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The relationship between the hydrogen content of the crystal lattice of PbO, and the capacity of PAM is
still a subject of interest. The present paper concerns the effect of the doping of B-lead dioxide on the
composition of PAM gel zones and its relationship to battery performance.

Differential scanning calorimetry (DSC) and thermogravimetry (TG) as well as X-ray diffraction analysis

were used as techniques of investigation in this study. The results showed that the quantity of water
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present in the gel zones and PAM discharge capacity are mainly dependant of the nature of the dopant.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The positive lead dioxide active material (PAM) of lead acid bat-
teries is formed by electrochemical oxidation of basic lead sulfates
and lead oxide. The capacity of the positive plate depends mainly
on the ratio between the two forms of lead dioxide « and (3-PbO,.

Pavlov [1] showed that lead dioxide active mass is a gel-crystal
system with proton and electron conductivity. Mohanov et al. [2]
found hydrated structures in the anodic layer formed on lead elec-
trodes in H,SO4 solution. At a given potential, Pb** ions are formed
on the electrode surface. These are unstable in water solutions and
form Pb(OH)4. The Pb(OH), is dehydrated partially or completely
giving PbO(OH), and PbO,. The electrode surface is covered by
a layer of PbO,, PbO(OH), and Pb(OH),4, which layer has gel-like
properties.

According to Pavlov et al. [3] during discharge of the positive
battery plate, the reduction of PbO, and PbO(OH), to PbSO4 pro-
ceeds in two stages. The first is electrochemical and occurs in the
bulk of the agglomerates and particles and gives Pb(OH),. During
the second stage, PbSO,4 formation takes place through a chemical
reaction between Pb(OH), and H,SOy4.

In our previous work [4], using an all solid state system exempt of
H, S04, the kinetic tests and coulometric data show that the process
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of PAM reduction includes two electrochemical stages (one elec-
tron is consumed during each stage) taking place in the gel zones
according to a proton-electron mechanism or a double-injection
process. The role of structural water in the reactivity of the posi-
tive active mass has been emphasized by different authors [5-13].
They concluded that the heat treatment of PAM reduces the dis-
charge capacity and decreases considerably the proton diffusion
coefficient.

The effects of metal ions addition in the electrolyte and in the
grid alloys on the battery electrical performance have been investi-
gated by several authors [14-21]. The objective of the present paper
is to determine the impact of the following ions (Mg2*, AI3*, Co%*,
Sn2* and Sb3*) on the properties of the active material of positive
battery plates.

2. Experimental
2.1. Materials

The paste was prepared in a mixer at 35°C from leady oxide
(72% PbO). The XRD pattern of the starting material showed the
presence of tetragonal PbO and Pb. Leady oxide (LO) was mixed
with water and 1.40 s.g. H,SOy4 in a ratio equal to 5% H,SO4/LO. 3
(ND: non doped sample) and doped 3 lead dioxide were prepared
by electroformation of cured battery plates (with grids cast from
a Pb-5wt.% Sb alloy) in acidic solution according to the method
described by Voss and Freundlich [22]. The dopants were dissolved
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in the solution as sulfate salts, antimony was added as Sb, 05 oxide.
The initial concentration of each dopant is 10~3 M. Analytical grade
reagents and distilled water were used for all solutions. After wash-
ing in running water for several hours to remove excess of sulfuric
acid, the plates were dried overnight at 110 °C. A part of the active
mass was removed from the grids and ground to powder. This pow-
der was placed in a glass flask and then used for X-ray diffraction,
thermal and chemical analyses.

