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Abstract

A popular approach to enhancing the sensitivity of voltammetry is the surface mod-

ification of electrodes so as to provide adsorption sites which allow pre-concentration of

target species, so as to promote sensitivity and reduced limits of detection. The surface

modifier is typically inert other than providing enhanced adsorption and hence pre-

concentration and non-conductive so that after pre-concentration the adsorbent must

desorb and diffuse to the electrode before detection. We report the simulation of an

idealized model for this type of voltammetry, focusing in particular on the effects of

adsorption coverage and binding strength on the surface on the voltammetry response.

Introduction

Chemically modified electrodes have found enormous application in electrochemistry follow-

ing the pioneering work of Murray and colleagues.1–4 In one recent and popular variant the

electrode is modified with insulating particles, often nanoparticles, which serve to enhance

voltammetry signals by means of pre-concentrating target species prior to voltammetric de-

tection. Table 1 provides a range of illustrative examples.5–15 The approach for particular

analytes is generally developed empirically. The aim of the present paper is to explore the

parameters underpinning the method using an idealized model. In particular it can be antic-

ipated that the two step process in which adsorption on particles or surfaces adjacent to the

detection electrode prior to voltammetry requires the subsequent desorption and diffusion of

the target to the electrode. It follows then that the strategy requires a delicate balance of

adsorption strength in order to be useful. In particular very strong irreversible adsorption

will simply provide a ’sink’ for the analyte and no useful signals, whilst slow adsorption

and/or slow desorption will be similarly useless. In order to probe the balance, we adopt

the idealized model shown in figure 1. Here we consider a disc electrode surrounded by a

concentric ring (’sheath’) on which adsorption occurs exclusively. We allow the latter to pre-

concentrate the target analyte, A. After the pre-concentration, we explore via simulation the
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effect on the voltammetry of species A at the disc electrode. In this way the thermodynamics

and kinetics of the process:

A(aq)� A(ads) (1)

are shown to strongly influence the current response only under very carefully selected

conditions.

Previously, we reported that the supporting sheath surrounding a micro-disc electrode

can significantly shield the current response when the electro-active species irreversibly ad-

sorbs on the surface.16 It was found that in case of irreversible adsorption on the supporting

sheath, the measured current is reduced reflecting the adsorbing rate and the radius ratio

between the disc and the surface. This shielding effect was also discussed in nanoparticle

impact analysis17 and other evidence of ’shielding’ has been noted.18,19 Following that, in

this study, new interest has arisen in studying the case where a reversible adsorption takes

place on the surface surrounding an electrode as a model for the chemically modified elec-

trodes described above. Transient voltammetry measurements such as cyclic voltammetry

(CV) can be dramatically affected by this adsorbing surface, since, when scanning the po-

tential, a diffusional transport of material towards or away from the disc electrode changes

of concentration distribution in the cell local to the electrode which can potentially trigger

desorption of material from the surface towards the electrode.

This study reveals new insights of how electrochemical behaviour can be influenced by

the surface surrounding a disc electrode and underpinning sensitive analytical methods and

applications related to physical adsorption of nanoparticles or molecules on modified surfaces

(see Table 1). Additionally, the basic understanding of how an adjacent surface can control

the behaviour of the voltammetry, provides a novel way to make responsive controlled re-

leased electrochemical systems and high sensitive detection.20,21 For example, it can boosts

the Faraday current when the concentration drops in the solution near the electrode, or

releasing particles of interest from the surface to the solution when a reaction on the disc

electrode occurs.
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In this work, we report the effect of an annular sheath concentric with a working elec-

trode as a reversible adsorbing surface in voltammetry measurements. The model retains

the essential features of modelling the adsorption system of interest whilst having a two

dimensional geometry of the diffusion field which allows extensive simulation to explain all

parameters which would be impossible for any three dimensional model. We show that the

adsorption effect can have strong influence on the current value as well as the shape of the

respond voltammogram, and is therefore generally important for studies using electro-active

particles that can potentially be adsorbed on the surface surrounding the electrode.

Table 1: Illustrative examples of modified surfaces to providing pre-
concentration of the target analytes.

Publication Modifying substrate Target species
5 Kaur & Srivastava, 2014 nanocrystalline metallosilicate Riboflavin, Rutin, Pyrodoxine
6 Yu et al. , 2013 Co3O4 nanocrystals Pb(II)
7 Zhang et al. , 2013 α−MnO2 Zn(II), Cd(II), Pb(II), Cu(II),

Hg(II)
8 Xu et al. , 2013 hollow nano-spheres of magne-

sium sillicate
Cd(II), Pb(II), Cu(II), Hg(II)

