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bstract

The influence of sulfuric acid concentration on negative plate performance has been studied on 12 V/32 Ah lead-acid batteries with three negative
nd four positive plates per cell, i.e. the negative active material limits battery capacity. Initial capacity tests, including C20 capacity, cold cranking
bility and Peukert tests, have been carried out in a wide range of sulfuric acid concentrations (from 1.18 to 1.33 sp.gr.). High initial capacity and
ood CCA performance were registered for batteries with acid concentration between 1.24 and 1.30 sp.gr. The charge acceptance depends on acid
oncentration as well as on battery state of charge. Batteries with high SoC exhibit high charge acceptance at low acid concentrations. The cycle

ife tests at two discharge rates (10 and 3 h discharge) evidence that sulfuric acid concentration exerts a strong effect on negative plate performance.
he cycle life of batteries decreases with increase of acid concentration. The obtained results demonstrate the high impact of lead sulfate solubility
n the cycle life and charge efficiency of lead-acid batteries.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In lead-acid batteries sulfuric acid electrolyte is an active
aterial that participates in the cell reactions. Hence, electrolyte

oncentration changes on battery discharge and charge. In addi-
ion, the open-circuit voltage of a lead-acid cell is a function
f electrolyte concentration according to Nernst equation. The
pecific resistance of the electrolyte and its freezing point, too,
epend on acid concentration.

Hattori et al. [1] have established detrimental effect of higher
cid concentration on the cycle life of lead-acid batteries. The
ffects of acid concentration and temperature on the dry-out
f VRLA batteries have been studied by Bullock [2]. Several
uthors have tried to explain the decline in battery cycle life on
he basis of linear sweep voltammetry measurements on pla-
ar lead electrode [3–5]. Yet, battery manufacturers still use

igh sulfuric acid concentrations in batteries for EV and HEV
pplications.
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An earlier publication of our team [6] focused on the influence
f H2SO4 concentration on the performance of lead-acid battery
ositive plates. The aim of the present paper is to establish the
nfluence of sulfuric acid concentration on the behavior of the
egative plates.

The basic reaction on the negative electrode during discharge
s formation of lead sulfate, whereby sulfuric acid is consumed.
n battery charge, reduction of lead sulfate to lead proceeds and

he sulfuric acid concentration increases in consistent with the
harge accepted by the cell.

egative electrode : Pb + H2SO4 ⇔ PbSO4 + 2H+ + 2e−

(1)

everal authors have studied the kinetics and mechanism of
nodic oxidation of Pb to PbSO4 at different electrolyte con-
entrations [7–10]. Kanamura and Takehara [7,8] has found that
arger lead sulfate crystals form at low acid concentrations. Guo
t al. [9] have reported that low acid concentration promotes

he growth of large PbSO4 crystals that are difficult to reduce.
as and Bose [3] have investigated the effect of sulfuric acid

oncentration on Pb/PbSO4 electrode reactions employing lin-
ar sweep voltammetry in a wide range of concentrations. They

mailto:dpavlov@labatscience.com
dx.doi.org/10.1016/j.jpowsour.2007.09.015
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Table 1
Plates characteristics

Negative plates K−
Grid PbCa

Active material weight (g plate−1) 92
Plate thickness (mm) 1.7

Positive plates K+
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Grid PbCaSn
Active material weight (g plate−1) 122
Plate thickness (mm) 2.1

ave found that the diffusion coefficient of lead ions passes
hrough a maximum at 5N sulfuric acid and have established
hat at low charging rates the kinetics of lead sulfate reduction
s practically independent of acid concentration. A number of
tudies into the cathodic reduction of PbSO4 have been reported
8–12]. Daniel and Plichon [4,5] have determined the solubility
f PbSO4, the diffusion coefficient and the standard potential
f Pb/Pb(II) system at different acid concentrations. They have

oncluded that the properties of Pb(II) are not responsible for
he strong decrease in cycle life at higher acid concentration. On
he contrary, many authors [8,9,11,12] consider the solubility of
bSO4 crystals, which in turn depends on acid concentration, as

t
p

o

ig. 2. Initial C20 capacity test results for batteries with different H2SO4 concentration
n CH2SO4 .
ig. 1. Utilization of sulfuric acid, NAM and PAM as a function of H2SO4

pecific gravity for batteries under test.
he main factor limiting lead sulfate reduction on the negative
late.

