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1. Introduction

Underpotential deposition (UPD) of metals is fre-
quently studied by analysing the shapes of voltammo-
grams (current—voltage data) obtained with linear
sweep voltammetry (LSV) [1, 2]. The actual adsorp-
tion isotherm contained in such a voltammogram
can be obscured by diffusion-limited mass transfer
(DLMT) effects [1]. Previous authors have discussed
DLMT processes in multistep (adsorption—desorption)
oxidation reactions involving soluble adsorbates
[3, 4]. In the following calculations we demonstrate
how DLMT can affect UPD where an insoluble
deposit is formed in a single charge transfer (reduc-
tion) step. We also present a method of resolving
these effects from an adsorption isotherm, explicitly
in terms of the experimental variables of LSV.

2. Background

We consider the UPD of a metal cation M"" on a
plane electrode of another metal, occurring in a nega-
tive going voltage scan:

M™ +ne” —— My (1)

where My is the deposited species. We also consider a
system where Equation 1 represents the only faradaic
process in a chosen voltage range. By denoting the
time (¢) dependent applied voltage in LSV as E(r),
we have [5, 6]

E(t) = Ei — vt (2)
9(E) = Qﬂg) - ;légj;i(E)dT (3)

where E; is the initial, offset voltage of LSV, and v is
the voltage scan rate. The ‘apparent’ coverage, that
does not include the electrosorption valency of My,
is denoted by 8[7, 8]. Q is the charge obtained by inte-
grating the current i of the voltammogram. Qy is the
total faradaic charge corresponding to a full coverage
of a monovalent cation [5]. Traditionally, the UPD
voltammograms are analysed by comparing the
experimentally obtained #(E) (Equation 3) with a
modified Nernst equation [9, 10]:

0(E) = (Cofo/f) exp[—(E — Ey)B] 4)
where B =nF/RT, F, R, and T being the Faraday

constant, the gas constant, and the ambient tempera-
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ture, respectively. E; is the standard reaction poten-
tial, Cy, is the bulk concentration of M"*, and f; and
f are the activity coefficients of M"" and My,
respectively. Typically, f; is taken as unity, and the
adsorption isotherm is described by a specific choice
of {9, 11, 12]. Since DLMT is not included in
Equation 4, any diffusion related feature of the vol-
tammogram cannot be easily separated in this formal-
ism. Consequently, the DLMT effects can influence
the choice of f. On the other hand, f is strictly a
‘surface’ parameter, and should represent only the
adsorbate—adsorbate and adsorbate—substrate inter-
actions; f should not explicitly include any events
(such as DLMT) on the ‘solution’ side of the inter-
face. As a result of this complication, a single choice
of f may sometimes be insufficient to characterize an
UPD voltammogram. The following calculations pro-
vide a relatively straightforward method for separat-
ing the DLMT features from such voltammograms.

3. Diffusion-limited deposition

To focus specifically on the DLMT effects, we ignore
the roles of surface crystallographic structure and
anion co-adsorption [13, 14]. We also consider a typi-
cal situation, involving a three electrode cell and low
concentrations of M"* in a relatively passive support-
ing electrolyte [3, 5, 15].

When diffusion of M"" is the rate determining step
in UPD, Cy of Equation 4 should be replaced by
C (0, 1). Here we denote the spatially varying concen-
tration of M"* with C (x, t), and the coordinates per-
pendicular to the UPD substrate with x. The electrode
surface, and the bulk electrolyte are represented by the
limits x — 0 and x — oo, respectively. Thus we incor-
porate the role of DLMT in UPD by writing

O(E) = [C(0, 1) fo/flexp[(E—Eo)B]  (5)

with the assumption that £, is independent of x. The
UPD current is given by Fick’s law of diffusion [1, 2]

i(f) = —nFD [9C (x, 1) /%] 1o (6)

Where D is the diffusion coefficient of M"*. The diffu-
sion equation and the boundary conditions (involving
Cy) are as follows:

8*C (x,1)

aC (x,t)
ot b 9x2 )
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C(x,0) = G, (8a) witha= B(E; — E,;). By using Equations 10 and 11 in
i Equation 9 we obtain
lim C(x,t) = Gy (8b)
X—00

Equations 6-8 lead to the commonly known integral
equation [1]

C(0,9) = Gy~ (xD) " |6/t = Tlar (9)
where

aC (x, z)} _i( (10)
x=0

Glr) = D[ Ox nF
In the present formalism C (0, #) (boundary condition
on the interfacial reactant) is voltage (time) depen-
dent. We obtain this C (0, ¢} by combining Equations
2,3 and 5:

ot

C(0,7) = {—-}lr] exp(—Buvt + a)

b

(11)

