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Pursuing an effective and sensitive methodology for studying surface-active substances (SAS) remains a major
challenge and continues to attract significant attention. Here, we propose and evaluate an electrochemical
methodology that utilizes alternative current (AC) voltammetry in combination with contemporary potentiostats
without an integrated lock-in amplifier. The proposed methodology effectively separates capacitive currents from
faradaic currents and is compared to phase-sensitive AC voltammetry (PSACV), which is conventionally used to

assess SAS. The practical applicability of this methodology is demonstrated by measuring SAS in real samples
with complex matrices, such as seawater and atmospheric aerosol water extracts. Furthermore, the proposed
methodology opens vast possibilities for its application in environmental sciences, where SAS play an important

role.

1. Introduction

Since its discovery in the early 1950s, AC voltammetry has shown
great potential in faradaic and non-faradaic electroanalysis [1-5]. AC
voltammetry superimposes the alternating voltage to a DC potential
ramp. It can be considered a single-frequency impedimetric method,
where the total impedance of the cell is measured through the device
impedance bridge by adjusting the real ohmic resistance (R) and the
imaginary capacitance (X.) in the opposite arm of the bridge. In such a
system, the values of real (Z’ = R) and imaginary (Z" = X, = 1/jwC)
impedance connected in a series at a given frequency can be determined.

AC voltammetry aims to measure the AC that flows due to the oxi-
dation-reduction (faradaic process) and adsorption-desorption (non-
faradaic) processes. The total measured series impedance in the elec-
trochemical cell can be split into faradaic and non-faradaic impedance.
A corresponding Randles circuit (Rs(ZrCq))) can represent this physico-
chemical process, where faradaic impedance (Zg) and double-layer
charging capacity (Cq) are in parallel and in series with the solution
resistance (Rg). The Cq; element is related to the non-faradaic process,
while the Zp element corresponds to the charge transfer, which is a
faradaic process [2,6-8].

In the past, the sensitivity of AC voltammetry, with respect to the

faradaic processes, was limited mainly by the presence of the charging
current (non-faradaic processes). This limitation is intrinsic because the
proposed Randles circuit leads to the AC output value, with its magni-
tude determined by the total impedance of the whole circuit, including
faradaic and non-faradaic processes. The observed AC output value will
represent faradaic processes only when the faradaic impedance is
significantly smaller than the capacitance. Such a case can be met at
lower frequencies of AC voltage, where the capacitor exhibits a very
high impedance (capacitance), and hence, AC passes mainly through the
parallel resistor, corresponding to the faradaic impedance; thus, the
imaginary impedance component becomes negligible in this case
[9-12]. However, to overcome the sensitivity problem caused by
charging current, different electronic modules have been developed; the
most successful were those incorporating sinusoidal alternating voltage
phase sensitivity modules [2,6]. Lock-in amplifiers are modules that
detect and measure very small AC signals; they are frequency and
phase-selective amplifiers. Their effectiveness is determined by how
well they amplify an AC signal of a particular frequency and phase while
minimizing other signals. Initially, the main goal of introducing lock-in
amplifiers in AC voltammetry was to improve the detection limits of the
faradaic processes [13-15].

Although the faradaic and non-faradaic (capacitive) currents are
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additive, these two currents are not in phase. The capacitive current has
a phase angle of 90° with respect to the AC voltage, the same as in any
conventional AC capacitor [6]. On the other hand, the faradaic current is
represented by a resistor with a phase angle of 0°, which means that the
voltage and current are in phase. Therefore, the frequency of the
non-faradaic and faradaic currents can be identical, but their phase
angles with respect to the applied AC voltage are different. Thus, the
lock-in amplifier selectively measures the faradaic or non-faradaic cur-
rent [16,17]. Lock-in amplifiers suppress only the signal that is not of
interest. They are often employed to suppress the non-faradaic signal,
enabling the detection limits as low as 1 x 1077 M for electrochemically
reversible redox species [18]. On the other hand, another advantage of
utilizing a lock-in amplifier is that it is also possible to selectively
measure the non-faradaic current, i.e., capacitive current.

In the case of the mercury (Hg) electrode, having an ideally homo-
geneous surface where an ideal capacitor can represent the interface
between the working electrode and the solution, adsorption-desorption
processes (expressed through non-faradaic current) can be precisely
measured both qualitatively and quantitatively. From this point of view,
a new branch of electrochemistry called tensammetry was developed
and centered around PSACV [2,19-21]. With the recent development of
other voltammetric methods, particularly square-wave voltammetry
(SWV) [22] (the limits of detection reaching 107!° M without an
amplifier), conventional AC voltammetry fell into oblivion. Only a few
electrochemical groups still employ PSACV, with a notable presence in
Eastern European countries that have been historically linked to the
usage of Hg electrodes [23,24].

