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Abstract

In order to meet the increasing demand for valve-regulated lead—acid (VRLA) batteries, a new soft lead has been produced by
Pasminco Metals. In this material, bismuth is increased to a level that produces a significant improvement in battery cycle life. By
contrast, other common impurities, such as arsenic, cobalt, chromium, nickel, antimony and tellurium, that are known to be harmful to
VRLA batteries are controlled to very low levels. A bismuth (Bi)-bearing oxide has been manufactured (Barton-pot method) from this
soft lead and is characterized in terms of phase composition, particle size distribution, BET surface area, and reactivity. An investigation
is also made of the rates of oxygen and hydrogen evolution on pasted electrodes prepared from the Bi-bearing oxide. For comparison, the
characteristics and performance of a Bi-free (Barton-pot) oxide, which is manufactured in the USA, are also examined. Increasing the
level of bismuth and lowering those of the other impurities in soft lead produces no unusual changes in either the physical or the chemical
properties of the resulting Bi-bearing oxide compared with Bi-free oxide. This is very important because there is no need for battery
manufacturers to change their paste formulae and paste-mixing procedures on switching to the new Bi-bearing oxide. There is little
difference in the rates of oxygen and hydrogen evolution on pasted electrodes prepared from Bi-bearing or Bi-free oxides. On the other
hand, these rates increase on the former electrodes when the levels of all the other impurities are made to exceed (by deliberately adding
the impurities as oxide powders) the corresponding, specified values for the Bi-bearing oxide. The latter behaviour is particularly
noticeable for hydrogen evolution, which is enhanced even further when a negative electrode prepared from Bi-bearing oxide is
contaminated through the deposition of impurities added to the sulfuric acid solution. The effects of impurities in the positive and
negative plates on the performance of both flooded-electrolyte and VRLA batteries are assessed in terms of water loss, charge efficiency,
grid corrosion, and self-discharge. Finally, the causes of negative-plate discharge in VRLA batteries under float conditions are addressed.
© 1998 Elsevier Science S.A. All rights reserved.
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Oxygen and hydrogen evolution occur as side reactions
during the charging process of lead—acid batteries. In a
VRLA battery, however, the oxygen evolved from the
positive plates diffuses through either the pores of the
separators or the head space of the container to the nega-
tive plates where it is reduced back to water. By contrast,
the hydrogen evolved from the negative plates cannot be
oxidized (or rather can only be oxidized at a very low rate)
back to water at the opposite positive plates. Thus, any
hydrogen emission will trandate to a permanent loss of
water from the battery. Accordingly, minimization of the
rates of both hydrogen and oxygen gassing, together with
the promotion of efficient oxygen recombination, are im-
portant objectives in the design of VRLA batteries.

The gassing behaviour of VRLA batteries is influenced
strongly by the composition /nature of the grid alloys (i.e.,
Pb—Sb vs. Pb—Ca-Sn), the levels of impurities (i.e., Sb,
Ni, Co, Se, etc.) in the raw lead materials used to manufac-
ture the positive and negative plates, and the charging
conditions [5-7]. On the other hand, the efficiency of
oxygen recombination depends on the degree of compres-
sion of the plate-group, the extent of electrolyte saturation
of the glass—-mat separators, and the action of certain
minor elements in the negative mass, such as bismuth and
tin [8,9]. These elements—especialy bismuth [9]—have
been found to promote the reduction of oxygen, and can
also exert beneficial effects on the cycle life of both
flooded-€electrolyte and VRLA designs of lead—acid bat-
tery.

With respect to acceptable levels of impurities in the
starting lead material, the majority of the present specifica-
tions set for soft lead have focused on battery technologies
which are based on antimonia grid aloys. In these de-
signs, the antimony in the positive and negative grids
dominates the performance of the battery, and the influ-
ence of minor impuritiesis of little importance. For VRLA
batteries that employ antimony-free grid alloys (i.e., Pb—Sn
and/or Pb—Ca-Sn) there is, however, an urgent need to
develop a more stringent specification for soft lead in
order to exclude, or restrict adequately, those impurities
which exert a deleterious effect on gassing performance.
Based on research conducted both in a joint CSIRO—
Pasminco research programme [9,10] and by other workers
[8,11,12], Pasminco [13] has recently proposed a specifica
tion for soft lead to suit the requirements of VRLA batter-
ies. In this new specification, impurities such as As, Co,
Cr, Ni, Sh, and Te that are known to be harmful to VRLA
batteries are limited to very low levels. By contrast, bis-
muth, which has been demonstrated as being beneficial, is
increased to levels at which significant improvements in
battery performance can be achieved.

