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Abstract

The charge-discharge characteristics and the aging mechanism of PbO, layers doped with bismuth in contact with sulfuric acid
solutions were studied by using combined cyclic voltammetry and electrochemical quartz crystal microbalance (EQCM) tech-
niques. For this purpose, thick lead dioxide layers (non-doped and doped with Bi) were electrodeposited on gold substrate from
aqueous solutions of Pb(NO3), dissolved in nitric acid and they were investigated in sulfuric acid media. Based on the electro-
chemical and the mass change responses, it is concluded that during the electrodeposition, bismuth influences the structure of the
PbO, formed. Bi(Ill) also inhibits the oxidation of lead sulfate and affects the reduction kinetics of lead dioxide. During
successive cyclization (aging), the presence of bismuth accelerates the hydration of PbO,.

Keywords Lead dioxide - Lead-acid battery - EQCM - Bismuth additive

Introduction

Porous lead dioxide materials are used in lead-acid batteries
[1-4] as well as in many industrial applications such as waste-
water treatment for oxidation of organic compounds [5-13].
The electrochemical behavior of pure lead dioxide layers
(charge-discharge characteristics, aging processes) has been
widely studied previously [14-19].

In order to improve the electrochemical and mechanical
properties of PbO, layers, several investigations have been
carried out, e.g., by using different metals or metal oxides
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[20-22] including bismuth [23, 24]. However, the results
and the explanations of some studies are confusing regarding
to the effects of these additives on certain properties. In his
review [25], Koop also stated that the published experimental
evidences for both the perceived and actual effects of bismuth
on lead-acid battery performance are complex and often con-
tradictory. Therefore, it is evident that electrochemical studies
combined with supplementary techniques are necessary to
gain a deeper understanding of the complex behavior of
PbO, electrode doped with bismuth.

The electrochemical quartz crystal microbalance (EQCM) is
a powerful technique for monitoring in situ surface mass chang-
es during different physico-chemical processes. Based on the
Sauerbrey equation [26] and Faraday’s law of electrolysis, ef-
fective molar mass changes related to the participating species
can be calculated. Surprisingly, the EQCM technique has rarely
been used for monitoring the changes occurring in the course of
charging-discharging of PbO, layers [19, 27, 28].

The main goal of this paper is to study the effects of bismuth
additive on the charge-discharge characteristics of electrodepos-
ited lead dioxide layer on gold substrate in sulfuric acid solution
and its influence on the aging mechanism during cyclization.

Experimental

A conventional three-electrode electrochemical cell was
used containing a gold-coated quartz crystal as the working
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Fig. 1 a Cyclic voltammograms
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electrode (5 MHz AT-cut, the geometric area during elec-
trodeposition was 1.37 cm?) and a gold plate as the counter
electrode. A spatially separated sodium chloride saturated
calomel electrode (SCE) was used as the reference elec-
trode. Lead(Il) and Bi(III) solutions were prepared by dis-
solving Pb(NO;), and Bi(NOs);, respectively, in ultrapure
water (Millipore) and nitric acid (Merck). Sulfuric acid
solutions saturated with bismuth sulfate were made by dis-
solving Bi(NO3); in sulfuric acid (Merck) until Biy(SO4);
was precipitated. The electrolytes were deaerated to re-
move the dissolved oxygen by bubbling high purity argon
for 15 min.

The relationship between the measured frequency change
(Af) and the mass change per unit area (Am) is given by the
Sauerbrey equation [26]:

Af =—C¢Am (1)
where Cy is the integral sensitivity factor for the crystal
used which is 56.6 Hz ug ' ecm? for a 5 MHz AT-cut
quartz crystal at 25 °C. The resonant frequency is influ-
enced by the viscosity and the density of the solution
[29]. The frequencies of the quartz crystals (Stanford
Research System) mounted in the holder made from
Kynar and connected to an SRS QCM 100 unit were
measured by a Philips PM 6685 frequency counter. The

Fig. 2 Chronoamperometric
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electrochemical measurements were performed with an
Electroflex EF453 potentiostat.

Results and discussion

Effects of Bi(lll) on the electrodeposition
and reduction of PbO, layers in nitrate media

Cyclic voltammetric study

EQCM experiments (Fig. 1 a and b) were carried out on gold-
coated quartz crystal in 0.1 M Pb(NO3), dissolved in 1.0 M
HNOj solution containing different amounts of Bi(NOs); to
study the behavior of the gold substrate and the electrodepo-
sition process in these media.

