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Preface

This reprint compiles research articles originally published in the Special Issue of Materials

entitled “Advanced Electrode Materials Dedicated for Electroanalysis”. The subject of this collection

spans the development and application of advanced electrode materials, offering insights into their

roles in enhancing the performance of electrochemical sensors.

This reprint covers a wide range of topics, providing deep insights into surface- and

bulk-modified electrodes, microelectrodes, biosensors, molecular recognition systems, electrodes for

electrocatalytic systems, and solid-contact ion-selective electrodes. By compiling these studies, we

aim to provide an overview of the latest advancements and trends in the design, fabrication, and

characterization of novel electrode materials, as well as their applications in electrochemical sensing.

The primary motivation for assembling this volume is to create a consolidated resource reflecting

the significant progress being made in the area of advanced electrode materials. As the demand

for more sensitive, selective, and reliable electrochemical sensors grows, the need for innovative

materials and approaches becomes critical. This reprint serves as a valuable reference for researchers

and practitioners, facilitating knowledge exchange and fostering further innovation.

This reprint is intended for a diverse audience, including researchers, scientists, and engineers

working in the fields of materials science, chemistry, and electrochemistry. It is also a useful resource

for graduate and postgraduate students specializing in these disciplines. By providing a detailed

exploration of advanced electrode materials and their applications, this compilation offers valuable

insights for both academic and industrial professionals.

We extend our deepest gratitude to the contributing authors, whose expertise and dedication

made this collection possible. We also thank the peer reviewers for their critical evaluations

and constructive feedback, which have greatly enhanced the quality of the articles. Special

acknowledgment is due to the editorial team of Materials for their unwavering support and

meticulous efforts in bringing this compilation to fruition. We also appreciate the support from

various institutions and funding agencies that have facilitated the research presented in these articles.

We hope that this reprint will serve as an indispensable resource for the scientific community,

sparking further research and innovation in the field of advanced electrode materials. We believe

that the insights and discoveries documented within these pages will significantly contribute to the

advancement of electrochemical sensors and electroanalysis.

Sławomira Skrzypek, Mariola Brycht, and Barbara Burnat

Editors
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1. Introduction

The development of advanced electrode materials has significantly enhanced the
capabilities of electrochemical devices, enabling their application in diverse fields such as
environmental monitoring, medical diagnostics, food safety, and industrial processes. Ideal
electrode materials are expected to exhibit high electrical conductivity and rapid electron
transfer across a broad range of redox systems and maintain structural and electrochemical
stability over a wide potential range. Additionally, simplicity and low production costs are
highly desirable attributes. Meeting these criteria ensures that the electrode material can
serve as an effective modification platform for subsequent electroanalytical applications.
Numerous types of electrode materials have been developed and successfully applied in
electroanalysis, finding applications in environmental, healthcare, and pharmaceutical
analyses as electrochemical detectors, micro-/nano-electrochemical devices, and chemical
and biochemical sensors. Given their broad applicability, there is a constant demand for
innovative advanced electrode materials that offer high selectivity, sensitivity, operational
simplicity, low production cost, and miniaturization potential.

This Special Issue, entitled “Advanced Electrode Materials Dedicated for Electroanaly-
sis”, brings together high-quality feature papers that provide insights into and highlight
the latest progress and innovative developments in electrode materials. The topics covered
include the fabrication and processing of various advanced electrode materials as well as
their characterization and potential electrochemical applications.

2. Advanced Electrode Materials Discussed in Articles Published in This Special Issue

The collection of eleven articles featured in this Special Issue reflects the significant
progress and innovation in the development and application of electrode materials for
electrochemical analysis. These papers can be divided into seven categories according
to their contents: surface-modified electrodes, bulk-modified electrodes, microelectrodes,
biosensors, molecular recognition systems, electrodes for electrocatalytic systems, and
solid-contact ion selective electrodes.

2.1. Surface-Modified Electrodes

Surface modifications of electrodes can significantly enhance their electrochemical
performance, making them highly effective for various analytical applications. These
modifications typically involve the application of different materials to the electrode surface
to improve sensitivity, selectivity, and overall performance. Common techniques for surface
modification include drop-casting, electrodeposition, and layer-by-layer assembly. Among
these, drop-casting is the most commonly used technique.

The article by Bargiel et al. [1] presents the development of an electrochemical sensor
based on a glassy carbon electrode (GCE) modified with a hybrid material composed of
carbon black nanoparticles and Nafion. This drop-casting modification, combined with
a preconcentration step, significantly increases the active surface area and improves the
limit of detection (LOD) and sensitivity for the beta blocker drug propranolol. The high
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accuracy and potential for routine laboratory use were validated with real sample analyses,
including pharmaceutical tablets and human urine. Praised for its simplicity, low cost, and
excellent analytical performance, the method outperforms many existing techniques, such
as spectrophotometry and high-performance liquid chromatography (HPLC), in terms of
LOD and sensitivity. These findings suggest that the developed voltammetric method is a
valuable tool for propranolol determination in both pharmaceutical and biological samples.

The work by Wasąg and Grabarczyk [2] presents the development of two electrochem-
ical sensors for the anodic stripping voltammetric determination of ultra trace concentra-
tions of Cd(II) in environmental water samples. These sensors include a GCE and carbon
nanotubes modified screen-printed electrode (CN/SPE), both with an electrochemically
deposited copper film (CuF). The modified CuF/CN/SPE, along with an accumulation
step, demonstrated a slightly lower LOD and better performance in terms of sensitivity
and field applicability. The method was validated with certified reference materials and
real water samples, demonstrating the electrodes’ suitability for environmental monitoring.
Both sensors showed satisfactory reproducibility and selectivity. These results suggest that
both developed electrodes are effective tools for the sensitive and accurate determination
of Cd(II) in various environmental contexts and offer a non-toxic alternative to traditional
mercury electrodes.

The study by Festinger et al. [3] on graphene oxides as electrode surface modifiers
reveals the complexity and variability of these materials. In this work, noble metal (gold
and platinum) disk electrodes were modified by drop-casting suspensions of two types
of graphene oxides (GO I and GO II) at different concentrations. The resulting surface-
modified electrodes were characterized for their spectral, structural, and electrochemical
properties. Despite having similar topographies, elemental analysis and electrochemical
studies revealed significant differences in the oxygen content and performance between
the two types of graphene oxide tested. Surprisingly, the authors found that GO I, acquired
as graphene oxide, is more reduced than GO II, which was purchased as reduced graphene
oxide. This study underscores the need to standardize graphene oxide-based materials to
ensure repeatability and reliability in electrochemical applications.

2.2. Bulk-Modified Electrodes

Bulk modifications involve incorporating functional materials into the bulk of the elec-
trode to improve its overall properties. These modifications can significantly enhance the
electrochemical performance by increasing the effective surface area and improving electron
transfer capabilities. Compared to surface modifications, bulk modifications often provide
more robust and stable enhancements, as the active materials are distributed throughout
the electrode rather than just on the surface. This can lead to improved durability and
longer lifespan of the electrode.

Monteiro et al. [4] developed a ratiometric electrochemical sensor based on a carbon
paste electrode (CPE) bulk-modified with a quinazoline-engineered Prussian blue analogue
(qnz-PBA) for the determination of the herbicide butralin. This sensor utilizes the stable
signal of qnz-PBA as an internal reference to minimize deviations across multiple assays,
thus enhancing the precision and accuracy of the measurements. The performance of the
CPE modified with qnz-PBA was successfully validated using lettuce and potato samples,
confirming its accuracy and applicability in real-world scenarios. This ratiometric sensor
offers simplicity, cost-effectiveness, and excellent analytical performance. The authors
stated that the developed ratiometric sensor is an effective tool for the sensitive and precise
determination of butralin in both agricultural and environmental samples and is a reliable
and accurate alternative to chromatographic methods used for butralin determination.

The work by Brycht et al. [5] presents the development of a carbon ceramic electrode
(CCE) bulk-modified with bismuth(III) oxide nanoparticles (Bi2O3NPs) for the determi-
nation of 4-chloro-3-methylphenol (PCMC), a priority environmental pollutant. The CCE
modified with Bi2O3NPs (Bi-CCE), characterized using microscopic and electrochemi-
cal techniques, demonstrated a more compact and less porous surface compared to the

2
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unmodified CCE and a higher effective surface area, indicating an increased number of
electroactive sites. Additionally, the incorporation of Bi2O3NPs significantly enhances the
electrochemical properties of the CCE, providing an extended linear detection range, im-
proved sensitivity and a lower LOD compared to the unmodified CCE. The presence of
Bi2O3NPs improves electron transfer and reduces background current. The sensor’s perfor-
mance was validated using river water samples, demonstrating excellent recovery rates
and selectivity. The Bi-CCE exhibited high reproducibility and stability over three months.
These results suggest that the Bi-CCE is an effective tool for the sensitive and accurate
determination of PCMC and other phenolic compounds, with potential applications in
environmental monitoring and pollutant detection.

2.3. Microelectrodes

Microelectrodes offer unique advantages due to their small size, including enhanced
mass transfer rates and reduced ohmic losses. These properties make them highly suitable
for sensitive and precise analytical applications. Their small dimensions lead to a higher
current density and faster response times compared to macroelectrodes, making them ideal
for real-time monitoring and detection in confined environments.

Araújo et al. [6] present the development of a homemade carbon fiber microelectrode
(CF-µE) for quantifying caffeine in soft beverages. The fabricated microelectrode, character-
ized for its electrochemical properties, demonstrated significantly enhanced sensitivity and
a lower LOD for caffeine compared to other analytical methods. The CF-µE exhibited a
high mass transfer rate and a sigmoidal voltammetric profile, confirming its microelectrode
characteristics. The sensor’s stability and reproducibility were confirmed over multiple
tests. The method was validated with real soft beverage samples, showing satisfactory
results consistent with the literature values and HPLC validation. The homemade CF-µE
offers a cost-effective, portable, and reliable alternative for caffeine determination in the
beverage industry, highlighting its potential for broader application in quality control and
environmental monitoring.

2.4. Biosensors

Biosensors incorporate biological elements, such as enzymes, to provide high speci-
ficity for target analytes. These sensors are particularly useful for detecting biologically
relevant compounds in complex matrices. The integration of biological recognition ele-
ments with electrochemical transducers allows for the selective and sensitive detection of
various analytes, making biosensors highly valuable in medical diagnostics, environmental
monitoring, and food safety.

Krzyczmonik et al. [7] developed an electrochemical enzyme-based biosensor for the
determination of polyphenols. The biosensor, constructed on a GCE, utilized a composite
material consisting of poly(3,4-ethylenedioxy-thiophene), poly(4-lithium styrenesulfonic
acid), chitosan, gold nanoparticles (AuNPs), and glutaraldehyde, which was further modi-
fied by immobilizing laccase using glutaraldehyde as a cross-linker. The composite material
demonstrated boosted electrical conductivity, enhanced stability of the chitosan layer while
maintaining high biocompatibility, and improved surface morphology, confirmed through
wide range of complementary analytical techniques. The addition of AuNPs increased the
effective surface area and facilitated the oxidation of polyphenols. The biosensor exhibited
high catalytic activity and excellent performance towards the oxidation and detection of
polyphenols such as catechol, gallic acid, and caffeic acid. The practical applicability of the
developed biosensor was validated using white wine samples. This innovative biosensor
offers a cost-effective, highly sensitive, and stable alternative for polyphenol determination
in various environmental and biological samples.

2.5. Molecular Recognition Systems

The development of molecular recognition systems has become a primary objective in
modern electrochemistry. These systems, which play a crucial role in various analytical
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applications, are created by depositing molecules with specific properties onto the surfaces
of electrode materials. Typically, semiconductors (such as silicon) or dielectrics (such as
glass or ceramics) are used as the base materials, which acquire valuable properties by
forming conductive or semiconductive structures on their surfaces. Most commonly, a
chemically defined layer of inorganic oxides or carbon materials with distinct electrical
properties is applied to the surface of the base material.

The work by Cirocka et al. [8] presents the search for optimal electrode materials
to serve as platforms for future sensors. A wide group of electrode materials was tested,
including fluorine-doped tin oxide (FTO), silicon modified with carbon nanowalls, and
silicon and glass modified with nanocrystalline boron-doped diamond layers with varying
B/C ratios. The electrochemical properties and wettability of these electrode materials
were evaluated and compared to commercially available carbon-based electrodes, such as
boron-doped diamond electrode and GCE. Among the tested electrode materials, FTO was
identified as the optimal electrode material due to its excellent electrochemical properties,
high chemical stability, and valuable optoelectronic characteristics, making it a prime candi-
date for further research and development in various analytical and industrial applications.

The study by Domaros et al. [9] on the modification of transparent conductive oxide
electrodes with alkoxysilanes demonstrates the potential for creating selective molecular
recognition systems. In this work, FTO electrodes were silanized using 3-aminopropyltrim-
ethoxysilane, trimethoxy(propyl)silane, and trimethoxy(octyl)silane under various reaction
conditions (time and temperature). The modification process included single and double
alkoxysilane modifications, as well as two-step mixed alkoxysilane modifications. The ob-
tained electrodes were characterized in terms of electrochemical properties and wettability.
The research highlights how different alkoxysilane structures and modification conditions
can control surface properties and charge transfer processes, paving the way for tailored
analytical tools with enhanced selectivity and sensitivity.

2.6. Electrodes for Electrocatalytic Systems

Electrodes play a crucial role in electrocatalytic systems, serving as the interface where
electrochemical reactions occur. Their importance lies in their ability to facilitate electron
transfer, which is essential for efficiently catalyzing reactions. The development of novel
electrode materials aims to optimize these systems for better performance, efficiency, and
durability in a wide range of applications, including fuel cells, electrolyzers, batteries,
and electrochemical sensors. A specific emphasis is placed on the electrocatalytic oxida-
tion of small organic compounds, such as methanol, ethanol, isopropanol, formaldehyde,
and formic acid, on various modified electrodes. Many electrocatalytic systems employ
noble metals such as platinum and palladium as key components, due to their unique
catalytic properties.

Leniart et al. [10] report on the development of an advanced electrochemical platform
based on a GCE modified with multi-walled carbon nanotubes (MWCNTs) and palladium
nanoparticles (PdNPs). The MWCNTs were applied to the GCE surface using the drop-
casting method, while PdNPs were produced electrochemically via a potentiostatic method
using various programmed charges from an ammonium tetrachloropalladate(II) solution.
This charge-controlled electrodeposition method enabled precise control over the amount
and size of the deposited PdNPs. Detailed characterization and electrochemical assessment
of GCE/MWCNTs/PdNPs revealed that the size and dispersion of PdNPs significantly
influence the catalytic activity towards formaldehyde oxidation. Additionally, the long-
term stability of the modified electrodes highlights their potential for practical applications.

2.7. Solid-Contact Ion Selective Electrodes

Solid-contact ion-selective electrodes (SC-ISEs) represent a significant advancement in
the field of ion detection, offering improved performance, stability, and versatility across
multiple applications. SC-ISEs are a type of ion-selective electrode that utilize a solid-state
material as the transducer element between the ion-selective membrane and the electron-
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conducting substrate. Unlike traditional ISEs that rely on liquid-filled internal solutions,
SC-ISEs incorporate solid-contact layers, which can be conducting polymers, carbon-based
materials, etc. However, the search for the ideal transducer material is still ongoing. The
perfect transducer material should exhibit a reversible transition from ionic to electronic
conduction, high exchange current density, stable chemical composition, and possibly high
hydrophobicity to minimize the formation of water at the transducer-membrane interface.
Recently, the use of metal–organic frameworks (MOFs), a sub-class of highly ordered and
porous materials with two- or three-dimensional structures, seems to be promising material
as an ion-to-electron transducer.

The article of Kościelniak et al. [11] describes preliminary studies on the development
of a solid-contact ion-selective electrode for detecting potassium in environmental water.
The authors implemented two versions of a stable cadmium acylhydrazone-based MOF
(JUK-13 and JUK-13_H2O), differing in guest molecules, as the ion-to-electron transducers.
Both MOFs significantly improved the potentiometric response and stability of the electrode.
The K-JUK-13_H2O-ISE demonstrated a good Nernstian slope and excellent long-term
potential stability, making it a reliable tool for environmental water analysis. Its successful
application in determining potassium in certified reference materials highlights its precision
and accuracy.

3. Conclusions

The collection of articles featured in this Special Issue reflects the significant progress
and innovation in the development and application of electrode materials for electro-
chemical analysis. The studies presented here offer deep insights into surface-modified
electrodes, bulk-modified electrodes, microelectrodes, biosensors, molecular recognition
systems, electrodes for electrocatalytic systems, and solid-contact ion selective electrodes,
highlighting the interdisciplinary nature of this field. Collectively, the articles published
within this Special Issue emphasize the importance of electrode material selection, surface
modification, and comprehensive characterization in advancing electroanalysis. We hope
that the findings and discussions presented here will inspire further research and innova-
tion in developing advanced electrode materials for electrochemical applications. As the
Guest Editors, we would like to extend our gratitude to all the authors, reviewers, and the
editorial team for their contributions to this Special Issue. We believe that the knowledge
shared within these pages will significantly impact the future of electrochemical analysis
and its applications.

Conflicts of Interest: The authors declare no conflicts of interest.
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2. Wasąg, J.; Grabarczyk, M. Copper Film Modified Glassy Carbon Electrode and Copper Film with Carbon Nanotubes Modified
Screen-Printed Electrode for the Cd(II) Determination. Materials 2021, 14, 5148. [CrossRef] [PubMed]

3. Festinger, N.; Kisielewska, A.; Burnat, B.; Ranoszek-Soliwoda, K.; Grobelny, J.; Koszelska, K.; Guziejewski, D.; Smarzewska, S.
The Influence of Graphene Oxide Composition on Properties of Surface-Modified Metal Electrodes. Materials 2022, 15, 7684.
[CrossRef] [PubMed]

4. Monteiro, M.C.; Winiarski, J.P.; Santana, E.R.; Szpoganicz, B.; Vieira, I.C. Ratiometric Electrochemical Sensor for Butralin
Determination Using a Quinazoline-Engineered Prussian Blue Analogue. Materials 2023, 16, 1024. [CrossRef] [PubMed]

5. Brycht, M.; Leniart, A.; Skrzypek, S.; Burnat, B. Incorporation of Bismuth(III) Oxide Nanoparticles into Carbon Ceramic Composite:
Electrode Material with Improved Electroanalytical Performance in 4-Chloro-3-Methylphenol Determination. Materials 2024,
17, 665. [CrossRef] [PubMed]

6. de Freitas Araújo, K.C.; de Araújo Costa, E.C.T.; de Araújo, D.M.; Santos, E.V.; Martínez-Huitle, C.A.; Castro, P.S. Probing the
Use of Homemade Carbon Fiber Microsensor for Quantifying Caffeine in Soft Beverages. Materials 2023, 16, 1928. [CrossRef]
[PubMed]

5



Materials 2024, 17, 3762

7. Krzyczmonik, P.; Klisowska, M.; Leniart, A.; Ranoszek-Soliwoda, K.; Surmacki, J.; Beton-Mysur, K.; Brożek-Płuska, B. The
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Abstract: A new voltametric method for highly sensitive propranolol (PROP) determination was
developed. A glassy carbon electrode modified with a hybrid material made of carbon black (CB) and
Nafion was used as the working electrode. The preconcentration potential and time were optimized
(550 mV and 15 s), as well as the supporting electrolyte (0.1 mol L−1 H2SO4). For 15 s preconcentration
time, linearity was achieved in the range 0.5–3.5 µmol L−1 and for 120 s in 0.02–0.14 µmol L−1. Based
on the conducted calibration (120 s preconcentration time) limit of detection (LOD) was calculated
and was equal to 7 nmol L−1. To verify the usefulness of the developed method, propranolol
determination was carried out in real samples (tablets and freeze-dried urine). Recoveries were
calculated and were in the range 92–102%, suggesting that the method might be considered as
accurate. The repeatability of the signal expressed as relative standard deviation (RSD) was equal
to 1.5% (n = 9, PROP concentration 2.5 µmol L−1). The obtained results proved that the developed
method for propranolol determination might be successfully applied in routine laboratory practice.

Keywords: propranolol; carbon black; Nafion; voltammetry; modified electrode

1. Introduction

Propranolol (PROP) belongs to the group of non-selective β-blockers. Its mechanism
of action bases on the inhibition of β1 and β2 receptors. Pharmacological inhibition of these
receptors inhibits its stimulation. It limits the influence of epinephrine and norepinephrine
on tissues that possess β-receptors (e.g., in the heart, vessels, and bronchi). In practice,
β-blockers reduce heart rate and contraction force and lead to reduction of blood pressure.
Propranolol might be characterized by a wide range of clinical applications, e.g., treatment
of hypertension, primary and secondary prevention of myocardial infarction, prevention
of migraine, reduction of anxiety, control of arrhythmias [1–3].

From the chemical point of view, propranolol is an organic compound described
as 1-[(1-methylethyl) amino]-3-(1-naphthalenyloxy). In the literature various analytical
propranolol determination methods have been reported, among them were spectrophotom-
etry [4,5], spectrofluorimetry [6,7], high performance liquid chromatography (HPLC) [8–10],
and capillary electrophoresis [11,12]. Another method that is commonly used for propra-
nolol determination is voltammetry. In comparison with the above mentioned methods,
voltammetry might be characterized by very low detection limit, high sensitivity, low
interferences impact, relatively low cost of analysis and no need to use toxic chemicals.
The most important part of each voltammetric system is the working electrode (WE).
For propranolol determination, different types of solid electrodes were used, e.g., glassy
carbon electrode (GCE) [13,14], graphite electrode (GE) [15,16], carbon paste electrode
(CPE) [17,18], boron doped diamond electrode (BDDE) [19], and screen printed electrode
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(SPE) [20,21]. A recent trend in electrochemical methods has focused on the modification of
solid electrodes (GCE, CPE, GE, and SPE) in order to improve their performance. Surface
modifiers should exhibit certain properties, like, for example, good electrical conductivity,
high specific surface area, and easy electron transfer. Therefore, different types of materials
might be used for this purpose: carbon nanomaterials [22,23], metal nanoparticles [24,25],
conducting polymers [26,27], etc.

However, use of the functionalized carbon nanomaterials such as carbon nanotubes
or graphene for voltammetric measurements is associated with the risk of obtaining hetero-
geneous layers with different nanotubes orientations, which may cause the problem of low
repeatability of obtained signals. Carbon nanotubes per se may also differ from each other
considering the differences in its activation process or various numbers of active centers
or function groups on its surface, that also can affect working conditions. Nowadays,
electrode modifiers consisted of noble metals nanoparticles getting more attention, but its
manufacturing process is also quite demanding, requiring the usage of strong acid under
the conditions that can generate toxic products. Other disadvantage of such solution is the
quite high price of such modifiers.

The aim of this work was developing of a new, highly sensitive and simple method
for propranolol determination. For this purpose, a glassy carbon electrode modified
with carbon black and Nafion was used. Developed modifier is an example of hybrid
material (combination of carbon nanomaterial and polymer) that combines advantages
of both components. Undoubted advantage of carbon black combined with Nafion as
a modifier layer is obtaining wide working surface due to its physical parameters. The
consequence of enlarging the electrode surface is clearly visible when comparing the
detection limits of voltammetric sensors based on other modification materials. The use
of Nafion as a dispersion component results not only in expanding the working surface,
but also assures shorter electrode preparation time of about 15 min for the measurement
process due to its quick drying process. This significantly improves the measurement
process compared to other popular solvents used in electrode preparation, which have to
be left to dry completely for a few hours. The simplicity of the proposed sensor and low
cost of manufacturing are also crucial factors of choosing such a design solution.

2. Experimental
2.1. Measuring Apparatus

For all voltametric measurements, a multipurpose Electrochemical Analyzer M161 and
the electrode stand M164 (MTM-ANKO, Krakow, Poland) with the EAGRAPH software
(1.0, Krakow, Poland) were used. The standard three-electrode voltammetric quartz cell
with volume of 20 mL was composed of a glassy carbon electrode modified with carbon
black as the working electrode (CBGC), a double junction silver chloride reference electrode
Ag/AgCl/KCl (3 mol L−1), and a platinum rod as an auxiliary electrode. Homogenization
of the supporting electrolyte was ensured using magnetic Teflon-coated bar (stirring speed
of about 500 rpm). pH-meter (N-512 elpo, Polymetron, Wroclaw, Poland) was used to
measure solutions pH value. All experiments were carried out at room temperature.

2.2. Chemicals

Standard stock solution of propranolol (Sigma Aldrich, Darmstadt, Germany) was
obtained by dissolving an appropriate weight of standard in proportion of water and
ethanol (1:1) and stored in fridge (10 mL, 0.01 mol L−1). Sulfuric acid (96%) was purchased
from Merck (Darmstadt, Germany), methanol (99%) and ethanol (96%) was purchased
from POCH (Gliwice, Poland). The Triton X-100 was purchased from Windsor Labora-
tories Ltd. (Kingston, Jamaica). Interferents: citric acid, lactose monohydrate, starch,
magnesium stearate, talc, cellulose, titanium dioxide, glucose, caffeine, ascorbic acid, uric
acid, acetaminophen were purchased from Merck (Darmstadt, Germany). Carbon black
nanoparticles with the surface area of 100 m2 g−1 and average particle size of 30 nm were
obtained from 3D-nano (Kraków, Poland). The ion-exchange polymer Nafion (5% solution
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in a mixture of lower aliphatic alcohols) was obtained from Sigma-Aldrich (Darmstadt,
Germany). Freeze-dried human urine was purchased from Medichem (Hobokem, NJ,
USA). All reagents were of analytical grade and used without further purification. All
solutions were prepared with double-distilled water.

2.3. Pharmaceutical Sample Preparation

Pharmaceutical samples such as propranolol WZF (Polfa Warszawa, Warszawa,
Poland) and propranolol Accord (Accord Healthcare, London, UK) were investigated
to measure the propranolol content. Pharmaceuticals were obtained from a local phar-
macy. For measurements, samples were prepared by crushing three tablets in a mortar
and quantitatively transferring to the volumetric flask (10 mL) and dissolving in water
and ethanol (1:1). After complete dissolving and homogenization solution was ready for
analysis. Solutions with lower concentrations were prepared daily.

The amount of propranolol in the samples was measured by the standard addition
method and validated with the recovery parameter.

2.4. Urine Sample Preparation

Urine sample was prepared by dissolution of freeze-dried human urine with 5 mL of
double distilled water and shaking on the ultrasonic washer (Emag, Leipzig, Germany)
until complete dissolution of the powder. Then 900 µL of urine and 100 µL of methanol
were transferred to the Eppendorf flask (1.5 mL) and stirred on the table centrifuge (Ep-
pendorf, Hamburg, Germany) at 2000 rpm for 1 min. Measurements were performed in
the supporting electrolyte consisting of 0.1 mol L−1 H2SO4 with the addition of 100 µL of
previously prepared urine sample using the standard addition method and validated with
recovery parameter.

2.5. Standard Procedure of Measurements

The differential pulse voltammetry (DPV) technique was applied for highly sensitive
quantitative measurements of propranolol. The electrode was coated with 10 µL of homog-
enized carbon black solution layer daily (carbon black suspended in Nafion, 1 mg mL−1).
After preparation, glassy carbon electrode modified with carbon black nanoparticles and
Nafion was used for propranolol (PROP) determination in the supporting electrolyte
consisting of 0.1 mol L−1 H2SO4 (pH 1.8, total volume of 10 mL). Voltammograms were
registered in the potential range from 500 mV to 1275 mV, with preconcentration potential
Eacc of 550 mV (preconcentration time tacc = 15 s). Other instrumental parameters of DPV
technique are as follow: potential step Es = 4 mV, pulse amplitude dE = 50 mV, time step
potential 20 s (10 ms waiting time tw and 10 ms sampling time ts).

3. Results and Discussion
3.1. Voltammetric Characterization of Glassy Carbon Electrode Modified with Carbon Black

The parameters of carbon black surface on the glassy carbon electrode were investi-
gated in 1 mmol L−1 potassium ferricyanide (Fe(CN)6

−3/Fe(CN)6
−4, solution in 1 mol L−1

KCl (both from POCH, Gliwice, Poland) using cyclic voltammetry. The range of the scan
rate values was from 10 to 250 mV s−1. The glassy carbon electrode modified with car-
bon black nanoparticles in Nafion working surface where the PROP oxidation process
takes place was calculated using the dependence between the ferricyanide peak current
and the square root of the scan rate. In order to compare the performance of the elec-
trodes, this parameter was calculated both for modified and unmodified electrode. For
the electrode modified by Nafion and carbon black, the size of active surface was of about
0.1058 cm2, whereas for the unmodified electrode surface the size was significantly lower
of about 0.0152 cm2, which indicates that the size of modified electrode working surface is
approximately seven times higher than unmodified.

The propranolol behavior was investigated on the CBGC electrode using a cyclic
voltammetry technique. Measurements were performed in the supporting electrolyte with
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addition of 10 µmol L−1 PROP. The effect of the scan rate changing in the range from 10
to 250 mV s−1 on propranolol oxidation process is presented in Figure 1. The absence
of the reduction peak in the cathodic scan implies that propranolol oxidation process on
CBGC electrode is irreversible. In order to explain the mechanism of PROP oxidation, the
dependences of its peak current versus the scan rate and the square root of the scan rate
were plotted. The linear correlation was obtained from the peak potential on the square
root of the scan rate plot, that suggests that the propranolol oxidation process takes place
by diffusion. The propranolol oxidation process on the glassy carbon electrode modified by
carbon black and Nafion is connected with the reaction on the Nafion layer. Considering
the propranolol pKa value of 9.42 and the supporting electrolyte with 0.1 M H2SO4, the
reaction group of propranolol exists in cationic form (Scheme 1). The positively charged
PROP exchanges protons with the sulphonic group of Nafion, which improves its efficiency
of accumulation on the electrode surface.
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Figure 1. Cyclic voltammograms of 10 µmol L−1 propranolol in 0.1 mol L−1 H2SO4 (pH 1.8) measured
on the glassy carbon electrode modified with carbon black nanoparticles. Scan rate values: 10, 25, 50,
100, 200, and 250 mV s−1.

Materials 2021, 14, 7582 5 of 14 
 

 

 
Scheme 1. Cationic form of propranolol formed during the electrochemical reaction. 

The propranolol preconcentration on the glassy carbon electrode modified by the 
carbon black takes part in the way of adsorption, but the transport from the Nafion 
modifier layer to the electrode surface is a diffusion-controlled process. The electrode 
surface modified by carbon black nanoparticles due to its physical properties is 
characterized by bigger active surface, which allows to accumulate more analyte than on 
the glassy carbon electrode surface. 

Moreover, the plot of the peak current vs. logarithm of the scan rate was developed, 
with obtained linear regression equation of: 𝐸 = 0.0133 ln 𝑣 + 0.0267 ሾVሿ, 𝑟 = 0.999 (1)

Considering the obtained values of the regression equation and assuming that the 
oxidation process of propranolol is irreversible, it is possible to calculate the number of 
electrons exchanged during the electrode reaction using the Laviron equation [28]: 𝐸 = 𝐸 + ( 𝑅𝑇𝛼𝑛𝐹) ln ቆ𝑅𝑇𝑘𝛼𝑛𝐹 ቇ + (𝑅𝑇𝛼 𝑛𝐹) ln 𝑣 (2)

where α is the transport coefficient, k0 is the electrochemical rate constant, n is the number 
of exchanged electrons, v is the scan rate value, E0 is the formal potential, T is temperature 
value, F is the Faraday constant and R is the gas constant. Assuming α value as 0.5 and 
the value of the αn coefficient equal to 0.97, the number of the electrons that participate in 
the electrochemical propranolol oxidation could be calculated as 2. 

The number of electrons exchanged during the propranolol oxidation reaction can 
also be determinate using following equation: 𝛼𝑛 = 0.048ቚ𝐸 − 𝐸ଵ ଶൗ ቚ (3)

The αn value calculated from the equation was equal to 0.96. Assuming α as 0.5, the 
number of electrons exchanged during the oxidation reaction could be calculated as 2, 
which confirms previous calculations result.  

To clarify the oxidation mechanism, investigation of the amount of proton that 
participates in the oxidation process was performed using different pH values of the 
supporting electrolyte in the range from 1.8 to 7.1 (Figure 2). The propranolol peak was 
shifting toward more positive potentials along with decreasing pH values. The 
dependence of the peak potential value versus the supporting electrolyte pH is linear, 
according to the following equation. 𝐸 = 0.062 pH + 1.15 V (4)

The value of the slope equals to 0.062 V pH−1, which implies that the amount of 
exchanged electrons and protons is equal during the propranolol oxidation. The proposed 
mechanism of possible propranolol oxidation on CBGC electrode is presented on Scheme 2.  

Scheme 1. Cationic form of propranolol formed during the electrochemical reaction.

The propranolol preconcentration on the glassy carbon electrode modified by the
carbon black takes part in the way of adsorption, but the transport from the Nafion modifier
layer to the electrode surface is a diffusion-controlled process. The electrode surface
modified by carbon black nanoparticles due to its physical properties is characterized by
bigger active surface, which allows to accumulate more analyte than on the glassy carbon
electrode surface.
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Moreover, the plot of the peak current vs. logarithm of the scan rate was developed,
with obtained linear regression equation of:

Ek = 0.0133 ln v + 0.0267 [V], r = 0.999 (1)

Considering the obtained values of the regression equation and assuming that the
oxidation process of propranolol is irreversible, it is possible to calculate the number of
electrons exchanged during the electrode reaction using the Laviron equation [28]:

Ek = E0 +

(
RT
αnF

)
ln
(

RTk0

αnF

)
+ (

RT
α

nF) ln v (2)

where α is the transport coefficient, k0 is the electrochemical rate constant, n is the number
of exchanged electrons, v is the scan rate value, E0 is the formal potential, T is temperature
value, F is the Faraday constant and R is the gas constant. Assuming α value as 0.5 and the
value of the αn coefficient equal to 0.97, the number of the electrons that participate in the
electrochemical propranolol oxidation could be calculated as 2.

The number of electrons exchanged during the propranolol oxidation reaction can
also be determinate using following equation:

αn =
0.048∣∣∣Ep − Ep1/2

∣∣∣
(3)

The αn value calculated from the equation was equal to 0.96. Assuming α as 0.5, the
number of electrons exchanged during the oxidation reaction could be calculated as 2,
which confirms previous calculations result.

To clarify the oxidation mechanism, investigation of the amount of proton that partici-
pates in the oxidation process was performed using different pH values of the supporting
electrolyte in the range from 1.8 to 7.1 (Figure 2). The propranolol peak was shifting
toward more positive potentials along with decreasing pH values. The dependence of
the peak potential value versus the supporting electrolyte pH is linear, according to the
following equation.

Ep = 0.062 pH + 1.15 V (4)
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The value of the slope equals to 0.062 V pH−1, which implies that the amount of
exchanged electrons and protons is equal during the propranolol oxidation. The proposed
mechanism of possible propranolol oxidation on CBGC electrode is presented on Scheme 2.
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Scheme 2. Possible propranolol oxidation mechanism on glassy carbon electrode modified with
carbon black nanoparticles.

A comparison in Linear Sweep Voltammetry (LSV) propranolol measurements be-
tween modified and unmodified glassy carbon electrode was performed (Figure not in-
cluded). A linear correlation between propranolol peak current and square root of scan rate
was observed, which indicates that its oxidation process on bare glassy carbon electrode is
also diffusion controlled. The plot of the peak current vs logarithm of the scan rate was
developed, with the obtained linear regression equation.

Considering the obtained values of the regression equation and assuming that the
oxidation process of propranolol is irreversible, it was possible to calculate the number
of electrons exchanged during the electrode reaction. Assuming α value as 0.5 and the
value of the αn coefficient equal to 0.64, the number of the electrons that participates in the
electrochemical propranolol oxidation could be calculated as 1.

3.2. Influence of Modifier Layer Volume on Propranolol Peak

In order to examine the influence of modifier volume applied on the glassy carbon
electrode surface on the propranolol signal, the appropriate experiment was conducted.
The ion-exchange properties of the Nafion depends strongly on the film thickness. Too
thick film may decrease the diffusion of the propranolol to the electrode surface, where
the exact electrochemical reaction occurs, therefore the obtained signal decreases in its
size. Thus, optimizing the amount of modifier layer on the electrode surface is necessary.
For this purpose, each GC electrode was modified with a different volume of CB-Nafion
dispersion: 0, 2, 5, 7.5, 10, 15, 20 µL (Figure 3). As it might be observed, modification of GCE
significantly improved propranolol signal. During the measurements, a few parameters
were considered, such as the capacitive current value, the relation of the peak current
to the background current, and also the peak shape and its good distinction from the
background current. Considering all these parameters, the most favorable characteristic of
the propranolol peak with the highest peak current (5.78 µA) was obtained for the layer of
10 µL, therefore this amount of carbon black modification layer was chosen as optimal for
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further studies. In comparison, peak current register on bare GCE was equal to 0.29 µA,
which means that by modification, propranolol signal was improved almost 20 times.
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3.3. Influence of Preconcentration Time and Potential on Propranolol Peak

To provide high sensitivity of the performed measurements, the influence of pre-
concentration potential and time on the propranolol peak values was investigated. The
preconcentration potential was investigated in the range from −100 to 750 mV (data not
included). Examined values did not significantly affect the potential and current of propra-
nolol peak, therefore the 550 mV was chosen as a propranolol preconcentration potential in
furthers studies.

The plot of relationship between propranolol peak current value and preconcentration
time value obtained on CBGC electrode is presented in Figure 4. For all investigated PROP
concentration values, increasing the preconcentration time results in an increased value of
peak current. The maximum obtained peak current was for the propranolol concentration
of 10 µmol L−1 and it was equal to 25.49 µA (tacc 240 s), while for 2.0 µmol L−1 it was
equal to 19.69 (tacc 240 s). For the analytical performance studies time of 15 s was picked to
accumulate the analyte on the CBGC electrode surface, in order to ensure the good quality
of the signal obtained simultaneously with a short duration of a single analysis.
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Figure 4. Dependence of the propranolol peak current on preconcentration time in the range from
0 to 240 s for (a) 10 µmol L−1 (b) 5.4 µmol L−1, and (c) 2 µmol L−1 propranolol concentration in
0.1 mol L−1 H2SO4 (pH 1.8).

3.4. Influence of Supporting Electrolyte on Propranolol Peak

To maintain optimal conditions of propranolol determination, its peak properties
(concentration of 10 µmol L−1) were examined in miscellaneous base electrolytes, such
as: 0.1 mol L−1 ammonia buffer (pH 8.2, Chempur, Piekary Śląskie, Poland), 0.1 mol L−1

acetate buffer (pH 3.8, Chempur, Piekary Śląskie, Poland), 0.1 mol L−1 H2SO4 (pH 1.8),
0.1 mol L−1 KH2PO4 (Merck, Darmstadt, Germany), 0.1 mol L−1 KCl, and 0.1 mol L−1 HCl
(Figure not included). Signals obtained in a supporting electrolyte consisted of sulfuric acid
characterized by the optimal properties of obtaining the propranolol peak, considering the
relationship of its peak current value and background current value. The signal obtained
in this environment was also characterized by good peak shape and high repeatability.
Furthermore, to ensure the best possible measurement conditions, the influence of sulfuric
acid concentration in a range of 0.025 to 0.5 mol L−1 on the propranolol peak was examined
(Figure not included). The change in this parameter was shown to not significantly affect
the maximum current, therefore the supporting electrolyte of 0.1 mol L−1 H2SO4 was
selected for later studies.

3.5. Influence of Potential Interferents on Propranolol Peak

Study of interferences is an important part of developing a new analytical method. It
allows to determine the influence of potential interferents (that might be found in sample’s
matrix) on analyte signal. In the experiment, the influence of the following metals on the
propranolol signal was investigated: Mg(II), Ca(II), Na(I), K(I) (50 µmol L−1 added), Cu(II),
Pb(II), Cd(II), Zn(II), Mo(IV), Mn(II) (5 µmol L−1 added). Moreover, organic compounds
and potential ingredients of the pharmaceutical formulation and urine were tested, such
as: citric acid (50 µmol L−1 added), lactose monohydrate, starch, magnesium stearate,
talc, cellulose, titanium dioxide, glucose, caffeine, ascorbic acid, uric acid, acetaminophen
(20 µmol L−1 added), and Triton X-100 (2.5 ppm added). Each measurement was carried
out in 0.1 mol L−1 H2SO4, the preconcentration potential and time were equal to 550 mV
and 15 s, respectively, the propranolol concentration was 10 µmol L−1. Among the tested
substances only a few of them had influence on propranolol signal. In the case of Cd(II)
and Mo(II), their concentration equal to 5 µmol L−1 caused a 15% and 13% decrease in the
peak current, respectively. The presence of Mg(II) resulted in a 25% increase in the signal
(concentration 50 µmol L−1). Cu(II) ions caused a 22% decrease in the peak current when
its concentration was equal to 5 µmol L−1. Remaining interferents had no or negligibly
small influence on propranolol signal. In Table 1 changes in propranolol peak current
before and after interferents dosing are presented.
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Table 1. Propranolol peak current change in presence of interferents.

Interferent\Concentration
of Interferent

Peak Current Value, µA Signal Change,
%0 µmol L−1 5 µmol L−1 20 µmol L−1 50 µmol L−1 2.5 ppm

Mg (II) 5.59 - - 6.99 - +25
Ca (II) 5.50 - - 5.87 - +7
Na (I) 5.52 - - 5.74 - +4
K (I) 5.56 - - 5.90 - +6

Cu (II) 5.57 4.35 - - - −22
Pb (II) 5.55 5.77 - - - +4
Cd (II) 5.59 4.75 - - - −15
Zn (II) 5.63 5.35 - - - −6

Mo (IV) 5.49 4.77 - - - −13
Mn (II) 5.09 5.01 - - - −2

Citric acid 5.58 - - 5.40 - −3
Lactose monohydrate 5.56 - 5.40 - - −3

Starch 5.49 - 5.43 - - −1
Magnesium stearate 5.56 - 5.56 - - 0

Talc 5.58 - 5.47 - - −2
Cellulose 5.54 - 5.43 - - −2

Titanium dioxide 5.62 - 5.63 - - 0
Glucose 5.63 5.29 - - - −6
Caffeine 5.61 - 5.22 - - −7

Ascorbic acid 5.60 - 5.43 - - −3
Uric acid 5.57 - 5.46 - - −2

Acetaminophen 5.58 - 5.36 - - −4
Triton X-100 5.79 - - - 5.18 −11

3.6. Calibration and Real Samples Studies

Propranolol DP voltammograms of 0.02 to 3.5 µmol L−1 with a preconcentration time
in the range from 15 to 120 s was registered and presented in Figure 5.

Materials 2021, 14, 7582 10 of 14 
 

 

3.6. Calibration and Real Samples Studies 
Propranolol DP voltammograms of 0.02 to 3.5 μmol L−1 with a preconcentration time 

in the range from 15 to 120 s was registered and presented in Figure 5.  

 
Figure 5. DPV calibration curves of propranolol registered for preconcentration times (a) 2 min, (b) 1 min, and (c) 15 s in 
0.1 mol L-1 H2SO4 (pH 1.8) (A) and corresponding voltammograms for preconcentration time of 1 min and concentration 
range 0 to 0.7 μmol L-1 (B). 

The linear dependence between PROP concentration and peak current value for short 
preconcentration time of 15 s was in the range from 0.5 up to 3.5 μmol L−1, with the 
detection limit of 0.12 × 10−6 mol L−1 (signal to noise relation = 3) and sensitivity of 0.59 μA 
μM−1 (Ip = 0.598x + 0.098, R = 0.998). In order to achieve lower detection limit, parameter 
of preconcentration time was elongated to 120 s. Obtained calibration curve with linearity 
from 0.02 to 0.14 μmol L−1 let to accomplish the detection limit of 0.007 × 10−6 mol L−1 (signal 
to noise relation = 3) and sensitivity of 6.58 μA μM−1 (Ip = 6.583x + 0.042, R = 0.997). The 
reproducibility of the presented propranolol determination method was calculated from 
the obtained voltammograms and specified as RSD with the value of 1.5% for 9 repetition 
of measurements of 2.5 μmol L−1 propranolol concentration. Comparison of propranolol 
detection limits for its different determination methods reported in the literature is 
showed in Table 2. 

Table 2. Comparison of other propranolol determination methods. 

Method  Detection Limit Source 
Spectrophotometry 0.34 μmol L−1 [5] 

RP-HPLC 1 1.04 μmol L−1 [8] 
SWV (GC/MWCNTs) 2 26 nmol L−1 [13] 

SWV (AgNP-IL-FG-NF/GCE) 3 17 nmol L−1 [14]  
SWV (EPPG/Graphen/CP) 4 20 nmol L−1 [15] 
CV (TiO2/MWCNT/PGE) 5 21 nmol L−1 [16]  

SWV (BDDE) 6 0.18 μmol L−1 [19]  
DPV (SPE) 7 13 nmol L−1 [20]  

0 1 2 3 4

0.0

0.5

1.0

1.5

2.0

2.5

Pe
ak

 c
ur

re
nt

, μ
A

Concentration, μmol L-1

a b

c
A

600 800 1000 1200

12

16

20

24

C
ur

re
nt

, μ
A

Potential, mV

B

Figure 5. DPV calibration curves of propranolol registered for preconcentration times (a) 2 min, (b) 1 min, and (c) 15 s in
0.1 mol L−1 H2SO4 (pH 1.8) (A) and corresponding voltammograms for preconcentration time of 1 min and concentration
range 0 to 0.7 µmol L−1 (B).
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The linear dependence between PROP concentration and peak current value for
short preconcentration time of 15 s was in the range from 0.5 up to 3.5 µmol L−1, with
the detection limit of 0.12 × 10−6 mol L−1 (signal to noise relation = 3) and sensitivity
of 0.59 µA µM−1 (Ip = 0.598x + 0.098, R = 0.998). In order to achieve lower detection
limit, parameter of preconcentration time was elongated to 120 s. Obtained calibration
curve with linearity from 0.02 to 0.14 µmol L−1 let to accomplish the detection limit
of 0.007 × 10−6 mol L−1 (signal to noise relation = 3) and sensitivity of 6.58 µA µM−1

(Ip = 6.583x + 0.042, R = 0.997). The reproducibility of the presented propranolol determi-
nation method was calculated from the obtained voltammograms and specified as RSD
with the value of 1.5% for 9 repetition of measurements of 2.5 µmol L−1 propranolol
concentration. Comparison of propranolol detection limits for its different determination
methods reported in the literature is showed in Table 2.

Table 2. Comparison of other propranolol determination methods.

Method Detection Limit Source

Spectrophotometry 0.34 µmol L−1 [5]
RP-HPLC 1 1.04 µmol L−1 [8]

SWV (GC/MWCNTs) 2 26 nmol L−1 [13]
SWV (AgNP-IL-FG-NF/GCE) 3 17 nmol L−1 [14]

SWV (EPPG/Graphen/CP) 4 20 nmol L−1 [15]
CV (TiO2/MWCNT/PGE) 5 21 nmol L−1 [16]

SWV (BDDE) 6 0.18 µmol L−1 [19]
DPV (SPE) 7 13 nmol L−1 [20]

SWV (C:N electrode) 8 0.75 µmol L−1 [29]
Polarography 5 nmol L−1 [30]

Spectrofluorimetry 11.9 nmol L−1 [31]
Spectrofluorimetry 30.8 nmol L−1 [32]

LC/MS 9 0.19 nmol L−1 [33]
Chemiluminescence 3.4 µmol L−1 [34]
Chemiluminescence 0.14 µmol L−1 [35]

SWV (MWCNT/SR) 10 78 nmol L−1 [36]
CV (CPE/CuO) 11 2.91 µmol L−1 [37]

DPV (GC/CB) 7 nmol L−1 This work
1 Reversed-phase chromatography; 2 square wave voltammetry with glassy carbo electrode modified with multi-
walled carbon nanotubes; 3 square wave voltammetry with glassy carbon electrode modified with functionalized-
graphene, ionic liquid and silver nanoparticles; 4 square wave voltammetry with edge plane pyrolytic graphite
electrode modified with graphene and conductive polymer; 5 cyclic voltammetry with pencil graphite electrode
modified with TiO2 and multiwalled carbon nanotubes; 6 square wave voltammetry with boron doped diamond
electrode; 7 differential pulse voltammetry with screen printed electrode; 8 square wave voltammetry with
nitrogen-containing tetrahedral amorphous carbon; 9 liquid chromatography coupled with mass spectrometry;
10 square wave voltammetry with multiwalled carbon nanotubes, graphite and silicone rubber electrode; 11 cyclic
voltammetry with copper-oxide nanoparticle modified carbon paste electrode.

To assess its validity, the proposed method was applied to the sensitive propranolol
determination in authentic pharmaceutical samples containing the studied drug and freeze-
dried human urine sample using the standard addition method. Two commonly accessible
drugs: Propranolol WZF (10 mg of propranolol per tablet) and Propranolol Accord (10 mg
of propranolol per tablet) were investigated. The sample preparation for analysis was as
described in point 2.3. The results obtained with the recovery parameter are presented
in Table 1. The value of recovery parameter ranged between 92 and 102% suggests the
usefulness of the proposed method for highly sensitive propranolol determination in
pharmaceutical samples.

