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Abstract

A simple mechanical polishing treatment of commercial solid-gold electrodes (SGEs) can re-
new the active gold surface, reduce manufacturing-related grooves, and markedly improve
the repeatability of geometric-area estimation and the analytical performance in stripping
voltammetry. The work focuses on the accurate determination of the geometric area of
a SGE by two voltammetric techniques. Cyclic voltammetry (CV) at different scan rates,
referred to as the Randles–Ševčik equation, and voltage scans at different electrode rotation
rates, based on the Levich equation, were performed. The geometric area of the SGE was
also evaluated by scanning electron microscopy (SEM). Commercial SGEs show grooves
on their surface, derived from the fabrication processes. The effects of these grooves on the
voltammetric response were investigated. The measurements were carried out on the SGE
both as received from the manufacturer and after a reduction in the grooves height by a
drastic mechanical treatment. After the treatment, the estimated area values were lower
and more precise (3.05 ± 0.02 mm2). Moreover, the reduction in the grooves’ height affected
the area estimations in contrast with the meaning of the geometric area, as intended by
the Randles–Ševčik and Levich equations. Furthermore, the gold exposed surface was
measured by CV in sulphuric acid. Finally, the SGE was tested for the detection of Hg
in a NaCl solution by anodic stripping voltammetry: the repeatability of the response
improved after the mechanical treatment, confirming the usefulness of this step before
electrode usage.

Keywords: electrode area determination; solid-gold electrode; geometric area; Randles–Ševčik
equation; Levich equation

1. Introduction
For many years mercury electrodes have been the transducers of choice of several

analytes in most voltammetric techniques, and in particular stripping voltammetry thanks
to their high sensitivity, reproducibility and linearity. However, due to the toxicity of
mercury, in recent decades these electrodes have been scarcely used in the analytical
practice and excluded from the out-of-laboratory applications [1–3]. Other environmentally
friendly electrode materials have become highly desired for both centralized and field

Analytica 2026, 7, 16 https://doi.org/10.3390/analytica7010016

https://crossmark.crossref.org/dialog?doi=10.3390/analytica7010016&domain=pdf&date_stamp=2026-02-13
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/analytica
https://www.mdpi.com
https://orcid.org/0000-0001-8321-8109
https://orcid.org/0000-0003-2350-4941
https://orcid.org/0000-0001-6089-7751
https://orcid.org/0000-0002-8352-0487
https://orcid.org/0000-0002-4781-519X
https://doi.org/10.3390/analytica7010016


Analytica 2026, 7, 16 2 of 21

applications. In particular, solid-gold electrodes represent a very attractive alternative to
mercury based electrodes, and, in addition, they can present much larger surface areas
than that of mercury drop electrodes. Moreover, advances in technology and chemical
procedures have provided new means for modifying their surface in a controlled way, thus
increasing their selectivity and/or sensitivity [4–6].

In stripping voltammetry, electrodes of noble metals (platinum, palladium, and gold)
are most frequently used for the detection of electropositive elements as As, Hg, Se, Cu,
and Sb [7–10]. In addition, solid-gold [11–14] and gold-film electrodes [15,16], compared to
the other noble metal electrodes, are able to achieve lower detection limits (at µg/L levels
or below) for such analytes.

Electrode area determination is a crucial aspect to be accounted for in the electrochem-
ical measurements, considering all the possible applications of the electrodes. However,
in general, values obtained for a surface area depend on the method of measurement.
Various in situ and ex situ experimental methods have been proposed for this aim, for
example underpotential deposition of metals or porosimetry respectively [17]. Currently, a
method widely applied in electrocatalysis for fuel cells and electrochemical capacitors for
the estimation of the surface area involves the measurement of the amount of gas adsorbed
on the solid surface at a temperature close to the boiling point of the gas [18]. Nitrogen,
hydrogen and oxygen are the most commonly used as adsorbates [19–21]. However, the
size of the adsorbate molecule (the probe molecule), the exposed crystallographic planes at
the surface and the measurement temperature are parameters that affect the value of the
surface area obtained.

Much attention has been paid to the characterization of the real surfaces using fractal
geometry, which has played an important role in understanding the anomalous behavior
of rough surfaces and interfaces [22,23].

However, a specific method to achieve a reliable estimation of the surface area has
not yet been established. In general, each resulting surface area value depends on the
dimension of the probe used, on the method of measurement and on the operative condi-
tions adopted [24,25]. For these reasons, the most appropriate method for the surface area
estimation was established to be the one which best approaches the experimental situation
to which the value obtained has to be applied [17]. Moreover, attention has to be paid to
the type of area which has to be determined. In fact it is possible to define two different
types of area for a given electrode: (i) the geometric area, which is the cross-sectional area
of the enclosure formed by projecting the boundary outward of the electrode in parallel
with the surface normal, and (ii) the microscopic area, which considers the exposed surface
and takes into account all the undulations, asperities and crevices present on it [17,26].

This work is focused on the proposal of a voltammetric technique for the assessment
of the geometric area of a solid electrode to be used for voltammetric measurements.
Specifically, a commercial solid-gold electrode (SGE) was chosen because it is frequently
used in voltammetry for the determination of mercury [16]. It is easy to use, it has the
possibility to be electrochemically and mechanically polished, it can be rotated during the
measurement time and, since it exhibits a flat and planar macro-surface, mass transport of
analyte can occur by diffusion [27].