Soft lead with the new specification has been produced
by Pasminco and supplied to a domestic lead—acid battery
company for conversion to Barton-pot oxide. CSIRO has
undertaken a study of the physico-chemical characteristics
of this oxide, together with an evaluation of its effects on

Table 1

Phase composition (wt.%) of Barton-pot oxide

Oxide type Pb a-PbO
Bi-bearing oxide 21 79
Bi-free oxide 27 73

both oxygen and hydrogen evolution. For the purpose of
comparison, corresponding benchmark tests have also been
conducted on oxide which contains virtually no bismuth
(i.e, <0.005 wt.%).

2. Oxide characterization

Two Barton-pot oxides were examined in this study:
one contains ~ 0.05 wt.% Bi and was produced from soft
lead with the specifications proposed by Pasminco (termed
‘Bi-bearing oxide’); the other oxide contains only trace
amounts of bismuth (termed ‘Bi-free oxide') and was
supplied by a manufacturer in the USA. Phase-analysis
data for these oxides are given in Table 1. The results
show that both oxides consist of only lead and a-PbO. The
Bi-bearing oxide has a dlightly lower free-lead content, and
thus a correspondingly higher proportion of «-PbO, than
the Bi-free oxide. The absence of B-PbO indicates that the
oxides have been prepared at a relatively low temperature.

The particle size distribution of the Bi-free and Bi-
bearing oxides was determined with a Malvern Mastersizer
S, Version 2.14, standard particle size analyzer. The results
for the two oxides are very similar. The particle size
distribution of the Bi-bearing oxide is given in Fig. 1. The
oxide is composed of two types of particle: ‘type 1’
particles have sizes < 0.9 um and ‘type 2’ particles have
sizes > 1.1 um. The most frequent diameter of the parti-
cles in types 1 and 2 is 0.3-04 um and 6-8 um,
respectively. The distribution curve of type 1 particles is
more symmetrical than that of type 2 particles. At large
particle sizes, it appears that a third distribution overlaps
the curve for type 2 particles. This is due to the presence
of free-lead particles which, in a Barton-pot oxide, usually

Type 1 particles Type 2 particles

Volume / %

L A

T
0.01 01 1 10 100
Particle size / pm

Fig. 1. Particle-size distribution of Bi-bearing oxide.
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Table 2
Acid absorption value and BET specific surface area of Barton-pot oxides

Oxide type Acid absorption value BET surface area
(mgH,SO, pergoxide) (m?g™1)

Bi-bearing oxide 146 0.61

Bi-free oxide 140 0.55

have sizes of the order of several to several tens of
microns [14].

The acid absorption value and BET specific surface
area of the two oxides are given in Table 2. Clearly, the
presence of bismuth produces no major changes in either
parameter. The values are typical of those expected for a
Barton-pot oxide (see Fig. 2) [15].

Examination of the Bi-bearing oxide with an electron
probe microanalyzer (JEOL, Model 8900 Super Probe)
revealed that the bismuth was distributed evenly through-
out the oxide with no segregation.

From the above data, it is concluded that increasing the
level of bismuth and lowering those of the other impurities
in soft lead produces no significant changes in either the
physical or the chemical properties of oxide made from
this material. Since reactivity with acid provides a useful
indicator of the paste-mixing attributes of a given oxide,
the absence of any major differences in acid absorption
between Bi-bearing and Bi-free oxides confirms that man-
ufacturers will experience no difficulties in paste mixing
on adopting this Bi-bearing oxide in their production lines.

3. Gassing behaviour of pasted electrodes
3.1. Preparation of pasted electrodes
A section of a Pb—0.09 wt.% Ca—0.4 wt.% Sn grid was

embedded in epoxy resin to give a cylinder. The unsol-
dered end of the grid was allowed to protrude about 2 mm
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Fig. 2. Reactivity of Bi-bearing and Bi-free Barton-pot oxides. Other data
are taken from Ref. [15].
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Fig. 3. Preparation of pasted electrodes for electrochemical studies.

above the upper surface of the cylindrical mould (Fig. 3a).
A polyvinyl chloride (PVC) rod, with the same diameter as
the mould, was sectioned into a slice of thickness= 3 mm.
A hole (diameter = 6 mm) was drilled through the centre
of the PVC dlice and a cylindrical paper strip was fixed to
the inner wall of the hole. The PVC dlice was placed on
the upper surface of the electrode assembly so that the grid
was located at the centre of the hole (Fig. 3a). The pastes
for positive and negative electrodes were prepared from
Bi-free and Bi-bearing oxides using the formulae given in
Table 3. The hole in the above assembly was filled with
paste and the PV C dice was then removed to give the fina
dimensions of the electrode, as shown in Fig. 3b.

