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a b s t r a c t

Ionic liquids (ILs) belong to new branch of salts with unique properties which their applications have
been increasing in electrochemical systems especially lithium-ion batteries. In the present work, for the
first time, the effects of four ionic liquids as an electrolyte additive in battery’s electrolyte were studied
on the hydrogen and oxygen evolution overpotential and anodic layer formation on lead–antimony–tin
grid alloy of lead acid battery. Cyclic and linear sweep voltammetric methods were used for this study
in aqueous sulfuric acid solution. The morphology of grid surface after cyclic redox reaction was studied
eywords:
ead acid battery
onic liquids
lectrolyte additives
ead–antimony alloy
ydrogen and oxygen overpotentials

using scanning electron microscopy. The results show that most of added ionic liquids increase hydrogen
overpotential and whereas they have no significant effect on oxygen overpotential. Furthermore ionic
liquids increase antimony dissolution that might be related to interaction between Sb3+ and ionic liquids.
Crystalline structure of PbSO4 layer changed with presence of ionic liquids and larger PbSO4 crystals were
formed with some of them. These additives decrease the porosity of PbSO4 perm selective membrane
layer at the surface of electrode. Also cyclic voltammogram on carbon–PbO paste electrode shows that
with the presence of ionic liquids, oxidation and reduction peak current intensively increased.
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. Introduction

During the last two decades the lead acid battery has been
idely used in battery driven vehicles and for storing electrical

nergy from non-conventional sources. In spite of rapid improve-
ent in its performance and design, there remain some problems

f the battery which are yet to be solved [1]. One of these main
roblems is decomposition of water which led to hydrogen and oxy-
en evolution during overcharging. Gas evolution increases risk of
xplosion, corrosion of the grid alloys and water consumption. Also
he electrolyte would be depleted prematurely and catastrophic
ailure would result [2]. In order to reduce water consumption
n maintenance free batteries the hydrogen and oxygen evolution
verpotentials must be increased by different strategies proposed
n the literature [3–6]. The use of low-antimony or antimony-
ree alloys are effective ways to minimize gassing and to achieve

aintenance-free lead acid batteries. The addition of Ca in the grid

lloy increases its hardness. Considering the gassing processes the
ddition of Ca does not change substantially the hydrogen and oxy-
en overvoltage, i.e. the grid works as a pure lead one, where the
xygen and hydrogen overvoltages are the highest known. Consid-
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ring the corrosion, the calcium can cause accelerated corrosion of
he cast on strap connection in VRLA batteries, where this connec-
ion is exposed to gaseous oxygen, as well as accelerated positive
rid corrosion [3,4]. Another solution which offers improvement of
he battery is the use of additives in electrolyte and active materi-
ls. The additives should be stable in highly oxidation environment
t high anodic potentials. The expander materials are commonly a
ixture of inorganic and organic substances which act as disper-

ant agents by maintaining a highly porous active mass. They also
xert other beneficial effects on the behavior of the negative plate
y influencing the hydrogen overpotential and inhibiting the effects
f impurities [5]. Among the electrolyte additives used so far the
ost widely investigated is H3PO4 [6,7] which has been reported

s a beneficial additive in terms of improving cyclic life, decreasing
elf discharge and increasing the oxygen overpotential on the posi-
ive electrode. Other electrolyte additives, like H3BO3 [8], SnSO4 [9]
nd sodium sulfate [10,11] are also prominent.

On the other hand, during the past decade, ionic liquids (ILs)
ave attracted the attention of many research groups in the field
f energy storage [12]. ILs consist of large organic cations, such

s quaternary ammonium cations [13], heterocyclic aromatic com-
ounds [14], pyrrolidinium cations [15], with a variety of anions.
he overall properties of ILs were dominated by cationic species
ncluding an alkyl chain or various functional groups and anionic
pecies. Usually, in ILs, the anion controls their water miscibility

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:rezaei@cc.iut.ac.ir
mailto:rezaeimeister@gmail.com
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cheme 1. Molecular structure of (a) triethyl ammonium hydrogen sulfate, (b) dibu
ethylimidazolium hydrogen sulfate.