In addition, a human freeze-dried urine sample was tested in order to check the suit-
ability of the method for sensitive determination of propranolol in human body fluids. The
urine sample was prepared as described in point 2.4 and the determination of propranolol
was performed using the standard addition method. The results obtained with the recovery
parameter measured for each medication are presented in Table 3. The value of recovery
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parameter ranged between 97 and 106%, and suggests the usefulness of proposed method
for high sensitive propranolol determination in urine samples. The sample of the obtained
voltammograms with corresponding calibration plot is presented in Figure 6. The PROP
peak obtained in urine using glassy carbon electrode modified by carbon black was well
shaped and clearly distinguished from the background. By expanding the preconcentration
time value, it is possible to reach the propranolol concentration values that are noticed in
the real urine sample collected from the patients (1 µg mL−1). For the preconcentration
time of 45 s, obtained detection limit was of about 18.2 µmol L−1.

Table 3. Results of propranolol determination in pharmaceutical samples and human urine.

Sample PROP Added, mg/Tablet PROP Found ± mg/Tablet Recovery, %

Propranolol WZF

0 11.5 ± 0.2 -
15 13.8 ± 0.3 92
30 30.9 ± 0.2 100
45 44.9 ± 0.2 100

Propranolol Accord

0 11.7 ± 1.2 -
15 15.4 ± 0.3 102
30 28.9 ± 0.5 96
45 45.6 ± 0.3 101

Sample PROP added, µg/mL PROP found ± µg/mL Recovery, %

Urine diluted 100×

0 Not detected -
6 6.36 ± 0.9 106

12 11.7 ± 0.8 97
18 18.5 ± 0.5 103
24 23.8 ± 0.4 99
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Figure 6. Voltammograms of propranolol determination in urine sample (urine curve marked as red)
(A) with corresponding calibration curve (B).

4. Conclusions

In this work, voltametric method of highly sensitive propranolol determination is
presented. For the first time of propranolol determination, glassy carbon electrode modified
with hybrid nanomaterial based on carbon black and Nafion was used as working electrode.
In comparison to previously reported electrode modifiers for highly sensitive propranolol
determination, developed sensor might be characterized by ease of its preparation, low-cost,
and excellent analytical performance. The conditions for the determination of propranolol
were optimized: supporting electrolyte 0.1 mol L−1 H2SO4, preconcentration potential,
and time equal to 550 mV and 15 s, respectively. Based on conducted calibrations, LOD
values were calculated and were equal to 120 nmol L−1 for 15 s preconcentration time and
7 nmol L−1 for 120 s preconcentration time. Signal repeatability calculated as RSD was
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equal to 1.5% (n = 9, propranolol concentration 2.5 µmol L−1). To verify the usefulness of
the developed method, the propranolol concentration was measured in two commercially
available pharmaceutical products and in freeze-dried human urine sample. The obtained
recovery parameter was in the range 92–106%, which suggests that the method might be
assumed to be accurate. Considering the presented results, it might be concluded that the
developed voltametric method for propranolol determination using carbon black/Nafion
modifier layer could be a useful tool in routine laboratory practice.
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Abstract: A copper film modified glassy carbon electrode (CuF/GCE) and a novel copper film with
carbon nanotubes modified screen-printed electrode (CuF/CN/SPE) for anodic stripping voltam-
metric measurement of ultratrace levels of Cd(II) are presented. During the development of the
research procedure, several main parameters were investigated and optimized. The optimal elec-
troanalytical performance of the working electrodes was achieved in electrolyte 0.1 M HCl and
2 × 10−4 M Cu(II). The copper film modified glassy carbon electrode exhibited operation in the pres-
ence of dissolved oxygen with a calculated limit of detection of 1.7 × 10−10 M and 210 s accumulation
time, repeatability with RSD of 4.2% (n = 5). In the case of copper film with carbon nanotubes
modified screen-printed electrode limit of detection amounted 1.3 × 10−10 M for accumulation time
of 210 s and with RSD of 4.5% (n = 5). The calibration curve has a linear range in the tested con-
centration of 5 × 10−10–5 × 10−7 M (r = 0.999) for CuF/GCE and 3 × 10−10–3 × 10−7 M (r = 0.999)
for CuF/CN/SPE with 210 s accumulation time in both cases. The used electrodes enable trace
determination of cadmium in different environmental water samples containing organic matrix. The
validation of the proposed procedures was carried out through analysis certified reference materials:
TM-25.5, SPS-SW1, and SPS-WW1.

Keywords: copper modified electrode; carbon-based electrode materials; screen-printed electrode;
electrochemical detection; stripping voltammetry; cadmium determination

1. Introduction

This work developed a novel voltammetric procedure for determination of cadmium
using two types of working electrode: a copper film with carbon nanotubes modified screen-
printed electrode (CuF/CN/SPE) and a copper film modified glassy carbon electrode
(CuF/GCE). For the first time, copper modified electrodes were used to determine ultratrace
amounts of Cd(II) ions. The use of copper as a film on the surface of the working electrode
is a very important aspect, as now a lot of emphasis is placed on the development of a new
type of film electrodes using non-toxic metals. Copper is non-toxic and allowed us to obtain
very low detection limit for cadmium. Importantly, this work was also created to draw the
attention of scientists to this type of copper electrodes, which has been practically unused
until now, but is proving to be a powerful tool in the trace analysis of many metal ions.
At work, it is also important to determine cadmium on two different working electrodes
under almost identical measurement conditions, which allows the measurements to be
transferred to field conditions and the results obtained with both methods can be compared.
The procedure was first developed and optimized for the CuF/GCE working electrode
and then successful measurements were carried out using the obtained parameters with
the novel modified CuF/CN/SPE electrode. As already mentioned, in the literature, we

20



Materials 2021, 14, 5148

do not find too many works relating to the use of the copper film electrode [1–4]. Copper
film modified electrodes seem to be an excellent proposal for the determination of trace
amounts of metals also in real samples. Such an electrode allows low detection limits to be
obtained, and the fact that it is created in situ from the test solution significantly shortens
the measurement time. The SPE electrode, on the other hand, has several advantages over
conventional electrodes, such as the simplicity of use, commercial availability, low price,
and the possibility of using it in field research as a portable sensor. The reproducibility and
sensitiveness of these electrodes are very good, so they can replace classical solid electrodes
in the analysis [5,6]. Their effectiveness in analysis gives a chance for their widespread and
more frequent use [7–10]. These electrodes are also easily accessible to everyone. There is a
wide variety of screen-printed electrode materials in the commercial industry, depending
on the specific needs. They can be easily purchased and used in direct field analyzes.

Film metal modified electrodes have become more and more popular in recent years,
especially as a replacement for toxic mercury electrodes. These electrodes can be generated
on various substrates, but the most common is glassy carbon [1,2,4,11–14]. In recent years,
more attention has been paid to screen-printed electrodes, which can be used either as
direct working electrodes or as an attractive substrate for the generation of film metal elec-
trodes. The sensitivity of screen-printed electrodes can be increased by the incorporation
of desirable functional parameters or specific nanoparticles in the ink before the printing
process. The screen-printed electrode used in this work is modified with carbon nanotubes
(CN), which have a large surface, excellent electrical conductivity, and good chemical
stability [15]. Carbon nanotubes exhibit better electrochemical performance than other
carbon-based electrodes. In the literature, there are examples of the use of electrodes that
are modified by carbon nanotubes. To name a few uses, they have been used for electro-
chemical oxidation of inorganic and organic compounds, including pharmaceuticals [16],
and catalytic oxidation of thiols [11]. Various modifications with the use of copper are also
known in the literature [17–19]. In our work, a copper coating is applied to the surface
of the working electrode, which forms an integral part of the electrode. In other works,
an interesting solution is the use of hybrid materials based on copper oxide successfully
synthesized by an ultrasound sonochemical method and applied as an electrode material
for supercapacitor applications [17]. Another interesting example can be the use of metal
organic framework (MOF) derived Co-Al layered double hydroxide by Cr(VI) and Pb(II)
ion adsorption [18]. These works give us an insight into the effectiveness of the practical use
of copper-based materials as a diverse medium for the determination of many metal ions.

The aim of our research was to use modified copper film electrodes generated on
various substrates, such as GCE and CN/SPE, and to develop competitive procedures
for the determination of trace amounts of cadmium. Cadmium is a familiar hazardous
pollutant in the ecological system. It is an element that is relatively sparse in the earth’s
crust, but poses a serious threat to human and animal health. As a result of human activities,
cadmium has become the main chemical pollutant of the environment, and as it is used
in many technology processes in various industries and agriculture, its presence is found
in air, water, and soil as well as in plants and animal tissues. In industry, cadmium is
used for the production of dyes and plastic stabilizers, artificial and galvanic protective
coatings, solders and alloys, and cadmium bars. It is also used for the production of
alkaline nickel-cadmium batteries, fireworks, and fluorescent paints [20]. Fertilizers (e.g.,
superphosphates) that are contaminated with this metal in an amount from 10 to 100 mg/kg
are a significant source of cadmium in the environment. Its long-term and widespread
use leads to continual cadmium contamination of the soil [21]. Once introduced into the
environment, cadmium is not subject to degradation and remains in constant circulation.
Its long half-life translates into the accumulation of this element in the organisms of plants,
animals, and humans. Environmental exposure factors can lead to the absorption of large
amounts of cadmium and the toxic effects of this element on the body. In living organisms,
even in small amounts, it causes liver diseases, kidney and cardiovascular dysfunction,
toxic effects in Alzheimer’s disease, and carcinogenic effects on humans [22]. Therefore, it
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is crucial to obtain information on the amount of Cd(II) ions in real environmental samples
as their toxicological effect depends on their concentration and the form of the compound
in which cadmium occurs [23].

In our research, we focused on the determination of Cd(II) in water environmental
samples, and we wanted to use working electrodes of a new generation for this purpose, al-
lowing for excellent signal reproducibility and high sensitivity of determinations. In the re-
search, anodic stripping voltammetry (ASV) was used, which allows the above-mentioned
advantages of film modified solid electrodes to be exploited. Stripping voltammetric
analysis methods are widely used in trace analysis of various metals and successfully
used to monitor environmental samples [12,13,24–29]. Additionally, these techniques have
often been used to designate cadmium as heavy metal. Abbasi et al. [30] summarized the
literature on cadmium determination using the striping voltammetry technique up to 2011.
In their work, Rojas-Romo et al. [31] summarized the electroanalytical methods applied
for Pb(II) and Cd(II) determination using different types of working electrodes and anodic
stripping voltammetry. The vast majority of these papers describe the determination of
cadmium ions simultaneously with other elements, most often lead. Here, we determine
cadmium without accompanying ions. Table 1 compares the proposed procedure with the
publications concerning the determination of Cd(II) ions in the works from recent years
using the ASV technique.

Table 1. Comparison of the proposed procedure with the previously reported voltammetric methods using ASV for the
determination of Cd(II). The works are ranked according to the decreasing limit of detection.

Electrode Accumulation Time LOD Sample References

polyPCA/GE 125 s 0.142 µM freshwater and real
water [32]

SWCNTs/Biomass/GCE 120 s 0.103 µM real water [33]
GQDs/NF/GCE 150 s 0.126 µM bivalve mollusks [34]

BOC/GCE 500 s 0.035 µM tap water [35]
Hg(Ag)FE 30 s 0.013 µM real water [36]

MFE/GCE 240 s 0.006 µM the constituent parts of
the illegal cigarettes [37]

IL/GO/GCE 300 s 0.003 µM tap water [38]
MWCNT/GCE not specified 0.002 µM real water [39]

BiFE/GCE 60 s 0.008 × 10−1 µM real water [31]
GO@Fe3O4@2-

CBT/GCE 180 s 0.027 × 10−2 µM real water [40]

CuF/GCE 210 s 0.017 × 10−2 µM real water [this work]
CuF/CN/SPE 210 s 0.013 × 10−2 µM real water [this work]

polyPCA/GE—graphite electrodes modified with poly(p-coumaric acid), SWCNTs/Biomass/GCE—glassy carbon electrode modified by a
mixture of single walled carbon nanotubes and biomass, GQDs/NF/GCE—glassy carbon electrode modified with graphene quantum
dots and Nafion, BOC/GCE—glassy carbon electrode modified bismuth oxycarbide, Hg(Ag)FE—renewable mercury film silver-based
electrode, MFE/GCE—glassy carbon electrode modified mercury film, IL/GO/GCE—glassy carbon electrode modified graphene oxide
and ionic liquid, MWCNT/GCE—glassy carbon electrode multi-walled carbon nanotube electrode, BiFE/GCE—glassy carbon electrode
modified bismuth film, and GO@Fe3O4@2-CBT/GCE—glassy carbon electrode modified with magnetic graphene oxide modified with
benzothiazole-2-carboxaldehyde.

As we can see, our procedure has the lowest detection limit compared to other ASV
procedures for the determination of Cd(II) ions published in recent years. We achieved this
due to the use of new generation copper modified electrodes, CuF/CN/SPE and CuF/GCE,
in cadmium analysis for the first time. We obtained detection limits even lower than with
the use of mercury electrodes, which, as is well known, enable determination of one of the
lowest detection limits in voltammetric methods. The elimination of mercury electrodes
from research is another aspect that supports the development of other electrochemical
sensors using non-toxic metals. It is, therefore, a major advantage of the tested method
described here.
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2. Materials and Methods
2.1. Apparatus

A µAutolab analyzer (EcoChemie, Utrecht, The Netherlands) with GPES software was
used to perform voltammetric studies. The three-electrode system used for measurement
consisted of a glassy carbon working electrode and a modified carbon nanotubes screen-
printed working electrode (GCE, 1 mm diameter, and CN/SPE, 4 mm diameter), an
Ag/AgCl (saturated NaCl) reference electrode (AutoLab), and platinum wire as an auxiliary
electrode (AutoLab). The surfaces of the working electrodes were modified before each
measurement in situ with copper. The studies were conducted in a volumetric cell (10 mL
volume). The glassy carbon electrode (AutoLab) was polished daily on 2000 grit sandpaper,
and afterwards it was polished using 0.3 µm alumina slurry on a Buehler polishing pad
and immersed for 30 s in an ultrasonic bath. The modified carbon nanotubes screen-printed
electrode was used without any special preparation in the form in which it was purchased
(nLab). FEI Quanta 3D FEG scanning electron microscope (SEM) equipped with an energy
dispersive X-ray spectrometer EDX Octane Elect Plus was used to accurately identify
surface morphology and to take images of the electrode surfaces.

2.2. Reagents

The supporting electrolyte was prepared by diluting concentrated hydrochloric acid
to 0.1 M HCl (Suprapure Merck). Standard cadmium of 1 g/L was purchased from
Fluka (Buchs, Switzerland). The working solution of Cd(II) with a lower concentration
of 1×10−4 M was prepared from standard cadmium in 0.01 M HNO3 solution. The inter-
ference effect was tested using standard stock solutions of 1 g/L of Al(III), As(III), As(V),
Ca(II), Cr(III), Cr(VI), Fe(III), Mg(II), Mn(II), Ni(II), Pb(II), W(VI), Zn(II), Ti(IV), Sb(III),
Mo(VI), Sn(IV), Se(IV), In(III), and Ga(III) from Fluka. The solution of Triton X-100 (non-
ionic surfactant), SDS (anionic surfactant), and CTAB (cationic surfactant) were purchased
from Fluka, whereas HF (humic acids) was obtained from Aldrich. FA (fulvic acids) and
NOM (natural organic matter) from the Suwannee River were purchased from the Interna-
tional Humic Substances Society. Rhamnolipids (biosurfactant) and Amberlite XAD-7 resin
were obtained from Sigma. The resin was prepared by rinsing it four times in distilled
water and drying at 50 ◦C before use. All solutions were made using ultra-purified water
supplied by a Milli-Q system (Millipore, London, UK).

In the research, certified reference materials were used such as: TM-25.5 (environmen-
tal matrix reference material, Environment and Climate Change, Ottawa, ON, Canada),
SPS-SW1 (surface water, Spectrapure Standards As, Oslo, Norway), and SPA-WW1 (waste
water, Spectrapure Standards As, Oslo, Norway).

2.3. ASV Procedure of Cadmium Determination

For both used electrodes, CuF/CN/SPE and CuF/GCE, the measurements were
performed under optimum conditions using hydrochloric acid at a concentration of 0.1 M
containing 2 × 10−4 M Cu(II). The experiments were performed using differential pulse
anodic stripping voltammetry (DP-ASV) in the following sequence of potentials: +0.4 V
for 10 s and −0.7 V for 60 s for CuF/GCE, and +0.4 V for 10 s and −0.75 V for 60 s
for CuF/CN/SPE. The first step was performed to electrochemically clean the working
electrode. The potential and time of electrochemical cleaning had been optimized and
successfully applied in the previous work using CuF/GCE [1,4], and in this work it also
proved to be effective in removing traces of earlier measurements from the surface of the
solid electrode. During the second potential (accumulation potential), in situ plated copper
on the surface glassy carbon electrode and cadmium on the surface of the produced copper
film were deposited simultaneously. After a deposition time of 60 s, the differential pulse
stripping voltammogram was recorded, after 5 s equilibration time, while the potential was
scanned from −0.7 V to −0.4 V for CuF/GCE and from −0.8 V to −0.5 V for CuF/CN/SPE,
with a pulse time of 10 ms and a pulse height of 50 mV. The measurements were conducted
on the non-deareated solution with no apparent effect on the cadmium signal. During all
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steps, the solution was stirred using a magnetic stirring bar. The intensity of the obtained
signal was proportional to the concentration of Cd(II) in the sample solution.

2.4. Procedure of Preliminary Mixing with Resin

When conducting studies on real water samples, one should take into account the
possibility of a negative impact on the measurements of organic substances and surfac-
tants that may be present in such samples. The organic substances and surfactants can
adsorb on the electrode surface, subsequently blocking electroactive sites. In our previous
studies [14,24], we have proved that such interferences can be effectively eliminated using
Amberlite XAD-7 resin with adsorption properties. During the procedure of preliminary
mixing with resin, the interfering substances are adsorbed onto the resin, and consequently
the CuF/CN/SPE and CuF/GCE electrodes are not blocked and the Cd(II) ions can be
efficiently adsorbed on the modified electrode surface. Due to this, the determination can
be carried out directly from a natural sample without negative organic matter interferences.
An additional advantage is the fact that, in ASV procedures, the resin can be added di-
rectly to the measuring cell. In the case of adsorptive stripping voltammetry procedures
(AdSV), mixing with the resin has to be performed in an additional step before the actual
measurement [14,24]. This is due the fact that, in the case of AdSV methods, it is necessary
to introduce a complexing agent into the vessel and, as it has been proven, the determined
metals in the form of complexes are often adsorbed on the resin, which results in lower
results. In the case of the ASV method, it is not necessary to introduce a complexing agent
and the determined metal is not adsorbed on the resin. In this case, 0.1 g of resin was
added directly to the measuring cell and the determinations were performed as described
in Section 2.3.

3. Results and Discussion

In the earlier literature [1–4], it was documented that the copper film electrode can
be another interesting alternative to mercury electrodes, apart from the lead film elec-
trode [13,14] and the bismuth film electrode [31,41]. As proven in this work, a copper
film can be generated on both the GCE and CN/SPE substrate. It enables the analysis
to be transferred to field conditions, which provides quick and cheap direct analysis of
environmental samples. In order to achieve the best performance and lowest detection
limit, an optimization study was performed. The parameters influencing the height of the
obtained signal were optimized: the pH and concentration of the supporting electrolyte,
the concentration of copper, the deposition potential and time, and the pulse time and
pulse height of the stripping voltammetry measurement of the trace concentration of Cd(II)
ions. The optimization process was carried out first for the electrode CuF/GCE.

3.1. Effect of Compositionand Concentration of Supporting Electrolyte

The type and pH of the basic electrolyte used in anodic stripping voltammetry mea-
surements is of great importance for the sensitivity, stability, and repeatability of analytical
signals. Several solutions that can act as the supporting electrolyte were tested, including
ammonia buffer, acetate buffer, phosphorus buffer, hydrochloric acid, perchloric acid, and
acetic acid. In the previous study that used CuF/GCE as a working electrode, 0.1 M HCl
with 0.4 M NaCl [1,4] or 0.01 M HCl [2] was selected as a supporting electrolyte. Addi-
tionally, in the case of this work, after preliminary tests and attempts to obtain a signal,
hydrochloric acid was selected from among the above-mentioned reagents. In all cases,
the measurements were performed for a solution with a standard composition, a fixed
concentration of 5 × 10−8 M Cd(II), 2 × 10−4 M Cu(II), and 0.1 M of the tested supporting
electrolyte, and with a variable pH range in the case of the buffer solution. It was observed
that only in the case of hydrochloric acid the cadmium signal was obtained, so this acid
was used in further studies.

In addition to the selection of the electrolyte, its concentration in the tested sample also
had to be adjusted. The concentration of hydrochloric acid was examined in the range from
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0.05 to 0.4 M. The studied solution contained, as previously, 5 × 10−8 M Cd(II), 2 × 10−4 M
Cu(II), and an appropriate amount of HCl. It was noted that the highest, narrowest, and
symmetric peak was obtained at a concentration of 0.1 M hydrochloric acid in the solution.
At a lower concentration of HCl in the solution, the cadmium peak was lower, while at
a higher concentration of HCl in the solution, the peak initially remained the same and
then decreased. In the next measurement, the hydrochloric acid concentration of 0.1 M
was selected.

3.2. Effect of Copper Concentration

The influence of the concentration of Cu(II) in the measured solution used to create
the thin film on the surface of the solid electrode on the cadmium signal is shown in
Figure 1. As shown, copper concentration affects the signal obtained by voltammetric
technique. The analysis was carried out with the solution containing a fixed concentration
of 5 × 10−8 M Cd(II) and 0.1 M HCl with a variable concentration of Cu(II) from 1.6 × 10−6

to 3.2 × 10−4 M. The stripping of cadmium sharply increased in the concentration range
between 8 × 10−6 and 4 × 10−5 M; at a higher concentration of Cu(II), the cadmium signal
continued to increase, but slightly, to a concentration of 1.6 × 10−4 M, and then remained
constant. Taking into account the above considerations, the optimal concentration of copper
in the test objects was assumed to be 2 × 10−4 M. Additionally, using the Randles-Sevcik
equation [42], the active surface areas of the working electrode surfaces were calculated.
Using this Equation (1), the peak current (Ip) is defined as:

Ip = 0.4463

(
F3

RT

)1/2

An3/2D1/2Coν
1/2 (1)

where: F—Faraday constant (F = 96 485 C mol−1), T—the absolute temperature (T = 298 K),
R—the universal gas constant (R = 8.314 J mol−1 K−1), A—the electrode surface area
(cm2), n—the number of electrons involved in the redox reaction (n = 2), D—diffusion
coefficient (D = 7.2 × 10−6 cm2 s−1), and Co—the concentration of Cu(II) (2 × 10−4 M). For
the CuF/GCE working electrode geometric area of the surface was equal to 0.00785 cm2,
while the active surface area of the glassy carbon electrode modified with copper equals to
0.00017 ± 0.00001 cm2, number of repeated measurements = 3 (n). The smaller active area
than the geometric area of the electrode confirms the fact that the active sites on the electrode
surface are copper sites. The area between the accumulated copper remains inactive.
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3.3. Conditions of Accumulation Potential and Time

In order to check the effect of the accumulation potential on the measurements, tests
were carried out with the solution containing 5 × 10−8 M Cd(II), 2 × 10−4 M Cu(II), and
0.1 M HCl. During the accumulation potential stage, a copper film is formed and, at the
same time, cadmium is accumulated in the form of Cd(0) as a result of the reduction in
its Cd(II) ions. In the optimization, the accumulation potential was changed over the
range of −0.9 to −0.5 V. The obtained results showed that the cadmium signal was visible
for the accumulation potential range from −0.8 to −0.65 V, and the highest peak was
obtained at the accumulation potential of −0.7 V. Therefore, for further experiments, the
accumulation potential equal to −0.7 V was selected as the most appropriate potential for
anodic stripping voltammetry determination of Cd(II) ions.

After adjusting the accumulation potential, the accumulation time was optimized. This
parameter has a pronounced effect on sensitivity in stripping techniques. This influence was
measured in the accumulation time range 0–260 s. In the tested solution, the concentration
was 5 × 10−8 M Cd(II), 2 × 10−4 M Cu(II), and 0.1 M HCl. The influence of accumulation
time on the Cd(II) peak current is presented in Figure 2. The accumulation potential
was −0.7 V. The value of the voltammetric signal increased almost linearly with the
accumulation time prolonged to 210 s. For the longer accumulation time, we can observe
a reduction in the cadmium peak and the blurring of its shape. Thus, an accumulation
time of 210 s was used as optimal in constructing the calibration curve and calculating the
limit of detection, RSD, and the correlation coefficient. However, to shorten the measuring
time, an accumulation time of 60 s was used in the measurements during the optimization
procedure, interfering testing, and tests with certified reference materials.
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Cd(II), 2 × 10−4 M Cu(II), and 0.1 M HCl. Accumulation potential −0.7 V.

3.4. Pulse Time and Pulse Height

The pulse time and pulse height also have effects on the cadmium peak intensity, so
they were also examined. The pulse time was examined from 2 to 20 ms, and it turned out
that, with an increase in pulse time above 10 ms, the signal of Cd(II) decreased, and hence
for further tests the value of 10 ms was chosen. The variation of the pulse height between
20 and 100 mV showed that with the increase in pulse height to 50 mV, the peak current of
cadmium increased linearly. In the higher values, the signal of Cd(II) undergoes gradual
blurring. Figure 3 shows the obtained results of cadmium peak current on pulse height (A)
and pulse time (B).
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Figure 3. Influence of pulse height (A) and pulse time (B) on the Cd(II) signal. Composition of solution 5 × 10−8 M Cd(II), 2
× 10−4 M Cu(II), and 0.1 M HCl. Accumulation potential −0.7 V, accumulation time 210 s.

3.5. Analytical Characterization

Based on the previously optimized parameters, such as concentration and type of the
supporting electrolyte, copper concentration, accumulation potential and time, and pulse
time and height, a series of measurements was carried out to prepare a calibration curve. For
this purpose, the solution was prepared: 0.1 M HCl, 2 × 10−4 M Cu(II), to which cadmium
additives were added during the measurements with an accumulation time of 210 s and
with an accumulation potential of −0.7 V. It was found that the intensity of the peak current
derived from cadmium ions increased linearly (correlation coefficient r = 0.999) in the
concentration range from 5 × 10−10 to 5 × 10−7 M. The limit of detection calculated from
the calibration curve is equal to 1.7 × 10−10 M, with the equation y = 0.191x + 0.918, where
y is the peak current (µA) and x is Cd(II) concentration (nM). The sensitivity calculated
for comparison with other papers [43] was 1123.529 µA nM−1 cm−2. The relative standard
deviation (RSD) for all measured concentrations of cadmium from the linear range of
the calibration graph was 4.2% (n = 5). Figure 4 presents the linear range of the Cd(II)
calibration curve. Figure 5 shows selected voltammograms obtained when creating a
calibration curve for low concentrations of cadmium in the sample.
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Figure 5. Differential pulse voltammograms obtained in the course of Cd(II) determination at the
GCE working electrode recorded for solutions containing: (a) background: 1 mL 1 M HCL + 125 µL
1 g/L Cu(II) and distilled water; (b) as (a) + 1 × 10−9 Cd(II); (c) as (a) +2.5 × 10−9 Cd(II); (d) as
(a) + 5 × 10−9 Cd(II); (e) as (a) + 1 × 10−8 Cd(II); and (f) as (a) + 2.5 × 10−8 Cd(II). Accumulation
potential −0.7 V and accumulation time 210 s.

The reproducibility of the peak current was also determined by successive measure-
ments (n = 5) of the signal of 5 × 10−9 M Cd(II) and was assessed from the experiments
performed in five consecutive days as RSD, which was 3.2%.

3.6. Interferences

Before attempting an analysis of real water samples, the influence of potential interfer-
ence substances and ions on the analytical signal of 5 × 10−8 M Cd(II) was investigated.
Two major sources of interference were examined: other metal or metalloid ions and or-
ganic substances, surfactants. Interference from other metal or metalloid ions could cause
the blocking of the working electrode surface or create intermetallic compounds with other
components of the tested solution causing a reduction or complete disappearance of the
cadmium signal. The effects of the influence of co-existing metal or metalloid ions were
examined using a fixed concentration of Cd(II) with different amounts of foreign ions
under standard optimized conditions. The result showed that an up to 200-fold excess of
Al(III), As(III), As(V), Ca(II), Cr(III), Cr(VI), Fe(III), Mg(II), Mn(II), Ni(II), W(VI), Zn(II),
Ti(IV), Sb(III), Mo(VI), Sn(IV), Se(IV), In(III), and Ga(III) did not have any significant effect
on the Cd(II) peak current. The addition of a 100-fold excess of Pb(II) and Sn(IV) caused a
50 ± 3% decrease in the cadmium signal.

Surfactants and humic substances are other types of interfering substances occurring
in natural water samples. They can adsorb on the surface of the electrode, which reduces
access to it and may make it difficult to form a metallic film on it [44]. In order to investigate
the effect of these substances on the cadmium peak current, experiments with non-ionic
surfactant Triton X-100, cationic surfactant CTAB (cetyltrimethylammonium bromide),
anionic surfactant SDS (sodium dodecyl sulfate), and biosurfactant Rhamnolipids were
carried out. As humic substances, humic acid (HA), fulvic acid (FA), and natural organic
matter (NOM) were used in the measurements. In the case of determination of Cd(II)
ions, only three of the above-mentioned substances caused a decrease and, consequently,
at higher concentrations, the disappearance of the cadmium peak. As observed already,
a concentration of 2 ppm CTAB caused a reduction in the cadmium peak by about 80%,
while the addition of 2 ppm HA and FA decreased the signal by about 60%. In the case
of other organic substances, additions up to 30 ppm (NOM) and 50 ppm (Triton X-100,
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SDS, Rhamnolipid) did not significantly affect the cadmium signals, only a deterioration
of the peak shape was observed with large amounts of the additives. Taking into account
the above considerations and the previously presented lack of negative influence on the
measurements of foreign metal ions, the lack of interference from NOM, Triton X-100,
SDS, and Rahmnolipid potentially present in natural samples is a great advantage of the
described procedure. This makes it possible to use the Cd(II) determination procedure on
the CuF/GCE electrode in direct tests from natural samples without the need to prepare
them for analysis, and to use the CuF/CN/SPE electrode to conduct research in field
conditions. This significantly reduces the costs and time of the performed determinations.

In case of CTAB, FA, and HA, in order to eliminate the negative influence on the
signals, the procedure of preliminary mixing the test sample with the resin Amberlite
XAD-7, having adsorption properties, was used. This developed method is described in the
literature on the subject [14,24,36]. All steps of preliminary mixing with the resin used in
this work are described earlier in Section 2.4. Figure 6 presents the results obtained before
and after application of preliminary mixing with the resin for the interfering substances
CTAB, HA, and FA. In Table 2, we can also see the results obtained when using preliminary
mixing with the resin Amberlite XAD-7 and, for comparison, without using this procedure.
Thanks to this method, an undisturbed cadmium signal was obtained even at 20 ppm
CTAB and FA, and at 10 ppm HA in the tested sample. Thus, we can see a significant
improvement and the effectiveness of the resin used in removing interference.
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Figure 6. Influence of CTAB (a,f), HA (b,d), and FA (c,e) on the cadmium peak intensity using the pro-
cedure without (a–c) and with (d–f) preliminary mixing with Amberlite XAD-7 resin. Concentration
of Cd(II) 5 × 10−8 M, accumulation potential −0.7 V, and accumulation time 60 s.

Table 2. Influence of CTAB, HA, and FA on the Cd(II) voltammetric signal using the procedure
with and without preliminary mixing with Amberlite XAD-7 resin. Concentration of Cd(II) was
5 × 10−8 M.

Organic Substance
Maximum Allowable Concentration of Organic Substances

That Does Not Interfere with the Cd(II) Signal (ppm)

Without Mixing with Resin With Mixing with Resin

CTAB 1 20

HA 1 10

FA 1 20
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3.7. Impact of Temperature

In the next stage of the research, it was checked whether the increase in temperature
from 20 to 60 ◦C had an impact on cadmium signals obtained using new modifications of the
CuF/CN/SPE and CuF/GCE electrodes. For this purpose, a series of measurements were
carried out for the solution containing a constant cadmium concentration of 5 × 10−8 M,
0.1 M HCl, and 2 × 10−4 M Cu(II) at 20, 30, 40, 50, and 60 ◦C. For this purpose, an
appropriately designed 10 mL voltammetric cell connected to a thermostat was used,
which allowed the desired temperature to be maintained. For each temperature, a series of
5 measurements was carried out to check the stability of the obtained signal. The obtained
results showed that temperature did not affect the cadmium signal, which means that
it did not affect the process of creating new types of electrodes modified with copper:
CuF/CN/SPE and CuF/GCE. This is a great advantage of these electrodes that can work in
a wide temperature range without adversely affecting the process of surface modification
of the working electrodes.

In subsequent studies, it was investigated whether the increase in temperature may
improve the elimination of interference from CTAB, HA, and FA, and increase the permissi-
ble concentrations of other organic substances, so that, even at higher concentrations in the
samples, they would not affect the cadmium peak current. It was also investigated whether
the increase in temperature may affect the better performance of the Amberlite XAD-7
resin in the process of removing interferences from organic substances. The measurements
were carried out using the conditions and composition of the solution as before: 0.1 M
HCl, 2 × 10−4 M Cu(II), 5 × 10−8 M Cd(II), potential −0.7 V, time 60 s, and an appropriate
quantity of organic substances and resin. The temperature was varied from 20 to 60 ◦C
during the measurements, performing five repetitions at a given temperature. Based on
the obtained results, it was proven that a temperature rise to 50 ◦C reduces the negative
impact of organic substances on the cadmium peak while, when the resin was used, greater
recoveries were obtained than at 20 ◦C. At higher temperatures (60 ◦C), the cadmium signal
slightly decreased. The results for the influence of CTAB, HA, and FA at various tempera-
tures on the voltamperometric cadmium peak current are collected in Table 3. As can be
concluded from the obtained data, the use of elevated temperature (up to 50 ◦C) allows
for better sensitivity of the determinations in the presence of interfering substances. The
improvement of the signal is not significant but, with a high presence of organic substances
in the samples, it is possible to additionally reduce these interferences by manipulating
the temperature.

Table 3. Influence of CTAB, HA, and FA on the Cd(II) voltammetric signal at different temperatures.
Concentration of Cd(II) 5 × 10−8 M.

Organic Substance
Temperature (◦C)

Maximum Allowable Concentration of
Organic Substances That Does Not Interfere

with the Cd(II) Signal (ppm)

Without Mixing with
Resin

With Mixing with
Resin

CTAB

20 1 20
30 2 23
40 3 28
50 3 30
60 2 24

HA

20 1 10
30 1.5 14
40 2.5 16
50 2 20
60 1 12
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Table 3. Cont.

Organic Substance
Temperature (◦C)

Maximum Allowable Concentration of
Organic Substances That Does Not Interfere

with the Cd(II) Signal (ppm)

Without Mixing with
Resin

With Mixing with
Resin

FA

20 1 20
30 1.5 25
40 2 28
50 2 29
60 1 25

3.8. Procedure with CuF/CN/SPE Electrode
3.8.1. Morphological, Structural, and Compositional Information of the Electrode Materials

After the optimization of the procedure of cadmium determination using CuF/GCE
as a working electrode, additional studies were performed using novel modified screen-
printed electrodes CuF/CN/SPE. It turned out that the developed test method can also be
effectively applied by using the CuF/CN/SPE electrode without a significant change in
the measurement parameters. A novel copper film with carbon nanotubes modified screen-
printed electrode was used in the tests. The SPE electrodes are now very popular and
are often used in voltamperometric determinations [5–10,15]. They are valued primarily
for their reproducibility and sensitiveness, effectiveness in analysis, a large active surface,
excellent electrical conductivity, and good chemical stability. Additionally, they combine
the three-electrode system into one system, which reduces the costs of analysis, and due to
their small size they enable analyses to be carried out in the field. Figure 7 presents the
voltammograms obtained for the CuF/CN/SPE electrode with the appropriate additives:
with cadmium without copper, after adding copper to the solution, and in a solution with
only copper without cadmium. As can be seen, without copper, there is no signal from
the cadmium present in the solution. Only after adding copper to the tested solution two
peaks appear in the voltammogram, one from Cd(II) and one from Cu(II) ions. This is
confirmed by the fact that a copper film is formed on the surface of the CuF/CN/SPE
electrode, which allows the accumulation of cadmium ions on its surface.
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Figure 7. Comparison of differential pulse voltammograms obtained in the course of Cd(II) determination at the
CuF/CN/SPE working electrode: (a) background, without addition of Cu(II) and Cd(II); (b) as (a) + 1 × 10−7 M Cd(II);
(c) as (a) + 2 × 10−4 M Cu(II); and (d) as (b) + 2 × 10−4 M Cu(II). Accumulation potential and time was −0.7 V and 210 s,
respectively.
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Additionally, Figure 8 presents images of the morphology of CuF/CN/SPE electrode
surface unmodified (A) and after copper film modification (B). The images obtained by
scanning electron microscope display the effect of covering the working electrode surface
with copper, and it was confirmed after comparison of the images of bare and in situ
modified electrode surface. After the in situ deposition of copper bright points (clusters
of copper) appeared on the electrode surface (Figure 8B). This was confirmed by EDX
analysis, which revealed the presence of certain amounts of Cu on the modified electrode
surface, and no Cu on the bare electrode surface. The results of the EDX analysis are shown
in Figure 9.
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As described earlier for CuF/GCE electrode in Section 3.2 using the Randles-Sevcik
Equation (1), active surface areas of the CuF/CN/SPE electrode surfaces were calcu-
lated [42]. For the CuF/CN/SPE, geometric area of the surface was equal to 0.12560 cm2,
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while the active surface area of the carbon nanotubes screen-printed electrode modified
with copper equals to 0.04673 ± 0.00170 cm2 (n = 3). The smaller active area than the
geometric area of the electrode confirms the results obtained from morphology images and
EDX analysis. The active sites of the electrode surface in this case are the copper sites, and
the sites outside the copper are in active for cadmium accumulation. This is consistent
with the voltammograms presented in Figure 7 confirming that, without copper on the
electrode, cadmium does not undergo accumulation.

3.8.2. Analytical Parameters

The parameters influencing the Cd(II) signal height were optimized. The same pa-
rameters were tested as in the case of the CuF/GCE electrode: the pH and concentration
of the supporting electrolyte, the concentration of copper, the deposition potential and
time, and the pulse time and pulse height. The measurements were performed with a fixed
concentration of Cd(II) 5 × 10−8 M. The selected composition of the test solution was the
same as before: 0.1 M HCl, 2 × 10−4 M Cu(II). After the tests, it was confirmed that the
most optimal cadmium signal was obtained for the same parameters as for GCE, and only
a slight change can be made to the potential for accumulation of cadmium ions on the
surface of the modified CuF/CN/SPE electrode, changing it to −0.75 V. At this potential,
a slight improvement in the shape and height of the peak was obtained, but the −0.7 V
potential, which generates equally high signals and is equally reproducible, can also be
used successfully. The accumulation time remained the same as before and it was 60 s.
Cyclic voltammetry (CV) analysis was also performed, and it was proven that the cadmium
accumulation process on the working electrode is irreversible. An example voltammogram
is shown in Figure 10.

Materials 2021, 14, x FOR PEER REVIEW 15 of 20 
 

 

The parameters influencing the Cd(II) signal height were optimized. The same pa-
rameters were tested as in the case of the CuF/GCE electrode: the pH and concentration 
of the supporting electrolyte, the concentration of copper, the deposition potential and 
time, and the pulse time and pulse height. The measurements were performed with a 
fixed concentration of Cd(II) 5 × 10–8 M. The selected composition of the test solution was 
the same as before: 0.1 M HCl, 2 × 10–4 M Cu(II). After the tests, it was confirmed that the 
most optimal cadmium signal was obtained for the same parameters as for GCE, and 
only a slight change can be made to the potential for accumulation of cadmium ions on 
the surface of the modified CuF/CN/SPE electrode, changing it to −0.75 V. At this poten-
tial, a slight improvement in the shape and height of the peak was obtained, but the −0.7 
V potential, which generates equally high signals and is equally reproducible, can also be 
used successfully. The accumulation time remained the same as before and it was 60 s. 
Cyclic voltammetry (CV) analysis was also performed, and it was proven that the cad-
mium accumulation process on the working electrode is irreversible. An example volt-
ammogram is shown in Figure 10. 

 
Figure 10. Cyclic voltammograms of 5 × 10–8 M Cd(II) in 0.1 M HCl and 2 × 10–4 M Cu(II) solution at 
the CuF/CN/SPE electrode, for scan rate of 1 V s–1. 

3.8.3. Analytical Characterization 
The detection limit obtained in the case of the CuF/CN/SPE electrode was slightly 

lower from that for the CuF/GCE electrode, amounting 1.3 × 10–10 M, while the linearity 
range of the calibration curve ranged from 3 × 10–10 to 3 × 10–7 M with an accumulation 
time of 210 s and accumulation potential of −0.75 V. The equation of the calibration curve 
was equal to y = 0.333x + 0.396, where y is the peak current (μA) and x is Cd(II) concen-
tration (nM) with correlation coefficient r = 0.999. As for the CuF/GCE electrode, the sen-
sitivity was calculated for the CuF/CN/SPE electrode and was 7.126 μA nM–1 cm–2. Figure 
11 presents the comparison of the voltammograms obtained for the CuF/GCE and 
CuF/CN/SPE electrodes. The conducted research shows that the CuF/GCE or 
CuF/CN/SPE novel modified electrodes can be applied interchangeably for the determi-
nation of cadmium using the voltammetric procedure developed in this study without 
loss in sensitivity or reproducibility of signals. Both electrodes give similar effects, but 
CuF/CN/SPE has a lower limit of detection and can be successfully used in field studies 
of real samples, which is an extremely important aspect in environmental analysis and a 
great advantage of the described research work. In addition, the CuF/CN/SPE electrode is 
readily commercially available, making it affordable for any scientist.  
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at the CuF/CN/SPE electrode, for scan rate of 1 V s−1.

3.8.3. Analytical Characterization

The detection limit obtained in the case of the CuF/CN/SPE electrode was slightly
lower from that for the CuF/GCE electrode, amounting 1.3 × 10−10 M, while the linearity
range of the calibration curve ranged from 3 × 10−10 to 3 × 10−7 M with an accumula-
tion time of 210 s and accumulation potential of −0.75 V. The equation of the calibration
curve was equal to y = 0.333x + 0.396, where y is the peak current (µA) and x is Cd(II)
concentration (nM) with correlation coefficient r = 0.999. As for the CuF/GCE electrode, the
sensitivity was calculated for the CuF/CN/SPE electrode and was 7.126 µA nM−1 cm−2.
Figure 11 presents the comparison of the voltammograms obtained for the CuF/GCE
and CuF/CN/SPE electrodes. The conducted research shows that the CuF/GCE or
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CuF/CN/SPE novel modified electrodes can be applied interchangeably for the determi-
nation of cadmium using the voltammetric procedure developed in this study without
loss in sensitivity or reproducibility of signals. Both electrodes give similar effects, but
CuF/CN/SPE has a lower limit of detection and can be successfully used in field studies
of real samples, which is an extremely important aspect in environmental analysis and a
great advantage of the described research work. In addition, the CuF/CN/SPE electrode is
readily commercially available, making it affordable for any scientist.
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Figure 11. Comparison of differential pulse voltammograms obtained in the course of Cd(II) deter-
mination at the electrode CuF/GCE (a,b) and CuF/CN/SPE (b,c): (a) background for CuF/GCE;
(b) as (a) + 1 × 10−7 M Cd(II); (c) background for CuF/CN/SPE; and (d) as (c) + 1 × 10−7 M Cd(II).
Accumulation potential and time for CuF/GCE was −0.7 V and 210 s; accumulation potential and
time for CuF/CN/SPE was −0.75 V and 210 s.

3.9. Analytical Application

In order to validate the developed procedure, tests were carried out with certified
reference materials. The certified references materials TM-25.5 (environmental matrix),
SPS-WW1 (waste water), and SPS-SW1 (surface water) were selected. The advantage of
these materials is that they contain between 13 and 45 different trace elements, includ-
ing cadmium. The cadmium concentration in these materials is 24 ng mL−1 (TM-25.5),
20 ng mL−1 (SPS-WW1), and 0.52 ng mL−1 (SPS-SW1). The concentration of the remaining
components of the solutions ranged from 0.5 ng mL−1 to 2000 ng mL−1; these matrices
reflect the composition of environmental samples very well. The measurements were
performed using the standard addition method. In the case of SPS-WW1 and SPS-SW1,
and an appropriate amount of NaOH was additionally added to neutralize the solution as
these materials contain nitric acid. All experiments were performed in five replicates. The
recoveries were between 92.25% and 107.69%, whereas the relative standard deviations
between 5.8% and 6.5%, which indicates good accuracy of the proposed method. Table 4
presents the results of Cd(II) determination in the certified reference materials.

To confirm the applicability of this procedure to the analysis of environmental samples,
the proposed method was applied in the determination of Cd(II) in natural water samples
collected from eastern areas of Poland. Tap water and rainwater were also tested. The
voltammograms recorded for those samples did not exhibit any cadmium signal, which
proves that the concentration of cadmium in the tested samples was below the limit of
detection. To confirm the possibility of determining Cd(II) ions in such samples, the
analyzed samples were spiked with cadmium. The standard addition method was used
to calculate the recovery value. All experiments were carried out in five replicates. The
recoveries were between 96.54% and 101.50%, whereas the relative standard deviations
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between 3.5% and 4.3%, which indicates good accuracy of the developed method. Table 5
presents the results of Cd(II) determination in natural water samples.

Table 4. Analytical results of Cd(II) determination in the certified reference materials without and
with addition of Cd(II) ions. The samples were examined using the standard addition method.

Sample
Cd(II) Content in

Certified Reference
Material (ng mL−1)

Cd(II) Found in
Certified Reference

Material
(ng mL−1)

Recovery (%) RSD (n = 5) (%)

TM-25.5 24 22.74 94.75 6.5

SPS-SW1 0.52 0.56 107.69 5.8

SPS-WW1 20 18.45 92.25 5.8

Table 5. Analytical results of Cd(II) determination in natural water samples. The samples were
examined using the standard addition method.

Sample Cd(II) Added
(nM)

Cd(II) Found
(nM) Recovery (%) RSD (n = 5) (%)

Tap water 50 49.23 98.46 3.7

Rain water 50 50.75 101.50 3.5

Bystrzyca river
water 50 48.65 97.30 4.2

Lake
Zemborzyce 50 48.27 96.54 3.8

San river water 50 50.09 100.18 4.3

4. Conclusions

In this work, the authors present the applicability of the copper film modified glassy
carbon electrode and the novel copper film with carbon nanotubes modified screen-printed
electrode for anodic stripping voltammetric determination of trace concentrations of cad-
mium. This is the first work of this type devoted to the determination of cadmium ions
on copper modified working electrodes. It was also the first time that the screen-printed
electrode was successfully modified with copper. As it turned out, this approach allowed
for significant reduction in the detection limits of ultratrace concentrations of cadmium
ions. The CuF/GCE electrode was electrochemically deposited onto the glassy carbon solid
electrode with simultaneous accumulation of Cd(II) ions. The CuF/CN/SPE electrode
combines a solid electrode modified with carbon nanotubes, a platinum auxiliary electrode,
and a silver reference electrode in the microcircuit. The advantage of these microelectrodes
is better sensitivity and the possibility of using them in field experiments. They are also
readily available in many variants depending on the needs of the researcher. Screen-printed
electrodes have become an attractive analytical tool also due to the low production costs,
appropriate levels of repeatability and their electrochemical properties. The use of the in
situ created film electrode reduced the need for medium exchange after deposition of the
metal, which significantly shortens the measurement time and reduces the consumption
of chemical reagents. This method is simple, cheap, sensitive, selective, and fast, and
does not require complicated apparatus. A very low detection limit for cadmium was
obtained compared with other voltammetric techniques for the determination of Cd(II) ions
(Table 1). In the literature we did not find any papers on the determination of cadmium
on the CuF/GCE and with carbon nanotubes modified copper CuF/CN/SPE electrodes.
The influence of various interfering substances, such as foreign metal ions and organic
substances, was tested to check whether it would be possible to perform tests in aqueous
environmental samples. Very satisfactory results were obtained, and in some cases the
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method using Amberlite XAD-7 resin with adsorptive properties was employed, which
significantly improved cadmium recovery from the samples containing surfactants and
humic substances. The influence of temperature on the performance of the modified
electrodes was investigated, and it was proven that the cadmium signal is stable and the
electrodes are perfectly reproducible over a wide temperature range. The method appears
to be promising for its adoption in environmental research and field analysis.
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Abstract: The present paper describes the effect of the concentration of two graphene oxides (with
different oxygen content) in the modifier layer on the electrochemical and structural properties of
noble metal disk electrodes used as working electrodes in voltammetry. The chemistry of graphene
oxides was tested using EDS, FTIR, UV–Vis spectroscopy, and combustion analysis. The structural
properties of the obtained modifier layers were examined by means of scanning electron and atomic
force microscopy. Cyclic voltammetry was employed for comparative electrochemical studies.