For the estimation of the geometric area of the SGE, two voltammetric techniques,
which operate in a steady-state voltammetry mode and in which the current is reported as
a function of experimentally calculable parameters, were investigated: cyclic voltammetry
(CV) at different scan rates, referred to the Randles–Ševčik equation [26], and linear scan
voltammetry (LSV) at different electrode rotation rates, based on the Levich equation [28].
These equations are well known in electrochemistry and express the current produced
by the reaction of the analyte occurring at the electrode in terms of different parameters,
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including the geometric area of the electrode [26,27,29]. This geometric area approach is
justified by the fact that for these two voltammetric techniques the steady state current
is achieved, and the mass transport is controlled by diffusion, rather than by reaction
kinetics [30].

The well-known reversible redox reaction of ferrocene/ferrocenium was chosen as a
pilot compound, since this species is expected to undergo a simple one-electron transfer
reaction, straightforward by associated chemical processes [26].

In the first stage of the study, the SGE was used as received by the producer. Then,
a drastic mechanical treatment (MT) was carried out in order to reduce the height of the
grooves present on its surface.

A comparison of the geometric area values of the SGE, obtained by the two voltammet-
ric techniques before and after this MT was carried out. Then the outcomes of voltammetry
were compared with the area obtained by the elaboration of images taken by a scanning
electron microscope (SEM).

The theoretical aspects, the mathematical calculations, and the findings raised during
the experiments, are critically exposed and explained. Moreover, an advantage of the
voltammetric techniques for the determination of the geometric area is that they can be
performed during any electrochemical application [31].

In addition, the exposed surface of the SGE was determined by CV in sulphuric acid.
Finally, Hg detection by ASV was performed before and after the MT in order to verify

its effect on the analytical response.

2. Materials and Methods
2.1. Materials

Analytical-grade reagents were used throughout. Solutions of 1 × 10−3 M ferrocene
(Fe(C5H5)2, Fluka, 98% purity) in acetonitrile (AN) and tetrabutylammonium hexafluo-
rophosphate (TBAPF6) in concentration of 1 × 10−1 M were employed to investigate the
surface area of the SGE by CV and LSV. Ferrocene and TBAPF6 were weighted keeping
the variability of the respective masses within 1%. Fresh solutions were daily prepared to
avoid their possible degradation.

Solutions of 0.5 M H2SO4 (Fluka, 99% purity) were used to activate and monitor the
SGE and to evaluate its exposed surface.

Solutions of 1 µg/L of Hg(II) in 0.06 M NaCl (used as supporting electrolyte) were
prepared by successive dilutions from a 1000 mg/L standard solution of mercury (Merck,
Darmstadt, Germany) directly in the voltammetric cell.

High purity water obtained from a Milli-Q apparatus (Millipore, Bedford, MA, USA)
was used throughout the experiments.

2.2. Techniques for the Determination of the Geometric Area of the SGE

All the procedures described here were performed for the determination of the geo-
metric area of the SGE adopting the same conditions, before and after the MT described in
Section 2.4.

2.2.1. Voltammetric Procedures

Voltammetric analyses were performed with a PGSTAT10 potentiostat (Eco Chemie,
Utrecht, The Netherlands) coupled to a 663 VA Metrohm (Herisau, Switzerland). The poten-
tiostat was interfaced to a personal computer; the operational conditions were selected and
voltammograms were visualized and processed with GPES 4.9 software. A configuration
of three electrodes was used: an Ag/AgCl/KCl (3M) (cod. 6.0728.010) coupled with the
electrolyte vessel (cod. 6.1245.010) as a reference electrode (RE), a glassy carbon rod (cod.
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6.1247.000) as an auxiliary electrode (AE), and the SGE (gold electrode tip, cod. 6.1204.140)
as a working electrode (WE), all purchased from Metrohm. The SGE is encased in a rod of
inert insulator with a gold disk exposed at one end. The diameter of the gold disk declared
by the manufacturer was of 2.0 ± 0.1 mm. In this work the SGE was used both as a fixed
and a rotating electrode. The potential was applied between the WE and the RE and the
current was measured between WE and the AE during the potential scans.

A cleaning step was applied before each voltammetric measurement to remove impu-
rities possibly deposited and to restore the initial measurement conditions. The cell and its
attachments were filled with 20 mL of a solution composed of 0.1 M HClO4, 1.5 × 10−3 M
NaCl and 5 × 10−4 M EDTANa2 and the WE was rotated for 60 s at 0.6 V.

Successively, 10 CV cycles in 0.5 M H2SO4 from 0 to 1.5 V were applied before each
measurement to activate and monitor the SGE surface.

The temperature of the solutions was maintained at T = 298 ± 1 K during
the measurements.

Measurements by CV Varying the Scan Rate

The SGE was plunged into a stagnant sample of the ferrocene solution described in
Section 2.1. CV was applied and potential was varied linearly from 0 V to 0.85 V and
ramped back to 0 V. Step potential was maintained at 0.00244 V. Eight values of scan rate,
namely 10, 25, 50, 100, 200, 300, 400 and 500 mV/s were selected. After each scan, the
solution was stirred to supply the electrode surface with fresh analyte. For each selected
scan rate, a voltammogram was obtained and the anodic peak current was measured in
automatic mode. For a reversible process the peak current is described by the Randles–
Ševčik equation:

ipa = knFARSC

√
nFD
RT

√
v (1)

where ipa is the anodic peak current (A); k is a dimensionless constant, 0.4463; n is the num-
ber of transferred electrons, that for ferrocene/ferrocenium redox couple is 1 electron; ARS is
the electrode area by Randles–Ševčik (cm2); F is the Faraday constant, 96485.33212 C/mol;
D is the diffusion coefficient in AN, 2.24 × 10−5 cm2/s [32]; C is the bulk concentration of
ferrocene, 1.00 × 10−6 mol/cm3; ν is the voltage scan rate (V/s); R is the molar gas constant,
8.31446 J/(K mol) [33]; and T is the thermodynamic temperature, 298.15 K. A plot of ipa

versus
√

v results in a straight line with slope (sRS):

sRS = knFC

√
nFD
RT

ARS (2)

ARS was calculated from sRS obtained by a set of measurements to take into account
the response at the different scan rate:

ARS =
sRS

√
RT

knFC
√

nFD
(3)

After each set of scans varying ν, ARS was evaluated and the solution was replaced.
This procedure was repeated, and ARS was measured 35 times before and after the MT.

