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bstract

Lead dioxide obtained by using various methods in combination with particles ranging from nanometric to micrometric size was tested as
ositive active material in lead-acid cells. The structural and textural properties of the material were determined by using X-ray photoelectron
pectroscopy (XPS), X-ray diffraction (XRD), transmission and scanning electron microscopy (TEM and SEM), N2 adsorption measurements and
hermogravimetric analysis (TGA). Thin lead dioxide positive electrodes were prepared with obtained materials by spray deposition technique and

ere subjected to cycling tests. The combination of a small particle size (in the nanometric range) and the presence of water strongly bound to the

attice is essential to ensure a high utilization of the active material and good cycling properties of the positive electrode. Therefore, appropriate
anometric materials provide an effective method for increasing the efficiency of the active material in lead-acid batteries.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Lead dioxide is the key component of the positive plate of a
ead-acid battery; its textural and structural properties influence
attery performance. The electrochemical activity of chemically
repared PbO2 is known to be considerably lower than that
f PbO2 obtained by electrochemical reaction. Various factors
uch as hydrogen content, the presence of OH− groups, oxy-
en vacancies and amorphous domains have been suggested as
he origin of the differences [1–10]. Moseley and Bridger [11]
emonstrated that chemically prepared PbO2 mixed with PTFE
an be used to obtain electrochemical capacity and suggested
hat the microstructure is the key for higher utilization and longer
ife of chemical PbO2 electrodes.

One way to increase the reactivity of materials is the reduc-
ion of their particle size. In this context, nanometric materials
rovide substantially improved energy efficiency generation by
irtue of their unique electronic and chemical properties and of

he large area of their particles [12]. Recently, we found that
anostructured PbO2 obtained by hydrolysis of Pb(IV) acetate
elivers 65% of the theoretical capacity on prolonged cycling at
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1C discharge current [13]. In this work, we compared the elec-
rochemical properties of PbO2 obtained by following various
ynthetic procedures and in variable particle size. The best elec-
rochemical response was obtained with highly hydrated PbO2
onsisting of particles in the nanometric range.

. Experimental

We examined four different samples of PbO2 hereafter named
–D. Table 1 summarizes the methods of synthesis and the type
f the PbO2 samples. Sample A was obtained by hydrolysis of a
b(CH3–COO)4 precursor and sample B by exposing sample A

o a hydrothermal treatment in a Berghof high pressure autoclave
t 175 ◦C for 4 days. Sample C was obtained from the positive
late of a commercial battery supplied by Exide, Tudor SA.
inally, sample D was commercially available PbO2 supplied
y Aldrich.

X-ray diffraction (XRD) patterns were recorded on a
iemens D-5000 diffractometer using Cu K� radiation and a
raphite monochromator. X-ray photoelectron spectra (XPS)

ere obtained on a Physical Electronics PHI 5700 spectrometer
sing unmonochromated Mg K� radiation as excitation source.
he binding energy was calibrated with respect to the adventi-

ious carbon C 1s line at 284.8 eV. Scanning electron microscopy
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Table 1
Method of synthesis of the PbO2 samples, crystallite size, surface area, pore volume and diameter, and weight loss obtained from the TG curves

Sample Synthetic method Type Crystallite
size [nm]

SBET [m2 g−1] Vp [ml g−1] Dp [nm] Weight loss
(%) (300 ◦C)

A Hydrolysis of a Pb(CH3–COO)4

precursor
Nanostructured 7 32.7 0.192 21.5 3.5

B Sample A with hydrothermal
treatment at 175 ◦C for 4 days

Hydrothermal 38 18.3 0.098 23.4 1.0

C Obtained from a positive plate of
a commercial battery

PAM 42 6.6 0.061 36.6 0.8
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ticles (Fig. 4b). The interplanar spacing was calculated to ca.
3.50 Å, which corresponds to the orientation of (1 1 0) atomic
planes. On the other hand, commercial PbO2 (sample D) con-
sists of larger, less uniform pseudo-polyhedral particles with
Chemically synthesized Aldrich 44

SEM) images were obtained on a JEOL 6400 microscope.
ransmission electron microscopy (TEM) was performed with a
hilips CM-10 instrument. BET surface areas were determined
rom N2 adsorption measurements made with a Micromeritics
SAP 2000 system. Thermogravimetric curves were recorded
n a Cahn 2000 thermobalance under air atmosphere.

Electrochemical tests were performed by using small conven-
ional lead-acid cells consisting of one positive and two negative
lectrodes. Positive electrodes, 1 cm2 in size, were prepared by
praying an aqueous suspension of active material over both
ides of lead alloy sheets (Pb–1.14% Sn–0.03% Ca, 0.3 mm
hickness) according to a procedure described elsewhere [14].
ll electrochemical measurements and cycling tests were car-

ied out by using either a Solartron 1470A or an Arbin BT 2000
attery test system in a 1.28 s.g. H2SO4 solution at 25 ◦C. A
g/Hg2SO4/H2SO4 (s.g. 1.28) reference electrode was used and

ll potential values given referred to this electrode.

