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Abstract

This work is devoted to the study of boron doped diamond as electrode material, its
properties and use in electroanalytical methods — in voltammetric and subsequently
amperometric methods in combination with high performance liquid chromatography.

The series of boron doped diamond films was tested with respect to the effect of
boron concentration on their morphology, quality, electrochemical and spectral
properties using scanning electron microscopy, atomic force microscopy, Raman
spectroscopy, and cyclic voltammetry and differential pulse voltammetry. Further, the
effect of boron concentration on the determination of selected substances was
investigated, both for their oxidation (2-aminobiphenyl, benzophenone-3) and for their
reduction (5-nitroquinoline).

Furthermore, a voltammetric and amperometric method was developed for the
determination of a mixture of aminobiphenyls and aminonaphthalenes using a boron
doped diamond electrode.

The effects of activation cleaning programs on the signal of benzophenone-3
were investigated using a boron doped diamond electrode, and the determination of
benzophenone-3 on boron doped diamond electrode in the presence of the selected
surfactant was studied.

Boron doped diamond as carbon-based material was compared with other
selected carbon materials such as glassy carbon and carbon film and their modifications.
Their use has been tested for the determination of 1-aminonaphthalene and

2-aminonaphthalene.



Abstrakt

Tato prace je vénovana studiu borem dopovaného diamantu jako elektrodového
materialu, jeho vlastnostem a pouziti v elektroanalytickych metodach — ve voltametrii a
nasledné¢ amperometrii v kombinaci s prutokovou metodou vysokoucinné kapalinové
chromatografie.

Série borem dopovanych diamantovych filmii byla testovana s ohledem na vliv
koncentrace boru na jejich morfologii, kvalitu, elektrochemické a spektralni vlastnosti
s pouzitim skenovaci elektronové mikroskopie, mikroskopie atomarnich sil, Ramanovy
spektroskopie, cyklické voltametrie a diferencni pulsni voltametrie. Dale byl zkouman
vliv koncentrace boru na stanoveni vybranych latek, jak jejich oxidaci (2-aminobifenyl,
benzofenon-3), tak jejich redukei (5-nitrochinolin).

Daéle byla vyvinuta voltametricka a amperometrickd metoda pro stanoveni smési
aminobifenylll a aminonaftalent s pouZzitim borem dopované diamantové elektrody.

Byly zkoumény ucinky aktivacnich Cisticich programt na signal benzofenonu-3
pfi pouziti borem dopované diamantové elektrody a déle stanoveni benzofenonu-3 na
borem dopované diamantové elektrodé v pfitomnosti vybraného surfaktantu.

Borem dopovany diamant jako material na bazi uhliku byl porovnan s dal§imi
vybranymi uhlikovymi materidly jako skelny uhlik a uhlikovy film a jejich
modifikacemi. Jejich pouziti bylo testovano na stanoveni l-aminonaftalenu a

2-aminonaftalenu.
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1. Introduction

This doctoral Thesis was elaborated at the UNESCO Laboratory of Environmental
Electrochemistry, Department of Analytical Chemistry, Faculty of Science, Charles
University, where scientific aims are focused on a long-term research in the field of
development of highly sensitive and selective electrochemical methods for monitoring
and determination of genotoxic organic compounds, different pollutants or biologically
active organic compounds important from the environmental, medicinal,
pharmaceutical, and toxicological point of view, with a special emphasis on the
development of new types of electrochemical sensors and materials for their
preparation. The attention of this work is devoted mainly to boron doped diamond
(BDD) as an electrode material and his properties, suitable for the preparation of new
electrochemical sensors. Other electrode materials used in this work are glassy carbon
and carbon film.

The presented Thesis is based on the following seven scientific publications
[1-7] which are attached as Appendix parts I — VII. Chapter 3 of this Thesis is divided

according to these publications.

[1] Zavazalova J., Barek J., Peckovd K.: Boron doped diamond electrodes in
voltammetry: New designs and applications. An overview. In Sensing in
Electroanalysis. Kalcher K., Metelka R., Svancara 1., Vytias K. (Eds.), 8 (2014)
pp. 21-34, University Press Centre, Pardubice, Czech Republic.

[2] Schwarzova-Peckova K., Vosahlova J., Barek J., Sloufova ., Pavlova E., Petrék V.,
Zavazalova J.: Influence of boron content on the morphological, spectral, and

electroanalytical characteristic of anodically oxidized boron-doped diamond electrodes.

Electrochimica Acta 243 (2017) 170-182.

[3] Voséhlova J., Zavazalova J., Schwarzova-Peckovd K.: Boron doped diamond
electrodes: Effect of boron concentration on the determination of 2-aminobiphenyl.

Chemické Listy 108 (2014) s270-s273.
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[4] Zavazalova J., Dejmkova H., Barek J., Peckova K.: Voltammetric and
amperometric determination of mixtures of aminobiphenyls and aminonaphthalenes

using boron doped diamond electrode. Electroanalysis 25 (2013) 253-262.

[5] Zavazalova J., Ghica M. E., Schwarzova-Peckova K., Barek J., Brett C. M. A.:
Carbon-based electrodes for sensitive electroanalytical determination  of

aminonaphthalenes. Electroanalysis 27 (2015) 1556-1564.

[6] Zavazalova J., Prochazkova K., Schwarzova-Peckova K.: Boron-doped diamond
electrodes for voltammetric determination of benzophenone-3. Analytical Letters 49

(2015) 80-91.

[7] Vosahlova J., Zavazalova J., Petrak V., Schwarzova-Peckova K.: Factors
influencing voltammetric reduction of S5-nitroquinoline at boron-doped diamond

electrodes. Monatshefte fiir Chemie 147 (2016) 21-29.

Electroanalytical methods are widely used in scientific studies and in monitoring
of industrial materials, pharmaceutical compounds, biological samples, and the
environment. The most widespread methods are voltammetry using various electrode
materials, and amperometry as detection method in liquid flow techniques. These
methods permit the screening and determination of a great number of organic
compounds with detection limits typically in the concentration range ~10"°mol L
- ~107 mol L. Among the greatest advantages of electrochemical methods belong the
rapidity and low operating costs.

There is a never-ending search for new electrode materials for voltammetric or
amperometric determination of mentioned substances. For new electrode materials, the
attention is paid to following basic requirements: broad potential range, high
signal-to-noise ratio, mechanical robustness enabling measurements in flowing systems,
compatibility with organic solvents making them compatible with high performance
liquid chromatography (HPLC), flow injection analysis or capillary electrophoresis with

electrochemical detection and resistance towards surface passivation. The last
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requirement is especially important because electrode fouling is a serious complication
limiting applications of electroanalytical methods in practice.

Further, the scientists’ search for non-toxic electrode materials friendly to the
environment, compatible with the concept of “green analytical chemistry”. One of the
newest electrode materials — boron doped diamond — is compatible with above
mentioned requirements and thus investigation of its mechanical, physical and
electrochemical properties and its implementation in practice is of big concern.

Electrochemistry of diamond as a new research field was opened by the first
studies in the eighties. In 1983 Iwaki et al. suggested the ion-implanted diamond
electrodes [8], in 1987 a current-potential curve was recorded and the differential
capacitance at the polycrystalline-diamond/electrolyte interface was measured for the
first time [9]. In 1992, research group of Fujishima introduced polycrystalline boron
doped diamond thin films [10, 11]. In 1993, Tenne et al. reported the application of
BDD for the electroreduction of nitrate to ammonia [12], Swain and Ramesham
reported the suitability of BDD for analytical applications [13], and Ramesham et al.
indicated the advantage of BDD for dimensionally stable anodes in electrochemical
waste treatment [14].

In recent years, BDD electrodes have been receiving increasing attention for
applications in electroanalytical methods, as summarized in several reviews [15-19].
Due to the number of advantages over traditionally employed electrodes (e.g., glassy
carbon or platinum electrodes), such as extreme hardness, high corrosion resistance,
very low and stable background current, and a wide working potential window,
microstructural stability at extreme cathodic and anodic potentials, chemical inertness,
high thermal conductivity, low sensitivity to dissolved oxygen, electrochemical stability
in both alkaline and acidic media, good responsiveness for many redox analytes without
pretreatment, and resistance to electrode fouling, boron doped diamond electrodes are
applicable to voltammetric or amperometric determination of both oxidizable and
reducible substances with limit of determination down to 107® mol L™' without any
preconcentration step [20].

Over the past twenty-five years, BDD research has developed in these five main
directions: (1) use of BDD electrodes in electroanalysis for detection of organic and

inorganic species in environmental, biological and pharmaceutical matrices [4, 16, 17,
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19, 21-24]; (2) electrochemical disinfection of drinking and bathing water [25-28];
(3) electrochemical oxidation of environmental pollutants at BDD anodes proposed for
their quantitative conversion or destruction in wastewaters [29-34]; (4) developing of
BDD-based sensors and biosensors [35, 36]; and (5) electrochemical synthesis, in
particular in the production of strong inorganic oxidizing agents (e.g. peroxodisulfuric
acid [37, 38], hydrogen peroxide, ozone, chlorine [39], or ferrates [40]), or in electro
organic synthesis [41-45]. More information on these topics can be found also in
general review [ 18] and monographs [46, 47].

