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Abstract 

Tests in 2 V cells were performed to study the cause of the decrease of capacity and cell 
voltage. It was found that the capacity of aged cells increased significantly when expanders 
like Indulin C and Na-l-naphthol-4-sulfonate were added. The cell voltage, lowered by 
an excess of hydrogen evolution, increased after addition of anisaldehyde. The beneficial 
effect of both the expanders and inhibitor lasted for several tens of cycles. Addition of 
anisaldehyde in an aged 2 V submarine cell (8.9 kAh), at a temperature of 30 “C, gave 
an increase of cell voltage of 145 mV. This increase is almost entirely due to an increase 
in overvoltage of the hydrogen-evolution reaction at the negative plate. Measurements in 
2 V cells confirm the results of short time tests on smooth lead electrodes described in 
part 1. 

Introduction 

For a long time the selection of inhibitors and expanders for the negative plate 
of lead/acid cells has been restricted to tests in 2 V experimental cells. In part 1 [l] 
of this series we proposed a selection procedure for these types of additives. Inhibitors 
for the hydrogen-evolution reaction (HER) at the negative plate were studied taking 
d.c. and a.c. measurements at smooth electrodes. The results showed that anisaldehyde 
and salicylaldehyde strongly inhibit the HER while Indulin C and Na-1-naphthol-C 
sulfonate exhibit good expander properties. 

In this part we describe tests of inhibitors and expanders preselected in part 1. 
Inhibitors are tested after artificially poisoning 2 V 60 Ah cells with copper sulfate. 
Expanders are tested in cells which have been cycled (charge/discharge) many times. 
Attention will be paid to the agreement between the work performed at smooth 
electrodes (part 1) and porous electrodes in 2 V cells (this part). 

The influence of the temperature on the inhibitor properties of anisaldehyde was 
also studied. The reason for this is that in practice the temperature varies over a 
large range. The temperature dependence of the adsorption of anisaldehyde was also 
studied at a small electrode of pure copper. 

Experimental 

Measuring setup 
Home-built equipment was used for testing 2 V cells (typical capacity 60 Ah). 

Control was done with a HP 9816 computer, connected to four parallel cells via a 
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GPIB measurement and control interface system (DI-AN Microsystems), and 2 V 
charge/discharge equipment. Each cell was started, cycled and stopped separately. 
Data were stored on floppy disc. Charging was executed following a Ccl, CV, CC2 
sequence: first charging at constant current (10 A) until the preset gas voltage, Eg 
(2.4 V) was reached, followed by constant voltage charging at Eg until the current 
dropped below a lower limit (0.6 A) and ended with charging at constant current 
(0.6 A). The latter stage lasted until a constant voltage was reached or was stopped 
after a certain time. For every tenth cycle the current in the last charging state was 
0.3 A in stead of 0.6 A. After charging a pause was taken (1 h) before discharging 
was done at 11.5 A. Discharging was stopped when the cell voltage reached 1.85 V. 
After a second pause (1 h) charging was started for the next cycle. The parameters 
recorded were: cell voltage, charge and discharge current, cell temperature, time and 
cycle number. Calculated parameters were the charge and discharge capacity (Ah). 
The temperature was kept at 23.0 fO.l “C. In order to avoid stratification cells were 
purged with nitrogen gas. 

Description of the 2 V test cells 
2 V cells were constructed using commercially available pasted CSM (copper 

stretched metal) negative plates (25 cmx 18 cmxO.5 cm) and tubular positive 
plates (25 cmX 18 cm~ 1.0 cm). The negative plates were stored in a nitrogen 
atmosphere before use. The Plexiglas container used to construct the cells was 
30 cm x 18 cm X 3 cm. In order for the negative plate to limit the capacity, one negative 
plate was fixed in between two positive plates. The plates were electrically isolated 
using standard separator material. The space left in the container (less than 0.5 cm) 
was filled up with Plexiglas-plate material. After the cell was prepared, it was filled 
with approximately 1 1 of 5.2 M sulfuric acid. The cell was then charged directly after 
electrical connections have been made to the cell. 

Description of the 2 V submarine cell 
A 2 V 8.9 kAh submarine cell was used. This cell, type 26 UR SA, manufactured 

by VARTA (Germany), was ten years old. During these years, the cell was only 
charged periodically and was not used in active service. The cell was provided with 
a separate internal cooling of the plates and a gas purging unit. 

This cell was first completely charged at a constant current of 200 A. The parameters 
recorded during charge were the cell voltage, the negative plate potential versus a 
Hg0-Ig.$04 reference electrode and the electrolyte temperature. During charge, the 
cell was purged with 60 I/h of nitrogen gas using the acid circulation system. The 
reference electrode was placed outside the cell and connected by a glass tube, at the 
bottom fixed with a porous glass filter to prevent bubbles entering the reference 
electrode. The electrolyte temperature was measured with a Pt-100 thermocouple 
encapsulated in glass and filled with a conducting paste. 

