 4 0 0 0 0 0 
11 1 2 1 42.361 2.1336 8 16.5 18.5 -2 20.5 -2 
12 1 4 0 43.821 2.0659 4 2.7 8.1 -5.4 9 -0.9 
13 2 2 0 45.217 2.0053 4 1.3 0 1.3 0 0 
14 1 3 1 47.878 1.8999 8 17.3 26.4 -9.1 26.4 0 
15 2 3 0 50.489 1.8076 4 3.4 0 3.4 0 0 
16 0 4 1 50.543 1.8058 4 1.8 0 1.8 0 0 
17 2 1 1 53.196 1.7218 8 0.3 0 0.3 0 0 
18 1 5 0 53.219 1.7211 4 1.5 9.5 -8 9.5 0 
19 1 4 1 54.884 1.6728 8 0.4 0 0.4 0 0 
20 2 2 1 56.071 1.6401 8 31.6 49.7 -18.1 51.1 -1.4 
21 2 4 0 57.266 1.6087 4 17.3 23.1 -5.8 23.8 -0.7 
22 0 6 0 59.405 1.5558 2 0.7 0 0.7 0 0 
23 2 3 1 60.663 1.5265 8 3.6 0 3.6 0 0 
24 3 1 0 63.636 1.4622 4 1.5 5.3 -3.8 5.3 0 
25 1 6 0 63.339 1.4683 4 0.1 0 0.1 0 0 
26 1 5 1 63.097 1.4734 8 19.5 11 8.5 11 0 
27 3 2 0 66.224 1.4112 4 0.9 0 0.9 0 0 
28 2 5 0 65.292 1.429 4 0.7 0 0.7 0 0 
29 0 0 2 65.486 1.4253 2 8.7 10.3 -1.6 10.8 -0.5 
30 2 4 1 66.767 1.401 8 0.5 0 0.5 0 0 
31 0 2 2 68.878 1.3631 4 0.1 0 0.1 0 0 
32 0 6 1 68.735 1.3656 4 11.9 17.3 -5.4 18.2 -0.9 

33 3 3 0 70.431 1.3369 4 4 3.8 0.2 3.8 0 

34 1 1 2 70.061 1.343 8 6.8 7.8 -1 7.8 0 

35 3 0 1 71.853 1.3138 8 3.8 0 3.8 0 0 

36 3 1 1 72.674 1.301 8 10.2 6.9 3.3 6.9 0 

37 1 2 2 72.536 1.3032 8 0.3 0 0.3 0 0 

38 1 6 1 72.396 1.3053 8 0.2 0 0.2 0 0 

39 3 2 1 75.115 1.2647 8 0.1 1.7 -1.6 2 -0.3 

40 2 5 1 74.233 1.2775 8 0 0 0 0 0 

41 2 6 0 74.458 1.2742 4 0.8 0 0.8 0 0 

42 1 7 0 74.253 1.2772 4 4 3.2 0.8 3.2 0 

43 3 4 0 76.145 1.2501 4 0.3 0.8 -0.5 0.9 -0.1 

44 1 3 2 76.59 1.244 8 6.9 5.9 1 5.9 0 

45 3 3 1 79.124 1.2104 8 1.4 5.4 -4 5.4 0 

46 0 4 2 78.658 1.2164 4 2 3.4 -1.4 3.3 0.1 
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most likely due to the approximation of adopting fractional coordinates derived from a 

h.c.p. oxygen lattice. That this may be so is indicated in table 2.5 which shows the 

calculation of the relative integrated intensities (using the structure factor as in section 

2.2) of ramsdellite using the coordinates found by Bystrom49 and those determined from 

the idealised h.c.p. oxygen framework. The most striking differences are for peaks (111) 

and (221). Furthermore it is (111) and (221) (and (140) which appears as a shoulder on 

the (111) peak in the actual pattern but as a combined single peak in the calculated 

pattern) which are larger in the idealised ramsdellite case. Thus adoption of coordinates 

approaching that of ramsdellite would lower the intensities of (111) and (221) as 

required to produce a better match in figure 2-8. It should be noted that the oxygen 

lattice cannot have the same fractional coordinates as that of ramsdellite since this 

produces peaks which are otherwise absent in an intergrowth structure as shown in table 

2.5. It suggests rather that a small distortion from the h.c.p. could provide a way of 

optimising the calculation to produce a better match. Since typical commercial EMD 

displays apparent hexagonal symmetry (neglecting (110)) it may be advantageous not 

to carry out such an optimisation if modification of the de Wolff model is to explain this 

x-ray diffraction pattern and so further refmement was not pursued. 

Another possible source of error in the computed patterns was the adoption of 

the fonn factor for 0 1- rather than 0 2-. This is because the data DIFFaX draws upon62 

contains no values for 0 2-. That the error introduced is small (less than 1.5%) is 

demonstrated in table 2.5 columns K and L. It is interesting to note that many of the 

peaks are unaffected by this change indicating that they are heavily contributed by Mn 

(alternatively it provides an indication of those peaks dominated by oxygen). 

Table 2.5 explains the origin of the small peak at 53.2°2e in the calculated 

pattern which is now seen to be an enhanced (150) peak. The table also corroborates the 

implication of figure 2-12 that many peaks assigned single indices (following de Wolff) 

above sixty °2e are actually combinations of other small peaks. Finally it should be 

noted that (1 (0) has a calculated intensity of zero in both ramsdellite calculations and 

nevertheless appears in the calculated random intergrowth structure and in the actual 

x-ray diffraction pattern (although it is only just discernable in the actual pattern). 

Discrepancies in the positions of the broad lines are of course related to the 

correct detennination of the value of p for the structure which further refinement of p 

could reduce. The value of p detennined in section (2.3.2) was used to generate the 
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pattern in figure 2-8(b). 

Finally to conclude this section a visual demonstration of the fact that increasing 

p does not reproduce the structural series presented in figure 2-4 but rather the y-Mn02 

series is demonstrated in figure 2-9. This figure contains a sample of computed x-ray 

diffraction patterns from the infinite range (Le. from p=0.0 - p= 1.0) defmed as y-MnO". 

The lattice parameters used for ramsdellite (p=0.0) were those from Bystrom49 (see also 

JCPDS card 39-375) and those for pyrolusite (p=1.0) from JCPDS card 24-735 (which 

are incidentally the same as given for pyrolusite by Bystrom). The slight misfit (in terms 

of producing an intergrowth structure) between these two sets of data was handled by 

linearly interpolating the 'lattice parameters' of the intergrowth structure such that at 

p=O.O and p= 1.0 the values were consistent with the lattice parameters stated. Figure 

2-10 compares the computed end members with the JCPDS cards referred to. In the case 

ofp=O.O (figure 2-10 (a» small peaks which are not duplicated in the calculated pattern 

are apparent. As previously explained these absences and other discrepancies in the 

intensities are due to the adoption of 'h.c.p.' fractional ramsdellite coordinates. 

Intriguingly the adoption of 'h.c.p.· fractional coordinates in the calculated pattern with 

p=1.0 produces an almost perfect match with JCPDS card 24-735 (i.e. pyrolusite), figure 

2-10 (b). 

The most dramatic effect observed in the calculated y-Mn02 patterns (see figure 

2-9) is the rapid broadening and shift of the lowest 29 peak (i.e. (110), see figure 2-10) 

with increasing p. This is a consequence of the H-T effect (cf. section 4.3.2). Eventually 

this peak appears to emerge as the lowest 29 pyrolusite peak at p=1.0 in figure 2-9. 

The computed patterns of figure 2-9 lend an insight into the relation of Faradiser 

M (abbrv. F.M) to that of a typical commercial EMD, such as IBA no.19. As previously 

mentioned (section 2.3.1), the x -ray diffraction pattern of F.M may be exactly duplicated 

by heating EMD for one day at 300°C in air. The peaks in figure 2-5(d) were labelled 

by analogy with figure 2-5(c) (or figure 2-1), despite the large shift in position required 

for peak E. The origin of this shift is now evident from figure 2-9. It is due to an 

increased fraction of pyrolusite type layers compared to the material with the diffraction 

pattern in 2-5(c). Furthermore the origin of the characteristic 'bump' (labelled E') 

between peaks E and D is also due to the increased p value. Consider figure 2-11. In 

this figure a calculated 'Y-Mn02 x-ray diffraction pattern with p=0.7 is compared with 

the actual F.M pattern. Clearly the positions of peaks E and E' (figure 2-11 (a» compare 
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Figure 2-9 Selection of computed (based on the GdWIM ) 'Y-Mn02 patterns spanning 
the p (fraction of pyrolusite type layers) range p=O (ramsdellite) to p=l (pyrolusite). 
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Figure 2-10 Comparison of computed ramsdellite and pyrolusite x-ray diffraction 
patterns with published position and intensity data. (a) comparison with stick diagram 
constructed from the data in JCPDS card 39-375 (ramsdellite). (b) comparison with stick 
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Comparison of computed GdWIM and actual x-ray diffraction patterns. 
(a) Faradiser M. (b) computed pattern with p=O.70. 
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favourably with their calculated analogues (figure 2-11 (b)) the position of which strongly 

depend on p. Note that the position of E' does not correspond to the 100% pyrolusite 

peak (which occurs at 28.7(°29)) and is therefore Mt due to a small proportion of finely 

divided ~-Mn02· Note also the clear analogue of the (100) peak occurring at 20.0(°29) 

in figure 2-11(a). Concerning this peak de Wolff7 states that it is "Pemaps the most 

striking proof of the random layer structure". Clearly large discrepancies are apparent 

for the remaining diffraction maxima when comparing figure 2-11 (a) and (b), 

particularly in the broadness and position of the calculated pattern if the displayed peaks 

are to overlap in such a way as to produce the pattern of F.M. However, it may be 

stated that whatever structural defect is responsible for producing the Y-YCMn02 series 

must still be present in F.M since the end member (yt
-Mn02, represented by IBA no.19) 

and F.M are intimately related. This defect must therefore be responsible for the 

remaining discrepancies. 

Thus to conclude, F.M is a material possessing a high p fraction (-0.7) and is 

therefore more closely related to pyrolusite rather than ramsdellite. 

Before returning to the suggestion in section 2.4.1 and trying to introduce into 

the calculation layers with larger widths it seems appropriate at this stage to specify 

more precisely the x-ray diffraction effects that any model would need to account for 

in reproducing the Y-YCMn02 series. This is now described in section 2.4.4. 

2.4.4 Description of the x-ray diffraction effects observed in the Y-Yt-MnOl series. 

Consider figure 2-12 which contains the materials which are now believed to 

fully represent the Y-YCMn02 series. Thus it contains the diffraction patterns of figure 

2-4 plus that of IBA no.19 which is believed to be the end members of this series t. 

Superimposed on this figure (the dashed lines) are the line positions of the orthomombic 

lattice as determined from the sharp lines of figure 2-12(a). (i.e. sample SBPA, see 

section 2.3.2). Only those lines with non-zero structure factors in column I of table 2.5 

are included since other possible positions (as mentioned earlier) do not occur in 

y-Mn°2· 

Those peak positions, represented by solid lines in figure 2-12, that coincide with 

the dashed lines are the 'sharp' lines of SBPA (i.e. those with k/2+1 even). A slight 

t It is not implied that the end members are perfect crystals but rather that they contain a low and 
high concentration of one or more structural faults. 

47 



elL e 3U.C 

(a) 

'6;. 
<" 

(b) 

(c) I 

(d) 

(e) 

~ 

IS) 

'" -~ 

48 e 

-n:;; 
"' .. -CD 

~----m-IS) 
=IS)N~ _N-_ 
- ---
I I I I 

I I 

I I II 
I I II 
I I 

I I II 
I I II 

II I I II 
I I I II I 
I 

I I I II I 
I i II 
I I I I 
I I 

sa 

~ 

;;; -~ 

(0:29) 

8 

AA 

~II 

•• ... 
Ww 

II 
I 

II 

II 
II 

II 
I 

.B.B 

Ui -
N 
IS) 
IS) 

78 8 

-N 
Ul_ 
IS)-

I I 

I I 

I I 

11 
11 
11 
11 

II 
II 

II 

11 
II 

I - 11 

II 

II 

II 

a".1!5 

NN "' ... 
=~ 
I I 

I I 

I 

I 

I I 
I I 
I I 

I I 

I I 

I 

I 

I I 
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discrepancy is apparent in that the line (021) (at 37.2°29), which is evidently the 

sharpest line present, does not quite match the nearest dashed line. This is because of 

errors in determining the line positions of the sharp lines produce a less than perfect fit 

for the orthorhombic unit cell parameters subsequently determined (see section 2.3.2). 

No account was taken in this procedure of the fact that (021) is considerably sharper 

than for instance (061). 

The remaining peaks are the shifted and broadened lines of the de Wolff 

intergrowth model. The direction of the shifts are apparent in figure 2-l2(a). Starting 

from these positions it is now apparent when following certain peaks from figure 

2-l2(a)-(e) that the shift direction becomes reversed (i.e. in the opposite sense to the de 

Wolff shifts), presuming that is, that the orthorhombic lattice has the same unit cell 

dimensions in all five patterns. Thus for example the broad line (130) (at 34.3°29) shifts 

to higher angles apparently back towards its original orthorhombic position as well as 

broadening further producing the characteristic 'hump' in the EMD of figure 2-l2(e). 

The 'sharp' lines are in general broadened and shifted from their orthorhombic 

positions. (002) appears to fade completely from the series but whether this is the case 

for (040) (and (111), which occur almost at the same °29) and (240) is not clear since 

they shift into neighbouring peaks. 

It is now possible to make a reasonable index assignment of typical EMD 

(having the x-ray diffraction pattern of figure 2-l2(e) or figure 2-1), this is presented in 

table 2.6. Included in this table is the direction of the shift from the orthorhombic 

position which is assumed to be the same as for figure 2-12(a). Since the shifts are not 

consistent with the shifts expected from the GdWIM (or SdWIM) it is reasonable to 

assume that the p value of EMD must be similar to that of SBP A and therefore that the 

observed diffraction effects are chiefly due to an increasing concentration of some other 

type of defect. 

2.4.5 The effect on the x-ray diffraction pattern of layers of triple octahedra and 

greater. 

In this section brief consideration is given to the statement in the title of this 

section. Only brief consideration is necessary since it will be demonstrated that the 

introduction of layers greater than those of triple octahedral layers does not have the 

desired effect on the x-ray diffraction pattern due to the production of an enhanced (100) 
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peak absent in the y-yt-Mn02 series. 

Firstly the introduction of triple octahedral layers is considered on the computed 

pattern. This may be achieved merely by relaxing some of the constraints on the next 

layer in a random sequence of RR 'PP' layers as specified in section 2.4.3. A triple layer 

then corresponds to RP' or PR'. PR' and P'R must remain disallowed if longer chains 

are not to be realised. 

What is actually specified in the input to DIFFaX are the layer transition 

probabilities a. In a hypothetical crystal with two layers all =0.5 for example means that 

the probability that layer I is followed by layer I is 50%. The transition probability 

corresponds to first neighbour interactions. Thus the layer transition probability is only 

equal to the probability of existence (or fraction of the layer in the total number of 

layers, for a large number of layers, here designated B) of the layer when near 

neighbour interactions are neglected. This is equivalent in a two layer model (which has 

four possible a) to specifying that all=~I' and that 0.22=0.12. If this is not the case then 

the model is no longer truly a random one and corresponds to a separating out of the 

layers rather than a statistical ensemble, with the layer transition probabilities no longer 

equal to the probability of existence of a layer. For example if 

0.11=0.99, 0.12=0.01 

~1=O.OI, ~2=0.99 

then it can easily be shown that the existence probability is 50% for each type of layer. 

General relations may be derived for a two layer case but for the purposes of this 

section it is not necessary to state them. With four types of layers RR 'PP' the conditions 

for a random sequence of these layers is obviously 

aRR = aR'R = apR = (lP'R 

(lRR'= (lR'R'= apR' = (lP'R' 

aRP = aR 'P = (lpp = ap'p 

aRP'= aR'p'= app' = ap'p' 

or in other words the probability of the next layer being R or R' or P or P' is 

independent of the layer preceding it. As stated previously the GdWIM (section 2.3.3) 

does not fulfil this requirement since for example the probability of an P' layer 

following a R layer is zero. Relaxing this constraint makes the model 'more random'. 

So in order to produce triple layers ap'R and a RP' were allowed to be greater than zero. 

The computation was performed giving existence probabilities B R=0.27, BR .=0.27 and 
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Bp=0.23, Bp,=0.23, which means a probability of an R or R' layer of 0.54 and the 

probability of a P or P' layer (analogous to p in the GdWIM:) of 0.46, obtained from the 

output of DIFFaX for the transition probabilities specified (uRR,=uR'R=O.4, 

uRP=URP,=uR 'p=uR ,p,=upp,=up'p=0.3, upR=up'R ,=0. 7, and the remaining transitions set 

to zero). The probability of a triple layer can be calculated using the relation 

BR 'p=BRuRP,=0.27*0.30=O.081 

and similarly for BRP' giving the probability of a triple layer to be 0.16. The computed 

powder x-ray diffraction pattern is shown in figure 2-13(b). The effect on the x-ray 

pattern of triple layers is readily assessed by comparison with figure 2-13(a) which is 

a GdWIM calculation with p=O.20. This effect has already been considered theoretically 

on a ramsdellite pattern which is related to the case considered (see section 2.4.1). 

However a noticeable effect, not previously predicted, is the occurrence of an enhanced 

(100) peak which aside from the other conclusions already reached makes it more 

apparent that this suggestion is not leading to the end member of the Y-YCMn02 series. 

It is possible, however, that a small concentration of this defect may account for some 

of the features of a typical y-Mn02 pattern such as that in figure 2-4(a) (which is of 

sample SBPA). For instance the (150) peak which occurs at 53.2°29 in the computed 

patterns and not in figure 2-4(a) (see also figure 2-8) disappears with the introduction 

of triple layers (this phenomena could also be due to the oxygen framework cf. section 

(2.4.3)). Further, the discrepancy found when measuring p could be due to additional 

shifts of triple layers (see section 2.3.2), though this would be very difficult to prove 

without an exhaustive program of refinement since there is probably another reason for 

additional shifts, which will become apparent in section 2.5, that could possibly mask 

the observable displacements. Further work in this area would involve such refmements 

on a large selection of y-Mn02 patterns and was not attempted here. 

The origin of the enhanced (100) occurring at 20.0°29 peak is not well 

understood (by the author). It is noted that it occurs in the ramsdellite to pyrolusite 

transition, figure 2-9, and in de Wolff's pape~7 where the calculation was performed 

with manganese only. 

Relaxing the constraint that uRP' and up'R are zero produces layers with 

increasing dimensions which produced little further change in the calculated pattern for 

the values of uRP' and up'R introduced (see figure 2-13(c)). Finally the calculation of 

a random sequence of RR'PP' layers is displayed in figure 2-13(d). In this case all 

51 



(a) 

(b) 

(c ) 

(d) 

c8.8 38.8 ~8.8 58.8 78.8 

Figure 2-13 Effect of layers of triple octahedra and greater on the computed x -ray 
diffraction pattern of 'Y-Mn02' (a) GDIM with p=O.2 (b) effect of triple octahedral layers 
(c) effect of triple and greater octahedral layers. (d) random sequence of RR 'PP' layers. 
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possible transitions are allowed and the conditions for a random sequence, as specified 

above, were met. The probability of each layer was 

BR=BR·=O.4 

Bp=Bp.=O.1 

which is analogous to p=0.2. Since in this case layers with large dimensions are likely 

to exist (for instance the probability of a layer with dimensions four times a p layer is 

0.32) the presence of an even stronger (1 (0) peak suggests that they are related to this 

and/or to the increased 'randomness' of the four layers. 

To conclude this section it may be stated that introduction of layers with 

dimensions associated with triple octahedra (in the b direction, and infmite chains in the 

c direction) or layers with greater dimensions consistent with multiples of single 

octahedra produces diffraction phenomena inconsistent with those observed when 

traversing the 'Y-'YCMn02 series and therefore need not be discussed further. 

2.5 Further discussion and conclusion in support of Pannetier et al. 's recently 

proposed structural model. 

The two structural models widely quoted in the literature in connection with the 

crystal structure of battery active EMD have been reviewed and discussed. Attention has 

been focused on the ability of the E-Mn02 model to account for the characteristic 1 OO~ 

broad line at .. 22°29 (CuKa). Neglecting this peak the model accounts reasonably "ell 

for the apparent hexagonal symmetry of the other peaks as well as their integralC'l1 

intensities. However, the explanation proposed by de Wolff et al. that this peak I' ;a 

shifted forbidden (OOl)hex reflection due to partial ordering of the manganese in the l~1 

direction is unsatisfactory. One reason is the following observation. It has been noteJ~ \ 

that the 4.1 (A) (or 22°29) peak. apparent in x-ray diffraction, is absent in room 

temperature neutron diffraction patterns. This. if one accepts the above explanation for 

its occurrence. should not occur. 

With neutron diffraction there are two types of scattering phenomena. Namely 

nuclear scattering. which, as the name suggests occurs from interactions of the incoming 

neutrons with the nuclei in the irradiated sample and magnetic scattering which is the 

name given to scattering from atoms or ions possessing a net magnetic moment and is 

caused by interactions with unpaired electrons (neutrons though they have no charge also 
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have a magnetic moment). As Mn02 at room temperature is paramagnetic64,18 (all 

forms) the magnetic moments of the manganese point in random directions (the 0 2- are 

not magnetic) and thus magnetic scattering results only in a contribution to the 

background. For nuclear scattering Mn posses an uncommon property amongst the 

elements. It is one of the few which exhibit a phase change of 1t (or half a wavelength) 

in the scattered radiation compared to other elements. The consequence of this is that 

Mn and ° scatter 1t out of phase. Thus the disappearance of the 4.1(A) peak must be 

due to this fact. That is, it happens that the addition of form factors weighted by the 

appropriate amount (i.e. for this particular (hId» produces a large peak in x-ray 

diffraction but because of the phase change mentioned they annul each other in neutron 

diffraction. This, however, could not occur for a peak produced solely by manganese as 

in the £-Mn02 model. A peak would occur, though considerably reduced in intensity 

compared to other peaks in the pattern since the magnitude of the neutron coherent 

scattering amplitudes65 are aMn=-3.7±O.2 and ao=+5.80±O.05, and therefore the 

neutron diffraction pattern is dominated by the oxygen contribution (the reverse is 

Figure 2-14 

(a) 

(b) 

28.8 315.15 "8.8 S8.8 S8.8 78.8 S8.8 

(1)29) 

Comparison of computed x-ray and neutron diffraction patterns of 
'Y-Mn02 (with p=O.2). (a) powder x-ray diffra_ction pattern. (b) powder 
neutron diffraction pattern (A.= 1.5418(A». 
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approximately true in x-ray diffraction since (at 002e) f02 = 1 0 and f =21) 
- Mn4+· 

The phenomena of a disappearing 4.1 (A) peak, significantly, is easily produced 

in the de Wolff model of Y-Mn02 as illustrated by the calculated patterns in figure 2-14 

where the striking absence of the (110) peak (and also (221) and (240» is obvious. 

Aside from the above argument convincing evidence is presented in section 6.3 

that typical battery active EMD (near the Yt end of the Y-YCMn02 series) does not 

posses hexagonal symmetry as deduced from line movements of peaks other than that 

of the 4.1(A) peak when H is inserted into the structure (and therefore is not described 

by the £-Mn02 model). 

A clue to the correct structural model is provided by the Y-YCMn02 series 

represented in figure 2-12, in which it is apparent that typical battery active EMD is the 

end member of a structural series and not a separate phase unconnected with y-Mn02. 

If this is the case then introduction of one or more other structural faults, it is suggested, 

into the de Wolff model ought to in principle be able to account for such a series. The 

author has investigated this and tried to introduce plausible faults in computed x-ray 

diffraction patterns. The faults introduced produced modifications of the de Wolff model 

x-ray diffraction patterns inconsistent with those observed in the actual Y-YcMn02 

series. The observed diffraction effects are, however, in almost complete agreement with 

those expected from a new model proposed by Pannetie~9,40.36 et al. This model 

introduces just such a modification of the de Wolff model which enables reproduction 

of the observed diffraction effects present in the y-yt-Mn02 series. 

The implementation of this proposal requires a radically different approach to the 

problem since the structural fault introduced is no longer simultaneously calculable with 

programs that simulate planar type defects (such as DIFFaX). Rather Monte Carlo 

simulation of the crystal in a computer and subsequent numerical calculation of the 

diffraction pattern by Fourier transform was required. The structural fault introduced was 

a microtwinning on the (021) and or (061) planes. This may be visualised on the (l00) 

plane as a ramsdellite or pyrolusite chain bending at 60° or 120° (the only two possible 

directions which do not require a re-arrangement or the oxygen sub-lattice), the bending 

taking place in the plane, see figure 2-15. A full description of this model is not 

attempted here and the reader is referred to the original papers 39,40.36, but the following 

aspects will demonstrate that this model is sufficient to account for the diffraction 

effects observed in the Y-YCMn02 series, described in section (2.4.4). 
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Figure 2-15 Projection on the (h.c) plane of possible microtwinning faults occurring 
in 'h.c.p. ramsdellite'. (cf. section 1-2). Top bending of ramsdellite double chain at 600 

at a (021) fault and bottom bending of ramsdellite double chain at 1200 at a (061) fault. 
Perfect 'h.c.p. ramsdellite' unit cells are indicated in the figure. Unfaulted crystal has 
straight double chains extending in the c direction. 
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Table 2.6 

Peak 
label 
from 
fig.2-1 

E 

D 

F 
C 

B 

A 

Suggested indices of EMD in fig.2.10(e) from observed shifts and 
broadening in fig .2-12( a)-( e) and comparison with effects predicted due 
to microtwinning only. 

Sugg. Orthorhom. Observed Direction of 
assgn. indices, ~o2a from shift due to 
from fig.2-12 orthorhom. microtwinning66. 
fig.2-12 positions. 

(110) (110) aJ.. 
(130) 

(021) (021) at at 
~ (111) * 
~ (040) * aJ.. 

(200) (200) at 
(121) (121) at at 
~ (140) * aJ.. 

(131) 
(221) (221) at at 
~ (240) aJ.. aJ.. 

(061) (061) aJ.. aJ.. 
(151) 

---7 (002) at 
(061) aJ.. aJ.. 
(112) 

Notes: 
~ means that the corresponding peak in column three probably contributes to the last 

peak labelled above in the first column. (eg. (002) probably contributes to peak A.) 
* means that the shift is not measurable. 

Referring to table 2.6 the predicted direction of shifts due only to microtwinning 

are compared with those observed from figure 2-12. The agreement is quite remarkable 

considering that there is at least six other parameters which could vary so as to mask 

the shifts due only to microtwinning. These are the variation in p, variation in a. the 

layer transition probability (altering the randomness of the model, as discussed in the 

previous section), the prevailing orthorhombic 'lattice parameters' a,b,c, and particle 

size broadening (which may preferentially broaden peaks if the particles have a defmite 

morphology). The instrumental factors are constant in this instance and therefore do not 

need to be included. The main discrepancy in table 2.6 involve lines (110) and (200). 

which show small shifts where none are predicted for microtwinning and (002) which 

does not appear to shift as predicted. The first discrepancy is probably related to small 
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changes in the orthorhombic lattice parameters since (200) is unaffected by variations 

in p or microtwinning. The second is not so much a discrepancy but due to a lack of 

x-ray diffractograms between figures 2-12(d) and (e) in which (200) could still be 

observed to comply with the expected shift. 

Detailed descriptions of the effects of microtwinning on x-ray and neutron 

diffractometer traces are described in the original papers of Pannetier et el and are 

summarised in the following. 

Consideration of the reciprocal lattice due to a perfect ramsdellite orthorhombic 

lattice and a completely twinned example (in a completely analogous way to sections 

2.3.2 and 2.4.1) enable one to group the diffraction lines into three categories66. 

(a) lines (hOO), are unaffected. 

(b) lines with indices (k/2+1) even which are broadened and displaced in reciprocal 

space, the direction of the displacement depending on the indices and the broadening of 

an observed line on the probability of microtwinning. 

(c) the remaining lines broaden and fade with increasing microtwinning the amount 

depending on their displacements from their twinned companions in reciprocal space. 

It is remarkable that just those lines that are broadened and shifted by 

microtwinning (i.e. those with (k/2+1) even) are unaffected in the de Wolff model 

(except (hOO) lines). This means that the determination of p for heavily twinned samples 

(from the diffraction pattern) a complicated task. The apparent symmetry (neglecting the 

22°29 peak) displayed by EMD is now seen to be an artifact. It is incidentally not the 

case that the apparent hexagonal lattice is a direct reflection of the oxygen sub-lattice 

since this is directly calculable by the relations in section 2.4.3, if one knows the 

orthorhombic lattice parameters. However, these are determined from the sharp lines in 

the de Wolff model which are shifted due to microtwinning and therefore not known and 

hence neither are the lattice parameters of the approximately h.c.p. oxygen sub-lattice. 

It is not suggested that they are not related but rather that the relationship is a 

complicated one determined by the effects of microtwinning and not directly a reflection 

of the d spacings of the diffraction pattern. 

Thus to summarise, the structural fault required to modify the de Wolff model 

of y-Mn02 is the concept of microtwinning. It has been brought to my attention by Dr 

Pannetier that such twinning is known to occur in rutile67 (which has the same 

structure as pyrolusite) and so its introduction is not just attractive from the viewpoint 
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of explaining the observed diffraction patterns but probably has determinable origins in 

chemical crystallographic science. Other faults, such as triple octahedral layers, which 

are believed to have been observed in specimens of nsutite, play only a small role in 

explaining the diffraction pattern of EMD but may nonetheless provide a way of 

optimising 'Y-Mn02 calculated patterns. 

2.6 Conclusions. 

The conclusions for this chapter are summarised as follows: 

(a) Observations on the diffraction patterns of battery active manganese dioxides 

clearly indicate that they fonn a structural series. 

(b) A class of possible planar structural faulting, one member of which has been 

observed to occur in specimens of nsutite, has been investigated as to the effects on the 

computed x-ray diffraction patterns of 'Y-Mn02. The results indicate that such faults do 

not account for the observed structural series stated in (a). 

(c) The structural fault required to modify the GdWIM is the concept of 

microtwinning in accordance with Pannetier et al. 's model. 

(d) Faradiser M has been found to be structurally related to EMD. It has a 

similar structure but with a vastly increased proportion of pyrolusite type layers (p"'O.7). 

It is thus more closely related to ~-Mn02 rather than ramsdellite (which is the case for 

EMD (p ... O.2)). 

(e) E-Mn02 is not a separate polymorph of manganese dioxide nor is its structure 

described by de Wolff et al. 's E-Mn02 model. 

(f) Battery active manganese dioxides are members of the 'Y-'YCMn02 structural 

series. It is emphasized that this includes EMD's and CMD's. 
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3 Development of Experimental Procedures. 

3.1 Manganese dioxides investigated. 

The manganese dioxides investigated in this study were an SBP-EMD (cf. section 

2.3.1) labelled SBPA, Faradiser WSZ (a commercial material obtained from the 

company Sedema, labelled WSZ), IBA international common samples number 14 and 

19 (EMDs from the International Battery Material Association, labelled rnA no.14 and 

IBA no.19), and Faradiser M (also a commercially available material from Sedema, 

labelled F.M). The reasons for choosing these materials are given in section 2.3.1. 

Essentially they were chosen because their structural properties span those displayed by 

battery active materials as evidenced by their x-ray diffraction patterns. 

3.2 Chemical insertion of H into manganese dioxides. 

The purpose of chemically inserting H in a non-aqueous environment was to 

produce a range of H insertion materials reflecting as far as possible a solid state 

reaction process without subsidiary complicating chemical reactions125.95. These arise 

due to the re-establishing of equal concentrations of H in each particle when smaller 

particles (with a higher surface to volume ratio) are unavoidably inserted to a greater 

degree whatever the chemical H insertion technique used. Establishment of equilibrium 

may involve soluble intermediates, particularly in an aqueous medium, with the 

consequent possible appearance of phases not fundamentally characteristic of the H 

insertion process68 (see also chapter 8). 

To accomplish non-aqueous insertion of H a range of chemical reductants have 

been employed. These include cinnamyl alcohol in xylene and hydrazine hydrate. 

Hydrazine hydrate has been employed both in aqueous and non-aqueous solvents, further 

discussion of methods using this substance shall be reserved until section 3.4. Recent 

published work by Fitzpatrick and Tye 68 reported on the reduction of manganese dioxide 

with · inert' solvents xylene and acetone. Various mixtures of these were used to effect 

a particularly mild reduction of the EMD coded R2. These samples have been made 

available to the author who has conducted further x-ray diffraction studies, the results 

of which are reported in chapter 6. In order to arrive at a more systematic approach 
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acetone alone was investigated as a suitable reducing agent. 

The presumed advantages of using acetone are as follows: (a) It is a relatively 

low molecular weight compound (compared to cinnamyl alcohol) and therefore its 

oxidation products may be expected to evaporate easily from the oxide surface. (b) If 

the reaction is • slow' and occurs at room temperature this could mean more likelihood 

of homogeneous reduction. Consider figure 3-1 which shows the reaction rate behaviour 

of IBA no.14 with increasing temperature. Evidently impractical reaction times are 

required to reach the theoretical H insertion limit corresponding to r= 1.0 in Mn001\. 

(cf. section 8.1). Increasing the temperature would require increasing the pressure since 

the maximum temperature stated in figure 3-1 is that of the boiling temperature of 

acetone (56°C). The quantities used, estimated on the basis of equation (3.1), indicate 

a large excess of acetone. 

This equation was arrived at by writing acetic acid and formic acid as the oxidation 

products from the reaction and balancing the equation with water t. A strong odour of 

acetic acid was produced when acetone was introduced into a vessel containing 

manganese dioxide, the presence of which was confirmed by FTIR spectroscopy of the 

solution product. With this technique no other oxidation product could be 

unambiguously identified. Equation (3.1) suggests that the reason that the reaction does 

not proceed completelyt is because the reaction is limited by water, which has been 

deliberately excluded from the system ("Analar" acetone was used which had 0.2% 

water initially present, this was further dried with a molecular sieve type 4A). Note that 

a typical EMD contains a total of around 5% of water, which varies according to the 

history of its storage conditions. However, adding small quantities of water (or 

increasing the amount of acetone) did not cause the reaction to proceed further. 

Therefore there seems no reason to suppose water is involved in the reaction which 

could be written, for example as equation (3.2). 

2CH
3
COCH

3 
+ 2Mn02 .. 2MnOOH + CH3COOH + C4H6 (3.2) 

C
4
H

6 
could be many different compounds for instance butyne or 1,2-butadiene (which 

tThis equation was suggested by J.Larcin. 

* It is easy to show by substituting in Gibbs free energy of formation for the reactants and products, 

available in the literature, that the reaction strongly favours the products. 
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r in MnOOHr versus reaction time in acetone for material IBA no.I4 at 
three different temperatures. 56(OC) corresponds to the boiling 
temperature of acetone. 

is a gas). The reason that the reaction does not proceed completely is probably kinetic, 

perhaps due to an activated complex formed on the surface of the oxide. This was not 

investigated further, instead, a different reductant was chosen. 

