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Abstract The aim of this study is to introduce the application
of some acidic ionic liquids (ILs) as an electrolyte additive in
lead-acid batteries. A family of alkylammonium hydrogen
sulfate ILs, which are different in the number of alkyl chain, is
investigated with the aim to compare their effects on the
electrochemical behavior of Pb—Sb—Sn alloy in sulfuric acid
solution. The hydrogen and oxygen gas evolution potential
and anodic layer characteristics were investigated employing
cyclic and linear sweep voltammetric methods. The morpho-
logical changes of the PbSO, layer that formed on the
electrode surface were confirmed using scanning electron
microscopy. Also, potentiodynamic polarization curves,
electrochemical impedance spectroscopy, and an equivalent
circuit analysis were used to evaluate the corrosion behaviors
of the Pb—Sb—Sn alloy in the presence of ILs. The obtained
results indicate that hydrogen and oxygen evolution over-
potential of lead—antimony-tin alloy increases in the solution
containing IL and mainly depends on the number of alkyl
chain in alkylammonium cation. It is clearly observed that
the morphology of PbSO, layer changes under the influence
of ILs. The corrosion studies show an increase in corrosion
resistance of lead alloy in the presence of some ILs. Also, the
electrochemical effects of ILs in conversion of PbSO, to
PbO, and vice versa were investigated by carbon-PbO paste
electrode. Cyclic voltammogram of carbon-PbO electrode
shows that in the presence of ILs, oxidation and reduction
peak currents increase, while reversibility decreases.
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Introduction

The lead-acid battery is an electrochemical device for
storing chemical energy until it is released as electrical
energy. It is used extensively as automotive, stationary, and
traction batteries throughout the world [1]. Lead-acid
batteries offer a number of advantages including low cost
of manufacture, rechargeability, easy construction, and
good specific power when compared to other advanced
batteries [2—4].

It is well known that the properties of battery grids are
highly dependent on alloying content. The grids of lead-
acid batteries were usually made of lead—antimony alloys
containing 3 to 11 wt.% antimony. The necessary mechan-
ical strength and castability are easily achieved with this
content of antimony [5]. However, antimony decreases
overpotential of hydrogen evolution at the negative plate,
which leads to early decomposition of water, increase of the
self-discharge for batteries, and further, the premature loss
of the battery capacity [6, 7]. An attempt was made to
decrease the antimony content in the alloys. However, the
absence of antimony in the positive electrode of the battery
leads to a decrease in its capacity during cycling, or the
charging and discharging processes of the lead-acid battery
[8]. Various metals have been added to replace antimony
such as calcium, tin, arsenic, and selenium [9, 10]. By
replacing the antimonial grid material with lead—calcium
alloys, the hydrogen overvoltage of the negative electrode
was increased. However, new problems arise because the
beneficial effect of antimony on the cycle life of the cell
was lost [11]. The use of additives in the electrolyte is
another approach that increases the hydrogen and oxygen
overpotential and decreases the corrosion rate (CR) of lead
alloys and offers improvement of the battery as mentioned
in the literature [12—-15]. The major problem lies with
selecting a suitable additive that is chemically, thermally,
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and electrochemically stable in highly corrosive environ-
ment [13]. Effects of some electrolyte additives on the
electrochemical performance of the lead-acid batteries have
been investigated [16—19].

Recently, ionic liquids (ILs), consisting of only
cations and anions, have received much attention [20—
25]. They provide excellent properties such as high ionic
conductivity, low volatility, thermal stabilities, wide
electrochemical windows, and environmental friendliness
[26]. Tonic liquids are typically organic salts containing
nitrogen or phosphorus-based organic cations like quater-
nary ammonium, alkylpyridinium, alkylpyrrolidinium,
alkylphosphonium, and alkylimidazolium, combined with
a variety of large anions [27]. Because the unique
combination of cations and anions influences the various
properties of ILs, they have been described as designer
solvents [28]. Nowadays, ILs are being considered as novel
liquid electrolytes for electrochemical storage devices such
as solar cells [23], fuel cells [24], high-energy density
batteries [25, 26], and super capacitors [27].