Keywords: gold electrode; platinum electrode; graphene oxide; reduced graphene oxide; voltammetry

1. Introduction

Electrochemical methods are based on measurement of the current associated with the
molecular properties and interfacial processes of chemical species. The recorded response
results from direct transformation of the desired chemical information (concentration, ac-
tivity) into a current signal (potential, current, resistance, or capacity), according to the
selected method. Voltammetry is considered as one of the most sensitive electroanalytical
methods, suitable for the determination of trace amounts of many metals and compounds
in clinical, industrial, and environmental samples [1–4]. Various voltammetric techniques
provide a wealth of chemical, electrochemical, and physical information, such as quantita-
tive analysis, diffusion and reaction rate constants, and number of electrons involved in
redox reactions [5,6]. The effectiveness of voltammetric procedures is strongly influenced
by the working electrode material [7,8]. The working electrode should provide a high
signal-to-noise ratio as well as reproducible signals. Thus, electrode selection depends
mainly on the redox behavior of the target analyte, electrical conductivity, surface repro-
ducibility, and background current over the potential window required for measurement.
A range of materials have found application as working electrodes in electroanalysis. The
most popular types contain mercury, carbon, or noble metals [8]. Among the noble metals,
platinum and gold are the most widely used for metallic electrodes, as they offer very
favorable electron transfer kinetics and a large available potential range [8]. In contrast,
the low hydrogen overvoltage on those electrodes limits the cathodic potential window.
Additionally, high background currents associated with the formation of surface oxides
or adsorbed hydrogen layers can cause problems. Such films can also strongly alter the
kinetics of electrode reaction, leading to irreproducible data [8]. Compared with platinum
electrode, the gold one is more inert, and hence, less prone to the formation of stable
oxide films or surface contamination. The abovementioned difficulties can be addressed by
modifying the surface of platinum and gold electrodes with a specific modifier layer. Still,
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noble metals used as starting materials for electrodes are well-known for their versatile
usage and applications, also in sensing and as catalysts [9,10]. The occurrence of stable
oxide films at the electrode surface together with enhanced physical and electrocatalytical
properties tuned by the presence of graphene oxides makes this combination a primary
choice for electroanalytical purposes.

Graphene, which consists of a one-atom-thick planar sheet containing an sp2-bonded
carbon structure with exceptionally high crystalline and electronic quality, is a novel
material that has emerged as a rapidly rising star in the field of material science [11,12].
Ever since its discovery in 2004 [13], graphene has been making a profound impact in
many areas of science and technology due to its remarkable physicochemical properties.
These include a high specific surface area [14], extraordinary electronic properties and
electron transport capabilities [15], unprecedented pliability [16] and impermeability, high
mechanical strength [17], and excellent thermal and electrical conductivity [18]. One branch
of graphene research deals with graphene oxide (GO), which is a precursor in graphene
synthesis by either chemical or thermal reduction processes. One of the advantages of
graphene oxide is easy dispersibility in water and other organic solvents, as well as in
different matrices, due to the presence of oxygen functionalities. This property is very
important when it is mixed with other materials with a view to improving their electrical
and mechanical properties. On the other hand, in terms of electrical conductivity, graphene
oxide is often described as an electrical insulator due to the disruption of its sp2 bonding
networks. In order to recover the honeycomb hexagonal lattice—and with it, electrical
conductivity—graphene oxide must be reduced. However, once most oxygen groups are
removed, the obtained reduced product is more difficult to disperse due to its tendency to
aggregate. It is worth noting that graphene oxide and graphene have attracted exceptional
attention from the scientific community. Concerning 2022 (data for 15 July 2022), a keyword
query in the Scopus database revealed 12,194 and 4258 research papers concerning graphene
and graphene oxide, respectively. Those publications can certainly be very inspiring, but
also frustrating, if other research teams fail to reproduce the results. A lack of research
reproducibility has always been a major issue in the scientific community. With graphene
oxide and reduced graphene oxide, the situation is very complicated. While each single
carbon layer containing oxygen groups is called graphene oxide, material obtained after
GO reduction is called reduced graphene oxide (smaller quantity of oxygen groups after
GO reduction is usually confirmed by spectroscopic measurements). Indeed, it cannot be
excluded that an oxide synthesized in one laboratory as graphene oxide is structurally
similar to reduced graphene oxide obtained by another research team. A similar problem
occurs when purchasing graphene oxide from different suppliers. This is attributable
to the fact that the precise atomic structure of GO still remains uncertain and perfect
stoichiometry has never been achieved [19]. The study of GO structure is derived from
the structural analysis of graphite oxide. Over the years, considerable efforts have been
directed toward understanding the structure of that compound with the result that several
conflicting explanations have been successively proposed. In 1939, Hofmann and Holst [20]
developed a simple model in which graphite oxide was thought to consist of planar carbon
layers modified with an epoxy (1,2-ether) group, with an overall molecular formula of C2O.
Seven years later, Ruess [21] suggested that the carbon layers were not in fact planar but
puckered and that the oxygen-containing groups were hydroxyl and ether-like oxygen
bridges, randomly distributed on the carbon skeleton. In order to account for the acidic
properties of graphite oxide, Hofmann [22] proposed enol- and keto-type structures, which
also contained hydroxyls and ether bridges. In 1969, Scholz and Boehm [23] presented
a GO model in which epoxide and ether groups were completely replaced by carbonyl
and hydroxyl groups. According to Nakajima et al. [24], GO consisted of two carbon
layers linked to each other by sp3 carbon−carbon bonds. Szabó [25] proposed a new
structural model that involves a carbon network consisting of trans-linked cyclohexane
chairs and ribbons of flat hexagons with C=C double bonds as well as functional groups
such as tertiary OH, 1,3-ether, ketone, quinone, and phenol (aromatic diol). One of the
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few common features of all the published models is the presence of various oxygen-
containing functional groups in GO. It is known that oxygenated groups (e.g., hydroxyl,
epoxy, carboxyl, carbonyl, phenol, lactone, and quinone) can strongly affect the electronic,
mechanical, and electrochemical properties of GO [26–28]. In recent years, research on
GO-based materials has been extensive, particularly with respect to their electrochemical
applications [29–34]. In such studies, GO was produced by different methods, which were
sometimes applied interchangeably as it was assumed that they all led to the same reaction
product. Nowadays, it is known that the type and quantity of oxygen groups depends
largely on the synthesis method. GO is generally produced by synthesis with concentrated
H2SO4 along with: (1) sodium nitrate for in situ production of nitric acid in the presence of
KMnO4 (Hummers’ method); (2) fuming nitric acid and a KClO3 oxidant (Staudenmaier
method); (3) concentrated phosphoric acid with KMnO4 (Tour method); or (4) concentrated
nitric acid and a KClO3 oxidant (Hoffmann method) [35–38]. However, the obtained oxides
differ significantly in the number of oxygen-containing groups (C/O ratio) as well as
in terms of the types of oxygenated carbon bonds present. Generally speaking, oxides
prepared using KClO3 as an oxidant (Staudenmaier’s and Hofmann’s methods) exhibit a
higher C/O ratio, whereas methods employing KMnO4 (Hummers and Tour) yield a larger
proportion of oxygen-containing groups. Oxidative methods employing KClO3 result in
oxides containing mostly CO groups (hydroxyl, epoxy), whereas methods using KMnO4
lead to oxides containing large amounts of carbonyl (Hummers) or both carbonyl and
carboxyl groups (Tours) [39].

The aim of this study was to compare the properties of noble metal electrodes mod-
ified with graphene oxide and to determine how graphene oxide chemical composition
and concentration affect their electrochemical and structural (morphology, topography,
roughness) properties.

2. Materials and Methods
2.1. Apparatus and Solutions

The surface topography of the studied electrodes was investigated using an atomic
force microscope (AFM, Dimension Icon, Bruker Corporation, Billerica, MA, USA). The
AFM measurements with the scan size of 5 µm × 5 µm were performed in the tapping
mode using silicon scanning probe (TESPA-V2, Bruker AFM Probes) with a nominal spring
constant of 42 N/m and resonance frequency of 320 kHz. The roughness parameters Ra
and Rq were defined on the basis of AFM topography images (average values taken from
256 surface profiles). The surface morphology and elemental composition of electrodes was
investigated with high-resolution scanning electron microscopy (Nova NanoSEM 450, FEI,
Hillsboro, OR, USA) equipped in a Schottky field emission electron emitter. The surface
morphology measurements were performed using CBS detector, enabling the observation
of surface using signal of backscattered electrons (BSE). The images were recorded at 3 kV
with electron beam deceleration 4 kV, spot size 2.5, and working distance 6.7 mm. The
chemical elemental analysis of GO I- and GO II-modified gold electrodes was determined
with EDAX Roentgen spectrometer (EDS) with Octane Pro Silicon Drift Detector (SDD)
(AMELTEK, Berwyn, PA, USA). Attenuated total reflection Fourier transform infrared (ATR–
FTIR) spectra were recorded on a Nicolet iS50 spectrometer equipped (Thermo Scientific,
Madison, WI, USA)with an MCT detector and the GATR accessory with Ge crystal over
the spectral region from 600 to 4000 cm−1 with a resolution of 4 cm−1. Electroanalytical
measurements were carried out using a µAutolab instrument (EcoChemie, The Netherlands)
controlled by GPES 4.9 electrochemical software. The three-electrode electrochemical cell
employed in the study consisted of a reference electrode, an auxiliary electrode (platinum
wire), and a working disk electrode (platinum or gold—please notice that experiments with
platinum and gold electrodes are performed with different potential windows).

The potential of the working electrode was measured vs. an Ag/AgCl electrode.
Double-distilled water was used throughout the experiments. All the chemicals, including
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graphene oxide (GO I), reduced graphene oxide (GO II), and hexacyanoferrate system were
purchased from Sigma-Aldrich and used as received.

The GO I/GO II suspension was prepared weekly by dispersing an appropriate
amount of GO I/GO II powder in DMF (dimethylformamide) in a 5 mL volumetric flask.
The resultant solution was kept in a refrigerator at 4 ◦C in the dark. Spectrophotometric
measurements were made using a Cary 100 Bio UV–Vis spectrophotometer (Agilent, Santa
Clara, CA, USA).

2.2. Measurement Procedure

The general procedure used to obtain voltammograms was as follows: Ten mL of
supporting electrolyte was placed in the voltammetric cell and the solution was purged with
argon for 10 min (if necessary). After recording the initial blank, the required volumes of the
analyte were added by means of a micropipette. Then, the solution was deoxygenated for
10 s (if necessary), and a voltammogram was recorded. All electrochemical measurements
were carried out at ambient temperature. Each measurement was repeated three times and
a mean was calculated.

In order to obtain FTIR spectra of both graphene derivatives, DMF solutions of GO
I and GO II at a concentration of 20.0 g L−1 were prepared. Afterwards, 20 µL of each
solution was deposited on alumina foil by sessile drop technique and, subsequently, the
samples were allowed to evaporate the solvent. Final spectra were received by the addition
of 64 scans at a resolution of 4 cm−1.

2.3. Preparation of Working Electrodes

Modifying solutions containing graphene oxides were prepared with dimethylfor-
mamide. Suspensions at concentrations ranging from 1.0 to 50.0 g L−1 were prepared for
each oxide. Prior to modification with GO I or GO II, the working electrode surface was
sonicated in ethanol for 60 s. Next, working electrode surface was mechanically polished
with 0.05 µm Al2O3 slurry on a polishing cloth to a mirror finish. Then, it was ultrasonically
treated in ethanol for 180 s and washed with double-distilled water. The modifier suspen-
sion (3 µL) was dropped onto the surface of the cleaned electrode and dried at ambient
temperature. A new modifier film was prepared before each series of measurements.

3. Results and Discussion
3.1. Electrochemical Studies

Voltammetric measurements provide a wealth of information concerning the proper-
ties and characteristics of electrochemical processes. Cyclic voltammetry is an important
and widely used technique determining analyte electrochemical behavior, including the
formal redox potential, thermodynamic and transport properties, electron transfer kinetics,
and adsorption processes. The hexacyanoferrate(II)/(III) redox couple undergoes a nearly
reversible electrode reaction without any complications of preceding or post-chemical reac-
tions; so, it has been a popular choice as a redox standard in CV. Electrochemical measure-
ments were performed at modified working electrodes using the Fe(CN)6

3−/Fe(CN)6
4−

redox couple and suspensions of graphene oxides (GO I and GO II) in a concentration
range from 1.0 to 50.0 g L−1. Figure 1 shows a voltammogram of the Fe(CN)6

3−/Fe(CN)6
4−

redox couple recorded on bare and modified gold (A) and platinum (B) electrodes. Both
working electrodes were modified with graphene oxide suspensions at a concentration of
1.0 g L−1.

The strongest signals at both electrodes were observed for the electrode surface-
modified with GO I. Significant difference may be observed for GO II suspension, which
influence tested working electrodes in the opposite way. As can be seen in Figure 1, model
redox system signals recorded on platinum electrode modified with GO II exhibit very good
morphology and increased current in comparison with bare electrode. At gold electrodes,
such modification led to signals that were weaker even than those recorded at the bare
electrode. This suggests that some concentrations of the modifier layer may block the
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electrode surface causing significant deterioration of analytical parameters. According
to this, additional experiments were made for Au electrode and it was concluded that
such behavior is observed for GO II suspension concentration 1.5 g L−1 and lower. The
relationships between hexacyanoferrate anodic peak current and the surface concentration
of GO I recorded at both Au and Pt electrodes are shown in Figure 2A. As can be seen,
both dependencies have a similar course, with a maximum for electrodes modified with
20.0 g L−1 GO I suspension. An analogous study using GO II suspensions also revealed the
strongest signals of the Fe(CN)6

3−/Fe(CN)6
4− redox couple for the 20.0 g L−1 concentration

at both Pt and Au electrodes. Figure 2B shows Fe(CN)6
3−/Fe(CN)6

4− voltammograms
recorded at the GO II-modified platinum electrode.
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Figure 2. (A) Relationship between 1 mM Fe(CN)6
4− anodic peak current recorded at the plat-

inum/gold electrode modified with graphene oxide I suspensions prepared in dimethylformamide
and GO I concentration (GO I concentrations from 1 to 50.0 g L−1). (B) Voltammograms of 1.0 mM
Fe(CN)6

3−/Fe(CN)6
4− recorded at the bare platinum electrode and at the electrode modified with

graphene oxide II; scan rate, 50 mV s−1; supporting electrolyte, 1 M KCl.

It is worth noting that the highest currents recorded at electrodes modified with
20.0 g L−1 GO II (17 µA and 14 µA at Pt and Au, respectively) were much lower than those
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obtained at electrodes modified with 20.0 g L−1 GO I (97 µA and 47 µA for Pt and Au,
respectively). Since GO II was purchased as reduced graphene oxide and RGO has fewer
oxygen groups (than GO), which improves its electrical conductivity, the opposite results
were expected (oxygen content in both GOs will be thoroughly discussed in Section 3.3).
However, this should be discussed not only from the point of view of peak current but
also the shape of the voltammograms (Figure 3). In voltammetry, the current signal is
produced by two different currents: the first one (faradic) corresponds to analyte oxidation
or reduction, with its magnitude depending on analyte concentration in solution and
all kinetic steps occurring at the electrode (electron-transfer process); the second one
(capacitive) is generated by the “electric double layer” at the electrode–solution interface
and, as such, is unrelated to the electron transfer process. As it is impossible to completely
separate the two types of current, techniques and electrodes minimizing the influence
of capacitive current are sought. As can be seen in Figure 3, gold electrodes modified
with GO I do not seem to meet these requirements. The characteristic rectangular shape
of voltammograms recorded on GO I layer is a favorable and desirable phenomenon in
high-performance supercapacitors research but not in electroanalysis [40]. It is worth noting
that such capacitive performance is connected with partial restoration of π-conjugation
structure and improved electronic conductivity. Both mentioned features are characteristic
for reduced grapheme oxide.
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Figure 3. Voltammograms of 1.0 mM Fe(CN)6
3−/Fe(CN)6

4− recorded at the gold electrode modified
with graphene oxides I and II; scan rate, 75 mV s−1; supporting electrolyte, 1 M KCl.

The model redox pair Fe(CN)6
3−/Fe(CN)6

4− is a chemically reversible system, in
which the oxidized form of the solution species can be regenerated from the reduced form
(and vice versa), and both forms are stable on the time scale of the voltammetric experiment.
However, after preliminary studies, a negative impact of modifications on electrochemical
reversibility could not be excluded. If this was the case, the electron transfer would be so
slow that the peak potential would not reflect the equilibrium activity of the redox couple
at the electrode surface. To determine whether GO modification had a positive or negative
effect, cathodic and anodic signal separation (difference between cathodic and anodic peak
potentials) was analyzed. In the theoretical model, the difference between the anodic and
cathodic peak potentials (Ea and Ec, respectively) should be equal to 59 mV/n for fully
electrochemically reversible systems. However, the majority of redox systems used are
quasi-reversible, with anodic/cathodic separation being much higher than 59 mV, even for
fast quasi-reversible redox pairs. The separations measured in the present study are shown
in Figure 4. To make the figure clearer, the separation obtained for the bare electrode was
used as reference (100%).
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As can be seen, similar behavior was observed for Au and Pt electrodes modified
with GO I. In this case, modifier concentration had a very strong influence on peak current;
therefore, it was also the predominant factor affecting separation. This fact precluded
investigation of the impact of the remaining factors on separation, and consequently, on the
electrochemical reversibility of the system. A different behavior was observed for GO II,
where signal intensity (with the highest currents also observed for the 20 g L−1 concentra-
tion) was only one of several factors influencing peak separation. At the platinum electrode,
the lowest separation values were observed for the lowest modifier concentrations, while
at the gold electrode, the highest concentrations afforded the best reversibility. This shows
again that GO I and GO II act like two totally different compounds. Another important
diagnostic characterizing an electrode reaction is peak potential (Ep). At fast electron trans-
fer rates, Ep is independent of the scan rate, indicating a reversible electrode reaction. The
influence of the scan rate was tested in the range of 10–500 mV s−1. It was found that the
scan rate did not have any effect on peak potential (except for changes resulting from signal
increment), indicating a quasi-reversible electrode reaction. The next very important diag-
nostic tool consists of the relationships log Ip vs. log v and Ip vs. v1/2. For both graphene
oxides, linear plots of log Ip vs. log v were obtained with slopes of approx. 0.5, indicating
an electrode reaction with the rate governed by diffusion of the electroactive species to an
electrode surface. A linear relationship (for both electrodes with both graphene oxides)
was also observed for Ip vs. υ1/2, which confirmed that the mass transport rate of the
electroactive species to the electrode surface occurred across the concentration gradient. In
such a case, the peak current Ip is governed by the Randles–Sevcik equation: Ip = k n3/2

A D1/2 C* υ1/2, where the constant k = 2.72 × 105; n is the number of moles of electrons
transferred per mole of the electroactive species; A is electrode area; D is the diffusion
coefficient; C* is solution concentration; and v is the scan rate. The above formula was
used to calculate the electroactive area of the Au and Pt electrodes modified with both
graphene oxides (Figure 5). From an electrochemical point of view, observed dependence
for GO I may be easily combined with observed peak currents—the bigger the electroactive
surface, the higher the peak currents. The GO II case is much more complicated. For GO
II, the highest current of model redox system was also observed for 20.0 g L−1 but the
biggest electroactive surface was observed for lower concentrations. This suggest that
observed currents are strongly connected with GO II chemical composition and the various
oxygen functional groups present in its structure. Detailed studies on structural differences
between GO I and GO II are described in Section 3.3.
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3.2. Microscopic Analysis

It is well known that the properties of a broad range of materials and the performance
of a large variety of devices depend strongly on their surface characteristics [41]. Therefore,
surface analyses were performed using scanning electron microscopy and atomic force
microscopy to explain observed differences in electrochemical properties of fabricated
graphene-oxide-modified electrodes. The first method allows to investigate the surface
morphology of the modified electrodes, while the latter one allows to study their surface
topography and roughness. Thus, their combination is very often used for surface charac-
terization of the carbon electrodes [42,43]. Scanning electron microscope (SEM) images of
GO I- and GO II-modified gold electrodes (suspension concentration 20.0 g L−1) are shown
in Figure 6. The comparison of the SEM images do not revealed significant differences
in the morphology of samples. In both cases, a lot of irregularly distributed aggregates
containing entangled graphene flakes can be observed. The distribution of aggregates on
the electrode surfaces is random and homogenous. The size of aggregates is in the range
of tens and hundreds of nanometers up to micrometers. The graphene aggregates form a
continuous mesoporous layer on the surface of both electrodes, having a pore size in the
range of hundreds nm. Moreover, the presence of graphene aggregates results in the high
surface roughness and large surface area of both GO I- and GO II-modified gold electrodes.
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As mentioned above, the modified electrodes were also characterized by atomic force
microscopy (AFM) to give insight into their surface topography. Three-dimensional (3D)
views of the graphene-oxide-modified gold electrodes are given in Figure 7. Corresponding
two-dimensional (2D) AFM images with cross section profiles are presented in Figure S1.
The surface characteristics of the investigated electrodes observed from AFM images are
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consistent with their SEM images. The applied modifications do not significantly differ in
topographies. In both cases, a lot of irregularly distributed aggregates can be observed.
There are also free spaces clearly visible between them. Roughness parameters (Rq and Ra)
have been calculated from AFM images and are summarized in Table 1. From the presented
results, it is clear that the roughness of the GO II-modified electrode is a little bit higher
than that for the GO I-modified electrode.
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Table 1. Surface roughness parameters calculated from AFM images.

GO I GO II

Rq 142.5 ± 5.3 184.0 ± 19.1
Ra 104.0 ± 2.4 144.3 ± 14.4

3.3. GO I and GO II Chemical Composition Analysis

With the aim of determining whether the chemical structure affects the electrochemical
properties of the prepared graphene-based electrodes, spectroscopic measurements were
conducted. Figure 8 shows the FTIR spectra of GO I and GO II nanostructures. FTIR spec-
troscopy provided evidence of the presence of various types of oxygen functional groups
such as O-H, C=O, C-O, -O-, and C-OH on the GO, which could be located on the basal
planes and edges of the GO flakes [44–46]. Small aggregated sharp peaks around 3735 cm−1

and a broad peak of very low intensity at 3210 cm−1 can be assigned to the stretching mode
of the O–H bond, which reveal the presence of hydroxyl groups in graphene oxide [47,48].
Moreover, the peak at 1650 cm−1 can be designated to the stretching and bending vibration
of water molecules adsorbed on graphene oxide [47]. The FTIR spectra of GO I and II also
demonstrate the presence of other oxygenated functional groups with absorption peaks at
1050 cm−1 (alkoxy C-O) [44,46,49,50] and 1200 cm−1 (epoxide C-O-C or phenolic C-O-H
stretch) [44,46,49,50]. It was found that in the case of GO I, absorption bands of all oxygen
functional groups were less intense compared with GO II. Further insight into the graphene
structure of GO I and GO II revealed other differences. Firstly, more epoxy groups are
present on GO II in comparison with GO I. Secondly, the appearance of an absorption band
at 1702 cm−1 confirms the presence of the C=O from carboxyl and/or carbonyl groups in
the GO II structure [44]. The FTIR spectra indicate that GO I is more reduced than GO II.
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This was also confirmed by UV–Vis spectroscopy (Figure S2). UV–Vis spectra of GO I
and GO II aqueous suspensions show only one absorption band at 270 nm. This peak is
characteristic of reduced graphene oxide and corresponds to the π → π* transition of the
C-C bond of the hexagonal carbon ring [51]. Moreover, the presence of this peak indicates
the removal of oxygen-containing functional groups by reduction process and the restored
electronic conjugation within graphene flakes [51]. However, the difference in the degree
of GO I and GO II reduction can be seen in the UV–Vis spectra. Due to the increase in light
absorption over the whole spectral region for GO I, it can be assumed that GO I is more
reduced than GO II [46]. Another evidence of the higher reduction level of GO I is the lack
of an absorption band at around 300 nm, which is attributed to n → π* transition of C=O
bond of edged carboxyl group on graphene oxide [51]. Finally, spectroscopic measurements
results were confirmed by combustion analysis (Table 2), which also showed that GO I is
more reduced than GO II.

Table 2. Combustion analysis results (mass percent).

Element GO I GO II

C 85.44 ± 0.24 81.43 ± 0.13
H 0.380 ± 0.020 0.390 ± 0.059

In the last step, modified electrodes were examined with Energy Dispersive X-ray
Spectrometry. The EDS measurements revealed changes in the carbon-to-oxygen ratio in
GO I and GO II samples (Table 3). The quantitative EDS element mappings of GO I and GO
II are shown in Supplementary Material (Figures S3 and S4). Quantitative analysis shows
that GO I had an oxygen content of 11.32 at.% and the atomic ratio of carbon to oxygen
was 7.8, while in GO II the oxygen content was 16.62 at.% and the C/O ratio was about 5.
These results indicate more oxygen content in the case of GO II compared with GO I and
again suggests that GO I is more reduced than GO II.
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Table 3. The content of carbon and oxygen in GO I and GO II determined by EDX measurements.

GO I GO II

C atomic% 88.68 83.38
C weight% 85.47 79.02
O atomic% 11.32 16.62
O weight% 14.53 20.98

4. Conclusions

In this paper, the electrochemical and structural characteristics of two graphene oxides
used as electrodes modifiers were analyzed. AFM and SEM results showed that the topogra-
phies of the investigated electrodes/modifications do not significantly differ. However, the
EDS elemental analysis revealed changes in the oxygen content. This was also confirmed by
combustion analysis, FTIR, and UV–Vis spectroscopy. Unexpectedly, more oxygen content
was found in the case of GO II (declared as RGO) compared with GO I (declared as GO).
From the electrochemical point of view, the presence of RGO (here, GO II) should improve
the electrochemical conductivity; however, the opposite results were obtained. The detailed
electrochemical studies with model redox system showed that purchased graphene oxides
act as utterly different modifiers. Although basic analytical characteristics are similar—for
example, the diffusional nature of registered signals remained unchanged—other more
important properties are completely different (peak currents, peak separation, electroactive
area, etc.). As a result, we may obtain two completely different sensors that could, but
should not, be called uniformly “graphene-oxide-modified”.

Based on the obtained results, we can generally conclude that GO I is more reduced
than GO II, which is the exact opposite of the general conception of graphene oxide structure.
Hence, the following question arises: is there a chance to achieve good reproducibility
among the scientific community using the not well-established uniform structure of GO?
Undoubtedly, we may find some positive aspects of this graphene oxide case because by
using graphene oxides of slightly changed chemical composition we can develop sensors
with tailored properties towards a given analyte. On the other hand, we have to be aware
of the negative aspect, i.e., the lack of reproducibility between “graphene-oxide-modified
sensors” when being developed from diverse research teams.

In conclusion, the authors believe that there is an urgent need to standardize such
popular nanomaterials by assigning a CAS Registry Number to them. The orderliness in
graphene oxides nomenclature will greatly shorten the search for appropriate graphene
oxide and will contribute to improvements in electrochemical analysis.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma15217684/s1. Figure S1. 2D AFM images and profiles of gold
electrodes modified with graphen oxides: GO I (left) and GO II (right) suspensions in concentration
of 20 g L−1; Figure S2. UV-Vis spectra of GO I and GO II aqueous suspensions; Figure S3. The
quantitative EDS element mapping of GO I (a); carbon C K (b); oxygen O K (c) and EDS spectrum (d);
Figure S4. The quantitative EDS element mapping of GO II (a); carbon C K (b); oxygen O K (c) and
EDS spectrum (d).
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Abstract: A ratiometric electrochemical sensor based on a carbon paste electrode modified with
quinazoline-engineered ZnFe Prussian blue analogue (PBA-qnz) was developed for the determi-
nation of herbicide butralin. The PBA-qnz was synthesized by mixing an excess aqueous solution
of zinc chloride with an aqueous solution of precursor sodium pentacyanido(quinazoline)ferrate.
The PBA-qnz was characterized by spectroscopic and electrochemical techniques. The stable signal
of PBA-qnz at +0.15 V vs. Ag/AgCl, referring to the reduction of iron ions, was used as an inter-
nal reference for the ratiometric sensor, which minimized deviations among multiple assays and
improved the precision of the method. Furthermore, the PBA-qnz-based sensor provided higher
current responses for butralin compared to the bare carbon paste electrode. The calibration plot for
butralin was obtained by square wave voltammetry in the range of 0.5 to 30.0 µmol L−1, with a limit
of detection of 0.17 µmol L−1. The ratiometric sensor showed excellent precision and accuracy and
was applied to determine butralin in lettuce and potato samples.

Keywords: Prussian blue analogue; quinazoline; ratiometric sensor; butralin

1. Introduction

Prussian blue (PB) was the first polymeric coordination compound recorded in the
literature by Diesbach and Dippel in the early 18th century [1]. The different oxidation
states between iron atoms coordinated by a cyanide bridge give PB its characteristic blue
color due to an intervalence transition around 720 nm [2]. A Prussian blue analogue (PBA)
is the result of changes in the chemical composition of PB. When Fe2+ and/or Fe3+ ions are
replaced by other different transition metal centers, such as cobalt, nickel, and zinc [3], it
is also possible to change its properties by making small changes in its composition (and
consequently in its structure): replacing the metallic centers and/or a CN− group with
other ligands, such as those of quinazoline [4].

Quinazoline (qnz, 1,3-diazanaphthalene) is a heterocyclic hybrid that has the molecu-
lar formula C8H6N2, and it is an important bicyclic skeleton structure in manifold natural
products [5,6]. The quinazoline ring is formed by the union of a benzene ring with a six-
membered ring containing 2 N atoms and contains three main isomers, namely, quinoxaline,
cinnoline, and phthalazine [5]. Quinazoline and its derivatives have multiple biological
activities and show a high affinity for metal ions; they also form all kinds of coordination
compounds with sundry transition metals [7]. Regarding the application in electrochemical
sensors, introducing nitrogen moieties into the electrode composition has obtained con-
siderable interest, as it leads to the improvement of conductivity and of the electroactive
area of the sensor, hence further boosting its electrochemical performance [8]. Therefore,
quinazoline is an interesting ligand to be explored in the development of novel PBA for
application in the field of electrochemical sensors.

Research on PBA composites and their derivatives has kept growing in the past
decade, and they have been applied in energy conversion, energy storage, adsorption,
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and electrochemical sensors [9]. Regarding the application of electrochemical sensors, for
PB/PBA, both oxidized and reduced forms have catalytic activity [3]. In addition, their
zeolitic form has a channel diameter of approximately 3.2 Å and a cubic unit cell of 10.2 Å,
allowing the diffusion of ions by the structure [3,9]. Furthermore, their high electronic
transfer rate is another benefit, which is directly associated to the insertion/disinsertion
of small ions [3]. Li et al. [10] developed a PBA-modified glassy carbon electrode for
2-nitrophenol determination. The synthesized PBA (KxNi[Fe(CN)6]·nH2O) provided the
electrochemical sensor with a higher electrocatalytic performance for the 2-nitrophenol
reduction in comparison to bare GCE, which could be attributed to the better intrinsic
catalytic nature of Ni, improved conductivity, and larger electroactive area.

Traditional electrochemical sensors usually depend on the precise measurement of a
single current intensity, which further leads to low repeatability, reliability, and accuracy,
and occasionally false negative results [11]. For this reason, ratiometric electrochemical
sensors have recently attracted extensive attention [12–15]. These special sensors quantify
the analyte with ratiometric a record of two signals (one is from the analyte and the
other is from the inner reference). A peak intensity ratio (Ianalyte/Iinner reference) is used as
the measurement criteria for analytes [13]. Commonly, this ratiometric strategy reduces
the intrinsic errors or background electric signals and exhibits a significant ability to
further improve the accuracy and precision of the measurements [13,14]. Constant current
responses from the internal reference can also indicate that the electrode surface remains
homogeneous [14]. Consequently, ratiometric electrochemical sensors are considered more
reliable and accurate than common electrochemical sensors [16]. PB has been used as an
internal reference for ratiometric electrochemical sensors [15]. However, reports of works
using these materials for ratiometric sensors are still limited.

In that regard, the detection of butralin (BTL) is of great importance, since BTL is a
dinitroaniline herbicide applied in pre-emergence management of pests in manifold crops
such as cotton, sunflower, rice, peanuts, corn, and vegetable crops [17,18]. Dinitroaniline
herbicides are slightly soluble in water and moderately persistent in the environment by
adsorbing to soil particles, such as organic matter, so it presents an environmental pollution
and a potential threat to human health [19–21]. Regarding electrochemical sensors dedi-
cated to the determination of BTL, only two works are found in the literature. Sreedhar and
Reddy [22] developed a polarographic method for BTL determination using a dropping
mercury electrode, and Gerent et al. [17] used a glassy carbon electrode modified with
Co-Ag bimetallic nanoparticles stabilized in poly(vinylpyrrolidone). The electrochemi-
cal methods are greatly attractive because of their advantages, such as quick detection,
convenient operation, cheap instrumentation, facile integration, and portability [23–25].
Therefore, the development of novel electrochemical tools to detect and supervise the
dissipation behavior of BTL in edible raw food and in the environment is relevant.

In this work, the use of the quinazoline ligand and the metals Fe and Zn coordinated
by the cyanide bridge was chosen to synthesize a novel PBA. To the best of our knowledge,
this is the first report to the use quinazoline ligand to the synthesis of a PBA. Here, the
PBA was incorporated into a carbon paste electrode and boosted the conductivity of the
system, thus providing greater current intensities and, consequently, greater sensitivity and
also serving as an internal reference to improve the precision and accuracy of the novel
ratiometric sensor in the determination of BTL.

2. Materials and Methods
2.1. Reagents and Solutions

All reagents used in the experiment were analytical grade and purchased from commer-
cial sources. Acetone, ethanol, sodium iodide, and sodium nitroprusside were purchased
from Neon, Cambridge, MA, USA. Chloridric acid, zinc(II) chloride, iron(III) chloride,
potassium chloride, sodium chloride, DMSO, butralin, and quinazoline were purchased
from Merck, Darmstadt, Germany. The aqueous solutions were prepared with ultrapure
water (18.2 MΩ cm), obtained with the Milli-Q system (Millipore, St. Louis, MO, USA).
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A stock solution of 10.0 mmol L−1 butralin was prepared in acetone and stored at 4 ◦C.
Britton–Robinson (B–R) buffer (H3BO3, CH3COOH, H3PO4) (0.1 mol L−1) was used as
the supporting electrolyte. The pH adjustments were performed with 6.0 mol L−1 HCl or
NaOH.

To build the carbon paste electrode, Acheson 38 graphite powder (Fisher Scientific,
Waltham, MA, USA) served as the conductor, and Nujol mineral oil (Merck, Darmstadt,
Germany) served as a binding agent.

2.2. Synthesis and Characterization of PBA-qnz

The precursor complex pentacyanido(quinazoline)ferrate (PCF-qnz) was synthesized
by solubilizing 0.58 mmol of PCF-amine in 1.0 mL of distilled water and mixing it with
1.0 mL of aqueous quinazoline solution (0.29 mmol). The reaction solution was kept under
stirring, out of the reach of light, and in an ice bath for 30 min. After this period, 0.67 mmol
of sodium iodide was added to the solution, and then 30 mL of ethanol was slowly added.
The precipitated solid was filtered in a vacuum pump, washed with ethanol, and kept in a
desiccator until a constant mass was obtained.

The Prussian blue analogue derivative from quinazoline ligand and zinc(II) (PBA-qnz)
was synthesized by the direct method, which consists of mixing an excess aqueous solution
of zinc chloride (0.40 mmol) with an aqueous solution of PCF-qnz (0.10 mmol) under agita-
tion. After 15 min, the solid was precipitated with acetone and isolated by centrifugation.

The compounds were characterized by UV-Vis spectroscopy using a Lambda 35 spec-
trometer (Perkin Elmer, Waltham, MA, USA) with quartz cuvettes of 1.0 cm of optical
length. FTIR was used to verify the main functional groups of both compounds, using a
FTLA 2000 spectrophotometer (Asea Brown Boveri, Zürich, Switzerland). Electron param-
agnetic resonance (EPR) spectra were obtained using an EMX micro-9.5/2.7 spectrometer
(Bruker, Billerica, MA, USA) with a highly sensitive cylindrical cavity, operating in X-band
(9 GHz), at 120 K, with 5 mW microwave power, 5 G modulation amplitude, and 100 kHz
modulation frequency. Cyclic voltammetry and electrochemical impedance spectroscopy
(EIS) measurements were performed in an Autolab PGSTAT128N potentiostat (Metrohm
Autolab B.V., Utrecht, The Netherlands). EIS measurements were performed using the
K3[Fe(CN)6]/K4[Fe(CN)6] redox probe (5.0 mmol L−1 equimolar mixture) in 0.1 mol L−1

KCl. For the EIS measure, the OCP was applied with a perturbation amplitude of 10 mV
between the frequencies of 100,000 Hz and 0.1 Hz.

2.3. Construction of Electrochemical Sensor

Studies by our group have described the construction of sensors based on carbon
paste [26]. The construction procedure for the sensor involved hand-mixing 18 mg of
PBA-qnz (10% w/w) and 135 mg of graphite powder (75% w/w) for twenty minutes. After
that, 27 mg (15% w/v) of Nujol was added and hand-mixed for 20 min more in a mortar.
The resulting composite was packed firmly into the cavity of a syringe (3.0 mm inner
diameter), and a copper wire was inserted to establish electrical contact. For comparison
purposes, PCF-qnz/CPE and bare CPE were prepared using a similar procedure.

2.4. Electrochemical Measurements

The electrochemical measurements for the development of the analytical method
for BTL were performed using a portable potentiostat PalmSens 4 (Palm Instruments BV,
Houten, The Netherlands). The assays were carried out with a system of three electrodes:
the proposed sensor (PBA-qnz/CPE) as the working electrode, a platinum plate as the
auxiliary electrode, and Ag/AgCl (3.0 mol L−1 KCl) as the reference electrode. All assays
were carried out at room temperature (25 ± 0.5 ◦C) in an electrochemical cell containing
10.0 mL of B–R buffer (0.1 mol L−1; pH from 2.0 to 7.0), and successive additions of a
standard solution of BTL were carried out using a micropipette. Nitrogen gas was purged
to the supporting electrolyte for 10 min before the assays.
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2.5. Determination of BTL in Lettuce and Potato Samples

Fresh samples of lettuce (Lactuca sativa) and potato (Solanum tuberosum) were acquired
from a farmers’ market in Florianópolis, Brazil. The lettuce and potato samples were
prepared as follows: a mixture of 5.0 g of each vegetable with 25.0 mL of acetone was
crushed in a blender for 5 min. The extract was filtered (25.0 µm) two times and diluted in
acetone in a 50.0 mL volumetric flask for the analysis. For the assays, 500 µL of the samples
was added to the electrochemical cell with 9.5 mL of 0.1 mol L−1 B–R buffer (pH 2.0).

3. Results and Discussion
3.1. Characterization of PCF-qnz and PBA-qnz

The PCF-qnz complex (Figure 1A) and PBA-qnz (Figure 1B) were first characterized
using UV-Vis spectroscopy (Figure 2A). The PCF-qnz complex formed by the exchange
of NH3 ligand for qnz ligand exhibits two bands of metal–ligand charge transfer in the
visible region (355 and 474 nm, with log εmax equal to 3.33 and 3.40, respectively). One of
the characteristic bands of quinazoline [27] has a hypochromic shift when coordinating
with the Fe atom, from 271 nm to 290 nm in PCF-qnz and to 280 nm in PBA-qnz.

Infrared spectra (Figure 2B) show that the PCF-qnz complex (curve a) exhibits charac-
teristic bands of benzene (1378–1487 cm−1) and a pyrimidine ring (1580–1617 cm−1) [28].
Furthermore, it is possible to observe the CN− (2047 cm−1) and Fe-CN (568 cm−1) stretches
in the complex. Evaluating the FTIR data of PBA-qnz (curve b), it is possible to observe the
presence of vibrations, referring to the vibrations of benzene at 1305–1492 cm−1 and the
pyrimidine ring of qnz at 1592–1619 cm−1. The CN− stretch can be observed at 2094 cm−1,
as well as the Fe-CN-Zn stretch at 485 cm−1. Finally, the broadening of the ν(CN−) band in
PBA-qnz means a variety of cyanides in the structure [29].

Cyclic voltammetry was used to study the electrochemical behaviors of PCF-qnz complex
and PBA-qnz in 0.1 mol L−1 KCl (Figure 2C). Pentacyanidoferrates have a well-defined
electrochemical process that is influenced by the nature of the ligand. The PCF-qnz complex
(curve a) has a half-wave potential (E½) of 545 mV (I) and 720 mV (II) vs. Ag/AgCl, assigned
to the pairs [Fe2+/3+(CN)5(qnz)Fe2+/3+(CN)5]6−/4−. The increase in potential represents a
greater difficulty in removing electron density from iron due to the presence of the heterocyclic
ligand [29]. Regarding the PBA-qnz (curve b), the E½ values were 180 mV (III) and 860 mV
(IV) vs. Ag/AgCl. The fully reduced form of PBA-qnz, Zn[Fe2+(CN)5(qnz)Fe2+(CN)5] was
oxidized at +183 mV vs. Ag/AgCl to form Zn[Fe3+(CN)5(qnz)Fe2+(CN)5]. Due to the presence
of quinazoline in its structure, there is an increase in the amount of water coordinated, resulting
in a lower σ-donor contribution, consequently resulting in a shift in the oxidation potential to
more positive values, compared to traditional Prussian blue [30]. At +906 mV vs. Ag/AgCl,
the second metallic center is oxidized, formatting Berlin green (Zn[Fe3+(CN)5(qnz)Fe3+(CN)5]).
These processes occurred at more positive potential values than the traditional Prussian blue;
in other words, the oxidation of PBA-qnz required a more positive potential value, indicating
the coordination of the metal centers with the qnz ligand.

Although PCF compounds present iron atoms with the 2+ oxidation state, a broad
signal around g ~2.021 can be observed for PCF-qnz. As it is a metal with six electrons,
a value of g greater than ge is expected [31]. This result occurs due to the magnetic
interaction between iron ions, suggesting an Fe–Fe (spin–spin) interaction. The X-band
EPR spectrum measured at room temperature reveals a profile similar to the EPR spectrum
for PCF-amin (g ~2.2–2.3) presented by Ghobadi et al. [32]. The decrease in the value of
g when exchanging the NH3 ligand for qnz suggests that binding with a compound that
contributes to a strong field favors the MLCT process FeII-qnz → FeIII-qnz. When analyzing
the EPR spectrum of PBA-qnz (Figure 2D), seven peaks are observed. Zinc atoms fully
occupy d orbitals, exhibiting no signs. Thus, the signs suggest a mixture of Fe2+ and Fe3+

valence states, with g values ranging from ~0.185 to ~0.214 [33]. These results agree with
cyclic voltammetry.
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3.2. Electrochemical Characteristics of PCF-qnz and PBA-qnz

EIS is a useful tool to investigate the interface properties of surface-modified electrodes.
Nyquist plots were obtained in [Fe(CN)6]3−/4− solution in KCl 0.1 mol L−1 for the following
electrodes: (a) CPE, (b) PCF-qnz/CPE, and (c) PBA-qnz/CPE, which are shown in Figure 3.
The charged transfer resistance (Rct) is positively correlated with the semicircle diameter
in the high-frequency region of the EIS, and the diffusion process indicates the resistance
offered by the mass transfer. Fitting the high-frequency region of the EIS plot, the Rct of CPE
is 6.1 kΩ (curve a). A reduced charge transfer resistance value of approximately 1000 Ω
was observed for PCF-qnz/CPE (curve b), confirming the improved electrical conductivity
based on the complex of Fe(II) and qnz. The Rct for PBA-qnz/CPE is 1484 Ω (curve c),
which is significantly lower than two working electrodes. This implies that, due to the
polymerization of complex with Zn(II) moiety, the Prussian blue analogue becomes less
resistive to charge transfer, increasing the electron transfer pathway between PBA-qnz/CPE
and the redox probe. In addition, the introduction of nitrogen moieties into the electrode
composition via quinazoline ligands leads to the improvement of conductivity, improving
their electrochemical performance [8]. Thus, the PBA-qnz/CPE modified electrode can
achieve an electrochemically sensitive determination of BTL.
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Figure 3. Nyquist plots for 5.0 mmol L−1 equimolar mixture of K3[Fe(CN)6]/K4[Fe(CN)6] in
0.1 mol L−1 KCl: (a) CPE, (b) PCF-qnz/CPE, and (c) PBA-qnz/CPE. We inserted the Randles cir-
cuit model for the electrodes. Rs: solution resistance; Rct: charge-transfer resistance; Zw: Warburg
impedance; Cdl: double-layer capacitance.

3.3. Evaluation of Butralin Ratiometric Sensor Performance

The electrochemical behavior of BTL was studied by square wave voltammetry (SWV)
using the bare CPE and the PBA-qnz/CPE ratiometric sensor (Figure 4A). The square
wave voltammogram exhibited a peak at −540 mV vs. Ag/AgCl, corresponding to the
BTL reduction at bare CPE (curve a). The peak is correlated to the reduction of both
nitro groups present in the molecule of BTL [17]. Using the PBA-qnz/CPE in the absence
of BTL (curve b), a peak was recorded at +300 mV vs. Ag/AgCl, corresponding to the
reduction of iron centers of the complex. Finally, when the BTL was analyzed using the
PBA-qnz/CPE (curve c) a three-fold increase in the current intensities of the BTL compared
to the performance of the CPE was recorded. This phenomenon can be attributed to the
presence of nitrogen moieties in the electrode composition via quinazoline ligands, which
leads to the improvement of conductivity and electroactive area of the sensor, boosting
their electrochemical performance [8]. Even more important, PBA incorporated in the
carbon paste was employed as a promising reference signal for the ratiometric sensor of
BTL. The electroactive PBA can be oxidized to Berlin green or reduced to Prussian white
at certain potentials and provide stable redox peaks, which can be used as an internal
reference [15]. Thus, the measurements provided by the PBA-qnz/CPE ratiometric sensor
show two signals (one is from the BTL analyte, and the other is from the PBA internal
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reference). The constant current responses of PBA-qnz inner reference indicated that the
carbon paste was homogeneous, and consequently, the sensor surface was uniform, which
contributes to better precision of measurements.
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Figure 4. (A) Square wave voltammograms in the absence of BTL for (b) PBA-qnz/CPE in buffer solution
and in the presence of 10.0 µmol L−1 BTL in B–R buffer (pH 2.0) for (a) CPE and (c) PBA-qnz/CPE.
SWV parameters: f = 25.0 Hz, ∆Es = 1.0 mV, a = 50.0 mV (nonoptimized). (B) Current responses
for ISW − BTL and ISW − PBA-qnz (axis a) and the ISW − BTL/ISW − PBA-qnz ratio (axis b) using the same
PBA-qnz/CPE on the same day. (C) Square wave voltammograms for 10.0 µmol L−1 BTL in B–R buffer
using the PBA-qnz/CPE at different pH values. (D) Current (axis a) and potential (axis b) vs. pH (n = 3).
(E) Square-wave voltammograms for BTL at PBA-qnz/CPE in 0.1 mol L−1 B–R buffer (pH 2.0): (a) blank,
(b) 0.5, (c) 1.0, (d) 2.5, (e) 5.0, (f) 10.0, (g) 15.0, (h) 20.0, (i) 25.0, and (j) 30.0 µmol L−1 and (F) calibration
plot (n = 3). SWV parameters: f = 50.0 Hz, ∆Es = 2.0 mV, a = 60.0 mV (optimized).

The repeatability of responses of the PBA-qnz/CPE sensor for BTL reduction was
assessed across 10 consecutive measurements (Figure 4B). The plot shows a variation
of current intensities for the BTL (axis a) with a relative standard deviation (RSD) of
8.0%. However, the ratio of ISW − BTL/ISW − PBA-qnz (axis b) remained nearly unchanged
(RSD = 1.5%), which indicates that the developed ratiometric sensing strategy minimized
deviations among multiple assays because of the intrinsic built-in correction from the inner
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reference. This leads to a remarkable enhancement in the precision of the data provided by
the sensor.

The effect of the pH of the supporting electrolyte on the electrochemical behavior of
BTL was analyzed in the pH range of 2.0 to 7.0 (Figure 4C). Figure 4D (axis a) highlights
how the cathodic peak currents vary as a function of the pH of the medium. It can be
noted that the current values decreased from pH 2.0 to 7.0. Since hydrogen ions participate
in the reduction of aromatic nitroanilines, the peak potential and intensities current of
these compounds are pH-dependent. The pH of the medium influences the intensity
and direction of the inductive and resonance effects operating in the molecule structure
by changing the nature of the substituent [34]. The adsorption of nitroanilines onto the
electrode surfaces in an acidic medium occurs because it has three different anchoring sites
(the nitro, the amino function, and the aromatic ring system) [35]. Thus, it can be proposed
that the adsorption of BTL onto the electrode surface occurs more efficiently at more acidic
pH values, which results in higher current intensities. Another point to be considered is
the lower stability of PBA-qnz as the pH of the medium increases, due to the affinity of
OH− ions for Fe(III) at pH close to 7.0, breaking the Fe3+−(CN)−Zn2+ bridge bond [36].
Thus, in aiming to obtain better sensitivity for the assays of BTL, pH 2.0 was selected for
the subsequent analysis.

In addition, a linear shift of the Ep vs. pH plot (Figure 4C, axis b) was reached, with a
slope of −58.1 mV pH−1, which was similar to the theoretical value of −59.2 mV pH−1 for
the Nernst equation. These data indicate that an equal number of mols of electrons and
protons are transferred during the reduction of BTL on the surface of the ratiometric sensor.
According to the literature, both nitro groups of the molecule were simultaneously reduced,
via the one-proton and one-electron mechanism for each nitro group [17]. A proposed
reduction reaction for BTL is shown in Figure 5.
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Figure 5. Proposed mechanism of BTL reduction on the surface of the PBA-qnz/CPE ratiometric sensor.