Measurements by LSV Varying the Rotation Frequency of the SGE

LSV was adopted in this case. The SGE was used in rotation mode and linear scans of
potential from 0 V to 0.85 V were carried out. The instrumental parameters, namely scan rate,
step potential and interval time, were maintained at 13.3 mV/s, 4 mV and 0.3 s respectively.

Six values of rotation frequency were investigated: 500, 1000, 1500, 2000, 2500 and
3000 rpm. For each rotation frequency a voltammogram was recorded. The value of in-
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terest was the limiting current obtained when the plateau is reached, as described by the
Levich equation:

I =
k′nFAL

3√D2 C
√

ω
6
√

νAN
(4)

where I is the limiting current (A); k’ is a constant, 0.620 1/
√

rad; n is the number of trans-
ferred electrons, that for ferrocene/ferrocenium redox couple is 1 electron; AL is the elec-
trode area by Levich (cm2); ω is the angular frequency of the electrode (rad/s, obtained by
1 rad/s = 1 rpm/(2π/60)); and νAN is the kinematic viscosity of AN, 4.484000 × 10−3 cm2/s.
A plot of I as a function of

√
ω results in a straight line with slope (sL):

sL =
k′nFAL

3√D2 C
6
√

νAN
(5)

AL was calculated from sL obtained by a set of measurements to take into account the
response at the different rotation frequency:

AL =
sL 6
√

νAN

k′nFC 3√D2
. (6)

After each set of scans varying ω, AL was evaluated and the solution was replaced.
This procedure was repeated, and AL was estimated 35 times before and after the MT.

2.2.2. SEM Analysis

An Inspect F SEM located at NanoFacility Piemonte, supported by Compagnia di San
Paolo, at Istituto Nazionale di Ricerca Metrologica, INRiM, was employed in order to take
frontal view images of the electrode area, from which the geometric area was determined.
The instrument was previously calibrated with different reference standards for length.

With an image manipulation program, the part of inert insulation of the SGE was
erased from the SEM image. Wolfram Mathematica was used for the image data processing:
the conversion from a grayscale to a binary scale, the counting of the relationship between
black pixels and total pixels, and the scaling of the relationship taking into account the
image scale. Three images were acquired and processed before and after the MT. The mean
of three values obtained by SEM investigations was named ASEM.

2.3. Determination of the Exposed Surface of the SGE

CV in an unstirred 0.5 M solution of H2SO4 was used to investigate the exposed
surface, S, of the SGE [34], which is the surface given by the sites able to react with an
analyte. The potential was varied linearly from 0 to 1.5 V and back to 0 V 10 times, keeping
the step potential at 0.00244 V to obtain a scan rate of 0.1 V/s. The voltammograms were
recorded. S was evaluated on the base of the following equation [35]:

S =

∫
ipcdE

400 µC/cm2 (7)

where S is expressed in cm2, ipc is the current intensity of the cathodic peak (A),
∫

ipc dE
is the area included under the cathodic peak, and the constant at the denominator is an
empirical value representing the theoretical charge associated with the reduction in the
surface oxide monolayer per unit surface area of gold, as reported in the literature [35–37].
This procedure was repeated, and S was determined 15 times before and 15 times after
the MT.
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2.4. Mechanical Treatment

To evaluate the effect of the grooves of the SGE surface on the voltammetric response,
their height was significantly reduced by carrying out the MT performed by a jeweler in
Torino (Italy). He used different abrasive materials and brushes commonly adopted to
polish noble metals-based surfaces. A specific tool to keep the SGE perpendicular to the
abrasive brush was also used.

Commonly, before use, the SGEs undergo a polishing procedure. The electrode was
polished sequentially with suspensions of 1, 0.3, and 0.05 µm alumina powder in HPW for
1 min, then SGE was immersed three times into ethanol and water alternatively to remove
the remaining Al2O3 particles from the surface. This procedure was also applied to the SGE
before the MT, but it was not sufficient to reduce the height of grooves (the SEM images are
not reported).

2.5. Hg Detection with the SGE

The effect of the MT on the SGE was tested by detecting the voltammetric signal of Hg
in a NaCl solution (see Section 2.1) by ASV. After 120 s of deposition at 0 V using a stirring
rate of 1500 rpm, a scan was carried out by square wave (SW) in an unstirred solution,
adopting the following parameters, previously optimized [18]: frequency, 150 Hz; initial
potential, 0 V; final potential, 0.80 V; step potential, 0.0040 V; amplitude, 0.03 V; scan rate,
0.607 V/s.

The results obtained by 10 measurements of Hg peak height were evaluated before
and after the MT.

3. Results
3.1. Determination of the Geometric Area of the SGE

For the determination of the geometric area of the SGE, voltammetric measurements
on ferrocene and SEM images of the electrode were considered. Equations (3) and (6) were
taken as mathematical models for the estimation of the expected values of ARS and AL,
respectively. The obtained results of the quantities which affect the measurements were
collected as independent observations under repeatability conditions. The experimental
standard deviation of the mean for the obtained results, characterizing the uncertainty of
the quantities that vary randomly, were used as the uncertainty of those quantities [38].
Concerning the ASEM value, the mathematical model that estimates its expected value was
the mean of the obtained results. The uncertainty of the value was estimated including the
variability of the model applied by the software and the experimental standard deviation
of the mean.