9 Liu et al. , 2013 porous Co3O4 microsheets Pb(II)
10 Herzog et al. , 2013 mesoporous organosilica Hg(II)
13 Zhang et al. , 2011 nano-wall arrays of CaCO3 chi-

tosan
organophosphate pesticides

11 Mbouguen et al. , 2011 bilayer of organoclay overcoating
sublimed ferrocene layer

ascorbic acid, uric acid

14 Zhang et al. , 2011 flower-like hydroxyapatite Cd(II), Pb(II)
12 Tonlé et al. , 2010 thiol-functionalized clay Pb(II)
15 Yin et al. , 2010 nano-’shuttles’ of copper oxide

(CuO)
Hg(II)
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Figure 1: Illustration of the idealized model for the simulation of pre-concentrated specie A
(red spheres) on the modifier (white spheres) around the electrode.
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Theory

We consider a cyclic voltammetry simulation of a system contains small finite disc electrode

surrounded by an insulating but adsorbing/desorbing sheath. The sheath is assumed to

behave according to the reversible Langmuir model of surface adsorption.22 This study is

made via simulating Fickian diffusion under the presence of supporting electrolyte, allowing

a diffusion controlled transport. By approximating the transport to behave in a statistical

manner,23–25 we can avoid complex stochastic modelling and solve numerically the Fick’s

second law in the solution.26,27 For a finite disc geometry (figure 2a), we can solve Fick’s

second law for a redox couple in a cylindrical space using axial symmetry around r = 0:28

∂cA
∂t

= DA

(
∂2cA
∂r2

+
∂2cA
∂z2

+
1

r

∂cA
∂r

)
(2)

∂cB
∂t

= DB

(
∂2cB
∂r2

+
∂2cB
∂z2

+
1

r

∂cB
∂r

)

where r and z are the cylindrical coordinates, D is the diffusion coefficient, c is the

concentration, and the symbols A and B are the redox couple species in the one step one

electron electrochemical reaction:

A� B + e− (3)

We define two distances in the r direction, the disc electrode radius (rd) and the surface

radius (rs) as illustrated in figure 2.

Dimensionless coordination representation

Dimensionless parameters are used in the simulation to simplify the analysis.28 All the di-

mensional and dimensionless symbols presented in this work, are also summarized in Table

2. Coordinates are normalized to the surface radius (R = r/rs, Z = z/rs) and concentrations

are defined relative to the bulk concentration of the electroactive species (C = c/c∗). The
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a)

b)

Figure 2: 3D Illustration of the microdisc electrode surrounded by a sheath (a) and the 2D
dimensionless system in the simulation model (b).

diffusion coefficient of the product species (B) can be related to the diffusion coefficient of

species A by:

dB = DB/DA (4)

Further, a dimensionless time parameter (τ) is defined as:

τ =
DA

r2s
t (5)

In the transformed coordinates, the radius of the surface is unity and the microdisc electrode

lies between: 0 < Rd < 1. Converting Fick’s second law into a dimensionless form gives:29

∂CA
∂τ

=

(
∂2CA
∂R2

+
∂2CA
∂Z2

+
1

R

∂CA
∂R

)
(6)

∂CB
∂τ

= dB

(
∂2CB
∂R2

+
∂2CB
∂Z2

+
1

R

∂CB
∂R

)

The dimensionless mass transport equations must be solved over all space with the ap-

propriate boundary conditions which define the kinetics and fluxes on the surfaces; the disc

and the sheath (figure 2b).
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Table 2: Dimensional and dimensionless parameters

Parameter Description Units
Dimensional parameters
A Electrode area cm2

rd Electrode radius cm
rs Surface radius cm
D Diffusion coefficient cm2s−1

c Concentration mol cm−3

c∗ Bulk solution concentration mol cm−3

θ Fractional surface coverage
θeq Initial coverage state
Γ Surface coverage of a full monolayer mol cm−2

k0 Standard electrochemical rate constant cm s−1

k0 Adsorption rate constant cm s−1

k1 Desorption rate constant mol cm−2 s−1

t Time s
jD Flux mol cm−2 s−1

JD Rate mol s−1

α, β Symmetry coefficients
R Gas constant J mole−1K−1

E Potential V
E0
f Formal potential V

Dimensionless parameters
j Dimensionless flux density
J Dimensionless net flux
CA,B cA,B/c

∗
A,B

R r/rs
Z z/rs
dB DB/DA

τ DAt/r
2
s

K0
BV k0rs/DA

K0 k0rs/DA

K1
k1rs
Dc∗A

γ Γ( 1
c∗
A(r,0)

rs
)

φ F(E-E0
f )/RT

σ Dimensionless scan rate, r2s
F

DART
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Boundary conditions

At z = 0 we define the kinetics of the adsorbing surface (Rd < R ≤ Rs), and the electrode

boundary condition (R ≤ Rd). At the disc electrode, the boundary condition is set to be the

flux of each species correlated to the electrode potential (E) according to the Butler-Volmer

equation:

