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Simultaneous underpotential deposition of lead and
thallium on polycrystalline silver-I11
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Simultaneous underpotential deposition of lead and thallium from a tartrate medium on a poly-
crystalline silver electrode is reported. Results of cyclic voltammetric investigations of the effects of
concentration and sweep rate on the codeposition behaviour are discussed. Further investigations
of the codeposition behaviour through voltammetric experiments using programmed potential inputs
are described and discussed in terms of formation of a two-dimensional alloy. Finally, the validity of
the existing models of electrochemical phase formation has been investigated under the codeposition

conditions.
Nomenclature 14 holding time (s)
v sweep rate (V s7h
Iy nondimensional peak current E potential (V)
E,,  nondimensional peak potential 8 instantaneous nucleation growth rate constant
AE,, nondimensional half-peak width
QM2 charge due to UPD coverage of metal ‘M’

(uCem™?)

1. Introduction

Underpotential deposition (UPD) of a metal over a
foreign metallic substrate is an important area of
study, due to its possible application in electro-
catalysis and modification of electrodes [1-5]. It can
also provide insight into the phenomenon of electro-
crystallization associated with the electrodeposition
of metals [6, 7]. However, attempts to codeposit
UPDs of two metals have been scarce [8—10]. Such
studies of codeposition, wherein two metals in their
UPD state are simultaneously deposited on a single
metallic substrate, provides interesting information
on surface processes such as (i) adsorbate—substrate
interaction in presence of another adsorbate and (ii)
adsorbate—adsorbate interaction. Further, this code-
position approach may advantageously be employed
to study the formation and characterization of two-
dimensional alloys. It can also offer scope for design-
ing a bifunctional catalyst through the incorporation
of two different metals on a suitable substrate. The
fact, that codepositing UPDs has not received much
attention may be due to the interference caused by
the bulk deposition of the more electropositive metal
with UPD of the other. Recently, mixed UPDs of
two metals (Ag and Pb or T1) on a gold single crystal
electrode has been reported by Juttner et al. [11-13]
who adopted a sequential deposition approach in
which silver was initially deposited in submono,
mono or multilayer amounts at fixed under and over-
potentials followed by UPD of lead. STM studies
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showed that silver is epitaxially deposited on the
gold surface. At low degrees of coverage (less than
or just one monolayer) the voltammograms exhibited
UPD peaks characteristic of Ag/Pb and Au/Pb while
at high silver coverages (just or greater than two
monolayers) a UPD peak corresponding to Ag/Pb
alone was formed.

An entirely different method of obtaining mixed
UPDs of two metals relies on simultaneous deposi-
tion of the two UPDs from the solution containing
both the metals ions. This approach involves shifting
the UPD potentials of the two metals to within a
narrow potential window wherein the bulk deposi-
tion does not occur. Pb(i) forms more stable com-
plexes with ligands than TI(1). Hence, in the presence
of complexing anions, the lead UPD potential may
shift closer to the thallium UPD potential. The use
of complexing anions, along with the judicious choice
of the cation concentration, is expected to facilitate
codeposition. Thus, by the introduction of a suitable
complexing anion, codeposition has successfully
been accomplished [14]. Investigations on lead and
thallium UPDs on polycrystalline silver from citrate
medium have proved this feasibility [14-16] and
have revealed that, in the complexing medium, (i)
the UPD peak shifts cathodically and becomes
sharper and (ii) the extent of peak shifts and reduc-
tion in half peakwidths increase with increase in
complexing anion concentration. This tendency is
marked in the case of lead UPD while it is marginal
for thallium UPD. These observations prompted
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further work to extend the codeposition studies to
other complexing anions for obtaining information
on the possibility of mixed UPDs in such media
together with their kinetics and growth mechanism.
Experimental results obtained on the codeposition
in tartrate and EDTA media are reported in this
communication.