The pasted samples were cured under conditions which
promote the development of tribasic lead sulfate (3PbO -
PbSO, - H,0 = 3BS). After curing and drying, the samples
were placed in a petri dish which contained 1.070 sp. gr.
H,S0,. Electrode formation was achieved by applying, for
20 h, a constant current of 17.7 mA per g of cured
material.

3.2. Gassing measurements

The electrochemical cell used in this study is shown in
Fig. 4. The pyrex cell has an H-shape with two main
compartments. The cell was filled with 1.275 sp. gr.
H,SO,. A sheet of pure lead served as the counter elec-
trode. All potentials were measured (and are reported) with
respect to a5 M Hg,/Hg,SO, reference electrode.

Table 3

Paste formulae for positive and negative electrodes
Component Positive electrode  Negative electrode
Leady oxide (kg) 3 3

Fibre (g) 0.9 18
CMC? (g) 75 —
Stearic acid (g) - 18
BasO, (g) - 111
Vanisperse (g) - 111
Carbon black (g) - 6.3
1.400 sp. gr. H,S0, (cm®) 200 200
Water (cm®) 390 330
Paste density (g cm~2) 45-4.6 47-4.8

&Carboxymethy! cellulose.
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Fig. 4. Electrochemical cell used for gassing measurements.

After formation, each sample was placed in the test cell
and the potential was scanned, either between —1.1 and
—1.7 V or between 1.3 and 1.7 V a 5 mV s ! for 20
cycles with a programmable potentiostat /galvanostat (EG
& G PAR 273), prior to the respective measurement of
hydrogen and oxygen evolution. With this treatment, any
lead sulfate residues (due to incomplete formation and /or
the chemical development of sulfation layers) will be
converted, respectively, to lead or lead dioxide. For studies
of both hydrogen and oxygen evolution, a potential-step
technique was used and the gas produced at each potential
was collected. The current density for oxygen evolution
(i oxygen) @d hydrogen evolution (i, qqen) Was calculated
by means of the following expressions:

| oxygen = [4FV (Roa — P)] /[10° RTAt] (1)

oxygen
ihydrogen = [ZFV(Ptotal - Pw)] /[106 RTAt] (2)

where: F = 96,485 C mol ~*; P, = total pressure (kPa)
in the upper part of the burette; P, = vapour pressure
(kPa) at temperature T; V = gas volume (ml) collected in
the burette; R=gas constant (=831 J mol~! K1)
T = absolute temperature (K); A= electrode area (cm?);
t = electrolysis period (s). Note, two or more separate
determinations of the current were undertaken at each
potential. The average values are reported.

3.3. Oxygen evolution on pasted electrodes

Oxygen-evolution data for positive electrodes produced
from Bi-bearing and Bi-free oxides are shown in Fig. 5. As

expected, the oxygen-evolution rate increases with increase
in positive potential from 1.2 to 1.7 V. There are no major
differences in the rate of oxygen evolution for the two
electrodes. Thus, the presence of 0.05 wt.% Bi in the oxide
does not produce any undesirable increase in gassing.

As mentioned above, the Pasminco specification for
soft lead increases the limits for beneficial elements, such
as bismuth, to levels which can cause an improvement in
battery cycle-life. By contrast, impurities such as As, Co,
Cr, Ni, Sb and Te, which are harmful to VRLA batteries,
are restricted to very low levels. The details of the Pas-
minco specification are compared in Table 4 with those of
other Standards. The data demonstrate clearly that there is
a marked difference of opinion world-wide on the purity
required for soft lead. Moreover, many impurities have
hitherto not been specified, even though some of them are
known to enhance oxygen and/or hydrogen gassing (e.g.,
Co and Te [13)]). In order to examine the effect(s) of these
impurities on the gassing characteristics of lead—acid bat-
teries, pasted electrodes were prepared from Bi-bearing
oxides in which the levels of al the impurity elements
(except sulfur) were increased either to the maximum
(termed: ‘ high-impurity, Bi-bearing oxide') values speci-
fied in the British Standard 334-1982 or to medium values
(i.e, 50% of each maximum level, termed: ‘ medium-im-
purity, Bi-bearing oxide'). This was achieved by blending
the Bi-bearing oxide with each of the elements in pow-
dered oxide form before paste mixing. Note, a maximum
level of 10 ppm was used for any element which is not
specified in the British Standard.