2.2. XRD sample characterisations and chemical analysis

The positive active materials were characterized by XRD analysis
using an APD-15 Philips 2134 diffractometer. The relative intensity
of the X-ray characteristic diffraction lines was adopted as a mea-
sure of the phase changes in the positive active material. Itis defined
as the ratio of the ‘i’ phase characteristic reflection intensity and
the sum of the intensities of the characteristic diffraction lines of
all phases. PbO, and PbSO4 in PAM were respectively determined
by volumetric titration with KMnOy4 solution and gravimetric pre-
cipitation with 5% BaCl, solution, the total Pb was determined by
atomic absorption method. The amount of PbO in PAM was deduced
from the difference between the total Pb and the sum of PbO, and
PbSO4 contents. Analytical grade reagents and twice distilled water
were used for all solutions.

2.3. Thermal analysis

All tests were performed using instruments supplied by Mettler
Toledo: DSC 822e and TGA/SDTA 851e. All measurements were car-
ried out in Nitrogen atmosphere at a gas flow-rate of 80 cm3 min—!
for DSC and 50cm3 min—! for TGA at constant heating rate of
2K min~! fordoped and 10 K min~! for non doped sample. All mate-
rials were dried at 60 °C to evaporate the surface absorbed water.

2.4. Electrochemical investigations

The electrochemical measurements were carried out in a three-
electrode cell. The working electrode with an apparent surface
area of 0.7cm? is at 1cm distance from two large platinum
rectangular-shaped counter electrodes. An Hg/Hg,SO,4/saturated
K,S04 reference electrode was used. The potential-current curves
were recorded after cycling the electrodes in 1.28 s.g. H,SO4 solu-
tion in the potential range 1.4 to 0V at a sweep rate of 100mVs—1.
The capacity expressed in mAhcm~2 is determined by integrat-
ing the surface area of the cathodic peak corresponding to the
reduction of PbO, to PbSO,4. Non doped and Tin and Antimony
doped electrodes were discharged at a constant cathodic current of
—10mA and the electrode potential versus capacity was recorded.
The discharge capacity is expressed in mAhg-!. All experiments
were carried out at room temperature.

3. Results and discussions
3.1. Samples characterizations

Table 1 summarizes the obtained results for the chemical com-
position of the PAM samples formed in solutions with different
dopants. The data show that traces of MgZ*and Al3* are present
in the active mass, whereas important quantities of Sn*, Co**and
Sb3*are found. This affects the chemical composition of the positive
mass. The amount of PbO, decreases, whereas that of PbO increases.
In addition, small quantities of unconverted PbSQy is found in the
majority of the samples.

Fig. 1 shows the XRD spectra for doped and non doped samples.
All detected peaks were identified to be [3-lead dioxide. Although

Table 1
Results from chemical and ICP-AES analyses of doped and non doped samples.

Samples PbO, PbSO4 PbO % dopant (ICP-AES)
ND 93.59 1.93 3.26
Mg?* 87.57 3.25 7.31 0.0006
AP* 90.12 - 8.03 <0.0002
Co** 90.09 - 8.10 0.1
Sb3* 87.72 1.73 8.48 0.02
Sn?* 85.29 2.79 8.65 0.1
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Fig. 1. XRD patterns of doped and non doped samples.

no differences in the spectra were observed, changes in peak inten-
sity and width were clearly detected. As the result of comparison
of the diffraction angles of non doped and doped PAM, it was found
that the peaks of samples containing Sn2*, Sb3*, Mg2*, and Al3*
shifted slightly to the high angle. In contrast, in the case of sam-
ple with Co?* the peaks shifted to the low angle. This means that
the interplanar distance changed and it suggests that the different
cations were doped into 3-PbO,, crystal structure; as a consequence
of this, it is considered that the particle diameter of PAM changed.
The average crystallite size was calculated from the full width at
the half maximum (FWHM) of [1 1 0] diffraction lines using Sher-
rer equation. The changes in crystallite size (%) thus calculated for
the different dopants are reported in Table 2. The results showed
an increase in the average crystallite size of the sample doped with
Co?*, whereas smaller particles of PbO, were obtained when the
material is doped respectively with Al3*, Mg2*, Sb3*, and Sn2*.

