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Experimental values for the Gibbs 'free energy of  mixing' of  solid solutions produced by electroche- 
mical H insertion into a commercial synthetic 3,-MnO2 have been derived from published electrode 
potential measurements carried out  in Leclanch6 electrolyte. Calculated values are based on the rea- 
sonable assumption that the solid solutions are thermodynamically ideal so that the Gibbs free energy 
of  mixing can be estimated from the positional entropy of  the inserted species. Comparison of  the two 
sets of  values provides strong evidence that the inserted H is present as two thermodynamically inde- 
pendent  species H + and e at least up to 40% fill. Additional insight is provided by a planar random 
insertion model. The model  shows the development of  microdomains of  fully H inserted material at 
the higher levels o f  insertion but  prior to complete insertion as is required to explain published experi- 
mental phenomena.  The model  also allows the calculation of  the Gibbs free energy of  mixing to be 
refined to take into account  either the stabilisation of  certain H+e pair types or restriction in the move- 
ment of  the H + and e species of  pairs caused by adjacent pairs blocking pathways. The latter refine- 
ment gives very good agreement with the experimental data using one adjustable parameter  namely a 
blocking efficiency of  50%. 

1. Introduction 

H insertion into manganese dioxide prepared 
commercially by electrodeposition and from other 
sources is important technologically and scientific- 
ally. Technologically, it is the primary cathodic 
process which occurs when Leclanch6 and a l k a l i n e  
manganese batteries are discharged [1]. The thermo- 
dynamics of the process, the diffusion rate of the 
inserted species and the stability of the ensuing 
insertion compounds in the battery electrolyte deter- 
mine battery performance [1-3]. Scientifically the 
process is of interest because measurement of 
electrode potential gives access to the Gibbs free 
energies of the insertion compounds, which form a 
continuous solid solution, via the relationship 

_ F  s 
Gs=G0 If=0 (E~ + -  

2.303 RT ) 
× pH ds (1) 

F 

where Gs and Go are the Gibbs free energies in joules 
per mol at insertion levels of s and zero moles of 
inserted H per mole of manganese dioxide, respec- 
tively; E~ is the electrode potential in volts with respect 
to the standard hydrogen electrode at an insertion level 
of s and R, T and F have their usual significance. Sur- 
prisingly this route to the Gibbs free energies of the H 
insertion compounds of manganese dioxide does not 
appear to have attracted much attention. 

The ratio of oxygen to manganese obtained by the 
usual analytical procedures [4] is always less than 
two for manganese dioxides which are battery 
active. It has become the convention to assume that 
this is due to the initial presence of some inserted H 

s o  that all insertion compounds can be represented 
by the general formula MnOOHr with r having a 
value of about 0.1 initially and 1 when insertion is 
complete [5-7]. A careful analysis of this approach, 
however, showed that the mandatory Gibbs-Duhem 
relation for the solid solutions was only obeyed if a 
major proportion of the inserted H, initially assumed 
to be present in the starting manganese dioxide, was 
electrochemically inactive [8]. For various models 
which match quite closely the change of electrode 
potential with H insertion, 0.08 [9-11] or 0.0865 [12] 
moles of inserted H per mole of manganese dioxide 
was assumed to be electrochemically inactive for a 
material with an initial composition represented as 
MnOOH0.105. Thus approximately 80% of the H 
inserted to explain the stoichiometry was regarded 
as electrochemically invisible. Rather than persist 
with this contrived situation it seems preferable to 
assume that the starting material is actually oxygen 
deficient with a stoichiometry of MnOn where 
n < 2. Electrochemical discharge may then be 
represented as 

MnOn + sH + + se > MnOnHs (2) 
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The proposition of oxygen deficiency does not con- 
flict with Ruetschi's cation vacancy theory [13] but 
does require the oxygen deficiency to be greater than 
the cation vacancies. The loss of positive charge 
arising from a Mn 4+ vacancy is compensated in 
Ruetschi's proposal by four H + species on adjacent 
O 2- sites which are held in position by the need to 
compensate for the charge loss at the cation vacancy 
site. While this postulate provides a likely explan- 
ation of the source of that part of the water only 
driven off at temperatures significantly above 100 °C, 
it does not explain the oxygen deficient stoichiometry 
revealed by analysis. Furthermore, because their 
location is fixed, these charge compensating H + 
species do not contribute to positional entropy, 
which is the key concept considered in the next 
Section. 

2. Gibbs free energy of mixing 

Application of Equation 1 requires careful choice of 
discharge conditions if the derived thermodynamic 
quantities are to have significance. 

