
A

X
a
a
c
t
fi
d
©

K

1

b
l
h
p
t
o
h
c
t
b
a
l
u

0
d

Journal of Power Sources 168 (2007) 79–89

Lead–samarium alloys for positive grids of valve-regulated
lead–acid batteries

H.Y. Chen a,∗, S. Li a, A.J. Li a, D. Shu a, W.S. Li a, C.L. Dou b, Q. Wang b,
G.M. Xiao b, S.G. Peng b, S. Chen b, W. Zhang b, H. Wang b

a School of Chemistry and Environment, South China Normal University, Guangzhou Guangdong 510631, China
b Zhuzhou Smelter Group Co., Ltd., Zhuzhou Hunan 412004, China

Received 26 September 2006; accepted 30 November 2006
Available online 16 December 2006

bstract

The influence of the rare earth metal, samarium, as an alloying additive on the electrochemical behaviour of pure lead is studied by means of
-ray diffraction, self-depassivation, linear sweep voltammetry and a.c. impedance spectroscopy in 4.87 M H2SO4 at 25 ◦C. Studies on Pb–Sm

lloys (Sm = 0.02, 0.04, and 0.12 wt.%) indicate that the oxide film formed on the alloy surface at 0.9 V is thicker than that on pure lead when the
lloy contained less than 0.1 wt.% Sm. In addition, samarium exercises little influence on the conversion of PbSO4 to PbO2 in the oxide film during

harging. The electrochemical impedance of the oxide film is much larger than that of the oxide formed on pure lead. With the addition of more
han 0.1% Sm, however, the oxide film on the alloy surface is thinner and samarium obviously promotes the conversion of passive PbSO4 in oxide
lm to conductive PbO2. The a.c. impedance data show that a high content of samarium greatly inhibits the growth of the passivation layer and
ecreases the electrochemical impedance of the film.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Two main types of positive grid are widely used in lead–acid
atteries [1–4]: one is the low-antimony grid, the other is the
ead–calcium grid. Tin [2,5,6] and arsenic, as well as cadmium,
ave been doped into low-antimony grids to eliminate or sup-
ress the ‘antimony effect’, i.e., the dissolution and subsequent
ransfer to the negative electrode with subsequent enhancement
f hydrogen evolution. Arsenic is of low density, however, and
as a propensity to be oxidized into a virulent oxide. By contrast,
alcium is only added to enhance the mechanical properties of
he lead alloys [7] and has no influence on their electrochemical
ehaviour [8]. The hydrogen overpotential at a lead–calcium
lloy is much higher (i.e., 200 mV) than that at a common

ead–antimony alloy and hence calcium alloys have been man-
factured on a large scale.

∗ Corresponding author. Tel.: +86 20 39310183; fax: +86 20 39310183.
E-mail address: battery@scnu.edu.cn (H.Y. Chen).
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As an additive, rare earth metals bring advantages to the
echanical properties, corrosion resistance and the conductivity

f grids used in lead–acid batteries. During the past few years,
everal authors have studied lead–calcium and lead–antimony
lloys that both contain rare earth metals. Wei et al. [9] tested
ound that cerium and yttrium can improve the overpotentials
f hydrogen and oxygen evolution on Pb–Ca and Pb–Sb alloys
nd can restrain the reduction of PbO2 in the corrosion film dur-
ng the discharge. Recent experiments [10–15] have suggested
hat the addition of Sm, Ce and Y increases the porosity of the
nodic film, which may cause an increase in the ionic conduc-
ance produced by the interstitial liquid among the PbO particles
n the film and there by lead to a decrease in the resistance of
he anodic film.

It is, therefore, our objective to study a new lead–samarium
inary alloy as a positive grid for valve-regulated lead acid
VRLA) batteries to replace Pb–Sb–Cd alloys or overcome the

hortcomings of conventional Pb–Ca–Sn–Al alloys. Success
ould reduce the environmental pollution caused by the wide

pplication of Pb–Sb–Cd alloys in VRLA batteries used for elec-
ric bicycles in China. Another important aim is to promote the

mailto:battery@scnu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2006.11.091
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+HLab c(cos α cos γ − cos β)] (1)

Where:

v = abc(1+2 cos α cos β cos γ − cos2 α − cos2 β − cos2 γ)
1/2
0 H.Y. Chen et al. / Journal of

eep-cycle performance of VRLA batteries during service in
lectric vehicles.

