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Abstract

We investigate stripping voltammetry using a semi-circular potential wave. Our results show that
the herein introduced method greatly amplifies the current compared to the conventional linear-sweep
method and can thus markedly increase the sensitivity of voltammetric stripping over linear-sweep
methods. The shape of the obtained voltammograms features a characteristic dependency on the

analyte formal potential which may be exploited to gain additional selectivity.

1 Introduction

Stripping voltammetry allows the detection of metals, metal complexes! and organic substances at
low concentrations? making it a valuable technique for trace analysis.? Methods can be categorized into
three types: anodic (ASV), cathodic (CSV), and adsorptive (AdSV). In this paper we focus on CSV,
which, computationally is equivalent to ASV. Both, CSV and ASV require a pre-concentration step where
the analyte is electrodeposited on the electrode surface by applying the appropriate potential for a certain
amount of time followed by the dissolution step.2* On the other hand, in AdSV, the analyte adsorbs on
the electrode surface via other physical or chemical interaction which may not involve a charge transfer
with the electrode.®® The analysis in all three methods is conventionally carried out by changing the
applied potential linearly with respect to time to either a negative or positive value depending on the

desired reaction: %

E(t) = vt + E(t = 0) (1)

The current response recorded via stripping voltammetry can be used to obtain analytical information

such as the identity of the analyte through the peak potential and its concentration through the peak
t10 and the charge under the curve.* Stripping voltammetry is generally regarded as a highly
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curren
sensitive metho with detection limits going as low as 107!°M in some cases.

We herein propose a new method for stripping voltammetry that enhances the sensitivity of detection
through the application of a semi-circular potential wave rather than the linear potential wave (1). It
is shown that the semi-circular potential wave increases the peak current and produces a characteristic
voltammetric curve for a given potential window and formal potential, and its shape changes with the

shift of the potential window. The increased current allows the determination of surface concentrations



and the characteristic curve is useful in identifying species of interest. We note that the classical system
would be one using a mercury film electrode, however, the herein introduced model can be extended to

similar systems with a conducting film.

2 Theory

In the following sections, a theoretical model for stripping voltammetry with a semi-circular potential
waveform is explained and dimensionless coordinates are introduced. Furthermore, we discuss the semi-

circular wave and give a discription of the simulation method employed.

2.1 Theoretical model

We investigate a one-electron electrochemically-reversible reduction of A to B where species A is

adsorbed to the electrode in a film of thickness d and B is in solution.

A (ads) + e = B (sol) (2)

As the system is fully reversible, it establishes a Nernstian equilibrium at the electrode surface at all

times: 2
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where F is the electrode potential, EJQ is the formal potential of the A/B couple, R, T and F' hold their

usual meanings, and ¢ and c¢% are the volume concentrations of species A and B at the electrode surface

3)

respectively. Here, since A is adsorbed to the electrode, its concentration is expressed in terms of a surface
concentration ¢ (mol em™2), which, divided by the film thickness d, gives the volume concentration %
at the electrode surface. Consequently, only the mass transport of B is considered which we model via

Fick’s second law in one dimension: 141°
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where Dp is the diffusion coefficient of B.

In order to simulate the given system, five equations must be considered. First is the Nernst equation
as given in Equation (3), which dictates the reaction at the electrode/solution interface. Second is the
diffusion of B as shown through Equation (4). We additionally need to consider, third and fourth, the
fluxes of species A and B and fifth the conservation of mass as expressed by Equation (5), (6), and (7),

respectively.
oc
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Ja=—JB (7)
ja is the reaction rate density of A in moles per unit per surface area [mol s~! m~2], the rate at which
the species reacts per surface area. For jg, the reaction rate density is equivalent to the flux density in
a normal direction away from the electrode surface.

Boundary conditions must be established to solve the diffusion equation. Initially, only A exists at the
electrode surface in which the concentration is assumed to be uniform within the film, and the solution

concentration of all species is uniformly zero across all space.

t<0,z2=0: ca=c5, cg=0

(8)

t<0, 2>0: ca=0,cg=0

As t increases, A is consumed and B is released into the bulk solution but the concentrations of both

species remain 0 at the outer boundary:
t>0, z—00: ca=0,cg=0 (9)

2.2 Dimensionless coordinates

Table 1 introduces the dimensionless coordinate transformations used in the simulation akin to those
reported in our previous works. ™ For this model, however, we normalize the parameters with respect to
the film thickness, d, rather than the electrode radius, €, and ¢ is the initial volume concentration of

species A on the electrode surface.

