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Summary

Potentiostatic polarization measurements of the growth of lead dioxide
layers on lead electrodes in sulfuric acid solutions have been made. During an
initial period a closed PbO, layer is formed anodically on the lead surface.
Subsequent growth takes place according to a parabolic rate law with a
“parabolic tarnishing constant”, kpyo, in the order of magnitude of 107!
cm?s!,

This is in agreement with the assumption that the rate-determining step
of the growth reaction is the diffusion of oxygen (O?" ions and electrons)
through the oxide layer from the PbO,/electrolyte interface, where oxygen
is incorporated anodically into the solid phase, to the internal phase bound-
ary, where the reaction with lead takes place. Using the fact that the chemical
potentials of oxygen in the PbO, layer at the phase boundaries are fixed by
the electrode potential and by the equilibrium with the internal neighbouring
phase, respectively, a mean component diffusion coefficient, Dy:~(PbO,), of
oxygen ions in lead dioxide has been calculated from kpy,o, .Do:-(Pb0,) is in
the order of magnitude of 1073 cm?s™!.

Zusammenfassung

Das Wachstum von Bleidioxid-Schichten auf Bleielektroden in schwefel-
sauren Losungen wurde mit Hilfe potentiostatischer Polarisationsmessungen
untersucht. Im Anschluss an eine Anfangsphase, in der eine geschlossene
PbO,-Schicht anodisch auf der Bleioberfliche gebildet wird, lduft das
nachfolgende Wachstum entsprechend einem parabolischen Geschwindig-
keitsgesetz ab mit einer ‘‘parabolischen Anlaufkonstante”, kppo, in der
Grossenordnung von 107! cm?s71,

Dies ist in Ubereinstimmung mit der Annahme, dass der geschwindig-
keitsbestimmende Schritt der Wachstumsreaktion die Diffusion von Sauer-
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stoff — in der Form von O?~ Ionen und Elektronen — durch die Oxidschicht
ist, und zwar von der Phasengrenze PbO,/Elektrolyt, wo der Sauerstoff
anodisch in die feste Phase eingebaut wird, bis zur inneren Phasengrenze, an
der die Reaktion mit Blei stattfindet. Unter Verwendung der Tatsache,
dass die chemischen Potentiale von Sauerstoff in der PbO,-Schicht an den
Phasengrenzen durch das Elektrodenpotential bzw. durch das Gleichgewicht
mit der inneren Nachbarphase festgelegt sind, wurde aus kpyo, ein mittlerer
Komponentendiffusionskoeffizient Dg:~(PbO,;) der Sauerstoffionen im
Ble;dioxid berechnet. Dg:-(PbO,) liegt in der Grdssenordnung von 10713
cm? 571,

Introduction

If a lead electrode in sulfuric acid solution is polarized anodically from
its equilibrium potential eg, up to a potential which is sufficiently higher
than the equilibrium potential €Pwo, Of a lead dioxide electrode in the same
electrolyte, the formation of a surface layer of 3-PbO, takes place [1 - 6].

The variations of the potential, €80, of the lead dioxide electrode are
shown in Fig. 1 as a function of the pH for cases when the Pb?* concentra-
tions are 1 mol I"! and 107% mol I"'. The potential, €3, of an oxygen elec-
trode with an oxygen partial pressure of 1 atm is also plotted [7].

If the lead dioxide electrode is in equilibrium with an electrolyte solu-
tion of the Pb?* concentration cpy:+ =1 mol 1"! and the pH value is 3.73,
then the chemical potential, uo(PbO,), of oxygen in PbO, corresponds to an
oxygen partial pressure po, of 1 atm. uo(PbO,) increases with decreasing pH
value and decreasing Pb?* concentration, respectively [8].

eIV PbO,. PbSQ, . H,SQ, (05 mol 1)

Pb0,, P’ (10 mol )

Pb0,. Pb™ (1 moi ')

10

-1 1 3 5
—  »pH

Fig. 1. Electrode potentials as a function of the pH value. (a) Oxygen electrode with
Po.=1 atm; (b) lead dioxide electrode with Pb2* concentrations of 1 mol 1! and 1078
mol 17Y; (c) PbO; electrode in equilibrium with a sulfuric acid solution (0.5 mol 171)
containing lead sulfate (single point).
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Furthermore, Fig. 1 also shows the single value of the electrode poten-
tial of lead dioxide in equilibrium with a sulfuric acid solution of composi-
tion H,80,, ¢ = 0.5 mol 17!; PbSO, (s). In this case the Pb?* concentration is
determined by the solubility product of lead sulfate (Lppso, = 1.7 X 1078
mol? 172 [8, 9]) and cpp+ = 3.4 X 1078 mol 17! is calculated.