3.1.1. Voltammetric Measurements with Ferrocene

The oxidation of ferrocene to ferrocenium cation, Fe(C5H5)2
+, was examined, due to

its well-known reversible process of diffusion-controlled single electron transfer. Ferrocene
commonly exhibits reversible redox behavior in all solvent media. For this work, AN was
chosen because it enables a fast electron transfer due to a low uncompensated resistance ef-
fect compared to other media, for example dichloromethane [39]. The system AN/TBAPF6

was adopted because the D of the ferrocene in it is well known from the literature. A high
concentration of TBAPF6 was added (in a ratio of 100:1 to ferrocene) to the solution in order
to minimize the ohmic drop, to neglect the contribution of the redox couple to migration,
and to ensure that the mass transport in the solution was exclusively by diffusion [40–42].
Moreover, since the resistance of the solution was really small, the current density was
expected to be uniform across the disk and independent of the radial distance. More-
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over, TBAPF6 permits a fast reaction due to the interaction between the electrogenerated
Fc+ species and the PF6

− anions [43,44].
The measurements were carried out keeping the potential under 0.85 V to avoid

the oxidation of gold on the SGE surface, which occurs at 1.25 V, when we use chloride
solutions. Before starting the measurements related to this study, an optimization process
was developed. Different electrode cleaning procedures were tested:

• 0.06 M HCl solution with the WE rotated for 60 s at 0.6 V
• 0.5 M H2SO4 solution with the WE rotated for 5 cycles in the range between 0 and 1.5 V
• 0.1 M HClO4/1.5 × 10−3 M NaCl/0.5 × 10−3 M EDTANa2 solution with the WE

rotated for 60 s at 0.6 V.

The latter was chosen since it demonstrated the best cleaning efficiency. The need
to apply a deoxygenation of the solution before each determination was valued. Since
no effects were observed, this step was not applied. Particular attention was paid to
keep constant the setup of the measurements (solution preparation, cleaning procedure,
electrodes conditions and temperature), in order to ensure the work always occurred
with the same system. For this purpose, before starting the voltammetric measurements
the profile obtained by 10 CV cycles in 0.5 M H2SO4 solution was used as a quality
reference for the gold surface. If additional peaks appear in CV voltammogram, with
respect to those expected for gold alone, they are probably due to the formation of oxide
multilayers with gold in different oxidation states (Au0/AuI/AuIII) [34]. These layers cause
a worse performance of the electrode. When this was the case, the cleaning procedure was
applied again.

Determination of the Geometric Area of SGE by CV Varying the Scan Rate

First of all, it was necessary to develop a procedure for the measurement of ipa values.
In fact, at each scan rate, a shift between the first and subsequent scans was observed. This
shift decreases when repeating the scans until stability is reached and the subsequent scans
are overlapped. This last behavior indicates that the amounts of oxidized and reduced
ferrocene are stable in the time of the measurement. The selected scan for the measurement
of ipa was the first one for which results completely overlapped with the following one. At
the scan rate of 10 mV/s, the second scan was chosen. At the scan rates of 25 and 50 mV/s,
the third scans were selected. At the scan rate of 100 mV/s, the fourth scan was selected. At
the scan rates of 200, 300, 400 and 500 mV/s, the fifth scans were selected. Figure 1 shows
an example of CV voltammogram at the scan rate of 500 mV/s. In this case, the fifth scan
overlapped with the sixth one.

Figure 1. CV scans obtained at the scan rate of 500 mV/s.
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For the SGE area determination, the scans at the eight selected scan rates form a set of
CV voltammograms and summarize a measurement.

The 18th measurement is reported here as an example of all the steps used in the
ARS evaluation. Figure 2 shows the voltammograms at each scan rate. Table 1 reports
the corresponding values of ipa and Figure 3 points out the linear relationship between
the latter and square root of scan rate. For the reported example sRS was estimated as
1.165 µA/

√
(mV/s) by Equation (2) and the corresponding ARS was 3.04 mm2.

Figure 2. CV voltammograms obtained by a set of scans at the eight scan rates, 18th measurement
before the MT.

Table 1. ipa values obtained at each scan rate for the 18th measurement before the MT.

ν/mV/s ipa/µA

10 3.86
25 6.04
50 8.42

100 11.83
200 16.59
300 20.35
400 23.30
500 26.29

0

5

10

15

20

25

30

0 5 10 15 20 25

ip
a 

/ µ
A

√ν/mV/s

Figure 3. Graph of ipa as a function of
√

ν for the 18th measurement before the MT.

A total of 35 values of ARS were determined before the MT. The mean value was
2.93 mm2, the standard deviation of the mean was 0.34 mm2 and the relative standard
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deviation (RSD%) was 11.5%. After the MT of the SGE surface, 35 measurements were
repeated, and the correspondent ARS values were obtained. The mean value was 2.67 mm2,
the standard deviation of the mean was 0.07 mm2 and the RSD% was 2.5%. The single
values of ARS are reported in Table S1 (Supplementary Materials) and shown in Figure 4.
The different repeatability obtained before and after the MT was not due to the variations
in the temperatures and vibrations of the system since these were the same during all
70 measurements carried out.

Figure 4. ARS measurement repetitions before (O) and after (■) the MT.

The relevant variability of the ARS data before the MT is not associated with the
variation in the weighed amounts of ferrocene or TBAPF6, to the package of reagents, or to
the degradation of the samples; such variability can be ascribed to the height of the grooves.
In fact, the solution penetrates randomly at different depths in the grooves, giving rise to a
large range of possible results. After the MT instead, the grooves are significantly less deep.
In this case, the solution penetrates for every measurement till the bottom of the grooves,
causing a reduction in the range of possible results.

