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a  b  s  t  r  a  c  t

As  part  of  contribution  for  developing  a green  recycling  process  of  spent  lead  acid  battery,  a nanos-
tructural  lead  oxide  was  prepared  under  the  present  investigation  in  low  temperature  calcination  of  lead
citrate  powder.  The  lead  citrate,  the  precursor  for preparation  of  this  lead  oxide,  was  synthesized  through
leaching  of  spent  lead  acid  battery  paste  in  citric  acid  solution.  Both  lead  citrate  and  oxide  products  were
characterized  by  means  of  thermogravimetric-differential  thermal  analysis  (TG-DTA),  X-ray  diffraction
(XRD),  and  scanning  electron  microscope  (SEM).  The  results  showed  that  the  lead  citrate  was  sheet-shape
crystal  of  Pb(C6H6O7)·H2O. When  the  citrate  was  calcined  in  N2 gas,  �-PbO  in  the  orthorhombic  phase  was
ano-structured lead oxide
ead citrate
hermal decomposition
lectrochemistry test

the  main  product  containing  small  amount  of  Pb and  C and  it formed  as  spherical  particles  of  50–60  nm
in diameter.  On combusting  the  citrate  in  air  at 370 ◦C (for  20  min),  a  mixture  of  orthorhombic  �-PbO,
tetragonal  �-PbO  and Pb  with  the  particle  size  of  100–200  nm  was  obtained,  with  �-PbO  as  the  major
product.  The  property  of the  nanostructural  lead  oxide  was  investigated  by  electrochemical  technique,
such  as  cyclic  voltammetry  (CV).  The  CV  measurements  presented  the electrochemical  redox  potentials,
with  reversibility  and  cycle  stability  over  15  cycles.

Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.
. Introduction

In the past few years, the synthesis of nano-structured oxide
aterials has attracted considerable attention [1,2] of chemists

nd metallurgists. Lead oxide has many crystalline forms, such as
bO (�, �), Pb2O3, Pb3O4, and PbO2 (�, �). Lead dioxide (PbO2),
hich is used as a positive active material in lead acid battery,
as been extensively studied. Several electrochemical methods,
uch as cyclic voltammetry (CV) [3],  constant current and constant
oltage approaches, have been developed recently to prepare nano-
tructured PbO2. Ghasemi et al. [4] used a pulse method for anodic
eposition of PbO2 from solutions containing Pb2+ on a substrate.
he lead dioxide films prepared were used as positive electrodes
n lead acid batteries and maximum capacity was observed when
ulse and relaxation time was equal to 0.1 and 5 s. Morales et al.
5] obtained lead dioxide particles ranging from nano-metric to

icrometric size by using spray deposition technique.

In lead acid batteries, PbO is the starting precursor paste mate-

ial for both anode and cathode, which is then converted to active
b and PbO2, respectively, during cell formation stage. There is

∗ Corresponding author. Tel.: +86 27 87792207; fax: +86 27 87792101.
E-mail addresses: jkyang@mail.hust.edu.cn, yjiakuan@hotmail.com (J. Yang).

304-3894/$ – see front matter. Crown Copyright ©  2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2011.12.021
big interest to improve lead oxide characteristics to obtain more
discharge capacity and more cycle-life. It is expected that the
lead oxide in form of nano-particulates can deliver more electri-
cal energy at discharge process due to its large specific surface
area and good reversible property. However, there are only a few
reports about the synthesis of nano-size lead oxide. Wang et al.
[6] prepared nano crystalline lead oxide through two-step chem-
ical reactions. In his research, the lead oxide was tested as the
electrode active material for the valve-regulated lead acid (VRLA)
battery. The research results from Cruz et al. [7] showed that �-PbO
thin films were prepared by spray pyrolysis of aqueous solutions
of Pb(CH3COO)2·3H2O and deposited onto a lead substrate. The
battery cell maintained a discharge capacity of 100 mAh g−1 of pos-
itive plate (40 wt%  of the theoretical value) upon extensive cycling.
Karami et al. [8,9] synthesized a uniform nano-structured lead
oxide via sonochemical method. The electrochemical tests showed
that a large discharge capacity and excellent cycle characteristics
of the nanostructured powder were obtained. Salavati-Niasari et al.
[10] reported that synthesis of nano-size lead oxide powder with an
average particle size of 35 nm could be made by decomposing lead