The properties of BDD films are fundamentally influenced by the quantity and
kind of the doping agent, morphologic factors and defects in the film, presence of
impurities (sp*> carbon), crystallographic orientation, and surface termination (most
frequently oxygen or hydrogen). While the former factors are given by the preparation
method, the latter can be determined by post-preparation procedures including
electrochemical pretreatment. [19, 48, 49]

Boron doped diamond electrode belongs among carbon-based electrodes.
Carbon is one of the most abundant elements found on Earth. It is the basis of life and
all organic chemistry and it occurs freely in crystalline forms such as diamond and
graphite. Carbon-based electrodes are generally of low cost and they have wide useful
potential range, and significantly lower background oxidation currents which are the
important advantages over metallic electrodes. All common carbon-based electrode
materials share the basic structure of a six-member aromatic ring and sp® bonding but
differ in the relative density of the edge and basal plane toward electron transfer and
adsorption. For electrochemistry, the edge plane exhibits considerably faster electrode
kinetics in comparison with the basal plane. The high degree of delocalization of
electrons together with weak Van der Waals forces provides good electrical
conductivity. [50]

The best-known carbon-based electrodes are glassy carbon, carbon paste, carbon
fiber, screen printed carbon strips, carbon films, pyrolytic graphite, fullerenes, wax
impregnated graphite, Kelgraf, carbon nanotubes, reticulated vitreous carbon, and boron
doped diamond. The analytical use of these electrode and examples are summarized in

reviews [50-54].
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Glassy carbon is frequently used as an inexpensive electrode material with
excellent electrical and mechanical properties, wide potential range, extreme chemical
inertness, high resistance to acid attack, impermeability to gases and relatively
reproducible performance [55]. It is practically gas-tight and exhibits an extremely low
porosity. Glassy carbon has a low density, low thermal expansion, high corrosion
resistance and high thermal and electrical conductivities. It is easily mounted and
compatible with all common solvents. It is prepared by subjecting the organic
precursors to a series of heat treatments at temperatures up to 3000 °C [56-58]. The
earliest structural models assumed that both sp>- and sp*-bonded carbon atoms were
present [59]. This structure was suggested to be composed of tetrahedral domains,
perhaps linked by short oxygen-containing bridges. After this earlier model, a lot of
structural models were suggested. However, it is now known that glassy carbon
contains only sp? carbon atoms [57, 60]. The structure of glassy carbon consists of
graphitic planes randomly organized in a complexed topology. Nearly all glassy carbon
electrodes are successively polished with smaller alumina particles (~0.05 pm) on a
smooth polishing cloth or on filter paper to create active and reproducible surface and to
enhance its analytical performance. Some additional activation steps have also been
used such as electrochemical, chemical, vacuum heat, or laser treatment, efc. [57, 58].

Glassy carbon electrodes can be used in many different application areas. [50, 51]

15



2. Boron doped diamond

2.1 Preparation of BDD

For almost five decades, chemical vapor deposition (CVD) has been the most
commonly used technique to synthesize diamond films, as reviewed in [61]. Various
CVD techniques have been invented and applied to fabricate diamond films, including
hot filament CVD (HF-CVD) [62], microwave plasma CVD (MP-CVD) [49], plasma
enhanced CVD [63], electron assisted CVD [64], and direct current plasma CVD [65].

The common BDD films used in electroanalysis can be grown on Si supports
from dilute mixtures of a hydrocarbon gas in hydrogen using one of several
energy-assisted chemical vapor deposition methods. These methods mainly differ in the
way the gas activation is accomplished. A carbon containing gas, most frequently
methane, is energetically activated to decompose its molecules into methyl-radicals and
atomic hydrogen and followed by their deposition on a suitable substrate. The substrate,
typically silica wafers (also Pt, Nb, Ta, W, Ti) is pretreated by cleaning with a series of
solvents and seeded with small particles by polishing the substrate with diamond
powder. The embedded particles serve as nucleation centers for film growth. [66]

Typical growth conditions are: 0.3 — 1.0 % CH4 in Ha, pressures of 10 — 150 torr,
substrate temperatures of 700 — 1000 °C, and microwave powers of 1000 — 1300 W, or
filament temperatures up to ~ 2800 °C, depending on the methods used. The film grows
by nucleation at rates in the 0.1 —2 pm h™! range. For the substrates to be continuously
coated with diamond, the nominal film thickness must be ~ 1 um. Boron doping is
accomplished from the gas phase by mixing boron-containing compounds such as BoHs,
trimethylborane or B2Os; with the source gases, or from the solid state by gasifying
a piece of hexagonal boron nitride. In the solid-state approach, diborane is produced by
the interaction of atomic hydrogen with hexagonal boron nitride and is then
incorporated into the gas flux to the substrate. The doping level can be as high as
10000 ppm of boron, resulting in film resistivity <0.1 Q cm [67, 68]. The resulting
films differ in quality and morphology — microcrystalline films are characterized by
crystallite size <1 —5 um, nanocrystalline films 10 — 500 nm [69-71]. It is generally
accepted that the quality of MP-CVD films, i.e. content of sp® impurities and structure
defects is enhanced compared with HF-CVD films.
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2.2 Availability of BDD electrodes

BDD electrodes are available from different sources: (i) from own laboratory-made

systems; (ii) from commercial growth systems, e.g., Seki Diamond Systems (USA)

[72], PLASSYS Bestek (France) [73], Diamond Materials (Germany) [74], Microwave

Enterprises (USA) [75]; (ii1)) from commercial companies (representative companies

listed in Table 1).

Table 1 List of representative commercial suppliers of BDD materials.

BDD supplier Material properties Ref.
Condias (Germany) BDD celectrodes coated on Nb, Ta, Si, graphite, conductive [76]
ceramics (HF-CVD)
geometry: plates, mesh, pins and combinations thereof
areas up to 100 x 50 cm?
thickness up to 15pum
Element Six (UK) “as grown” polycrystalline BDD in wafer form (CVD) [77]
individual pieces 10 x 10 mm and 5 x 5 mm
thickness 0.6 and 0.45 mm
NeoCoat (Switzerland), BDD electrodes coated on Si or metal substrates (HF-CVD) [78]
previously  Adamant geometry: rectangle, disc, square
Technologies thickness from less than 100 nm up to more than 25 pm
sp3 Diamond BDD electrodes coated on graphite, Nb, Si, silicon carbide, Ti, and [79]
Technologies (USA) W (HF-CVD)
thickness from 3 to 50 pm
Windsor Scientific 3mm diameter electrodes in an inert Teflon body or individual [80]

(UK), since 2019
BioLogic SAS (France)

pieces (both sides polished, 10 x 10, 5 x 5 or 3 x 3 mm?)

thickness ~0.5 mm

2.3 Characterization of BDD surface

The main factors influencing the properties and quality of the BDD are the content of

non-diamond carbon impurities, the structural defects in the diamond film, the boron

doping level, the size of the diamond crystallites, the crystallographic orientation, and

the surface termination. The analytical techniques commonly used to characterize these
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morphological and spectral properties are for example scanning electron microscopy
(SEM), atomic force microscopy (AFM) and Raman spectroscopy.

For the visualization of the surface, the scanning electron microscopy can be
used. This method characterizes the morphologic features of BDD films, e.g., grain size,
orientation and surface coverage [81]. Morphology of diamond includes the cubic
{100}, the dodecahedral {110}, the octahedral {111}, and more complicated shapes. It
is known the crystallographic orientation affects boron uptake, with
{111} > {110} > {100} [82]. Atomic force microscopy is often employed in
conjunction with scanning electron microscopy in order to accurately determine grain
size and define surface roughness [83]. Representative AFM and SEM micrographs of
the surface of some of BDD films utilized in studies of the Author [2, 3, 6, 7] are

depicted in Figure 1.
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Figure 1 Atomic force micrographs (A — C) and scanning electron micrographs (D — F)
of the surface of BDD films with boron content 500 ppm (A + D), 2000 ppm (B + E),
and 8000 ppm (C + F). The same magnification, adjusted from [2].
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Raman spectroscopy is routinely used for the characterization of diamond films
due to its sensitivity to sp® carbon and to the content of non-diamond sp® carbon
impurities. The sp> carbon (in pure diamond) shows in Raman spectra a single sharp
peak at 1332 cm!. At the metallic levels of doping, the diamond phonon line
at 1332 cm™! exhibits asymmetry and a shift to lower wavenumbers, coming from the
Fano interference of this one phonon band induced by quantum mechanical interference
between the discrete phonon and electronic continuum. [83]

Cyclic voltammetry is often used to study the electrochemical response of BDD
films, to evaluate kinetics of electron transfer and to give an insight into the condition of

1*7*, dopamine, Fe*”?") and

BDD surface. Several inner-sphere (e.g. [Fe(CN)e
outer-sphere (e.g. [Ru(NH3)s]*"%", [IrCle]* ", [IrCls]**, ferrocene™") redox systems
can serve as probes [52]. Cyclic voltammetric /-F curves can serve to evaluate character
of the redox process (diffusion or adsorption controlled, value of apparent heterogenous
electron-transfer rate constant k »pp from the peak potential difference between cathodic

and anodic peak AE}, or I/l ratio) [84].

2.4 Concentration of boron

The boron doping level is one of the main factors influencing properties of BDD such as
the film morphology, conductivity, and electrochemical properties [81, 85-87].
Depending on the boron content, the electrical conductivity of the BDD films ranges
from insulating through semiconductive to metallic (details in [2]). Practically, the
boundary boron content of about (1 —3) x 10%° cm™ [88, 89] or higher (4.5 x 102 cm™>
[90]) were reported and it seems that these concentrations are sufficient to achieve fast
electron transfer typical for metallic-type conductivity, which is preferred in
3

electrochemical applications. Films with [B]>3 x 10®°cm™

doped BDD films [91].

are denoted as heavily

Some papers paid attention to the influence of boron content on the physical and
electrochemical characteristics of BDD films [81, 85, 86, 92, 93], effectivity of
electrocatalytic anodic oxidation of organic pollutants [65, 94-96], surface resistivity
towards fouling [97], and analytical parameters of determination of selected inorganic
ions [93, 98]. Only few of these studies deal with the influence of the boron content on

electroanalytical characteristics of the BDD films, including the width of the potential
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window [99-102] or voltammetric response for selected organic analytes such as
2-aminobiphenyl (2-AB) [2], benzophenone-3 (BP-3) [6], dopamine [97],
4-chloro-3-methylphenol [103], and 5-nitroquinoline [7].