. Experimental

Lead–samarium binary alloys (with 0.02, 0.04 and 0.12 wt.%)
nd Pb–Ca–Sn–Al–Sm alloys were processed in the laboratory
y melting weighed mixtures of pure lead and pure samarium.
ead alloy rods with 0.3 cm2 of geometric area were used as
orking electrodes. Table 1 lists the elemental compositions of

he Pb–Ca–Sn–Al–Sm alloys.
Electrochemical tests were performed in a three-electrode

ell that was connected to an Autolab PGSTAT-
0 potentionstat/galvanostat (ECO Echemie B.V., Holland)
upplied with a computer. The reference electrode was a
2SO4-saturated mercurous sulfate electrode (E = +0.658 ver-

us SHE) and all working electrode potentials are reported with
espect to this reference electrode. The electrolyte was 4.87 M
ulfuric acid solution, which was prepared from analytical
rade reagent and maintained at 25 ◦C.

The working electrodes were mechanically polished with
uccessively finer grades of SiC emery paper up to 1500, then
ith colloidal silica dispersed in water. Samples were finally

insed with distilled water, then with ethanol, and finally dried.
rior to each experiment and immediately after sample immer-
ion, the polished lead electrode was reduced at −1.2 V to
liminate oxides on the electrode surface.

Electrochemical tests were performed after 1 h potentiostatic
xidation runs at several voltages, namely, 0.5, 0.9, 1.1 and 1.3 V.
ach voltage corresponds to conditions that simulate different
harge stages of lead–acid batteries.

Self-depassivation measurements were carried out after the
lectrodes had been maintained at 0.9, 1.1 or 1.3 V for 1 h and
he polarization potential cut-off for 5 h.

The metal phases present were identified by X-ray diffraction,
RD analysis over a scan range of 20–80◦ at a rate: of 0.015◦
er 0.4 s.

The amplitude of the a.c. signal in the electrochemical
mpedance spectroscopy (EIS) experiment was 5 mV. The fre-
uency was in the range of 10 × 105 to 10 Hz. The spectra were
nalyzed using FRA impedance modelling software.
Linear sweep voltammetry (LSV) was performed after the
orking electrode was polarized at 0.5, 0.9 or 1.3 V for 1 h. The
otential was swept from the corresponding polarization voltage
o −1.2 V at a rate of 1 mV s−1.

able 1
lemental compositions (wt.%) of Pb–Ca–Sn–Al–Sm alloys

Ca Sn Al Sm

# 0.05 0.6 0.005 0
# 0.05 0.6 0.005 0.01
# 0.05 0.6 0.005 0.1
# 0.05 0.6 0.005 0.15
# 0.05 0.6 0.005 0.2
# 0.05 0.6 0.005 0.25
# 0.085 0.6 0.005 0.15
r Sources 168 (2007) 79–89

The cycle-life of electric-bicycle batteries was tested accord-
ng to the Chinese machine industry standard ‘VRLA Batteries
sed for Electric Moped (JB/T10262-2001)’. After being

harged at a constant potential of 16 V and with a limited cur-
ent of 1.5 A for 5.6 h, the battery was discharged with a constant
urrent of 5 A for 1.4 h. When the battery voltage was less than
.6 V for three times after discharging for 1.4 h, it was consid-
red to have failed and the cycle was terminated. This condition
epresents 70% DoD at the 2-h rate. Three types of alloy, e.g.,
b–1.5%Sb–1.5%Cd alloy, Pb–0.08%Ca–0.6%Sn–0.02%Al
lloy and Pb–0.085%Ca–0.6%Sn–0.005%Al–0.15%Sm alloy,
ere used as the positive grids for 12-V/10-Ah (2-h rate) VRLA
atteries. The negative grids were all of same material, namely,
b–Ca–Sn–Al alloy.

. Results and discussion

.1. Pb–Sm binary alloy

.1.1. XRD patterns of lead and lead–samarium binary
lloys

The XRD patterns of lead and lead–samarium binary alloys
re presented in Fig. 1. The results feature a characteristic peak
f lead and there is no indication of the presence of other crystal
hases.

The following relation exists among the interplanar spacing
, the indices of the crystallographic planes H, K, L and the
attice parameter.