2. Experimental details

An all glass three electrode cell described elsewhere
[16] was employed. The working electrode was a poly-
crystalline silver disc of 0.378 cm?. A platinum foil and
a normal calomel electrode (NCE) served as counter
and reference electrodes respectively. All potentials
are referred to NCE. The working electrode was
polished using alumina slurry (particle size 0.05 ym)
and subsequently cleaned under sonication. A
Wenking Potentioscan (Model POS 73) along with
a Rikadenki XY-f Recorder (Model RW 201T) was
employed for recording cyclic voltammograms (c.v.).
For experiments with specially programmed poten-
tial inputs, a digital potentiostat (EG&G PAR
Model 273) was employed. All chemicals were of
analytical grade and were used without further
purification. Prior to experiments, solutions were
purged with pure nitrogen for ! h. Sodium potassium
tartrate solution (0.1 M) containing 0.01 m H,SO, was
employed as the electrolyte. Single metal UPDs, as
well as mixed UPDs, were obtained from the above
media containing appropriate concentrations of the
metal/mixture of metal ions.

3. Results and discussion

3.1. UPD behaviour of Pb and Tl from single salt
solutions

The individual behaviour of lead and thallium from
the respective single salt solution in tartrate revealed
characteristic UPD deposition and dissolution peaks
for the metal (Fig. 1). The UPD deposition potentials
of lead and thallium occur at —0.46V (curve (a))
and —0.59V (curve (b)), respectively (cf. —0.55 and
—0.63V, respectively, in citrate [16]). The under-
potential shifts (difference between bulk and UPD
deposition potentials) obtained individually for lead
and thallium in this medium are 0.17 and 0.25V,
respectively, and are in good agreement with those
predicted by Kolb’s relation [17]. The data also
indicate that, in tartrate, the lead UPD peak becomes
sharper and shifts cathodically with respect to that
observed in perchlorate medium. The extents of
peak shift and the reduction in half-peakwidth
increase with increasing tartrate concentration, as
earlier observed in citrate [16]. The thallium UPD,
however, was noted to respond less markedly under
similar conditions, akin to its behaviour in citrate.
In this context, it is pertinent to recall, that from a
non-complexing perchlorate medium, a second
thallium monolayer on silver has been observed [18]

| L

-0.76 -0.2
E/V

Fig. 1. CV response of polycrsysta]line silver at 0.1Vs™! from
solution containing (a) 5 x 107" M of Pb(t), (b) 10~ M of TI(),
(€) 5 x 107 M of Pb() and 10™* M of TI().

while only a single thallium monolayer results from
the presently studied complexing medium.
Interestingly, in EDTA medium [19], the cathodic
shift for the lead UPD peak is larger than that
observed in citrate and tartrate media. Further, the
separation between the UPD deposition and dissolu-
tion peaks (AE;) in EDTA is far higher (~ 0.15V)
than that obtained in citrate or tartrate (~ 0.03 V).
Consequently, the deposition sequence of lead and
thallium UPDs during codeposition is found to be
reversed; i.e. thallium UPD, in EDTA, precedes lead
UPD while in citrate and tartrate media it follows
lead UPD. The observed linear variation [19]
between the logarithm of the stability constant and
the monolayer equilibrium potential (midpoint of
the UPD deposition and dissolution potentials)
indicates the relationship between the UPD behav-
iour of the metal and the stability of the corre-
sponding complexes, as noted recently in the case
of copper UPD on platinum [20]. The surface
coverages (Qy) for lead and thallium UPDs studied
individually from the tartrate medium depend on the
metal ion concentration. The data presented in
Table 1 reveal submonolayer coverages for both
lead and thallium at lower concentrations and near

Table 1. Effect of Pb(u)|TI(1) concentration in tartrate (0.1M
sodium potassium tartrate and +0.01 M sulphuric acid) medium on
monolayer coverage of the individual PbjT! UPD

Concentration Qpy/pC em™ Qp/uC em™?
Pb(n)] TKD/mm

0.05 125 90

0.1 275 108

1.0 330 200




DEPOSITION OF LEAD AND THALLIUM ON POLYCRYSTALLINE SILVER-III

983

full monolayer coverage at concentrations greater
than 0.1 mm (where Qy reaches 350 £ 20 pCem™>
for lead and 190 + 20 uC em~? for thallium, respec-
tively).