Hence, in this work, we have studied the electrochemical
behaviors of lead—antimony alloy in sulfuric acid solution
in the presence of some ILs. All employing ILs were the
ammonium hydrogen sulfate derivatives with different alkyl
chain and the same anion. Therefore, it can be established
how the changes in the structure of cation within family
affect hydrogen and oxygen evolution potential and
electrochemical properties of lead-acid batteries. Butylam-
monium hydrogen sulfate (BAHS), isopentyl ammonium
hydrogen sulfate (IPAHS), and tri-BAHS were used in this
article (Scheme 1). Di-BAHS and tetra-BAHS were studied
in our previous articles [29, 30].

Experimental
Apparatus

All voltammetric experiments were performed using SAMA
500 Electroanalyzer System (Isfahan, Iran) connected to a
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Scheme 1 Molecular structure of a BAHS, b IPAHS, ¢ tri-BAHS
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personal computer. Electrochemical impedance spectroscopy
(EIS) measurements were performed by employing an
Autolab PGSTAT 12, and obtained results were fitted and
analyzed using the FRA 4.9 software. For all experiments, a
conventional three-electrode system was used, which con-
sisted of a working electrode (Pb—Sb—Sn alloy or carbon—
lead oxide paste electrode), a platinum counter electrode, and
a saturated calomel electrode (SCE) as the reference
electrode.

Materials and reagents

Analytical reagent grade chemicals and doubly distilled
water were used in preparation of all solutions. Graphite
powder and lead oxide powder from Merck (Darmstadt,
Germany) and high-viscosity paraffin oil from Fluka
(Taufkirchen, Germany) were used for preparation of lead
oxide—carbon paste electrode. The electrolyte was 4.0 M
sulfuric acid, which was prepared from concentrated H,SO,4
(Merck) and doubly distilled water. All ILs employed in this
study were synthesized and purified in our pharmaceutical
research laboratory and were added to 4.0 M sulfuric acid at
concentrations 2.5, 5.0, 10.0, 15.0, and 20.0 mg cm .

Preparation of working electrodes

The iron mold with cooling system and temperature control
unit the same as the grid casting machine of Sovema Co.
(Verona, Italy) was used for preparing the working
electrode. The working electrode was a wire with geometric
area of 0.5 cm? around, which was mounted with an epoxy
resin. The composition of the alloys was Pb—Sb—0.24 wt.%
Sn, in which the content of the antimony was 0.32, 0.50,
0.73, 1.66, 1.88, 2.50, and 2.80 wt.%.

The carbon-lead oxide paste electrode was prepared via
mixing 0.1 g of graphite with 0.1 g of lead oxide powder,
washed with diethyl ether and dried under vacuum, and then
mixed with appropriate amount of mineral oil in a mortar and
pestle. The paste was packed into an electrode body,
consisting of a plastic cylindrical tube (o.d. 6 mm, id.
4 mm), equipped with a copper wire serving as an external
electric contact. Before every measurement, the fresh surfaces
were obtained by polishing the electrode with a clean paper.

Procedure

In this study, most experiments were carried out using Pb—
1.66% Sb—Sn alloy, because in maintenance free batteries,
the grids are made with low antimony alloy (1-2 wt.%).
Prior to each experiment, the lead alloy electrode was
mechanically polished with water-resistant emery paper
(P 1000), washed in acetone, and thoroughly rinsed with
doubly distilled water to remove oxides and sulfates
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formed on the surface of electrode. Cyclic voltammo-
grams (CVs) of lead alloy electrodes in the sulfuric acid
solutions with and without IL in the potential region
between hydrogen and oxygen evolution (2.5 to +2.5 V
vs. SCE) were obtained at a sweep rate of 50.0 mV s .