The oxygen-evolution rates of the positive electrodes
prepared from medium- and high-impurity, Bi-bearing ox-
ides are presented in Fig. 5. The data show clearly that
increased levels of impurities in the Bi-bearing oxide
produce a corresponding increase in the oxygen gassing
rate at all potentials between 1.4 and 1.7 V; the increase is
virtually the same for oxide blended with impurities at a
medium or a high level. It is concluded that the common
impurities in soft lead—but not bismuth—dominate the
rate of oxygen evolution.
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E - - & - -Medium-impurity Bi-bearing oxide -
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B
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5
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>
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8 004 |
§
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Fig. 5. Oxygen evolution on pasted electrodes prepared from oxide of
different purity.
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Table 4

Impurity limits (maximum ppm) in proposed Pasminco specification and other existing standards for soft lead

Element  Pasminco specification  Existing standards
(proposed)
AS1812-1975, Pb 99.99 ASTM B29-92, Refined pure  BS 334-1982, Type A DIN 1719-1986, Pb 99.99

Ag 10 10 25 25 10
As 1 10 5 5 10
Ba 10 ns ns ns ns
Co 1 a ns ns ns
Cr 5 ns ns ns ns
Cu 10 10 10 30 10
Fe 5 10 10 30 10
Mn 3 ns ns ns ns
Mo 3 ns ns ns ns
Ni 2 a 2 10 ns
S 10 10 ns 5 ns
Sh 1 10 5 20 10
Se 1 ns ns ns ns
Te 0.3 ns 1 ns ns
\% 4 ns ns ns ns
ns = Not specified.

&Co + Ni < 10 ppm.

3.4. Hydrogen evolution on pasted electrodes

The rate of hydrogen evolution on pasted negative
electrodes prepared from different oxides is presented in
Fig. 6. The results show that the hydrogen-evolution rate
increases with increase in the negative-plate potential,
irrespective of the nature of the starting oxide. When the
potential is more positive than —1.5 V, there is little
difference in the hydrogen-gassing rate on pasted elec-
trodes made from Bi-bearing and Bi-free oxides. By con-
trast, at potentials more negative than — 1.5 V, the hydro-
gen-evolution rate on pasted electrodes prepared from
Bi-free oxide increases markedly in comparison with that
on the electrode produced from Bi-bearing oxide.

As with the oxygen-gassing studies, the hydrogen-
evolution behaviour has aso been examined for pasted
electrodes prepared from medium- or high-impurity, Bi-

0.20

—&— Bi-free oxide

—+&— Bi-bearing oxide

- = ¢ - - Medium-impurity, Bi-bearing oxide
- - 4 - - High-impurity, Bi-bearing oxide
—=6— Medium-impurity, contaminated electrode
—e— High-impurity, contaminated electrode

0.16 |

0.12

0.08

Hydrogen-evolution rate / A cm™

0.04

0.00 =
-1.70 -1.60 -1.50 -1.40 -1.30 -1.20 -1.10

Potential / V

Fig. 6. Hydrogen evolution on pasted electrodes prepared from oxide of
different purity.

bearing oxides. The rate of hydrogen evolution increases
when the level of each impurity element is raised above
that specified by Pasminco for Bi-bearing oxide. Unlike
the behaviour observed for oxygen gassing, however, the
rate is greater for high-impurity than for medium-impurity
electrodes. More importantly, appreciable hydrogen evolu-
tion occurs on both electrodes at potentials as high as
-11V.

It is well known that gassing (i.e., oxygen or hydrogen)
occurs predominantly on the surface of the plate material
and from the walls of the pores within the plate material.
Therefore, any contamination of the surface by impurity
elements is likely to affect markedly the hydrogen-gassing
characteristics of the electrode if the impurities have the
ability to sustain a lower hydrogen overpotential than lead.
Accordingly, it is important to examine the hydrogen-gass-
ing rates of electrodes on which various impurity elements
are deposited. This situation simulates the contamination
of negative plates during battery cycling—a common
problem caused by the deposition of impurities that have
been leached from the positive plates (i.e., from the grid
aloys and/or the plate material).