Manganese dioxide has been used in organic chemistry to prepare allylic 

aldehydes from allylic alcohols69,70. Low molecular weight alcohols were considered 

for the reason given above in (a). I-propanol was considered a natural choice. Primary 

alcohols can be oxidised to the corresponding aldehyde 71 therefore the reaction 

stoichiometry is probably as given in equation (3.3): 

Mn02 + CH3CH2CH20H ~ MnOOH + CH3CH2CH20 (3.3) 

Usually, however, such oxidations do not end with the aldehyde 71 which could be 

further oxidized to propanoic acid. Figure 3-2 compares the reaction rate behaviour of 

four materials used in this study. The reaction conditions used represent an 

(approximately) five times excess of propanol on the basis of equation (3.3). Analar 1-

propanol (99.5% pure, 0.2% water) dried with a molecular sieve type 4A was used under 

reflux (97°C). The top of the reflux condenser was protected with a tube containing 

silica gel to stop ingress of water. Figure 3-3 schematically represents the reaction 
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conditions. At periodic intervals small MnOO~ samples were removed and analyzed 

by the 'method 1 · analysis technique (see section 3.3). From figure 3-2 it may be seen 

that I-propanol is an effective reductant for all the materials except material SBPA. Use 

of a higher boiling temperature alcohol (I-butanol, b.p72.=1l7°C) was required to 

produce high H insertion levels for this material. By referring to figure 3-2 it is possible 

to predict the reduction level obtained for a given contact time of a particular material 

in boiling I-propanol. By such a method approximately 25 samples for each material 

covering the so called one electron range (i.e. from the initial reduction level to the 

theoretical level corresponding to the stoichiometry MnOOH) of a battery were 

produced. 

3.2.1 Discussion. 

Although propanol IS a suitable reductant in terms of its reactivity, a 

complicating feature compared to the samples produced by Fitzpatrick was observed in 

the x-ray diffraction pattern. Compare (a) and (b) of figure 3-4. A relatively large line 

at 26°29 coincident with the 100% 'Y-MnOOH line is observed in the propanol reduced 

sample. Since reduction by MnCl2 + NH40H in aqueous solution is known to produce 

a well defined 'Y-MnOOH pattern 73, this suggests that soluble Mn species were not 

totally absent (and thus the reaction conditions were not ideal). Changing to 2-propanol, 

which might be thought less likely to solubilise Mn (because the oxidation products are 

less likely to be an acid), produced no difference in the x-ray diffraction pattern. This 

may be because acetone, which is the expected oxidation product from oxidizing 2-

propanol, reacts to give acetic acid as was noted earlier. 

The problem was investigated by scanning electron microscopy (SEM). Figure 

3-5 and figure 3-6 show the unground starting material (rnA no.19) and its most 

reduced derivative (also unground). It appears that the small particles have vanished. 

Other regions (not shown), however, contain agglomerates of small particles. This is 

probably caused by the method of filtration since a porosity no.4 (pore radius 5-10 pm) 

sintered glass funnel was used (under vacuum) which would mean the small particles, 

approximately 1-2 J.lffi in diameter. would pass through the filter unless they 

agglomerated. A similar effect is observed if the unreduced material is filtered from 

water by the same method. It is apparent from figures 3-5 and 3-6 that no obvious 

rounding or cementation of the particles has occurred (i.e. no obvious dissolution has 
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Figure 3-4 X-ray diffraction comparison of (a) most H inserted R2, MnOOH1.0' prepared by 
reaction with cinnamyl alcohol in xylene, (b) most H inserted IBA no. 19 , MnOOH1.0' prepared 
by reaction with propanol, (c) refluxed material of (b) in distilled water for 20 hours. (Note, full 
scale double that of (a) and (b». (c) was identified as manganite. M marks the most intense 
manganite peak, which is stronger in (b) compared to (a) indicating an increased proportion of 
manganite. R marks graphite impurity. 
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occurred). 

It is known that refluxing a reduced material in water produces73 y-MnOOH. 

Figure 3-4 displays the effect of refluxing a reduced IBA no.I9 sample (MnOOHl.O> for 

20 hours in water. The SEM picture of this product at the same magnification as figures 

3-5 and 3-6 again shows no obvious change in the habit of the particles. Examination 

at much higher magnification, figure 3-7, indicates new rod shaped crystal growth 

characteristic of y-MnOOH. Subsequent investigation of the product obtained from 

reaction with propanol at the same magnification, figure 3-8, indicates no observable rod 

shaped growths despite having the broad 'manganite' line. The appearance is very 

similar to the starting material, figure 3-9. Probably the y-MnOOH growth is too small 

to be observed using SEM. Further evidence in favour of this conclusion is a slight 

brown discolouration of the deeply reduced material (which starts as dark grey) 

particularly when ground in preparation for x-ray diffraction. The corresponding water 

refluxed material turns a distinct rust brown colour on grinding. 

Another complication was only observed in the deeply reduced SBPA materials. 

It took approximately six weeks of continuous reflux in I-butanol to produce the most 

H inserted samples. In this time period a small amount of reduced manganese dioxide 

must have been exposed to the air when the level of butanol fell in the manganese 

dioxide butanol suspension despite the reflux conditions and occasional topping up. This 

resulted, in one sample, a small quantity of Mn20 3, probably due to decomposition of 

the H inserted manganese dioxide 74 in the local hot conditions produced when no 

butanol covers the oxide. 

3.2.2 Conclusions. 

Propanol and butanol by the method described in section 3.2 have been used to 

successfully insert H into the manganese dioxides studied. 

The complication produced by the appearance of y-MnOOH is undesirable when 

measuring interplanar spacings versus r in MnOOHr as it will effect the slope of these 

graphs (see for example section 7.2). Whether y-MnOOH formation was by the 

suggested dissolution precipitation mechanism is a speculative point, though if this was 

the case it is likely to have been enhanced by heating. The samples produced by 

Fitzpatrick under milder conditions (lower temperature) by reacting cinnamyl alcohol 

dissolved in various 'inert' solvents still show evidence of a broad line at 26°29. The 
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Figure 3-9 SEM picture of lBA no.19 1t same magnification as figures 3-7 and 3-8. 

problem may therefore be one of degree between the two set of samples (Fitzpatrick's 

and the samples produced in this work) . 

The order of reactivity of the manganese dioxides in I-propanol was found to be 

(see figure 3-2): 

Faradiser M > lBA no.19 > IBA no.14 > SBPA 

This order correlates with the order of their BET specific areas as listed in table 8.2. 

3.2.3 Chemical insertion of H by hydrazine hydrate suspended in hexane. 

Chemical insertion of H into manganese dioxide by hydrazine hydrate in hexane 

was performed by lLarcin as pan of his PhD study137 and is fully described therein . 

H inserted Faradiser WSZ samples produced by this method were made available to thi 

study to form part of the x -ray diffraction analyses presented in section 7.1 . The reaction 

of manganese dioxide with hydrazine is described by the following equation: 

(3.4) 

Although the reaction is carried out in a non-aqueous solvent evidently it cannot be a 

totally non-aqueous reduction of manganese dioxide since water i produced in the 
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reaction. Despite this, the proportion of manganite in the WSZ samples was not 

noticeable higher than that found for the propanol reduced samples (see section 7.1). 

3.3 Chemical analysis. 

The purpose of chemical analysis in this instance was to determine the value of 

x in Mn0x or equivalently r in MnOOI\. It is easy to show that r=4-2x. The value of 

r or x reflects the average valence of the manganese. It was found by determining the 

available oxygen and total manganese content. Two methods are outlined here, both 

determine the manganese content by the method of Lingane and Karplus 75. This 

involves titration of the manganous ion by the permanganate ion in neutral 

pyrophosphate solution. 

3.3.1 Method 1, based on the method of Vetter and Jeager76• 

Approximately 0.1 (g) of Mn0x was dissolved for -Ih hour in Al (ml) of acidified 

Mohr's salt solutiont (-0.045(M)(NH4)S04.FeS04.6H20/4%H2S0,J. The dissolution 

equation can be represented: 

Note that the excess ferrous ions are proportional to the oxidation state. This excess was 

titrated potentiometrically with -0.01(M)KMn04 solution using to the experimental 

arrangement shown in figure 3-10. When not in use the calomel electrode was kept in 

saturated KCl solution and the platinum wire in dilute sulphuric acid. Occasionally the 

platinum wire was dipped in a solution of aqua regia for a few minutes in order to 

maintain a clean surface. 

Solid sodium pyrophosphate (-15(g)) was next added to the solution and allowed 

to dissolve. The solution pH was now between 6 and 7. The total manganese content 

was titrated as Mn2+ with same KMn04 solution, the Mn2+ being oxidised and MnO 4 
reduced to a Mn3+ complex. The titration was performed potentiometrically (with the 

same apparatus) the potential jump being due to the potential of the platinum wire 

changing from the value determined by Mn2+JMn3+ couple to that determined by the 

Mn3+ /Mn4+ couple. Both of these are strongly pH dependent with the maximum 

t Designated AMSS from now on. 
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Figure 3-10 Schematic representation of titration apparatus, used in the determination 
ofx in Mn0x' 

potential jump occurring between pH 6 and 7. The titration equation can be represented: 

If 

Vo = vol. of KMn04 to titrate AI(ml) of AMSS 

V I = vol. of KMn04 to titrate the excess Fe2
+ 

V 2 = vol. of KMn04 to titrate the total Mn2
+ content 

Then it may be shown that, 

(3.7) 

If Vo(l) is the volume of KMn04 which titrates Ao of AMSS then the amount Vo is 

given by 

V 0 = _A_I V_o_(l_) (ml) 
Ao 

(3.8) 

Al was chosen such that there was a 10% excess of ferrous ions in all determinations, 
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which can be estimated if the approximate oxidation state is known. In which case Al 

... 590.4 x (mass of sample (g)) x (x-I). 

3.3.2 Precision of x. 

Regular determinations were performed with a class A 25(ml) burette and 

accompanying volumetric glassware. Table 3.1 collects together a series of four 

determinations for a number of rnA materials t and indicates that the standard deviation 

is such that x in Mn0x is meaningfully stated e.g. for rnA no.14 x=I.957±0.003 (quoted 

to 2 standard deviations, which will be the practice in this work unless stated otherwise). 

3.3.3 Accuracy of the method. 

Following Maskell77 the accuracy of the method can be checked without 

Table 3.1 Four determinations of initial (i.e. as received) x in Mn0x for a selection 
of IBA manganese dioxide common samples. 

IBA xin xm xm xin Aver- b~ % reI. 
sa- Mn°x Mn°x Mn°x MnOx age std. 

mple x dev. 
no. 

14 1.959 1.960 1.955 1.954 1.957 0.0015 0.07 

15 1.965 1.964 1.951 1.958 1.960 0.0032 0.16 

17 1.956 1.955 1.958 1.949 1.955 0.0019 0.10 

18 1.961 1.962 1.960 1.951 1.959 0.0025 0.13 

19 1.965 1.966 1.963 1.964 1.965 0.0006 0.03 

20 1.966 1.964 1.967 1.966 1.966 0.0006 0.03 

23 1.954 1.954 1.949 1.954 1.953 0.0013 0.06 

24 1.946 1.945 1.945 1.942 1.945 0.0007 0.04 

25 1.947 1.949 1.950 1.948 1.949 0.0006 0.03 

30 1.958 1.959 1.957 1.952 1.957 0.0015 0.08 

31 1.960 1.961 1.959 1.959 1.960 0.0005 0.02 

, Unless otherwise stated a refers to the standard deviation of the mean. 

t Undertaken as part of a round robin survey composed by the rnA to determine the reproducibility 
of a number of laboratory regular analysis procedures. 
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reference to external standards. The net ionic equation for the titration of ferrous ions 

in acid solution by permanganate is: 

(3.9) 

Thus a stoichiometric quantity of Mn2+ is produced (which is taken into account in 

equation (3.7». This can be titrated with the same permanganate solution in neutral 

pyrophosphate solution as previously. From the stoichiometry implied by equations (3.9) 

and (3.6), if M4 is the mass required to titrate an amount of AMSS and M5 the amount 

titrate the Mn2+ produced then: 

(3.10) 

Approximately 25(ml) of AMSS was accurately weighed into a clean flask. -20(rnl) of 

-0.0IKMn04 was weighed into the same flask and the remainder titrated with a 10(rnl) 

burette of the same solution. Sufficient solid sodium pyrophosphate was then added to 

adjust the pH to 6.5 and the total manganese titrated potentiometrically with the 

Table 3.2 Results for 3 determinations of K. 

M4(g) M5(g) K=MiM5 

21.029 5.252 4.004 

21.856 5.472 3.994 

22.739 5.688 3.998 

Average 3.999 

8 0.003 

reI. std. 0.07% 
dev. 

equipment in figure 3-10 as before. The results are given in table 3.2 and indicate good 

agreement with the expected value determined from equation 3.10 (i.e. K=4.00±O.006). 

3.3.4 Method 2. 

The reason for presenting a different method was as follows. Method 1 has been 

employed successfully to a large number of EMDs and other materials. It was decided 

to re-analyze the set of samples produced by Fitzpatrick from the starting material R2, 

which also form an important part of this study. The more reduced materials smelled 
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strongly of organic oxidation products. For a sample coded JF33 when dissolved in 

AMSS a sweet smell of cinnamon emanated. When the titration was perfonned with 

KMn04, as in method 1, a fading end point was observed. That is, the potential becomes 

increasingly unstable near the end point of the titration. When additions of KMnO 4 were 

made which produced the characteristic pink colour associated with the end point, it 

rapidly disappeared and the potential correspondingly decreased. Evidently another 

reaction was competing with the titration reaction the effect of which was enhanced in 

an oxidizing environment of Mn04 . This reaction was most probably due to oxidation 

of organic substances adsorbed on the Mn0x which became dissolved in the AMSS. The 

result is a less reliable determination of x in Mn0x as indicated by table 3.3 (compare 

with table 3.1). Note that nonnally the pink colour disappears just after the end point 

Table 3.3 Experimental determinations of x in Mn0x for most reduced R2 sample 
using method 1. 

Material code 

R2 

(sample JF33) 

Average 

rel.std.dev. 

1.587 

1.526 

1.516 

1.543 

0.022 

1.44% 

if the solution was left standing but the change was slow (of the order of 10-15(mins» 

probably due to the autodecomposition of KMn04 in acid solution 78. 

In an attempt to minimise the influence of organics the procedures listed in table 

3.4 were tried on the Mn0x sample prior to titration. Surprisingly none of these 

procedures alleviated the fading end point problem. Instead of treating the sample a 

different oxidizing agent was tried. The natural choice was potassium dichromate which 

is less easily reduced by organic matter, it also has the advantage of being a near ideal 

primary standard79. Disadvantages include a smaller potential jump at the end point 

and no colour change associated with the end point because of the green colour of C~+ 
ions (AMSS already having a green/blue colour). The redoctim of pctassium dichromate in 
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Table 3.4 Treatment of sample reduced with cinnamyl alcohol prior to x in MnO 
determination by method 1. x 

Sample code Treatment of sample prior to titration. 

JF33 

Washed with inert solvent 
(CCI2F.CCIF2) 

Outgassed for 2 days with occasional air 
flushing 

Heated at 70(OC) during dissolution. 

Boiled after dissolution 

acid solution by ferrous ions may be written : 

Cr20;- + 6Fe2+ +14H+ + .. 2C~+ + 6Fe3+ + 7H20 (3.11) 

A 0.045(N) solution was prepared and the behaviour of the titration of excess ferrous 

ions, after dissolution of MnOx' observed. This was seen to be that of a standard 

titration (Le. without Mn0x dissolved) but with a slow side reaction decreasing the 

potential on standing when K2Cr 207 was added beyond the end point. Thus the 

influence of organic matter was still present but to a lesser extent such that the titration 

could be performed satisfactorily. 

The same fading end point behaviour was observed in the titration of the total 

Mn content. The following procedure, however, was found to produce satisfactory 

results: A sample of unknown manganese content was dissolved in excess hydrogen 

peroxide acidified with hydrochloric acid. The resulting solution was boiled thoroughly 

to remove excess H20 2 and HCl. The total manganese was then determined in neutral 

pyrophosphate solution with potassium permanganate as before. The organics were 

presumably removed by the boiling procedure. 

3.3.5 Method 2 procedure (details). 

Approximately 0.1 (g) of Mn0x was accurately weighed into a clean beaker and 

dissolved in a known weight of AMSS. The excess ferrous ions were titrated 

potentiometrically with -0.045(N)K2Cr207 with the same electrode arrangement as 

method I (see figure 3-10). A further 0.1 (g) of Mn0x was accurately weighed into a 

clean beaker to which was added -I(rnl) of concentrated HCI and -2(rnl)H20 2(30%). 

Rapid dissolution of the Mn0x occurred with evolution of gas (probably 02 and CI2)· 
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One possible equation is: 

(3.12) 

After a few minutes the beaker was covered with a wash glass and the solution boiled 

until only a yellowish residue remained. Care must be taken to boil the solution 

thoroughly to ensure all the excess H20 2 (and HCl) was removed since permanganate 

will oxidise H20 2· After careful washing (with distilled water) of the wash glass and 

beaker to ensure all the manganese collected, solid sodium pyrophosphate is added until 

the pH-6.S and the manganese content was then detennined as in method 1. Finally the 

AMSS was standardised against the dichromate solution and the permanganate against 

the AMSS. This procedure removed the need to have further external standards (eg. 

sodium oxalate) to detennine the KMn04 molarity. Furthermore, since it was the value 

of x which was of interest and not for example the Mn4+ or total Mn content, it does 

not depend on the absolute value of the K2Cr207 molarity as by this procedure it 

effectively cancels in the calculation of x (see section 3.3.7). 

3.3.6 Check of method 2. 

A check that the second part of the method 2 was satisfactorily carried out by 

reacting a known quantity of KMn04 M4 (2S(ml» with an excess of H20 2 which was 

then boiled of as described above. This in turn was titrated with the same KMn04 
solution (Ms)' From equation (3.6) this value should be exactly one fourth of the 

original mass. Table 3.S presents the results of 3 such measurements. 

Table 3.S Results for 3 determinations of K=MiM5' 

experiment Ms(g) 

1 6.226 

2 6.236 

3 6.230 

Average 

S 

reI. std. 
dev. 

K=MJM5 

4.01S 

4.009 

4.012 

4.012 

0.0017 

0.043% 

The results indicate that method 2 could not be as accurate as method 1 due to 
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a systematic error but was equally reproducible. It can be shown that effect of the 

systematic error was to change the value of x in a typical analysis by +0.003. Despite 

this it was still the preferred method for materials reduced with cinnamyl alcohol (see 

section 3.3.9). 

3.3.7 Calculation of x in MnOx. 

where 

If b is the number of moles of manganese per l00(g) of sample then 

b = rnxMKxl00x4 

l000xW 

MK = molality of KMn04 solution (molKg-1) 

m = mass 'of KMn04 solution to titrate sample (g) 

w = mass of sample (g) 

(3.13) 

Similarly, a, the available oxygen per l00(g) of sample is given by 

where 

~VxMK2xl00x6 
a = 

--I~OOO~x-W~-
(3.14) 

~ V = the difference between the quantity of dichromate used to titrate 

the AMSS taken to dissolve the sample and that required to titrate 

the excess AMSS. 

MK2 = molarity of the potassium dichromate solution (moldm-3). 

w = mass of sample (g). 

Noting that 2x-2 electrons are transferred for every Mn0x in equation (3.5) then 

alb = 2x-2 

1 a 
~ x = -(-+2) 

2 b 

3.3.8 Method of end point determination. 

In all of the titrations described the end point was determined by noting the 

volume additions and voltages near the end point and calculating flE/~V. The volume 

reading mid-way between those giving the maximum value of /ill/ ~ V was taken as the 

end point. It was known when the titration was near to the end point by referring to 

previously obtained graph of E versus V. A curve of a typical titration is shown in 

figure 3-11 and a plot of tili/ ~ V in figure 3-12. 
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Figure 3-11 Potentiometric titration CUlve for AMSS (-O.045(M)) with K2Cr20 7 
(0.01 (M)). 
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In the calculation of x it has been assumed that the end point, as detennined by 

the above method, corresponded to the stoichiometric end point. Figure 3-12 displays 

the unsymmetrical shape of the titration cUlve. Asymmetric curves derive from the fact 

that the number of ions titrated by the reagent added to the substance to be titrated are 

unequal
80

. For example equations (3.6) and (3.9) indicate that one MnO; ion reacts 

with 4Mn
2
+ and SFe

2
+ ions respectively. In methods 1 and 2, however, the titration 

errors have a tendency to cancel each other in the calculation of x in MnO and 
x 

therefore their effect was considered to be small. Furthermore the titration error is 

smallest when the potential jump at the end point is large. To increase the potential 

jump for the available oxygen titration (for methods 1 and 2) phosphoric acid was added 

which reduced the potential jump of the Fe3+ /Fe2+ couple by complexation. 

3.3.9 Results of method 2 analysis on samples prepared by J.Fitzpatrick. 

Table 3.6 presents the results of three determinations of x on a selection of 

reduced R2 samples by the method 2 analysis. From a consideration of the standaro 

deviations of aav and bav the value of x for sample R2 equals 1.951 ±O.OO7 and for 

sample JF33 x=l.S~±O.OO4. The values are thus considerably more precise than that 

obtained by method 1 analysis of sample JF33 (see table 3.3). The analysis results 

obtained are compared with the values determined previously by Fitzpatrick (by method 

1, see table 3.3). The results are similar for reduced samples down to an oxidation level 

of Mn01.75' indicating that these samples were analyzed by Fitzpatrick a sufficiently 

greater number times by the less precise method 1 analysis (for cinnamyl reduced 

samples only, see table 3.3) to compensate for the imprecision. Below Mn01.75 an 

increasing discrepancy between the two sets is observed. The direction of the 

discrepancy is constant and consistent with aerial oxidation of the deeply reduced 

samples. It was noticed when plotting the potential versus x in Mn0x that the results 

determined in this work produced a smoother curve in the potential versus x in Mn0x 

(see chapter 8) for the deeply reduced samples than if they were plotted against 

Fitzpatrick's original analysis. 

3.3.10 Preparation of solutions. 

All reagents employed were of 'Analar' grade. 

O.OS(N) potassium dichromate (accurately). 
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Table 3.6 Comparison of results to determine x in Mn0x for cinnamyl alcohol 
reduced R2 samples by method 1 and those determined by Fitzpatrick 
(method 1). 

sample a b ~ bv x xJF xJFx 
avl.O tot. Mn aver. a aver. b = method 

(moles (moles (moles (moles ~(a/b+2 1 (from 
per per per per ) Fitzpat-

100(g» 100(g» 100(g» 100(g» rick) 

2.061 1.087 
R2 2.043 1.079 2.049 1.078 1.950 1.945 -0.005 

2.044 1.067 

1.920 1.071 
JJF16 1.923 1.075 1.928 1.071 1.900 1.888 -0.012 

1.942 1.067 

1.813 1.071 
JJF4 1.814 1.075 1.817 1.072 1.847 1.849 +0.002 

1.825 1.071 

1.688 1.067 
JF14 1.693 1.065 1.692 1.064 1.795 1.801 +0.006 

1.695 1.061 

1.634 1.062 
JF8 1.566 1.062 1.606 1.062 1.756 1.749 -0.007 

1.618 1.062 

1.559 1.069 
JFll 2.153 1.071 1.554 1.069 1.727 1.697 -0.030 

1.549 1.065 

1.458 1.076 
JF22 1.478 1.074 1.475 1.078 1.684 1.646 -0.038 

1.488 1.084 

1.393 1.060 
JF26 1.395 1.076 1.405 1.069 1.657 1.601 -0.083 

1.427 1.072 

1.268 1.077 

JF30 1.290 1.087 1.280 1.080 1.593 1.552 -0.041 

1.281 1.076 

1.117 1.067 

JF33 1.104 1.049 1.107 1.059 1.523 1.496 -0.027 

1.101 1.061 

Approximately 6(g) of solid potassium dichromate was heated at 140-150(OC) in 

an agate mortar for 45 minutes and allowed to cool in a desiccator. 2.45(g) was then 
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accurately weighed into a clean I litre volumetric flask with a suitable weighing bottle. 

The weight delivered was obtained by difference. Distilled water was added and the 

flask shaken thoroughly before making up to the mark. The resulting normality was 

calculated from the weight delivered to the flask. 

0.01(M) potassium permanganate (approximately). 

Sufficient solid potassium permanganate was added to a clean I litre beaker and 

distilled water added. The solution was stirred and boiled gently for about half an hour, 

allowed to cool, then transferred to a 5 litre volumetric flask and made up to the mark. 

The resulting solution was then transferred with filtering to two darkened 2.5 litre 

storage bottles. Homogenisation of the solution for at least 48 hours was allowed before 

use. 

0.05(N) AMSS (approximately) 

-88.25(g) of (NH4)2S04.FeS04.6H20 was dissolved in distilled water in a clean 

1 litre flask, to which was slowly added 200(ml) of concentrated H2S04. After cooling 

the solution was transferred to a 5 litre volumetric flask and made up to the mark. The 

resulting solution was then transferred to two 2.5 litre darkened storage bottles. 

Cleaning of glassware 

All glassware was cleaned regularly in an ultrasonic bath containing a solution 

of 5% Decon 90 (in distilled water) and washed thoroughly flrst with tap water and then 

with distilled water. Occasional cleaning with . chromic acid' was also employed. 

Storage bottles were wetted with chromic acid several hours before washing and drying. 

Deposits of manganese dioxide (eg. from glassware containing potassium permanganate) 

were removed with a mixture with hydrogen peroxide and acid. 

3.3.11 Conclusions. 

Although method 2 provided a more accurate determination of x in Mn0x for 

cinnamyl alcohol reduced R2 samples it was considerably less elegant than the double 

titration method of Vetter and Jeager76 (method 1). Method 2 requires two titrations 

performed on separate accurately weighed samples whereas Vetter and Jeager's method 

does not require accurate knowledge of the sample weight or the concentration of the 

reagent solutions. 

Fortunately it was discovered that the propanol and butanol reduced samples 
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Table 3.7 C~emical analysis of IBA no.14 propanol reduced samples to determine 
x m Mn0x by method 1 (see section 3.3.1). 

Sample No. 1 st analysis 2nd analysis average 
of x. of x. 

1 1.958 1.958 1.958 
2 1.934 1.933 1.933 
3 1.906 1.903 1.905 
4 1.891 1.884 1.887 
5 1.882 1.879 1.881 
6 1.849 1.848 1.849 
7 1.830 1.827 1.829 
8 1.849 1.848 1.849 
9 1.806 1.805 1.805 

10 1.804 1.798 1.801 
11 1.797 1.797 1.797 
12 1.779 1.779 1.779 
13 1.779 1.778 1.779 
14 1.763 1.763 1.763 
15 1.755 1.753 1.754 
16 1.738 1.735 1.737 
17 1.719 1.713 1.716 
18 1.710 1.708 1.709 
19 1.708 1.707 1.707 
20 1.692 1.692 1.692 
21 1.695 1.680 1.687 
22 1.680 1.679 1.679 
23 1.656 1.657 1.657 
24 1.653 1.652 1.653 
25 1.629 1.631 1.630 
26 1.594 1.593 1.593 
27 1.595 1.592 1.593 
28 1.586 1.587 1.587 
29 1.513 1.516 1.515 
30 1.503 1.507 1.505 

produced in this work did not interfere with the Vetter and Jaeger analysis method to 

determine x in Mn0x' It was therefore considered that two analyses of each sample were 

sufficient to obtain an accurate determination of the oxidation level for these samples. 

Table 3.7 collects together an example of a set of analysis performed on propanol 

reduced IBA no.14 samples. 

3.4 X-ray diffraction. 
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3.4.1 Instrument description and setup. 

Philips PW 1700 series XRD system with the following specifications: 

High voltage constant potential generator (PW 1730/1 0). 

Vertical goniometer (PW 1050/81). 

Graphite monochromator (PW 1752/00). 

Proportional scintillation counter (PW 1711/10) 

Automatic sample changer (PW 1170/1 0). 

PW 1700 diffractometer control computer, with link to APD 1700 software running on 

a Vax mainframe computer. 

Instrument setup: 

Copper target broad focus x-ray tube (PW 2253/20). 

10 divergence slit, 10 scatter slit, 0.1 mm divergence slit. 

Generator settings, 45kV, 55mA. 

Step scans were generally used between 15-80029 with a step size of 0.01029 and Is 

counting time. 

The instrument parameters listed above were arrived at after investigating a 

number of factors which could easily be changed without specialized technical 

knowledge of the instrument. The above statement assumed that the goniometer was 

correctly aligned and refers to factors which do not require a complete re-alignment after 

adjustment. Correct alignment is critical to the attainment of optimum resolution, 

maximum intensity and correct angular 29 readings and was performed prior to this 

investigation by an experienced Philips engineer. 

The factors investigated were the type of tube, the receiving slit width and 

whether or not a ~-filter should be employed. The goal was to obtain the best 

compromise between intensity and the resolution required for the desired measurements 

on a typical material under study such as EMD IBA no.19. Figure 3-13 is an example 

of the powder x-ray diffraction pattern of IBA no.19 compared with that of potassium 

chloride, using the same scan conditions. Compared to KCI, which is a highly crystalline 

material, the x-ray diffraction maxima of IBA no.19 are weak and considerably broader. 
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Figure 3-13 X-ray diffraction comparison of (a) · Analar' Kcl and (b) electrodeposited 
manganese dioxide, R2, using the same scan conditions. Note counts scale of (a) is 100x 
that of (b). 

The weakness of the pattern is the major concern in determining the instrumental set up. 

Two factors which were fixed from the outset were the generator kV and rnA 

settings. The kV was set in accordance with the "optimum kV" for a constant potentl.tl 

generator employing a copper target tube8l . The rnA setting was then adjusted su,:h 

that the power output was slightly below the maximum rating of the tube (2700W). 

The choice of CuKa radiation t is well suited to the study of manganc\e 

containing compounds provided a modem crystal monochromator is employed. ThU\ 

although Mn fluorescence may be expected from irradiation with CuKa (leading to a 

contribution to the background radiation) since AcuKa=1.5418(A), which is below the 

K edge of Mn (1.8964(A»82, the monochromator is capable of significantly reducing 

its effect. That this is so is clearly demonstrated in reference 81 page 17 which 

compares 3 methods of monochromatisation (namely, ~-filtering, pulse height selection, 

t With regard to this question the ideal type of target for the x-ray tube would be that of Mn since 

"no element is capable of exciting its own fluorescence"s4. 
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and a graphite monochromator, similar to the one fixed on the instrument used in this 

work) when CuKa was used on a sample of high iron content which would be expected 

to cause considerable Fe fluorescence (as the K edge82 of Fe is 1.7435(A) which is only 

slightly above that of AcuKa)' The graphite monochromator was clearly superior and 

leads to a higher figure of merit and intensity compared to the other methods. 

In an attempt to optimise the intensity versus resolution of the system smaller 

and larger receiving slits than a 0.1 (mm) were tried. The resolution of the system may 

be tested by a slow continuous scan (%(02emm-1)) on a strain free powdered wolfram 

sample
83 

at 40(°29) with a time constantt less than 4(s). At this angle the (110) 

Ka l a 2 doublet should just start to be resolved. In this work it was considered more 

appropriate to perform slow scans on a well defmed P-Mn02 sample in the angular 

ranges 37.1 - 38.1 and 40.8 - 41.6 (°29) which respectively contain well defmed (101) 

and (111) peaks. These scans were compared with 0.05, 0.1 and 0.2(mm) receiving slits 

in place. 

For a broad focus tube the focal breadth, B, equals 2(mm) and the beam width 

W=Bsina. where a=take off angle. If a=6° then W=0.2(mm) which would be the 

optimum receiving slit size. In this case, however, 0.1 (mm) receiving slit produced a 

intensity similar to that obtained with a 0.2(mm) slit suggesting that the take off angle 

was less than 6°. With the 0.05(mm) slit in place a dramatic loss in intensity with hardly 

any observable increase in resolution was observed. 

A similar conclusion was reached when the type of tube was changed from a 

broadfocus example to that of a fine focus design, namely a considerable loss in 

intensity with no observable benefits to compensate. Thus the only effect was to 

considerably lengthen scan times to obtain a scan with same statistical accuracy which 

looked virtually identical to that obtained with a broad focus tube. 

3.4.2 Sample considerations. 

This section is concerned with the necessary groundwork which must be carried 

out whenever an examination of a previously unencountered material by powder x-ray 

diffraction is attempted. The object was to determine, in particular, whether the sample 

t This time constant referred to controls the response of the chart recorder device. Later work 
employed a digital storage system and step scanning which completely removes this possible source of 
distortion to peak shapes. 
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suffered from a large degree of preferred orientation, which would obviously affect the 

reproducibility of peak intensity and position measurements. It was the latter 

measurement which was of primary importance in this work. 

The variables which were changed were the method of sample preparation and 

the particle size distribution of the powder. The flrst was flxed by adopting a 'back 

filling method' similar to that described during a course organised by Philips Scientiflc 

(described below). The effect of varying the particle size was then investigated on both 

the magnitude and reproducibility of intensity measurements. This is known to have a 

large effect on quartz powders84. The easiest way of reducing average particle size is 

to sieve the material. This procedure was not considered for normal measurement since 

it risked excluding information due to the possible association of different phases with 

different particle sizes. Sedimentation procedures were therefore also excluded 

(sedimentation, for example, was found to lead to an increase in the ~-Mn02 impurity 

content present in nearly all EMDs). Only the effects of dry grinding were investigated. 

3.4.3 Sample preparation. 

Samples to be analyzed were carefully filled into the back of a standard 

aluminum diffraction holder (rectangular type) previously flxed with sticky tape against 

a clean microscope slide. The powder was lightly packed in with a spatula and filled 

such that a slight even excess protruded from the cavity. This was pressed in firmly with 

another microscope slide and the excess sliced off with a cover glass and a backplate 

fltted. Cleaning of the diffraction holders was best carried out with an ultrasonic bath 

filled with approximately 5% Decon 90. Occasional cleaning with a acid/hydrogen 

peroxide mixture was also employed. 

3.4.4 Experimental procedure for grinding experiment. 

About 10g of R2 was ground in an agate pestle and mortar for periods of 5 - 30 

minutes in steps of five minutes. Ten samples were prepared for each time period and 

the net intensity of peak B (see figure 6-10) determined by an integration procedure with 

background subtraction. The time in the peak was 600(s) and in the background 48(s). 

3.4.5 Results of grinding experiment. 

See table 3.8. 
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Table 3.8 Integrated intensity variation of peak B with grinding time for material 
R2. 

Go G} G2 G3 G4 Gs G6 s~ 
No. (Omin) (5min) (lOmin) (l5min) (2Omin) (25min) (3Omin) :538J.lm 

1 24.20 40.05 43.00 40.47 34.44 33.97 34.47 61.14 
2 30.82 41.17 38.95 40.27 29.36 30.22 31.37 59.48 
3 31.09 40.32 36.56 38.17 30.38 32.06 30.56 59.47 
4 28.04 40.76 41.00 41.57 33.52 31.60 29.87 59.18 
5 26.99 38.57 40.86 40.57 31.50 32.86 30.48 62.57 
6 30.29 38.32 43.41 35.48 33.13 30.97 28.69 60.91 
7 28.74 39.19 37.24 33.15 32.48 29.36 28.11 61.17 
8 29.93 43.03 38.61 30.81 34.18 34.75 32.00 58.79 
9 30.24 38.89 38.90 32.79 33.31 31.96 32.46 60.69 

Av. 28.59 39.99 39.69 35.83 32.51 31.97 30.81 60.27 
On_l* 2.28 1.58 2.30 2.46 1.34 1.71 1.86 1.28 
%std. 
dev. 8.0 3.9 5.8 6.9 5.0 5.3 6.0 2.1 

~ passed through a 400 mesh sieve. Note Go-G6 carried out with a fine focus tube whereas S was 
measured with a broad focus tube (higher intensity). 

