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Abstract

The kinetics of the hydrogen-evolution reaction (HER) on smooth Pb, Pb—Ca-Sn and
Pb-Sb-Se alloy electrodes is studied in H,SO, (3—10 M) electrolyte that contains phosphoric
acid (040 g 17") and antimony (0-10 mg 1~*') using galvanostatic polarization in the Tafel
domain. A direct correlation is found between iy and i, on lead and lead-alloy electrodes
with varying concentrations of H;PO, and Sb(III) in H,SO,. The maximum suppression
of the HER occurs with 20 g 17! H;PO, in H,SO, for both lead and lead alloys. The data
are explained in the light of a model that employs adsorption of H,PO, at the electrode/
electrolyte interface.

Introduction

It has been documented in the literature that incorporation of antimony either
in the positive active material 1] or in the grid material {2, 3} improves the deep-
discharge cycle life of the lead/acid cell. Antimony is known, however, to leach out
into the electrolyte [4] and cause deleterious effects on the performance of the lead
electrode. Sealed lead/acid (SLA) cells, therefore, employ Pb—Ca alloys as grid materials
in order to suppress the HER. This causes the ‘antimony-free effect’ [S]. To counter
this effect in SLA cells additives such as H;PO, have been employed [6]. But studies
of their role on the kinetics of the HER have been largely neglected. The only previous
investigation is that of Song and Chen [7]. This is because most of the studies [8-10]
have employed fast sweep techniques, such as cyclic and linear sweep voltammetry,
that exhibit non-steady-state behaviour. Also, there is little information on the overall
effect of antimony in the presence of H;PO, in the H,SO, electrolyte.

In this study, therefore, the effects of phosphoric acid and antimony additives in
the sulfuric acid electrolyte on the kinetics of the HER on lead and lead-alloy grid
materials has been examined by a steady-state polarization technique in the Tafel and
linear domains. The study suggests that the deleterious effects of antimony are inhibited
in the presence of phosphoric acid in the electrolyte.

Experimental
The technique, apparatus, experimental conditions and procedure were identical

to those described previously [11].
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Results and discussion

In the case of lead and lead alloys, hydrogen evolution is the only cathodic
conjugate reaction of corrosion in de-oxygenated sulfuric acid. The corrosion of lead
is thus related to the kinetics of the cathodic hydrogen-evolution reaction and the
anodic metal dissolution reaction. At the corrosion potential (steady-state open-circuit
potential), in solutions depleted of Pb** ions, the electrode reactions to be considered
are:

Pb— Pb?* +2e~ 1)
2H" +2~ — H, )

Reactions (1) and (2) are occurring under totally irreversible conditions, i.e.,
(E—E.)= &> RT/F. Under these irreversible conditions, the steady-state current-
potential relation under cathodic Tafel conditions may be expressed as:

= exp| — aufIE — Ecor)] 3)
or,

1 . 1 ,
&= ;—}; In i " Ini “4)

where the symbols have their meaning as explained under the supplied list of symbols.

The validity of the above assumptions underlying the Tafel behaviour (E versus
log i as a straight line) was easily verified with the experimental data obtained in this
study since, in practically all the cases, well-defined, reproducible, steady-state, hysteresis-
free Tafel plots were obtained over two decades or more of the current density. It
is claimed that this is the first time that experimental conditions have been standardized
rigorously to get highly reproducible hysteresis-free Tafel plots for the HER on lead
and lead alloys in sulfuric acid solutions.

A comparison of the Tafel equation, eqn. (4), for the steady-state cathodic hydrogen-
evolution reaction with the experimental data gives the corrosion current density (icor)
as well as the Tafel slope (1/ayf). Accordingly, from the experimental Tafel plots for
HER on pure Pb, Pb—Ca-Sn and Pb-Sb-Se alloys in H,SO, solution (3.67-10 M)
with H;PO, (0-40 g 177) and Sb(III) (0-10 mg 1™') additives, the corrosion current
densities have been calculated by back extrapolation of the Tafel plot to the corresponding
steady-state corrosion potential (—968+2 mV versus Hg/Hg,SO, for [Sb(III)]=0 and
—965+3 mV versus Hg/Hg,SO, for [Sb(III)]=1-10 mg 1'). The dependence of
the corrosion rates of lead and lead-alloy electrodes on the concentration of H;PO,
in H,80, at =25 °C, with and without Sb additive in the electrolyte, are shown in
Figs. 1-4. The following conclusions can be drawn from the data.

