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Abstract—Due to the need for a rigorous mathematical model
that can help to estimate kinetic properties for soluble-insoluble
systems, through voltammetric experiments, a Nicholson Semi
Analytical Approach was used in this work for modeling and
prediction of theoretical linear sweep voltammetry responses for
reversible, quasi reversible or irreversible electron transfer reactions.
The redox system of interest is a one-step metal electrodeposition
process. A rigorous analysis of simulated linear scan voltammetric
responses following variation of dimensionless factors, the rate
constant and charge transfer coefficients in a broad range was studied
and presented in the form of the so called kinetic zones diagrams.
These kinetic diagrams were divided into three kinetics zones.
Interpreting these zones leads to empirical mathematical models
which can allow the experimenter to determine electrodeposition
reactions kinetics whatever the degree of reversibility. The validity of
the obtained results was tested and an excellent experiment—theory
agreement has been showed.

Keywords—Electrodeposition, kinetics diagrams, modeling,
voltammetry.

I. INTRODUCTION

INEAR sweep voltammetry (LSV) is among well-known

electro-analysis methods that played a great role to obtain
a clear view about kinetics, thermodynamics and mechanisms
of electrode reactions [1]-[3]. The technique consists to
measure the electrons flow through an electrochemical system
after applying linear sweep signals in time to an electrode. The
essential LSV information for electrode reactions is generally
registered as a peak in the current signal.

It has become widely accepted that, a simple
visual inspection of typical voltammetric peaks is helpful, but
it is often not enough to probe the physics and chemistry at the
electrode-electrolyte interface. However, to overcome this
issue, several simulation approaches have been employed to
predict how an electrochemical system will respond under
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voltammetric conditions [4].

Electrochemical systems, with soluble-soluble, insoluble-
soluble redox couples, were extensively studied [5]-[7]
through voltammetry techniques and several general
mathematical models describing LSV responses for these
systems under different conditions are available. While there
have been relatively few attempts to investigate theoretical
LSV responses in the case of soluble-insoluble phase
transitions and any general equation models exist for this
systems especially under quasi reversible conditions [5], [6].

In this paper, we extend the work in [8] to the problem of
LSV, case of metal deposition reactions. We use a semi
analytical approach. We begin by deriving an equivalent
expression to the current and then show the characteristics of
LSV responses for reversible, quasi-reversible and irreversible
cases. And finally we provide to experimentalist a general
strategy to extract directly the kinetic parameters from LSV
data whatever the degree of the reversibility.

II. LSV EXPERIMENT PROTOCOL

For LSV experiment, the system of the reduction of Cu(I) in
organic solution was studied, a copper disk of 2 mm diameter
was used.

The electrolyte consisted of a mixture of given
concentrations of [Cu(CH;CN)4|BF, as a copper source, 100
mM tetracthylammonuim tetrafluoroborate (TEABF4) as a
supporting electrolyte, and acetonitrile as a solvent. Further
experimental conditions used in this paper are given in [7].

III. EQUATION GOVERNING THE SYSTEM

In the present work, our attention focused on single step
electrodeposition reaction. Thus, a soluble-insoluble system of
metallic ions Mn+ and metal M couple could be represented
as:

M™ (sol) + ne” = M(s) 1)
Upon neglecting migration and convection contribution, the

problem of the mass transport of metallic cations in Cartesian
coordinates can be described with the Fick's differential law:

Cyp (1) _ 5 F°Cp (X,1)

at S @

It’s necessary to define a set of initial and boundary conditions
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to solve the above differential partial equation. These
conditions are as:

t=0,C,.(x,0)=C". 3)
X—0,C . (0,t) = C*M"* 4)
oC .. (xt
SolO_ 5 | Cw D 5)
nFA M OxX o

Equation (1) is assumed to be a simple charge transfer
controlled reaction, so that the electrochemical kinetic in the
present paper is described by Butler-Volmer equations that
links the variables for current, electrode potential and
concentrations as:

(1) = nFAkO[CM (O,t)exp(m(E(t)_E")j_

RT
C,.(0,t)exp (%( E(t)-E° )H

The electrode potential was swept in the negative direction:

(6)

Et)=E -t 7
where V is the scan rate and t is the time.