r ionic mobility, and the cation has an impact on their hydropho-
icity, viscosity, density or melting point according to the physical
ature or volume size of the cation and anion species [16]. However,
his trend is not exactly consistent with all species of ILs and can be
ltered by a change of physical state caused by supplying the ther-
al energy into the ILs or a different interaction between cation and

nion [17]. The combination of anionic and cationic species in ILs
ives them a lot of variation in properties such as, treated as liquid
t ambient temperature, thermal stability, nonflammability, high
on density, wide electrochemical windows and designable [18].
ecause of these unique properties, ionic liquids can be applied in
any electrochemical devices such as Li-ion batteries [12,19,20],

uper capacitors [21], solar cells [22] and fuel cells [23].
There are no reports about application of ILs on the electrical

erformance of lead acid batteries. In this work, effects of four
ifferent ionic liquids which are added to electrolyte, on the elec-
rochemical properties of lead acid battery and especially on the
olarization potentials of hydrogen and oxygen evolution gas are

nvestigated using cyclic voltammetric method. The IUPAC name
nd structures of used ionic liquids are: triethyl ammonium hydro-
en sulfate (Scheme 1(a)), dibutyl ammonium hydrogen sulfate
Scheme 1(b)), benzylammonium hydrogen sulfate (Scheme 1(c))
nd 1-butyl-3-methylimidazolium hydrogen sulfate (Scheme 1(d)).

. Experimental

.1. Preparation of working electrodes

The iron mould with cooling system and temperature control
nit as the same as grid casting machine of Sovema Co. was used for
reparing of working electrode. The working electrodes which were
sed consist of seven lead antimony wires with different antimony
ercentages. The composition of the alloys was Pb–Sb–Sn (X%, Sb;
.24%, Sn) where X = 0.32, 0.50, 0.73, 1.66, 1.88, 2.50, 2.80 wt.%. The
ides and other parts of the working electrodes were covered with
n epoxy resin to avoid any contact with electrolyte solution, except
lectrode surface exposing a 0.50 cm2 surface area of the alloy.

Carbon–lead oxide paste electrodes were prepared as follows:
.20 g of graphite powder, which was washed with ethanol and
ried under vacuum, was added to 0.20 g PbO powder and mixed
ith 0.1 cm3 of Nujol mall. This paste was transferred into a

lass tube with 0.50 cm2 diameter and pressed to obtain compact
tructure that its electrical resistance is below 10.0 �. Finally the
lectrode tip was polished with smooth paper.
.2. Materials and electrolytes

All of ILs which are used in this study have been synthesized
nd purified in our polymer laboratory. Sulfuric acid, graphite pow-

e
f
b
t
c

monium hydrogen sulfate, (c) benzylammonium hydrogen sulfate, (d) 1-butyl-3-

er and lead oxide were reagent grade (from Merck) and deionized
oubly distilled water was used for the preparation of all solutions.
he electrolyte was 4.0 mol dm−3 sulfuric acid (normal concentra-
ion of sulfuric acid in lead acid battery) which is prepared from
oncentrated H2SO4 and double distilled water. Electrolyte solu-
ions contain 2.5, 5.0, 10.0, 15.0 and 20.0 mg cm−3 of each ionic
iquid were prepared by adding known amount of ILs salts to the
lectrolyte.

.3. Cyclic voltammetry measurements

The cyclic and linear sweep voltammograms (LSV) were
btained at a sweep rate 50.0 mV s−1, in the potential range
etween hydrogen and oxygen evolution (−2.500 V to +2.500 V
s. saturated calomel electrode (SCE)) using a potentiostat–
alvanostat of Behpajooh Co. Model BHP-2061-C connected to a
ersonal computer. Working electrode was Pb–Sb–Sn alloy with
ifferent antimony contents. The counter and reference electrodes
ere platinum black and SCE, respectively. At the beginning of

ach experiment, the electrode was mechanically polished with
ater-resistant emery paper and washed with acetone and dou-
le distilled water. The cyclic voltammograms (CV) of carbon–lead
xide paste electrode, which is used as working electrode, were
btained at the sweep rate 50.0 mV s−1, in the potential range of
0.600 to 1.000 V vs. SCE. The counter and reference electrodes
ere also platinum black and SCE, respectively.