Due to reduced demand for out-of-phase measurements (PSACV) and
the satisfactory detection limits of SWV, along with the emergence of
more advanced non-electrochemical methodologies, manufacturers of
electrochemical equipment have ceased the production of potentiostats
with phase sensitivity modules. While the latest models of potentiostats
allow AC voltammetry, there is usually no option to define the angle
between current and voltage simply because these instruments lack an
integrated lock-in amplifier. Such potentiostats measure only the total
impedance, implying that the AC output value is a sum of faradaic and
non-faradaic currents.

Motivated by these challenges, the main objective of this study is to
evaluate the feasibility of using total impedance as an output signal in
AC voltammetry. The proposed methodology aims to identify and
quantify adsorption-desorption processes on the surface of the Hg
electrode. Considering the potential use of the method in several ap-
plications ranging from environmental protection, energy storage, and
medical diagnostics to materials science, we believe that optimizing and
validating AC voltammetric measurements of SAS using potentiostats
without phase sensitivity modules is highly important. Therefore, the
proposed methodology simplifies complex techniques such as electro-
chemical impedance spectroscopy (EIS) and compares them to the
conventional PSACV.

2. Materials and methods

AC voltammetric measurements were performed on two types of
potentiostats: (i) the new-generation potentiostat without an integrated
lock-in amplifier (Autolab PGSTST204, Metrohm) and (ii) the poten-
tiostats with an integrated lock-in amplifier (u-Autolab, Eco Chemie,
Utrecht, Netherlands). Both potentiostats were equipped with a 663 VA
stand and IME interface (Metrohm). As the working electrode, a multi-
mode Hg electrode (MME) in the state of a static Hg drop electrode
(SMDE) was used. In all measurements, the reference electrode was
Ag|AgCl (3M KCl, Metrohm), and a graphite electrode served as the
auxiliary electrode. All measurements were carried out in a 10 mL glass
electrochemical cell in a standard electrolyte solution of 0.55 M NaCl
with accumulation and stirring (15-120 s) at the initial potential of —0.6
V. The amplitude of the AC voltage was 10 mV, and the optimized fre-
quency was 77.35 Hz. The frequency was determined based on the
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optimization described in detail below.

All measurement data were collected following each electrochemical
experiment. Each experiment was repeated three times to ensure accu-
racy and reproducibility. The average of these repeated measurements
was taken as the representative value. The average relative standard
deviation between consecutive measurements was approximately +2 %.
A surrogate SAS, i.e., Triton X-100 (TX-100), was used to quantify and
characterize the adsorption-desorption effect at the Hg electrode. The
calibration was carried out on both types of instruments, i.e., with and
without integrated lock-in amplifier. NOVA 2.1.5 and GPES software
were used to control potentiostats and data processing. The EIS mea-
surements were carried out using a PalmSens4 instrument in combina-
tion with the PSTrace 5.8 software.

Real environmental samples with different complex matrices,
including atmospheric aerosol water extracts and seawater samples,
were measured to study the suitability of a newly developed electro-
chemical methodology.

All commercial reagents were of analytical grade. All aqueous solu-
tions were prepared using ultrapure water (18.2 MQ cm) at 298 K (Milli-
Q, Millipore, Corp., Marlborough, USA).

3. Results and discussion

To investigate the adsorption-desorption effect and to quantify the
equivalent amount of neutral SAS with AC voltammetry, the change in
capacitive current was measured at a selected potential of —0.6 V after a
set accumulation time. This potential is in proximity to the potential of
zero charge (p.z.c.) for the system consisting of a Hg electrode in 0.55 M
NaCl [6,25]. It is known that the surface coverage and the change in
capacitive current relative to the current of the blank electrolyte for a set
accumulation time is a function of the SAS concentration present in the
solution [25]. Adsorption of SAS on the electrode surface causes a
decrease in the double-layer capacitance in two ways: by (i) reducing the
active surface of the equivalent capacitor and (ii) increasing the distance
between the plates of the equivalent capacitor, depending on the nature
of the molecules (chain length). Thus, the decrease in the capacitive
current, representing the double-layer capacitance, can be interpreted as
a measurement of the adsorption-desorption process [25-29]. Further-
more, qualitative information about the adsorption-desorption process
can be attained by a potential scan starting from the p.z.c. in a particular
direction. More details about this PSACV method can be found in the
literature. [23,30-33]

