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Summary 

Our theory on gas recombining lead-acid batteries, previously proposed 
in Part. I, has been applied to real systems, and various tests have been 
performed to determine the rate constants of the gas reactions as a function 
of the active material of the plates. Comparison between experimental and 
theoretical data shows the validity of the method used to evaluate the 
battery behaviour. The influence of Hz and O2 reactions on plate polariza- 
tion curves is also discussed. 

Introduction 

In this second part of our work on recombining lead-acid batteries 
the theory already discussed in Part I [l] has been applied in a study of 
various commercial batteries. It is not our aim to compare systems from 

different manufacturers but to check the theoretical calculations. The 
results obtained represent a basic background for successive investigations 
which are now in progress. 

After characterizing the batteries, the reaction rate constants for 
oxygen and the negative active material, and for hydrogen and the positive 
active material, were measured as proposed in Part I [ 11. 

Starting from these data, the theoretical battery behaviour has been 
compared with the experimental behaviour. The tests were carried out on 
two types of battery but the data reported in this paper are for one 
only. 

type 

Experimental 

The gas recombining batteries tested have electrolyte-retaining glass 
separators and a nominal capacity between 80 and 100 A h. The batteries 
were initially discharged at I = 5 A (I& to 75% of the total capacity (C,,) 

*Author to whom correspondence should be addressed. 

0378-7753/89/$3.50 0 Elsevier Sequoia/Printed in The Netherlands 



230 

and charged (V = 14.8 volt) three times, during which time the opening 
pressure of the vent plugs was controlled. The nominal capacity, C20, was 
then determined according to the IEC specifications. The batteries were 
then prepared for the subsequent tests. 

The vent plugs of the cells were replaced by two-way glass valves and 
two tubes with valves were placed on the battery covers. The gas inlet tube 
was connected to a gas bottle containing either oxygen, air, or nitrogen. 
The second tube was connected either to a manometer, for measuring the 
free volume of the cell, or to gas analysis equipment. Every cell was also 
equipped with a valved gas outlet at the bottom of the case and with an 
electronic gas pressure sensor on the cell cover. 

At the beginning of the tests, the battery cells were charged, and 
flushed with nitrogen to test for leaks and to measure the free volume. For 
this purpose the cells were connected to a water manometer and the relative 
gas pressure was measured. The gas was then compressed isothermally by 
reducing the total volume* by a known amount and the pressure was re- 
measured. The free volume of each cell was calculated by applying the ideal 
gas law. 

The battery was then charged and the opencircuit tests initiated. The 
cells were first flushed with the same gas mixture (0, and N,) used in the 
test then the gas outlet valve was closed and the gas pressure in the cells 
allowed to increase. At a predetermined pressure, the gas inlet valve was 
closed and automatic logging of the pressure data was started. 

After the open circuit tests, the battery was recharged, filled with 
oxygen, and continuously overcharged under galvanostatic conditions. 
From time to time the evolved gas was exhausted both for analysis and to 
prevent an excessive pressure build up. Overcharges at a limited current 
were run until stable conditions were reached. 

When the chemical analysis of the gas, performed by a gas-volumetric 
method, revealed a high molar fraction of hydrogen (Yn > 85%) charging 
was stopped. The pressure measurements were continued in order to record 
the decay of hydrogen due to its oxidation on the active material of the 
positive plates. 

After the overcharge tests, the cells were filled with 0, and N, mix- 
tures, or with H,, and the potentiostatic polarisation curves I(V), both for 
the negative and for the positive plates, were obtained. The potentials were 
referred to a standard sulphate electrode (SSE) having a capillary tube with 
a tip placed on the separators. 

Finally, the batteries were disassembled to determine their geometric 
characteristics and also the mass ratio between the positive and the negative 
active material. Some negatives were immediately placed in an electrolytic 
cell, charged and, after washing in doubly distilled water, dipped in 0.01 N 

*The total volume of the system is the sum of the free volume of the cell, the 
volume of the tubes used (which are both constant), and the volume of a branch of the 
manometer which can be varied by adding water to the other branch. 
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sulphuric acid. The oxygen reduction of the negative plates in the absence 
of the positive electrode and of the separators was then studied as described 
elsewhere [2, 31. In these tests 0.01 N sulphuric acid was used to reduce the 
spontaneous hydrogen evolution on lead. 