2.5 Surface termination, pretreatment and activation

Pretreatment of the electrode surface determining attached chemical functionalities can
be applied for its activation (preventing the passivation of electrode surface), and
enhancement of voltammetric signals of studied compounds ensuring their repeatable
and reproducible response. The surface of the BDD electrode can be
hydrogen-terminated (H-terminated) and oxygen-terminated (O-terminated). The
as-deposited diamond surface by CVD procedure is H-terminated, because the films are
grown under hydrogen plasma or in a hydrogen atmosphere. The type of surface
termination strongly influences the hydrophobicity/hydrophilicity and thus the wetting
properties of the surface and further influences the polarity of the surface bonds
resulting in electrostatic interactions which can raise or lower the energy levels of the
valence and conduction bands of the BDD [83].

At the beginnings many studies were presented to be performed at “as-grown”,
H-terminated BDD electrodes [13, 104, 105]. This approach is outdated, because the
maintenance of H-termination is complicated due to the easy electrochemical oxidation
and even oxidation of BDD surface by air oxygen [102]. Also, the O-terminated surface
can be easily formed by exposing the surface to oxygen plasma, boiling in strong acid
or electrochemical exposure to the high anodic potential in the region of water
decomposition, which is the most common approach in electrochemical studies

[106, 107]. At BDD electrode, water decomposes according to the following equation:
H,OBDD) - HO*(BDD)+H" +e~ (Eq. 1)

Quasi-free OH'radicals are in close vicinity of the BDD surface and the subsequent

reactions include their reactions with each other and/or reactions with intermediates,
e.g. HOzand O;H" radicals including further electron transfers leading to O (details in
ref. [108, 109]). Technically, most frequently highly positive current densities (typically
units to tens of mA ¢cm™2) or potentials (~ > +2.0 V) applied for few seconds to minutes

are used to achieve sufficient O-termination (often directly in the analyte solution as
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a surface renewal/activation step between individual measurements). It was reported
that even tens of seconds may lead to almost complete oxidation when sufficiently high
potentials are applied (~ > +3.0 V vs. a platinum counter electrode in 1mol L™ sulfuric
acid or 0.5mol L nitric acid solution) [110].

The anodic pretreatments leads to incorporation of oxygen atoms on the BDD

surface mostly through the carbon reaction with OH® radicals generated according to the
equation (1) in aqueous media (pH<9.0) [111]. Once the O-terminated surface is
obtained, its re-hydrogenation is achievable either by hydrogen-flame annealing or
hydrogen-plasma treatment, which requires adequate equipment, or more simply by
cathodization of the surface. The type and distribution of oxygen-containing chemical
functionalities on the polycrystalline BDD surface is dependent on the boron doping
level [112], grain size, and proportion of different grain orientations [83]. The
O-terminated BDD does not exhibit a measurable surface conductivity, in contrast to
H-terminated surface [102] which can be utilized in studies of the BDD surface
oxidation. As follows from studies with redox probes such as [Fe(CN)s]* ">~ or various
organic analytes [48, 83], O-terminated BDD exhibits slower heterogenous electron
transfer compared to H-terminated BDD. [113]

Anodic activation is very effective in the case of passivation of the electrode
surface by products of the analyte conversion, because OH radicals (eq. 1) are powerful
oxidizing agents capable of oxidation of polymeric films formed at the electrode surface
as results of electrochemical processes of analytes and their reaction by-products. The
easiest way to activate the surface is to apply the positive potential directly in the
measured solution. Examples of this strategy are the following studies on the
development of electrochemical methods for determination of aromatic amines
(aminonaphthalenes and aminobiphenyls [4]), and phenolic compounds
(4-chloro-3-methylphenol [103], m-cresol [114], homovanillic and vanillylmandelic
acid [115]). These species are generally considered as problematic surface-fouling
substances (at any electrode) since their electrooxidation involves radical species that
easily oligomerize or polymerize. Other compounds such as benzophenone-3 required
ex situ activation in 0.5 mol L™! H,SO4 by switching between potentials +3, =3, +3, =3,
+3V, each for 10s [6]. As an example, Figure?2 represents differential pulse

voltammograms of 2-aminobiphenyl at BDD. The effectivity of anodic activation before

22



each scan preventing electrode passivation is clearly demonstrated in Figure 2C. The
peak height repeatability characterized by relative standard deviation is 2.7 %, and
anodic pretreatment is thus favorable compared with cathodic pretreatment, leading to

instability of voltammetric responses (Figure 2B).
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Figure 2 Influence of the electrode pretreatment on the differential pulse
voltammograms of 2-aminobiphenyl (¢ = 5 x 10> mol L™!) in Britton—Robinson buffer
pH 7.0. Measured on BDD without pretreatment (A) and with pretreatment consisting
of stirring and applying the potential of —2.4 V (B) or +2.4 V (C) for 15 s on working
electrode in measured solution between individual measurements. The number of scans
is indicated in individual figures. Adjusted from [1].

The H-termination can be achieved using high negative potentials (~ < -2.0 V)
in the region of hydrogen evolution reaction or negative current densities. The
H-terminated surfaces are more hydrophobic than the O-terminated ones, exhibiting
measurable surface conductivity [83]. The cathodic pretreatment has to be applied just
before the electrochemical experiments to ensure reliable and reproducible results,
especially when the electrode has not been used for a long period of time due to its
instability in air (thus from the practical point of view, the cathodic pretreatment is less
user-friendly). For cathodically pretreated BDD exposed to air for 30 days, increase of
superficial content of oxygen, accompanied by loss of the surface conductivity, was
confirmed by X-ray photoelectron spectroscopy measurements [112]. Interestingly, it
seems that increased boron content has stabilizing effect on the H-termination [81, 112].

Suffredini ef al. presented faster heterogenous electron transfer for [Fe(CN)g]* 7>~ signal
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increase and improved repeatability for selected chlorophenols on H-terminated
electrode [48].

Cathodic pretreatment and/or activation of the electrode based on application of
negative potentials is another way to modify BDD surface and/or to reactivate it when
passivated. Examples may be the following studies on the comparison of voltammetric
response after anodic and cathodic pretreatment: azo dyes tartrazine and allura red
[116], phenolic compounds homovanillic and vanillylmandelic acid [117], and reducible
nitro group containing S-nitroquinoline [7]. Figure 3 represents its differential pulse
voltammograms recorded at O-terminated BDD and H-terminated BDD. Cathodic
activation has led to significant shift of peak potential to less negative values (indicating
easier reduction of the analytes) and faster electron transfer recognizable by narrowing

of voltammetric peaks recorded in the differential pulse mode.
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Figure 3 Differential pulse voltammograms of 5-nitroquinoline (¢ =1 x 10™* mol L")
in 0.1 mol L! acetate buffer pH 5.0 using different pretreatment of the BDD electrode
in 0.5 mol L™! HxSO4: (A) anodic pretreatment (E=+2.4V for 5 min), (B) cathodic
pretreatment (£ =-2.4V for 10 min). BDD electrode B/C ratio 4000 ppm, scan rate
20 mV s, adjusted from [7].
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Another way to obtain a clean and defined BDD surface is mechanical polishing.
The interest of analytical chemists in this possibility is decreased because of the
devaluation of the main advantages of BDD electrodes — a possibility to omit the
manual manipulation with the electrode by using solely electrochemical activation
in situ. Already in 2002, reversible electron transfer for Fe?**/Fe’" redox couple of the
heme unit of cytochrome c at alumina polished BDD surface was reported [118]. Some
later studies mentioned potential shifts and current increases of voltammetric signals at
the same electrode [119]. Recently, the attention was paid to characterization of these
surfaces and their rational utilization in electroanalysis. Results of X-ray photoelectron
spectroscopy show a dramatic difference between the alumina polished surface and
anodized surface, although both are reported to bear oxygenous groups [102].

For mechanical polishing of BDD electrodes alumina slurry and silk cloth is
commonly used. Polishing is performed for few seconds to several minutes to
efficiently remove films covering the electrode surface. Once it has been completed, the
electrode surface must be carefully rinsed with distilled water to remove all traces of the
polishing material. An example of mechanical polishing is the study of determination of
benzophenone-3 on BDD in presence of surfactant cetyltrimethylammonium bromide
[6]. Because fouling of the BDD electrode surface was observed, it was mechanically
polished by alumina before each scan to provide good repeatability (relative standard
deviation of peak height in differential pulse voltammetry was 5 % for 1 x 10~* mol L™
benzophenone-3). The positive effect of polishing on the kinetics of redox reactions on
the BDD electrode is evident from cyclic voltammograms (Figure 4) of

1>+ The difference between the anodic and

a surface-sensitive redox marker [Fe(CN)s
cathodic peak potentials AE, prior and after 3 min of polishing by alumina decreased
from 397 mV to 206 mV. Further repetitive polishing (four times for three minutes)
resulted in a further decrease of AE}, to 114 mV. This positive effect of polishing on the

reversibility of [Fe(CN)s]* 7 has been reported previously [102, 120].
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Figure 4 Selected cyclic voltammograms of 1x 103 molL™"! [Fe(CN)s]*”™ in
1 mol L' KCI measured at the BDD electrode at a scan rate of 100 mV s !. Alumina
polishing for (1) zero minutes; (2) three minutes, and (3) fifteen minutes. The third
cycle is depicted, adjusted from [6].