Measuring the decrease of capacitive current at a set potential
around p.z.c. with a potentiostat with an integrated lock-in amplifier is
relatively straightforward. The angle between voltage and the AC output
value can be defined, and by setting the angle to 90°, the lock-in
amplifier amplifies only the capacitive current and suppresses the
faradaic current [25]. Such an approach using a phase sensitivity
module results in a favorable sensitivity for the non-faradaic signal. In
Fig. 1A and B, the voltammograms for different additions of TX-100 are
shown, as recorded by potentiostats without and with an integrated
lock-in amplifier, respectively. It can be seen that the capacitive current
at potential —0.6 V decreases with each addition of TX-100 until satu-
ration occurs at the surface of the Hg electrode, corresponding to the
concentration of 0.7 mg L~\. Fig. 1C represents the apparent isotherm of
TX-100 at the Hg electrode. In the range of 0.015-0.7 mg ., the signal
(capacitive current) is linear with respect to the blank electrolyte, and
the corresponding concentration range can be used for the quantifica-
tion of the adsorption-desorption process; in this case, TX-100 was used
as the calibrant [25]. The characterization of the adsorption-desorption
processes can be deduced from the shapes of the AC voltammograms, as
these processes are potential-dependent [34,35]. The distinct peak
observed at ca. —1.6 V can be attributed to the TX-100 desorption.

Using AC voltammetry without a phase sensitivity module, it is
possible to measure only the total impedance of the investigated system.
Such measurements are subjected to increased noise since the output
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Fig. 1. AC voltammograms of TX-100 in the concentration range of 0.015-1 mg 1™ obtained with potentiostats A) without lock-in amplifier, B) with lock-in
amplifier. C) shows apparent isotherms for TX-100 (accumulation at —0.6 V for 30 s) recorded by potentiostats without (red) and with (blue) lock-in amplifier.

signal comprises both the non-faradaic, i.e., capacitive, and faradaic
currents. However, further adjustment of the AC voltammetric param-
eters to minimize the influence of the faradaic current is possible. In fact,
AC voltammetry without a phase sensitivity module acts as a single-
frequency EIS in potential scan mode. The first step in optimizing the
impedance parameters is to choose the AC amplitude within the narrow
linear range to avoid the effect of hysteresis [18]; the following
important parameter is the selection of the excitation AC voltage
frequency.

At a very high AC voltage frequency, the capacitor in Randles circuit
conducts AC, exhibiting almost no impedance (resistance); thus, the
imaginary component of the impedance approaches zero [2,6]. On the
other hand, at a low AC voltage frequency, the capacitor behaves as a
break in the equivalent electrical circuit, producing a very high
impedance. In this case, all the AC flows predominantly through the
parallel resistor, yielding only the faradaic current component [6].
Therefore, neither of these two extreme frequency conditions can ex-
press the capacitive current from the given equivalent circuit (see
Figure S1 in SI). Even if the frequency of the capacitive and faradaic
currents are identical, they can only be separated based on the difference
in the phase angles. However, there should be a frequency at which the
phase angle tends to increase up to 90°, indicating the dominance of
non-faradaic current in the investigated system; in other words, a spe-
cific frequency should exist where the faradaic process is reduced to a
minimum. EIS measurements with a frequency scan, in the range of 10,
000-1 Hz, at a potential of —0.6 V (the potential of maximum adsorp-
tion, i.e., p.z.c.), were conducted at the Hg electrode in 0.55 M NaCl
containing 0.5 mg 1! TX-100 to determine an optimal excitation AC
voltage frequency. The corresponding data are presented in the Bode

plot (Fig. 2). This narrow frequency range was selected after optimiza-
tion. It was observed that below 1 Hz, the phase angle drops below 20°,
indicating faradaic processes. Similarly, for frequencies above 10,000
Hz, the phase angle also decreases below 20°, further suggesting the
dominance of faradaic processes.

