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bstract

An experimental analysis of the gassing processes has been conducted on a modified commercial spiral wound AGM battery. Single electrode

otential, cell and battery voltage and internal gas pressure have been monitored on a modified battery at different current rates in the steady-state
egime. At low polarization, the oxygen recombination cycle proceeds properly. At large polarization of the negative electrode, careful examination
f the evolution both of the electrode potential and the inner gas pressure indicates that, instead of the expected adverse evolution of hydrogen gas,
xygen continued to be reduced.

2005 Elsevier B.V. All rights reserved.
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. Introduction

In conventional flooded lead-acid batteries, completion of
harge is followed by heavy “gassing”, i.e., oxygen evolution
t the positive plate and that of hydrogen at the negative one.
his operation results mainly in a substantial water loss, ten-
ency to leak electrolyte and positive grid corrosion at high
lectrode potentials. The valve-regulated design of lead-acid
atteries (VRLA) offers solutions to such drawbacks by simply
educing, at the negative plate, oxygen evolved at the positive
ne, thereby regenerating water at the negative electrode. This
rocess keeps the overpotential of the negative electrode low
ince the kinetics of the oxygen reduction is fast. However,
hen the negative electrode is highly polarized, the reaction may

witch from oxygen reduction to hydrogen evolution, just like
hat occurs in flooded-type cells. These processes have been
idely investigated experimentally as well as by mathemati-

al modeling to identify the kinetically determining parameters
1–6]. It has been particularly shown that oxygen gas transport
rom the positive to negative electrode is promoted by a level
f electrolyte saturation in the porous separator lower than 90%
7]. Besides, an extremely slow hydrogen evolution rate can be

chieved by the use of highly purified lead [3].

The purpose of this study is to analyze the gassing processes
ccurring in a VRLA battery when in overcharge conditions.

∗ Corresponding author. Tel.: +49 241 80 969 73; fax: +49 241 80 922 03.
E-mail address: batteries@isea.rwth-aachen.de (A. Hammouche).
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olarization

o get a better understanding of the overcharge behavior, we
sed a setup in which the following parameters were monitored
ontinuously: battery voltage, individual cell voltage, separate
otentials of the positive and negative plates using a suitable
ercury/mercurous sulfate reference electrode (Ref) in one cell

nd internal gas pressure.

. Experimental

All experiments were conducted on a 12 V Optima
GM–VRLA battery, manufactured by Johnson Controls, with a
ominal capacity of 44 Ah at room temperature. The electrolyte
as a concentration of 1.33 kg l−1. The battery has been equipped
ith a differential gas pressure sensor and a reference electrode

hrough holes created at the top part of the battery (Fig. 1). It is
ecessary to mention that the battery has a common gas space for
ll cells. Therefore, the measured pressure cannot be attributed
irectly to the cell where electrode potentials have been mea-
ured. Multiple electrical contacts to the individual plates have
een achieved by means of screws to record individual cell volt-
ges. Epoxy seals were used to make modifications tight. The
ressure relief valves were deliberately obstructed to make gas
ccumulate inside the battery. Finally, the whole battery was
ubmerged into an oil-bath to control permanently possible gas

eakage.

A mercury/mercurous sulfate reference electrode, of stan-
ard design, in the same sulfuric acid concentration as the cell
lectrolyte in fully charged conditions, was used to measure the
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reduced at the negative. No gas accumulation normally occurs
in this case. Next, the potential of the negative plate increases
much more in domain II to reach a value of −1.35 V versus Ref.
This jump has been usually related with the switch from oxy-
ig. 1. Optima AGM–VRLA battery equipped with a pressure sensor, a referenc
he battery, with all its accessories, is submerged in an oil-bath for gas leakage

lectrode potentials separately without liquid junction poten-
ial error during overcharge measurements. Its thermodynamic
otential, in the 1.33 kg l−1 H2SO4 solution at 23 ◦C, is esti-
ated to be 554.4 mV versus SHE [8]. The use of Ref with a

onventional Luggin capillary for long-term experiments may
e problematic since electrolyte may be drawn from the cap-
llary into the separator. In order to avoid such an electrolyte
ow, Ref was prolonged with a thin extension glass tube, at the
nd of which was fixed a small porous Vycor glass. It is through
his tip that solution contact is maintained between the reference
lectrode and the cell separator.

