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The kinetics of lead electrodeposition in Betts type electrolytes was investigated by electrode
impedance measurements. In the absence of additives, the complex plane impedance plots exhibit two
separate capacitive features and a low-frequency inductive loop. The sizes and proper frequencies of
the capacitive loops are influenced by the current density, the electrode rotation speed and the
presence of sodium lignin sulphonate (LS), a colloidal organic additive used in practice as levelling
agent. The low-frequency inductive loop, connected to the active area where lead is deposited,
disappears with the LS-containing electrolyte. A reaction model is proposed in which the charge
transfer reaction is coupled to the formation of adsorbed complexed species able to inhibit lead
deposition before diffusing towards the bulk solution. The inhibiting effect of LS additive is discussed

in terms of changes in the kinetic parameters of reactions.

1. Introduction

In previous work the effects of some organic additives,
used in lead electrorefining by the Betts process, on the
structure and morphology of cathodic deposits were
determined [1]. It was shown that sodium lignin
sulphonate (LS) and an extract of horse chestnut
(HCE), used as levelling agents, have a beneficial effect
on the quality of the lead deposits, leading to smooth
layers with specific fibre textures [1,2].

In the presence of LS, two kinds of structures can be
distinguished. At low current densities, the deposits
are poorly crystallized and do not present any specific
orientation nor specific morphology. At higher
current densities, a complex texture was demonstrated
by X-ray diffraction, characterized by dihedral grains
with perpendicular (21 1) planes.

With the simultaneous presence of LS and HCE, the
deposits are better crystallized and a weak [211]
texture was detected on pyramid-shaped grains at low
current densities. At high current densities, the
deposits still reveal a dihedral morphology, due to the
dominating influence of LS.

It has also been shown that these two levelling
agents increase the cathodic polarization and this
inhibiting effect is particularly sensitive to electrolyte
stirring [1]. So a particular interest arises in
understanding the influence of these additives on the
electrode kinetics.

Few investigations have been devoted to the
mechanism of lead electrocrystallization in the

66

presence of additives [2-5] and to our knowledge no
detailed reaction mechanism has been developed in
fluorosilicate electrolyte.

The aim of the present work is to investigate lead
electrocrystallization in fluorosilicate electrolyte by
impedance measurements and to propose a reaction
path to account for the main experimental features
observed in both the absence and presence of sodium
lignin-sulphonate, used as levelling agent in the Betts
process [6]. The influence of the additive on the kinetic
parameters of the elementary steps of the reaction
scheme will be discussed. In a subsequent paper, the
kinetics for lead electrocrystallization in the presence
of horse-chestnut extract, used alone, or in combina-
tion with lignin-sulphonate, will be analysed.

2. Experimental procedure

The electrolyte used in all experiments was a solution
of 80 gdm~* H,SiF and 80 gdm * Pb** as PbSiFg,
prepared from analytical grade purity chemicals dis-
solved in bi-ionexchanged water. The experiments
were carried out with a rotating disc working electrode
made of titanium, of surface area 1.13cm?. Before
electrolysis, the electrode surface was polished with
emery paper (grit 1200). The electrode rotation speed
was electronically controlled and varied from 100 to
1200 r.p.m.

A large sheet of pure lead was used as counter
electrode and the saturated calomel reference elec-
trode (SCE) was protected by a KNO, salt bridge. The
cell temperature was held at 25 + 0.5°C.
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Fig. 1. Polarization curves corrected for ohmic drop (a) in the
additive-free electrolyte and (b—d) in the presence of 3 gdm > LS, at
various rotation speeds: (a,b) 1200r.p.m., (¢) 400r.p.m., (d)
100r.p.m.

The electrode impedance was measured under
potentiostatic conditions using a frequency response
analyser between 12mHz and 60kHz. The steady-
state current~potential curves were plotted from the
current and potential values measured during the
impedance measurements and they were corrected for
ohmic drop.

3. Results

3.1. Current—potential curves

In Fig. 1, a set of polarization curves drawn in the
absence and in the presence of 3gdm’ lignin—
sulphonate (LLS) (a concentration most commonly
used in industrial practice), at different rotation
speeds, are presented.

It has to be mentioned that without any additive,
the development of the surface of the working elec-
trode during lead deposition leads to a lower repro-
ducibility of polarization curves than with the presence
of LS, which stabilizes the electrolysis conditions.

The addition of LS shifts the polarization curves
towards increasingly negative potentials. At a given
potential, the current increases with the rotation
speed, thus indicating a stronger inhibition at lower
electrolyte stirring.