. Results and discussion

.1. Sample characterization

Fig. 1 shows the XRD spectra for the samples. All patterns
ere indexed in a tetragonal system and cell dimensions were

onsistent with �-PbO2. Although no significant differences in
attice parameters were observed, changes in peak intensity and
idth were clearly detected. The average crystallite size was

alculated from the full width at the half maximum (FWHM)
f [1 1 0] diffraction lines using the Scherrer equation. The data
hus obtained are shown in Table 1. Sample A exhibited the low-
st crystallite size. The hydrothermal treatment clearly increased
rystallite size to a calculated value similar to those of samples
and D.
Fig. 2 shows the N2 adsorption/desorption isotherms. The

hape of the isotherm for sample A is between those of types II
nd IV in the BDDT classification [15], with a hysteresis loop
ssociated to capillary condensation in a mesoporous system.
he shape of the isotherms for samples C and D is closer to type

I, which corresponds to non-porous or macroporous solids; the
rigin of the small hysteresis loop observed for electrochemi-

ally obtained PbO2 must be the interparticle space arising from
article agglomeration. The isotherm shape of sample B is more
imilar to that of sample A, albeit with less marked hysteresis.
he BET surface areas and the average pore volumes and diam-
1.2 0.019 63.4 0.4

ters, calculated by using the Barret–Joyner–Halendar method
16], are shown in Table 1. Sample A, with the lowest crystallite
ize, had the highest surface area and pore volume, and the low-
st pore size. By contrast, samples C and D, with narrow XRD
eaks and high crystallite sizes, had a low BET surface area
especially commercial PbO2, the pore size of which is typical
f macroporous materials). The surface area of sample B is in
etween those of samples A and C, with a pore size somewhat
igher but a pore volume substantially lower than that of sample
.
The particles of sample A tended to agglomerate and adopt a

ound shape as can be observed from SEM image (Fig. 3a). TEM
nalysis (Fig. 4a) revealed a morphology consisting of rather
omogeneous PbO2 nanoparticles ranging from 15 to 20 nm in
ize. HREM exposed the crystalline nature of the PbO2 nanopar-
Fig. 1. (A–D) XRD patterns for the PbO2 samples.
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Fig. 2. (A–D) N2 adsorption/deso

ell-defined edges and vertices (Fig. 3d). The particle sizes of
amples B and C (Fig. 3b and c) are in between those of the
ther two samples, which is consistent with their specific sur-
ace areas. In fact, the sample B that possesses a higher specific
urface also has a lower particle size.

The tetravalent state of lead in all samples was confirmed

rom XPS data. The Pb 4f spectra for all samples exhibited two
ell-defined, symmetric peaks centred at 137.7 and 142.6 eV

nd corresponding to 4f7/2 and 4f5/2, respectively, consistent
ith the spectral values for PbO2 [17,18]. Table 2 shows the

able 2
ata for binding energies (eV) of the Pb 4f and O 1s peaks for the PbO2 samples

ample Pb 4f7/2 Pb 4f5/2 O 1s

137.7 (1.33)a 142.6 (1.32) 529.5 [48.5]b

530.8 [51.5]

137.6 (1.34) 142.6 (1.33) 529.1 [80.0]
530.8 [20.0]

137.7 (1.31) 142.6 (1.33) 529.2 [90.8]
530.9 [9.2]

137.7 (1.32) 142.6 (1.34) 529.2 [95.0]
530.8 [5.0]

a Full width at half maximum (FWHM).
b Relative peak area (%).
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isotherms for the PbO2 samples.

inding energies (BE) of the two peaks. The constancy of BE
nd FWHM suggests that the chemical environment of Pb barely
hanges with the synthetic procedure. The largest differences
ere observed in the O 1s signal, which was deconvoluted

n two components at 529.1 and 530.8 eV (Fig. 5). The bind-
ng energies and relative peak area of the two components
re given in Table 2. The peak at 529.1 eV can be assigned
o the oxygen atoms directly bound to Pb. The oxygen at
30.8 eV is probably due to adsorbed OH− groups and/or water
olecules.
The results of the thermogravimetric analysis (TGA) of the

amples are shown in Fig. 6. Sample A, consisting of nanometric
bO2, exhibited a significant weight loss (ca. 3.5%) up to 300 ◦C;
n the other hand, the other types of PbO2 remained quite stable
p to 350 ◦C. The weight loss is associated with the release of
ater, the content in which was well correlated with the inten-

ity of the oxygen component at 530.8 eV (see Tables 1 and 2).
bove 350 ◦C, a two-step weight loss was observed in all sam-
les, the resulting product being identified as �-PbO. Again,
ample A behaved differently, especially concerning the step
ssociated with the decomposition of PbO2 into Pb3O4. For

ample A this reaction takes place between 350 and 450 ◦C.
owever, for the other samples oxygen is evolved above this

ange, thus demonstrating the greater instability of nanometric
bO2.
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Fig. 3. (a–d) SEM micro

All the results obtained revealed the singularity of sample A,
he origin of which is probably due to its nanometric nature. On
ncreasing particle size a tendency to a more pronounced simi-
arity was observed both in the structural and textural properties

nd also in the thermal stability. The electrochemical properties
f these samples were affected in a similar manner as shown
elow.

t
s
t

Fig. 4. TEM (a) and HRTM (
s of the PbO2 samples.