1

d2 = 1

v2 [H2b2c2 sin2 α + K2a2c2 sin2 β + L2a2b2 sin2 γ

+2HKabc2(cos α cos β − cos γ)

+2KLa2bc(cos β cos γ − cos α)
2

Fig. 1. XRD patterns of lead and lead–samarium binary alloys.
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Table 2
Parameters in main diffraction peaks in XRD patterns of lead and lead–samarium
binary alloys

d1 (H K L) d2 (H K L) d3 (H K L)

Pb 2.8901 (1 1 1) 2.498 (2 0 0) 1.7604 (2 2 0)
Pb–0.02%Sm 2.8819 (1 1 1) 2.4899 (2 0 0) 1.4969 (3 1 1)
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b–0.04%Sm 2.8819 (1 1 1) 2.4919 (2 0 0) 1.4989 (3 1 1)
b–0.12%Sm 2.8819 (1 1 1) 2.4899 (2 0 0) 1.4969 (3 1 1)

For a cubic system, Eq. (1) should read:

1

d2 = H2 + K2 + L2

a2 (2)

The cell parameters of four samples were calculated on the
asis of Eq. (2) and of the parameters listed in Table 2. The results
re as follows: a1 = 4.994 nm, a2 = 4.965 nm, a3 = 4.982 nm,
4 = 4.979 nm. The cell parameters of the lead–samarium alloys
re slightly less than those of lead, which indicates that finer
rains are obtained.

The atomic radius of lead is 0.175 nm and that of samarium
s 0.18 nm. The difference between the two elements is less than
4–15%. Furthermore, the electronegativity of lead is 1.5 while
hat of samarium is 1.3. The difference, �x < 0.4–0.5, indicates
hat a solid solution over a wide range may be formed.

.1.2. Open-circuit potential
The self-depassivation of Pb and of Pb–Sm alloy after

otentiostatic anodization at 0.9 or 1.1 V for 1 h is shown
n Figs. 2 and 3, respectively. The behaviour of the Pb and
b–0.12%Sm electrodes are similar; the curves remain at the
quilibrium potential of PbO·PbSO4/Pb, when the electrodes
re anodized in the range of 0.9–1.1 V. The self-depassivation
f Pb–0.02%Sm and Pb–0.04%Sm is similar, but the curves lie

t the equilibrium potential of PbO/Pb.

The four electrodes were depassivated for 5 h after overcharg-
ng at 1.3 V for 1 h (see Fig. 4). Short PbO2/PbSO4 plateaux
rst appear at 1.1 V, and that for the Pb–0.12%Sm electrode

ig. 2. Self-depassivation of Pb (1) and Pb–Sm alloys (2: Pb–0.02%Sm, 3:
b–0.04%Sm, 4:Pb–0.12%Sm) after potentiostatic anodization at 0.9 V (vs.
g/Hg2SO4) for 1 h in 4.87 M H2SO4.

P
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a
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ig. 3. Self-depassivation of Pb (1) and Pb–Sm alloys (2: Pb–0.02%Sm, 3:
b–0.04%Sm, 4: Pb–0.12%Sm) after potentiostatic anodization at 1.1 V (vs.
g/Hg2SO4) for 1 h in 4.87 M H2SO4.

s the longest. This indicates that a more conductive PbO2 is
ormed during corrosion of the Pb–0.12%Sm electrode. After
he plateaux, the self-depassivation curves of the Pb–Sm alloy
lectrodes polarized at 1.3 V are similar to those for polarization
t 0.9 or 1.1 V, but the self-depassivation curve of the Pb elec-
rode arrives at the equilibrium potential of PbSO4/Pb. Typical
oltage–time curves on open-circuit were reported in [16,17].
ore PbSO4 was formed during corrosion of the Pb electrode,
hile more PbO and less PbSO4 were produced on the Pb–Sm

lectrode.

.1.3. EIS study on PbO growth
When the potential of the anodic oxidation of lead in sulfuric

cid solution is in the PbO potential region (−0.40 to 0.95 V),
n anodic film with a complex composition will be obtained,
.e., Pb/PbO/3PbO/PbSO4·H2O/PbO·PbSO4/PbSO4, with PbO,

bO·PbSO4 and PbSO4 as the major components.