IV. COMPUTATION

We solved the coupled electrochemistry and mass transport
system described by (2)-(7), using the semi-analytical method.
We employed a four-step approach for solving this: first, we
solved the ion transport problem by Laplace transformation,
then substituted the solution into Butler-Volmer relation,
converted the LSV parameters into a non-dimensional form
as:

The dimensionless initial potential is expressed as follows:

. nF
Init =—(E, - E") (3)
RT
The Dimensionless applied potential:
nF
@ =—(E(t)-E°) = Init—ot ©)
RT

The dimensionless scan rate:

o=E, (10)
RT

The dimensionless kinetic rate constant [5]:

oo K (11)

1/2
o0° (ﬂDanj
RT

and we finally solve the resulted equations system
numerically, and thus, we define the final solution as:

. =A%
I(t)=nFAC’, . (zD,.)" (ﬁj ¥ (ot) (12)

V.RESULTS
A. Qualitative Analysis of Calculated Voltammograms

1. Reversible Charge Transfer

In Fig. 1, we present our first results for the case of
reversible charge transfer in which the dimensionless peak
current is equal to —0.610, and we compared it with the
analytic solution of Berzin and Delahay [8], an excellent
agreement is found between the two for the values of the
dimensionless parameters o = 10* and a = 0.5.

Dimensionless current

-35 -30 -25 -20 -15 -10 -5 0
Dimensionless potential

Fig. 1 Linear sweep voltammogram simulated for fully reversible
charge transfer (w = 10* and o = 0.5)

2. Quasi-Reversible Charge Transfer
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Fig.2 Linear sweep voltammograms for quasi-reversible charge
transfer produced for (from right to left) w = 100, 10, 1.0 and 0.1 and
a=0.5

Now we consider the case of quasi-reversible charge
transfer for which there is no known solution. We varied the
dimensionless rate constant, ®, in the range of [100-0.1] with
a equal to 0.5. These are the same parameter values as used in
[9]. The results produced are shown in Fig. 2, in which we
remark that a decrease in the rate constant leads to a
diminution in the height of the peak current, an increase in the
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peak width, and a displacement of the dimensionless peak W (0.8110:0'5 _1)
potential towards more negative values. o =1+ (12)
_ (#) X —(-0.528a - 0.099)
3. Irreversible Charge Transfer oY 1+exp 04770
T 0
E -0.1 - ( 1
E 1.857a -0.770
2 02 —A®,,, =0.770+ X (0557 o)m) (13)
= 0358 A+0O>»7a )
§ o] L+exp { 0.4450""° }
g 05
E o6 |
S o7 , ‘ : Each of these fit models enables voltammetric
-35 -25 -15 5 5 quantification of the electrode kinetics from simple

Dimensionless potential

Fig. 3 Linear sweep voltammograms for totally irreversible soluble-
insoluble system with @ = 10~ and a = 0.5

For a value of the rate constant equal to 107, the
dimensionless peak current passes through a maximum of
0.350, in absolute value, and the LSV responses exhibits an
irreversible character.

B. Quantiitative Analysis of Calculated Voltammograms

1. Kinetics Zone Diagrams

In order to provide a general, simple and direct strategy to
diagnose the type of metal deposition reactions and to
calculate their kinetic parameters, we have constructed three-
dimensional diagram. In each diagram we show how the
variation of both; the dimensionless kinetic rate (®) and the
electron transfer coefficient a shift the system from reversible
to irreversible zone through controlling the corresponding
changes, first in the magnitude of the peak current (Fig. 4 (a)),
after in the peak shape (Fig. 4 (b)) and finally in the peak
position (Fig. 4 (c)).

For log ® > 3, we remark that all peak parameters are
independent of the values of the charge transfer coefficient
and the dimensionless kinetic rate constant, so that, from this
value, we define the limits of reversible deposition reactions
zone. In the regions where -3 < logo < 3, marked changes in
the various peak parameters as a function of both log ® and o
are produced, so that the system approaches the quasi-
reversible limit according to Matsuda and Ayab diagnostic
criteria [9]. While, in the case of small values of rate constant
(logw < -3), the soluble insoluble system responds in
irreversible manner, characteristics of these are the magnitude
of peak current and half peak width takes specific values at
specific values of a while the peak potential continues to
decrease linearly as the function of decreasing the rate
constant.