The calibration plot was built under optimized conditions at the PBA-qnz/CPE sensor
after successive additions of the BTL standard solution (Figure 4E). The reduction peak of
BTL can be observed at −0.57 ± 0.01 V vs. Ag/AgCl, with the current increasing propor-
tionally to the species concentration, while the peak intensities referring to the reduction of
the PBA-qnz remained stable at +0.15 V. The calibration plot was obtained in the range of 0.5
to 30.0 µmol L−1 (r = 0.998) (Figure 4F), and the equation for this plot can be expressed as
ISW − BTL/ISW − PBA-qnz = 0.05 (±2.0 × 10−3) [BTL]/µmol L−1 + 0.03 (±2.6 × 10−3). The limits
of detection and quantification (LOD and LOQ) were calculated according to LOD = 3 × Sb/B
and LOQ = 10 × Sb/B, where Sb is the standard deviation of intercept and B is the slope of
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the calibration plot [37]. The LOD and LOQ values obtained were 0.17 and 0.54 µmol L−1,
respectively.

The analytical methods reported for the quantification of BTL are mostly chromato-
graphic (Table 1). Only two works dedicated to the determination of BTL using electro-
chemical methods were found in the literature [17,22]. In that regard, the LOD obtained
with the PBA-qnz/CPE is between the values obtained by other studies. The CPE can be
easily prepared and modified, and it can be easily cleaned by manual sanding on a sheet
of paper. Furthermore, the use of the PBA modifying agent served to increase the analyte
current intensities and as an internal reference for the development of the ratiometric sensor.
Thus, in addition to being sensitive, the proposed ratiometric sensor presented excellent
precision data.

Table 1. Comparison of the performance of different analytical methods in the quantification of BTL.

Analytical Method Tools Matrix LOD/nmol L−1 Ref.

Chromatographic HPLC-UV with SPME a Surface water 0.2 [38]
Chromatographic HPLC-UV-ESI/MS b Tobacco leaf powder 508 [39]

Immunochromatographic Gold-based strip sensor Phosphate buffer saline (pH 7.4) 10.4 [20]
Electrochemical Co-Ag BMNPs-PVP/GCE c B–R buffer (pH 2.0) 32.0 [17]
Electrochemical Dropping mercury electrode B–R buffer (pH 4.0) 60.0 [22]
Electrochemical PBA-qnz/CPE B–R buffer (pH 2.0) 170 This study

a HPLC-UV with SPME—High-performance liquid chromatography with ultraviolet detection with solid phase
microextraction fiber coating based on silicone sealant/hollow ZnO@CeO2 composite; b HPLC-UV-ESI/MS—
High-performance liquid chromatography with ultraviolet detection and electrospray ionization mass spectrom-
etry; c Co-Ag BMNPs-PVP/GCE—Glassy carbon electrode modified with Co and Ag bimetallic nanoparticles
immobilized in poly(vinylpyrrolidone).

3.4. Interference and Stability Assays

The interference of organic compounds in the electroanalysis of BTL was studied
under optimized conditions. The assays were carried out in 0.1 mol L−1 B–R buffer (pH 2.0)
containing 10.0 µmol L−1 BTL (−0.56 V vs. Ag/AgCl) in the presence of 2-nitrophenol
(−0.48 V), 3-nitrophenol (−0.45 V), 4-nitrophenol (−0.45 V), and parathion (−0.43 V), which
were added at a concentration 10 times higher than that of the BTL. The reduction peak
potential of these interferents did not coincide with the reduction peak potential of BTL,
and, in addition, the decrease in the ISW − BTL/ISW − PBA-qnz ratio in the presence of these
interferents ranged from −0.5 to −1.5%. The results revealed that the proposed ratiometric
sensor is highly selective for BTL quantification in the presence of organic compounds.

The stability of the ratiometric sensor was also inquired by measuring its response
to 10.0 µmol L−1 BTL over 120 days. After this period, the PBA-qnz/CPE maintained a
percentage of ISW − BTL of 90% and 95% of ISW − BTL/ISW − PBA-qnz in relation to its first re-
sponse. These results indicated that the ratiometric sensor has excellent stability, evidencing
its competence for the quantification of BTL.

3.5. Quantification of BTL in Lettuce and Potato Samples

The quantification of BTL by SWV in fresh samples was performed using the PBA-
qnz/CPE ratiometric sensor (Table 2). Assays were carried out in triplicate using the
standard addition procedure. The presence of BTL was not detected in any sample. Recov-
ery values were obtained between 94 and 110%. These data confirm the accuracy of the
data provided by the analytical method. Furthermore, the slopes of the standard addition
plots were similar to those of the calibration plot (Figure 4F), which indicated that there
were no influences from the matrix species of fresh samples.
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Table 2. Determination of the level of BTL in fresh samples using the ratiometric sensor.

Samples Determined a

/µmol L−1 Added/µmol L−1 Found a/µmol L−1 Recovery b/%

Lettuce
(Lactuca sativa) Not detected

1.0 1.03 95–110
10.0 10.07 99–102

Potato
(Solanum tuberosum) Not detected

1.0 1.01 94–110
10.0 9.97 97–105

a Mean of three measurements under the same conditions by SWV using the PBA-qnz/CPE; b Recovery = (amount
found − amount determined)/amount added × 100.

4. Conclusions

A ratiometric sensor based on carbon paste modified with Prussian blue analogue
derived from quinazoline ligand and zinc(II) was developed for the determination of
BTL. This is the first device based on carbon paste dedicated to the electroanalysis of
this herbicide. The use of the PBA modifying agent served to increase the BTL current
intensities and as an internal reference for the development of the ratiometric sensor. The
ratiometric sensor showed excellent precision and accuracy data and adequate selectivity
for BTL. All of these capacities indicate the viability of the use of the PBA-qnz/CPE in the
determination of BTL.
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Abstract: In this study, a carbon ceramic electrode (CCE) with improved electroanalytical performance
was developed by bulk-modifying it with bismuth(III) oxide nanoparticles (Bi-CCE). Characterization
of the Bi-CCE was conducted employing atomic force microscopy, scanning electron microscopy
with energy-dispersive X-ray spectroscopy, cyclic voltammetry (CV), and electrochemical impedance
spectroscopy. Comparative analysis was conducted using an unmodified CCE. The findings proved
that the incorporation of Bi2O3 nanoparticles into the CCE significantly altered the morphology and
topography of the ceramic composite, and it improved the electrochemical properties of CCE. Notably,
the Bi-CCE demonstrated a prolonged operational lifespan of at least three months, and there was
a high reproducibility of the electrode preparation procedure. The developed Bi-CCE was effectively
employed to explore the electrochemical behavior and quantify the priority environmental pollutant
4-chloro-3-methylphenol (PCMC) using CV and square-wave voltammetry (SWV), respectively.
Notably, the developed SWV procedure utilizing Bi-CCE exhibited significantly enhanced sensitivity
(0.115 µA L mol−1), an extended linearity (0.5–58.0 µmol L−1), and a lower limit of detection
(0.17 µmol L−1) in comparison with the unmodified electrode. Furthermore, the Bi-CCE was utilized
effectively for the detection of PCMC in a river water sample intentionally spiked with the compound.
The selectivity toward PCMC determination was also successfully assessed.

Keywords: bulk modification; electrochemical characterization; surface characterization; effective
surface area; pollutant determination

1. Introduction

Over the past several years, significant attention has been devoted to advancing
a diverse range of carbon-based electrode materials. These electrodes offer numerous
advantages, including straightforward preparation, extended durability, a wide poten-
tial window, and facile surface renewability [1]. Carbon-based electrodes find extensive
use in electrochemical sensors, facilitating the identification of diverse substances such
as pollutants, biomolecules, and drugs [1–4]. Additionally, carbon-based materials are
crucial in biosensors, contributing significantly to the detection of biological molecules.
This makes them invaluable in applications such as medical diagnostics, environmental
monitoring, and ensuring food safety [2,3,5–7]. Furthermore, these electrodes are utilized
in electroanalytical techniques, aiding in the precise determination of trace elements and
the exploration of reaction mechanisms [8,9].

Among the spectrum of carbon-based electrodes, carbon ceramic electrodes (CCEs)
pioneered by Tsionsky et al. in 1994 [10] occupy a prominent position. Fabricated through
a sol–gel approach integrating carbon powder (graphite) into a silica sol–gel matrix [11],
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CCEs not only showcase the above-mentioned features of carbon-based electrodes but
also exhibit exceptional mechanical resistance and robustness [12]. The versatility of
CCEs for modification through diverse techniques stands as a crucial advantage, en-
hancing their electroanalytical capabilities. Surface modifications of CCEs achieved via
electrodeposition [13–15] or drop-casting procedure [16–18] contribute to improved elec-
trode sensitivity. However, these approaches pose challenges related to surface renewal, de-
manding the preparation of new modification layers and potentially leading to inconsistent
results. Moreover, these modification techniques encounter limitations in controlling elec-
trode surface film thickness [12]. An efficient alternative to the surface modification proce-
dure, ensuring greater result reproducibility, involves the bulk modification of the electrode
material. In the case of CCEs, this approach includes the partial [19–23] or complete [24–27]
replacement of the original carbon material (graphite) in the silicon matrix with other
carbon-based materials, such as carbon nanotubes [19,24–27], graphene oxide [20], carbon
black [21], and non-carbon materials like nanoparticles [23,28], zeolites [22], and Prussian
blue [29]. The advantage of this approach lies in obtaining a carbon–ceramic composite
with an evenly distributed modifier throughout the entire volume of the electrode mate-
rial. This allows for straightforward surface renewal through mechanical polishing while
maintaining surface reproducibility after each polishing step [12].

Metal oxide nanoparticles have gathered significant attention in the electrochem-
istry due to their unique properties, making them ideal for fabricating electrochemical
sensors used in electroanalysis [30]. Bismuth(III) oxide (Bi2O3) nanoparticles (Bi2O3NPs)
exhibit promising electronic characteristics, including a low-energy bandgap, large sur-
face area, electrochemical stability, and catalytic behavior, making them well-suited for
various applications [30–32]. Although Bi2O3NPs have primarily functioned as surface
modifiers for glassy carbon electrodes and screen-printed electrodes, their utilization as
a bulk modifier has been limited to carbon paste electrodes. It is envisioned that employ-
ing Bi2O3NPs as a bulk modifier of CCEs will result in electrode materials with signifi-
cantly enhanced surface properties, an enlarged electroactive surface area, and improved
electroanalytical performance.

Phenolic compounds have been designated as high-priority pollutants by both the
United States Environmental Protection Agency and the European Union due to their
known toxicity. These chemicals exhibit significant short- and long-term adverse effects
on both human health and animal well-being. The existence of phenolic compounds in
the aquatic environments is not only undesirable but also poses a significant threat to
human health and wildlife. Consequently, various wastewater treatment methods have
been developed and implemented to eliminate phenolic compounds from industrial, do-
mestic, and municipal wastewater streams before their release into water bodies [33].
Moreover, numerous procedures based on chromatographic and electroanalytical methods
have been developed for the quantitative determination of phenolic compounds in water.
One notable phenolic priority environmental pollutant is 4-chloro-3-methylphenol (syn-
onym: 4-chloro-m-cresol, PCMC), which is used as a medicinal or non-medicinal ingredient
in final pharmaceuticals, disinfectants, veterinary drug products, and cosmetics, and it
is used as an active ingredient in registered pest control products. Due to the wide use
of PCMC, it is necessary to monitor its content in the aquatic environment to prevent its
destructive effects on both human and aquatic lives. In the literature, only a few reports on
electroanalytical procedures for PCMC determination using carbon-based electrodes can be
found [24,34–38]. One of these reports is from our previous study, in which a voltammetric
procedure for PCMC determination involving CCE modified with carbon nanotubes was
detailed [24]. In that study, a linear range of 3–32 µmol L−1 and a limit of detection (LOD) of
0.71 µmol L−1 was achieved. Considering the potential for improvement, we hypothesize
that using Bi2O3NPs to prepare a modified CCE could enhance the performance of such
a voltammetric procedure. To our knowledge, this specific electrode type has not been
employed for PCMC determination previously.
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Our study aims to prepare a bulk-modified CCE by incorporating Bi2O3NPs (Bi-CCE),
replacing a portion of graphite within a ceramic composite. The investigation focuses
on assessing how the incorporation of Bi2O3NPs influences the surface characteristics,
electrochemical properties toward the ferro/ferricyanide ([Fe(CN)6]4−/[Fe(CN)6]3−) redox
model system, and the overall electroanalytical performance of the Bi-CCE toward the
priority environmental pollutant PCMC.

2. Materials and Methods
2.1. Materials

For the CCEs preparation, methyltrimethoxysilane (MTMS, 98%, Sigma Aldrich, War-
saw, Poland), methanol (CH3OH, 99.8%, Avantor Performance, Gliwice, Poland), and
hydrochloric acid (HCl, pure p.a., 36–38%, Avantor Performance, Gliwice, Poland) were
employed without undergoing any further purification. Graphite flakes (99%, 7–10 micron,
Alfa Aesar, Karlsruhe, Germany) served as the carbon material for the CCEs. Bi2O3NPs
(99.999%, particle size of 90–210 nm, Sigma Aldrich, Warsaw, Poland) were utilized as the
modifier in the Bi-CCE preparation.

All chemicals employed were of analytical reagent grade, and the solutions were
prepared using triply distilled water. The electrochemical characterization of the CCEs
involved the use of 1.0 mol L−1 potassium chloride (KCl, 99%, Avantor Performance,
Gliwice, Poland) solution and 1.0 mmol L−1 potassium ferricyanide (K3[Fe(CN)6], 99%,
Avantor Performance, Gliwice, Poland) solution. For the preparation of a 1.0 mmol L−1

PCMC stock solution, PCMC (99%, Sigma Aldrich, Warsaw, Poland) was dissolved in
water and stored in a glass flask in a refrigerator when not in use. For the preparation of
the Britton–Robinson buffer (BRB) across a pH range of 2.0–12.0, the following reagents
were utilized: phosphoric acid (H3PO4, 85.0%, Avantor Performance, Gliwice, Poland),
boric acid (H3BO3, pure p.a., Avantor Performance, Gliwice, Poland), and acetic acid
(CH3COOH, pure p.a., 99.5%, Avantor Performance, Gliwice, Poland), all at a concentration
of 40.0 mmol L−1. Additionally, sodium hydroxide (NaOH, pure p.a., Avantor Performance,
Gliwice, Poland) at a concentration of 0.20 mol L−1 was employed to adjust the pH values of
the buffer solutions. River water samples, collected from the Rudawa River at coordinates
50.057040, 19.906389, were utilized for the analytical purposes. These samples, spiked with
the known concentration of PCMC, underwent examination without any pretreatment or
filtration except for dilution. The samples were stored in a refrigerator before experiments
and analyzed within one week of collection. The concentration of stock solutions of
interferents (Cd2+, Ni2+, Cu2+, HCO3

−, and SO4
2−; all from Avantor Performance, Gliwice,

Poland) was 1.0 mmol L−1.

2.2. Preparation of the CCEs

To prepare Bi-CCE, the sol–gel method was employed. Initially, a mixture containing
750 µL of CH3OH as the solvent, 500 µL of MTMS serving as the silica matrix precursor,
and 50 µL of concentrated HCl as the catalyst was stirred for 5 min using a magnetic stirrer
set at 450 rpm. Next, 600 mg of the activated graphite (prepared following the procedure
outlined in [39]) was combined with 150 mg of Bi2O3NPs in the silica sol solution. This
mixture was thoroughly stirred using a spatula and then promptly transferred into a Teflon
tube (measuring 5 mm in length and 3 mm in inner diameter), and silver-painted copper
wire (1 mm in diameter) was used as the electrical contact. The unmodified CCE was
prepared analogously with the only difference being the addition of 750 mg of activated
graphite into the silica sol solution. The resulting CCEs were then air-dried for 48 h at room
temperature. The CCEs were polished using 2000 grit polishing paper, which was followed
by a cleansing with water and drying using argon. This process was performed before their
initial use and repeated before each measurement series.
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2.3. Apparatus

An atomic force microscope (AFM, Dimension Icon, Bruker Corporation, Santa Bar-
bara, CA, USA) and field emission scanning electron microscope (SEM, Nova NanoSEM
450, FEI, USA) with an energy-dispersive X-ray analyzer (EDX, Ametek Inc, Berwyn, PA,
USA) were employed to analyze both CCEs. AFM measurements were carried out in
tapping mode, employing TESPA (NanoWorld, Neuchâtel, Switzerland) probes, featuring
a nominal spring constant of 42 N m−1 and a resonance frequency of 320 kHz. The AFM
images were captured with a scan size of 5 µm × 5 µm in randomly chosen places on the
CCE surfaces. AFM topography images were used to determine roughness parameters,
including root mean square average roughness (Rq) and surface area difference (SAD),
using NanoScope Analysis software (version 1.4, Bruker, Santa Barbara, CA, USA). SEM
measurements were performed with an accelerating voltage of 10 kV using a through-the-
lens detector (TLD). Elemental surface composition was obtained from EDX spectra, which
were acquired through area analysis.

Cyclic voltammetry (CV) measurements were undertaken using an µAutolab type II
potentiostat-galvanostat (Eco Chemie, Utrecht, the Netherlands) under the control of GPES
software (version 4.9), whereas electrochemical impedance spectroscopy (EIS) experiments
were conducted employing an AUTOLAB N128 electrochemical analyzer with FRA2 mod-
ule (Eco Chemie, Utrecht, the Netherlands) operated by FRA software (version 4.9). Both
potentiostats were linked to an M164 electrode stand (MTM Anko Instruments, Cracow,
Poland). For these experiments, a three-electrode electrochemical cell configuration was
utilized, consisting of Ag|AgCl|3 mol L−1 KCl (Mineral, Łomianki-Sadowa, Poland) as the
reference electrode, Pt wire (99.99%, The Mint of Poland, Warsaw, Poland) as the counter
electrode, and laboratory-made CCEs as the working electrodes.

2.4. Electrochemical Procedures

The electrochemical characterization of both CCEs was implemented in 1.0 mol L−1

KCl (to assess the potential window width) and 1.0 mmol L−1 K3[Fe(CN)6] solutions
(to evaluate the reversibility of the model redox process) using CV and EIS. The cyclic
voltammograms in KCl solution were recorded at a scan rate of 100 mV s−1, while those
of K3[Fe(CN)6] solution were registered over a scan rate range from 5 to 400 mV s−1. The
EIS spectra were captured within the frequency ranging from 10,000 to 0.01 Hz (amplitude
10 mV, 50 measuring points).

The electrochemical behavior of PCMC was investigated on the Bi-CCE using CV.
Cyclic voltammograms were recorded in BRB at an optimized pH value of 5.0 with a PCMC
concentration of 50.0 µmol L−1 across the potential range from −0.3 to +1.3 V, employing
scan rates ranging from 5 to 400 mV s−1. To quantitatively determine PCMC on the Bi-
CCE, the SWV was utilized. The PCMC stock solution (1.0 mmol L−1) was successively
added to the cell containing BRB at pH 5.0, covering concentrations ranging from 0.5 to
58.0 µmol L−1. SW voltammograms were recorded with a potential ranging from +0.25
to +1.25 V, using optimized SWV parameters: amplitude of 50 mV, frequency of 60 Hz,
and step potential of 5 mV. SWV signals were measured after the baseline correction.
Comparative analysis was conducted using the unmodified CCE.

The real sample analysis was conducted in spiked river water samples using the stan-
dard addition method. Initially, to study the possible interferences caused by river water
components, a blank SW voltammogram was registered for a solution comprising 9.0 mL of
BRB at pH 5.0 and 1 mL of unspiked river water. Subsequently, SW voltammogram for the
river water sample spiked with PCMC (the cell contained 9.0 mL of BRB at pH 5.0, 1.0 mL
of river water spiked with the PCMC stock solution, resulting in a PCMC concentration
of 6.0 µmol L−1) was recorded. Following this, SW voltammograms were registered for
three consecutive additions of the PCMC stock solution (each 60 µL) to the cell containing
the river water sample that was spiked with PCMC and diluted with BRB at pH 5.0. SWV
signals were measured after the baseline correction.
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The effect of interferents (ions) that might be possibly present in river water, i.e., Cd2+,
Ni2+, Cu2+, HCO3

−, and SO4
2−, on the PCMC SWV signal was investigated. The ratio of

the PCMC concentration to the interferents concentrations in the voltammetric cell was
equal to 1:0.5, 1:1, 1:2, 1:10, 1:50, and 1:100.

3. Results and Discussion
3.1. Surface Characterization of CCEs

The morphology and topography of both the unmodified CCE and the CCE bulk-
modified with the Bi2O3NPs were examined using SEM and AFM techniques. Both SEM
and AFM images of the unmodified CCE, depicted in Figure 1A,B, illustrate flatly arranged
graphite flakes covered by a silicon matrix. Elemental analysis shows only C, O, and
Si elements, as depicted in Figure 1C. Between individual flakes, noticeable gaps were
observed, which is a common feature in such electrodes [12,24,25,27]. In this instance, the
observed gaps measure approximately 100 nm deep (Figure 1D). Conversely, SEM and
AFM images of the Bi-CCE (Figure 1E,F) show changes in the surface morphology due to
the incorporation of Bi2O3NPs into the ceramic composite. Notably, the morphology of
the Bi-CCE differs, presenting a more compact surface with graphite flakes decorated with
the Bi2O3NPs primarily organized in larger agglomerates (Figure 1E). Their presence was
confirmed by EDX results indicating ca. 13 wt.% (ca. 0.99 at.%) of Bi2O3NPs in the ceramic
composite (Figure 1G). The AFM results prove a more compact surface of the Bi-CCE
(Figure 1F), and the cross-section (Figure 1H) demonstrates that no pinholes are visible.
While individual graphite flakes are also distinguished in the AFM image, identifying
the Bi2O3NPs used for modification remains challenging. This difficulty arises from their
substantial coverage by the ceramic composite, complicating their distinct visualization
in the AFM image. Calculated surface roughness parameter Rq values (88.5 nm for the
unmodified CCE, 5.4 nm for the Bi-CCE) indicate reduced roughness after modification.
Significant differences in surface morphology are evident upon comparison of the surface
area difference (SAD) parameter values between prepared CCEs derived from AFM images
shown in Figure 1B,F (16.0% for the unmodified CCE, and 0.5% for the Bi-CCE). These
SAD values confirm that the bulk modification of CCE with Bi2O3NPs leads to a smoother
electrode surface with a smaller surface area. Nevertheless, a reduced surface area does not
necessarily imply a smaller electroactive surface area, as will be demonstrated by results
from subsequent electrochemical measurements. Additionally, from a practical perspective,
a smoother electrode surface poses fewer challenges in laboratory applications compared
to porous electrodes.
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Figure 1. Surface morphology, composition, and topography of the unmodified CCE and Bi-CCE:
(A,E) SEM images, (C,G) EDX spectra, (B,F) 2D AFM images, (D,H) cross-sections. SEM imaging:
HV 10 kV, TLD detector, mag. 10,000×. AFM imaging: tapping mode, scan size: 5 µm × 5 µm.

3.2. Electrochemical Characterization of CCEs

The initial step in the electrochemical characterization of the prepared CCEs involved
determining their working potential window, which is a critical factor indicating the applica-
bility of the working electrodes and providing valuable insights into their surface properties.
To assess the potential window width of the Bi-CCE, CV measurements were conducted in
a 1.0 mol L−1 KCl solution, which is commonly used for characterizing electrode potential
windows. The obtained results were then compared to the corresponding curve acquired
for the unmodified CCE. As depicted in Figure 2A, the introduction of Bi2O3NPs into the
CCE had an insignificant impact on the potential window width. Both CCEs displayed
the same accessible cathodic potential limit (at −0.25 V), while a slightly higher anodic
limit was observed in the Bi-CCE (at +1.25 V) compared to the unmodified CCE (at +1.2 V).
Significantly, the incorporation of Bi2O3NPs within the ceramic matrix notably and posi-
tively influenced the background current; the Bi-CCE demonstrated a considerably lower
capacitive current compared to the unmodified CCE. The heightened background current in
the unmodified CCE may be attributed to its more porous surface in contrast to the Bi-CCE.
Conversely, the reduced background current observed in the Bi-CCE could be credited to
the exceptional properties of Bi2O3NPs incorporated into the ceramic composite. Moreover,
due to the lower background current, it is anticipated that the Bi-CCE will exhibit a lower
detection limit than the unmodified CCE.

The subsequent step in the electrochemical characterization of the prepared CCEs
involved assessing the reversibility of a model redox marker using CV and the rate
of the electron transfer process using EIS. The representative cyclic voltammograms of
1.0 mmol L−1 [Fe(CN)6]4−/[Fe(CN)6]3− recorded at a scan rate (ν) of 100 mV s−1 on both
CCEs are depicted in the inset of Figure 2A. While both electrodes exhibited a well-defined
redox peak pair, those observed on the Bi-CCE appeared higher than those on the un-
modified CCE. Moreover, a peak potential separation (∆Ep) value closer to the theoretical
value of 0.059 V was obtained for the Bi-CCE ([Fe(CN)6]4−/[Fe(CN)6]3− redox probe
displayed a ∆Ep value of 0.080 V for the Bi-CCE and 0.113 V for the unmodified CCE),
suggesting a more reversible electrode process on the Bi-CCE compared to the unmodified
CCE. Furthermore, cyclic voltammograms of the [Fe(CN)6]4−/[Fe(CN)6]3− redox marker
were recorded across a scan rate range of 10–400 mV s−1 for the Bi-CCE (Figure 2B) as
well as for the unmodified CCE (results not shown). In case of both electrodes, a linear
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dependence of the Ip vs. v1/2 was observed. Additionally, the Ia/Ic ratio ranged from
0.99 to 1.09 for the Bi-CCE and from 1.03 to 1.12 for the unmodified CCE, closely align-
ing with the theoretical value of 1. These results indicate the enhanced electron transfer
process with improved reversibility of the [Fe(CN)6]4−/[Fe(CN)6]3− redox marker at the
Bi-CCE when compared to the unmodified CCE. The EIS spectra (Nyquist plot of real
impedance (Z′) vs. imaginary impedance (Z′′) fitted by a Randles equivalent circuit) for
1.0 mmol L−1 [Fe(CN)6]4−/[Fe(CN)6]3− recorded on both CCEs are depicted in the inset
of Figure 2C. The EIS results confirmed a reduction in charge transfer resistance for the
Bi-CCE (275.7 Ω cm2) when compared to the unmodified CCE (396.3 Ω cm2), indicating
a more facile redox reaction on this electrode material. All the aforementioned results
affirm the beneficial impact of incorporating Bi2O3NPs into the ceramic composite on the
superior electrochemical properties of the modified CCE.
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Subsequently, cyclic voltammograms of the [Fe(CN)6]4−/[Fe(CN)6]3− redox marker
registered in the ν range of 5–400 mV s−1 were utilized to evaluate the effective surface
area (Aeff) values for both electrodes. Aeff were determined using the Randles–Sevcik
equation [40]: Ip = (2.69 × 105) n3/2 Aeff D1/2 v1/2 c0, where Ip represents peak current
(A), n denotes the number of transferred electrons (1), D signifies the diffusion coefficient
of [Fe(CN)6]4−/[Fe(CN)6]3− (7.6 × 10−6 cm2 s−1), v denotes the scan rate (V s−1), and
c0 indicates the redox marker concentration (1.0 × 10−6 mol cm−3). An increased Aeff

value (1.6-times higher) was calculated for the Bi-CCE (Aeff of 4.09 mm2) compared to the
unmodified CCE (Aeff of 2.59 mm2), indicating the advantageous impact of incorporating
Bi2O3NPs in boosting the number of electroactive sites within the ceramic–carbon com-
posite. Furthermore, it is worth noting that the Aeff values smaller than the geometric area
value (7.07 mm2) were calculated for both CCEs, implying the existence of electrochem-
ically inactive sites on the electrode surface. These electrochemical results confirm the
earlier statement that the electroactive surface area is determined not solely by the electrode
surface morphology but predominantly by the ratio of electroactive to electrochemically in-
active sites on the electrode surface. The incorporation of electroactive Bi2O3NPs within the
electrode material simplifies the process of renewing the electrode surface while preserving
its enhanced electroactivity.

3.3. Long-Term Stability and Reproducibility Study of the Bi-CCE

The long-term stability over time of the developed Bi-CCE was assessed by conducting
CV experiments in 1.0 mmol L−1 K3[Fe(CN)6] solution over an extended period. The
measurements were systematically performed at regular intervals (every 10 days) for
three months (each time involving the renewal of the electrode surface by polishing). The
recorded cyclic voltammograms exhibited negligible changes in the Ip values (Figure 3A)
indicated by a low relative standard deviation (RSD) value. Specifically, the RSD of Ip
remained below 4% for 50 days and below 8% for 90 days. This consistent performance
suggests that the Bi-CCE can be considered stable over time and easily renewable through
a straightforward polishing procedure.
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Figure 3. (A) The plot representing the changes in the peak current (Ip) over three months (90 days)
of the developed Bi-CCE; (B) cyclic voltammograms (scan rate of 100 mV s−1) in 1.0 mmol L−1

K3[Fe(CN)6] solution at three separate Bi-CCEs.

The reproducibility was assessed by conducting measurements in 1.0 mmol L−1

K3[Fe(CN)6] solution employing three separate Bi-CCEs, each prepared on different days
(Figure 3B). RSD lower than 5% was observed, affirming the high reproducibility and
reliability of the electrode preparation method.
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3.4. Electroanalytical Performance of the Bi-CCE

The impact of incorporating Bi2O3NPs into the CCE on the electroanalytical perfor-
mance of the Bi-CCE was evaluated using PCMC. Initially, cyclic voltammograms were
recorded at a scan rate of 50 mV s−1 within the potential range from −0.25 to +1.35 V
in the BRB solution at pH 5.0 both in the absence and presence of 50.0 µmol L−1 PCMC.
As depicted in Figure 4A, PCMC displays a single oxidation peak on both CCEs, which
was observed at +0.883 V for the unmodified CCE and +0.865 V for the Bi-CCE. Since
no cathodic peak is evident in the cyclic voltammograms when PCMC is present, the
electrochemical oxidation of PCMC on both CCEs can be deemed irreversible. Notably,
a better-shaped and higher oxidation peak for PCMC (1.6-fold increase in current response)
was observed on the Bi-CCE (Ip = 2.43 µA) compared to the unmodified CCE (Ip = 1.52 µA).
These initial findings suggest a positive influence resulting from the addition of Bi2O3NPs
on the electroanalytical performance of the CCE in determining PCMC.
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Figure 4. (A) Cyclic voltammograms (a scan rate of 50 mV s−1) registered in the BRB solution at
pH 5.0 (dashed lines) and in the BRB solution containing 50.0 µmol L−1 PCMC (solid lines) on the
unmodified CCE and the Bi-CCE; (B) cyclic voltammograms recorded across scan rates ranging
from 5 to 400 mV s−1 in the BRB solution at pH 5.0 containing 50.0 µmol L−1 PCMC on the Bi-CCE.
Insets exhibit the relationship between Ip and v1/2 (left graph) and the dependence of logarithm of
Ip vs. logarithm of v (right graph).

The impact of varying scan rates on the electrochemical behavior of PCMC on the
Bi-CCE was investigated across the range of 5–400 mV s−1. As depicted in Figure 4B,
the Ip amplifies with the rising v, and the peak potential (Ep) shifts toward more positive
values (from +0.84 to +0.92 V). These patterns further affirm the irreversibility of the PCMC
oxidation process. Additionally, while a clear linear relationship exists between Ip and v1/2

(R2 = 0.9987, as illustrated in the left inset of Figure 4B), the y-intercept deviates from zero,
which is contrary to what is expected in a completely diffusion-controlled process where
the intercept is typically zero [41]. Moreover, plotting the linear relationship between log Ip
and log v revealed a slope of 0.544 (R2 = 0.9988; displayed in the right inset of Figure 4B),
affirming the earlier hypothesis that the electrochemical oxidation process of PCMC is
not exclusively controlled by diffusion. Possibly, another mechanism beyond diffusion
significantly contributes to the PCMC oxidation process. This observation aligns with
typical behaviors observed in phenolic-type compounds [21,42].

Based on the results obtained, it can be stated that the presence of the diffusion-
controlled process is beneficial for the analysis being conducted. Thanks to the absence of
an adsorption process in the electrooxidation of PCMC, the bulk-modified CCEs were easily
reusable after each experiment. To refresh the electrode’s surface, a simple surface-polishing
technique was performed only after a series of measurements. In the case of an adsorption
process, polishing would be necessary after each scan due to the accumulation of oxidation
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products on the CCEs surface. On the other hand, an adsorption-controlled process would
potentially lead to a decrease in the LOD values in the determination of PCMC. Neverthe-
less, the presence of the diffusion-controlled process does not limit the electroanalytical
application of the sensors and could result in satisfactory validation parameters.

Furthermore, the quantification of PCMC at the Bi-CCE was established through SWV,
which is a highly sensitive technique widely employed in electroanalytical applications [8,9].
To ensure an optimally developed PCMC oxidation peak, coupled with a sufficient Ip for
precise quantitative analysis, the developed analytical procedure involved optimizing
specific conditions. This encompassed determining the ideal pH value of the supporting
electrolyte (BRB) and optimizing the SWV parameters such as amplitude, frequency, and
step potential.

Initially, the impact of pH of the BRB on the current response of PCMC was investi-
gated within a pH range spanning from 2.0 to 12.0 (as depicted in Figure 5). An increase in
Ip was noted with rising pH values until reaching 5.0, beyond which a decline in Ip was
observed as pH values further increased (as demonstrated in the left inset of Figure 5).
The Bi-CCE exhibited the highest PCMC response in the BRB at pH 5.0; thus, this pH
value was picked for successive measurements. Furthermore, Figure 5 shows that the Ep of
PCMC shifts toward more negative potentials with increasing pH within the 2.0–12.0 pH
range, suggesting a pH-dependent oxidation process. Notably, the relationship between
Ep and pH is linear (R2 = 0.9985; presented in the right inset of Figure 5), with a slope
of −0.0578 V pH−1, closely resembling the Nernstian value of 0.059 V pH−1. This indi-
cates the exchange of an equivalent number of protons and electrons in the electrochem-
ical reaction [43] of PCMC. Based on the obtained results and a literature overview, the
electrochemical oxidation mechanism has been proposed, and it can be concluded that
one electron and one proton are involved in the electrooxidation of the –OH group present
in the PCMC structure [35,36].

Materials 2024, 17, 665  11  of  16 
 

 

 

Figure 5. Baseline corrected SW voltammograms of PCMC (50.0 µmol L−1) registered on the Bi-CCE 

in the BRB solutions in the pH range of 2.0–12.0. Insets exhibit the relationship between Ip and pH 

(left graph) with SD error bars (n = 3) and the relationship between Ep and pH (right graph). SWV 

parameters: amplitude of 30 mV, frequency of 20 Hz, step potential of 5 mV. 

Subsequently,  the optimization of SWV parameters was conducted across specific 

ranges: amplitude from 10 to 80 mV, frequency from 10 to 90 Hz, and step potential from 

1 to 9 mV. The investigation revealed a gradual increase in the peak current of PCMC with 

rising SW amplitude, stabilizing around 50 mV. Moreover, the oxidation peak of PCMC 

broadened notably at amplitudes higher than 50 mV. Across the entire studied SW fre-

quency range, the peak current of PCMC consistently exhibited an increase. Additionally, 

the investigation highlighted a direct correlation between the increment of step potential 

value and the increase in the PCMC oxidation peak current. However, the application of 

step potential values exceeding 5 mV resulted in observable peak distortion. Upon careful 

evaluation of peak height and shape for PCMC, the optimal experimental conditions were 

identified as an amplitude of 50 mV, a frequency of 60 Hz, and a step potential of 5 mV. 

Following optimization, the SW voltammograms (Figure 6A) enabled the construc-

tion of a calibration curve on the Bi-CCE that facilitated the determination of various es-

sential validation parameters for assessing the developed analytical procedure. To evalu-

ate the impact of the Bi2O3NPs on the electroanalytical performance of the CCE, similar 

assessments were conducted on both CCE types, and the resulting validation parameters 

are detailed  in Table 1. The data comparison clearly highlights  the beneficial  impact of 

Bi2O3NPs on the analytical (validation) parameters in the SWV procedure for PCMC de-

termination. The presence of Bi2O3NPs considerably widened the LDR at the Bi-CCE and 

extended the linear response limit. Additionally, the Bi-CCE exhibited over an 11-fold in-

crease in sensitivity, which was determined from the slope of the calibration curve, along 

with notably reduced LOD and LOQ values (nearly 4.5-times lower compared to the un-

modified CCE). Furthermore, the Bi-CCE demonstrated improved precision (expressed as 

RSD of the lowest concentration within the linear range) and accuracy (determined by the 

recovery of the lowest concentration within the linear range) in comparison with the un-

modified CCE. It is noteworthy that both CCEs met the acceptance criteria outlined in the 

literature [44] for these parameters. 

Figure 5. Baseline corrected SW voltammograms of PCMC (50.0 µmol L−1) registered on the Bi-CCE
in the BRB solutions in the pH range of 2.0–12.0. Insets exhibit the relationship between Ip and pH
(left graph) with SD error bars (n = 3) and the relationship between Ep and pH (right graph). SWV
parameters: amplitude of 30 mV, frequency of 20 Hz, step potential of 5 mV.

Subsequently, the optimization of SWV parameters was conducted across specific
ranges: amplitude from 10 to 80 mV, frequency from 10 to 90 Hz, and step potential from
1 to 9 mV. The investigation revealed a gradual increase in the peak current of PCMC
with rising SW amplitude, stabilizing around 50 mV. Moreover, the oxidation peak of
PCMC broadened notably at amplitudes higher than 50 mV. Across the entire studied SW
frequency range, the peak current of PCMC consistently exhibited an increase. Additionally,
the investigation highlighted a direct correlation between the increment of step potential
value and the increase in the PCMC oxidation peak current. However, the application of
step potential values exceeding 5 mV resulted in observable peak distortion. Upon careful
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evaluation of peak height and shape for PCMC, the optimal experimental conditions were
identified as an amplitude of 50 mV, a frequency of 60 Hz, and a step potential of 5 mV.

Following optimization, the SW voltammograms (Figure 6A) enabled the construction
of a calibration curve on the Bi-CCE that facilitated the determination of various essential
validation parameters for assessing the developed analytical procedure. To evaluate the im-
pact of the Bi2O3NPs on the electroanalytical performance of the CCE, similar assessments
were conducted on both CCE types, and the resulting validation parameters are detailed
in Table 1. The data comparison clearly highlights the beneficial impact of Bi2O3NPs on
the analytical (validation) parameters in the SWV procedure for PCMC determination.
The presence of Bi2O3NPs considerably widened the LDR at the Bi-CCE and extended
the linear response limit. Additionally, the Bi-CCE exhibited over an 11-fold increase in
sensitivity, which was determined from the slope of the calibration curve, along with
notably reduced LOD and LOQ values (nearly 4.5-times lower compared to the unmodified
CCE). Furthermore, the Bi-CCE demonstrated improved precision (expressed as RSD of the
lowest concentration within the linear range) and accuracy (determined by the recovery of
the lowest concentration within the linear range) in comparison with the unmodified CCE.
It is noteworthy that both CCEs met the acceptance criteria outlined in the literature [44]
for these parameters.
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Figure 6. (A) Baseline-corrected SW voltammograms recorded on the Bi-CCE in BRB at pH 5.0
containing increasing concentration of the PCMC: (0) blank, (1) 0.5, (2) 1.0, (3) 2.0, (4) 3.0, (5) 4.0,
(6) 5.0, (7) 6.0, (8) 7.0, (9) 8.0, (10) 10.0, (11) 12.0, (12) 14.0, (13) 16.0, (14) 20.0, (15) 24.0, (16) 28.0,
(17) 30.0, (18) 34.0, (19) 40.0, (20) 44.0, (21) 52.0, and (22) 58.0 µmol L−1. SWV parameters: amplitude
of 50 mV, frequency of 60 Hz, and step potential of 5 mV. Inset: calibration curve with SD error
bars (n = 3). (B) Baseline-corrected SW voltammograms recorded on the Bi-CCE in the river water
sample employing the standard addition method: (0) unspiked river water sample, (1) spiked river
water sample, (2) same as (1) + 6.0 µmol L−1 PCMC, (3) same as (1) + 12.0 µmol L−1 PCMC, (4) same
as (1) + 18.0 µmol L−1 PCMC. SWV parameters: amplitude of 50 mV, frequency of 60 Hz, and step
potential of 5 mV. The inset displays a corresponding standard addition plot with SD error bars (n = 3).

The validation parameters acquired for the Bi-CCE were contrasted with data for
various carbon-based electrodes utilized in PCMC determination (Table 2). Overall, the Bi-
CCE demonstrates superior electroanalytical performance in terms of both LDR and LOD
values compared to most other carbon-based electrodes [24,34,36–38]. Remarkably, slightly
better, however, still comparable results were achieved using the anodically pretreated
boron-doped diamond electrode with a B/C ratio of 2000 ppm [35]. However, it is important
to note that the preparation of a boron-doped diamond electrode is an expensive and
intricate process that necessitates sophisticated equipment operated by trained personnel.
Therefore, this comparison suggests that the developed Bi-CCE in our study exhibits
notably low LOD and a wide linear range, indicating its highly efficient performance in
PCMC determination.
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Table 1. Validation parameters in the SWV procedure of PCMC determination on the unmodified
CCE and the Bi-CCE.

Parameter CCE Bi-CCE

Linear range (µmol L−1) 4.0–24.0 0.5–58.0
Sensitivity (µA L µmol−1) 0.0102 0.115

LOD (a) (µmol L−1) 0.73 0.17
LOQ (a) (µmol L−1) 2.21 0.50

Precision (b) (%) 2.6 0.8
Accuracy (b) (%) 86.3 101.2

(a) LOD = (3.3 × SDa)/b; LOQ = (10 × SDa)/b, where SDa is the standard deviation of the slope, b is the
intercept value; (b) precision and accuracy calculated for 3 consecutive measurements for PCMC concentration of
4.0 µmol L−1 at the unmodified CCE and 0.5 µmol L−1 at the Bi-CCE.

Table 2. Comparison of PCMC determination on various carbon-based electrodes.

Electrode Linear Range (µmol L−1) LOD (µmol L−1) Ref.

GCE 21.0–210.4 9.3 [37]
MWCNTs-GCE 14.0–137.5 8.8 [34]

UiO-66-NH2@PEDOT/GA-GCE 0.6–18.0 0.20 [36]
APT-BDDE (B/C = 2000 ppm) 0.5–100.0 0.11 [35]

SNG–C–PANI 0.7–7.0 0.69 [38]
MWCNTs-CCE 3.0–32.0 0.71 [24]

Bi-CCE 0.5–58.0 0.17 This work
GCE—glassy carbon electrode; MWCNTs-GCE—glassy carbon electrode modified with multi-walled carbon
nanotubes; APT-BDDE—anodically pretreated boron-doped diamond electrode; MWCNTs-CCE—carbon ceramic
electrode modified with multi-walled carbon nanotubes; UiO-66-NH2@PEDOT/GA-GCE—glassy carbon elec-
trode modified with Zr-based metal–organic framework (UiO-66-NH2), poly-(3,4-ethylenedioxythiophene) and
graphene aerogel; SNG–C–PANI—sonogel carbon poly-aniline electrode; Bi-CCE—carbon ceramic electrode
bulk-modified with Bi2O3 nanoparticles.

The efficacy of the optimized and validated SWV procedure for PCMC determination
using the Bi-CCE was authenticated through real sample analysis. Initial screening of the
samples showed no detectable PCMC. To ascertain its presence, spiking experiments were
conducted, and PCMC concentrations were assessed via the standard addition method.
Figure 6B displays SW voltammograms derived from successive PCMC additions to the
river water sample. The quantification of PCMC content in the river water sample, deter-
mined through the linear correlation of Ip vs. PCMC concentration (shown in the inset of
Figure 6B), was successfully achieved. The calculated PCMC concentration in the tested
sample was 6.21 µmol L−1, closely matching the added spiked value of 6.0 µmol L−1.
Moreover, the RSD values obtained at each concentration level (n = 3) did not exceed 3.1%,
indicating highly reproducible measurements using the Bi-CCE. The estimated PCMC
recovery values ranged from 99.8% to 100.3%, affirming the accuracy of the proposed
methodology. Notably, there was no noticeable matrix effect from the analyzed samples
on the performance of PCMC. These results affirm the suitability of the Bi-CCE for precise
quantitative analysis of PCMC in real samples.

Subsequently, to assess method selectivity, various ions commonly present in river
water, i.e., Cd2+, Ni2+, Cu2+, HCO3

−, and SO4
2−, were examined (Figure 7). It was observed

that the presence of Cd2+, Ni2+, Cu2+, and HCO3
− ions did not notably interfere with the

PCMC signal. However, the presence of SO4
2− ions resulted in a slight alteration of

the PCMC signal. These findings demonstrate a generally favorable selectivity of the
developed method.
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4. Conclusions

In this work, the Bi-CCE was prepared by bulk modification with Bi2O3NPs and
thoroughly investigated using microscopic and electrochemical methods. The results
revealed that the incorporation of Bi2O3NPs into the ceramic matrix significantly altered
the morphology and topography of the ceramic composite, resulting in a more compact
electrode material when compared to the more porous unmodified CCE, which exhibited
visible pinholes. Moreover, the enhancement of the electrochemical properties of the CCE
following modification with Bi2O3NPs was confirmed in the presence of the redox marker.
Additionally, the Bi-CCE was successfully verified as an outstanding sensing tool for the
reliable, sensitive, and selective determination of the priority environmental pollutant
PCMC. Importantly, the exceptional features of the Bi-CCE enabled the development of
a direct, simple, and rapid protocol for PCMC determination, demonstrating the possibility
of avoiding complex and tedious modification procedures as well as accumulation steps. In
summary, all analyses affirm the positive impact of Bi2O3NPs on the overall performance
of the CCE.

As a result, the Bi-CCE developed in this study presents a cheap, prospective, and
promising carbon-based electrode material, offering utility as an effective analytical tool for
applications in pharmaceutical, clinical, food, and environmental analyses. However, it is
important to acknowledge that for the detection of organic compounds in more intricate
biological or environmental samples, where concentrations typically fall in the nmol L–1

range, additional modifications may be required to further enhance the already superior
electroanalytical performance of the Bi-CCE.
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Abstract: In the development of electrochemical sensors, carbon micro-structured or micro-materials
have been widely used as supports/modifiers to improve the performance of bare electrodes. In
the case of carbon fibers (CFs), these carbonaceous materials have received extensive attention
and their use has been proposed in a variety of fields. However, to the best of our knowledge,
no attempts for electroanalytical determination of caffeine with CF microelectrode (µE) have been
reported in the literature. Therefore, a homemade CF-µE was fabricated, characterized, and used
to determine caffeine in soft beverage samples. From the electrochemical characterization of the
CF-µE in K3Fe(CN)6 10 mmol L−1 plus KCl 100 mmol L−1, a radius of about 6 µm was estimated,
registering a sigmoidal voltammetric profile that distinguishes a µE indicating that the mass-transport
conditions were improved. Voltammetric analysis of the electrochemical response of caffeine at the
CF-µE clearly showed that no effects were attained due to the mass transport in solution. Differ-
ential pulse voltammetric analysis using the CF-µE was able to determine the detection sensitivity,
concentration range (0.3 to 4.5 µmol L−1), limit of detection (0.13 µmol L−1) and linear relationship
(I (µA) = (11.6 ± 0.09) × 10−3 [caffeine, µmol L−1] − (0.37 ± 0.24) × 10−3), aiming at the quantifica-
tion applicability in concentration quality-control for the beverages industry. When the homemade
CF-µE was used to quantify the caffeine concentration in the soft beverage samples, the values
obtained were satisfactory in comparison with the concentrations reported in the literature. Addition-
ally, the concentrations were analytically determined by high-performance liquid chromatography
(HPLC). These results show that these electrodes may be an alternative to the development of new
and portable reliable analytical tools at low cost with high efficiency.

Keywords: caffeine; carbon fiber; microelectrode; cyclic voltammetry; beverages

1. Introduction

Caffeine or 1-3-7-trimethylxantine is a white crystalline xanthine alkaloid that pro-
motes various effects on the body’s metabolism when ingested, including stimulating the
central nervous system, increasing blood pressure in the short term, and secreting gastric
acid. This drug is widely used in different concentrations in coffee, cola nuts, cocoa beans,
tea leaves, cola beverages and several pharmaceutical substances used worldwide [1–3].
Therefore, the concentration of caffeine in its various origins should be controlled.

The most common technique used for analyzing/quantifying this bioactive compound
is high-performance liquid chromatography (HPLC) [3–7]. However, this instrumental
method involves high-cost analysis, is time-consuming, and requires calibration as well as
maintenance as compared with other approaches. Among the competitive methods with
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HPLC, electrochemical methodologies have received great attention in the last years due
to their advantages, allowing significant technical impacts in the form of easy-to-upscale,
versatility, effectiveness, cost-effective balance, easy-to-automatize, and the development
of small portable devices [8–12]. These technological features are mainly dependent on
the sensor materials used because these materials (commonly named electrodes) may be
adapted by size and/or different materials characteristics [13]. Therefore, the versatility of
electrode materials, in terms of size and nature, has been widely investigated depending
on the concentration control area (e.g., food, pharmaceutical and beverages industries)
visioning to reach a single-step reagentless analysis with high detection efficiency by using
a smaller active electrode area [2,14–19].

