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a  b  s  t  r  a  c  t

Theoretical  modeling  and  analyzing  of reversible  electrode  reaction  coupled  with  Langmuir  adsorption
is  presented  using  cyclic  reciprocal  derivative  chronopotentiometry  (CRDCP)  with  symmetrical  pro-
grammed  current  applied,  in which  the  finite  difference  method  was  firstly  used  to solve  the  boundary
value  problem  corresponding  to the  electrode  processes.  The  algorithm  described  in this  paper  is avail-
able  to solve  analogous  difference  equations  with  nonlinear  boundary  conditions.  Distinct  features  of
dt/dE–E curves  for  typical  models  of  electrode  processes  are  obtained.  If  the  adsorption  coefficients  of  the
electroactive  species  are  of  different  orders  of  magnitude,  the predominant  peak  splitting  of  the  dt/dE–E
curves can  be  observed,  corresponding  to  the  adsorption  peaks  and  diffusion  peaks.  The  sequence  of  the
diffusion  and  adsorption  peaks  can  indicate  the strong  adsorption  of either  reactant  or  product.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The adsorption of electroactive species on the electrode sur-
face is a prevalent phenomenon for electrode processes, and is
actually pivotal to the mechanisms of the electron transfer reac-
tions [1–5]. Thermodynamic and kinetic parameters of adsorption
process obtainable in electrochemical methods not only provide
information related to the adsorption properties, but also allow
understanding the microstructure of the electrode surface and
the adsorption layers at the solid/liquid interface [6–10]. There-
fore, special attentions have been paid to electrochemical studies
on adsorption processes involved in electron transfer reactions
[11–17].

In the early works, Anson, Bard and Murray et al. have resorted to
the use of chronopotentiometry to study the adsorption behavior of
electroactive species on the electrode surface [18–22].  Then, Wop-
schall and Shain carried out systematic theoretical study on the
stationary electrode polarograms for electrode reaction in the pres-
ence of adsorption [23]. Over the past four decades, both potential-
and current-controlled electrochemical methods have been devel-
oped to study electrode reactions complicated with adsorption

∗ Corresponding author. Tel.: +86 25 86205840; fax: +86 25 83317761.
E-mail address: bisp@nju.edu.cn (S. Bi).

processes (see Table S1 and references therein). Accordingly, dif-
ferent mathematical models were analyzed and so that, various
methods for determination of the electrochemical parameters were
proposed and adsorption mechanisms were then discriminated
[24–32]. As reported in the literature, a variety of mathematical
methods have been applied to solve the equations for analysis of
the adsorption behavior on the electrode surface. However, treat-
ments of the mathematical models in which diffusion conditions
complicated with adsorption isotherms, especially the non-linear
ones, were of mathematical complexity. Consequently, theoretical
derivations and analysis have been restricted to certain limiting
cases or only the approximate solutions were obtained even for
the basic reversible charge transfer reaction [24,33–36].

Cyclic reciprocal derivative chronopotentiometry (CRDCP)
[37–40],  derived from the classic chronopotentiometric meth-
ods (see Ref. [41] and references therein), is sensitive to the
adsorption species involved in electrode reactions [42–48].  In the
current-controlled techniques, the current depletion at the elec-
trode/solution interface is related to the variation of the electrode
potential, which is based on the surface concentrations of the
electroactive species. On the one hand, the balance area of the
potential–time (E–t) response indicates that the Faradic behavior
dominates the electrode process and thus, yields the extreme val-
ues of the dt/dE–E curves deduced from the reciprocal of the time
derivative of the E–t expressions. On the other hand, at both the
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Scheme 1. Schematic illustration of (a) the Nernst electrode reaction coupled with Langmuir adsorption and (b) successive symmetrical programmed currents applied,
referring to the literature [39,66].

beginning and end of the electrode process, the rapid change in
potential with time causes the near zero base line, while the charg-
ing effect of the electric double-layer may  slow down the rapid
change and raise the base line. The S-shaped E–t curves obtained
in ordinary chronopotentiometry [18,49] thus can be converted to
the peak-shaped curves, which provide well-defined electrochemi-
cal signatures and have higher sensitivity [50,51]. Furthermore, the
accompanied flux of the electroactive species involved in the elec-
trode processes coupled with adsorption and/or chemical reactions
divides the contribution of the applied current and consequently,
results in the perturbation of the E–t and dt/dE–E responses. Similar
to cyclic voltammetry (CV), CRDCP can also provide insight view
into the mechanisms of the charge transfer reactions occurring
at the electrode/solution interface, and possess distinct superior-
ity in both theoretical and experimental studies as an improved
current-controlled technique [52–54].