.4. SEM imaging

After one cycle of charge and discharge on the lead alloy elec-
rodes, the SEM technique (Philips-XL30) was applied to studies
he microstructures of surface layer. Because, the morphology of
urface layer must be unchanged and epoxy resin is electrically
nsulator, a thin layer of Au was deposited on the electrodes before
aking SEM imaging.

.5. Tafel polarization measurement

For evaluation of the effects of these ILs on the corrosion
ate of the alloy, LSV and tafel polarization measurement were
arried out in a 4.0 mol dm−3 H2SO4 solutions with and with-
ut additives. The open circuit potential (Eoc) was determined by
mmersing Pb–Sb–Sn electrodes and SCE as a working and reference

lectrode in a 4.0 mol dm−3 H2SO4 solution. Then measuring of dif-
erent potential was performed after the potential of the specimen
ecomes stable for a few minutes using a multimeter. For obtaining
afel plots, the potential was scanned at a rate of 10.0 mV s−1 in the
athodic direction between Eoc and Eoc −350.0 mV, and then in the
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nodic direction between Eoc and Eoc +350.0 mV. All experiments
ere carried out at room temperature (298 K).

. Results and discussion

Fig. 1 shows a CV recorded on a lead–1.6% antimony electrode
n 4.0 mol dm−3 H2SO4 solution in the potential region between
ydrogen and oxygen evolution (from −2.500 V to +2.500 V vs. SCE).
ccording to the literatures [24,25] peaks H and O are assigned to
eduction of hydrogen ions and oxidation of water that led to hydro-
en and oxygen evolution, respectively. During the anodic potential
weep of the voltammogram, the current peak A1, corresponding
o the formation of lead sulfate [26–29] was recorded and the oxi-
ation current peak A2 at a potential of about 0.00 V is related to
he oxidation of antimony in electrode alloy [30]. In the cathodic
otential sweep, five current peaks appeared, corresponding to the
ransitions of PbO2 to PbSO4 (C5) [31–33], PbO to Pb (C3) [34–36]
nd PbSO4 to Pb (C1,C2) [25,26–29]. The small reduction current
eak C4 at a potential of about −0.25 V is related to the reduction of
ntimony and its species [30]. Two reduction peaks of PbSO4 appear
learly on the negative going potential sweep curves (C1 and C2).
hey represent the reduction of PbSO4 crystals with different sizes.
he more negative reduction peak (C1) is the reduction of the big
bSO4 crystals. In charge/discharge cycles, many small PbSO4 crys-
als are formed over the big crystals which are very difficult to be
educed [37]. The electrode surface is covered by many small PbSO4
rystals. The anodic layer formed in the region between −0.52 and
.00 V vs. SCE, which is composed of lead(II) sulfate crystals, passi-
ates the electrode surface. The wide current plateau above 0.00 V,
here the current is independent of the potential, corresponds to

he potential region in which lead oxide formation occurs, with the
+2) oxidation state of lead. Since the PbO layer is in a direct contact
ith the electrode, its reduction is possible, which results in the cur-

ent peak C3 in the cathodic portion of the voltammogram. Results
f some investigations indicate that lead oxidation to PbO or basic
ulfates under the PbSO4 membrane begin at potential of −0.20 V
s. SCE [38,39]. The initial reaction of sulfuric acid with lead oxide,
ives normal lead sulfate and heat evolution. Under the influence of

xcess lead oxide and water, this is not stable, so converts into basic
ead sulfate, either tribasic lead sulfate (3PbO·PbSO4) or tetrabasic
ead sulfate (4PbO·PbSO4). Tribasic lead sulfate is crystallized as
mall needles with high specific surface, however; tetrabasic lead
ulfate forms more bulky crystals.