3.4.6 Statistical expectations (i.e. expected uncertainty due only to the amount of 

counts collected). 

For sample Go the average counts collected under the peak was =27000 and in 

the background 768 counts. If 

0T = J27000 = 164.3(c) 

and 

then the standard deviation in the net peak is, 

1 1 

Op = (0; + 0~)2 = (27000+768)2 = 166.6(c) 

and the percentage standard deviation is therefore, 

166.6 xl00 = 0.63%. 
27000-768 

Similarly for G1 the rel.std.dev. = 0.55% and for S it is 0.44%. 

* where 00-1 :: 
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3.4.7 Discussion. 

Table 3.8 indicates a large contribution to the uncertainty due to the state of the 

sample material, which may be deduced from comparing the expected standard deviation 

with the observed value i.e. expected 0.63%, observed 8.0%. It also demonstrates that 

after an initial increase in reproducibility (after 5 min grinding) no further increase may 

be expected. 

If the sample thickness is thick enough to produce a diffracted beam of 

maximum intensity (see appendix C) then figure 5-43 in reference 54 for typical 

experimental conditions is valid. This is a graph of percentage mean deviation (based 

on a Laplacian probability equation) versus crystallite size. From this graph with J.lMn02 

(linear absorption coefficient) equal to 760(cm-1) then for a 6% mean deviation the 

crystallite size is slightly less than 10 microns. 

The effect of grinding on the particle size population is clearly seen from figures 

3-14, 3-15 and 3-16. The main qualitative effect being to crush the larger particles (-70 

- 20Opm). Grinding for 5 - 30 mins probably does not affect the crystallite size but may 

help to increase the · randomness' of the crystallites by · freeing' them from large 

particles. Prolonged grinding would be required to bring the effective crystallite size to 

less than 5(pm) required for a percentage mean deviation of 1 % (see fig.5-43 ref. 54). 

That It is the case that further grinding would increase reproducibility further is 

supported by the increase obtained from sieving the sample (see table 3.8, column S). 

3.4.8 Conclusions. 

It has been appraised that highly reproducible (~1 %) intensity measurements on 

a typical commercial EMD cannot be expected when employing a standard sample 

mounting procedure. The effect of grinding is found to be small probably because 

although grinding reduces preferred orientation, by • freeing' crystallites from large 

particles, it only requires a small amount to be present at the surface exposed to x-rays 

to have a comparatively large effect on the reproducibility. It is noted that the effects 

of preferred orientation are in fact small compared to many other materials since the 

particles do not exhibit any particular external habit as demonstrated in the SEM pictures 

figures 3-14, 3-15 and 3-16, unlike for example mica. In this work, as it is line position 

which is of most interest, further investigation into reproducible intensities was not 

pursued because, as has been demonstrated, large degrees of preferred orientation were 
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absent. Powders for analysis were, unless otherwise stated, simply ground for 3 mins. 

3.5Measurement of d spacings versus H insertion level. 

3.5.1 Introduction. 

d (interplanar spacing) is the fundamental parameter measured by obtaining the 

angular 2e position from a powder x-ray diffraction maxima. By measuring d versus x 

in Mn0x or (r in MnOOl\) insight may be obtained into changes in structure which 

occur during dilation with H insertion in a manganese dioxide. In general sharp changes 

in slope or discontinuities in the lattice parameters of a solid solution with composition 

may be connected with changes in symmetry of the crystal lattice85. Evidence of a 

similar type of behaviour has already been accumulated for a typical commercial 

manganese dioxide68 (designated R2 in the publication and here). See chapter 6 for the 

reasons why in this case the changes in slope cannot be interpreted as symmetry 

changes. 

3.5.2 Method of measuring d. 

The precision with which lattice constants (or d spacings) can be measured can 

be reduced to almost negligible proportions (0.003%) if one is prepared to expend 

enough effort, provided the material has sharp x-ray lines86. This is not the case with 

EMD or CMD which have characteristic broad lines (see figure 3-13). It was therefore 

necessary to assess what limits of accuracy were required and can be achieved for this 

study. Neglecting peak E, (whose breadth precludes accurate measurement (see figure 

3-13» for a typical EMD the peaks which were observable throughout the H insertion 

range fall into two approximate categories. Namely those that shifted approximately 

0.05(A) (peaks A and B) and those that shifted O.lO(A) (peaks C and D) when H was 

inserted. Taking the smallest shift, namely 0.05(A), if a linear relationship between r and 

d obtained then the error derived in section 3.3.2 for r could be considered as an error 

in d. Therefore if ru=o.006 (as for IBA no.14, see section 3.3.2, as r=4-2x ~ Idr l=2dx) 

then ~d=O.05*0.OO6 = 0.0003. Thus, as a first estimate, it would be unnecessary to 

measure the d spacings to an accuracy greater than ±0.0003 due to the error in r in 

MnOO~. Consider table 3.9 which indicates that four measures on material rnA no.19 

of peak B produced an average in which the error (for twice the standard deviation of 
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Table 3.9 Fo~r measures of peaks B,C and D with and without correction against 
an mtemal KCI standard. 

IBA no.19 (x=1.959) 
no. peakD peakD peak C peak C peak B peak B 

corr. corr. corr. 
(A) (A) (A) (A) (A) (A) 

1 2.4090 2.4133 2.1141 2.1167 1.6273 1.6295 
2 2.4107 2.4141 2.l148 2.l171 1.6274 1.6289 
3 2.4104 2.4138 2.1143 2.1164 1.6277 1.6292 
4 2.4099 2.4133 2.1155 2.l176 1.6280 4.6263 

avo 2.4100 2.4136 2.1147 2.l169 1.6276 1.6292 
0 0.0004 0.0002 0.0003 0.0003 0.0002 0.0001 

%dev. 0.017% 0.008% 0.014% 0.014% 0.012% 0.006% 

IBA no.19 (x=1.603) 
1 2.4932 2.4973 2.1861 2.1888 1.6801 1.6816 
2 2.4946 2.5006 2.1852 2.1898 1.6785 1.6805 
3 2.4933 2.4967 2.1872 2.1895 1.6795 1.6808 
4 2.4905 2.4966 2.l863 2.l904 1.6783 1.6808 

avo 2.4929 2.4978 2.1862 2.1896 1.6791 1.6809 
0 0.0009 0.0009 0.0004 0.0003 0.0004 0.0002 

%dev. 0.036% 0.036% 0.018% 0.014% 0.024% 0.012% 

the mean) is ±o.OOO4(A), which is close to the estimated limit of accuracy required. 

Note that the measured error increased with reduction as measurements on a reduced 

sample Mn01.60 indicate (see table 3.9). Peak D shows the largest increase in variability 

with H insertion. The increase in 0 with reduction is not unexpected since peak intensity 

and angular position decreased with increasing r in MnOO~. Whether or not the 

accuracy could be improved by employing standard techniques was next investigated. 

There are basically two different methods. One involves measuring the d 

spacings of high angle lines and extrapolating to 6=90° to obtain the 'true' d spacing. 

This is so because the relative error in d is given by 

od _ = -cot)o6 (3.20) 
d 

(from differentiating the Bragg condition), which tends to 0 as 6 tends to 90. For EMD 

there are no suitable high angle peaks with CuKa radiation. Changing the radiation does 

not alter this conclusion. 
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The other method is the use of an internal calibration substance with well known 

lattice parameters. It is the preferred method in this instance because of its simplicity 

and because very high precision is not required. The previous method is normally 

chosen for high precision measurements with suitably crystalline materials. 

As may be deduced from table 3.9 correcting against KCI (which is mixed in 

with sample) in general produced a small or sometimes zero increase in the 

reproducibility of peaks B, C and D for the two sets of measurements. The reason why 

only a small improvement was observed must be because the largest source of error in 

the tabulated measurements was not sample height displacement (which use of an 

internal standard can correct for). Sample height displacement is normally the single 

biggest source of error in diffractometer measurements87. The source of error rather 

rested with the method of determining the peak position itself from the broad peaks. The 

method used was a parabola fitting method which fits a parabola to a set of 3 points 

around the point at which the second derivative was most negative. This was a built in 

routine in the computer of the diffractometer and was therefore a 'live' routine. It 

needed to be tuned to the particular peak being measured by setting the so called peak 

detection width. Herein lies one of the advantages of collecting the data on a magnetic 

storage disk in which the same routine may be employed but without re-scanning the 

sample if the peak detection width is not set at its optimum value. 

3.5.3 Conclusion. 

Using an internal position standard does not substantially improve the accurJq 

of d spacing measures on a typical EMD and therefore was not employed. Furthemlt Ire 

use of an internal standard such as KCI would make it very difficult to measure all (If 

the peaks throughout the whole H insertion because of the large peak movemcnt~ 

involved and the inevitable contamination of these peaks with the standard at some point 

in the H insertion range. This question was not investigated further, and the results of 

peak determinations were simply averaged over 3 measures. An exception to this 

procedure were samples SBP A and WSZ, which have significantly sharper peaks, where 

only 2 replicates produced satisfactory results. 

3.6 Electrode potential measurements of H inserted synthetic battery active 

manganese dioxide in KOH solution. 
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The procedure adopted for this study had the following consideration as a 

primary objective. To enable a measurement of about 25 samples to be completed in one 

day such that the potential versus x in Mn0x with time of the whole H insertion range 

may be measured (see chapter 8). In practice this was not always possible because of 

the fmite time required for potential measurements to stabilise. These times increased 

considerably for deeply H inserted samples stored in KOH such that only a selection of 

the available samples were measured. By a matter of trial and error the following 

equipment and procedure was found to produce satisfactory results. 

Refer to figure 3-17 which is a schematic representation of the equipment used. 

A high impedance digital voltmeter (Solatron model 7150) was employed together an 

inert electrode constructed with vitreous glassy carbon (obtained from Le Carbon). 

Potentials were taken as equilibrium values when the following arbitrary criteria was 

reached, namely that the voltage had not changed by more than O.OOOI(V) in five 

minutes. This often took 20 mins and sometimes considerably longer (1-2 hours). 

Between measures the glassy carbon electrode was cleaned with an acidified hydrogen 

peroxide solution, polished with an alumina paste (average micron size 0.01) on a 

polishing wheel, rinsed with distilled water and dried. Hg/HgO reference electrodes, 

Figure 3-17 

connecting wire 

"" 

i 
! glass ! 
; 

! 
! 
! 
i 
i 
\, 

mercury 

glassy 

carbon 

-,- glassy carbon 

electrode 
" , 

nalgene 

tube 

KOH 

electrolyte 

, 
, 
, 
, 
, manganese 

dioxide 

digital 

voltmewr 

Hg/HgO 

reference 

electrode 

_wr bath 

at 25C. 

Experimental arrangement for measuring electrode potential of manganese 

dioxide, and reduced forms. 

95 



which are particularly suited to measurements in alkaline solution88, were freshly 

prepared as required and regularly compared against each other and a commercially 

available Hg/HgO electrode (Tacussel electronique model XR4(0) all filled with the 

same concentration KOH solution (7M). 

3.6.1 Discussion. 

Experimentally, reproducible potentials in alkaline solution have been notably 

more difficult to achieve than the same measurements in neutral solutions 125. In this 

case the simple procedure described above gave satisfactorily reproducible results. For 

example the initial potential measurements of IBA no.19 averaged over 1,2,3 and 6 

weeks indicate a potential of 0.2632±0.OOO4(V). The accuracy of the results is 

demonstrated in section 8.7 in which a comparison with those measured from a modified 

Leclanche cell is presented, from data obtained from Maskell et al. 140 

As noted above an arbitrary cut off in the potential versus time had to be 

imposed, this was because the potential continued to change slowly even after long 

stabilization times. This slow change may be attributed to the known 'self discharge' 

tendency of manganese dioxide electrodes in contact with 'inert' electrodes89
.
90

. 

That is, thennodynarnically, it may be shown that manganese dioxide should 

spontaneously decompose in aqueous solution whereas in fact it does not do so unless 

it is in contact with an electrode (such as Pt, Au or C) which lowers the activation 

overpotential of the reaction. 

3.7 FTIR spectroscopy. 

All spectra of H inserted manganese dioxide were obtained courtesy of Dr D. 

Swinkels. The experimental conditions were reported to be the following. 

About 3 mg of each sample was mixed with about 450g of CsI and about 200mg 

used to produce a compressed pellet of known weight (all operations were perfonned 

under dry nitrogen). Pellets were scanned with a Perkin Elmer PE 1750 FTIR 

spectrometer over the wavenumber range 400 - 4000(cm-1
), with each resulting scan 

being the average of 50 scans. The data were adjusted by subtracting the CsI blank 

measured during the same run and the spectra were adjusted to a standard 1 mgcm-
2 

loading using the recorded weights. FTIR spectra were saved as Lotus spreadsheet files. 
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4 The Structure of Fully H Inserted Battery 

Active Manganese Dioxide and Possible 

Structural Implications for the H Insertion 

Process. 

4.1 Does H inserted SBPA also fit the intergrowth model of de Wolfr? 

It has been speculated previously that if the manganese dioxide in which protons 

and electrons are inserted contains P(P') t layer defects in a framework of R(R') layers 

then the corresponding H inserted material must also contain M(M ') or manganite type 

layers in a G(G') or groutite framework73•91. Manganite and groutite are isostructurally 

related crystals to pyrolusite and ramsdellite but with the composition MnOOH (see 

chapter 1). The plausibility of the analogous intergrowth structure (designated 

o-MnOOH following Maskell73 et at.) existing is enhanced by noting the following 

relationships between ramsdellite and groutite, pyrolusite and manganite unit cell 

dimensions available in the literature. Firstly the relationship between ramsdellite and 

groutite is summarised in table 4.1 and figure 4-1. Table 4.1 indicates that the main 

Table 4.1 Comparison of orthorhombic lattice parameters of ramsdellite and 
groutite. 

Material ao(A) bo(A) co(A) Reference 

ramsdellite 4.533 9.27 2.866 49 

groutite 4.560 10.700 2.870 92 

%increase 0.60% 15.43% 0.14% 

difference in unit cell parameters is an expansion of the b axis in groutite with respect 

to ramsdellite. In figure 4-1 a unit cell of groutite has been superimposed and centred 

on a ramsdellite unit cell. The data for ramsdellite was taken from Bystrom49 and that 

92 ·th ··1 for groutite from Dent Glasser and Ingram . It should be noted that m e ongma 

t P(P') means P layer and P' layer defects since in the de Wolff model one cannot occur without 

the other. 
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Figure 4-1 Superimposed Wlit cells of groutite and ramsdellite showing relation between 
structures. The ao unit cell vector appears equal in this diagram whereas bo is 15.4% 
larger in groutite. Co is also nearly equal for groutite and ramsdellite. The oxygen 
arrangement is approximately h.c.p. but ·puckered'. Due to stretching in the bo 
direction the already distorted octahedra are further distorted in groutite with respect to 
ramsdellite to produce a reversed puckering of the oxygens. 
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diagrams the viewing directions are different since a®b is into the page in figure 1 

(Bystrom) whereas a®b points out of the page in figure 1 (Dent Glasser and Ingram) t. 

Figure 4-1 contains both structures viewed such that a®b is into the page. The different 

bo dimension is observable in the diagram but the small difference in the a dimension 
o 

(see table 4.1) cannot be represented. Apparent in figure 4-1 is the differing distortions 

of the oxygen sub-lattice. In the b direction a string of oxygens would be perfectly 

aligned in a h.c.p. arrangement (cf. figure 1-2(b)) but for ramsdellite and groutite a 

'puckered' arrangement exists. The puckering, however, is reversed for groutite with 

respect to ramsdellite (see figure 1-2(a) for an idealised puckered arrangement for 

ramsdellite). The main difference between ramsdellite and groutite could therefore be 

qualitatively described as an expansion of the lattice in the b direction with an 

accompanying stretching of each [Mn061 octahedra such as to produce a reversed 

puckering arrangement of the oxygen sub-lattice (see also section 1.1.2). 

Pyrolusite and manganite are not directly comparable however, as for instance 

there are four formula units contained in the monoclinict unit cell but only one in 

present in the tetragonal cell of pyrolusite. Using the assignment of the a,b,c axis 

adopted for manganite by Buerge~3, division of the manganite a and c axis by two 

produces a . unit cell' which may be compared with pyrolusite (see figures 1-4 and 

1-1 (a) and table 4.2). This is equivalent to noting that the b axis of ramsdellite is 

approximately twice that of pyrolusite, whereas in this case the a and c axis of 

manganite are approximately twice that of pyrolusite, as is shown in table 4.2. From 

Table 4.2 Comparison of unit cell parameters of pyrolusite and manganite. 

Material a(A) b(A) c(A) Unit cell type Refer 
-ence 

pyrolusite 4.40 4.40 2.87 tetragonal 49 

(manganite) (8.86) (5.24) (5.70) (monoclinic) 93 

'unit cell' derived 4.43 5.24 2.85 N/A 
from manganite 

%increase 0.68% 19.09% -0.70% 

t It is further noted that the corresponding JCPDS cards are not reported in the same axis orientatio~. 
Ramsdellite (card 39-375) is reported in the conventional orientation for its space group but not. ill 

Bystr5m original paper which has the same orientation as Dent Glasser's paper and the correspondmg 
JCPDS card (card 24-713). 

t ~=90 in manganite and it is often termed • pseudo-orthorhombic . for this reason. 
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table 4.2 it may be seen that similarly to the hypothetical transition ramsdellite to 

groutite (table 4.1) the main change in unit cell parameters for the transition pyrolusite 

to manganite is the expansion of the b axis by 19%. Interestingly a figure of 15lk 

(which is the same as that for the transfonnation ramsdellite to groutite stated in table 

4.1) has been detennined94 for the contraction of the b axis during the transformation 

of manganite to pyrolusite, however, the pyrolusite obtained by this type of 

transfonnation is believed to be orthorhombic94
. An attempt to represent the expansion 

is provided in figure 4-2 in which half a unit cell in the a direction has been 

superimposed on a unit cell of pyrolusite. Such a division produces a 'unit cell' which 

has very nearly the same dimension as that of pyrolusite so that the cells are 

superimposed on each other in this direction. In the b direction the unit cells are centred 

to produce equal lattice expansions in the positive or negative direction. It may be 

ascertained from this diagram that the expansion referred to may essentially be 

accomplished by stretching of alternative oxygen chains in the positive and negative b 

directions such as to remove the puckering characteristic of the p.t.p. oxygens (see 

section 1.1.1) in the pyrolusite structure. Re-examining figure 4-1 one finds that such 

a mechanism also (approximately) would account for the transition ramsdellite to 

groutite. 

Drawings indicating the relationship between the structures of either 

ramsdellite/groutite or pyrolusite/manganite are rare in the literature, see however 

Ohzuku and Hirai95. The authors, however, do not draw attention to the obvious 

relationships stated in this work. 

Given that the expansions produced in groutite and manganite are in equivalent 

directions and of similar size due to incorporation of H, if an intergrowth structure of 

ramsdellite and pyrolusite type layers exists the corresponding H inserted intergrowth 

structure would (on this basis) seem possible and reasonable. 

Experimental evidence for this structure is provided in figure 4-3(a) which is a 

powder x-ray diffraction pattern of the most H inserted (MnOOHO.882) derivative 

produced with SBPA. Experimental reasons are given as to why the theoretical limiting 

composition of MnOOH was not obtained by the H insertion method used plus details 

of the experimental procedure in section 3.2.1. 

Present in figure 4-3(a) are peaks with differing broadness as in figure 2-8 which 

is of the original SBP-EMD, labelled SBPA. If M(M') layers exist in a matrix of G(G ') 
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Figure 4-3 Comparison of computed x-ray diffraction pattern, using DIFFaX, of reduced 
SBP A and actual pattern (MnOOHO.882)' (a) actual pattern with orthorhombic indices 
shown. (b) Computed 'random layer' model of G(G') and M(M') layers. 

layers analogously to P(P') layers in a predominately R(R') framework then exactly 

similar conclusions regarding the broadening and shifting of certain lines from their 

orthorhombic positions ought to apply. In particular those peaks with ~k+l even would 

be sharp and unshifted and the others in general would be relatively broad and shifted. 

Referring to figure 4-3, though not as clear as for the initial unreduced material (figure 

2-8), this is approximately the case. The indices were detennined from the nearest 

groutite lines when comparing the known positions and intensities96 of groutite with 

the observed pattern, figure 4-4. In this figure the correspondence of the lines with the 

observed positions and intensities is not very satisfactory. This is to be expected, 

however, since there is no reason to suppose that either the orthorhombic parameters or 

m (the fraction of M(M') layers, analogous to p) will be the same (note that m=O for 

perfect groutite). 

In order to determine the m value of the most reduced sample table 4.3 similar 

to table 2.4 was constructed by exactly the same procedure as outlined in section 2.3.2. 

The assignment (120) is doubtful (hence the question mark next to its index in figure 

4-3) as it occurs very near to the 100% manganite line as shown by comparison with 
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Figure 4-6 Minimisation of the residuals squared (calculated shifted °29position -
observed shifted position) used in the detennination of the pyrolusite layer fraction p. 
r Ffractional shift in reciprocal space. 

Table 4.3 De Wolff analysis of sample A23. Where q=104/d2 and subscripts denote 
o-observed, c-calculated; Calculated CIc and ~q shifts for indices hId; hkl related to 
ramsdellite indices hId. 

29 d Clo CIc h k 1 Clo-CIc ~q 

21.365 4.159 578.2 574.8 1 1 0 3.4 12.2 
26.007 3.426 852.0 839.6 1 2 ot 12.4 0.0 
31.552 2.835 1243.8 1280.9 1 3 0 -37.1 -35.0 
35.513 2.528 1565.1 1565.7 0 2 1 -0.6 0.0 
37.824 2.378 1767.7 1787.3 1 1 1 -19.7 -11.4 
40.814 2.211 2045.9 2052.2 1 2 1 -6.3 0.0 
39.278 2.294 1900.7 1898.8 1 4 0 1.9 0.0 
54.375 1.687 3512.8 3511.7 2 2 1 1.1 0.0 
57.152 1.612 3850.0 3905.8 1 5 1 -56.0 -58.6 
64.954 1.436 4851.7 4850.3 0 0 2 1.4 0.0 
61.435 1.509 4390.5 4390.3 0 6 1 . 0.2 0.0 

tTentative index, see text. 

data97 for manganite, figure 4-5. Further evidence that the assignment (120) may be 

wrong occurs when trying to minimise the sum of the square of the residuals when 

detennining the m value (for more information see section 2.3.2 and appendix A). If one 
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includes the (120) peak in the function to be minimised then the minimum of the 

function is not as low as when it is not included. This is graphically depicted in figure 

4-6. Note that the function to be minimised has been nonnalised by dividing it by the 

number of tenns (Le. the number of peaks) in the summation. 

The minimum occurs at l/rr=14.97 corresponding to m=O.15. An average value 

for 3 measures has been calculated (see appendix A) m=O.14±O.Ol. This is below the 

value of p determined for the initial material, p=O.20±0.OO5. The following points should 

however be born in mind concerning the value of m given. Although it has been stated 

that m, the fraction of manganite type layers, has been determined in fact there is no 

way in principle of knowing if m or p, or a combination of both has been found (by the 

method described in section 2.3.2). The analysis only works for the case of a small 

proportion of one type of layer defect in an otherwise perfect matrix of another layer 

type. One could perhaps decide the question by recursive (i.e. altering the values of m 

and p comparing the result with experiment adjusting m and p then repeating the 

process) simulation of the pattern (with for instance DIFFaX) until the best match with 

the experimental pattern was found. This, however, would be a difficult task comparable 

to the task of determining the quantity of triple octahedral layers present in the original 

material (see section 2.4.1). The fact that the analysis may be perfonned at all suggests 

the following. A predominant 'lattice' exists in which layer defects are present 

(whether they be m or p or both). The lattice must be a groutite type lattice (Le. that 

fonned by 0(0') layers) since the material is reduced. The layer defect concentration 

of 0.14 is consistent with the earlier suggestion of a slight amount of 'Y-MnOOH 

precipitation, however, it must be noted that the reduction level is only MnOOHo.882 so 

the low value of m (and or p) may be due to a combination of p and m layers co

inhabiting the crystal with subsequent errors in the analysis of the layer defect 

concentration. 

4.1.1 Computed x-ray diffraction pattern of reduced SBPA. 

To conclude section 4.2 the simulated pattern calculated with DIFFaX is 

presented. The lattice parameters used were those as determined in the previous section 

from the procedure to evaluate m (and/or p) and are listed together with those for SBPA 

in table 4.4 (see also appendix A). This table indicates that the relative expansions of 

b and c are comparable to those found given in tables 4.1 and 4.2. In the ao' 0 0 
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Table 4.4 Comparison of initial and final lattice parameters from 
SBP A and most H inserted product. 

Sample ao(A) 

SBPA 4.438±O.OO2 9.35±0.01 2.850±O.OO2 

Most H inserted 
product from 4.536±O.OO2 10.65±O.01 2.870±O.OO2 

SBPA 

% increase 2.2±O.09% 13.9±0.2% 0.7±O.14% 

simulation an R(R') layer was expanded by 14% in the b direction as was a P(P') layer 

and the other two lattice parameters set equal to those of the most H inserted SBPA 

given in table 4.4. The expansion was performed on an R(R') layer such that angles 

between oxygen atoms at a layer boundary remained constant so as to ensure they would 

continue to match a neighbouring unreduced layer. For details on how this was achieved 

see appendix B. The calculated pattern is displayed in figure 4-3(b). The agreement with 

the observed pattern (figure 4-3(a)) is certainly not as good as the original calculation 

for SBP A (see figure 2-8). However, most peaks in the calculated pattern contain a 

corresponding peak in the actual pattern, even peak (240), which occurs only as a 

shoulder on (221) in the actual pattern but as an intense feature in the calculated pattern. 

The broad maxima in the region 42-52°29 only corresponds to the remnants of a very 

broad (130) peak (see figure 2-8) but the most striking disagreement is the complete 

absence of the '(120)?' peak. This could be due to the simplified oxygen sub-lattice 

that was adopted for the calculation. Evidence for this is provided by the inspection of 

the intensities of the peaks in figure 4-3 which are reasonably correlated, where the 

greatest error with respect to the actual pattern arises for peaks (021), (121), (240) and 

also perhaps (061) and (221). All those peaks contain a large contribution from oxygen 

as has been noted earlier, section 2.4.3. 

Just as distorting the h.c.p. oxygen sub-lattice in the calculation of the ramsdellite 

line intensities produces peaks characteristic of ramsdellite distorting the h.c.p. oxygen 

sub-lattice towards the groutite positions will produce lines characteristic of groutite. The 

distortion t of the oxygen sub-lattice is different from the rarnsdellite case as is 

t "distortion" here means with respect to the h.c.p. arrangement and does not imply any lack of 

regularity or infeasibility in such an arrangement. 
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illustrated in figure 4-1 and noted earlier. Measurement of the peak area of the line at 

26.01°2e (possibly (120» and (110) indicates that this peak is 12% of (110) (the 100% 

peak). This agrees well with the value of 10% for the same ratio in JCPDS card 24-713 

(groutite), see figure 44. However it is odd that (020) does not also appear with an 

intensity of 9% as also shown in figure 4-4 (the stick occurring at the lowest 2e angle). 

Considering all the evidence presented it is most likely that the peak tentatively assigned 

(120) represents a small manganite 'impurity' from the reduction process, probably due 

to the enhanced solubility of Mn species in butanol at boiling temperatures. 

4.2 An analogous structural series to the Y-Yt-Mn02 series for the H inserted 

compounds. 

The H inserted derivatives formed from the initial battery active materials under 

consideration in this work form an analogous structural series to the Y-YCMn02 

structural series reported in section 2.3.1. That is, whatever structural defect is 

responsible for the Y-YcMn02 series appears to be retained at the end of the chemical 

H insertion process, as demonstrated by the x-ray diffraction patterns of the most 

reduced (i.e. those closest to the theoretical composition MnOOH) products presented 

in figure 4-7. Since it has been established that the structural fault responsible for the 

Y-YCMn02 series was that of microtwinning (cf. section 2.5) it may be inferred that it 

is also responsible for the analogous H inserted structural series or the O-OcMnOOH 

series. In this case, however, shifts from the orthorhombic positions determined from the 

sharp lines of H inserted SBPA, (the dashed lines in figure 4-7) are not explainahk 

solely by microtwinning, nor are they in a consistent direction as in figure 2-12. 1k 

following points should, however, be noted concerning figure 4-7. The position of 

certain maxima depend on the H insertion level i.e. on r in MnOOHr (if the malcnaJ 

reduces in homogeneous phase). Therefore differences may be expected since the 

materials are not all at exactly the same H insertion level. Furthermore in the case of 

reduced SBPA the composition indicates that it has an H insertion fill levelt of only 

87.3% compared to 96.9% or higher for the other materials. However, as shall be 

presented later, this material was reduced in a heterogeneous process and therefore the 

positions of the maxima (are in this case) the same as those of the most H inserted product. 

t Calculated taking into account the initial non-stoichiometry of the manganese dioxide. 
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Figure 4-7 Comparison of most reduced materials produced by chemical insertion of H 
into the starting materials (a) SBPA, composition MnOOHo.882' (b) WSZ, MnOOHo.972 
(c) lBA no.14, MnOOHo.990' (d) R2, MnOOH1.008 and (e) lBA no.19, MnO°Ho.974· 
The dashed lines represent the orthorhombic positions of the groutite type lattice derived 

from the sharp lines of (a). 
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4.3 Theoretical discussion concerning the nature of line shifts in manganese 

dioxide due to H insertion. 

The previous sections have shown that consideration of the x-ray diffraction 

patterns of the fully H inserted compounds produced in this work strongly indicate that 

they posses a random layer structure with additional effects indicative of varying degrees 

of microtwinning. As is well known, H insertion into (in particular) EMD causes line 

shifts to occur, which in tum has provided strong evidence to corroborate observations 

of the electrode potential which indicate that reduction occurs in a single phase. 

homogeneous process (cf. chapter 8). In the following section it is proposed to consider 

the possible causes of line shifts when inserting H into manganese dioxide consistent 

with the structural nature of the reduced derivatives. Such a consideration leads to 

identification of a new form of line shift which, surprisingly, has elucidated (see section 

6.5) the interpretation of the structural changes which occurred when H was inserted into 

a typical EMD at the 'Yt end of the 'Y-'YCMn02 series. 

4.3.1 The causes of x-ray diffraction line shifts due to H insertion into 

battery active manganese dioxide. 

It is well established that insertion of H into battery active manganese dioxide 

causes the x-ray diffraction lines to shift in a direction consistent with that of an 

expanding crystal lattice, that is towards lower 28 values (or higher d values). What has 

not been established is how insertion of H causes the observed line shifts. Examining 

the literature one fmds that the following argument is propounded. The lattice expansion 

is the result of replacing the Mn4+ ion by the larger Mn3+ ion as reduction proceeds. 

The reduction may be represented by the chemical formula MnOO~ where r changes 

from an initial value close to zero (due to the initial non-stoichiometry of the manganese 

dioxide t) to a value of one which corresponds to all Mn4+ reduced to Mn3+. The author 

believes what is not stated explicitly is the following. A shift in line position with 

increasing proportion of Mn3+ (represented by r) would only result if the distribution of 

t This is not meant to imply that the initial non-stoichiometry is necessarily due to inserted H. A 
perhaps better notation 107 recognises this distinction by writing MnOxHs where x is the initial oxidation 

state and s varies from zero to smax· 
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Mn3
+ in the available sites was random, or at least the Mn3+ were not confmed to a 

portion of the crystal. If this were the case then a line shift would not result but rather 

two sets of lines would be apparent one set characteristic of the reduced portion of the 

crystal and the other set characteristic of the unreduced material. 

Increasing H insertion would merely alter the proportions of the two sets of lines 

according to the composition. This behaviour can be induced to occur in EMD and is 

further discussed in section 7.3. In this case an apparent line shift would only be 

observed if the lines were extremely close together such that they overlapped whatever 

the composition. This type of explanation has been offered98 to account for the line 

shifts observed when inserting Li into heat treated EMD (or HEMD). Thus an overall 

expansion of a crystal lattice would only result if the substituted ion (Mn3+ in this case) 

was distributed 'evenly' amongst the available sites. This is compatible with the 

idea99 that a solid solution is formed with Mn3+, Mn4+, 02-, OH- identified as the 

thermodynamic components, which in tum only requires independent mobility of H+ and 

e-. However, it appears necessary for an average expansion of a whole crystal lattice, 

that not only must the larger ions be distributed randomly amongst the available sites 

but they must be mobile for it is hard to imagine how a larger unit cell, inhabited by 

Mn3+, could exist 'independently' of other unit cells that are unreduced (or not 

expanded). Conceptually at least mobility is implied by an average lattice expansion, 

where the x-ray diffraction lines do not broaden but merely shift with increasing 

proportion of Mn3+. 

This is directly analogous to the phenomenon of a random substitutional solid 

solution which occurs for instance with the ionic salts KCI-KBr. The lattice parameters 

of the solid solution in this case vary linearly with atomic percentage of solute present. 

The fact that many random substitutional solid solutions obey an approximately linear 

relationship is known as lOO Vegard's Law (it is not really a law but an empirical 

generalisation101). Deviations from Vegard's Law include non-linearity (curves showing 

positive or negative deviations) and abrupt changes in slopelOl. Solid solutions which 

are not random are termed ordered and may be detected by the presence of superlauice 

reflections in the x-ray diffraction pattern. 

The statements so far in this section have made no reference to the nature of 

'Y-Mn02 crystal discussed in chapter 2. They rather refer to perfect crystal lattices and 

an idealised concept of substitutional type solid solutions. As should be apparent from 
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chapter 2 the idea of 'lattice expansion' is strictly speaking not applicable to y-Mn02 

or members of the Y-YCMn02 series since neither posses a regular crystal lattice. The 

oxygen framework does posses a sub-lattice t and so the concepts and terms discussed 

above could be applied to it. Consideration of the nature of the y-Mn02 crystal structure 

leads to a new form of line shift. 

4.3.2 The Hendricks-Teller effect. 

This type of line shift is a consequence of random layer structures and is not 

deducible from classical x-ray diffraction theory. The example of a random layer 

structure given in the original paper60 (concerning random layer structures) by Hendricks 

and Teller shall be used to illustrate the effect. It is based upon the partially hydrated 

mineral montmorillonite which contains two layers, one corresponding to the anhydrous 

material with a loA width and the other hydrated layer with a width of 13A. In the 

calculation of the x-ray pattern the layer form factor for the two types of layers is set 

equal (Le. the influence on the layer form factor of water is neglected). An equation is 

derived for a random infmite succession of loA and 13A layers with the probability of 

occurrence of a layer equal to its probability of existence or overall proportion (i.e. it 

is a genuine random occurrence of each type of layer, see section 2.4.5). 

