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Abstract

A group of valve-regulated lead—acid (VRLA) batteries (12 V, 33 Ah) cycled under high power has exhibited premature failure. The only
difference between failed and healthy batteries is the shedding of active material from the positive plates. The dislodged material has been
examined by means of X-ray diffraction, scanning electron microscopy, and cyclic voltammetry. It is found that the matealPh&s a
structure. The particles, which are oval in shape with a diameter of abowtrh0@re uniform and well separated from each other. The
activity of the material can be restored under pressure. It is concluded that the failure mode of VRLA batteries under high-power cycling
is softening of the positive active-material, which eventually results in deterioration of the electrical conductivity and de-activation of the
material.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction is then charged and re-used again. When in use, the battery
is not connected to a charger. In standby service, by contrast,
Lead—acid batteries have been used as a practical powethe battery is continuously charged and functions only when
source for over 100 years because of their high perfor- ac power is interrupted.
mance, low cost, and safety. Great progress has been made Recently, a new demand for VRLA batteries has arisen.
since the appearance of the first lead—acid battery. MoreThis is for a power source in which the VRLA batteries
and more applications of lead—acid batteries will eventuate co-operate with another power device to function as a new
as the performance is improved furttét. type of power generator. In this system, which is clean
One of the most promising paths for the lead—acid battery and environmentally friendly, the batteries are mounted in
industry lies in valve-regulated lead—acid (VRLA) batteries a cabinet with a circuit-breaker to safeguard against over-
with deep-cycling capabilities. Over the past few decades, charging, and with a sensor to monitor the temperature.
VRLA batteries have been widely used in a number of The cabinet is combined with a compact turbine and the
storage applications, e.g. security systems, emergency light-entire system serves as a independent energy supply for
ing, medical equipment, uninterruptible power supplies, a community. When the external power demand exceeds
automobiles, electrical tools, and electrical vehic[gs. the maximum output of the turbine, the batteries automat-
Other new markets that are emerging for VRLA batteries ically start to discharge and supply energy to generator.
include aviation, marine, power generation and military Conversely, during intervals of low external demand, the
applications. turbine charges the batteries. The batteries operate under
According to the operating regime, VRLA batteries can high-power cycling, i.e. under a service that differs from
be classified into two main applications, namely, cycle and either normal cycle duty or from standby operation.
standby (float) use. In cycle operation, a battery is deeply Whether or not the application of VRLA batteries is suc-
discharged until it can no longer release any useful energy. Itcessful depends on their cycle-life. Understanding the fail-
ure mechanism of a battery is necessary to prolong this life.
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mechanism by using X-ray diffraction (XRD), scanning 18
electron spectroscopy (SEM), and cyclic voltammetry. > ?
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In a high-power cycle test, 24 batteries (12V, 33 Ah) were £
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connected in series. The charge—discharge regime is shown m
in Fig. 1 The cycle is repeated every 2 min to rapidly age the
batteries and determine the approximate lifetime under these 10 o555 19:56:00 19:56:05 19:56:10 19:56:15 19:56:20 19:56:25
conditions. The maximum discharge is 60 kW per cycle, and Time / h:min:s

the maximum discharge current reaches 200-250Ain 10s. Fig. 2. Normal voltage profile under high-power discharge, first cycle.
After pausing for 50s, batteries are charged for 20s. The
maximum charging power is 30 kW, so the maximum current
during charging exceeds 50 A for all the batteries.