Concerning the electroanalytical detection of caffeine, various sensing-materials have
been examined and reported in the existing literature; however, these electrode materials
are expensive, and their preparation methodologies are dependent on time-consuming
procedures and modification steps sensor [20–23]. In this sense, more sensing-elaboration
strategies have been investigated for improvements, in sensibility, selectivity, and detec-
tion reliability, using traditional materials; for example, the size of the electrochemical
sensor [24–27]. Consequently, the miniaturization is a hot-spot investigation topic because
it has allowed us to better understand the chemical/electrochemical processes that take
place on the micro- and nano- environments as well as provide significant new benefits as
real-time monitoring and high sensitivity as a consequence of the high and efficient mass
transport [25,28,29].

In the development of electrochemical microsensors, carbon materials have been
widely used as supports due to their simplicity and active surface to improve the per-
formances in specific concentration control areas [30,31]. Among the various types of
carbon materials, carbon fibers have found extensive use in a variety of fields, including
supercapacitors, sensors, biomedical applications, etc., because of their desirable properties.
Shape, high chemical stability, high strength, high electrical conductivity, high surface
area, outstanding electrocatalytic activity, and compatibility with matrix materials are just
a few of its characteristics. Therefore, CF-µE has recently attracted interest due to their
remarkable qualities [31,32].

Based on the existing literature, only few reports have described the applicability of
carbon-based sensors to determine caffeine in food, beverages, drugs, and medications.
However, to the best of our knowledge, no attempts for electroanalytical determination of
caffeine with CF-µE have been reported in the literature. Therefore, a homemade CF-µE
was fabricated, characterized, and used to determine caffeine, estimating the concentration
linear range, calibration function, and determination of caffeine in soft beverage samples.

2. Experimental Methods
2.1. Reagents

All reagents were of analytical grade, and all aqueous solutions were prepared using a
high-purity water obtained from a Millipore Milli-Q system with resistivity >18 MΩ at 25 ◦C.
H2SO4 and caffeine (purity 98%) were purchased from Quimex and Isofar, respectively.
K3[Fe(CN)6] and KCl were purchased from Synth (São Paulo, Brazil). Solutions were daily
prepared under constant agitation for 30 min before each experiment.

2.2. Homemade CF-µE Fabrication

A cleaned 3 cm length carbon fiber was connected to a Cu wire (
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are just a few of its characteristics. Therefore, CF-µE has recently attracted interest due to 
their remarkable qualities [31,32]. 

Based on the existing literature, only few reports have described the applicability of 
carbon-based sensors to determine caffeine in food, beverages, drugs, and medications. 
However, to the best of our knowledge, no attempts for electroanalytical determination 
of caffeine with CF-µE have been reported in the literature. Therefore, a homemade CF-
µE was fabricated, characterized, and used to determine caffeine, estimating the 
concentration linear range, calibration function, and determination of caffeine in soft 
beverage samples. 

2. Experimental Methods 
2.1. Reagents 

All reagents were of analytical grade, and all aqueous solutions were prepared using 
a high-purity water obtained from a Millipore Milli-Q system with resistivity >18 MΩ at 
25 °C. H2SO4 and caffeine (purity 98%) were purchased from Quimex and Isofar, 
respectively. K₃[Fe(CN)₆] and KCl were purchased from Synth (São Paulo, Brazil). 
Solutions were daily prepared under constant agitation for 30 min before each 
experiment. 

2.2. Homemade CF-µE Fabrication 
A cleaned 3 cm length carbon fiber was connected to a Cu wire (⌀ 1 mm diameter 

and 12 cm length) with silver conductive ink (Joint Metal Comércio LTDA (SP) Brazil). 
After drying, this set was carefully inserted into a plastic mold, filled with epoxy resin SQ 

1 mm diameter
and 12 cm length) with silver conductive ink (Joint Metal Comércio LTDA (SP) Brazil).
After drying, this set was carefully inserted into a plastic mold, filled with epoxy resin SQ
2119-PT (Avipol (SP), Brazil), and held in an upright position. For curing and demolding,
the 48-hour time was respected. Then, the CF-µE was polished using 1200 and 1500 grit
sandpaper until obtaining a smooth and flat surface containing a carbon fiber microdisk.
Finally, the microelectrode was washed thoroughly with distilled water, air-dried, inspected
by using an optical microscope (Olympus BX51M, Thermo Fisher Scientific, Waltham, MA,
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USA) to prevent any defects and stored away from dust. A scheme for the CF-µE fabrication
is provided in the Figure 1.
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2.3. Electrochemical Measurements

Voltammetric analysis (cyclic voltammetry (CV) and differential pulse voltammetry
(DPV)) were performed with an Autolab PGSTAT302 by using a three-electrode cell con-
sisting of an Ag/AgCl (3 mol L−1 KCl) as a reference electrode, a platinum wire as a
counter electrode, and a homemade CF-µE as the working electrode. The CF-µE radius was
estimated recording a CV in K3Fe(CN)6 10 mmol L−1 plus KCl 100 mmol L−1 solution. The
caffeine electroanalytical experiments were carried out at 25 ◦C and five CVs were recorded
for each measurement in the potential range from +0.5 to +1.7 V with scan rate of 50 mV s−1

in 0.5 mol L−1 H2SO4 as the supporting electrolyte in the presence and absence of caffeine
0.1 mol L−1. The effect of the scan rate was also studied at 20, 40, 60, 80, and 100 mV s−1 in
the presence of caffeine in 0.5 mol L−1 H2SO4. The DPV parameters to quantify caffeine,
using 0.5 mol L−1 H2SO4 as a supporting electrolyte, were equilibration time = 10 s, initial
potential = +0.5 V, final potential = +1.7 V, potential scan rate = 50 mV s−1, pulse ampli-
tude = +0.05 V, and modulation time: 0.04 s. The above-optimized parameters were used for
all measurements. Then, the calibrations curves (peak intensity vs. caffeine concentration
in the range from 0 to 6 µmol L−1) were studied by least-square linear regression, and
the obtained figures (slopes and intercepts) were reported with their confidence interval,
p = 95%. Reproducibility and stability parameters were also evaluated. Homemade CF-µE
was cleaned recording ten CV cycles from +0.60 V to +1.80 V at 100 mV s−1 in 0.5 mol L−1

H2SO4 before each one of the measurements. Caffeine determinations with CF-µE were
validated by a reverse-phase HPLC (Shimadzu LC-6 Series, Berlin, Germany) equipped
with a Nucleosil C18 column, Berlin, Germany (4.6 × 250 mm), and an UV–vis detector
set at 273 nm. An acetonitrile/water mixture (25:75 % v/v) was used as the mobile phase
at a flow rate of 0.6 mL min−1, injecting 20 µL of each sample. The retention time (tr) was
6.8 min.

2.4. Electrochemical Determination of Caffeine in Beverages

Evaluating the practical feasibility of the homemade CF-µE, the caffeine concentration
in soft beverage samples was determined. Ultrasonication (10 min) was used to eliminate
the gas from commercial soft drinks, which were then transferred to the electrochemical cell
with the supporting electrolyte to proceed with the caffeine detection (0.5 mL to 4.5 mL of
supporting electrolyte). The standard addition method was used to quantify caffeine in the
samples to minimize the possible matrix effects due to the presence of other components in
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the real samples. All experiments were carried out in triplicate, and mean values (standard
deviation < 5%) were used for the figures.

3. Results and Discussion
3.1. Fabrication and Characterization of the CF-µE

Prior to evaluating the analytical performance of the CF-µE as a sensor for caffeine, it
was necessary to inspect the electrodic surface by using an optical microscope and isolate
the area. This procedure is extremely important to ensure the quality of the analytical results
by using a flat and defect-free surface containing only a carbon fiber microdisk. Then, the
CF-µE was characterized by CV using a K3Fe(CN)6 10 mmol L−1 plus KCl 100 mmol L−1

solution. In Figure 2, a steady-state response owing to the enhanced mass-transport
conditions was obtained giving a sigmoidal shape, characteristic of microelectrodes. By
using the Equation (1), the radius of the CF-µE was found to be 6 µm.

IL = 4nFDCr (1)

where IL is the limiting current at the steady-state condition (A), n is the number of electrons
involved on the electrodic reaction, F is the Faraday constant (96,485 C mol−1), D is the
diffusion coefficient (cm2 s−1), C is the bulk concentration of the electroactive species
(mol cm−3), and r is the radius of the microdisk electrode (cm) [33].
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Figure 2. Cyclic voltammogram recorded with the CF-µE using K3[Fe(CN)6] 10 mmol L−1 in KCl 100
mmol L−1 solution; ν = 30 mV s−1; r = 6 µm.

3.2. Cyclic Voltammetry Experiments in Presence of Caffeine

As a preliminary result, the electrochemical response for the electroactive species in
solution (supporting electrolyte and caffeine) was investigated by using the CV technique
(Figure 3). In the supporting electrolyte (Figure 3a), the CF-µE did not exhibit significant cur-
rent responses. Conversely, a clear voltammetric oxidation response was registered at +1.5 V
in the presence of caffeine in solution (Figure 3a), while no cathodic response was observed
on the reverse scan, indicating that the oxidation is an irreversible process [14,27,34,35].
This voltammetric behavior is in agreement with the results reported elsewhere where the
caffeine oxidation mechanism is a 4e−, 4H+ process. Following the mechanism described
in the existing literature, oxidation byproducts such as uric acid and its diol-analog are
formed and, subsequently, these intermediates are rapidly fragmented [2,36] (see scheme
in Figure 4).
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Figure 3. (a) CVs recorded at CF-µE in 25 mL of 0.5 mol L−1 H2SO4 solution (black curve) and 100 µL 

of 0.1 mol L−1 caffeine in 25 mL of 0.5 mol L−1 H2SO4 solution (red curve), scan rate: 10 mV s−1; (b) 

Figure 3. (a) CVs recorded at CF-µE in 25 mL of 0.5 mol L−1 H2SO4 solution (black curve) and 100 µL
of 0.1 mol L−1 caffeine in 25 mL of 0.5 mol L−1 H2SO4 solution (red curve), scan rate: 10 mV s−1;
(b) scan rate effect (20 (pink line), 40 (blue line), 60 (green line), 80 (orange line) and 100 mV s−1

(red line)) as a function of the electrochemical response of caffeine using 100 µL of 0.1 mol L−1

caffeine in 25 mL of 0.5 mol L−1 H2SO4; (c) oxidation peak current (Ipa) values versus the scan rates
(v), Ipa (µA) = 1.3 × 10−4 (µA mV s−1) + 0.098, r2 = 0.9928; (d) CVs recorded at CF-µE in 100 µL of
0.1 mol L−1 caffeine in 25 mL of 0.5 mol L−1 H2SO4 solution for the first, tenth, and after 30 days;
r = 6 µm.
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Figure 4. Mechanism of overall oxidation of caffeine.

The voltammetric effect of the scan rate (20–100 mV s−1) as a function of the electro-
chemical response of caffeine was also investigated using 100 µL of 0.1 mol L−1 caffeine
in 25 mL of 0.5 mol L−1 H2SO4. As observed in Figure 3b, the oxidation peak current (Ipa)
values at different scan rates showed a negligible difference. In addition, a slight shift on
the oxidation potential (Epa) was attained to more positive potential values when the scan
rate was increased. These results visibly showed that no effects were attained due to the
mass transport in solution because the miniaturization of the electrode surface provides
significant profits in the sensitivity.

The oxidation peak current (Ipa) values versus the scan rates (v) are shown in Figure 3c,
demonstrating a good fitting linear relationship between them (Ipa (µA) = 1.3× 10−4 (µA mV s−1)
+ 0.098), with a coefficient of determination over 0.9928. From these results, it was possible
to confirm that the CF-µE has a higher mass transfer rate and reaction rate. This behavior
is associated to the dimensions of the CF-µE that reduces its mass transfer rate of the
caffeine oxidation, resulting in the amplification of the electrochemical response. In fact,
the signal is significantly improved with respect to the result previously achieved when a
macro-electrode was used [11], in terms of the voltammetric signal, concentration range,
noise, and so on.

The reproducibility of the electrochemical signal of the CF-µE was tested by consecu-
tive 10 cyclic potential scans in the presence of caffeine (100 µL of 0.1 mol L−1 caffeine in
25 mL of 0.5 mol L−1 H2SO4), at a scan rate of 100 mV s−1. The result clearly showed that no
significant changes in the caffeine oxidation-current were observed after five voltammetric
cycles, showing that the CF-µE response is stable. After that, the CF-µE was taken out
from the solution, washed with deionized water, and exposed to the air for several days.
Afterward, a similar voltammetric test was carried out again after 10 and 30 days [14,34].
As can be observed in Figure 3d, all of the CV curves are similar (the voltammetric profiles
at 1st, 10th, and 30th day), in terms of the electrochemical current responses, indicating that
this homemade microelectrode is exceptionally stable and has significant reproducibility,
and consequently, it can be considered as a potential sensing-tool to quantify caffeine in the
liquid samples.

3.3. Differential Pulse Voltammetric Experiments

The detection sensitivity of the CF-µE was assessed by the DPV analysis (Figure 5),
aiming the quantification applicability in concentration quality-control for the beverages
industry. The relevant parameters of this experiment are reported in the Material and
Methods section. The DPV signal for caffeine was registered at approximately +1.48 V
(Figure 5a), which agrees with the current-signal recorded at the CV study (Figure 3). Then,
a linear relationship between the peak current and the caffeine concentration for the CF-µE
was obtained via the evaluation of different caffeine concentrations (0–6 µM) in 0.5 mol L−1

H2SO4. As can be seen in Figure 5b, an increase in the current-response was attained when
the concentration of caffeine in the acidic solution was increased by, at least, twelve analyte
concentration additions. This protocol was carried out in triplicate, and after that, the
analytical curves were also constructed and compared.
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Figure 5. DPV profiles at CF-µE in 0.5 mol L−1 H2SO4 as supporting electrolyte (a) in absence (dashed 

line) or presence (orange full line) of caffeine in solution, (b) standard additions of caffeine solution 

(0.1 mol L−1): (1) 0.40, (2) 0.79, (3) 1.19, (4) 1.57, (5) 1.96, (6) 2.34, (7) 2.72, (8) 3.10, (9) 3.47, (10) 3.84, 

Figure 5. DPV profiles at CF-µE in 0.5 mol L−1 H2SO4 as supporting electrolyte (a) in absence
(dashed line) or presence (orange full line) of caffeine in solution, (b) standard additions of caffeine
solution (0.1 mol L−1): (1) 0.40, (2) 0.79, (3) 1.19, (4) 1.57, (5) 1.96, (6) 2.34, (7) 2.72, (8) 3.10, (9) 3.47,
(10) 3.84, (11) 4.21, and (12) 4.58 µmol L−1. DPV parameters were of initial potential = 0.5 V; final
potential = 1.8 V; potential scan rate = 10 mV s−1, pulse amplitude = 50 mV and slow agitation.
(c) Linear calibration plot of caffeine concentration in solution versus current peak, based on the
data collected from (b), using CF-µE in acidic (0.1 mol L−1 H2SO4) medium; r = 6 µm. (d) Graphic
displays weighted residuals.
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In this sense, a linear relationship between 0.3 to 4.5 µmol L−1 (r2 = 0.9994) (inset in
Figure 5c) was found by plotting the peak current intensity as a function of the caffeine concen-
tration, obtaining I (µA) = (11.6 ± 0.09) × 10−3 [caffeine, µmol L−1] – (0.37 ± 0.24) × 10−3

(slope and intercept were the average of three independent calibrations). The limit of detec-
tion (LOD) was estimated from the equation LOD = 3.3 × Sy/x/b, where Sy/x is the residual
standard deviation and b is the slope of the calibration plot, which was approximately
0.13 µmol L−1. Additionally, the residuals of the regression were randomly distributed
around the zero (inset, Figure 5d), allowing a visual verification of the absence of a sig-
nificant nonlinearity [27]. These approaches (LOD and residuals) are able to control both
false positive and false negative errors (α = β = 0.05), as recommended by IUPAC [37,38] as
well as already established by experts in the field [38,39]. It is important to indicate that
additional calibration curves were obtained on different days in order to verify the good sta-
bility of the CF-µE by no registration of alterations in the statistical values (relative standard
deviation (RSD), which were about 1.92% [38]). Then, the results clearly demonstrated that
the CF-µE presented good repeatability and reproducibility in the analytical measurements
performed, avoiding time-consuming procedures associated with the chemical cleaning or
pre-treatment procedures for its surface.

Based on the existing literature, various electrochemical sensors have been constructed
and used for quantifying caffeine in beverages. In this context, the proposed CF-µE has
been compared with the other results (Table 1); however, even when the figures of merit
are similar in some cases, the dimensions of our miniaturized sensor was able to obtain
a higher sensitivity and selectivity. For example, the DPV responses achieved with other
carbonaceous materials were nearly to 12.5 [1], 6.5 [40], and 3 µA [41] for the concentrations
of about 0.4, 28 and 0.8 µM by using areas of approximately 28.3 mm2, 12.6 mm2, and
0.72 cm2, while that, in this work, a DPV signal of 0.038 µA was achieved for 0.79 µM with
a reduced surface area of about 113.1 µm2. These insights evidence the advantages of our
CF-µE over other sensors because it can be easily fabricated for sustainable practices in
the spirit of green chemistry, avoiding high volumes of reagent wastes and enabling time-
and cost-efficient research, achieving significant responses at lower caffeine concentrations.
Another feature is that this CF-µE can be inexpensive because it was not mixed or modified
with other materials, as illustrated in the examples in Table 1. Generally speaking, our
CF-µE can be used in the caffeine quality-control concentration in beverages, but more
investigations are needed for evaluating other additional experimental conditions, surface
areas, and modifiers to significantly improve the LOD in order to find supplementary
applications.

Table 1. Selected examples of quantification of caffeine in soft drink beverages at different electro-
chemical sensors. Comparison of LOD at different electrodes.

Electrodes Sample Method Electrolyte LOD/µmol L−1 LOD/ppm Ref.

1 CA-ZnFe-modified GCE
Coffee and
commercial
beverages

DPV 1 mol L−1

H2SO4
10.0 0.194 [35]

2 CuS NPs MCPE Commercial tea and
coffee samples DPV Acetate buffer

(pH 7.0) 0.018 0.00035 [18]

Pt@ZnCo2O4
Beverage and energy

drink Amperometric 0.1 mol L−1

H2SO4
0.05 0.000971 [42]

Nafion/GCE Cola beverages DPV 0.1 mol L−1

H2SO4
0.798 0.0155 [34]

Nafio-covered lead film
electrode

Tea, coffee, soft and
energy drink
samples, and

pharmaceutical
formulation

DPV 0.1 mol L−1

H2SO4
7.98 0.155 [43]

Nafion/GR/GCE Soft drinks DPV 0.01 mol L−1

H2SO4
0.12 0.00233 [22]
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Table 1. Cont.

Electrodes Sample Method Electrolyte LOD/µmol L−1 LOD/ppm Ref.

Nafion/MWCNTs/GCE Beverage samples DPV 0.01 mol L−1

H2SO4
0.23 0.00447 [44]

Nafion/BDDE Real cola samples DPV 0.2 mol L−1

H2SO4
0.10 0.00194 [14]

Nafion®/GCE Energy drinks DPV
0.1 mol L−1

Britton–
Robinson buffer

(pH 4.5)

18.9 0.367 [45]

Nafion/PST/GCE Tea LSD H2SO4 solution
(pH 1.0) 0.10 0.00194 [46]

CTAB/GR/GCE Soft drink sample DPV 0.01 mol L−1

H2SO4
0.091 0.00177 [47]

PAHNSA/GCE Coffee extracts SWV Acetate buffer
solution (pH 5) 0.137 0.00266 [48]

Pt/CNTs/GCE Chinese tea and
Cola beverage DPV 0.01 mol L−1

H2SO4
0.20 0.00388 [20]

×GnP-ZrO2
nanocomposite-modified

GCE
Various beverage DPV 0.1 mol L−1

H2SO4
0.0119 0.00231 [49]

Modified
MoS2/PANI@g-C3N4

electrode (GCE)

Red Bull energy
drink DPV

1 mmol L−1

Phosphate buffer
solutions (PBS)

0.062 0.0012 [50]

MIP/CPE Spiked beverage and
tea samples DPV Phosphate buffer

(pH 7) 0.015 0.000291 [51]

3 BQMCPE Coffee SWV Phosphate buffer
(pH 6) 0.30 0.00583 [52]

SWCNT/CPE Coffee, tea, and cola
nuts DPV 0.01 mol L−1

H2SO4 pH 1.7 0.12 0.00233 [20]

4 Nitrogen-doped
carbon/GCE

Green tea and
energy drink sample DPV

0.01 mol L−1

H2SO4–Na2SO4
(pH 1.70)

0.02 0.000388 [53]

Nitrogen-doped grafhene
(NGR)

Cookie samples,
chocolate and two
kinds of milk tea

SWV 0.01 mol L−1

H2SO4
0.02 0.000388 [53]

5 Poly (ARS) Energy drink SWV Acetate buffer 0.06 0.00117 [54]

GrRAC Soft beverages DPV 0.1 mol L−1

H2SO4
2.94 0.0571 [10]

GrRGC Soft beverages DPV 0.1 mol L−1

H2SO4
6.05 0.117 [11]

CF-µE Soft drinks DPV 0.5 mol L−1

H2SO4
0.13 0.00252 This work

1 Carbon active with ZnFe-modified glass carbon; 2 copper sulfide nanoparticle-modified carbon paste electrode;
3 1,4-benzoquinone-modified carbon paste electrode; 4 glassy carbon electrode (GCE) modified with nitrogen-
doped carbon nanotubes; 5 Simultaneous determination of CAF and VAN.

3.4. Caffeine Determination in Soft Beverage Samples

CF-µE was used to control the caffeine concentration in several soft beverage samples
by the standard addition protocol with the DPV analysis (Figure 6). This procedure was
implemented in order to diminish the effects of other components in the soft beverage
samples (matrix effect). Firstly, as indicated in the Experimental section, all beverage
samples were ultrasonicated to remove the gas content. After that, laboratory samples
were prepared by diluting 0.2 mL of each one of the samples under investigation with the
supporting electrolyte (5 mL) to operate in the linear range of the method. On the one
hand, a caffeine-free soft drink was also examined, aiming to test a possible contribution
of the matrix itself to the analyte signal. On the other hand, cola beverages were also
electrochemically evaluated. As shown in Figure 6a, no voltammetric signal around
the caffeine potential was registered. Meanwhile, a current-voltammetric response was
achieved at all beverages samples, confirming the presence of caffeine in the composition
of these samples (see some examples in Figure 6a).
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Figure 6. DPV analysis of (a) some drink samples ((1) caffeine-free soft drink, (2) cola–soft drink 1
and (3) cola–soft drink 2), and (b) the standard addition procedure for the cola–soft drink 2 (plot
with the DPV profile of supporting electrolyte), the soft beverage sample as well as the 1◦ addition,
2◦ addition, and 3◦ addition of 0.1 mol L−1 caffeine, with CF-µE. DPV parameters were of initial
potential = 0.5 V; final potential = 1.8 V; potential scan rate = 10 mV s−1, pulse amplitude = 50 mV.

In the case of soft drinks containing caffeine, as described in the product information,
three consecutive standard additions (100 µL of 0.1 M caffeine) were conducted in the elec-
trochemical cell [40,55]. Figure 6b shows that the standard additions promoted an increase
in the current-signal, also confirming the presence of the caffeine in the drink. Another im-
portant feature is that no significant alterations in the caffeine oxidation peak were achieved
(Figure 6b), as observed on other sensors reported in the literature [9,14,40,41,54,55], which
is significantly associated with the effects on mass transport that were minimized by the
dimensions of the CF-µE. The known amount of caffeine added to the samples was able to
estimate the recoveries.

The mean results were obtained for the standard additions protocol at each one of the
soft drinks analyzed, recording three measurements with acceptable standard deviations
and confidence intervals relating to a probability of 95%. This strategy consents to validate
both false positives and false negatives (α = β = 0.05), as recommended by the IUPAC [37,39].
Subsequently, all samples were also analyzed by HPLC, and the results were compared
with the DPV analysis of the CF-µE (Table 2). Analyzing the figures reached, CF-µE
can be considered an efficient tool to be employed with good confidence in the caffeine
concentration evaluation of soft beverage samples. The caffeine concentrations measured
in the soft beverage samples with the CF-µE were like those quantified by HPLC (as an
independent method with 95% of confidence [37,39]), and comparable to those reported in
the nutritional table of the samples.
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Table 2. Caffeine contents, as reported in the soft drinks, free of or containing caffeine, as well as
HPLC and microelectrode determinations.

Beverages Labelled/mg a HPLC/mg CF-µE/mg Error b (%) Error c (%)

Caffeine-free soft drink 0.00 - d 0.01 5 0
Soft drink 1 32.0 35.1 33.2 −9.68 −3.75
Soft drink 2 32.0 34.5 32.9 −7.81 3.23

Diet Soft drink 3 46.0 45.5 45.8 1.09 0.43
Zero sugar Soft drink 4 68.0 69.2 68.2 −1.76 −0.29

Energy drink 80.0 e 78.2 79.5 2.25 0.63
a Commercial coke soft drinks contain 32 mg of caffeine per 12-oz. (335 mL) serving. b Relative error (%) = [(La-
belled value − voltammetric value)/(Labelled value) × 100]. c Relative error (%) = [(Labelled value − HPLC
value)/(Labelled value) × 100]. d Under limit of instrumental detection. e Commercial energy drinks contain
80 mg of caffeine per 8.4-oz. (250 mL) serving.

3.5. Interference Studies

As described, CF-µE presented good performance for quantifying caffeine. The se-
lectivity of this sensor was also evaluated by intentionally introducing concentrations of
ascorbic acid as interference during caffeine analysis. Ascorbic acid, also known as Vitamin
C, is a water-soluble vitamin found in citrus and other fruits and vegetables; also, it is a
supplement in the soft beverages. Therefore, this acid was chosen to test the determina-
tion of caffeine in the presence of an important interference. The experimental data are
reported in Figure 7. The voltammetric signals for the ascorbic acid and caffeine were
clearly registered at +0.05 V and + 0.4 V, respectively. The results showed that an excess of
the concentration of ascorbic acid into the sample solution did not cause interference on
the determination of caffeine, demonstrating the viability of this electrochemical sensor. In
fact, no significant modifications were observed on the voltammetric responses of caffeine,
in terms of electrical potential and current intensities, when a new analytical curve was
obtained in the presence of ascorbic acid.
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analytical curve of caffeine (standard additions of caffeine solution (0.1 mol L−1): (1) 0.40, (2) 0.79,
(3) 1.19, (4) 1.57, (5) 1.96, (6) 2.34, (7) 2.72, (8) 3.10, (9) 3.47, (10) 3.84, (11) 4.21, and (12) 4.58 µ mol L−1)
in presence of ascorbic acid (50 µmol L−1) in solution. Inset: Linear calibration plot of caffeine
concentration in solution versus current peak, based on the data collected from the analytical curve.

4. Conclusions

A homemade CF-µE was fabricated and it was a suitable electrochemical microsensor
for caffeine determinations. Under the experimental conditions examined, caffeine dis-
played irreversible behavior in cyclic voltammetry with the CF-µE. This sensor exhibited a
high detection sensitivity, a high mass transfer rate, and an enhanced signal-to-noise ratio;
consequently, it is shown to have extraordinary stability and reproducibility, making it
more applicable as a sensor in the food control analyses and measurements. For future
works of this research field, some modifiers could be investigated in order to increase the
surface area of the microsensor to guarantee more stability, sensibility, and selectivity for
real-time monitoring.
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Abstract: The described research aimed to develop the properties of the conductive composite /poly(3,4-
ethylenedioxy-thiophene-poly(4-lithium styrenesulfonic acid)/chitosan-AuNPs-glutaraldehyde/
(/PEDOT-PSSLi/chit-AuNPs-GA/) and to develop an electrochemical enzyme sensor based on
this composite material and glassy carbon electrodes (GCEs). The composite was created via elec-
trochemical production of an /EDOT-PSSLi/ layer on a glassy carbon electrode (GCE). This layer
was covered with a glutaraldehyde cross-linked chitosan and doped with AuNPs. The influence
of AuNPs on the increase in the electrical conductivity of the chitosan layers and on facilitating the
oxidation of polyphenols in these layers was demonstrated. The enzymatic sensor was obtained via
immobilization of the laccase on the surface of the composite, with glutaraldehyde as the linker. The
investigation of the surface morphology of the GCE/PEDOT-PSSLi/chit-AuNPs-GA/Laccase sensor
was carried out using SEM and AFM microscopy. Using EDS and Raman spectroscopy, AuNPs
were detected in the chitosan layer and in the laccase on the surface of the sensor. Polyphenols were
determined using differential pulse voltammetry. The biosensor exhibited catalytic activity toward
the oxidation of polyphenols. It has been shown that laccase is regenerated through direct electron
transfer between the sensor and the enzyme. The results of the DPV tests showed that the developed
sensor can be used for the determination of polyphenols. The peak current was linearly proportional
to the concentrations of catechol in the range of 2–90 µM, with a limit of detection (LOD) of 1.7 µM;
to those of caffeic acid in the range of 2–90 µM, LOD = 1.9 µM; and to those of gallic acid in the range
2–18 µM, LOD = 1.7 µM. Finally, the research conducted in order to determine gallic acid in a natural
sample, for which white wine was used, was described.

Keywords: PEDOT; chitosan; Au nanoparticles; laccase; immobilization; electrochemical biosensor;
differential pulse voltammetry; SEM; AFM; Raman

1. Introduction

Sensors and biosensors are among the most interesting tools of modern analytical
chemistry. The essence of the proper operation of sensors is to design them for the needs
of specific analyses. This requires the use of a variety of materials and, sometimes, the
development of new materials to play a specific role in the operation of the sensor as a
whole. In the described research, a new type of composite, which combines the conductive
PEDOT-PSSLi layer with a chitosan layer, was developed.

Chitosan is a substance of natural origin. It is a polysaccharide that is obtained through
the partial deacetylation of chitin. It is characterized by a very high level of biocompatibility.
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Chitosan is a substance used in medicines and may safely come into direct contact with
the body, e.g., some materials made with chitosan are used to stop bleeding and as burn
dressings [1,2]. This feature is very desirable in systems that are designed to work with
natural samples because they increase the durability of the sensor and, at the same time,
have no negative impact on the tested sample. Moreover, chitosan is characterized by
its excellent film-forming ability and good mechanical strength. Although chitosan is a
non-conductive biomaterial, it can be used together with conductive polymers, such as
polyaniline [3,4], polypyrrole [5,6], and PEDOT [7–9], and polymer/chitosan coatings can
be used in the construction of sensors with electrochemical detection. Very often, in the
developed sensors, solid electrodes such as Au, Pt, or various types of carbon are used, and
they are modified with layers of conductive polymers.

In many applications, the properties of PEDOT turned out to be better than those of
polypyrrole and polythiophene. Krosa et al. [10] proved in their studies that polypyrrole
can only be used as a biosensor component for a very short time, while PEDOT, in the
same applications, turned out to be a component that was suitable for continuous use.
According to the authors, this was due to the fact that PEDOT has greater electrochemical
stability than polypyrrole. In the case of systems containing biochemical objects, it is very
important that PEDOT has low toxicity in comparison to, for example, polyaniline, whose
degradation products are carcinogenic [11]. PEDOT doped with polystyrene sulfonic acid
salts is also very widely used. It is a material in which the anions doping the conductive
polymer are permanently bound to the PEDOT layer, which increases the durability of the
entire system and does not allow for a complete reduction of the PEDOT. In the described
tests, glassy carbon electrodes (GCEs), modified with the PEDOT-PSSLi layer, were used.
This type of material was previously used to modify platinum and GCE electrodes [12,13]
and as a basis for the construction of enzymatic sensors [14,15].

In order to change its electrical properties, the chitosan was doped with AuNPs,
which allowed us to obtain conductivity in the entire layer. In addition, AuNPs were
used for the direct oxidation of laccase on the sensor surface. Gold nanoparticles are
materials characterized by very good electrical conductivity and a very high degree of
biocompatibility; AuNP suspensions are used in various medical therapies. The sizes of
gold nanoparticles depend on the method of their synthesis. In the described research,
nanoparticles synthesized via reaction with sodium borohydride were used [16]. As a
result of this reaction, nanoparticle suspensions with sizes of 3–5 nm were obtained. The
disadvantage of chitosan layers is their susceptibility to dissolution in aqueous solutions,
which reduces the durability of sensors based on this material. In order to eliminate this
drawback, the chitosan layer was modified through cross-linking with glutaraldehyde,
which made the layer resistant to dissolution.

It is known from the literature reports that chitosan is very suitable for immobilizing
biomolecules on its surface [11–19]. Chitosan molecules contain amino groups and carboxyl
groups in their structure. As a result, it is possible to immobilize various biological objects,
such as enzymes, to one or the other functional group by forming a covalent bond. It is
one of the most frequently used polymers of natural origin in biosensors [17,20,21]. In the
described research, the authors decided to immobilize laccase by linking the amino groups
of the enzyme and the amino groups of chitosan, using glutaraldehyde as a linker. The use
of glutaraldehyde enabled the formation of covalent bonds between laccase and chitosan.
Compared to traditional chromatographic methods, electroanalytical techniques based on
oxidation–reduction reactions have many advantages, such as simplicity, low cost, high
stability and sensitivity, fast response, and excellent repeatability [22,23]. If electrochemical
sensors are used for electroanalytical methods, it is possible to obtain analytical techniques
for which preliminary sample preparation will not be necessary. This allows us to design
systems that will be promising analytical tools for the analysis of real samples.
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The purpose of the research was to develop a conductive electrode material based on
chitosan, which could be the basis for the production of an electrochemical sensor with an
immobilized enzyme. The enzyme chosen to be immobilized was laccase, which was bound
to the substrate through the formation of a covalent bond. This method of immobilization is
the most effective because it eliminates the problem of leaching the enzyme from the layer.
Glutaraldehyde was used to cross-link the structure of the chitosan layer, which increased
its durability, and AuNPs were used to increase the electrical conductivity of the chitosan
layer. In the first stage of the research, the focus was on obtaining a composite material
that would ensure the best electrochemical properties and the possibility of attaching an
enzyme molecule. In the second stage of the research, a method for laccase immobilization
on the surface of the composite material, using glutaraldehyde, was developed. The
electrochemical properties were characterized with cyclic voltammetry in ferricyanides
solutions. The electrocatalytic oxidation of polyphenols was tested using a sensor in
catechol solutions. The obtained materials were characterized using SEM, EDS, Raman
spectroscopy, and cyclic voltammetry. The last stage involved tests for the determination of
selected polyphenols in aqueous solutions, in order to investigate the possibility of their
use in electroanalysis. The possibility of the determination of polyphenols in a natural
sample, for which white wine was used, was also presented.

2. Materials and Methods

All of the chemical reagents were analytically pure and were used without further
purification. Laccase, 3,4-ethylenedioxy-thiophene, catechol, caffeic acid, gallic acid, and
Rhodanine were supplied by Sigma-Aldrich (St. Louis, MO, USA). Chitosan was obtained
from Across Organic (Geel, Belgium) and HAuCl4·3H2O was obtained from AlfaAesar
(Kandel, Germany). The 25% solution of glutaraldehyde, potassium ferrocyanide, sodium
chloride, citric acid, trisodium citrate, potassium chloride, acetic acid, disodium hydrogen
orthophosphate dodecahydrate (Na2HPO4·12H2O), potassium dihydrogen orthophos-
phate, and sodium hydroxide were supplied by POCH Gliwice. All of the solutions were
prepared just before use, with water purified using the Millipore (Milli-Q) system. Laccase
was stored at 4 ◦C.

Instrumentation
The measuring equipment comprised a PAR 273A potentiostat (EG&G Princeton

Applied Research Company, Princeton, NJ, USA) and a computer with CorrWare 2.9 and
CorrView 2.9 software (Scribner Associates, Inc. Southern Pines, NC, USA). All of the
electrochemical measurements were carried out in a three-electrode cell. A modified glassy
carbon electrode was used as a working electrode, a saturated calomel electrode (SCE) was
used as a reference electrode, and a platinum mesh was used as a counter electrode. The
morphology of sensors was investigated using an Atomic Force Microscope (DIMENSION
ICON ScanAsyst, BRUKER, Billerica, MA, USA). The measurements were taken using the
scanning probe TESPA-New 09 in tapping mode. The surface morphology was also investi-
gated with electron microscopy using a High-Resolution Scanning Electron Microscope
(HR-SEM, FEI Nova NanoSEM 450, Hillsboro, OR, USA) equipped with a CBS detector for
the detection of backscattered electrons. The chemical composition analysis was performed
using the energy-dispersive spectrometer (EDS, EDAX/AMETEK, Materials Analysis
Division, Model Octane Super, Mahwah, NJ, USA). A WITec alpha 300 RSA+ confocal
microscope was used to record Raman spectra. The configuration of the experimental setup
was as follows: the diameter of fiber, 50 µm for 532 nm, a monochromator Acton-SP-2300i,
and a CCD camera Andor Newton DU970-UVB-353 for 532 nm. The excitation line was
focused on the sample through a 40× dry objective (Nikon, objective type CFI Plan Fluor C
ELWD DIC-M, numerical aperture (NA) of 0.60 and a 3.6–2.8 mm working distance). The
laser excitation power was 10 mW at 532 nm for pure components (laccase and chitosan),
and 2.7 mW for samples deposited on the electrodes, with an integration time of 0.5 s and
10 accumulations. Data acquisition and processing were performed using WITec Project
Plus software ver. 4.1. The cosmic rays were removed from each Raman spectrum (model:
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filter size, 2; dynamic factor, 10), and for the smoothing procedure, the Savitzky–Golay
method was also implemented (model: order, 4; derivative, 0). The baseline corrections of
Raman spectra were performed using WITec Project Plus and OriginPro.

Synthesis of gold nanoparticles (AuNPs)
The synthesis of gold nanoparticles (AuNPs) was carried out by mixing 30 mL of

distilled water, 1.8 mL of 0.0025 M Au (III), and 1.5 mg of sodium borohydride NaBH4 [16].
During preparation and reaction, the solution was continuously stirred on a magnetic stirrer
at room temperature. The reaction product was a violet–blue suspension of gold nanoparti-
cles. The SEM image of the obtained gold nanoparticles and the histogram describing the
size of the nanoparticles are shown in Figure S1 of the Supplementary Materials.

Preparation of composite layers for GCE/PEDOT-PSSLi/chitosan-AuNPs-GA/
The following procedure was used for the modification of the glassy carbon electrode.

The first stage involved cleaning the working electrode surface. The glassy carbon electrode
was carefully polished with an aqueous alumina slurry (0.5 µm) on a microcloth pad, and
then thoroughly washed with double-distilled water.

(a) The layer of GCE/PEDOT-PSSLi was obtained by means of potentiostatic electrol-
ysis at potential E = 1 V and time t = 20 s. The polymerization solution contained
0.002 mol/dm3 EDOT and 0.1 mol/dm3 PSSLi. This procedure was described in
previous publications [12,14].

(b) For the layer of GCE/PEDOT-PSSLi/chitosan-AuNPs-GA, a solution containing
0.5 mL of AuNP suspension, 0.25 mL of 1% chitosan solution (in 0.05 M acetic acid),
and 5 µL of 2.5% glutaraldehyde solution was prepared. The solution was stirred on
a magnetic stirrer, and then 7 µL of the obtained solution was taken and spotted on
the surface of the GCE/PEDOT-PSSLi electrode. The electrode was left for 1 h at the
room temperature.

Preparation of the GCE/PEDOT-PSSLi/chitosan-AuNPs-GA/laccase sensor
A solution containing 12 mg laccase and 30 µL of 2.5% glutaraldehyde solution

in 1 mL phosphate–citrate buffer (pH = 5.0) was prepared. The GCE/PEDOT-PSSLi
(chitosan-AuNPs-GA) electrode was immersed in this solution and left for 3 h at 4 ◦C.
Then, the electrode was rinsed with PBS solution and distilled water in order to remove the
unbound enzyme.

Due to the durability of the coating, the sensor must not be allowed to dry completely;
therefore, the prepared electrode was stored at 4 ◦C and immersed in a small amount
of phosphate–citrate buffer (pH = 5.0). This method of storing the sensors ensured their
stability for 30 days, with a signal drop of no more than 10%.

3. Results

Figure 1 shows AFM microscopy images for the GCE/Chit-GA, GCE/Chit-AuNPs-GA,
and GCE/Chit-AuNPs-GA/laccase layers. Table 1 shows the roughness parameter values
calculated for these surfaces. The differences between the layers of chitosan and those of
chitosan doped with AuNPs are slight. The effect of doping with gold nanoparticles on the
morphology of the chitosan surface was small: their addition caused a slight smoothing
of the chitosan’s surface. Small differences in the morphology of both layers may result
from the fact that the AuNP doping takes place in the entire volume of the chitosan layer
and not only on the surface of this layer. The next image shows clear differences in the
surface structure, caused by the immobilization of the enzyme. This is confirmed by a clear
increase in the surface roughness value (Table 1). This image also shows that the surface of
the sensor is evenly coated with the enzyme.
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Figure 1. AFM microscopy images for (A) GCE/PEDOT-PSSLi/Chit-GA, (B) GCE/PEDOT-PSSLi/
Chit-AuNPs-GA, and (C) GCE/PEDOT-PSSLi/Chit-AuNPs-GA/Laccase.

Table 1. The roughness parameters for the surfaces of the investigated materials.

GCE/PEDOT-
PSSLi/Chit-GA

GCE/PEDOT-
PSSLi/Chit-AuNPs-GA

GCE/PEDOT-PSSLi/Chit-AuNPs-GA
/Laccase

Image Z Range [nm] 2.22 1.84 2.89
Image Surface Area [nm2] 11,266 11,357 12,010
Image Projected Surface Area [nm2] 10,000 10,000 10,000
Surface extension coefficient 1.1266 1.1357 1.2010
Image Surface Area Difference 12.7 13.6 20.1
Image Rq [nm] 0.264 0.188 0.447
Image Ra [nm] 0.202 0.146 0.361
Image Rmax [nm] 2.22 1.84 2.89

Rq—Quadratic mean, or root mean square average of profile height deviations from the mean line. Ra—Average,
or arithmetic average of profile height deviations from the mean line. R max—The Maximum Roughness Depth is
the greatest single roughness depth within the evaluation length.

The surface morphology was also investigated using electron microscopy SEM with
a CBS detector for the detection of backscattered electrons. The use of the CBS detector
allowed us to obtain the “Z-contrast image”, which is directly related to the atomic numbers
of the elements that are the components of the material. Hence, the CBS detector was very
useful for both the surface morphology investigation and the confirmation of the presence
of metallic nanoparticles as a dispersed phase in the material matrix. The CBS detects
more signals from atoms with higher atomic numbers (AuNPs), and these elements can
be seen as brighter spots/areas in the resulting image (Figure 2B,C) compared with the
matrix material (Figure 2A), which has a darker color in the image. An analysis of the
HR-SEM images revealed the presence of AuNPs homogenously distributed within the
material (Figure 2B,C). The EDS analysis confirmed the presence of AuNPs in the sensors as
peaks characteristic of Au, at Lα = 9.712 eV and M = 2.120 eV (Figure 2B,C). The small EDS
signals from Au were caused by the small size of single AuNPs, and the fact that they are
embedded in the matrix. However, the EDS composition analysis and the CBS morphology
images confirmed the presence and homogenous distribution of AuNPs in the sensors.

97



Materials 2023, 16, 5113

Materials 2023, 16, x FOR PEER REVIEW 6 of 18 
 

 

small EDS signals from Au were caused by the small size of single AuNPs, and the fact 
that they are embedded in the matrix. However, the EDS composition analysis and the 
CBS morphology images confirmed the presence and homogenous distribution of AuNPs 
in the sensors. 

 

Figure 2. SEM images with EDS spectra of chitosan layers containing AuNPs: (A) GCE/PEDOT-
PSSLi/Chit-GA, (B) GCE/PEDOT-PSSLi/Chit-AuNPs-GA, and (C) GCE/PEDOT-PSSLi/Chit-AuNPs-
GA/Laccase. 

In order to confirm the presence of laccase on the electrode, we performed a Raman 
spectroscopy analysis. Raman spectroscopy is a non-destructive analytical technique in 
which inelastically scattered light is used to obtain information about the vibrational en-
ergy modes of the analyzed samples. Figure 3 shows the Raman spectra of reference chem-
ical compounds (laccase and chitosan) and chemicals deposited on the electrodes: without 
(sample A) and with (sample B) laccase. Characteristic Raman bands, at 482, 580, 853, 935, 
1121, 1350, 1337, 1386, 1456, and 2906 cm−1, correspond to laccase. A detailed inspection of 
Figure 3 demonstrates that the most significant Raman bands attributed to laccase are pre-
sent in the Raman spectrum of the electrode with that enzyme. Broad Raman bands, ob-
served in sample A at 1350 and 1590 cm−1, correspond to amorphous carbon sp2 (D-band) 
and amorphous carbon sp3 (G-band) [24], respectively. 

Figure 2. SEM images with EDS spectra of chitosan layers containing AuNPs: (A) GCE/PEDOT-
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In order to confirm the presence of laccase on the electrode, we performed a Raman
spectroscopy analysis. Raman spectroscopy is a non-destructive analytical technique in
which inelastically scattered light is used to obtain information about the vibrational energy
modes of the analyzed samples. Figure 3 shows the Raman spectra of reference chemical
compounds (laccase and chitosan) and chemicals deposited on the electrodes: without
(sample A) and with (sample B) laccase. Characteristic Raman bands, at 482, 580, 853, 935,
1121, 1350, 1337, 1386, 1456, and 2906 cm−1, correspond to laccase. A detailed inspection
of Figure 3 demonstrates that the most significant Raman bands attributed to laccase are
present in the Raman spectrum of the electrode with that enzyme. Broad Raman bands,
observed in sample A at 1350 and 1590 cm−1, correspond to amorphous carbon sp2 (D-band)
and amorphous carbon sp3 (G-band) [24], respectively.
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Figure 3. Raman spectra of chitosan, laccase, and two electrodes: without (sample A) and with (sam-
ple B) laccase. 
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Figure 3. Raman spectra of chitosan, laccase, and two electrodes: without (sample A) and with
(sample B) laccase.

Laccase is the enzyme that shows the highest activity at pH = 5 [25,26]. Polyphenols,
on the other hand, are compounds whose electrochemical oxidation reactions depend on
the pH of the environment. Voltammetric curves of catechol in phosphate–citrate buffer
solutions at pH values of 4, 5, 6, 7, and 8 are shown in Figure 4. Analogous curves for gallic
acid and caffeic acid are provided in the Supplementary Materials (Figures S2 and S3).
Based on these data, a phosphate–citrate buffer environment with pH = 5 was adopted for
further research. In order to confirm the validity of this assumption, DPV measurements
were performed, using a laccase sensor for solutions of catechol in phosphate–citrate buffers
at pH values of 4, 5, 6, 7, and 8. Figure 5 shows the dependence of the peak current on pH.
As can be seen, the highest peak currents were observed in the solutions when pH = 5.
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 Figure 4. Voltammetric curves obtained on GCE in a solution of catechol C = 0.001 M in phosphate–
citrate buffer for different pH values (v = 200 mV/s). pH = 4.0 (black), pH = 5.0 (red), pH = 6.0 (green),
pH = 7.0 (blue), and pH = 8.0 (cyan).
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peeled off after drying and fell off of the substrate. Moreover, thick layers of non-conduc-
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Droplets of 4, 5, 6, 7 and 8 µL were applied. The layers prepared by applying 7 µL of 
chitosan solution to the electrode (electrode diameter 3 mm) produced the best results and 
were used for further studies. Droplets of less than 7 µL did not cover the entire electrode. 
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Figure 5. The effect of pH on the response of the GCE/PEDOT-PSSLi/Chit-AuNPs-GA/laccase
sensor in catechol solutions 0.001 M in phosphate–citrate buffer. Dependences of the current peak
on pH.

In addition to the pH value, other parameters of the sensor manufacturing process
were also optimized. The thickness of the produced chitosan layer was optimized by
determining the volume of the chitosan solution applied to the electrode. Too-thick layers
peeled off after drying and fell off of the substrate. Moreover, thick layers of non-conductive
chitosan deteriorated the electrochemical properties of the electrode. The application of
chitosan solution drops in different volumes on the surface of the electrode was tested.
Droplets of 4, 5, 6, 7 and 8 µL were applied. The layers prepared by applying 7 µL of
chitosan solution to the electrode (electrode diameter 3 mm) produced the best results and
were used for further studies. Droplets of less than 7 µL did not cover the entire electrode.
On the other hand, droplets of more than 7 µL formed thicker layers of lower conductivity,
with a tendency to exfoliate.