Results and discussion 

The data reported below refer to a nominal 100 A h battery. Each cell 
contained eleven negatives and ten positives and the mass ratio of positive 
to negative active material was about 1.4. The cell volume above the plates 
was estimated to be about 560 ml while measurements showed that the free 
volume varied between 510 and 550 ml per cell. A mean value of 525 ml 
was used in the calculations. 

The decay in gas pressure for cells initially filled with pure 0, and an 
0,-N, mixture is shown in Fig. l(a). These curves represent the kinetic 
law of oxygen reduction on the active material of the negative plates pro- 
vided that the spontaneous hydrogen evolution on lead can be neglected. 
Figure 2(a) shows two pressure decay curves for hydrogen oxidation at the 
positive active material. Figure 3(a) refers to O2 on a single negative plate 
from a disassembled battery treated as described above. The results have 
been analysed by calculating the derivatives dln( IdP/dt))/dt (Figs. l(b) - 

3(b)). 
In the case of oxygen reduction, the values of dln(ldP/dt()/dt are 

constant during the measurement period, suggesting that the current, I,, for 
spontaneous hydrogen evolution on the negative plates is negligible. From 
the theoretical curves of the derivatives as a function of time, Fig. 4 (calcu- 
lated as described in Part I [l]), however, it can be deduced that unless the 
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Fig. 1. (a) Pressure decay curves for two cells initially filled with different NT02 mix- 
tures. T = 300 K; (b) corresponding values of fcalculated from the pressure data. 
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Fig. 2. (a) Hydrogen pressure decay curves for two initially different pressures, 2’ = 
300 K; (b) corresponding values of fcalculated from the pressure data. 
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Fig. 3. (a) Pressure decay curve for a single negative plate in a sealed container initially 
:lah;d with oxygen, T = 300 K; (b) corresponding values of f calculated from the pressure 

value of the hydrogen current, I,, is less than 100 PA for each cell, 
dln( IdP/dtl )/dt would vary with time. Other authors report a greater value 
of I, but our previous work [2 - 41 demonstrated the marked influence of 
impurities on this current. The low value found for I, could also indicate 
that Hz evolution on negative plates is inhibited by Ox reduction. 

Therefore, the values of these derivatives can be taken as the kinetic 
constants, KH and Ko, for the H, and O2 reactions. Their values are, for the 
system under study, equal to 0.15 h-’ and 0.8 h-‘, respectively, corres- 
ponding to a current density of about 0.05 and 0.53 mA cm-*/lo’ Pa. 
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Fig. 4. f us. t curves calculated for various values of the spontaneous hydrogen current 
11 (in mA), T = 300 K, P = 100 kPa, Ko = 0.8 h-l, KH = 0.15 h-l, V = 525 ml. 

The value of Kn has also been evaluated from the following expression: 

(dP/dt),=, = (31/4F - 3Koflo - 3K&n/2) X RT/V (1) 

where firi and no are the numbers of moles of Hz and 0, at t = 0, I is the 
current, P the internal pressure, V the cell free volume and !I’ the tempera- 
ture . 

The derivative, dP/dt, was determined during the overcharge tests, 
just after degassing at a pressure corresponding to the Nn and No values at 
that instant, Fig. 5. 
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Fig. 5. Gas pressure us. time for a sealed cell in overcharge at 0.8 A, T = 300 K. The gas 
was periodically released and part of it collected to determine its composition. 
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With regard to the values of the constant K. for complete cells and 
single negative plates, Figs. l(b) and 3(b), it has been found that their ratios 
are not equal to the ratio between the corresponding areas, the difference 
ranging from 10% to 15%. Moreover, the current density for O2 reduction is 
lower than that calculated by Thompson [5] and measured by Thompson 
[5] and Mahato [6]. 