Reversibility Study and Diffusion-Control Conditions

Randles–Ševčik equation describes a reversible process in which transport occurs only
by diffusion. In order to verify its applicability to this system, studies of reversibility were
performed. CV measurements varying the scan rate were carried out in a stagnant solution.
This method gives rise to characteristic diffusion-controlled peaks. The peaks increase
when increasing the scan rate, since increasing the scan rate decreases the time for the
diffusion layer to extend to the mass of the solution.

The CV voltammograms for ferrocene/ferrocenium redox couple are well known in
the literature since they are typical for a reversible system [39].

(i) For a reversible system, the peak current ratio of the forward (cathodic peak, ipc)
and the reverse (or backward) (anodic peak, ipa) scans is equal to unity (ipc/ipa = 1.0) and is
independent of the scan rate. In the case of the 18th measurement, reported in Table 2, the
ratio value was confirmed at each scan rate.

https://doi.org/10.3390/analytica7010016
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Table 2. Values of the relevant CV parameters at each scan rate for the 18th measurement before the MT.

ν/(mV/s)
√

v
mV

s
Epa/V ipa/µA Epc/V ipc/µA ∆E/V ipa/ipc E1/2/V

10 3.16 0.454 3.82 0.383 −3.67 0.071 −1.04 0.401
25 5.00 0.452 6.07 0.381 −5.72 0.071 −1.06 0.403
50 7.07 0.449 8.53 0.381 −8.15 0.068 −1.05 0.405

100 10.0 0.454 11.96 0.381 −11.57 0.073 −1.03 0.402
200 14.1 0.452 16.87 0.381 −16.61 0.071 −1.02 0.405
300 17.3 0.454 20.59 0.381 −20.38 0.073 −1.01 0.403
400 20.0 0.454 23.78 0.381 −23.56 0.073 −1.01 0.403
500 22.4 0.457 26.61 0.381 −26.4 0.076 −1.01 0.401

(ii) The peak potential spacing (∆Ep = Epa − Epc) for a fast, reversible, one electron
transfer system is ∆Ep = 0.059 V at 298 K. In this study, ∆Ep varies from 0.068 to 0.076 V.
The discrepancy from the value related to a reversible system can be attributed to the
solution resistance.

(iii) For a reversible system E1/2 (calculated as Epa − ∆Ep/2) does not depend on the
scan rate value [37]. In this study, this behavior is confirmed, as shown in Table 2.

(iv) In Figure 5, both the values of ipa, and ipc are reported as a function of the square
root of the scan rate. In the case of a reversible system the same considerations can be
applied to both slopes. Also in this case, the symmetry of the slopes can be observed. Thus,
the procedure for the evaluation of sRS can also be applied to the cathodic plot. In this study,
ARS was calculated from sRS, on the base of ipa, as commonly reported in the literature [45].

Figure 5. The anodic and the cathodic peak heights as a function of the square root of the scan rate
for the 18th measurement before the MT.

(v) The plot of log ipa versus log is reported in Figure 6 with a slope of 0.5 confirming
the theoretical value for a purely diffusion-controlled current [46].
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Figure 6. Graph of log ipa values as a function of log for the 18th measurement before the MT.

(vi) In the case of a solid electrode in a stagnant solution, the diffuse layer, δ, is the
region of the solution close to the electrode surface in which ions are mobile under the
coupled influence of electrostatic forces and diffusion [47]. In CV the current passing
through the electrode is limited by the diffusion of species to the electrode surface. This
diffusion flux is influenced by the concentration gradient near the electrode and by the
mobility of the species through the solution. When the scan rate rises, the concentration at
the electrode surface increases, resulting in a higher current [48,49]. The diffusion layer at
each point of the cyclic voltammogram gives rise to the characteristic peaks shape. For this
study, the diffusive layer was calculated to be between 45 and 319 µm from δ∝

√
Dt with D

is the diffusion coefficient of the analyte in solution, and t is given by = (Epa − E0)/scan
rate. Each value of ARS was calculated from the slope obtained by a set of measurements to
take into account the response at the different scan rates.

Determination of the Geometric Area of the SGE by LSV Varying the Electrode
Rotation Frequency

In the voltammogram obtained by applying a linear voltage scan, a plateau of current
is reached, which is named limiting current, I, and expressed in µA. In this study, due to
the current fluctuation, the mean of six values of I, taken at six potential values > 0.83 V,
was computed at each rotation frequency.

The most significant instrumental parameters, namely step potential, step time and
scan rate, were changed in order to investigate their possible effects on the area measure-
ments. The tested values were 2, 4 and 8 mV for the step potential; 0.60, 0.30 and 0.15 s for
the step time; and 7, 13 and 27 mV/s for the scan rate. The correspondent voltammograms
were recorded and no influence was observed.

Firstly, to check the repeatability of the response, five scans were performed at each ro-
tation frequency and, since all the voltammograms were overlapped, in all the experiments
the first one was selected.

Each AL value (35 measurements) derives from a set of voltammograms obtained
at the six rotation frequencies in the same sample solution. I was recorded in automatic
mode. The 18th measurement is reported here as an example for all the steps adopted for
AL evaluation.
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Figure 7 shows the voltammograms at each rotation frequency, Table 3 reports values
of I varying

√
ω and Figure 8 points out the linear relationship between the two quantities.

 
Figure 7. Set of LSV voltammograms obtained at each rotation speed for the 18th measurement
before the MT.