Micrographs of lead alloy electrodes after one cycle of
charge and discharge were obtained with Philips-XL30
(Eindhoven, Netherlands) scanning electron microscope.
Before taking scanning electron microscopy (SEM) imag-
ing, a thin layer of gold was deposited on the electrode
because epoxy resin is electrically insulator.

For evaluation of the effects of these ILs on the CR of the
alloy, linear sweep voltammetry (LSV) and Tafel polariza-
tion measurement were carried out with a scan rate of
02 mV s from —0.2 to +0.2 V related to open-circuit
potential. This mentioned potentiodynamic range is
corresponding to —0.8 and —0.4 V vs. SCE. Electrochemical
impedance spectroscopy measurements were carried out
after 40 min of exposure of the lead alloy in the solution to
reach a steady-state condition. The frequency range was set
from 10° to 10" 'Hz with potential amplitude of 5.0 mV in
open-circuit potential.

The CVs of carbon—lead oxide paste electrode were
obtained at the sweep rate 50.0 mV s ', in the potential
range of —0.2 to 1.0 V vs. SCE. All experiments were
carried out at room temperature (298 K).

Results and discussion

The electrochemical behaviors of Pb—Sb alloy electrodes
and redox reactions that are occurring in acidic solutions
are complex and depend on many variables, such as
kind and concentration of electrolytes and sweep rate
[31, 32]. In this article, particular attention was paid to
passive layer characteristics, hydrogen and oxygen evo-
lution potential, Sb dissolution, and corrosion resistance
of Pb—Sb alloy electrode in 4.0 M sulfuric acid and IL
solutions.

Study of passive layer characteristics formed on lead
electrode surface

To study the effect of ILs on the PbSO,4 layer characteristics
formed on the lead electrode surface, we obtained the CVs
of a lead—1.66% antimony electrode in 4.0 M sulfuric acid
solutions with and without ILs in a potential range limited
by the hydrogen (peak H) and oxygen (peak O) gas
evolution (Fig. 1). In the anodic potential sweep of the
voltammogram, current peak A;, corresponding to the
oxidation of lead to lead sulfate, was recorded. The transition
of PbO, to PbSO, (C;) and PbO to Pb (Cs) occurs during the
cathodic potential sweep [6, 31]. Current peaks C4 and Cs

were assigned to the reduction of small and large PbSO,
crystals, respectively [33, 34]. The oxidation current peak
A, and the reduction current peak C, are related to the
oxidation and reduction of antimony and its species,
respectively [6, 43].
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Fig. 1 Cyclic voltammograms of Pb—1.66% Sb—Sn alloy electrode
in 4.0 M sulfuric acid solutions with and without 15.0 mg cm > of
IL at sweep rate 50.0 mV s !, Tonic liquids are a BAHS, b IPAHS, ¢
tri-BAHS
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As indicated from peak current A; in Fig. 1, in the
presence of all studied ILs, the fewer amounts of PbSO,
were formed on the electrode surface, and consequently, the
height of the reduction peaks of PbSO, (peak C, and Cs)
was diminished. The decrease of current peak Cs, which is
related to reduction of large PbSO, crystals, reveals that
formed PbSO, crystals on the electrode surface in the
presence of these ILs are smaller in size. Therefore, the
surface morphology of the lead alloy after one cycle of
charge and discharge in sulfuric acid solution in the absence
and presence of IPAHS and tri-BAHS was obtained to
study PbSO, layer morphology (Fig. 2). The SEM images
confirm that smaller and fewer amounts of PbSO, are
formed on the electrode in the presence of IPAHS and tri-
BAHS. It seems that cationic species interact with electrode
surface and charged species in the electrolyte and, hence,
change the structures of basic lead sulfate formed on the
electrode surface. It seems that these cations make it
difficult for lead and sulfate ions to form lead sulfate
crystals and, subsequently, prevent from the growth of
existing lead sulfate crystals.

