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Because of the fact that real measurements are sometimes described in terms of the (formal) scan rate, the
functional relationships between this parameter and the peak current in staircase (SCV) and square-wave
voltammetry (SWV) were investigated theoretically. The real SCV peak current is proportional to the
square-root of the formal scan rate, , and inversely proportional to AE®%*': —i, =0.1453nFSc;(D/
)2 AE~%9541 In SWV of a reversible electrode reaction the net peak current depends primarily on the
frequency, while the influence of the formal scan rate is of minor importance: Ai, = nFSc;,D"*(0.7339f"
+0.0026 AE®31184/%) On the other hand, in SWV of a totally irreversible electrode reaction, the real net peak
current is a stronger function of the formal scan rate: Ai, = 0.0942nFSc;, D* AE~*'! ¢*. Experimental results,
obtained in perchlorate solutions of Eu3*, are in relatively good agreement with the theory.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The main characteristic of modern voltammetric techniques is a
stepwise change of the electrode potential [1]. A staircase potential
- time waveform is a basic signal to which potential pulses are
superimposed in pulse, differential pulse (DPV) [2] and square-
wave voltammetry (SWV) [3]. The staircase excitation signal is de-
fined by the potential step increment, AE, and the step duration, .
These two independent variables define a formal scan rate, v= AE/|
7. The staircase current response depends also on sampling param-
eter, y, which is the fraction of step at which the current is mea-
sured (0<7y<1) [4,5]. It is well known that the variation of the
scan rate with following of the resulting signals is an important
method in investigation of mechanisms of electrode processes,
especially in the linear scan voltammetry, LSV [6,7]. More pre-
cisely, (apparent) reversibility depends on the time scale of exper-
iment, i.e. on the scan rate in LSV or cyclic voltammetry. Therefore,
appearance of a redox process can be changed from reversible to
quasireversible by increasing the scan rate. However, it is generally
accepted that, unlike the scan rate dE/dt in LSV, the formal scan
rate is not a meaningful parameter in staircase voltammetric
(SCV) [4] and square-wave voltammetric experiments [8] because
there are many combinations of AE and t, (or frequency, f) which
can give the same particular value of v while at the same time dif-
fering in the current response. Furthermore, the characteristic time
of SWV experiment depends only on frequency and not on v=f AE
[9]. Nevertheless, some authors quote the scan rate as a relevant
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parameter in description of SWV [10,11] or even DPV experiments
[12].

In a number of studies the effects of variation of AE, 7, and y on
the SCV current response were investigated in order to find the
conditions under which it is the same as in LSV for a wide variety
of mechanisms [4,5,13-17]. Also, there are many papers in which
the effect of kinetic («) and experimental parameters (e.g. AE,
Esw, f) on the square-wave voltammograms have been investigated
[3,8,9,18,19]. However, little is known about the influence of for-
mal scan rate on peak currents in SCV and SWV. In this communi-
cation, the functional relationships between the peak current and
formal scan rate (in both techniques) are investigated by numerical
simulation of simple, reversible and totally irreversible electrode
reactions. The value of potential step increment was changed from
0.1 to 10 mV, and from 0.1 to 30 mV in the case of SCV and SWV,
respectively. Some results were compared with experimentally ob-
tained relationships.

2. Experimental

All solutions were prepared from the reagent grade chemicals
and water purified in a Millipore Milli-Q system.

Square-wave voltammograms were recorded using a static
mercury drop electrode PAR 303 (Princeton Applied Research) at-
tached to a pAutolab System (Eco Chemie, Utrecht). Platinum wire
served as a counter electrode whereas all potentials were given
with respect to the saturated Ag/AgCI(NaCl) reference electrode.

Before recording each new set of voltammograms, the solution
in the polarographic cell was deaerated with high purity (99.999%)
nitrogen for 15 min. The room temperature was kept at 25 °C.
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3. The model

A simple, reversible reaction on the stationary, planar electrode
was considered:

Ox +ne” = Red (1)

It was assumed that both the reactant Ox and product Red were sol-
uble in aqueous electrolyte solution. For semi-infinite linear diffu-
sion the following system of differential equations and boundary
conditions has to be solved:

OCox _ 82Cox_ acred _ azcred
o~ ox2 ot D Ox? )
t=0, x>0 Cox =Coys Crea =0 (3)
t>0, x— o0 Cox — Chyy  Crea — 0 (4)
o . acox _ 8Cred _ _L
=0 D( ox >x:07 D( ox >x:0_ nks )
(COX)X:0 = eXD(‘P) ' (Cred)x:l) (6)

The application of the Feldberg’s finite difference approximation
[20] to Eq. (5) gives the expression:
cox(1) —cox(0) _ cred(1) — cred(0) i

Ax B Ax ~ nFSc; D @

2 2

where symbols cox(0) and cred(0) denote the concentrations of Ox
and Red species immediately at the electrode surface, respectively,
while the symbols cox(1) and cred(1) correspond to concentrations
of Ox and Red species in the middle of the first space increment.