Fig. 2 presents the intensities of the diffraction lines that cor-
respond to the interplanar distances 3.50, 2.79 and 2.48A for
[3-PbO, measured for the different samples. It can be deduced that
the sample doped with Co%* exhibited high peak intensity with
higher density active mass and higher crystallinity. PAM respec-
tively doped with AI3*, Mg2*, Sb3*, and Sn2*showed a progressive
decrease in the peak intensity. As a consequence of this, these
dopants tend to diminish the crystallinity of PAM particles and

Table 2
Changes in crystal size calculated for doped and non doped samples.

Samples Changes in crystallite size (%)
ND -

Mg?* -10.90

AP* —-09.10

Co** +18.2

Sb3* —22.70

Sn?* —27.30
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Fig. 2. Changes in intensity of characteristic diffraction lines for 3-PbO, (d=3.50A,
d=2.79A, d=2.48 A) in doped and non doped samples.

agglomerates and are in favour of gel formation with lower den-
sity active mass. These experimental findings confirm the changes
in crystallite size reported in Table 2.

On heating the samples during the differential thermal gravi-
metric (DTG) measurements the gel zones decompose, hydrating
water evaporates and the different samples lose weight depend-
ing on the nature of the dopant. Fig. 3 presents the obtained DTG
curves calculated from the first derivative of TGA curves normal-
ized toward mass. The DTG curve of non doped sample features
three characteristic peaks at 125, 170 and 280°C. These peaks are
indicative of different types of water bonding in PAM gel zones. The
dopants exert a remarkable increase in the peaks intensities and a
slight shift towards high temperature is observed especially in the
case of antimony and tin ions.

In Fig. 4 are represented the weight losses of the different mate-
rials as a function of heating temperature. The weight loss becomes
greater when the PAM is doped respectively with Mg2*, Co2*, Al3*,
Sb3*, and Sn2*ions. This indicates that some hydration processes
take place in the gel zones of PAM. The changes in H,O content in
the PAM (as measured by thermal gravimetry (TG)) for the doped
and non doped samples, are reported in Fig. 5. The PAM dehydration
occurs in three stages. Up to 100°C, physisorbed water evapo-
rates. In the temperature range comprised between 100 and 300 °C,
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Fig. 3. DTG curves of doped and non doped samples.
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Fig. 4. Weight losses of the different materials as a function of heating temperature.

chemisorbed water decomposes in two steps. An increase in total
weight loss is observed with the doped samples. The water content
respectively in antimony and tin doped PAM is more important as
compared to all other samples. This result is in good agreement
with the previous XRD data, the incorporation of tin and antimony
in the PAM gel zones leads to a decrease in the crystallinity and
small amorphous and hydrated particles are obtained.

On heating the samples at linearly increasing temperature the
energy of dehydration was determined. Fig. 6 presents the DSC
curves for doped and non doped samples. The PAM dehydration
occurs between 25 and 300°C and features an endothermic peak
at 60°C (indicative of physisorbed water evaporation) and two
exothermic peaks respectively at 180 and 260°C corresponding
to chemically bonded water. The mechanism of dehydration is a
charge exchange between hydroxyl groups OH~ and Pb** jons both
present in the PAM gel zones according to Eq. (1):

20H™ +Pb** — Pb?" + 10, + H,0 (1)

On heating, PbO(OH), amorphous parts in PAM are decomposed
to PbO with H>0 and O, evolution according to Eq. (2):

PbO(OH), — PbO + 30, + H,0 (2)

A broad exothermic peak with high intensity is observed in the
case of sample doped with Sn2*. This indicates the presence of great
amount of structural water in this sample. The average dehydra-
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Fig. 5. Changes in water content for doped and non doped samples.
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Fig. 6. DSC curves for doped and non doped samples.