Table 1: Dimensionless parameters. 14

Parameter Normalization

concentration A Cy = % where ¢} = % att =20
concentration B Cp = zj

diffusion coefficient dp = g—g =1

spatial coordinate X=z

time T = Ddgt

potential 0= (4£5)(E- E} 4/0)

scan rate = (5—23) (%) v

current = ﬁ

Given the above transformations, we can write equations (3), (4), (5), (6), and (7) in dimensionless

coordinates as follow:

0o C4
Cg

e (10)



oCp  9*°Cp

or  0X2
oCY
Ja = 877:4 (12)
e
Jp =~ o (13)
Ja=—Jg (14)

where C% and C% are the dimensionless volume concentrations of A and B at the electrode surface
respectively. An important difference to note between the dimensional and dimensionless expressions is
the change in the concentration of A. The former is written in terms of a surface concentration whereas
the latter is written in terms of a volume concentration. As a result, the film thickness becomes irrelevant

to the simulation model.

2.3 Semi-circular potential wave

We apply the conventional linear wave and the semi-circular wave established in our previous work '

given as:

(1) = i\/‘A2 — [Cavg " (T = CTimaw))?| + Osnige (15)

where (7) is the dimensionless potential with respect to dimensionless time, 7, and A is the amplitude
of the wave, 04,4 is the dimensionless average scan rate, c is the fraction of the maximum time when
the centre of each semi-circle is observed, T,,q: = %, and Ospipr = Oavg — 9?}14/3. 49%14/3 is the
dimensionless formal potential of the A/B couple which is zero in accordance with the definition of the
dimensionless coordinate transformations. When running experiments, the key parameter to consider is
the Osp; ¢, which in dimensional terms is defined as Fgpife = Egpg — E? where Fq,4 is the average of the
potential window defined as Fqyg = M Thus Egpiyf¢ is the difference between the midpoint of
the potential window and the formal potential of the redox couple, and @ is its dimensionless form.
In contrast to the conventional linear waveform where the effect of varied scan rates is of interest, in
the semi-circular waveform method, we are concerned with the effect of the set potential window on the
current response as explained in later sections.

Figure 1 shows the two potential waves used; the light blue line represents the linear potential wave
and the green line represents the semi-circular potential wave, both centred at § = 0, i.e. O4p;r+ = 0, and
A = 20. The linear potential wave features a constant scan rate throughout the entire sweep as evident
from the figure, whereas the semi-circular potential wave exhibits different temporal scan rates with an
instantaneously infinitely fast scan rate at the mid-point of the potential wave. It is this latter feature

which offers the enhanced sensitivity.
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Figure 1: Linear and semi-circular potential wave graphs centered at 0 with an amplitude of 20. The linear potential wave shows a

constant scan rate throughout the duration of the sweep whereas the semi-circular potential wave shows the highest instantaneous
scan rate at § = 0 but rapidly decreases as the potential becomes further from 0.

2.4 Simulation via finite difference

The simulation was performed by solving the discretized dimensionless diffusion equation via the finite
difference method in C'++.'4 Plotting was done in Python using the packages NumPy and matplotlib.
Numerous tests'” were conducted by comparing simulated results with theoretical expressions where

available and through convergence tests.

3 Results and discussion

The following sections discuss the characteristic features arising from the application of a semi-circular
potential wave in CSV and their advantage in detecting analytes at low concentrations. All results are
reported for a dimensionless scan rate of ¢ = 10~* unless otherwise specified. ¢ = 10~* corresponds
to approximately v = 257 mVs~! assuming D = 1079 m?s~!, d = 107" m, and T = 298 K. Other
parameters include Af = 1074, w = 1.07, and h = 10~* which are used in the finite differences method
where A# is the difference in potential between each discritized time steps, w is the expanding factor used

for the expanding grid'®, and h is the initial difference between two points in the expanding spatial grid.