After formation, negative electrodes were placed in
sulfuric acid solution which contained different impurities
at the maximum levels specified in the British Standard
334-1982 (see Table 5). Some elements were excluded
because they either do not dissolve (Ag) or do not deposit
(As, Ba, Cr) on the negative electrode. It should be noted
that while molybdenum, aone, cannot be deposited from
agueous solution [16,17], it can be co-deposited in the
presence of Fe, Co, or Ni.

In order to obtain a negative electrode with the same
levels of impurities as that prepared from high-impurity,
Bi-bearing oxide, the charge required to deposit individual
elements was calculated by assuming that the current
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Table 5
Charge required to deposit each impurity element

Element Impurity Impurity Difference Charge required
levelsin levels specified for deposition
Bi-bearing oxide in BS 334-19822 (Ah)

Co 1 10 9 0.0032

Cu 10 30 20 0.0067

Fe 5 30 25 0.0096

Mn 3 10 7 0.0054

Mo 3 10 7 0.0031

Ni 2 10 8 0.0029

Sb 1 20 19 0.0050

Se 1 10 9 0.0024

Te 0.3 10 9.7 0.0032

\ 4 10 6 0.0063

Total = 0.0478

#The values in parenthesis are not specified in BS 334-1982 but were
adopted in the experiments performed here.
The weight of the electrode material is ~ 0.4 g.

efficiency for the deposition of all elements is similar and
equa to 0.1% (see Table 5). The tota charge required is
0.0478 Ah. Taking this value, negative electrodes of
medium— and high—impurity can be obtained by applying
a current of 7.5 mA for 3.19 and 6.37 h, respectively.
Note, the current efficiency for deposition is dependent
upon both the inherent characteristics of each element and
the concentration of the element in the plating solution.
Nevertheless, at concentrations of a few ppm, the current
efficiency for each element is very similar and has a very
low value (i.e., 0.1%).

The negative electrodes on which elements were de-
posited up to the medium— and high—impurity levels are
termed ‘ medium-impurity, contaminated electrodes and
“high-impurity, contaminated electrodes’, respectively. The
gassing behaviour of these electrodes is presented in Fig.

6. As expected, the hydrogen-evolution rate increases sig-
nificantly compared with that sustained by electrodes pre-
pared from either medium- or high-impurity, Bi-bearing
oxides. This is because although the total concentration of
each impurity is virtually the same in a given type
(medium-impurity or high-impurity) of blended or contam-
inated electrode, the surface concentration is considerably
higher in the contaminated electrodes. The rate of hydro-
gen evolution is greater on the high-impurity, contami-
nated electrodes than on the medium-impurity, contami-
nated counterparts.

4. Relevance to lead—acid batteries

The above gassing behaviour of individua positive and
negative electrodes prepared under various conditions will
be discussed in terms of the expected combined effects of
oxygen and hydrogen evolution on the performance of
low-maintenance (i.e., low-antimony grid aloys) and
maintenance-free (i.e,, Po—Ca-Sn grid aloys) flooded-
electrolyte batteries, as well as on the performance of
VRLA batteries. Obviously, at this stage, the following
analysis can only serve as a qudlitative guide to the
performance of batteries that use the above electrodes.

4.1. Flooded-€electrolyte batteries

The rates of oxygen and hydrogen evolution (logarith-
mic scale) during overcharging of flooded-electrolyte,
lead—acid batteries at a constant voltage of 2.45 V per cell
are shown in Fig. 7. For clarity, it is assumed that oxygen
and hydrogen are the only side reactions which are occur-
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Fig. 7. Constant-voltage charging of flooded-€lectrolyte batteries.
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ring. In addition, the batteries are classified into the fol-
lowing three groups:

group |: batteries with positive and negative plates

produced from Bi-bearing or Bi-free oxide;

group |l: batteries with positive and negative plates

produced from medium- or high-impurity, Bi-bearing

oxide;

group 1l1: batteries with positive plates prepared from

medium- or high-impurity, Bi-bearing oxide, and with

medium- or high-impurity, contaminated negative plates
also prepared from Bi-bearing oxide.

Note, the levels of impurities in the medium- or high-
impurity, Bi-bearing oxide are within the values specified
in the British Standard 334-1982 or are set at 5 or 10 ppm,
respectively, in those cases where a value is not given.