oxalate at 500 ◦C. Sadeghzadeh et al. [11] used 2-pyridinecarboxylic
acid, lead acetate and sodium nitrite to synthesize one-dimensional
structure of Pb (II) chelate, which was roasted at 110–500 ◦C, to pro-
duce PbO nanostructures successfully. The influence of atmosphere

ghts reserved.

dx.doi.org/10.1016/j.jhazmat.2011.12.021
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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mailto:yjiakuan@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2011.12.021


L. Li et al. / Journal of Hazardous Materials 203– 204 (2012) 274– 282 275

Spe nt lead-ac id 
batt ery pastesLead  or es

Pyrometallur gy

Lead ing ot Chemical 
synthe sis Lead compo unds Ult rafine 

leady oxide

Lea ching  with 
citric acid 

Ultrafine 
lead y oxide

Process  (I)

Proce ss (II )

Chemical 
synthesis

Lead citrate 
precursor

Combusti on 
at 300~500ºC

Fig. 1. Different procedures of preparing nanostructured lead oxide. Process (I): the typic
the  novel preparation process from the starting materials of spent lead battery paste.

Table 1
Chemical composition of spent lead acid battery paste.

Constituent PbSO4 PbO2 PbO Pb Others

Percentage (%) 64.5 29.5 4.5 1 0.5
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carried out with scanning electron microscopy (Sirion 200SEM, FEI,
Holland) operated at 10 kV after coating the samples with gold. EDX
uring calcination on the morphology and the exact composition
f nanostructured PbO have not been reported.

It is noted from review of the literatures that the previous prepa-
ation methods of nanostructured powders, as shown in Fig. 1,
an be characterized as the following process route (I): The start-
ng materials are typically lead compounds, such as Pb(NO3)2,
b(CH3COO)2·3H2O. The starting lead compounds are generally
roduced from either spent lead acid battery pastes or lead ores,
oth of which are subject to pyrometallurgical process. These
rocesses based on pyrometallurgical process are high-energy con-
uming, complicated and costly. As pyrometallurgical process of
ecycling spent lead acid batteries is associated with emission of
ollutants such as SO2 and lead particulates into air/soil environ-
ent [12], more and more attentions have been paid to more

fficient and environment-friendly alternative processes based on
hemical and electrochemical methods [13–17].

As shown in process (II) [15–17],  the nanostructured lead oxide
as prepared via a low temperature calcination process, by using

ead citrate as a precursor which was synthesized from the start-
ng materials of spent lead acid battery paste in citric acid system.
n previous literatures [6–11], no results were reported about the
reparation of nanostructured lead oxide directly from the spent

ead acid battery paste. In this study, nanostructured lead oxide
as combustion/calcination-synthesized from lead citrate precur-

or in both N2 gas and air, using spent lead acid battery pastes as
he starting materials.

. Experimental

.1. Chemicals

The samples of spent lead acid battery pastes were provided
y Hubei Jinyang Metallurgical Co. Ltd., China, where the waste

ead pastes are treated to recover lead metal using a conventional
melting process. The chemical composition of the spent lead acid
attery pastes is shown in Table 1.