ig. 1. Cyclic voltammogram of Pb–1.6%Sb–0.24% Sn alloy at the scan rate of
0 mV s−1 in 4.0 mol dm−3 H2SO4.
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The oxidation of antimony begins at the PbO formation poten-
ial within a semi permeable PbSO4 membrane. With an increase
n antimony content in the alloy the current peak height (A2)
ncreases. With respect to the corresponding cathodic current
eak C2, may be explained by the formation of soluble antimony
pecies, which leave the electrode by passing through the pores
n the PbSO4 membrane. The passivation current also increases
ith increasing antimony content in the lead alloy, which points

o greater porosity of the sulfate membrane. Porosity retards the
ncrease in pH values inside the sulfate membrane on the Pb–Sb
lectrode, with respect to the membrane formed under the same
onditions on the Pb electrode. This is probably the reason why the
mount of PbO formed during oxidation of the Pb–Sb electrode is
maller than in the case of Pb oxidation. The water loss in the bat-
eries with positive grids cast from Pb–Sb–Sn alloys is high, because
ntimony from the positive grid can migrate through the electrolyte
nd be deposited on the surface of the negative plate, where it
iminish the overpotential for hydrogen evolution [40]. For this
eason, in maintenance free battery, the grid was made with low
ntimony alloy (1–2 wt.%). Therefore in this study, most of experi-
ents were carried out on the Pb–1.6% Sb alloy. It is interesting to

ote that, in the anodic portion of the cycle after the potential region
n which lead(II) compounds form, the current peak corresponding
o the formation of a PbO2 layer (Ered (PbO2/PbSO4) = 1.38 V) does
ot appear. An increase in the anodic current at E > 1.70 V occurs
ue to oxygen evolution at the electronically conducting �-PbO2
hase [31,41,42]. A hysteresis is also observed, which is explained
y the connection between the overpotential of �-PbO2 forma-
ion and overpotential of oxygen evolution. In the anodic potential
weep, the overpotential of �-PbO2 nucleation is the limiting factor
n the oxygen evolution reaction. In the cathodic potential sweep,
ince the �-PbO2 phase at the surface of the electrode is already
ormed, oxygen evolution takes place at a lower overpotential.
harpe [31,41] has noticed that the presence of antimony in a lead
lloy inhibits the formation of �-PbO2 and facilitates the formation
f �-PbO2.

In this study, each of the ILs was added to the electrolyte in dif-
erent concentrations and their electrochemical behavior changes
ere investigated especially on the hydrogen and oxygen evolution

verpotential and electrode passivation in sulfuric acid solution.
ydrogen sulfate is a common ion so the effects of added IL, is
ecause of cationic species in electrolyte. Interaction between this
ations and charged species in electrolyte, change the structures
f basic lead sulfate formed on the surface electrode and other
lectrochemical behaviors changes would be observed.

.1. Hydrogen evolution potential

Fig. 2 shows LSV of Pb–1.6% Sb–0.24% Sn alloy in negative poten-
ial direction scanning for various IL with equal concentrations
2.5 mg cm−3) in 4.0 mol dm−3 sulfuric acid electrolyte. According
o this figure, within added triethyl ammonium hydrogen sulfate
owers absolute hydrogen overpotential and other added com-
ounds shift it to more negative potentials. Dibutyl ammonium
ydrogen sulfate has the most effective additives. In order to con-
ider IL concentration on hydrogen overpotential, this potential was
btained at the current density of −30.0 mA cm−2 in LSV indicated
n Fig. 2 and depicted in Fig. 3. As can be seen in Fig. 3, except tri-
thyl ammonium hydrogen sulfate that shows irregular behavior,
ith increased IL concentration, hydrogen overpotential shifts to

ore negative value. Antimony has catalytic effect on the hydro-

en evolution potential which was mentioned previously. In order
o study the effect of ILs on this catalytic behavior (at the same
oncentration), hydrogen reduction potential at the current den-
ity of −30.0 mA cm−2 which was obtained via LSV at different
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ig. 2. Linear sweep voltammograms of Pb–1.6%Sb–0.24% Sn alloy at the scan rate of
0 mV s−1 in 4.0 mol dm−3 H2SO4 with various ionic liquid with equal concentrations
2.5 mg cm−3).