In a comparison between SEM images of IPAHS
(Fig. 2b), tri-BAHS (Fig. 2c), and tetra-BAHS [29], it is
found that in the solution containing tri-BAHS, smaller lead
sulfate crystals have been formed on the electrode surface.
Also, the current peak A; in Fig. 1, which is related to the
forming of PbSO,, has decreased more in the solution
containing tri-BAHS than other solutions (Fig. 3a). There-
fore, it points out that the amount of interaction between
ILs cation and surface electrode and, consequently, the size
and amount of lead sulfate crystals mainly depend on the
number of butyl chain in alkylammonium cation.

Also, in the passive layer, lead monoxide is formed on
lead surface, underneath the PbSO, membrane [44, 45]. A
decrease in the height of current peak Cj that is related to
transition of PbO to Pb demonstrates that lower PbO has
been formed underneath the lead sulfate membrane in the
presence of all added ILs. Indeed, a decrease in the amount
of formed PbSO, on the electrode surface prevents from
increasing pH underneath the lead sulfate membrane, and
consequently, fewer PbO is formed.

Oxygen evolution overpotential

Oxygen evolution potential depends on the film character-
istics because after complete conversion of PbSO,4 to (3-
PbO,, the main reaction taking place at the electrode is
oxygen gas evolution [8]. Therefore, oxygen reduction
potential was investigated at the current density of
30.0 mA cm  from LSV and compared as a function of
IL concentration.

Figure 4 indicates that, except BAHS that has no
significant effect, other ILs have increased oxygen over-
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Fig. 2 The scanning electron micrographs (SEM) of Pb—1.66% Sb—
Sn alloy after one cycle of charge and discharge in H,SO, without
additive (a) and in the presence of 15.0 mg cm > of IPAHS (b) and tri-
BAHS (¢)

potential. Also, oxygen reduction potential slightly varies
under the influence of IL concentration. The obtained
results show that with increasing the number of linear alkyl
chain or adding branches in alkylammonium cation, oxygen
overpotential increases too. Among them, tri-BAHS is the
most effective IL on the oxygen evolution potential
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Fig. 3 Dependence of the PbSO, formation peak current (a) and
oxygen evolution overpotential (b) on the number of butyl chain in
ILs cation. Different ILs have equal concentration (15.0 mg cm? )

(Fig. 3b). Similarity between Fig. 3a, b demonstrates that
added ILs affect the morphology of PbSQO,, and conse-
quently, the rate of 3-PbO, nucleation changes and oxygen
gas evolution impedes.

Hydrogen evolution overpotential

As mentioned in the previous section, hydrogen evolution
potential has an undeniable effect on the performance of
lead-acid battery. Therefore, it is necessary to investigate
the effect of ILs on the hydrogen evolution potential.
Figure 5 shows LSV of Pb-1.66% Sb-Sn alloy for
various ILs with equal concentrations (15.0 mg cm ) in
4.0 M sulfuric acid electrolyte in the region of hydrogen
gas evolution. As indicated in this figure, in the presence of
all three ILs, hydrogen evolution potential shifts to more

density of —30.0 mA cm > (Fig. 6b). It is observed that
hydrogen overpotential increases with concentration of IL.
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Fig. 5 Linear sweep voltammograms of Pb—1.66% Sb—Sn alloy at a

scan rate of 50.0 mV s ' in 4.0 M sulfuric acid electrolyte with and
without ILs. The concentration of all ILs is 15.0 mg cm >
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In the previous section, it was pointed that antimony has
a catalytic effect on hydrogen evolution and with increase
in the Sb content of lead alloy; hydrogen evolution
potential becomes more positive. Therefore, to investigate
the effect of ILs on this antimony catalytic behavior, we
obtained hydrogen evolution potential in the different
concentrations of antimony in the working electrode. As
indicated in Fig. 7, similar to acidic solution without an
additive, hydrogen reduction potential has increased in the
solution containing additive. It means that alkylammonium
cations cannot eliminate this antimony catalytic effect.