The oxidation of lead(I) ion to lead dioxide started at high
positive potentials (+ 1.5 V vs. SCE) during the anodic scan.
The simultaneous frequency decrease indicated the deposition
of the PbO, layer. The effective molar mass for the oxidation
process that involves the transfer of two electrons (n=2) was
found to be ca. 240 g mol . Then, this electrodeposited PbO,
layer was reduced during the cathodic scan (between + 1.3 and +
0.7 V vs. SCE) while the frequency almost returned to its initial
value indicating the complete electrodissolution. The reduction
of gold oxide was also experienced at +0.9 V vs. SCE.

(solid lines) and simultaneous
frequency (dashed lines)
measurements during
electrodeposition on gold-coated
quartz crystal from the solution
containing a 0.1 M Pb(NO;), and
1.0 M HNOjz and b 0.1 M
Pb(NO3)2, 0.05M BI(NO3)3, and
1.0 M HNOs. The potential vs.
time function is shown in Table 1
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Table 1 Potential steps applied during electrodeposition of PbO, layer

t/s 0 20 40 80 140 160 200 240 325

(Evs.SCE)/V OCP 1.00 120 130 1.40 1.50 1.55 1.60 OCP

Increasing the amount of Bi(Il) ion in the solution resulted in
changes of the characteristics of cyclic voltammograms. A pair of
peaks appeared at — 0.04 V vs. SCE which belongs to the reduc-
tion of Bi(III) to Bi(0) and the reverse reaction. The peak currents
were proportional to the Bi(Ill) concentration. Based on the fre-
quency changes, a reversible electrodissolution of the electrode-
posited bismuth occurred, the frequency returned to its initial
value. Regarding to these peaks, the effective molar masses (con-
sidering a 3¢~ transfer) were determined to be ca. 210 g mol
which is in a good agreement with the bismuth molar mass
(2090 g mol ). The oxidation of lead(II) to lead dioxide started
at higher positive potentials as well as the peak current decreased
(smaller amount of PbO, could be electrodeposited) as the
amount of bismuth increased. It is also stated that smaller amount
of gold oxide was reduced during the cathodic scan which is
indicated by the decreasing peak currents at + 0.9 V vs. SCE. It
means that the electrodeposition of lead dioxide from lead(Il)
nitrate acidic solution is less favorable if the electrolyte contains
Bi(IlT). This phenomenon is explained by the adsorption of
bismuth(IIT) ions on the oxidized gold surface [30] since those
occupy the active spots on the surface of the substrate.

Chronoamperometric study

The electrodepositions of PbO, layers were carried out by the
previously developed method [18]. The chronoamperometric
curves of the deposition from the solution containing 0.1 M
Pb(NO;3),-1.0 M HNOj3 and 0.05 M Bi(NO;3);-0.1 M
Pb(NO;),—1.0 M HNOj; are shown in Fig. 2 a and b, respec-
tively. During the chronoamperometric deposition of lead diox-
ide, similar phenomenon has been experienced as described
above; the deposition started at a higher positive potential
(1.7 V instead of 1.6 V vs. SCE) (see Tables 1 and 2) because
of bismuth adsorption on the oxidized gold surface. The effec-
tive molar masses calculated for a 2¢ transfer process were
found to be ca. 235 and 225 g mol ' when the electrolyte did
not contain Bi(Ill) and when it contained Bi(IIl), respectively.
The lower molar mass value obtained is due to the lower utili-
zation of current related to a partial delamination because of the
worse adhesion between the gold oxide (hydroxide) substrate
and the deposited PbO, layer.

Electrochemical investigation of PbO, layers modified
by Bi(lll) in sulfuric acid media

Characterization of PbO, layers electrodeposited from Pb(ll)
and Bi(lll) containing nitric acid solutions

A lead dioxide layer was prepared by electrodeposition from
the solution containing bismuth nitrate, lead nitrate, and nitric
acid as shown in Fig. 2b. It was washed with double distilled
water and then, it was put into 3.0 M sulfuric acid medium.
The first three cyclic voltammograms were taken without
using pre-oxidation step (Fig. 3a), but after that, the potential
was held at + 1.8 V vs. SCE for 15 s (like a constant voltage
charging of a battery) before starting each CV (Fig. 3b).