Table 3. I value at each
√

ω for the 18th measurement before the MT.√
ω

rad
s

I/µA

7.236 23.92
10.233 36.83
12.533 46.94
14.472 53.86
16.180 60.50
17.725 66.55

Figure 8. Graph of I as a function of
√

ω for the 18th measurement before the MT.

For the reported example, sL was estimated as 4.046 µA/
√

(rad/s) considering
Equation (5), and the corresponding AL was 3.73 mm2.
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A total of 35 values of AL were determined before the MT of the SGE surface. The
mean value was 3.52 ± 0.37 mm2. After the MT, the 35 measurements were repeated, and
the corresponding AL values were estimated. The mean value was 3.05 ± 0.10 mm2. All
the values of AL are reported in Table S2 and shown in Figure 9. As previously observed
for the CV approach, the variability of the AL data remarkably decreases after the MT. The
same comments are in force in this case.

Figure 9. AL measurement repetitions before (O) and after (■) the MT.

Diffusion Layer Thickness

The laminar flow at the SGE conveys a steady stream of material from the bulk
solution to the electrode surface. While the bulk solution remains stirred by the induced
rotation, the solution layer nearest to the electrode surface appears stagnant since it rotates
with the electrode. Transport of analyte from the bulk solution into the stagnant layer
occurs by convection. After the analyte enters the stagnant layer, it moves to the electrode
surface by diffusion. Rapid solution flow ensures uniformity of composition. The constant
transport of electroactive species across this diffusion layer creates a stable steady state [39].
The diffusion layer thickness is given by δ = 1.61 3

√
D 6

√
ν /

√
ω, where D is the diffusion

coefficient (cm2/s), ω is the rotation frequency of the electrode (rad/s) and ν is the kinematic
viscosity (cm2/s). From the above equation, δ0 results are 0.02547, 0.01801, 0.01470, 0.01273,
0.01139 and 0.01040 mm at the rotation frequencies of 500, 1000, 1500, 2000, 2500 and
3000 rpm, respectively. Thus, for this study, the minimum δ0 result was about 10 µm at
3000 rpm. These results are in good agreement with the values of δ0 reported in the
literature for solid electrodes [50].

3.1.2. Morphological Characterization

SEM analyses were performed to investigate the surface of the SGE and to evaluate its
geometric area. For the latter, images were taken at low magnification to contain the whole
area (Figure S1).

In Figure 10, a SEM image of the surface of the SGE as received by the manufacturer
was reported. It is possible to observe a long groove which forms a sort of spiral (also
visible to the naked eye). This groove was created during the process of fabrication.
Figure 11 show image of the SGE before the MT. In particular, shows part of the groove
whose height was estimated at about 2 µm.
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Figure 10. The grooves on the surface of the SGE as received from the producer.

 

Figure 11. SEM image of the detail of the grooves present on the surface of the SGE as received from
the producer.

Figure 12 show images of the SGE after the MT. It is possible to observe that the MT
caused a reduction in the height of the grooves of ten times, from 2 µm to about 0.2 µm.

 

Figure 12. SEM image of a detail of the grooves present on the surface of the SGE after the MT.

With the aid of the calibrated reference length reported on the SEM images and
of the Wolfram Mathematica 14.0 software, the geometric area of the SGE, ASEM, was
calculated. The mean value, calculated from the values obtained from three images of the
SGE before the MT, was 3.20 ± 0.01 mm2, while that obtained after was 3.23 ± 0.006 mm2.
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An uncertainty of 1%, associated with the variability of the model, was added, which
includes also the variability of the number of pixels identified as the edge of the electrode.
The uncertainty associated with the geometric area value was evaluated following the rule
accepted at international level [38].

The repeatability values before and after the MT, given by the standard deviation of
the mean and the uncertainty of the model, resulted in 0.03 mm2. ASEM values before and
after the MT are not significantly different, as confirmed by t-test (p < 0.05). All the single
values of ASEM are reported in Table S3.

Calculation of the Extended Area

Before the MT on the SGE, a study was devoted to the evaluation of an “extended
area”, named AEX, which includes both ASEM and the area of the groove walls, AGW. For
the calculation, an approximation was made: instead of a unique long spiral, 66 concentric
grooves were taken into account. The height of the grooves, h, the distance between grooves,
a, the radius of the first groove, r1◦g, and the width of the grooves, x, were about 2.3 µm,
13.3 µm, 17.6 µm, 1.7 µm, respectively. AEX was evaluated by AEX = ASEM + AGW, consid-
ering AGW = ∑66

n=0 2πh
(
2r1◦g + 2na + (2n + 1)x

)
. The resulting area was estimated as

AEX = 3.20 + 0.97 = 4.17 mm2. After the MT, the grooves were reduced by about ten times
(see Figure 12) and they were not observable to the naked eye anymore. In this case AGW

contribution was evaluated at 0.10 mm2, and consequently AEX = 3.23 + 0.10 = 3.33 mm2.

3.1.3. Comparison of the Geometric Area Values

The electrode area reported in Equations (1) and (4) is commonly considered as the
projection of the surface on a parallel plane. This geometric area approach is justified by the
fact that for the considered voltammetric techniques the current is controlled by diffusion,
rather than by reaction kinetics [30].

Table 4 and Figure 13 summarize the geometric area values obtained by voltammetry
and SEM with corresponding error bars. A complete evaluation of the measurement uncer-
tainty was not possible, because the potentiostat, which supplies the potential at specific
scan rates and measures the current, was not calibrated for these quantities. Despite the
results not taking into account the above-mentioned uncertainty contributions, it is observ-
able from Figure 13 that the area values obtained by voltammetry are not consistent, both
considering the values before and after the MT, and within the techniques, as confirmed by
t-test (p < 0.05). This means that the ascertainment, on the basis of which the voltammetric
techniques should involve the geometric area of the SGE, is at least questionable. It is
generally accepted that, if the diffusion layer thickness at the electrode/solution interface
is greater than the height of the surface promontories, these latter promontories do not
affect the area estimations. In this study, the grooves on the SGE surface before the MT
were about 2 µm height, substantially lower than the thickness of the diffusion layer, which
exhibited a minimum thickness of about 10 µm. Thus, the irregularities of the surface
should not have affected the geometric area involved in the voltammetric measurements.