While discharge in concentrated KOH solution is 
superficially attractive as pH changes arising from dis- 
charge are minimal, there is a serious complication 
which is often overlooked. At high insertion levels 
the solid solutions are unstable in concentrated 
KOH solutions [3] and in consequence the electrode 
potentials measured are not representative of the H 
insertion compounds. 

In the alternative medium of Leclanch~ electrolyte 
only the first stage of discharge, while solid NHgC1 
is present in the cathode mixture, takes place in an 
invariant electrolyte [1, 2]. This difficulty has been 
overcome by the use of excess solid NH4C1 so that 
some was still present in the cathode mix at the com- 
pletion of discharge [9]. Data obtained in this way has 
been tabulated [7]. In addition to minimal corrections 
for electrolyte effects, the discharge used was very 
slow, taking more than 50 days to complete, with 
12h recuperation allowed before recording the daily 
potential so that overpotential errors were also mini- 
mised. In this careful work [9] the composition of 
the solid solution was corrected for the dissolution 
of Mn 2+ which occurred in the later stages of dis- 
charge. This correction was minimized by limiting 
the amount of electrolyte present [14]. With some 
manganese dioxides hetaerolite is an alternative pro- 
duct of discharge to the H insertion compounds [2, 
15-18]. X-ray diffraction did not reveal the presence 
of hetaerolite [14] in the work outlined above. 

For the reasons just described the data of Maskell et 
al. [7, 9] have been selected as the basis for the appli- 
cation of Equation 1. These voltage data are plotted 
against insertion levels s in Fig. 1. The figure shows 
that a maximum insertion level of 0.875 moles of H 
per mole MnOn was achieved and that the electrode 
potential decreased in the S-shape expected of a solid 
solution. 

Formally any composition of solid solution, 

MnOnHs, can be considered as arising from a mixture 
of the end-compounds MnOn and MnOnHs(max) 
where s(max) is 0.875 per mole MnOn for the man- 
ganese dioxide under consideration. Thus 1 mole of 
MnOnH~ comprises (s/0.875) moles of MnOnH0.875 
and ( 1 -  s/0.875) moles of MnO~ and the Gibbs 
free energy for the insertion compound of this 
composition, G~, is given by 

Gs = (s/O.875)Go.87, + (1 - s/O.875)Go + AGmi x 

(3) 
where G0.875 and Go are the Gibbs free energies 
of 1 mole of MnOnH0.875 and MnOn, respectively, and 
AGmix is the Gibbs free energy of mixing. Rearranging 
and introducing Equation 1: 

s s=0.875 

jl (Es 2"303RT 
- 4 

=0 f 

2.303 RT ) 
x pH ds 

F 

x pH)ds ]  (4) 

Thus AGmi x c a n  be experimentally determined from 
the data presented in Fig. 1. 

Experimental estimation of the Gibbs free energy of 
mixing is important for comparison with theoretical 
models in order to establish whether the inserted H 
is present as thermodynamically independent entities 
H + and e [19] or as associated pairs H+e. The 
theoretical models assume that the solid solution is 
ideal so that the Gibbs 'free energy of mixing' can 
be directly related to the 'entropy of mixing', ASmix 
[7, 10, 201 

A~mix = -rZXSmix (5) 

Thermodynamically ideal solutions arise from 
mixing compounds with very similar consti:utional 
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Fig. 1. Electrode potential against H insertion level. 
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characteristics [20]. It is entirely reasonable that the H 
insertion compounds should be so regarded as the 
ionic frameworks of  the end-compounds, MnOn and 
MnO,Hs(max), are similarly organised and the only 
difference is the presence of inserted H in one of 
them [9, 14, 21]. 

The additional positional entropy which occurs on 
mixing MnOnHs(max) with the starting material 
MnO~ is due to the additional sites available for the 
inserted H and may be estimated using the relation- 
ship [7, 10, 22, 23] 

A g m i  x ---- k In W, (6) 

where k is Boltzmann's constant and Ws is the number 
of ways that s moles of inserted H can be arranged in 1 
mole of MnO~H~. On the basis that s(max) defines the 
number of sites available, the number of  ways, w~, that 
s moles of  a single component can be arranged on the 
sites of 1 mole MnO,Hs is given by the relationship 

[NAs(max)]! (7) 
Ws = [Nas]![NA{s(max ) -- s}]! 

