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a b s t r a c t

The effect of lignosulfonate (LS) on electrochemical reaction of lead electrode (as a model of negative
electrode) has been investigated in 1 M, 3 M, or 7.1 M H2SO4 aqueous solution with 0, 10, 100 or 1000 mg l−1

of LS using cyclic voltammetry (CV) combined with in situ electrochemical atomic force microscopy (EC-
AFM), as well as rotating ring disk electrode (RRDE). The anodic peaks of the CVs, which correspond to
overall reaction of Pb + SO2−

4 → PbSO4 + 2e−, shifted positive when LS was added or the concentration of
H2SO4 was lower. The anodic capacities of the CVs increased with addition of LS when the concentration
xpander
dditive
ead acid battery
lectrochemical atomic force microscope
EC-AFM)
agative electrode

of H2SO4 was lower. When LS was added, the anodic capacities of the CVs usually increased especially
in less concentrated H2SO4 solution at higher sweep rate, while the anodic capacity slightly decreased
in 7.1 M H2SO4 solution with addition of LS at sweep rate of 10 mV min−1; that is, in most concentrated
H2SO4 solution at lower sweep rate in this paper. Two cathodic peaks of the CVs were observed when LS
was added, and the peak at lower potential shifted more negative with increase of LS. Lead sulfate crystals
dissolved at more negative potential with increase of LS. LS up-took Pb2+ ions in H2SO4 aqueous solution
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(
f
s
o
c
o
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2

during discharging.

. Introduction

Expanders, such as lignosulfonate (LS), are indispensable addi-
ives for negative electrode of lead acid battery with high
erformance. Although a lot of investigations [1–46] have been
arried out on the effect of the expanders in lead acid battery, a
omprehensive understanding of the behavior of the expanders is
till lacking. For example, some researchers have demonstrated the
ead sulfate crystals become larger in the presence of the expander
18,26,42], while others have reported the opposite effect [13,37].

detailed knowledge of the mechanism of the expanders’ effect is
herefore indispensable for developing new expanders. This work
as performed to investigate the effect of LS on electrochemical

eaction of lead electrode (as a model of negative electrode) in sul-

uric acid solution using cyclic voltammetry (CV) combined with in
itu electrochemical atomic force microscopy (EC-AFM), as well as
otating ring disk electrode (RRDE).

∗ Corresponding author. Tel.: +81 6 68797468; fax: +81 6 68797468.
E-mail address: nhirai@mat.eng.osaka-u.ac.jp (N. Hirai).
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© 2008 Elsevier B.V. All rights reserved.

. Experimental

.1. Lignosulfonate

LS used in this paper was sodium salt of lignosulfonic acid
Aldrich, No. 47103-8), although sodium salt of partially desul-
onated lignosulfonic acid, such as Vanispeare A, Vanillex N, and
o on, is usually used in the actual lead acid batteries. Solubility
f LS in H2SO4 aqueous solution was estimated using total organic
arbon analyzer (Shimadzu Corporation). About 94%, 75% and 94%
f LS was dissolved in 1 M (s.g.1.06), 3 M (s.g.1.18) and 7.1 M (s.g.1.40)
2SO4 solution.

.2. Cyclic voltammetry and electrochemical atomic force
icroscope
Electrochemical cell used for CV and EC-AFM is almost the
ame as described in the previous papers [37,42,47]. Working and
ounter electrodes used for CV and EC-AFM are a lead sheet (purity:
9.999%, apparent surface area: 20 mm2, thickness: 0.5 mm) and
bO2 powders, respectively. Reference electrode used in this paper

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:nhirai@mat.eng.osaka-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2008.10.090
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that anodic capacity increase with addition of LS when the con-
centration of H2SO4 is lower. Fig. 2 describe the anodic capacities
calculated from the anodic scans of the CVs in (a) 1 M, (b) 3 M, and
(c) 7.1 M H2SO4 solution as a function of concentration of LS. As
8 N. Hirai et al. / Journal of Po

s a Hg/Hg2SO4 electrode, with respect to which all potentials in
his paper are reported. The electrolyte used is 1 M, 3 M, or 7.1 M
2SO4 aqueous solution with 0, 10, 100 or 1000 mg l−1 of LS. In
rder to reduce any oxides on the lead sheet, a potential of −1.2 V
as applied for more than 30 min before the experiments. The

weep rate of the CVs is 10 mV min−1, 50 mV min−1, 10 mV s−1 or
0 mV s−1. Three cycles CV operation was applied to the working
lectrode in this experiment, but the experimental data shown here
ere obtained during the first cycle. All the experiments shown
ere were performed at room temperature. The capturing rate
as 128 s per each AFM image and the AFM observation area was

0 �m × 10 �m.