3.1 Effect of potential window shift [Sections 3.1 and 3.2 have been swapped|]

Based on the potential waveform, we can expect characteristic voltammograms from the semi-circular
method. [text deleted] The following section investigates how the voltammetric features depend on shifts
of the potential window chosen for the semi-circular potential wave.

Figure 2 shows four voltammograms recorded at different 6, values (defined in Section 2.3) where
Figure 2A is for Ospipe = 0, Figure 2B is for Opi5¢ = 5, Figure 2C is for 0sp;p = 10, and Figure 2D is
for Ogpire = 15. In all figures, the light line represents the result from the linear wave and the green line
represents the result from the semi-circular wave. We see that Figure 2A shows [text deleted] a broad
peak and a sharp peak [text deleted]. The voltammetric shape when 64+ = 0 is discussed in more detail
in Section 3.2. At a more positive O,4i: of 5 we see one big peak such as in Figure 2B, and then at a
more significantly positive 0sp; ¢, the sharp peak diminishes and only the broad peak is observable.

In 2B, the two peaks seen in 2A merge and the current response is much larger than that obtained
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Figure 2: Voltammograms plotted for various Osp;5¢ values. A corresponds to Ogpif¢ = 0, B corresponds to Ospif¢ = 5, C
corresponds to Ospif¢ = 10, and D corresponds to Ogpipe = 15.

from the linear wave. This can be understood as, at # = 5, the potential at which the infinitely fast
scan rate occurs coincides with the potential region where the broad peak is otherwise observed. In 2C'
and 2D only one peak is observed as well which features a different shape than the peak in 2B. Here,
the infinitely fast scan rate responsible for the sharp peak occurs at a highly positive potential where no
reaction can proceed and thus does not affect the current response. In addition, the temporal scan rate
at the potential region where the reaction takes place is relatively slow and produces a current response
similar to that of the linear method.

The effect of the potential window shift is more apparent when the peak flux of each voltammogram is
plotted against its corresponding 0,5;5: values as in Figure 3a. The solid light blue circular line represents
the peak flux obtained from the linear sweep method, the solid light green triangular line represents the
peak flux of the sharp peak from the semi-circular waveform method, and the dotted orange line represents
the peak flux of the broad peaks. The peak flux from the linear method shows no variance with respect
to Osnift, while the sharp peaks show a significant change in value depending on the shift. The broad
peaks appear in the lower Op;f+ and in the higher 64;¢: region.

The linear method produces the same peak flux regardless of the potential shift since the wave provides
a constant scan rate throughout the sweep and the scan window is chosen to be sufficiently large. In
contrast, the semi-circular method exhibits an absolute maximum peak flux at a specific 8p; ¢, and this
value varies depending on the scan rate. The reason the broad peak currents are not plotted at certain
Osniye values is because in this potential range, the two peaks merge and have thus been plotted as a single

sharp peak in the Figure. Figure 3b also plots the dimensionless peak flux against the corresponding
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Figure 3: Peak flux values plotted against varying 6sp;s; values at (a) ¢ = 107* and (b) ¢ = 107°. The solid light blue circular
line represents the peak flux from the linear method, the solid light green triangular line represents the peak flux of the sharp peak
from the semi-circular method, and the dotted orange line represents the peak flux of the broad peak from said method.

Osnipe values but at a different scan rate of o = 10~%. While the absolute maximum peak flux is observed
at Osnipe = 2.5 in Figure 3a, in Figure 3b it is observed at 0445+ = 4 hence illustrating the scan rate

dependency of the method.

3.2 Features of semi-circular potential wave

As evident from the previous section, the semi-circular method introduces attractive features to the
voltammetric response. In this section we [text deleted] discuss the difference in voltammetric features
between the linear and semi-circular potential waves when 0,4;¢: = 0. Figure 4 shows the dimensionless
current responses for linear and semi-circular potential waves at O4ir¢ = 0 where the light blue line
represents the result from the linear wave and the green line represents the result from the semi-circular
wave. The pink horizontal and vertical dotted lines are the theoretically predicted peak current and peak

potential values plotted from Equation (16) 11921 and (17)2°* respectively:

Ipear, = 0.2975nF Aodc, (16)
0 d*o
n(E, — E}) = —1.43+12.85In [ —— | [mV] (17)
Dp
where n is the number of electrons involved in the reaction, A is the area of the electrode, and o = %V.