Citric acid monohydrate (C6H8O7·H2O, 99.5% purity) was  used
o prepare the citric acid aqueous solution with distilled water.
risodium citrate hydrate (Na3C6H5O7·2H2O, >99% purity) was

sed as the desulfating agent during leaching of spent lead bat-
ery pastes. Hydrogen peroxide (H2O2, 30% w/v) was  used as the
eductant.
al preparation process from the starting materials of lead compounds; Process (II):

2.2. Synthesis of lead citrate

Leaching experiments were carried out under the optimized
leaching conditions as described in another paper [18]. 10 g of spent
lead battery paste was added to citric acid and trisodium citrate
and 30% peroxide hydrogen solution with a solid/liquid mass ratio
of 1/5. The mole ratio of reactants was  taken as: spent lead acid bat-
tery pastes:C6H8O7·H2O:Na3C6H5O7·2H2O:H2O2 = 1.0:1.3:0.9:7.4
and the pH of the solution were in a range of 3–4. Leaching was
carried out under magnetic stirring at speed of 650 rpm to maintain
full suspension of the slurry for 24 h at room temperature (22 ◦C).
During leaching, lead citrate began to crystallize from the solution
at the room temperature. The resulting crystals were washed with
distilled water; vacuum filtrated and dried at 65 ◦C. The concen-
tration of lead ion in the left solution was analyzed with atomic
absorption spectrometry (AAS). The recovery of lead and the mass
balance of processes were calculated.

2.3. Thermal analyses of lead citrate

Thermal analyses of the lead citrate were performed in corun-
dum crucible by thermogravimetric-differential thermal analysis
(TG-DTA), in different atmospheres using TA Instruments (Dia-
mond TG-DTA, Platinum-Selmer equipment Co. Ltd., Shanghai),
with air or nitrogen gas under a flow rate of 100 cm3 min−1 by
heating up to 800 ◦C at heating rate of 5 ◦C min−1.

2.4. Calcination of lead citrate

In nitrogen gas, the lead citrate powders were calcined at 225 ◦C,
270 ◦C, 313 ◦C and 380 ◦C for 1 h, respectively, at heating rate of
5 ◦C min−1. In the air, the citrate powders were calcined at 165 ◦C,
275 ◦C, 335 ◦C, 370 ◦C, 410 ◦C, 430 ◦C and 450 ◦C for 1 h respectively.
The lead citrate powders were also calcined isothermally at 370 ◦C
with variation of time, such as 5 min, 10 min, 20 min, 30 min and
60 min  in air. The weight loss was measured for each set of the
experiments. Calcination temperature was determined based on
TG-DTA data. The ratio of PbO in lead oxide sample was measured
by chemical analysis [19].

2.5. Characterization of materials

X-ray diffraction (XRD) data were collected from powder sam-
ples using a X’Pert PRO XRD (Philips, PANalytical B.V., Holland) with
Cu K� radiation and � = 1.5418 Å at scanning rate of 0.28◦ per sec-
ond for 2� in the range from 5◦ to 75◦. Morphology studies were
spectra of the calcined products were collected on an ultra-thin
window (UTW) X-ray detector equipped with Sirion 200 SEM.
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Fig. 2. XRD patterns of (a) crystals obtained from spent lead acid battery pastes, and
(b) lead citrate Pb(C6H6O7)·H2O from CSD.
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.6. Characterization of lead oxide with electrochemical
easurements

Cyclic voltammetry was employed to investigate the elec-
rochemical behavior of the lead oxide. The CV curves were
etermined with a typical three-electrode system. The working
lectrode (WE) was prepared from platinum microelectrode which
as filled with lead oxide. PbO in contact with concentrated sulfuric

cid was converted into PbSO4 which then acted as the elec-
rochemically active precursor in the electrode for formation of
bO2 via oxidation. A double platinum electrode was  used as the
ounter electrode while Hg/Hg2SO4/K2SO4 (sat.) was, employed as
he reference electrode. Sulfuric acid solution at concentration of

 mol  L−1 was used as electrolyte. CV was performed for 15 cycles
t room temperature (22 ◦C) using VMP-2 device from USA with a
canning speed of 20 mV  s−1 in a potential range of −1.2 V to +2 V.

