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Abstract—Lead dioxide was extracted from used batteries, and used to synthesize the following intermediate
oxides by heating at different temperatures: Pb,,0,9, Pb;,07, and Pb;0,. Each of the prepared intermediate

oxide was subject to sulfuric acid with 1.28 g.cm™3. X-ray diffraction (XRD) results showed that the sample
prepared from Pb,,0,9 only had a pattern similar to that of the starting PbO, with a-PbO, and B-PbO,
phases. The measurements of H* proton diffusion coefficient (Dyy) of the different samples showed that the
sample prepared from Pb,0 9 had better electrochemical performances than the starting PbO,. This kinetics
reflects the proton insertion mechanism in PbO,, i.e. the sample prepared from Pb;,0,9 has a large amount
of structural water in OH™ hydroxyl form. This amount contributes more in the PbO, reduction mechanism.
In addition, the Dy value of the sample prepared from Pb,0,g is significantly higher than that of starting
PbO,, which confirms this hypothesis. X-ray diffraction analysis, thermogravimetric and differential ther-

mogravimetry analysis, and cyclic voltammetry reduction at different scanning rates were used to investigate
the samples. This work contributes to environment preservation by recycling of used lead dioxide and reduc-
tion of the hazard of its disposal on water.

Keywords: lead-acid batteries, sulfuric acid, a-PbO, and B-PbO,, intermediate lead oxides, lead dioxide,

thermal analysis, structural water
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INTRODUCTION

Lead dioxide (Pb0O,) is a key element of the positive
plates of the lead-acid batteries. The texture and struc-
ture of lead dioxide have great influence on the elec-
trochemical and electrical performance of the battery.
Herein, two phases of PbO, are present on the positive
plate of a battery: o.-PbO, which crystallizes in an ort-
horhombic structure, and B-PbO, which crystallizes
in a tetragonal structure. In addition, the o and
B phases of PbO, do not correspond to the stoichio-
metric chemical formula (PbO,) [1, 2]. Therefore, the
presence of either of these varieties of dioxides in dif-
ferent proportions influence the electrochemical
behavior of a positive plate. The proper functioning of
lead accumulator is linked to the ratio o-PbO, to
B-PbO, existing on the plate.

Numerous authors have studied the crystallo-
graphic structures of o-PbO, and B-PbO, by both
X-ray diffraction (XRD) [3—5], and by neutron dif-

fraction [6, 7]. Different studies [8—10] showed the
existence of protonated species within the PbO, lat-
tice, but they were unable to locate them on structural
positions. In our previous work [1, 2, 11—13], we
found that the electrochemical activity of PbO,, which
constitutes the active mass of the positive plate,
depends on the surface of structural water. Therefore,
the shelf life of a lead-acid battery depends on the
nature and quantity of these hydrogen species. The
active mass is a gel—crystal system (hydrogen species)
that conducts electricity by electrons and protons in
hydrated areas of the gel zone [14—17]. Using X-ray
photoelectron spectroscopy (XPS) technique, Pavlov
[14, 18] found that greater than 30% of the surface for
PbO, is hydrated.

Lead dioxides can be prepared in the lab either by a
chemical route, or by electrochemical route. It is
known that PbO, prepared by chemical route is inac-
tive, while that prepared by electrochemical process is
very active [11, 19—22]. The electrochemical activity
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Fig. 1. XRD patterns of fresh PbO, retrieved from a used
battery (sample A).

of PbO, is directly related to the existence of proton-
ated species in the gel zones. This characteristic has
led many authors to propose different formalisms. For
example, a model was proposed by J.P. Pohl et al.
[19, 23] suggested the composition of PbO,_5 - mH,0,
where 6 denotes oxygen deficiency, and m denotes the
quantity of water. Riietschi [24, 25] proposed another
model of lead gap, considering that all water is in the
form of OH~ associated with gaps of Pb** or Pb?* ions.
Based on this model, they attributed the following

chemical formula to PbO,: Pb* Pb. 05, OH,.
Here, y donates the fraction of Pb?* substituted by
OH™ ions.

The source of the electrochemical activity was
mainly connected to the existence of hydrogen spe-
cies. Several authors [26, 27] showed by nuclear mag-
netic resonance (NMR), as well as by inelastic [28, 29]
and quasi-elastic scattering of neutron (NQES) stud-
ies [30, 31] the existence of two configurations, at
least, for the protons in the electrochemically active
PbO,, and a single configuration of chemically pre-
pared inactive PbO,. Here, hydrogen-combined com-
pounds were recognized in PbO, as H,O and OH~
groups.