Introducing Eq. (7) into Eq. (6) yields the expression for the
“operating” dimensionless current:

int 3
nESc, Ax ~ “1+4e¢

[cox(1) — e®cred(1)] (8)

where dd = DAt/Ax?> =0.4 is a dimensionless diffusion coefficient,
Ax and At are the space and time increments, respectively,
¢ =nFE — E°)RT is dimensionless potential and n is the number
of electrons. The meanings of all symbols are given in the Table 1.

The dimensionless SCV current was calculated by using
At =1/250 and multiplying Eq. (8) with 5v/107/vdd, where
T = AE/v is a stair-case period:

@ = iy/7T/(nFSc,, VD) (9)
The similar expression for the dimensionless SWV current was
obtained by using At = t/25 where t=1/2f (i.e. each square-

wave half-period is divided into 25 time increments) and multiply-

ing Eq. (8) with 5v2/Vdd:

@ = i/(nFScy,\/Df) (10)
In case of totally irreversible electrode reaction (i.e. slow charge

transfer: Ox + ne~ — Red), the mathematical formulation includes
Egs. (2)-(5), but the Eq. (6) must be substituted by:

i/nFS = —k; eXp(—0¢)(Cox)x_o (1)

where ks is the standard rate constant and o is the cathodic transfer
coefficient. In this case, the following SW dimensionless “operating”
current is obtained:

iAt K-e - cox(1)
nFSc, Ax pLKe (12)
2dd

where Kk = A-/dd/5v2 and / = k;/\/Df is a dimensionless kinetic
parameter. Again, multiplying this expression (Eq. (12)) with
5+/2/+/dd, the dimensionless SWV current is obtained (Eq. (10)).

Table 1
List of symbols.
Gox Concentration of the reactant
Chx Bulk concentration of the reactant
(Cox)x=0 Concentration of the reactant at the electrode surface
Cred Concentration of the product
dd Dimensionless diffusion coefficient
D Diffusion coefficient
E Electrode potential
Est Starting potential
E° Standard electrode potential
e SW amplitude
f SW frequency
i Current
n Number of electrons
F Faraday constant
R Gas constant
S Electrode surface area
ks Standard rate constant
t Time
tint Integration period
At Time increments
T Absolute temperature
v Scan rate
X Space coordinate
Ax Space increments
AE Potential step increment
D Dimensionless current
D, Dimensionless SCV peak current
AD, Dimensionless SWV net peak current
o Cathodic charge transfer coefficient
7=ks (Df) 12 Dimensionless kinetic parameter
T Step duration
y=[1+(1 - tine/7)]/ Sampling parameter
2

4. Results and discussions
4.1. Staircase voltammetry (SCV)

The theoretical treatment of SCV for the reversible system was
presented by Christie and Lingane [13], more than 40 years ago. In
the meantime SCV and LSV were compared (theoretically and
experimentally) in many papers. They presented a combination
of experimental (e.g. AE) and sampling () parameters which gave
equal voltammograms in SC and LS voltammetry [4,14-17,21]. On
the other hand, little is known about the effect of scan rate on the
SC peak current. According to Christie and Lingane, the peak cur-
rent depends linearly on t~"/2 and approximately linearly on AE"/
2[13].

In this paper, the influence of the formal scan rate on dimen-
sionless peak current, @, was tested theoretically by changing
the potential step increment, AE, for reversible electrode reaction
(1). In the first type of calculations, the current was measured at
the end of each step (y = 1). The effect of AE on the dimensionless
SCV peak current is presented in Fig. 1A and 1B. It is shown that the
absolute value of dimensionless peak current increases with
increasing potential step increment (Fig. 1A). The circles are results
of numerical simulation and the interconnecting line is the best fit:
—®,=0.1453 AE*4*9, The precision of fitting procedure can be
seen in Fig. 1B, in which a linear relationship between dimension-
less peak current and AE®#4>® is shown. In a recently published pa-
per [22] the same dependence was described by an equation:
— @, =0.4463/(1 + 0.375X%>2), where X =nFAE/RT. At first glance
it does not seem to be in agreement with our results. The point
is that @, in comparison with Eq. (9), was defined in a somewhat
different way. The values from Fig. 1A, however, could be perfectly
fitted (R =1.0000) by a function of this type (—®,=A/(B+ CAEP),
although the constants (and their physical meanings) differ signif-
icantly from those in the literature example. The resulting curve,
with D = —0.503 is given in Fig. 1A by a red line.
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Fig. 1. Dependence of the dimensionless staircase voltammetric (SCV) peak current
on potential step increment, AE, (A) and on AE®#4%° (B). The best fit of calculated
data (@) to theoretical function — &, = 0.1453 AE®***9 is given (black line) together
with the best fit to the function —®, = A/(B + CAEP) (red line). The current sampling
fraction y = 1, the initial potential Es; = 0.3 V vs. E® and n = 1. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