It is our opinion that these discrepancies can be ascribed to the dif- 
ferent values of the ratio between the active area of the plates and the 
diffusion layer thickness. More work is needed to determine the real values 
of these quantities. 

The curves presented in Figs. l(b) - 3(b) also demonstrate that Ku and 
K. decrease rapidly over the first 30 min of the pressure decay and assume 
constant values, as the theory forecasts. The idea expressed by some authors 
concerning the inhibition due to sulphate ions cannot account for this 
phenomenon as it involves both Hz and Oz. 

Such a sharp deviation from the kinetic law occurring under all ex- 
perimental conditions, even if the test is repeated without charging the 
battery, may be due to a physical process needing some time to establish 
or to a slow change of the conditions under which the reactions run. 

The reaction between the gas and the active material produces water, 
which diffuses into the sulphuric acid electrolyte to dilute it and to generate 
heat. Thus it seems likely that the increased local temperature, and the 
counter diffusion of the water, decrease the kinetic constants of the reaction 
with time until stable conditions are arrived at. This hypothesis is currently 
being tested experimentally. 

The possibility of modeling the system using measurements of the 
parameters K, and K, and knowing the free volume of the cells, has been 
verified by comparing the theoretical and the experimental behaviour of the 
system under various conditions. Some examples obtained under dynamic 
and stable conditions are shown in Fig. 6 and Table 1. It can be seen that 
there is good agreement in both cases. 

Finally, the calculated molar fraction values of Hz, 0,) and Nz, during 
overcharge of a battery initially filled with air are plotted in Fig. 7 as a 
function of the number of times the safety vents were opened at a regulated 

TABLE 1 

Pressure values at which stable conditions are reached for various values of I 
T = 300 K, battery initially filled with air. 

I 

(-4) 
P (lo5 Pa) 

Measured Calculated 

0.300 1.08 1.17 
0.400 1.28 1.30 
0.600 1.57 1.56 
0.800 1.80 1.82 
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Fig. 6. Comparison between experimental and calculated data for gas composition (a) and 
pressure (b) under dynamic conditions for a cell in overcharge, T = 300 K, Z = 0.6 A, 
P,= 0.95 X lOsPa. 
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Fig. 7. Gas composition vs. the number of safety vent opt%ings, N, during overcharge. The 
free volume of the battery initially contained air, T = 300 K. 

pressure of 1.5 X 10’ Pa. After a certain number of gas releases, the nitrogen 
is completely expelled and the cells become filled with hydrogen ( YH = 0.66) 
and oxygen (Y, = 0.33) alone. If, after overcharge, the battery is left at open 
circuit, oxygen is consumed at a higher rate than is the hydrogen so that, 
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TABLE 2 

Values of pressure and hydrogen molar fraction for a cell of an open-circuit battery after 
overcharge 

Time at o. c. Pressure 

(h) (lo5 Pa) 
YH 

0 1.5 0.667 
0.2 1.4 0.695 
0.4 1.3 0.722 
0.6 1.22 0.148 
0.8 1.15 0.771 
2 1.09 0.794 

during the rest period, Yn increases and the pressure decreases with time, 
Table 2. 

Tests performed using a battery which had been deeply discharged 
about 20 times produced similar results to those obtained using batteries 
just purchased. 

The expression: 
- 

I = 4FKoNo + 2FKHNH (2) 

gives the current at which the internal pressure in the battery does not 
change [ 11 and can be used to evaluate the float current. By means of the 
characteristic curve of the system, the float voltage is also obtained. 

From the data collected, one can evaluate the maximum float current 
in air, ranging between 0.002 and 0.004 A per A h of cell capacity. These 
values agree very well with those published by some manufacturers. The 
value of K,, on the other hand, does not agree with the conclusions of 
some authors [7], according to which H, recombination is immeasurably 
small, and with the values of Badger [8] who found a ratio Ko/K, much 
greater than that measured by us. This is discussed below. 

