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Abstract

A fundamental study is undertaken of the mechanism of the formation and dissolution of lead sulfate on the negative electrode in a
lead—acid battery. This involves in situ examination of a lead sheet, on which a small amount of @aSK3Q powder is fixed by
pressing, in sulfuric acid solution by means of electrochemical atomic force microscopy (EC-AFM) combined with cyclic voltammetry
(CV). ltis found that both BaS®and SrSQ provide seed crystals for the precipitation of PaSThe PbSQ crystals are formed more
rapidly on SrSQ than on BaS@during the oxidation (discharge) process. The dissolution of RlzB@tals formed on SrSxrystals is
very slow during the reduction (charge) process.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction to be effective[6], there is still considerable uncertainty

about the detailed mechanism of the effect of these two
The effect of inorganic additives in the negative electrode inorganic additives.

of lead—acid batteries has been reported by several inves- The aim of this investigation is to observe, in situ, the

tigators[1-4]. The use of additives in the active material mechanism of formation and dissolution of PhS@ystals
(sponge lead) can increase the performance of the electroden negative electrodes doped with inorganic additives. Pre-
under cycling service. A negative electrode can lose perfor- viously, the formation of PbSfhas been studied by means
mance due to passivation of the surface (deposition of anof a scanning electron microscopy (SEM) and other tech-
impermeable film of lead sulfate on the lead substrate). The niques. The use of electrochemical atomic force microscope
negative electrodes in lead—acid batteries must have suffi-(EC-AFM) [7-13] allows examination of the intimate phe-
cient porosity to assure a good contact area between lead anflomena that occur on the surface of lead negative electrodes
electrolyte. In the absence of additives, the porosity rapidly using BaSQ or SrSQ as additives. With this technique,
diminishes on cycling. This adverse behavior can be ame-jt has become possible to see how the sulfate crystals are
liorated through the use of additives. formed on the surface, how they grow, and how they appear.
Strontium sulfate (SrS§) and barium sulfate (BaS)  This assists greatly the understanding of the complex pro-
are electrochemically inactive and insoluble in sulfuric acid. cesses that occur at the electrode|electrolyte interface in a
Due to these properties, the two compounds remain chem-lead—acid battery. The study reported here provides new in-
ically unchanged in the negative electrode. The sulfates of formation on the mechanism of the reactions that take place
barium, strontium and lead are similar in crystalline form gn the surface of the lead electrode.
(isostructural)[5]. By virtue of these qualities, the com-
pounds are considered to act as sites for the precipitation of
lead sulfate (PbS£) during discharge. Although the appli- 2. Experimental

cation of barium is well known and Srg®as been shown
2.1. Equipment
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Fig. 1. Schematic representation of experimental equipment.

This is composed of a microscope (PicoSPM) and a con- trode. All potentials are reported with respect to this elec-
troller (PicoScan 2100) made by Molecular Imaging (Ml trode.

Co.). EC-AFM observations were performed with a com-

mercial S§N4 cantilever that had integral gold-coated tips. 2.2. Preparation of EC-AFM cell

Cyclic voltammetry (CV) was performed with an Automatic

Polarization System, HZ-3000, made by Hokuto Denko Co.  The negative electrode was a pure-lead sheet (99.99%),
The electrochemical cell, which is shown schematically in and the electrolyte was 5M 2$0,. Oxygen dissolved in
Fig. 2, comprised a lead working electrode, a Bl@unter the electrolyte was removed by bubbling argon gas through
electrode, and a Hg|H&O4, 50 MM H,SO, reference elec-  the cell for more than 2 h prior to experiment. The lead was
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Fig. 2. Electrochemical cell and cantilever set-up.
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cleaned with acetic acid to remove the surface layer of lead
oxide, and then washed with ethanol. After preparing the
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fPreparation of pure-lead sheet sample

surface of the electrode, a small amount of Bag®0SrSQ
powder was pressed on the surface. For EC-AFM obser-
vations, three types of samples were prepared, namely: (i)
without any additives (lead plates); (ii) with Bag@ow-

der; (iii) with SrSQ, powder. The electrode was placed in
the test cell and had an exposed area of about 1.25kem
order to reduce any oxides on the lead surface, a negative
potential was applied in two steps:1400 mV for 10 min
followed by —1200 mV for 10 min, as shown iRig. 3.

3. Results and discussions

Image analysis was performed with The Scanning Probe
Image Processor (SPi®) which contains many generic an-
alytical and visualization tools for correcting and analyzing

data from atomic force microscopy.

3.1. Effect of BaSO4

The stages (potential-time) where AFM images were
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Fig. 5. Oxidation of negative electrode with Ba§@s additive: (a) image of initial BaSQrystals on lead surface at beginning of oxidation (discharge);
(b) point where potential reaches rest potential; (c)—(e) formation and growth of Px$8aSQ crystals; (f) end of oxidation.

