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a  b  s  t  r  a  c  t

A  theoretical  model  of  reversible  reduction  of  amalgam  forming  ion on  stationary  mercury  drop  electrode
is  developed  for  square  wave  voltammetry.  The  dependence  of  dimensionless  net  peak  current  on the
dimensionless  inverse  electrode  radius  is investigated.  This  relationship  is  not  linear,  but  it is  a  curve  with
two asymptotes.  These  results  apply  to electroanalytical  measurements  at spherical  microelectrodes.
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1. Introduction

A square wave voltammetry is electrochemical technique that
is used for both kinetic and analytic measurements [1–5]. It can
be applied either to the mercury drop electrode, or to solid elec-
trodes [6,7]. If electrode reaction is fast and reversible and both
the reactant and product are soluble in the electrolyte, the shape
of the net response and its peak potential are independent of elec-
trode geometry and size [8]. Under these conditions dimensionless
net peak current on spherical electrode depends linearly on the
inverse value of the product of electrode radius and square-root of
frequency [9]. If this product is increased the linear diffusion pre-
vails and the transient response is observed, but if the electrode
radius and frequency are small the radial diffusion is the dominant
mode of mass transport and the system tends to the steady-state
[10,11]. As the consequence of latter the maximum and minimum
of forward and backward components of the net response grad-
ually vanish as the sphericity is increased and both components
acquire the form of polarographic wave. If the frequency is high
and hanging mercury drop electrode is used, the spherical effect is
usually negligible, but the influence of the sphericity must be taken
into consideration under most other conditions and generally at
microelectrodes. At the inlaid micro disk electrode the described
relationship is linear only if the radius is moderately small [12].
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In this paper the dependence of net peak current and peak
potential on the electrode radius and frequency is investigated for
the reversible reduction of amalgam forming ions. In this reaction
the diffusion within the mercury drop has to be considered [13,14].

2. The model

A reversible electrode reaction on mercury drop electrode is
considered:

OXn+ + ne− � Red(Hg) (1)

t = 0; r≥rm : COx = C∗
Ox, CRed = 0 (2)

0 ≤ r < rm : COx = 0, CRed = 0 (3)

t > 0; r → ∞ : COx → C∗
Ox (4)

r = rm : (COx)r=rm
= (CRed)r=rm

exp(ϕ) (5)
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The meanings of symbols are the following: COx and CRed are
concentrations of ions in the electrolyte and atoms in the mercury,
respectively, C∗

Ox is the bulk concentration of ions, E is electrode
potential, E0 is standard potential of electrode reaction (1), D is a
common diffusion coefficient, I is a current, n is a number of elec-
trons, F is Faraday constant, S is the electrode surface area and rm

is the radius of mercury electrode.
The mass transport is calculated by the Feldberg approximation

[15]:
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Where: Ai = 4�r2
i

, Ai−1 = 4�r2
i−1, Vi = 4

3 �
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)
, ri = i�r

and rm = m�r. Dimensionless concentrations are defined as
cox(k, i) = (COx)k,ri

/C∗
Ox and cred(k, i) = (CRed)k,ri

/C∗
Ox. Dimension-

less current w = I�t
(

nFSc∗
Ox�r

)−1
is calculated by the following

formulae:

wk = 2d [cred(k, m)  exp(ϕk) − cox(k, m + 1)]  [1 + exp(ϕk)]−1 (11)

cox(k + 1, m + 1) = cox(k, m + 1)(1 − 3dfm+1)

+ 3dfm+1cox(k, m + 2) + 3fmwk (12)

i≥m + 2

cox(k + 1, i) = cox(k, i)[1 − 3d(fi + fi−1)] + 3d[ficox(k, i + 1) + fi−1cox(k, i − 1)]
(13)

cred(k + 1, 1) = cred(k, 1)(1 − 3d) + 3dcred(k, 2) (14)

2 ≤ i ≤ m − 1

cred(k + 1, i) = cred(k, i) [1 − 3d(fi + fi−1)]
+3d [ficred(k, i + 1) + fi−1cred(k, i − 1)]

(15)

cred(k + 1, m)  = cred(k, m)(1 − 3dfm−1)

+ 3dfm−1cred(k, m − 1) − 3fmwk (16)

d = D�t�r−2 (17)

fi =
(

i − (i − 1)3i−2
)−1

(18)

fi−1 =
(

i3(i − 1)−2 − i + 1
)−1

(19)

The results are reported as new dimensionless current  ̊ =
I
(

nFSc∗
Ox

)−1
(Df )−1/2. In square wave voltammetry the current is

sampled at the end of each pulse and the difference between two
subsequent samples is called the net response: �˚ = ˚f − ˚b. The
forward, reductive (˚f ) and the backward, oxidative (˚b) compo-
nents of the net response are also reported as a function of the
potential of staircase ramp.