Electrochemical impedance measurements were carried out
fter every 1 h of oxidation at a fixed potential value of 0.9 V, on
Pb electrode (1), and on a Pb–Sm electrode (2: Pb–0.02%Sm,

ig. 4. Self-depassivation of Pb (1) and Pb–Sm alloys (2: Pb–0.02%Sm, 3:
b–0.04%Sm, 4: Pb–0.12%Sm) after potentiostatic anodization at 1.3 V (vs.
g/Hg2SO4) for 1 h in 4.87 M H2SO4.
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Fig. 5. Nyquist plot of impedance data of Pb electrode and Pb–0.12%Sm elec-
trode, polarized at 0.9 V in 4.87 M H2SO4 for 1 h, frequency range from 105 to
10 Hz.

Fig. 6. Nyquist plot of impedance data of Pb–0.02%Sm electrode and
P
r

3
T
i
a
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t
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Table 3
Example of fitting values computed using an equivalent circuit (Fig. 7) from
EIS data recorded during oxidation of Pb and of Pb–0.12%Sm alloy at 0.9 V in
4.87 M H2SO4

Pb Pb–0.12%Sm

Rs (�) −0.369 0.156
Rp (k�) 0.385 11a 0.274 8.057a

Yo (F) 3.55E−08 1.83a 5.09E−08 1.372a

n 0.768 3.96a 0.786 2.267a

W (�) 1.54E−04 3.35a 3.73E−04 3.547a

a Est. error (%).
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peak 1 to the reduction of PbSO4 to Pb. The voltammograms
for Pb–Sm electrodes are not shown since they are similar as
that of the Pb electrode. The reduction current of peaks 1,
b–0.04%Sm electrode, polarized at 0.9 V in 4.87 M H2SO4 for 1 h, frequency
ange from 105 to 10 Hz.

: Pb–0.04%Sm, 4: Pb–0.12%Sm), as shown in Figs. 5 and 6.
he electrochemical impedance plot of the pure-lead electrode

s similar to that of the Pb–0.12%Sm electrode. The plots show
semicircular part at high frequency and a linear part at low

requency that are associated with an electron-transfer step and
iffusion-controlled step, respectively. Consequently, the elec-
rochemical behaviours shown in Fig. 5 can be represented by a

imple equivalent circuit (Fig. 7). The fitting results for the Pb
nd Pb–0.12%Sm electrodes are listed in Table 3.

ig. 7. Equivalent circuit used to fit impedance data measured during PbO
rowth on Pb electrode and Pb–0.12%Sm electrode.

2

T
E
E
a

R
R
Y
n

ig. 8. Equivalent circuit used to fit impedance data measured during PbO
rowth on Pb–0.02%Sm electrode and Pb–0.04%Sm electrode.

The electrochemical impedance plot of the Pb–0.02%Sm
lectrode is analogous to that of the Pb–0.04%Sm electrode but
nly consists of a semicircular part that indicates an electron-
ransfer step. The equivalent circuit given in Fig. 8 represents
he electrochemical impedance behaviour in Fig. 6. The fitting
esults for the two electrodes are presented in Table 4. As high
s 14–18 Kr, the electrochemical impedances of the oxides on
he Pb–0.02%Sm Pb–0.04%Sm electrodes are much more than
hose of the oxides on the Pb and Pb–0.12%Sm electrodes.
t is concluded that the electrochemical impedance of oxide
ormed on the electrode surface is high when the alloy contains
.02–0.04%Sm but is greatly reduced with 0.12%Sm.

.1.4. LSV study
The potentials of the Pb and Pb–Sm electrodes were kept at

.5, 0.9 or 1.1 V for 1 h and then swept in the negative direc-
ion to −1.2 V at a rate of 1 mV s−1 in 4.87 M H2SO4. Typical
oltammograms for Pb electrode are shown in Figs. 9–11. As
hown in Fig. 11, peak 3 corresponds to the reduction of PbO2
o PbSO4, peak 2 to the reduction of Pb(II) oxides to Pb, and
and 3, IPb(II)/Pb and IPbSO4/Pb and IPbO2/PbSO4 , for Pb and

able 4
xample of fitting values computed using an equivalent circuit (Fig. 8) from
IS data recorded during oxidation of Pb–0.02%Sm alloy and of Pb–0.04%Sm
lloy at 0.9 V in 4.87 M H2SO4

Pb–0.02%Sm Pb–0.04%Sm

s (�) 10 16.2a −4.34 18.7a

p (k�) 41.1 7.5a 15.45 6.3a

o (F) 1.73E−08 6.86a 1.48E−08 5.9a

0.77 0.76a 0.67 0.64a

a Est. error (%).
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Fig. 9. Voltammograms for anodic films formed on Pb at 0.5 V for 1 h in H2SO4