We note that while the recorded flux of B is a positive value, the plotted dimensionless current is negative
as per convention to show a reduction is modelled.

From Figure 4, it is clear that the semi-circular potential wave gives a significantly larger current
response compared to the linear method, which results in a higher sensitivity. As seen in Figure 1,
semi-circular potential wave gives rise to different temporal scan rates throughout the sweep with an
instantaneously infinitely fast scan rate at the mid-point of the potential window. The larger current

response is due to the increase in temporal scan rate in the potential region where the electrochemical

*We note that the respective equation is misprinted in the original publication2® which we have corrected in Equation

(17).
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Figure 4: Dimensionless current response using linear and semi-circular potential waves at 6,;5¢ = 0. The light blue line represents
the result from the linear wave while the green line represents the result from the semi-circular wave. The pink horizontal and
vertical dotted lines are the peak current and peak potential values predicted using Equations (16) and (17).

reaction occurs. The different temporal scan rates also explain the presence of a double peak. In Figure
4, we see a broad peak near the region where the peak is observed for the linear wave and, in addition,
a sharp peak later in the sweep. There are two factors affecting the broad peak: one is the increasing
scan rate and the other is the depletion of A. When the reaction starts near § = 10, a large amount of A
is [text deleted] at the electrode which is consumed at an increasing rate along with an increasing scan
rate, resulting in a higher current as in the case of a linear potential wave. In contrast to the linear wave
voltammogram where the current falls off past # = 5 due to depletion of the materials, the current in the
semi-circular voltammogram continues to grow because of the effect of the increasing scan rate. Beyond
0 = 3, the depletion dominates and the current falls until a sharp peak is observed. At this potential
most of A has been consumed but the speed at which the ratio of A to B is altered at the interface as
a consequence of the Nernst equation surpasses the speed at which B can diffuse, resulting in a large
concentration gradient at the electrode surface, and, following Fick’s first law, in a large flux.

In order to better understand the origins of the two peaks, we analyze the change in the surface
concentration of A and in the solution concentration of B over time. Figure 5a shows the dimensionless
surface concentrations of A and the ratio of the surface concentrations of A given as:

&) |

Ratioq = = 18
atlo A Cg + C% 670 1 ( )

which are plotted against the dimensionless potential, §. The ratio is defined in such a way that its values
vary between one and zero for simplicity and we see changes in its value relative to the total surface
concentration of A and B, i.e. C9 + C%, as the reaction progresses. The blue solid line in Figure 5a
represents the surface concentration of A when a linear wave is applied and the green solid line represents
the surface concentration of A when a semi-circular potential wave is applied. The light blue and light
green dotted lines show the ratio of the surface concentrations of A to the surface concentrations of A+ B
using the linear and semi-circular waves, respectively. Figure 5b shows the surface concentrations and
the surface concentration ratios of A plotted against dimensionless time, 7, using the same color scheme
as in Figure 5a. Please note that for direct comparison of Figure 5a and 5b, the time axis in 5b increases
to the left.

Looking at Figure 5a, we immediately notice a shift between the plot of the ratios (dotted line) and
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Figure 5: (a) shows the change in dimensionless surface concentration of A and the ratio of A (18) with respect to potential.
The blue solid line represents the surface concentration of A when a linear wave is applied and the green solid line represents the
surface concentration of A when a semi-circular potential wave is applied. The light blue and light green dotted lines show the
ratio of the surface concentration of A to the surface concentration of A 4+ B for the linear and semi-circular method, respectively,
which perfectly overlap in (a). The arrow represents the direction of the sweep. (b) shows the change in dimensionless surface
concentration of A and the ratio of A with respect to time. Note that for direct comparability, the time axis points to the left.
The same color schemes are employed as in (a).

the surface concentrations (solid line) while the two plots of the concentration ratios for the linear and
semi-circular potential overlap perfectly. The shift between the ratios and the surface concentration plots
can be understood from the diffusion of B. At 6 = 10, we see that a small amount of A is already
consumed and B is produced, which diffuses away. Meanwhile the ratio (18) is defined by the Nernst
equation throughout the sweep and must hold true at all times. Therefore, more A is consumed as
more B diffuses away from the electrode to satisfy the Nernst equilibrium and changes in the surface
concentrations are shifted with respect to changes in the ratios. The two ratio plots obtained from the
linear and semi-circular potential waves overlap perfectly because, as stated and evident from Equation
(18), the ratio is determined by the Nernst equilibrium which is only dependent on the potential and thus
the potential wave shape does not affect the shape of the concentration ratio curve when plotted against
0.