Electrolyte concentration affects also the rate of the sec-
ndary reactions that proceed on the lead electrode like hydrogen

s. Dependencies of: (a) capacity, (b) NAM utilization, and (c) H2SO4 utilization
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volution and self-discharge [3,4]. All these findings illustrate
he specific and complex effect of H2SO4 concentration on neg-
tive plate performance.

The aim of the present study is to determine the influence
f sulfuric acid concentration on the performance characteris-
ics (capacity, charge acceptance and cycle life) of batteries with
apacity limited by the negative plate and to contribute to deter-
ining the optimum acid concentration in lead-acid batteries.

. Experimental

.1. Battery preparation

For this study standard non-formed automotive positive and
egative plates produced by battery plant “START” in the town
f Dobrich, Bulgaria, were used. The main characteristics of the
lates are presented in Table 1.
Tank formation of the plates was carried out in 1.06 sp.gr.
2SO4 for 18 h, employing a multi-step algorithm developed

n our laboratory, until 220% of the theoretical capacity was
eached.

ig. 3. Initial CCA performance for batteries with different H2SO4 concentra-
ions. (a) V30′′ and (b) CCA capacity dependences on CH2SO4 .
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After formation the plates were assembled into 12 V/32 Ah
atteries comprising three negative and four positive plates per
ell. Thus, the negative active material limited battery capacity
nd hence the effect of sulfuric acid concentration on negative
late performance would be pronounced more clearly. AGM
eparator (H&V, USA) with a thickness of 3 mm (425 g m−2)
as used under 20% compression. The cells were filled with
30 ml of electrolyte per cell. The following H2SO4 concentra-
ions were used in this investigation: 1.18, 1.21, 1.24, 1.27, 1.30
nd 1.33 sp.gr.

The rated capacity, Co = 32 Ah, was calculated at 45%
tilization of the negative active material at 20 h discharge
ate and the corresponding utilization of PAM was calculated
s 29.3%.

.2. Initial capacity tests

All battery tests were carried out using Bitrode testing equip-
ent.

First, the batteries were subjected to initial C20 capacity test,

old cranking ability test and Peukert dependence determina-
ion. In these tests battery charge was conducted in three steps:
rst step Ich = 24.5 A with voltage limit 14.8 V; second step

ig. 4. (a) Peukert dependences for tested batteries. (b) Constant K in Peukert
quations as a function of acid concentration.
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= 14.8 V up to 110% overcharge, and third step Ich = 2 A to
15% overcharge.

.3. Battery cycling tests

The batteries were cycled at two different discharge rates:
10, 10 h discharge rate (Idisch = 3.2 A) and C3, 3 h discharge

ate (Idisch = 10.5 A). Discharge was conducted down to 10.70 V
at C10) and 9.60 V (at C3), respectively. Battery charge was
erformed with I = 16 A with voltage limit of 15 V and then
t 15 V to 110% overcharge. During the third step the charge
ontinued with I = 2 A to 115% overcharge. The rest period
fter charge was 30 min. All cycle life tests were conducted
t 25 ◦C. The end of battery life was set at 80% of the
ated capacity for C10 discharge and 70% at C3 cycling,
espectively.
On completion of the cycle life tests the negative active mate-
ials were set to various analyses as follows: chemical analysis,
-ray diffraction analysis, SEM observations, BET surface mea-

urements and porometric measurements.

(

ig. 5. Dependences calculated from Peukert measurements: (a) NAM utilization and
ulfuric acid utilization vs. CH2SO4 .
Sources 175 (2008) 586–594 589

. Results and discussion

.1. Utilization of the active materials

Fig. 1 presents the utilization of sulfuric acid (ηH2SO4 ) for
he tested batteries as a function of H2SO4 specific gravity. The
tilization coefficients of NAM and PAM for 20 h discharge rate
re also shown in the figure.