.2. Electrochemical properties

The electrochemical performance of different types of PbO2
as compared in charge/discharge tests with thin positive elec-
rodes. Highly uniform deposits were prepared from a water
uspension (5 g of PbO2 in 50 ml of water, substrate tempera-
ure 140 ◦C) ranging from 10 mg cm−2. Under these conditions,

b) images of sample A.
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Fig. 5. (A–D) O 1s XPS peak
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three electrodes is notably lower than that reported for electrodes
Fig. 6. TGA profiles for the PbO2 samples.

he particles maintained both the PbO2 structure and their main
extural properties. In order to improve substrate/coating con-
ection a preliminary charge up to 2Ct (Ct theoretical capacity)
as applied for 6 h.
The cycle life performance of PbO2 samples is illustrated in

ig. 7. The thin positive electrodes were discharged with a 1C

ischarge current to 0.7 V (corresponding to 100% DOD) and
harged to an overcharge of 110% with the same charge current.
he obtained behavior of the PbO2 samples on cycling is consis-

Fig. 7. Cycle life performance of the PbO2 samples.

p
s

s for the PbO2 samples.

ent with the BET surface area and particle size data. The results
onfirm the well-known fact that the higher specific surface area
s responsible for the increased capacity of the active material.
ommercial PbO2 (sample D) exhibited the worst response and

he delivered capacity barely exceeds 40 mAh g−1. Samples B
nd C behaved similarly after the 70th cycle. Thus, they deliv-
red a capacity of about 120 mAh g−1, which is 50% of the
heoretical capacity. The difference in the capacity values of
amples B and C at the initial stage of cycling can be ascribed
o differences in the textural properties of both samples. The
maller surface area (Table 2) and the consequent greater par-
icle size (Fig. 3) of sample C most likely result in decreased
eactivity of the lead dioxide active material. The best electro-
hemical response was obtained from sample A, which consisted
f nanometric particles. The nanostructured PbO2 showed high
tilization of the active material (about 75% of the theoretical
apacity) and has the ability to deliver capacity in excess of
60 mAh g−1. This electrode also showed the lowest Peukert
oefficient (n = 1.01) (Fig. 8) compared with the other sam-
les (1.05 and 1.09 for samples B and C, respectively), which
ndicates improved diffusion conditions and more effective elec-
rochemical performance. The value of this coefficient for the
repared by a conventional pasting procedure, 1.16 [19], thus
uggesting that the thin films design enhances the diffusion prop-

Fig. 8. Peukert dependence for the PbO2 samples.
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rties of the chemical species involved in the electrochemical
eaction.

Good correlation was also observed between the discharge
apacity and the weight loss at 300 ◦C, ascribed to structural
ater (see Table 2). As the water content increased, the deliv-

red capacity also increased. The role of structural water in the
eactivity of the positive active material has been emphasized
y some authors [4,8,9,20,21]. In order to examine the effect
f water on the electrochemical behavior of lead dioxide, the
anostructured PbO2 material (sample A) was heated at 250 ◦C
or 2 h to remove structural water. To avoid rehydration of nano-
etric particles, the thin positive electrode was prepared by

uspending the PbO2 material in acetone at a constant tempera-
ure of 80 ◦C. On cycling (Fig. 7) this electrode yielded a capacity
imilar to that obtained with the hydrothermally treated nanos-
ructured PbO2 (sample B), which possessed a higher particle
ize and a lower water content. The thermal treatment reduced
he discharge capacity from 160 to 120 mAh g−1, which pro-
ides indirect evidence for the influence of structural water on
he electrochemical properties of PAM in lead-acid batteries.
owever, an unresolved question remains: the specific role of

he active material/substrate connection, which must differ in
oth systems by effect of the different suspension media and
eposition temperatures used.

The electrochemical activity of nanometric PbO2 obtained
y us exceeds that reported in Ref. [11]. Differences in particle
ize and/or in the plate design could account for the improved
tilization. Other properties like the non-crystalline component
n the material, that may play a significant role on the electro-
hemical activity as suggested by Hill [3], should not to be ruled
ut. For this reason, additional textural and structural studies
ntended to clarify this uncommon electrochemical activity are
urrently in progress.

. Conclusions

Thin electrodes made from lead dioxide of variable BET sur-
ace area and particle size were tested as positive electrodes in

ead-acid cells. The delivered capacity was found to be strongly
ependent on both particle size and the water content of the
articles. Large, well-crystallized particles, the water content of
hich is usually very low, provided poor electrochemical activ-

[
[

[
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ty. On the other hand, nanometric PbO2 in particle sizes from 15
o 20 nm yielded the best electrochemical response. This nanos-
ructured electrode exhibits high utilization of the active material
about 65% of the theoretical capacity on discharge with 1C dis-
harge current). The nanometric particle size, the large surface
rea of the PbO2 material and the thin film design of the electrode
re probably three key factors for the improved electrochemical
ctivity of the positive active material.
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