In this work, CRDCP with symmetrical programmed current
applied is extended to study the reversible electrode reaction
coupled with Langmuir adsorption. Finite difference method is
outlined and firstly used to solve the boundary value problem cor-
responding to the theoretical model of the electrode process under
current-controlled condition. dt/dE–E curves of six typical mod-
els of electrode processes with successive programmed currents
applied are simulated. The peak splitting observed in the dt/dE–E
curves is interpreted.

2. Theory and computation

Langmuir isotherm is the most common model used to describe
the adsorption equilibrium at the electrode/solution interface
[55–57]. The Langmuir parameters obtained in electrochemical
methods are related to the adsorption capacity, the adsorption
site of the adsorbent, the adsorbate size and its orientation on
the adsorbent surface, as well as the adsorption Gibbs free energy,
entropy and enthalpy [58,59]. Langmuir isotherm is often selected
in the theoretical modeling of various electrochemical processes,
such as electrosynthesis [60], electrocatalysis [61], electropoly-
merization [62] and the self-assembly monolayer [63] of the
adsorption process. In the experimental studies such as the cor-
rosion inhibition effect [64,65] and the adsorption remove of
heavy metal ions [59], Langmuir isotherm is also applied for data
fitting.

In a previous study, Molina’ group reported the application of
cyclic chronopotentiometry and CRDCP for the characterization of
the electrode reactions with the electroactive reactant and/or prod-
uct adsorbed obeying both Henry and Langmuir isotherms [44,49].
It was assumed for Langmuir adsorption, the system current was
spent only on the adsorbed molecular and correspondingly, the
theory was extended to study the electrochemical behavior of
the electrodes coated with electroactive molecular films [45–47].
In this work, we consider that the flux by both diffusion and

adsorption contributes to the charge transfer for electrode reac-
tion coupled with Langmuir adsorption, which contains non-linear
boundary condition. A more generalized model of the electrode
process is presented based on the following assumptions:

(i) The reversible electrode process considered is given by
Ox + ne = Red. The schematic of the electrode process and the
symmetrical programmed current applied of the form I1(t) = I0,
I2(t) = − I0, . . .,  Im(t) = (− 1)m+1I0 are illustrated in Scheme 1. For the
Nernstian featured process, the charge transfer rate is much faster
than that of the diffusion. Meanwhile, the rates of adsorption and
desorption of both Ox (oxidized species) and Red (reduced species)
are sufficiently rapid and adsorption equilibrium is always main-
tained. Consequently, the limiting step of the electrode process is
the diffusion rate; (ii) planar electrode is employed and the theo-
retical model follows one dimensional space system. The solution
remains unstirred throughout. Only Ox exists at the beginning of
the electrolysis, with the initial concentration noted by C∗

Ox; (iii)
adsorption of the solvent and the electric double-layer effect is
neglected; (iv) in general, competitive adsorption of Ox and Red
on electrode surface is considered and the Langmuir isotherm is
given by [9]

�Ox(t) = �Ox,sˇOxCOx(0,  t)
1 + ˇOxCOx(0,  t) + ˇRedCRed(0,  t)

(1)

�Red(t) = �Red,sˇRedCRed(0,  t)
1 + ˇOxCOx(0,  t) + ˇRedCRed(0,  t)

(2)

where Ci(0, t) (in mol  L−1) is the surface concentration (x = 0) of
electroactive species i (i = Ox and Red, respectively) at time t. � i(t)
(in mol  cm−2) is the surface excess and � i,s is the corresponding
maximum surface excess of species i and is in relationship with the
adsorption site of the electrode surface, the geometry of the adsor-
bent molecular and the adsorption orientation. � i,s depends on the
electrode potential, since in these cases the adsorption orientation
is affected by the potential applied [67,68]. The Langmuir adsorp-
tion coefficient ˇi (in L mol−1), which reflects the affinity between
the adsorbate and the electrode surface, is related to the adsorption
free energies. In fact, according to the assumption of the Langmuir
adsorption model, the Langmuir adsorption coefficient ˇi depends
on the energy and the surface state of the electrode, and therefore,
varies with the electrode potential [68,69]. In this paper, for math-
ematical feasibility, we  suppose that � i,s and ˇi is invariable at the
whole potential range.

The initial and boundary conditions describing the electrode
process are expressed by,

COx(x, t)|x=0, t=0 = C∗
Ox, CRed(x, t)|x=0, t=0 = 0 (3)

COx(x, t)|x→+∞ = C∗
Ox, CRed(x, t)|x→+∞ = 0 (4)

t > 0, x = 0 :
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