Two regions can be distinguished with regard to the utilization
f H2SO4:

(i) CH2SO4 < 1.27 sp.gr.: The utilization coefficient of H2SO4
is higher than those of NAM and PAM, and hence sulfuric
acid limits battery capacity in this region of concentra-
tions. Therefore, let us name this region of concentration
“H-region”.
ii) CH2SO4 > 1.27 sp.gr.: The utilization coefficient of NAM
is the highest and hence the negative plates will limit the
capacity. Let us call this H2SO4 concentration region “N-
region”.

(b) sulfuric acid utilization vs. discharge current; (c) NAM utilization and (d)
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Table 2
Peukert dependences at different acid concentrations

H 4
P 9t = 1

c
w

3

s
−
o
a
s
i
c
a
o
s
t
t
c

t
u
(
4
i
f
e
v
p

H
6
t
H
i
(
e

3

D
d
(
F
i
e
c
r
d

e
p
w
o
a
c
a
c

3

To establish the effect of acid concentration on the discharge
performance at different current densities, Peukert dependences
were measured at C/20, C/10, C/5, C/3, C/2 and C/1 rates. Fig. 4a
shows that all batteries follow the Peukert equation Int = K. The
2SO4 sp.gr. 1.18 1.21 1.2
eukert I1.26t = 1.68 I1.23t = 1.70 I1.1

The influence of H2SO4 concentration on battery capacity,
old cranking performance, cycle life and charge acceptance
ill be discussed for the two concentration regions.

.2. Initial capacity tests

Initial performance tests included three C20 capacity mea-
urements at 25 ◦C, and two cold cranking ability (CCA) tests at
18 ◦C. Fig. 2 presents the obtained three initial C20 capacities

f the batteries, as well as the utilization of NAM and sulfuric
cid as a function of H2SO4 concentration. All batteries meet the
tandard requirement to deliver 100% of the rated capacity dur-
ng the initial cycles. With increase of acid concentration the C20
apacity of the batteries increases. The C20 values pass through
maximum at 1.30 sp.gr. and decrease at H2SO4 concentration
f 1.33 sp.gr. For lower acid concentrations the values of the
econd and third capacity measurements are higher compared
o the first one. For 1.30 and 1.33 sp.gr. the capacity during the
hird cycle declines slightly relative to that during the second
ycle.

Fig. 2b and c shows that with increase of H2SO4 concen-
ration the utilization of NAM increases, while the H2SO4
tilization decreases. In the H-region of acid concentrations
CH2SO4 < 1.27 sp.gr.) the utilization of NAM varies between
0 and 63%, while that of H2SO4 is between 68 and 80%. Dur-
ng these capacity tests the discharge current (Idisch = Co/20 A) is
airly low and H2SO4 has sufficient time to diffuse from the bulk
lectrolyte to the inner parts of the plates. The whole electrolyte
olume in the lead-acid cell is involved in the current generation
rocesses and hence the utilization of H2SO4 is high.

In the N-region (CH2SO4 > 1.27 sp.gr.) the utilization of
2SO4 is from 57 to 68%, while the NAM utilization is between
3 and 70%. These values of ηNAM are rather high and the nega-
ive plates determine the capacity of the batteries. At 1.33 sp.gr.

2SO4, 70% utilization of NAM is fairly high and the capacity
s lower as compared to that at 1.30 sp.gr. H2SO4 (ηNAM = 67%)
Fig. 2a). Most probably, this is a result of passivation phenom-
na on the negative plates.

.3. Cold cranking ability tests

Two CCA discharge tests were conducted according to the
IN43539-2 test standard protocol with I = 5C20 at −18 ◦C. The
ependences of battery voltage at the 30th second of discharge
V30′′ ) and CCA capacity on acid concentration are presented in
ig. 3a and b, respectively. It is evident from Fig. 3a that V30′′

ncreases with increase of acid concentration up to 1.24 sp.gr. At

lectrolyte concentrations higher than 1.24 sp.gr., V30′′ does not
hange with further increase in acid concentration. The obtained
esults may be due to increase in specific electroresistivity in
ilute sulfuric acid solutions at low temperatures [13].