ntimony concentration in working electrode and the results are
hown in Fig. 4. The obtained results show that although IL addi-
ives increase absolute hydrogen potential, but, they would not
liminate antimony catalytic effect. Therefore it has been seen from
ig. 4 that despite ILs increase absolute hydrogen evolution poten-
ial, with increased antimony percent in the alloy, this potential
ecreased similar to solution without additive. Considering that,
orking electrodes and other experiment conditions (like temper-

ture and pressure) are alike and according to the Nernst equation,

hifting hydrogen overpotential to more negative values related to
ecrease hydrogen ion concentration in beneath PbSO4 perm selec-
ive membrane. Consequently ILs in electrolyte unlike antimony,
ecreases the porosity of PbSO4 perm selective membrane.

ig. 3. Hydrogen reduction potentials in different ionic liquid concentrations at
he current density of −30.0 mA cm−2 in linear sweep voltammograms using
b–1.6%Sb–0.24% Sn as working electrode and the scan rate of 50 mV s−1 in
.0 mol dm−3 H2SO4.
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ig. 4. Hydrogen reduction potential at the current density of −30.0 mA cm−2 ver-
us antimony concentration in four electrolytes contains 4.0 mol dm−3 H2SO4 and
0.0 mg cm−3 of each ionic liquid. (Scan rate in Linear sweep voltammograms:
0 mV s−1).

.2. Oxygen evolution potential

The effect of concentration of added ILs in the range of

.5–20.0 mg cm−3 on oxygen overpotential shows in Fig. 5. Oxy-
en reduction potential was obtained at the current density of
0.0 mA cm−2 in LSV. The results indicate that, only 1-butyl-3-
ethylimidazolium hydrogen sulfate seriously increased oxygen

ig. 5. Oxygen evolution potential at the current density of 30.0 mA cm−2 in different
onic liquid concentrations at the current density of 30.0 mA cm−2 in linear sweep
oltammograms using Pb–1.6%Sb–0.24% Sn as working electrode and the scan rate
f 50 mV s−1 in 4.0 mol dm−3 H2SO4.
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Fig. 7. Cyclic voltammograms in solution with and without ionic liquid additive.
(a) 2.5 mg cm−3 of triethyl ammonium hydrogen sulfate; (b) 15 mg cm−3 of 1-
butyl-3-methylimidazolium hydrogen sulfate; (c) 2.5 mg cm−3 of benzylammonium

−3
ig. 6. Effect of ionic liquid additives on antimony dissolution using
b–2.8%Sb–0.24% Sn as working electrode and the scan rate of 50 mV s−1 in
.0 mol dm−3 H2SO4.

eduction potential. Oxygen evolution potential depends on the
lm characteristics, because it takes place on the PbO2 film, thus
e observed other added compounds have no significant effect on

his potential. As it was mentioned previously, �-PbO2 formation
nd oxygen evolution occur at high anodic potentials. It seems that
-butyl-3-methylimidazolium hydrogen sulfate increases �-PbO2
ucleation potential. With increase in hydrogen and oxygen over-
otential with ILs as electrolyte additives, water decomposition and
onsumption will be decreased.

.3. Antimony dissolution

Antimony oxidation current (peak A2 in Fig. 1) used in order to
onsider antimony dissolution in electrolyte with and without ILs
dditives. Fig. 6 shows antimony current density for different con-
entration of ILs additives. All experiments were performed using
b–2.8% Sb–0.24% Sn as working electrode. The results show ILs
ay cause increased antimony dissolution rate. This effect might

e related to interaction between Sb3+ and ILs that makes more sta-
le species containing Sb3+ ion which increase antimony current
ensity.