With regard to the Nernst equation and equality of
conditions (like temperature, pressure, and working elec-
trode) in all experiments, the decrease of hydrogen ion
activity is an important factor in increasing hydrogen
overpotential. Indeed, the presence of alkylammonium
cations in the electrolyte influences the activity of other
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ions and also the morphology of PbSO, layer and, thus,
changes hydrogen ion concentration beneath PbSO4 mem-
brane. The result of this behavior is a noticeable effect of IL
on the hydrogen ion activity and, consequently, hydrogen
evolution potential.

Dissolution current of Sb

Antimony from the positive grid can migrate through the
electrolyte and be deposited on the surface of the negative
plate, where it lowers the overpotential for hydrogen
evolution [35]. This leads to lower charge voltage,
increased self discharge, and therefore, increased water loss
of the battery. Therefore, antimony oxidation current (peak
A, in Fig. 1) was used to consider antimony dissolution in
electrolyte with and without ILs.

Figure 8a, b shows that Sb dissolution increases in the
presence of all alkylammonium cations. However, a
decreasing trend is observed with increasing the number
of butyl chain. It seems that because of interaction between
alkylammonium cation and other ions in the electrolyte, Sb>*
species become more stable, and it causes dissolution of
antimony to increase. Stability of solution Sb** species is a
beneficial effect because it prevents from deposition of
antimony on the negative electrode, where it diminishes the
overpotential of hydrogen evolution.

Grid corrosion studies

In principle, corrosion of lead starts at equilibrium potential
of the negative electrode. It is important to remark that the
corrosion behavior analysis of the present work differs from
studies of PbO/PbO, formation, which consider at much
higher potentials [32, 37]. At open-circuit potential,
discharge reaction and hydrogen evolution have to balance
each other, because no current flows through the electrode.
The result of this balance is the corrosion potential (Ecqyr),
in which no external current (i..,) appears. In this article,
the effect of the presence of ILs on the electrochemical
corrosion behavior of Pb-1.66% Sb—Sn electrode in
sulfuric acid solution was investigated using EIS and
potentiodynamic polarization tests.

In the Tafel plots (Fig. 9a), E.or and i, Were obtained
by extrapolation of linear parts of cathodic and anodic
branches. Corrosion rate was calculated using the following
equation: CR [mils per year (mpy)]=0.129 (aico./nD),

Table 1 Corrosion data for

Pb-1.6% Sb alloy in 4.0 M Concentration Tafel measurements EIS measurements
H,SOy in the presence and of IL (gL ")
absence of ILs obtained from Ecorr (V) Teor (HACH{Z) CR (mpy) IE% Ri(Q) IE%
Tafel polarization and EIS
methods Without IL —0.60 13.6 16 - 100 -
BAHS 5 —0.60 11.0 13 19 113 12
15 -0.59 10.2 12 25 161 38
IPAHS 5 —0.60 9.2 11 31 139 28
15 -0.59 8.9 10 38 140 29
tri-BAHS 5 —0.58 15.0 18 -12 96 —4
15 -0.59 17.2 20 -25 88 -14
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Fig. 10 Cyclic voltammograms of carbon—PbO paste electrode in
4.0 M H,SO4 with and without 2.5 mg cm> tri-BAHS (scan rate:
50.0 mV s ') (a). Oxidation peak current (b) and peak potential
difference (c), according to ILs concentrations

where « is the atomic weight of alloy (g mol '), D is the
density of alloy (g cm ), and n is the number of electrons
that participated in corrosion reaction [38]. IE% =
(1 — (icorr / igm)) x100. was used to calculate inhibition
efficiency from polarization measurements, where icorr and
i0i0corr are the corrosion current densities in the presence

@ Springer

and absence of IL in solutions, respectively. The corrosion
parameters given in Table 1 clearly indicate that the
CRcorrosion rate of lead alloy decreases in the presence
of BAHS and IPAHSIPAHS but increases in the solution
containing tri-BAHS.

Electrochemical impedance spectroscopy is a powerful,
nondestructive, and informative technique that is usually used
for characterization and study of corrosion behavior. The
experimental EIS results in Nyquist plots (Fig. 9b) reveal that
each impedance diagram consists of two semicircles at high
and low frequencies. The proposed equivalent circuit used to
fit the experimental data is shown in Fig. 9b, which is similar
to the one proposed in the literatures [39, 40].