F
v

1.27 1.30 1.33
.73 I1.19t = 1.77 I1.17t = 1.77 I1.18t = 1.73

Fig. 3b indicates that the CCA capacity increases almost lin-
arly with increase of acid concentration with a slope of 0.48 Ah
er 0.01 sp.gr. of H2SO4. It should be noted that the batteries
ith acid concentration above 1.24 sp.gr. meet the requirements
f the DIN standard, namely 9.0 V at 30th second of discharge
nd cold cranking capacity of 0.2C20. Under the CCA discharge
onditions the utilization of all active materials (PAM, NAM
nd H2SO4) is less then 10.5% in the entire range of H2SO4
oncentrations.

.4. Peukert dependences
ig. 6. Charge acceptance (I10 s) at different SoC: (a) 14.4 V and (b) 15.2 V
oltage limits.
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alculated n and K values are presented in Table 2. The n coef-
cients decrease with increase of acid concentration. Fig. 4b
resents the K constant as a function of acid concentration. It
an be seen that the values of K increase in the H-region of
cid concentrations and reach a maximum at 1.27 sp.gr. In the
-region, K decreases at CH2SO4 = 1.33 sp.gr.. The physical
eaning of K is available capacity and this explains the sim-

lar trend of the dependences of K (Fig. 4b) and C20 capacity
Fig. 2a) on H2SO4 concentration.

The utilization coefficients of NAM and H2SO4 were calcu-
ated based on the experimental Peukert dependences. Fig. 5
resents the dependences of ηNAM and ηH2SO4 on discharge
urrent and on sulfuric acid concentration. Fig. 5a and b evi-
ence that with increase of discharge current, the utilization of
AM and H2SO4 decreases. The dependences of NAM and
2SO4 utilization on sulfuric acid concentration are presented

n Fig. 5c and d. The utilization of NAM increases with increase
f CH2SO4 , reaches a maximum at CH2SO4 = 1.30 sp.gr. and

ecreases at CH2SO4 = 1.33 sp.gr.. The H2SO4 utilization at
ow discharge currents (I = C/10 and I = C/20 A) decreases with
ncrease of CH2SO4 . In the H-region of acid concentrations, the
H2SO4/CH2SO4 relationships are almost independent of H2SO4

r

a
e

ig. 7. Cycle life test results for batteries with different acid concentrations: (a and c)
c and d) I = C/3 A.
Sources 175 (2008) 586–594 591

oncentration at discharge currents between C/5 and C/2. In the
-region, ηH2SO4 decreases slightly with increase of CH2SO4 .
t discharge current I = C/1 A, the H2SO4 utilization is almost

qual within the entire range of electrolyte concentrations.

.5. Charge acceptance tests

The charge acceptance of the batteries at different states of
harge (SoC) was determined from the current at the 10th sec-
nd of charge (I10 s) for two voltage limits, 14.4 and 15.2 V. The
btained results are presented in Fig. 6. The two characteristic
oncentration regions, H-region and N-region, are clearly dis-
inguished for both charge voltages. In the H-region, the charge
cceptance (I10 s) depends but slightly on SoC for both charge
oltages, while in the N-region the state of charge influences
trongly the charge acceptance. Within the investigated concen-
ration range the values of I10 s at 15.2 V are considerably higher
han those obtained at 14.4 V. This may be related to gassing

eactions that proceed readily at higher voltages.

The data in Fig. 6 evidence that high charge acceptance is
chieved at lower state of charge for both charge voltages in the
ntire H2SO4 concentration range. At SoC = 40% the highest

H-region; (b and d) N-region; at different discharge rates: (a and b) I = C/10 A;
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of NAM utilization (Fig. 5c) and the more effective processes
of charge and discharge. Based on data in Fig. 7 we assume that
in the H-region of acid concentrations the processes that con-
tribute to building the operating NAM structure proceed with a
92 D. Pavlov et al. / Journal of P

harge acceptance is obtained within the N-region. At SoC = 80
nd 90% the charge acceptance in the H-region is higher than in
he N-region of acid concentrations. Hence, batteries operating
t higher state of charge should be filled with electrolyte with
oncentration lower than 1.27 sp.gr.

.6. Cycle life tests

Batteries with different sulfuric acid concentrations were set
o cycle life tests at C/10 and C/3 discharge rates. Fig. 7 presents
he obtained capacity vs. cycle number curves for the H- and N-
oncentration regions. Battery cycle life performance depends
trongly on H2SO4 concentration.