3.2. Impedance measurements

The impedance diagrams recorded over the whole
polarization range exhibit two capacitive features and
a low frequency inductive loop in the absence of any
additive (Fig. 2) and only two capacitive features in
the presence of 3gdm™— LS (Fig. 3).

The mean double layer capacity calculated from the
apex of the high frequency capacitive loop varies
between 20 and 120 uF cm 2 in the absence of additive
and is around 40 uF cm 2 in the presence of 3 gdm 3
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Fig. 2. Complex plane impedance plot recorded in 80gdm™3

H,SiF and 80gdm™* Pb; rotation speed 1200r.p.m.; potential
E = —0.473V.

LS. The electrolyte resistance, R,, was about 1.1Q in
the absence and 1.5Q) in the presence of LS, respec-
tively.

The R,I product of the charge transfer resistance
and the current first increases with the electrode
polarization and then tends towards an approximately
constant value (Fig. 4).

The size of the low-frequency capacitive loop, des-
cribed by the R, /R, ratio, where R, is the resistance
corresponding to the intermediate frequency at the
end of the low-frequency capacitive loop, increases
with the electrode polarization (Fig. 5), and decreases
with increasing rotation speed (Fig. 6).

The frequency at the apex of the low-frequency
capacitive loop, f, increases with the electrode rota-
tion speed, as shown in Fig. 7.

The size of the low-frequency inductive loop
observed in the absence of LS clearly increases with
the electrode polarization at 1200r.p.m. (Fig. 8).
However its variation is not so clear at lower rotation
speed, due to a larger propensity to form dendrites.

4. Discussion

Similarly to the case of copper deposition from citrate
complexes previously analysed [7], for which the
impedance spectra have also revealed a low-frequency
capacitive loop dependent on the electrode rotation
speed, it will be considered that the discharge of com-
plexed lead ions produces a complex species able to
either diffuse away from the electrode or adsorb and
inhibit the ion discharge. Consequently the following
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Fig. 3. Complex plane impedance plot recorded in 80gdm™*

H,SiF,, 80 gdm 3 Pb and 3 gdm ™3 LS; rotation speed 12001.p.m.;
potential E = —0.532V.
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Fig. 4. Potential dependence of the R, I product (O) for the additive-
free electrolyte and ( x ) with the presence of 3 gdm* LS; rotation
speed 1200 r.p.m.

reaction path will be considered:

PbSIF, + X 4+ 2e~ —s Pb + [SiF X~ )
K“ K
[SiF X% (In

2, (SiFF + X), 1)

The charge transfer reaction is assumed to take
place from the complexed lead species PbSiF,, which
predominates in the solution [8]. The reaction also
involves the species X to form a metal atom and a
complex [SiF;X]*~ which does not exist in the bulk
solution. The complex can either be adsorbed at the
interface, thus blocking a fraction 8 of the electrode
surface area, or diffuse towards the solution with a
concomitant decomposition regenerating SiFz~
and X.

It is difficult to be precise about the nature of the X
species. If X denotes H*, the inhibiting complex might
be [HSiF¢]~. In the presence of an inhibitor such as
LS, this complex might be [SiF,(LS)]*~, i.¢. a colloidal
aggregate formed by the adsorption of the anion SiF?~
on the colloidal particles of LS.

The charge transfer reaction takes place on the
unblocked electrode area, (1 — 6), resulting in a
current density i:

i = 2FK,C(1 — 6) )
l
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Fig. 5. Potential dependence of the R,/R, ratio; (a): additive-free
electrolyte, (b—d) with the presence of 3 gdm™~* LS. Rotation speed:
(a,b) 1200r.p.m., (c) 400r.p.m., (d) 100r.p.m.
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Fig. 6. Rotation speed dependence of the R,/R, ratio at potential
E = —0.463V; () additive-free electrolyte; (O) with the presence
of 3gdm™3 LS.

where C is the concentration of PbSiF, and
K, = k,exp(b, E) as Reaction I is assumed to follow
a Tafel activation with cathodic potential E. The par-
ameter k; includes both the concentration [X] of the
unidentified species X and the rate constant of the
reaction. It clearly appears that a rise in the blocking
coverage 6 with increasing cathodic potential will
generate a capacitive impedance.

4.1. Material balances

Supposing for simplicity that the adsorbed species
[SiF¢X]2:; does not hinder the adsorption of [SiF,X]*~
ions, but only the charge transfer reaction, the balance
for adsorbed species is as follows:

dé

dr

where ¢, is the concentration of [SiF,X]*~ in the prox-

imity of the electrode and f is the maximal surface

concentration of adsorbed species, which can be taken

equal to the atom superficial density, ~10~°molcm 2.