Notably, the maximum value of the phase angle is practically inde-
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Fig. 2. Dependence of phase angle on AC frequency for Hg electrode in 0.55 M
NaCl solution with the addition of 0.5 mg ™! TX-100, at the potential —0.6 V.
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pendent of the TX-100 concentration and the accumulation time (data
not shown). However, the phase angle decreases when the set potential
approaches more negative values, i.e., —1.9 V, where hydrogen evolu-
tion commences, reflecting the faradaic process (see Table 1). Fig. 2
shows that the phase angle decreases in the 10 - 1 Hz frequency range,
falling between 50 and 20°. The theory states that the faradaic process is
most pronounced in this range of phase angles. At a phase angle of 45°,

the capacitive current is reduced by a factor of Y2 thus increasing the
ratio of ifaradaic/Inon-faradaic @nd contributing to the sensitivity of the
faradaic process [18]. The same is true for the 10,000 — 400 Hz fre-
quency range. On the other hand, in the frequency range of 30 to 200 Hz,
the phase angle increases to values between 70 and 73°, reaching the
maximum at 77.35 Hz. From the AC capacitor circuit theory, it is known
that at a phase angle of 90°, the faradaic current is reduced by a factor of
‘/72, reducing the ratio of igyradaic/Inon-faradaic and enhancing the sensitivity
towards the non-faradaic, i.e., capacitive current [18]. Explicitly, in this
case (Fig. 2), the EIS measurement shows that the frequency of 77.35 Hz
is optimal for extracting the non-faradaic current in an efficient manner.

Importantly, applying AC voltage in higher harmonics can result in a
rise of faradaic current and a decreased phase angle[18]; thus, during
this AC voltammetric methodology, the corresponding response should
be recorded at the same optimal frequency.

To examine the theoretical assumption and the optimized instru-
mental parameters obtained by EIS, we revisit Fig. 1. It is evident that
the pattern of AC decrease in both voltammograms recorded at —0.6 V
(p-z.c.) by potentiostats without and with an integrated lock-in amplifier
(Fig. 1A and B), respectively, are similar. To quantitatively compare the
measurements obtained at the two different electrochemical in-
struments, the corresponding apparent isotherms were correlated;
Fig. 1C shows that the linear segments of both isotherms fall within the
same range. Also, the slope and intercept of the linear regions of both
isotherms are practically identical (red circles: slope = 0.603, intercept
= 0.0034; blue squares: slope = 0.656, intercept = 0.0067). To further
demonstrate the applicability of the electrochemical methodology
without a phase sensitivity module, i.e., without an integrated lock-in
amplifier, and to provide insight into the influence of different com-
plex matrices on the non-faradaic current, a set of different samples,
such as seawater samples and atmospheric aerosol water extract sam-
ples, were measured in parallel by both potentiostats. The linear part of
the apparent isotherm for TX-100 was used to quantify the SAS in
seawater and aerosol water extract samples. The surfactant activity of
these real samples is expressed as an equivalent adsorption effect of a
certain amount of TX-100, as defined previously in the literature [25]. In
this context, Fig. 3 shows the surface activity expressed as equivalents of
TX-100 in different sample matrices, i.e., A) in seawater samples and B)
in aerosol water extracts. On the x-axis, the surface activities measured
with the reference method, i.e., with a PSACV, are displayed, whereas,

Table 1
AC voltammetry output data using potentiostats without lock-in amplifier for
0.5 mg 1 [1] TX-100 in 0.55 M NaCl at the optimal frequency of 77.35 Hz.

EV] 7 VAl 1z| AC’ AC" ACl @[] Q
[kQ] [kQ] [kQ] [nA] [nA] [nA] [uC]

-0.60 1.06 21.74 21.77 0.02 0.46 0.46 87.20 0

-0.70 1.36 26.55 26.58 0.02 0.38 0.38 87.06 —-0.12
-0.80 177 29.74 29.80 0.02 0.34 0.34 86.59 -0.25
-0.90 226 31.60 31.68 0.02 0.31 0.32 8592 -0.40
-1.00 252 32.34 32.44 0.02 0.31 0.31 85.53 -0.57
-1.10 238 32.25 32.34 0.02 0.31 0.31 85.78 -0.74
-1.20 1.91 31.63 31.68 0.02 0.32 0.32 86.53 —-0.91
-1.30 1.52 30.63 30.67 0.02 0.33 0.33 87.15 -1.06
-1.40 1.40 28.98 29.01 0.02 0.34 0.34 87.24 -1.21
-1.50 1.57 25.83 25.87 0.02 0.39 0.39 86.52 —-1.36
-1.60 1.25 25.00 25.04 0.02 0.40 0.40 87.13 -1.50
-1.70 1.23 23.84 23.87 0.02 0.42 0.42 87.04 -1.63
-1.80 4.99 15.57 16.34 0.19 0.58 0.61 7224 -1.77
-1.90 1.40 0.68 1.55 5.79 2.82 6.44 2597 -2.22
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on the y-axis, the surface activities measured without a phase sensitivity
potentiostat are shown.