.4. Formation and reduction of oxide layer on Pb–Sb electrode
urface

Fig. 7 shows CV in solutions with and without each of the ILs
dditives. These additives in electrolyte cause different effects in
he CV curves. The oxidation current of Pb to PbSO4 (peak A1 in
ig. 7) related to the formation of lead sulfate crystals increases with
he addition of triethyl ammonium hydrogen sulfate and 1-butyl-
-methylimidazolium hydrogen sulfate. Consequently reduction
eak of PbSO4 (Peak C1 and C2 in Fig. 7a and b) was also increased.

urrent peak C1 in Fig. 7a and b that is related to the reduction of

arge PbSO4 crystals seriously increased with triethyl ammonium
ydrogen sulfate and 1-butyl-3-methylimidazolium hydrogen sul-
ate in electrolyte. It means that larger PbSO4 crystals have been
ormed in the presence of these additives. Fig. 8a and b demonstrate

hydrogen sulfate and (d) 15 mg cm dibutylammonium hydrogen sulfate. All cyclic
voltammograms were obtained using Pb–1.6%Sb–0.24%Sn as working electrode and
the scan rate of 50 mV s−1 in 4.0 mol dm−3 H2SO4.
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ig. 8. The scanning electron micrographs (SEM) after using one cycle of charge
nd discharge for Pb–1.6%–Sb–0.24%Sn alloy in 4.0 mol dm−3 H2SO4. (a) without
dditive; (b) with 5.0 mg cm−3 1-butyl-3-methylimidazolium hydrogen sulfate.

he SEM of the lead–antimony electrodes after using one cycle
f charge and discharge in sulfuric acid solution with and with-
ut 1-butyl-3-methylimidazolium hydrogen sulfate. The results
how that: (i) the crystals that formed on lead alloy in solution
ith this IL are larger in size than those on electrolyte without

dditive. The average diameter of crystals formed on solution with-
ut this additive is 0.82 �m however, in electrolyte with additive;
he average diameter size is 3.24 �m that approves the results
btained from CV. (ii) The distribution of PbSO4 crystals showed
n Fig. 8b are uniform and similar to tetrabasic lead sulfate struc-
ure which have low specific surface and cover small surface area
f the electrode. Consequently larger surface area exposed to the
lectrolyte that might increase grid corrosion. Reduction peaks C4
hich are related to reduction of PbO2 to PbSO4 changed with ILs. In

olution with triethyl ammonium hydrogen sulfate and 1-butyl-3-
ethylimidazolium hydrogen sulfate this peak splits to two peaks.

his is because of the formation of more �-PbO2 in the presence
f ILs that reduce in greater potentials toward �-PbO2. In Fig. 7b a
arge hysteresis observed in peak O that is related to the forma-
ion of �-PbO2 which reduced in peak C4. In benzylammonium
ydrogen sulfate solution fewer and smaller PbSO4 crystals were
ormed.
.5. Positive and negative active material

During discharge and charge process in lead acid batteries Pb
n negative electrode and PbO2 in positive electrode changed to Pb
II) and vice versa. According to previous statements, PbO in H2SO4

C
s
v
h
r

ig. 9. Cyclic voltammogram of carbon/PbO paste electrode in 4.0 mol dm−3

2SO4 with and without 20.0 mg cm−3 benzylammonium hydrogen sulfate
� = 50.0 mV s−1).

olution reacts immediately with the acid forming lead sulfate
nd basic lead sulfates (tribasic or tetrabasic). The electrochem-
cal effects of ILs in conversion of PbSO4 to PbO2 and vice versa

ere investigated by carbon/PbO electrode. CV of the paste elec-
rode in solution with benzylammonium hydrogen sulfate in the
otential range between Pb (II) oxidation and reduction has been
hown in Fig. 9. Other ILs have similar voltammograms. Accord-
ng to this figure, potential and current of reduction and oxidation
eaks increased with benzylammonium hydrogen sulfate. Fig. 10
hows current peak PbSO4 to PbO2 and Epa–Epc versus ILs con-
entrations. The results indicate that addition of these ILs to the
attery electrolyte, increase current conversion of PbSO4 to PbO2.

nteraction between Pb2+ and ILs, make more stable species of
b2+. Therefore, more PbSO4 formed which led to increase current
onversion of PbSO4 to PbO2 that is beneficial effect in negative
nd positive active material in the battery. However from Fig. 10b
ll of added compounds increase peak potential difference. In
nother words electrochemical processes with ILs become more
rreversible.