By introducing Eq. (9) into the current function: —®,=0.1453
AE®4%59 we observe that the real SCV peak current is proportional
to the square-root of the formal scan rate and inversely propor-
tional to AE®0>41;

—i, = 0.1453nFSc;, \/D/7y/VAE %% (13)

where v= AE/7. Eq. (13) applies for the constant AE and variable
step duration. If AE is varied and 7 is constant, the peak current
can be expressed as a function of these two variables:

_ip O( AE0.4459,L.—0.5 (]4)

In SCV experiments the current is integrated during a certain
interval at the end of each potential step and the average current
is reported:

1 /7
i=— idt (15)

Lint Tt
where ¢, is the integration period. Considering Eq. (9), the average
current is defined by the following equation:

i=2kd(VT — VT — b )iy (16)

where k = nFSc,,/D/m and @ is a certain function of electrode po-
tential. By multiplying both numerator and denominator in Eq. (16)

by (VT + /T — tinr) ONe obtains:

ke

i=—— 17
NG an
14y/1- 0

P (18)

The sampling parameter y decreases from y =1, for tj, =0, to
7y = 0.5 for ti,; = 7. This procedure was simulated by the summation
of dimensionless currents during the last m time increments of
each pulse and by calculating the average dimensionless current:
¢ = Lo (19)

The period of integration was changed from ti,/T = 0.02 to
tine/T = 0.4, which corresponded to the variation of y from 0.995
to 0.887, respectively. Fig. 2 shows linear relationship between
the average dimensionless SCV peak current and the reciprocal of
the sampling parameter:

—®=0.2681+ 0‘1332% (20)

If y = 1, the average peak current is equal to 0.4013, which is the
value of instantaneous peak current corresponding to AE =10 mV
(see the last point in Fig. 1A).

The current-sampling procedure has no significant influence on
the relationship between the real SCV peak currents and the poten-
tial step increment. Fig. 3 shows the dependence of the average
dimensionless SCV peak currents on the potential step increment
for three integration periods. These relationships can be described
by the following functions: —®, = 0.1453AE>**" for t;,,/t = 0.04,
—®, = 0.1461AE*®Y for tin/t=0.2, and —®, = 0.1473AE**% for
tint/T = 0.4. For the last integration period the real peak current de-
pends on the square-root of the formal scan rate and on AE~%-9435,
So, the longer integration period is, the smaller is the difference be-
tween the staircase voltammetry and linear scan voltammetry.

4.2. Square-wave voltammetry (SWV)

The influence of the formal scan rate (v=f AE) on the dimen-
sionless net peak current, A®,, was tested by changing the step
increment, AE, for reversible and totally irreversible electrode pro-
cesses. The dimensionless current was calculated at the end of each
SW half-period using Eqgs. (8) and (10), and A® >0 was arbitrary

0.420

0.416 -

0.412

0.408 -

0.404 1

0.400 T T T T T T
1.00 1.02 1.04 1.06 1.08 110 112 1.14

17y

Fig. 2. Dependence of the average dimensionless SCV peak current on the
reciprocal of the sampling parameter. The results of simulation are points and the
line is a linear relationship —®, = 0.2681 + 0.1332y~'. E = 0.3 V vs. E°, AE=10mV,
n=1.
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Fig. 3. Dependence of the average dimensionless SCV peak current on the potential
step increment for three times of integration: tin:/t =0.04 (a), 0.2 (O) and 0.4 (x).
The lines are the best fittings by the function y = a x°. All parameters are as in Fig. 2.

chosen for reduction reaction. (The consequences of current sam-
pling at different pulse fractions were described previously
[23,3].) The difference in potential of the forward and backward
pulses is 2Es,, = 100 mV.