.3. Rotating ring disk electrode (RRDE)

RRDE [48,49] was used for the analysis of Pb2+ concentra-
ion near the Pb electrode surface in 1 M H2SO4 aqueous solution
ith or without LS during anodic polarization. Inside and out-

ide diameters of ring electrode and diameter of the disc electrode
ere 5 mm, 7 mm and 4 mm, respectively. During the experi-
ent, potential of ring electrode was always controlled −1.2 V

vs. Hg/Hg2SO4), where both H+ and dissolved Pb2+ in the solu-
ion were reduced. First, current of disc electrode was controlled
t −30 �A for more than 30 min, which can be considered to be
nough time for the reduction of oxide and sulfate initially formed
n ring and disc electrode. And then, current of disc electrode

as changed from −30 �A to 3 �A in order to start discharg-

ng. After starting discharging, the change of ring current, which
orresponds to reduction of dissolved Pb2+ in the solution, was
easured.

ig. 1. First anodic scans of CVs in 1 M, 3 M, and 7.1 M H2SO4 solution with or without
00 mg l−1 of LS at sweep rate of (a) 10 mV min−1 and (b) 50 mV s−1.

F
3

ources 191 (2009) 97–102

. Results and discussion

.1. Anodic scans of CV combined with in situ EC-AFM

Fig. 1 show the first anodic scans of CVs in 1 M, 3 M, and 7.1 M
2SO4 solution with or without 100 mg l−1 of LS at sweep rate
f (a) 10 mV min−1 and (b) 50 mV s−1. It is found from the CVs
hat the anodic peaks, which correspond to overall reaction of
b + SO2−

4 → PbSO4 + 2e−, shift positive when LS is added or the
oncentration of H SO is lower. It is also found from the CVs
ig. 2. Anodic capacities calculated from the anodic scans of the CVs in (a) 1 M, (b)
M, and (c) 7.1 M H2SO4 solution as a function of concentration of LS.
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hown in Fig. 2(a), anodic capacity in 1 M H2SO4 solution increases
ith the concentration of LS, while anodic capacity in 7.1 M H2SO4

olution is almost constant at any concentration of LS as indicated
n Fig. 2(c). When LS was added, the anodic capacity increased espe-
ially in less concentrated H2SO4 solution at higher sweep rate. It
s noteworthy that the anodic capacity slightly decreases in 7.1 M

2SO4 solution with addition of LS at sweep rate of 10 mV min−1.
Fig. 3 indicates the first anodic scans of CVs, and Figs. 4 and 5

hows continuous in situ EC-AFM images in 1 M H2SO4 solution
ith and without 1000 mg l−1 of LS, respectively. The sweep rate

f the CVs was 10 mV min−1. The marked (a)–(h) on the CVs in

ig. 3 correspond to the potential region of AFM images (a)–(h) in
igs. 4 and 5. There is an anodic peak at about −0.9 V in the solu-
ion with 1000 mg l−1 of LS in Fig. 3. As shown in Figs. 4(e) and (f),

any large lead sulfate crystals deposited at the top of the anodic
eak. This means that this anodic reaction can explain by solution-

Fig. 3. First anodic scans of CVs in 1 M H2SO4 solution with and without 1000 mg l−1

of LS. The sweep rate of the CVs was 10 mV min−1.

Fig. 4. Continuous in situ EC-AFM images during first anodic scans of CVs in Fig. 3 in 1 M H2SO4 solution with 1000 mg l−1 of LS.

Fig. 5. Continuous in situ EC-AFM images during first anodic scans of CVs in Fig. 3 in 1 M H2SO4 solution without LS.
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ig. 6. Cathodic scans of the first cycle of CVs between −1.3 V and −0.8 V in 1 M
2SO4 solution with 0, 10, 1000 mg l−1 of LS at sweep rate of 10 mV min−1. The
arked (i)–(w) on the CVs in Fig. 6 corresponds to the potential region of AFM

mages (i)–(w) in Figs. 7–9.

recipitation mechanism, which was proposed by Archdale et al.
9,48,50] and Weininger [51], and was confirmed by in situ EC-AFM
bservation in 1.6 M H2SO4 solution without additive [47], and in
M H2SO4 solution with or without 20 ppm of Vanillex N [42].

On the other hand, there is an anodic peak at about −0.93 V in
he solution without LS in Fig. 3, but morphological change of lead
urface is mainly observed at about −0.87 V as shown in Fig. 5. This
ifference of the potentials at the anodic peak and at which the
orphological change is observed means that this anodic reaction

n 1 M H2SO4 solution without LS at sweep rate of 10 mV min−1

annot explain by solution-precipitation mechanism. This reaction
ight explain by solid-state reaction [9,10,48,50]. This assumption

s consistent with the previous works [9,10].
.2. Cathodic scans of CV with combined in situ EC-AFM

Fig. 6 indicates cathodic scans of the first cycle of CVs between
1.3 V and −0.8 V, and Figs. 7–9 shows continuous in situ EC-AFM

o
c
r
r
t

ig. 7. Continuous in situ EC-AFM images during cathodic scans of the first cycle of CVs in
i)–(n) on the CVs in Fig. 6 corresponds to the potential region of AFM images (i)–(n) in Fi
ources 191 (2009) 97–102

mages in 1 M H2SO4 solution with 0, 10, 1000 mg l−1 of LS at
weep rate of 10 mV min−1, respectively. The marked (i)–(w) on
he CVs in Fig. 6 corresponds to the potential region of AFM images
i)–(w) in Figs. 7–9. Cathodic peaks observed in Fig. 6 correspond
o overall reaction of PbSO4 + 2e− → Pb + SO2−