τ ≥ 0

0 < R ≤ Rd

(
∂CA(R,0)
∂Z

)
Z=0

= K0
BV

(
CA(R,0)e

−αφ(τ) − CB(R,0)e
βφ(τ)

)
(7)

K0
BV is the dimensionless rate constant given by k0rs/DA where k0 is the standard hetero-

geneous rate. α and β are the symmetry parameters, and E0
f is the formal potential. φ(τ)

is equals to F (E − E0
f )/RT . The potential depends on the scan rate and time via:

Forward scan : E < Emax E = tν + Emin (8)

Backward scan : E > Emin E = Emax − tν

and in dimensionless form depends on the dimensionless scan rate (dφ/dτ) applied in a

cyclic voltammetry measurement:

Forward scan : φ < φmax φ(τ) = τσ + φmin (9)

Backward scan : φ > φmin φ(τ) = φmax − τσ

σ is therefore the dimensionless scan rate , and φmin,max are the lowest negative and highest

positive dimensionless potentials in the cyclic voltammetry, respectively. In this study, φmin

set to -20 and φmax to +20, far enough from the expected redox peaks. We also consider

KBV to be fast enough to simplify the model, and since its role is not in primary importance

in this study.

Applying mass conservation of the electrochemical reaction, we can set the flux boundary
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condition of species B to be:

τ ≥ 0

0 < R ≤ Rd

(
∂CA
∂Z

)
Z=0

= −dB
(
∂CB
∂Z

)
Z=0

(10)

We next consider the boundary condition for the adsorption of species on the sheath

surface.23,30 The process is described as a first order reversible reaction, according to the

Langmuirian model.22 Therefore, the dimensional flux of species A on the adsorbing surface

is given by:

τ > 0

rd < R ≤ rs

DA

(
∂cA
∂z

)
z=0

= k0 (1− θ) cA(r,0) − k1θ (11)

where θ is the fractional coverage and varies between zero to unity. The adsorption and

desorption rate constants are denoted by k0(cm s−1) and k1(mole cm−2s−1) , respectively.

Converting k0 and k1 to dimensionless rate constants gives:

K0 =
k0rs
DA

, K1 =
k1rs
DAc∗A

(12)

Following that we rewrite the flux equation in a dimensionless form to define the surface

boundary condition:

τ > 0

Rd < R ≤ Rs

(
∂CA
∂Z

)
Z=0

= K0 (1− θ)CA(R,0) −K1θ (13)

Γ (mole cm−2) is defined as the maximum coverage. Hence, the variation of θ with t can

be denoted as:

Γ
∂θ

∂t
= k0 (1− θ) cA(r,0) − k1θ (14)

and in dimensionless form:

γ
∂θ

∂τ
= K0 (1− θ)CA(R,0) −K1θ (15)
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where γ is a dimensionless coverage. By combining Eq. 12 and Eq. 15, and substituting τ

and CA with DAt/r
2
s and cA/c∗A, respectively :

γ
r2s
DA

∂θ

∂t
=
k0rs
DA

(1− θ)
cA(r,0)
c∗A(r,0)

− k1rs
DAc∗A(r,0)

θ (16)

Rearranging,

c∗A(r,0)rsγ
∂θ

∂t
= k0 (1− θ) cA(r,0) − k1θ (17)

and by using Eq. 14 and Eq. 17 we obtain the dimensionless maximum coverage:

γ = Γ(
1

c∗A(r,0)rs
) (18)

For species B, on the sheath surface (Rd < R ≤ Rs) we define a wall boundary condition:

Rd < R ≤ Rs

(
∂CB
∂Z

)
Z=0

= 0 (19)

It is important to note that it is reasonable to assume that only species A can adsorb/desorb

since in the case where species B does adsorb, only a very small effect on the result is seen for

the forward peak which is the basis of the sensing application described in the introduction.

Moreover, since oxidation/reduction changes the charge on A it is likely that neutral A

molecules would adsorb more than charged B molecules.

Beyond the adsorbing/desorbing surface, at Z = 0, we define a wall boundary condition

for both species A and B:

Rs < R ≤ Rmax

(
∂CA,B
∂Z

)
Z=0

= 0 (20)

From symmetry, the flux across the Z axisymmetric boundary can be set to zero:

(
∂CA,B
∂R

)
R=0

= 0 (21)
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The edges in the outer space of the simulation set to the bulk concentration:

CRmax = 1, CZmax = 1 (22)

where Rmax and Zmax are set to be far enough from the root mean squared displacement

according to the Einstein equation:31,32

Rmax = 1 + 6
√
τmax (23)

Zmax = 6
√
τmax

and τmax is chosen to be a full time of one cycle in the CV:

τmax =
2(φmax − φmin)

σ
(24)