2.6 Analytical applications

Following Table 2 summarizes selected voltammetric methods developed for the
detection of organic compounds on bare BDD electrodes. For each analyte, the table
contains characterization of used BDD electrode, electroanalytical method, conditions,
pretreatment/activation, achieved limit of detection, eventually matrix. The table
enables an insight in the progress in applications of BDD electrodes in last few years.
A wide range of oxidizable or reducible organic analytes was studied using BDD
electrodes: neurotransmitters, their metabolites and precursors; monocyclic and
polycyclic aromatic hydrocarbons or heterocycles; phenolic compounds and hydroxy
derivatives of polycyclic aromatic hydrocarbons; pharmaceuticals and therapeutics;
food and beverage components and additives and pesticides. BDD electrodes are used
as-deposited, but more often anodic or cathodic electrochemical pretreatment or

mechanical polishing is applied.
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Table 2 Selected examples of organic compounds using voltammetric methods on bare BDD electrodes.

analyte pretreatment/BDD electrode electroanalytical method, LOD determination in Ref.
conditions, (umol L) samples
activation program (ACT)
Neurotransmitters, their metabolites and precursors
dopamine (DA) as-deposited/Ta substrate, DPV in 0.1M phosphate buffer DA: 0.064 simultaneous in [121]
pyridoxine (B6) EA-HFCVD porous BDD electrode pH 7.0 B6: 0.224 human serum
homovanillic acid (HVA) AP/commercial BDD (Windsor Scientific, DPV in 0.1M phosphate buffer HVA: 0.68 - [115]
vanillylmandelic acid (VMA) UK), B/C ratio 1000 ppm; AP: +2.4 V pH 3.0; VMA: 0.4B
20 min in 0.1M H>SO4 ACT: +2.4 V 30 s in stirred
analysed solution
vanillylmandelic acid CP/BDD film deposited on the tip of Ti DPV in 0.1M NaOH pH 13; 2.2¢ --- [122]
wire by MW-PECVD, B/C 2000 ppm; ACT: -1.0 V 15 s between each
CP:-1.0V 15s measurement
Monocyclic and polycyclic (substituted) aromatic hydrocarbons/heterocycles
2-aminobiphenyl AP/BDD films deposited on Si (100) DPV in 0.04M BR buffer pH 7.0; 500: 0.72P [2]
wafer by MW-PECVD, variable B/C ratio  ACT: +2.4 V 30 s in analysed 1000: 0.48P
500, 1000, 2000, 4000, and 8000 ppm; solution 2000: 0.80P
AP:+2.4 V 180 s in 0.1M H2SO4 4000: 0.48P
8000: 0.21P
1-aminonaphthalene AP/microcrystalline BDD film deposited DPV in 0.04M BR buffer pH 2.0; 1.4P - [5]

on p-Si (111) by MWCVD; AP: +2.4 V

15 s in stirred analysed solution

ACT: +2.4 V 15 s in stirred

analysed solution
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anthranilic acid PCP/commercial BDD (Windsor LSV in 0.1M phosphate buffer AA:3.79 commercial [123]
(2-aminobenzoic acid, AA) Scientific, UK), B/C ratio 1000 ppmy; pH 7.02 with 16% ethanol SA: 0.80 samples of plant
salicylic acid PCP: one cycle from+1.6 Vto-1.0 V growth stimulants
(2-hydroxybenzoic acid, SA) in 0.2M H,SO4
ethylone PCP/commercial BDD film (NeoCoat SA, SWYV in 0.5M H,SOy4; 3.7F seized street drug [124]
Switzerland), B/C ratio 8000 ppm, ACT: 20 cycles from +1.0 V samples
PCP: from +30 mA cm2 30 s to +1.6 V in 0.5M H,SO4
to —30 mA cm™ 150 s in 0.5M H,SO4
N-hydroxysuccinimide AP/BDD films deposited on Si (100) LSV in 0.1M NaHCO3 10.94 - [125]
wafers by MW-PECVD;
AP: +3.0 V 30 min in 0.1M HCIO4
S-nitroquinoline AP or CP/MW-PECVD BDD film, B/C DCV and DPV in 0.1M acetate AP/CP - [7]
ratio 4000 ppm; AP: +2.4 V 5 min in 0.5M  buffer pH 5.0 DCV: 2.7/4.7%
H>SO4; CP: —2.4 V 10 min in 0.5M H>SO4 DPV: 0.20/0.50F
uric acid as-deposited/lab-made BDD by HFCVD, DPV and SWV in 0.04M BR buffer 7.7° human urine [126]

B/C ratio 2000 ppm

pH 2.25

samples

Phenolic compounds and hydroxy derivatives of polycyclic aromatic hydrocarbons

benzophenone-3

AP/commercial BDD (Windsor Scientific,
UK), B/C ratio 1000 ppm; AP: +2.4 V 60 s
in 0.5M H,SO4

AP/lab-made BDD films deposited on Si
by MW-PECVD variable B/C ratio 2000,
4000, and 8000 ppm; AP: +2.4 V 60 s in
0.5M H,SO4

DPV in 0.01M NaOH + surfactant
0.1 mM CTAB; ACT: polished

with alumina before measurement;
DPV in 0.04M BR buffer pH 12.0;
ACT: switching of potentials +3 V
and -3 V each 10 s in 0.5M H>SOq4

between each measurement

0.1F

2000: 1.5F
4000: 1.9¥
8000: 0.8F
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catechol (CT) AP/commercial BDD film (Adamant DPV in 0.05M H,SO4 CT: 16.346 - [127]
hydroquinone (HQ) Technologies, Switzerland), B/C ratio HQ: 15.476
resorcinol (RS) 8000 ppmy; RS: 19.23¢
AP: +10 mA cm™2 30 min in 1M HCIO4
hydroquinone as-deposited/lab-made BDD deposited on ~ DPYV in phosphate buffered saline 0.594 - [128]
Ta substrate by EA-HFCVD pH 7.0
1-naphthol (1INAP) CP/commercial BDD film (NeoCoat, DPV in 0.05M H»SO4 INAP: 0.054 spiked lake water [129]
2-naphthol (2NAP) Switzerland), B/C ratio 10000 ppm; 2NAP: 0.104 and synthetic urine
CP: -100 mA cm™ 180 s in 0.5M H,SO4) samples
pyrogallol as-deposited/commercial BDD (Windsor LSV in 0.18M H,SO4 0.85 biofuels [130]
Scientific, UK), B/C ratio 1000 ppm
quercetin CP/commercial BDD (Windsor Scientific, SW-AdSV in 0.1M acetate buffer 0.000448 apple juice [131]
UK), B/C ratio 1000 ppm; pH 4.7 + surfactant 300uM CTAB;
CP:-1.4 V 180 s in 0.5M H,SO4 ACT: -1.4 V 60 s in 0.5M H2SO4
between each measurement
resveratrol CP/commercial BDD (Windsor Scientific, SW-AdSV in 0.1M HNOs3 0.0276% dietary supplements [132]

UK), B/C ratio 1000 ppm,
CP:-1.5 V 180 s in 0.5M H,SO4

+ surfactant 0.1 mM HDTMAB,
ACT: -1.5V 60 s in 0.5M H,SO4

between each measurement
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tetrabromobisphenol A PCP/BDD film deposited on Si substrate CV in 0.1M phosphate buffer 0.0274 spiked river water [133]

by HFCVD, B/C ratio 1000 ppm; pH 8.0 samples

PCP: +3.0 V 100 s in 0.05M H»SO, and

—3.0 V 100 s in 0.05M H2SO4, then 15

cycles from +0.3 V to +0.8 V in 0.1M

phosphate buffer pH 8.0
Pharmaceuticals and therapeutics
acetaminophen (AC) AP/commercial BDD film (Adamant DPV and SWV in 0.04M BR buffer DPV/SWV simultaneous in [134]
caffeine (CF) Technologies, Switzerland), B/C ratio pH 6.0 AC:1.17/0.768E pharmaceutical
carisoprodol (CR) 8000 ppmy; CF:0.133/0.771F formulations

AP: +0.5 A cm™2 30 s in 0.5M H>SO4 CR:1.84/3.11F
alprazolam CP/commercial BDD (Windsor Scientific, DPV in 0.04M BR buffer pH 5.0 0.64 pharmaceutical [135]

UK), B/C ratio 1000 ppm; CP: softly formulations

rubbed with damp silk cloth, then +2.0 V

60 sand 2.0 V 30 s in 1M H,SO4
amiloride (AR) AP/commercial BDD film (Adamant SWYV in 0.1M ammonium buffer AR: 0.09F simultaneous in [136]
amlodipine (AD) Technologies, Switzerland), B/C ratio pH 9.0 AD: 0.30F pharmaceutical
atenolol (AT) 8000 ppm; AT: 0.06F formulations and
hydrochlorthiazide (HCT) AP: +0.5 A cm™ 30 s in 0.5M H,SOq4 HCT: 0.08F spiked tap water

samples

amlodipine (AD) AP/commercial BDD film (Adamant DPV and SWV in 0.04M BR buffer DPV/SWV simultaneous in [137]
atorvastatin (AV) Technologies, Switzerland), B/C ratio pH 4.0 with 10% methanol (v/v) AD:0.078/0.028F pharmaceutical

8000 ppm; AV:0.904/0.383F formulations

AP: +0.5 A cm2 30 s in 0.5M H,SO4
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ascorbic acid PCP/BDD electrode, B/C ratio 8000 ppm;  DPV in 0.04M BR buffer pH 4.0 1.1° pharmaceutical [138]
PCP: from—2.0 V to +2.0 V in 1.5M formulations
H,SOj4 until stable signal was observed
(cca 5 cycles)
atenolol (AT) AP/commercial BDD film (Adamant SWYV and DPV in 0.1M TRIS SWV/DPV simultaneous in [139]
nifedipine (NI) Technologies, Switzerland), B/C ratio buffer pH 8.0 NI:0.685/0.6125 pharmaceutical
8000 ppm; AT:0.370/0.999F formulations
AP: +0.5 A cm™2 30 s in 0.5M H>SO4
benzocaine AP/screen-printed BDD electrode DPV and SWV in 0.04M BR buffer DPV: 0.08P pharmaceutical [140]
(CBDD110, Dropsens, Spain), B/C ratio pH 4.0 SWV: 0.10P formulations and
2500 ppmy; spiked human urine
AP:+2.0 V40 sin 1M HNO; samples
bromazepam CP/BDD film deposited on n-Si (100) DPV in 0.04M BR buffer pH 11.0 0.31 pharmaceutical [135]
wafer by HF-CVD, B/C ratio 1000 ppm; formulations
CP: softly rubber with damp silk cloth,
then +2.0 V 60 s and 2.0 V30 s in 1M
H,SO4
caffeine (CAF) CP/commercial BDD film (NeoCoat, SWV in 0.1M H,SO4 CAF: 0.031 simultaneous in [141]
paracetamol (PAR) Switzerland), B/C ratio 8000 ppm; PAR: 0.033 pharmaceutical
propyphenazone (PRO) CP: —0.01 A 1000 s in 0.1M H>SO4) PRO: 0.039 formulations
cefalexin PP/commercial BDD (Windsor Scientific, ~ DPV in 0.2M acetate buffer pH 4.5,  0.10% pharmaceutical [142]
UK) with B/C of 1000 ppm; PP: polished ACT: polished with alumina formulations,