(4.87 M L−1), v = 1 mV s−1.
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Table 5
Peak current of voltammograms for anodic films formed on Pb and Pb–Sm alloy
at 0.5 V

Electrode E1 (V) I1 (mA) E2 (V) I2 (mA)

Pb −0.977 −0.42 −0.927 −1.4
Pb–0.02%Sm −0.962 −0.592 −0.891 −0.692
Pb–0.04%Sm −0.967 −0.456 −0.885 −0.964
Pb–0.12%Sm −0.982 −0.299 −0.933 −1.07

Table 6
Peak current of voltammograms for anodic films formed on Pb and Pb–Sm alloy
at 0.9 V

Electrode E1 (V) I1 (mA) E2 (V) I2 (mA)

Pb −0.977 −0.5408 −0.907 −1.52
Pb–0.02%Sm −0.9613 −0.793 −0.897 −1.33
Pb–0.04%Sm −0.9639 −0.655 −0.895 −1.71
Pb–0.12%Sm −0.977 −0.44 −0.887 −1.2

Table 7
Peak current of voltammograms for anodic films formed on Pb and Pb–Sm alloy
at 1.3 V

Electrode E1 (V) I1 (mA) E2 (V) I2 (mA) E3 (V) I3 (mA)

Pb −0.987 −0.985 −0.884 −1.23 1.103 −0.976
P
P
P

o
t
t
a
m
fi

ig. 10. Voltammograms for anodic films formed on Pb at 0.9 V for 1 h in H2SO4

4.87 M L−1), v = 1 mV s−1.
b–Sm electrodes are listed in Table 7. The reduction potentials
f peaks 1–3 for Pb are −0.98, −0.91 and 1.1 V, respec-
ively, those for Pb–Sm electrodes are −0.97, −0.90 and 1.1 V,
espectively.

ig. 11. Voltammograms for anodic films formed on Pb at 1.3 V for 1 h in H2SO4

4.87 M), v = 1 mV s−1.
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b–0.02%Sm −0.965 −0.97 −0.859 −1.12 1.108 −0.862
b–0.04%Sm −0.969 −1.303 −0.839 −1.034 1.106 −0.968
b–0.12%Sm −0.987 −0.89 −0.877 −1.4 1.103 −0.74

It can been seen from the data in Tables 5–7 that the current
f peak 1 for Pb–Sm electrode is lower than that for Pb, and
he current of the peak 2 for Pb–Sm electrode is higher than
hat for Pb after 0.02 or 0.04% Sm is added. This suggests that
dding 0.02 or 0.04% Sm can promote the growth of the PbSO4
embrane but inhibits the growth of the anodic Pb(II) oxides
lm. On the other hand, adding 0.12% Sm can inhibit the growth
f both the PbSO4 membrane and the anodic Pb(II) oxides film.

.1.5. Oxygen evolution
Water is decomposed to release oxygen at the end of charge

nd during overcharge of the lead dioxide plates in lead–acid
atteries when a Pb/PbO2 electrode is polarised in the PbO2
otential region (ϕ ≥ 1.0 V) [18–20]. Linear sweep voltammetry
f Pb and Pb–Sm alloy electrodes in 4.87 M H2SO4 are shown
n Fig. 12 and the kinetic parameters of oxygen evolution are

isted in Table 8. As shown and in Fig. 13, a �-PbO2 mem-
rane is formed on the Pb and Pb–Sm electrodes from 1.45
o 1.60 V, and that the presence of samarium does not change
he control step of the chemical reaction that occurs on the

able 8
inetic parameters of oxygen evolution reaction on lead and lead–samarium
btained by LSV method

lectrode E b R

b 1.83155 0.10736 0.9972
b–0.02%Sm 1.84055 0.11291 0.99633
b–0.04%Sm 1.83199 0.10678 0.99608
b–0.12%Sm 1.83258 0.10963 0.99691
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Table 9
Hardness of test alloy

1# 3# 4# 5# 6# 7#

Ageing hardness for 2 days (kgf mm−2)−1 9 9.02
Ageing hardness for 8 days (kgf mm−2)−1 9.25 9.5
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ig. 12. LSV of Pb and Pb–Sm alloy electrode in 4.87 M H2SO4 solutions,
can rate 2 mV s−1, electrodes: 1, Pb; 2, Pb–0.02%Sm; 3, Pb–0.04%Sm; 4,
b–0.12%Sm.

lectrode surface. From Table 8, it can be seen that the overpo-
ential of oxygen evolution on the Pb–0.02%Sm, Pb–0.04%Sm
nd Pb–0.12%Sm electrodes is much higher than that on Pb
lectrode. Thus, preliminary results indicate that samarium can
nhibit oxygen evolution in VRLA batteries.