For reference the general equation60 for the intensity of diffraction I for r 

different phase shifts phil, phi2, phi3 ... phir characteristic of r layers, occurring with 

probabilities B(1), B(2), B(3), .... B(r) is 

where 

1- y2[l-C 2] 

1-2Ccos<l> +C 2 

Y=layer form factor 

r 
C = L B (s)cos( <I> (S) -~ ) 

s=1 

r 

and <I> is defined by L B(S)sin(<I>(s)-~)=O 
s=1 

The phase shift <I> is related to the scattering angle e by 

(4.1) 

t it is unlikely that the oxygen sub-lattice could be perfectly reg~lar since local displacements of 

the oxygen positions probably occur at RP, PR (or R 'P', P'R ') boundarIes. 

112 



Ii\ 41tx. 9 'I'=-sm 
A 

A..=wavelength 

x=the width of a layer 

(4.2) 

Figure 4-8 displays the results for montomorillonite a calculation in which 

B13A=O.5 (which implies BlOA=O.5). In the top part of the figure 4-8 the results are 

shown for 99% pure fonns of the hydrated and anhydrous mineral so that the effect of 

the random layer calculation may be compared. Thus where two lines overlay a sharp 

intensity maxima is observed in the random lattice calculation but in other regions where 

isolated peaks from either spacing occur broad maxima are produced which eventually 

fade with increasing proportion of the · other' layer. It should be noted that the intensity 

calculation only takes into account the effects of the random layer structure since the 

layer form factor (V) is not evaluated and is therefore regarded as a constant factor. 

Thus 1/V2 is chosen as the ordinate in figure 4-8. V normally depends on the scattering 

angle 9 in an analogous way to Fhkl in section 2.2. The height of the sharp peaks in 

figure 4-8 have been cut at a value of lOin 1/V2 in order not to intrude into the upper 
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Figure 4-8 Example of a calculated x-ray diffraction pattern f?~ ~ rando~ layer structure 
with layer widths 10(A) and 13(A). In this case the probabIlItIes of eXIstence of each 

layer are B13A=B lOA=O.5. 
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diagram (the peaks of which have been displaced by 10 and similarly cut). Theoretically 

singularities result where the peaks of the 13A and loA lattice coincide. There are 

certain peaks which have neighbours sufficiently close to produce a maxima throughout 

the theoretical composition range from the pure loA lattice to that of the pure 13A 

lattice. One such peak occurs from the peaks used to identify the loA and 13A patterns 

in figure 4-8 and results in a maxima at about 8°29 in the lower random layer calculated 

spectrum. The data for this maxima calculated with B13A=0.1-0.9 in steps of O.l was 

used to produce the pseudo-3D t plot of figure 4-9(a). This plot displays the broadening 

and shift of the identified x-ray diffraction maxima with increasing proportion of the 

13A layer in the starting 90% pure loA phase. The shift is towards lower °29 values 

(higher d spacing). Figure 4-10 displays a contour plot of the same data The 

dependence of the peak position on composition has an · S shape' as clearly 

demonstrated in figures 4-9(b) and 4-10. 

To summarise, a new kind of line shift varying with layer composition can be 

produced by random layer crystal structures. It is observable only when two lines 

characteristic of the pure layer end members are sufficiently close to interfere with each 

other. The broadening and dependence of peak position on composition distinguishes 

this type of line shift from those that may be encountered with perfect crystals (as 

previously discussed, section 4.3.1). 

4.4 Simulated effects of H insertion on the computed x-ray diffraction 

pattern of 'Y-Mn02' 

In section 4.1 it was shown that the H inserted product of SBPA (which possess 

a typical 'Y-Mn02 x-ray diffraction pattern) has a random layer structure. That is, certain 

lines are broadened and shifted with respect to those produced from a perfect crystal. 

The question is how did inserting H into the initial material lead to this structure? The 

question is addressed from a purely theoretical viewpoint, the actual behaviour is 

presented in chapter 5. 

There are at least three possible cases: 

t This pseudo-3d plot (and all others contained in this work? was produ~ with the program 
UNIMAP, part of the series of interactive UNIRAS ~roducts avat!able to mamframe Vax users ~t 
Middlesex University. The program interpolates a collectIon of 3D pomts to produce the regular 3D gnd 

represented in the figure. 
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Figure 4-9 (a) Pseudo-3D plot of calculated random layer structure for the mineral 
montomorillonite. (b) d spacing variation of peak shown in (a) which produces an'S' 
shaped shift due to increasing concentration of the hydrated 13(A) layer in an initial 
layer structure of the anhydrous lO(A) layer. 
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Figure 4-10 Contour plot of calculated random layer structure for the mineral 
montomorillonite showing a peak which produces an · S' shaped shift due to increasing 
concentration of the hydrated 13CA) layer in an initial layer structure of the anhydrous 

10CA) layer. 
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Casel -

Case 2 -

Case 3 -

Overall the oxygen sub-lattice expands in a continuous fashion with 

accompanying movement of the of the Mn atoms with increasing H 

insertion level. This is equivalent to a random solid solution, the 

expansion of the lattice parameters (in this case it is preferable to refer 

to the oxygen sub-lattice, see section 4.3.l) must be linear (Vegard's 

Law) or show other deviations as previously discussed (section 4.3.1). 

0(0') and/or M(M') layers are formed at the expense of R(R') and/or 

P(P') layers (i.e. a random intergrowth, with conditions similar to the de 

Wolff model, of R(R'), P(P'), 0(0'), M(M') layers.) 

Increasing H insertion produces an x-ray diffraction pattern which is a 

linear mixture of the initial and final x-ray patterns in direct proportion 

to the H insertion level. This is an equivalent description to that of a 

heterogeneous process. 

Case 1 implies merely a linear (or otherwise) shift of each diffraction peak 

towards lower angles, in this case consistent with an expansion in the b direction. The 

results from performing such a simulation do not shed any light on the unusual 

diffraction effects (reported in the following chapters for the insertion of H into (in 

particular) the EMD coded R2) observed and are therefore not presented. For similar 

reasons case 3 is also not presented. In fact, the actual reduction of SBPA was easily 

realised to be a combination of case 1 and case 3 (chapter 5). 

Case 2 is now considered in detail. To do this simulated H insertions were 

performed and pseudo-3D plots produced of the calculated x-ray diffraction output 

displaying the same perspective and angular range as those presented in the next chapter 

(for the actual H insertion process). 

4.4.1 Case 2, simulated H insertion (random layer model). 

Within this case there are many variations in the way that 0(0') and M(M') 

layers may be introduced. Two variations shall be presented which will illustrate that 

such variations produce small but observable differences in the overall calculated 

diffraction patterns. 

First variation Case 2(a) - sequential reduction. R(R') layers are reduced to 0(0') 

layers followed by P(P') layers to M(M') layers. Twenty patterns were produced with 

simulated r'in MnOO~. covering the range r'=O.O to r'=1.0 in steps of 0.05. (lRR' and 
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Figure 4-11 Correct relation between layer fraction and stoichiometry expressed as r 
in MnOOf\.. r'=BGorG '+ BMorM' and r", the correct stoichiometry, as given by equation 
4.3. 

aGR' were decreased from 0.8 to 0.0 at the same time as aRG' and OcG' were increased 

from 0.0 to 0.8 in steps of 0.05 t . Thus the existence probability BGorG ' was 

incremented in steps of 0.05. Once all R(R') layers had been replaced (Le. when 

BGorG ,=0.8) then a similar procedure introduces M(M') layers at the expense of PCP') 

layers until BMorM,=0.2 and r'=l.O, where r'=BGorG,+BMorM" r' does not reflect the 

theoretical stoichiometry of the hypothetical random layer model crystal. This is because 

there are two fonnula units in R(R') or G(G') layers but only one in PCP') or M(M') 

layers. It follows therefore that the stoichiometry is given by 

r"=(2BGorG,+BMorM,)/(2(BRorR,+BGorG,)+BPorp,+BMorM') (4.3) 

The difference between r' and r" is illustrated in figure 4-11. 

Second variation case 2(b) - 'simultaneous' reduction of R(R') and PCP') layers. 

That is to say G(G') layers were introduced independently from M(M') layers in such 

a manner that R(R') and PCP') layers are fully replaced at the same moment, which 

t The corresponding transition probabilities beginning with a dashed layer (eg aG'G) were similarly 
varied. Note that the probability of the next layer being a P or P' layer was fixed by maintaining all 
transition probabilities containing P or P' equal to O.2=p. 
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corresponds to r"=l.O. In this case r"=r'. 20 patterns were produced at 0.05 intervals 

in r". 

The results of case 2(a) are displayed in figures 4-12, 4-13 and 4-14. The 

following properties are noted. If the d spacing of the initial and fmal calculated patterns 

are sufficiently close then an approximately linear shift is observed in the diffraction 

peak. This applies to for example (021), (111) and (121) in figure 4-12. With the APD 

program (see section 3.4.1) the peak positions for (021) were detennined for each of the 

calculated patterns. The results are indicated in figure 4-15. This clearly shows an almost 

perfectly linear relationship until r"=0.8. Thus in this case the S shape of the H-T effect 

is too small to be detected. Beyond r"=O.8 a change in slope occurs which may be 

identified with the introduction of M(M') layers. If the d spacing is larger as for 

example for (130) the S shape of the H-T effect is clearly present. When the interplanar 

spacing is much larger, however, no longer is the diffraction peak continuously visible 

throughout the r" range but rather it is only visible at low and high r". This description 

applies to (040) and (140) in figure 4-12, and (151) and (061) in figure 4-14. 

Similar conclusions apply to the results for case 2(b) as illustrated in figures 

4-16,4-17,4-18. The change in slope for the peak position of (021) versus r" referred 

to for case 2(a) due to the introduction of M(M') layers is now no longer visible (see 

figure 4-15). This is a general conclusion for all peaks showing a continuous shift with 

r" and therefore provides a method which in principle could distinguish whether 

reduction of groutite type layers is sequentially followed by the reduction of pyrolusite 

type layers or whether they both reduce • simultaneously'. Comparison of the two 

variations indicates that the behaviour of peaks (040), (140), (151) and (061), which fade 

rapidly in the initial H insertion range and then re-appear at deep H insertion levels, 

with hardly any peak movement, is independent of whether the introduction of groutite 

type layers and pyrolusite type layers is sequential or . simultaneous'. Figures 4-16 and 

4-18 have marked only these peaks which display this phenomena (the other indices are 

the same as for case 2(a». 

4.4.2 Discussion on the · random layer model' for simulating the x-ray 

diffraction patterns of reduced y-Mn020 

It has been discussed previously that the de Wolff model of Y-Mn02 is not 

strictly a random layer model since certain combinations of layers are disallowed. What 
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Figure 4-12 Pseudo-3D montage of calculated x-ray diffraction patterns resulting from 
the replacement of R(R') layers with G(G') layers and PCP') layers with MCM') layers 
in the manner described by case 2(a) (see section 4.4.1) in the scattering angle range 30-
44 (°28). The indices marked in italics are shifted from their orthorhombic rarnsdellite 
positions at r"=O.O and from their orthorhombic groutite positions at r"=1.0. 
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Figure 4-13 Pseudo-3D montage of calculated x-ray diffraction patterns resulting from 
the replacement of R(R') layers with 0(0') layers and PCP') layers with M(M' ) layers 
in the manner described by case 2(a) (see section 4.4.1) in the scattering angle range 15-
30 (°28). The indices marked in italics are shifted from their orthorhombic ramsdellite 
positions at r"=O.O and from their orthorhombic groutite positions at r"=1.0. 
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Figure 4-14 Pseudo-3D montage of calculated x-ray diffraction patterns resulting from 
the replacement of R(R') layers with G(G ') layers and PCP') layers with M(M') layers 
in the manner described by case 2(a) (see section 4.4.1) in the scattering angle range 44-
80 (°28). The indices marked in italics are shifted from their orthorhombic ramsdellite 
positions at r"=O.O and from their orthorhombic groutite positions at r" =1.0. 

122 



(a) 

2.53 

2.52 -
~~ 

---~--==--------
-~ 

2.51 J~ 

.c::= 

2.50 
£: 

2.49 

-oct 
:0 2.48 

2.47 

2.46 

2.45 

2.44 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

r"in MnOOf\ .. 

(b) 

2.54 

2.53 

2.52 

2.51 

2.50 ~/ - 2.49 oct 
'C 2.48 / 2.47 

2.46 

2.45 

2.44 

2.43 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

r"in MnOOf\ .. 

Figure 4-15 d(021) spacing versus theoretical r"in MnOOf\ .. stoichiometry for calculated 
diffraction patterns. (a) Case 2(a) (b) Case 2(b). 
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Figure 4-16 Pseudo-3D montage of calculated x-ray diffraction patterns resulting from 
the replacement of RCR ') layers with G(G ') layers a'1d PCP') layers with M(M') layers 
in the manner described by case 2(b) (see section 4.4.1) in the scattering angle range 30-
44 (°29). The peaks marked fade and re-emerge because of the H-T effect. 
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Figure 4-17 Pseudo-3D montage of calculated x-ray diffractioil patterns resulting from 
the replacement of RCR ') layers with G(G') layers and PCP') layers with M(M') layers 
in the manner described by case 2(b) (see section 4.4.1) in the scattering angle range 15-
30 (°28). Peak indices as given in figure 4-l3. 
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Figure 4-18 Pseudo-3D montage of calculated x-ray diffraction patterns resulting from 
the replacement of RCR') layers with G(G') layers and PCP') layers with M(M ') layers 
in the manner described by case 2(b) (see section 4.4.1) in the scattering angle range 44-
80 (°28). The peaks marked fade and re-emerge because of the H-T effect. 
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enables it to be called a · random' layer model is that the probability of existence of 

a layer is equal to its layer transition probability which means that the probability of the 

next layer being G', for instance, is independent of whether the preceding layer was R, 

G, P' or M' (which are all the allowed possible layers). Relaxing this restriction allows 

for a sequence of layers which start to show different effects from the random layer 

model, as defined. In particular, increasing the layer transition probabilities <XcG' and 

(lG'G will mean greater association of these layers and a tendency towards separation of 

the G(G') layers into groutite portions within the crystal. The next section presents a 

fIrst attempt at such a model, which demonstrates possible diffraction effects which (it 

shall be argued) are important to recognise in order to gain a complete understanding 

of the insertion of H into battery active manganese dioxide (presented in the following 

chapters). 

4.4.3 A non-random layer model for simulating the x-ray diffraction 

patterns of reduced 'Y-Mn02. 

In this case the model is random to composition MnOOHo.4444 corresponding to 

BRorR,=O.4,BGorG'=O.4 and BPorp,=0.2. For simplicity M(M') layers were introduced 

sequentially as in case 2(a) (see section 4.4.1). Beyond this composition instead of~, 

(and <lc;'G) increasing linearly in steps of 0.05 these transition probabilities were 

arbitrarily set equal to 0.70. That is if one locates a G layer in the crystal there is a 70% 

chance that the next layer is G'. The probability that the next layer is R' is required to 

be 10% since the probability of a P layer is maintained at 20% in accordance with the 

p value of SBP A. The stoichiometry is now no longer simply related to the transition 

probabilities. A calibration curvet of (lRG' t, which now essentially determines the 

stoichiometry, versus r" derived from the numerically outputted layer transition 

probabilities found by DIFFaX was constructed. The departure of the model from the 

random case is illustrated in fIgure 4-19 which indicates the probability of finding the 

pair GG' in the crystal. This is given by BGG ,=BG<lc;G '. At r=O.7778, which corresponds 

to (lRG ,=0. 7, the model reverts to the random case since now the probability of a G 

layer is independent of the layer preceding it. The remaining R(R ') layers are then 

t It is a requirement that <lxx.=ax 'x ' where X=R,G,P,M. 

t It ought to be possible to derive an analytical relationship relating r,a and B. 
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Figure 4-19 Probability of fmding a G layer followed by a G' layer, BGG .=BdlGG" in 
the a random and non-random layer model of RCR '),G(G '),P(P') layers. 

replaced by G(G') layers as in the random model (see section 4.4.1). The final 

stoichiometry in figure 4-19 of r"=O.889 corresponds to all R(R ') layers replaced by 

G(G') layers. Further reduction introduces M(M') layers at the expense of PCP') layers 

as in section 4.4.l. The results are again presented as a pseudo-3D montage of the 

calculated patterns, figure 4-20. 

4.5 Final comments. 

It may seem odd to those familiar with the · S' shaped electrode potential of 

battery active manganese dioxide even to consider model in which reduction occurs by 

random introduction of G(G') (and M(M')) layers in an extended random layer model. 

That is because this concept appears to be clearly at odds with the concept of a solid 

solution with H+ and e- mobile within the crystal structure, since, introduction of G(G ') 

(and or M(M')) layers implies that H is located within a layer. Furthermore it is 

physically difficult to imagine why reduction should occur by introduction of layers, 

which extend throughout the crystal, and why they should assume a random distribution. 
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Figure 4-20 Pseudo-3D montage of calculated x-ray diffraction patterns resulting from 
the replacement of R(R') layers with G(G ') layers and PCP ') layers with M(M') layer 
in the manner described by the non-random layer model (see section 4.4.3) in the 
scattering angle range 30-44 (°28). Peak indices as given in figure 4-12. 
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To this the author accedes to but the following comments may still by worth 

considering. 

If one imagined taking a 'snapshot' of the crystal and locating the positions of 

H+ and e-, it may be that there is a tendency (the reason for which is unknown) for the 

protons and electrons to assume positions consistent with the description of an extended 

random layer model. This admittedly seems quite unreasonable in the case of a member 

of Y-YCMn02 series towards the y-Mn02 end, but not perhaps for heavily microtwinned 

samples where the notion of a 'layer', in the sense of a random layer model, no longer 

correctly describes the structure. Essentially, the de Wolff model introduces disorder in 

a single direction (namely in the bo direction) whereas Pannetier's model contains two 

directions (bo and co> of disorder. 

Quite apart from the above comments, the value of the extended random layer 

model will become apparent when considering the insertion of H into battery active 

manganese dioxide near the Yt end of the Y-YCMn02 series (chapter 6) in the region 

where evidence for restricted mobility of H at deep H insertion levels has already been 

accumulated68. 
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5 Interpretation of the X-Ray Diffraction 

Patterns and FTIR Spectra of Material SBPA 

with H Insertion Level. 

5.1 Introduction 

In chapters 2 and 4 the structure of the initial (i.e. before H insertion) battery 

active materials examined in this study and those of the final (i.e. after full H insertion) 

were discussed. It was concluded that the initial materials are members of the 

'Y-'YCMn02 structural series and their reduced countetparts of an analogous H inserted 

structural series (the O-OcMnOOH series). Such an observation indicates that structural 

defect responsible for the 'Y-'YCMn02 series was retained after the H insertion reaction. 

To a very large extent only phases characteristic of the solid state H insertion reaction 

were produced by the chemical H insertion technique discussed in section 3.2, that is 

to say, phases produced through subsidiary chemical reactions via soluble intermediates 

were minimised. Attempts to do this have been made previously32, 102,22, 103,33,73,68, 

95. A feature of this investigation was the structural range of battery active materials 

investigated. Previous investigators have mostly focused on materials at the 'Yt end of 

the 'Y-'YCMn02 series. An exception is the work of Giovanoli et al.33 He confinned the 

de Wolff model of 'Y-Mn02 by selected area electron diffraction of a relatively 

crystallized 'Y-Mn02 obtained from a chemical synthesis procedure 104. Similar 

deductions were then made concerning the reduction of such a 'Y-Mn02 with cinnamyl 

alcohol in xylene, a method first introduced by Gabano et al.22 That is the x-ray 

diffraction pattern of the reduced product was also observed to display qualitativ ley 

similar selective line shifts to those of 'Y-Mn02 (see section 4.1) or in other words it 

appeared to be o-MnOOH. Gabano et al. had previously concluded that their fmal 

product was a-MnOOH. If the 'Y-Mn02 was "extremely disperse", however, O-MnOOH 

was not produced but 'Y-MnOOH in a double phase reaction. It is clear that what 

Giovanoli meant by "extremely disperse" 'Y-Mn02 is what he later recognised
2 

as 

£-Mn0
2
, which corresponds to the 'Yt end of the 'Y-'YCMn02 as defmed in this work. 

Such a conclusion has later been shown to be tenable only when the reduction occurred 

in aqueous solution 73, and as in this work (to be discussed in chap.6), a quite different 
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product is obtained when the reduction was carried out by Gabano et al.'s method (or 

the similar procedure used in this work), This chapter deals with the nature of the 

changes which occurred when H was inserted into a material near the Y end of the 

Y-YCMn02 series (i.e. material SBPA). 

5.2 Effect of H insertion on the diffractograms of SBPA. 

A convenient representation of the changes in the x-ray diffraction pattern which 

occurred with H insertion is the pseudo-3d plot of figure 5-1, The number of gridcells 

in the direction of the r axis was chosen to be equal to the actual number of patterns 

used to construct the interpolated data (cf. section 4.3.2), The number in the 29 direction 

was 100, which by experiment, was found to accurately represent the actual shape of the 

x-ray diffraction peaks. Reducing this number meant that 'bumps', for instance on the 

shoulder of the (111)&(040) peak would not be properly followed. Figure 5-2 

summarises a selection of the actual data obtained across the H insertion range from 

which the pseudo-3D plots were constructed. This figure shall be referred to in later 

sections which present similar summaries of the x-ray diffraction data obtained on other 

materials in the Y-YCMn02 series. 

Figure 5-1 provides a qualitative description of the dramatic changes which are 

produced with H insertion in a particular range of 29 values. Initially the maxima move 

towards lower 29 angles and from r=O.35 additional peaks start to emerge. At the same 

point some of the initial maxima (eg (021)R) start to decrease rapidly in intensity. The 

peaks which emerge (eg (021)G) do not appear to show any peak shiftst , Similar 

pseudo-3D plots are presented for the regions 15-30(°29) and 44-80(°29) figures 5-3 and 

5-4. The notable feature of figure 5-3 is the gradual appearance of the peak at 26°29 

which has already been identified as belonging to manganite. At high H insertion levels 

many peaks fade with the appearance of new maxima characteristic of the fmal reduced 

product. Some. however, notably (110). (111) and (121) remain visible at all H insertion 

levels but with intensities which apparently go through a minimum but with a clear 

t Peak shifts may be identified by noting whether the construction lines which are at con~~t 2~ 
remain at the same intensity on a peak with increasing r in MnOOHr or whether they appear to climb 

up the side of a peak. 
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Figure 5-1 Pseudo-3D plot of the x-ray diffraction patterns resulting from H insertion 
into sample SBPA in the 29 range 30-44 (°29). The subscript R indicates indice 
derived from a rarnsdellite lattice and G those from a groutite lattice. 
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Figure 5-2 Selection of x-ray diffraction patterns representing the changes which 
occurred with H insertion into material SBPA. (a) MnOOHO.068 (b) MnOOH0.346 (c) 
MnOOHo.514 (d) MnOOHo.706 (e) MnOOHO.882' Indices related to ramsdellite (hkl)R and 

groutite (hkl)G are marked. 
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Figure 5-3 Pseudo-3D montage of the x-ray diffraction patterns resulting from H 
insertion into sample SBPA covering the scattering angle range 15-30 (°28). The 
subscript R indicates indices derived from a rarnsdellite lattice and G those from a 
groutite lattice. 
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Figure 5-4 Pseudo-3D montage of the x-ray diffraction patterns resulting from H 
insertion into sample SBPA covering the scattering angle range 44-80 (°28). The 
subscript R indicates indices derived from a ramsdellite lattice and G those from a 
groutite lattice. 
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· hump I which would otherwise be the minimum. 

The diffractograms presented as pseudo-3D plots admit to a simple unambiguous 

description. That is of homogenous reduction from MnOOHo.
068 

(starting material) to 

MnOOH0.35 with accompanying lattice dilation in the manner expected for a solid 

solution (see section 4.3.1) and thereafter heterogeneous reduction from MnOOHo.40 to 

Mn00Ho.882· That this is so is may be partially appraised by examining the observed 

peak shifts of any of the available peaks. Consider for example the observed peak shifts 

of (02l)R and (l21)R of the initial starting material indicated in figures 5-5 and 5-6. 

Clearly both diagrams signify almost linear peak shifts to an H insertion level 

corresponding to r=0.4O whereby a break occurs and thereafter no subsequent peak 

shifts. Furthermore the intensity of these peaks beyond r",0.40 rapidly decreases and 

eventually the peaks fade entirely (see figure 5-1). In the same region where both (021)R 

and (l21)R start to fade growth of peaks representative of the fmal reduced product, 

namely (02l)G and (12l)G emerge (see again figure 5-1), the positions of which are also 

independent of H insertion level, as displayed in figures 5-5 and 5-6. 

In the next section (on FTIR) evidence shall be presented indicating that the solid 

solution region in fact only extends to r=O.35 rather than to r=O.4O as suggested from 

figures 5-5 and 5-6. 

Table 5.1 

%change 
from those 
at r=0.068 

%change 
from those 
at r=0.068 

Measured lattice parameter variation in SBP A at H 
insertion levels marking the boundaries of homogeneous 
and heterogeneous reduction. 

rm 
MnOOI\ 

0.068 

0.35 

0.882 

4.438 

2.4% 

2.2% 

b 
(x.) 

9.35 

1.0% 

13.9% 

c 
(~) 

2.850 

0.3% 

0.7% 

If it is the case that a solid solution exists in the H insertion region 0.068~0.35 
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Figure 5-5 d or interplanar spacing variation of peak (021) with H insertion level for 
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Figure 5-6 d or interplanar spacing variation of peak (121) with H insertion level for 
SBP A. R - derived from ramsdellite index, G - derived from groutite index. 
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Figure 5-7 ao' bo' Co lattice parameter variation of SBPA in solid solution H insertion 
range (O.068<r<O.35). Beyond this level H starts to · freeze' in position (see sect.5.4). 

it is possible to derive lattice parameters in this range from the • sharp peaks' as was 

done to find the initial lattice parameters (see section 2.3.2). Figure 5-7 presents results 

of such an analysis indicating the changes which occurred to ao ' bo and Co in the solid 

solution H insertion region. Table 5.1 summarises the overall changes in lattice 

parameters which occur for the total H insertion range achieved. 

There is one question that remains concerning the conclusion that the observed 

lattice expansion in the region r=O.068 to r=O.35 is the result of a solid solution type 

lattice expansion. As proved in section 4.4.1 linear changes in peak position can be 

simulated by an extended random layer model in which 0(0') (and/or M(M') layers 

are introduced into a R(R') (and/or PCP'»~ layer matrix. As noted previously, such a 

model implies that H is immobile within the random layer structure. The next section 

shall show that supplementary Fourier Transform Infra-red spectroscopy (FTIR) is able 
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to directly reflect H mobility in the manganese oxyhydroxide structure and remove the 

above doubt concerning the nature of the observed peak shifts. 

5.3 FTIR spectroscopy of H inserted SBPA. 

The presentation of FTIR spectroscopy in this work shall be used only to decide 

questions such as those posed at the end of the last section. No fundamental analysis 

leading to peak assignments of the absorption bands present in synthetic battery 

manganese dioxide was attempted. Since this has not previously been attempted such an 

analysis would be extremely valuable. The problem is highly complex, however, as 

battery active manganese dioxide possess a de Wolff random layer structure t (and 

varying degrees of microtwinning) and thus is not amenable to analysis which requires 

a perfect crystal. 

It is possible following Potter and Rossman105 to divide the spectra obtained 

in this instance:!: over the frequency range 400-4000 (cm-I) into two approximately 

distinct regions. In the 400-1400 (em-I) region absorptions are mainly thought to be due 

to vibrations associated with an [Mn061 octahedra whereas those in the region 1400-

4000 are associated with various OH vibrations 105. Referring to figure 5-8 a large broad 

absorption is apparent in the 1400-4000 (em-I) region the cause of which is unknown, 

and in the 400-1400 (em-I) region four sharp absorptions due to vibrational modes of 

an [Mn061 are distinguishable. As H insertion proceeds broad absorptions are left in the 

1400-4000 (em-I) region and in the 400-1400 (em-I) region a general decrease in 

absorption occurs. If one plots at any wavenumber the absorption versus r as in for 

example figures 5-9, 5-10 an apparently linear relationship is discerned as indicated by 

the best straight line. If one plots the slopes of such graphs for all wavenumbers figure 

5-11 is obtained. At certain wavenumbers, namely 1038,974,654,622,522 and 486 the 

slope becomes zero. That is the absorption at these wavenumbers is independent of r. 

This suggests that any Ff1R pattern is an addition of the final and initial FTIR spectra 

with those wavenumbers identified representing isobestic points. Indeed synthesising a 

t It is important to note the distinction as to whether battery active manganese dioxide posses a 
random layer structure and whether it reduces by introducing G(G') layers in an another (extended) 
random layer structure. Thus for example although H+ and e- may be mobile in SBPA it still posses a 
random layer structure since both the initial and final reduced samples posses it. 

:!: All spectra were obtained courtesy of Dr D.Swinkels. 
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Figure 5-8 Selection of FfIR spectra of material SBPA (a) MnOOHo.068 (b) 
MnOOHO.236 (c) MnOOHO.384 (d) MnOOHo.642 (e) MnOOHo.882· 

pattern from the initial and final pattern does produce a rough match to an actual pattern 

of the same composition. Furthermore a very similar shape of graph to figure 5-11 is 

obtained if one produces the slope derived from the patterns for ramsdellite and groutite 
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Figure 5-9 Absorbance at wavenumber 704 (em-I) versus r in Mn00f\. for material 
SBPA. 
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Figure 5-10 Absorbance at wavenumber 2200 (em-I) versus r in MnOOf\. for material 
SBPA. 
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Figure 5-11 Slope of absorbance versus r in the wavenumber range 400-1400 for the 
FTIR spectra of H inserted SBP A. 
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Figure 5-12 Slope of absorbance versus r at all wavenumbers for the FTIR spectra of 
the hypothetical transition ramsdellite to groutite. Derived from the FTIR spectra 
available in Potter and Rossman105. 
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il bi . h li 105 .. 1 
ava a e m t e terature m the regIon 400-4000 (cm- ), figure 5-12. However the 

relationship is not linear between absorption and r as is demonstrated by the following 

analysis. 

Returning to the question of H mobility in the manganese oxyhydroxide structure 

it is proposed that the absorptions which emerge in the 1400-4000 (cm- l ) region are 

caused by OH bonds similar to those observed in groutite and thus associated with 

restricted mobility of H in the structure. Thus the area of the absorptions which emerge 

in this region are, it is proposed, a measure of the immobile H in the structure. It was 

therefore decided to measure the area of the emerging absorptions with increasing H 

insertion. Since the fmal reduced products produced by H insertion display very similar 

FfIR spectra for all the materials under study it was possible to choose boundaries 

which are independent of the material. Figure 5-13 displays the boundaries chosen 

together with the FfIR spectra for all the materials. A background area was defmed as 

the area under the line intersecting the points where a peak boundary meets an FTIR 

curve. This was subtracted from the integrated area under the curve to produce the areas 

labelled arl-4. Figures 5-14, 5-15, 5-16, 5-17 were obtained by repeating this procedure 

on the 23 samples representing the reduction of SBPA over the reduction range 1'=0.068 

to 1'=0.882. Apart from figure 5-16 these figures clearly demonstrate that a non-linear 

relationship obtains between absorption and r which is not easily discern able from 

figures 5-9 and 5-10. A similar conclusion is not obtained for area ar3 because in this 

case the experimental errors in the area (probably due to slight difference in pellet 

preparation and/or particle size), mask any non-linear trends in the data. The graphs 

display a sharp change in behaviour occurring at 1'=0.35, apparently inconsistent with the 

x-ray diffraction evidence, which indicated a break at 1'=0.40. Figures 5-14, 5-15, 5-l7 

indicate that the area is essentially independent (apart from figure 5-17 which shows a 

slight downwards trend) of H insertion up to this value. This strongly suggests that H 

is mobile in this region. Beyond 1'=0.35 OH bonds are formed as H starts to · freeze 

out' or locate within the structure. It is suggested that micro-crystalline domains of 

b-MnOOH (cf. 6.4) are formed at the surface of a particle until at 1'=0.40 a sufficient 

number are fonned and the reaction proceeds heterogeneously as evidenced by the x-ray 

diffraction results. The interpretation offered here is further enhanced when H insertion 

into EMD is considered in chapter 6. 
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defined by the ar2 boundaries shown in figure 5-13, with H insertion into SBP A. 
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5.4 Conclusion. 

FITR and x-ray diffraction evidence point to the following description for H 

insertion into SBPA. Homogeneous reduction from r=0.068 to r=O.35 with 

accompanying lattice expansion (see table 5.1) in the manner of a random solid solution. 

Heterogeneous reduction from MnOOHoAO to MnOOHO.882 with the structure of the 

most reduced product similar to the initial material, that is a random intergrowth 

structure of G(G') and M(M') (and or P(P'» layers which are expanded analogues of 

R(R') and P(P') layers, the expansion primarily being in the bo direction (see table 5.1). 

Before proceeding to consider the structural changes that occur to an EMD 

(coded R2) the following point should be appraised concerning the above conclusion. 

The surface area of this material is the lowest of the materials studied (see table 8.2). 

Thus it is probable that the concentration of inserted H at the surface of the reduced 

outer particulate layer must be considerably higher than for a similar sized particle with 

a higher surface area during the same chemical insertion process. Thus it is not 

necessarily the case that the onset of heterogeneous reduction observed for SBP A is 

simply a structural characteristic of the material. This question is discussed further in 

the following chapters (chaps. 6&7) which are concerned with H insertion into the other 

materials studied. 
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6 Interpretation of the X-Ray Diffraction 

Patterns and FTIR Spectra of EMD R2 with 

H Insertion Level. 

6.1 Introduction. 

Attention was focused by Maskell et al?3 on the origin of (apparently) new x-ray 

diffraction lines which emerge during the later stages of H insertion (beyond MnOOHo.5 

in their work) when H was inserted into an EMD near the Yt end of the Y-YCMn02 

series, whereas the original lines, as had been observed in previous studies, shift over 

the whole H insertion range. These were ascribed to that of a new phase emerging, 

namely y-MnOOH, even in the case of non-aqueous reduction, where it was believed 

a slight precipitation on the surface of the oxide had occurred relatively accessible to 

incoming x-rays (and hence accounting for their relatively large strength). Later work 

on the same EMD by Fitzpatrick and Tye68, in which a particularly slow or mild 

reduction was effected by a combination of various organic reductants, indicated that the 

new lines could not in fact be attributed to y-MnOOH (or a-MnOOH) as first thought. 

They were as suggested by Fitzpatrick106 an integral part of the solid solution, and 

were ascribed rather to o-MnOOH. This view, as shall become clear, is central to the 

explanation of these lines arrived at in this work. 

Undoubtedly one reason for controversy over the origin of these . new' lines is 

the remarkable fact, reported by Fitzpatrick and Tye, that the new lines that emerge do 

not appear to display any peak shifts whereas the original (shifted) lines continue to 

move though at different relative rates (w.r.t. to H insertion) beyond the H insertion 

level at which the new lines appear. This fact appears to contradict all the explanations 

offered to date to account for the new lines. Specifically, if it were the case that 

insertion of H caused precipitation of y-MnOOH (or any other phase) beyond a certain 

insertion level, then no genuine (that is apart from that caused by overlapping peaks) 

peak shift would be expected for either those lines associated with the solid solution or 

those identified with manganite. If on the other hand only a slight amount of y-MnOOH 

precipitation was the cause why should the relative rate of expansion of the remaining 

lines be affected? Finally how could it be that the lines that emerge are an integral part 
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of the solid solution yet emerge with no peak shifts whereas the other lines continue to 

move? 