In each battery group, the potentials of the positive and
negative plates are shifted from their corresponding equi-
librium values (Epyo, , poso, @d Epy, pyso,) t0 such an
extent that the same current flows through both polarities.
For group | batteries with positive and negative plates
produced from Bi-bearing or Bi-free oxide, there is no
significant difference in the rate of either oxygen or hydro-
gen evolution over this operational voltage (see AB, CD,
Fig. 7). By contrast, both rates (particularly that for hydro-
gen evolution) are increased in group |1 batteries which are
made from oxide containing higher levels of impurities
(cf., EF with AB, and GH with CD, Fig. 7). The
hydrogen-gassing rate is further enhanced in group Il
batteries when the negative plate is contaminated via the
deposition of impurity elements which originate either
from the electrolyte or from the positive plates (cf., JK and
EF, Fig. 7).

During charge—discharge cycling, it is clear that less
gassing and, thereby, less water loss will be expected from

1000

group | batteries than from group Il and Il counterparts.
Moreover, due to lower rates of oxygen and hydrogen
gassing, the group | batteries will have better charging
efficiency. The other important observation is that the
potential of the positive plate shifts to more positive values
when the gassing rate of the battery is increased. It is well
established [18] that the corrosion rates of both low-anti-
mony and Pb—Ca—Sn grids increase with increase in posi-
tive-plate potential (i.e., > 1.23 V). This indicates that in
addition to the benefits of less gassing, less water loss and
better charging efficiency, the batteries made from Bi-
bearing or Bi-free oxide (group 1) will experience less
positive-grid corrosion than those produced from oxide
with high impurity levels (group I1) or with contaminated
negative plates (group I11).

The self-discharge of individual positive and negative
plates in a battery is determined mainly by the amount of
oxygen and hydrogen gassing that takes place under open-
circuit conditions via the following reactions.

At positive plate:

H,0—1/20,+ 2H" + 2e~ (3)

PbO, + 2H" + H,SO, + 2e” — PbSO, + 2H,0 (4)
At negative plate:

2H*+2e"—>H, (5)

Pb+ H,SO, » PbSO, + 2H" + 2e~ (6)

The rate of oxygen or hydrogen evolution caused by
self-discharge can be estimated from the intersection of the
corresponding gas-evolution curve with the equilibrium
potential of the positive or negative plate (see Fig. 8).
Clearly, the self-discharge at positive and negative plates
will be lower in group I, than in group Il and Il batteries.

* M Bi-free oxide
K H 0O Bi-bearing oxide

2 © Medium-impurity, Bi-bearing oxide
@ High-impurity, Bi-bearing oxide +
©O Medium-impurity, contaminated electrode 0.
@ High-impurity, contaminated electrode

100

—_
o

Current density / mA cm?

0.1

0.01

Open-circuit voltage

Group IlI

Group Ii

) =
Group | /\
, .
Epb/pbso, EPbOg/PbSO,,
15 14 13 -12 -11 -1 0.9 1 1.1 1.2 1.3 1.4 1.5

Potential / V

Fig. 8. Self-discharge of positive and negative plates in flooded-electrolyte battery.
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The above simple relationship between the gassing
current and the potentials of the positive and negative
plates is, however, only an approximation. This is because
other secondary reactions (i.e., grid corrosion and oxygen
reduction) also occur during overcharge. The current con-
sumed by these reactions is more important in the opera-
tion of VRLA batteries than in flooded-€l ectrolyte counter-
parts.

4.2. VRLA batteries

In VRLA batteries, the situation is quite different. At
the positive plates, the overcharge current is consumed
mainly by oxygen evolution. Only a minor amount (~ 2%
[19]) is consumed by grid corrosion (note, oxidation of
hydrogen is negligible). Nevertheless, the current associ-
ated with grid corrosion cannot be neglected (see later).
Oxygen evolved from the positive plates will diffuse
through either the pores of the separators or through the
head space of the container to the negative plates, see Fig.
9. The oxygen is then reduced chemically via the forma
tion of lead sulfate, i.e.,

Pb+1/20,+ H,SO, — PbSO, + H,O (7
Since the negative plates are simultaneously on charge,

the lead sulfate is immediately reduced electrochemically
to lead and the chemical balance of the cell isrestored, i.e.,

PbSO, + 2H*+ 2e™— Pb+ H,SO, (8)
The overall ‘oxygen-reduction’ or ‘oxygen-recombina-
tion’ reaction can be expressed by:
1/20,+2H"+2e" - H,0 (9)
Consequently, the situation at the negative plate of a
VRLA battery is completely different to that experienced

at the negative plate of a flooded-€electrolyte battery. Oxy-
gen reduction is now the main reaction.