The response depends on the pulse amplitude Esw, the potential
step dE and the inverse value of dimensionless electrode radius

� = r−1
m

(
D/f

)1/2
. In the simulation each pulse is divided into 25

time increments and the dimensionless diffusion coefficient d = 0.4
was used. So, the parameter � depends on the number of space
increments into which the electrode radius is divided: � =

√
20/m.

In this paper only the parameter � is changed. Under its influence
are both the dimensionless net current (−�  ̊ = ˚Ox − ˚Red) and
the peak potential.

3. Results and discussion

Square wave voltammogram of electrode reaction (1) is shown
in Fig. 1, for the inverse value of dimensionless electrode radius

(E - E0 ) / V
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Fig. 1. A theoretical dimensionless square wave voltammogram of electrode reac-
tion  (1). A negative net response (−�˚) and its forward (˚Red) and backward (˚Ox)
components are shown. Est = 0.3 V vs.  E0, Esw = 0.050 V, dE = −0.002 V and � = 0.3.

� = 0.3. The net peak current is 1.6979 and the peak potential is -
0.042 V vs.  E0. The minimum and maximum of the reductive and
oxidative components of the response and the potentials of these
extremes are the following: ˚Red,min = −1.0264, Ep,Red = −0.044 V,
˚Ox,max = 0.6723 and Ep,Ox= −0.040 V. The limiting currents of both
components tend to −� if E«E0. The value of � may  correspond to
the following real parameters: D = 9 × 10−6 cm2/s, f = 100 Hz and
rm = 10 �m.

Fig. 2A shows the relationship between dimensionless net peak
current and the parameter �. It is a curve with two  asymptotes:
−�˚p = 4.4 � + 0.7383, for � < 0.1, and −�˚p= 1.59 � + 1.21 for
� > 0.2. The surface area of small spherical electrode is S = 4r2

m� and
under the condition that � < 0.1 the real net peak currents depend
on electrode radius and frequency as follows:

−�Ip = 4�nFc∗
Oxrm

√
D
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√
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√
D
)

(20)

If rm = 0.05 cm and D = 9 × 10−6 cm2/s the second term in the
brackets of Eq. (20) contributes less than 2% to the current if the
frequency is higher than 320 Hz. Generally, the graphical repre-
sentation of the relationship between −�Ip and

√
f does not pass

through the origin. This is particularly emphasized on hemispheri-
cal microelectrode with the surface area S = 2r2

m�. At this electrode
and for � > 0.2 the relationship between the real net peak current
and the electrode radius and frequency is the following one:
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Oxrm

√
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1.21rm
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)

(21)

If rm = 10 �m and D = 9 × 10−6 cm2/s the terms in the brackets of
Eq. (21) are mutually equal if f = 16 Hz. This means that in square-
wave voltammetry the theoretical steady-state net peak current
−�Ip,ss = 3.18�nFs∗

OxrmD cannot be achieved because of the semi-
infinite diffusion in the solution and finite diffusion within the
drop. The minima and maxima of the components of dimensionless
theoretical response are also non-linear functions of the parame-
ter �. These relationships can be approximated by the following
asymptotes: ˚Red,min = −2.59 � − 0.4397, for � < 0.1, ˚Red,min =
−1.16 � − 0.69, for � > 0.2, ˚Ox,max = 1.95 � + 0.2993, for � < 0.1,
and ˚Ox,max = 0.43 � + 0.54 for � > 0.2.

The dependence of peak potential of the net response on the
parameter � is shown in Fig. 2B. The straight lines in this figure
are defined by the following equations: Ep − E0 = −0.2� (V), for
� < 0.1, and Ep − E0 = −0.1 � − 0.013 (V) for � > 0.1. The potentials
of minima and maxima of the components can be described by the
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