The flrst two suggestions have already been shown to be untenable68. The 

ultimate aim of this chapter is to clarify and answer the fmal question posed above. In 

so doing it is necessary to draw upon all the previous conclusions concerning the 

structural nature of battery active manganese dioxide. It shall be shown that the result 

obtained accords with a new linear cluster model proposed by Tye107 which accounts 

for major features of the statistical thennodynamic nature of H in battery active 

manganese dioxide solid solutions. 

6.2 Insertion of H into EMD R2, effect on diffractograms. 

The author is fortunate to have access to samples prepared by a previous 

researcher at this institute t. They have been prepared under exceptionally mild reducing 

conditions and to the authors knowledge, contain the largest degree of chemically 

inserted H without the appearance of new lines characteristic of the final product. The 

starting EMD has the typical x-ray diffraction pattern of a commercially produced EMD 

which is virtually identical to IBA no.19 (figure 2-1) with the exception of a small 

graphite impurity at 26.1 °29 from the deposition process. Referring to flgures 6-1, 6-2, 

6-3 one can see that the emergence of new lines begins at MnOOHo.80 (i.e. r=O.80). The 

lines which emerge do not alter position (°29) with H insertion level compared to the 

'solid solution' lines, which continue to shift with differing rates (that is d versus r 

rates) beyond r=0.80. That this is so is demonstrated particularly in figure 6-4 in which 

the position of peak D is compared to the movement of the emerging peak H in the H 

insertion region 0.8$;~1.0. Peak H displays the greatest deviation from horizontal 

amongst the emergent peaks the remaining positions of which are displayed in flgures 

6-5, 6-6, 6-7 (Note that the scales are half those of figure 6-4). The d spacing of peak 

J apparently decreases before becoming constant (figure 6-6). This is probably the result 

of the close proximity of peak F in the decreasing d spacing H insertion region (see 

figure 6-1). It is tempting to associate the new lines (peaks G, H, I, J, K, see flgure 

6-10) with that of a new phase emerging. That would be equivalent to suggesting a 

heterogeneous reaction occurs with the new set emerging at the expense of the original 

t Samples prepared by lFitzpatrick. 
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Figure 6-2 Pseudo-3D plot of the X-ray diffraction patterns resulting from H 
insertion into sample R2 in the 2fJ range 15-30 (02fJ). 
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Figure 6-3 Pseudo-3D plot of the x-ray diffraction patterns resulting from H 
insertion into sample R2 in the 28 range 44-80 (°28). 
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set. This suggestion is untenable, however, as is demonstrated in figure 6-9. This figure 

is analogous to figure 7-2 (section 7.1) in which a set of synthesized patterns was 

generated from adding linear proportions of the initial, in this case at r=O.80), and fmal 

patterns (r=1.01) in an attempt to duplicate the observed behaviour (figure 6-8). Whereas 

this successfully demonstrates heterogeneous reduction in the other case referred to, 

equally it demonstrates that this is not the process responsible for the observed 

behaviour in this case. This is because isobestic points, which would manifest 

themselves as points where all the superimposed graphs cross are not produced in the 

real case (figure 6-9). 

In order to elucidate a process which could account for the observed changes in 

x-ray diffraction pattern it is necessary to digress slightly and address a question which 

has already been answered to a considerable extent, that is the question as to whether 

EMD fits the E-Mn02 model proposed by de Wolff et al.43 That the following section 

demonstrates in a concise marmer that it does not. 

6.3 Using the variation of interplanar spacing with H insertion to 

demonstrate that EMD does not possess hexagonal symmetry and 

consequently does not fit the E-Mn02 model. 

The aim of this section is to present data showing the anisotropic lattice 

expansion of an EMD coded R2 and to discuss one particular consequence of this 

observation. 

Figure 6-10 (a) indicates five main diffraction peaks labelled A, B, C, D and E 

in the starting material. New peaks are present in the most reduced sample and start to 

emerge at an H insertion level corresponding to r=0.80, peaks G, H, I, J, figure 6-10 (b). 

As is well established peaks A, B, C, D, E shift to lower Bragg diffraction angles or 

higher d values with increasing reduction. If the lattice expansion were isotropic then 

the ratio of any two interplanar spacings would be constant independent of H insertion. 

As has already been shown by Fitzpatrick and Tye68 the six ratios representing different 

combinations from the total possible determined from peaks A, B, C, D show that the 

lattice expansion is approximately isotropic until r=O.80 beyond which it appears to be 

anisotropic. The following data was obtained on the same set of samples but with 

improved precision of the peak positions 107, figures 6-11, 6-12, 6-13, 6-14, 6-15, 6-16. 
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Figure 6-10 X-ray diffraction comparison of R2 and most H inserted R2, indicating 
original peaks A, B, C, D, E and F, and 'new' peaks G, H, 1, J, K. 

The broadness and consequent uncertainty in the position of peak E meant that it was 

disregarded from the possible peak ratio combinations. Drawn on figures 6-11, 6-12, 

6-13, 6-14, 6-15, 6-16 are lines corresponding to common breaks in the slopes of the 

ratios. It is the common break at r=O.80 which shall be focused on in this section. 

The effect of anisotropic expansion on a powder x-ray diffraction pattern is now 

considered in general by referring to a simple example. Figure 6-17 schematically shows 

the effect on a body centred cubic pattern of expansion in the c direction by 4%. Some 

lines split and others remain unchanged. This is equivalent to a lowering of symmetry 

from cubic to tetragonal. Further expansion in the b axis direction lowers the symmetry 

again to that possessed by an orthorhombic lattice, which again produces splitting of x

ray diffraction lines. The powder x-ray diffraction pattern of EMD R2 is not consistent 

with that of a cubic lattice. It does, however, apparently possess hexagonal symmetry 

(see section 2.2). (provided one accepts the E-Mn02 model which accounts for peak E 

which is otherwise a forbidden reflection). 

The consequences of anisotropic expansion which applied to the cubic structure 

also apply to a hexagonal structure. Refer to figure 6-18 which indicates a possible 
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hexagonal unit cell with a selection of indices and planes marked. Thus for instance 

there are six planes of the fonn {I O·O} (the prismatic planes) which contribute to peak 

D or (10·0) (see figure 2-3 for a list of all the peaks and their hexagonal indices). If 

expansion with H insertion became greater or less in the direction of a l , a2' a3 then peak 

D would start to split. 

It is tempting at this stage of the discussion to account for the appearance of the 

new peaks (i.e. peaks G, H, I, J, K) at r=O.80 as a result of a decrease in symmetry due 

to the observed anisotropic lattice expansion. This however will not work since the new 

peaks are observed not to be the result of peak splitting of peaks A, B, C, D, or E (see 

figures 6-1, 6-2, 6-3). Also they do not move with H insertion which in general they 

would if the lattice was expanding. In other words the new peaks which appear are not 

the result of symmetry changes to a hexagonal unit cell or indeed any other shape of 

unit cell as has been suggested68. Some other explanation is required excluding that of 

a new phase emerging which has already been established to be untenable. 

The question remains as to whether the movement of peaks A, B, C, D is 

consistent with a hexagonal lattice in the region beyond r=O.80. This requires the 

hexagonal lattice to expand anisotropically yet retain hexagonal symmetry. From a study 

of figure 6-17 there is only one direction in which this is possible, that is in the 

direction of chex' Thus if it expanded at a different relative rate to a l , a2 and a3 with H 

insertion the lattice would retain hexagonal symmetry and so produce no peak splitting. 

One consequence of this would be that the planes parallel to the chex axis would be 

unaffected by the anisotropic expansion and therefore their d spacing ratios would 

remain constant. The observed behaviour, however, is inconsistent with this deduction 

as peaks D and A which have 1=0 in their Miller indices (and so are parallel to chex) 

show a sharp deviation in their d spacing ratio, see figure 6-11. 

The conclusion therefore, on the evidence presented, is that the lattice of EMD 

R2 cannot have hexagonal symmetry and so the E-Mn02 model is not the correct 

structure for EMD. 

6.4 Precipitation of o-MnOOH micro-domains within the solid solution 

as the cause for the observed x-ray diffraction and FTIR behaviour 

of EMD R2 with H insertion. 

A theory is proposed in this section which accounts for the observed x-ray 
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diffraction behaviour, as described in the previous section for the EMD coded R2. 

Firstly the variation of the interplanar ratios derived from the maxima labelled 

A, B, C, D as presented in the previous section are reconsidered with respect to an 

orthorhombic lattice. 

It has been established that the 'lattice' t expansion of R2 becomes anisotropic 

beyond a certain level of H insertion (r=0.80). It has also been established that sample 

SBP A reduces anisotropically by expansion in the bo direction. Because the two 

materials are end members of the same structural series it is natural to suppose that R2 

also undergoes lattice expansion in this direction. Using the indices proposed in section 

2.4.4 it is possible to predict the effect of expansion in the bo direction (only) on the 

ratios D/A, B/A, CIA, C/B, D/B, D/C for a perfect orthorhombic lattice (i.e. using 

equation (2.6)). This is achieved using the lattice parameters for SBPA which, it has 

been argued (see section 2.4.4), are very close to those of sample IBA no.19 and 

therefore also to sample R2. The following two part calculation was performed in an 

attempt to reproduce the sharp break which occurs for all but one of the peak d spacing 

ratios presented in section 6.3. 

(a) Isotropic expansion of the SBPA orthorhombic lattice parameters up 

to a simulated H insertion level of MnOOHo.80· 

(b) Anisotropic expansion in the region 0.8~~1.0 achieved primarily by 

linear (with respect to H insertion) expansion of the bo lattice parameter. 

In (a) the percentage increase of each lattice parameter at r=0.80 was chosen to be 

2.69% of the initial lattice parameter. This was established from the average relative 

change of each measured d values for peaks A, B, C and D. In the second part the 

relative expansions of ao' bo' Co were chosen so as to produce the best fit to the 

experimental data. Allowing changes in ao and Co explicitly recognises that ao and Co are 

already extended and thus may be expected to decrease if they are to arrive, at r= 1.0, 

without any net expansion, which has previously been established for the relationship 

between groutite and manganite, and (approximately) for reduced SBPA. A procedure 

is now described for arriving at the % changes of the orthorhombic parameters required 

to duplicate the observed variation of the peak ratios D/A, B/A, CIA, C/B, D/B, D/C in 

the anisotropic reduction region. 

t See section 4.3.1 for more information as to why using the word lattice is not strictly correct. 
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Firstly it was discovered that assigning peak A as t (061)0 with the other 

assignments B (221)0' C (121)0 and D (021)0 could not produce a match to the 

experimentally derived ratios when expanding bo by 15% of its initial value (with no 

change in either ao or co)· The value of 15% is that observed to occur for H insertion 

into SBPA (see section 4.1.1, table 4.4). Assigning A as (002)0' however, produced a 

rough match for all ratios with the same 15% expansion of boo It was then noted that 

ratio D/ A is independent of ao. Thus the percentage increase of bo was optimised to 

produce the best fit for this ratio. At the end of this procedure a distinct positive slope 

for the ratio B/ A was obtained whereas the experimental ratio is constant (see figure 

6-12). Introducing a small contraction of the ao axis, however, was able to reproduce 

this and improve the match for ratio D/ A. The overall match obtained for this set of 

parameters is satisfactory though no adjustment of Co had been tried. Adjusting Co 

produces an opposite effect on B/ A ratio. That is to say decreasing Co increased the 

slope of ratio B/ A whereas decreasing ao produces a decrease in its slope in the same 

region. Thus another set of parameters providing an equally satisfactory match is easily 

arrived at. The parameters used for the first solution together with another example are 

collected together in table 6.1. It shall be shown in the next section that the first solution 

Table 6.1 Solution parameters for simulated unit cell axis expansion. 

Solution % decrease of ao %increase of bo at %decrease of Co at 
at r= 1.0 relative to r= 1.0 relative to r= 1.0 relative to 

value at r=0.80 value at r=0.80 value at r=0.80 

First 1.2 6.0 0.0 

Second 2.2 5.0 1.0 

overall % change overall % change overall % change 
of ao at r=1.0 of bo at r=1.0 of Co at r=1.0 

relative to value at relative to value at relative to value at 
r=O.O r=O.O r=O.O 

First 1.46 8.85 2.69 

Second 0.43 7.82 1.67 

provides an explanation for the non-movement of the peaks which appear from r=O.80 

t Indices in italics refer to lines shifted from their othorhombic positions due to de Wolff disorder 

and microtwinning. 

166 



1.,~----------------__________ __ 

1.44 

1.41 

1. 

0.0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 
r in MnOOI\ 

Figure 6-19 Change in d spacing of peak A with H insertion for H insertion into EMD 
labelled R2. 

whereas other solutions do not. Furthennore if the assignment of peak A is correct then 

the figure 6-19 indicates that the c axis hardly changes beyond 1-0.80 since (002) 

reflects directly the change in this parameter (but not directly its value through the 

Bragg equation). Similar deductions cannot be made for the other lattice paramcter\ 

since the final reduced product does not contain peaks which directly reflect the Ir 

variation. The fIrst solution therefore best represents the variation in orthorhombic lau I~ e 

parameters which produce the required anisotropic lattice expansion. Figures 6-20, 6-~ 1. 

6-22, 6-23, 6-24, 6-25 include on the same graph the calculated d spacing ratios ba.\Cd 

on the parameters listed in table 6.1 for solution 1. The following points must be noted 

for these graphs. The ratio calculated fonn a perfect orthorhombic lattice should not be 

expected to have the same value as those measured fonn the experimental peak 

positions. This is because, as discussed previously, every line in the x-ray diffraction 

pattern is shifted from its orthorhombic position (except (200» in a direction depending 

in general on p (the pyrolusite type layer fraction) and the fraction of microtwinning. 

1bis indeed was obseIVed to be the case for each ratio calculated. That is a small shift 

from the observed d spacing ratio (either positive or negative depending on the particular 

167 



1.7605.----------------_ 

1.7555 

1.7505 

'" i t.7455 
i-

'0 1.7405 
~ 

1.7355 

1.7305 

1.725S+----r--r-----r-~---,r--~-r----r--~-----1 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

rin MnOO~· 

Figure 6-20 Experimental and predicted ratio from expansion of the orthorhombic unit 
cell as defined in table (3.31) of the d or interplanar spacings for peaks D/A (see figure 
6-10) for H insertion into R2. 

c 

c lCI 
a C C B 

o c Q:] 

1.1 ~r:;.~-_-_-r---r---r---r-----,r-----,~---r-~-~ 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

rin MnOOl\ 
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Figure 6-22 Experimental and predicted ratio from expansion of the orthorhombic unit 
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Figure 6-23 Experimental and predicted ratio from expansion of the orthorhombic unit 
cell as defined in table (3.31) of the d or interplanar spacings for peaks Die (see figure 
6-10) for H insertion into R2. 

169 



'0 
o 

1ij ... 

c 

c 

0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 
rinMnOO~ 

Figure 6-24 Experimental and predicted ratio from expansion of the orthorhombic unit 
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ratio) was apparent with the indices assigned. Therefore in order to allow direct 

comparison with the experimental points suitable factors were chosen such as to ensure 

at r=O.80 the ratios of both experimental and calculated values were the same. This 

ought to mean, if the unit cell expansion was isotropic in the region r=O.ll to r=O.80, 

that the value of the ratios also matched at r=O.ll. This is true for those ratios not 

involving peak A. This suggests that peak A is not perfectly described simply as the 

assignment (002) in the H insertion region 0.11 <r<O.80, which is consistent with the 

previous suggestion that this peak is a combined (061), (002) peak (see section 2.5). 

Beyond 1'=0.80, however, it is described by the single assignment (002) as argued above. 

As shall be shown in the next section this is entirely consistent with the explanation 

proposed for the 'new' lines which emerge beyond r=0.80. Similar statements apply 

to the single assignments for peaks B, C and D which are only wholly described by 

these assignments given above beyond r=O.80. This is because, as shall be explained in 

the next section, the other peaks which contribute (see table 2.6) rapidly fade beyond 

r=O.80 and re-appear as separate peaks. 

6.5 Accounting for new x-ray diffraction lines which emerge in the H 

insertion region O.80~r~1.0. 

Table 6.2 Related orthorhombic indices for the most H inserted R2 
EMD sample for the emergent lines G,HJ,J,K. 

Peak Index 

G (210) Manganite 

H (040)0 

I (111)0 

J (140)0&(200)0 

K (061)0 

So far an account has been given as to how the peaks marked A, B, C, D in 

figure 6-10 shift with increasing H insertion level. Examining figure 6-10 new peaks 

emerge labelled G, H, I, J, K. Peak G is almost certainly the result of small a manganite 

impurity from the reduction process. This peak may be used to determine the fraction 

of manganite present. The maximum percentage at r= 1.0 is equal to 8.3%. It shall 
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become clear from the following sections that this represents a low contribution does not 

need to be explicitly taken into account in for example correcting the r in MnOO~ level 

of the remaining solid solution. The appearance of the manganite peak happens to 

coincide with the appearance of the other new peaks which otherwise are not correlated. 

This is demonstrated particularly in section 7.1.1 where it is shown that a material 

containing peaks H, I, J and K may be synthesized without the appearance of peak108 

at. The indices of peaks H, I, J, and K can be quickly arrived at by comparing the 

most reduced sample of R2 with that of the most reduced SBPA sample, with the 

expectation of peak shifts due to microtwinning (see figure 4-7). The indices are almost 

certainly those given in table 6.2. It is observed that the lines that emerge are, apart 

from (200), exactly those lines which contribute to the original A, B, C, D peaks in 

figure 6-10 (see also table 2.6). Note that (200) has been assigned to F the 'sixth' 

EMD peak). Thus if these assignments are correct, the lines which appear represent a 

re-emergence of those peaks. To state it another way, the lines which are missing in the 

original EMD pattern with respect to a perfect ramsdellite structure due to de Wolff 

P(P') layers and microtwinning are still missing in the most reduced H inserted 

derivative but now the overlapping lines have become visible. It is tempting to attribute 

the re-emergence of lines H, I, J, K to a decrease in symmetry of the lattice due to the 

observed anisotropic expansion68. This explanation is, however, not tenable for the 

following reasons. Firstly there is in fact no decrease in symmetry of the lattice if the 

theory of the structure of EMD presented in chapter 2 is correct. An analogous situation 

would be to observe the hypothetical transition ramsdellite to groutite in which there is 

no decrease in symmetry as both are orthorhombic. Secondly a decrease in symmetry 

often manifests itself as peak splitting109 (see also section 6.3) whereas there is no 

evidence of this type of change when inserting H into R2. 

It is an experimental fact that relativley little movement of the re-emergent lines 

can be detected with increasing H insertion (see section 6.2). The question that presents 

itself is this. How can this be possible if the lattice continues to expand 

(anisotropically)? For example peak H should move rapidly with H insertion as it has 

t It may appear that this statement accords with the findings of Stu~ and Giovanoli l~ ~ho po~t 
out that manganite which precipitates as fine rods sometimes shows no eVI~ence of the. 100% li?e. 11us 
is easily accounted for by examining the unit cell of man.ganite and ~ow It may be on~ntated In a r~ 
shaped particle. Such rods do indeed form when EMD IS r~fluxed. In water (see sectlO~ 3.2.1). It IS 
obvious, however, that if manganite precipitation was the main reactIon beyond r=O.80 thiS would be a 

heterogeneous process, which it has been shown is not the case. 
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Table 6.3 Predicted peak shifts for the anisotropic expansion dermed 
by % lattice parameter changes listed in table 6-30. 

soIu- E H D J J C B K A 
tion. (110)0 (040)0 (021)0 (111)0 ( 140)0 (200)0 (121)0 (221)0 (061)0 (002)0 

(29) (29) (29) (29) (29) (29) (29) (29) (29) (29) 

1st -0.004 -2.197 -0.559 -0.002 -1.841 -0.500 -0.375 -0.007 -3.237 -0.000 
2nd 0.217 -1.849 -0.195 -0.393 -1.427 -0.927 -0.053 -0.589 -2550 0.818 
Exp. -0.599 -0.481 -0.194 -0.481 

an index of (040) if the lattice expands only in the bo direction. Consider table 6.3, 

which indicates the calculated °20 shifts expected for anisotropic unit cell expansion 

dermed by the fIrst and second solutions listed in table 6.1. Certain peaks, namely 

(040)0' (140)0 and (061)0 show tremendous peak shifts compared to the other peaks for 

both solutions. It is noted that these are all re-emergent peaks. Could it be therefore that 

precisely those peaks which ought to have large peak shifts actually correspond to the 

non-moving emergent peaks? Despite the apparent contradictory nature of such a 

statement it shall be argued this is in fact the case. 

To see this it is necessary to consider the random layer model calculation 

described in section 4.4.1 and figures 4-12 and/or 4-16. In this figure there are two 

peaks which apparently show different behaviour to the other peaks which merely shift 

with increasing H insertion. They are (040)0 and (140)0' Both of these fade quickly at 

low r values and apparently simply re-emerge at high r levels. A similar conclusion for 

(061)0 and (151)0 may be deduced from figure 4-18. (Note that (151)0 is not observed 

in EMD R2 due to the effects of microtwinning). This effect is a consequence of the 

H-T effect, (cf. section 4.3.2) but instead of the peak in question broadening it 

completely fades and re-emerges since the d spacings for the initial layer model, i.e. a 

R(R '), P(P') model, and the reduced model of G(G '), M(M') layers are for these 

particular Miller indices widely separated in °20. Other peaks which have their reduced 

layer counterparts very much nearer merely show a linear shift (as established in section 

4.4.1). It would appear that the emergent non-moving peaks H, J, K may be accounted 

for by the above suggestion. The remaining peak I does not fit into this category as 

indicated in table 6.3. However, according to the first solution it is hardly expected to 

move in the first place. The second solution predicts a positive peak shift hence the 

further condition which enables one to select the first solution is that of no peak 

movement for (111)0' 
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A single proposition may now be stated which enables all of the described 

diffraction effects beyond r=O.80 to be accounted for. 

Beyond r=0.80 rapid random nucleation and precipitation of O-MnOOH micro

domains occurs within the solid solution. These give rise to diffraction effects equivalent 

to a random layer model with R/Re), 0(0'), P(P') and/or M(M') layers. The subscript 

e denotes isotropically expanded R(R') layers. These are supposed to contain a random 

distribution of Mn3+ determined solely by the reduction level r up to r=O.80 and by the 

reduction level r and the fraction of o-MnOOH domains beyond r=0.80. Due to the H-T 

effect some lines only shift while others emerge without any apparent shift. The shifting 

lines indicate anisotropic expansion since the nucleating 0(0') and/or M(M') layers t 

have a layer spacing essentially much greater in the bo direction. The O-MnOOH micro

domains contain H+ and e- which are no longer mobile within the solid solution. Further 

evidence for this statement is provided in the next section. 

Thus to summarise, from r=O.11 to r=O.80 the orthorhombic lattice 

(approximately) isotropically expands in the manner of a random solid solution, that is 

as a consequence of the greater size of Mn3+ and the mobility of H+ and e- within the 

crystal structure. Beyond r=O.80 H+ and e- locate within the structure. The resulting 

diffraction effects observed are broadly those consistent with a random layer model of 

Re(Re'), 0(0'), P(P'), M(M') layers. Re(Re') represents the solid solution, and 0(0'), 

M(M') the regions where protons and electrons have 'frozen out' within the structure. 

Thus regions of solid solution and o-MnOOH domains co-exist in the reduced product 

in the region 0.80<r<I.0. Increasing H insertion beyond r=O.80 increases the 

precipitation of O-MnOOH micro-domains until at r=1.00 the protons and electrons are 

completely located within the structure. 

In the next section FfIR spectroscopy on the same set of samples is presented 

which strongly supports the idea of solid solution immiscibility in the form of 

o-MnOOH micro-domains. 

6.6 Direct evidence for immobile H in H inserted EMD (sample Rl). 

Following the previous presentation of FfIR data, integrated areas (with 

t This is what is meant by o-MnOOH micro-domains i.e. a structure with random layer properties 

containing Mn3+. 
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background removal) under certain regions of the spectra are determined for each H 

inserted sample and plotted versus r in MnOO~. The boundaries of each region are 

shown in figure 5-13 (cf. section 5.3). 

If a solid solution with mobile H+ and e- is present in the H insertion zone 

0.11 <r<0.80 one would expect no major changes in the spectra where OH bonds are 

nonnally detected. Beyond 1-0.80 absorptions due to OH bonds ought to be detected if 

O-MnOOH micro-domains are fonned. 

Almost exactly this description may be deduced from figures 6-26, 6-27, 6-28 

which are the integrated areas for the peaks previously determined to be associated with 

OH bands. Each figure contains a clear break in the slope of integrated area versus r at 

1-0.80 before which the area is nearly constant in each case, as expected from the above 

prediction. The spectra of the fmal reduced product is very similar to that obtained for 

the most reduced SBP A sample, which in tum bears a close resemblance to patterns 

labelled in Potter and Rossman 105 as the mineral groutite. 

It may be concluded that FTIR spectra provide a direct means of detecting when 

H locates in the EMD structure, in this case in the fonn of 8-MnOOH micro-domains. 

6.7 Comments and further observations. 

The author considers that the argument presented in the preceding sections 

sufficiently complex for it to re-stated in a slightly different and more general way. 

The observed diffraction effects exhibited by R2 in figures 6-1, 6-2, 6-3 are 

consistent with (essentially) a random layer model of Re(Re') layers and 0(0') type 

layers beyond 1-0.80. It is analogous to the case calculated in section 4.4.1, in which 

certain peaks were observed to quickly fade at low H insertion levels (namely (040), 

(140) and (061») and re-appear at high insertion levels due to the fact that the d 

spacings of these peaks are widely separated in d (because 0(0') layers are mostly only 

expanded in the b direction compared to R(R') layers). A similar statement applies in 

the case proposed but due to the particular effects of microtwinning, these peaks are at 

1-0.80 overlapped with other diffraction maxima, and hence apparently emerge rather 

than re-emerge, which is the correct description. This statement is further supported by 

the dramatic loss of intensity observed only for peaks which are proposed to be 

superpositions of two (or more) diffraction maxima (see figures 6-1 and 6-3). Whereas 
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where this is not the case, notably (110) (see figure 6-2) no such loss is observed. Note 

also peak B which, although a combined peak remains so during H insertion and hence 

does not display any intensity loss (figure 6-3). 

Increasing H insertion beyond r=O.80 causes nucleation of G(G') type layers (or 

more accurately b-MnOOH micro-domains) which decrease the proportion of Re(Re') 

layers. Re(Re') 'layers' contain mobile H+ and e- and hence represent the solid solution 

whereas G(G') type layers have immobile H (see previous section). Thus the cause of 

the movement of all the moving and non-moving peaks beyond 1-=0.80 is a consequence 

of a random layer model (or equivalently the H-T effect), since the proportion of 0(0') 

type layers increase at the expense of Re(Re') type layers. The reason that anisotropic 

expansion is observed is because G(G') layers are essentially expanded in the b direction 

compared to Re(Re') layers. 

The situation of peak (111) is apparently more complex but in fact is probably 

simpler. In this case the peak appears to emerge in a similar way to the other non

moving peaks although it does not belong to the same class as (040), (140) and (061). 

In this case, however, the contribution of (111) to peak D must be small if not negligible 
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due to the effects of microtwinning (see figure 2-12). Due to structure factor chanoes 
e 

(111) nearly doubles in relative intensity, I11I=48% compared to I11I=28.7%, to become 

the second most intense peak in groutite compared to ramsdellite in the hypothetical 

transition between the two. Therefore one might expect that as the proportion of G(G ') 

layers increases (111) simply emerges t (which in this case is a more accurate 

description), its non-movement being easily dealt with by the particular lattice shifts 

required for the isotropic ally expanded Re(Re') layers to move to the dimensions of 

those governed by G(G') layers (see section 6.5). 

Finally, the argument presented represents a first attempt at explaining the 

observed diffraction effects. It does not match exactly with observation, nor should it 

be expected to. Thus no presentation of the positions of the calculated peaks (section 

4.4.1) which fade and emerge is given. This is because these peaks do in fact display 

peak shifts, unlike the observed peaks. There are at least two explanations for this 

discrepancy. Firstly it could be that the peaks which re-emerge are not detected until the 

have grown to a substantial extent by which time little peak movement has yet to occur. 

This argument is supported by the . S' shaped nature of peak shifts due to the H -T 

effect. Secondly, and more fundamentally, the calculations described in section 4.4.1 

assumed a random layer crystal with disorder occurring in one spatial direction (b 

direction). Thus the O-MnOOH micro-domains fonned would extend throughout the 

crystal in the a and c directions. Clearly if the sample was heavily microtwinned thi.1; 

description does not fully describe the crystal. Disorder would be present in two spatial 

directions (b and c) and the domains fonned would more accurately be tcnncd 

0cMnOOH micro-domains. A more complete model would therefore have to simulate 

the random precipitation of 0cMnOOH micro-domains, the results of which rna) he 

expected to remove the discrepancy referred to. 

6.8 Jahn-Teller distortion. 

If a transition metal such as Mn3+ is surrounded by six negative ions that fonn 

a perfect octahedra then by the application of ligand field theory 11 0 the following 

deductions have been made. 

t It could be that the conditions deduced from microtwinning indicating which peaks are faded and 

shifted are slightly altered in G(G ') type matrix enhancing the appearance of (J J J ). 
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The five d orbitals are split into two groups eg .and t
2g 

with e
g 

at the higher (less 

negative) energy. The splitting is a consequence of observing how the orbitals of the 

free atom can be placed in an octahedra with the Mn ion at the centre. Whether the 

perfect octahedral coordination is maintained depends on the symmetry with which the 

four d electrons take up which in tum depends on which energy level they go into. It 

is not necessarily the case that they will all occupy the lowest energy level of the energy 

levels eg and 12g since the electrons also (in this case) want to form the maximum 

number of parallel spins. The resulting electron arrangement may be viewed as a 

combination of these two tendencies. If the resulting symmetry is lower than cubic then 

a more stable arrangement is favoured by distorting the octahedral coordination. This 

is known as the Jahn-Teller effect. 

6.8.1 Comments on the Jahn· Teller distortion parameter. 

The distortion referred to in the previous section has been expressed22 as the 

ratio of two particular edges of an octahedron, in which case for the orthorhombic unit 

cells of ramsdellite or groutite (or related unit cells of y-Mn02) the relation of the sides 

in mind to the unit cell parameters is 

a' = c (4.1) 

(4.2) 

a"/a'=1 for 'h.c.p. ramsdellite', i.e. one constructed from perfect octahedra of oxygens. 

This parameter is -1.05 for Mn3+ oxyhydroxides reflecting Jahn-Teller distortion, and 

lower than 1 (-0.96) for other transition metal oxyhydroxides 73 (not displaying this kind 

of distortion). Evidently one needs to be able to derive the lattice parameters of the 

material in order to calculate the value of this parameter. Since the peak positions of a 

heavily microtwinned sample (i.e. near the end of the y-y(Mn02 series) are all (except 

peak F) shifted from their orthorhombic positions in direction and magnitude depending 

on p and the degree of microtwinning it is not valid to calculate the orthorhombic lattice 

parameters directly from the pattern by fitting an appropriately sized lattice. In the past 

attempts have been made to do this but since the patterns (very nearly) display apparent 

hexagonal symmetry, in effect an equation with three adjustable parameters is being 

fitted to one which apparently only has two. Not surprisingly this may (and has) led to 
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wide discrepancies in the quoted 'lattice parameters' for typical battery active 

manganese dioxide. In the light of Pannetier et ai. 's model doubt must be cast over the 

value of such an exercise. Obviously any derived parameters such as a" /a' are similarly 

affected. 

The numerical values of a"/a' obtained by Maske1l73 et ai. calculated by such 

a procedure do not therefore correspond to the ratio of two sides of an octahedra as 

supposed. Hence the relatively high value of a" /a' -1.0 I for the initial material (EMD 

R2) is probably not correct. Nonetheless changes in the parameter calculated must surely 

reflect changes in the octahedral distortion and therefore the conclusions arrived at 

concerning the type of site occupied by the inserted H may not be affected. The 

following, however, must be considered. 

A sharp and large change in a"/a' (as calculated) was observed at the mid

reduction point as was first reported by Gaban022 et ai. (where similar comments to the 

above apply). Since the graph obtained therein was the result of a number of 

experiments on the same material but using different reduction methods it seems clear 

that the sharp change referred to corresponds to the onset of anisotropic expansion (at 

r=O.80) in this work but which was induced to occur at an earlier H insertion level by 

certain methods of reduction employed (thus overall it appears that a change at r=O.50 

occurs in a"/a' whereas other methods may have suggested a higher r value). Note that 

other (smaller) changes68 in d versus r and other parameters III have been reported 

to occur near the mid-reduction level (also observed in this work as noticeable changes 

in the d spacings and ratios derived from them in the 'isotropic' H insertion level, see 

section 6.2). These observations may be reconciled by admitting that slight changes at 

the mid-reduction level occur which may possibly be masked by other larger changes 

associated with the precipitation of b-MnOOH micro-domains within the solid solution. 

The H insertion level at which this occurs depending on the voracity of the reduction 

method. The precipitation of b-MnOOH micro-domains at some high level of H 

insertion is, however, inevitable. 

In the case of material SBPA lattice parameters were derived from the initial x-

ray diffraction pattern and those in which a solid solution was formed, namely 

O.068~0.40. Beyond this H insertion level it was not advisable to calculate lattice 

parameters from the x-ray diffraction pattern due to the possibility of overlapping peaks 

because of heterogeneous reduction, (this is particularly true in the case of WSZ, see 
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section 7.1.1) until that is, the fmal product was clearly the dominant x-ray diffraction 

pattern in the mixture. 

Consider figure 6-29, which indicates the variation of the Jahn-Teller distortion 

parameter a" fa'. Clearly considerable change occurs within the solid solution region, 

which after initially slowly changing, between 0.068<r<0.20, increases linearly with an 

increased slope towards r=0.40. It is interesting to note that extrapolation of the line in 

this zone falls below the value calculated for the fmal reduced product. Thus if the solid 

solution range could be extended over the whole H insertion range a linear change in 

this parameter could not be expected in the intervening H insertion levels. 

The results obtained may be compared with previous work by Giovanoli and 

Leuenbergerl12 on a material displaying a very similar x-ray diffraction pattern to that 

of SBPA (i.e. 'Y-Mn02' with p=O.2). Figure 6-30 plots the data obtained from the figure 

in the paper (labelled as in the original) with the data from this work (figure 6-29). In 

the paper two straight lines intersecting at the mid-reduction point indicating a large 

change in slope were drawn. In the light of this work, in which heterogeneous reduction 

has been recognised to occur, considerable doubt must be placed over such an 

interpretation. 
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7 Interpretation of the X-Ray Diffraction Patterns 

and FTIR Spectra of Materials WSZ, IBA no.14, 

IBA no.19 and F.M with H Insertion Level. 

7.1 Faradiser WSZ. 

In the following sections results for the remaining materials which have also had 

H inserted chemically are presented. In this section the results for H insertion into 

Faradiser WSZ (here abbreviated WSZ) are considered. It shall be shown that all the 

remaining materials in the Y-YCMn02 series may be interpreted with the explanations 

used to account for the previous two materials. What shall also emerge from the 

following is a dependence on the reduction mechanism on the choice of chemical 

reductant. 