Figure 8 shows polarization curves for different gaseous compositions 
present in the free volume of the cell. The curves clearly show the marked 
influence of O2 and the negligible effect of H,. The cathodic branch of the 
curves indicates that there is a change in the predominant electrochemical 
reaction occurring at the negative plates. 

At low currents the cathodic reaction corresponds to a charging of the 
negative plates, i.e., to reduction of lead sulphate formed by the reaction of 
lead, oxygen, and sulphuric acid. At high currents hydrogen evolution 
occurs. The transition between the two reactions takes place when the oxy- 
gen current reaches its limiting value. The data obtained agree well with 
those calculated using expression (2). 

Regarding the positive plates, it seems that the hydrogen has no in- 
fluence: there is only a negligible shift of the curves towards more negative 
potential values. This is probably due to the oxygen evolution curve which 
overlays the charge curve of the positive plates. 
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Fig. 8. (a), (b): Polarization curves of the negative and positive plates of a cell (current, 
I, in mA); (c) influence of the oxygen partial pressure PO on the O2 reduction current 
(in A) at -1.2 V. 

The shapes of the characteristic curves in Fig. 8, lead us to consider the 
test proposed by Badger [5] to determine the efficiency of gas recombina- 
tion. This test is based on measurements of charge acceptance currents of 
a battery flushed first with nitrogen followed by a reactive gas. If the reac- 
tive gas is oxygen, the differences between the charge acceptance currents 
correspond to the limiting oxygen current which, according to expression 
(Z), depends on the kinetic constant of oxygen reduction. 

By contrast, if the flushing gas is hydrogen, the corresponding charge 
acceptance currents do not give information about the hydrogen reaction on 
lead dioxide, because of the slight effect this gas has on the characteristic 
curves of positive plates. For this reason the author found a low kinetic 
constant for hydrogen oxidation. 

Applying the test proposed by Badger to O2 reduction, a K. value 
greater than that calculated from the pressure decay curves was deduced. 
On the other hand Table 1 shows good agreement between the measured and 
calculated data using a K, value obtained from the pressure decay curves. 

This discrepancy could possibly be related to the difference in the 
extent of the reacting area of the plates according to the experimental 
conditions. 

Conclusions 

From the analysis of the gas pressure decay in a gas recombining 
lead-acid battery filled initially with oxygen or hydrogen and maintained at 
open circuit, it is possible to determine the kinetic constants relative to 
reactions of the gas with the active material of the plates. 
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For the system considered, these constants correspond to a current 
density of 0.53 mA cm-2/105 Pa for the oxygen reduction and 0.050 mA 
cm-2/105 Pa for hydrogen oxidation. 

The determination of these parameters provides a sufficiently good 
evaluation of the battery behaviour under charge, float charge or storage. 
The results obtained suggest that further research should be focussed on 
three major topics: 

(i) the trend of the P(t) curves at the beginning of decay; 
(ii) the influence of the experimental operating conditions on the 

reacting areas; 
(iii) the conditions resulting in spontaneous H, evolution at the negative 

plates, and the high value of the H, molar fraction in the gas at an overall 
pressure greater than atmospheric. 

List of symbols 

I 

II 
K,,Ko 

NH,No 

P 

PH 
PO 
R 
t 
T 
V 

yH, yO 

Faraday’s constant (26.8 A h (g es.))‘) 
= dln( ,dP/dtl)/dt (h-l) 
Charge current (A) 
Current intensity for H2 evolution at open circuit (A) 
Kinetic constants for the reactions of H, and 0, with the active 
materials (h--l) 
Number of H, and O2 moles present in the free volume of the cell at 
time t 
Number of H, and 0, moles present in the free volume of the cell at 
time zero 
Cell internal pressure at time t (Pa) 
Hydrogen partial pressure (Pa) 
Oxygen partial pressure (Pa) 
Gas constant (82.05 ml atm K-l mol-‘) 
Time (h) 
Temperature (K) 
Free volume of the cell (ml) 
H2 and O2 molar fractions 
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