Initial conditions

The initial dimensionless concentration of the electro-active species (CA) is set to 1, and for

the oxidized form (species B), the concentration is set to 0. It is assumed that before caring

out the cyclic voltammetry measurement, the surface of the sheath adsorbs particles until

an equilibrium on the surface is achieved before applying potential. Therefore, rearranging

eq. 13 where C equals to 1 and the flux equals to 0, gives the initial coverage of the

adsorbing/desorbing surface of the sheath in equilibrium state corresponding to the familiar

Langmuir isotherm:

τ = 0

Rd < R ≤ Rs

θeq =
K0

K0 +K1

(25)

Current calculation

The dimensionless flux inward the disk electrode is given by:
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disk : 0 < R ≤ Rd

surface : Rd < R ≤ Rs

j =

(
∂CA
∂Z

)
Z=0

(26)

By integrating the flux (jD) over the disc and the surface, we can obtain the net flux(JD)

inward the disc electrode and the adsorbing/desorbing flux on the surface surrounding it:

JDd = 2π

∫ rd

0

jDr,0rdr , JDs = 2π

∫ rs

rd

jDr,0rdr (27)

In dimensionless form we get:

Jd = 2π

∫ Rd

0

jR,0RdR , Js = 2π

∫ Rs

Rd

jR,0RdR (28)

Assuming a single electron transfer, the dimensional Faradaic current inward the mi-

crodisc electrode is obtained as follows:

Id = 2πFc∗ADrs

∫ Rd

0

jR,0RdR = FJDd (29)

Numerical methods

The partial differential equations for both species, along with the boundary conditions are

solved numerically with the finite difference method for each time step, using the implicit

Crank-Nicolson method.33 These equations are discritized over an expanding spatial 2D grid

with mmax rows and nmax columns (R(nmax) × Z(mmax)). This space is meshed with an

expanding grid around 3 nodes: δR,Rd, Rs, where a large perturbation of flux is expected.

The first differences around the nodes are set to be with the minimum δR and δZ values,
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after which the differences grow exponentially to cover all the space as follows:

R grid :

Rn+1 = RnρR δR < Rn <
Rd

2
, Rd < Rn <

Rs+Rd

2
, Rs < Rn < Rmax

Rn+1 = Rn/ρR
Rd

2
< Rn < Rd,

Rs+Rd

2
< Rn < Rs

Z grid :

Zm+1 = ZmρZ 0 < Zm < Zmax

(30)

where ρR and ρZ are the expansion factors between two adjacent cells in the rows Rn+1 to

Rn and in the columns Zn+1 to Zn, respectively . The concentration equations is set to each

specie (A and B) in the space.

Using the alternating direction implicit (ADI) method, we can solve the 2D mass trans-

port system in parallel computing. Each individual direction (Rn, Zm) in the ADI method is

solved for the two species. This allows the solution of the finite difference equations in a form

of tri-diagonal matrices to be obtained in O(2 ·mmax ·nmax) operations at each time step. In

the Z directions where species A is coupled with species B (on the electrode boundary), we

define one tri-diagonal matrix to solve the set of concentration equations for both species34 .

Numerical convergence achieved with the following values: δR = 1× 10−5, δZ = 1× 10−8

(the minimal differences next to the nodes), and ρR = 1.15, ρZ = 1.15 (the expanding factors

of the grid) ensuring that the calculations are sufficiently accurate at a practicable solving

time. It is important to minimize δZ relative to τmax × (θ/Γ) in order to avoid numerical

error accumulation in the coverage. As will be mentioned also in the result section, in cases of

very fast coverage changes (dθ/dτ), the numerical parameters chosen for the simulation are

insufficient for achieving a smooth cyclic voltammetry (CV), or even not applicable. Hence

in order to stay in practical calculation time and real systems zone, we limited the upper

range of K0 and K1 to a maximum value of 10,000.

Simulations were coded in C++ with the OpenMP(Open Multi-programming) API for

parallel programming. The simulations preformed on an Intel (R) Xeon (R) 3.2Ghz, with
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approximately usage of 0.5GB RAM, and runtime between of 20 minutes for each CV cal-

culation.
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Results and discussion

We first discuss a representative case where a reversible adsorption/desorption occurs on the

surface of the supporting sheath under typical practical conditions of cyclic voltammetry.

This introduces the basic physical effects on the voltammetry and discusses the main roles of

a reversible surface in the CV measurement. Following that, we present a parametric study,

where we present the trends in the voltammetry that depend on various important physical

parameters.