The aim of this study is to compare the values of
diffusion coefficient of proton (Dy,) in PbO, recov-
ered from intermediate oxides PbO, (1.33 <x < 2) after
exposure to sulfuric acid solution. The new oxides
result in spontaneous chemical reactions led to the
formation of new phases of PbO,, thus, showing the
instability of these oxides in sulfuric acid. The new
positive active masses (PAMs) were characterized by
XRD technique, and thermal analyses. In addition, a
voltamperometry technique was utilized to determine
the H* diffusion coefficient of the proton in PbO,.
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Fig. 2. Thermogravimetric curve of fresh PbO, (sample A).

EXPERIMENTAL
Sample Preparation

Fresh PbO, was taken from industrial positive
plates of used lead-acid batteries. PbO, was then
washed with water and then dried at 105°C for 24 h.
Extracted PbO, powder, was hot washed with satu-
rated solution of ammonium acetate optionally to
eliminate lead sulfates untrained, then dried in open
air overnight. This sample was named as sample A.
The material was crushed and sieved using a sieve of
50 microns. The sample was identified by XRD analy-
sis as shown in Fig. 1. The XRD measurements were
performed using the Debye—Scherrer method [32].
We note that the experimental peaks obtained for the
sample are indexed perfectly with the American met-
als testing system (ASTM) cards nos. 11-549 and
25-447 of a-PbO, and B-PbO,, respectively, indicat-
ing that the prepared sample is pure.

The sample was tested by thermal gravimetric anal-
ysis (TGA), and followed by differential thermal anal-
ysis (DTA) using thermal balance analyzers type
(SETARAM model RT 3000 and PRT 540). Assays
were performed at temperatures ranging from ambient
to 700°C with a heating rate of 10°C/min.

Examination of TGA curves in Fig. 2 shows three
distinct temperature zones. The first zone between 20
and 230°C, corresponds to a decrease in weight from
water. The second zone is between 230 and 450°C, a
sharper decrease in weight corresponds to oxygen loss
that give rise to the appearance of successive interme-
diate oxides. This explains the decrease of oxygen ratio
to lead depending on the heating temperature. The
O : Pb ratios are shown on the minor y-axis of the fig-
ure. The third zone is assigned to the decomposition of
oxides result in the appearance of Pb;O, at around
480°C. Between the first and the second transitions, the
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Fig. 3. DTA curve of fresh PbO, (sample A). The tempera-
tures quoted in red font are the transition temperatures of
the intermediate oxides.

formation of intermediate oxides PbO, (1.33 < x < 2)
occurs.

The DTA curve in Fig. 3 shows several endother-
mic and exothermic peaks: (i) a broad endothermic
peak and flattened linked from surface water, (ii) an
exothermic peak from water structure (this peak is
preceded by a slight shoulder); and (iii) three peaks of
endothermic transition in the temperature range
between 300 and 550°C correspond to the formation
of Pb,0,9, Pb;,0,;, and Pb;O,. The transition tem-
peratures match well with the TGA results in Fig. 2.

Fresh PbO, (sample A) was taken from commercial
positive plates of used lead acid batteries. Intermediate

20 25 30 35 40
20, deg
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oxides were prepared by heating fresh samples of PbO,
up to 8 h at 330, 430, and 516°C (these temperatures
were taken from the DTA curve of Fig. 3) to produce
Pb;,04, Pb,0,, and Pb;O, oxides, respectively,
according to the following equations:

12PbO, Heatingat 300°C Pb,,0, + (g) 0,

12PbO, Heatingat 430°C Pb,O,, + (%) 0,

Heatingat 516°C

3PbO, Pb;0, + O,.

The phase composition of the different samples
was determined by XRD analysis as revealed in Fig. 4a.
Figure also demonstrates that heating the sample up to
230°C causes loss of water with maintaining the initial
structure and reduces line intensities. The composi-
tions of the various samples are summarized in Table 1.
The table reveals that heating to 8 h is needed for com-
plete transformation into Pb;,0,,, Pb,,0,,, and Pb;0,
oxides.

The intermediate oxides were mixed with under
stirring for 1 h. PbO, powders recovered from the reac-
tion of the intermediate oxides with sulfuric acid with
1.28 g cm~3 were rinsed with a solution of boiling sat-
urated ammonium acetate to remove any PbSO,, fil-
tered, washed with distilled water, and then dried over-
night at 105°C. These samples were named as: (A) for
fresh PbO,; while (B), (C), and (D) belong to the sam-
ples result from the reaction with sulfuric acid of
Pb,,0,9, Pb,,0,;, and Pb;0,, respectively. The reac-
tions with sulfuric acid are described below, and the
samples were identified by XRD as shown in Fig. 4b.