When the concentration ratios are plotted against the dimensionless time, 7, in Figure 5b, a significant
difference is observed in the curve obtained from the two methods. The linear wave results exhibit the
same trend as in Figure 5a whereas the semi-circular wave results show a much steeper curve for both,
the surface concentration and the ratio. We further notice that the reaction for a semi-circular potential
wave begins at a much later time compared to the linear method and the reaction occurs within a more
narrow time frame giving the surface concentration a steep slope.

The observations can be explained by the scan rate difference between the two methods. From Figure
1, we see that the temporal scan rate of the semi-circular method at the potential at which the reaction
starts is already much faster than that of the linear method. As the reaction starts with a faster scan
rate, there is less time for B to diffuse, causing a build-up of B at the electrode surface. The build-up
of B hinders the reaction which must satisfy the Nernst equilibrium and thus less A is converted until B
diffuses into the solution. Comparing the linear and the semi-circular wave, this results in a smaller shift

of the latter surface concentration curve with respect to the corresponding ratio.



We next look at the change in solution concentrations of B over time and plot the solution concen-
trations of B with respect to dimensionless potential, #, and dimensionless space, X, where figures 6a
and 6b correspond to linear and semi-circular results, respectively. The linear method shows one peak
extending far into the spatial grid whereas the semi-circular method shows two peaks closer towards the
electrode surface. The recorded maximum concentration values differ between the two methods giving
the semi-circular method a higher concentration value. The peak in Figure 6a corresponds to the peak
current observed in Figure 4. Figure 6b displays two occasions where a build up of concentration occurs:
one corresponding to the broad current peak and the other to the sharp current peak. The higher con-
centration value of B in the semi-circular plot is due to the fact that in the said method, the reaction

progresses within a very narrow time frame causing a rapid build-up of B at the interface.
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Figure 6: The two figures show the solution concentration when (a) a linear potential wave is applied, and (b) when a semi-circular
potential wave is applied. The colorbar on the right hand side of the figure represents the dimensionless concentration

To summarize, the double peaks of the semi-circular method in Figure 4 arise from the interplay of
different temporal scan rates and the mass transport of B throughout the sweep. The broad peak is
due to the increasing scan rate of the potential wave, which consumes A at an increasing rate giving a
higher current response compared to the linear method. Between § = 3 and 6 = 1, the current drops since
the low surface concentration of A dominates the effect of increasing scan rate. At § = 0, the scan rate
approaches infinity (a jump in the potential value) and thus despite the low concentration of A at the
interface, the Nernst equilibrium pushes the reaction to proceed forward very quickly. As a result, a large

gradient is produced at the electrode surface and gives the sharp peak.

3.3 Experimental applications

In this section we discuss the experimental application of the above method. The biggest advantage
of the semi-circular potential wave is its ability to significantly amplify the current as evident from
Figure 4. By integrating the voltammogram obtained, one can very easily determine the initial surface

concentration of A via:

S (O
R (19)
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where t,,4, is the final time, F' is the Faraday constant, and A is the area of the electrode.

Figure 2 has further shown that each potential shift produces a characteristic voltammogram that
is specific to the formal potential of the analyte. This feature can be exploited when conducting an
experimental analysis; Following a careful calibration of an experimental set-up for a specific species,
characteristic changes in the shape of the voltammogram can be used to identify interferences with other
analytes (assuming only one analyte is present) in a sensing context and may enable the determination of
the identity of the species detected. To this end, a sequence of experiments is conducted using solutions
that contain known concentrations of known species. The peak currents and voltammetric shapes are

determined and then used as a reference in the analysis of unknown solutions.

4 Conclusions

We introduce a novel method to run CSV using a semi-circular potential wave, which gives a much
more sensitive current response compared the conventional linear wave and hence could be used to detect
materials at a lower concentration. The increased peak current makes the analysis of the initial surface
concentration easier while the more characteristic voltammetric curves obtained allows the identification

of the species under investigation via its formal potential.
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