For the species [SiF;X]*~ the balance at the inter-
face is:

Key — K0 2

K,.C(1 — 6) — K¢y + K0 + D<@> =0 3
0x ),

f1/Hy

1200
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Fig. 7. Rotation speed dependence of the frequency at the apex of

the low-frequency capacitive loop, at potential £ = —0.463V; (a)
additive-free electrolyte, (x ) with the presence of 3gdm™ LS.
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Fig. 8. Potential dependence of the R, /R, ratio in the additive-free
electrolyte; rotation speed 1200 r.p.m.

where D is the diffusion coefficient of these species
towards the bulk electrolyte.
At a distance x from the electrode, the concentra-
tion ¢ of [SiF,X]?~ is given by Fick’s second law:
dc &c
— = D— 4
ot ox? “)
with the boundary conditions for a Nernst diffusion
layer of thickness o:

0, ¢ = 0 (The complex does not

exist in the bulk solution.)

For x =

Forx = 0,¢c = ¢

The alternative situation in which the diffusing and
inhibiting species were simply SiFZ~ ions has also been
considered in the present discussion of results. A
similar model was elaborated, but taking into account
the concentration ¢, of SiF:~ in the bulk electrolyte
(¢, = 3.8 x 10*molcm™?). Then experimental data
led to an unacceptable decrease of 8 with increasing
potential. This result indirectly proves that the dis-
charge of lead cannot be inhibited by adsorbed SiF:~
species.

4.2. Steady-state behaviour

The value of [SiF,X]2;, coverage, 8, can be calculated
from the steady-state solution of Equations 1-4.
K i
Y= v ©)
where k = D/é.

At a constant rotation speed Q, for which the thick-
ness 6 of the Nernst layer is constant, 8 is proportional
to the current density. At a constant current density,
6 is inversely proportional to Q2.

4.3. Impedance

The faradaic impedance Zz = AE/Ai can be cal-
culated by linearizing Equation 1:

1 oi oi\ A8
Z = (ﬁ)ﬁ (éﬁ)ﬁﬁ ©

where (0i/0E), corresponds to the inverse of the

charge transfer resistance R, such as R,i = 1/b,. The
term AG/AE can be obtained by linearizing Equation
2 and 3 and integrating Equation 4 for x = 0. So it
becomes:
A0 0¢ a
AE — iZg[l + jot(1 + Ko/k)] )
where ¢ denotes the function ¢ = tanh(jwry)"?/
(jot4)'*, 14 = 6°/D is the diffusion time constant and
1" = B/K’ is the desorption time constant.
Equation 1 gives the final expression for the fara-
daic impedance, Zg:

_ %
Zy = R {1 * 1 -0 + jor’ (0 + Kﬁb/k)]}
®)

Two limiting cases can be considered according to
the relative magnitude of the time constants 7, and 7’

(i) A fast diffusion relatively to the adsorption-
desorption equilibrium means t; <€ v and k < K.

Then:
0
1 -6 + jwr’)] ©)

and the low-frequency capacitive loop will be a semi-
circle.

(ii) A slow diffusion relatively to the adsorption—
desorption equilibrium (7" < 1,) yields:

_ 0¢
ZF = Rt<1 +T-——9>

corresponding to a classical diffusion impedance in
series with the charge transfer resistance, with a pro-
portionality of the frequency f; at the apex of the
diffusion loop to the electrode rotation speed Q:

2.5 2.5D
= S~ Q (11)

Zp = RII:1—|—

(10)

o= 21T,
Such a proportionality approximately corresponds
to the experimental situation observed with the LS-
containing electrolyte (Fig. 7).
In both cases, the zero-frequency limit R, of Z;
gives the coverage 0:
R

A

g =
R

(12)

This coverage was estimated from Equation 12 and
experimental impedance plots. With the presence of
LS in the electrolyte, Figs 9 and 10 show that the
experimental data agree with the theoretical predic-
tions of Equation 5: 6 is proportional to the current
density i and inversely proportional to Q2. The
decrease of 8 with increasing rotation speed expresses
the ejection of inhibiting species [SiF, X~ from the
electrode surface. In Figs 9 and 10, the curves relative
to the additive-free electrolyte do not intersect the
origin of axes, at variance with Equation 5. This situa-
tion suggests that an irﬁportant inhibition of lead
deposition already preexists in the absence of current
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Fig. 9. Electrode coverage by inhibiting species as a function of
current density. Electrolyte containing 3 gdm 3 LS at various rota-
tion speeds: (@) 100r.p.m.; (a) 400 r.p.m.; (x) 1200 r.p.m. Additive-
free electrolyte: (O) 1200 r.p.m.

and the coverage 8 is little modified by the adsorbate
produced by Reaction II.