(b)
(101)
B-PbO,

(021)
PbSO;4

(110)
B-PbO,

20, deg

Fig. 4. (a) XRD patterns of fresh PbO, (sample A) and its intermediate oxides (Pb;,0,9, Pb|,0,7, and Pb30,). (b) XRD patterns
of fresh PbO,, (sample A) and the samples synthesized from intermediate oxides after reaction with sulfuric acid (B, C, and D).
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Table 1. The compositions of the various lead oxides result from heating PbO, at different temperatures for different periods

RAHMANI et al.

Heating time
T,°C
4 hours 6 hours 8 hours
330 55.14% Pb,0,9; 74.2% Pb,049; 99.11% Pb,044;
44.86% o-PbO, 25.8% o-PbO, 0.89% o.-PbO,
430 64.66% Pb,0,7; 80% Pb,0,7; 100% Pb,0,
35.34% Pb;0, 20% Pb;04
516 71.88% Pb;30y; 94.92% Pb;0,; 100% Pb;0,
28.12% PbO 5.08% PbO

a,Pb,,0,y + HH,SO, — ¢,PbO,(new phase) +

d,PbSO, +¢,H,0,
%/_/

Sample B

a,Pb,0,; + H,SO, — ¢,PbO,(new phase) +

Treated with hot ammonium acetate

d,PbS0, +e,H,0,
\—W_—J

Sample C

a;Pb;0, + bH,SO, — ¢;PbO,(new phase) +

Treated with hot ammonium acetate

d,PbSO, + e;H,0.
%{_/

Sample D

FElectrochemical Investigations

Electrochemical tests were applied in a conven-
tional three-electrode cell. PbO, served as the working
electrode, while the counter electrode is a large sheet
of platinum foil. The potential was measured against
an Hg/Hg,SO, calomel electrode. The electrolyte was
a solution of sulfuric acid with 1.28 g cm~3. To assess
the diffusion coefficient value of proton within PbO,
groups resulting from the intermediate oxides, reduc-
tion voltamperometric technique was used at various
scanning rates. Potentiodynamic scanning cycles were
ranged between 500 and 1400 mV reference to the
Hg/Hg,SO, calomel electrode at various scanning
rates (5, 25, 50, and 100 mV/s).

RESULTS AND DISCUSSION

Figure 4a presents the XRD patterns of fresh PbO,
(sample A) and its intermediate oxides produced by
heating (Pb,0,9, Pb;0;, and Pb;0O,). Fresh lead
dioxide is indexed as B-PbO, with a percentage of
o-phase. In addition, we note on one hand that
Pb,,0,4 conserves almost the same structure as that of
the fresh PbO, and exhibits a pattern similar to that of
B-PbO, with an increase in the content of o.-PbO,. On
the other hand, the intermediate oxides namely
Pb,,0,; and Pb;0, respectively present patterns that
are totally different from that of the fresh PbO,. This
means that the heating temperature is important in the
process of preparation of intermediate oxides. In light
of the above findings, we propose the following mech-
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Treated with hot ammonium acetate

anism of thermal degradation of the PbO, mass fol-
lowing equation:

Figure 4b presents the XRD patterns of the PbO,
powders synthesized from the reaction of the interme-
diate oxides with sulfuric acid compared to that of
fresh lead dioxide. We can deduce that sample B
(PbO, prepared from Pb,,0,) exhibits a pattern simi-
lar to that of sample A (fresh PbO,). The figure reveals
that sample B exhibits a pattern similar to that of sam-
ple A with the peaks of both o and 3 phases of PbO,.
In addition, a new peak is observed at 20 = 26.8°
which is probably due to the presence of PbSO, crys-
tals. The average crystal size for samples A and B was
determined from the full width at the half maximum
(FWHM) for the [110] diffraction line using Scherrer’s
equation. Sample B yields a crystal size of 14.85 nm
while sample A size is 22.30 nm. Consequently, sam-
ple B is more amorphous than the fresh PbO,. The
other samples (C and D) show patterns that are differ-
ent from the reference sample. This can be explained
by the fact that these oxides were prepared, respec-
tively, from Pb;,0,; and Pb;O, that are synthesized
from fresh PbO, at high temperature. These samples
already lost a certain amount of their oxygen in addi-
tion to structural water which is difficult to recover it
from the aqueous solution when treated with H,SO,.