(i) The hydrogen-evolution rate (corrosion rate) on pure Pb, Pb—Ca-Sn and
Pb-Sb-Se alloys increases with increasing concentration on H,SO,.

(ii) H;PO, additive decreases the rate of hydrogen evolution in all cases.

(iii) The decrease in the hydrogen-evolution rate caused by H;PO, additive is
largest at 20 g 1-! of H;PO, concentration in solution.

(iv) In the presence of dissolved Sb(III) in solution, the hydrogen-evolution rate
is enhanced in all cases.

*This notation is given according to IUPAC recommendations [12].
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Fig. 1. Dependence of corrosion rate of Pb and Pb alloys on concentration of HyPO, in H,SO,
(5.298 M) at 25+ 1 °C, and effect of Sb(III) additive to electrolyte: (1) Pb; [Sb(IIL)}: nil; (2)
Pb—Ca~Sn; [Sb(III)]: nil; (3) Pb-Sb-Se; [Sb(III)]: nil; (4) Pb; [Sb(IIN)]: 1 mg 1~%; (5) Pb; [Sb(III)}:
10 mg 1% (6) Pb—Ca-Sn; [Sb(III)}: 1 mg I~%; (7) Pb—~Ca-Sn; [Sb(IID)]: 10 mg 1-%; (8) Pb—Sb-Se;
[Sb(IID]: 1 mg 17%; (9) Pb-Sb-Se; [Sb(IIN]: 10 mg 1~'. Ordinate scales are I (curves 14, 6),
II (curves 5, 8) and IH (curves 7, 9).
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Fig. 2. Dependence of corrosion rate of Pb and Pb alloys on concentration of H;PO, in H,SO,
(6.008 M) at 2511 °C, and effect of Sb(III) additive to electrolyte: (1) Pb; [Sb(IID)]: nil; (2)
Pb-Ca~8n; [Sb(III)]: nil; (3) Pb-Sb--Se; [Sb(II)}: nil; (4) Pb; [Sb(IID)]: 1 mg I~Y; (5) Pb; [Sb(IIN)]:
10 mg 1I~%; (6) Pb—Ca-Sn; [Sb(IID)}: 1 mg 1-%; (7) Pb—Ca-Sn; [Sb(IIT)}: 10 mg 1~'; (8) Pb-Sb-Se;
[Sb(IID)): 1 mg 17%; (9) Pb—Sb-Se; [Sb(IID)]: 10 mg 1~'. Ordinate scales are I (curves 1, 2), II
(curves 3-6, 8), and III (curves 7, 9).
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Fig. 3. Dependence of corrosion rate of Pb and Pb alloys on concentration of H,PO, in H,SO,
(8.043 M) at 25+1 °C, and effect of Sb(III) additive to electrolyte: (1) Pb: [Sb(III)]: nil; (2)
Pb—Ca-~Sn; [Sb(III)]: nil; (3) Pb-Sb-Se; [Sb(IID)]: nil; (4) Pb; [Sb(IID)]: 1 mg I~1; (5) Pb; [Sb(IIT)]:
10 mg 1™%; (6) Pb—Ca—Sn; [Sb(IIT)]: 1 mg 1% (7) Pb—Ca-Sn; [Sb(IIT)}: 10 mg 1~!; (8) Pb-Sb-Se;
[SbAID)}; 1 mg 17%; (9) Pb—Sb-Se; [Sb(III)]: 10 mg I~'. Ordinate scales are I (curves 1, 2), II
(curves 3-6, 8), and III (curves 7, 9).
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Fig. 4. Dependence of corrosion rate of Pb and Pb alloys on concentration of H;PO, in H,SO,
(10.09 M) at 25+1 °C, and effect of Sb(III) additive to electrolyte: (1) Pb; [Sb(III)]: nil;
(2)Pb—Ca-Sn; [Sb(III)]: nil; (3) Pb-Sb-Se; [Sb(III)]: nil; (4) Pb; [Sb(IID)): 1 mg 17 (5) Pb;
[Sb(ID)}: 10 mg 17%; (6) Pb—Ca~Sn; [Sb(III)]: 1 mg 17%; (7) Pb-Ca-Sn; [Sb(IID)}: 10 mg 1~%; (8)
Pb-Sb-Se; {Sb(IIT)]: 1 mg 1™ (9) Pb-Sb-Se; [Sb(I)]: 10 mg I'. Ordinate scales are I (curves
1, 2), II (curves 3, 4, 6, 8), and III (curves S, 7, 9).
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(v) The increase in hydrogen-evolution rate due to dissolved antimony is diminished
in the presence of H;PO, additive as compared with the rate in the absence of this
additive.