.6. Corrosion tests

There are two types of corrosion processes in the lead acid bat-
eries. In the potential domain of the negative plate usually the cast
n strap connection is vulnerable to the type of corrosion studied
n the present work. But in the positive plate the anodic corrosion
akes place via solid state mechanism – the evolution of the oxygen
auses the penetration of oxygen atoms and anions in the crys-
al lattice of the lead, and PbO, PbOn and alpha PbO2 are formed
onsecutively. The effects of these additives on grid corrosion rate
ave been considered using tafel polarization method. Icorr and Ecorr

re corrosion current density (�A cm−2) and corrosion potential
V) obtained by extrapolation of cathodic and anodic tafel lines in
olution with and without IL additives, respectively. With follow-
ng equation, corrosion current density converted to corrosion rate:
orrosion rate [mils per year (mpy)] = 0.129 (aicorr/nD). Where a, is
tomic weight of alloy (g mol−1), D is density of alloy (g cm−3), and n
s the number of electrons participated in corrosion reaction [43].

orresponding corrosion data are given in Table 1. These results
how that IL additives increase grid corrosion. As anticipated pre-
iously, within added compounds 1-butyl-3-methylimidazolium
ydrogen sulfate has the most effect on increasing of grid corrosion
ate.
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Table 1
Corrosion data for Pb–1.6% Sb alloy in 4.0 mol dm−3 H2SO4 in presence and absence of each ionic liquid additive obtained from tafel polarization method.

Ionic liquid (with hydrogen sulfate anion) 2.5 mg cm−3 10.0 mg cm−3 20.0 mg cm−3

Ecorr (V) icorr (�A cm−2) mpy Ecorr (V) icorr (�A cm−2) mpy Ecorr (V) icorr (�A cm−2) mpy

Triethyl ammonium −0.592 63.1 73 −0.581 85.3 99 −0.856 62.1 72
1-butyl-3-methylimidazolium −0.587 137.1 160 −0.555 141.2 165 −0.564 112.2 131
Benzylammonium −0.608 63.1 73
Dibutyl ammonium −0.606 85.1 99

Without Ionic liquid Ecorr = −0.580, icorr = 57.1 �A cm−2, mpy = 67
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. Conclusion

In this study, the effects of ILs as an electrolyte additive were
nvestigated on the electrochemical properties of lead acid battery.
his investigation was performed by means of CV and SEM. The
btained results indicate the effect of ILs on the surface charac-
eristics of lead–antimony electrode and polarization potential of

ydrogen and oxygen gas evolution. The electrochemical behaviors
f electrodes depend on ILs concentration in the electrolyte solu-
ion. With increase hydrogen and oxygen overpotential with ILs
s electrolyte additives, water decomposition will be decreased.

[
[
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lso ILs increase the rate of the conversion of PbSO4 to PbO2, and
ice versa, i.e. the addition of ILs can increase the utilization of the
ositive active material. The corrosion results show that IL addi-
ives increase grid corrosion rate. Generally ILs that have similar
tructures, cause similar effects on electrochemical behavior of the
lectrodes.
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30] M. Metikoš-Hukoviı̌c, R. Babiı̌c, S. Omanoviı̌c, J. Electroanal. Chem. 374 (1994)

199.
31] T.F. Sharpe, J. Electrochem. Soc. 122 (1975) 845.
32] K.R. Bullock, T.F. Sharpe, J. Electrochem. Soc. 126 (1979) 360.
34] Y. Guo, J. Electrochem. Soc. 143 (1996) 1157.
35] Y. Guo, Electrochim. Acta 37 (1992) 495.
36] R.G. Barradas, D.S. Nadezhdin, Can. J. Chem. 62 (1984) 596.
37] Y. Guo, M. Wu, S. Hua, J. Power Sources 64 (1997) 65.
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