The anodic oxidation oflead in H,SO, electrolytes takes place according
to the following overall electrode reaction:

Pb + 2H,0 = PbO, + 4H*(aq) + 4e 1)

This reaction is of great importance for the lead—acid battery and many
papers have dealt with this [1 - 6, 9, 10].

Our measurements, which were carried out in connection with investi-
gations on the disorder and the transport properties in lead dioxide, are
concerned with the kinetics of the subsequent growth of the formed oxide
layer in order to get information about the diffusion of oxygen in lead
dioxide.

Reaction mechanism of the growth of the PbO, surface layer on lead

In Fig. 2 the phase scheme lead/lead dioxide/electrolyte is shown.
Three main anodic reactions can occur at the PbO,/electrolyte phase
boundary if the electrode is positively polarized.

(i) Incorporation of oxygen from water molecules into the solid oxide
phase corresponding to the equation:

H,0 = O(in PbO,) + 2H*(aq) + 2e (2)

The anodic current density for this process is i;.
(ii) The evolution of gaseous oxygen corresponding to:

lead lead dioxide electrolyte

H,0 =
T i 0 (in PbO,) + 2H* + 2e

H,0 =
- e - e 2
b iy 1ojg + 21" 4 2¢
2
e e Pb™ + 2H,0 =

i i PbO, + 4H" + 2e

Fig. 2. Schematic representation of possible anodic reactions at the PbO,/electrolyte
interface during positive polarization.
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1 ‘
H;0 = 5 Oafe) + 2H"(aq) + 2¢ (3)

In this case the PbO, electrode works like an inert electrode. The current
density for the reaction, eqn. (3), is i,.

(iii) If Pb?* ions are present in the solution, lead dioxide is deposited
anodically onto the PbO, surface:

Pb2*(aq) + 2H,0 = PbO, + 4H*(aq) + 2¢ (4)

The current density for this reaction of subsequent growth of the PbO, layer
by deposition of the oxide from the solution is i3.

The net current density, i, is equal to the sum of the partial current
densities:

=iy +iy+iy (5)

Using sulfuric acid electrolytes, the Pb?* concentration in equilibrium with
PbSO, is very small because of the solubility product of lead sulfate. In this
case, where the deposition of lead dioxide is diffusion controlled, the corre-
sponding current density is negligible:

is=0 (6)

Oxygen formed at the PbO,/electrolyte phase boundary (eqn. (2)), may, in
principle, combine with lead to form lead dioxide via two reaction paths
(Fig. 3):

(i) Oxygen — incorporated into PbO, at the external, PbO,/electrolyte,
phase boundary —is transported through the oxide layer to the internal,
PbO,/lead, phase boundary, where it reacts with the metal according to

20(in PbO,) + Pb = PbO, (7)

For this, the transport of oxygen, in the form of oxygen ions and electrons
— moving in different directions — has to be assumed.

(ii) Lead is transported from the internal, metal/oxide interface,
through the PbO, layer to the external phase boundary, where it reacts with
oxygen to form lead dioxide. In this case the transport of Pb** ions and
electrons is in the same direction and has to be taken into consideration.

lead lead dioxide electrolyte
20{in PbO,} + Pb 0
-
= PbO,
Pb 20{in PbOZ) + Pblin PbOZ)
—_—
= PbO,

Fig. 3. Schematic representation of possible reactions for the formation of PbO; on lead.
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Investigations reported elsewhere [11, 19] eliminate the second poten-
tial mechanism and, therefore, it is the first mechanism, requiring the trans-
port of oxygen ions, which is the most probable, with eqns. (2) and (7)
controiling the process.

The rate of growth of the PbO, layer is proportional to the partial
current density i;. From eqns. (2) and (7), and expressing the growth rate
as the increase of the mole number, npyo, of the lead dioxide formed,
we get:

dnpyo A

_ 2 = 8
de 4F ! (8)

where t is the time, A the geometric surface area, and F is Faraday’s constant.

The thickness, AX, of the PbO, layer is the following function of the
mole number, npyo,:

A AX

Vevo,

Nppo, = )
where Vpyo, is the molar volume of lead dioxide.