Figure 5 represents the voltammograms related to
the different samples for scanning rates ranging
between 5 to 100 mV/s. The figures reveal that: (i) the
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Fig. 5. (a) Voltammograms at various scanning rates for (a) A sample (fresh PbO,), (b) B sample produced from produce Pb;,019
oxide, (c) C sample produce from Pb;,0; oxide, and (d) D sample produced from Pb;0,4 oxide.
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Fig. 6. (a) Dependence of [,¢,x 0n V2 for samples A, B, C, and D.

cathodic peak strength increases with the increasing
scan rate, and (ii) cathodic peak potentials are shifted
negatively towards less positive potential values.

Electronic Mechanisms

Investigation of the various voltamogram peaks
drawn at various scan rates give information about the
nature of the limiting step in an electrochemical pro-
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(b) Dependence of Ej¢, on log(V) for samples A, B, C, and D.

cess. Here: (i) the variations of current intensity of the
peak (/) is with the square root of scan rate (/e =
AV'/?)), and ii) the variations of tension peak (E,,.,) is
with the logarithm of the scan rate (£, = f(log(}))).

Figure 6a presents the variation of /., with V'/2 for
the different samples. The dependence is a linear
increase of /.., with V'/2. Variation of E,,.,, with log(V)

for the different samples is presented in Fig. 6b. The
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Fig. 7. Variation of the diffusion coefficient DH+ as a func-
tion of the constant K(A, o) for samples A, B, C, and D.

figure shows that the curves are concave down. This
process is in agreement with the case of an electro-
chemical semi-rapid or quasi-reversible process where
L = fAV'?) is linear, here, the peak current is a dif-
fusion current [33].

Determination of Diffusion Coefficient

For a process controlled by diffusion, the general
expression of peak current in case of a quasi-reversible
system is given by the following equation [33]:

Toea = [ (269x10°) w7 ADC KA ) [P )

Here, I, has a linear dependence on V''/2 with a slope
of (2.69 x 10°)n32ADy+'>Cy+K(A, o). Where n is the
number of exchanged electrons, A4 is the electrode sur-
face expressed in cm?, and Cy, is H* ion concentra-
tion (mol/1). The constant K(A, o) depends mainly on
a dimensional parameter A, and the cathodic charge
transfer coefficient o. This constant was introduced by
Matsuda and Ayabe [33], and its value varies from 0.6

Table 2. Equations of /., as a function of ¥''/2 for the dif-
ferent samples (produced after exposure of the different
intermediate oxides to sulfuric acid)

and 1.0. Table 2 summarizes the equations of /

beak 1INES
with V"2 and the corresponding slope values.

Figure 7 reveals the dependence of diffusion coef-
ficient of H* as a function of the constant K(A, o) for
samples A, B, C, and D. Figure demonstrates: (i) the
diffusion coefficient of H" value decreases when
K(A, o) increases, particularly for samples A and B;
(ii) the diffusion coefficient of H* value is almost
independent of K(A, o) for sample C; and (iii) for the
low values of K(A, o), a gap in D,. values is observed
for samples A, B and C. This gap decreases gradually
with increasing K(A, o) value. Table 3 demonstrates
the values of the diffusion coefficient of H" as a func-
tion of the constant K(A, o). It should be noted here
that the values estimated from Table 3 are similar to
those found by Miinzberg and Pohl [34] (they esti-
mated the diffusion coefficient of H* of PbO, by an
electrochemical method for different pH and Pb**
concentrations, and the values were found to vary
between 0.4 and 4.9 X 10~7 cm?s7!). It should be noted
that the values of D,,. for both o- and B-PbO, were

also reported as 9.6 x 1071 and 2.2 x 10~?, respec-
tively, in reference [35], and 5 < 10~ and 10~ cm? s,
respectively, in [35]. The table reveals that sample B
exhibit the highest values of D,. compared with other
samples regardless of the value of K(A, o). For exam-
ple, for K(A, o) = 0.6, D, of sample B is higher than
that of sample A by 0.98 x 107 ¢cm? s~!, which rep-
resents an increase of around 86%. This can be
explained by the rate of presence of water physisorbed
as OH~ groups. According to R. Fitas and co-workers
[1, 2, 12, 13], the absence of physisorbed water greatly
affects the charge transfer kinetics. Therefore, this
type of water is totally absent within the crystallo-
graphic structure of sample C, which explains the very
low value of the diffusion coefficient of H* within this
network and its almost independence of K(A, o).