with alumina before measurements

between each measurement

spiked river water

and human urine
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cetirizine CP/commercial BDD (Windsor Scientific, DPV in 0.1M phosphate buffer 0.016° pharmaceutical [143]
UK), B/C ratio 1000 ppm; pH 8.0 formulations and
CP: -3.0 V 300 s in 0.6M H,SO4) spiked human urine
ciprofloxacin PCP/BDD film deposited on n-Si (100) SWYV in 0.1M ammonium acetate 0.05P spiked human urine  [144]
wafer by HFCVD, B/C ratio 20000 ppm; buffer pH 5.0 samples
PCP: 15 cycles from —2.0 V to +2.0 V
100 mV s7!in 1.5M H,SO4
colchicine CP/commercial BDD (Windsor Scientific, DPV in 0.04M BR bufter pH 7.5 0.26° pharmaceutical [145]
UK), B/C ratio 1000 ppm; CP: rubbed on a formulations and
piece of damp silk cloth, then +2.0 V 180 s human serum
and —2.0 V 180 s in 1M H,SO4 samples
enrofloxacin AP/commercial BDD (Windsor Scientific, SW-AdSV in 0.1M HNO; 0.01598 pharmaceutical [146]
UK), B/C ratio 1000 ppm; + surfactant 0.9mM SDS, formulations and
AP: +1.8 V 180 s in 0.5M H»S04 ACT: +1.8 V 60 s in 0.5M H,SO4 spiked human urine
between each measurement samples
febuxostat AP/commercial BDD (Windsor Scientific, SWYV in 0.04M BR buffer pH 5.0; 0.095F pharmaceutical [147]
UK), B/C ratio 1000 pm; ACT: rubbed on a piece of paper, formulations
AP: rubbed on a piece of paper, then +2.0 V 90 s in 0.5M H»S04
then +2.0 V 90 s in 0.5M H,SO4 between each measurement
flutamide PP/commercial BDD (Windsor Scientific, DPV and SWV in 0.1M H,SO04 DPV: 0.42P pharmaceutical [148]
UK), B/C ratio 1000 ppm; SWV: 0.21P formulations,

PP: rubbed with a piece of damp silk cloth

spiked human urine
and water samples

(river, well, tap)
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hydrochlorthiazide (HYD) CP/commercial BDD film (Adamant SWYV in 0.04M BR buffer pH 2.0 HYD: 0.0182F simultaneous in [149]
ramipril (RAM) Technologies, Switzerland), B/C ratio RAM: 0.027% pharmaceutical
8000 ppm; CP: +0.5 A cm™ 30 s and formulations
0.5 A cm™ 120 s in 0.5M H,SO4
chlorpromazine (CPZ) CP/commercial BDD (Windsor Scientific,  DPV in BR buffer pH 4.0 (CPZ) CPZ: 0.034 spiked human urine  [150]
thioridazine (TDZ) UK), B/C ratio 1000 ppm; CP: +2.0 V and pH 6.0 (TDZ) TDZ: 0.124 samples
180 s and —2.0 V 180 s in 0.5M H>SO4
ibuprofen PP/commercial BDD (Windsor Scientific, DPV and SWV in 1M HCIO4 DPV: 0.41° pharmaceutical [151]
UK), B/C ratio 1000 ppm; SWV: 0.93P formulations and
PP: smoothed with a piece of wet silk spiked human urine
samples
imipramine PCP/BDD film deposited on n-Si (100) DPV in 0.04M BR buffer pH 9.0 0.5P pharmaceutical [152]
wafer by HFCVD, B/C ratio 4000 ppm; formulations
PCP: 30 cycles from 2.0 V to +2.0 V
500 mV s!in 1.5M H,SO4
imipramine CP/BDD film (CSEM, Switzerland), B/C SWV in 0.04M BR buffer pH 7.4 0.0435F pharmaceutical [153]
ratio 8000 ppm; CP: +3.0 V 15 s formulations
and —3.0 V 30 s in 0.5M H»SO4
indapamide CP/commercial BDD film (Adamant SWV in 0.01M H,SO4 0.056P pharmaceutical [154]

Technologies, Switzerland), B/C ratio
8000 ppm; CP: 25 A cm2 240 s in 0.5M
H,SO.4

formulations and
spiked synthetic
cerebrospinal fluid

and tap water
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isatin as-deposited/BDD macroelectrode (MAC)  SWV in 0.1M phosphate buffer MAC: 0.22B urine simulant [155]
and BDD microelectrode array (MEA) pH 7.4 MEA: 0.048
fabricated on Si wafer by MW-PECVD,
B/C ratio 3000 ppm
leucovorin AP/lab-made BDD films with B/C ratio DPV in 0.4M BR buffer pH 3.0; 1000: 0.067° pharmaceutical [156]
1000, 2000, 4000, 8000, 10000 and ACT: +2.0 V 5 s in 0.5M H,SO4 2000: 0.36° formulations
20000 ppm; between each measurement 4000: 0.12P
AP: 2.0 V 60 s and +2.0 V 60 s, then 8000: 0.090P
10 cycles from —1.0 V to +2.0 V in 0.5M 10000: 0.10°
H,S0O4 20000: 0.42P
leucovorin PCP/commercial BDD (Windsor DPV in 0.04M BR buffer pH 3.0; 0.015F pharmaceutical [157]
Scientific, UK), B/C ratio 1000 ppm; ACT: +2.0 V5 sin 0.5M H»SO4 formulations
PCP: -1.0 V 60 s and +2.0 V 60 s, then between each measurement
20 cycles from—1.0 V to +2.0 V in 0.5M
H>SO04
levofloxacin PCP/BDD film (CSEM, Switzerland), B/C SWV and CV in 1.4 mM Na>SO4 SWV: 2.88P spiked human [158]
ratio 3500 ppm; pHS5.5 CV:10.01° serum and
PCP: cycling from -3.0 Vto +3.0 V 120 s synthethic urine
5000 mV s™! samples
melatonin (M) CP/commercial BDD (Windsor Scientific, SWYV in 0.1M BR buffer pH 2.0; M: 0.608 simultaneous in [159]
pyridoxine (P) UK), B/C ratio 1000 ppm; ACT: -1.7V 60 s 0.5M H,S04 P: 6.65 dietary supplements

CP:-1.7 V 180 s in 0.5M H,SO4

between each measurement
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mesalazine CP/commercial BDD (Windsor Scientific, SWYV in 0.04M BR buffer pH 7.0 0.70F pharmaceutical [160]
UK), B/C ratio 1000 ppm; formulations and
CP: +3.0 V 60 s and —3.0 V 3000 s spiked human urine
in 0.5M H,SO4 samples
omeprazole AP/commercial BDD (Windsor Scientific, DPV and SWV in 0.1M phosphate DPV: 0.91! pharmaceutical [161]
UK), B/C ratio 1000 ppm; buffer pH 10.0; SWV: 0.091! formulations and
AP: cleaned sonically and polished with ACT: cleaned sonically and spiked human urine
alumina, then +5.0 V 60 s polished with alumina, then +5.0 V samples
60 s between each measurement
oxacillin PP/commercial BDD (Windsor Scientific,  DPV in 0.2M acetate buffer pH 4.5; 27.15’ pharmaceutical [162]
UK), B/C ratio 1000 ppm; ACT: polished with alumina formulations,
PP: polished with alumina between each measurement human urine
samples and river
water
pindolol CP/BDD film (CSEM, Switzerland), B/C DPV and SWV in 0.2M phosphate ~ DPV: 0.026 pharmaceutical [163]
ratio 8000 ppm; buffer pH 6.0 SWV: 0.043 formulations,
CP: —3.0 V 30 s in 0.5M H,SO4 spiked synthetic
urine and serum
propofol AP/rotating BDD disk (NeoCoat, CV in 10mM phosphate buffer pH 2.40 = 0.90% spiked human [164]
Switzerland), B/C ratio 700 ppm; 7.4; ACT: 10 cycles from +0.75 V serum samples
AP: +2.2V 900 s in 0.1M KNO; to+1.4 Vin 0.1M NaOH
salbutamol CP/commercial BDD (Windsor Scientific, SW-AdSV in 0.04M BR buffer pH  5.06" pharmaceutical [165]
UK), B/C ratio 1000 ppm; 9.0; ACT: -1.5 V 180 s in 0.5M formulations