. Results and discussion

.1. Crystallization of lead citrate

In this citric acid leaching system, C6H8O7·H2O was  used to
upply the citric acid aqueous solution with distilled water for
he balance of pH and for leaching–crystallization. The reactions
re described in Eqs. (1)–(4).  In Eq. (2),  H2O2 acts as a reduc-
ant, and Pb(IV) turns into Pb(II) in the acidic condition. In Eq. (3),
a3C6H5O7·2H2O acts as a desulfating agent, and citric acid solution
rovides an acid leaching condition which benefits for the desulfu-
ation reaction of lead sulfate in citric acid-sodium citrate buffering
olution.

bO + C6H8O7 · H2O → Pb(C6H6O7) · H2O + H2O (1)

bO2 + C6H8O7 · H2O + H2O2 → Pb(C6H6O7) · H2O + O2 + 2H2O

(2)

PbSO4 + 2Na3C6H5O7 · 2H2O
C6H8O7·H2O−→ Pb3(C6H5O7)2 · 3H2O

+ 3Na2SO4 + H2O (3)

b3(C6H5O7)2 · 3H2O + C6H8O7 · H2O → 3Pb(C6H6O7) · H2O + H2O

(4)

Mass balance relating to lead acid battery paste in the
eaching–crystallization sequence is given in Table 2. The spent
olution was diluted in the 1000 ml  volumetric flask. Recovery of
ead was calculated by subtracting the mass of lead in the spent
olution. As shown in Table 2, the recovery of lead is calculated to
e 96.0 wt%.

The XRD patterns of the resulting crystals are shown in Fig. 2.
one of the original lead phases are observed in the XRD patterns

a), indicating that the reaction undergone completely. Therefore,
he desulfurization rate in the leaching process was  around 100%.
he pattern of XRD almost matches with lead citrate structural
ata as referenced in the Cambridge Structural Database (CSD)
or Pb(C6H6O7)·H2O. It is preliminarily indicated that the leach-
ng product is a kind of lead citrate, which can be described as
Pb(C6H6O7)m]·nH2O, where the values of m and n have to be
educed experimentally. In Table 2, under assumption that the

ead citrate crystal is formed as Pb(C6H6O7)·H2O, the stoichiomet-
ic mass of solid product is almost equal to the actual mass of solid

roduct, and the error is approximately 0.4%, which confirms the
esulting crystals is Pb(C6H6O7)·H2O.

The photograph of the lead citrate product is shown in Fig. 3(a).
ead citrate precursor is white, which is different from the brown

Fig. 3. Photograph and SEM image of lead citrate product: (a) photograph of lead
citrate after filtering, and (b) SEM image.
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Table 2
Mass of solid products and recovery of lead.

Raw material Mass of original
lead compound (g)

Mass of lead in raw
material (g)

Theoretical mass of
solid pro

Actual of solid Mass of lead in the Recovery of lead

Spent lead acid battery pastes 9.9465 7.4391 14.9141

50

60

70

80

90

100

800700600500400300200100
-5

0

5

10

15

20

TG
 (%

)

(b)

(a)

D
TA

 (u
v)

T(°C)

(b)

(a)

F
a

c
l
w
0

3

m
a
c
(
p
f
t
a
m
t
T
I
b
l
t
b
c
a
r
o

m
i
d

ig. 4. TG-DTA curves of lead citrate in different atmospheres: (a) in nitrogen gas,
nd (b) in air.

olor of spent lead acid battery paste samples. Morphology of the
ead citrate is shown in Fig. 3(b). The lead citrate is sheet shaped

ith length of 10–20 �m,  width of 2–10 �m and thickness of
.5 �m.  These crystals are easy to filter out of the leaching solution.