4 and/or Pb2+(in the
olution) +2e− → Pb. As shown in Fig. 6, two cathodic peaks (peaks
and 2 in Fig. 6) are observed when LS is added, and the peak at

ower potential (peak 2 in Fig. 6) shift more negative with increase
f LS. As shown in Figs. 7–9, almost all lead sulfate crystals dis-
olve at about −1.05 V, −1.07 V and −1.27 V, respectively. These
esults suggest that the peak 1 corresponds to the rapid reduction
f Pb2+ in the solution (Pb2+(in the solution) + 2e− → Pb) and the
eak 2 corresponds to the slow dissolution of lead sulfate crystals
PbSO4 → Pb2+ + SO2−

4 ), followed by the rapid reduction of Pb2+

Pb2+(from PbSO4) + 2e− → Pb) when LS was added. When LS is
ot added, peak 2 is not observed as shown in Fig. 6. That was
aybe because the peak1 of the CV in the solution without LS was
combination of the peaks 1 and 2 of the CVs in the solution with
S.

.3. Rotating ring disk electrode (RRDE)

It is widely authorized that LS up-takes Pb2+ ions [5] by sul-
onic acid groups [46] as complexes containing LS and Pb [40,43],
owever, it is still unobvious that LS up-takes Pb2+ ions in H2SO4
queous solution under potential control. In this paper, RRDE was
sed for the analysis of Pb2+ concentration near the Pb electrode
urface in 1 M H2SO4 aqueous solution during anodic polarization.
ig. 10 shows ring current change of RRDE in 1 M H2SO4 solution
ith and without 100 mg l−1 of LS as a function of time. Open marks

open circle, open diamond, open triangle, open square) correspond
o 4 runs of the results without LS, while filled marks (filled circle,
lled diamond, filled triangle, filled square) correspond to 4 runs

f the results with 100 mg l−1 of LS. Current of disc electrode was
hanged from −30 �A to 3 �A at 10 s and ring current change is
eferred to the ring current at 10 s in Fig. 10. As shown in Fig. 10,
ing current in the solution with 100 mg l−1 of LS increased slower
han that in the solution without LS although disc current was 3 �A

Fig. 6 in 1 M H2SO4 solution without LS at sweep rate of 10 mV min−1. The marked
g. 7.
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Fig. 8. Continuous in situ EC-AFM images during cathodic scans of the first cycle of CVs in Fig. 6 in 1 M H2SO4 solution with 10 mg l−1 of LS at sweep rate of 10 mV min−1. The
marked (i)–(p) on the CVs in Fig. 6 corresponds to the potential region of AFM images (i)–(p) in Fig. 8.

Fig. 9. Continuous in situ EC-AFM images during cathodic scans of the first cycle of CVs in Fig. 6 in 1 M H2SO4 solution with 1000 mg l−1 of LS at sweep rate of 10 mV min−1.
The marked (i), (o)–(w) on the CVs in Fig. 6 corresponds to the potential region of AFM images (i), (o)–(w) in Fig. 9.
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Fig. 10. Ring current change of RRDE in 1 M H2SO4 solution with and without
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00 mg l−1 of LS as a function of time. Open marks (open circle, open diamond,
pen triangle, open square) correspond to 4 runs of the results without LS, while
lled marks (filled circle, filled diamond, filled triangle, filled square) correspond to
runs of the results with 100 mg l−1 of LS.

n both cases. These results are explained in terms of the uptakes
f Pb2+ ions by LS.

. Summary

The effect of LS on electrochemical reaction of lead electrode (as
model of negative electrode) has been investigated in 1 M, 3 M, or
.1 M H2SO4 aqueous solution with 0, 10, 100 or 1000 mg l−1 of LS
sing CV combined with in situ EC-AFM, as well as rotating ring
isk electrode (RRDE). The main results obtained are shown below.

1) The anodic peaks of the CVs, which correspond to overall reac-
tion of Pb + SO2−

4 → PbSO4 + 2e−, shifted positive when LS was
added or the concentration of H2SO4 was lower.

2) The anodic capacities of the CVs increased with addition of LS
when the concentration of H2SO4 was lower.

3) When LS was added, the anodic capacities of the CVs usu-
ally increased especially in less concentrated H2SO4 solution at
higher sweep rate, while the anodic capacity slightly decreased
in 7.1 M H2SO4 solution with addition of LS at sweep rate of
10 mV min−1; that is, in most concentrated H2SO4 solution at
lower sweep rate in this paper.
4) Two cathodic peaks of the CVs were observed when LS was
added, and the peak at lower potential shifted more negative
with increase of LS.

5) Lead sulfate crystals dissolved at more negative potential with
increase of LS.

[

[
[
[
[

ources 191 (2009) 97–102

6) LS up-took Pb2+ ions in H2SO4 aqueous solution during dis-
charging.
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