It is worth to mention that all CVs start assuming a fully equilibrated state of the

adsorbing/desorbing surface with the solution. This would likely be also the case in mostly

all the electro-analytical systems mentioned, except if the particles of interest are not present

in the system before the applying of the potential.35

Cyclic voltammetry with a reversible adsorbing sheath - a represen-

tative case

We first carried out a simulation to describe the effect of the reversible adsorbing/desorbing

surface of the sheath (’active surface’), using the following parameters Keq(K0/K1) = 0.1

and K0 = 10. A radius ratio of 1 : 10(Rd/Rs) was used. The surface maximum density γ

was chosen to be 100. In practice, typical values for D(10−9m2 s−1), c(1mM), and rs(10µm),

would give k0 and k1 to be 10−2ms−1 and 10−3mole s−1m−2, respectively, and this corre-

sponds to realistic values of Γ = 10−9mole cm−2 . The dimensionless scan rate of the CV

set to an intermediate value of (σ = 10), so other effects of interest, as from the supporting

sheath’s surface can be clearly captured. For comparison, we also ran a ’blank CV’ simula-

tion for a disc with the same conditions, only without any adsorption/desorption (’non-active

surface’) , K0 and K1 were equal to zero.

Figure 3 presents the voltammograms for both cases. In the ’non-active surface’ , the CV

shows the expected behaviour of the current response in a disc electrode. Since the scan rate
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is intermediate, a small peak is observed and shifts the voltammogram from true steady state

behaviour, towards a partial transient behaviour. It is also observed that the normalized

current approaches the steady state value, 1, as in the case of a finite disc (4nFDC∗R).36

However, under the condition of an ’active surface’, we observe a large oxidation peak that

evolves during the forward scan, whilst the reduction peak remains almost unchanged. The

oxidation peak is clearly a result of large extra amount of species A that can be released

from the surface and flow towards the disc electrode, in the zone of the diffusion layer,

where the concentration of species A is otherwise more depleted. The back reduction peak

is not strongly influenced by the ’active surface’ as observed from figure 3, since species B is

assumed to not have an interaction with the surface of the sheath.

A "snapshot" of the concentration maps for the two cases were taken in the forward

scan at the dimensionless potential of 2.0, slightly before the peak gets to full hight. These

maps are presented in figure 4a. A difference concentration map is also provided in figure

4b to emphasis the concentration changes between the two cases. In comparison between

the ’non-active surface’ and the ’active surface’, it is seen that the diffusion layer in the R

direction is significantly narrower for the case of an active adsorbing/desorbing surface. For

the ’non-active surface’, the radial diffusion layer has a normal shape and is expanded in

the same manner along the R and Z directions, while in the case of the ’active surface’, as

desorption occurs, a compensation of accessible material that is released from the supporting

surface creates a sharper and narrower gradient in the R direction, and therefore alters the

oxidation current measured in the CV.

Another way to understand the role of the surface is to examine the change in the coverage

on the surface. Figure 5 shows coverage as a function of potential at R=0.1 and 1.0 and

reveals that most of the contribution of the current is via desorption from the inner side of the

surface close to the disc. The area far from the disc shows only small change in the coverage

along the CV. Since we describe the sheath with the Langmuir model, it can be seen that

when the coverage gets to low values with increasing φ, the desorption becomes moderated,

17



and as a consequence, the compensation of access material towards the disc becomes limited

for the high potentials, thus resulting in a peak shape at the CV as was observed in figure 3.

Figure 3: Cyclic voltammetry at a non-adsorbing surface (dashed curve), and cyclic voltam-
metry in a reversible case(solid curve). Other conditions: σ = 10, Rs/Rd = 10, DA = DB = 1

.
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a)

b)

Figure 4: a) Concentration maps in logarithmic scaled space, at φ = 2.0 in the forward scan.
The left colour map is with a non-active surface, the right colour map is for ’active surface’
where: K1 = 100 and K0 = 10. b) difference concentration maps between the absolute
concentration values of the ’active surface’ map and the ’non-active surface’ map. Other
conditions: σ = 10, Rs/Rd = 10, DA = DB = 1.
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Figure 5: Coverage (θ) profiles in the reversible adsorbing/desorbing surface along the cyclic
voltammetry. The dashed curve stands for the beginning of the sheath closest to the disc
(R = 0.1(Rd)). The solid line shows the coverage in the end of the sheath at R = 1(Rs).
Other conditions: σ = 10, Rs/Rd = 10, DA = DB = 1.
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From the results for this representative case, we report that a reversible adsorbing sheath,

not only can increase the current response significantly, but also may alter the shape of the

voltammogram from steady state to transient ’peak like’ shape. These effects on the current

values and the shape, are controlled by the sheath properties and also by the voltammetry

parameters, as we next discuss.
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Parametric study

In order to understand the influence of the adsorbing/desorbing surface properties on the CV

measurements, we next carried out series of CV simulations changing the sheath parameters:

K0, K1, γ, and Rsd.

Adsorption / desorption rates

In this study, we demonstrate how the CV is effected due to the change of the surface rate

constants, K0 and K1. We use the same values for γ = 100 ,σ = 10 , and the same radius

ratio (Rs/Rd = 10) as in the previous section. Figure 6 shows the voltammograms for

variable K1 and constant K0 (figure 6a), and for constant K1 and variable K0 (figure 6b).