Dependence of the dimensionless net peak current on the po-
tential step increment is shown in Fig. 4A and 4B for reversible
electrode reaction (1). The solid line in each instance is the best fit-
ting curve. It is shown that for AE > 0.1 mV this relationship is a
power function:

A®, = 0.7339 + 0.0026AE*8118 21
p

Fig. 4B shows that the linear relationship between A®, and
AE®8118 exists in the wide range 0.1 < AE/mV < 30. The intercept
0.7339 is an extrapolation of the function (21) to AE=0mV and
has no physical meaning because A®, =0 for AE=0mV (see the
first point in Fig. 4A). However, for all practical purposes
(AE>0.1 mV) the dimensionless net peak current is defined by
Eq. (21). This offset is a reason that the influence of AE on the
A, is not significant. It was found that the value of A®, increased
by only 5% (from 0.7345 to 0.7741) with the increasing of AE from
0.1 mV to 30 mV. The intercepts of these curves depend on the va-
lue of SW amplitude, Ei,, as can be seen in Fig. 5. The relationships
in this figure are the following: A®, = 0.4407 + 0.0052AE%7*"* for
Eqw=25mV, AP, = 0.6374 + 0.0035AE"7"® for E, =40mV, and
A®, = 0.8787 + 0.0011AE*%?® for E,,, = 75 mV.

Introducing Eq. (10) into the current function (21) gives the real
net peak current as a function of frequency, the formal scan rate
and the potential step increment:

Ai, = nFSc;, v/D(0.7339+/f + 0.0026AE**''8 /) (22)

where v = fAE. The reason for this relationship is the regeneration of
the reactant by the reoxidation of the product during the backward,
anodic pulse. So, in the vicinity of the working electrode surface the
reactant is not exhausted by the slow scan rate as it is in staircase
voltammetry. This explanation is confirmed by the lack of the offset
in SWV of totally irreversible electrode reactions, in which there is
no reoxidation of the product.

The effect of AE on the dimensionless SWV net peak current, for
irreversible electrode reaction, is presented in Fig. 6A and 6B. The
dimensionless current was calculated using Egs. (12) and (10) for
2 =0.001 and « = 0.5. This value of dimensionless kinetic parameter
J corresponds to totally irreversible reaction (i.e. to the standard
rate constant k,=10">cms ' if D=10"%cm?s ! and a typical va-
lue of SW frequency f= 100 Hz is used). As can be seen, unlike in
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Fig. 4. Dependence of the dimensionless SWV net peak current on the potential
step increment for the reversible electrode reaction. (A) The best fit of the results of
simulation (@) to the theoretical function Ad,=0.7339+0.0026 AE®3''8 for
AE > 0.1 mV (—). (B) Linear relationship between dimensionless net peak current
and AE®8''8 The current sampling fraction is =1, E¢=0.3V vs. E°, n=1 and
Esw =50 mV.

0.2

0.0 T T T T T T
0 5 10 15 20 25 30 35

AEImV

Fig. 5. Dependence of the dimensionless SWV net peak current on the potential
step increment for three values of SW amplitude: E,,/mV = 25 (1), 40 (2) and 75 (3).
All other parameters are as in Fig. 4.

the reversible processes, the influence of potential step increment
on the net peak current is pronounced and A®,, increases consid-
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Fig. 6. Dependence of the dimensionless SWV net peak current on the potential
step increment for irreversible reaction. (A) The best fit of the results of simulation
(@) to the theoretical function A®,=0.0942 AE®3 (-). (B) Linear relationship
between dimensionless net peak current and AE®*°, The current sampling fraction
isy=1,E¢=03Vvs. E° n=1, Ey,=50mV, o =0.5 and /= 0.001.

erably with the small increase of AE. This dependence can be de-
scribed by the following function:

A®, = 0.0942AE**° (23)

This relationship was confirmed by real measurements, in
which reduction of Eu®* to Eu?* [24,25] was taken as a model
(Fig. 7).

The real net peak current can be interpreted as a function of the
formal scan rate:

Ai, = 0.0942nFSc;, vVDAE "' /v (24)

This expression is similar to the Eq. (5) given by Fatouros and
Krulic [26]. Although their result was originally written in a some-
what different form, it implies the dependence of the real peak cur-
rent on v'2?AE%% which is similar to our conclusion.

The expression (24) is more alike to SCV than to SWV of revers-
ible reaction, which indicates that the influence of formal scan rate
on the responses of these techniques originates from the develop-
ment of deep diffusion layer at the working electrode surface.
Experimental results, obtained with Eu®* in acidified 1 mol/l Na-
ClOy4, are in qualitative agreement with Eq. (24) (Fig. 8). The peak
current (measured at a constant value of the step potential and
gradually increasing SW frequency) is a linear function of #'/? but
the resulting straight line does not pass through the origin. The
intercept is without physical meaning, whereas its origin stays

(AE /mv)-30

70.0 0.5 1.0 1.5 2.0 25 30

if A

0 T T T T T
0 2 4 6 8 10 12

AE/mV

Fig. 7. Dependence of the real SW peak current on the potential step increment
(AE) and on AE®%*. Solution composition: 0.5 mmol/l Eu?*, 0.1 mol/l NaClO,,
0.01 mol/l HClO,. SW amplitude: 40 mV; SW frequency: 100s~".