(iv) The Sb(IIl)-induced hydrogen-evolution rate is suppressed to a large extent
at a concentration of 20 g 1! H;PO, additive in solution.

The above observations are explained in the light of the following model. On
rewriting the current—potential equation for hydrogen evolution in terms of the standard
rate constants of the partial reactions, we obtain:

I=nFA(1 - 6){KuCu-+ expl — anf(E ~ ER)]—KmCwu exp[Buf(E — EX0)}} ®

In well-stirred solutions of high concentration, as in the present case, mass-transfer
control is absent. Hence, Cy+ =C%+, Cy=C% and, therefore:

I=nFA(1 - 6{KnChi+ exp[— e f(E —ER)] ~ KmCh exp[Buf(E —EX)]} 6

where (1 —0) is the fraction of the surface area available for the hydrogen-evolution
reaction; 6 is the degree of coverage of the surface by any adsorbed electro-inactive
species. At the corrosion potential, /=0; and E=E,,. Therefore, the above eqn.
becomes:

0=nFA(1— 6){{KuC3+ expl— o f(Ecor— E})) — KmCi explBuf(Ecor — EX)]} )

With each of the two terms on the right-hand side of the eqn. (7) being equal to
I, the following may be written:

Loy =nFA(1— 0)KyCh+ exp| — ey f(Ecor— ED)] (®)
=nFA(1~ 6)Kn CY exp[Bmf(Ecor — E)] )]

Noting that E%=0:

1., =nFA(1 - )KyCh+ expl — ayf(Ecor)] (10)

The mechanism of action of H;PO, additive in suppressing the rate of hydrogen
evolution may be due its adsorption at the metal/solution interface. This suggestion
is in agreement with that of other authors [9, 10, 13]. Then, @ in eqn. (10) may be
identified with the fraction of the area covered by H;PO, molecules (or H,PO,~ ions).
Thus,

Loe = nFAKu(Cliso,+ Cliro)(1— 8ira,) expl— aaf(Ecor)) @11)
The following limiting cases may now be considered:
® case 1
Chpro,—> ©; therefore, y,p0,- = sa1sPos) Osapowy 1S the saturation value. Therefore,
Icor zK;-l(CgleO‘ + C%:PQ) (12)
where:

u=nFAKy[1 - 8,43,p0,)] eXp(— enfEcor) (13)

As indicated by eqn. (12), a linear increase in the hydrogen-evolution rate on lead
and lead alloys is expected for an increase in the concentration of H,SO, (in accordance
with experiment) or H;PO, or both. The expected trend with respect to [HyPO,] is
shown in curve (a) in Fig. 5.