tion energies were calculated by integrating the surface area of the
exothermic peak in the range of temperature comprised between
100 and 230°C. The obtained values versus weight loss are pre-
sented in Fig. 7. Alinear dependence between the energy and water
content in the samples is observed except for the sample doped
with Sb3* that does not respect the linearity and gives small value
of energy, although the great water content of this sample. This
indicates that antimony doped PAM features quite different ther-
mal properties. The incorporation of Sb3* in the gel zones increases
the contact between the polymer chains of amorphous lead dioxide.
This means that agglomerates are connected to each other via anti-
mony bridges to form uninterrupted polymer chains along which
electrons move easily, the electrical conductivity is improved and
the charge transfer from hydroxyl groups OH~ to Pb*" is easier. As a
consequence of this, less energy is needed to decompose PbO(OH);
amorphous parts in PAM.

3.2. Electrochemical properties

The electrochemical performance of the different samples was
compared after cycling the electrodes in 1.28 s.g. H,SO4 solution.

140

120

100

-1

o
(=}
1

Dehydration Energy, mJ.g

T
0,0 0,5 1,0 1,5 2,0 25
Weight loss, %o

Fig. 7. Average dehydration energies vs. weight loss for doped and non doped sam-
ples.
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Fig. 8. PAM capacity vs. number of cycles for doped and non doped samples.

The PAM capacity versus the number of cycles for doped and non
doped samples is presented in Fig. 8. We can see that the capacity
of B-PbO, increases during the first cycles then reaches a stable
value after the 40th cycle. Almost no difference is recorded with the
non doped sample when Magnesium is considered except a slight
increase in the capacity value during the last 20 cycles. In contrast,
samples doped with Cobalt and Aluminium respectively decrease
the capacity of PAM. Tin and antimony increase the capacity of PAM.
Samples doped with tin present a similar profile as that of 3-PbO,.
Sample doped with Antimony presents higher value of capacity and
a linear increase with number of cycles is recorded.

The discharge curves of antimony and tin doped PAM are com-
pared to that of 3-Pb0, in Fig. 9. We report the change in potential
versus the capacity of the electrode expressed in mAh g~1. Both tin
and antimony are incorporated in B-PbO, gel zones and improve
its electrochemical activity and electrical performance. We can see
that tin and non doped sample present similar profile except a slight
increase in the capacity value recorded for PAM doped with tin.
In the contrary, antimony doped sample presents a high potential
plateau and high capacity value as compared to the other samples.
This result confirms the previous capacity values obtained when
cycling the electrodes.
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Fig. 9. Discharge curves of antimony and tin doped PAM compared non doped
sample.
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4. Conclusions

The experimental data obtained in this study are in general
agreement that the incorporation of metallic ions in the gel zones
of the positive active material influences its physico-chemical and
electrochemical properties. The experimental findings showed that
small quantities of magnesium and aluminium are introduced in
PAM. In contrast, tin, antimony and cobalt were doped in 3-PbO,.
The maximum admissible level of the metal ion depends on the
nature of the dopant itself. The different ions affect the phase com-
position and the structural properties of the positive mass. As a
consequence of this, the PbO,/PbO ratio in the material is modified
as well as water content. Tin and antimony doped samples present
higher amounts of structural water and are in favour of the forma-
tion of amorphous and hydrated PbO, particles in the gel zones.
The crystal size of the lead dioxide particles becomes significantly
smaller, this leads to an increase in the area of the PAM and the con-
nectivity between the polymer chains might be increased too. Thus,
a great number of particles would be involved in the current gen-
eration process. As a consequence of this, the reaction area of the
positive electrode and the total electrical contact area between the
particles increase. An improvement in the capacity is observed with
tin and antimony doped samples. This is a proof of the assumption
that the capacity of PAM is determined by the electron conductivity
of the gel zones. It seems that antimony affects more the gel con-
ductivity comparing to tin, which curve is similar in profile to that of

[3-Pb0O,.The later is reputed to present poor electronic conductivity.
These experimental investigations should be taken in consideration
in the process of lead-acid battery manufacture to improve the PAM
capacity and power performance.
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