0 5 10 1I5 20 25 30 35
(vimvsh?

Fig. 8. Dependence of the SW peak height on the formal scan rate for step
potentials of 2 (empty points) and 5mV (full points) at gradually increasing
frequency. Solution composition: 0.5 mmol/l Eu**, 1.0 mol/l NaClO,4 0.01 mol/l
HCIO,. Inset (A): a real SW voltammogram (recorded at f=10s"!, AE=2 mV and
Esw =40 mV) together with its components. Inset (B): the same voltammogram
(solid line) together with the simulated response (dashed line), based on the
experimental conditions and parameters determined at the frequency of 100s~!
(x=0.5,D=9x105cm?s™1).

unclear. Two lines that reflect measurements performed at two dif-
ferent step potentials and gradually increasing SW frequency show
that, for the same scan rate, the peak current obtained with
AE =2 mV is always higher than the peak current obtained with
AE =5mV, as follows from the upper expression. The difference
between the two values is, however, poorly pronounced (Fig. 8).
The experimental results (from Fig. 8) which do not confirm
theoretical predictions could reflect the higher electrode reaction
rate than assumed or perhaps the importance of spherical diffu-
sion. Components of the net current, recorded at the lowest SW
frequency (10 s~ 1), are not in agreement with the first assumption
(Fig. 8, inset A) indicating that the second possibility is more real.
Superimposed theoretical and experimental voltammograms are in
good agreement for f=100s~' (not presented here). At f=10s"1,
however, the real signal is significantly higher than the calculated
current potential curve (Fig. 8, inset B) when the latter is based on
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the experimental conditions (Es,, AE, f) and parameters (D, o) used
for simulation at the higher frequency. Moreover, the difference
between the peak currents of the experimental and calculated vol-
tammograms at f= 10 s~! is in a very good agreement with the va-
lue of intercept on the y-axis in Fig. 8. (0.34 vs. 0.37 pA for
AE=2mV).

5. Conclusions

In staircase voltammetry the gradient of reactant concentration
at the working electrode surface decreases with time during each
potential step, and its value at the end of the step continuously de-
creases from step to step until the end of the potential scan. So, the
thickness of the diffusion layer at the end of the scan is smaller if
the potential step increment is higher and the step duration is
shorter. This is the reason why the peak current depends on the
square-root of the formal scan rate. However, the proportionality
factor is a power function of the potential step increment, as can
be seen in Eq. (13), and this is the main difference between stair-
case voltammetry and linear scan voltammetry.

The formal scan rate v=fAE is not significant parameter in
square-wave voltammetry of reversible electrode reactions be-
cause mathematical expression of the net peak current consists
of two components, the first one being independent of the poten-
tial step increment. This is shown in Eq. (22). The first component
depends on the concentration gradients of the reactant and prod-
uct during the cathodic and anodic pulses, respectively. It is a func-
tion of the square-root of pulse duration only. Although the
reactant consumed in the cathodic pulse is recreated in the anodic
pulse, this process is not complete and there is a certain loss of
reactant after each pair of pulses. So, the diffusion layer develops
during the square-wave scan and its thickness is smaller if the for-
mal scan rate is higher. This is the origin of the second component
of the net peak current. The second component is dominant in
square-wave voltammetry of totally irreversible electrode reac-
tions because the reactants of these reactions are continuously
consumed at both cathodic and anodic pulses. So, the first compo-
nent vanishes (see Eq. (24)).

Our calculations show that in staircase voltammetry the influ-
ences of potential step increment and the step duration on the
peak current are not strictly reciprocal, which means that the for-
mal scan rate is not a single variable that determines the response.
Furthermore, in square-wave voltammetry of reversible electrode
reaction the net peak current depends primarily on the frequency,
while the influence of the formal scan rate is of minor importance.

There is, however, an essential difference between reversible and
totally irreversible electrode reactions regarding the influence of
the potential step increment, or the formal scan rate on the net
peak current in square-wave voltammetry.

Taking back to real experiments (which inspired us to perform
this study) it seems that much more measurements should be per-
formed in order to find the conditions under which some discrep-
ancy between the theory and practice appears and to find its origin.
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