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Introduction 

Both an insertion mechanism (eqn. (1)) and a solution mechanism (eqn. 
(2)) have been investigated for PbOz, i.e., 

PbO, + xH* + xe- - H, PbO, (1) 

PbO, + H+ + 2e- - HPbO,- (2) 

A detailed understanding of the insertion conditions is important in order to 
achieve improvements in the theory of the PbO, electrode. In recent years, a 
number of theories have been developed for special insertion compounds such 
as H, MnO,, Li, TiOz, and Li, Vz06. These theories show good agreement 
with experimental results, but differ in basic assumptions. The aim of the 
work reported here is first to classify the insertion compounds into typical 
groups and then to compare these groups in order to determine the character- 
istic parameters of the insertion mechanism. The results are applied to the 
PbO, electrode. 

Insertion theories describe the dependence of the equilibrium voltage, E, 
on the degree of insertion, x, using parameters such as repulsive interaction 
energy (E,,), lattice expansion energy (I&), electron chemical potential 
be), and contribution entropy (AS’), as shown in Table 1. These functions can 
be expressed in the form 

E = (e” + RT/F ln( 1 - x/x)) + F(x) (3) 

The first two terms on the right-hand side of eqn. (3) are commonly used in 
all theories and are, respectively, the normal voltage and the contribution 
entropy of the inserted pair, cation/electron. The third term considers the 
various parameters that are used in different ways in the particular theories 
as seen in Table 1. 

Three equations have been derived [ 1 - 91 to describe the E/X functions: 

~=~~+2RT/Fln(l-x/x) (4) 

s=s’+RT/Fln(l-x/x)+/z(x) (5) 

E = e” + RT/F ln( 1 - x/x) + k(x - 0.5) (3) 
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TABLE 1 

&Ix functions 

Compound Function of F(x) 

~=e’+RT/Fln(l-x/x)+F(x) 

Energy Ref. 

Li, TiS, 6Ux 
.UDX + F(dp,lb+) + B(dc/dr) 
k(x - 0.5) 

Li, V, 0, z&x/F) 
kx 

H, MnO, RT/F ln( 1 - x/x) 
RT/F ln(1 - z/x) 
W-x) 

192 
3 
4 

5 
6 

7 
8 
9 

Experimental 

E/X curves for insertion compounds have been selected from experimen- 
tal results that have been reported in the literature. The insertion compounds 
are categorized into four groups, as expressed by the characteristic E/X 
curves, see Figs. 1 - 4. The compounds are listed in Table 2. 
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Fig. 1. E/X curves. 0, Li,TiS, [lo]; 0, L&T& [ll]; v’, Li,VS, [12]. 
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Fig. 2. E/Z curves. 0, H,MoO, [13]; 0, Li,MoO, [14]; V, H,WO, (151; v, Li,V,O, [16,6]. 

0.5 x 

Fig. 3. E/X curves. 0, H,MnO, [17]; 0, H,NiO, [18]; x , K, Fe( CN), [ 191; V , polyvinylferrocene 

[W. 

TABLE 2 

Classification of insertion compounds by E/X functions 

Group 1 Li, TiS, Li, TaS, Li, VS, 

Group 2 H, MOO, Li, MOO, Li,V,O, H, WO, 
Group 3 H, MnO, H, NiO, K,Fe( CN), Polyferrocene 

Group 4 Li,MnO, Li, TiO, Li,CuO Na, WO, 
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Fig. 4. E/X curves. 0, Li, MnO, 1211; A, Li,TiO, [22]; 0, Li,CuO [23]; V, Na, WO, [24]. 

Four characteristic E/X curves can be derived from Figs. 1 - 4; these are 
summarized in Fig. 5. The curves will be discussed by comparison of the 
energy, E,,, calculated by: 

x=1 

E,, = -F 
s 

E(X) . dx (7) 

x=0 

and the insertion enthalpy AHi. The latter can be obtained from calorimetric 
measurements and eqn. (8) [lo, 11,15,16,24]. The insertion enthalpy corre- 
sponds to the Gibbs energy, AG, because T AS can be neglected 

AG = AH, = PAMO, - CUA + PMO, ) 

TASeAH; (A=H+,Li+) 
(6) 

Differences between E,, and AG are termed the insertion energy, Ei. 
The E/X curve of Group 1 compounds shows a constant decrease in the 

voltage. The curve is described by: 

E = E0 + k(x - 0.5) (9) 

This relationship is derived from eqn. (6), neglecting the term RT/F x 
ln( 1 - x/x) because the influence of the latter is small, and a deviation from 
the straight lined E/X curve is not witnessed in any of the experimental 
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Fig. 5. Typical E/X curves for insertion compounds. --, Group 1; ----, Group 2; -, Group 
3; --x--x--, Group 4. 