® case 2

Considering the other extreme case where:
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Fig. 5. Schematic dependence of i, on the concentration of H,PO, additive in H,SO, solution:
(a) corresponding to the limiting case of Cfupo,— @, i.€., Buspos= Osguroyy; (b) corresponding to
the limiting case of Clypo, =0, i-e., Clupo, €Clpso, and (c) net iy, vs. [H3PO,]
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Fig. 6. Open-circuit potential-time transients of smooth Pb electrodes in H,SO, (5.298 M) (curves
1-3), or in H,SO, (5.298 M) +H,;PO, (40 g 1=') mixed solution (curve 4), with additions of: (1)
H;PO, (40 g 177); (2) [Sb(IID)] (1 mg 17*); (3) [Sb(IIT)] (1 mg I~*)+H;PO, (40 g 171); (4)
[Sb(III)} (1 mg1~'). The additions 1-4 are made at the moments shown by arrows. Concentrations
refer to the volume of the final solution.
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CYpo.— 0; therefore, CHi,po, < Cliso,

Icor A"‘—K’l’i(l - 01'131’04) (14)
where:
Kiy=nFAKyCYso, expl— arafEcor) (15)

Equation (14) predicts an asymptotically decreasing value for I, with an increase in
the H;PO, concentration as shown in curve (b) in Fig. 5. Note, adsorption at an
electrode/solution interface usually follows the Frumkin isotherm, i.e.:

6(1—6) ™" exp(—2a0) =Ky C® (16)

where a is a constant (interaction parameter), and K4 is the adsorption equilibrium
constant. Hence @ varies asymptotically with C°, the bulk concentration.

The general relationship is obtained by combining cases 1 and 2, which predicts
a minimum in I, versus [H;PO,]. This is shown in curve (c¢) in Fig. 5. The minimum
in the value of I, observed with an increase in [H;PO,] additive in a solution of any
given [H,SO,} may be attributed to opposing trends: I, increases with the total acid
concentration in solution, and I, decreases nonlinearly with [H;PO,4] concentration.

The occurrence of a minimum is common to all the electrodes studied, viz., Pb,
Pb-Ca-Sn and Pb—Sb—Se. This is an indirect support to the above mechanistic explanation
that does not depend on the nature of the lead alloy used. The most significant
observation is that H;PO, additive suppresses the Sb(III)-induced hydrogen-evolution
rate on Pb and Pb alloys and may be analysed as follows.

The standard potential for SbO*/Sb reaction (E®= +0.21 V) is more positive
than that of the Pb/PbSO, reaction (E®= —0.356 V). Therefore, the deposition of
clemental antimony on the lead surface is thermodynamically feasible and is likely to
occur in H,SO, solution. From the kinetics point of view, this reaction of galvanic
deposition of antimony on a lead surface has been proved to occur under open-circuit
conditions [14-17). Since the corrosion of lead in de-aerated sulfuric acid involves
only hydrogen depolarization, the rate of which is directly related to the kinetics of
the HER on lead, it may be visualized that in the presence of Sb(III) in solution,
the HER will occur not only on lead but also on antimony deposited on the lead
surface. The overall rate of the HER and hence the corrosion rate of lead, are
determined by the kinetics of the HER on lead, as well as on antimony. Since the
overpotential for the HER on antimony is quite low [18-20] as compared with that
on lead, the HER will occur at a significant rate on antimony and, thereby, will increase
the rate of lead corrosion.

The mechanism of suppression of the Sb-induced hydrogen evolution on lead and
lead alloys by H;PO, is then to be attributed to a strong adsorption of H;PO, on the
antimony surface. Although direct evidence of this aspect may have to be obtained
later on (for example, by contact angle measurements), the possibility of such an
adsorption can be qualitatively judged from the open-circuit potential-time transients
and galvanostatic cathodic polarization potential-time transients with and without
H;PO, additive, as shown in Figs. 6 and 7. The faster attainment of a steady-state
and a cathodic shift in the steady-state potential observed above can only be due to
the adsorption of H;PO, on a Sb-contaminated surface.