The cycling and polarization tests have been conducted with
he ISEA-EISmeter, which is a multi-channel instrument, suit-
ble for precise measurements on industrial batteries includ-
ng impedance measurements. Overcharge polarization for the
nvestigation of the gassing processes has been performed gal-
anostatically in steady-state conditions for current rates ranging
rom 0 to 500 mA. All experiments were carried out at a room
emperature of 23 ◦C.

. Results and discussion

The voltage of a typical cell and the positive and negative
alf-cell potentials recorded during a discharge–charge cycle
f the complete battery are shown in Fig. 2. The discharge
as made at a C/5 rate, while the charge consisted in a C/5

onstant current rate up to 14.7 V (2.45 V cell−1), followed
y a constant voltage at 14.7 V till the current drops below
/50. Finally, an overcharge current of C/50 was held for 2 h.
he cell voltage at any time matches exactly the difference

etween the two half-cell potentials. However, it is notewor-
hy that the electrode potentials recorded during discharge and
harge require correction for the junction potential, since dur-
ng discharge, the concentration of the cell electrolyte drops

F
c

trode and multiple electrical contacts for individual cell voltage measurements.
ol (by courtesy of Johnson Controls).

ignificantly from its initial value, creating a junction poten-
ial between the cell electrolyte and Ref which amounts to
ew tens of millivolts. The actual potential curves actually lie
t somewhat lower values, stressing the limiting character of
he positive electrode kinetics over the whole discharge–charge
ycle. During measurements on gassing reactions, however, the
iquid junction potential can be neglected since the average acid
oncentration in the cell is the same as that in the reference
lectrode.

During the overcharge step, oxygen is evolved at the positive
lectrode. The potential of the negative electrode increases first
oderately in the domain labeled I, corresponding to normal

ecombination process, i.e., oxygen produced at the positive is
ig. 2. Current, cell voltage and half-cell potentials during a discharge–charge
ycle of a 44 Ah Optima AGM–VRLA battery at 23 ◦C.
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ig. 3. Current, battery and cell voltages, half-cell potentials and internal gas
ressure at various overcharge current rates of a 44 Ah Optima AGM–VRLA
attery at 23 ◦C.

en reduction at the negative plate to the evolution of hydrogen.
hen this happens, oxygen and hydrogen gas mixture accumu-

ates leading to a continuous build-up of the internal pressure,
nless the outlet valves open for gas escape.

Fig. 3 shows the evolution of battery and cell voltages, the
otential of the positive and negative electrodes and gas pres-
ure for different currents. For each current intensity, the test
asted 40 h allowing for a perfect stabilization of the electrode
otential.

The potential of the positive electrode increases
onotonously with the current. For the negative electrode,

he two domains, I and II, can again be distinguished: for low
urrents, as expected, the overpotential of the negative amounts
o few mV, whereas at high currents, it increases considerably.
trikingly, the gas pressure increases only slightly, i.e., from
to 1.2 bar after 17 days testing under load. The volume of

xygen and hydrogen gas mixture which would have evolved (if
o O2 recombination occurred) is estimated to 38 l per cell (i.e.,
28 l for the whole battery). This corresponds to an increase in
he internal gas pressure of 60 bar. Stabilization of the pressure
t a low value indicates particularly that no gas accumulation
ook place. The only plausible explanation, if re-oxidization
f hydrogen at the positive plate as well as the unlikely gas
scape are discarded, is that hydrogen gas was not formed at
ll in these conditions; only oxygen recombination cycle was
nvolved.