AFM images obtained during oxidation (discharge) of the increases as the potential sweep proceeds in a positive-going
negative electrode are givenhig. 5. The experiments con-  direction. AFM images obtained during reduction (charge)
firm that PbSQ starts to crystallize preferentially on the of the negative electrode are presenteéfim 6. The exper-
BaSQ, seed crystals due the close similarity in the struc- iments demonstrate that only a small amount of Pp&0
tures of the two compound3dble 1. The crystallization of dissolved after the potential reache$024 mV (rest poten-
PbSQ becomes very fast at potentials less negative than thetial). Crystals of PbS@are still present when the potential
rest potential £1024 mV). The initial growth rate is low, but  reaches-1200 mV §ig. 6(b)). After about 3 min at this po-
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Fig. 6. Reduction of negative electrode with BaSés additive: (a) image of PbQQrystals at beginning of reduction phase; (b) image of crystal
immediately after potential reachesl200 mV; (c) beginning of dissolution of Pbg@rystals about 3 min after potential reache$200 mV; (d) process

of dissolution of lead sulfate; (e) end of dissolution of lead sulfate, after less than 1 min from beginning of dissolution; (f) image of surface after
reduction. Seed crystals of Bag@re dragged with PbSQnto H,SO, solution.
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Table 1 the negative electrode are indicated Hig. 7. Those for
Cell dimensions and axial ratios (a:b:c) for Ba5GrSQ and PbSQ oxidation (discharge) of the negative electrode are given in
Cell BaSQ (barite)  SrSQ (celestine) PbSg(anglesite) Fig. 8 It is confirmed that the lead sulfate starts to grow
dimensions on the SrSQ@ crystals. The initial crystallization of SrSO

a 8.878 8.359 8.48 is very fast, before reaching the rest potential. The lattice
2 3-‘1‘22 2-22(25 2-322 parameters of SrS{are almost similar to those of Pbg@s
abic 16289113122 15618:1:1.2828  1.5709-1:12889 shown inTable 1 This close similarity offers crystallization

seeds for PbSpand the experiments indicate that PSO
Source: Mineralogy Databaséttp://webmineral.com/data/ will form more rapidly on SrS@than on BaS@. Evolution

of PbSQ crystals during reduction (charge) is shown in
tential, the dissolution of PbSQrommences and the reac-  Fig. 9 In this case, after the potential reachek200 mV, the
tion is very fast Eig. 6(c), and after about 4 min the crys-  ppSQ is not completely reduced from the surface. As in the
tals are removed (reduced) from the lead surf&dg. ©(e). previous experiments, a constant potential 200 mV) was
The location of the initial crystals of BaSQs shown in  maintained in order to determined the time that it takes for
Fig. 6(f). It can be seen that the Ba3@® removed fromthe  ppSQ to be dissolved. It is found that after almost 1 h, the
surface together with the Pbg@uring the reduction phase.  ppsQ crystals are not dissolved from the surfay( 9(f)).

It is concluded that, in the presence of SgS€@rmation of
3.2. Effect of §S04 the PbSQ during discharge is faster, but dissolution during

charge is slower. Thus, the Pb$Qystals formed on SrSO

The experimental conditions were the same as those forare very stable and difficult to dissolve in the electrolyte.
the BaSQ study. The stages where AFM images were taken  |n the both cases, the formation and growth of the PhSO
on the time—current plot during oxidation and reduction of crystals is not uniform on the surface. The PhS&arts
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. ofthe _ T !
surface Oxidation Reduction

-0.8

—+— Maintaining at constant potential —
2V

A
Y
A
Y
A
\d

< »
< >

-0.9

-1

Potential / V

-1.5
1.00 ¢ 10 20 30
Time / min

0.80

0.60

0.40

I
I
|
|
I
|
I
1
:
|
|
!
|
]
4 ﬂ 60 : 70 80 90 100 110 120 130 140
i 8el :
I
|
!
|
|
I
|
!
|
I
|
!
|

Current/ mA

0.20

0.00

100 120 140

-0.20 Time / min

-0.40

-0.60

Fig. 7. Conditions (potential-time) and stages on time—current plot where AGM images were taken during oxidation and reduction of negatie electrod
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Fig. 8. Oxidation of negative electrode with Sr$5&s additive; (a) image of two small Srg@rystals on surface of lead electrode before current becomes
positive; (b) beginning of crystallization of PbgQ@rystals, the potential is still under the rest potential, but the current is positive; (c)—(e) evolution of
lead sulfate on surface of electrode; (f) end of oxidation.

to crystallize on BaS@or SrSQ but the area around the 4. Conclusions

BaSQ, or SrSQ crystals remains free of any Pb$0Orys-

tals. Therefore, additives like Bag®r SrSQ eliminate This study has given rise to the following observa-
(or suppress) ‘coating’ of the lead active mass. tions.

Fig. 9. Reduction of negative electrode with SyS&s additive: (a) beginning of reduction (charging) phase, potential goes to negative values; (b)—(c)
process of dissolution of PbQQrystals; (d) point where potential reached200 mV, end of reduction period; (e) AFM image of PhSéiter about
44 min after potential reaches1200 mV; (f) image of lead surface with Pbgs®©rystals after almost 1 h at1200 mV.
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(i) Inorganic additives such as Ba®@r SrSQ promote
the precipitation of PbSgpon lead electrodes.
(i) During discharge, PbSfis formed very rapidly on

SrSQ, crystals (before reaching the rest potential) and

is very difficult to dissolve during the charge pro-
cess.

(iif) PbSQOy crystallizes on BaSg@or SrSQ seeds and the
surrounding regions remain free of PhfSCrystals.
This will prevent ‘coating’ or passivation of the active
mass.

The study has demonstrated that EC-AFM is a power-
ful tool for observing and studying the intimate processes
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dustrial Technology Development Organization (NEDO) of

Japan.
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