.2. Thermal analysis results

Thermal decomposition of lead citrate was identified with ther-
al  analysis. The TG-DTA curves of the lead citrate in two  different

tmospheres are shown in Fig. 4. Oxygen in air is expected to aid
ombustion of the citrate precursor, while in the pure nitrogen
oxygen 100 ppm) atmosphere, decomposition of the citrate is sup-
osed to takes place through pyrolysis. From patterns (a), there are
our stages of weight loss in the TG curve in N2, which corresponds
o three main endothermic peaks in the DTA curve. The mass loss
t 190 ◦C is approximately 10% which is more than stoichiometric
ass loss in dehydration (4.4%). It indicates that both dehydra-

ion and decomposition of lead citrate are occurred around 165 ◦C.
hen lead citrate decomposes at 270 ◦C and 313 ◦C, respectively.
t has been reported that [20] PbO could be reduced to Pb metal
y carbon above 370 ◦C in N2 gas. As shown in Fig. 4(a), the mass

oss keeps increasing slowly when temperature rises from 370 ◦C
o 800 ◦C. This may  be reasoned from the reduction of PbO by car-
on. It shows that thermal decomposition of Pb(C6H6O7)·H2O in N2
an be completed around and above 380 ◦C with a total weight loss
bout 38 wt%. Therefore, the temperature for decomposing lead cit-
ate in nitrogen can be selected progressively near the four stages
f weight loss, i.e. 225 ◦C, 270 ◦C, 313 ◦C and 380 ◦C.
Thermal analysis patterns (b) show that the thermal behavior is
ore complex in air. In the first stage, weight loss of the lead citrate

s observed in the range of 150–180 ◦C, which is most likely due to
ehydration and decomposition, testified by an endothermic peak
duct (g) product (g) left solution (g) (%)

 14.2610 0.2971 96.0

in the DTA curve. In the following stages, weight loss takes place in
the temperature range 270–420 ◦C, which is ascribed to combus-
tion of the citrate. This process is accompanied by four somewhat
overlapping exothermic peaks in DTA curve around 275 ◦C, 335 ◦C,
368 ◦C and 411 ◦C. Exothermic peaks observed in the DTA curve are
ascribed to the oxidation of both C and H from the citrate. When
temperature is above 420 ◦C, both weight loss and heat flow remain
constant up to 800 ◦C. The calcination–combustion temperatures
for the citrate can be selected progressively corresponding to the
exothermic peaks, at 165 ◦C, 275 ◦C, 335 ◦C, 370 ◦C, 410 ◦C, 430 ◦C
and 450 ◦C.

According to Fig. 4, when temperature is under 370 ◦C, the TG
curve in air is similar to TG in N2, and the peak temperatures of DTA
curve in air is identical to the results in N2. When temperature is
in range of 370–450 ◦C, the TG curve in air shows a slope, while TG
curve in N2 is an approximately flat line. It can be inferred that there
are two  stages taking place in the calcination of Pb(C6H6O7)·H2O in
air. One stage is decomposition of citrate which is alike of pyrolysis
of citrate in N2, accompanying by oxidation of a little of C and H; sec-
ond stage is violent combustion of C and H when the temperature
is higher than 370 ◦C.

3.3. Calcination in nitrogen gas

The samples of lead citrate were heat treated respectively in a
tube furnace under nitrogen atmosphere at 225 ◦C, 270 ◦C, 313 ◦C
and 380 ◦C for 1 h to investigate the thermal decomposition. Pic-
tures of calcination products are shown in Fig. 5. Some gas bubbles
can be observed, which result from gas generation in the thermal
decomposition.

Effect of the calcination temperature on weight loss of the cit-
rate precursor is shown in Fig. 6. The weight loss increases with
an increase in calcination temperature from 225 ◦C to 313 ◦C and it
appears to be a plateau above 380 ◦C. The weight loss at 380 ◦C was
37.5 wt%.

The phase transformation of the calcination products was  exam-
ined with X-ray diffraction technique and is shown in Fig. 7. The
product was  amorphous at 225 ◦C, and transformed into crystalline
phases at higher temperature. The XRD demonstrates that the crys-
talline contains massicot (�-PbO) and lead metal at 270 ◦C. The
relative intensity of the peak of �-PbO increases as the calcination
temperature is increased. When temperature is higher than 313 ◦C,
�-PbO is the only crystalline phase in the calcination product.

