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Abstract

An analytical equation corresponding to a reversible EE mechanism in
differential pulse voltammetry is deduced. This technique is more suitable than d. c.
voltammetry in order to distinguish an EE process from a single E mechanism when the

formal potential values of both steps are close.
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1. Introduction

In spite of the interest of the study of electrode processes that occur with more
than one step, until now only numerical solutions have been proposed for the analysis of
an EE process in multistep potential techniques [1, 2].

In this work we deduce the analytical equation corresponding to the A//E
response for an EE mechanism in the double pulse technique differential pulse
voltammetry (DPV). To this end we have used the solutions previously deduced by us
corresponding to a multistep process in d. c. voltammetry [3, 4].

The equation deduced here is valid for DPV technique when the two
electrochemical steps are reversible and shows that the DPV technique is more suitable
than d.c. voltammetry in order to distinguish an EE process from a simple E mechanism

when the formal potential values of both steps are close. Furthermore, the DPV curve

tends to separate out into two peaks as amplitude pulse, fAE|, decreases. Thus, for
example, when |AE | =50 mV , two DPV curves appear when the difference between the
formal potential of both steps is AE” <-90 mV, whereas when |AE|=30mV this

separating appears for AE® <-80 mV.
When both steps give rise to two well separated DPV curves the expressions
corresponding to their peak currents and peaks potentials can be easily deduced from

the general equation given here.
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2. Theory

The scheme of an EE mechanism is given by
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where Ef' and n, (j=1or2) are, respectively, the formal potential and the number of

electrons transferred in step j.
In our study of the preceding process we will suppose that both charge transfer

reactions are reversible and that only species O, is initially present in the solution with
initial concentration ¢, . If planar semi-infinite diffusion to and from the surface of the

electrode takes place, then we have

8ic,(x,8) = 8,¢,(x,1) = b,¢,(x,) =0 (1)
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The subindex i refers to the species O, (i =1, 2 or 3) considered in scheme (I),

and D, is the diffusion coefficient of species O,.

The solutions of equations (1), i. e., the concentration profiles, obtained when a
constant potential E' is applied to the electrode during a time ¢,,i.e. 0<r<¢,, (d. c.

voltammetry with constant potential) are the following [3, 4]
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We have introduced the superindex I and I/ in the notation in order to distinguish

between the solutions corresponding to the application of potential E’ and those
corresponding to that of potential E” to the electrode (see below). In the above

equation, ¢, (0), ¢;(0) and c](0) are the surface concentrations of species 0,, O, and

O, respectively, which are independent of time, and are given by the expressions [3, 4]
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and the expression for the current at time ¢, is the following [3, 4]

I'(E' t,) = FA %{(nl +m, e —cf ()] nyyncl (@)} %)



If at time ¢, the potential is stepped up to another constant value £ ", which will
be applied during a time ¢, (0 <7, <t,), the boundary value problem corresponding to

differential equation system (1) is, in these conditions

7,=0, x20: eTey=cl(xn) i=1,2,3 (8)
7,>0, x oo (x> e1)=c, (x> 01)=¢] (x2,7,)=0 (9)
7,>0, x=0
i n n
D,(aiJ +Dz[ai1 +D{ai] =0 (10)
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with
nF i )
i =exp{§?(l'.”—bf )} j=1,2 (12)

As indicated above, the superindex II refers to the application of the second

constant potential E” .

By following the dimensionless parameters method [5], in order to solve
differential equations (1) with the boundary conditions (8)-(12), and supposing that

t, >>t,, we deduce, for the current corresponding to this second potential step E” , the

following expression
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In eq. (13), ¢/(0) and c;(0) are given by egs. (4), and ¢/ (0) and ¢! (0) are the
concentrations of species O, and O, at the electrode surface (x=0) during the

application of the second potential step £” , and which have the form

e (0) = Jl”;f‘fﬂ]"‘]‘
L4+ Yooy + 0507 J7 (14)
" _ C[q (0)
c2 (0) = JIH

In the DPV technique, the difference AE=E” - E' is kept constant and the

! is recorded versus E’ with the potential being scanned, for

response Al =1" -]
example, in the direction AE <0. This response can be obtained easily by subtracting

equations (13) and (7). Thus, we deduce

AT =[1"(E", —I'(E', Jt, -
el r')]F«‘LJIT. (1)

=(m +m) [ O -c' O]+ my, [} -c! (0]

and taking into account the expressions for the surface concentrations, ¢/ (0}.0{ 0,

¢/'(0), and ¢; (0) (egs. (4) and (14)) we deduce

AT mg nyaJiJ; —m, _ nYsdiJ; =m
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(16)
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3. Results and discussion

In Fig. 1 we have represented the response obtained in DPV with |AE I =50 mV
for an EE mechanism with »n =n, =1 and different values of the difference between
the formal potential of both electrochemical steps, AE? = EY — EP' (solid lines).

This figure shows that the two steps are perfectly detectable for very negative
values of AEO'(in this example if AE® £-90mV ) due to the apparition of two peaks.
For higher values of AE?, only one peak is observed, which shifts to more positive
potentials and whose peak current increases as AE? becomes more positive.

