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a  b  s  t  r  a  c  t

In  order  to investigate  effect  of  iron  on  the performance  of  lead  acid batteries,  we  systematically  study
the chemical  characteristics,  electrochemical  characteristics,  battery  capacity  and  cycle  life  using  iron-
doped lead  oxide  in  this  article.  Cyclic  voltammetry  results  show  that  positive  discharge  current  decreases
sharply with  the  increasing  content  of  Fe2O3 from  0.05  wt.%  to 2 wt.%.  The  release  of  H2 and  O2 are  pro-
moted  accompanying  the  increase  of  Fe2O3 contents.  The  chemical  analysis  confirms  that  the strength  of
Fe3+,  Fe2+ concentration  is  simultaneously  increased  with  the  increase  of  iron  contents  after  50  voltamme-
try  cycles.  X-ray  diffraction  phase  analysis  shows  that  the  amount  of  PbSO4 increases  with  the  increasing
ron
ead oxide
attery capacity
attery cycle life
elease of hydrogen and oxygen

iron  content  in  the  positive  plates  after  50 discharge  cycles.  Morphologies  of  positive  plates  show  that
many  agglomerates  from  PbSO4 crystals  appear.  The  SEM  observations  illustrate  that  there  is  a  lower
porosity  and  specific  surface  area  in  the  positive  active  material  with  iron  after  50  discharge  cycles.  The
mechanism  of iron  decreasing  capacity,  cycle-life  and  promoting  the  release  of  H2 and  O2 has  been  elu-
cidated  in  details.  We  support  it is the “redox-diffusion”  process  of  multiple-valence  iron  and  formation
of  PbSO4 on  electrodes  that result  in above  performances.
. Introduction

Presently traditional preparation of lead oxide is based on crude
ead and refining lead from the pyrometallurgical process, which
roduces pure lead oxide because of smelting and refining at
igh temperature. However due to high energy consumption and

arge emission of volatile lead dust and SO2, the pyrometallurgical
rocess needs to be replaced with sustainable and environmental-
riendly process. Nowadays utilization rate of secondary lead is
radually rising in total lead resources. The metallurgy of sec-
ndary lead is mainly derived from waste lead acid batteries.
herefore many researchers have developed various hydrometal-
urgical processes for preparation of secondary lead resource or
ead oxides from spent batteries, which significantly reduce much
nergy consumption than conventional pyrometallurgical process.
n recent years Prengamann and McDonald [1] invented a pro-
ess of (NH4)2CO3–Na2SO3–H2SiF4 hydro-electric-deposition for
ead recovery from waste lead pastes. Chen [2] developed this pro-
ess with a Na2CO3–H2O2–HBF4/H2SiF4 hydro-electric-deposition.
umar and Sonmez [3,4] used citrate and sodium citrate to leach
ut lead citrate from spent lead acid battery pastes; then received

ead citrate was calcinated at a low temperature of 325 ◦C to prepare
ead oxide directly. Karami et al. [5,6] investigated the synthesis of

∗ Corresponding author. Tel.: +86 27 87792207; fax: +86 27 87792101.
E-mail addresses: jkyang@mail.hust.edu.cn, yjiakuan@hotmail.com (J. Yang).
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nano-structured lead oxide through reaction of lead nitrate solution
and sodium carbonate solution by a sono-chemical method.

However hydrometallurgical process can inevitably bring some
impurity elements in final lead oxides due to liquid-phase reac-
tion and waste-battery origin [1–7]. The role and mechanism
of impurity elements in lead oxide has been studied by CSIRO
and Pasminco Metals [8–12]. Dr. Lam studied the influence
of around 17 different elements in lead oxide on the VRLA
battery performance [13]. Prengamann evaluated the effects of
many different impurities (including Ag, Bi, Zn, Sn, Sb) on the hydro-
gen and oxygen evolution currents at different temperatures and
potentials [14]. Rice and Manders observed that bismuth in lead
oxide was  the promotion of efficient oxygen recombination in VRLA
batteries [15]. Pavlov et al. found that carbon can increase the
specific surface area of negative active materials and promote the
applicability of lead acid battery in hybrid electric vehicles [16]. In
China researchers have tried to test the influence of impurity ele-
ments doped lead oxide on the performance of lead acid batteries.
Chen and co-workers analyzed the effects of Bi-doped lead oxides
in the lead acid battery [17]. Liu et al. investigated the harm of iron
in lead acid battery [18]. Zhou et al. proved that Sb can increase
discharge capacity and utilization rate of active materials of lead
acid batteries [19]. Feng et al. analyzed the effect and mechanism
of Bi and Sn on the battery performance [20].
These research results above have no systematical significance
for novel ultra-fine lead oxide because of the distinctiveness of
hydrometallurgical process. However it is very important for us
to study the effect of impurity elements doped lead oxide in