An additional insight into the mechanism of action of H;PO, additive in reducing
the hydrogen-evolution rate on Pb, Pb—Ca-Sn and Pb-Sb-Se alloys in H,SO, solution
may be obtained by analysing the Tafel plots for the HER with respect to the kinetic
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Fig. 7. Galvanostatic cathodic polarization transients for smooth Pb electrode on addition of
[Sb(III)) (1 mg I"!) to a solution of: (1) H,SO, (5.298 M) and (2) H,SO, (5.298 M) +H,PO,
(40 g I™"). Current density: 10 mA cm~2 Moments of addition of [Sb(IIl)] are shown by arrow.
Concentrations refer to volume of the final solution.

parameters of the HER itself. As is well known from the Tafel theory, the exchange-
current density for the HER is obtained by the extrapolation of the HER line to the
reversible potential of the HER in the solution, namely —612 mV versus Hg/Hg,SO,.
Note, this value of E}; is independent of acid concentration as may be readily seen
from the Nernst equation for a cell that comprises the hydrogen-electrode reaction
(with the partial pressure of hydrogen at 1 atm) and an Hg/Hg,SO, electrode. Since
the partial pressure of H, is close to 1 atm in all the present cases, this value is
independent of acid concentration. The iy and Tafel slopes for the HER on Pb,
Pb—-Ca-Sn and Pb-Sb-Se alloys in H,SO, solutions (3.67-10 M) with and without
Sb(III) (0-10 mg 17') additive and H,PO, (040 g 1) additive, as derived from the
experimental Tafel lines, are in accord with the published data [21-26]. The mechanism
of the HER that is valid in all these cases may therefore be taken as electron transfer
to hydronium ions at the metal/solution interface as the rate-determining step and
the recombination of hydrogen atoms on the surface as a subsequent fast step.

The dependence of ipy; on the concentration of H;PO, with and without Sb(III)
additive for different H,SO, concentrations (3.67-10 M) is depicted in Figs. 8 to 11.
Since the Tafel slope is unaltered, it gives an indication that the mechanism of action
of H;PO, in decreasing the corrosion rate of Pb, Pb—Ca—Sn and Pb-Sb-Se alloys, both
in the presence or in the absence of Sb(III) in solution, is that of adsorption of H;PO,
at the interface and retardation of the kinetics on the HER at the interface without
changing the Volmer mechanism of the HER itself [27).

The implication of the above novel finding that H;PO, suppresses the Sb-induced
hydrogen evolution on Pb, Pb—Ca—Sn and Pb-Sb-Se alloys is of considerable importance
to the design of sealed lead/acid batteries. It must be established, however, that the
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Fig. 8. Dependence of exchange-current density for HER on Pb and Pb alloys on concentration
of H,PO, in H,SO, (5.298 M) at 25+1 °C, and effect of Sb(III) additive to electrolyte: (1) Pb;
[Sb(ID)}: nil; (2) Pb—Ca-Sn; [Sb(IID)]: nil; (3) Pb-Sb-Se; [SbAIN)]: nil; (4) Pb; [Sb(III)]: 1 mg
17 (5) Pb; [Sb(IID]: 10 mg 1~%; (6) Pb—Ca-Sn; [Sb(IID]: 1 mg 1Y (7) Pb—Ca-Sn; [Sb(IH)]:
10 mg 1°%; (8) Pb-Sb-Se; [Sb(IID)]: 1 mg 1-%; (9) Pb-Sb-Se; [Sb(III)]: 10 mg I-*. Ordinate scales
are I (curves 1-4, 6), and II (curves 5, 7-9).

H,PO, additive does not affect adversely the kinetics of the desired Pb/Pb?* reaction
at the negative electrode.

The galvanostatic cathodic polarization data obtained by point-by-point measure-
ment in the steady-state within the linear polarization domain for pure lead electrode
in PbSO,-saturated de-aerated H,SO, solution, with and without H;PO, additive,
(Fig. 12) may be interpreted to give the desired information. For a quasi-reversible
electrode such as Pb/PbSO, electrode, the general relationship between the overpotential
(E —E"), faradaic current (Ig,,) and the mass-transfer-controlled concentrations Co and
Cr at the electrode surface is given by:

i 22 expl—anf(E—E")]~ G explBnftE—E") ar)

where I, is the exchange current, C°o and C} are the concentrations of ‘O’ (oxidant)
and ‘R’ (reductant) in the bulk (or beyond the diffusion layer), « and B are energy-
transfer coefficients for the cathodic and anodic reactions, respectively, and f=F/RT.
Linearization of eqn. (17) with the assumption that (a+B)=1 gives:

I Co Cr

—= == — =9 —NM(E—Ecor
A c? T e nf( ) (18)
Equation (18) may be recast in the steady-state as:
1
If,, + =1— + = |=—nf(E—E,,) 19)
Id Id

The term 1/f, in eqn. (19) can be neglected compared with the other two terms
due to the fact that || > I,. Therefore,
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1 1
Ifar[-I; + E] = _nf(E—Ecor) (20)

Substituting the values obtained from experiment for Is, Is; and (E—E"), I, for the
Pb/Pb%* was calculated. The exchange-current densities for the Pb/Pb?** reaction on
a lead electrode in sulfuric acid electrolyte, with and without phosphoric acid additive,
are 2.15x1073 and 2.34x1075 A cm™?, respectively. The data show that H,PO,
additive has practically no influence on the exchange current for the desired
Pb?*/Pb electrode reaction. The ameliorating effect from the presence of H;PO, at
about 20 g 17! in the H,SO, electrolyte used in the sealed lead/acid battery therefore
appears to be highly attractive since the additive hinders the unwanted HER both in
the presence and in the absence of Sb(III) in the electrolyte.

Conclusions

It is concluded that H;PO, additive at about 20 g 1=! concentration in the H,SO,
electrolyte solution of a sealed lead/acid battery with a low-antimonial lead positive
grid and an antimony-free negdtive grid is advantageous as it:

(i) decreases the rate of corrosion of lead and lead-alloys Pb—~Ca—-Sn and Pb-Sb-Se;

(ii) decreases the rate of open-circuit corrosion of lead and the lead-alloys Pb~Ca-Sn
and Pb-Sb-Se;

(ili) decreases the deleterious effects of Sb(III), which tends to increase both the
corrosion rate of, and also the hydrogen-evolution rate on, Pb, Pb~Ca—Sn and Pb-Sb-Se
alloys, and

(iv) the rate of the desired electrode reaction (Pb/Pb**) is not adversely affected.
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List of symbols

Co concentration of H* in the bulk of the solution
Clso, concentration of H,SO, in the bulk of the electrolyte
Clro, concentration of H;PO, in the bulk of the electrolyte

c$ concentration of the active sites for anodic dissolution of the metal in the
bulk of the metal

Co concentration of oxidant at the electrode surface

Ccy concentration of oxidant in the bulk

Cr concentration of reductant at the electrode surface

c% concentration of reductant in the bulk
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E potential of the working electrode versus Hg/Hg,SO, reference electrode

E° standard electrode potential

E corrosion potential of the working electrode under a steady state

EY potential of the standard hydrogen eclectrode (SHE)

Er reversible potential

I reversible potential for HER

E, potential of the Pb/PbQ, electrode versus SHE

E_ potential of the Pb/PbSO, electrode versus SHE

f F/RT where, F is the Faraday constant, R the gas constant and T the absolute
temperature

Iy corrosion current

fcor corrosion current density

iy limiting current density for the forward reaction

iq limiting current density for the reverse reaction

ifar current density for the faradaic reaction

iy exchange-current density

ion exchange-current density for the hydrogen-evolution reaction

Ky rate constant for hydrogen-evolution reaction at EY

Ku rate constant for metal dissolution reaction at E$,

n number of electrons involved in the rate-determining step of the electro-
chemical reaction

« cathodic energy-transfer coefficient

oy apparent energy-transfer coefficient for the cathodic hydrogen-evolution
reaction

B anodic energy-transfer coefficient

B apparent energy-transfer coefficient for the anodic metal dissolution reaction

£ overpotential defined as (E—E,)

O degree of coverage by adsorbed hydrogen

61170, fraction of the area covered by adsorbed H;PO, or H,PO,~ species

0,ap04 saturation value of 6ypo,
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