- (nf{Q()) J; exp(—But + a)i (r) dr

12 L fc} * . 'j‘ 1 ]
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Fig. 1. Current (i)/voltage (E — E,) characteristics of diffusion con-
trolled UPD. Effects of D, f, Cy, and v on DLD are shown in (a), (b),
(¢) and (d), respectively. D = 2 x 107> em?s™ for all graphs in (b),
(¢) and (d). In (a): curves 1-5 represent different values of D
(em®s™h; (1) 2x107%, () 1.6x107°, 3) 12x107°, &)
8.0 x 1075, and (5) 4.0 x 107°. In (b): f= (1) 0.01, (2) 0.20, (3)
0.40, (4) 0.60, and (5) 0.80; f= 0.01 for all graphs in (a), (c) and
d. Co=(1) 50x107° () 25%x107°, (3) 1.0x107°, @
7.5% 1075, and (5) 5.0 x 107°M, in (¢): and 2.5 x 107> M for all
graphs in (a), (b) and (d). In (d), v = (1) 10, (2) 8, (3) 6, (4) 4 and
(5)2mVs™; v=6mVs ! in (a) and (b), and 10mVs~" in (c).

Jm[(az ~Z)Y V4o (Z)dZ=-1 (12)

0
where o, Z, x, and « are dimensionless parameters;
o = Bv, Z=or, and

X(Z) = i(Z)/InFCy(xDo)' ] (13)

o= (2) (@)mexp BE-E)]  (4)

g

Equation 12 can be solved numerically for a given set
of v, Cy, f, and (E; — E,). The resulting solution repre-
sents the (i — E(¢)) characteristics (voltammogram)
of DLMT influenced UPD. The corresponding
response of # can be calculated by using the solution
to Equation 12 in Equation 3. In the following, we
present numerically simulated (i— E) and (6 — E)
plots of UPD obtained from Equations 12—-14.

4. Results

Our goal here is to bring out the effects that are intrin-
sic to diffusion-limited mass transfer alone. Hence, we
choose a simple, linear isotherm, f = constant, which
is free of any shape-determining contributions to the

o
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Fig. 2. Coverage (0)/voltage (E — E,) characteristics of metal UPD,
calculated from the diffusion-limited deposition model. Graphs 1-5
in each of (a)-(d), are obtained by integrating [Equation 3] the
corresponding plots in Fig. 1.
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(i — E) plots [5]. We consider the prevalence of diffu-
sion by choosing low values of Cy, (~107° — 1076 ™).
We take the ‘base line’ of the double layer charging
current [5, 6] to be zero, and focus only on the
behaviour of i (7). For our numerical calculations we
choose parameters that are typical of UPD by LSV
(such as in lead deposition on silver [15]): D = 107>~
106cm?s™, v=2-10mVs™!, f,=1, E=E,
Qo =210puCem™2, n=2, and F/RT=40V~'. D
and f characterize the substrate—adsorbate pair; C,
and v describe the experimental conditions of LSV.
We also choose a range of E— E;, from 0.0 to
—0.4V vs SCE, to calculate the voltammograms. In
practice, the UPD voltage range depends on the
detailed electronic structure of the interface, and
therefore, on surface preparation, crystal face, and
supporting electrolyte composition [16]. Since these
latter effects are not separately treated here, the
UPD range is not uniquely specified in our present
formulation. We find that the essential features of
DLMT characterized by Equations 12—14 are pre-
sent in all realistic voltage ranges around the values
chosen above.

Figure 1 shows the effects of (a) D, (b) £, (c) Cy, and
(d) v on the (i — E) plots obtained from Equation 12.
The corresponding (¢ — E) graphs are presented in
Fig. 2(a)—(d). All parameters used in the individual
graphs of Figs 1 and 2 are noted in the captions.
The predominant effects of DLMT in these Figures
can be summarized as follows. (i) The current peaks
are asymmetric on the voltage axes in all graphs of
Fig. 1. The width and the asymmetry of these peaks
are sensitive to the values of D, f, Cg, and v; (ii)
With the other variables fixed, when C, is increased,
the UPD current increases. Note the increasing trend
in i when v increases in Fig. 1(d). This latter effect is
intrinsic to the working principle of LSV [1], and
not a result of DLMT. (iii) The coverage at a given
voltage (and a given f) increases with increasing
values of D and C, and with decreasing values of v.
(iv) The coverage is not a linear function of E and
the shape of a (# — E) plot is particularly sensitive
to the choices of D, Cy, and v.

The above listed features of the (i — E) and (6 — E)
plots have been observed in several UPD experiments
with LSV [5, 9, 15-18]. The present analysis shows that

DLMT (in addition to the adsorption isotherm) may
have a significant contribution to these observed features.

5. Summary

A simple method is presented to separate the DLMT
effects from those of the actual adsorption isotherm in
UPD experiments. The DLMT features of UPD are
resolved explicitly in terms of Cy,, D, and v. The latter
quantities are known variables of an experiment, and
hence, the surface effects can be analysed by indepen-
dently fitting f'with the experimental voltammograms.
This procedure of data analysis including DLMT can
simplify the task of choosing adsorption isotherms in
UPD studies.
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