The total loss of the electrochemical activity of
PbO, is due mainly to the absence of OH™ groups, as
demonstrated by the differences in the TGA curve in
Fig. 2. To better illustrate this behavior of PbO, related

Table 3. Values of the diffusion coefficient DH+ as a function
of the constant K(A, o)

Slope Dy x 1077, em?s™!
Sample Equation AV 1’)1/2 K(A, o) " 5 c 5
A | L = L1547V + 0.0905 RE 0.6 114 212 0.07 0.44
B Ipeak — ]573 V]/2 + 0]2]1 1.57 07 084 156 005 033
C I — 0280112 + 0.0316 0.8 0.8 0.64 1.19 0.04 0.25
peak 0.9 0.51 0.94 0.03 0.2
D | e = 071872 +0.0635 0.72 1.0 0.41 0.76 0.02 0.16
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Fig. 8. Effect of scan rate on the capacity of samples A, B,
C,and D.

to water, we investigate the influence of the scanning
speed on the capacity from the voltammograms of
Fig. 5. The capacity is calculated by integrating the
area of the voltammogram for each scanning speed
used previously (5, 25, 50, and 100 mV/s). The influence
of the scanning speed on the capacity of samples A, B, C,
and D is shown in Fig. 8. The figure demonstrates
clear differences in the capacity values of samples A,
B, and D. The capacity is almost independent of the
scanning speed for the C sample especially for the high
values (difference is greater for sample C at low scan-
ning speeds). Therefore, it can be concluded that the
absence of hydroxyl OH~ groups influences largely the
capacity of sample C. In addition, the above results
lead to that PbO, species synthesized from Pb;,0
oxide exhibit capacitive performance that is better
than PbO, of the active mass of the positive plates of
the used lead accumulator. In other words, the reduc-
tion kinetics is minimal in the case of PbO, species of
Pb;0, and Pb,,0,,.

As the kinetics represent proton insertion mecha-
nism into PbO,, this means that the Pb,,0,y sample
has a large amount of structural water in OH~™
hydroxyl form. This amount contributes further into
the reduction mechanism of PbO, produced from
Pb;,0,9 compared to PbO, of the active mass pro-
duced from Pb;O, and Pb,,0,, Furthermore, the
capacity values are maxima for low scanning rate val-
ues. This behavior can be explained by the fact that low
scanning rate values are better adapted for a solid
phase process as shown by the low diffusion coeffi-
cient values presented in Fig. 7.

CONCLUSIONS

The study of the different x-ray diffraction (XRD)
spectra of lead oxides shows that the intermediate
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oxides Pb,0,9, Pb,,0,;, and Pb;O, are unstable.
H,SO, was used to transform those intermediate
oxides into more stable forms. In particular, Pb;,0
has been transformed to PbO, after removal of the sul-
phates. The evaluation of the H* proton diffusion
coefficient (DH+) of PbO, by voltamperometry has

shown that the D, . of the PbO, produced from the
Pb,,0,9 oxide is much greater than that of the PbO,
obtained from battery electrodes.

The high Dy, in the structure of PbO, allowed the
reduction of Pb*" to Pb?*. Since the proton insertion
mechanism in PbO, represents this reduction kinetics,
it indicates that the PbO, sample synthesized from the
Pb,,0,, oxide has a large amount of structural water in
the OH™ hydroxyl form. This water serves as a proton
carrier from the electrolyte, and intervenes during the
reduction in the depth of the material. This is a defi-
ciency of Pb** in the PbO, structure which is filled by
the protonated species present in the form of hydroxyl
groups. This explains the high content of OH™ in the
sample of PbO, synthesized from the oxide Pb;,0
compared to the starting PbO,.

Hydration of stoichiometric Pb,,0,9 led to lead
dioxide which contains structural water. This amount
contributed more to the reduction mechanism of
PbO, produced from Pb,,0,y than that of the other
forms of lead oxides. This was confirmed by the values
of the capacity, calculated by integration of the vol-
tammogram area for each scanning speed which
showed better than the PbO, variety capacitive perfor-
mance synthesized from Pb,0,9 oxide. We thus con-
firm that the proton diffusion is related to the amount
of water present in PbO,, and the recovery of lead
dioxide from intermediate oxides is possible. Lead
dioxide retrieved from used batteries can be recycled
which reduces the risk of its disposal on the under-
ground water.
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