In figure 6a, it is shown that the oxidation current is altered significantly as the desorbing

rate increases. However, at a high rate of K1 and relative low rate of K0 (K0 = 100, K1 =

1000, figure 6a), the current decreases. This is explained as follows; due to the fast rate of

desorption and low initial coverage (θeq) the surface of the sheath is drastically diluted within

the time scale of the CV at this particular scan rate, leading to insufficient available material

for desorption before fully exploiting the diffusion transport towards the disc electrode.

Subsequently, it results in a significant relaxation of the current and also a clear transient

oxidation peak.

Moreover, figure 6b shows that increasing K0 also alters the oxidation current. The

starting point of the measurement corresponds to an equilibrium coverage (θeq), and therefore

faster K0 results in higher θeq. Consequently, the surface has larger amount of material,

accessible for desorption, during the CV. However, in the highest presented value of K0 =

1000 and K1 = 100 , the current decreases. This means that the adsorption term in equation

13, K0 (1 − θ)CA(R,0) becomes more dominant, and it implies that faster mass transport

(higher scan rate) can reduce back this term and alter the current for this kinetic rates. In

effect there is stronger adsorption on the surface.

It is important to mention that at extremely high rates, the simulated voltammograms

22



become "noisy" due to large changes in the coverage along the adsorbing sheath relative to

the spacing of the simulation mesh. The noise can be reduced by significantly reducing the

values of ρR and ρZ . However, for larger rates it becomes impossible to have a fully smooth

simulation unless δτ is decreased significantly (by orders of magnitudes), which would make

the calculation impracticable even for significant powerful computers. This instability is also

inversely proportional in γ and thus when higher γ is applied, larger kinetic rates can be

investigated for these numerical calculations.

It can be seen from figure 6, that the CV measurement not only depends on the surface

rate constants K0 and K1 independently, but also with their ratio, Keq = K0/K1. In order

to clarify more this dependency, we performed a set of simulations, scanning K0, K1 in the

range between 10−4 to 104. The peak of each voltammogram was mapped into a surface plot

presented in figure 7. In this way we can get a complete picture of the effect of the surface

rates and thermodynamics on the maximum oxidation peak. The surface map shows that

when K0 is in the same order of K1, the oxidation peak gives higher values. The maximum

current is not exactly when Keq = 1, but varies in the range of K0/K1 = 1.5− 3; the surface

map is not fully symmetric. The implication of these observations for practical analysis using

adsorptive pre-concentration is firstly that the optimum surface requires a delicate balance

of kinetics and thermodynamics that is likely to be beyond rational prediction, implying

the essential need for empiricism in this area. Secondly, the maximum change of current is

less than an order of magnitude implying that pre-concentration via surface adsorption has

limited analytical value. In principle, only optimizing all the following parameters; K1, K0

and γ results in further significant enhancement of the current, but order of magnitude is

unlikely for practical situations.
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a) b)

Figure 6: Voltammograms for constant K1 and variable K0 (a) and voltammograms for
variable K1 and constant K0 (b), under the conditions: σ = 10, γ = 100, Rs/Rd = 10, and
DA = DB = 1.

Figure 7: Surface map of the oxidation peak in a set of CV simulations, when K1 and K2

are scanned between 10−4 to 104. The map consists 9x9 matrix of the oxidation peaks.
The CVs were carried out in the following conditions: σ = 10, γ = 100, Rs/Rd = 10, and
DA = DB = 1.
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Maximum surface coverage(γ)

The maximum surface coverage is an essential parameter for predicting the effect of desorp-

tion on the CV measurement. Figure 8 presents the voltammograms at various γ and figure

9 shows the coverage on the sheath near the disc electrode at R = 1 + δR.

It is shown in figure 8 that when γ gets to large values, the oxidation current increases

significantly, due to the high amount of species A on the surface that is available for desorp-

tion. Nevertheless we can see that the reduction peak is not influenced by γ. Furthermore,

it is observed that the voltammogram shape varies from transient behaviour with a clear

peak to a steady state plateau (8). This can be explained by looking at the coverage changes

in figure 9. At large γ, the coverage (θ) is only slightly changed during the CV, whilst for

low γ, the contribution of flux towards the disc becomes limited after achieving low coverage

during the forward scan.

It can be inferred from comparison between these figures (8, 9) that when the coverage

remains unchanged during the CV, as in the case of γ = 107, the voltammograms have a

steady state shape in the forward potential scan. Figure8 also shows that when γ reaches

high values the current approaches a finite value. This is because θ remains: K0/(K0 +K1)

for all τ , and therefore, the maximum flux from the surface in the case of high γ, is limited

to :

Js = −(1− CR,0)K0K1

K0 +K1

, for all τ where γ −→∞. (31)

For lower values of γ = 102, 105, a gradual decreasing of the coverage occurs during the

CV (figure 9), and the oxidation current is also characterized with a gradual drop (figure 8).