It can be seen fronfrig. 1 that batteries are actually run ) ) ) )
under partial state-of-charge. This duty minimises the pas- 1 h€ change in battery voltage during a discharge pulse is

sive effect due to high current charging. The batteries are ShoWn inFig. 2 During the 60 kW discharge, the current
fully charged for 4h at the cycle charge voltage after every YPically reaches 200-250A for a short period. The battery
1000 cycles. Software is used to control the state-of-charge€Urrent (although there is no scale) is given by the upper
of the batteries to between 70 and 80% during cycling. This curve |nF_|g. 2 The voltages of the individual batteries are
is measured by integrating current into and out of the battery SNOWn with the scale on the left. The battery voltages are
over time. The state-of-charge level of the battery is main- VETY consistent. This is typical of the performance expected
tained in this range to accommodate the high-powerchargingfronl batteries over a range of state-of-charge from 50 to
pulse. The voltages of the 24 batteries during this cycle are 100%. i . _
recorded individually. The dc resistance of each battery is | N battery voltage profile during a discharge pulse after
calculated from the voltage drop during the discharge pulse. 2000 cycles is shown ifig. 3 It can be seen that the voltage
X-ray diffraction experiments were performed with a profiles of some batteries deviate from the normal profile.
D/IMAX-3A/Rigaku diffractor with Cu K radiation of These batteries are showing a high internal resistance. At
30kV. 30MA. and 2° from 10 to 70 at 12/min. Scan- this point, the battery state-of-charge is between 70 and 80%.
ning electron microscopic studies were performed with a SUch behaviour is expected, but it is usually due to cell
HITACHI S-50 instrument. Cyclic voltammetric experi- dry-out and normally occurs much later in life. Usually, a
ments were conducted with a PGSTAT-30 system (Autolab, Nigh resistance is present regardless of the state-of-charge
Eco Echemie B.V. company) in a three-electrode cell. The PUt, in this case, the high resistance is only present at a
electrolyte was 1.28gcm? H.SO; solution. The refer-  reduced state-of-charge. _ _
ence electrode was H#lg,SO | 1.28 gcnt3 HoSOs. The A separate test was performed to characterise this phe-
counter electrode was platinum with a large area. A micro- "omenon. Discharge pulses were executed at dn‘fersnt
electrode was used as the working electrode. The electrode>t@tes-of-charge in intervals that ranged from 100 to 71%.
was made as follows: a platinum wire with a diameter of The battery resistance vs. state-of-charge is presented in
100pum was sealed in glass and etched to form a cavity, then Fig. 4. The batteries exhibit consistent behaviour and have
a powder of positive active-material taken from a battery & low resistance until about 84% state-of-charge, except for

3. Results

was pressed into the cavity. one battery that suddenly registers a high resistance. On
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Fig. 1. Regime for high-power cycle test. Fig. 3. Voltage profile under high-power discharge, after 9000 cycles.
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continuing the test, two other batteries display a similar — ,|
problem. This indicates that this failure is not unique and
will eventually occur in all of the batteries in this group.
The battery with high resistance was charged with a small
current of 1.65A (0.05C) for 24 h, and then rested for an-
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other 24 h. At that stage, the open-voltage was 13.08V. 3770
When discharged at the 20 h rate, however, the capacity was ;,,,
only 18 Ah, which was much less than the nominal value of

33 Ah. Clearly, the battery had failed. To understand the fail- £ ** [
ure mechanism, the battery was subjected to an autopsy. The 1508
physical state of the positive plates is showifrig. 5. It can 254
be seen that the active material has shed from the grid and
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that the separators are coated with a considerable amount 1o
of brown material from the positive plates. No corrosion or
deformation of the grids is observed. The negative plates Ei
have remained in a healthy condition. Samples of the shed
positive active-material were rinsed with de-ionised water,
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. 6. X-ray diffraction patterns of positive active-materials.

dried, and kept under a dry condition for later experimen- in Fig. 6. The density of the diffraction peaks increases and
tal uses. For comparison, positive active-material was takenthe width decreases in the order: newly-made battery, cycled
from a good battery after the same number of cycles and (good) battery, failed battery. This indicates that the crys-
from a newly-made battery. tallinity of the active material increases after cycling and
The XRD patterns of positive active-materials from that the active materials in the failed battery have the best
newly-made, cycled (good) and failed batteries are presentedcrystallinity. The XRD of the positive active-material from

Fig. 5. Condition of positive plates from failed battery.
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Fig. 7. Crystal morphology of positive active-materials from (a) newly-made and (b) failed battery.

the newly-made battery reveals that the positive material the failed battery is attributed to the formation @PbQ,
consist ofa-PbQy andB-PbQ, characterised at = 3.1 and which has high crystallinity and poor cohesion.