The scanning electron microscope (SEM) images and EDX spec-
tra are shown in Figs. 8 and 9. The products decomposed at 313 ◦C
show two morphologies – spherical particles in the 50–60 nm range
with underlying sheets similar to the citrate sheets. Some carbon
was  identified in calcination product by the EDX spectra. There-
fore, the observed mass loss in nitrogen gas is about 7–10% less
than the stoichiometric mass loss of 46.2% in the decomposition
Pb(C6H6O7)·H2O to PbO because of the formation of carbon in the
decomposition products.

Brown [21] studied the thermal decomposition of lead cit-
rate Pb3(C6H5O7)2·2H2O in N2, and the results at temperature
(305–325 ◦C) in his report showed that the pyrophoric metallic

lead and carbon particles were produced. However, in this study,
a mixture of PbO, Pb and C was  obtained as the product of the
thermal decomposition of Pb(C6H6O7)·H2O in inert atmosphere.
The presence of carbon is detrimental for making new pastes. Thus
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Fig. 5. Photographs of decomposition products from lead citrate after heating in N2 for 1 h at different temperature: (a) 225 ◦C, (b) 270 ◦C, (c) 313 ◦C, and (d) 380 ◦C.
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Fig. 6. Effect of calcination temperatures on weight loss of lead citrate in N2.
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Fig. 7. XRD patterns of decomposition products from lead citrate at different tem-
perature for 1 h in N2: (a) 225 ◦C, (b) 270 ◦C, (c) 313 ◦C, and (d) 380 ◦C.

Fig. 8. SEM images of calcination product at 313 ◦C for 1 h in N2 at different magni-
fication: (a) 12,000× and (b) 80,000×.
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Fig. 9. EDX spectroscopy of calcination product at 313 ◦C for 1 h in N2.

ecomposition of lead citrate in inert atmosphere is not considered
 viable option.

.4. Calcination in air
In air, lead citrate was calcined respectively for 1 h at 165 ◦C,
75 ◦C, 335 ◦C, 370 ◦C, 410 ◦C, 430 ◦C and 450 ◦C to remove all carbon
nd hydrogen. Fig. 10 shows how the appearance of combustion

Fig. 10. Photographs of calcination–combustion products at different temperature fo
Fig. 11. Effect of calcination temperatures on weight loss after calcinations in air
(1  h).

products changes with temperature. The product at 275 ◦C has a
blackish tinge, indicating that the organics of lead nitrate was par-
tially carbonized during the pyrolysis. The color of product turns
yellow at and above 335 ◦C.

The effect of temperature on weight loss of the citrate precursor
was  investigated. Fig. 11 shows that the weight loss increases with
an increase in temperature from 165 ◦C to 370 ◦C and then it keeps
relatively stable at 47 wt%  in the temperature range 370–450 ◦C.

If air supply is sufficient, PbO is the final product. The decompo-
sition could be shown as Eq. (5).  The stoichiometric weight loss in
Eq. (5) is 46.2%.

Pb(C6H6O7) · H2O + 4.5O2 → PbO + 6CO2 + 4H2O (5)

If the air is insufficient, Pb is the final product. The decomposi-
tion could be shown as Eq. (6).  The stoichiometric weight loss in
Eq. (6) is 50.0%.
r 1 h in air: (a) 275 ◦C, (b) 335 ◦C, (c) 370 ◦C, (d) 410 ◦C, (e) 430 ◦C, and (f) 450 ◦C.

Pb(C6H6O7) · H2O + 4O2 → Pb + 6CO2 + 4H2O (6)

The weight loss in the calcination experiments in air is around
47%, which is between 46.2% and 50.0%. It is indicated that the
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In order to determine the influence of calcination time, the
or  1 h in air: (a) 165 ◦C, (b) 275 ◦C, (c) 330 ◦C, (d) 370 ◦C, (e) 410 ◦C, (f) 430 ◦C, and
g) 450 ◦C.

roduct was composed of PbO and Pb. The XRD patterns of products
Fig. 12)  also demonstrate the composition of PbO and Pb.