From eqns. (8) and (9), we can see that the rate of increase of the
layer thickness is given by:

dAX A%
= 220, (10)

dt 4F

Under potentiostatic conditions, i.e., constant electrode potential, oxygen
evolution (egn. (3)) is controlled by a virtually constant partial current
density, i,, which is relatively small because of the high overpotential of the
oxygen evolution at a lead dioxide surface [8 - 10, 12].

Performance and results of the potentiostatic polarization measurements

Potentiostatic polarization measurements have been carried out to in-
vestigate the kinetics of the growth of the PbO, layers on lead. The experi-
mental set-up included a lead measuring electrode, a counter electrode,
and a reference electrode (lead dioxide on platinum), which were arranged
in sulfuric acid electrolytes of compositions: H,SO,, ¢ = 0.5 mol I"}; PbSO,(s)
and H,80,, ¢ =5 mol 17!; PbSO,(s). Using potentiostatic equipment, the
potential of the measuring electrode could be changed as required, while
the corresponding current was measured and recorded.

Figure 4, for example, shows the current-time transient for the case
when the lead electrode — in a solution of composition H,SO,, 0.5 mol 1"};
PbSO4(s) — had been polarized suddenly at ¢ = 0 from its equilibrium poten-
tial €, to a potential € = €30, + 400 mV (where €pyo; is the equilibrium
potential of the lead dioxide electrode in the same electrolyte and equals
903 mV against a saturated mercury sulphate reference electrode (Hg/
Hg,S80,4/K,S0,)). The current increased to an initial high peak followed by a
second maximum and a slow decay to a nearly constant value.
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Fig. 4. Dependence of current I on time ¢, measured at a lead electrode (A = 0.15 cm?) in
sulfuric acid solution during positive potentiostatic polarization.

Fig. 5. Current-time transient, measured at a lead electrode (A = 0.01 c¢m?) in sulfuric
acid solution during positive potentiostatic polarization after an anodic current pre-
impulse.

Current—time curves of this kind have been measured by other authors
and are interpreted as follows [13]: During the first current peak a primary
protective layer of lead sulfate is deposited followed by the formation of
PbO, nuclei, which grow together into a coherent oxide layer. Subsequently,
this layer grows vertically to the surface of the substrate. Under potential
conditions when no PbO, nuclei are formed (€ — €8y, < 200 mV) only the
first current peak is observed.

We have been particularly interested in the last part of the current-
time transient, which is connected with the subsequent growth of the oxide
layer, and have found that the current decays with ¢ 1/2*,

Further measurements have been performed after coating the lead
surface with a very thin PbO, film by applying a short and high anodic
pre-impulse current to the electrode. This current pulse was followed im-
mediately by the potentiostatic polarization of the measuring electrode.
In this case the current decayed continuously after the initial peak. Such a
curve is shown in Fig. 5 using an electrolyte of the composition H,SO,,
5 mol 17; PbSO,(s).

*Other authors [13] interpret this decay only as impingement and overlap of the
growing PbO, phase. This was one of the reasons for using an anodic current pre-pulse as
described above.
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Fig. 6. Plot of the experimental values of current I (from Fig. 5) as a function of £ /2,

In Fig. 6 the individual values of the current used for Fig. 5 are plotted
against ¢ !/2, The linearity demonstrates the length of time over which the
current is proportional to ¢ /2, During such measurements compact PbO,
layers of the order of 1 um thick were formed on the surface of the lead
measuring electrode, as measured by cathodic dissolution of the layer and
calculated using Faraday’s Law. Electron microscopy confirmed the values.

The rate law of the growth of the PbO, layers

While the PbO, layer grows on the surface, the dependence of the net
current density, i, on the reaction time, ¢, can be described by the relation:

i=Ct V2 +const. (fore = const.) (11)

As it has already been shown that i, is a constant and i, is zero and, as i is
the sum of the partial currents (eqn. (5)), i, is given by:

iy=Ct1? (for € = const.) (12)
where C is the slope of the straight line i against ¢~!/?

Using this experimentally found relationship and inserting it into eqgn.
(10), we get:

dAX  VewolC

12 13
dt 4F (13)
A rate law of this kind is often stated in its integrated form as follows [14]:
AX = (2kt)V? (14)

It is therefore called the ‘“‘parabolic rate law” of layer growth, and the
quantity % is referred to as the “parabolic tarnishing constant”.