CP: -1.5V 180 s in 0.5M H,SO4

H>SO4 between each measurement
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tadalafil CP/commercial BDD film (Adamant SWYV in 0.04M BR buffer pH 4.0 0.04234 pharmaceutical [166]
Technologies, Switzerland), B/C ratio formulations
8000 ppm;
CP: 0.5 A 120 s in 0.5M H,SO4
tenofovir PP/commercial BDD (Windsor Scientific,  SWV in 0.04M BR buffer pH 4.0 0.56P pharmaceutical [167]
UK), B/C ratio 1000 ppm; formulations
PP: polished with alumina slurry
Food and/or beverage components and additives
caffeine (CAF) AP/commercial BDD (Windsor Scientific, SW-AdSV in 0.1M phosphate CAF: 0.3668 simultaneous in [168]
vanillin (VAN) UK), B/C ratio 1000 ppm; buffer pH 2.5; VAN: 1.548 food (vanilla sugar,
AP: +1.8 V 180 s in 0.5M H,SO4 ACT: +1.8 V60 s in 0.5M H>S04 foamy instant
between each measurement coffee) and drink
(cola) samples
caffeine CP/commercial BDD (Windsor Scientific, SW-AdSV in 0.1M HNOs; CAF: 0.15"8 simultaneous in [169]
5-O-caffeoylquinic acid UK), B/C ratio 1000 ppm; ACT:-1.7V 180 sin 0.5M H,SOs  5-CQA: 0.40 food (vanilla sugar,
vanillin CP: —-1.7 V 180 s in 0.5M H»SO4 between each measurement VAN: 0.38B instant coffee) and
drink (cola)
samples
phlorizin CP/commercial BDD (Windsor Scientific, SWV in 0.04M BR buffer pH 6.0 0.238 apple root extracts [170]
UK), B/C ratio 1000 ppm; CP: +2.0 V and spiked urine
180 s and —2.0 V 180 s in 1M H»SO4 samples
theobromine as-received/screen-printed BDD electrode ~ DPV and SWV in 0.1M H,SOy4; DPV: 0.42P chocolate products [171]
(CBDD110, Dropsens, Spain), B/C ratio ACT: rinsed with deionized water SWV: 0.51P

2500 ppm

every ten measurements
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Pesticides

bentazone CP/commercial BDD (Windsor Scientific, SWYV and DPV in BR buffer pH 4.0 SWV: 1.2P spiked river water [172]
UK), B/C ratio 1000 ppm; CP: +2.0 V DPV: 0.5 samples
180 s and —2.0 V 180 s in 0.5M H2SO4
carbaryl (CR) CP/BDD film (CSEM, Switzerland), B/C SWYV in 0.1M BR buffer pH 6.0; CR: 1.5F simultaneous in [173]
carbendazim (CD) ratio 8000 ppm; ACT: -3.0 V 30 s when necessary CD: 2.1F plant infusions
CP: +3.0 V 10 min and —3.0 V 10 min
clomazone as-deposited/commercial BDD (Windsor SWYV in 0.04M BR buffer pH 2.0 0.214 spiked river water [174]
Scientific, UK), B/C ratio 1000 ppm samples
2,4-dichlorophenoxyacetic acid ~ CP/commercial BDD film (Adamant DPV in 0.1M H,SOq; 2,4-D: 0.12F simultaneous in [175]
(2,4-D) Technologies, Switzerland), B/C ratio SPE preconcentration DI: 0.035% spiked lake and
diuron (DI) 8000 ppm, TB: 0.34F well water samples
tebuthiuron (TB) CP: 2.0 V 120 s in 0.5M H,SO4
fenthion CP/BDD film, B/C ratio 8000 ppm; SWV in 0.1M Na,HPO,4 pH 4.0 0.080 Passiflora alata [176]
CP: +3.0 V 10 min and —3.0 V 10 min herbal medicinal
tinctures
formetanate CP/BDD film (CSEM, Switzerland), B/C SWYV in BR buffer pH 7.0; 0.37% fruits (mango, [177]
ratio 8000 ppm; CP: +3.0 V 30 s ACT: 30 s mechanical stirring grape)
and —-3.0 V 60 s in 0.5M H,SO4 between measurements
maneb CP/commercial BDD (Windsor Scientific, DPV in 0.04M BR buffer pH 5.0 0.024P river water samples  [178]

UK), B/C ratio 1000 ppm;

CP: rubbed with a piece of damp silk sloth,
then +2.0 V 180 s and —2.0 V 180 s 1.0M
H>SO4
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methomyl CP/type of BDD not given; SWV in 0.1M BR buffer pH 3.0, SWV: 19 pesticide [179]
CP: +3.0 V 120 s and -3.0 V 240 s in DPV in 0.1M BR buffer pH 2.0; DPV: 1.2 formulation and
0.5M H,SO4 ACT:+3.0V 120sand 3.0V spiked river and tap
240 s in 0.5M H,SO4 between water samples
measurement at different pH values
oxycarboxin PCP/commercial BDD (Windsor SWYV in 0.04M BR buffer pH 4.0 1.6° spiked river water [180]
Scientific, UK), B/C ratio 1000 ppm; samples
PCP: sonicated for 5 min, then 10 cycles
from —0.35 V to +1.85 V in 0.1M H,SO4
100 mV s
pethoxamid CP/commercial BDD (Windsor Scientific, SWYV in BR buffer pH 4.0; 1.378 pesticide [181]
UK), B/C ratio 1000 ppm; ACT: slightly polished with cotton formulation and
CP: +2.0 V180 sand 2.0 V 180 s between each measurement spiked river water
in 0.5M H,SO4 samples
pirimicarb CP/commercial BDD film (NeoCoat SA, DPV in 1mM phosphate buffer pH 1.24F spiked tap and weir  [182]
Switzerland), B/C ratio 8000 ppm; CP: 7.0 with 20% acetonitrile water samples
+3.0 V5sand-3.0 V 60 s in 0.5M H,SO4
Others
ergosterol CP/commercial BDD (Windsor Scientific, SWYV in acetonitrile + 0.1M 0.7° fungi extract [183]

UK), B/C ratio 1000 ppm;

CP: +2.0 V180 sand 2.0 V 180 s in IM

H,S04

tetrabutylammonium
hexafluorophosphate
ACT: slightly clean with cotton

between each measurement
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indole (IND) PP/commercial BDD (Windsor Scientific,  DPV in 0.2M TBAH in acetonitrile ~ IND: 0.504 simultaneous [184]

tryptophan (TRY) UK), B/C ratio 1000 ppm; TRY: 0.42% monitoring of their

PP: polished with alumina slurry level during the

bacterial growth

phenetylamines CP/commercial BDD film (NeoCoat SA, SWV in 0.1M acetate buffer pH 4.0 25I-NBOMe: 0.1 blotting paper [185]
(251-NBOMe, 25B-NBOMe, Switzerland), B/C ratio 8000 ppm; with 10% methanol 25B-NBOMe: 0.1 samples, no
25C-NBOMe, 2C-B) CP: +0.001 A 120 s and —0.03 A 360 s 25C-NBOMe: 0.27  interference of LSD

in 0.5M H,SO4 2C-B: 0.1
ricin CP/BDD film (CSEM, Switzerland), B/C SW-AdSV in 0.1M H>SO4 pH 1.0; 0.00062 castor seed cultivars [186]

ratio 8000 ppm; CP: +3.0 V 60 s ACT: +3.0 V60 sand -3.0 V120 s

and —3.0 V 120 s in 0.5M H,SO4 in 0.5M H>SO4 between each

measurement

BR buffer — Britton—Robinson buffer, CTAB — cetyltrimethylammonium bromide, HDTMAB — hexadecyltrimethylammonium bromide, SDS — sodium dodecyl sulfate,
TBAH - tetrabutylammonium hexafluorophosphate, TRIS buffer — tris(hydroxymethyl)aminomethane hydrochloride;

BDD electrode pretreated anodically (AP), cathodically (CP), by polishing (PP), by potential cycling (PCP) or untreated (as-deposited/as-received);

ACT - activation program; EA-HFCVD - electron assisted hot filament chemical vapor deposition, MW-PECVD — microwave plasma enhanced chemical vapor deposition;
DCV - direct current voltammetry, DPV — differential pulse voltammetry, LSV — linear sweep voltammetry, SWV — square wave voltammetry, SW-AdSV — square wave
adsorptive stripping voltammetry;

Limit of detection (LOD) calculated as: * — signal-to-noise ratio equal to three, B — three times standard deviation of the peak current of the lowest level concentration of the
calibration curve divided by the slope of the related calibration equation, ¢ — 3.3 times standard deviation of ten repetitive measurements of the lowest measurable
concentration divided by slope of the calibration curve, P — three times standard deviation of intercept divided by slope of the linear calibration dependence, F — three times the
standard deviation of the current response of the blank solution divided by the slope of the calibration curve, F — concentration of the analyte which gave a signal equal to three
times the standard deviation of the peak height estimated from seven/ten consecutive measurements of the lowest measurable concentration, ¢ — 3.3 times residual standard
deviation sy; divided by the slope of the calibration plot, ¥ — lowest concentration giving rise to the signal s satisfying the following equation s, > sy + 3s, where s; is the gross
analyte signal, sy is the field blank signal and s is standard deviation of five blank determinations, ! — three times standard deviation of noise calculated from background
response of BDD electrode divided by slope of the calibration curve, ' — 3.2 times standard deviation of the regression line divided by slope of the regression line, ¥ — standard
deviation of y-residuals.
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3. Results and discussion

This chapter describes a summary of the seven scientific publications that were
mentioned at the beginning of this Thesis. The individual publications are enclosed in

the Appendix part, where all the details of the experiments are specified.

3.1 Boron doped diamond electrodes in voltammetry: New designs and applications.

An overview (Appendix I, ref. [1])

The purpose of this publication [1] was to summarize the progress in the
development and applications of bare BDD electrodes in voltammetry of organic
compounds. It follows the review [15] where the development of electroanalysis by
means of BDD electrodes since the beginnings in 1992 is summarized. The main topics
are fouling and pretreatment of the BDD surface, influence of boron content on
electrochemical properties of BDD electrodes and response of organic analytes,
utilization of BDD electrodes in adsorptive stripping voltammetry. Examples of selected
applications of bare BDD electrodes for voltammetric determination of organic analysis
demonstrating the above mentioned topics are given. This publication was the basis for
the introduction chapter of this Thesis. Selected figures and more detailed information

are shown in Appendix 1.

3.2 Influence of boron content on the morphological, spectral, and electroanalytical
characteristic of anodically oxidized boron doped diamond electrodes (Appendix Il and
11 ref. [2, 3])

The experiments presented in the publications [2, 3] represent a consistent study of the
effect of boron content on the selected morphological, spectral and electrochemical
characteristics. For this purpose, a set of anodically pretreated BDD films deposited by
microwave plasma-assisted chemical vapor deposition with variable B/C ratio in gas
phase 500 — 8000 ppm was employed.