Fig. 12 presents the XRD patterns of the calcination products
n air at different temperature. The product was amorphous at
65 ◦C. Obviously, higher temperature transformed the product

nto crystalline phase of �-PbO. The combustion products were �-
bO, �-PbO and metallic lead at 335 ◦C, 370 ◦C, 410 ◦C, 430 ◦C and
50 ◦C, with some intermediate phases at 335 ◦C. This results sug-
est that Pb(C6H6O7)·H2O can be fully calcined in air at and above
70 ◦C.

Based on the results calcined both in N2 and in air as men-
ioned above, it can be confirmed that there are two  sequential
tages taking place in the calcination of Pb(C6H6O7)·H2O in air.

hen temperature is under 370 ◦C, lead citrate is decomposed and
ransformed into crystalline phases of �-PbO, �-PbO, Pb and small
mount of organic intermediate. The decomposition of this stage
s alike of pyrolysis of lead citrate in N2. Compared to calcination
roducts in N2 (shown in Fig. 7), the difference is that metallic Pb

s mostly oxidized to �-PbO in air. As temperature is higher than
70 ◦C, C and H in the organic intermediate is combusted violently,
ccompanied with intense exothermic phenomenon. The temper-
ture of 370 ◦C leads to producing �-PbO, �-PbO and a little of
etallic Pb, and weight loss is 47.5 wt%. The calcination results in
2 show that the amount of �-PbO increases as the temperature

s increased, so does it in air. If temperature is higher than 488 ◦C,
-PbO will be transformed into �-PbO [22].

Salavati-Niasari et al. [10] prepared PbO nanocrystals via
ecomposition of lead oxalate in air. He reported that a mix-
ure of �-PbO and �-PbO nanocrystals was obtained at 235 ◦C,
nd the proportion of �-PbO increased as the temperature
ncreased. Jia [23] synthesized single crystalline �-PbO nanorods
hrough a hydrothermal processing of Na3C6H5O7·2H2O and
b(CH3COO)2·3H2O. With lead citrate, formation of �-PbO rather
han �-PbO was observed, in both air (by combustion) and N2 (by

ecomposition).

The SEM images of the products from the citrate calcined at dif-
erent temperature in the current research are shown in Fig. 13.  The
Fig. 13. SEM images of calcination–combustion products at different temperature
for  1 h in air: (a) 335 ◦C, (b) 370 ◦C, and (c) 430 ◦C.

results show that the morphology of products converts from sheet
to rod-like structure with increasing temperature. The particles are
in size range of 100–200 nm at temperature of 370 ◦C. Agglomera-
tion of the product particulates occurs as calcination temperature
is increased.
citrate was  calcined at 370 ◦C for 5 60 min in air. The effect of
calcination time on weight loss is shown in Fig. 14.  The weight
loss remains constant at 47 wt% for a calcination time of 5 min
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ig. 14. Effect of the calcination time on weight loss in calcination in air at 370 ◦C.

nd more. This phenomenon suggests that the reactions during
alcination–combustion are fast.

The XRD patterns of combustion product at different calcina-
ion time are shown in Fig. 15.  A small peak for intermediate can be
een at time of 10 min. However, the peak for the intermediate dis-
ppears after 20 min  of calcination. Additionally, the XRD patterns
how that the diffraction peak for metallic Pb decreases as calcina-
ion time is increased, that is, more metallic Pb is oxidized in air.
his result suggests that the level of Pb oxidation can be adjusted by
ontrol of calcination atmosphere or oxidation potential to achieve

 desirable PbO/Pb ratio.