Besides, at the end of this long-lasting test, which was
dditionally prolonged by further 8 days at 500 mA load, the
alves were allowed to vent. Unlike the huge quantity expected
o escape in case hydrogen was formed, only a limited quantity
f gas has been noticed. This confirms once more the proper
ccurrence of the oxygen recombination process during the
hole overcharge period, whatever the potential of the negative

lectrode was.
Immediately after incrementing the current, the pressure

ncreases and then stabilizes at a lower value (Fig. 3). This may

e interpreted by a momentary increase in the content of oxy-
en gas in the free volume at the top part of the battery before it
iffuses inside the separator. Meanwhile, for balancing the reac-
ion at the negative electrode, the required quantity of oxygen is

i
f

ig. 4. Overcharge Tafel plots for battery, cell and half-cells of a 44 Ah Optima
GM–VRLA battery at 23 ◦C.

ithdrawn from the gas available inside the separator channels
ear to the negative electrode.

The current–overpotential plots are presented in a semi-
ogarithmic scale in Fig. 4. For the oxygen evolution on the
ositive electrode, a constant Tafel slope of 110 mV dec−1 is
etermined. For the negative plate, the two polarization domains
re indicated: at low currents (domain I), a very low polariza-
ion is measured. For large currents (domain II), the polarization
ncreases almost linearly as a function of current, with an aver-
ge slope of 600 m�. These data do not correspond to hydrogen
volution which is expected to produce a linear semi-logarithmic
elationship with a typical slope of 120 mV dec−1 in this region
9]. Hence, this statement diminishes the likelihood of hydro-
en evolution; the reduction of oxygen continued further on the
egative electrode even at such large overpotentials.

The increase in the negative electrode polarization seems
o be mainly related with an additional hindrance caused by
ater formation at this electrode, produced by the oxygen reduc-

ion. Indeed, growth of the thin liquid film through which oxy-
en must diffuse to reach the surface of the electrode makes
xygen diffusion slower, which entails increased polarization
domain II; in Figs. 2–4). Besides, together with proton con-
umption in this recombination process, water formation results
n a dilution, with respect to the protons concentration, near
o the active zone inside the pores of the negative electrode.
f a significant decrease in the protons concentration occurs,
ydrogen evolution will kinetically slow further down and
all for a large cathodic polarization. Add to this the high
urity of lead anode in the Optima battery which makes the
ydrogen evolution extremely hindered. Consequently, although
lower than in domain I, the reduction of oxygen would con-
inue to occur preferentially to the protons reduction equally in
omain II.

. Conclusions
The experiments presented in this work describe a successful
mplementation of various sensors in a VRLA battery that allows
or monitoring individual cell voltages, half-cell potentials and
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as pressure. Knowledge of these parameters is of great impor-
ance for reliable characterization of the internal processes.
nvestigation of the gassing reactions in the overcharge con-
itions indicated particularly that oxygen recombination cycle
ccurs over a range of negative electrode polarization wider
han what is typically established. It is believed that this behav-
or results basically from accumulation of water, at quite large
urrent rates (domain II), at the inner surface of the negative
lectrode pores, although slowing down the oxygen reduction

eaction but still favoring it to the evolution of hydrogen. This
tatement deserves further confirmation by other techniques,
uch as impedance measurements, since it broadens the per-
ormances of VRLA batteries.

[

[

er Sources 158 (2006) 987–990

eferences

1] T.V. Nguyen, R.E. White, Electrochim. Acta 38 (1993) 935.
2] D. Pavlov, S. Ruevski, V. Naidenov, G. Sheytanov, J. Power Sources 85

(2000) 164.
3] D. Berndt, J. Power Sources 95 (2001) 2.
4] W.B. Gu, G.Q. Wang, C.Y. Wang, J. Power Sources 108 (2002) 174.
5] D. Pavlov, A. Kirchev, B. Monahov, J. Power Sources 144 (2005) 521.
6] A. Tenno, R. Tenno, T. Suntio, J. Power Sources 111 (2002) 65.
7] B. Culpin, J.A. Hayman, in: L.J. Pearce (Ed.), Power Sources, vol. 11,
Brighton, England, 1986, pp. 45–66.
8] H. Bode, in: R.J. Brodd, K.V. Kordesch (Eds.), Lead-acid Batteries, Wiley,

New York, 1977, Trans.
9] A. Hammouche, E. Karden, J. Walter, R.W. De Doncker, J. Power Sources

96 (2001) 106.


	Analysis of gassing processes in a VRLA/spiral wound battery
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References