We have also represented in Fig. 1 the DPV curve for a simple E process with
two electrons (n = 2) (dotted line) by selecting the value of formal potential, £, equal
to that corresponding to the first step of the EE mechanism, EF'. Although in the case
of a simple E process we obtain one peak at the same potential as in an EE mechanism
with AE? =0 (i. e. Eg' = Elo'), the height of the peak is in this last case always smaller
than that for an E process. From this figure it can also be deduced that the peak height
of an EE mechanism is always lower than that corresponding to an E process if

AEY <90 mV. Therefore, in these conditions both processes are perfectly

distinguishable in DPV, even when the EE mechanism only presents one peak.

The peak height value corresponding to an E process with two electrons is given

by [6]

AIZR™ =2¢; tanh[iz%l] (17)

and is reached in the case of an EE process when AE? >90 mV . In these conditions,

although the peak corresponding to an EE mechanism is shifted to more positive
potentials in AE”/2 (ie. Efyy = Ef,q +AEY/2), it will not be possible to distinguish

both processes.

In Fig. 2 we show the I/E curve obtained in d. c. voltammetry for the same

cases as considered in Fig. 1. As can be appreciated in this figure both curves, that
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Fig. 1. Comparison of differential pulse voltammetry for a single step reaction with n=2
(dotted line) and for a two step reaction (EE mechanism) with different AE” (solid
lines, eq. (16)). m =n,=1,D,=10" cm’s™", T=298.15K, c; =1 mM, |AE|=50 mV .

The values of AE? (in mV) are on the curves
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Fig. 2. Comparison of d. c. voltammetry for a single step reaction with n=2 (doted line)

and for a two step reaction (EE mechanism) with different AEY (solid lines, eq. (7)).
m=n,=1,D, =107 cm’s", T=298.15K, ¢; =1 mM, |AE|=50 mV. The values of

AEY (in mV) are on the curves.
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Fig. 3. Influence of pulse amplitude, |AE|,on the differential pulse voltammograms for a
two step reaction (EE mechanism) with AE” =80 mV . The values of |AE| (in mV)

are on the curves. Other conditions as in Fig. 1.
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corresponding to an EE mechanism and to an E process with two electrons, always
present the same limit currents, and therefore both processes are difficult of distinguish
in this technique when the EE mechanism presents only one wave (AE® >—100 mV).
From the above, we can conclude that the DPV is more useful than d. c. voltammetry in

order to distinguish an EE process from a simple E mechanism.

In Fig. 3 the influence of pulse amplitude, !AE |, in DPV curves corresponding to

an EE process with AE” =—80 mV is studied. As can be deduced from this figure,

when the |AE[ value decreases the current decreases and the voltammogram tends to

separate out into two peaks. Thus, by acting on the experimental conditions it is

possible to detect at sight the existence of a two step process with DPV.,

When Eg' << EP'(Eg'—E{)‘ <-90mV) and |z&E| <50 mV the curves obtained

in DPV present two well distinguished peaks (see Fig. 1). In this case (stable

intermediate), the peak corresponding to the first charge transfer (whose formal
potential is EID') is that which appears at more positive applied potential values, for
which it is verified that E’and E” >>EY and therefore it is fulfilled
J4 and J3' — oo. The other peak is due to the second step of the EE process and is

located at applied potential values such that E' and E” <<E]" and thus

JlandJ" >0

By introducing these assumptions in eq. (16) for A/, two DPV curves are

deduced whose expression are given by

: 1 1
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From these equations it is possible to deduce the expressions for the potentials

and currents of each of the peaks, giving
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As is to be expected, these expressions are coincident with that obtained for two

independent E processes with », and n, electrons (see eq. (17)).

4. Final comments

An analytical expression corresponding to the reversible EE mechanism in the
double pulse technique DPV is deduced. This expression is applicable when the
intermediate species is stable (EE consecutive process) as well as when the intermediate
is unstable. In this last case, this technique is more suitable than the d. c. voltammetry

for detecting the presence of a two step reaction.
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Abstract

Theoretical expressions are presented which correspond to the response of
adsorbed molecules which exhibit a reversible or totally irreversible charge transfer in
Reciprocal Derivative Chronopotentiometry with constant current (RDC) and
Reciprocal Derivative Chronopotentiometry with exponential current (RDCE).

In spite of the fact that RDC enjoys an important role in the elucidation of
electrode processes, when this technique is applied to adsorbed molecules exhibiting an
irreversible charge transfer, peaks are not observed. Under these conditions RDCE turns
out to be more suitable than RDC. Furthermore, the use of programmed currents makes
the selection of an appropriate range of transition times easier than does the use of
constant currents.

Equations for the peak currents and peak potentials of the (dt/dE)/E and
(de®/dE)/E curves for reversible and totally irreversible process are given in order to

show the advantages of the use of the (de®’/dE)/E curve when an exponential current

time function is used.

Keywords: Recirprocal derivative chronopotentiometry, adsorption, programmed

current, irreversible processes.

Introduction

In the usual Reciprocal Derivative Chronopotentiometry with constant current
(RDC) [1-12], the reciprocal derivative (dt/dE) of the E/t curve obtained when a
constant current [ is applied is represented versus the potential. In spite of the greater
advantages of this technique, a serious disadvantage is observed when this technique is
applied to adsorbed redox molecules exhibiting an irreversible behaviour since, in these

conditions the reciprocal derivative chronopotentiograms do not present peaks.
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