The parabolic rate law was first established by Tammann [15] and
Pilling and Bedworth [16]. Such a rate law is expected to hold (e.g., for
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oxide or sulfide formation as a compact layer on a metal surface) when the
growth rate is determined by diffusion processes of the ions and the elec-
trons within the layer and the reactions at the internal and external phase
boundaries are virtually in equilibrium [14]. From egns. (13) and (14) the
following expression for the parabolic tarnishing constant, kpypo, for the
growth of the PbO, layer during anodic oxidation of lead is obtained:

2
kpvo,= —7-C ‘ (15)

The potentiostatic polarization measurements with H,SO, electrolytes
having concentrations of 0.5 mol 17! and of 5 mol 1" and with polarization
voltages, € — €ppo,, between 240 and 400 mV yielded values of kpyo, in the
order of magnitude of 10~1! cm? s~!. This is in general agreement with the
results of measurements of Kabanov [11], where lead foils were oxidized
from one side to the other in a sulfuric acid solution.

Calculation of the component diffusion coefficient of the oxygen ions in
lead dioxide

As PbO, exhibits a high electronic conductivity [17] and the mobility
of the Pb** ions in lead dioxide is virtually equal to zero [18], it must be
concluded that the diffusion of the oxygen ions through the oxide layer is
the rate-determining step of the growth reaction*. On this premise the com-
ponent diffusion coefficient of the oxygen ions in PbO, may be calculated
from the parabolic tarnishing constant, kpyo, according to the method of
Wagner [14, 20].

For the case when the gradient of the chemical potential, ug:-, of the
oxygen ions is only in the x-direction** and when there is no electrical
potential gradient the component diffusion coefficient, Dg.—, of the oxygen
ions is defined by the following equation [14]:

Co2— dﬂoz—
RT dx

where jo:- is the particle flux of the O?~ ions, co:- the concentration of the
02 ions, R the gas constant and T the absolute temperature.

The chemical potential, ug:-, of the oxygen ions is related to the
chemical potential, uo, of oxygen and the chemical potential, u., of the
electrons by the following expression:

jor-=—Dos- (16)

*The protons in lead dioxide as main ionic disorder centres [8, 19] are of less in-
terest in these investigations because they are, similar to the electrons, virtually always in
complete local equilibrium.

**The x direction is perpendicular to the electrode surface.



109

Hoa— = 2le + Ho (17)

For lead dioxide the approximation
u.(PbO,) = const. (18)

will be assumed for the following discussion although this chemical potential
of the electrons in PbO,, u.(Pb0,), is variable within certain limits, as has
been shown by the results of Hall effect measurements [19, 21]. Neverthe-
less, the variations of u.(PbO,) are much smaller than the changes of the
chemical potential of oxygen in lead dioxide, po(PbO;). Using the approxi-
mation of eqn. (18), the following relationship is obtained:

duo:—(PbO,) _ duo(PbOy)
dx dx

Thus, the particle flux joz—(PbOz) of the O?” ions in lead dioxide can
be expressed as follows:

(19)

jor-(PbO,) = —Dor—(Pb0y) -2 (PbO2) dito(FLO,) (20)
RT dx

In this equation Dg:-(PbO,) denotes the component diffusion coefficient

and co:-(Pb0O,) the concentration of the 0%~ ions in PbO,.

Equation (20) indicates that a flux of O? ions takes place in the direc-
tion from the higher to the lower chemical potential of oxygen in lead
dioxide. This is shown schematically in Fig. 7 for the case when the chemical
potential, u3(Pb0O,), of oxygen at the PbO,/electrolyte external phase
boundary is higher than the corresponding chemical potential, ub,(PbO,), at
the internal phase boundary of lead dioxide.

Jo—(Pb0O,) may also be expressed using the differential gradient dAX/dt¢,
which describes the rate of growth of the PbO, layer:

. dAX
Jo:—(Pb0O3) = ¢g2—(PbO,) e

From eqns. (14), (20) and (21) a relationship between kpyo, and Do:—(PbO,)
can be obtained:

kb0, gy = — Do1-(PDO))

(21)

duo(PbO 22
AX RT Ho( 2) (22)
lead lead dioxide electrolyte
1o
-—
Ky H

Fig. 7. Schematic representation of the flux of the 0% ions through the PbO, layer.
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or after integration over the complete thickness, AX, of the PbO, layer:

1 Howsoy
kaO1 = — R——T Doz—(PbOz) dﬂo(PbOz) (23)
2H(PbO,)

One has to assume, on principle, that the diffusion coefficient of the
oxygen ions depends on the chemical potential of oxygen (i.e., Do2—(PbO,)
varies within the width of the oxide layer), and a mean diffusion coefficient,
Do:-(PbO,), has to be used as approximation instead in the case of lead
dioxide. If the chemical potential, u, is related to the standard chemical
potential, u°, and the thermodynamic activity, a, according to the equation:

u=pu°+RTIna (24)
the following relation between kp,o, and Do2-(Pb0,) results from eqn. (23):

D‘ _ kl’bO2

0:-(Pb0,) = - (25)
In[a%(PbO,)/a6(PbO,)]

with ag(PbO,) equalling the activity of oxygen at the external phase bound-

ary of the PbO, layer, and al,(PbO,) the activity of oxygen at the internal

phase boundary of the PbO, layer.