The overpotential of oxygen evolution is highest on the
b–0.02%Sm electrode. In other words oxygen evolution is least
n this electrode and therefore the alloy is more suitable for use

n VRLA batteries.

Nyquist plots of the oxygen evolution reaction on lead and
ead–samarium alloy electrodes are given in Fig. 14. The plots
or the four electrodes are similar at the same potential and

Fig. 13. Relationship between potential and logarithm of current.
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9.3 9.2 9.2 9.8
9.9 9.4 10 10.7

xhibit a semicircular part at high frequency that indicates con-
rol by electron transfer. The semicircular radius of the plots
or each of the Pb–0.02%Sm, Pb–0.04%Sm and Pb–0.12%Sm
lectrodes is much larger than that of the Pb electrode, that is,
he oxygen evolution reaction resistance of the Pb–0.02%Sm,
b–0.04%Sm and Pb–0.12%Sm electrodes are more than that
f the Pb electrode. Consequently, it is found that samarium can
nhibit the oxygen evolution, and adding 0.02% Sm exerts the
est effect.

.2. Pb–Ca–Sn–Al–Sm alloy

.2.1. Hardness test
A grid alloy should have sufficient hardness and yield

trength to suffer mechanical deformation during manufacture
nd service of the battery. The change in hardness during of
esting of the alloys is shown in Table 9. The hardness of the
b–0.085%Ca–0.6%Sn–0.005%Al–0.15%Sm alloy (#4) is the

argest while that of the Pb–0.05%Ca–0.6%Sn–0.005%Al alloy
#1) is the smallest. Adding an amount of samarium can improve
he hardness of lead–calcium alloys now used in factories, but
as little influence on ageing hardness.

With a suitable atomic size, samarium is likely to sediment
n the crystal boundary and phase boundary when the alloy is
olidifying. Occupying the vacancy of the alloy, samarium atoms
ay slow the diffusion of other atoms in the alloy and there by

inder crystal growth. Therefore, a finer casting structure of alloy
ill be obtained. The finer the crystal, the more boundaries are
btained. Consequently, the largest deformation that the alloy
an suffer is improved and this means that the hardness of alloy
s enhanced.

.2.2. SEM micrographs of corrosion layer surface
Scanning electron micrographs of the surface and the sec-

ion plane of the corrosion layer formed on a Pb–Ca–Sn–Al–Sm
ubstrate after potentiostatic polarization are shown in
igs. 15 and 16, respectively.

The surface of the corrosion layer (Fig. 15(a)) is flat and the
rains of the corrosion product are compact, which may loosen
he adhesion between the grid and the active material. With
he addition of samarium, the surfaces of the corrosion layers
n Pb–0.05%Ca–0.6%Sn–0.005%Al–0.01%Sm, Pb–0.05%Ca–
.6%Sn–0.005%Al–0.1%Sm, Pb–0.05%Ca–0.6%Sn–0.005%
l–0.15%Sm and Pb–0.08%Ca–0.6%Sn–0.005%Al–0.15%Sm

lloys becomes so porous that active material can sit in the aper-
ures to contact the grid surface intimately with the effective

urface area of corrosion product.

The sections of the corrosion layer in Fig. 16 also indicate
hat the corrosion layer is too compact and thin to combine the
ctive material.
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ig. 14. Nyquist plots of oxygen evolution reaction on lead and lead–samarium
.50 V; (c) 1.55 V; (d) 1.60 V), electrodes: 1, Pb; 2, Pb–0.02%Sm; 3, Pb–0.04%

.2.3. Cyclic votammetry
Cyclic voltammograms of Pb–0.05%Ca–0.6%Sn–0.005%Al

nd Pb–0.05%Ca–0.6%Sn–0.005%Al–0.01%Sm alloys are pre-
ented in Figs. 17 and 18. On the positive sweep, two anodic
eaks (A1 and A3) can be observed; they correspond to the oxi-
ation of Pb to PbSO4, the formation of �-PbO2 from PbSO4,
nd the evolution of oxygen, respectively. On the negative sweep,
ne anodic peak (A2) and four cathodic peaks (C1, C2, C3 and
4) are observed, where peak A1 corresponds to the oxidation
f Pb below the PbSO4 membrane, peak C1 to the reduction
f PbO2, peak C2 to the reduction of PbO and PbOn, peak C3
o the reduction of PbSO4 to Pb, and the peak C4 to hydrogen
volution.