Given the above considerations, the current distribution
in VRLA batteries prepared from Bi-bearing or Bi-free
oxide has been calculated and the results, together with
those for flooded-electrolyte batteries (Fig. 7), are pre-
sented in Fig. 10. The calculations are based upon the
following assumptions: (i) the efficiency of oxygen reduc-
tion is 96%; (ii) the corrosion current is 2% of the overall
vaue; (iii) the oxidation of hydrogen and battery additives
(e.g., expanders, pore formers) is negligible. As with con-
stant-voltage overcharging (2.45 V per cell) of flooded-
electrolyte batteries, both the positive- and negative-plate
potentials are shifted so that the same amount of current
flows through both polarities, i.e., the combined current
consumed by oxygen evolution and grid corrosion at the
positive plate is equal to that consumed by oxygen reduc-
tion and hydrogen evolution at the negative plate. The
hydrogen evolution at the negative plate balances the grid
corrosion at the positive plate and any evolved oxygen that
is not subsequently reduced at the negative, i.€., iy grogen =
icorrosion + (I oxygen ioxygen reduction)' Since the current at the
negative plate is mainly associated with oxygen reduction,
that remaining for hydrogen evolution is decreased. Under
such conditions, the potential of the negative plate shifts
towards a more positive value, i.e., towards the equilib-
rium value of the Pb/PbSO, couple (i.e, Ep,, pyso,)-
Correspondingly, the potential of the positive plate will
shift to a more positive value in order to maintain the cell
voltage at 2.45 V. Thus, because there are two possible
reactions at the negative plate, the potentials of the positive
and negative plates in a VRLA battery will differ from
those in flooded-electrolyte battery, i.e., by an amount AV
as shown in Fig. 10.

Relief valve

/ oxygen evolution OZJ

Hz0 — 1/20, + 2H" + 2¢ [

| corrosion
1/2Pb + H.0 — 1/2PbO; + 2H" + 2¢”
Pb + H,0 — PbO + 2H* + 2¢”

=1

Absorptive glass-mat
separator

/ oxygen reduction
Pb + 1/20; + H2SO4 — PbSO, + H.0
PbSO, + 2H" + 26" — Pb + H,S0,

/ hydrogen evolution
2H" +2e" > H,

Fig. 9. Reactions which take place during recharge of a VRLA battery.
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Fig. 10. Constant-voltage charging of flooded-electrolyte and VRLA batteries.
The current distribution in VRLA batteries prepared less-positive value than in group Il and Il counterparts,

under different conditions is presented in Fig. 11. As with the group | batteries would suffer a lower rate of positive-
flooded-electrolyte designs, the group | batteries, i.e., pre- grid corrosion even though all batteries are made from the
pared from Bi-bearing and Bi-free oxides, produce less same grid aloy. For similar plate conditions, the positive

hydrogen gassing under constant-voltage charging than grid in a VRLA battery is more prone to corrosive attack
group Il and 111 counterparts and, consequently, will have than a grid in a flooded-electrolyte battery because the
less water loss and better charging efficiency. Since the shift in positive-plate potential is larger in the former
potential of the positive plate in group | batteries shiftsto a design (see Fig. 10). Such corrosion not only lowers both
1000
* M Bi-free oxide
H, 0O Bi-bearing oxide
@ High-impurity, Bi-bearing oxide
© Medium-impurity, Bi-bearing oxide
100 O Medium-impurity, contaminated electrode
@ High-impurity, contaminated electrode
x
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Fig. 11. Constant-voltage charging of VRLA batteries.
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Fig. 12. Self-discharge of positive and negative platesin a VRLA battery.

the conductivity and the mechanical strength of the posi-
tive plates but also causes additional water loss via the
process:
Pb + 2H,0 — PhO, + 4H" + 4e” (10)
This water consumption is detrimental to ‘acid-starved’
VRLA technology because it will cause a significant loss
in capacity. For example, Brecht [20] has calculated that
conversion of 25% of the grid meta into PbO, will
produce a corresponding 10% reduction in the electrolyte

saturation level. If the latter falls from 95 to 85%, then a
20% or greater loss in usable capacity will occur.