dx.doi.org/10.1016/j.jpowsour.2011.06.084
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jkyang@mail.hust.edu.cn
mailto:yjiakuan@hotmail.com
dx.doi.org/10.1016/j.jpowsour.2011.06.084


r Sources 196 (2011) 8802– 8808 8803

l
l
a
e
p
a
T
c
(
l

2

2

C
i
t
C

2

2

w
w

(
(
(
(
(
(
(

a

2

c
c
s
o
c
e
w
f
e
r

w

2

a
s
c
a
t

1.61.41.21.00.80.60.40.20.0-0.2

-5

0

5

10

15

20

I/m
A

E/V

1—0%
2—0.01%
3—0.05%
4—0.1%
5—0.5%
6—1%
7—2%

7 6

3
45

Positive Discharge 
     Reaction

1
2

J. Liu et al. / Journal of Powe

ead acid batteries accompanying the invention of hydrometal-
urgical process. Iron is a kind of common impurity in battery,
nd it plays a key role on battery performance. Therefore the
ffect of iron was studied first in this article. We  investigate the
erformance from chemical characteristics, electrochemical char-
cteristics, and battery performance using iron doped lead oxide.
he X-ray diffraction (XRD), scanning electron microscope (SEM),
yclic voltammetry (CV), electrochemical impedance spectroscopy
EIS), chemical analysis and battery test method were used to ana-
yze these performances.

. Experimental

.1. Chemicals

Lead oxide was provided by Wuhan Changguang Power Sources
ooperation Limited of China. The lead oxide comprised approx-

mately 75% of PbO and 25% of Pb. Fe2O3 (impurity ≥99.9%) in
he experiment was purchased from Sinopharm Chemical Reagent
ooperation Limited of China.

.2. Electrochemical test

.2.1. Electrode preparation
The seven kinds of lead oxide doped with different iron contents

ere prepared from mechanical mixing and ball-mill process. They
ere presented as follows:

1) pure lead oxide;
2) lead oxide doped with 0.01 wt.% Fe2O3;
3) lead oxide doped with 0.05 wt.% Fe2O3;
4) lead oxide doped with 0.1 wt.% Fe2O3;
5) lead oxide doped with 0.5 wt.% Fe2O3;
6) lead oxide doped with 1 wt.% Fe2O3;
7) lead oxide doped with 2 wt.% Fe2O3.

The outer surface of electrode containing with active material
bove was a square of 10 mm × 10 mm.

.2.2. Electrochemical test
The cyclic voltammetry (CV) method was applied to observe the

hange of electrochemical behavior with iron or without iron over a
ertain voltage range. The CV curves were tested by three electrode
ystem. The positive active material prepared from different lead
xides was used as the working electrode (10 mm × 10 mm).  The
ounter electrode was double platinum electrode, and the reference
lectrode was an Hg/Hg2SO4/K2SO4 (sat.) electrode. The electrolyte
as sulfuric acid solution (3 mol  L−1). All experiments were per-

ormed at room temperature using a VMP-2 device from USA. In
very experiment current and voltage curves of fifth cycle were
ecorded as final results with a scanning speed of 20 mV  s−1.

The EIS was tested by the same VMP-2 device. The EIS curves
ere recorded with a frequency from 0.1 Hz to 100 kHz.

.3. Chemical analysis

The electrolytes taken for chemical analysis included sulfuric
cid solution before iron soaking, sulfuric acid solution after iron

oaking and sulfuric acid solution after cyclic voltammetry (50
ycles). The pH value and Fe3+, Fe2+ ion concentration were tested
nd analyzed by a pH testing meter and atomic absorption spec-
roscopy (AAS) method respectively.
Fig. 1. Cyclic voltammetry curves of Fe-free and Fe-doped positive electrodes: lead
oxide being doped 0.00, 0.01, 0.05, 0.1, 0.5, 1, and 2 wt.% Fe2O3.