Notably, Fig. 3A and B suggest that the different sample matrices
have no significant influence on the capacitive current obtained by the
instrument without a lock-in amplifier. However, one should note that
different matrices may contain various redox active species, potentially
contributing to a faradaic current component that contributes to the
background noise. For both matrices, the determination coefficient and
the slope are approximately 0.99 and 1, respectively, indicating no
significant differences in the signal obtained from the two different
potentiostats. It is important to emphasize the advantages of using the
new AC voltammetric methodology without a lock-in amplifier,
providing single-frequency EIS-like data, which can be useful for iden-
tifying the nature of both faradaic and non-faradaic electrochemical
processes. Table 1 displays the output from AC voltammetric measure-
ments (without lock-in amplifier) of 0.5 mg 1! of TX-100 in 0.55 M
NaCl. The methodology reveals the real and imaginary parts of imped-
ance and AC and their absolute values. Additionally, it allows for
monitoring the charge at each potential, while the adsorption-
desorption process is more accurately represented by capacitance due
to its direct dependence on these processes.

Notably, the phase angle is also shown, which can be used to follow
the nature of the process taking place at each potential. This advantage
allows measurement control even if a redox active species is present in
the sample; thus, in the case of a faradaic process, the phase angle will
shift toward lower values.

As shown in Table 1, when the phase angle approaches 90°, the
imaginary impedance (Z’) dominates, being approximately an order of
magnitude higher than the real impedance component (Z’), indicating a
non-faradaic process. This pattern is also observed between the AC
imaginary (AC’’) and real (AC’) parts. However, the absolute values of

both impedance and AG, calculated as |Z| = 1/(Z)* + (Z’)? and |AC| =

(AC)? + (AC")? are determined primarily by the higher values of their

respective components. This way, the impedance and AC values re-
ported do not come from the equivalent circuit but are measured directly
from the impedance bridge as a series combination of ohmic resistance
and capacitance at a specific frequency. Moreover, as the phase angle
decreases to lower values, such as 25°, as observed at a potential of
approximately —1.9 V (Table 1) where the faradaic process (charge
transfer, specifically hydrogen evolution) occurs, the impedance and AC
values change. During this faradaic process, the real components (Z* and
AC’) are higher than the imaginary components (Z”> and AC’’), indi-
cating that the absolute values of Z and AC are predominantly defined by
the real part, highlighting the dominance of the faradaic processes. With
these data outcomes, it is possible to monitor the adsorption-desorption
process of SAS in a more controlled way than using PSACV. For example,
the peak at —1.6 V in Fig. 1 is non-faradaic, as indicated by the phase
angle close to 90° (Table 1), suggesting the desorption of TX-100 rather
than charge transfer.

4. Conclusion

A study and assessment of out-of-phase AC voltammetric method-
ology with potentiostats lacking a phase sensitivity module were con-
ducted. It has been shown that potentiostats without an integrated lock-
in amplifier are also suitable for sensitive measurements of non-faradaic
processes. Through comparison, it was demonstrated that it was possible
to effectively separate (or minimize) the faradaic contribution from the
total impedance signal with an optimized AC frequency and amplitude,
using potentiostat without an integrated lock-in amplifier. The proposed
strategy encompassing potentiostat without an integrated amplifier
provides reliable and comparable results for measuring SAS compared to
results obtained by potentiostat with an integrated lock-in amplifier.
Finally, the new electrochemical methodology was applied to measure
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Fig. 3. Correlation between the increasing concentrations of SAS measured by potentiostats with and without lock-in amplifier for different sample matrices, i.e., A)
seawater samples from Lake Rogoznica (R? = 0.99; y = 1.06x - 0.005) and B) atmospheric aerosol water extract samples (R> = 0.98; y = 0.7x + 0.08). The red line
(line 1:1) represents the scenario where the responses of the two potentiostats would be the same.

SAS in real samples, such as seawater and atmospheric aerosol water
extract samples with complex matrices. This approach provides a valu-
able tool for conducting environmental and atmospheric studies where
the involvement of SAS plays an important role and breaks down po-
tential preconceptions about using AC voltammetry.
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