Results 

Tests on inhibitors and expanders in a 2 V test cell 
In order to test inhibitors, selected in part 1, 2 V cells were artificially poisoned 

with copper sulfate. In Fig. 1 we show the effect of copper sulfate addition on the 
discharge capacity of a 2 V cell. The increase of the capacity in the first tens of cycles 
is due to the formation process of the negative plate. 
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Fig. 1. Effect of copper poisoning and the action of anisaldehyde on the discharge capacity of 
a 2 V cell; copper sulfate additions at A-C, anisaldehyde additions at D-I. 

The addition of copper sulfate is marked by A (0.5 g), B (1.0 g) and C (1.0 g). 
The discharge capacity shows a strong decrease after copper sulfate addition due to 
an increased HER at copper sites on the negative plate. Additions of anisaldehyde, 
selected in part 1, are marked by D (0.22 g), E (0.27 g), F (0.5 g), G (0.5 g), H 
(1.0 g) and I (OS g). The largest improvement of the discharge capacity was found 
after addition F, which resulted in an increase of 10 Ah on a total capacity of 
45 Ah. As can be seen from Fig. 1, the restoring effect of anisaldehyde is maintained 
for several tens of cycles. The final diminishing of the inhibitor action can be ascribed 
to the disappearance of anisaldehyde due to oxidation at the positive plate. The 
question arises why the discharge capacity in Fig. 1, after anisaldehyde has been added 
for selectively covering copper sites at the negative plate, still shows a steady decrease. 
A possible explanation for this is the weakening activity of the expander present in 
the negative plate. To test this hypothesis, we constructed a reference cell, i.e., a cell 
not artificially poisoned with copper sulfate. In Fig. 2 the discharge capacity is given 
for this cell. 

The increase of the discharge capacity in the first tens of cycles is again due to 
the formation of the negative porous plate. After this formation, the decrease of the 
discharge capacity is most probably caused by the diminishing activity of the expander 
(not by an increase of the HER) which results in an increased size of the lead sulfate 
crystals and a lowered porosity of the negative lead plate. Experimental evidence for 
this is found in Fig. 3 where we plotted the charge efficiency, defined as the ratio of 
the discharge capacity Qd (at cycle IZ- 1) and the charge capacity Qc (at cycle n). 
This definition is based on the idea that the charge acceptance depends on the state- 
of-charge at the last discharge. 

The marks given in Fig. 3 (A and B) are the same as in Fig. 2. Figure 3 clearly 
demonstrates that the decrease of the discharge capacity, shown in Fig. 2, is not 
caused by the HER since the charge efficiency is almost constant (at 97fOS%) while 
the discharge capacity, in the same cycle number range, behaves very differently. 

To prove this assumption, we deciced to add an expander (Indulin C [l, 2]), 
indicated by F and G in Fig. 2. Addition of this expander clearly has a positive 
influence on the discharge capacity, demonstrating the lowered activity of the expander 
originally present in the negative plate. The reason why the capacity is not completely 
restored, is most probably because the process of decrease of porosity is only partly 
reversible. Therefore, it would be much more effective to maintain a constant level 
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Fig. 2. Effect of anisaldehyde (inhibitor) and Indulin C (expander) on the discharge capacity 
(Ah) of a 2 V cell; anisaldehyde additions at A-E, Indulin C additions at F and G. 

96 

I 97 

X 
96 

%ln-1) 95 

a, (N 
A 

anisaldehyde 

94 B 

g3 0 50 100 150 

cycle “umber n - 

Fig. 3. Charge efficiency of a 2 V test celi. The cycle numbers indicated refer to the cycle 
number in Fig. 2. 

of expander activity (concentration) at the negative plate. This can be accom- 
plished for instance by controlled release of expander by means of a permeable 
membrane [3]. 

Besides anisaldehyde, also salicylaldehyde was tested since it was found that this 
compound also showed good inhibitor properties [l]. In Fig. 4, the charge efficiency 
is given for a 2 V cell which was artificially poisoned with copper sulfate. Addition 
of copper sulfate is marked by A (2.0 g) while B and C mark the addition of 
salicylaldehyde (0.5 g each). The peak at every tenth cycle number, especially visible 
before the addition of copper sulfate, shows that the charge efficiency is increased 
due to the equalization charge (0.3 A in stead of 0.6 A). The sharp fall of the discharge 
capacity, after addition of copper sulfate, is only partly restored after addition of 
salicylaldehyde during a small number of cycles. We conclude that salicylaldehyde 
suffers from two shortcomings: (i) the inhibitor action is not strong enough, and (ii) 
the lifetime is too short to be of any practical importance. Since these shortcomings 
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Fig. 4. Effect of copper sulfate and salieylaldehyde on the charge efficiency of a 2 V test cell; 
copper sulfate addition at A, salicylaldehyde additions at B and C. 

apply in much lesser extent to anisaldehyde, we decided to test this inhibitor in a 
2 V submarine cell. 