2.4. Characterization of positive active materials

The morphology of the positive active-material was  examined
by ESEM Quanta-200FEG FEI scanning electron microscopy (SEM)
technique.

The phase composition of the positive active-material was
determined by X-ray diffraction (XRD) phase-analysis by D/MAX
2550 X-ray diffraction analyzer (from Japan) using Cu K� radiation
(� = 1.54 Å) at 300 mA  and 40 kV.

2.5. Battery test

2.5.1. Battery manufacture
The lead oxide was  made in the same Chinese factory. With the

same technical process for oxide, paste-mixing, paste-curing, for-
mation, washing and drying treatment, the different positive and
negative plates were produced.

The grids were low antimony alloys of Sn–Al–Ca–Pb: Sn
0.28–0.32 wt.%, Al 0.015–0.020 wt.%, Ca 0.09–0.10 wt.%.

The polyethylene pocket separators were inserted and sulfuric
acid solution (1.250 relative density) was  used as electrolyte.

2.5.2. Performance test
Different types of plates prepared from different lead oxides

were assembled in batteries (2 V/2 Ah). The performance was tested
according to the Chinese National Standard (GB5008.1-91).

3. Results

3.1. Electrochemical results

3.1.1. CV results
Fig. 1 shows CV curves with and without iron oxides in the

potential range of 0.5–1.2 V. Peak in this range reveals positive
discharge reaction of lead acid battery, and corresponding reaction
is shown in Eq. (1):

PbO2 + HSO4
− + 3H+ + 2e− → PbSO4 + 2H2O (1)

These results clearly state that content of Fe2O3 below 0.05 wt.%
in the positive active material does not affect the electrochemi-
cal behavior of positive discharge reaction. When Fe2O3 content
increases from 0.05 wt.% to 2 wt.%, positive discharge current

decreases significantly. No other reductive peaks or oxidative peaks
are observed, and the peak potential does not shift. Correspond-
ing variation trend of positive discharge current at different Fe2O3
contents is shown in Fig. 2.
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Fig. 4. (a) Cyclic voltammetry curves of O2 release reaction: lead oxide being doped
0.00, 0.5, 1.0 and 2 wt.% Fe2O3. (b) Cyclic voltammetry curves of H2 release reaction:
lead oxide being doped 0.00, 0.5, 1.0 and 2.0 wt.% Fe2O3.

2000

2500

3000
ig. 2. Variation trend of positive discharge current at different Fe2O3 contents: lead
xide being doped 0.00, 0.01, 0.05, 0.1, 0.5, 1, and 2 wt.% Fe2O3.

Fig. 3 shows CV curves of different Fe2O3 contents within −1.4 V
o 0 V. Peak in this range reveals negative discharge reaction of lead
cid battery, and corresponding reaction is shown in Eq. (2):

b + HSO4
− − 2e− = PbSO4 + H+ (2)

The presence of iron in the negative active material does not
ffect the electrochemical behavior of negative discharge reaction.
o other reductive peaks or oxidative peaks are seen, and the peak
otential does not shift significantly.

Whereas, Fig. 4(a) and (b) shows distinct peak evolution in CV
urves due to O2 and H2-release reaction within 1.0–1.8 V and −1.2
o −0.7 V respectively at different Fe2O3 contents. Corresponding
eaction is shown in Eqs. (3) and (4):

H2O = 4H+ + 4e− + O2 (3)

H+ + 2e− = H2 (4)

It can be easily observed that the release of H2 and O2 are pro-
oted accompanying the increase of Fe2O3 contents, which does

bvious disadvantage on performance of lead acid batteries.
.1.2. EIS results
The electrochemical impedance spectroscopy reflects interface

roperties of battery performance. The more the Re (Z), the higher
he battery impedance. Variation trend of Re (Z) at different Fe2O3
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ig. 3. Cyclic voltammetry curves of Fe-free and Fe-doped negative electrodes: lead
xide being doped 0.00, 0.05, 0.5, and 1 wt.% Fe2O3.
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Fig. 5. Variation trend of Re (Z) at different Fe2O3 contents: lead oxide being doped
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contents is shown in Fig. 5. The impedance in battery system is
increased with the increase of Fe2O3 contents.