Table 4. Results obtained by the three techniques considered for the geometric area (mm2).

Geometric Area
ARS AL ASEM

Before MT After MT Before MT After MT Before MT After MT

Repetitions 35 35 35 35 3 3
Mean 2.93 2.67 3.52 3.05 3.2 3.23

Repeatability 0.06 0.01 0.06 0.02 0.03 0.03
RSD% 11.5 2.5 10.6 3.4 0.3 0.2
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Figure 13. Geometric area values obtained by the voltammetry measurements and SEM analysis
before the MT (O) and with the same techniques after the MT (■).

In addition, the decreasing of ARS after the MT, is due to the effect of h on ipa at different
values of ν, as also observed by Parveen [51]; at high values of ν, ipa is proportional to
h, while at low values of ν, ipa is not affected by h. Thus, after the MT sRS as well as the
correspondent area decreases.

AL has to be considered differently: since the electrode rotates, the diffusion layer
follows the variation in the rotation speed. Before the MT, AL was larger than ASEM. Two
possible hypotheses can be made: (i) the solution penetrates up to a certain level of depth
between the grooves, and the diffusion layer can perceive the largest area; (ii) the grooves
behave like microelectrodes, for which radial diffusion also has to be taken into account.
After the MT, AL value is closer to ASEM because the grooves are reduced and the diffusion
layer perceives the geometric area.

A statistical comparison among the results, obtained by the different techniques, was
also made using ANOVA (level of probability = 95%); the area values turned out to be
significantly different to each other. Regarding the comparison between voltammetric
and microscopy techniques, it is observable that after the MT AL value is closer to ASEM

than ARS.
Moreover, regarding the comparison between the two voltammetric techniques, LSV

varying the electrode stirring rate is preferable with respect to CV varying the scan rate
for the calculation of the electrode area because: (i) the rate of mass transport of reactants
to a rotated surface is controlled accurately by fixing the various ω; (ii) I quickly achieves
steady state values and it is independent of the potential scan rate; (iii) I is insensitive to
incidental vibrations of the apparatus and erratic natural convection [21].

3.2. Exposed Surface of the SGE in H2SO4

Gold is easily oxidized and can absorb Cl− or impurities from the solution, gradually
reducing the number of active sites on the surface of the electrode. CV in acid solutions
is commonly used in the pretreatment and in the daily activation step of gold electrodes,
in order to maintain their surface activity and reproducibility [10]. In particular, the
use of H2SO4 enables a structural reorganization of gold [10]. The information on the
energy of the surface activation states [52,53] and the surface quality can be provided by a
CV voltammogram.
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This profile is considered as a “fingerprint” of the gold faces [35]. In fact, it includes
the electrochemical double layer region, the formation of a monolayer of oxide (and its
subsequent reduction), and the beginning of the reduction in protons (or of the solvent).
CV in 0.5 M H2SO4 is adopted to estimate the amount of gold active sites on the electrode
surface, which are the sites that react with the analyte. All these sites together can com-
pose a type of area, which is here named exposed surface, S. The value of the theoretical
charge associated with the reduction (cathodic peak at +0.90 V) of the surface oxide mono-
layer per unit of surface area of gold was taken from the literature [37] and is equal to
400 µC/cm2 [54,55].

This technique is particularly used when gold-based layers are deposited on the
electrode surface, in order to monitor the amount and the activation status of the gold
coating [10,37]. In this case, the steady state is not achieved during the measurement, and
the obtained surface value is reported as a function of empirical parameters.

It is important to remember that measurements by CV in H2SO4 are strongly depen-
dent on the cleanliness of the electrode surface, the used glassware, and the purity of
solvents and chemicals. If these conditions are not met, the resulting voltammograms are
without significance [31].

In this study, the cyclic voltammogram obtained after 10 cycles (Figure 14) was used to
determine the S of the SGE. The 10th cycle was chosen since the voltammograms obtained
in the following ones overlapped.

Figure 14. CV voltammogram of the SGE recorded in H2SO4 solution, used as a quality reference.

CV measurements in H2SO4 were performed 15 times before and after the MT of the
SGE. Table 5 reports the final results of S, while the values are reported in Table S4.

Table 5. S values (mm2) obtained by CV in H2SO4 before and after the MT.

Exposed Area
S

Before MT After MT

Repetitions 15 15
Mean 4.46 4.86

Repeatability 0.06 0.12
RSD% 5.5 9.6
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S and its RSD% slightly increase after the MT. This behavior probably derives from
the mechanical removal of the oxide layers given by the MT, which takes out the adsorbed
impurities on the surface and renews the sites. Moreover, a decreasing trend was observed
within the values of ipc after the MT. In the first measurements after the MT, ipc was
very high, then a decreasing trend was observed until it stabilized after at the seventh
measurement, reaching the same value as in voltammogram reported in Figure 14. This
behavior explains the high value of RSD%.

3.3. Effect of the Mechanical Treatment on Hg Detection by ASV

The detection of Hg in different types of matrices by ASV is one of the most important
applications of the SGE. For this reason and in order to verify the effect of MT on the
analytical response, Hg detections by ASV were performed on the SGE as received from
the producer and after the MT. As an example, the voltammogram obtained analyzing the
1 µg/L Hg solution is shown in Figure S2. The voltammogram was previously corrected
for the blank signal. It is possible to see the typical peak associated with the Hg oxidation
at the potential of + 0.58 V.