curves. The electrical energy and the Gibbs energy are very similar, as shown 
in Table 3. Therefore: 

E,, = --&OF = AG (10) 

The typical E/X curve of the Group 2 compounds is presented in Fig. 6 in a 
more detailed form. The curve has an initial region with a constant voltage 
level corresponding to the normal voltage, and a second region in which the 
voltage decreases linearly up to 0.5x. As is shown in Fig. 6, extrapolation of 
the E/X curve to x = 0.5 and r = 0 yields the normal voltage so’= and the 
initial voltage E& , respectively (for V,O,, the extrapolation includes two 
voltage steps). From curve 1 (which results from the extrapolated values) the 

TABLE 3 

Comparison of electrical energy, E,,, and insertion enthalpy, AHi 

Compound - AHi -& 
(kJ mol-‘) (kJ mol-*) 

Li, TiS, 210 212 
Li, TaS, 211 220 
Li, VS, 220 230 

H, MOO, 60 55 
Li, MOO, 234 279 
Li, V, 0, 328 320 
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Fig. 6. Scheme of typical E/X CUNe of Group 2 insertion compound. 

electrical energy, E; , can be calculated that corresponds with the insertion 
enthalpy for z = 0.5, as shown in Table 3, i.e., 

Ed, = -l/2(&“‘“- &=,)0.5F = -E~‘+O.~F = AHi,z (11) 

Figure 6 shows that the real electrical energy, I&, differs from eqn. (11) 
by the value Ei which is calculated from the area above the constant voltage 
region. Thus, we conclude that the constant voltage region results from an 
energy that is necessary to break bondings in the host lattice and is not 
caused by an heterogeneous phase, as is normally assumed. 

The E/X function of the extrapolated curve is 

& = E0 + k(2r - 0.5) (12) 

k = 2AHJF (13) 

Unlike the functions of Group 1 compounds, k depends on the insertion 
enthalpy of the compounds. Both Group 1 and Group 2 compounds have layer 
structures. Thus, the bonding energy between the layers of M-O compounds 
must be stronger than that in MS compounds. The reason for the difference 
could be the stronger covalent M-S bonding [25]. 

The E/X curve for H, WO, differs from that of the other compounds of 
the Group (see curve 2, Fig. 6). The curve is described by: 

E =.s’-kkx (14) 

Unlike the other compounds, WO, has a framework structure. 
Various compounds are represented by E/X curve 3 in Fig. 5. The 

compound in the Group that has been investigated most is MnO,. By contrast 
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to WO,, hydrogen insertion does not occur in channels of the unhydrated 
oxide. The hydrogen insertion requires OH groups that are bound on partic- 
ular sites in the channels of y -MnO, [ 261. The OH groups are incorporated in 
the lattice during the electrolytic preparation [27]. The hydration is associ- 
ated with an enthalpy enhancement [28,29], i.e., 

MnO, + mH,O ““m. MnO,*mH,O (15) 

Thus, AH, can be considered to be an insertion energy that is contributed by 
a “pre-insertion step”: 

E,, = -&OF = AHi(H,MnO,) + AH, (16) 

The E/X curve for H, NiOa is in good agreement with that of H,MnO, 
[ 18,301. NiO,, however, has a layer structure and the OH groups are situated 
between the layers. Unlike NiOz, &MnO, (which also has a layer structure 
containing OH- groups between the layers) does not exhibit hydrogen 
insertion [ 31,321. Therefore, it is concluded that the nature of the OH bonding 
that can be realized in different structural forms is the characterizing criterion 
for the oxides of Group 3. Equation (4) was derived for MnO, assuming 
independently inserted protons and electrons on particular sites in the lattice 
[7,8] and an additional contribution to the entropy, namely, an electron 
chemical potential, pe: 

E = EO + RT/F ln(1 -x/x) + ~1, (17) 

There are Fe atoms situated analogous to the MnO-OH groups in the 
compounds Prussian blue and polyferrocene. These Fe atoms are connected 
to groups having free electrons or conjugated x-electrons, i.e., 

-Fe-C-N -Fe-QJ 

Thus, it can be assumed that insertion to particular positions is a character- 
istic for all Group 3 compounds, and eqn. (4) represents the common E/X 
function for the Group. The insertion mechanisms can be described by the 
equations: 

MO,, _ ,,(OH),, + xH+ + xe- + H, MO,, _ ,,(OH),, (1% 

(M- @)),+xA++xe--A,C(M- a)), (19) 

(A = alkali, @ = energetically particular positions with free electrons or 
x-electrons). 