.5. Characterization of lead oxide with electrochemical
echnique – cyclic voltammetry

The lead oxide product with nano-size particulate will be used
s material for production of lead acid battery. The properties of this

ind of products were examined with electrochemical technique –
yclic voltammetry [24]. In the current research, the electrochemi-
al technique was employed to determine the property of nano-size
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ig. 15. XRD patterns of calcination–combustion products at 370 ◦C with different
alcination times in air: (a) 5 min, (b) 10 min, (c) 20 min, (d) 30 min, and (e) 60 min.
Fig. 16. Cyclic voltammograms of nanostructured lead oxide with 15 cycles of scan-
ning. The sample was synthetized at 370 ◦C for 20 min  in air.

lead oxide produced from the citrate precursor. Fig. 16 shows CV
curves for 15 cycles of lead oxide. The lead oxide was  synthetized
at 370 ◦C after calcining in air for 20 min  and comprised 75 wt%
of PbO. In the selected potential range from −1.2 V to 2 V, eight
peaks as marked numerically suggest some redox reactions possi-
bly occurring in lead acid battery. The corresponding reactions are
shown as described in Eqs. (7)–(14):

PbSO4 + 2H2O → PbO2 + H2SO4 + 2H+ + 2e− (7)

2H2O → O2 + 4H+ + 2e− (8)

PbO2 + H2SO4 + 2H+ + 2e− → PbSO4 + 2H2O (9)

PbO2 + 2H+ + 2e− → PbO + H2O (10)

PbSO4 + 2e− → Pb + SO−
4 (11)

2H+ + 2e− → H2 (12)

Pb + H2O → PbO + 2H+ + 2e− (13)

Pb + SO−
4 → PbSO4 + 2e− (14)

PbO, WE,  converts to PbSO4 in sulfuric acid solution when
the scanning goes from −1.2 V towards anodic potentials. It is
observed that when the scanning potential in anodic direction
reaches V > 1.2 V (vs reference electrode), PbSO4 is oxidized to PbO2
as described in Eq. (7).  At the same time under the high poten-
tial, evolution of oxygen from the aqueous system takes place, Eq.
(8). PbSO4 is also oxidized as well. On the reverse scanning from
potential 2.0 V, the reaction (9) occurs at about 1.0 V, that is, PbO2
is reduced to PbSO4. Some of PbO2 is then reduced at more cathodic
potential around −0.1 V possibly to PbO (Eq. (10)). It can be seen
that reduction of PbSO4 to Pb starts at around −0.9 V (Eq. (11)).
Under the more negative potential from −0.9 V, hydrogen evolution
may  take place as described in Eq. (12). On  the reverse scanning
from the potential of −1.2 V, in anodic direction, a small peak at
−0.9 V (Eq. (13)) indicates oxidation of Pb to PbO. The peak around
−0.6 V may  correspond to oxidation of Pb to PbSO4 (Eq. (14)).

The CV’s of nanostructured lead oxide have shown the whole
spectrum of possible reactions occurring in lead acid battery. More-

over, the nanostructured lead oxide shows good reversible ability
and cycle stability (over 15 cycles), which shows potential applica-
tions in lead acid battery.
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. Conclusions

Preparation of nano-structural lead oxide has been investi-
ated by decomposition of lead citrate in inert (nitrogen) and
ir atmospheres. The lead citrate (Pb(C6H6O7)·H2O), a precursor,
as synthesized from spent lead acid battery pastes in citric acid

ystem. The citrate particle was in sheet shape with length of
0–20 �m,  width of 2–10 �m and thickness of 0.5 �m.  If the cal-
ination was carried out in nitrogen gas, the major decomposition
roducts were orthorhombic phase �-PbO, metallic Pb and elemen-
al C, and the ratio of �-PbO to Pb increased with the increasing
emperature. The particle for this product was spherical with a size
ange 50–60 nm.

When the calcination–combustion was performed in air, lead
itrate could be calcined completely at 370 ◦C within 20 min. Nano
ize product from calcination–combustion was achieved with par-
icle size of 100–200 nm.  It was found to compose mainly of �-PbO
ith a small part of �-PbO and Pb. The CV’s of nanostructured

ead oxide shows good reversible ability and cycle stability (over
5 cycles).
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