The current and the frequency responses during the first three
cycles were very similar to previously experienced ones [19].
During the successive cycles, the effective molar mass changes
regarding to the transformation of PbO, to PbSO, were calcu-
lated to be ca. 63,23, and 20 g molfl, respectively (the differ-
ence between the molar mass of lead dioxide and lead sulfate is
64 g mol ). It means that during the oxidation of lead(Il) in
nitrate media, almost totally crystalline 3-PbO, was electrode-
posited; however, during the oxidation of lead sulfate (similarly
to the charging of a lead-acid battery), a mixture of crystalline
and amorphous (gelled, hydrated) material was formed. The
hydrated lead dioxide can be described regarding to the second
and third cycle as PbO,xH,O or similarly PbO(OH),:
(x—1)H,O where x is ca. 2.3 and 2.4, respectively.

If pre-oxidation was applied before each cyclic voltammogram,
two peaks appeared during the cathodic scan at ca. + 1.25 and +
1.35 V vs. SCE. The peak at lower potentials could be related to
the presence of bismuth. This peak practically disappeared after
ca. 7 cycles. Consequently, bismuth only affected the initial struc-
ture of PbO, layer or Bi(Ill) adsorbed on the surface of lead
dioxide influenced its electrochemical behavior.

Electrochemical study of PbO, layers after adsorbing
bismuth(lll) ions in nitrate media

It has been described that bismuth(IIl) ions can adsorb on
oxidized gold and platinum surfaces [30]; however, it is also
possible that Bi** ions can adsorb on the electrodeposited
PbO,, too. To investigate this process, lead dioxide was elec-
trodeposited from the electrolyte containing 0.1 M Pb(NOs),
and 1.0 M HNOj; solution by chronoamperometric method,
then the layer was put into 1.0 M nitric acid. The open-circuit
potential of the electrode and simultaneous frequency changes
were measured while different amounts of 1.0 M HNO;—

Table 2 Potential steps applied
during electrodeposition of PbO, tls 0 20
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Fig. 3 a The first three cyclic voltammograms (solid line) and
simultaneous frequency measurements (dashed line) during the
discharge of an electrodeposited PbO, layer in 3.0 M H,SO, solution.

0.05 M Bi(NO3); solutions were added to the electrolyte
(Fig. 4a).

The open-circuit potential of the electrode exponentially de-
creased after adding Bi(IIl) into the solution until a mixture
potential was reached. Simultaneously, the frequency curve
showed a monotonous increase because of the chemical dis-
solution of PbO, in acidic medium. A fast frequency decrease
was observed just after the addition of each new portion of the
Bi(IIl) ion containing solution. It was neglected in the further
analysis since it is a usual artifact due to the functioning of the
QCM technique. However, it can be seen that after each new
addition, the frequency curve ran below the previous one al-
though the frequency increase (mass decrease) was continu-
ous. In order to analyze this effect, a straight line was fitted to
each segment (e.g., between 12 and 14, 32 and 34, 46 and
48 min), then the frequency differences between the intercepts
of the first and each parallel line were calculated. (See the
supplementary material, Figs. S1 and S2.) These values and
the estimated open-circuit potentials were plotted versus the
concentration of bismuth(III) ion as shown in Fig. 4b. It can be
seen that the OCP and frequency curves show a very good
correlation. On the other hand, since the frequency curve re-
sembles a Langmuir isotherm, it can be assumed that this
effect is due to the adsorption of Bi(III).

After this treatment, the electrode was washed with double
distilled water, then it was immersed in 3 M sulfuric acid
solution. Except the first cycle, a pre-oxidation step was ap-
plied before starting the next cycle.
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The scan rate was 50 mV s ' in the potential range of + 1.8 to + 0.4 V vs.
SCE. b Successive cyclic voltammograms obtained for the same layer.
Before taking each CV, the potential was held at + 1.8 V vs. SCE for 15 s

Similarly to the previously described case, two peaks appeared
during the cathodic scan at ca. + 1.3 and + 1.4 V vs. SCE at the
second cycle (Fig. 5a). The peak at lower potentials—which can
be related to the presence of bismuth—disappeared after two
cycles. Based on the cyclic voltammetric and simultaneous fre-
quency measurements (Fig. 5b), it can be concluded that
bismuth(Ill) in nitrate solution has almost negligible effect on
the electrochemical behavior of lead dioxide while it is investi-
gated later in sulfate solution. This phenomenon can be explained
by that the bismuth—which is initially adsorbed on the surface of
PbO, layer—dissolves in the bulk solution during the reduction
of lead dioxide in the first few cycles. However, the bulk con-
centration of Bi(IIl) is too low to influence the reduction/
oxidation kinetics of lead dioxide/lead sulfate. When Bi(NOs);
is introduced into the lead nitrate acidic solution during the elec-
trodeposition, the influence of bismuth(III) on the PbO, structure
is significant as it has been previously experienced in
methanesulfonate solutions [24].