The typical E/X curve of Group 4 compounds shows: (i) an initial region 
with a constant voltage level similar to that of Group 2 compounds, but 
prolonged to x = 0.5; (ii) a second region in which the curve corresponds 
principally to that of Group 3 compounds. The compounds of Group 4 are 
lithium-inserted metal dioxides having a framework structure. It is assumed 
that the first region is defined by an insertion energy according to Group 2. 
As shown in Table 4, the compounds of Group 4 differ from those of other 
groups by having very high values for the diffusion coefficient. It is remarkable 
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TABLE 4 

Diffusion coe5cients of inserted cations 

Group Compound 
pOz 8-l) 

Ref. 

2 Li, MOO, 3 x 10-Q 24 
Li,V,O, 9 x 10-Q 24 

3 H, MnO, 6 x 1O-‘o 33 
H, PbO, 1 x 10-T 34 
H, NiO, 3 x lo-‘Q 30 

4 Li, MnO, 3 x lo-” 24 
Li, TiO, 3 x 10-13 35 

that lithium insertion proceeds in the channels of the rutile-type oxides 
/l-MnO,, TiO, and II-O,, whilst hydrogen insertion does not. Therefore, steric 
conditions are not the reason for the prevention of hydrogen insertion. 

On the basis of the above conditions for the insertion mechanism, an 
investigation has been made of PbOz. It is expected that PbO, can be classified 
in Group 3 and that it is similar to MnO, in many aspects. Therefore, it should 
be useful to compare these two oxides. Three pairs of oxides are considered: 

(i) /?-MnO, and /I-PbO,(chem.). These are stoichiometric compounds and 
are isostructural with a framework structure of the i-utile-type formed by 
MO,-octahedra sharing one edge. 

(ii) S-Mn02 and a-PbO,(chem.). These are non-stoichiometric compounds 
containing OH groups and are characterized by the formulae: 

Na0,,Mn0,,9,.0.6H,0 

PbOu.,, . ~.~~~V.1- 6.3H,O) 

The structures are different. MO, octahedra, sharing one edge, form layers in 
the case of MnOz and a framework structure in the case of PbO,. 

(iii) y-MnO, and a-PbO,(eZectrochem.). These are non-stoichiometric ox- 
ides of the composition: 

MnO,., .0.23H,O 

Pb0,.,,(0.2 - 0.3)H,O 

Their crystal structures are orthorhombic and are derived from the rutile type. 
The assumptions adapted in the insertion mechanism are, first, a lattice 

that is suitable for insertion by gaps or channels and, second, a high mobility 
for the inserted cations. The first assumption is applicable to all three pairs 
of oxides, but the second assumption is only applicable to the third pair. The 
hydrogen ions move via a jumping mechanism involving OH groups [34,36] 
and thus the insertion process only occurs in the third pair of oxides. The 
latter, y-MnO, and a-PbO,(electrochem.), differ from the other oxides in 
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several important features: the OH groups are incorporated in the lattice by 
an electrochemical process (hydrolysis and crystal growth during electrolysis 
[27,37]). The MO, octahedra share more than one edge. The M-O bonding is 
strongly covalent [38]. y-MnO, and a-PbO, also differ in the structure of the 
channels. The MnO, lattice consists of double MnO, octahedra chains form- 
ing 1 x 2 channels [31]. The lattice of PbO, has 1 x 1 channels, similar to 
fi-PbO, but is arranged in zig-zag chains. Therefore, it is concluded that the 
influence of the crystal structures on the mobility of the hydrogen ions 
depends upon the nature of the PbO bonding caused by the crystal structure. 

Conclusions 

(i) It is assumed that two basic types of insertion exist that are 
characterized by different E Ix functions: 

l insertion in gaps of layer-structured metal dichalcogenides having 
insertion sites of equal energy 

l insertion in channels or gaps of framework or layer-structured com- 
pounds that have energetically favoured positions for the inserted 
cations and electrons. Such positions may be MO groups ordered 
with a particular type of vacancies or metal atoms connected with 
groups having free electrons or conjugated electrons. 

(ii) The basic types are characterized by strongly covalent bonding in 
the host lattice. 

(iii) Insertion types that require insertion energy to break the bonds 
between the respective layers in the channels are derived from the basic 
types. Initial regions of constant voltage, that are usually due to hetero- 
geneous phases, result from the insertion energy. 

(iv) cr-PbOz( electrochem.) is an insertion compound of the second basic 
type related to r-MnO,. 

(v) The mobility of hydrogen ions in the channels of the PbO, lattice is 
dependent upon the nature of the PbO bonding that is caused by particular 
sites in the crystal structure. 

List of symbols 

E 

0 

i2 
F 

4 
Ed 
E rep 
E exP 
P 

Electrode voltage 
Normal voltage 
Gas constant 
Faraday constant 
Insertion energy 
Electrical energy 
Repulsive interaction energy 
Lattice expansion energy 
Chemical potential 



152 

G Gibbs energy 

Hi Insertion enthalpy 
S Entropy 

HID Hydration enthalpy 
x Degree of insertion 
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