From the study in part 1 on the action of Na-l-naphthol-4-sulfonate, known as 
an expander, we found that an optimum action was present at about 600 ppm. At 
lower and higher concentrations, the beneficial effect on the capacity was less. To 
investigate this concentration effect, we cycled a 2 V cell many times (650 cycles) 
before several additions of Na-1-naphthol-4-sulfonate were made. In Fig. 5, the discharge 
capacity and the cell voltage of a test cell are given and the effect of the expander 
mentioned. 

The largest increase of capacity is found after an addition of 0.75 g of the expander. 
The smallest effect is at 0.25 g while at an addition of 2.50 g there is a maximum 
found in the discharge capacity as a function of time (cycle number). This maximum 
can be explained by the loss of expander in time, due to the conversion (e.g., oxidation) 
to less-active material during cycling, which results in the optimum quantity of expander. 
Estimating the volume of sulfuric acid in the cell is - 1 I and taking the maximum 
restoring effect equal after addition of 0.75 g, the optimum concentration is around 
750 ppm. This value is in good agreement with the earlier a.c. measurements made 
at the lead/lead sulfate interface [l]. Also the concentration effect measured before 
is observed in 2 V cells. 

The end-of-charge voltage UEz is found to increase after addition of the expander. 
This can be explained by the inhibitor action. Another explanation for the increased 
cell voltage is the higher acid density due to a decreased sulfatation (expander action). 
The lower value of U,, every tenth cycle is because of the use of an equalization 
charge (0.3 A). We conclude that both a.c. impedance. measurements [l] and 2 V 
test cell experiments essentially lead to the same qualitative and quantitative conclusions 
on the effects of Na-1-naphthol-4-sulfonate on the capacity of the lead/acid cell. 
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Fig. 5. Discharge capacity and the cell voltage after complete charge of an aged 2 V cell after 
several additions of Na-l-naphthol-4-sulfonate (expander). 
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Fig. 6. Change of the cell voltage, negative plate potential and the electrolyte temperature of 
a 2 V submarine cell at constant current charging at 200 A; 53 g of anisaldehyde has been 
added. 

Tests with anisaldehyde in a 2 V submarine cell 
The effect of anisaldehyde was measured in a 2 V submarine cell. Charging with 

200 A was continued after addition of 53 g of anisaldehyde. The cell parameters, as 
measured on y-t recorders, are given in Fig. 6 after addition of anisaldehyde. No 
external cooling of the cell was used. 

The temperature in Fig. 6 increases nonlinearly with time. The limit reached 
(51 “C) in temperature is because the heat exchange with the environment is at 
equilibrium with the energy input. Somewhat surprising at first glance is the maximum 
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found for the cell voltage and the negative plate potential as a function of time. To 
make sure this effect is due to the addition of anisaldehyde, we made two plots of 
the cell voltage and the negative plate potential as a function of the temperature 
(Figs. 7 and 8, respectively). 

Before discussing Figs. 7 and 8, we will pay attention to the way the cell parameters 
have been measured. The change of negative plate potential with temperature is 
complicated by the fact that the reference electrode is at room temperature. In the 
case where the reference electrode is placed inside the cell, the problem arises that 

Fig. 7. Change of the cell voltage as a function of temperature for a 2 V submarine cell in the 
(+) absence (blank) and (0) presence of anisaldehyde (inhibitor); charging was done at a 
constant current of 200 A. 
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Fig. 8. Change of the negative plate potential of a 2 V submarine cell in the (+) absence 
(blank) and (Cl) presence of anisaldehyde (inhibitor); charging was done at a constant current 
of 200 A. 
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the reference electrode has no longer a constant potential. Regarding this problem, 
it would be impossible to study the effect of temperature on the negative plate potential. 
Fortunately, there is one way out of this situation i.e., by comparing the negative plate 
both in the absence and presence of an inhibitor. If this is done, and using the same 
position of the reference electrode, a comparison is allowed. 

Comparing Figs. 7 and 8, we first notice that the maximum in cell voltage 
(Fig. 7, anisaldehyde present) is almost entirely due to the maximum found for the 
negative plate potential (Fig. 8, anisaldehyde present). 