Influence of Bi(lll) on the charging-discharging and aging
characteristics of lead dioxide

Two lead dioxide layers were electrodeposited from the solu-
tions containing 0.1 M Pb(NO3), and 1.0 M HNOs3, then both
electrodes were washed with double distilled water before
putting those into 3.7 M sulfuric acid solutions. The first three
cyclic voltammograms for both electrodes were similar. After
that, successive cyclic voltammograms were taken using a
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a

Fig. 5 a Successive cyclic 2
voltammograms obtained for an
electrodeposited lead dioxide
layer in 3 M H,SO, with the scan
rate of 50 mV s . Before taking
each CV (except the first one), the
potential was held at + 1.8 V vs.
SCE for 15 s. b Simultaneous
frequency measurements
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pre-oxidation step (holding the potential at + 1.8 V vs. SCE
for 15 s before starting each CV) while different amounts of
pure (Figs. 6a and 7a)/bismuth sulfate saturated (Figs. 6b and
7b) sulfuric acid solutions were added to the electrolyte.

If the electrolyte did not contain Bi** ions, only two peaks
appeared during the cathodic scan. The one at higher poten-
tials is related to the transformation of lead dioxide to lead
sulfate. The continuous increase of the cathodic peak current
during cycling is due to the effect that more active material
was involved in the redox transformations of PbO,/PbSQ,.
The other peak at lower positive potentials is related to the
reduction of oxidized gold substrate where the cathodic peak
current remained the same. With the increasing bismuth(I1I)
concentration, a new peak appeared at ca. + 1.25 V vs. SCE,
although the amount of charge which was transferred during
the reduction of PbO, (proportional to the sum of the areas
of the two peaks at higher potentials) increased in the first
seven cycles, then it decreased. In a real battery system with
this charging method, it follows that the capacity of the
positive electrode decreases after certain number of
discharge-charge cycles while in the absence of bismuth,
the capacity monotonously increases. This phenomenon
can be assigned to the inhibiting effect of bismuth on the
oxidation of lead sulfate (e.g., via reaction with OH radicals)

T T
1.0 1.2
(Evs. SCE)/ V

T
0.8

or bismuth additive influences the reduction kinetics of
PbO, due to its adsorption.

When the electrolyte did not contain Bi(Ill), the effective
molar mass change was ca. 25 g mol ' at the first cycle and
it decreased monotonously to ca. 10 g mol ' until the last
cycle. When the solution contained bismuth, the molar mass
changes were ca. 15 and 30 g mol " at the first cycle and ca. —
10 and — 5 g mol " at the last cycle regarding to the peaks at +
1.4 and +1.25 V vs. SCE, respectively. It is stated that the
PbO, reduction peak at lower potentials belongs to a more
crystalline material and the peak at higher potentials belongs
to a more hydrated one. It is also experienced that during the
cyclization (aging of the layer), the effective molar mass
changes decreased which means that the lead dioxide layer
became more and more hydrated which is in good agreement
with previous observations [19]. When the solution contained
Bi(III), this process was observed much faster which indicates
that bismuth accelerates the hydration of lead dioxide.

Understanding how bismuth influences
the oxidation-reduction characteristics of PbO,

In order to better understand the influence of Bi** ions on the
electrochemical behavior of lead dioxide, successive cyclic

Fig. 6 Successive cyclic 5

voltammograms obtained for an 70em 37 MILSO, + Vem' 37 MILSO,
electrodeposited lead dioxide e B A
layer with the scan rate of 0 —~

50 mV s '. Before taking each
CV, the potential was held at +
1.8 V vs. SCE for 15 s. The
electrolyte was 3.7 M H,SO,4
initially, then, different amounts
of (a 3.7 M sulfuric acid and b
3.7 M sulfuric acid saturated with
Bi,(SO4);) solutions have been
added to it
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Fig. 7 Simultaneous frequency L

70 cm® 3.7 M H,SO, + Vem’ 3.7 M H,80,
Viem'=0;2;4;6; ;103 15;20; 30; 40; 50; 60;

measurements for CVs shown in
Fig. 6a (a) and Fig. 6b (b)

04
-50
-100

-150

Af/Hz

-200

-250

-300

2350 1 .