Impedance spectra, simulated from Equation 8 and
considering the double layer C, in parallel with Z,
confirm that the situation (ii) of a slow diffusion in
comparison with the adsorption—desorption equi-
librium accounts for the experimental data, especially
for LS-containing electrolytes, as illustrated in Fig. 11.
This figure reproduces the impedance plot measured
ati = 26mAcm? and a rotation speed Q = 100r.p.m.
for which & is equivalent to 5 x 10 >cm in water
when D = 107 °cm?s™'. The parameters used for
this figure correspond to a ratio t,/t" = 100 and
K/k = 0.74, which characterize a fast desorption pro-
cess as compared to diffusion.

The values of R,i corresponding to the plateaux
apparent on Fig. 4 give the activation parameter b, of
K, with potential: b, = 40 + 2V~! for the additive-
free electrolyte and b, = 25 + 2V~! for the LS-
containing electrolyte. The lower value is consistent
with an inhibiting influence of the LS additive directly
at the stage of the charge transfer reaction.

The low-frequency inductive feature, which appears
with the additive-free electrolyte, expresses a slow
electrode activation with increasing cathodic polariza-
tion. It can be ascribed to a slow variation of the
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Fig. 10. Electrode coverage by inhibiting species as a function of
Q'72; () additive-free electrolyte; (O) with the presence of 3gdm~*
LS. Current density i = 56mAcm™2.
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Fig. 11. Complex plane impedance plot simulated by taking
R = 117Q,i = 26 mAcm™, ¢ = 2.5ms, § = 0.25, C; = 3 x
107°F, 6 = 5 x 107%cm, D = 10 cm?s™!.
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number of active sites Pb*, as a result of a nucleation
process producing active sites and a poisoning process
consuming them. These slow processes can be written
as:

PbSiF, + 2e~ —> Pb* + SiFZ~ (Il
Pb* = Pb Iv)

Reaction III is similar to Reaction I, but much
slower, and it produces active sites on a fraction 8, of
the clectrode surface, so that Reaction I takes place on
the fraction (1 — ) of the active sites and the current
density 7 becomes:

i = 2FK, C6,(1 — 0) (13)
The balance of active sites will be:
do
,BEI‘ = Ks (1 - 91) - K491 (14)
whose steady-state solution is:
K
L (15

An increase of K; with E will produce an electrode
activation consequent on increasing #,. Linearizing
Equation 14 gives the equation which governs the
relaxation of 8,:

A0, _ (1 0,) (BK,JOE)
AE (K, + Ky (1 + jor)

where the time constant 7, = S/(K; + K,).

In the domain of very low frequencies, this relaxa-
tion can generate an additional relaxation process in
impedance spectra, corresponding to an inductive
loop, and governed by the following equations:

] 1 8 A,

(16)

Z ~ R T3, AF 1
i 1 il — 8,) (3K,/0E)
2 = - 18
Z R K Otjey @

It must be noted that only a qualitative agreement
can be obtained between the equations and the
experimental results obtained with the additive-free
clectrolyte, because of the continuous dendritic
growth of lead deposits during electrolysis. In
addition, it appears that the LS additive prevents the
number of active sites from increasing with increasing
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potential, and controls the nucleation rate, thus
making the inductive loop disappear.

5. Conclusions

The proposed reaction path for lead electrodeposition
from Betts type electrolytes implies a direct discharge
of PbSiF, species coupled to the formation of the
complex species (SiF¢X)*~ existing only in the prox-
imity of the electrode, where X possibly denotes a
proton or a lignin—sulphonate (LS) molecule.

These complex species can be adsorbed on the elec-
trode surface, thus blocking a fraction 8 of the area
and inhibiting the charge transfer reaction, or it can
diffuse towards the electrolyte. In the case where the
diffusion process is slow in comparison with the
adsorption—desorption equilibrium, such a model
explains the main features observed on polarization
curves and impedance spectra, especially with the
presence of LS used as a levelling agent. A rise in the
coverage # with increasing potential generates a fara-
daic capacitive impedance characterized by the dif-
fusion time constant. With the presence of LS, this
inhibition process by complex adsorbate entirely con-

trols the rate of lead electrodeposition.

The inhibiting influence of the LS additive is
interpreted in terms of changes in the kinetic par-
ameters. The adsorption of LS molecules decreases
both the double layer capacity and the activation
coefficient, b, , of charge transfer with cathodic poten-
tial. It also stabilized the number of active sites for
lead deposition, whose potential activation is connected
with the inductive feature observed in the additive-free
electrolyte.
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