Spectral properties were investigated using scanning electron microscopy,
atomic force microscopy and Raman spectroscopy. The results of the first two methods
are in good mutual agreement and reveal that the boron content obviously influences the

morphology of the studied films. The results from Raman spectroscopy indicate that the
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shift of maximum Lorentzian component of diamond phonon at ~1332 cm™' can be
assessed as the function of boron concentration.

Cyclic voltammetry with the inner [Fe(CN)s]>”* and outer [Ru(NHz)e]>"*"
sphere redox markers were measured (selected voltammograms depicted in Figure 5)
and important parameters were evaluated. These include parameters of the linear
dependences of the peak height I, of these markers on square root of the scan rate v'/%,
ratio of the anodic and cathodic peak heights /,./I,c, dependence of the peak potential

12 and values of apparent

difference between cathodic and anodic peak AE, on v
heterogenous electron-transfer rate constant k app, calculated from AE, at the scan rate
300 mV s!. These characteristics enable to differentiate among the semiconductive
films (500 ppm and 1000 ppm) and films with metallic conductivity (2000 ppm,
4000 ppm and 8000 ppm). Nevertheless, only the inner sphere -character of

[Fe(CN)6]>’ redox marker enables to visualize the differences between individual

boron content for metallic films.
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Figure 5 Cyclic voltammograms of [Ru(NH3)]*"*" (A) and [Fe(CN)s]** (B) (both
c=1mmol L™! in Imol L™! KCI) measured at BDD electrode with different boron
content: (a) 500 ppm, (b) 1000 ppm, (c) 2000 ppm, (d) 4000 ppm, (¢) 8000 ppm. Scan
rate v =300 mV s . Adjusted from [2].
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The width of the potential window in aqueous media of different pH values and
in wide variety of supporting electrolytes commonly used in electroanalysis was
investigated: 1 mmol L' Na»SOs4, 1 mol L' KCI, 0.1 mol L"! HCIO4, 0.1 mol L
acetate buffer pH 4.0, 0.1 mol L™! phosphate buffer pH 7.0, and 0.05 mol L' borate
buffer pH 9.0. It is obvious from the obtained voltammograms that, in general, the
width of the potential window decreases with the increasing boron content, with
independence of anodic potential limit for 2000 — 8000 ppm electrodes and more
pronounced dependence of cathodic potential limit on boron content for all tested BDD
films.

Next, we have studied electrochemical behavior and analytical parameters for
the determination of 2-aminobiphenyl in Britton—Robinson buffer pH 7.0 (supporting
electrolyte optimized in study [4]), so the comparison of linear sweep and differential
pulse voltammetry at all tested BDD electrodes with boron doping level
500 — 8000 ppm was made. 2-aminobiphenyl was selected as a model analyte. Its amino
group on aromatic skeleton is easily oxidizable within the potential window of BDD
electrodes. Problems with electrode fouling had to be overcome by anodic pretreatment
directly in the analyte solution by applying the potential +2.4 V (vs. Ag/AgCl/3 mol L™
KCI) for 30s between individual measurements. Contrary to differential pulse
voltammetry, where the height of symmetric peaks increases with increasing boron
content, in linear sweep voltammetry the boron doping level influences the peak shape.
Calibration dependences of 2-aminobiphenyl for all tested electrodes were obtained by
differential pulse voltammetry in the concentration range of 0.25— 50 umol L.
An example representing differential pulse voltammograms obtained at 8000 ppm BDD
film is given in Figure 6. The sensitivity is ca 2.5 times higher for the 8000 ppm
electrode than for the 500 ppm electrode; the limits of detection being in the
0.21 — 0.80 umol L™! concentration range for all tested electrodes.

To conclude, anodically oxidized BDD films deposited at B/C ratio
500 ppm — 8000 ppm were tested. Boron concentration was assessed as function of
Raman shift at <1332cm™'. Cyclic voltammograms of [Ru(NH3)s]*"*" and
[Fe(CN)s]* ™ were used to assess the type of conductivity. Differential pulse
voltammetric signal of 2-aminobiphenyl increases with boron doping level. More details

can be found in Appendix II and IIL
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Figure 6 Differential pulse voltammograms of calibration dependence of
2-aminobiphenyl in Britton—Robinson buffer pH 7.0, concentration of 2-aminobiphenyl
(umol L™): a) 0; b) 0.5; ¢) 1.0; d) 2.5; e) 5.0; f) 7.5; g) 10; h) 25; i) 50. Recorded at
BDD film, B/C ration 8000 ppm. Adjusted from [2].

3.3 Voltammetric and amperometric determination of mixtures of aminobiphenyls and

aminonaphthalenes using boron doped diamond electrode (Appendix 1V, ref. [4])

In this work [4], an anodically pretreated BDD electrode was used for the voltammetric
and amperometric determination of the genotoxic pollutants 1-aminonaphthalene
(1-AN), 2-aminonaphthalene (2-AN), 2-aminobiphenyl (2-AB), and 4-aminobiphenyl
(4-AB). For all electrochemical measurements, a microcrystalline BDD film deposited
on silica wafers (preparation and characterization described in [84]) placed in
a laboratory-made BDD disc electrode (active geometric area 12.6 mm?) [123] was
used.

Firstly, differential pulse voltammetry was used for the exploration of fouling of
the electrode surface in the presence of 1-aminonaphthalene and 2-aminonaphthalene in
analysed solution, because passivating films are formed as result of dimerization and
further polymerization of nitrene cation radicals — products of initial one-electron
oxidation of the amino group [124, 125]. Passivation of the electrode surface was

visualized by the decrease of their peak heights at repetitive differential pulse
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voltammograms of about 80 % and potential shift of ca 35 mV to more positive value
during consecutive 10 scans (Figure 7). This problem was solved by an electrochemical
activation program consisting of stirring and applying the potential of +2.4 V for 15 s
on the BDD working electrode in analysed solution. As result, for ten repetitive
differential pulse voltammograms of 1-aminonaphthalene (c=1x 10" mol L™ in
Britton—Robinson buffer pH 5.0) reproducible peak heights with relative standard

deviation 2.0 % were obtained.
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Figure 7 Ten differential pulse voltammograms of 1-aminonaphthalene (¢ =1 x 107
mol L) in Britton—Robinson buffer pH 5.0 without treatment of BDD electrode surface
between scans. Adjusted from [4].

Then, the influence of pH on signal of aminonaphthalenes (¢ =1 x 10~ mol L")
was investigated by differential pulse voltammetry in Britton—Robinson buffer in the
range of pH 2.0 —12.0. 1-aminonaphthalene gives four peaks in the range of pH
2.0 - 6.0 and one peak at pH 7.0 — 12.0. 2-aminonaphthalene offers four peaks in the
region of pH 2.0 and 3.0, three peaks at pH 4.0, and only one peak at pH 5.0 — 12.0.
More details are described in Appendix IV. For electroanalytical purposes, the pH 7.0
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was chosen as optimal for both aminonaphthalenes based on the presence of one
symmetric peak.

Calibration dependences of aminonaphthalenes were obtained by differential
pulse voltammetry in the concentration range 1— 100 umol L' under optimized
condition (Britton—Robinson buffer pH 7.0, activation program between each
measurement). Results of calibration dependences for other two compounds,
2-aminobiphenyl and 4-aminobiphenyl, are taken from our previous study [126]. The
details about linearity and other parameters of all compounds are summarized in
Appendix IV. Limits of determination were obtained in the range from 0.25 umol L!
for 4-aminobiphenyl to 2.96 pmol L™! for 1-aminonaphthalene.

Also, an attempt to use differential pulse voltammetry for simultaneous
determination of studied compounds, including fifth analyte 3-aminobiphenyl, was
made. The simultaneous determination was possible only for the pair of
2-aminobiphenyl/4-aminobiphenyl ~ or  3-aminobiphenyl/4-aminobiphenyl  using
Britton—Robinson buffer pH 12.0 as a supporting electrolyte. For pH 7.0 and pH 9.0, the
optimum pH values for the individual determination of 2-aminobiphenyl and
4-aminobiphenyl, the differences of peak potentials are insufficient.
I-aminonaphthalene and 2-aminonaphthalene could not be determined in the mixtures,
because the difference of the oxidation potential is too small with respect to each other
and to all tested aminobiphenyls. Details of these simultaneous determinations are listed
in Appendix IV.

Further, amperometric detection coupled with HPLC at BDD electrode in
wall-jet arrangement was used to detect the mixture of 1-aminonaphthalene,
2-aminonaphthalene, 2-aminobiphenyl, and 4-aminobiphenyl after their separation
using reversed phase system. To prevent the passivation of electrode surface, the
activation program mentioned above was used on-line for all HPLC measurements.
Based on the previous studies [127, 128], the optimization of the mobile phase (organic
modifier acetonitrile and 0.01 mol L™! phosphate buffer) was carried out. Tested content
of acetonitrile was 30 %, 35 % and 40 %, the buffer pH was changed in the range
2.0-5.0. Under all tested conditions the analytes were eluted in the order
2-aminonaphthalene,  l-aminonaphthalene, = 4-aminobiphenyl,  2-aminobiphenyl.
Optimum mobile phase consisting of acetonitrile and 0.01 mol L™! phosphate buffer pH
3.0 (40:60, v/v) and the flow rate of 1 mL min~' secured elution time of 9.8 min of the

lastly eluted 2-aminobiphenyl and was used for further studies.
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Next, the detection potential Eg4e imposed on the working electrode was
optimized in the range from +500 mV to +1500 mV in a step of 100 mV, and the peak
heights of tested analytes and absolute value of the background current were evaluated.
Detection potential +1000 mV was selected as optimum based on stable background
current and satisfactory peak heights.