It has to be noted that impedance measurements have
been carried out in the open-circuit potential, where the
PbSO, semipermeable membrane is formed on the elec-
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Fig. 11 Oxidation peak current (a) and peak potential difference (b)
of carbon—PbO paste electrode in different ILs with equal concentra-
tion: 15.0 mg cm >
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trode surface, but no PbO (stronger passivation), antimony
ions, or mixed Pb—Sb oxides are formed. Therefore, in this
equivalent circuit, R, is the electrolyte resistance, Q; and
R, correspond to the double layer capacity and the charge
transfer resistance (corrosion resistance) through the vacan-
cies of the porous layer, and the second circuit contains O,
and R,, which correspond to the participation of adsorbed
intermediates (all kinds of accumulated species). The
impedance of a constant phase element is defined as
0 = [C(jw)"]”", where C is the capacitance, j is the
current, w is the frequency, and —1<n<1 [41, 42].

In Table 1, it can be observed that corrosion resistance
(Ry) in the solutions containing BAHS and IPAHS are
higher than in the solution without IL. The inhibition
efficiency from impedance measurements is calculated
using [E% = (1 - (R?/Rl)) x 100, where R, and R,° are
the corrosion resistance in the presence and absence of IL
in solutions, respectively [46]. It is in a good agreement
with the results of the potentiodynamic polarization experi-
ments. It seems that the morphological changes of the
PbSO, layer, which regulate H" ion transport through
different layers, play an important role in dictating the
corrosion behavior of electrode in the presence of ILs.

Positive and negative active materials

During charge and discharge process in lead-acid batteries,
Pb in negative electrode and PbO, in positive electrode
change to Pb(Il) and vice versa [36]. The electrochemical
effects of ILs in conversion of PbSO, to PbO, and vice
versa were investigated by carbon—-PbO electrode. PbO in
H,SO, solution reacts immediately with acid, forming lead
sulfate and basic lead sulfates (tribasic or tetrabasic).

As shown in Fig. 10, in the presence of different
concentrations of all added ILs, conversion current of PbSO,
to PbO, (I, and 1) increases, whereas reversibility, which is
characterized from peak potential differences, decreases.
Also, an increasing trend in 7, I, and irreversibility of
carbon—PbO electrode were observed with increasing the
number of alkyl chain in alkylammonium (Fig. 11). As it
was mentioned in previous work [30], interactions between
Pb®" and added IL ions make more stable species of Pb*".
Therefore, more PbSO, crystals are formed, which increase
conversion current of PbSO, to PbO, that is a beneficial
effect in negative and positive active materials in the battery.

Conclusion

Influence of various types of alkylammonium hydrogen
sulfate, which are different in the number of alkyl chain, on
the electrochemical behavior of a lead antimony electrode
in sulfuric acid was investigated by using CV, SEM, and

EIS methods. The results show that in the presence of all
studied ILs, fewer and smaller PbSO, crystals are formed
on the electrode surface. Morphological changes of the
PbSO, layer play an important role in dictating the
electrochemical reactions of lead alloy. All studied ILs
increase hydrogen and oxygen evolution overpotential and
antimony dissolution. However, they have different effects
on the grid CR. Also, ILs increase the rate of the conversion
of PbSO, to PbO,, which can increase the utilization of the
positive active material in lead-acid batteries.

Investigation of a family of alkylammonium hydrogen
sulfate ILs shows that electrochemical behaviors of lead
alloy are mainly under the influence of number of alkyl
chain in alkylammonium cations. Hydrogen evolution
potential has a linear correlation with the number of alkyl
chain. However, oxygen evolution overpotential depends
on the influence amount of IL on morphological character-
izations of the lead sulfate layer. It seems that BAHSs
reveal a beneficial effect on the electrochemical behavior of
lead-acid battery, especially if they have a high number of
alkyl chain in their cations.
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