The reduction peak charge for Pb–Ca–Sn–Al and
b–Ca–Sn–Al–Sm electrodes is listed in Table 10. With

he addition of samarium, the charges of peaks A1 and A2
ecrease sharply and the potentials of the peaks shift in a
ositive direction. This suggests that the oxidation of Pb to

bSO4 and the oxidation of Pb to Pb(II) is hundered. On the
egative sweep, the electric charges of peaks C1 and C2 also
ecrease, which indicates that samarium will inhibit the growth
f PbSO4 and PbO on Pb–Ca–Sn–Al alloy.

c
f
1
t

y electrodes in 4.87 M H2SO4 solutions at different potentials ((a) 1.45 V; (b)
, Pb–0.12%Sm.

.2.4. EIS study
When the potential of anodic oxidation for lead in sulfuric

cid solution is in the PbO potential region (−0.40 to 0.95 V), an
nodic film of complex composition is formed on the lead elec-
rode. Typical Nyquist plots of the anodic films on Pb–Ca–Sn–Al
nd Pb–Ca–Sn–Al–Sm electrodes are depicted in Fig. 19. By
omparing the values, it can be found that −Z values of the film
n Pb–Ca–Sn–Al–Sm electrodes differ significantly from that
n the Pb–Ca–Sn–Al electrode.

.2.5. Battery cycle-life test
Cycle-life tests of 12-V/10-Ah (2 h rate) VRLA batteries

ith Pb–Ca–Sn–Al alloy, Pb–Ca–Sn–Al–Sm alloy or Pb–Sb–Cd
lloy for the positive grids were performed at 25 ◦C. The results
re shown in Fig. 20. All the negative grids were made from
b–Ca–Sn–Al. The cycle-life of electric bicycle batteries is

ested according to Chinese machine industry standard ‘VRLA
atteries Used for Electric Moped’ (JB/T10262-2001). After

harging at a constant potential 16 V and with a current 1.5 A
or 5.6 h, a battery is discharged at a constant current of 5 A for
.4 h. The test results are shown in Fig. 18 and demonstrate that
he deep–cycle lives of batteries with Pb–Ca–Sn–Al–Sm posi-
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Fig. 15. SEM micrographs of surface of corrosion layer (a) Pb–0.05%Ca–0.6%Sn–0.005%Al; (b) Pb–0.05%Ca–0.6%Sn–0.005%Al–0.01%Sm;
(c) Pb–0.05%Ca–0.6%Sn–0.005%Al–0.1%Sm; (d) Pb–0.05%Ca–0.6%Sn–0.005%Al–0.15%Sm; (e) Pb–0.05%Ca–0.6%Sn–0.005%Al–0.2%Sm; (f)
Pb–0.05%Ca–0.6%Sn–0.005%Al–0.25%Sm; (g) Pb–0.085%Ca–0.6%Sn–0.005%Al–0.15%Sm.
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Fig. 16. SEM micrographs of section of corrosion layer (a) Pb–0.05%Ca–0.6%Sn–0.005%Al; (b) Pb–0.05%Ca–0.6%Sn–0.005%Al–0.01%Sm;
(c) Pb–0.05%Ca–0.6%Sn–0.005%Al–0.1%Sm; (d) Pb–0.05%Ca–0.6%Sn–0.005%Al–0.15%Sm; (e) Pb–0.05%Ca–0.6%Sn–0.005%Al–0.2%Sm; (f)
Pb–0.05%Ca–0.6%Sn–0.005%Al–0.25%Sm; (g) Pb–0.085%Ca–0.6%Sn–0.005%Al–0.15%Sm.
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Fig. 17. Cyclic voltammograms at 75th cycle of Pb–Ca–Sn–Al electrode in
4.87 M H2SO4 solution (v = 5 mV s−1).