2. Mathematic Models

As Figs. 4 (a) and (b) are sigmoidal in shapes, fitting data
yield to the following general models:

examination of an experimental linear sweep voltammograms
whatever the degree of reversibility, provided that the value of
a is known or can be estimated accurately. Note that the
diagram represented in Fig. 4 (c) was well fitted by [5] to
linear models and this is beyond of this paper.

C. Validation

The Cu deposition electrochemical system is chosen to
compare with our theoretical models. According to [10], the
Cu system is a one step, one-electron transfer reaction:

Cu'+e™ — Cu(0)

su=02
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Fig. 4 Kinetic zone diagrams: (a) variation of the peak current ratio,
W /(¥ ey as the function of the dimensionless rate constant where

(¥ ) is the reversible dimensionless peak current; (b) variation of
p/rev

the peak shape through the half peak width changes,

AD LU

)2 = _T (E]D - Ep/z), as the function of the rate constant; (c)

variation of the cathodic peak position » — E(E —-E,)-asa
P P eq
RT
function of rate constant

Fig. 5 (a) illustrates linear sweep voltammogram curves
recorded at various scan rates for electrodeposition of Cu(I) on
Cu disc electrode from
tetrakis(acetonitrile)copper(l) tetrafluoroborate in acetonitrile.
As we increase the scan rate, v, from 0.01 to 2 V/s, we observe
a general increase in the magnitude of the LSV responses and
slight peak potential shift.

In the present paper, the diffusion coefficient was calculated
by the direct application of semi-integration technique and the
obtained value is in good agreement with the values
previously reported in literature [11], while the charge transfer
coefficient was determined by application of Tafel analysis on
the typical voltammetric current recorded at 100 mV/s, and
then the rate constant was calculated using models presented
by (12) and (13), which indicated a quasi-reversible behavior.
Thus to demonstrate the accuracy of our models, an example
of voltammogramm (Fig. 5 (b)) was simulated by using the
calculated parameters illustrated in Table 1. Likewise, The
kinetic of the Cu(I)/Cu(0) system was analysed at all scan
rates. The use of (12) and (13) yields average values of the
standard rate constant kO (cm/s):  4.86(+0.68)x107,

4.63(£0.22)x107, respectively.

TABLE1
KINETIC-MASS TRANSPORT PARAMETERS FOR CU(I)/CU(0) REDOX COUPLE

a kO[IO_5 em s 1

Deuay [10’9m2 s

Cu(T)/Cu(0
uS( )t uo) . . Kinetic diagrams
ystem Semi -integration  Tafel 12) (13)
1.75 0.82 3.835 4.99

10.25 mM of

000 - 2)
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EXP.LSV

wesseeees Simul.LSV (eq.12)
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Fig. 5 (a) Typical LSV curves of electrodeposition of Cu(I) on Cu
disc electrode from 10.25 mM of tetrakis(acetonitrile)copper(Il)
tetrafluoroborate in acetonitrile at various scan rates; (b) Comparison
of simulated LSV responses with experimental data recorded at 100
mV/S using fit models presented by (12) and (13); parameters used
for simulation of linear sweep voltammograms are illustrated in

Table I

VI. CONCLUSION

LSV responses were first calculated under reversible, quasi
and irreversible conditions using the well-known method of
Nicholson, the semi analytical method. After that, series of
Kinetic zone diagrams illustrating the different observable
voltammetric behaviors as a function of both kinetic rate
constant and charge transfer coefficient were established and
presented in this paper. Fitting these diagrams leads to general
models that permit to experimenter to estimate easily the
kinetic parameters whatever the degree of reversibility. Our
LSV models are tested and gave a good agreement.

NOMENCLATURE

Concentration of the metal M
Concentration of the metallic ions Mn+
Diffusion coefficient of metallic ions Mn+

Electroactive surface area
Faraday’s constant
Universal gas constant
Absolute temperature
Standard rate constant

Current
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E (t) Electrode potential

E Initial potential

E 0 Standard potential

Charge transfer coefficient
1-a Anodic charge transfer coefficient

Dimensionless current

S

n=nF/RT(E-E,)

Dimensionless overvoltage :
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