3.2. Results of chemical analysis for electrolyte
In order to monitor the change of H+, Fe3+, Fe2+ concentration
in the electrolyte, chemical analysis for electrolyte was performed.
The positive and negative plates were made from lead oxide doped
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Fig. 7. Cycle performance of batteries manufactured by lead oxide doped with 0.00,
0.01,  0.05, 0.1, 0.5, 1, 2 wt.% Fe2O3.
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ig. 6. The 20 h rate curve of batteries manufactured by lead oxide doped with 0.00,
.01, 0.05, 0.1, and 0.5 wt.% Fe2O3.

ith 0.01, 0.05, 0.1, 0.5, 1 wt.% Fe2O3. The electrolytes were pre-
ared as follows:

1) Sulfuric acid solution (1.12 g L−1) with plates soaked for 2 h.
2) Sulfuric acid solution (1.28 g L−1) after 50 voltammetry cycles

of the positive plates.
3) Sulfuric acid solution (1.28 g L−1) after 50 voltammetry cycles

of the negative plates.

The results of chemical analysis for ion concentration in the
lectrolyte are given in Table 1.

The concentration of Fe3+, Fe2+ in the sulfuric acid solution is
oo low when only electrode plate soaked, while it is significantly
ncreased after 50 voltammetry cycles. The strength of Fe3+, Fe2+

oncentration is simultaneously increased with the increase of iron
oncentration.

However, no obvious change of pH value in the electrolyte
ppears.

.3. Results of battery performance

In this experiment, 2 Ah battery was manufactured by lead oxide
oped with 0.00, 0.01, 0.05, 0.1, 0.5 wt.% Fe2O3. Battery perfor-
ance was tested according to the experimental methods of the

hinese National Standard.
The 20 h rate was tested with a discharge current of 100 mA.

he results of battery performance were shown in Fig. 6. First,
o obvious difference between Fe-free plates and 0.01 wt.% Fe-
oped plates is found in Fig. 6. While the 20 h rate is sharply
ecreased when Fe2O3 content increases from 0.05 wt.% to 0.5 wt.%.
he results of 20 h rate are similar to electrochemical results in

ection 3.1.1.

Meanwhile cycle performance of batteries manufactured by
ead oxide doped with 0.00, 0.01, 0.05, 0.1, 0.5, 1, 2 wt.% Fe2O3
s shown in Fig. 7. First cycle performance of 0.01 wt.% Fe-doped

able 1
hemical analysis for ion concentration in the electrolyte.

Electrolyte type Positive plates with iron 

0.01% 0.05% 0.1% 0.5%

H2SO4 with plate soaking – – – +a

H2SO4 after 50 voltammetry cycles +a ++a ++++a ++++

a The more symbol “+”, the higher Fe3+ ion concentration.
b The more symbol “+”, the higher Fe2+ ion concentration.
Fig. 8. XRD patterns of the positive active materials after 50 discharge cycles: (a)
Fe-free battery; (b) 0.05 wt.% Fe-doped battery and (c) 0.5 wt.% Fe-doped battery.

battery is the same as that of Fe-free battery. While cycle perfor-
mance of 0.05 wt.% Fe-doped battery after 50 numbers is below 90%
of standard performance, that of 0.5 wt.% Fe-doped battery after
50 cycles is even below 70% of standard performance, which is
far below standard demand in practical use. The results of cycle
performance are also similar to electrochemical results in Section
3.1.1.

3.4. SEM images and XRD results

The phase composition of the positive active material after 50
discharge cycles was determined by X-ray diffraction (XRD) phase
analysis. XRD results are shown in Fig. 8. Obviously the amount

of PbSO4 increases with the increasing iron content in the positive
plates after 50 discharge cycles. The related quantitative results are
reported in Table 2.

Negative plates with iron

 1% 0.01% 0.05% 0.1% 0.5% 1%

+a – – – +b +b

a +++++a +b ++b +++b +++b ++++b
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Table 2
Quantitative results of crystalline phase in the positive active material after 50 discharge cycles (wt.%).