where N A is Avogadro's number. Two possibilities 
can be identified. If  the inserted H is present as a 
single thermodynamic component due to the associ- 
ation of  inserted H + and e species albeit on different 
parts of  a single site with H + located on oxygen ions 
and e on a manganese ion, then AGmi  x is obtained 
from Equations 5 and 6 by equating W~ with w~ 
obtained from Equation 7. However, if H + and e 
are thermodynamically independent then the number 
of ways that the two components can be arranged is 

2 These alternatives can be accommodated by W S • 

rewriting Equations 5 and 6 as 

AGmix = - o k T  In w~ (8) 

where q~ is 1 or 2 according to whether the inserted 
H + and e species are associated or independent, 
respectively. By using Stirling's approximation for 
large numbers, 

In Y ! =  Y ln  Y - Y  (9) 

the value of 0.875 for s(max), Equations 7 and 8 can 
be combined into a form for direct comparison with 
the experimentally derived Gibbs free energy of  
mixing 

AGmi x = -¢RT[0.875 In 0.875 - s In s 

- (0.875 - s)in (0.875 - s)] (10) 

The comparison of  Equation 10 with the experi- 
mental data is shown in Fig. 2. The important con- 
clusion is that the inserted H + and e species are 
thermodynamically independent. For  insertion levels 
up to s = 0.35 (40% fill) the match of  the experi- 
mental data with Equation 10 using q~ = 2 is very 
good. For  s > 0.35 the experimental data falls 
slightly above the theoretical curve suggesting some 
association of  H ÷ and e species. The complete 
absence of  adjustable parameters from Equation 10 
makes this evidence of the independence of inserted 
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Fig. 2. Gibbs free energy of  mixing against H insertion level. Key: 
(e) experimental data derived with Equation 4; ( -  - - )  Equation 
10 with ¢ = 1; and ( ) Equation 10 with ¢ = 2. 

H + and e within the manganese dioxide framework 
particularly convincing. 

3. Planar model 

The basis of Equation 6 is that all possible arrange- 
ments for inserted H + and e are equally probable. 
This requirement plus the deduction that the 
inserted H + and e species are thermodynamically 
independent opens the way to the development of  a 
random insertion model in order to gain further 
insight. 

Electrodeposited manganese dioxide (EMD) is 
perhaps best represented as an intergrowth of rams- 
dellite and pyrolusite [24-27]. The crystal structure 
of  both minerals may be represented as layers of 
hexagonally packed oxygens in the be plane with the 
planes combined to give a hexagonally close-packed 
structure of oxygens. Only the arrangements of  the 
manganese ions in half of the spaces which are 
octahedrally coordinated with oxygens distinguish 
ramsdellite [28] and pyrolusite [29]; or indeed 
e-MnO2 [30], a possible alternative crystalline struc- 
ture for EMD [7, 31], or microtwinned variants 
invoked to explain the paucity of  X-ray diffraction 
lines [32, 33]. The model chosen is a slab in the be 
plane of one unit cell thickness. The full structure 
consists of identical slabs added above and below 
the chosen slab. Figures 3 and 4 show that the slabs 
for pyrolusite and ramsdellite lead to hexagonal pro- 
jections of the oxygen network on the bc plane with 
manganese ions sited within the hexagons at depths 
in the slab of 0.25 or 0.75 of the thickness. The depths 
of manganese ions in the slab are disregarded in the 
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Fig. 3. Planar model of pyrolusite. 

model and in consequence ramsdellite, pyrolusite, 
their intergrowths and microtwinned variants, and 
e - M n O  2 c a n  all be represented by a network of 
hexagons joining the oxygen sites with manganese 
sites at the centres of each hexagon. The model is 
thus independent of the precise crystalline structure 
allocated to EMD. 

Figure 5 shows the 2500 site array used for simu- 
lated insertions. The array is wrapped so that sites 1 
to 50 are adjacent to sites 2451 and 2500 and sites 1/ 
51 to 2401/2451 are adjacent to sites 50/100 to 2450/ 
2500. This eliminates edge effects. Sites for insertion 

~ b  

"')! 

; : , ,, ; ; ', ,, 

of H + and e were alternatively 'chosen at random 
using a random number generator 'ran2' [34] until 
all the sites were occupied. The symbolism used for 
site occupancy is shown on an enlarged scale in Fig. 
6. As insertion was random each run produced a 
different pattern of insertion. One thousand runs 
were therefore carried out and Fig. 7 depicts the 
progression of insertion for the 'average' run. The 
method of selecting the 'average' run will be 
described shortly. 