In the next stage, the influence of gold nanoparticles on the electrochemical properties
of the chitosan layers was investigated. The amount of the AuNP mixture added to the
chitosan solution was optimized. The addition of AuNPs was intended to increase the
electrical conductivity of the layer and improve its electrochemical properties. Too much
AuNP suspension added to the chitosan solution diluted it, and, as a result, a too-thin
chitosan layer formed. On the other hand, the layer obtained from a solution with a smaller
amount of AuNPs demonstrated worse electrical conductivity. The assumed optimal
composition contained 0.5 mL of AuNP suspension, 0.25 mL of 1% chitosan solution, and
5 µL of 2.5% glutaraldehyde solution. The effect caused by the addition of nanoparticles
was assessed using the measurements from cyclic voltammetry of the tested electrodes in
solutions of ferricyanides. For this purpose, voltammetric measurements were performed
for the following three sensors: GCE/PEDOT-PSSLi, GCE/PEDOT-PSSLi/Chit-GA, and
GCE/PEDOT-PSSLi/Chit-AuNPs-GA.

All measurements were carried out in solutions of ferrocyanide, at a concentration
of 0.002 M in 2 M KCl (Figure 6). Both peak currents and differences in peak potential
were evaluated. In the case of the first, the GCE/PEDOT-PSSLi sensor, the peak potential
difference was 76 mV, and the peaks were symmetrical and well-formed. In the case of the
GCE/PEDOT-PSSLi/Chit-GA sensor, the chitosan layer without the addition of nanoparti-
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cles worsened the properties of the electrode. The currents were very low, and the difference
in peak potential was 119 mV. This is understandable because the PEDOT-PSSLi layer pro-
vides better conductivity and facilitates redox processes, while chitosan cross-linked via
glutaraldehyde is an insulator and will deteriorate the properties of the electrode.
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Figure 6. Voltammetric curves for sensors obtained in solutions of 0.002 M K2Fe[(CN)6]4 in 2 M KCl
(v = 200 mV/s). GCE/PEDOT-PSSLi/Chit-AuNPs-GA (black), GCE/PEDOT-PSSLi/Chit-GA (red),
and GCE/Chit-AuNPs-GA (blue).

For the GCE/PEDOT-PSSLi/Chit-AuNPs-GA sensor, the highest current values were
obtained, the difference in peak potential was 83 mV, and the peaks were symmetrical and
well-shaped. This proves that the addition of gold nanoparticles increased the conductivity
of the chitosan layer.

Thus, it can be concluded that the doping of the chitosan layer with gold nanoparticles
significantly increased the conductivity of the layer and, at the same time, the presence of
AuNPs allowed for a rapid charge exchange through the interface of the solution/chitosan
doped with AuNPs.

The volume of glutaraldehyde solution added to the mixture of AuNPS and chi-
tosan was optimized. Glutaraldehyde cross-links the chitosan layer by binding amino
groups, but using too much aldehyde will block all amino groups, which will prevent the
immobilization of the enzyme at the next stage of work. The level of saturation of the
chitosan layer with glutaraldehyde was assessed using the immobilization of laccase on
the prepared layers. The research began with the addition of 240 µL of 2.5% solution of
glutaraldehyde to the mixture of AuNPs with chitosan. This amount completely saturated
all amino groups in chitosan and prevented enzyme immobilization. In the next tests, the
amount of glutaraldehyde was reduced successively to 120, 60, and 30 µL, until a layer with
immobilized laccase was obtained. For the volumes of 60 and 30 µL, the oxidation current
of polyphenols was obtained. This means that, after using such volumes of glutaraldehyde,
free amino groups, which are capable of binding to the enzyme, remained in the chitosan
structure. We decided to use 30 µL of 2.5% glutaraldehyde solution for the cross-linking of
chitosan layers.

In the last stage of sensor development, the amount of immobilized enzyme was opti-
mized. The results were evaluated on the basis of measurements of cyclic voltammetry of
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the sensor in the catechol solution. The enzyme was immobilized from solutions containing
3.0, 6.0, 9.0, and 12 mg laccase/1 mL solution. The peak current grew with the increasing
amount of immobilized enzyme, up to a layer obtained from a solution of 12 mg laccase/
1 mL phosphate–citrate buffer (pH = 5.0). The layers obtained from solutions with a higher
amount of laccase yielded a peak current of a similar value, but they dissolved more easily.

Another characteristic is the comparison of the voltammetric curves of the devel-
oped sensor at the subsequent stages of its production. These studies were performed
in catechol solutions (c = 0.001 M) in phosphate–citrate buffer at pH = 5. The results of
these measurements are shown in Figure 7. Measurements were made on four sensors.
Comparison showed the influence of individual sensor components on the catechol oxida-
tion reaction. The first sensor was the GCE/PEDOT-PSSLi one, for which the oxidation
peak potential is 0.214 V, and the peaks are symmetrical. The second sensor was the
GCE/PEDOT-PSSLi/Chit one. In this case, the oxidation reaction was inhibited. The peak
current was much lower, and the peak potential was shifted to about 0.680 V. This is due to
the fact that the chitosan layer effectively insulates the electrode surface. The potential of
the oxidation peak shifted to 0.675 V. The third sensor was the GCE/PEDOT-PSSLi/Chit-
AuNPs one, which differs from the previous sensor only in the addition of AuNPs to the
chitosan layer. As can be seen, this greatly improved the properties of the electrode. The
oxidation peak potential, in this case, was 0.390 V. The fourth sensor was the complete
GCE/PEDOT-PSSLi/Chit-AuNPs/Laccase system, for which the peak potential became
0.343 V, and the peak current had the highest value.
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 Figure 7. Voltammetric curves obtained in a solution of catechol C = 0.001 M (in phosphate–
citrate buffer pH = 5.0) for sensors: GCE/PEDOT-PSSLi (black), GCE/PEDOT-PSSLi/Chit (red),
GCE/PEDOT-PSSLi/Chit-AuNPs-GA (green), GCE/PEDOT-PSSLi/Chit-AuNPs-GA/laccase (blue).

The next step in the design of the sensor was to study the operation of the GCE/PEDOT-
PSSLi/Chit-AuNPs-GA system in combination with laccase as a mediator in solution.
Figure 8 shows the voltammetric curves made for the GCE/PEDOT-PSSLi/Chit-AuNPs-
GA sensor in a catechol solution, with a concentration of C = 9.09 × 10−5 mol/dm3 in a
phosphate–citrate buffer at pH = 5.0, with the addition of 3 mg laccase/1 mL (black curve)
and 6 mg/1 mL (red curve). In this case, at a constant concentration of catechol, the value
of the peak current depends on the concentration of laccase. This proves that laccase is
involved in the oxidation of catechol as a mediator.
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Figure 8. Voltammetric curves for GCE/PEDOT-PSSLi/Chit-AuNPs-GA sensors, obtained in a solu-
tion of catechol C = 9.09 E−05 M (in phosphate–citrate buffer pH = 5.0) and laccase in concentrations 
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(in phosphate–citrate buffer pH = 5.0), with the addition of 3 mg/1 mL (the red curve from 
Figure 9). As can be seen for the sensor with laccase immobilized on the surface, the ob-
tained peak current was about six times higher than that without. Such a large catalytic 
effect of immobilized laccase makes the tested sensor a promising analytical tool for the 
determination of polyphenols. 

Figure 8. Voltammetric curves for GCE/PEDOT-PSSLi/Chit-AuNPs-GA sensors, obtained in a solu-
tion of catechol C = 9.09 E−05 M (in phosphate–citrate buffer pH = 5.0) and laccase in concentrations
of 3 mg/1 mL (black) and 6 mg/1 mL (red). v = 200 mV/s.

The last step was to test the performance of the sensor with immobilized laccase
(GCE/PEDOT-PSSLi/Chit-AuNPs-GA/laccase) with the GCE/PEDOT-PSSLi/Chit-AuNPs-
GA sensor immersed in a solution containing laccase. Immobilization of the enzyme was
carried out in a solution containing 12 mg laccase and 30 µL of 2.5% glutaraldehyde so-
lution in 1 mL phosphate–citrate buffer (pH = 5.0). The voltammetric curve obtained in
this measurement was compared with the curve obtained for the GCE/PEDOT-PSSLi/chit-
AuNPs-GA sensor in a catechol solution with a concentration of C = 9.09 × 10−5 mol/dm3

(in phosphate–citrate buffer pH = 5.0), with the addition of 3 mg/1 mL (the red curve
from Figure 9). As can be seen for the sensor with laccase immobilized on the surface, the
obtained peak current was about six times higher than that without. Such a large catalytic
effect of immobilized laccase makes the tested sensor a promising analytical tool for the
determination of polyphenols.

Using the developed sensor (GCE/PEDOT-PSSLi/chit-AuNPs-GA/Laccase), catechol
was determined using the amperometric method. The measurements were carried out
in a phosphate–citrate buffer solution (pH = 5.0) at a potential of 0.6 V for 30 s while
the solution was agitated. The amperometric curves of the measurements performed are
shown in Figure S4 of the Supplementary Materials. The measurements were made five
times, on a newly prepared sensor each time. The average values of currents from all five
measurements were taken for the analysis. The measurements were performed for the
concentration range from 1.96 × 10−5 to 9.09 × 10−5 mol/dm3. For the analysis of the
results, the values of the currents read for the time t = 25 s were used. The R2 value was
0.9958, LOD = 9.5 µmol/dm3, and the linear range was 19–90 µmol/dm3.

The next step was to determine the polyphenols catechol, gallic acid, and caffeic acid
using the DPV method. The measurements of DPV were carried out for the following
parameters: potential range from 0.0 V to 0.8 V, potential jump 2 mV, duration of the jump
0.4 s, pulse amplitude 50 mV. The DPV voltammetry curves and the caffeic acid standard
line are shown in Figure 10. The other polyphenol curves and standard lines are provided
in the Supplementary Materials (Figures S5 and S6). The measurements were performed
for the concentration range from 9.99 × 10−7 to 9.09 × 10−5 mol/dm3.
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Figure 9. Voltammetric curves: black—GCE/PEDOT-PSSLi/Chit-AuNPs-GA/laccase sensor in a so-
lution of catechol C = 9.09 E−05 M (in buffer pH = 5.0); red—GCE/PEDOT-PSSLi/Chit-AuNPs-GA 
sensor in a solution of catechol C = 9.09 E−05 M (in phosphate–citrate buffer pH = 5.0) and laccase in 
concentrations of 3 mg/1 mL. 

Using the developed sensor (GCE/PEDOT-PSSLi/chit-AuNPs-GA/Laccase), catechol 
was determined using the amperometric method. The measurements were carried out in 
a phosphate–citrate buffer solution (pH = 5.0) at a potential of 0.6 V for 30 s while the 
solution was agitated. The amperometric curves of the measurements performed are 
shown in Figure S4 of the supplementary materials. The measurements were made five 
times, on a newly prepared sensor each time. The average values of currents from all five 
measurements were taken for the analysis. The measurements were performed for the 
concentration range from 1.96 × 10−5 to 9.09 × 10−5 mol/dm3. For the analysis of the results, 
the values of the currents read for the time t = 25 s were used. The R2 value was 0.9958, 
LOD = 9.5 µmol/dm3, and the linear range was 19–90 µmol/dm3. 

The next step was to determine the polyphenols catechol, gallic acid, and caffeic acid 
using the DPV method. The measurements of DPV were carried out for the following pa-
rameters: potential range from 0.0 V to 0.8 V, potential jump 2 mV, duration of the jump 
0.4 s, pulse amplitude 50 mV. The DPV voltammetry curves and the caffeic acid standard 
line are shown in Figure 10. The other polyphenol curves and standard lines are provided 
in the supplementary materials (Figures S5 and S6). The measurements were performed 
for the concentration range from 9.99 × 10−7 to 9.09 × 10−5 mol/dm3. 

Figure 9. Voltammetric curves: black—GCE/PEDOT-PSSLi/Chit-AuNPs-GA/laccase sensor in a
solution of catechol C = 9.09 E−05 M (in buffer pH = 5.0); red—GCE/PEDOT-PSSLi/Chit-AuNPs-GA
sensor in a solution of catechol C = 9.09 E−05 M (in phosphate–citrate buffer pH = 5.0) and laccase in
concentrations of 3 mg/1 mL.

For each of the polyphenols, the measurements were performed five times, on a
newly prepared sensor each time. Standard lines were determined from the average
values of peak currents. Standard deviations and error values were calculated. The R2

coefficient, sensitivity, precision, accuracy, RSD, and recovery were calculated for the as-
says performed. The lower limit of detection (LOD) was calculated from the relationship
between the slope and the standard deviation of the intercept (LOD = sb/a). The calcu-
lated values are listed in Table 2. The presented parameters show that, in all cases, the
GCE/PEDOT-PSSLi/chit-AuNPs-GA/Laccase sensor worked adequately and was suitable
for determining polyphenols. The amperometric method showed the highest sensitivity
and allowed for the determination of catechol in higher concentration ranges, from 19
to 90 µM. DPV assays for all three polyphenols allowed for the detection of much lower
concentrations. In the case of gallic acid, it was possible to determine it in the range from 2
to 18 µmol/dm3; for higher concentrations, the dependence on the concentration was no
longer linear. The best results were obtained for the determination of catechol and caffeic
acid, for which the linear range was from 2 to 90 µmol/dm3, and the sensitivity of these
determinations was higher than that for gallic acid. The DPV voltammetry method allowed
for the determination of polyphenols in a wider concentration range, with lower LOD
values than the amperometric method. Moreover, the amperometric method is troublesome
in practical application. The measurements are less reproducible, and the operation of the
sensor for a long time, mixed with the solution, often causes much faster wear of the sensor
and, thus, the need to repeat the entire procedure anew. Very often, the layer peels off from
the substrate. When using DPV as a measurement method, the determination is performed
without mixing it with the solution and takes much less time than the amperometric mea-
surement. Sensors in this case are much more durable, which allows for longer use. Cases
of detachment of the layer from the substrate occurred sporadically. For these reasons, it
was decided to present the results of DPV measurements for all tested polyphenols, and
the amperometric method was used only for catechol.
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Table 2. Parameters for the determination of polyphenols.

Lp Polyphenol—
Method R2 Sensitivity

[A/mol/dm3]
CV
[%]

Recovery
[%]

RSD
[%]

LOD
[µM]

Linear Range
[µM]

1 Catechol—
Amperometric 0.996 0.0248 0.082 99.1 15.64 9.5 19–90

2 Catechol—DPV 0.998 0.00508 0.002 100.1 22.83 1.7 2–90
3 Caffeic acid—DPV 0.999 0.0066 0.020 108.7 5.77 1.9 2–90
4 Gallic acid—DPV 0.993 0.0039 0.111 114.7 5.80 1.7 2–18

Table 3 shows examples of electrochemical sensors with immobilized laccase. Sensors
with different types of detection are presented, both amperometric and voltammetric, as
well as sensors with DPV and SWV detection. Compared to these electrodes, the sensors
developed by us are characterized by a wide linear range of concentrations. The widest
concentration ranges were achieved for the determination of catechol and caffeic acid. For
this reason, the developed sensor may be an interesting proposal as a convenient tool for
the determination of polyphenols.

The last stage of the research was an attempt to determine gallic acid in a natural sam-
ple, for which white wine was used. The analysis was performed using the GCE/PEDOT-
PSSLi/Chit-AuNPs-GA/laccase sensor in phosphate–citrate buffer, pH = 5. This analysis
was carried out in order to estimate the accuracy of the presented biosensor. DPV measure-
ments were carried out using the standard addition method. There are DPV curves for this
measurement in the Supplementary Materials (Figure S7). Figure 11 shows the dependence
of the peak current value on the increasing amount of added gallic acid in the standard
addition method for the sensor in a white wine sample. The results for the determination of
gallic acid on the GCE/PEDOT-PSSLi/Chit-AuNPs-GA/laccase electrode were as follows.
The linear regression equation was expressed as y (A) = 5.71 × 10−8 × (µmol/dm3) +
3.24 × 10−7 (R2 = 0.997). The relative standard deviation was 0.96%, and the estimated
concentration in the sample was 5.66 µmol/dm3. The peak current measurements for each
standard addition were performed three times. The standard line was determined from the
average values of peak currents, and the results, with a confidence interval for a probability
(p) of 95%, were analyzed using linear least-square regression. After the calculations, the
content of gallic acid in the determined wine was 4.8 mg/dm3. After careful examination
of the presented results, it can be concluded that the presented biosensors may be suitable
tools for measuring the concentration of gallic acid in real samples, such as white wine.
As a reference method in selected natural samples, the spectrophotometric method for
determining the concentration of gallic acid, as described by Inoue and Hagerman [27] was
used. The idea behind this method is the reaction between rhodamine and the detected
polyphenol. The color change in the sample is assessed by measuring the absorbance at
l = 520 nm. The content of gallic acid in the determined wine was 4.8 mg/dm3. The content
of gallic acid in the wine as obtained with the reference method was 4.63 mg/dm3. The
calculated recovery for the assay performed was 103.67%.

Table 3. Examples of different electrochemical sensors with immobilized laccase for the determination
of polyphenols.

Phenolic Compound Sensor Method LOD
[µM]

Linear Range
[µM] Ref.

Caffeic acid
Rosmarinic acid

Gallic acid
graphite/ePDA-Lac amperometry

0.14
0.09
0.29

1–50
1–20

1–150
[28]

Gallic acid TvL-MWCNTs-SPEd amperometry 0.6 0.6–99.9 [29]

Catechol GCE /FYSSns-2-Lac DPV 1.6 12.5–450 [30]
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Table 3. Cont.

Phenolic Compound Sensor Method LOD
[µM]

Linear Range
[µM] Ref.

Caffeic acid
Rosmarinic acid

Gallic acid
AuSPE/laccase/Nafion amperometry

2.5
2.4

1.55

3–15
3–15
2–7

[31]

Caffeic acid
Rosmarinic acid

Au/Lacc-CS-MWCNT amperometry 0.151
0.233

0.735–10.5
0.91–112.1 [32]

Catechol (CNTs–CS) voltammetry 0.66 1.2–30 [33]

Caffeic acid Graphite/Lac amperometry 0.56 1–10 [34]

Mixtures of catechin and
caffeic acid Polyethersulfone/Lac voltammetry 0.18 12–14 [35]

Catechol PEI-AuNP-Lac SWV 0.03 0.36–11 [36]

Caffeic acid
Gallic acid

Carbon-
Sonogel/Nafion-Lac amperomtery 0.06

0.41
0.04–2.2
0.01–22 [37]

Catechol
Catechol

Gallic acid
Caffeic acid

GCE/PEDOT-
PSSLi/Chit-AuNPs-

GA/laccase

amperomtery
DPV
DPV
DPV

9.5
1.7
1.7
1.9

19–90
2–90
2–18
2–90

This
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the standard addition method for the GCE/PEDOT-PSSLi/Chit-AuNPs-GA/laccase sensor in white
wine samples.

4. Conclusions

The developed sensor is a skillful combination of materials including PEDOT, chitosan,
AuNPs, and laccase. PEDOT is a modern conductive polymer ensuring fast charge ex-
change. Chitosan, as a product of natural origin, is characterized by high biocompatibility,
which is of great importance when contact with natural samples is necessary. At the same
time, chitosan enables the covalent attachment of the enzyme. On the one hand, AuNPs
are able to ensure a sufficiently high conductivity of the chitosan layers; on the other hand,
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they are also characterized by high biocompatibility. Laccase is an enzyme with a large
spectrum of specificity that works as a mediator in the reaction with the analyte. This article
described the research leading to the development of the sensor /PEDOT-polystyrene
sulfonate)/chitosan-AuNPs-glutaraldehyde/Lacasse. This sensor was designed for the
electrochemical determination of polyphenols. The method of manufacturing the sensor
was optimized. The effect of the addition of gold nanoparticles on the performance of
the sensor, including the possibility of direct oxidation of the immobilized laccase, was
described. The influence of AuNPs on the increase in the electrical conductivity of the
chitosan layers was presented. A catalytic effect from laccase was demonstrated in the
oxidation reaction of polyphenols, using a sensor with an immobilized enzyme. The de-
veloped sensor, for the electrochemical determination of catechol using the amperometric
method, was used. That sensor was used for the electrochemical determination of polyphe-
nols such as catechol, gallic acid, and caffeic acid with the DPV method. The results of
our investigations showed that the sensor can be applied for the determination of these
polyphenols. Linear proportional relationships of peak currents to the concentrations of
polyphenols were obtained. The determination of gallic acid in wine samples was also con-
ducted, demonstrating the possibility for the practical application of the developed sensor.
The sensor had a shelf life of 30 days when stored at 4 ◦C. It can therefore be concluded
that a good analytical tool for the determination of polyphenols has been obtained.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma16145113/s1. Figure S1. (A) SEM image of gold nanoparticles
obtained in the synthesis with sodium borohydride. (B) Size distribution histogram of the obtained
AuNPs. Figure S2. Voltammetric curves obtained on GCE in a solution of gallic acid C = 0.001 M in
phosphate-citrate buffer different pH (v = 200mV/s). Figure S3. Voltammetric curves obtained on
GCE in a solution of caffeic acid C = 0.001 M in phosphate-citrate buffer different pH (v = 200mV/s).
Figure S4. (A) Amperometric curves for sensor GCE/PEDOT-PSSLi/Chit-AuNPs-GA/laccase in
solutions of catechol in phosphate-citrate buffer pH = 5.0. (B) Standard line for catechol. Figure S5.
(A) DPV voltammetry curves for catechol solutions in phosphate-citrate buffer pH = 5.0. (B) Standard
line for catechol. Figure S6. (A) DPV voltammetry curves for gallic acid solutions in phosphate-citrate
buffer pH = 5.0. (B) Standard line for gallic acid. Figure S7. DPV voltammetry curves of gallic
acid were obtained using the standard addition method for the GCE/PEDOT-PSSLi/Chit-AuNPs-
GA/laccase sensor in white wine samples.
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Abstract: The search for new electrode materials has become one of the goals of modern electro-
chemistry. Obtaining electrodes with optimal properties gives a product with a wide application
potential, both in analytics and various industries. The aim of this study was to select, from among
the presented electrode materials (carbon and oxide), the one whose parameters will be optimal
in the context of using them to create sensors. Electrochemical impedance spectroscopy and cyclic
voltammetry techniques were used to determine the electrochemical properties of the materials. On
the other hand, properties such as hydrophilicity/hydrophobicity and their topological structure
were determined using contact angle measurements and confocal microscopy, respectively. Based
on the research carried out on a wide group of electrode materials, it was found that transparent
conductive oxides of the FTO (fluorine doped tin oxide) type exhibit optimal electrochemical param-
eters and offer great modification possibilities. These electrodes are characterized by a wide range of
work and high chemical stability. In addition, the presence of a transparent oxide layer allows for the
preservation of valuable optoelectronic properties. An important feature is also the high sensitivity
of these electrodes compared to other tested materials. The combination of these properties made
FTO electrodes selected for further research.

Keywords: contact angle; conductive materials; electrochemical measurements; FTO electrodes;
carbon electrodes

1. Introduction

An important aspect determining the application potential of new electrodes is to
know their electrochemical and surface properties. The new electrode material is expected
to have high electrical conductivity, fast electron transfer for a wide range of redox systems,
as well as structural and electrochemical stability over a wide range of potentials. An
additional advantage of an ideal electrode is its simplicity and low production cost. Meeting
these expectations is a guarantee of using a given electrode material as a modification
platform in further electroanalytical tests.

The need to quantify various chemical compounds in environmental, medical, or
industrial analysis motivates scientists to search for new electrode materials with well-
defined electrochemical properties. Embedding molecules with specific properties on the
surface of electrode materials allows them to be used as molecular recognition systems
in many analytical aspects. As the base material, semiconductors (silicon) or dielectrics
(glass, ceramics) are usually used, which, as a result of the formation of conductive or
semiconductor structures on their surface, obtain interesting properties from the point of
view of electronic technology and physicochemical issues. Most often, we apply chemically
defined layers of inorganic oxides and carbon materials with various electrical properties
to the surface of the starting material.
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The most popular electrode material in electroanalytical measurements is glassy
carbon (GC) [1]. It is a carbon material with a very complex structure, consisting of
intertwined graphite fibers that do not show long-range order. The presence of the sp2

hybridized carbon atom in the structure is associated with the presence of various types of
oxygen groups located at the end of the fibers, which may interact with the analyte. Unlike
other structures, it is characterized by a glass fracture and the possibility of polishing its
surface to a mirror effect. This non-graphite carbon material combines the properties of
glass and ceramics with those of graphite. It is impermeable to gases and liquids, has a
compact isotropic microstructure, is characterized by high hardness, and has high thermal
and chemical resistance, which is superior to other forms of carbon structure used as
electrodes. Vitreous carbon is susceptible to machining, which allows for the production
of various electrode structures, in the form of rods, plates, or disc electrodes [2,3]. Glassy
carbon electrodes are characterized by high electrochemical stability over a wide range of
potentials, while showing low electrical resistance. These properties make the glassy carbon
electrode an ideal substrate for many electroanalytical tests. Despite the passage of time,
the GC electrode is still one of the most used electrode materials in electrochemistry. This is
proven by scientific articles describing new application possibilities of this material [4–6].

The inclusion of a boron dopant in the diamond crystal structure of sp3 hybridization
creates very interesting p-type semiconductor materials known as boron doped diamond
(BDD) electrodes. BDD electrodes show excellent electrochemical properties [7–9]. Com-
pared to other materials used in electroanalytical measurements (Au, Pt, or GC), they are
characterized by a wide range of potentials in aqueous and non-aqueous environments,
low capacitive current, and microstructural stability at extreme cathode and anodic poten-
tials. High stability, combined with biocompatibility, chemical inertness, and mechanical
resistance to contamination make it an interesting material for the construction of electro-
chemical sensors [10–16]. Moreover, the BDD electrodes, due to the aliphatic nature of
the surface composed of sp3 hybridized carbon atoms, show poor adsorption properties.
Nevertheless, the lack of chemically reactive functional groups in the structure of this ma-
terial precludes direct attachment of organic compounds to its surface [17]. The major part
of research on BDD electrodes concerns surface modification, enabling covalent coupling
of organic modifiers or metal nanoparticles [18,19]. BDD electrodes are used in classical
electroanalytical measurements concerning the determination of redoxactive compounds,
but also in the construction of biosensors [20–23].

Thin carbon films made of boron doped nanocrystalline diamond (B-NCD) is another
interesting material. It is usually synthesized on silicon substrates, but it can also be
successfully obtained on the surface of an amorphous dielectric—quartz glass [24,25].
It has optical parameters similar to quartz and, at the same time, due to the electrical
conductivity of the diamond layer, it enables electrochemical measurements [26,27]. The
undoubted advantage of optically transparent diamond electrodes is the transmission in a
wide range of optical radiation, from ultraviolet to far infrared [28]. However, an important
aspect is also the high refractive index of the B-NCD film, which allows a clear optical
contrast between the diamond electrode and the glass substrate to be obtained (ndiamCVD
= 2.4: nquarc = 1.45). Boron-doped diamond films are commonly used as an electrode
material for the construction of biosensors by functionalization of the B-NCD surface
with DNA [29,30]. Moreover, these nanocrystalline structures have found application as
optically transparent electrodes (OTE) for spectroelectrochemical measurements [31].

Intensive research on carbon nanotubes contributed to the discovery of the so-called
carbon nanowalls (CNWs), which are a system of graphite walls set vertically to the
substrate [32]. Carbon nanowalls are variously branched networks with a morphological
structure resembling a labyrinth [33–36]. The basic properties of carbon nanowalls, which
are of fundamental importance for their potential applications, are primarily the interesting
structure of the material, i.e., sharp edges or a high surface-to-volume ratio, which makes
it an ideal functional support for synthesizing a new composite material with a large
area. CNWs have also been used in energy storage, as electrodes for fuel cells, catalyst
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carriers, lithium-ion batteries or field emission devices [37–42]. In addition, the unique
properties of CNWs make these electrodes an interesting starting material for the creation
of electrochemical sensors for environmental, medical, and industrial analysis [21,43–45].

One of the most frequently and intensively studied oxide compositions, due to high
conductivity and transparency compared to SnO2 or ZnO, is indium tin oxide (ITO) (In2O3:
Sn). Nevertheless, due to the low availability of indium, and thus the increasing costs asso-
ciated with the production of this electrode, new materials were sought with comparable
optoelectronic properties. The FTO (fluorine doped tin oxide) electrode turned out to be
an alternative to the ITO electrode. It is a glass covered with a thin layer of conductive
inorganic material, fluorine doped tin oxide (SnO2: F) [46,47].

FTO electrodes were found to be a very promising material due to their greater weather
stability and resistance to high temperatures, compared to ITO electrodes. Moreover, this
material is chemically inert, mechanically resistant, and has a high resistance to physical
abrasion [48,49]. The key feature of these electrodes is the combination of optical and
electrochemical properties. Both FTO and ITO electrodes find practical application in
a wide range of devices; among others, they are used to create transparent conductive
coatings, in touch panels, flat screens, aircraft cockpit windows, and plasma monitors.
Thin oxide layers are also used in the production of organic light emitting diodes (OLED)
and in solar cells [50,51]. Moreover, thanks to their unique properties, these materials are
a good substrate for modifying their surface [48,52–56]. They are also used in classical
electroanalytical measurements as working electrodes in the determination of a wide range
of electroactive compounds [57].

The aim of this study was to select, from among the presented electrode materials
(carbon and oxide), the one whose parameters will be optimal in the context of using
them to create sensors. Based on the research carried out on a wide group of electrode
materials, it was found that transparent conductive oxides of the FTO type exhibit optimal
electrochemical parameters and offer great modification possibilities. These electrodes
are characterized by a wide potential range and high chemical stability. In addition, the
presence of a transparent oxide layer allows for the preservation of valuable optoelectronic
properties. An important feature is also the high sensitivity of these electrodes compared to
other tested materials. The combination of these properties resulted in them being selected
for further research. Electrochemical impedance spectroscopy and cyclic voltammetry tech-
niques were used to determine the electrochemical properties of the materials. Properties
such as hydrophilicity/hydrophobicity and their topological structure were determined
using contact angle measurements and confocal microscopy, respectively.

2. Materials and Methods
2.1. Electrochemical Measurements

Cyclic voltammetry measurements were carried out in an aqueous solution of Na2SO4
(0.5 M) containing a reference redox system. Appropriate redox systems, i.e., potassium
ferri/ferrocyanide ((Fe(CN)6)3−4−), hydroquinone/quinone (H2Q/Q) at 5 mM concentra-
tion were selected for the study. The prepared solutions were deoxidized with a stream of
inert gas (argon). Electrochemical measurements were made in a standard three-electrode
system consisting of a working electrode (GC, Si/CNW, Si/B-NCD, glass/B-NCD, ITO, and
FTO), a reference electrode (silver wire coated with a layer of silver chloride (Ag/AgCl),
immersed in a saturated solution of potassium chloride (0.1 M KCl)) and anti-electrodes
(platinum). The surface of the working electrode exposed to the electrolyte was about
0.50 cm2 or 0.13 cm2. Measurements were recorded at appropriate potential scan rates, i.e.,
10, 50, and 100 mV/s. Electrochemical experiments were carried out using the Autolab
PGSTAT30 potentiostat/galvanostat (Metrohm Autolab B.V., Utrecht, The Netherlands)
and Nova software (1.11, 2005–2013, Metrohm Autolab B.V, Utrecht, The Netherlands).
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2.2. Contact Angle Measurements

The wettability of the electrode materials surface was determined by measuring the
contact angle at room temperature using standard liquids based on the static method of a
sessile drop. Water, formamide, diiodomethane and glycerol were chosen as measuring
liquids with known surface tension. The contact angle values given are mean values
measured at various positions on the electrode surface. Drop shape analysis (with a
volume of 2 µL or 4 µL) was carried out using the circle method and the Young-Laplace
method [58–60]. Measurements were made using a KRÜSS Drop Shape Analyzer—DSA100
(Hamburg, Germany). Free surface energy and its components were determined based
on the results of direct contact angle measurements calculated by means of the OWRK
method [61–67].

2.3. Electrode Materials

The subjects of the study were electrode materials on silicon or glass substrates. Based
on the differences resulting from the structure of the conductive layer, the materials were
divided into two groups. The first group were FTO glass electrodes. In this case, the
conductive layer was transparent fluorine doped tin oxide (SnO2/F). These electrodes
were purchased from Sigma Aldrich (St. Louis, MO, USA). For FTO electrodes, the layer
resistance was ~7 and ~13 Ω/sq, respectively, with a transparency of 80–82% and 82–84.5%.
In addition to transparent conductive coatings, the subject of the study were electrodes
made of conductive carbon layers deposited on silicon or glass substrates. This group of
electrodes includes carbon nanowalls (CNW) and nanocrystalline boron doped diamond
(B-NCD). The BDD and TCO electrodes required preliminary surface preparation. These
materials were treated to obtain a hydrogenated BDD surface and an oxidized surface of
the TCO electrodes [12,18,61,68]. For comparison purposes, popular carbon electrodes,
boron doped diamond (BDD), and glassy carbon (GC) disk electrode were selected. As
part of the study of the same electrode materials, they were differentiated in terms of
chemical composition. Introducing different boron content into the structure of carbon
layers, they were given new electrochemical properties. Therefore, the B-NCD electrodes
name includes the ratio of boron to carbon atoms (B)/(C) determining the degree of doping.
For example, an electrode described as Si/B-NCD-2k has a (B)/(C) ratio of 2000 ppm. The
synthesis of carbon layers (BDD, CNW, and B-NCD) on the silicon/quartz glass surface,
along with the selection of deposition parameters, was carried out in accordance with
the procedures described in earlier works [18,25,31,33,69] by the team of Prof. Robert
Bogdanowicz from the Department of Metrology and Optoelectronics from the Faculty of
Electronics, Telecommunications and Informatics of the Gdańsk University of Technology.

3. Results and Discussion

Searching for new materials that could form the platform for future sensors, a num-
ber of conductive materials that differed in both chemical and surface structure were
investigated. Among the tested group of electrodes were three types of carbon electrodes
(Si/CNW, Si/B-NCD, and glass/B-NCD) and one TCO electrode (FTO). Due to the fact
that the subjects of the study were electrodes with different chemical composition and
surface structure, differences in properties were expected. The operation of the sensor
based on the modified electrode is represented by an electrochemical signal (or a change
in the impedance spectrum). Therefore, these materials are tested using standard redox
systems to assess their properties and choose the one with the best parameters. The model
system (Fe(CN)6)3−/4− is one of the most frequently chosen analytes to assess the elec-
trocatalytic performance of electrode materials. As an outer sphere system, sensitive to
changes in the construction of the electrode layer, it is a perfect model to characterize a
wide range of materials. Nevertheless, the conducted research showed that on carbon
materials, especially those characterized by different hybridization of the carbon atom, this
system behaves completely differently.
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Due to the fact that specific interactions play an important role in the reactions of the
outer sphere, we decided to use the measurements of wettability and free surface energy
parameters to assess these phenomena.

3.1. Electrochemical Properties

Determining the characteristics of electrode materials usually begins by determining
the potential range in which the work of the electrode is possible. The wider it is, the
larger the group of analytes that differ significantly in oxidation and reduction potential
which can be studied. Each of the tested electrodes is characterized by a so-called wide
“electrochemical window” (Figure 1).
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(gray field).

The electrochemical stability range of classic GC and Si/BDD electrodes is 2.7 V, which
is comparable with other carbon materials under investigation. The Si/B-NCD electrode
deserves special mention, as it is the only one with a potential range above 3 V. The wider
stability range results from differences in the structural properties of diamond electrodes. It
matters whether they are microcrystalline (BDD) or nanocrystalline boron doped diamonds
(B-NCD). According to the available literature, ultra-nanocrystalline (UNCD) diamonds
with crystals smaller than B-NCD are even more stable [70]. Undoubtedly, despite the wide
range of Si/B-NCD electrode potentials, the disadvantage is the presence in the anode
range of a peak at a potential of 1.2 V. This peak is associated with a carbon oxidation
reaction with sp2 hybridization occurring at the grain boundary, where electrochemically
active carbon–oxygen forms can be formed [31,70]. Comparing B-NCD electrodes with
each other, it seems that the type of substrate affects the range of the electrode. However,
these materials could differ in the rate of carbon layer growth during the deposition
process, which in turn resulted in electrodes of different thicknesses. The growth time
was 1 h for silicon substrates and 3 h for glass substrate. In the first case nanocrystalline
layers less than 100 nm thick were obtained, in the second case about 250 nm thick [25,31].
It should be noted that this is a factor that significantly affects the range of potentials.
Therefore, a direct comparison of electrochemical stability exhibited by a very thin and
thick layer of boron-doped diamond is not reliable [70,71]. The ITO electrode (2 V) has the
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narrowest potential range in 0.5 M Na2SO4. The narrow operating range of the electrode
from the group of transparent conductive oxides is related not only to the decomposition
of the supporting electrolyte, but also to the gradual disappearance of the optical and
electrical properties of the oxide layer in far cathode ranges. Descriptions in the literature
studies indicate that during anodic polarization the substrate undergoes slow degradation
by oxidation of the ITO oxide layer. The nature of the ions present in the supporting
electrolyte and the exposure time of the electrode in the solution strongly affects the rate of
electro-dissolution in the anodic and cathodic range [72,73]. On the other hand, the FTO
electrode is characterized by electrochemical stability similar to that of carbon materials.
The potential range is wider by 0.6 V compared to the ITO electrode, which proves a better
chemical stability of this material in 0.5 M Na2SO4. The reactions related to the electrolysis
of the supporting electrolyte at the FTO electrode are similar to those of ITO, but the
signal intensity is much lower. It is worth noting that the literature does not mention any
information about the degradation of the conductive layer in the anode range, as is the
case with the indium-tin electrode, which is an additional advantage of this electrode [73].
The wide operating range of the FTO electrode while maintaining valuable optoelectronic
properties makes this material the most suitable material for further electroanalytical
research.

In sensory applications, an important feature is the sensitivity of the system to a given
analyte. Therefore, another important feature is the high level of depolarizer signal in
relation to the background, which is associated with a low capacitive current that allows
us to reduce the level of interference and, consequently, to lower the detection limit of the
analyte. The presence of electroactive labeled substances in the solution, (Fe(CN)6)3−/4− or
H2Q/Q (Figure 2), generates the appearance of electrochemical signals on voltammograms.
The differences in the intensity of the analytical response illustrate the different behavior of
selected redox systems in relation to the tested electrode materials. This is influenced by
many factors originating both from the electrode itself and from the redox system, which
was analyzed in the presented studies.
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The recorded voltammograms for the model (Fe(CN)6)3−/4− in Na2SO4 (Figure 2)
confirm that the rate of this redox reaction is strongly influenced by the nature of the
surface exposed to the solution. Electrochemical reversibility for this redox process is
much better on sp2 carbon electrodes than on a classic diamond electrode. The very slow
electron transfer kinetics on the Si/BDD electrode is demonstrated by the high value of
∆E, as well as low values of current densities, ja and jk (Table 1). The best reversibility
for the redox process (Fe(CN)6)3−/4− was observed on the Si/CNW electrode, where
the ∆E value is up to five times lower compared to the Si/BDD electrode, and is only
0.092 V. Moreover, with this electrode material the current density is more than twice as
high for the anodic and cathode responses as compared to the diamond electrode. For
comparison, the separation of the oxidation and reduction peaks on a classic GC electrode
is 0.171 V. For the B-NCD-10k electrode on a silicon substrate, the shift of the oxidation peak
(Fe(CN)6)3− to (Fe(CN)6)4− is observed—towards more positive potential values (0.328 V)
and the reduction peak towards negative values (0.022 V), which results in increased
peak separation of 0.306 V. This type of behavior was observed on the Si/BDD electrode.
In turn, the electrochemical parameters of the B-NCD-10k (Table 1) electrode on a glass
substrate are oriented at values close to the Si/CNW electrode, as ∆E is 0.126 V, and the
current response signals have similar densities. Of all the electrode materials tested, the
FTO electrode deserves special mention. The electrochemical parameters recorded for the
oxidation and reductions reaction of the (Fe(CN)6)3−/4− system are extremely interesting.
Despite the similar reversibility to the GC electrode, oscillating around 0.165 V, it shows
much higher current signals. This proves that the detection limit of the FTO electrodes is
significantly lower for this system compared to other electrodes. The additional benefit
of this electrode is that the conductive layer is not a carbon material, but a transparent
inorganic oxide (SnO2: F).

Table 1. Electrochemical parameters of the reference redox systems (Fe(CN)6)3−/4−, and H2Q/Q in
an aqueous solution of Na2SO4 (0.5 M) registered on the following electrodes: GC, Si/BDD, Si/CNW,
and FTO.

Electrode Redox System Ea (V) Ek (V) ∆E (V) ja (µA/cm2) jk (µA/cm2)

GC
(Fe(CN)6)3−/4− 0.283 0.112 0.171 585.5 −692.9

H2Q/Q 0.450 0.063 0.387 1617.4 −993.7

Si/BDD (Fe(CN)6)3−/4− 0.376 −0.092 0.468 318.7 −319.3
H2Q/Q 0.990 −0.387 1.377 730.2 −450.7

Si/CNW (Fe(CN)6)3−/4− 0.229 0.137 0.092 794.0 −877.1
H2Q/Q 0.403 0.079 0.324 1465.0 −1143.9

FTO
(Fe(CN)6)3−/4− 0.214 0.049 0.165 1460.2 −1139.6

H2Q/Q 1.151 −0.260 1.411 798.9 −451.9
∆E = Ea − Ek.

Figure 2 also shows the electrochemical behavior of the hydroquinone/quinone model
system. According to the literature, the redox reaction is not affected by the presence of
oxidized groups on the surface of the electrode material, and electron transfer is preceded
by the adsorption step of the depolarizer particles [74].

For the hydroquinone/quinone pair, a typical oxidation/reduction reaction of single
peaks was observed in Figure 2, which is the electrode response for the transfer of two
electrons and protons on a GC substrate. More significant effects were observed in the
case of carbon nanowalls. With respect to the classic GC electrode, the electrochemical
reversibility for this process on the surface of the Si/CNW electrode increased by 63 mV.
Similar properties were observed when modifying the GC electrode with single-walled
carbon nanotubes (SWCNT). SWCNT as cylindrical rolled graphene layers contributed to
an increase in the reversibility of the redox process due to adsorption of hydroquinone on
the walls of carbon nanotubes. This phenomenon was confirmed by narrow, symmetrical
oxidation and reduction peaks on the CV curve of the H2Q/Q system for a modified

117



Materials 2021, 14, 4743

GC surface [74]. As carbon nanowalls belong to the same group of carbon materials as
nanotubes, similar effects were expected from the H2Q/Q system. It is worth noting that
the voltammograms obtained for the Si/BDD and FTO electrodes are completely different
(Figure 2). The analyzed redox system shows different behavior on a carbon surface rich in
carbon atoms with sp3 hybridization and on transparent oxide coatings. Oxidation and
reduction peaks are characterized by increased separation and lower current density. ∆E
takes values up to 1 V with a twice lower current response signal compared to sp2 carbon
electrodes. This demonstrates the lower affinity of this redox system to the surface of
Si/BDD and FTO electrodes, which results in inhibition of the electron transfer process. A
significant improvement in electron transfer kinetics on the Si/CNW surface was observed
compared to GC or BDD electrodes in the case of redox pair having delocalized π electrons
in their structure. This manifests itself in a different behavior of the H2Q/Q system relative
to (Fe(CN)6)3−/4−. This may indicate the interaction of π–π between organic molecules
and carbon walls on the surface of the Si/CNW electrode.

As the level of boron doping increases, the electrochemical properties of the electrodes
change (Figure 3). On the basis of obtained cyclic voltammograms of B-NCD electrodes,
it can be observed that the redox reaction rate increases with an increasing (B)/(C) ratio,
which is due to the increased density of electronic states. The highest value of ∆E was
recorded for the Glass/B-NCD-10k electrode (0.126 V), which indicates greater efficiency
of electron transfer compared to other electrodes, and above all for the Glass/B-NCD-2k
electrode (0.657 V) (Table 2). The largest changes in the reversibility of the redox process
were noted for Si/B-NCD electrodes. The difference in ∆E between the electrode with the
largest doping (10k) and the smallest (2k) is 585 mV. Although it is the same conductive
material, it exhibits different behavior relative to the electron transfer process for the
(Fe(CN)6)3−/4− system. This is due to the different growth time of the carbon layer, and
consequently the thickness of the conductive material, and not the substrate on which the
layer was deposited, which was noted when determining the electrochemical stability of
these electrodes [25,31].
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Table 2. Electrochemical parameters of the reference redox systems (Fe(CN)6)3−/4− in an aqueous
solution of Na2SO4 (0.5 M) registered on B-NCD electrodes on silicon and glass substrate with
different (B)/(C) ratios.

Electrode (B)/(C) Ea (V) Ek (V) ∆E (V) ja
(µA/cm2)

jk
(µA/cm2)

Si/B-NCD
10k 0.328 0.022 0.306 562.0 −588.9
5k 0.436 −0.077 0.513 473.1 −533.4
2k 0.634 −0.257 0.891 395.8 −493.3

Glass/B-NCD

10k 0.188 0.062 0.126 844.9 −972.8
7.5k 0.197 0.053 0.144 779.8 −889.1
5k 0.206 0.044 0.162 875.0 −991.3
2k 0.436 −0.221 0.657 515.9 −612.8

∆E = Ea − Ek.

3.2. Wettability

The tested electrode materials are characterized by different wettability. The most
hydrophobic surface has an Si/CNW electrode (112.79◦) (Figure 4a), and a hydrophilic
nanodiamond doped with boron on a glass substrate with 2000 ppm doping (31.20◦)
(Figure 4b). The value of the contact angle for the FTO electrode surface (55.93◦) indicates
that it is also a material with hydrophilic properties. This is undoubtedly due to their
chemical nature, but also to differences in the surface roughness.
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The research shows that, regardless of the substrate (glass, silicon) used, electrode
materials with a higher degree of doping are characterized by higher hydrophobicity, which
is visible at higher contact angle (>70◦) (Figure 4b).

3.3. Surface Energy

Surface Free Energy (SFE) is the effect of intermolecular interactions at the liquid–
solid interface, and allows us to describe these interactions. It can be divided into two
components—(1) disperse (γD), attributed to van der Waals interactions and other non-
specific interactions, and (2) polar (γP) resulting from dipole–dipole, dipole-induced dipole,
hydrogen bonds, and other specific interactions at the liquid–solid interface [75].

All tested conductive materials have a high disperse component value and a low
polar component value, but they differ significantly (Table 3). As the polar component
increases, the surface hydrophilicity increases. The largest share of the polar part (approx.
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8–9 mN/m) has GC and FTO electrodes, which confirms the contact angle (approx. 55–59◦)
(Figure 5a). In the case of carbon materials, a greater degree of boron doping results in a
reduced proportion of the SFE polar part, and therefore most surface interactions will be
dispersive (Figure 5b). In addition, the total free surface energy is lower for materials with
a larger (B)/(C) ratio.

Table 3. Contact angle parameters and surface free energy for selected conductive materials.

Measured
Value Electrode GC Si/BDD Si/CNW FTO

Contact angle
θ (◦) Water 59.03 (±1.17) 87.13 (±0.30) 112.79

(±1.23) 55.93 (±0.59)

Surface Free
Energy

(mN/m)

γS 48.54 (±5.26) 42.46 (±2.49) 50.82 (±0.46) 51.77 (±4.02)
γD 39.32 (±1.76) 41.32 (±1.77) 50.72 (±0.44) 43.22 (±1.82)
γP 9.22 (±3.50) 1.14 (±0.72) 0.11 (±0.02) 8.55 (±2.20)
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Figure 5. Free surface energy (SFE) graph and contact angles of tested conductive materials: (a) GC, Si/BDD, Si/CNW,
Si/B-NCD-10k, Glass/B-NCD-10k, and FTO; (b) boron doped nanodiamonds (B-NCD) on glass and silicon substrates with
different (B)/(C) ratios; γS-SFE, γD: disperse part, γP: polar part, and WCA: water contact angle.

In the case of different materials, the correlation between the contact angle and ∆E is
much more complex, which probably results directly from the morphology of the material.
The most hydrophobic nature, and at the same time the best reversibility of the redox
process, was observed for Si/CNW—these are materials with high roughness (Figure 6a).
Such structure of the material may cause the reaction of, in the wetting process, it acting
on a drop of water similar to a lotus leaf, by reflecting the drop off the surface of the
material [76]. In turn, GC and FTO electrodes are characterized by the highest uniformity
of surface structure (Figure 7). Compared to others, both materials are hydrophilic and
have good reversibility of the redox process (Figure 6a, Tables 1 and 3).
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In the case of doped B-NCD electrodes, the reversibility of the redox process is
opposite to the contact angle—for highly doped electrodes, we observe better reversibility,
but weaker wettability. Additionally, for 2k electrodes, weaker reversibility at higher
hydrophilicity (Figure 6b).

4. Conclusions

In recent years, materials chemistry has been one of the most intensively developing
fields of science. It mainly includes the synthesis of new electrode materials or modification
of their surface to give them specific properties, increasing their applicability. Among the
wide range of electrode materials, there are classic metallic electrodes, such as gold and
platinum, as well as electrode materials based on carbon and oxide layers.

Carbon and its various structural forms (graphite, graphene, diamond, nanotubes,
and other structural forms with sp2 and sp3 hybridization) make it possible to use it in a
wide range of scientific and technological aspects, due to the great diversity in structure,
and thus also in physical and chemical properties.

Despite the availability of many metallic and carbon electrodes on the market, mate-
rials with transparent conductive oxides are also very popular. Their important feature
is optical transparency, which, combined with high electrical conductivity, allows them
to be used in electrochemistry and optoelectronics. The best application properties are
demonstrated by electrodes based on zinc, indium, and tin oxide.