Two periods can be distinguished in the capacity/cycle num-
er curves:

.6.1. Initial period
During this period the capacity of the batteries declines

uickly to a certain value. The NAM and PAM struc-
ures obtained during the formation process are transformed
nto operative structures. The spongy lead structure of
AM is produced by electrochemical reduction of PbO and
BS (3PbO·PbSO4·H2O) in diluted sulfuric acid solution at
H2SO4 = 1.06 sp.gr.). The data in Fig. 7 evidence that this

tructure of NAM provides high initial capacity. During bat-
ery operation lead sulfate is formed on discharge, which is then
educed back to lead on charge and thus the initially formed
AM structure is partially destroyed.

The charge/discharge processes proceed under quite different
onditions, in terms of reaction precursor and electrolyte con-
entration, compared to the process of formation. This leads to
ransformation of the NAM structure and, as can be seen from
ig. 7, to capacity decline.

.6.2. Second period
During this period the capacity of the batteries decreases

lightly and after a certain time of cycling starts to decline. The
eversibility of the processes that occur in the operating NAM
tructure determines the capacity decrease on cycling and the
ycle life of the batteries. Fig. 7 indicates that electrolyte con-
entration exerts a strong influence on these processes during
ycling. The cycling behavior of the batteries differs signifi-
antly for the two H2SO4 concentration regions.

It is evident that in the N-region of concentrations, where
AM limits battery capacity, the cycle life is shorter than that in

he H-region. Batteries with CH2SO4 = 1.33 sp.gr. have a cycle
ife of 50 cycles for both discharge currents (Fig. 7b and d). The
ycle life of the battery with CH2SO4 = 1.27 sp.gr. increases to
80 cycles for C/10 discharge rate (Fig. 7b). Fig. 7d shows that
he battery with this latter concentration endures 110 cycles at
/3 discharge rate. Most probably, some unidentified irreversible
rocess shortens the life of the battery, so actually the influence
f sulfuric acid concentration remains uncertain.
In the H-region of acid concentrations the amount of H2SO4
imits battery capacity. The life of the batteries is longer than
00cycles for both discharge current densities. At CH2SO4 =
.18 sp.gr., the cycle life reaches 400 cycles for I = C/3 A. The

F
C

Fig. 8. Battery cycle life as a function of H2SO4 concentration.

onger cycle life of batteries with electrolyte concentrations
ithin the H-region is probably due to relatively low degree
ig. 9. Battery charge voltage vs. time of charge at 10th cycle: (a) C/10, and (b)
/3 discharge rate.
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depends on H2SO4 concentration and on discharge current. The
value of 13.62 V (2.27 V cell−1) was accepted as upper volt-
age limit for effective charge, above which water decomposition
Fig. 10. Battery charge efficiency as a function of H2SO4 concentration.

igh degree of reversibility. On charge, the operating structure
f NAM is recovered completely thus ensuring longer battery
ycle life. The cycle life of batteries with electrolyte concentra-
ions within the H-region is also limited by side effects (Fig. 7c,

H2SO4 = 1.21 sp.gr.) and probably corrosion of the positive
rid, too, has such effect.

The data in Fig. 7a and c evidence that discharge current
trongly influences battery capacity on cycling. At I = C/10 A,
he capacity decreases slowly from 120 to 90% and then a rapid
apacity decline follows. At I = C/3 A, the capacity is arrested
etween 95 and 85% and thus the battery operates with lower
ischarge capacity.

Fig. 8 presents the cycle life results for the batteries under
est as a function of H2SO4 concentration for both discharge
urrents. It can be seen that the cycle life decreases with increase
f CH2SO4 in the entire concentration range.
.7. Charge efficiency

The effect of acid concentration on battery charge behav-
or during cycling was studied for both discharge rates. Fig. 9

ig. 11. Dependence of the solubility of PbSO4 crystals on H2SO4 concentra-
ion, as determined by Daniel and Plichon [4].