Perhaps the most significant features which are 
apparent at low insertion levels are (a) that only a 
small fraction of the inserted H + and e species occupy 
identical sites, i.e., are present as pairs, and (b) that 
small clusters of unpaired H + and unpaired e species 
are formed. While these features are consequences of 
the model they are primarily outcomes arising from 
the experimental values of the Gibbs free energy of 
mixing. The clusters of  species carrying identical 
charge require further comment as such arragements 
might be considered unlikely because of charge 
repulsion. That this is not so is due to the charged 
framework of the host lattice. Thus the repulsion 
between adjacent Mn 4+ ions would be reduced not 
increased by insertion of electrons since the charge 

O Inserted H + 

Inse~ed e 

Inserted H + e pair 

Fig. 4. Planar model of ramsdellite. Fig. 6. Symbolism used for site occupancy. 
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on each manganese would be reduced from +4 to +3. 
Similarly the insertion of H + onto adjacent 0 2- sites 
would reduce charge repulsion. A further factor 
which may stabilize independent arrangements of 
inserted H + and e species is an appropriate adjust- 
ment of the 3d electron cloud in a manner which 
acts similarly to the solvation of ions in aqueous 
solution. 

At intermediate levels of insertion, an increasing 
proportion of the inserted H + and e species are 
paired on sites and small clusters of pairs on adjacent 
sites begin to form. The structure of the model is such 
that each pair can have up to six pairs as adjacent 
neighbours. For the 'average' run pairs with all six 
adjacent sites also occupied by pairs commence form- 
ing just below 60% fill. The process continues so that 
at high levels of insertion, microdomains of the 
end-product appear to exist. This is evident from 
inspection of the situation at 80% and 90% fill 
depicted in Fig. 7. The possibility, therefore, arises 
that at high levels of insertion, microdomains of the 
end-product become stabilised or crystallise in the 
structure and are thereby removed from contributing 
to the Gibbs free energy of mixing. Evidence for 
microdomains may be adduced from a recent X-ray 
investigation [21]. In this work new X-ray diffraction 
lines characteristic of the final product first appeared 
at about 80% fill. The other X-ray diffraction lines 
which originated from the solid solution continued 
to shift with insertion level indicating coexistence of 
solid solution and final product at the higher levels 

of insertion. In this region H mobility also appeared 
to be partially restricted which would be consistent 
with the presence of stable microdomains of the 
end-product. 

The progress of simulated insertion was followed 
for each of the 1000 runs by counting the numbers 
of the following: 

unpaired H + or e species 
isolated pairs (type O) 
pairs with 1 other pair as a near neighbour (type I) 
pairs with 2 other pairs as near neighbours (type II) 
pairs with 3 other pairs as near neighbours (type III) 
pairs with 4 other pairs as near neighbours (type IV) 
pairs with 5 other pairs as near neighbours (type V) 
pairs with all 6 near neighbours as pairs (type VI). 

These numbers are mutually exclusive, that is, their 
sum is the total number of either H + or e species 
inserted. The values of the above counts averaged 
over the 1000 runs and expressed as a fraction of the 
total number of H + or e species inserted are plotted 
against percentage fill in Fig. 8. 

The 'average' run used for displaying the progress 
of insertion was selected in the following way. At 
each 2% of fill, the forty runs which gave counts for 
each pair type O to VI closest to the average values 
were identified. The run which was identified the 
most number of times was designated the 'average' 
run. 

Figure 8 shows that although more than one type of 
pair are normally present at each percentage fillr each 
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has a range when it is the dominant type. As already 
mentioned there is independent evidence that at high 
levels of insertion, stable microdomains of end- 
product exist and this behaviour may correlate with 
the increase in the proportion of inserted species 
present as type VI pairs. The effect of species and sites 
being thus removed from contributing to positional 
entropy may be taken into account by modifying 
Equation 10 (with q~ = 2) to 

AGmi x = -2RT[(0.875 - sB)In (0.875 - sB) 
- s ( 1  - B )  In s(1 - B )  

- (0.875 - s)In (0.875 - s)] (11) 

where B is the fraction of inserted H regarded as 
located and not contributing to positional entropy. 
Per mole of MnOnH~, the number of H + and e species 
each contributing is then SNA(1 -- B) and the number 
of sites participating is NA (0.875 - sB). If it is type VI 
pairs which are located then the value of B can be read 
directly from Fig. 8. In principle however not only 
type VI pairs but also type V pairs which have 5 adja- 
cent pairs might be stabilised sufficiently to be located. 
In this case B would be equated with the sum of the 
fractions present as type V and VI pairs given by 
Fig. 8. 