Fig. 18. Cyclic voltammograms at 75th cycle of Pb–Ca–Sn–Al–0.01%Sm elec-
trode in 4.87 M H2SO4 solution (v = 5 mV s−1).

Fig. 19. Nyquist plots for anodic films formed on Pb–Ca–Sn–Al (1#) and
Pb–Ca–Sn–Al–Sm (2#–7#) electrodes at 0.9 V in H2SO4 (4.87 M) for 1 h at
25 ◦C.

Table 10
Peak potential and peak current of LSV for Pb–Ca–Sn–Al and
Pb–Ca–Sn–Al–Sm alloys

1# 2# 3# 4# 5# 6# 7#

A1

E (V) −0.946 −0.964 −0.96 −0.97 −0.968 −0.966 −0.976
Q (C cm−2) 1.582 0.472 0.302 0.596 0.521 0.655 0.638

A2

E (V) 0.982 1.014 1.014 1.004 1.012 1 1.008
Q (C cm−2) 0.649 0.347 0.291 0.257 0.358 0.193 0.208

A3

E (V) 1.792 1.8 1.8 1.786 1.8 1.792 1.778
Q (C cm−2) 11.56 6.446 4.099 6.924 6.805 9.133 8.357

C1

E (V) 1.002 1.036 1.038 1.034 1.036 1.034 1.04
Q (C cm−2) 1.966 0.508 0.273 0.879 0.578 1.109 1.038

C2

E (V) −0.868 −0.842 −0.842 −0.862 −0.846 −0.898 −0.864
Q (C cm−2) 0.839 0.275 0.195 0.42 0.35 0.521 0.415

C3

E (V) −1.07 −1.046 −1.05 −1.046 −1.05 −1.046 −1.038
Q (C cm−2) 3.502 1.387 0.955 1.265 1.46 1.474 1.572

C4

E (V) −1.7 −1.7 −1.7 −1.7 −1.7 −1.7 −1.7
Q (C cm−2) 39.375 11.043 6.844 54.536 10.684 78.51 8.357

F

t
p
g

4

(

(

ig. 20. Deep cycle-life (70% DoD, 2 h rate) of electric bicycle VRLA batteries.

ive grids are longer than that of a battery with Pb–Ca–Sn–Al
ositive grids, but are close to that of a battery with Pb–Cd–Sb
rids.

. Conclusions

1) According to the calculation of d value from the XRD pat-
terns of lead and lead–samarium binary alloys, it is possible
to conclude that finer grains are obtained with the addition

of samarium.

2) The self-depassivation behaviour of Pb and of Pb–0.12%Sm
electrodes is similar, while that of Pb–0.02%Sm and
Pb–0.04%Sm electrodes are similar when all the electrodes
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are polarized at 0.9 or 1.1 V. The self-depassivation charac-
teristics of Pb–Sm alloy electrodes that are first polarized
at 1.3 V are similar to those for polarization at 0.9 or 1.1 V,
but the self-depassivation curve of the Pb electrode arrives
at the equilibrium potential of PbSO4/Pb.

3) Linearsweep voltammetry demonstrate that the addition of
0.02 and 0.04% Sm can promote the growth of the PbSO4
membrane but inhibits that of the anodic Pb(II) oxides film.
Adding 0.12% Sm, however, can inhibit both the growth of
the PbSO4 membrane and that of anodic Pb(II) oxides film.

4) EIS studies show that the electrochemical impedance of the
oxide formed on the electrode surface is high when the alloy
contains 0.02 and 0.04% Sm, but is greatly reduced with
0.12%Sm.

5) Samarium can inhibit the oxygen evolution, and adding
0.02% Sm causes a more effective inhibition compared with
0.04 or 0.12% Sm.

6) Adding samarium can improve the hardness of the
lead–calcium alloys that are widely used in factories in
China. On the other hand, samarium has little influence on
ageing hardness.

7) Samarium will inhibit the growth of PbSO4 and PbO on a
Pb–Ca–Sn–Al alloy, and reduce the resistance of the PbSO4
and PbO membranes.
8) The cycle-life of electric bicycle VRLA batteries with
Pb–Ca–Sn–Al–Sm positive grids is greater than that of bat-
teries with Pb–Ca–Sn–Al positive grids, and is close to that
of batteries with Pb–Sb–Cd positive grids.
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