WSZ, which is characterised by a p fraction equal to 0.24±0.01 (see appendix 

A), was reduced by hydrazine hydrate in a non-aqueous solvent (see section 3.2.3). This 

method cannot be totally non-aqueous since hydration water is released in the reaction 

vessel during preparation. Nevertheless the product obtained at compositions close to 

MnOOH did not contain an enhanced manganite peak compared to the product obtained 

from the reduction of SBP A. Figure 7-1 summarises the changes in diffraction pattern 

which occur. Thus from r=0.104 to r ... O.64 only peak shifts occur. In the region r .. O.64 

to r=0.972 new peaks occur and the final diffraction pattern is very similar to that of 

SBP A reduction (see figure 5-2 and figure 4-7). What is not clear was whether the H 

insertion reaction was heterogeneous or homogeneous in this region. Figure 7-2 indicates 

that it was heterogeneous. 

Linear proportions of the patterns at r=0.636 and r=0.972 were added to produce 

synthesized patterns in steps of r=0.034 (which means ten patterns were produced in the 

H insertion range r-O.64 to r=0.972). Focusing once again on the 28 range where most 

of the new peaks emerge (i.e. 28-44(°28)) all the synthesised patterns are plotted on one 

figure (figure 7-2). This may be compared with the actual patterns in this range plotted 

in a similar fashion, figure 7-3. This figure indicates very similar behaviour to the 

synthesized patterns. In particular where there are isobestic points in figure 7-2, 

identified by places where the intensity is a constant (i.e. where all the lines crossover 
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in figure 7-2), corresponding areas of crossover are revealed in figure 7-3. For example 

the isobestic point at 33.32 (°28) in figure 7-2 corresponds to a restricted area in figure 

7-3 at the same °28 angle in which all the lines are present. Such graphs are very 

dependent on reliable intensities for each pattern, and so the agreement is considered 

satisfactory . 

It is appropriate at this point to discuss the FTIR spectra of the same set of 

samples. The peak areas ar1, ar2, ar3, (cf. section 5.3) in this case show particularly 

clear breaks indicating, as previously identified for such evidence, that H locates within 

the structure from this reduction level onwards, the break in this case occurring at 

r-0.40 (see figures 7-4, 7-5, 7-6). This suggests the homogeneous region is delineated 

as 0.104:::;~0.4O with location of H occurring thereafter. Note that synthesizing the 

heterogeneous process from r=0.4O does not produce clearly isobestic points by the 

method described above. This suggests, as for material SBP A, there is a region of H 

insertion in which H starts to freeze but does not lead to heterogenous behaviour. Rather 

micro-domains of o-MnOOH are produced as for material R2 which eventually nucleate 

heterogeneous reduction. Consideration of graphs indicating d (or interplanar spacing) 

spacings versus r in MnOOHr for certain peaks supports this idea. 

Consider for example figure 7-7 which may be compared with figure 5-5. In 

these figures the d spacing of (021)R and (021)G are plotted. In this case a linear 

increase in d spacing occurs with a clear change in slope at r-OAO. A curve is observed 

thereafter which is different to the nearly horizontal line observed for material SBPA 

figure 5-5. This suggests that the curve be associated with the region in which micro

domains of O-MnOOH precipitate in the solid solution. There is however another reason 

why a curve may be observed. The peaks representing the final homogeneous reduction 

and that of the most reduced product are not separated in d spacing as much as in 

SBP A. The consequence of this is that they are sufficiently close to overlap and appear 

as one peak. Thus although there is a clear change in slope in d(021) against r in figure 

7-7 at r-0.40 the slope thereafter is not zero as in the SBPA case. Similarly the slope 

of (021)G is not zero either. This argument also applies to that of peak (121), figure 7-8. 

This figure is of interest because it now appears that a smooth transition between the 

corresponding reduced analogue of the (121)G peak and the initial (121)R peak occurs. 

It seems clear with reference to the above argument that such a transition is produced 

by overlapping peaks and the effects of precipitation of o-MnOOH micro-domains. The 
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Figure 7-4 Change in integrated area of FI1R spectra minus background area. as defined 
by the arl boundaries shown in figure 5-13, with H insertion into WSZ. 
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Figure 7-5 Change in integrated area of FI1R spectra minus background area. as defined 
by the ar2 boundaries shown in figure 5-13, with H insertion into WSZ. 
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reduction in this case becomes heterogeneous at r=0.64 which corresponds to the r in 

MnOO~ value at which (021)G was fIrst detected, see fIgure 7-7. The corresponding 

SBPA peak (figure 5-6), because of the greater separation between d(l21)R and d(l21)G 

and the relatively short r in MnOO~ region in which the transition from the first 

freezing of H occurs and heterogenous reduction, does not show this behaviour. 

7.1.1 Variation of lattice parameters with H insertion. 

It is clear from the previous section that any attempt to derive lattice parameters 

for the whole H insertion range from the diffraction patterns of WSZ would lead to 

erroneous results. This is because the reduction is heterogeneous beyond a certain H 

insertion level and though the two products co-exist in the same crystal each possess 

different lattice parameters. Within the homogeneous range (i.e. r=0.104 to r=O.40) it is 

possible to derive the orthorhombic lattice parameters. This was achieved as in previous 

lattice parameter determinations by using the • sharp lines' in the pattern. In this 

instance not so many sharp lines are present because the first effects of micro-twinning 

(and/or particle size broadening) may be observed. Thus the · sharp lines' are not so 

190 



Table 7.1 

%change 
from those 
at r=0.104 

%change 
from those 
at r=0.104 

~eas~ed lattice parameter variation in WSZ at H 
msertlOn levels marking the boundaries of homogeneous 
and heterogeneous reduction. 

rin 
MnOO~ 

0.104 

0.388 

0.927 

4.458 9.27 

1.7% 2.6% 

1.6% 13.8% 

2.846 

0.7% 

1.0% 

sharp compared to for instance material SBPA (see figures 2-5 and 2-12) and 

consequently overlap with neighbouring peaks. For instance the doublet (221)&(240) in 

figure 5-2 appears as a single peak in figure 7-1. Since (240) is relatively less intense 

this single peak may be considered as (221) for the purposes of determining its position 

since the tip of the peak is measured. Lattice parameters determined only from (021). 

(121), (221) and (002) are presented in figure 7-9. The other two peaks that could have 

been used, namely (200) and (061), were considered too broad for this purpose 

especially once reduction proceeds (see figure 7-1). Anisotropic expansion is observed 

with not unexpectedly the bo direction responsible for most of the change. The complete 

variation in lattice parameters is summarised in table 7.1, which indicates that bo 

expands relatively by twice the amount of ao and six times that of Co during 

homogeneous reduction to r=O.40. Beyond this H insertion level . freezing' of H begins. 

Solid solution only no longer exists since H begins to locate in the structure at defInite 

sites. Once heterogeneous reduction starts, reduction proceeds presumably by this 

structure propagating in the crystal from the surface of a particle. The lattice parameters 

of this material were determined form the most H inserted product by a similar 

procedure as that for H inserted SBP A (section 4.1). Due to the possibility of 

overlapping peaks. as explained earlier. the lattice parameters must only be determined 

form the most H inserted material. The compound in which H locates differs essentially 

only in the b
o 

dimension from that of the last solid solution member at r=O.388 as 
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Figure 7-9 ao ' bo' Co lattice parameter variation of WSZ in solid solution H insertion 
range (0.104<r<0.40). Beyond this level lattice parameters cannot be derived ('-Cc 

sect.7. 1. 1). 

indicated in table 7.1. Table 7.1 also shows that the overall percentage lattice expansion 

of the most H inserted compound compared to the initial material is similar to that of 

SBP A, see table 4.4, and therefore also similar to that of the hypothetical transition 

ramsdellite to groutite (cf. section 4.1). 

With the same procedure as explained in section 4.1 the . m' fraction of the 

most H inserted WSZ material was determined. m=0.19±O.01 in this instance which is 

similarly less than the initial p fraction, p=O.24±O.01, as was noted for SBPA. Similar 

comments apply (see section 4.1). 

Finally to conclude this section evidence is provided which shows that the 

occurrence of the • extra' peaks which arise during H insertion are not correlated with 
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the appearance of the 100% manganitc line at 26.1 °28. This is so since it is possible to 

produce an H inserted compound showing all the new lines except that of the 

'manganite line'. Figure 7-10 graphically indicates this. The H inserted material with 

no manganite line and a composition MnOOHo.956' was produced by the same method 

except that the temperature was kept at ==2(OC) (by means of an ice bath) throughout the 

fmal stages of reduction t. 

Subtracting the area of the x-ray diffraction peak at 26.1 °28 of the low 

temperature reduced material from one produced at higher temperatures (with the 

composition MnOOHo.958) it is possible to obtain an estimate of the manganite content 

by comparing this area with a similar area from a sample of pure manganite. A simpler 

procedure would be to carefully choose the peak boundaries at each side of the 

manganite peak as close as possible to the beginning of the peak and then obtaining the 

net area by subtracting the background area obtained by joining the peak boundaries by 

a straight line. Figure 7-10 indicated such an approximation is valid since the low 

temperature H inserted pattern has a high background (compared to the other side of the 

( 110) peak) in this °2e region which could easily be approximated by a straight line. 

The relatively high background on the high angular side of the (110) peak is not 

indicative of residual manganite since patterns at much lower H insertion levels also 

display this effect (see figure 7-1). The pure manganite sample was obtained by 

refluxing reduced EMD in water (see section 3.2.1). Taking care to correct the x-ray 

diffraction intensities for the output of the x-ray tube by measuring a certain line from 

an external standard sample of quartz (Arkansas stone) one obtains 8.8% of manganite 

by direct proportiont . The true r in MnOOl\ is obtained by noting that 

8.8% x rm + (100% - 8.8%)rwsz = 0.958 

assuming that manganite is stoichiometric i.e. rm= 1.0, then 

~ rwsz = 0.954 

This small error (ru=0.004) introduced by a such correction was neglected in previous 

graphs indicating r as the reduction level of reduced WSZ. 

It is interesting to note that the m=O.22±0.01 for the low temperature H inserted 

WSZ which is within experimental accuracy of the measurement the same as the starting 

t I am grateful to J.Larcin for both suggesting this and actually achieving it. 

t This assumes that the absorbtion coefficient of the mixture is the same as the individual 
components which is true in this case since their elemental constitution is the same. 
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i!e.e 3e.e se.e be.e 7e.0 

Figure 7-10 X-ray diffraction comparison of 'non-aqueous' hydrazine reduced WSZ. 
(a) ambient temperature, MnOOHO.948 (b) Low temp. (=2°C), MnOOHo.

956
' (a) shows 

clear manganite formation, indicated by arrow. 

i!e.0 3e.1II 40.1!! s0.e b0.e 7e.0 80.1!! 

Figure 7-11 X-ray diffraction pattern of low temperature 'non-aqueous' hydrazine 
reduced WSZ after 1 years storage in air at ambient temperature. Arrow indicates 
evidence of manganite formation. (compare with figure 7-10 (b». 
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material, p=O.24±0.01. This strongly suggests that the manganite precipitated in the 

normal preparation of an H inserted material was nucleated on manganite type layers at 

the surface of the crystal and were thus preferentially transformed to manganite with a 

consequent lowering of m compared to the initial p value. This suggestion is equivalent 

to that given by Giovanoli (see section 7.5) which, however, was suggested to be the 

principal reaction in the reduction of 'YCMn02 rather than an unwanted subsidiary 

reaction. 

Finally the instability of O-MnOOH with respect to 'Y-MnOOH is confmned by 

another observation. Figure 7-11 presents the x-ray diffraction pattern of the same 

material as in figure 7-1 O(b) but after one years storage in air at ambient temperature. 

A slight bump in the vicinity of 26.1°2e is clearly evident indicating that a slow 

transformation to 'Y-MnOOH is underway. 

7:1. IBA no.14. 

The following discussion for the remaining materials will not present clear 

evidence for a homogeneous or heterogenous H insertion reaction beyond a certain r in 

Mn00f\. but rather, it shall be argued, support the conclusion that H freezes in the 

structure in the form of O-MnOOH micro-domains. 

In this section H insertion into IBA no.14 is considered. This material L' 

intermediate between those of the 'high' and 'low structured' manganese diox idc~ 

forming the 'YC'Y-Mn02 series. The diffraction pattern shows effects expected from the 

presence of micro-twinning. In particular, peaks which are well separated in materul 

SBP A (see figure 5-2) now are combined in broader maxima. This is true for example 

for peak D (see figure 7-12) which from figure 2-12 is a combination of (021)&(111). 

The peak labelled A is also clearly separated into two contributions, namely 

(002)&(061) (see again figure 2-12). This material contains a sufficiently high micro

twinning fraction that it cannot be analyzed successfully for the prevailing orthorhombic 

lattice parameters and neither therefore for the p fraction. 

The changes in x-ray diffraction pattern which occur with H insertion are 

summarised in figure 7-12. The final product looks similar in its x-ray diffraction pattern 
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Figure 7-12 Selection of x-ray diffraction patterns representing the changes which 
occurred with H insertion into material rnA no.14. (a) MnOOHo.084 (b) MnOOHo.396 
(c) MnOOHO.686 (d) MnOOHo.826 (e) MnOOHo.990· 
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to that of the most H inserted product of SBPA except that the peaks are broader and 

do not occur quite at the same °28 positions. As previous evidence has indicated that 

the most H inserted product of SBPA and WSZ retain the same selective shifts and 

broadened peaks as that of the parent structure it is stated by analogy that this holds for 

the other members of the 'Y-'YCMn02 series such as IBA no.14 (cf. section 4.2). In this 

case the most obvious exception to this general statement is the appearance of an 

enhanced 'manganite peak' at 26.1 °28 (peak G). Whether its size is sufficient to affect 

significantly the stoichiometry of the remaining reduced material is now considered. 

With the peak and background boundaries given in table 7.2 the integrated area 

was determined for this peak for all IBA no.14 H inserted samples. At low H insertion 

levels this procedure produced negative peak areas due to the approximation of the 

background as the area under a straight line between the peak boundaries. Since this 

region does not contain manganite the areas obtained in the non-manganite region were 

shifted by a constant so that their distribution was about zero. The areas in the 

manganite precipitation region were similarly shifted. Figure 7-13 expresses the results 

of this procedure as the percentage of manganite, obtained from the measured area as 

in section 4.1. The maximum percentage of manganite at r= 1.0 (-20%) is approximately 

Table 7.2 Peak and background boundaries used to determine the 
integrated area of the manganite peak in IBA no.14 
reduced samples. 

Low background (°28) High background (°28) 

24.12-24.17 24.17-27.69 27.69-27.74 

twice that obtained by a similar procedure (-9%) for H insertion into WSZ (see section 

7.1). The effect on the stoichiometry, as expressed in the form r in MnOO~, considered 

in the manganite precipitation region, which from figure 7-13 is from r=O.55 to r= 1.00, 

is presented in figure 7-14. An approximately linear increase in the percentage of 

manganite produces a curve with a maximum correction since the addition of the same 

mass of manganite of composition MnOOH makes an increasingly small difference to 

the overall stoichiometry as the overall stoichiometry itself reaches MnOOH. The 

corrected rc in MnOO~c does not alter significantly the behaviour of the d versus 

stoichiometry graphs discussed later. 

Manganite precipitation not only affects the stoichiometry but the x-ray 
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Figure 7-13 Percentage of manganite in H inserted IBA no.14 samples. 
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Figure 7-14 r-rc, where rc is the corrected r in MnOOI\ for the amount of manganite, 
versus the original overall reduction level for H insertion into IBA no.14. 
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diffraction peaks of the H inserted compounds and their apparent position since it 

happens to have lines (apart from the 100% peak at 26.1 °29) which coincide with the 

peaks which emerge due to non-aqueous solid state H insertion as established by figure 

4-5. Before one could asses the affect of manganite precipitation the way in which the 

material reduced must have been established (in particular whether the reduction was 

heterogeneous or homogeneous). In this case the evidence does not clearly indicate 

which process was operating. 

Figure 7-12 has been produced with 7 -12( c) indicating the pattern at which it is 

judged new peaks just begin to appear. Concentrating on the 29 region 28-44(°29) the 

diffraction patterns for all H inserted materials with r~.686 are plotted on top of each 

other as presented in figure 7-15. For comparison if one synthesizes, as described in 

section 6.2, a heterogeneous reduction with the end members rc=O.686 and rc=O.990, 

figure 7-16 is produced. Whereas figure 7-16 displays clear isobestic points in particular 

at 35.7 (°29) and 36.9 (°29) the one at 35.7(°29) is not clearly isobestic in figure 7-15. 

On the other hand comparison of this figure with that of figure 6-8 indicates that they 

do not shift as expected if random precipitation of o-MnOOH micro-dornains within the 

solid solution form since remnants of a non-moving peak are observed in the patterns 

particularly for peak D. The other peaks which emerge also apparently show small peak 

shifts at odds again with figure 6-8. Although it is not clear which H insertion process 

is operating beyond rc"0.70 an interesting conclusion is obtained by performing an 

analysis of the ratios for the d spacings of peaks involving peak A. 

Firstly it is noted that peak A is split into the components (061)&(002). (002) 

occurs only as the small bump at the low angle side, see figure 7-12. Its position is 

therefore very difficult to determine accurately but because of its importance in 

determining the way in which the prevailing orthorhombic lattice behaves on H insertion 

even a relatively imprecise (compared to for example peak D) measure yields useful 

information. 

Figures 7-17, 7-18, 7-19 indicate the peak ratios obtained with H insertion when 

regarding peak A as either (002) or (061). At least two distinct H insertion regions are 

apparent, 0.084~0.55 and 0.55:S~0.990. In either case the ratios are not constant and 

the lattice expansion must be anisotropic in both regions.Beyond r=O.526 (061) could 

not be measured as it apparently merges with (002). However at rc=0.55 it must be the 

case that peak A is dominated by (002) rather than (061) since the direction of the 
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Figure 7-15 Actual x-ray diffraction patterns of material IBA no.14 in the composition range MnOOHo.686 to Mn00Ho.990. 
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Figure 7-17 d spacing ratio for peaks DfA when regarding A as either (002) or (061) for 
H insertion into rnA no.14 . 
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Figure 7-18 d spacing ratio for peaks BfA when regarding A as either (002) or (061) for 

H insertion into rnA no.14. 
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Figure 7-19 d spacing ratio for peaks CIA when regarding A as either (002) or (061) for 
H insertion into IBA no. 14. 

observed change in slopes beyond re=0.55 in the peak ratios is similar to that of R2 (see 

section 6.4). 

The FTIR peak areas ar1, ar2 and ar4 are presented in figures 7-20, 7-21 and 

7 -22. As expected location of protons and electrons in the structure gives rise to a 

distinct break in the peak area against r the lowest break of which occurs at rc=O.45 

(figure 7-22). As may be seen from figures 7-17, 7-18, 7-19 smooth change in the d 

spacing ratios are not observed beyond rc=O.55. This suggests that precipitation of 

micro-domains occurred as H located but not randomly as described for material R2 and 

not in a way which led to heterogeneous reduction. 
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Figure 7-20 Change in integrated area of FTIR spectra minus background area, as 
defmed by the arl boundaries shown in figure 5-13, with H insertion into rnA no.14. 
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Figure 7-21 Change in integrated area of FTIR spectra minus background area, as 
defined by the ar2 boundaries shown in figure 5-13, with H insertion into rnA no.14. 
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Figure 7-22 Change in integrated area of FTIR spectra minus background area, as 
dermed by the ar4 boundaries shown in figure 5-13, with H insertion into IBA no.14. 

Table 7.3 Estimated orthorhombic lattice parameter variation for H 
insertion into IBA no. 14. 

overall % from 
value at r=0.084 

r in MnOOI\ 

0.990 

a 
("X) 

2.0% 16.5% 

c 
(t..) 

0.84% 

The overall expansion of an orthorhombic lattice, with the dimensions of those 

detennined from material SBP A, needed to produce the best match to the d spacing 

ratios at r=1.0, are summarised in table 7.3. This was achieved by a similar procedure 

as described in section 6.4. The results indicate similar overall expansions to those 

detennined for the other materials when H was inserted. 

7.2.1 Conclusion. 

The previous section has demonstrated that H may be inserted into material rnA 

no.14 to a H insertion level rc ... 0.45 beyond which H starts to locate in position. In the 
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solid solution region the unit cell dilates anisotropic ally . In this case H location does not 

clearly lead to either heterogeneous reduction or random internal precipitation of 

o-MnOOH micro-domains. It is probable that the O-MnOOH micro-domains have a 

clearer tendency to associate such that the reaction becomes almost heterogenous beyond 

rc-0.70. This suggests that a non-random de Wolff layer model applies, as described in 

section 4.4.3, since such a model starts to show the effects expected for a heterogenous 

process as demonstrated by a comparison of figure 4-20 and figure 5-1, which is of the 

effect of H insertion into material SBPA (which has shown to be clearly heterogeneous 

beyond 1'=0.40, see chapter 5). Thus, for instance, peak (02l)R in figure 5-1 clearly starts 

to fade beyond a certain H insertion level and re-appears as (021)G. This behaviour has 

a clear analogue in figure 4-20, though in this case, peak (021)R does not completely 

fade but rather goes through a minimum in intensity. 

7.3 IBA no.19. 

A relatively brief account is given of the observed effects on the diffraction and 

FfIR patterns due to H insertion. The reason is that the behaviour is similar to that 

discussed for EMD R2 (section 6.4). This is not surprising as the x-ray diffractograms 

of the starting materials are almost identical, except for the graphite impurity (from the 

deposition process) in R2 which produces a small peak at 26.1 °28 absent in IBA no. I Y. 

Recent work113 at this Institute has shown that an EMD, again almost identical in x

ray diffraction pattern to R2, may be reduced heterogeneously (heterogeneous reductl( ,n 

setting in at a remarkably low H insertion level (MnOOHO.3)) by the 'non-aqucou,· 

hydrazine H insertion method (cf. section 3.2.3) if the reaction is carried out at .. 

sufficiently high reaction rate. It is noted that the fmal reduced product has the sa~ ~

ray diffraction pattern regardless of whether H insertion led to a heterogeneou~ (Ir 

homogeneous process. Thus it is not necessarily the case that H insertion by the boilin~ 

propanol method (see section 3.2) and room temperature reduction with cinnamy 1 

alcohol (as used in the reduction of material R2) lead to the same x-ray diffraction 

pattern behaviour even if the starting materials are identical. The main differences are 

highlighted in the following paragraphs for IBA no.19 with respect to R2. These 

differences are in all cases attributable to differences in the method of chemical H 

insertion. 
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Figure 7-23 Percentage of manganite in H inserted IBA no.19 samples. 

H insertion by the propanol method, leads to, as may be seen from figure 4-7, 

an enhanced manganite contribution which starts to precipitate at about r=O.55. Figure 

7-23, which is similar to figure 7-13 (IBA no. 14), and shows that manganite begins to 

precipitate at almost the same overall r in MnOO~ level but for rnA no.19 the 

percentage of manganite is larger from that level on. This may be because rnA no.19 

has a greater surface area than rnA no.14 (see table 8.2). 

As was demonstrated in the previous section the magnitude of the systematic 

error introduced by the precipitation of manganite on the r in MnOO~ of the remaining 

solid solution is not large enough to alter significantly plots of d versus r or ratios of d 

spacings versus r. More significant but more difficult to assess is the effect on the x-ray 

diffraction peaks coincident or nearly so with manganite peaks. This has already been 

mentioned in connection with H insertion into IBA no.14 (section 7.2), similar 

comments apply. This error together with a tendency for the b-MnOOH micro-domains 

to associate may account for the relatively unclear changes in slope compared to those 

obtained for R2 for d spacing ratios formed from the peaks labelled A, B, C, D, figures 

7-24,7-25,7-26,7-27,7-28 and 7-29. This tendency for the o-MnOOH micro-domains 
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to associate most probably is a consequence of the higher reaction temperature of the 

boiling propanol method of reduction compared to the ambient temperature reduction 

method employed by Fitzpatrick to prepare the R2 H inserted derivatives. Local heating 

when adding the 'non-aqueous' hydrazine hydrate suspension in large doses to the 

manganese dioxide may also account for the ability of this method to introduce 

heterogeneous behaviour. Any differences in figures 7-24, 7-25, 7-26, 7-27, 7-28, 7-29 

compared to figures 6-11, 6-12, 6-13, 6-14, 6-15,6-16 is thus believed to be induced by 

the reaction method rather than structural differences of which there is none. 

One consequence of the precipitation of manganite is that the FTIR areas arl, 

ar2, ar4 break at an earlier r in MnOO~ than those for R2 H insertion. Figures 7-30, 

7-31, 7-32 clearly display that location of H starts at r=0.50 (figure 7-32) rather than at 

r=O.80 as found for R2, or r=O.75 as expected from the position of the peak d spacing 

ratio breaks. Clearly the position of the break in the graphs of absorption area versus r 

concurs with the onset of manganite precipitation and location of H within this phase. 

Beyond r=O.75 both manganite precipitation and bcMnOOH micro-domains are 

presumably responsible for the area of the FTIR absorption areas. Figures 7-30 and 7-31 

(but not figure 7-32) support this conclusion in that the arl and ar2 against r slopes 

appear to increase beyond r=O.75. 

This work employed a non-aqueous chemical H insertion method, as described 

in section 3.2. The manganite formation mentioned above is a consequence of the 

particular non-aqueous chemical H insertion method employed (see section 3.2). If, 

however, an aqueous method had been used the proportion of manganite would have 

been substantially increased as may be concluded from the work of Ohzuku and Hirai
95

. 

They used an aqueous hydrazine hydrate manganese dioxide suspension to insert H into 

a range of manganese dioxides similar to the range of materials used in this work. They 

claimed that rnA no. I 1 (very similar in its x-ray diffraction pattern to SBPA) reduced 

to groutite in a "single phase" process whereas IDA no.12 (Faradiser M) reduced to 

manganite also in "single phase". EMD (similar to IDA no.19 or R2), however, gave 

"mixed reduction products of groutite and manganite". The authors conclude that "The 

crystal structure of the reduction products by the hydrazine method seem to reflect the 

crystal structures of Mn0
2 

used.", and in the same paragraph that "From the 

experimental results, we have concluded that manganite was formed in a solid phase, 

not via the aqueous phase." Thus a progression of crystal structures from groutite, 
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Figure 7-30 Change in integrated area of FTIR spectra minus background area, as 
dermed by the arl boundaries shown in figure 5-13, with H insertion into IBA no.l9. 
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Figure 7-31 Change in integrated area of FTIR spectra minus background area, as 
dermed by the ar2 boundaries shown in figure 5-13, with H insertion into IBA no.19. 
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0.8 0.9 1.0 1.1 

Figure 7-32 Change in integrated area of FfIR spectra minus background area, as 
defined by the ar4 boundaries shown in figure 5-13, with H insertion into IBA no.19. 

groutite/manganite to manganite apparently related to the structure of the initial materials 

rnA no. 1 1 , EMD to Faradiser M was observed when reduction was performed. The 

products found in their work are not the same as found in this work (see section 4.2 and 

also following section for the product obtained for H insertion into F.M). Their results 

may be explained, not on the basis of the crystal structures of the initial materials, but 

rather on the basis of increasing specific surface area of the materials in the order IBA 

no. 11 , EMD, IBA no.12 and therefore an increased tendency for the H inserted material 

in question to dissolve and precipitate manganite. That the materials used by Ohzuku 

and Hirai have specific surface areas which increased in the order IBA no.ll, EMD (as 

used), IBA no.12 is supported by the order of the areas listed in table 8.2 for the 

materials used in this work. The authors noted that the reduction product of IBA no.ll 

contained a small proportion of manganite which supports further the interpretation 

stated here for their results. Thus what was actually observed was an increased rate of 

manganite precipitation during the reduction reaction in line with increasing specific area 

of the initial material. 
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Figure 7-33 Pseudo-3D plot of the x-ray diffraction patterns resulting from H insertion into sample F.M. Peak labels as 
in figure 2-5 for the initial material and by analogy with figure 6-10 for the most reduced material. 



7.4 Faradiser.M (abbrev. F.M). 

A short account of the effects on the structure of inserting H in material F.M is 

offered. The primary reason for which is the difficulty associated in interpreting and 

measuring the effects on a small number of inherently broad peaks (compared to IBA 

no.19 or R2) which are almost certainly composed of overlapping maxima (see section 

2.4.3). 

Figure 7-33 summarises the observed changes that occurred to the x-ray 

diffraction pattern of this material when H was inserted. Smooth variations with regard 

to peak position and intensity are apparent i.e. there is no obvious evidence of 

heterogeneous reduction. Note, however, the gradual fading of the peak labelled E'. 

Consider also figure 7-34 which provides a selection of the data used to compile figure 

7-33. 'New' peaks, characteristic of the most reduced product start to appear at r-O.70. 

The fmal reduced material bears a striking resemblance to that obtained for H insertion 

into R2 or rnA no.19 with the obvious exception of peak E. The positions of the other 

'new' and original peaks are almost exactly the same though their relative intensities 

are apparently quite different. 

The peak positions of A, B, C, D are reported in figures 7-35, 7-36, 7-37, 7-38. 

With the exception of the peak labelled A, which was comparatively difficult to measure 

due to its weakness (see figure 7-34), the other peaks display striking'S' shaped d 

spacing curves. As recognised in section 4.3.2 this type of change is one characteristic 

H-T peak shifts. The other characteristic is of a broadening and subsequent sharpening 

of the peak in question. Due to the close proximity of other maxima and that they are 

all probably combined maxima no attempt was made to measure the peak width, as it 

could not solely reflect this effect. 

If the above suggestion were correct one would expect protons and electrons to 

be immobile within the structure across the whole H insertion range. FITR evidence 

very nearly supports this proposition. Consider figures 7-39, 7-40, 7-41 which display 

the integrated absorbance areas, employing boundaries given in figure 5-13, as 

previously described. Clearly location of H occurred at an early H insertion level 

(r-O.20). 

Perhaps, however, both the FITR behaviour and the'S' shaped d spacing 

variation are caused by a heterogeneous process, in which the x-ray diffraction evidence 

215 



.-.. 
CIl -C g 
~ 

iiB.B 

D 

Figure 7-34 Selection of x-ray diffraction patterns representing the changes which occur 
on H insertion to material F.M. (a) MnOOH0.112' (b) MnOOH0.346' (c) MnO°Ho.462' 
(d) MnOOH

O
.654' (e) MnOOHo.798' (f) MnOOHo.990· Labels as in figure 7-33. 
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Figure 7-36 d or interplanar spacing variation of peak B with H insertion level for F.M. 
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Figure 7-37 d or interplanar spacing variation of peak C with H insertion level for F.M. 
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Figure 7-38 d or interplanar spacing variation of peak D with H insertion level for F.M. 
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Figure 7-39 Change in integrated area of FTIR spectra minus background area, as 
defined by the art boundaries shown in figure 5-13, with H insertion into material P.M. 
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defined by the ar2 boundaries shown in figure 5-13, with H insertion into material F.M. 
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Figure 7-41 Change in integrated area of FI1R spectra minus background area, as 
defmed by the ar4 boundaries shown in figure 5-13, with H insertion into material F.M. 

becomes embedded in closely overlapping broad peaks such that single peaks are mostly 

apparent. Synthesizing an intennediate pattern with mixtures of patterns at r=O.20 (or 

the initial pattern, r=O.112) and the final reduced product (r=0.990) produces distinctl) 

different appearances to that of an actual pattern of the same r value. Thus a 

heterogeneous process, (operating between these end members) was considered 

untenable. 

On the evidence presented, it appears that an extended random layer structure (of 

the kind discussed in section 4.4.1) describes salient features of the peak d spacin~ 

variations presented and is also largely consistent with the FI1R evidence. The 

manganese dioxide is thus suggested to incorporate H by introduction of M(M') and 

0(0') type planar defects (at random locations) in an initial P(P') framework 

interspersed with a small fraction of R(R') type layers. M(M') (and 0(0'» type layers 

replacing corresponding PCP') (and R(R '» type layers in an extended random layer 

model. 

As noted earlier it is difficult to imagine how this might arise from strictly 

thennodynarnic considerations. Possible explanations might envisage mobility of H with 
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inbuilt restrictions allowing the protons and electrons to migrate but yet have a tendency 

to inhabit essentially PCP') layer defects fonning a random distribution of M(M') planar 

defects. 

7.5 Further conclusions. 

It has been stressed that the onset of heterogeneous solid state reduction or 

precipitation of o-MnOOH micro-domains is not solely connected to crystallographic 

differences exhibited by the Y-YCMn02 series. Evidently the phenomena cited are two 

manifestations of the tendency of protons and electrons to · freeze' at particular sites 

rather than obtain freedom as in a solid solution. It appears, however, that the following 

behaviour is unambiguously connected to the structural properties of the stated series. 

Within the solid solution H insertion range a tendency towards anisotropic 

expansion is exhibited as one traverses in the Ycy-Mn02 series direction. Thus the 

materials SBPA and WSZ show distinct anisotropic behaviour. as demonstrated by the 

variation of the lattice parameters displayed in figures 5-7 and 7-9. in the observed 

(restricted) solid solution H insertion range. While EMD (represented by rnA no.19 or 

R2) displays within the solid solution range (free from o-MnOOH micro-domains) 

almost isotropic behaviour, whereas IBA no.14, intennediate in the Y-YCMn02 series. 

shows the first signs of anisotropy in comparison. It is reasonable to suppose that 

isotropic changes in lattice parameters would be expected for any conception of an ideal 

solid solution, in which the mobile species did not interact with the host crystal but 

rather formed a 'lattice gas'. 

Such a description appears to apply to H insertion into commercial EMD where 

it has been shown107 that the Gibbs free energy change of mixing (LlGmix)' as deduced 

directly from electrode potential measurements, at any composition was very close to 

that expected for ideal mixing (i.e. ilHmix=O). Deviations from ideal mixing were 

successfully accounted for by use of an endless linear cluster model in which formation 

of small clusters of H+e- pairs was observed which, it was posited. did not contribute 

fully to positional entropy. At high insertion levels larger clusters were fonned which 

inevitably lead to the formation of crystalline micro-domains characteristic of the fmal 

product. Experimental evidence cited supporting the existence of these domains was the 

'new' lines which appear in the x-ray diffraction pattern and indications of OH bond 
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fonnation in the FTIR spectra of deeply H inserted EMD. This work has shown that 

such a suggestion is entirely consistent with the structural changes which occur to EMD 

as evidenced by the otherwise inexplicable x-ray diffraction behaviour which evolved 

with H insertion (with reference to chapter 6 in particular). Note that argument for the 

existence of such micro-domains arises in this work independently of the statistical 

thennodynamic considerations mentioned above and represents therefore a convergence 

of evidence and argument for such an interpretation. 

Use of the word "micro-domain" is vindicated since the size of the domains that 

fonn must be of a similar order of magnitude to the wavelength of x-rays in order to 

produce the observed H-T effect (larger domains would simply lead to a superposition 

of x-ray patterns characteristic of the final H inserted product and that of the solid 

solution composition at which the domains form, and would therefore be 

indistinguishable from a heterogeneous process). 

The micro-domains fonned are for reasons given previously preferably termed 

o-MnOOH micro-domains. These must not be confused with a previous suggestion by 

Giovanoli2 that P(P') type layers were "microdomains of y-MnOOH" which acted as 

nuclei for fonnation of y-MnOOH during the chemical reduction of '£-Mn02 '. A 

conclusion which is not supported by this work. 
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8 The stability of H inserted synthetic battery 

active manganese dioxide in 7M KOH. 