Secondly, from Figs. 7 and 8, we see that if anisaldehyde is absent only a weak 
maximum is found for the cell voltage and for the negative plate potential. Furthermore, 
the rise and fall of the cell voltage and the negative plate potential show a linear 
behaviour. At this stage we only have a qualitative explanation for the maximum 
present in the cell voltage, which appears to be almost entirely due to the effects of 
anisaldehyde at the negative plate (inhibitor action): in Fig. 8, however, we first observe 
a rise in overvoltage for the negative plate. This can be understood as follows. The 
addition of anisaldehyde in the cell was done by vigorously shaking anisaldehyde with 
electrolyte solution from the cell. Because of the limited solubility of anisaldehyde an 
emulsion is formed. We assume that the increase in overvoltage of the negative plate 
is due to the increased action of the inhibitor at active sites (Cu, Sb). This increased 
action is because of the enhanced solubility of anisaldehyde at higher temperatures. 
The maximum in the negative plate potential arises from two opposing effects: decrease 
in overvoltage (at higher temperature) for the HER and the increase in overvoltage 
(due to an increase in solubility of anisaldehyde with temperature which results in a 
higher degree of coverage of active sites). Another explanation of the maximum is 
that, at higher temperatures, desorption occurs. The maximum effect of anisaldehyde 
adsorption on the cell voltage, compared with the blank case, is an increase of 
145 mV at 30 “C. The temperature used under practical load conditions is about 
30 “C which equals the temperature at which a maximum increase is found in 
Fig. 7. 

The quantity of anisaldehyde used in this experiment is not optimized. A much 
lower quantity may be sufficient. 

The general effect of an increasing temperature is a decreasing overvoltage. In 
the case of anisaldehyde present, we observe an increasing overvoltage from 293 to 
303 K. We assume that after addition of the inhibitor the anisaldehyde concentration 
increases with the rising temperature gradually leading to an increasing surface coverage 
and a higher overvoltage, thus counteracting strongly the general temperature effect. 
At about 30 “C, these effects balance and, upon further temperature increase, the 
general temperature effect predominates. Obviously, at about 50-60 “C the electrode 
potential tends to coincide with the blank curve, which suggests that in that temperature 
region the inhibitor is desorbed from the negative plate. A separate experiment on 
the temperature-dependent absorption of anisaldehyde on a copper electrode confirms 
this view. Figure 9 shows the Arrhenius plots of a copper electrode in the presence 
and absence of 200 ppm anisaldehyde. The currents were measured at -0.7 V versus 
SCE while the reference electrode was kept at room temperature. The electrolyte was 
5 M sulfuric acid. Both curves (blank and inhibitor) coincide at approximately 52 “C. 

For the submarine cell it was found that after prolonged charging at a constant 
current of 200 A the negative plate potential was almost equal for the blank case 
(- 1145 mV), and in the presence of anisaldehyde (- 1143 mV) at a temperature of 
51 “C. The blank curve in Fig. 8 gives a somewhat less negative value for the negative 
plate potential at 51 “C. The difference however is small (about 20 mv). 
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Fig. 9. Plot of log I vs. 1000/T for the HER at copper in 5 M sulfuric acid in the (0) absence 
(blank) and (A) presence (inhibitor) of 200 ppm anisaldehyde; potential was -0.7 V vs. SCE 
(at room temperature). 

We conclude from the experiment with the submarine cell that the most beneficial 
effect of anisaldehyde is found at a temperature of approximately 30 “C. The measured 
effect, an increase of cell voltage of 145 mV at 30 “C, at constant current charging 
of 200 A, is of practical importance since, at normal conditions, water cooling keeps 
the temperature at - 30 “C in stead of 51 “C as reached in our experiments (no 
cooling). Further work is necessary to find the optimum concentration and the lifetime 
of anisaldehyde in the cell. 

Discussion and conclusions 

From the work presented, we conclude that the decrease of the capacity of the 
negative plate of a lead/acid cell has at least two causes: (i) the decrease of expander 
action, and (ii) the increase of hydrogen evolution. Both aspects have been studied 
separately. From this study we found that an effective HER inhibitor is anisaldehyde 
while Indulin C and Na-1-naphthol-4-sulfonate can be used as expander. For the latter 
expander it was found that the optimum concentration ranges from 600 to 700 ppm 
at which contintration the largest increase in capacity is found. 

An important conclusion is that there exists a good agreement between the results 
found in 2 V test cells and those obtained earlier [l] using small-scale smooth electrodes. 

The effect of temperature on the action of anisaldehyde, studied in a 2 V submarine 
cell, was found to be most beneficial at -30 “C. For the submarine cell studied, an 
increase of 145 mV was found for the cell voltage at a constant current charge of 
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200 A. Because the operating temperature of these cells is about 30 “C this result is 
of practical significance. 
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List of symbols 

AE 
E neg 
I 
n 

QC 
Qd 
T 

cell voltage, V 
negative plate potential, V 
d.c. current, A 
cycle number 
charge capacity, Ah 
discharge capacity, Ah 
temperature, K 
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