3.2. Codeposition of lead and thallium UPDs

3.2.1. Effect of concentration of Pb(11) and TI(1). A
c.v. describing the codeposition of lead and thallium
UPDs from tartrate medium is also presented in
Fig. 1 (curve (c)). It can be seen that the UPD
potential region of lead and thallium can be swept
without interference from the bulk deposition of
either metal. Further, by comparison with c.v.’s
obtained for individual lead and thallium UPDs
(curves (a) and (b) in Fig. 1) the peaks at —0.46 and
—0.59V correspond to those of lead and thallium,
respectively.

During codeposition, lead UPD (—0.46 V) precedes
thallium UPD (—0.59 V). Hence the presence of lead
UPD on silver substrate is expected to influence the
thallium UPD behaviour. Experiments were carried

out keeping TI(1) constant at 0.1 mm and varying

Pb(u) from 0.01 to 1mm. At low concentration of
lead (0.05mm), thallium UPD is predominant, as
indicated by the formation of its well defined peaks
and the lead UPD is less marked by the presence of
a small hump at —0.44V. The absence of a well
defined peak for lead UPD may be due to the low
Pb(ur). At high lead concentrations (0.5 mm), thallium
UPD is completely masked by the lead UPD. In the
intermediate concentrations, the UPDs correspond-
ing to both lead and thallium are well marked and
the lead UPD tends to predominate as its concentra-
tion is increased, resulting in lower coverage due to
thallium. Typically, for 0.1 mm of TI(1), @ is found
to be 150, 122 and 50 uCcem™2 at 0, 0.05 and 0.1 mm
respectively of Pb(u). This indicates that at lower
concentrations of lead, adatoms of lead do not cover
the active sites on the silver surface completely,
leaving enough sites for the formation of thallium
adatoms. As Pb(u) is increased Qpy, increases, conse-
quently Qp decreases. When Pb(i) exceeds 0.5mm,
a complete monolayer of lead is formed, leaving
virtually no sites for thallium adatoms, which results
in the absence of thallium UPD. This indicates that
UPDs of lead and thallium are codeposited adjacent
to each other and the formation of thallium UPD
over the lead UPD layer is not likely. This is further
seen from the facts that no reports of thallium UPD
on lead are available from the literature, nor were
efforts to obtain the thallium UPD on lead in the
authors’ laboratory successful.

Variation of TI(1), keeping Pb(ur) constant, has
revealed the following. (i) At Ti(t) lower than
0.05mM, the thallium UPD behaviour is distorted
by diffusion limitations. (ii) In the range 0.05mm to
0.5mM, deposition and dissolution peaks of both
lead and thallium UPDs are noticed, so long as
Pb(11) does not exceed 0.1 mm. (iii) At TI(1) higher
than 0.5mm, deposition peaks for both the UPDs

are observed, but on the dissolution side only one
peak corresponding to lead UPD alone is observed.
This behaviour is also strongly influenced by the
variation of sweep rate (cf. Section 3.2.2).

3.2.2. Effect of sweep rate. The variation of sweep rate
is found to influence the codeposition behaviour of
fead and thallium significantly. The deposition peak
heights for the two UPDs vary in opposite
directions with change in sweep rate (Fig. 2). At low
sweep rates (<0.02Vs™!), deposition peaks for both
UPDs are noticed, whereas on the dissolution side, a
peak corresponding to lead is seen while that due to
thallium is not observed except for a small hump of
negligible charge at 0.01Vs~. Further, the charge
due to lead UPD is found to be higher than that
obtained for the dissolution of lead UPD resulting
from lead solution (of identical concentration) alone
under similar experimental conditions. With increase
in sweep rate, a peak corresponding to thallium
UPD appears, further increase in sweep rate
resulting in increased coverage by thallium UPD
and decrease in coverage by lead UPD. The charges
corresponding to the lead and thailium dissolution
peaks have been computed and presented in Fig. 3