The subjects of the presented research were electrode materials on silicon or glass
substrates. Based on the differences resulting from the structure of the conductive layer,
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the materials were divided into two groups. The first group were glass electrodes of the
FTO and ITO types. In this case, the conductive layer consisted of transparent inorganic
oxides, tin oxide with an admixture of fluorine, and indium-tin oxide. In addition to
transparent conductive coatings, the subject of the research were electrodes made of
conductive carbon layers deposited on silicon or glass substrates. This group of electrodes
includes, e.g., carbon nanowalls (CNW) (being a system of graphite walls set vertically
to the substrate) and nanocrystalline boron-doped diamond (B-NCD). For comparison
purposes, the popular carbon electrodes, boron doped diamond (BDD) and glassy carbon
disc electrode (GC), were selected.

In order to assess how the new materials compare with other commercially available
electrodes, their characteristics were made. On the basis of the voltametric measurements
recorded in the supporting electrolyte, we determined the potential limits reflecting the
operating range of each electrode. Another important aspect that determines the application
potential of the electrodes is the high level of the signal of the electroactive substance in
relation to the capacitive current of the electrode. To assess the electrochemical reactivity of
the analyzed electrode materials, we chose two redox systems: potassium hexacyanoferrate
(III)/(II) and the hydroquinone/quinone system.

The conducted research allowed us to choose, from a wide range of tested electrode
materials, that with optimal parameters. The FTO electrode is characterized by its distinc-
tive features—electrochemical stability similar to carbon materials and higher compared to
the ITO electrode. Moreover, the FTO electrode is characterized by a similar reversibility of
the redox process of the model potassium ferrocyanide (III)/(II) system to the GC electrode
(165 mV). It shows significantly higher current response signals. This proves a higher level
of detection of this electrode for this system compared to other electrodes.

In addition, when examining the wettability, the most hydrophobic surface has the
electrode of the carbon nanowalls type (113◦), and the hydrophilic FTO electrode (56◦).
This is undoubtedly due to their chemical nature, but also to differences due to surface
roughness. The FTO electrode has the smoothest surface.

The wide operating range of the FTO electrode while maintaining the valuable op-
toelectronic properties, as well as the high sensitivity of these electrodes compared to
other materials tested, meant that we chose the FTO electrode for further electroanalytical
tests. In the following works, we will present in detail the modification process of the
FTO electrode, the influence of various conditions on the obtained layers, as well as the
potential application of the obtained devices.
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65. Jańczuk, B.; Białlopiotrowicz, T. Surface free-energy components of liquids and low energy solids and contact angles. J. Colloid
Interface Sci. 1989, 127, 189–204. [CrossRef]
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67. Swebocki, T.; Niedziałkowski, P.; Cirocka, A.; Szczepańska, E.; Ossowski, T.; Wcisło, A. In pursuit of key features for constructing
electrochemical biosensors—Electrochemical and acid-base characteristic of self-assembled monolayers on gold. Supramol. Chem.
2020, 32, 256–266. [CrossRef]
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Abstract: The search for new molecular recognition systems has become the goal of modern elec-
trochemistry. Creating a matrix in which properties can be controlled to obtain a desired analytical
signal is an essential part of creating such tools. The aim of this work was to modify the sur-
face of electrodes based on transparent conductive oxides with the use of selected alkoxysilanes
(3-aminopropyltrimethoxysilane, trimethoxy(propyl)silane, and trimethoxy(octyl)silane). Electro-
chemical impedance spectroscopy and cyclic voltammetry techniques, as well as contact angle
measurements, were used to determine the properties of the obtained layers. Here, we prove that not
only was the structure of alkoxysilanes taken into account but also the conditions of the modification
process—reaction conditions (time and temperature), double alkoxysilane modification, and mono-
and binary component modification. Our results enabled the identification of the parameters that
are important to ensure the effectiveness of the modification process. Moreover, we confirmed that
the selection of the correct alkoxysilane allows the surface properties of the electrode material to be
controlled and, consequently, the charge transfer process at the electrode/solution interface, hence
enabling the creation of selective molecular recognition systems.

Keywords: conductive materials; FTO electrodes; electrochemical measurements; silanization;
electrode modification

1. Introduction

In recent years, materials chemistry has become one of the most rapidly developing
fields of science. It mainly comprises the synthesis of new electrode materials or the modifi-
cation of their surfaces to obtain specific properties and increase their applicability [1–8].

Currently, there is growing interest in scientific research focusing on semiconductor
electrode materials based on oxide and carbon layers, which are characterized by vari-
ous electrical properties [9–13]. However, the combination of two different properties
characteristic of transparent conductive oxides, i.e., optical transparency and high elec-
trical conductivity, makes this material extremely interesting for further research [14,15].
Fluorine-doped tin oxide (FTO) electrodes are considered a very promising material due to
their greater stability in atmospheric conditions and higher temperature resistance than
indium tin oxide (ITO) electrodes. Moreover, this material is chemically inert, mechanically
resistant, and has high resistance to physical abrasion [16,17]. Both FTO and ITO electrodes
find practical applications in a wide range of devices, among others, to provide transparent
conductive coatings for use in touch panels, flat screens, aircraft cockpit windows, or
plasma monitors. Thin oxide films are also used in the production of organic light-emitting
diodes (OLEDs) and in solar cells [18,19]. In addition, due to their unique features, these
materials provide a good basis for the modification of surface properties [16,20–24]. More-
over, they are also used in classical electroanalytical measurements as working electrodes,
in the determination of a wide range of electroactive compounds [25].
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A specific molecular recognition system can be synthesized by depositing systems on
their surface with specific reducing and oxidizing properties (e.g., quinone derivatives),
compounds showing the ability to form hydrogen bonds (e.g., edetic acid derivatives),
coordination and donor systems (e.g., bipyridyl, tetraxetane), or biomolecules (e.g., proteins,
enzymes). Thanks to these properties, FTO electrodes are used in biosensors, as well as
in classical electroanalytical measurements concerning the determination of redox-active
compounds [26–29]. Organosilicon monolayers bind most effectively to a surface with a
silicon atom in its structure [30–32]. In the literature, one can find plenty of reports on
the modification of ITO- and FTO-type glass electrodes with silane compounds. Thus,
the electrode material also shows excellent silane-binding efficiency, due to the presence
of surface inorganic oxides deposited in the easily oxidized form of a thin layer on the
glass [20,21,23,33].

The covalent attachment of specific biomolecules to the surface of a conducting mate-
rial is of great importance for the development of sensors based on molecular recognition.
The functionalization of a surface by inclusion in the structure of a compound with specific
properties requires the presence of an intermediate organic layer. In the case of oxide
surfaces, such as an FTO electrode, organosilanes are the most common compounds and
mediate in the anchoring of molecules to the substrate [9,34–38]. The silanization process is
the first step toward the construction of a biosensor based on the FTO electrode. Reports
available in the literature show a wide variety of conditions used at this stage, starting from
the choice of the solvent and silane concentration to the temperature and time of electrode
incubation in the silane solution [23,24,30,39]. However, the articles do not provide details
as to how these specific conditions affect the properties of the obtained layers, and, thus,
what parameters to choose to achieve the desired effect. Therefore, we decided to optimize
the deposition conditions of the selected group of alkoxysilanes and their mixtures, paying
particular attention to the settling time and the reaction temperature [40]. Focusing on the
selection of appropriate conditions, our aim was to obtain the best possible repeatability of
the silane deposition process for the FTO electrode surface. In addition, we verified the
stability of the modified electrodes to determine their working time and, consequently,
their susceptibility to further modification stages.

The aim of the presented work was the synthesis of organic films on conductive
electrode materials and the characterization of their properties, which are important for
electrochemical applications in the context of creating new molecular recognition systems.

Bearing in mind the set goal, we decided to compare the properties of the currently
manufactured electrodes, with a particular emphasis on the electrochemical parameters
and their modification potential. Based on previous research, we were able to select such a
material—FTO—which met the expected requirements [40]. Subsequently, we modified the
materials with alkoxysilanes to provide them with new properties. Modifying the electrode
surfaces with chemicals can be a simple but efficient way to obtain a material with the
specific properties desired for a given application. Thanks to the appropriate selection of
modifiers and the skillful handling of the parameters of their combination, the scope of
application of a given electrode is significantly extended. The possibilities are endless as
one does not have to set the limits to just one modification stage. More and more often,
extensive molecular recognition systems are being prepared in which specific functional
groups that can act as an electrochemical probe are attached to linker compounds. The issue
that should be taken into account, however, is the appropriate and reliable characterization
of the obtained surface, so that it can serve as an innovative solution when researching
problems in the future.

2. Materials and Methods

Preparation of the electrode surface: Cleaning the surface of the FTO electrodes began
with sonication of the plates in three successive solvents: in acetone and ethyl alcohol for
5 min and in distilled water for 10 min. The electrodes were then dried at 70 ◦C for 60 min
and immersed in an “alkaline piranha” solution for about two hours. The temperature
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was maintained at 60 ◦C during the process. The aim of this treatment was to activate the
electrode surface by oxidizing the groups on its surface to silanol groups. Subsequently, the
electrodes were rinsed with distilled water and placed back in the oven at 70 ◦C for about
30 min [41,42].

2.1. Modification Procedure

Silanization with alkoxysilanes: FTO electrodes with cleaned and activated surfaces
were immersed in 2.5% (m/m) alkoxysilane solutions, which were prepared immediately
before this step in 96% ethyl alcohol. Table 1, below, shows the names and formulas of the
silanes used for modification.

Table 1. Silanes used in the surface modification process.

Silane Acronym Molecular Structure

3-aminopropyltrimethoxysilane APTMS
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The silanizing solutions consisted of one or a mixture of two silanes. The modifications
were carried out under various process conditions. The times of electrode incubation in
solutions and the temperature at which the silanization reaction was carried out varied.
The experimental conditions are shown in Table 2. After the specified time had elapsed (16
or 72 h), the electrodes were rinsed several times with ethanol to remove the excess silanes.
The modified electrodes were then heated in an oven at 120 ◦C for 2 h.

Table 2. Conditions for the silanization process on the surface of the oxidized FTO electrode.

Silane Reaction Conditions
(Temperature, Time) Electrode

Second Reaction
Conditions

(Temperature, Time)
Electrode

APTMS
23 ◦C; 16 h FTO/APTMS (16 h) 23 ◦C; 16 h FTO/APTMS/OTMS (16 h)

23 ◦C; 72 h FTO/APTMS (72 h) 23 ◦C; 72 h FTO/APTMS/OTMS (72 h)

50 ◦C; 0.5 h FTO/APTMS (0.5 h)

PTMS 50 ◦C; 0.5 h FTO/PTMS (0.5 h)

OTMS
23 ◦C; 16 h FTO/OTMS (16 h) 23 ◦C; 16 h FTO/OTMS/APTMS (16 h)

23 ◦C; 72 h FTO/OTMS (72 h) 23 ◦C; 72 h FTO/OTMS/APTMS (72 h)

50 ◦C; 0.5 h FTO/OTMS (0.5 h)

APTMS and
OTMS

23 ◦C; 16 h FTO/APTMS_OTMS (16 h)

23 ◦C; 72 h FTO/APTMS_OTMS (72 h)

The modified FTO electrodes listed in Table 2 were further silanized (in a second
reaction) according to the same procedure, to yield four new electrodes.

Three alkoxysilanes were used to functionalize the FTO substrates: 3-aminopropyltrim
ethoxysilane (APTMS), trimethoxypropylsilane (PTMS), and trimethoxyoctylsilane (OTMS),
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differing in the structure of the side chain (Table 1, Figure 1). The electrochemical properties
of the modified FTO/APTMS, FTO/OTMS, and FTO/APTMS_OTMS electrodes were com-
pared to those of the unmodified FTO electrode. Additionally, we assessed how the presence
of the amino group in the side chain of the alkoxysilane (FTO/APTMS) changed the surface
properties of the electrode, compared to its alkyl derivative (FTO/PTMS). We verified
whether the long alkyl chain in the trimethoxysilane structure (FTO/OTMS) hinders the
transfer of electrons at the electrode/solution interface and whether the deposition of a
mixture of silanes (FTO/APTMS_OTMS) on the surface of the FTO electrode would show
better conductive properties than their one-component counterparts (FTO/APTMS and
FTO/OTMS). In addition, we examined whether the order of silane deposition is important
in the case of a two-step silanization of the FTO electrode surface (e.g., FTO/APTMS/OTMS
and FTO/OTMS/APTMS). We also assessed the changes in the surface wettability on the
FTO/APTMS, FTO/PTMS, and FTO/OTMS electrodes.
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Figure 1. Schematic diagram of the silanization process, with an example of the surface
structure of the modified electrodes—FTO/APTMS (A), FTO/PTMS (B), FTO/OTMS (C), and
FTO/ATMS_OTMS (D).

2.2. Electrochemical Measurements

For the electrochemical evaluation of the modified FTO electrode surfaces, we em-
ployed impedance spectroscopy and cyclic voltammetry, which are suitable for the study
and monitoring of the changes taking place on the electrode surfaces as a result of the
performed silanization reactions. Using the electrochemical impedance spectroscopy (EIS)
technique enabled the determination of the charge transfer resistance (Rct), which is a
measure of the resistance of self-organizing silane layers to electron transfer, from the
solution to the electrode surface. Recorded impedance spectra are displayed in the form of
Nyquist diagrams.

The electrochemical measurements were carried out using an apparatus consisting of a
Multi Autolab/M204 potentiostat, equipped with an FRA module (Metrohm, Barendrecht,
The Netherlands) and a glass measuring cell. The measurements were performed in
a Faraday cage, in order to isolate the system from the influence of external factors in
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a three-electrode measurement system, consisting of a working electrode (unmodified
and modified FTO, dimensions 1.5 × 3.5 cm) (Sigma Aldrich, Schnelldorf, Germany),
silver chloride reference electrode (Ag/AgCl, 0.1 M KCl) (Mineral, Warsaw, Poland), and
platinum wire counter-electrodes (Mennica-Metale Sp. z.o.o., Radzymin, Poland).

Nova 2.11 software was used to operate the potentiostat, as well as to analyze and
simulate the electrochemical impedance spectroscopy (EIS) spectra (Metrohm AG, Herisau,
Switzerland). OriginPro 2020 software (OriginLab, Northampton, MA, USA) was used for
data analysis.

Cyclic voltammetry measurements were performed for a scanning speed of V = 100 mV/s.
The range of measurements (initial and final measurements, as well as peak potentials) was
adjusted for the best visualization of the processes taking place on the electrode surface.
Measurements of EIS were performed in the frequency range from 10 kHz to 100 mHz,
with a wave amplitude of 0.01 V and a sinusoidal excitation signal.

Two types of basic electrolytes were used in the electrochemical measurements—0.5 M
potassium chloride and 0.5 M sodium sulfate solutions. The model redox system used in the
research was potassium hexacyanoferrate (III/II). All solutions were prepared from weights
by dissolving them in distilled water in such amounts as to ultimately obtain solutions with
a concentration of 0.01 M. The prepared solutions were stored in a refrigerator; however,
before the tests, they were brought back to ambient temperature [42].

2.3. Contact Angle Measurements

The wettability of the surface of the electrode materials was determined by measuring
the contact angle at room temperature, using standard liquids based on the sitting drop
static method. The reported contact angle values are average values, measured at different
positions on the electrode surface. Drop shape analysis (with a volume of 2 µL or 4 µL)
was performed using the circle method and the Young–Laplace method [1,5,40,42–45].
Measurements were made using the KRÜSS Drop Shape Analyzer—DSA100 apparatus.

3. Results and Discussion
3.1. Alkoxysilane Modification

The impedance spectrum for the unmodified FTO electrode is characterized by a
semicircle in the high-frequency range, while in the low-frequency range, it is characterized
by a straight line inclined at an angle of 45◦ (Figure 2A) [46]. This is a classic example of
a spectrum, showing that the electron transfer process for the redox [Fe(CN)6]3−/4− pair
is quasi-reversible and diffusion-controlled [47]. The measurement of the charge transfer
resistance, Rct, is the diameter of the semicircle obtained in the Nyquist plots. The larger
the diameter, the greater the charge transfer resistance. As the value of Rct changes, the
capacity of the double layer (Q) also changes. Low Q values indicate an increase in material
thickness, due to the surface modification. The n parameter, which defines the degree of
heterogeneity in the newly formed structure, is inherent in the capacity of the double layer.
In the case of an electrode with a perfectly smooth surface, this equals 1. The Rct value,
calculated on the basis of the equivalent circuit used, R(Q(RW)), for the FTO electrode is
approximately 58 Ω (Table 3). Anchoring on the surface of a self-assembled layer with an
amine group (FTO/APTMS (16 h)) reduces the Rct value by 10 Ω (Figure 2A). As expected,
increasing the APTMS deposition time from 16 to 72 h still lowers the surface resistance
to 30 Ω. As a result, after 72 h of APTMS deposition, the Rct value was almost doubled
(from 58 Ω to 30 Ω) compared to the Rct value for the unmodified FTO electrode. Moreover,
we observe the changes in the shape of the Nyquist plot. The diameter of the semicircle
decreased, and the linear section lengthened in the low-frequency range. This means
that the electron transfer process is faster than the diffusion of the redox system, close
to the electrode surface. This effect appears to be due to the increased amount of amine
groups on the electrode material, as well as the greater order of the layer. Moreover, as the
deposition time lengthened, the capacity of the double layer increased, while the value of
the n parameter decreased, which proves the heterogeneity of the FTO/APTMS surface.
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Figure 2. Nyquist plots (A,B) and voltammograms (C,D) showing the modification of the FTO
electrode with APTMS (A,C) and OTMS (B,D) after different silanization times (16 h, 72 h), recorded
in 0.5 M KCl (EIS) and Na2SO4 (CV) containing a 5 mM redox system [Fe(CN)6]3−/4−.

Table 3. Electrochemical parameters of FTO electrodes after modification with alkoxysilanes, obtained
on the basis of CV and EIS measurements by fitting the experimental data with the equivalent
R(Q(RW)) or R(QR) circuits.

Electrode Rct [Ω] Q [µF] n W [µSs½] Chi2 Ea [V] Ek [V] ∆E [V] Ia [µA] Ik [µA]

FTO 57.87 6.65 0.91 0.012 3.27 × 10−4 0.233 −0.026 0.259 683.3 −583.2

FTO/APTMS
(16 h) * 48.46 8.28 0.88 0.012 6.19 × 10−4 0.226 −0.012 0.238 676.3 −594.2

FTO/APTMS
(72 h) * 30.74 11.23 0.79 0.012 2.69 × 10−4 0.233 0.016 0.217 632.3 −600.9

FTO/OTMS
(16 h) * 426.40 5.69 0.89 0.015 7.31 × 10−4 0.384 −0.209 0.593 399.2 −376.9

FTO/OTMS
(72 h) * 1545.00 3.52 0.84 0.004 3.47 × 10−4 0.521 −0.311 0.832 298.5 −326.8

FTO/APTMS_
OTMS (16 h) * 55.05 8.03 0.88 0.012 5.85 × 10−4 0.244 −0.016 0.260 609.1 −591.4

FTO/APTMS_
OTMS (72 h) ** 22,450.00 0.25 0.86 - 8.04 × 10−4 0.676 −0.514 1.190 180.3 −195.1

FTO/APTMS/
OTMS (16 h) ** 336.20 6.35 0.87 - 1.05 × 10−3 0.346 −0.167 0.513 478.2 −429.3

FTO/APTMS/
OTMS (72 h) * 1664.00 1.36 0.89 0.007 2.27 × 10−4 0.546 −0.423 0.969 262.6 −288.1

FTO/OTMS/
APTMS (16 h) * 439.30 4.39 0.89 0.009 4.91 × 10−4 0.388 −0.219 0.607 403.4 −406.6

FTO/OTMS/
APTMS (72 h) * 98.19 6.86 0.88 0.010 8.54 × 10−4 0.293 −0.047 0.340 506.6 −433.5

* R(Q(RW)); ** R(QR); ∆E = Ea − Ek.
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In turn, the electrodes covered with the OTMS layer show completely different prop-
erties (Figure 2B). For the FTO/OTMS modification (16 h), we observed a curve in the
Nyquist plot consisting of a large semicircle and a small linear range at low frequencies.
This spectral image illustrates a process limited by the rate of electron transfer through
the double layer. As a result, diffusion is more efficient than electron transport. This is
because the OTMS layer blocks the access of the [Fe(CN)6]3−/4− system from the solution
to the electrode surface. However, the shape of the spectrum suggests the presence of
defects in the layer that is formed, which is reflected in an increase in the Rct value. The
blocking degree is higher with the FTO/OTMS electrode (72 h). Due to the extension of the
deposition time, for this modification, the impedance spectrum consists only of a semicircle
in the tested frequency range. This demonstrates an even slower charge transfer reaction,
due to the formation of a long aliphatic chain layer. The presence of very large semicircles
confirms the excellent electrochemical blocking ability of the OTMS layers. The Rct values
for the FTO/OTMS electrodes are much higher than for the FTO/APTMS electrodes. After
the first modification (FTO/OTMS (16 h)), the electron transfer resistance increased from
58 Ω to approximately 426 Ω. Conversely, after 72 h of deposition (FTO/OTMS (72 h)), the
resistance increased up to 1.5 kΩ. A higher Rct value implies a lower double-layer capacity,
as evidenced by the data in Table 3.

It is worth emphasizing that the impedance results are compatible with the measure-
ments obtained for cyclic voltammetry. In CV measurements, similarly to EIS measure-
ments, different electrochemical properties of the modified FTO/APTMS and FTO/OTMS
electrodes are observed (Figure 2C,D). In the case of the FTO/APTMS modification, the
cathode peak shifts slightly towards the positive values of the potential, thus increasing
the reversibility of the redox process of the [Fe(CN)6]3−/4− system. In total, the ∆E value
decreased by 40 mV (Table 3), which confirms that the presence of amino groups on the
FTO electrode surface improves the electron transfer process.

Conversely, the deposition of the OTMS layer shows a blocking effect for the same
process. After 16 h, the ∆E value increased from 259 to 593 mV, indicating the reduced
reversibility of the test system. At the same time, a significant decrease in the intensity of
the oxidation current and reduction peaks was noted, by 284 µA and 206 µA, respectively,
compared to the unmodified FTO electrode. The further process of surface silanization with
OTMS increases the peak separation up to 832 mV, with an approximately 50% reduction
in the current response intensity (Figure 2D). This clearly shows that this redox reaction at
the FTO/OTMS electrode (72 h) was blocked due to the formation of highly ordered and
well-packed self-assembled OTMS layers with low defect density. The moderate blocking
effect for the shorter deposition time can be attributed to the formation of a layer with
more holes and defects, allowing electron tunneling. The recorded changes confirm that
the extent of blocking is different for each modification, which depends primarily on the
nature and the method of layer formation, and, thus, on the chemical structure formed on
the electrode surface.

3.2. Double-Alkoksysilane Modification

The differences observed for the APTMS- and OTMS-modified electrodes prompted
us to synthesize the systems resulting from the action of a silane solution with two alkoxysi-
lanes at the same time. The analysis of the impedance spectra shows that the deposition time
is the decisive factor in the final surface properties of the modified FTO/APTMS_OTMS
electrode. The Nyquist plot shows two different curves, depending on the duration of
the FTO electrode silanization process (Figure 3A). The tendency of the changes is com-
pletely different compared to the previously described FTO/APTMS and FTO/OTMS
modifications. After 16 h of deposition, the shape of the impedance spectrum corresponds
to the characteristics of the FTO/APTMS electrodes, while after 72 h, it is similar to the
FTO/OTMS electrodes. These changes are reflected in the Rct values. Initially, the resis-
tance slightly decreases to 55 Ω and then increases sharply after the next modification,
up to 22.5 kΩ (Table 3). In the case of the modification of FTO/APTMS_OTMS (72 h),
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due to the shape of the Nyquist plot, a different model of the equivalent circuit, R(QR),
was used, disregarding the Warburg impedance representing the diffusion element. In
the case of the FTO/APTMS_OTMS (16 h) electrode, the Q value is close to the electrical
capacity of the output electrode. The parameters Rct and Q suggest that the cross-linking
of the material takes place in a shorter time than in the longer layer-formation process.
Thus, extending the modification time may lead to secondary changes on the electrode
surface. Again, the results obtained from the EIS measurements correlate with the CV re-
sults (Figure 3B). The difference in the potential of the oxidation and reduction peaks of the
system [Fe(CN)6]3−/4− for the FTO/APTMS_OTMS (72 h) modification is 1.19 V, where in
the case of a shorter deposition time, the value of ∆E oscillates around 0.26 V. Together with
an increase in the separation of peaks, there is also a dramatic decrease in the intensities of
the current response. The intensity of the current for the anode and cathode response for the
FTO/APTMS_OTMS electrode (72 h) is three times lower than for the FTO/APTMS_OTMS
(16 h) or FTO (Table 3). Hence, the longer deposition of the APTMS and OTMS mixture
causes the reorganization of the ordered structure, leading to the formation of a steric
hindrance for the access of [Fe(CN)6]3−/4− ions to the electrode surface.
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Figure 3. Graph of the Nyquist (A) and cyclic voltammetry (B) values obtained for the modified
FTO/APTMS_OTMS electrodes after different deposition times (16 h, 72 h), recorded in a 0.5 M
aqueous solution of KCl (EIS) and Na2SO4 (CV), containing a 5 mM redox system [Fe(CN)6]3−/4−.

The specific electrochemical behavior of the FTO/APTMS_OTMS electrodes prompted
us to change the conditions of the experiment. The mixed silane layer has re-formed, but
this is now as a result of the two-step surface modification of the FTO electrode (Figure 4).
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Figure 4. Graphs of the Nyquist (A,B) and cyclic voltammetry (C,D) values obtained for modi-
fied electrodes as a result of two-stage FTO/APTMS/OTMS (A,C) and FTO/OTMS/APTMS (B,D)
silanization, after different time depositions (16 h, 72 h), recorded in a 0.5 M aqueous solution of KCl
(EIS) and Na2SO4 (CV), containing a 5 mM redox system [Fe(CN)6]3−/4−.

3.3. Two-Step Mixed Alkoksysilane Modification

APTMS and OTMS monosubstrate-modifying solutions were used for the silanization
process. We obtained two new electrodes—FTO/APTMS/OTMS and FTO/OTMS/APTMS
—using a different order of alkoxysilane deposition. Based on our expectations, the materials
modified in this way should show similar conductive properties to the FTO/APTMS_OTMS
electrode. It would seem that, regardless of the order of deposited alkoxysilanes, the
obtained layers will have an almost identical surface structure and, consequently, the resis-
tance to charge transfer at the electrode/solution interface will be at the same level. The
obtained results undoubtedly contradict the expected results. Regardless of the duration of
the silanization process, the electrochemical properties of the resulting layers depend essen-
tially on the second deposition step. Despite the fact that a mixed layer of silanes is formed
on the surface of the FTO electrode, we observed the dominance of one of the silanes in the
impact on the new structural features. In this respect, this effect is comparable to the elec-
trodes obtained as a result of the action of the alkoxysilane mixture (FTO/APTMS_OTMS),
where the deposition time was decisive for the predominant proportion of one of the compo-
nents. On the other hand, for the electrodes obtained at certain stages (FTO/APTMS/OTMS
and FTO/OTMS/APTMS), this fact was determined by the substrate participating in the
second stage of silanization, as can be concluded based on the electrochemical parameters of
the monosubstrate electrodes (FTO/APTMS and FTO/OTMS). Depending on which of the
silanes was applied last (APTMS or OTMS), the values of Rct, Q, and ∆E are, respectively,
lower or higher than for the one-component modifications (FTO/APTMS or FTO/OTMS)
(Table 3). Thus, in the case of the FTO/APTMS/OTMS (16 h) modification, a greater share of
the silane layer is attributed to long octyl chains (Figure 4A). The Rct value for this surface is
336.2 Ω, which is only 90.2 Ω lower than the monosubstrate derivative, FTO/OTMS (16 h).
This change is influenced by the presence of aminopropyl groups on the surface, which
lowers the charge transfer resistances while increasing the capacity of the double layer.
APTMS seems to be responsible for organizing the newly formed structure on the surface of
the FTO electrode, marking the places where OTMS can be deposited, which determines the
lipophilic nature of the surface. For the second modification of FTO/OTMS/APTMS (16 h),
the effect of double silanization is different (Figure 4B). Despite the two-stage process, the
conductive properties of this electrode are comparable to the FTO/OTMS electrode (16 h).
The resistance value is about 440 Ω, which confirms the similarity to the monosubstrate
derivative (FTO/OTMS (16 h)). However, the Q value indicates that APTMS contributes,
to some degree, to forming this structure, although this is not evident in the Rct value.
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It is probable that a well-organized OTMS layer blocks access to the free places on the
electrode surface. The APTMS molecules are not able to overcome this steric hindrance
within 16 h and settle on the surface, between the OTMS chains. Nevertheless, the analysis
of impedance spectra confirms this thesis because a longer silanization time significantly
reduces the surface resistance by about 340 Ω, which proves the reorganization of the
structure. Depositing the APTMS particles on the electrode surface increases their share in
the newly formed structure, thus lowering the charge transfer resistance. The effect of the
denser packing of silanes on the FTO/OTMS/APTMS electrode surface (72 h) confirms the
lower capacity of the double layer, compared to the Q value, after 16 h of deposition. In
contrast to the FTO/APTMS/OTMS electrode (72 h), we observed an increase in the charge
transfer resistance for the model system [Fe(CN)6]3−/4− from 336 to 1664 Ω and a decrease
in the double layer capacitance, which confirms the increasing share of OTMS in blocking
the surface. Undoubtedly, the impedance results correlate with the CV measurements
(Figure 4C,D). The ∆E value represents the above-described electrochemical properties
of the obtained electrodes. For the FTO/APTMS/OTMS electrode, the ∆E value almost
doubled with increasing deposition time, while for the FTO/OTMS/APTMS modification,
we observed a twofold decrease in the ∆E value (Table 3).

Apart from the deposition time of alkoxysilanes, the temperature is undoubtedly
another factor influencing the effectiveness of the silanization process. It has been proven
that by increasing the reaction temperature, we can simultaneously reduce the deposition
time. APTMS and OTMS monosubstrate silanizing solutions were again selected for
modification, under changed process conditions. By increasing the temperature to 50 ◦C
and reducing the deposition time to 30 min, two new electrodes were obtained, namely,
FTO/APTMS (0.5 h) and FTO/OTMS (0.5 h). The EIS and CV measurements recorded
for the new layers were analogous to those obtained after the longer deposition times
of APTMS and OTMS (72 h) at room temperature. This proves that the electrochemical
properties of the newly formed structures are comparable with those of the FTO/APTMS
(72 h) and FTO/OTMS (72 h) electrodes. However, the silanization process in this case is
more difficult to control. By simultaneously selecting two variable deposition parameters
(time and temperature), from which the resulting structure is conditioned, we do not have
the guarantee of obtaining the same defined electrode surface each time. Therefore, we
decided to keep the modification at room temperature by changing only the deposition
time of the silanes.

The tests showed that the silanized electrode materials were characterized by differ-
ent stability levels over time. The electrochemical parameters that we took into account
were the surface resistance and the reversibility of the redox process. The example of the
FTO/APTMS electrode (Figure 5A,B) shows that 6 days after modification, the surface
resistance increases significantly, as well as the separation between the oxidation and reduc-
tion peaks. In the case of electrodes where OTMS dominates in the structure (Figure 5C,D),
this effect could already be noticed on the second day. Due to the fact that the observed
changes were significant, we did not set any threshold values, but all tests for the newly
formed layers, as well as the subsequent stages of synthesis on the surface, were performed
immediately after the deposition process, meaning that the measurement conditions were
identical for each electrode.

3.4. Wettability

For further characterization, we investigated the wettability of the electrodes modified
with alkoxysilanes used for electrochemical tests. The FTO electrodes that were modified
with APTMS, PTMS (aliphatic APTMS), and OTMS were measured by means of the contact
angle measurements, as shown in Figure 6.
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Figure 5. Graphs of Nyquist (A,C) and cyclic voltammetry (B,D) obtained for modified electrodes as
a result of two-stage FTO/OTMS/APTMS (A,B) silanization and one-stage FTO/OTMS (C,D) after
different time of storage (1–6 days), recorded in a 0.5 M aqueous solution of KCl (EIS) and Na2SO4

(CV) containing a 5 mM redox system [Fe(CN)6]3−/4−.
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Figure 6. Pictures of the water contact angle (WCA) measurements of modified FTO/APTMS,
FTO/PTMS, and FTO/OTMS electrodes.

The contact angle (WCA) value for the unmodified FTO electrode is approximately
56◦. The hydroxyl groups formed as a result of activation (oxidation) of the substrate are re-
sponsible for the hydrophilic nature of the surface. Based on the FTO/APTMS, FTO/PTMS,
and FTO/OTMS modifications, we observed that the contact angle changed depending on
the structure of the formed silane layer. For the FTO/APTMS electrode, the angle value
decreased to 53◦, but for the FTO/PTMS and FTO/OTMS electrodes, the value increased
significantly to 71◦ and 90◦, respectively. The FTO/OTMS surface shows a higher WCA
value than the FTO/PTMS, due to the presence of long aliphatic chains in the structure.
On the surface, highly ordered self-assembling OTMS layers with low defect density are
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formed, giving the electrode a hydrophobic character. Undoubtedly, the FTO/PTMS elec-
trode also has more hydrophobic properties than the FTO/APTMS. In turn, the presence of
an amino group in the side chain of the alkoxysilane (FTO/APTMS) completely changes the
surface properties of the electrode. Compared to its alkyl derivative (FTO/PTMS), it has a
lower angle value, which proves the good wettability of the FTO/APTMS electrode surface.
The obtained values of the contact angles are close to the values reported in the literature,
even in relation to the alkoxysilane layers formed on other electrode substrates [24,48,49].
However, it should be remembered that the wettability of the surface strongly depends on
the nature of the formed silane layer, and, thus, on the conditions in which it was formed,
which may cause discrepancies in the given angle values [50].

4. Conclusions

Based on the EIS and CV measurements, we assessed the operating time of the mod-
ified FTO electrodes, from which one can conclude that the electrochemical parameters
of the new materials change over time. The FTO/APTMS and FTO/OTMS/APTMS elec-
trodes show the highest reproducibility of results. Regardless of the deposition time, these
electrodes are electrochemically stable for about two days, which suggests that the dom-
inant share of APTMS in the newly formed layers extends the life of the electrode. In
the case of other electrodes where the structure is dominated by OTMS, it is necessary
to immediately perform planned measurements or the subsequent modification stages
immediately after silanization, because their electrochemical parameters change over time.
In turn, the stability of the FTO/APTMS_OTMS electrode depends upon the timeframe of
silane deposition. A greater dispersion of the measurement results was noted for a longer
modification time. In contrast, the FTO/APTMS_OTMS electrode surface (16 h) is reactive
for two days. Slight differences in the stability of the resulting structures suggest that the
silanized FTO electrodes should not be stored. All tests for the newly formed layers, as well
as the subsequent stages of synthesis on the surface, should be performed immediately
after the deposition process [51].

The discussion of the results found in the course of the conducted research allows for
the conclusion that deposition time plays a key role in the formation of self-organizing silane
layers. A longer silanization process leads to a reorganization of the structure. Consequently,
the newly formed structure causes the layer to have new properties that differ from the
intermediate and initial properties. Apart from the interaction time of the silanizing
solution with the surface of the FTO electrode, it is also important whether the solution
is monocomponent or binary. In the case of two-step modification with alkoxysilanes,
the electrochemical properties of the modified surfaces depend on the second deposition
step. Comparing the values of Rct and Q, we can state that the best predisposition to
create an ordered SAM structure was shown by the APTMS one-component solution. In
turn, the FTO/APTMS_OTMS electrode (72 h) (Figure 7) showed the greatest blocking
effect for the electrochemical process of the redox system [Fe(CN)6]3−/4−. Taking into
account the shorter time of the silanization process, the charge transfer resistance at the
electrode/solution interface increased in the order:
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layers of organosilane molecules, enables the fine-tuning of their hydrophobic/hydrophilic
properties by controlling the side chain length and the nature of the molecule.

This research confirms the high efficiency of the silane groups’ deposition on FTO
glass substrates. By selecting the appropriate alkoxysilanes, one can control the surface
properties of the electrode materials and, thus, regulate the electron transfer process at the
electrode/solution interface.
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Abstract: This study outlines the fabrication process of an electrochemical platform utilizing glassy
carbon electrode (GCE) modified with multi-walled carbon nanotubes (MWCNTs) and palladium
nanoparticles (PdNPs). The MWCNTs were applied on the GCE surface using the drop-casting
method and PdNPs were produced electrochemically by a potentiostatic method employing var-
ious programmed charges from an ammonium tetrachloropalladate(II) solution. The resulting
GCEs modified with MWCNTs and PdNPs underwent comprehensive characterization for topo-
graphical and morphological attributes, utilizing atomic force microscopy and scanning electron
microscopy along with energy-dispersive X-ray spectrometry. Electrochemical assessment of the
GCE/MWCNTs/PdNPs involved cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy conducted in perchloric acid solution. The findings revealed even dispersion of PdNPs,
and depending on the electrodeposition parameters, PdNPs were produced within four size ranges,
i.e., 10–30 nm, 20–40 nm, 50–60 nm, and 70–90 nm. Additionally, the electrocatalytic activity toward
formaldehyde oxidation was assessed through CV. It was observed that an increase in the size of the
PdNPs corresponded to enhanced catalytic activity in the formaldehyde oxidation reaction on the
GCE/MWCNTs/PdNPs. Furthermore, satisfactory long-term stability over a period of 42 days was
noticed for the GCE/MWCNTs/PDNPs(100) material which demonstrated the best electrocatalytic
properties in the electrooxidation reaction of formaldehyde.

Keywords: electrocatalysis; atomic force microscopy; scanning electron microscopy; voltammetry;
electrochemical impedance

1. Introduction

Depleting reserves of fossil fuels, coupled with their negative environmental impact
on one hand and increased demand for bioenergy and biofuels on the other, have prompted
the exploration of new electrochemical platforms with extensive applications in fuel cells,
catalysts, and electrochemical sensors. A specific emphasis is placed on the electrocat-
alytic oxidation of small organic compounds, including methanol, ethanol, isopropanol,
formaldehyde, or formic acid, on various modified electrodes. This is due to their potential
as electron donors in fuel cells, enabling the creation of high-power density systems [1].
Although direct applicability of formaldehyde in fuel cells is limited, its electrochemical
oxidation plays a crucial role in understanding methanol oxidation, where formaldehyde
serves as an intermediate [2]. Moreover, owing to the toxicity of formaldehyde and associ-
ated health risks, including chronic inflammation, vomiting, seizures, fetal development
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problems, cardiovascular diseases, and cancer [3–7], the detection and monitoring of its
presence are of high importance.

Various electrochemical platforms, employing metals such as platinum, rhodium,
nickel, and palladium as key components, have been utilized for the study of formaldehyde
electrooxidation and detection [1,8–20]. Pd is particularly intriguing due to its distinctive
physicochemical properties, especially its electrochemical attributes, ascribed to weak inter-
metallic bonds within the crystal lattice [21]. In addition, Pd demonstrates high stability
and a remarkable tolerance to CO, which is formed as a byproduct during the oxidation
of formaldehyde [22]. Unique catalytic properties of Pd contribute to its widespread use
in both heterogeneous and homogeneous catalysis [23]. Pd serves as a catalyst in diverse
processes, including the hydrogenation of alkene to alkanes and the oxidation of various
organic compounds, with applications in both liquid and gaseous phases [24–28]. Addi-
tionally, it plays a crucial role in environmental technologies, acting as a catalyst for the
combustion of petroleum products in automobile engines, facilitating hydrogenation reac-
tions, and serving as a precursor in metallization processes for non-metallic materials such
as fiberglass and ceramics used in electronics [29–31]. The versatility of Pd extends to its use
in various types of sensors [32–40]. The production of Pd nanoparticles (PdNPs) employs
various methods, encompassing physical techniques like physical vapor deposition and
magnetron sputtering, chemical methods such as chemical vapor deposition and chemical
reduction of metal ions, as well as electrochemical deposition [38,41,42].

It is important to emphasize that the choice of substrate onto which PdNPs are de-
posited significantly influences the effectiveness of its electrocatalytic activity. One such
substrate is carbon, which plays a crucial role as the foundation for fuel cells, catalysts, and
electrodes, highlighting its wide application in the field of energy and chemical processes.
From an electrochemical perspective, the primary and preferred electrode material is glassy
carbon (GC), renowned for its unique properties, including high electrical and thermal
conductivity, hardness, resistance to extreme temperatures and chemicals, and stability at
various polarization potentials [43–46]. To enhance existing properties or discover new
ones for glassy carbon electrode (GCE), various modifications are applied using different
techniques and materials. Carbon nanomaterials, known for their unique properties, are
often employed for these modifications. They not only increase the surface area but also
provide a substructure/substrate for subsequent materials used in the modification of
electrochemical platforms. Carbon nanotubes (CNTs), specifically single- or multi-walled
structures (SWCNTs or MWCNTs), are commonly used as carbon nanomaterials for sur-
face modification [47–50] due to their unique features such as large specific surface area,
high electrical and thermal conductivity, and substantial high mechanical strength [51].
Despite the superior properties of CNTs, they do not exhibit electrocatalytic activity toward
formaldehyde oxidation; therefore, further modifications are required [52].

To date, the modification of CNTs with PdNPs to obtain a CNT/PdNP compos-
ite has been achieved through various methods, including chemical reduction of Pd(II)
ions with sodium borohydride [13,53], formaldehyde [52,54], and sodium citrate in an
ethylene glycol solution [55]. Other techniques involve the thermal decomposition of
palladium acetate [39], RF magnetron sputtering [56], and electrochemical reduction of
the MWCNT/lignosulfonate–Pd2+ composite [57]. However, these methods are time-
consuming and involve multiple steps that are challenging to control, consequently affect-
ing the final properties and the cost of the obtained electrode materials. As an alternative,
one can propose an approach employing the electrochemical reduction of Pd(II) ions with
charge control, offering full and precise control over the production of PdNPs, overcoming
the challenges associated with time-consuming and complex procedures.

The objective of this work is to create an electrochemical platform of GCE/MWCNTs/
PdNPs that exhibits improved electrocatalytic properties through the synergistic effect
of MWCNTs and PdNPs. Significantly, the focus extends beyond the creation of the
platform. This research places crucial importance on understanding and refining the
straightforward electrochemical procedure of PdNP production, emphasizing controlled
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and precise nanoparticle synthesis. Additionally, the study aims to comprehensively
characterize the morphology, topography, and elemental composition of the surfaces of
the fabricated platforms, along with assessing their electrochemical and electrocatalytic
properties in the electrooxidation reaction of formaldehyde.

2. Materials and Methods
2.1. Chemical Reagents

All reagents utilized in the experiments were of analytical purity and did not undergo
additional purification processes. Solutions were prepared using triple-distilled water. The
following solutions were employed for the measurements:

- hydrochloric acid solution (HCl, 35–38%, Avantor Performance, Gliwice, Poland)
at a concentration of 0.1 mol L−1, containing ammonium tetrachloropalladate(II)
((NH4)2PdCl4, Ventron GMBH, Karlsruhe, Germany) at a concentration of
1.0 mmol L−1;

- perchloric acid solution (HClO4, 95%, Avantor Performance) at a concentration of
0.1 mol L−1 both without and with the addition of formaldehyde (HCHO, 37%, Avan-
tor Performance) at a concentration of 0.1 mol L−1.

Prior to each measurement, the solutions underwent deoxygenation using argon with
a rating of 5.0 (Linde Gaz Poland, Kraków, Poland).

2.2. Preparation of Electrodes

Six types of working electrodes were employed in the study, i.e., a glassy carbon
electrode (GCE, diameter of 3 mm, L-Chem, Horka nad Moravou, Czechia), a GCE modified
with multi-walled carbon nanotubes (GCE/MWCNTs), and four modified variations of
GCE/MWCNTs containing different amounts of PdNPs (GCE/MWCNTs/PdNPs).

The preparation of the GCE surface involved manual polishing on felt using an
aqueous Al2O3 suspension (ATM GMBH, Blieskastel, Germany) with a grain size of 0.3 µm.
Following this, the electrode surface was rinsed with triple-distilled water, underwent a
5 min cleaning cycle in an ultrasonic cleaner, and was finally dried under an argon stream.

For the preparation of a GCE modified with MWCNTs (>95%, diameter 8–9 nm,
length 5 µm, Sigma-Aldrich, Poznań, Poland) by the drop-drying method, a suspension
of the MWCNTs in dimethylformamide (DMF, 99.8%, Avantor Performance, Gliwice,
Poland) at a concentration of 0.5 mg L−1 was used. For this purpose, 5 µL of the MWCNT
suspension was dropped onto the surface of the GCE and then the coated electrode was
dried for 24 h, enabling the formation of a durable MWCNT layer. The GCE/MWCNTs
underwent subsequent modification with PdNPs via electrochemical deposition from a
0.1 mol L−1 hydrochloric acid solution containing 1.0 mmol L−1 (NH4)2PdCl4. The PdNP
synthesis was carried out using the coulometric method at a constant polarization potential,
applying programmed and defined charge values of −5, −20, −50, and −100 mC. The
deposition potential of 0.1 V ensured that the charge flowing during electrolysis was solely
associated with the reduction reaction of Pd(II) ions to metallic Pd. Following the PdNP
deposition process, each of the resulting GCE/MWCNTs/PdNPs underwent rinsing with
triple-distilled water and drying using an argon stream. This procedure generated four
variations of GCE/MWCNTs/PdNPs, each featuring different PdNPs contents, denoted as
GCE/MWCNTs/PdNPs(5), GCE/MWCNTs/PdNPs(20), GCE/MWCNTs/PdNPs(50) and
GCE/MWCNTs/PdNPs(100), containing 0.3, 1.1, 2.8, and 5.5 µg of metallic Pd, respectively
(the mass of Pd was calculated based on Faraday’s laws).

2.3. The Research Methodology

The research strategy involved two primary approaches. The first approach focused on
analyzing the topography and surface morphology of the working electrodes, along with
elemental analysis of the fabricated GCE/MWCNTs/PdNPs. Characterization of the work-
ing electrodes involved atomic force microscopy (AFM) and scanning electron microscopy
(SEM) coupled with energy dispersive X-ray spectrometry (EDX). AFM analyses were
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conducted utilizing a Dimension Icon system (Bruker, Santa Barbara, CA, USA), employing
the intermittent contact method (tapping mode). A commercial TESPA V2 silicon probe
(Bruker, Santa Barbara, CA, USA) with a nominal spring constant of 42 N m−1 and a reso-
nance frequency of 320 kHz served as the AFM probe. SEM measurements were performed
using a FEI Nova NanoSEM 450 microscope (FEI, Hillsboro, OR, USA), equipped with
an electron gun with thermal field emission (Schottky emitter). SEM measurements were
conducted with an accelerating voltage of 10 kV using a through-the-lens detector (TLD).
Elemental surface composition was determined from EDX spectra collected with an EDX
analyzer (Ametek Inc., Berwyn, PA, USA).

The second approach involved conducting an electrochemical evaluation of the work-
ing electrodes. This encompassed their characterization in a HClO4 solution using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS), as well as deter-
mining the electrocatalytic properties of GCE/MWCNT/PdNPs in the formaldehyde
electrooxidation process. All electrochemical tests were carried out in a 15 mL electrochem-
ical cell using a classic three-electrode configuration, where the working electrode was
either GCE, GCE/MWCNTs, or GCE/MWCNTs/PdNPs with varying PdNPs contents, a
silver chloride electrode (Ag|AgCl in 3 mol L−1 KCl solution, Mineral, Łomianki-Sadowa,
Poland) served as the reference electrode, while a platinum wire (99.99%, The Mint of
Poland, Warsaw, Poland) was used as an auxiliary electrode. All potential values in this
work are referenced to Ag|AgCl. The electrochemical measurements were conducted using
a PGSTAT 128 N potentiostat/galvanostat (Metrohm AUTOLAB B.V., Utrecht, The Nether-
lands), equipped with a frequency response module (FRA2) for electrochemical impedance
spectroscopy measurements. Additionally, an M164 type electrode stand (MTM Anko
Instruments, Kraków, Poland) was employed. The cyclic voltammograms were recorded in
HClO4 solution, in both the presence and absence of formaldehyde, using a scan rate of
100 mV s−1. The EIS spectra were obtained over a frequency range of 10,000–0.01 Hz with
an amplitude of 10 mV and 50 measuring points.

3. Results
3.1. Microscopic Characterization of the Working Electrodes

The assessment of topography and surface morphology for each type of working
electrode, along with additional elemental analysis for GCE/MWCNTs/PdNPs with var-
ious PdNPs content, was conducted at three randomly selected places on the electrode
surface. Figure 1 displays representative images depicting surface topography (AFM)
and surface morphology (SEM) for the GCE and the GCE/MWCNTs, while Figure 2
presents AFM and SEM images of GCE/MWCNTs modified with different PdNPs contents
(GCE/MWCNTs/PdNPs(5), GCE/MWCNTs/PdNPs(20), GCE/MWCNTs/PdNPs(50),
and GCE/MWCNTs/PdNPs(100)).