F
u
a

Sources 175 (2008) 586–594 593

resents the voltage/time charge curves for batteries with differ-
nt H2SO4 concentrations after the 10th discharge. The profiles
f the obtained charge curves indicate that the charge process
ig. 12. Dependences of: (a) NAM utilization; (b) PAM utilization; (c) H2SO4

tilization; (d) initial C20 capacity; (e) cycle life, and (f) charge efficiency on
cid concentration.
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tarts. The time to achieve this voltage limit (teff.ch) and the cor-
esponding charge capacity can be used as a measure of charge
fficiency. Charge efficiency (Ch.eff.) can be determined by the
ollowing relation:

h.eff. = Ichteff.ch

Cn−1
.

chteff.ch is the quantity of electricity passed through the bat-
ery for teff.ch period, Cn−1 is the capacity during the preceding
ischarge cycle. This parameter differs from the charge accep-
ance discussed in the previous section. While charge acceptance
etermines the power of the battery on charge, charge efficiency
haracterizes the quantity of electrical charge return in the bat-
ery before the beginning of water decomposition versus battery
apacity during the preceding discharge. Fig. 10 presents the
ependences of charge efficiency on sulfuric acid concentration
or the batteries under test. Batteries with electrolyte concen-
rations within the H-region exhibit higher charge efficiency,
hich decreases slightly with increase of CH2SO4 . In the N-

egion of acid concentrations, the charge efficiency decreases
ubstantially with increase of acid concentration for both dis-
harge rates. An increase of acid concentration above 1.27 sp.gr.
mpedes battery charge.

.8. Dependence of PbSO4 solubility on sulfuric acid
oncentration

Irreversible formation of lead sulfate is one of the main rea-
ons for capacity decay of lead negative plates. It is known
11,12] that solubility of PbSO4 limits lead sulfate reduction and
hus the charge process of the negative plate becomes ineffective.
n the other hand, solubility of lead sulfate depends on CH2SO4

4,14–15] and, therefore, the question of the relation between
bSO4 solubility and acid concentration at negative plate is very

mportant. Fig. 11 presents the dependence of lead sulfate solu-
ility on acid concentration, based on data provided by Daniel
nd Plichon [4]. When comparing the data in Figs. 8 and 11, it is
bvious that the two curves have similar profile. This suggests
hat PbSO4 solubility is the factor with high impact on battery
ycle life. It is evident from the data in Figs. 10 and 11 that both
harge efficiency and PbSO4 solubility decrease with increase
f CH2SO4 . It can be concluded that, the increased charge effi-
iency is due to the increased solubility of PbSO4 at low H2SO4
oncentrations.
. Conclusions

The results of the present work indicate that by changing sul-
uric acid concentration, at constant volume of electrolyte and

[
[
[

Sources 175 (2008) 586–594

onstant amount of NAM and PAM, two regions of different
attery behaviors can be distinguished, depending on CH2SO4 :
-region, in which sulfuric acid limits battery performance, and
-region, in which NAM limits the behavior of the batteries.
ig. 12 compares the dependences of active material utiliza-

ion and battery parameters on sulfuric acid concentration in the
atteries.

In the H-region of acid concentrations, the utilization of
AM and PAM decreases, while that of H2SO4 increases with
ecrease of acid concentration from 1.27 to 1.18 sp.gr. Batteries
ith electrolytes within this region of acid concentrations have

ower initial capacity (Co), longer cycle life and higher charge
fficiency.

In the N-region of acid concentrations, the utilization of NAM
nd PAM increases with increase of acid concentration reach-
ng a maximum at 1.30 sp.gr. and then decreases slightly at
.33 sp.gr. The utilization of H2SO4 declines substantially. This
esults in higher initial capacity, shorter cycle life and reduced
harge efficiency of the batteries.

This study demonstrates that the specific influence of CH2SO4

n battery performance depends on the type of capacity lim-
ting active material in the battery. As the amounts of the
ifferent active materials (lead, lead dioxide and H2SO4) in
lead-acid battery are primarily determined during the bat-

ery design process, it is possible to define different battery
ehaviors.

The results of this investigation provide additional informa-
ion on the parameters that should be considered for appropriate
election of electrolyte concentration in view of the specific
pplication and service requirements for a lead-acid battery.
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