E/V

Fig. 2. Effect of sweep rate on CV response of polycrystalline silver
from solution containing 5 x 107> M of Pb() and 10™*m of TI(1).
Sweep rate: (a) 0.005, (b) 0.01, (c) 0.02, (d) 0.05 and (¢) 0.1 Vs,
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Fig. 3. Influence of sweep rate on the
charge, @, under the UPD peaks of lead
and thallium (conditions are same as in

300
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o 200
£
Q
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as a function of sweep rate. The total coverage
due to lead and thallium is virtually constant
(250 + 20 uCem™2) over the range of sweep rates
employed. This suggests that lead and thallium
UPDs are formed on the silver substrate adjacent
to each other. This is substantiated by experiments
in which the potential sweep was held at UPD
potential of lead (—0.46 V) for Smin followed by a
potential sweep continuing through the thailium
region; this resulted in the disappearance of thallium
UPD deposition and dissolution peaks which would
otherwise be observable if preconcentration at
—0.46 V was not effected.

A behaviour similar to the above is noticed when
Pb() is increased to 0.1 mM except that the thallium
UPD dissolution peak was seen only at sweep rates
greater than 0.05 Vs~! as against 0.02 Vs~ observed
for the lead concentration of 0.05 mwm.

It can be deduced from the above results that: (i)
lead and thallium UPDs occupy adjacent sites on
the silver surface and do not grow over each other
and (i) at appropriate concentrations of Pb(i) and
TI(1) and at moderate sweep rates (>0.05Vs~!) both
the deposition and dissolution peaks corresponding
to the two UPDs are observed. Also, (iii), as against
(ii), the use of higher TI(1) at moderate sweep
rates, or lower concentrations of thallium (<0.1 mm)
at slower sweep rates (<0.05Vs™') results in the
formation of deposition peaks for both lead and
thallium UPDs although only a single dissolution
peak corresponding to lead UPD. However, the
charge due to this single dissolution peak equals the
sum of charges under the two deposition peaks (of
Pb and T1).

3.3. Two-dimensional alloy from UPDs of Pb and TI

Realizing that there is no evidence for alloying
between silver and lead and silver and thallium in
the underpotential region [16, 21, 22], the merging of
the individual anodic dissolution peaks of lead and
thallium UPDs during codeposition (as in (iii)
above) may be understood as follows. Thallium
diffusion in lead is faster than the self-diffusion of
lead [23]. Moreover, lead and thallium atoms possess
a radius ratio that is favourable for the formation of

Fig. 2). (——e—#) for Qpy,, (——0—0) for
Qr and (—x—x) total charge Qp, + Op-

0.12
a solid solution of TI in lead (lead can dissolve
about 87at % of thallium [24]). So, it is reasonable
to expect that the codeposited lead and thallium
adatoms, if allowed to remain on the silver surface
for sufficient time, can laterally coalesce resulting in
the formation of a two-dimensional Pb-T! alloy.
This, upon anodic stripping yields a broad peak at
potentials corresponding to the more electropositive
metal, thereby indicating the alloy formed to be of
solid solution type [25]. The crucial role of the time
for ‘coalescence’ in the above alloy formation is
borne out by the following experiments using the spe-
cially programmed potential sweep inputs (see insets
of the Figs 4-6).

CVs recorded using different sweep rates for the
forward and reverse scans are given in Fig. 4. Curve
(a) depicts the behaviour recorded at the same sweep
rate of 0.05Vs™! for both scans. Curve (b) at
0.005Vs~™! for forward and 0.05Vs™! for reverse
scans and curve (c) at 0.05Vs™! and 0.005Vs~! for
cathodic and anodic scans, respectively. A decrease
in the sweep rate of the cathodic scan results in
changes of anodic charges of lead (Qp, increases)
and thallium (Qy decreases). Moreover, the loss in
O is almost equal to the gain in Qp,. These
indicate that low cathodic sweep rates (i.e. large time
scales) favour two-dimensional Pb--Tl UPD alloy
formation.