Phases Positive active materials made
with pure lead oxide (Fe-free)

Positive active materials made with lead
oxide doped with 0.05 wt.% Fe2O3

Positive active materials made with lead
oxide doped with 0.5 wt.% Fe2O3

c
a
P
i
m

4

4

i
i
F
a
e

l
m
F
c
l

F
F

F

PbO2 96.52 54.03 

PbSO4 1.68 44.66 

Other phase 1.80 1.31 

Morphologies of the positive active materials after 50 discharge
ycles are shown in Fig. 9. In Fig. 9(a) the structure of PbO2 is loose
nd porous. While in Fig. 9(b) and (c) many agglomerates from
bSO4 crystals appear. The SEM observations illustrate that there
s a lower porosity and specific surface area in the positive active

aterial with iron after 50 discharge cycles.

. Discussion

.1. Chemical characteristics of iron in the battery plate

To discuss the mechanism of iron oxide on lead acid battery,
t is prerequisite to know the exact phases and oxides of iron as
mpurity. In general oxides of iron exist in five forms: FeO, Fe3O4,
e2O3, FeO2, FeO3. Among them, an alkaline Fe2O3 is most-stable
nd can be easily dissolved in acid. In the solution, the form of iron
xisting is Fe3+ ion or hydrated FeO+ ion.

In this experiment, chemical reactions about Fe2O3-doped
ead oxide initially took place in H2SO4 solution during paste-

ixing and curing process. Thus the form of iron existing in the
e2O3–SO3–H2O system has been investigated. The stable and basic
ompounds in the Fe2O3–SO3–H2O system have been listed as fol-

ows [21]:

Fe2(SO4)3, Fe2(SO4)3·9H2O, Fe2(SO4)3·nH2O, FeH(SO4)2,
eH(SO4)2·nH2O, Fe3H(SO4)5, Fe3H(SO4)5·nH2O, Fe(OH)3,
e(OH)SO4, Fe(OH)SO4·nH2O, (FeO)OH, (FeO)SO4, (FeO)SO4·nH2O.

ig. 9. SEM morphology of the positive active materials after 50 discharge cycles: (a) Fe-
36.26
62.74

1.00

Among them for example, the usual chemical reaction prod-
uct of iron in the sulfuric acid is Fe2(SO4)3, the hydrolysis
product of Fe2(SO4)3 probably includes Fe(OH)3, Fe(OH)SO4,
(FeO)OH, etc.

The above compounds of iron are the products of chemical
reactions without any voltage effects. The electrochemical char-
acteristics are discussed in Section 4.2.

4.2. Electrochemical reactions of iron in the battery plate

When iron is used in electrodes of batteries, its chemical reac-
tions get influenced by the voltage. In order to know the change of
iron forms and its influence on the electrodes, we use the Pourbaix
diagram of the Fe–H2O system (shown in Fig. 10)  to analyze the
electrochemical reactions of iron in positive plates referenced to
pH value [22].

According to our discussion in Section 4.1,  Fe2(SO4)3, Fe(OH)3,
Fe(OH)SO4, (FeO)OH, FeH(SO4)2 may  be the main existing forms of
iron when Fe2O3 is reacted with sulfuric acid during paste-mixing
and curing process. Besides, other soluble salt of iron may also be

produced.

During the charge–discharge and cycling processes, the possi-
ble existing forms of iron include: Fe(OH)2, Fe(OH)3, Fe3+, Fe2+,
Fe(OH)2+, FeOH+, FeOOH−, FeOOH, etc. from Fig. 10.  The electro-

free battery; (b) 0.05 wt.% Fe-doped battery and (c) 0.5 wt.% Fe-doped battery.
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hemical reactions among these compounds can be expressed in
qs. (6)–(14):

e2+ + 2H2O → Fe(OH)2+ + 2H+ + e− (6)

eOH+ + H2O → Fe(OH)2+ + H+ + e− (7)

eOOH− + H+ → Fe(OH)2+ + e− (8)

e(OH)2 → FeOOH + H+ + e− (9)

eOOH− → FeOOH + e− (10)

e2+ + 2H2O → FeOOH + 3H+ + e− (11)

e + H2O → FeOH+ + H+ + 2e− (12)

eOH+ + H2O → FeOOH + 2H+ + e− (13)

e3+ + e− → Fe2+ (14)

Through electrochemical reactions, oxides of iron in high
alence states come into being at anode, while those of low valence
ppear at cathode. Chemical analysis in Section 3.2 indicates that
ome of iron passes into sulfuric acid, and its effects are discussed
elow.