The chemical potential of oxygen, ug(Pb0,), or the thermodynamic
activity, a§(Pb0O,), at the PbO,/electrolyte phase boundary is fixed by the
applied electrode potential €. As the transition polarization for the incor-
poration of oxygen generated according to eqn. (2) is negligible [8, 221], the
oxygen activity may be calculated from the following equation*, which
results from treating the lead dioxide as an oxygen electrode [8, 23]:

€/V =1.228 — 0.059 pH + 0.0295 loga%(PbO,) (26)

As an example, a value of a$(PbO,) = 3 X 10?8 is obtained for the case of
the electrolyte H,S0,, 0.5 mol I"1; PbSO,(s) and € — €Buo, = 400 mV.

The chemical potential uL(PbO,) or the thermodynam1c activity
ab(Pb0O,) of oxygen at the internal phase boundary is fixed by the local
equilibrium between lead dioxide and the neighbouring phase. From a
thermodynamic point of view it has to be assumed that between lead and
lead dioxide there are further layers, however thin they may be, of lower
oxides. If the equilibrium PbO,/Pb;0, is considered, according to

Pb304 + 20(in Pb02) = 3Pb02 (27)
the following relation holds for the chemical potential of oxygen:

1
Ho(PbO,/Pb;0,) = —(3KBro, — HEn,0) (28)

*To obtain this equation it has been assumed that ag(PbO;) =1 for Po,=1atm. This
assumption is arbitrary but does not influence the calculation of D02—(Pb02)
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with ugpo, equalling the standard chemical potential of PbO, and upy o,
the standard chemical potential of Pb;0,.

Inserting the u°® values published by Pourbaix [7] into eqn. (28), the
thermodynamic activity ao(Pb0,/Pb;04) of oxygen for the equilibrium
PbO,/Pb;0, may be calculated*:

ao(PbO,/Pb;0,) = 4 X 1074 (29)

If the numerical value of the oxygen activity is used for al,(PbO,), the mean
diffusion coefficient Dg:-((PbO,) of oxygen in PbO, is of the order of
10713 ¢m? s7!. If other possible equilibria at the internal phase boundary are
assumed, one obtains other values for ah(PbO,). The factor In[a%(PbO,)/
ao(PbOz)] is changed only little by this, however, and the numerical value of
Dgy:- remains in the same order of magnitude**.
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List of symbols

A Geometric surface of the electrode

a Thermodynamic activity

ao(Pb0O,) Activity of oxygen in PbO,

ag(Pb0O,) Activity of oxygen at the PbO,/electrolyte phase bound-
ary

ab(PbO,) Activity of oxygen at the PbO,/lead (or lower lead oxide)
phase boundary

ao(Pb0,/Pby0,)  Activity of oxygen for the equilibrium PbO,/Pb0,

c Constant (slope of the straight line i against t~1/2)

c Concentration

Cpp2* Pb?* concentration

Cor- Concentration of the oxygen ions

co2—(Pb0,) Concentration of oxygen ions in PbO,

Dga— Component diffusion coefficient of oxygen ions

Dgoa:—(PbO,) Component diffusion coefficient of oxygen ions in PbO,

Dga-(Pb0Oy) Mean component diffusion coefficient of oxygen ions in
PbO,

F Faraday’s constant

i
iy

Net current density
Partial current density of incorporation of oxygen into
PbO,

*With ag = 1 for pg, =1 atm.
**This aspect of the study will be discussed in more detail elsewhere [24].
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i

i3

Jor~
Jo:~(PbOy)
k

kpypo,
Lpyso,
Npvo,

Do,

R

T

t

Vepo,
AX

€

€Pb

€9,

€Pbo,

M

“o

UPpo,
KBp 0,
Mo2-

He
Le(PbO,)
Ho
ko(PbO,)
Ko(PbO,)

Ho(PbO,)

#o(PbO2/Pb30,)
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