In another set of experiments, the potential range
corresponding to the deposition of thallium UPD
alone (from —0.5V to —0.7V; see Fig. 5) is scanned
at various sweep rates while the rest of the potential
cycle is swept at 0.05Vs~!. With decrease in sweep
rate during thallium UPD deposition, the dissolution
peak for thallium UPD decreases while that due to
lead UPD increases. This again, supports the view
that the formation of a two-dimensional solid solu-
tion type alloy from the lead and thallium UPDs is
favoured at low sweep rates, i.e. at large time scales
which facilitate coalescence between the two kinds
of adatoms.

Confirmation of the above is provided in yet
another set of experiments (cf. Fig. 6) in which the
potential of the system was stepped to —0.7 V (cover-
ing the UPD region of Pb and TI) and allowed to
remain there for different time intervals (#4) and then
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-0.7 -0.2
E/V

Fig. 4. Influence of the cathodic sweep rate on the dissolution pat-
tern of the lead and thallium UPD in the anodic scan (a)
0.05Vs~! for both cathodic and anodic sweeps, (b) 0.005Vs™! for
cathodic sweep and 0.05Vs™! for anodic sweep and (c) 0.05Vs™!
for cathodic sweep and 0.005 Vs~ for anodic sweep.

stripped anodically at 0.05Vs~!. With increase of 74,
the charge associated with thallium dissolution
decreases while that of lead dissolution increases,
and beyond a t4 value of 60 s, the thallium dissolution
peak is completely absent, in accordance with the
expectations based on two-dimensional alloy forma-
tion.

3.4. Kinetic analysis of UPD

The modelling of the formation and the growth
of UPD has been extensively reported [26—32]. The
model proposed by Bosco and Rangarajan [29]
recognises the presence of both adsorption and
nucleation processes and provides diagnostic criteria
for analysing UPD systems under LSV conditions.
Those criteria have been successfully employed in
characterising several UPD systems [33-35].
Recently, we have demonstrated its application to a

:[1 OpA

(a)

(b)

{c)
(d)

-0.7 E. -0.2
E/V
Fig. 5. Influence of sweep rate in the thallium UPD deposition range
on the dissolution pattern of the lead and thallium UPD (sweep rate
is varied only for the region from E; to —0.7, while rest of the cycle is
scanned at a sweep rate of 0.05V s, Sweep rate: (a) 0.005, b)
0.01, (¢) 0.02 and (d) 0.05Vs™!.

-0.7 -0.2
E/V

Fig. 6. Effect of ‘holding time’ (z4) at —0.7V on the dissolution

pattern of lead and thallium UPD region. #: (a) 0, (b) 10, (c) 25

and (d) 60s. Sweep rate employed for stripping is 0.05V s_f.




986

S. BHARATHI, V. YEGNARAMAN AND G. PRABHAKARA RAO

0.8

0.6 |—

] N

0 5 10
1 /vty sy 2

15 Fig. 7. Plots of I, against 1/ /v for lead UPD
from solution containing (i) (x-—x) Pb(i)
alone and (ii) (0—0o) Pb(1) and TI().
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mixed UPD system [16]. The present system, when
subjected to similar analysis using Bosco and Rangar-
ajan modelling, yielded the following results. Linear
relationship resulting from the plots of (i) Z,, against
1/+/v (Fig. 7), (i) E,, against /v (Fig. 8) and (iii)
AEy, against /v (Fig. 9) for lead UPD both when
lead is present alone and along with thallium UPD
suggests a nucleation growth process. Additionally,
the linear plot of I,, against 1/E,, (Fig. 10) char-
acterizes the growth to be under instantaneous
nucleation control. Staikov et al. [19] have noted

Fig. 8. Plots of Ey, against /v for lead UPD
from solution containing (i) (0—o0) Pb(u)
alone and (ii) (x—x) Pb(ir) and TK1).