3.5A, respectively. By contrast, the characteristic peak for Voltammograms for microelectrodes using positive
a-PbG in the active material becomes weak for the cycled active-material from newly-made and failed batteries are
battery, and disappears for the failed battery. The transfor-given in Fig. 8 For the newly-made battery, the reduc-
mation ofa-PbQ to B-PbQy with cycling is quite normal. tion peak potential on the first cycle is abou0.1V more
Rapid formation of3-PbQ, may lead to premature capacity negative than that in the second and the third cycles, and
loss of a battery. The failure of the battery under high-power the charge for oxidation and reduction increases after the

cycles is related to this rapid formation pfPbGp. second cycle. The difference in reduction peak potential
The crystal morphology of the positive materials taken between the first and other cycles can be ascribed to the
from the newly-made and failed batteries is showFiigp 7. different active materials. Reduction on the first cycle corre-

The crystals from the former battery are arranged in lay- sponds to a mixture af-PbQG, andB-PbQ, and top-PbQ

ers and contact each other tightly. On the other hand, thein later cycles. The increase in charge for oxidation and
shape and the arrangement of the crystals of the positivereduction can be attributed to the good electrical contact in
active-material from the failed battery are very different. The the oxidation and reduction products confined in the cavity
particles are uniform with an oval shape of a diameter of of the microelectrode.

about 10Qum, and are well separated from each other. Thus, For the active materials from the failed battery, the change
the shedding of positive active-material from the grids in inthe charge passed for oxidation and reduction with cycling
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Fig. 8. Cyclic voltammogram for positive active-material microelectrode in 1.280Gdf»S0y: (a) newly-made; (b) failed battery.

is similar to that for the active materials from the newly- cohesiveness. This failure mode leads to softening of the
made battery. Nevertheless, the open-circuit potential of the positive active-material.
active materials from the failed battery is more positive than It has been suggested that charging a lead—acid battery
the reduction peak potential in the second and the third cy- with a larger current can prolong cycle-lif#@2,13] This is
cles, which indicates that the active material behaves like due to the fact that charging with a larger current favours
B-PbG. The potential of the reduction peak in the first cy- the formation of small particles of active material that can
cle is about 0.07 V more negative than that of the second orbe recharged effectively. If, however, the charging and dis-
third cycle. This can be ascribed to poor electrical contact charging currents are too large, the cycle-life of the battery
between the active materials. Apparently, the energy in the may be impaired. Under such conditions, the small particles
active material from the failed battery can be regained by of the active material will be separated from each other and,
restoring the electrical contact. therefore, will be less cohesive. The largest current reaches
250 Ain the high-power cycle employed in the present study.
Based on the proposed failure mechanism, some efforts
4. Discussion can be made to improve the cycle performance of VRLA bat-
teries under high-power duty. Appropriate oxidation and the
It is known that the failure of VRLA batteries under cycle particle size of the lead powers used to prepare the positive
service may result from softening of positive active-material, active-material are important. Lead powders with high oxi-
short-circuits, deterioration of the absorptive glass-mat sep-dation and finer particles are not recommended. Technology
arator, and/or plate sulfation. By contrast, failure in float use that favours the formation of tetrabasic lead sulfate in cured
may result from electrolyte dry-out, thermal runaway, grid positive plates is beneficial for cycle-life. Curing under high
corrosion, electrode and busbar ageing, and/or corrosion.temperature and humidity, together with a low amount of
Based on the experimental results obtained in this study, theH2SOy in the positive paste, is recommended. Conditions in
failure of VRLA batteries under high-power cycling is due the formation tank and in the battery that favour the forma-
to the formation of3-PbQ with high crystallinity and no  tion of 3-PbG, are not recommended. With these criteria, the
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cycle-life of VRLA batteries cycled under the high-power References
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