70 em’ 3.7 M H,S0, + ¥ em’ 3.7 M H,S0, saturated with Bi,(SO,),
Viem'=0;2;4;0; 30015

40
; 305 40; 50; 60;

pmm——a

Af/Hz

T T
1.0 1.2

(Evs.SCE)/V

T
0.8

voltammograms (Fig. 8 a and b) were taken by varying the
solution composition (pure sulfuric acid and sulfuric acid sat-
urated with bismuth sulfate) during successive cycles as well
as the peroxidation steps. The experimental conditions are
summarized in Table 3.

When the electrolyte was pure sulfuric acid (1st cycle), a
relatively narrow peak appeared with higher peak currents
regarding to the reduction of lead dioxide. However, if the
electrolyte used during cycling was changed to a Bi(II) con-
taining one (2nd cycle), the peak potential was lower, ca. +
1.3 V instead of + 1.4 V vs. SCE. When the electrolyte was
pure sulfuric acid during both the pre-oxidation and the polar-
ization again (5th cycle), a small peak (shoulder) also ap-
peared at ca. + 1.25 V vs. SCE which can be related to the
residue of bismuth adsorbed on the surface of the lead dioxide
layer. If the pre-oxidation was carried out in H,SO, solution
saturated with Bi»(SO4); (3rd and 4th cycles), cyclic voltam-
mograms with significantly different shapes were obtained
containing wide peaks (peak potentials were ca. + 1.3 V vs.
SCE). It is also seen that the characteristics of the frequency
curves changed significantly when sulfuric acid electrolyte
saturated with bismuth sulfate was used during the pre-
oxidation step for first time (3rd cycle). Based on these obser-
vations, it is evident that the bismuth content of the acid in
which the pre-oxidation is carried out has a huge effect on the
properties of the PbO, layer. However, the presence of

T T
1.0 1.2

(Evs.SCE)/V

T
1.4

bismuth in the acid significantly influences the characteristics
of the cyclic voltammetric curves only if the pre-oxidation
was carried out in pure sulfuric acid. The most probable ex-
planation for this phenomenon is that the bismuth adsorbs on
the surface of the electrode and inhibits the oxidation of lead
sulfate to lead dioxide. On the other hand, using bismuth con-
taining sulfuric acid for the pre-oxidation step accelerates the
hydration of the PbO, layer during its aging.

Conclusions

Based on the elucidation of the results of the combined
electrochemical and surface mass measurements as well as
the effect of the solution composition, it is concluded that
the presence of Bi** ions in the solution influences the struc-
ture of the PbO, formed during the electrodeposition from
nitric acid containing lead nitrate and bismuth nitrate. The
bismuth also inhibits the oxidation of lead sulfate and affects
the reduction kinetics of PbO, in sulfuric acid media. In the
course of successive cyclization (aging), the presence of bis-
muth accelerates the hydration of lead dioxide. These phe-
nomena are related to the adsorption-desorption of bismuth
on surfaces of PbO, and the oxidized gold substrate,
respectively.

Fig. 8 a Successive cyclic 1
voltammograms obtained for an
electrodeposited lead dioxide
layer in 3 M H,SO, (the
electrolyte also contained Bi(IlI)
in some cases summarized in
Table 5) with the scan rate of
50 mV s . Before taking each
cyclic voltammogram, the st oBi
potential was held at + 1.8 V vs. i and
SCE for 15 s. b Simultaneous
frequency measurements
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Table3  Electrolytes used for the measurements shown in Fig. 8 aand b
Cycle Pre-oxidation Cyclic voltammogram

1 3 M H,SO,4 3 M H,SO,

2 3M H2S04 3 M H2SO4 — sat. Blz(SO4)3
3 3 M H2804 — sat. Blz(SO4)3 3M HzSO4 — sat. Blz(SO4)3
4 3M H2$04 — sat. Blz(SO4)3 3M HzSO4

5 3 M H,SO,4 3 M H,SO,
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