Figure 9 shows the effect on the calculated Gibbs 
free energy of mixing of postulating location of type 
VI pairs only, types V and VI, or types IV, V and 
VI and compares the results with the experimentally 
derived data. The location of type VI pairs only, 
makes surprisingly little difference to the calculated 
Gibbs free energy of mixing and the location of 
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Fig. 9. Effect of pair location on calculated Gibbs free energy of 
mixing. Key: (o) experimental data derived with Equation 4; 
( ) no location of pairs; ( - -  - -  - - )Equa t ion  11, type V! 
located; ( • - .) Equation 11, types V and VI located; and 
( . . . . .  ) Equation 11, types IV, V and V! located. 

further pair types does not improve agreement with 
the experimental data convincingly as the shape of 
the curve changes and a slight inflection which is not 
evident in the experimental data appears in the 
calculated curves at high insertion levels. 

In an alternative approach account is taken of the 
blocking effect of adjacent pairs. Again a type VI 
pair is considered as located as movement of either 
species of the H+e pair to a neighbouring site is 
blocked by the presence of pairs on adjacent sites. 
However, the species of a type V pair have one 
avenue of escape as only five of the six adjacent sites 
are blocked by occupying pairs. This effect may be 
taken into account by assuming that out of every six 
type V pairs, five are located and one is contributing 
to positional entropy. Obviously this idea can be 
extended to other pair types. Thus for every 6 type 
II pairs, two are located and four are contributing 
to position entropy. B in Equation 11 is then given by 

Z / j ]  J ~ I  J ~ I I  2J]v  5 fv , r  "~ 
B = 1-~ ~ + ~- +-~- + --~- + ~ -  TjV, j (12) 

where Ji, Jh, Jin, Jiv, fv and fvi are, respectively, the 
fractions of inserted H present as type I, II, III, IV, 
V or VI pairs as given in Fig. 8. Z is a factor which 
takes into account the efficiency with which an 
adjacent pair blocks movement of the H + and e 
species through the adjacent pair. If the blocking is 
total, Z is 100. 

Figure 10 shows the effect of blocking as expressed 
by Equation 12 on the Gibbs free energy of mixing 
calculated using Equation 11. Comparison of 100% 
and 0% blocking efficiency shows that the blocking 
concept does improve the match with the experimental 
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Fig. 10. Effect of blocking by adjacent pairs on calculated Gibbs free 
energy of mixing. Key: (o) experimental data derived with Equation 
4; ( ) no blocking; ( - -  - -  - - )  50% efficient blocking; 
and ( . . . . . .  ) 100% efficient blocking. 
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data .  In  pa r t i cu l a r  b lock ing  shifts the m a x i m u m  
negat ive  value  o f  the G i b b s  free energy o f  mix ing  
be low the pos i t i on  o f  50% fill thus  br ing ing  the 
general  shape  into  be t te r  con fo rmi ty  wi th  the experi-  
men ta l  da ta .  Howeve r  100% efficient b locking  
overcorrec ts  the ca lcu la ted  values and  Fig.  10 shows 
tha t  an a s sumpt ion  o f  50% efficient b lock ing  gives a 
very g o o d  m a t c h  with  the exper imenta l  data .  The  
a s sumpt ion  of  less than  to ta l  b lock ing  is r easonab le  
as coopera t ive  m o v e m e n t  wi th  b locked  and  b lock ing  
species mov ing  at  the same t ime mus t  be a possibi l i ty .  

4. Conclusions 

C o m p a r i s o n  be tween exper imenta l  and  ca lcu la ted  
values  o f  the G i b b s  free energy o f  mix ing  prov ides  
s t rong  evidence tha t  inser ted H in sol id  solu t ions  o f  
M n O n H  s is p resen t  as two t h e r m o d y n a m i c a l l y  
i ndependen t  species H + and  e at  least  up  to 40% fill. 

A p l a n a r  r a n d o m  inser t ion  m o d e l  has been 
deve loped  which  shows tha t  a t  the h igher  levels o f  H 
inser t ion,  m i c r o d o m a i n s  o f  fully inser ted ma te r i a l  
are  presen t  p r io r  to comple te  insert ion.  

G o o d  ag reemen t  between exper imenta l  and  
ca lcu la ted  values o f  the G i b b s  free energy o f  mixing  
at  all levels o f  inser t ion  has  been achieved by  using 
the m o d e l  to t ake  into  account  the pa r t i a l  b lock ing  
o f  movemen t s  o f  H + and  e species f rom an  inser ted  
pa i r  by  an ad jacen t  pair .  
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