04

that the citrate anions form a preadsorbed layer on
silver and lead UPD proceeds through a nucleative
mechanism.

The slopes of the linear plots f I, against 1//v,
E,, against v/v and AEy, against /v given by I, Il and
111, respectively, below [30}:

(2.3)>4(\/BART | zF)'/? 1)
(3)/4(/BART /zF)"'/? (11
(1.22/4%*)(\/BART JzF) ™'/ (111)

2.0
15 —
X
g o)
o 1.0
g X
0.5
0 | } |
0 0.1 0.2 0.3

Vv/(vs 2

Fig. 9. Plots of AEy, against /v for lead UPD
from solution containing (i) (x—x) Pb(ir)
alone and (ii) (0—o) Pb(u1) and TI().

0.4
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0.8
0.6 |—

S04 -

L

Fig. 10. Plots of I, agaimst 1/E,, for lead

0.15 0.16 0.17
1/ Epn

allowed computation of the instantaneous nucleation
growth rate constants (3) from three different routes.
The 3 values calculated for the lead UPD from Pb(u)
solutions, both in the presence and the absence of
TI(1), are presented in Table 2, which shows that
B8 values from the three different routes agree
closely. Further, these 3 values derived for the
tartrate medium are about one order of magnitude
less than those obtained in citrate (cf. in citrate
B8~ 10! [17)).

UPD from solution comtaining (i} (— x—x)
Pb{n) alome and (i) (—o—0) Pb(u) and
TI().

0.18

Table 2. Instantaneous nucleation rate constant 8 [30] calculated for
Pb UPD from tartrate and eitrate [17] media containing (i) Pb(1)
alone and (ii) Pb(n) and Ti(1)

Method Tartrate Citrate

(6] (ie) (&) (i)
I, against 1\/v 0.50 0.34 25.0 12.0
E,, against /o 0.42 0.32 76.0 10.7
AEy, against /v 0.21 0.17 228 18.0

1.2

1/Vv/{vsTyl2

2.0

Fig. 11. Plots of I, against 1/ /v forthallium
15 UPD from solution containing (i} (—x—x)
TI(1) alone and (i) (—o—0) TI(1) and Pb(i).

1.6 j—

Epn

1.4 —

1.2 ! J

Fig. 12. Plots of E,;, against /v for thallium

0 0.1 0.2 0.3

Jv/(vs iz

0.4 UPD from solution containing (i) (—x—x)
: TI() alone and: Gi) (—o—o0) TI() and
Pb().
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1.2

0.8

fon

0.4

Fig. 13. Plots of I, against 1/E,, for

0'20.5 0.6 0.7
1/ Epn

Similarly, the data for the individual thallium UPD,
when analysed using the above diagnostic criteria,
resulted in linear plots for (i) I,, against 1/\/v
(Fig. 11), (i) £, against /v (Fig. 12) and (iii) AE,,
against /v (Fig. 13), thereby indicating nucleation-
growth kinetics.

However, the formation of thallium UPD during
codeposition defies the criteria for both nucleation
and adsorption models. This is possibly due to
thallium UPD, during codeposition, taking place on
the silver surface which is partially covered with lead
UPD (unlike the case of lead UPD formation during
codeposition).

4. Conclusions

Simultaneous UPD of lead and thallium on poly-
crystalline silver from tartrate medium has been
achieved through a codeposition approach. The
adatoms of lead and thallium grow adjacent to
each other and, if allowed to remain on the silver
surface for sufficient time, coalesce to form a two-
dimensional solid solution type alloy. The growth of
lead and thallium UPDs individually and the lead
UPD during codeposition from the tartrate medium
follows nucleation kinetics.
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