.3. Effect and mechanism of iron decreasing battery capacity
nd cycle-life

The working theory of lead acid battery can be demonstrated in
qs. (1) and (2),  and the total reaction in the electrode is shown in
q. (15).

bO2 + Pb + 2H+ + 2HSO4
− → PbSO4 + 2H2O (15)

In Section 3.2,  the results of chemical analysis confirm that a
race of Fe3+, Fe2+ ion exists in the sulfuric acid solution during

harge–discharge process and battery cycle.

In Section 3.4,  XRD patterns of the positive active materials show
hat the increasing iron content results in an increase of PbSO4
rystals, which is the irreversible product of battery cycling. PbSO4
ces 196 (2011) 8802– 8808 8807

product does severe disadvantage for battery capacity and cycle-
life.

In Section 3.4, the SEM morphology of the positive active mate-
rials shows that there are many agglomerates from PbSO4 crystals.
Moreover this phenomenon appears an increasing trend with the
increase of iron, which directly leads to the lower porosity and
specific surface area of the positive active material. Therefore
agglomerates also do severe disadvantage for battery capacity and
cycle-life.

In view of the foregoing, a microcell comes into being in the
internal of battery system accompanying the impurity of iron trans-
ferring into the electrolyte. The multiple-valence iron can generate
corrosion at electrodes, cause much loss of active materials, pro-
mote self-discharge.

Low-valence iron is oxidized and PbO2 is simultaneously
reduced at anode, and high-valence iron can be transferred to cath-
ode through convection and diffusion. Then this high-valence iron
is reduced and active Pb is simultaneously oxidized at cathode.
Moreover this redox process will be repeatedly cycled because of
ion convection and diffusion between two  electrodes. The electro-
chemical reaction of microcell is stated as follows:

PbO2 + 3H+ + HSO4
− + 2Fe2+ → PbSO4 + 2H2O + 2Fe3+ (16)

Pb + HSO4
− + 2Fe3+ → PbSO4 + H+ + 2Fe2+ (17)

Therefore self-discharge will be continuously proceeded in the
electrodes due to the existence of iron, which causes fatal effect for
battery capacity.

Meanwhile, dense irreversible PbSO4 crystals are produced and
depleted on electrodes through repeatedly cycled redox process,
which reduces cycle and overall performance of lead acid battery.

4.4. Effect and mechanism of iron promoting release of H2 and O2

In Section 3.1.1, the CV results show that impurity of iron can
promote release of H2 and O2. Excessive release of H2 and O2 can
cause much loss of water, which leads to poor battery performance.

We observed in Section 4.3, the multiple-valence iron coex-
ists in the electrolyte through “redox-diffusion” process. It is this
multiple-valence iron that promotes release of H2 and O2. The pro-
cess can be stated by the following equations.

4Fe3+ + 2H2O → 4H+ + O2 + 4Fe2+ (18)

2Fe2+ + 2H+ → H2 + 2Fe3+ (19)

5. Conclusions

At present it is very important for us to study the effect of iron
doped lead oxide in lead acid batteries accompanying the invention
of hydrometallurgical process for preparation of novel ultra-fine
lead oxide. In this article we investigate the performance from
the following 3 aspects: chemical characteristics, electrochemical
characteristics, battery performance. We  also discuss the effect and
mechanism in details. The results prove that iron in lead oxide is
a fatal element for lead acid batteries. High contents of iron over
0.05 wt.% in lead oxide can sharply decrease the battery capac-
ity and cycle-life. Impurity of iron in lead oxide can promote the
release of H2 and O2. These all do great harm for lead acid battery.
Through discussion we  support it is the “redox-diffusion” process
of multiple-valence iron and formation of PbSO4 on electrode that
result in bad performances.
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