In the cases of drastic and non linear drops of the coverage, an oxidation peak evolves (γ =

10, 5, 2). These results imply that the surface should be relatively accessible for adsorption

sites in order to have a significant effect. At γ = 10−2 or below, the influence of the surface

is negligible, and the voltammetry has the same behaviour of a ’non-active surface’.
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Figure 8: A comparison of voltammograms (coloured solid line, —) in various maximum
surface adsorbing density (γ) and their oxidation peaks ( coloured triangle, N). The CV
simulations were carried out under the following conditions: σ = 10, K0 = 10, K1 = 10,
Rs/Rd = 10, and DA = DB = 1.

Figure 9: A comparison of the coverage during the CV simulations on the sheath, near
the disc (R = 1 + δR). The comparison shows the coverage at various maximum surface
adsorbing density (γ) in the range of γ = 10−1 to 107). The CV simulations were carried out
under the following conditions: σ = 10, K0 = 10, K1 = 10, Rs/Rd = 10, and DA = DB = 1.
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Radius ratio (Rs/Rd)

We next consider a physical parameter, the radius of the sheath. In the model we described

earlier, the sheath is described as the modifier in which analytes A can adsorb or desorb.

The sheath size varies a lot for various electrochemical systems comprising micro and sub-

micro disc electrodes, and can be in the range of less than one micrometre to an order of

a millimetre. Here, in dimensionless system, the sheath size is reflected through the ratio

of Rs/Rd. Therefore, we carried out cyclic voltammetry (CV) simulations in various ratios

and present the influence of the sheath radius size on the CV measurement, in the case of

reversible adsorption on the surface. In terms of using the disc/sheath geometry as a model

for modified electrodes the study reflects the effect of changing the amount of modifier. Figure

10 shows the voltammograms at various radius ratio (Rs/Rd), for representative simulations

made at K1 = 100 and K0 = 10. γ is chosen to be 100, and σ = 10. It is observed

that for ratios above 5, the voltammetry does not change. This is due to the fact that

far from the electrode the concentration gets close to the bulk concentration, and therefore

little desorption flux occurs. This can also be studied from the coverage examination shown

previously at figure 5. It was shown that the coverage at R = Rs for the simulation of

Rs/Rd = 10 remains almost unchanged during the CV. An interesting observation is that

even at Rs/Rd = 1.1 a reasonable alteration of the oxidation peak is still seen (figure 10 ).

It implies that even a 100nm coat surrounding a microdisc electrode can cause a significant

effect on the current response in CV measurements. At the same time the implication

for modified electrodes is that the benefits of modifing layers are confined to the case of

relatively thin coats; the value of increasing the film thickness becomes progressively less

with increasing size.
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Figure 10: A comparison of the coverage during the CV simulations on the sheath, near
the disc (R = 1 + δR). The comparison shows the coverage at various maximum surface
adsorbing density (γ) in the range of γ = 10−1 to 107). The CV simulations were carried
out under the following conditions: σ = 10, K0 = K1 = 10, and DA = DB = 1.
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Scan rate (σ)

Lastly, we chose to consider the scan rate parameter σ , since it can change dramatically the

behaviour of the voltammetry. By changing the scan rate, two dominant physical properties

reflect the surface response in the CV measurement of the disc electrode . The first is the

mass transport that changes the concentration distribution around the disc as discussed

earlier. The second is the time duration requires to scan the voltammogram. That said,

when increasing the scan rate and reducing the time scale, a fast desorption for the surface

can operate without reaching a low coverage that could limit the desorption.

The observations can be studied by examining two different scan rates for particular

adsorbing/desorbing rate constants. Figure 11 compares CVs in σ = 10 (figure 11a) σ = 100

(figure 11b) of a ’non-active surface’ and an ’active surface’, where K0, K1 equals to 100

and 1000 (figure 11a summarizes certain voltammograms showed previously in figure 6) .

Additionally, concentration profiles for species A in both scan rates, as well as extreme cases

of fast scan rate (σ = 625) and very slow scan rate (σ = 0.2) , along Z=0 around the

potential of oxidation and reduction peaks are provided in figure 12.

The result in figure 11 for the case where K0, K1 = 100 clearly shows that higher scan

rate results in a greater compensation of species A flux from the adsorbing surface and

alteration of the current significantly. The concentration profiles of the forward scan at

figure 12 imply again that only the very close sites to the electrode are the dominant, since,

even-though the averaged concentration along the surface is higher relative to the case of

slower mass transport (broader diffusion layer), the greater concentration gradient close to

the disc causes a larger alteration of the current via desorption of A species from the inner

side of the surface. It can bee seen that the concentration profiles of the very fast and slow

scan rates also follow the this trend.