The findings from both AFM and SEM images reveal distinct differences in surface
topography and morphology among the examined electrodes. Notably, the unmodified
GCE (Figure 1A) displays slight surface irregularities, probably stemming from polishing,
evident as small scratches with depths measuring a few nanometers. At higher magnifica-
tions, the fine-grained structure of the GCE surface becomes evident. Moreover, the GCE
surface appears homogeneous and clean.

In the case of GCE/MWCNTs (Figure 1B), the surface of the GCE appears to be entirely
covered with multi-walled carbon nanotubes (MWCNTs) that are bent and intertwined.
Additionally, areas containing a higher quantity of carbon nanotubes forming aggregates
can be observed. The generated layer of MWCNTs on the surface of the glassy carbon
electrode leads to a significant increase in surface area, as indicated by the height scale in
the AFM images.
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Figure 1. AFM (10 µm2 and 1 µm2 scanning areas) and SEM images (magnitude 100,000×) of the (A) 
GCE, (B) GCE/MWCNTs, (C) GCE/MWCNTs/PdNPs(5), (D) GCE/MWCNTs/PdNPs(20), (E) 
GCE/MWCNTs/PdNPs(50), and (F) GCE/MWCNTs/PdNPs(100) surfaces. Insets display EDX spec-
tra for the electrodes with PdNPs. 

Figure 1. AFM (10 µm2 and 1 µm2 scanning areas) and SEM images (magnitude 100,000×) of
the (A) GCE, (B) GCE/MWCNTs, (C) GCE/MWCNTs/PdNPs(5), (D) GCE/MWCNTs/PdNPs(20),
(E) GCE/MWCNTs/PdNPs(50), and (F) GCE/MWCNTs/PdNPs(100) surfaces. Insets display EDX
spectra for the electrodes with PdNPs.
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Figure 2. Cyclic voltammograms (scan rate of 100 mV s−1) recorded in 0.1 mol L−1 HClO4 solution for 
(A) the GCE and GCE/MWCNTs, as well as (B) the GCE/MWCNTs/PdNPs. 
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SEM and AFM images of the GCE/MWCNTs/PdNPs (Figure 1C–F) clearly illustrate 
both CNTs and electrodeposited PdNPs on the surface. In the case of 
GCE/MWCNTs/PdNPs(5) (Figure 1C), where the smallest amount of Pd (0.3 µg) was de-
posited, visible PdNPs measuring between 10 nm to 30 nm are observed. With a larger 
amount of deposited Pd (1.1 µg) on the GCE/MWCNTs/PdNPs(20), larger and more 
densely packed PdNPs are formed (Figure 1D), ranging from 20 nm to 40 nm. Following 
the deposition of 2.8 µg and 5.5 µg of Pd, subsequent AFM and SEM images of the 
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demonstrate the formation of even larger PdNPs. In the case of 
GCE/MWCNTs/PdNPs(50), the PdNPs measure between 50 nm and 60 nm, while for 
GCE/MWCNTs/PdNPs(100), their size ranges from 70 nm to 90 nm. 

Analysis of the results indicates that the nucleation and further growth of PdNPs are 
prominently observed during the initial stages of electrodeposition, primarily occurring 
on CNTs until they are fully coated. Subsequent electrodeposition processes primarily 
contribute to the enlargement of these nanoparticles. The applied procedure of electro-
chemical generation of PdNPs leads to obtaining nanoparticles that should be considered 
as larger particles than clusters [58]. 

To analyze the surfaces of the tested electrodes using AFM images with scanning 
areas of 1 µm2, topographic parameters were determined utilizing the AFM image analy-
sis program NanoScope Analysis v. 1.50 (Bruker). These parameters included real surface 
area (Sr; derived from AFM images), surface area difference (SAD; ratio of the geometric 
surface area (scanning area) to the surface area obtained from three-dimensional (3D) 
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Figure 2. Cyclic voltammograms (scan rate of 100 mV s−1) recorded in 0.1 mol L−1 HClO4 solution
for (A) the GCE and GCE/MWCNTs, as well as (B) the GCE/MWCNTs/PdNPs.

SEM and AFM images of the GCE/MWCNTs/PdNPs (Figure 1C–F) clearly illustrate
both CNTs and electrodeposited PdNPs on the surface. In the case of GCE/MWCNTs/
PdNPs(5) (Figure 1C), where the smallest amount of Pd (0.3 µg) was deposited, visible
PdNPs measuring between 10 nm to 30 nm are observed. With a larger amount of deposited
Pd (1.1 µg) on the GCE/MWCNTs/PdNPs(20), larger and more densely packed PdNPs
are formed (Figure 1D), ranging from 20 nm to 40 nm. Following the deposition of 2.8 µg
and 5.5 µg of Pd, subsequent AFM and SEM images of the GCE/MWCNTs/PdNPs(50)
(Figure 1E) and GCE/MWCNTs/PdNPs(100) (Figure 1F) demonstrate the formation of
even larger PdNPs. In the case of GCE/MWCNTs/PdNPs(50), the PdNPs measure between
50 nm and 60 nm, while for GCE/MWCNTs/PdNPs(100), their size ranges from 70 nm to
90 nm.

Analysis of the results indicates that the nucleation and further growth of PdNPs are
prominently observed during the initial stages of electrodeposition, primarily occurring on
CNTs until they are fully coated. Subsequent electrodeposition processes primarily con-
tribute to the enlargement of these nanoparticles. The applied procedure of electrochemical
generation of PdNPs leads to obtaining nanoparticles that should be considered as larger
particles than clusters [58].

To analyze the surfaces of the tested electrodes using AFM images with scanning
areas of 1 µm2, topographic parameters were determined utilizing the AFM image analysis
program NanoScope Analysis v. 1.50 (Bruker). These parameters included real surface area
(Sr; derived from AFM images), surface area difference (SAD; ratio of the geometric surface
area (scanning area) to the surface area obtained from three-dimensional (3D) AFM images,
expressed as a percentage), root mean square roughness coefficient (Rq; the mean square
deviation between points on the tested surface and those on the optimal plane), average
roughness coefficient (Ra; the arithmetic mean values of absolute deviations between points
on the tested surface and those on the optimal plane), and the maximum height (Rmax; the
vertical distance between the highest and lowest data points on the tested surface area after
to the plane fit operation). The values of these parameters are detailed in Table 1.

Upon analyzing the determined topographic parameters outlined in Table 1, it is
evident that the application of MWCNTs onto the GCE surface amplified all its topographic
parameters. The roughness coefficients, Rq and Ra, underwent a 10-fold increase, while the
SAD escalated by almost 40 times. The deposition of a small quantity of PdNPs, specifically
0.3 and 1.1 µg, reduced the topographic parameters compared with the GCE/MWCNTs.
This occurred due to the partial filling of holes (gaps) between entangled nanotubes by the
PdNPs, resulting in a partial smoothing of the surface. However, the deposition of larger
amounts of Pd led to an increase in topographic values that is attributed to the formation
of progressively larger PdNPs on the surface of the GCE/MWCNTs (Figure 1E,F). It can be
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stated that the deposition of Pd under the conditions applied by us leads to the formation
PdNPs of various sizes, which can be easily controlled by adjusting the value of the charge
during electrodeposition.

Table 1. Determined topographic parameters characterizing the surface of the tested electrodes for
scanning areas of 1 µm2.

Electrodes Sr
(µm2)

SAD
(%)

Rq
(nm)

Ra
(nm)

Rmax
(nm)

GCE 1.02 2.3 2.4 1.9 20.8
GCE/MWCNTs 1.89 88.9 25.9 20.3 204
GCE/MWCNTs/PdNPs(5) 1.51 50.7 29.9 23.1 241
GCE/MWCNTs/PdNPs(20) 1.48 48.2 26.7 20.8 218
GCE/MWCNTs/PdNPs(50) 1.89 88.5 51.0 40.8 304
GCE/MWCNTs/PdNPs(100) 1.81 81.2 49.2 39.2 308

Additionally, elemental analysis was performed for the GCE/MWCNTs/PdNPs to
confirm that the presence of PdNPs and to determine the Pd content using a standard-free
quantitative analysis. The outcomes of the quantitative elemental composition for each of
the GCE/MWCNTs/PdNPs are detailed in Table 2.

Table 2. Quantitative elemental composition for each of the GCE/MWCNTs/PdNPs.

Electrodes
Mass Content (%)

C(K) Pd(L)

GCE/MWCNTs/PdNPs(5) 90.15 9.85
GCE/MWCNTs/PdNPs(20) 72.99 27.01
GCE/MWCNTs/PdNPs(50) 28.29 71.71
GCE/MWCNTs/PdNPs(100) 11.32 88.48

3.2. Electrochemical Characterization of the Working Electrodes

Cyclic voltammograms for each electrode were recorded in a 0.1 mol L−1 HClO4
solution, spanning a potential range from +0.1 V to +1.4 V, using a potential scan rate of
100 mV s−1 (Figure 2).

As can clearly be seen from Figure 2A, the CV voltammograms for both the GCE
and GCE/MWCNTs display similar characteristics, without distinct current peaks. The
considerably higher current values for the GCE/MWCNTs stem from the increased capacity
at the electrode–solution interface. This augmentation results from the application of the
MWCNT layer onto the relatively smooth GCE surface, leading to a significant surface
development. The initial increase in the anodic current at a potential around +1.4 V
correlates with the oxygen evolution reaction. However, the CV voltammograms for
GCE/MWCNTs/PdNPs exhibit a markedly different profile compared with the GCE and
GCE/MWCNTs (Figure 2B). This divergence in shape is directly linked to the presence
of PdNPs. The increase in the anodic current observed from a potential of approximately
+0.6 V corresponds to the oxidation of PdNPs. The electrooxidation process of Pd is intricate
and can manifest through diverse pathways [14,15]. Principally, this process involves the
passivation of Pd, leading to the formation of Pd(II) oxide (PdO). Concurrently, the cathodic
peak detected at a potential ranging from +0.47 to +0.45 V relates to the reduction of PdO
previously formed during the scanning in the anodic direction. Notably, an increase in the
Pd quantity on the electrodes correlates with amplified peak currents, corresponding to the
electrooxidation of Pd and the subsequent electroreduction of PdO.

Subsequently, the EIS measurements were carried out within a frequency range of
10,000–0.01 Hz with a signal amplitude of 10 mV. The results of EIS measurements, depicted
as Nyquist plots, are presented in Figure 3. The obtained EIS characteristics reveal a reduc-
tion in impedance following each modification of the GCE. The GCE/MWCNTs exhibited
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an impedance value of 1.7 × 105 Ω cm2 at the lowest frequency (10 mHz), notably one order
of magnitude lower than the impedance value for the unmodified GCE (1.3 × 106 Ω cm2).
However, for GCE/MWCNTs/PdNPs, the electrode resistance decreased with increasing
Pd content. The impedance value for the GCE/MWCNTs/PdNPs(5) at 10 mHz was equal
to 1.6 × 105 Ω cm2, decreasing to 2.9 × 104 Ω cm2 for the GCE/MWCNTs/PdNPs(100).
This decrease in electrode impedance value indicates increased electrochemical activity, and
the reduction–oxidation processes are anticipated to occur more readily on the electrode.
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Figure 3. Impedance characteristics (Nyquist plots) recorded in 0.1 mol L−1 HClO4 solution for the
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10 mV, 50 measuring points).

3.3. The Electrocatalytic Activity of Each Electrode in the Process of Formaldehyde Oxidation

The evaluation of the electrocatalytic activity of each of the GCE/MWCNTs/PdNPs
with various amounts of deposited Pd was conducted using CV in a 0.1 mol L−1 HClO4
solution containing formaldehyde at a concentration of 0.1 mol L−1. The recorded cyclic
voltammograms spanning the potential range from +0.1 V to +1.4 V with a potential scan
rate of 100 mV s−1 are presented in Figure 4A for GCE and GCE/MWCNTs and in Figure 4B
for GCE/MWCNTs/PdNPs.
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As evident from Figure 4A, the shape of the cyclic voltammograms for the GCE and
GCE/MWCNTs remain consistent with those in the HClO4 solution without formaldehyde
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(Figure 2A). In both cases, no current peaks are visible within the tested potential range,
indicating the inactivity of these electrodes toward the electrooxidation of formaldehyde.
In the presence of MWCNTs, the electrode surface becomes more developed resulting in an
increase capacitive current. However, for the GCE/MWCNTs/PdNPs, there is a distinct
difference in the shapes of the cyclic voltammograms (Figure 4B). Cyclic voltammograms for
the GCE/MWCNTs/PdNPs(5) closely resemble those for the HClO4 solution (Figure 2B),
suggesting that on an electrode with a small amount of deposited PdNPs, formaldehyde
electrooxidation occurs to a limited extent. In contrast, the other GCEs modified with
MWCNTs/PdNPs exhibit peak P1 in the cyclic voltammograms at a potential ranging from
+0.81 to +0.92 V (Table 3), which is associated with the oxidation of both formaldehyde
and PdNPs. Further polarization in the anodic direction leads to a decrease in current,
attributed to the blocking of the PdNP surface by the adsorption of carbon monoxide (CO),
an intermediate product of formaldehyde oxidation, on the electrode surface. Reversing
the polarization to the cathodic direction results in the appearance of a cathodic peak P2 at
a potential spanning from +0.57 to +0.47 V (Table 3), which is associated with the reduction
of PdO. As a result of further cathodic polarization, a second anodic peak P3, commonly
referred to as the “inversion” peak, emerges. This peak reaches its maximum at a potential
occurring in the range from +0.50 to +0.40 V (Table 3). The appearance of this peak is
attributed to the regained electroactivity of the PdNPs, leading to further formaldehyde
oxidation due to CO desorption and possible conversion to carbon dioxide (CO2). This
process unblocks the electrode surface previously hindered by adsorbed CO [59,60].

Table 3. Peak potential and peak current values for the GCE/MWCNTs/PdNPs derived from CVs
presented in Figure 4B.

Electrodes P1 P2 P3

E
(V) i (A) E

(V) i (A) E
(V) i (A)

GCE/MWCNTs/PdNPs(5) 0.97 3.22 × 10−5 0.44 −1.43 × 10−4 - -
GCE/MWCNTs/PdNPs(20) 0.92 1.92 × 10−4 0.47 −3.53 × 10−4 0.40 4.95 × 10−4

GCE/MWCNTs/PdNPs(50) 0.84 4.64 × 10−4 0.50 −4.82 × 10−4 0.46 2.16 × 10−3

GCE/MWCNTs/PdNPs(100) 0.81 2.02 × 10−3 0.57 −1.63 × 10−4 0.50 6.97 × 10−3

Based on the cyclic voltammograms, it can be concluded that the electrooxidation
of formaldehyde involving PdNPs is a complex process that may follow various mecha-
nisms [55,61]. The electrooxidation of formaldehyde can be represented by the reaction
Equations (1)–(3):

HCHO + H2O ⇄ CH2(OH)2 −→ CO2 + 4H+ + 4e− (1)

HCHO −→ CO(ads) + 2H+ + 2e− (2)

CO(ads) + H2O −→ CO2 + 2H+ + 2e− (3)

The enhanced mechanism of electrocatalytic performance of formaldehyde oxidation
on the GCE modified with MWCNTs and PdNPs is attributed to several key factors. Pd,
known for its catalytic activity in numerous organic reactions, plays a crucial role in this
enhancement. The deposition of PdNPs with a nanopore cavity onto the electrode material
significantly increases its electroactive surface area, providing more active sites for elec-
trocatalysis [54,62]. The nanopores create a unique structure that facilitates a rapid and
efficient electron transfer pathway from the exterior to the interior of the electrode. This
is especially crucial for formaldehyde oxidation, where the accelerated electron transfer
significantly enhances the overall electrocatalytic performance. Furthermore, the incorpo-
ration of MWCNTs contributes to the overall improvement. MWCNTs possess excellent
electrical conductivity and mechanical strength, enhancing the electrical and structural
properties of the modified electrode. This, in turn, promotes efficient charge transfer during
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electrocatalytic reactions [55,63]. In summary, the combination of PdNPs and MWCNTs
synergistically amplifies the electrocatalytic performance of the modified GCE by increas-
ing the electroactive surface area, improving electrical conductivity, and facilitating fast
electron transfer through the nanopore cavity structure.

3.4. The Long-Term Stability Study

The long-term stability of the developed electrode material showcasing the best electro-
catalytic properties in the electrooxidation reaction of formaldehyde, i.e., GCE/MWCNTs/
PdNPs(100), was investigated through cyclic voltammetric experiments in a 0.1 mol L−1

formaldehyde solution over a period of 42 days. Measurements were systematically con-
ducted at 14-day intervals. As depicted in Figure 5, the cyclic voltammograms displayed
minimal variations in peak currents, with a relative standard deviation value below 10%.
These results indicate that the GCE/MWCNTs/PdNPs(100) exhibited satisfactory stability
during the tested period.
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4. Conclusions

This paper presents the complete procedure for preparing modified GCEs using
MWCNTs and PdNPs, characterizing their morphology and electrochemical properties
and demonstrating their electrocatalytic properties in the formaldehyde electrooxidation
process. PdNPs were electrochemically obtained on a GCE covered with MWCNTs using a
charge-controlled potentiostatic method, employing four different deposition charges (−5,
−20, −50, and −100 mC). This allowed the preparation of four GCE/MWCNTs/PdNPs,
each containing varying amounts of Pd (0.3, 1.1, 2.8, and 5.5 µg, respectively). The fabricated
GCE/MWCNTs/PdNPs as well as unmodified GCE and GCE/MWCNTs underwent
topographical characterization using AFM and SEM, as well as electrochemical assessment
using CV and EIS. Based on the presented findings, the following conclusions were drawn:

(i) the amount of Pd deposited on the electrode depends on the charge utilized during
electrodeposition: higher charges lead to a greater amount of Pd on the electrode;

(ii) the electrodeposition process produced PdNPs, and their size varied depending on
the applied charge (amount of deposited Pd): a higher deposition charge (amount of
deposited Pd) resulted in larger PdNPs;

(iii) small deposition charges result in surface smoothing, while very large deposition
charges lead to a significant development of the surface;

(iv) the resistance of the GCE/MWCNTs/PdNPs was lower compared with that of the
GCE and GCE/MWCNTs, and it decreased with an increase in the amount of Pd on
the electrode;
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(v) GCE and GCE/MWCNTs exhibited no electrocatalytic activity in the formaldehyde
electrooxidation;

(vi) GCE/MWCNTs/PdNPs demonstrated electrocatalytic activity in the formaldehyde
electrooxidation. This activity increased with the growth of PdNP size (amount of
deposited Pd).

To conclude, the presented method of fabricating GCE/MWCNTs/PdNPs is promising
for the development of electrochemical platforms suitable for the electrooxidation of various
small organic molecules. The material produced may find applications as an electrochemical
sensor, catalyst, or environmental remediation device for the removal of small organic
molecules such as formaldehyde.
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Abstract: A solid-contact ion-selective electrode was developed for detecting potassium in environ-
mental water. Two versions of a stable cadmium acylhydrazone-based metal organic framework, i.e.,
JUK-13 and JUK-13_H2O, were used for the construction of the mediation layer. The potentiometric
and electrochemical characterizations of the proposed electrodes were carried out. The implemen-
tation of the JUK-13_H2O interlayer is shown to improve the potentiometric response and stability
of measured potential. The electrode exhibits a good Nernstian slope (56.30 mV/decade) in the
concentration range from 10−5 to 10−1 mol L−1 with a detection limit of 2.1 µmol L−1. The long-term
potential stability shows a small drift of 0.32 mV h−1 over 67 h. The electrode displays a good
selectivity comparable to ion-selective electrodes with the same membrane. The K-JUK-13_H2O-ISE
was successfully applied for the determination of potassium in three certified reference materials of
environmental water with great precision (RSD < 3.00%) and accuracy (RE < 3.00%).

Keywords: water analysis; potentiometry; ion-selective electrode; potassium; metal organic frameworks

1. Introduction

Water is one of the most plentiful and essential compounds on the Earth and one of the
most critical to life. Moreover, it is a good solvent for many substances, whose levels should
be controlled. Water analysis is crucial in areas such as public health or environmental
studies [1]. It covers the monitoring of such parameters such as physicochemical, biological
and chemical properties. Water monitoring is also a determinant of a country’s development
and indicates all the actions undertaken in order to reduce water pollution and improve
water quality [2]. Investigations of water quality can be carried out using a lot of analytical
techniques including classical ones, such as titrimetry or gravimetry, and modern ones, such
as atomic absorption spectrometry (AAS), inductively coupled plasma-mass spectrometry
(ICP-MS), photometry, or UV-Vis spectrophotometry [3]. The majority of them require
sample pretreatment and do not comply with the principles of green chemistry [2].

Potassium occurs widely in the environment, including all natural waters. It is a
necessary element for the normal functioning of a human body, as it maintains the normal
osmotic pressure in all cells, and ensures proper functioning of the muscles and nerves.
Moreover, it is vital for synthesizing proteins and metabolizing carbohydrates. An elevated
level of potassium in the blood can lead to serious diseases such as kidney failure, heart
attack, or diabetes. The need for controlling the potassium concentration in water and other
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sources is undoubtedly valuable not only from the diagnostic point of view, but also from
the point of view of water quality assurance [4,5].

An analytical technique which is very simple to make, cheap, and fulfills the require-
ments of green chemistry is potentiometry. It is possible to determine the analytes directly
at the sampling site with the use of portable analytical devices [6]. The potentiometric
measurements are very often performed via in-line monitoring of water quality in various
processes, without the use of special gases (as acetylene in FAAS, argon in ICP-OES or
ICP-MS) or other special media or cooling agents for different spectrometers. Due to the
use of several different electrodes sensitized for different analytes, it is possible to perform
a multicomponent analysis at the same time in a very quick and easy way [7–10]. Moreover,
the energy consumption in potentiometric measurements is much lower in comparison
with other modern instrumental techniques [11]. The classical electrodes with inner filling
solution are characterized by particularly good metrological parameters, fast response,
and stability of measured potential. However, the presence of the inner filling solution
hinders the miniaturization and the modification of the electrode shape. The development
of solid-contact ion-selective electrodes allowed for the elimination of the above problems
and kept the analytical parameters, i.e., stability and reproducibility of potential, at a simi-
lar level. The stabilization of the potential is offered due to the use of the ion-to-electron
transducer layer playing the role of the inner filling solution in this type of electrodes.
Numerous materials have been proposed as the solid contact, such as conducting polymers,
carbon materials, nanomaterials, intercalation compounds, ionic liquids, or molecular redox
couples [12,13]. However, the search for the perfect transducer material is still ongoing.
The ideal material should be characterized by a reversible transition from ionic to electronic
conduction, high exchange current density, stable chemical composition and possibly high
hydrophobicity so that the formation of water between transducer and membrane interface
is minimalized [14]. So far, the proposed materials, utilized as solid contact, do not meet
all the mentioned requirements. Therefore, new materials are constantly proposed, the
application of which would contribute to obtaining the desired metrological parameters
of the solid contact (SC) electrodes. Recently, the use of organic metal frameworks as an
ion-to-electron transducer was carried out and the presented results were encouraging [15].

Metal organic frameworks (MOFs) are an attractive sub-class of highly ordered
and porous materials with two- or three-dimensional structures. MOFs are compounds
composed of metal clusters (or ions) and bridging organic linkers as initially coined by
Yaghi et al. [16] and further defined as IUPAC recommendations [17]. They possess numer-
ous attractive properties including permanent porosity, abundant structures, high-surface
area, good thermal stability, scalability and processability; all these properties contribute
to the fact that MOFs found usage in a lot of different fields such as drug delivery, proton
conduction, gas capture, separation, chemical and electrochemical sensing, catalysis, energy
storage, etc. [18–21]. The possibility of the implementation of a multitude of strategies of
MOFs’ synthesis can lead to materials with desirable properties for a given application [15].
Unfortunately, the majority of MOFs are electrical insulators which significantly limits
the possibility of their use in electrochemistry, especially in potentiometry where they can
play the role of a conductive ion-to-electron layer. However, some of the strategies for the
improvement of the electric conductivity of MOFs are known. They include procedures
such as the incorporation of ionic guest species, modification of the material with the use of
redox-active or conductive compounds [22–24]. The use of MOFs in potentiometry is rare
and only a few publications on this topic can be found in the literature. Mendecki et al. [15]
presented the use of conductive MOFs as ion transducers in the solid contact potassium
and nitrate selective electrodes. The proposed sensors exhibited perfect sensing properties,
i.e., a near-Nernstian response and wide linear range. The utilized materials inhibited
the formation of a water layer that led to the potential drift of only ca. 11 µV h−1. In
Mahmoud’s work [25], Cu-MOF was utilized as an ionophore (modifier) in a carbon paste
electrode for the detection of Al3+ ions in polluted water and pharmaceutical samples. The
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fabricated electrode was highly sensitive for Al3+ ions and allowed to obtain results with
high precision and accuracy during the determination of the target ion in real samples.

The present work describes the preliminary studies of the implementation of two
versions of a stable cadmium acylhydrazone-based metal organic framework, differing
with guest molecules, as ion-to-electron transducers in solid contact ion-selective electrodes
sensitive towards potassium ions. For the modification of a working glassy carbon elec-
trode, we used a three-dimensional microporous MOF, {[Cd2(oba)2(tdih)2]·7H2O·6DMF}n
(JUK-13), built of 4,4′-oxybis(benzenedicarboxylate) (oba2-) and terephthalaldehyde di-
isonicotinoylhydrazone (tdih) linkers (see Figure S1, Supplementary Material for linker
formulas) [26]. Additionally, we used the same framework after exchanging DMF for water
molecules, that is {[Cd2(oba)2(tdih)2]·13H2O}n denoted as JUK-13_H2O [26]. Notably, the
diacylhydrazone linker (tdih) decorates the pores of the MOF with the –CO-NH-N- groups
that are potentially capable of chelating metal ions in solution through the formation of
five-membered rings with O- and N-donor coordination bonds (Figure S1). We hypoth-
esized that this ability can be advantageous for cation detection in aqueous solutions.
Moreover, importantly, in the family of mixed-linker acylhydrazone-carboxylate MOFs
known to date, JUK-13 stands out due to its high stability in water, confirmed previously
by repeatable water vapor adsorption-desorption cycles and immersions in water, and
due to its high N2 uptake and high pore volume in a two-dimensional channel system,
as confirmed by crystal structure and adsorption isotherms [26]. The comparison of XRD
patterns between pristine JUK-13 and JUK-13_H2O clearly indicates that JUK-13 under-
goes a phase transition upon guest exchange (Figure S2). IR spectra demonstrate that this
transition involves a rearrangement of the linker since characteristic bands corresponding
to symmetric and asymmetric stretching of carboxylates considerably differ after guest
exchange. Thermogravimetric analyses additionally confirm this exchange and demon-
strate thermal stability of both materials up to approximately 300 ◦C (Figure S2). This
phase transition, occurring upon immersion of JUK-13 in water, involves rearrangements
of carboxylates and an exchange of guest molecules from DMF and water (present in the
as-synthesized material) for water molecules only, which can be clearly observed by TGA
and IR spectroscopy. The specific surface area of JUK-13 was determined by BET surface
analysis to be 1010 m2 g−1 (Figure S3). In contrast, the analogue of JUK-13 functionalized
by sulfonic groups (JUK-13-SO3H) easily degrades in liquid water, whereas it is stable
under humid conditions [27]. The initial potentiometric characterizations were carried
out for the electrodes modified by JUK-13 and JUK-13_H2O, and the latter was selected
for further electrochemical studies. In order to verify the applicability of the proposed
electrode, the sensor was utilized to analyze certified reference materials.

2. Materials and Methods
2.1. Reagents and Solutions

The following reagents were utilized for the ion-selective membrane preparation: potas-
sium ionophore I (valinomycin) (Sigma Aldrich, Darmstadt, Germany), bis(2-ethylhexyl)
sebacate (DOS) (Sigma Aldrich, Darmstadt, Germany), potassium tetrakis(pentafluorophenyl)
borate (KTFAB, 97%) (Alfa Aesar, Ward Hill, MA, USA), high molecular weight poly(vinyl
chloride) (PVC) and tetrahydrofuran (THF) (Sigma Aldrich, Darmstadt, Germany). Other
chemicals, such as KCl, NaCl, LiCl, 1 mol L−1 HCl, ethanol, CaCl2 2H2O, NH4Cl, and
MgCl2 6H2O were obtained from Merck Milipore. CH3COOLi 2H2O (Chempur, Piekary
Śląskie, Poland) was also utilized. {[Cd2(oba)2(tdih)2]·7H2O·6DMF}n (JUK-13) and its hy-
drated counterpart, {[Cd2(oba)2(tdih)2]·13H2O}n (JUK-13_H2O) was synthesized according
to literature procedure with a solvent-based approach [26]. Optical images of JUK-13 crys-
tals in polarized light are shown in Supplementary Material (Figure S4). Notably, JUK-13
can also be obtained by an alternative solvent-free mechanochemical method.

Stock standard solutions of KCl (1 mol L−1), NaCl (1 mol L−1), LiCl (1 mol L−1),
CaCl2 · 2H2O (1 mol L−1), NH4Cl (1 mol L−1), and MgCl2 ·6H2O (1 mol L−1) were pre-
pared by dissolving adequate amounts of chloride salts in distilled water. Working solutions
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of potassium chloride, in the range of 10−5–10−1 mol L−1, were prepared immediately prior
to the use in two solvents: distilled water (for the calibration procedure) and 10−1 mol L−1

lithium acetate (for the determination of potassium by calibration curve method). Ultra-
pure water (18.2 MΩ·cm) from an HLP 5 system (Hydrolab, Straszyn, Poland) was utilized
throughout the work.

For the determination of selectivity coefficients, the solutions of each chloride salt,
in the concentration range of 10−3–10−1 mol L−1, were prepared in distilled water. The
10−1 mol L−1 lithium acetate solution was prepared by dissolving an adequate amount of
substance in distilled water and was utilized as an Ionic Strength Adjuster.

Certificate Reference Materials of Environmental Water, EnviroMAT Waste Water
PlasmaCal, EnviroMAT Ground Water ES-H, EnviroMAT Drinking Water EP-H-1 (SCP
SCIENCE, Baie D’Urfé, QC, Canada), were prepared by 50-fold dilution with lithium
acetate solution.

2.2. Instrumentation

The potentiometric measurements were performed using a 16-channel Lawson Labs
voltmeter equipped with the EMF Suite software (version 2.0.). Potentials were measured
against Ag|AgCl|3 mol L−1 KCl|1 mol L−1 CH3COOLi reference electrode (Mineral,
Warsaw, Poland). The bare or modified glassy carbon electrode (GCE, φ = 3 mm, BASi,
West Lafayette, IN, USA) was utilized as a working electrode.

Electrochemical impedance spectroscopy (EIS) was executed using an Autolab Fre-
quency Response Analyzer System (AUT20.FRA2-Autolab, Eco Chemie, B.V, The Nether-
lands). The measurement cell was composed of a tested electrode (the working electrode),
Ag|AgCl wire (the reference electrode) and Pt wire (the counter electrode). The EIS mea-
surements were carried out in 10−1 mol L−1 potassium chloride. The impedance spectra
were recorded in a frequency range of 100 kHz–10 mHz, using a sinusoidal excitation signal
with an amplitude of 10 mV. Before recording the spectra, the open-circuit potential (OCP)
was measured.

All measurements were performed at room temperature.

2.3. Electrode Preparation

The surface of glassy carbon electrodes was polished with 0.3 µm Al2O3, rinsed
and ultrasonicated in distilled water for 5 min. After ultrasonication, the glassy carbon
electrodes were rinsed with distilled water, ethanol and again with distilled water. Then,
the electrodes were air-dried.

The one component suspension containing 5 mg mL−1 of each Metal Organic Frame-
work (JUK-13 and JUK-13_H2O) was prepared by weighing appropriate amounts of each
MOF and mixing them with 0.5 mL of ethanol and then homogenizing with the use of an
ultrasonic bath for 20 min.

The potassium selective membrane (K+-ISM) cocktail was composed of 1.06% (w/w)
ionophore (Valinomycin), 0.34% (w/w) ion exchanger (KTFAB, 97%), 32.90% (w/w) polymer
(PCV), and 65.80% (w/w) plasticizer (DOS). The components were dissolved in 1 mL of
THF to produce a solution with 20% dry weight.

A total of 12.5 µL of MOF suspension was drop cast on the glassy carbon surface using
an automatic pipette. The obtained MOF layer was allowed to dry in ambient conditions.
Then, 40 µL of K+-ISM cocktail was deposited by drop-casting it onto the MOF layer in two
consecutive steps (2 × 20 µL). The prepared solid-contact potassium-selective electrode was
left overnight to allow the evaporation of the THF from the membranes. This procedure
was utilized to prepare a series of electrodes. Once the THF solution evaporated, each
electrode was conditioned in 10−2 mol L−1 KCl for at least 12 h. A calibration curve was
received in the concentration range of 10−5–10−1 mol L−1.
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2.4. Potentiometric Water Layer Test

The potentiometric water layer test was performed with fully conditioned solid-contact
potassium-selective electrodes by recording the potential sequentially in 10−1 mol L−1

KCl, 10−1 mol L−1 NaCl and once again in 10−1 mol L−1 KCl. The solutions were stirred
continuously during the measurements.

2.5. Selectivity Coefficients

The selectivity coefficients (KI,J
pot) of the tested electrodes were determined by the

separate solution method (SSM) [28]. The procedure was based on the measurements of the
electromotive force (EMF) in the concentration range of 10−3–10−1 mol L−1 of chlorides
of different cations. The values of selectivity coefficients were calculated by using the
measured potentials in the solutions of main and interfering ion as parameters in the
Nikolsky–Eisenman equation.

3. Results
3.1. Potentiometric Response and Potential Stability of MOF-Containing Potentiometric
Potassium Sensor

After conditioning, the studied solid contact electrodes were calibrated in potassium
chloride solutions with concentrations ranging from 10−5 to 10−1 mol L−1. For compara-
tive purposes, the calibration was carried out for a coated wire electrode (CWE) as well,
following the same scheme. The obtained calibration curves are shown in Figure 1. All
tested electrodes exhibited good sensitivity to K+ ions in the same linear range. The CWE
provided a linear response in the tested concentration range of K+ with a slope of 53.94
mV/decade. The use of JUK-13 as the ion-to-electron transducer does not have any impact
on the response of a potassium selective membrane. This is confirmed by the obtained slope
value of the calibration curve for the respective material. Moreover, the use of JUK-13_H2O
caused the sensitivity of the electrode to increase by 2 mV/decade in comparison with the
sensitivity of the CWE electrode.
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Figure 1. Calibration graphs for the constructed electrodes with MOFs as solid contact and CW
electrode in the main ion concentration range 10−5–10−1 mol L−1.

In order to verify the suitability of the proposed materials as the ion-to-electron trans-
ducers, the measurements of potential stability for the tested electrodes were performed in
the following fashion. The potential readings were carried out in 10−1 mol L−1 potassium
chloride solution for 67 h. During the measurements, the solution was stirred with a
magnetic stirrer. For comparison, the stability measurements were also carried out for
CWE. The obtained changes in the potential of the studied electrodes and a coated wire
electrode over time are shown in Figure 2.
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Figure 2. The change in potential of the tested electrodes with MOFs as ion-to-electron transducers
and a coated wire electrode over time. The measurements were carried out in 10−2 mol L−1 KCl.

As shown in Figure 2, the use of the proposed MOFs as ion-to-electron transducers
did not eliminate the potential drift. Only a slight reduction in the potential drift of solid
contact electrodes in comparison with the CWE electrode is observed, which is confirmed
by the data collected in Table 1.

Table 1. Long-term potential stability of the studied solid contact and coated wire electrodes.

Time (h)
Potential (mV)

K-JUK-13_H2O-ISE K-JUK-13-ISE CWE

0.00 361.58 348.27 308.28
67.00 339.90 324.70 274.21

Drift (mV h−1) 0.32 0.35 0.51

The coated wire electrode exhibited the potential drift equal 0.51 mV h−1 and in the
case of SC electrodes the values were lower by around 0.20 mV h−1. Among the tested
versions of metal-organic frameworks, the use of JUK-13_H2O allowed for obtaining the
lowest potential drift.

Based on the obtained sensitivities and potential drift values, the JUK-13_H2O was
utilized in further studies.

3.2. Limit of Detection

In order to determine the limit of the detection (LOD) of the studied SC and CW
electrodes, the calibration measurements in the concentration range 10−7 to 10−1 mol L−1

were carried out. The LOD was calculated as the intersection of two lines as shown in
Figure 3. For SC-type and CW-type electrodes, the LOD equals 2.1 × 10−6 mol L−1 and
1.8 × 10−6 mol L−1 K+, respectively. The utilized MOF has no impact on the LOD value.
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3.3. Selectivity Coefficients

The potentiometric selectivity coefficients of the tested electrodes, with and without
the MOF, using the chloride salts of different cations, were determined by the separate so-
lution method. The obtained values are shown in Table 2. In order to evaluate the obtained
selectivity coefficients, the data obtained for a potassium selective electrode with multi-
walled carbon nanotubes modified with octadecylamine are presented in Table 2. Each of
the tested electrode groups utilized the ion-selective membrane with the same composition.

Table 2. Comparison of the potentiometric selectivity coefficients for proposed K-JUK-13_H2O-ISE,
coated wire electrode (CWE) and K-OD-MWCNTs-ISE (with the same ion-selective membrane) (n = 3,
α = 0.05).

Interferent
KK.J

pot

K-JUK-13_H2O-ISE CWE K-OD-MWCNTs-ISE

Li+ −3.90 ± 0.09 −4.19 ± 0.43 −3.69 ± 0.66
Ca2+ −3.84 ± 0.46 −3.71 ± 0.41 −4.18 ± 0.30
Mg2+ −4.99 ± 0.20 −4.97 ± 0.22 −3.99 ± 0.76
NH4

+ −2.21 ± 0.42 −2.61 ± 1.48 −1.64 ± 0.71
Na+ −4.23 ± 0.13 −4.43 ± 0.01 −3.89 ± 0.27
H+ −4.00 ± 0.13 −4.02 ± 0.01 −4.73 ± 1.91

The results proved that the CWE and SC electrodes exhibit good selectivity towards
their primary ion. The determined selectivity coefficients were similar to the values reported
in the literature [29,30] and they are close to the coefficients obtained for an SC-type
electrode with OD-MWCNTs [7]. The selectivity coefficients should, by definition, be
dependent on the composition of the utilized ion-selective membrane and not on the
type of the utilized ion-to-electron transducer. The obtained results confirmed this rule.
Among the interfering ions, the most notable interfering cations for the tested electrode are
ammonium ions, while sodium ions show the weakest influence on the electrode response.

3.4. Water Layer Test

The formation of an undesirable water layer between the polymeric ion-selective
membrane and ion-to-electron transducer can lead to potential instability of solid contact
electrode and cause mechanical failure. The composition of this layer varies upon sample
changes leading to many unfavorable processes, for instance, sensitivity to the CO2, slow
equilibrium process or longer time of response.
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The water layer test was carried out according to the procedure suggested by Fibbi-
oli et al. [31]. Before the test, the electrodes, i.e., K-JUK-13_H2O-ISE (SC-ISE) and CWE,
were conditioned in 10−1 mol L−1 of primary ion solution. First, the potential of the elec-
trodes was recorded in 10−1 mol L−1 KCl for 1 h, then in a solution of the interfering ion
(10−1 mol L−1 NaCl). After 3 h, the interfering ion solution was replaced by a primary ion
solution. The obtained results are shown in Figure 4.

Materials 2022, 15, x FOR PEER REVIEW 8 of 12 
 

 

3.4. Water Layer Test 
The formation of an undesirable water layer between the polymeric ion-selective 

membrane and ion-to-electron transducer can lead to potential instability of solid contact 
electrode and cause mechanical failure. The composition of this layer varies upon sample 
changes leading to many unfavorable processes, for instance, sensitivity to the CO2, slow 
equilibrium process or longer time of response. 

The water layer test was carried out according to the procedure suggested by Fibbioli 
et al. [31]. Before the test, the electrodes, i.e., K-JUK-13_H2O-ISE (SC-ISE) and CWE, were 
conditioned in 10−1 mol L−1 of primary ion solution. First, the potential of the electrodes 
was recorded in 10−1 mol L−1 KCl for 1 h, then in a solution of the interfering ion (10−1 mol 
L−1 NaCl). After 3 h, the interfering ion solution was replaced by a primary ion solution. 
The obtained results are shown in Figure 4. 

 
Figure 4. Water layer test of K-JUK-13_H2O-ISE and CWE. 

The obtained results suggest that there is a positive drift of the potential when the 
solution of the primary ion is substituted with the solution of the interfering ion for both 
types of electrodes. It is caused by the leaching of primary ions from an ion-selective mem-
brane contributing to the growth of the potassium ion concentration in the near membrane 
solution layer and to the increase in the electrodes’ potential. After placing the electrodes 
back to the primary ion solution, the potential of the tested electrodes returned to the val-
ues close to the initial ones. 

The data indicate that the use of glassy carbon electrodes with the MOF as a solid 
contact leads to a positive result of the water layer test similarly as in the case of the coated 
wire electrode. 

The proposed electrodes can work for one month or longer after the first calibration, 
but their response is poorer and the linear range is narrower each day; this is caused by 
the leaching of the components from the membrane. For analytical studies, the electrodes 
were maximally utilized for one week after the first calibration, when the difference in 
sensitivity did not exceed 3%. 

3.5. Electrochemical Impedance Spectroscopy 
EIS measurements aimed to study the function of the MOF as a transducer layer and 

to verify whether the tested material possesses good electrical and ionic conductivity 
or/and sufficiently high redox capacitance providing the stability of measured potential 
during the flow of a little electric charge through the system. The spectra were measured 

Figure 4. Water layer test of K-JUK-13_H2O-ISE and CWE.

The obtained results suggest that there is a positive drift of the potential when the
solution of the primary ion is substituted with the solution of the interfering ion for both
types of electrodes. It is caused by the leaching of primary ions from an ion-selective
membrane contributing to the growth of the potassium ion concentration in the near
membrane solution layer and to the increase in the electrodes’ potential. After placing the
electrodes back to the primary ion solution, the potential of the tested electrodes returned
to the values close to the initial ones.

The data indicate that the use of glassy carbon electrodes with the MOF as a solid
contact leads to a positive result of the water layer test similarly as in the case of the coated
wire electrode.

The proposed electrodes can work for one month or longer after the first calibration,
but their response is poorer and the linear range is narrower each day; this is caused by the
leaching of the components from the membrane. For analytical studies, the electrodes were
maximally utilized for one week after the first calibration, when the difference in sensitivity
did not exceed 3%.

3.5. Electrochemical Impedance Spectroscopy

EIS measurements aimed to study the function of the MOF as a transducer layer
and to verify whether the tested material possesses good electrical and ionic conductivity
or/and sufficiently high redox capacitance providing the stability of measured potential
during the flow of a little electric charge through the system. The spectra were measured in
10−1 mol L−1 potassium chloride solution. The impedance spectra of the studied electrode
with the MOF as the transducer layer are shown in Figure 5.
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Figure 5. Impedance spectra of the studied solid-contact potassium-selective electrode with JUK-
13_H2O as an ion-to-electron transducer.

The obtained spectra possess a semi-circle in the high-frequency range corresponding
to the membrane resistance connected parallelly with electrical capacitance. However, in
the case of the low-frequency range, there is a branch indicating the presence of a charge
transfer resistance between ion-to-electron transducer, in this case, the MOF or electrode
substrate-glassy carbon, and an ionically conducting membrane. Since the selected metal
organic framework is insoluble in typical solvents, it forms a colloidal suspension, which
leads to the fact that the shape of the recorded spectra can be affected by the intergranular
resistance. The yielded spectra correspond in their shape to the typical spectra recorded
for coated wire electrodes. This indicates that blocking of the charge flow between the
mediation layer and the electrode substrate or an irreversible redox reaction is taking place.
This was also confirmed by the fact that the measured open circuit potential (OCP) changed
its value between the first and the second repetition from 0.26 V to 0.38 V. As a result
of the redox reaction, the change in the ratio of the reduced to the oxidized form in the
ion-to-electron transducer occurred, contributing to the change in the measured potential.
On the basis of the obtained results, it can be concluded that the proposed material exhibits
poor ionic and electrical conductivity and possesses low redox capacitance.

3.6. Analytical Application

The proposed solid-contact potassium-selective electrode was verified by determining
the content of potassium in three certified reference materials (CRMs) of environmental
waters: wastewater, drinking water and ground water. The calibration curve method was
utilized as a calibration method. Each CRM sample was diluted 50-fold and analyzed
six times. Along with the values of relative errors (RE (%)), confidence intervals (n = 6,
α = 0.05) were calculated in order to compare the results with certificate values. As an ionic
strength adjuster, lithium acetate solution (0.1 mol L−1) was utilized. The results are shown
in Table 3.
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Table 3. Results of potassium determination in certified reference materials using the calibration
curve method (Co and Cx—certified for CRM and found concentrations respectively; RE—relative
error; RSD—relative standard deviation) (n = 6, α = 0.05).

Sample C0
(mmol L−1)

Cx
(mmol L−1) RE (%) RSD (%)

Waste Water EU-H-3 1.02 1.05 ± 0.02 2.9 2.4
Drinking Water EP-H-1 0.33 0.33 ± 0.01 1.9 1.7

Ground Water ES-H 0.074 0.073 ± 0.002 −1.4 2.8

The obtained results are satisfying in terms of both accuracy and precision. The
values of relative error (RE (%)) and relative standard deviation (RSD (%)) do not exceed
3.00%, which points to a very good precision and accuracy of the results. The values
of the considered parameters are favorable from an analytical point of view due to the
use of an ionic strength adjuster which has a significant impact on the repeatability of
recorded signals.

4. Conclusions

This work demonstrates the first use of acylhydrazone-based MOFs as modifiers
of working electrodes for potentiometric sensing in aqueous solutions. The properties
of the proposed MOF enable its use for potentiometric detection. The sensor exhibited
good performance characteristics, including a near-Nernstian response, wide linear range
(from 10−5 to 10−1 mol L−1), good selectivity, and good potential stability in comparison
with the CW-type electrode. Moreover, the proposed sensor was successfully applied for
K+ determination in certified reference materials of different water samples with very
good accuracy and precision. Naturally, future efforts should focus on rare electrically
conductive MOFs as the coexistence of both porosity and high conductivity are desirable
for more efficient ion-to-electron transducers. The literature reports on the use of this class
of materials in potentiometric measurements indicate that this topic is worth pursuing.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15020579/s1, Supplementary materials contain additional
measurement data (Figures S1−S4) and descriptions for the MOF’s: JUK-13_H2O and JUK-13_H2O.
Figure S1: (Top) Scheme of synthetic procedure for {[Cd2(oba)2(tdih)2]·guests}n (JUK-13); (Bottom)
Microporous structure of JUK-13; Figure S2: Comparison of JUK-13 and JUK-13_H2O MOFs: a)
PXRD patterns indicate phase transition upon guest exchange in water. b) IR spectra demonstrate
that the phase transition involves rearrangements of carboxylates. c) Thermogravimetric analyses
confirm the presence of various guest molecules in JUK-13 and JUK-13_H2O and the stability of both
materials up to ca. 300 OC upon pore evacuation; Figure S3: Physisorption isotherm of N2 (77 K) for
JUK-13; Figure S4: Optical images of JUK-13 crystals in a polarized light: dark field (top) and bright
field (bottom).

Author Contributions: Conceptualization, P.K., M.D., M.W.; methodology, M.D., J.M.; validation,
P.K., J.M., D.M., J.K.; formal analysis, M.D., M.S.; investigation, M.D., J.M., M.S.; resources, D.M.; data
curation, M.D., M.S.; writing—original draft preparation, P.K, M.D., M.W., D.M.; writing—review
and editing—P.K., M.D., M.W., M.S., D.M.; visualization, P.K., M.D.; supervision, P.K., J.M., J.K.;
project administration, P.K., M.W.; funding acquisition, P.K., M.W., M.D., D.M. All authors have read
and agreed to the published version of the manuscript.

Funding: P.K. and M.W. thank for financial support received from the National Science Centre,
Poland (Opus, 2017–2020, grant no. 2016/23/B/ST4/00789). M.D. has been supported by the EU
Project POWR.03.02.00-00-I004/16. D.M. gratefully acknowledges the National Science Centre (NCN,
Poland) for the financial support (Grant no. 2019/35/B/ST5/01067).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

163



Materials 2022, 15, 579

Data Availability Statement: Data available in a publicly accessible repository. The data presented in
this study are openly available in Jagiellonian University Repository at DOI: 10.26106/cjky-4381.

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

References
1. Zakir, H.M. Water: The most precious resource of our life. Glob. J. Adv. Res. 2015, 2, 1436–1445.
2. Mesquita, R.B.R.; Rangel, A.O.S.S. A review on sequential injection methods for water analysis. Anal. Chim. Acta 2009, 19, 7–22.

[CrossRef]
3. Soylak, M.; Aydin, F.A.; Saracoglu, S.; Elci, L.; Dogan, M. Chemical analysis of drinking water samples from Yozgat, Turkey. Pol. J.

Environ. Stud. 2002, 11, 151–156.
4. Pohl, H.R.; Wheeler, J.S.; Murray, H.E. Sodium and potassium in health and disease. Met. Ions Life Sci. 2013, 13, 29–47.
5. Wieczorek, M.; Madej, M.; Starzec, K.; Knihnicki, P.; Telk, A.; Kochana, J.; Kościelniak, P. Flow manifold for chemical H-point
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