8.1 Introduction. 

The cathodic reduction of manganese dioxide in alkaline manganese cells has 

been the subject of numerous studies,ll4-120 particularly in the period in which these 

primary batteries first appearedl21 (196O's). As a result it was discovered that 

manganese dioxide discharges (in the one electron range), as in Leclanche cells, by a 

solid state reaction characterised by a varying electrode potential in the manner 

theoretically described by Vetter I 22. It is now accepted that the solid state reaction 

is the insertion of H+ and e- into manganese dioxide which may be represented: 123 

(8.1) 

Where r reflects H insertion level which initially starts from a value, close to, but 

always greater than zero ( .. 0.1) and finishes at the theoretical limit r= 1.0. However, 

whether this limit is reached appears to depend on the nature of the discharge regime. 

On prolonged intermittent discharge regimes observations of cell potential indicate thaI 

the limit corresponds to r=O.8, which in tum corresponds to an oxidation level124 of 

Mn01.6' Bell and Huberl19 recognised that the H inserted y-Mn02 structure re-arrangcJ 

to a different phase at high insertion levels (in alkaline manganese battery discharge,) 

Tye l24 suggested that the solid solution is only metastable in KOH electrolyte whll"h 

may explain the difference between alkaline manganese and Leclanche batteries (under 

intermittent discharge regimes) which in contrast to alkaline cells have a fmal solid state 

reduction product oxidation state Mn01.5· 

The instability of the solid solution has subsequently been confinned by Holton 

et al.125 At present this study represents the only investigation specifically on this 

topic. As suggested therein, (in the discussion published at the end of the paper), the 

metastability of H inserted battery active Mn02 has consequences for the cycling 

capabilities of alkaline manganese rechargeable cells. The possibility of producing such 
. d h . t t126,127,128,129 Such cells is currently the subject of renewe researc meres . 

121 . (. . 
cells would be desirable for conserving energy and the enVlfonment m companson 

to Ni-Cd batteries which rechargeable manganese dioxide batteries could replace). Already 
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cells are marketed
127 

but limited to small discharge depths (Le. they are zinc limited) 

for which it is known manganese dioxide is rechargeable 130. The discovery that H 

inserted battery active Mn02 is only metastable in KOH has not been explicitly 

recognised in the recent work cited. The purpose of this study was primarily (a) to 

confmn for chemically prepared H inserted samples that a spontaneous reaction with 

KOH solutions occurs for the previously identified structural range of materials and (b) 

to correlate structural differences with different instability behaviour. 

8.2 Experimental. 

Observations of the electrode potential on the chemically produced H inserted 

samples from starting materials SBPA, rnA no.l4, IBA no.l9. R2 and F.M are reported 

in 7M KOH. Complementary x-ray diffraction and SEM analysis are presented. 

8.2.1 Procedure. 

1.00(g) of Mn02 was added to IO(g) of 7M KOH and stored in an air box at 

25(OC). Electrode potentials measured by the method described in section 3.6 were 

recorded at intervals of I week. 2 weeks. 3 weeks and 6 weeks unless otherwise stated. 

Potentials are reported versus an Hg/HgO reference electrode containing KOH 

electrolyte at the same molarity as the immersed Mn02. 

Samples for x-ray diffraction were prepared by one of two methods. Either the 

sample was vacuum filtered over sintered glass and washed with distilled water and 

sucked dry or the sample sucked without washing until a wet paste could be mounted 

in a diffraction holder. The difference between the two techniques could be accounted 

for by a large background scattering from the residual liquid in the paste method. Dry 

samples were ground in an agate pestle and mortar. SEM samples were also prepared 

by similar procedures. 

8.3 Results of electrode potential measurements. 

8.3.1 Faradiser M. (abbreviated F .M). 

Figure 8-1 presents the measurements of electrode potential versus their initial 

oxidation state obtained on the F.M H inserted samples after 7 days immersion in 7M 
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Figure 8-1 E(vs. Hg/HgO) versus x in Mn0x for H inserted F.M samples after 7 
days storage in 7M KOH. 
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KOH. Oxidation state was preferred in this instance since phases other than the 

oxyhydroxide phase may be present after storage t. Two potential zones are clearly 

distinguishable. One in which the potential falls from 0.188(V) at Mn01.9-W to -O.04(V) 

at Mn01.67 in a continuous manner. The other is a region of nearly constant potential 

from Mn01.70 to Mn01.50· The average potential in this region is E(vs. Hg/HgO)=-

0.16(V) (with the standard deviation bn_I =O.Ol(V). Note that the two regions apparently 

overlap. The magnitude of the potential drop between the two regions is therefore 

0.12(V) or 120(mV). Figures 8-2, 8-3, 8-4 indicate slight changes to the potential on 

prolonged immersion of the H inserted manganese oxyhydroxides. In general a slow 

increase in potential is observed for all samples in the Mn01.944 - Mn01.76 zone and 

the constant potential region is extended i.e. Mn01.76 - Mn01.50' 

8.3.2 IBA no.19 and R2. 

Figures 8-5, 8-6, 8-7. 8-8 present the potential data recorded for the chemically 

H inserted compounds produced from material IBA no.19. In this case there also appears 

to be two regions, but their delineation is not clearly dermed. This is because it seems 

that the region of constant potential is shorter than for the previous material. 

Furthermore prolonged immersion (6 weeks) does not appear to extend it. 

Supplementary data on a similar material viz R2. however. indicates that a continually 

developing flat potential region does develop with time, consult figures 8-9, 8-10, 8-11. 

Within the varying potential region selective increases and decreases occur leading to 

the potential versus x dependence indicated in figure 8-11 (dotted line). Again at least 

two regions of potential as a function of x may be identified. Namely Mn01.950 -

Mn0 I .60 which has a varying potential and MnO I .60 - Mn0I .50' constant potential. The 

average value for the horizontal potential for R2 and IBA no.19 is (from the long stored 

samples) E(vs. Hg/HgO)=-O.16(V). 

8.3.3 IBA no.14. 

The electrode potential versus x in MnOx for IBA no.14 H inserted samples after 

7 days immersion in 7M KOH is presented in figure 8-12. A break in the potential 

versus x curve is once again observed, in this case at x-1.60 in Mn0x' In the solid 

t It also facilitates comparison with other work on the discharge of alkaline manganese batteries 

which is conventionally expressed in terms of oxidation state. 
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Figure 8-8 E(vs. Hg/HgO) versus x in Mn0x for H inserted IBA no.19 samples after 
42 days storage in 7M KOH. 
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Figure 8-9 E(vs. HglHgO) versus x in MnOx for H inserted R2 samples after 4 days 
storage in 7M KOH. 
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Figure 8-10 E(vs. Hg/HgO) versus x in Mn0x for H inserted R2 samples after 19 

days storage in 7M KOH. 

230 



--. 
o 
Ol 
I -Ol 
I 
en 
> -w 

O·30r------------___ --,._--.. 
0.26 

0.22 

0.18 

0.14 

0.10 

0.06 

0.02 

-0.02 

-0.06 

-0.10 

-0.14 

-0.18 

\ 
\ . 
~ , . 

\ 

X , 
'~-----------

- 2.00 1.96 1.92 1.88 1.94 1.~ 1.76 1.72 1.68 1.84 1.60 use 1.52 

x in Mn0x 

X 
28 days 

Figure 8-11 E(vs. Hg/HgO) versus x in Mn0x for H inserted R2 samples after 28 
days storage in 7M KOH. 

solution potential range it is clear the overall shape is a combination of two different 

curves. The first extends from the initial potential to that at Mn01.86 and the second 

from Mn01.86 to Mn0x-1.60' If the break at x-1.60 in Mn0x is due to instability of the 

H inserted oxide, it is probable that the second curve extends to Mn01.50 in the absence 

of instability. 

The lower end of the potentials in the region Mn01.86 to Mn01.60 appear to 

decrease towards the values between Mn0x_1.60 to Mn01.50' as suggested by figures 

8-13 and 8-14. Figure 8-15, however, does not confirm this trend. Those in the most 

reduced zone (i.e. from Mn01.50 to Mn0x-1.60) fall towards -O.l6(V) (average of results 

in this window for 42 days storage, with bn_1=O.OO6(V) which is the same as for the 

horizontal potential zones discovered for F.M and R2/IBA no.19 H inserted samples 

(sections 8.3.1 and 8.3.2). 

8.3.4 SBPA. 

The potential versus composition curve for this material is quite unlike the 

previous materials, see figure 8-16. An almost linear decrease in potential is observed 
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Figure 8-12 E(vs. Hg/HgO) versus x in Mn0x for H inserted rnA no.14 samples after 
7 days storage in 7M KOH. 
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Figure 8-13 E(vs. Hg/HgO) versus x in Mn0x for H inserted rnA no.14 samples after 
14 days storage in 7M KOH. 
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Figure 8=14 E(vs. Hg/HgO) versus x in Mn0x for H inserted IBA no.14 samples after 
21 days storage in 7M KOH. 
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Figure 8-15 E(vs. Hg/HgO) versus x in Mn0x for H inserted IBA no.14 samples after 

42 days storage in 7M KOH. 
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Figure 8-16 E(vs. Hg/HgO) versus x in MnOx for H inserted SBPA samples after :2 
days storage in.7M KOH. 
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Figure 8-17 E(vs. Hg/HgO) versus x in Mn0x for H inserted SBPA samples after 14 

days storage in 7M KOH. 
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Figure 8-18 E(vs. Hg/HgO) versus x in Mn0x for H inserted SBPA samples after 28 
days storage in 7M KOH. 
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Figure 8-19 E(vs. Hg/HgO) versus x in Mn0x for H inserted SBPA samples after 56 
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from Mn01.966 .. Mn01.58 from whereon a small hOrizontal region is observed. This 

gradually disappears with time, see figures 8-17, 8-18, 8-19 and a tendency for the 

potential versus x slope to increase is observed in the approximate composition range 

Mn01.93 to Mn01.76· A general tendency towards higher potentials is observed except 

for the initial (at Mn01.961) which remains constant and the most reduced sample 

Mn01.525' which decreases, the fmal value (i.e. after 56 days storage) is -0.14
5
(V). 

8.4 X-ray diffraction of samples stored in 7M KOH under air. 

X-ray diffraction of the most H inserted samples of all the materials after storage 

indicate a gradual transformation into o-Mn02 and apparently no other phases. Careful 

examination reveals that they are mixtures of the MnOOHr initial H inserted product, 

O-Mn02, and 'Y-MnOOH as shall be presented in the following. Formation of O-Mn02 

has been reported previously in the discharge of alkaline manganese cells131.132. 

Consider figure 8-20 (a),(b) and (c) which indicate the changes which occurred 

to deeply H inserted samples of battery active manganese dioxide with 33 days storage 

in KOH under air (in a sealed container). The formation of O-Mn02 is unambiguously 

identified by comparison with 8-20(d), which is a synthetic birnessite (see next 

paragraph). Other changes from the O-MnOOH patterns (i.e. before immersion in KOH) 

are probably explained by the inclusion of small amounts of y-MnOOH as a comparison 

with 8-20(e) reveals. All the peaks in y-MnOOH, however, are overlapped with 

O-MnOOH peaks except the small peak marked (y). Furthermore the 100% y-MnOOH 

peak is very close to the second most intense O-Mn02 peak (compare 8-20 (d) and (e». 

Thus its presence is difficult to detect unambiguously. 

That the proportion of O-Mn02 and y-MnOOH increases with time is supported 

by figures 8-21 and 8-22 which indicate the state of very H inserted materials after 

periods of 3 weeks and 3 months storage. Note that the wet method of sample 

preparation was used which in this case produced a large liquid scattering contribution 

to the patterns. 

Figure 8-23 compares three synthetically prepared O-Mn02 compounds with a 

stored H inserted F.M compound showing little evidence of any residual initial (i.e. 

before immersion in KOH) H inserted material. The presence of O-Mn02 is 

unambiguously identified by the peaks occurring at .. 7(A) (12.6(°28» and -3.5 (A) 
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(b) 

7e.e ... .. 

(d) 

18.m S8.a Ga.8 78.8 ... . 

(e) 

111.8 

Figure 8-20 X-ray diffraction patterns of H inserted battery active manganese dioxide stored in 
7M KOH under air for 33 days compared samples of synthetic birnessite and manganite. (a) H 
inserted SBPA, Mn01.52' (b) H inserted R2, Mn0uo, (c) H inserted F.M, Mn0uo, (d) synthetic 
bimessite-(same as in figure 8-23 (c», (d) manganite produced from refluxing ~MnOOH in 
water (same as in figure 3-4 (c». Note that the intensity scale in (d) and (e) is 4x that of (a). (b) 

and (c). 0 marks unambiguous ~Mn02 peaks and 'Y 'Y-MnOOH peaks. 
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10.0 28.il 30.0 40.0 S0.0 60.0 78.8 

Figure 8-21 X-ray diffraction patterns of H inserted battery active manganese dioxide 
stored in 7M KOH under air for 3 weeks. (a) H inserted SBPA, Mn01.607' (b) H 
inserted rnA no.14, Mn01.593' (c) H inserted IBA no.19, Mn01.6OO' (d) H inserted F.~1, 
Mn01.601' t - marks a teflon peak from the sample holder. 
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Figure 8-22 X-ray diffraction patterns of H inserted battery active manganese dioxide 
stored in 7M KOH under air for 3 months. (a) H inserted SBPA, Mn01.607' (b) H 
inserted IBA no.14, Mn01.593' (c) H inserted IBA no.19, Mn01.600' (d) H inserted F.M. 
Mn01.601. t - marks teflon from the sample holder. 

239 



-!l 
c: 
::s o 
~ 

lEl.a 

lfl.fl 

la.fl 

26.6 3fl.6 

2EUI 36.fl 

2a.a 3fl.fl 

'1fl.fl Sfl.fl 6fl.fl 7fl.fl 

'16.6 sa.a 6a.6 7a.a sa a 

'1a.a 5fl.fl 6a.a 7a.a sa a 

(d) 

lfl.6 2a.a 3fl.fl '1a.a 56.6 6fl.6 7fl.6 S6.6 
(°29) 

Figure 8-23 X-ray diffraction patterns of synthetic birnessite compared with a sample 
of H inserted manganese dioxide stored in KOH for 3 months. (a) obtained as a 
byproduct from an industrial synthesis (Boots) (b) preparation method unknown (c) 
produced by the method of Giovanoli Stahli and Feitknecht

134 
(d) H inserted F.M 

(Mn01.601) after 3 months storage in KOH under N2· 
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· 5-Mn02' has been classified by Giovanoli as a member of the birnessite group 

7A h 11 2.133· 
or p y omanganates and IS therefore not a true Mn02 modification since 

these compounds usually contain other elements and when they do not the stoichiometry 

nevert approaches Mn02· '5-Mn02' is therefore a misnomer but shall nevertheless be 

retained as is the convention in literature connected with batteries. Figure 8-23 (a)-(c) 

displays the variation in the x-ray pattern which can be encountered for this phase. (a) 

was obtained as byproduct from an industrial synthesis, (b) is also synthetic and labelled 

100% pure 5-Mn02 (preparation method unknown) and (c) a K birnessite was prepared 

by the method of Giovanoli Stahli and Feitknecht134 and is apparently more 

'crystalline' product than (a) or (b). It is not known whether the occurrence of the 

small peaks in (b) and (c) represent impurities from the synthesis process or birnessite 

features. Birnessite is known to have a layer structure with the separation of the layers 

given by the d spacing of the 100% • 7 A' peak, whose value depends on the ionic 

composition (i.e. whether K, Na or other ions are present in the structure). In this case 

8-23 (b), in particular, suggests that the layers most probably have some degree of 

randomness in their orientation (in the plane of the layer) since the peak at .. 38(°28) has 

a classical '2 dimensional' shape as exhibited by certain heat treated carbon 

blacks 135. The other reflections are · 3 dimensional' and therefore must be reflections 

representing directions perpendicular to the layers. 

8.5 X-ray diffraction of samples stored in 7M KOH under an inert N2 

atmosphere. 

Figure 8-24 shows a selection of H inserted F.M samples after 1 week storage 

in KOH contained in a nitrogen filled glove box at 25(OC). The experimental procedure 

was as follows. N2 was bubbled for about 3 hours through a stock solution of 7M KOH 

which was then transferred via an airlock into the N2 filled glovebox. The Mn00f\. 

samples were degassed for 10 mins and the vacuum broken with nitrogen. Lids of the 

nalgene centrifuge tubes (containing the Mn00f\.) were quickly replaced and the tubes 

transferred to the N2 filled glovebox. 10(ml) of KOH solution was subsequently added 

t Mn7013.5H20 with an oxidation level Mn01.86 is the only member which does not contain any 

additional elements such as K or Na. 
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IEl.El 2El.El 3El.El 4B.B S0.El 6El.B 70.0 

Figure 8-24 Selection of x-ray diffraction patterns representing the changes which occur 
with one weeks storage in 7 M KOH under N2 to H inserted F.M . Samples prepared 
by 'wet' method. (a) Mn01.944 (b) Mn01.901 (c) Mn01.827 (d) Mn01.699 (e) Mn01.647 
(t) Mn01.601. 0, k, y, mark peaks which specifically belong to O-Mn02' a-KOH, or 
y-MnOOH respectively. 
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to the samples (in the glovebox). Those for x-ray diffraction were removed as required. 

vacuum filtered, in a sintered glass crucible (porosity no.4) without washing and 

mounted as a paste in the x-ray diffraction holders. An x-ray diffraction scan was 

programmed to last only 30 mins. and the whole procedure from removal to obtainino 
t: 

a complete scan was approximately 40 mins. One unavoidable consequence of this 

procedure is a wide variation in the intensity of the observed x-ray patterns almost 

certainly due to a variable background intensity caused by liquid scattering. Evidence 

of this is particularly clear in 5 - 20(°29) Bragg angle range the curve of which is 

nonnally caused by air scattering and in this case a combination of air and water vapour 

scattering. The x-ray intensities are presented as recorded, all at the same intensity scale 

(figure 8-24). By comparing x-ray diffractograms of the starting compounds (i.e. before 

immersion in KOH) and those after storage in KOH the following compounds have been 

identified at the various oxidation states. In figure 8-24 (a) - (c) no change i.e. H 

inserted F.M, MnOO~, as described in section 7.4. (d) 8-Mn02 and MnOOl\, (e) 

8-Mn02, a-KOH and possibly y-MnOOH. Marked on the diagram are those peaks 

which specifically identify the compounds listed. All other peaks may be due to a 

combination from the compounds listed. Account has to be taken of displacements in 

29 position from the real position due to misalignment of the surface of the paste as 

compared to that obtained with dry powders. Furthermore this changes as the paste drys, 

the surface displacing upwards out of the holder. 

The presence of a-KOH is perhaps surprising but its presence is positively 

identified by the doublet occurring at136 32.2(°29) (IJIl=l00%) and 32.4(°29) 

(I/Il=75%) whereas experimentally they occur at 32.6(°29) (100%) and 33.0(°29) (69%) 

which is within an experimental error of ±O.l (°29) a displacement of 0.5(°29). The 

other peaks listed in JCPDS card 21-645 (<l-KOH) are all less than or equal to 20% of 

the maximum peak except for a peak occurring at 52.0(°29) which also has an analogue 

in observed pattern (but may also be contributed to by an H inserted F.M peak). 

Figure 8-25 indicates the effect on the x-ray diffraction pattern of H inserted F.M 

with storage for 3 months in similar conditions. In this case also O-Mn02 starts to 

appear between Mn01.83 and Mn01.70' The peaks in this case look considerably sharper 

indicating either a re-crystallisation has occurred or a continued growth of this phase. 

In each pattern where 5-Mn0
2 

occurs (i.e. figure 8-25(d), (e)&(f) the appearance of 

y-MnOOH is now much more evident. There is also evidence of H inserted F.M 
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4a.a sa.a 
(°29) 

BI!!.I!! 
1 a. a 2a.a aa.a .a.a 71!!.a 

Figure 8-25 Selection of x-ray diffraction patterns representing the changes which occur 
with 3 months storage in 7 M KOH under N2 to H inserted F.M . Samples prepared by 
. wet . method. (a) Mn01.944 (b) Mn01.901 (c) Mn01.827 (d) Mn01.698 (e) Mn01.601 (f) 

Mn0l.SOS. Peak labels as in figure 8-24. 
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18.8 28.8 38.8 5".8 G8." 78.8 88.8 

(°29) 

Figure 8-26 Selection of x-ray diffraction patterns representing the changes which 
occurred with 3 months storage in 7 M KOH under N2 to H inserted SBPA. Samples 
prepared by 'wet' method. (a) Mn01.966 (b) Mn01.906 (c) Mn01.808 (d) Mn01.711 (e) 
Mn01.525. Peak labels as in figure 8-24. 
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Figure 8-27 Selection of x-ray diffraction patterns representing the changes which occur 
with 3 months storage in 7 M KOH under N2 to H inserted IBA no.19. Samples 
prepared by 'wet' method. (a) Mn01.950 (b) Mn01.897 (c) Mn01.803 (d) Mn01.687 (e) 
Mn01.520 (f) Mn01.544' Peak labels as in figure 8-24. 

246 



(d) 

lEI.a aa.a 3a.0 48.8 sa.a Ga.a 7a.a a8.0 

(°29) 

Figure 8-28 Selection of x-ray diffraction patterns representing the changes which occur 
with 3 months storage in 7 M KOH under N2 to H inserted IBA no.14. Samples 
prepared by 'wet' method. (a) Mn01.958 (b) Mn01.905 (c) Mn01.797 (d) Mn01.687 (e) 
Mn01.587 (f) Mn01.505. Peak labels as in figure 8-24. 
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particularly in the most H inserted sample (Mn01.505' see figure 8-25(0). Figures 8-26. 

8-27 and 8-28 present the x-ray diffraction patterns after 3 months storage in KOH 

under the conditions described above for the materials SBPA, IBA no.19 and IBA nO.14 

respectively. Careful examination reveals that changes from the H inserted product 

before immersion in KOH are explained by mixtures of b-Mn0
2
, y-MnOOH the initial 

H inserted product and a slight amount of a-KOH. Table 8.1 summarises where in the 

composition range x in Mn0x in which b-Mn02 was first detected. y-MnOOH may also 

Table 8.1 Summary of x in Mn0x range in which b-Mn02 first appears after 
prolonged storage in 7(M) KOH. 

Material 

F.M 

IBA no.19 

IBA no.14 

SBPA 

x range within which b-Mn02 first 
appears when stored in KOH for 3 

months. 

1.70 - 1.65 

1.80 - 1.69 

1.80 - 1.70 

1.74 - 1.69 

be present but for small amounts of b-Mn02 its presence is not easily detected. This is 

because the second most intense b-Mn02 peak (d=3.49(A), 25.52(°29» nearly coincides 

with the 100% 'Y-MnOOH peak (d=3.4I(A), 26.13(°29»97. Evidence of a split peak l~ 

sometimes observed in the appropriate 29 range, see for example figure 8-26. 

It is noted at this stage that cementation occurred for all samples in whh. h 

b-Mn02 was detected. A solid . plug · was eventually fonned in the bottom of the 

nalgene test tubes for long stored H inserted samples. 

8.6 SEM results on the same set of stored samples. 

SEM on the same set of samples supports the presence of the potassium 

containing compounds identified by x-ray diffraction. 

8.6.1 Initial appearance. 

SEM photographs of the initial materials are presented in figures 8-29. 8-30, 

8-31,8-32,8-33,8-34. WSZ is included, although its stability in KOH solutions has not 
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Figure 8-29 SEM photograph of initial manganese dioxide Faradiser 1\1 (abbrv. F.M). 

Figure 8-30 SEM photograph of initial mangane e dioxide SBPA. 
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Figure 8-33 SEM photograph of initial manganese dioxide WSZ. 

Figure 8-34 SEM photograph of initial manga.l1e e dioxide IB no.14. 
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been included in this study. The potential versus composition of the same H insened 

WSZ samples examined by x-ray diffraction in section 7.1 were measured by a fellow 

researcher J.Larcin and form part of his study 137. The results obtained (in dilute KCl 

solution) indicate that the potential fell as expected for a solid solution to a reduction 

level r=O.4 whereby a nearly constant potential was observed. This observation suppons 

the interpretation of the x-ray diffraction patterns presented in section 7.1. A different 

interpretation was preferred by Larcin which, however, does not concur with the 

persuasive x-ray diffraction results t. 

The SEM photographs (all photographed at the same magnification) highlight the 

difference in particle shape of the starting EMD's and CMD's (F.M and WSZ are both 

CMD's). Particularly striking is the completely differing appearances of rnA nO.14 and 

WSZ which, as been previously shown, are only slightly separated in the Y-'¥t-Mn02 

structural series. The appearance of WSZ bears most resemblance to F.M although their 

x-ray diffraction patterns are quite different. Such differences in panicle shape reflect 

the history of their production138 rather than any structural differences. This statement 

is supported by figures 8-31, 8-32,8-34 and 8-30 which are all EMDs with remarkably 

similar appearances despite their structures spanning the Y-YCMn02 series. 

Comparison of 8-31 and 8-32 suggests that the particle size of R2 will be on 

average smaller than that of IBA no.19 since R2 appears to contain a population of 

much smaller particles. An attempt to select an area which was judged to be 

representative of the particle size distribution of the whole sample was made. 

8.6.2 Appearance after storage in 7M KOH. 

Previously it has been shown (chapter 3) that the appearance of battery active 

manganese dioxide does not alter during solid state H insertion when viewed under the 

electron microscope. Thus the photographs of the starting materials presented previously 

(vide supra) represent impressions of the H inserted derivatives before immersion in 7M 

KOH. 

Compare figure 8-35 which is of H inserted F.M (Mn01.575) with figure 8-29 

(both presented at the same magnification). Clearly a considerable transformation has 

t ' hed b La 'n which involves postulating 
The author wishes to point out that the conclUSion reac Y rCI , .. ...1 

. ' 'on for the potentlal was arn,1;U 
"undissociated MnOOH" as the thermodynamiC component In an expressl ,.. d 

, '7 1 ing the x-ray diffraction e,\ ence. 
at without the benefit of the conclusions reached In section ' concern 
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Figure 8-35 ~EM photograph of H inserted F.M (Mn01.57S) afte r storage for 1 week 
ill 7M KOH under N2. 

Figure 8-36 SEM photograph of H inserted F.M (Mn0 l.S7 ) (magnified ar a f figur 
8-35) after storage fo r 1 week in 7M KOH und r .. 
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Figure 8-37 X-ray microanalysis of H inserted F,M sample (Mn01.57S) after storage 
in 7M KOH for 1 week under N2. Mn,K and Au peaks are marked. The 
sample was gold coated to improve picture quality. 
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Figure 8-38 X-ray microanalysis of initial F.M manganese dioxide. The positions 

where K and Mn occur are marked. 
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taken place, consistent with growth of a different phase on the surface of the original 

material. Closer examination (figure 8-36) reveals an interesting plate-like growth. X-ray 

microanalysis of this area indicates a relatively high potassium content, see figure 8-37. 

That it is relatively high is clear by comparison with figures 8-38 and 8-39 which are 

of the starting material before and after 1 week storage in KOH under N2. Since no 

change in either the appearance under the SEM or in the x-ray diffraction pattern 

occurred for the starting material it may be concluded that the observed small K content 

after storage is due to the known ion-exchange139 properties of manganese dioxide. 

The deposited platy material must therefore be the O-Mn02 phase detected by 

x-ray diffraction in section 8.4. Figure 841 presents the appearance under the SEM of 

a H inserted sample of IBA no.19 (Mn01.54J after 3 months storage in KOH under N2. 

A crust of o-Mn02 covers most of the initial reduced oxide. Some particles, however. 

appear to be relatively free. This suggests that the crust seperates on prolonged storage. 

as also suggested by figure 8-40 which is of H inserted SBPA (Mn0l.505). Cracking of 

the surface is evident. The re-appearance of o-MnOOH on prolonged storage is reported 

by Holton et al. 125 and is also noted in this work for certain samples (see section 8.5). 

Desai et al. 131 also drew attention to a similar phenomena in their study on the 

discharge of various manganese dioxides in alkaline media. 

Similar results were obtained for very H inserted samples stored in KOH over 

air. Figure 842 indicates comparable crust development and cracked appearance as doc", 

figure 843. X-ray spot microanalysis confinns that the K content of crust is very much 

greater than the underlying particle. Figure 8-44 (crust analysis) and figure X-4~ 

(underlying particle analysis) is an example of such an analysis for the particle displa)'cJ 

in figure 843. 

Finally if one examines figure 841 closely the bottom right hand corner reveah 

a small area with a quite different appearance to the surrounding material. Closer 

inspection reveals that it consists of a crystal growth of fme strands. Figure 8-46 shows 

a closeup found in another H inserted sample (H inserted IBA no.14, Mn01.505 after 3 

months storage). X-ray spot analysis of the fibres discloses almost no manganese and 

a very high potassium content (figure 847). Thus it is concluded that these fibres are 

almost certainly represent those of a-KOH, detected by x-ray diffraction (Note that 

oxygen and hydrogen are, in this instance, not detectable by x-ray microanalysis.) 

The results of the SEM analysis may be summarised as follows. SEM indicates 
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Figure R-41 SEM rhot ograrh or H insened 1 SA no.19 sa mple ( 111 I 'i l-l 

after storage in 7M KOI{ ror ~ m() llths under 2' 

Figure -42 M rho! grarh or H insencd R_ sam[11c ( ~1nO l 'i(l'i) aftcr !1lf.It!C 111 7 
KOH [ r 3_ da s untl r air. 



Figure 8-43 SEM photograph of H inserted SBPA sample (MnO I.52S) aft r torage in 
7M KOH for 33 days under air. 
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Spot x-ray microanalysis of underlying particle shown in figure 8-4 
K,Mn and Au peaks are marked. 

SEM photograph of H in erted lBA nO.14 (Mn0 1.5os) after _ m nth 
storage in 7M KOH, showing ' needle like' cry tal gro th. 
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Figure 8-47 Spot x-ray microanalysis of 'needles' shown in figure 8-46. K.Mn and 
Au peaks are marked. 

that the presence of b-Mn02• as detected by x-ray diffraction, occurs as a deposit on the 

surface of the original reduced manganese dioxide. Where no b-Mn02 was detected by 

x-ray diffraction no deposit was found on the H inserted particles. The presence of 

'Y-MnOOH could not be confirmed. Its existence could have been detected if it had 

formed with a definite morphology as found previously for the product obtained from 

refiuxing b-MnOOH in water, where it occurred as rod shaped particles (see section 

3.2). The detection of a-KOH by x-ray diffraction has been supported by the discovery 

of small amounts of K containing fibres. 

8.7 Discussion. 

As previously mentioned, no other work specifically concerned with metastability 

of H inserted manganese dioxide has emerged since the first work by Holton et al.
125 

A complete description of the observations was obtained in that case. Attention is 

therefore focused on whether similar propositions apply to experimental data obtained 

herein. 
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Figure 8-48 E(v~. SHE)+O.0592pH versus x in Mn0x for H inserted R2 samples after 
4. d~ys ~torage m.7M K0J:! compared with potential data on the same manganese 
dIOXIde m ammoruum chlonde/zinc chloride solution from Maskell et al140

. 

The potential as a function of x in MnOx' obtained after four days inunersion in 

7M KOH (figure 8-9), was obtained from the same starting manganese dioxide as 

examined by Holton et al. viz the material coded R2 in their work and here. In this case 

H insertion into manganese dioxide was carried out with organic reductants in a non

aqueous environment whereas Holton et al. perfonned the reaction in an aqueous 

manganese dioxide concentrated KOH suspension. Although both methods insert H 

chemically different initial potential versus x dependencies are produced. Figure 8-48 

plots E(vs. SHE) + O.059pH for this work and that obtained from Maskell et al.
140 

TIlls 

expression removes differences in potential due to pH differences. To produce E(vs. 

SHE) + O.059pH, O.933(V) following Holton et al. was added to the experimental values 

(obtained as in their work against an Hg/HgO reference electrode in 7M KOH). 

.' . fi 2' H I I 125 hi h FIgure 848 dISplays the same companson as g. m 0 ton et a . ,w c 

indicated the difference between the potential versus x in MnOx measured in ammonium 

chloride/zinc chloride electrolyte (from data obtained by Maskell et al.) and the data 

obtained therein. Whereas such a comparison signified a more rapid fall in potential than 

that expected for a solid solution (compared with the potential data from Maskell et al.) 
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from Mn01.75 to Mn01.63 followed by heterogeneous behaviour, satisfactory agreement 

over the whole composition range is found in this work when the same comparison is 

made (see figure 8-48). This provides evidence that the chemical insertion of H matches 

closely the battery process since the data obtained by Maskell et al. was obtained with 

the same starting material discharged in a Leclanche cell. 

Thus the fIrst potential curve (from the set indicated in figures 8-9, 8-10, 8-11) 

indicates that the potential dependence is that expected for a solid solution, which has 

been variously modelled on this basis. With regard to this problem (Le. of modelling the 

potential variation of the manganese dioxide electrode versus composition) figure 8-12 

is of interest. Most probably the break in this curve is due to instability and shall be 

discussed latert . Nevertheless, as mentioned earlier, it is evident that the initial potential 

variation with x is composed of two different curves, resulting in a distinct change in 

slope at Mn01.86' Evidence has been cited for regarding the manganese dioxide 

electrode as composed of two solid solutions141 in theoretical treatments for 

modelling the potential dependence as a function of x, though reference is made to the 

mid-reduction point (Mn01.75) in these treatments 142. It is perhaps pertinent to point 

out that the models refer to typical EMD, at the YCMn02 end of the Y-YCMn02 series, 

whereas IBA no.14 contains less microtwinning and is near but not at end of same series 

(section 2.4.4). 

As established in chapter 5 the non-aqueous reduction of SBPA resulted in a 

solid state heterogeneous reaction beyond r=O.40 (Mn01.80)' Surprisingly this material 

exhibits an almost constant slope potential with x in Mn0x as displayed in figure 8-16. 

No correlation with the convincing evidence for a heterogeneous reaction or at least 

change in reduction process was observed. At present the reason for this is unknown. 

With storage in KOH solution a clear heterogeneous potential region develops 

for deeply H inserted materials confirming that such solid solutions are metastable in 

concentrated KOH. This is true for all materials except SBPA. The restricted 

heterogeneous range observed in R2 (Mn01.60 - Mn01.50) compared to that observed 

in Holton et al. 125 may be because 4 to 6 months storage was allowed in their work 

tIt is noted that this potential was obtained after 7 days storage rather than 4 da~s as for R2. Thus 

if one wishes to obtain the initial potential curve versus x expec~ for a solid solutIon ~s:~~~ 
should be carried out within 4 days immersion. Experimentally It was also noted tha~ mepr uc~ e 
potentials are sometimes observed with chemically produced samples for storage tImes less an 

approximately 4 days, the cause of which is unknown. 
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whereas the maximum storage time reported here is six weeks, however, most of the 

potential changes were reported to occur in the first month of storage. 