It was shown above that for σ = 10, when K0 or K1 are increased from 100 to 1000 the

current is reduced, since in this case, the surface coverage gets to very low values that limits

the desorption from the surface towards the electrode. However, when increasing the scan
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rate from 10 to 100 figure 11b, the surface does not reach the limitation of low coverage in

the shorter time scale. As a consequence, the peaks get to higher values when K0 or K1 are

increased from 100 to 1000, and the relaxation of the current following the peak is moderated

in compare to the case of the lower scan rate (σ = 10).

The results also show that at σ = 100 and K0 = 1000 or K1 = 1000 the reduction peak

is increased. From examining the concentration profiles of the backward peaks of both scan

rates, it suggests that in the reverse scan, a significant higher concentration values of species

A are observed in the solution adjacent to the disc for faster scan rates. These high values

arise from the large desorption occurring during the CV, leading to the concentration of

species A even in excess of the initial concentration (12). The latter shifts the reversible

electrochemical reaction further to the reduction side. It is worth mentioning, that from

examination of the concentration profiles of the extreme cases (very fast and slow scan

rates) at R = 0.1, we can see the importance of choosing very small finite differences (δR) at

the edge of the electrode to obtain stable calculations in very large concentration gradients.
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a) b)

Figure 11: Comparison of two scan rates in CV Measurement on disc electrode surrounded
by a reversible adsorption surface. (a) Voltammograms at σ = 10 and various K1 and K0.
(b) Voltammograms at σ = 100 and various K1 and K0. γ = 100 for both (a) and (b). Other
conditions: Rs/Rd = 10, DA = DB = 1.

Figure 12: Concentration profiles of specie A on Z=0, at σ = 10 (blue lines) and σ = 100
(black lines), and also on extreme cases of σ = 0.2 and σ = 625. The profiles were taken in
the forward oxidation peaks (solid lines) and backward reduction peaks (dashed lines). The
CV simulations were carried out under the following conditions: K0 = 100 and K1 = 100,
γ = 100. Other conditions: Rs/Rd = 10, DA = DB = 1.
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Finally, we can generalize the influence of the scan rate on the voltammogram in a system

with a disc surrounding a reversible adsorbing surface. Figure 13 shows CVs of an ’active-

surface’ and ’non-active surface’ over a range of scan rates (σ = 0.2 − 625). The results

show different stages of the voltammogram shape that evolves when changing the scan rate

with an ’active surface’ . At very low scan rate (figure 13a), the effect of the surrounding

surface on the voltammogram is negligible due to the slow mass transport towards the disc

electrode. Increasing the scan rate to an intermediate values (figure 13b-c) causes a peak,

due to desorption of species A from the ’active surface’. This is in contrast to the steady

state shape expected from the voltammetry on a microdisc electrodes. Further increase of

the scan rates (figure 13d-e) results in another alteration of the voltammogram; in the case

of an ’active surface’ this stage is characterised by a significant increasing of the current and

the voltammogram shape transforms to a steady state behaviour, as oppose to a transient

behaviour observed in the ’non active surface’. This is due to the domination of the fast

desorption of species A towards the disc electrode. At high scan rate (figure 13f), the

desorption from the surrounding surface at these constant rates, is limited by the very fast

mass transport occurs on the disc, and the transient behaviour of the voltammogram starts

to evolve and then dominate the shape of the voltammogram.
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Figure 13: CVs of an ’active-surface’(black curves) and ’non-active surface’ (red curves) in a
range of scan rates: (a) σ = 0.2 , (b) σ = 1 ,(c) σ = 5 ,(d) σ = 25, (e) σ = 125, (f) σ = 625 .
The CV simulations for the ’active surface’ were carried out under the following conditions:
K0 = 10 and K1 = 100, γ = 100. Other conditions: Rs/Rd = 10, DA = DB = 1.
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Conclusions

We have shown that an adsorbing surface adjacent to the disc electrode can provide an

enhancement of the voltammetry signal. This may be useful analytically but the current

enhancements are limited because of the need for the both high surface coverage and fast

desorption kinetics. It was specifically observed that desorption to adsorption rate ratio

(Keq) should be close to unity in order to achieve maximum enhancement of the signal.

The results shows that only the close sites to the electrodes dominate the surface response,

and thus it implies that even a very thin coat of disc electrode can strongly effect the

measurement. It can be suggested that in modified electrode surfaces, as discussed earlier

in figure 1, the most important sites are those near the edge of the disc electrode where the

current density is much higher due to the edge effect of transport towards finite disc. Equally

the benefits of greatly increasing the thickness of modifying layers becomes progressively less

the greater the thickness, tending to zero for thick coats.

Finally, the scan rate parameter was shown to have a dramatic influence on the behaviour

of the adsorbing surface, and the voltammetry shape can vary from transient to steady state

shape in dependence on the surface kinetics and coverage. The easy variation of the scan

rate parameter in experimental systems can therefore give information about the kinetics of

the surface and the ability to achieve efficient signal enhancement.
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