Table S5 reports the 10 anodic current values, ia, measured. Before the MT, the mean
value, the standard deviation of the mean and the RSD% were 0.81 µA, 0.05 µA and 6.2%,
respectively. After, the corresponding values were 1.97 µA, 0.05 µA and 2.3%, respectively.

It is possible to observe that after the MT (i) ia values increased, despite the same
amount of Hg reacted, and (ii) the repeatability of the measurements improved [27]. These
results show the need to check the presence of the grooves on the SGE surface and possibly
to remove them since they affect the performance of the electrode.

4. Conclusions
The Randles–Ševčik and Levich approaches produced geometric-area estimates that

were not mutually consistent and did not reliably match SEM-based measurements on
commercial solid-gold electrodes. Although the manufacturing grooves (2 µm) are smaller
than the expected diffusion layer (45–319 µm) and should not, in principle, affect geometric
area, the experimental results show that this assumption is not always valid. The grooved
surface behaves more like an array of microelectrodes, altering mass transport and com-
promising area determination, especially after strong mechanical modification. A drastic
mechanical polishing treatment reduced groove height (2 µm to 0.2 µm), improved the
repeatability of area measurements (RSD from 11% to 3%), and made the Levich-derived
area closely agree with the SEM area. The treatment also removed aged oxide layers and
impurities, restoring active gold sites. Between the two voltammetric methods, LSV at
controlled rotation rates is preferable for area evaluation because mass transport can be
precisely tuned and steady-state currents are largely independent of scan rate and less
affected by convection or vibrations. The practical benefit of polishing was confirmed by
anodic stripping voltammetry for Hg: the stripping peak current more than doubled and
precision improved.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/analytica7010016/s1, Figure S1. SEM image of whole area of
electrode; Figure S2. Voltammogram obtained analyzing the 1 µg/L Hg solution with the SGE as
received by the producer; Table S1. Values of ARS obtained before and after the MT; Table S2. Values
of AL obtained before and after the MT; Table S3. Values of ASEM obtained before and after the
MT; Table S4. Values of S obtained before and after the MT; Table S5. Values of ia measured by ASV
in a sample with 1 µg/L of Hg before and after the MT; Explanation of different areas; Mechanical
Treatment performed by a jeweller.

https://doi.org/10.3390/analytica7010016

https://www.mdpi.com/article/10.3390/analytica7010016/s1
https://www.mdpi.com/article/10.3390/analytica7010016/s1
https://doi.org/10.3390/analytica7010016


Analytica 2026, 7, 16 19 of 21

Author Contributions: Conceptualization, P.I., A.G. and F.D.; methodology, G.R.; validation, E.O.
and G.R.; formal analysis, G.R.; investigation, P.I.; resources, A.G.; data curation, M.M. and L.M.;
writing—original draft preparation, P.I.; writing—review and editing, F.D. and O.A.; visualization,
A.G.; supervision, A.G. and F.D.; project administration, A.G.; funding acquisition, A.G. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data is contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Piech, R.; Paczosa-Bator, B. New Adsorptive Stripping Determination of ATP with Thorium(IV) on Renewable Silver Amalgam

Film Electrode. Int. J. Electrochem. Sci. 2014, 9, 4287–4296. [CrossRef]
2. Illuminati, S.; Truzzi, C.; Annibaldi, A.; Migliarini, B.; Carnevali, O.; Scarponi, G. Cadmium Bioaccumulation and Metallothionein

Induction in the Liver of the Antarctic Teleost Trematomus bernacchii during an on-Site Short-Term Exposure to the Metal via
Seawater. Toxicol. Environ. Chem. 2010, 92, 617–640. [CrossRef]

3. Inaudi, P.; Abollino, O.; Argenziano, M.; Malandrino, M.; Guiot, C.; Bertinetti, S.; Favilli, L.; Giacomino, A. Advancements in
Portable Voltammetry: A Promising Approach for Iron Speciation Analysis. Molecules 2023, 28, 7404. [CrossRef] [PubMed]

4. Martín-Yerga, D.; González-García, M.B.; Costa-García, A. Electrochemical Determination of Mercury: A Review. Talanta 2013,
116, 1091–1104. [CrossRef]

5. Hidalgo, J.; Turdean, G.L.; Vilasó-Cadre, J.E.; Galambos, I.; Reyes-Domínguez, I.A.; Hidalgo, L.; Ignat, N.; Llanos-Lizcano, R.
An Optimized Chemically Modified Electrode Based on Copper Oxide Nanorods for the Quantification of Chemical Oxygen
Demand in Wastewater. Inorg. Chem. Commun. 2025, 179, 114848. [CrossRef]

6. Hidalgo, J.S.; Mukhtar, S.; Uddin, I.; Horváth, O.; Galambos, I.; Gábor, M.; Hidalgo, L.; Vilasó-Cadre, J.E.; Reyes-Domínguez, I.A.;
Lakkakula, J. Green Silver–Bioinspired Nanoparticles Used as an Electrochemical Sensor—An Efficient and Simple Method for
the Determination of Glyphosate in Surface Water Samples. Ionics 2025, 32, 1157–1173. [CrossRef]

7. Brainina, K.Z.; Stozhko, N.Y.; Shalygina, Z.V. Surface Microreliefs and Voltage–Current Characteristics of Gold Electrodes and
Modified Thick-Film Graphite-Containing Electrodes. J. Anal. Chem. 2004, 59, 753–759. [CrossRef]
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