For VRLA and flooded-electrolyte batteries, the self-
discharge of the positive plates is basically similar, but that
of the negative platesis quite different (see Fig. 12). At the
negative plates in a VRLA batteries, self-discharge can
proceed not only by hydrogen evolution (reactions 5 and
6) but also by oxygen reduction (see reaction 7). Thus, in a
VRLA battery, the self-discharge of the negative plate
depends upon the rate of self-discharge of the positive
plate and upon the oxygen-recombination efficiency. In

1000 ¢
A M —#— Bi-free oxide
2 —E&— Bi-bearing oxide
—&— Medium-impurity, Bi-bearing oxide
100 B 8 —&— High-impurity, Bi-bearing oxide
—©— Medium-impurity, contaminated electrode OzA
—®— High-impurity, contaminated electrode
q §
§
E 10 227V
y Group Il E )
>
=
:é; X !11 99% efficiency
T ; 96% efficiency
—
5 |
E \ 99% efficiency
3
96% efficiency
iy Group | %
01 | ' . ;
E 5?— Self-discharge %
v r i
Epuposo, Epoouposo, é :
B
0.01 . . (A | .
0.9 0.9 1 1.1 1.2 1.3 1.4 1.5
Potential / V

Fig. 13. Operational voltages of VRLA batteries under float conditions.
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addition, the ingress of any air through the valve or
container will further discharge the negative plate. As with
flooded-electrolyte designs, group | batteries will undergo
less self-discharge than group Il and 111 counterparts.

As mentioned above, VRLA technology is replacing
conventional, flooded-electrolyte batteries in stationary ap-
plications. Therefore, it is of interest to examine the per-
formance of VRLA batteries prepared from oxide of differ-
ent purity when used in uninterruptible power supply
applications (UPS). Under such duty, the batteries are
subjected continuously to constant-voltage charging
(‘float’) at 2.27 V per cell. A comparison of the opera-
tional voltage of group | and group |1l batteries in UPS
applications is given in Fig. 13. In the initia stages, the
oxygen-reduction efficiency in both groups of batteries is
assumed to be 96%. At this stage, the float current of
group | batteries (i.e., both plate polarities prepared from
Bi-bearing or Bi-free oxide) is lower than that of group I
batteries (positive plates produced with either medium— or
high—impurity, Bi-bearing oxide and contaminated nega-
tive plates produced from Bi-bearing oxide with medium
or high surface contamination), cf., AB, CD in Fig. 13.
Thus, group | batteries will experience less water loss and
a lower rate of grid corrosion. Since group 1l batteries
suffer more water loss and grid corrosion, the saturation
level of electrolyte in these batteries will be reduced
progressively to an extent that the oxygen reduction be-
comes very efficient (i.e., 99%). At the same time, the
potential of the negative plate will shift towards more
positive values so that the hydrogen-evolution current bal-
ances that of grid corrosion at the positive plate (because
there is now virtualy no loss of oxygen). When the
potential of the negative plate moves to a value more
positive than the equilibrium potential (Eg, , ppso,); @nd the
current consumed by hydrogen evolution is still higher
than that consumed by grid corrosion, the difference will
be taken up by sdlf-discharge of the negative plates (see
EF in Fig. 13). Thus, group Ill batteries may suffer
negative-plate discharge during UPS duty. Jones and Feder
[21] have observed this problem in some batteries after a
long periods of float service. On extended service, the
oxygen-reduction efficiency of group | batteries will also
approach 99%. Again, the potential of the negative plate
will shift towards more positive values, (i.e., towards the
equilibrium value) until the current consumed by hydrogen
evolution balances that consumed by grid corrosion at the
counter positive plate. Given the inherent low hydrogen
gassing rate, the latter condition is achieved before the
negative-plate potentia reaches the equilibrium value and
thus self-discharge of the negative plate is prevented (cf.,
GH, EF in Fig. 13).

5. Conclusions

This study has highlighted the importance of setting
lower limits for common impurities in the soft lead used to

manufacture VRLA battery oxide. Pasted positive and
negative electrodes using oxide prepared from soft lead
specified by Pasminco have lower rates of oxygen and
hydrogen evolution than those employing oxides in which
the impurities have been raised to the maximum levels
specified in the British Standard 334-1982, or to medium
levels(i.e., 50% of the maximum levels). Therefore, VRLA
batteries produced using the new Pasminco specification
experience less water loss, better charging efficiency, and
lower rates of grid corrosion and self-discharge. Further-
more, both laboratory and field trials have demonstrated
that no difficulties will be encountered with existing eguip-
ment and plate-making procedures when adopting the Pas-
minco soft lead for oxide and battery manufacture.
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