Other changes in potential which occur for instance in figure 8-11 in the region 

Mn01.950 - Mn01.60 may be viewed as a combination of two processes. The fIrst is 

oxidation of the Mn0x samples by dissolved 02 in the KOH solution which leads to an 

apparent increase in potential with composition on storage. Secondly a tendency for the 

potentials to drop towards the heterogeneous potential level with storage time. This 

results in a distinct 'bump' at Mn01.76 which correlates with the start of the 

heterogeneous potential reported by Holton et al. A similar 'bump' occurs at Mn01.76 

in figure 8-15 and 8-19 suggesting that the equilibrium heterogeneous potential region 

is independent of the material and starts at Mn01.76' This is apparently consistent with 

figure 8-4 for material F.M but not with IBA no.19 which after 42 days storage in KOH 

shows little tendency towards instability or oxidation compared to the other materials. 

The reason for this is perhaps because IBA no.19 possesses a low specific surface area. 

Table 8.2 collects together selected data143.144 regarding surface area measurements of 

all the materials examined which indicates that its value is similar to R2 but 

considerably higher than IBA no.14. Furthermore it indicates that F.M has a surface area 

very much larger than any of the other materials which suggests that the rate of reaction 

towards instability is related to the specific surface area of the manganese dioxide since 

F.M shows a large heterogeneous potential range after only 1 week of storage (see 

section 8.3.1). There may also be evidence that a seeding process is required to initiate 

Table 8.2 BET specific surface area measurements for the materials considered in 
this part of the study. 

Material BET surface area Reference source 
(m2g-1) 

IBA no.12t 104 144 

R2 38 143 

IBA no.19 34 144 

IBA no.14 24 144 

SBPA 22~ 51 

tmA no 12 is the same material as Faradiser M. d 
~Obtained from figure 8 in ref.51 which displays the re~ationship be~ween BET s:falc~ :;.~a ~. 
geometrical current density of deposition for SBP-EMD, whIch for matenal SBPA equ s. m 
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the instability reaction since O-Mn02 was produced in Holton et al. 's work during the 

reduction process and thus was already present before storage. The lack of 0-\ln0
2 

before storage could therefore account for the slowness of the reaction and hence 

restricted heterogeneous potential regions observed in this work particularly for R2 and 

IBA no.19. There is however an alternative and in the authors opinion more convincing 

argwnent. 

A striking correspondence between the r in MnOOl\ level at which H stans to 

locate in the solid solution and instability appears was observed for materials R2 and 

IBA no.19. Thus H was reported (see section 6.6) to become immobile in H inserted R2 

beyond 1'=0.80 (Mn01.6~ which (see fig. 8-11) corresponds to the onset of a 

heterogeneous potential. This conclusion also accords with material rnA no.19 (see 

figure 8-8) in which H locates in the solid solution beyond r=O.75. Note that a small 

proportion of H becomes fixed in the manganite phase before this (see section 7.3). It 

is suggested that restricted mobility of H in the form of o-MnOOH rnicro-domains may 

impose a • strain' on the surrounding solid solution which in tum causes it to become 

unstable. This in tum suggests that location of H in the solid solution is the fundamental 

reason as to why alkaline manganese dioxide batteries only deliver useful power to a 

composition corresponding to MnOOHo.8 under prolonged intermittent discharge 

regnnes. 

The correlation between H location and instability is not clearly maintained in 

the other materials however. Following the above argument, one would expect H 

inserted IBA no.14 to exhibit instability at a lower MnOOHr or higher Mn0x than it 

does since H starts to locate at r=0.45 whereas instability appears to start at r .. 0.80 (or 

x .. 1.60). Furthermore if a heterogeneous solid state H insertion reaction occurred then 

the value of r at the surface would be higher than that of an average analysis, further 

promoting instability. H location, however, was not reported to lead to a heterogeneous 

solid state reduction for IBA no.14 but rather somewhere in between a random 

precipitation of o-MnOOH micro-domains and a o-MnOOH layer proceeding from the 

outside of a particle in a two phase reaction t. 

Heterogeneous solid state H insertion was reported for material SBPA beyond 

1'=0.40, with H starting to become immobile at r=O.35. Instability would once again 

t Note that H insertion into R2 led to a random precipitation within the solid solution and therefore 

r at the surface of a particle would be the same as the overall r of a particle. 
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therefore be expected at a lower r value than R2. This was not observed, nor was did 

the initial (i.e. shortly after immersion in KOH) potential renect the heterogeneous solid 

state behaviour, as noted before. 

In the case of F.M H location occurs at a very low H insertion level, see section 

7.4, at r-O.20. In this case the heterogeneous behaviour displayed in figure 8-4 is much 

greater than that of R2 or IBA no.19, (MnOOHo 48 - MnOOH or MnO - MnO _, . 1.00 1.76 1.50' 

with evidence that it may still be expanding (i.e. the instability reaction has not reached 

equilibrium) after 42 days storage. Following the previous suggestion F.M would not be 

suitable for alkaline manganese batteries because approximately only half the discharge 

capacity would be available. 

The following reasons are proposed as to why the correlation between instability 

and H mobility described above was not observed in all the H inserted materials. The 

instability reaction may not have reached eqUilibrium, in any of the materials. Since F.M 

shows the greatest rate of change (and the highest surface area) one would expect that 

the materials with the lowest surface areas, namely SBPA and IBA no.14 (see table 8.2), 

to show the slowest rate of change. Also detection of a heterogeneous potential 

detennining reaction may not be sensitive if the glassy carbon electrode happened to 

contact only one phase, namely the 8-Mn02 phase present as an outer-particulate 

crust t. On reflection grinding of each sample prior to each potential measure would 

have improved the contact with the inert electrode. 

To summarise the discussion so far. The results obtained indicate that H inserted 

battery active manganese dioxide exhibits instability beyond a certain r in MnOOl\ or 

Mn0
x 

value as detected by the presence of a heterogeneous potential and the appearance 

of 8-Mn02 and 'Y-MnOOH as detected by x-ray diffraction. a-KOH which was also 

detected is assumed to be of secondary importance and probably results from the wet 

method of preparing the samples (see section 8.2). 

The value of the heterogeneous potential E(vs. Hg/HgO) = O.16(V) or E(vs. 

SHE)+O.0592pH = O.77(V) corresponds approximately to the initial heterogeneous 

potential reported by Holton et al.125, E(vs. SHE)+O.0592pH = O.71(V) (determined 

from fig.2 in ref.125) attributed to a reaction involving 'Y-MnOOH and Mn30 4· In this 

case, however, no Mn
3
0

4 
was detected in any of the recorded x-ray diffraction patterns. 

t X-ray diffraction on the other hand is an ideal technique to detect the preci~itation of a crust of a 

crystalline phase since x-rays only penetrate the surface of a particle (see appendiX B). 
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Cornell and Giovanoli
145 

have reported that Mn304 spontaneously transforms to 

O-Mn02 in alkaline solution (O.OOI-10M). The reaction involved dissolution of Mn ° 
3 4 

followed by precipitation of O-Mn02. Oxygen was also involved in the reaction but no 

difference in the phases present was detected when storage conditions were under N2 

rather than air (over the storage times reported, see section 8.5). That the storage 

conditions adequately excluded oxygen was indicated by storage of a sample of Mn30~. 

using the same procedure outlined is section 8.5, which showed no change in its x-ray 

diffraction pattern in the storage times used for the Mn0x samples. 

The value of E(vs. SHE)+O.0592pH=O.7I(V) was obtained by Holton et al. for 

the initial potential. On storage this changed to O.76(V) which agrees closely to the 

value found in this work (O.77±O.OI (V». This higher potential was attributed to a 

heterogeneous reaction involving O-Mn02 and y-MnOOH. Following Holton et al. this 

may be written: 

K2Mn40 S.xH20 + 2e- ~ 4(y-)MnOOH + 2K+ + 40H- + (x-4)H20 (8.2) 

where K2Mn40 S is written as the ideal composition of O-Mn02. O-Mn02 is a phase of 

variable oxidation state125 the lowest of which appears to be Mn01.75 (Le. K2Mn40 g) 

and the highest Mn0l.S6 (see footnote on p.241). The fmdings of this work support the 

conclusion of Holton et al. that battery active EMD solid solutions are unstable in KOH 

and disproportionate into O-Mn02 and y-MnOOH. This statement may now be extended 

to refer to structural members of the Y-YCMn02 series. Including intercalated water as 

in equation (8.3) the disproportionation reaction may be written as follows: 

2(l-y-z)KOH + 2MnOOH(y+z) .. (l-y-z)K2Mn40s.2H20 + 4(y+z-Y2)(Y-)MnOOH (8.3) 

where y is H insertion level beyond which disproportionation occurs. z varies between 

the limits 

o ~ z ~ I-y. 

and represents the degree of reduction beyond the level at which disproportionation 

starts (y). Note that equation 8.3 is only valid for O-Mn02 of oxidation state Mn01.75· 

This equation predicts, at equilibrium, that the amount of O-Mn02 would decrease from 

a maximum amount at MnOOHy to zero at MnOOHl.O with the amount of y-MnOOH 

adhering to the converse description. X-ray diffraction evidence does not support this 

description which indicates that the amount of 8-Mn02 increases with increasing 

reduction. However as noted in section 8.6.1 the reaction may not have proceeded to 

completion since initial H inserted manganese dioxide was detected by x-ray diffraction 
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in many of the long stored samples (eg figure 8-25). It is possible that the reaction w~s 

stifled by the O-Mn02 (and possibly y-MnOOH) surface layer and therefore could not 

proceed further. 

8.8 Conclusions. 

A simplified reaction scheme to that proposed by Holton et al. accounts for the 

observed behaviour of Y-YCMn02 H inserted oxides when stored in concentrated KOH. 

The differences can be attributed to the aqueous method of reduction. Thus formation 

of O-Mn02 at high oxidation states (Mn01.92)' not found in this work, may be, as 

suggested therein (ref.125), due to equilibrium throughout the H inserted manganese 

dioxide being established through precipitation of D-Mn02 via soluble Mn3+ when small 

particles are unavoidably reduced more deeply than larger particles. D-Mn02 may then 

subsequently be reduced to Mn30 4 and/or y-MnOOH leading to more complicated 

reactions and subsequent changes on storage. Thus in Holton et al. 's work due to the 

fact that O-Mn02 was produced during the initial reduction of the manganese dioxide 

in KOH its appearance during storage was not simply diagnostic of instability. This 

complication has been removed in this work and its appearance may now be taken as 

indicative of instability when H inserted battery active manganese dioxides are subjected 

to storage in concentrated KOH. Mn304 or Mn(OH)2' compounds which have been 

attached to explanations 130, 116 as to why battery active manganese dioxide has not been 

found to be fully rechargeable when deeply discharged (in the one electron range), have 

not been detected at any stage of the investigation. 

The findings of this work may be summarised as follows. 

(a) Electrode potentials as measured on materials produced by a non-aqueous 

chemical insertion technique from typical battery active manganese dioxide (Le. near the 

Yt end of the Y-YCMn02 series) and then placed in KOH are initially similar to those 

reported in ammonium chloride/zinc chloride solution. That is those expected from the 

composition of a solid solution when H was inserted. 

(b) H inserted battery active manganese dioxides with r in MnOO~ ~ y, where y 

appears to depend on the material and the method of H insertion, are found to be 

unstable when stored in concentrated KOH solution. 

(c) Beyond MnOOfIy disproportionation of the H inserted compounds into D-Mn02 
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and 'Y-MnOOH occurred. 

(d) H location within 'Yt-Mn02 (i.e. materials R2 and IBA no.19) solid solutions 

correlates with the observed instability of these materials (y=O.80 for R2 and IBA 

no.19). 

(e) Faradiser M H inserted compounds are the most unstable, displaying the largest 

heterogeneous potential region (i.e. y=O.45) and the most rapid reaction with KOH. 

(f) The rate of reaction of (c) appears linked to the specific surface area of the 

material and also perhaps to a need for seeding of the product phases. 
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9 Overall Conclusions and Further Work. 

Returning to the question of the classification of manganese dioxide polymorphs 

(see page I) the list must now be extended to include the Y-YCMn02 series. This series 

is distinct from the Y-Mn02 series in that the end members are not perfectly crystalline 

phases (nor are they stoichiometric). Nor is it a series which has only two end members, 

since y-Mn02 may have a p fraction extending from 0 (ramsdellite) to I (pyrolusite). 

Therefore YCMn02 does not designate one particular defect structure but one which has 

a variable pyrolusite type layer fraction (p) and a large degree of microtwinning. F.M, 

IBA.no.19 and R2 mayall, by this defInition, be designated y
t
-Mn02. In a completely 

analogous fashion the MnIll oxyhydroxide polymorphs must be extended to include the 

O-OcMnOOH series where similar comments apply. Thus the most H inserted F.M, 

IBA.no.19 and R2 may be designated 0cMnOOH. 

The results of this work lead to the following description for the structural 

changes which occurred when H was inserted into battery active manganese dioxide. 

H insertion into the Y-YCMn02 series produced dilation of the crystal structure 

in the manner expected for a solid solution in which H+ and e- were mobile (see section 

4.3) up until a certain r in MnOOl\. This r appeared to depend on the rate at which H 

was inserted and the rate at which H diffused within the crystal structure. This is 

because regions of solid solution with high r in MnOOl\ inevitably precipitate micro

domains of the end product. Once this has occurred an irreversible change has taken 

place (see below). If the rate of H insertion was • slow' such that r was equalized 

throughout a particle these domains precipitated randomly throughout the crystal (as was 

observed for H insertion into R2 and IBA no.19, (see chap.6 and sect. 7.3). If, however, 

the H insertion was · rapid' these micro-domains may form at the surface of a particle 

and gradually accumulate until a boundary between the solid solution and the 

precipitated end product (0 or 0cMnOOH, depending on the initial material) had 

formed, subsequent H insertion would cause propagation this boundary into the bulk i.e. 

heterogeneous reduction. Exactly this description appears to have applied to H insertion 

into SBPA (sect. 5.4) and WSZ (sect. 7.1) with somewhere intermediate between these 

two descriptions for H insertion into IDA no.14 (sect. 7.2.1). 

If the above were correct then it should be possible to insert H into, for example 

SBP A, without producing heterogeneous reduction and with an extended solid solution 
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range. Alternatively rapid H insertion could produce heterogeneous reduction from a low 

H insertion level onwards. Clearly further research would be required to establish 

whether this was possible. Such work could also be directed towards the influence of 

the initial crystal structure on the fonnation of 0 (or 0t)-MnOOH micro-domains. This 

work has already indicated that a tendency towards increased anisotropic expansion was 

exhibited in the solid solution H insertion range as one traversed the 'Y-y(Mn0
2 

series. 

It may be that this signified a fundamental barrier towards extending the solid solution 

even with 'slow' H insertion. It should be noted that the fonnation of 0 or 0 -MnOOH 
t 

micro-domains at some deep H insertion level is considered inevitable. Further research 

towards verifying the existence of such micro-domains of 0 (orOt)-MnOOH and 

discovering the crystallographic site at which H locates (a question not addressed in this 

work) using alternative techniques could also be undertaken. Of these N.M.R. (Nuclear 

Magnetic Resonance) and neutron diffraction seem particularly suitable. Any technique 

which required use of a single crystal would however be difficult to apply to Yt-Mn02 

because of the nature of its production which always produces small crystallites 

randomly orientated at a microscopic scale. 

Although H insertion into F.M led to 0cMnOOH, insertion of H proceeded in 

a quite different manner to the other materials. At very low H insertion levels H located 

or 'froze' in position (r .. 0.2). This suggested an extremely short solid solution range 

(&-0.1) which is reminiscent of H insertion into pyrolusite reported by Bode and 

Schmier103, where a similar solid solution range was reported (dr-O.l). Heterogeneou\ 

reduction to manganite was thereafter reported. The reduction was performed using an 

aqueous hydrazine hydrate method. Recently this result has been confinned146 UStn~ 

hydrazine hydrate in a non-aqueous solvent (described in sect. 3.2.3). This would appear 

to reinforce the conclusion that F.M possesses a high pyrolusite type layer fraction 

(YCMn02' p .. 0.7, see sect. 2.4.3). Beyond r"'O.2 heterogeneous reduction was not 

thought to have occurred, rather it was suggested reduction proceeded in accordance 

with an extended random layer crystal (see sect. 7.4). It should be noted that F.M has 

by far the largest specific surface area of the materials studied and therefore the rate at 

which H was inserted must have been comparatively . slow' . 

In chapter 8 it was found that H inserted battery active manganese dioxide 

beyond a certain H insertion level was unstable when stored in concentrated KOH. A 

slow transformation into o-Mn02 and 'Y-MnOOH occurred confmning the reaction 
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proposed by Holton et al. 12S 

As mentioned previously (sect. 8.1) the instability of H inserted battery active 

manganese dioxide may explain the lower than expected discharge perfonnance of 

alkaline manganese batteries on long period intermittent discharge regimes as first 

suggested by Tye124
, and have implications for attempts to produce rechargeable cells 

(see sect. 8.1). It appeared that the r in MnOO~ at which instability occurred depended 

on the r at which micro-domains of the fmal product were fonned. Further research 

would be required to confmn this fundamental connection. 

Evidence has been accumulated by Fitzpatrick and Tye68 that changes in the x

ray diffraction pattern characteristic of the appearance of the fmal product (Le. the 

formation of () (or ()t)-MnOOH micro-domains) represented an irreversible solid state 

change. Future work establishing the fundamental r in MnOO~ at which H may be 

inserted into members of Y-YcMn02 series without fonnation of () (or ()t)-MnOOH 

micro-domains (or H location) and the relationship to the instability of these compounds 

in KOH would, according to the implications of this work, further the understanding 

required to produce improved alkaline manganese dioxide batteries. 
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Appendix A 

A method to calculate p or m. 

In order to calculate p (or m) (see section 4.1) it was first necessary to construct 

a table such as table 2.4 (or table 4.3) from measurements of peak positions on a 

diffraction pattern of y-Mn02. The table lists both the experimental (~ql=<1o-q) and 

theoretical (~q2=q' 0 -'Ie) values of ~q for each peak. A function was then created 

reflecting the closeness to which observed values matched experimental (sum of 

residuals squared). 

N 

Q= L «&}1)-(~q2))2 
i=l 

where i=peak number, N=total number of peaks 

This function was then minimised by choosing appropriate values of rf. This may be 

done in a stepwise fashion, that is calculating Q for values of r f stepped in small 

increments from 0 - 0.5 and noting the minimum or more appropriately using a 

numerical optimisation procedure. p (or m) may then be calculated for the value of rf 

corresponding to the minimum value of Q via equation (2.8). 

The above operations are easily and conveniently carried out with a spreadsheet 

software package (e.g. Quattro Pro) running on a Personal Computer. 

Results for materials in which analyzing for p or m by the above method is valid, 

i.e. materials near the y end of the ycy-Mn02 series (so that the SdWIM is valid) are 

collected together in the following table. Also listed are the orthorhombic parameters for 

the prevailing ramsdellite type layers for each measure, required in the analysis for p or 

m. 
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Table A.I Results for the determination of p,m and orthorhombic lattice parameters 
of 'Y-Mn02 materials SBPA and WSZ and their most H inserted 
derivatives using the SdWlM. 

Material No. p a b c 

SBPA 1 0.2096 4.4345 9.3443 2.8461 
2 0.2053 4.4380 9.3621 2.8511 
3 0.2034 4.4369 9.3420 2.8510 
4 0.1970 4.4414 9.3348 2.8506 

WSZ 1 0.2300 4.4440 9.3450 2.8406 
2 0.2567 4.4541 9.2675 2.8508 
3 0.2358 4.4568 9.2901 2.8474 

m 
Most H 1 0.1281 4.5364 10.6402 2.8685 
inserted 2 0..1387 4.5381 10.6634 2.8703 
SBPA 3 0.1500 4.5337 10.6437 2.8717 
Most H 1 0.1768 4.5238 10.5681 2.8687 
inserted 2 0.2009 4.5224 10.5949 2.8672 
WSZ 3 0.1980 4.5332 10.5628 2.8681 

material Av.p Av.a Av.b Av.c 

SBPA 0.20±0.005 4.438±O.002 9.35±0.01 2.850±O.002 
WSZ 0.24±0.01 4.45±0.006 9.30±0.04 2.84±0.005 

m 
most H ins. 
SBPA 0.14±0.01 4.536±O.002 10.65±O.01 2.870±O.002 
most H ins. 
WSZ 0.19±0.01 4.52±0.005 10.58±O.02 2.868±O.001 
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Appendix B 

A DIFFaX data tile for calculating y-Mn02 to 8-MnOOH diffraction patterns. 

The following text contains an example data file required to produce an 

intergrowth structure with a composition corresponding to r=0.70 in r..1nOO~. All the 

calculated patterns in this work were calculated with this file (or a straightforward 

modification of it) as the input file for the computer program DIFFaX, written by Treacy 

Newsam and Deem
61

. For the meaning of each line in the file the reader should refer 

to the manual accompanying the program. The following points are noted for this file 

(listed below). 

The origin of each layer is coincident with the bottom left hand oxygen (see 

figures 2-15(b) and C-l) at the zero z level. G(G') and M(M') layers are expanded by 

14% in the b direction by means of the following transformation. Layers are transformed 

such that the puckered oxygen relationship, in a string of oxygens running parallel to 

the a axis (see figure C-l) maintains the same relative orientation but with an increased 

gap between each string of oxygens. This was achieved by displacing each string from 

the origin by an amount proportional to the original fractional axial distance in the b 

direction. Thus if the displacement required was D those oxygens occurring at lh in the 

b direction were displaced IhD (and similarly for the remaining atoms, see figure C-I). 

Since the coordinates are referred to the original 'unit cell' this results in layer 

fractional coordinates greater than one in the b direction. The transformation described 

ensures that the oxygen positions at for example the sequence of layers RG' match at 

boundary. Note that at a G'R boundary a displacement of the 'unit cell' was required, 

which was taken into account by introducing a suitably expanded layer transition vector. 

Similar reasoning applies to the other possible layer transitions. 

The stoichiometry r=0.70 was calculated from the probability of existence of 

each layer listed at the beginning of the file and equation (4.3). Note that the file listed 

(below) forms part of the calculated diffraction pattern sequence described as Case 2(b) 

described in section 4.4.1. 

274 



\ 
I 

•• 
a 

origin 

b 

~.j 

1120 

/ / 

Figure C-l Relationship of R layer to G layer. R layer (solid lines), c.f. figure 2-15, 
expanded by 14% in the b direction to form a G layer (dashed lines). Open and filled 
circles indicate z-levels of 0 and ~. 

---- start of file ----
{Data file for gamma-Mn02/MnOOH, with a random intergrowth of ramsdellite,} 
{pyrolusite, groutite, manganite layers. Eight layers are required} 
{RR'PP'GG'11M' if the oxygen h.c.p. lattice is taken into account. This is} 
{because ego Rand R' (see de Wolff (1963) are not related by a true} 
{translation, unless the oxygens are ignored. In this case the probability} 
{of a pyrolusite layer is set to} 
{Bporp.=O.06 or p=O.06} 
{and that of groutite layer} 
{BGorG·=O·56 } 
{and that of manganite} 
{BMorM·=O·14 } 

INSTRUMENTAL {header for radiation data} 
X-RA Y {radiation type} 
1.5418 {x-ray wavelength} 
GAUSSIAN 0.00 0.00 0.2 TRIM {instrumental broadening} 

STRUCTURAL 
4.5208 2.8687 4.6674 90.0 
UNKNOWN 
8 

{header for structural section} 
{unit cell dimensions} 
{note the unit cell is that of ramsdellite} 

{with b/2, and here transformed such that} 
{c is the direction perpendicular to a layer} 

LAYER 1 {R or ramsdellite layer} 

NONE 
Mn4+ 1 0.250000 0.500000 0.166667 0.5 1.00 
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Mn4+ 2 0.2500000 0.000000 0.666667 0.5 1.00 
o 1- 1 1.000000 0.000000 0.000000 1.0 0.25 
o 1- 2 1.000000 0.500000 0.500000 1.0 0.50 
o 1- 3 1.000000 0.000000 1.000000 1.0 0.25 
o 1- 4 0.500000 0.500000 -.166667 1.0 0.50 
o 1- 5 0.500000 0.000000 0.333333 1.0 1.00 
o 1- 6 0.500000 0.500000 0.833333 1.0 0.50 
o 1- 7 0.000000 0.000000 0.000000 1.0 0.25 
o 1- 8 0.000000 0.500000 0.500000 1.0 0.50 
o 1- 9 0.000000 0.000000 1.000000 1.0 0.25 

LA YER 2 {R' or ramsdellite layer} 
NONE 
Mn4+ 1 0.750000 0.500000 0.166667 0.5 1.00 
Mn4+ 2 0.750000 0.000000 0.666667 0.5 1.00 
o 1- 1 1.000000 0.000000 0.000000 1.0 0.25 
o 1- 2 1.000000 0.500000 0.500000 1.0 0.50 
o 1- 3 1.000000 0.000000 1.000000 1.0 0.25 
o 1- 4 0.500000 0.500000 -.166667 1.0 0.50 
o 1- 5 0.500000 0.000000 0.333333 1.0 1.00 
o 1- 6 0.500000 0.500000 0.833333 1.0 0.50 
o 1- 7 0.000000 0.000000 0.000000 1.0 0.25 
o 1- 8 0.000000 0.500000 0.500000 1.0 0.50 
o 1- 9 0.000000 0.000000 1.000000 1.0 0.25 

LA YER 3 {P or pyrolusite layer} 
NONE 
Mn4+ 1 0.750000 0.500000 0.166667 0.5 1.00 
o 1- 1 1.000000 0.000000 0.000000 1.0 0.25 
o 1- 2 1.000000 0.500000 0.500000 1.0 0.25 
o 1- 3 0.500000 0.500000 -.166667 1.0 0.50 
o 1- 4 0.500000 0.000000 0.333333 1.0 0.50 
o 1- 5 0.000000 0.000000 0.000000 1.0 0.25 
o 1- 6 0.000000 0.500000 0.500000 1.0 0.25 

LA YER 4 {P' or pyrolusite layer} 
NONE 
Mn4+ 1 0.250000 0.000000 0.166667 0.5 1.00 
o 1- 1 1.000000 0.500000 0.000000 1.0 0.25 
o 1- 2 1.000000 0.000000 0.500000 1.0 0.25 
o 1- 3 0.500000 0.000000 -.166667 1.0 0.50 
o 1- 4 0.500000 0.500000 0.333333 1.0 0.50 
o 1- 5 0.000000 0.500000 0.000000 1.0 0.25 
o 1- 6 0.000000 0.000000 0.500000 1.0 0.25 

LA YER 5 {G or groutite layer} 
NONE 
Mn3+ 1 0.250000 0.500000 0.190067 0.5 1.00 
Mn3+ 2 0.2500000 0.0000000 0.760167 0.5 1.00 
o 1- 1 1.000000 0.000000 0.000000 1.0 0.25 
o 1- 2 1.000000 0.500000 0.570100 1.0 0.50 
o 1- 3 1.000000 0.000000 1.140200 1.0 0.25 
o 1- 4 0.500000 0.500000 -.166667 1.0 0.50 
o 1- 5 0.500000 0.000000 0.403433 1.0 1.00 
o 1- 6 0.500000 0.500000 0.973533 1.0 0.50 
o 1- 7 0.000000 0.000000 0.000000 1.0 0.25 
o 1- 8 0.000000 0.500000 0.570100 1.0 0.50 
o 1- 9 0.000000 0.000000 1.140200 1.0 0.25 
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LA YER 6 {G' or groutite layer} 
NONE 
Mn3+ 1 0.750oo0 0.50oooo 0.19OO67 0.5 1.00 
Mn3+ 2 0.750oo0 O.OOoooo 0.760167 0.5 1.00 
o 1- 1 1.0oooo0 O.oooooo O.OooooO 1.0 0.25 
o 1- 2 1.0oooo0 0.50oooo 0.570100 1.0 0.50 
o 1- 3 1.0oooo0 O.OOOOoo 1.140200 1.0 0.25 
o 1- 4 0.5oooo0 0.50oooo -.166667 1.0 0.50 
o 1- 5 0.5oooo0 O.oooooo 0.403433 1.0 1.oo 
o 1- 6 0.5oooo0 0.50oooo 0.973533 1.0 0.50 
o 1- 7 O.OooooO O.oooooo O.OooooO 1.0 0.25 
o 1- 8 O.OooooO 0.50oooo 0.570100 1.0 0.50 
o 1- 9 O.OooooO O.oooooo 1.140200 1.0 0.25 
LAYER 7 {M or manganite layer} 
NONE 
Mn3+ 1 0.750oo0 0.50oooo 0.19OO67 0.5 1.00 
o 1- 1 1.0oooo0 O.oooooo O.OooooO 1.0 0.25 
o 1- 2 1.0oooo0 0.50oooo 0.570100 1.0 0.25 
o 1- 3 0.5oooo0 0.50oooo -.166667 1.0 0.50 
o 1- 4 0.5oooo0 O.oooooo 0.403433 1.0 0.50 
o 1- 5 O. OooooO O. oooooo O. OooooO 1. 0 0.25 
o 1- 6 O.OooooO 0.50oooo 0.570100 1.0 0.25 
LA YER 8 {M' or manganite layer} 
NONE 
Mn3+ 1 0.250oo0 O.OOOOOO 0.19OO67 0.5 1.00 
o 1- 1 1.0oooo0 0.50oooo O.OooooO 1.0 0.25 
o 1- 2 1.0oooo0 O.OOOOOO 0.570100 1.0 0.25 
o 1- 3 0.5oooo0 O.OOOOOO -.166667 1.0 0.50 
o 1- 4 0.5oooo0 0.50oooo 0.403433 1.0 0.50 
o 1- 5 O.OooooO 0.50oooo O.OOOOOO 1.0 0.25 
o 1- 6 O.OooooO O.OOOOOO 0.570100 1.0 0.25 
ST ACKING {header for stacking type} 
RECURSIVE {statistical ensemble of crystallites} 
INFINITE {infinite number of layers} 

TRANSITIONS 
{ 1 } 
{RR} 0.00 0.0 0.0 
{RR'} 0.24 0.0 0.0 
{RP} 0.06 0.0 0.0 
{RP'} O.oo 0.0 0.0 
{RG} 0.00 0.0 0.0 
{RG'} 0.56 0.0 0.0 
{RM} 0.14 0.0 0.0 
{RM'} O.OO 0.0 0.0 

{2} 
{R'R} 0.24 0.0 
{R'R'} 0.00 0.0 
{R'P} O.oo 0.0 
{R 'P'} 0.06 0.0 
{R'G} 0.56 0.0 
{R'G'} 0.00 0.0 
{R'M} O.OO 0.0 
{R 'M'} 0.14 0.0 

{3} 
{PRJ 0.24 0.0 

0.0 
0.0 
0.0 
-.5 
0.0 
0.0 
0.0 
-.5 

0.5 

{header for transition data} 

0.0 {disallowed} 
1.0 
1.0 
0.0 { disallowed } 
0.0 { disallowed} 
1.0 
1.0 
0.0 { disallowed } 

1.0 
0.0 { disallowed} 
0.0 { disallowed } 
1.0 
1.0 
0.0 { disallowed} 
0.0 { disallowed } 
1.0 

0.5 
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{PR'} 0.00 0.0 0.0 0.0 { disallowed } 
{PP} 0.00 0.0 0.0 0.0 { disallowed } 
{PP'} 0.06 0.0 0.0 0.5 
{PG} 0.56 0.0 0.5 0.5 
{PG'} 0.00 0.0 0.0 0.0 { disallowed } 
{PM} 0.14 0.0 0.0 0.5 
{PM'} 0.00 0.0 0.0 0.0 { disallowed } 

{4} 
{P'R} 0.00 0.0 0.0 0.0 { disallowed } 
{P'R'} 0.24 0.0 0.0 0.5 
{P'P} 0.06 0.0 0.0 0.5 
{P'P'} 0.00 0.0 0.0 0.0 { disallowed } 
{P'G} 0.00 0.0 0.0 0.0 { disallowed} 
{P'G'} 0.56 0.0 0.0 0.5 
{P'M} 0.14 0.0 0.0 0.5 
{P'M'} 0.00 0.0 0.0 0.0 { disallowed } 

{5} 
{GR} 0.00 0.0 0.0 0.0 { disallowed } 
{GR'} 0.24 0.0 0.0 1.1402 
{GP} 0.06 0.0 0.0 1.1402 
{GP'} 0.00 0.0 0.0 0.0 { disallowed} 
{GG} 0.00 0.0 0.0 0.0 { disallowed } 
{GG'} 0.56 0.0 0.0 1.1402 
{GM} 0.14 0.0 0.0 1.1402 
{GM'} 0.00 0.0 0.0 0.0 { disallowed} 

{6} 
{G'R} 0.24 0.0 0.0 1.1402 
{G'R'} 0.00 0.0 0.0 0.0 { disallowed} 
{G'P} 0.00 0.0 0.0 0.0 { disallowed } 
{G'P'} 0.06 0.0 -.5 1.1402 
{G'G} 0.56 0.0 0.0 1.1402 
{G'G'} 0.00 0.0 0.0 0.0 { disallowed } 
{G'M} 0.00 0.0 0.0 0.0 { disallowed} 
{G'M'} 0.14 0.0 -.5 1.1402 

{7} 
{MR} 0.24 0.0 0.5 0.5701 
{MR'} 0.00 0.0 0.0 0.0 { disallowed } 
{MP} 0.00 0.0 0.0 0.0 { disallowed } 
{MP'} 0.06 0.0 0.0 0.5701 
{MG} 0.56 0.0 0.5 0.5701 
{MG'} 0.00 0.0 0.0 0.0 { disallowed} 

{MM} 0.00 0.0 0.0 0.0 { disallowed } 

{MM'} 0.14 0.0 0.0 0.5701 

{8} 
{M'R} 0.00 0.0 0.0 0.0 { disallowed } 

{M'R'} 0.24 0.0 0.0 0.5701 
{M'P} 0.06 0.0 0.0 0.5701 
{M'P'} 0.00 0.0 0.0 0.0 { disallowed } 

{M'G} 0.00 0.0 0.0 0.0 { disallowed } 

{M'G'} 0.56 0.0 0.0 0.5701 
{M'M} 0.14 0.0 0.0 0.5701 
{M'M'} 0.00 0.0 0.0 0.0 { disallowed } 

----- end of file ----
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Appendix C 

Maximum diffracted intensity for Mn02• 

Maximum intensity for a specimen is obtained if the thickness t of the specimen 

satisfies the following criteria147 

where t - specimen thickness (cm) 

t > 3.2 P . e 
~-sm 

P P' 

p - density of solid material (gcm-3) 

p' - density of solid material including interstices (gcm-3) 

e - diffracting angle (degrees) 

p - linear absorbtion coefficient (cm -1 ) 

Using the following data for the material coded R2. Mass absorbtion coefficients148 

Mn (285cm2g-1) and ° (l1.5cm2g- 1), CuKa radiation; density149 p=4.138(gcm-3), 

packing density p '=2.1 (gcm-3) (measured from packing a ground sample of R2 in a 

diffraction holder) and 29=650 (maximum angle diffraction peak of R2) then 

PMn02=762.8(cm-1
), 

which implies t~.OO44(cm) or t>44(um), 

which is easily satisfied using a standard rectangular specimen holder (depth=O.2Ocm). 

Alternatively, since 

where 1 - Intensity of x-ray beam 

10 - Incoming intensity of x-ray beam 

x - depth of penetration of x-rays 

then a 98% intensity drop in Mn02 occurs in a distance of 2lpm. 
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