The calibration dependences were obtained in the concentration range from 0.02
to 10 umol L™!. The parameters of these dependences are summarized in Appendix IV.
Limits of determination reached values 0.06 pmol L' for 2-aminonaphthalene,
0.07 umol L' for 1-aminonaphthalene, 0.13 pmol L™! for 4-aminobiphenyl, and
0.20 umol L' for 2-aminobiphenyl. Selected chromatograms of calibration

dependences are depicted in Figure 8A.
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Figure 8 (A) Chromatograms of the mixture of 2-AN, 1-AN, 4-AB, and 2-AB using
HPLC with amperometric detection at BDD electrode, concentration of analytes 2, 4, 6,
and 8 pmol L™!. (B) Chromatograms of the mixture of 2-AN, 1-AN, 4-AB, and 2-AB
after solid phase extraction from 10 mL of sunset yellow solution (0.1 g mL™) recorded
using electrochemical detection at BDD electrode in wall-jet arrangement and UV
detection. Concentrations of the analytes 0.25 (1), 0.5 (2), and 0.75 (3) umol L!; eluent
acetonitrile 2 mL. Measured by HPLC-ED/UV, column LichroCART® 125-4
Purospher®STAR RP-18e (5 um), mobile phase acetonitrile and 0.01 mol L™! phosphate
buffer pH 3.0 (40:60, v/v), injection volume 20 uL, O =1.0 mlmin™!, Eg = +1.0V,
Adet = 290 nm. Adjusted from [4].
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The developed high performance liquid chromatography with electrochemical
detection was used for the determination of mixture of aminonaphthalenes and
aminobiphenyls in the synthetic colorant sunset yellow (E 110). Due to the large system
peak that interfered with the evaluation after direct injection of dye, solid phase
extraction was used to eliminate the influence of the dye matrix and to preconcentrate
the tested compounds. Two different cartridges and procedures were applied (details in
Appendix IV). Obtained calibration dependences are linear from 0.0075 to 1 umol L!
and limits of determination reached values 4.62 nmol L' for 2-aminonaphthalene,
498 nmol L' for 1-aminonaphthalene, 11.3 nmol L' for 4-aminobiphenyl, and
14.1 nmol L™! for 2-aminobiphenyl. Selected chromatograms of calibration dependences
recorded using electrochemical and UV detection are depicted in Figure 8B.

This work presents a valuable contribution to the electroanalysis of amino
derivatives of biphenyl and naphthalene with genotoxic and carcinogenic potential. The
electrochemical methods represent an inexpensive, fast, and relatively selective
independent alternative to the highly advanced methods such as high performance liquid

chromatography with fluorescence detection. Details are shown in Appendix IV.

3.4 Carbon-based electrodes for sensitive electroanalytical determination

of aminonaphthalenes (Appendix V, ref. [5])

In the publication [5], the electroanalytical performance of bare BDD electrode for
determination of I-aminonaphthalene and 2-aminonaphthalene was compared with
other types of carbon-based materials, specifically with glassy carbon (bare and
modified by a Nafion permselective membrane or multiwalled carbon nanotubes) and
carbon film.

Firstly, the electrochemical behavior of Il-aminonaphthalene and
2-aminonaphthalene at glassy carbon electrode was investigated by cyclic voltammetry.
The linear dependence of current density on square root of scan rate indicates
a diffusion-controlled electrochemical process for both compounds. A decrease of the
oxidation peak currents of selected aromatic amines was observed after successive
cycling without cleaning the electrode surface between individual scans. Because
electrochemical pretreatment of glassy carbon electrode surface was inefficient,

mechanical cleaning was done after each scan (details in Appendix V or [5]).
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Afterwards, differential pulse voltammetry was applied to find out the effect of
pH on the current and peak potential of aminonaphthalenes measured at glassy carbon
electrode in Britton—Robinson buffer (pH from 2 to 11). Both aminonaphthalenes
exhibit one peak at pH 2.0 and two peaks in the range 3.0 — 11.0. The influence of
differential pulse voltammetry scan parameters on the response of 1-aminonaphthalene
at bare glassy carbon electrode was also investigated. The parameters were pulse
amplitude (50 mV), pulse time (25 and 50 ms), potential step (2 and 4 mV), and scan
rate (5 and 10 mV s !). Based on the highest and best shaped peak, the pH 2.0, pulse
amplitude 50 mV, pulse time 50 ms, potential step 2 mV, and scan rate 5 mV s~ were
chosen as the optimum values.

Under the optimum conditions, the determination of both aminonaphthalenes
was performed by differential pulse voltammetry at bare glassy carbon electrode.
Further, the effect of the modification of the glassy carbon electrode surface with
Nafion or multiwalled carbon nanotubes for 1-aminonaphthalene was tested and
analytical parameters were compared with other bare carbon surfaces — BDD and
carbon film electrode. A comparison of analytical figures of merit is given in Table 3
and differential pulse voltammograms of 20umol L' 1-aminonaphthalene for all

investigated surfaces are depicted in Figure 9.

Table 3 Analytical parameters of linear dependences for the determination of
l-aminonaphthalene and 2-aminonaphtahalene by differential pulse voltammetry at
different types of electrodes in Britton—Robinson buffer pH 2.0. Adjusted from [5].

Electrode LDR Sensitivity LOD Pretreatment RSD?
(umol L (nA umol™ L em2)  (umol L) (%)

1-aminonaphthalene

BDD 2-20 282 1.4 electrochemical 3.8

CFE 2-20 80 3.1 without 16.0

GCE 2-100 257 1.6 mechanical 43

Nafion/GCE 0.2-20 302 0.4 without 9.8

MWCNT/GCE  10-100 229 11.6 without 12.9

2-aminonaphthalene

GCE 2—-100 358 2.0 mechanical 4.4

CFE — carbon film electrode; GCE — glassy carbon electrode; LDR — linear dynamic range; LOD — limit
of detection, MWCNT — multiwalled carbon nanotubes; *repeatability of peak height expressed by
relative standard deviation for concentration ¢ = 20 umol L™, n = 4.
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Figure 9 Differential pulse voltammograms of 1-aminonaphthalene (¢ =20 pmol L)
at (A) bare glassy carbon electrode, (B) Nafion/glassy carbon electrode,
(C) multiwalled carbon nanotubes/glassy carbon electrode, (1)) carbon film electrode,
and (') BDD celectrode in Britton—Robinson buffer pH 2.0, after baseline subtraction.
Adjusted from [5].

Also, differential pulse voltammetry was wused for the simultaneous
determination of the two analytes in a mixture based on the presence of one peak and
the difference of peak potentials of I-aminonaphthalene (£, =+658 mV) and
2-aminonaphthalene (£, =+726 mV) at a glassy carbon electrode in Britton—Robinson
buffer pH 2.0. The responses showed linear dependences in the range from 2 to
10 umol L' and micromolar limits of detection were obtained, namely 1.9 and
1.6 pmol L™! for 1-aminonaphthalene and 2-aminonaphthalene, respectively.

The practical applicability of the proposed method was tested by the
determination of 1-aminonaphthalene and 2-aminonaphthalene in model samples of
river water. For both analytes and both tested concentrations (50 and 100 pmol L™! for
each analyte), high recoveries (91 — 102 %) with repeatability <5 % (expressed by
relative standard deviation, n = 5) were obtained.

Blocking of the electrode surface was a problem for all types of bare electrode

surface, but it could be eliminated by mechanical polishing of glassy carbon electrode or

49



by anodic pretreatment of BDD electrode. Modified electrodes do not require any
cleaning.

It can be concluded that Nafion/glassy carbon electrode is the most sensitive
electrode material of those tested, with the lowest limit of detection, and with simple
handling. However, highly reproducible responses, with easy recovery of the electrode
surface can be obtained at unmodified GCE and this electrode exhibited a wider linear

range, which is more suitable for practical applications. [5]. For details see Appendix V.

3.5 Boron doped diamond electrodes for voltammetric determination of

benzophenone-3 (Appendix VI, ref. [6])

In this study [6], the influence of boron concentration in BDD films on electrochemical
oxidation of benzophenone-3 and opportunities to influence its electroanalytical
performance by the presence of surfactant were explored.

Benzophenone-3 is used as ultraviolet filter in sunscreens and various
consumers’ products. As an endocrine disruptor, benzophenone-3 can negatively
influence living organisms by disturbing hormonal equilibrium [129-132].

Two types of boron doped diamond electrodes were used as working electrodes.
For investigation of voltammetric behavior of benzophenone-3 in the absence of
surfactant, BDD films (variable B/C ratio in the gas phase 500, 1000, 2000, 4000, and
8000 ppm) prepared at the Institute of Physics of the ASCR, v. v. i. in the Department
of Functional Materials were used. Details of preparation are given in Appendix VI
These electrodes were marked as BDDa in this work with specification of boron content
in the BDD film. For voltammetric determination of benzophenone-3 in the presence of
surfactant, commercially available BDD electrode with B/C ratio 1000 ppm (Windsor
Scientific, UK), further marked as BDDg, were used. All working electrodes were
activated at the beginning of each working day in 0.5 mol L™! sulfuric acid by oxidation
at+2.4 V for 60 s.

For optimization, BDDa with B/C ratio 2000 ppm was utilized. The first
experiments have shown the oxidation of benzophenone-3 caused passivation of the
electrode surface. Different electrochemical activation programs (details in Appendix
VI) were tested either directly in the measured solution or ex situ in 0.5 mol L™! sulfuric

acid. Most of these programs were inefficient, only one was applicable: ex situ
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activation in 0.5 mol L™! sulfuric acid by switching of potentials +3, -3, +3, -3, +3 V
each for ten seconds.

Further, the effect of pH on the current and peak potential of benzophenone-3
was investigated at BDDa (2000 ppm) in Britton—Robinson buffer with pH values
ranging from 2.0 to 12.0. With the increasing pH a gradual shift of the peak potential
towards less positive values was observed. Substantially higher peak current was
observed at pH 12.0, thus it was used for further electroanalytical measurements.

Considering that benzophenone-3 is practically water insoluble, but solubility in
organic solvents is reasonable, and thus its determination in daily care products requires
dilution or extraction with an organic solvent [133, 134], the influence of methanol
and/or acetonitrile content in analysed solution on peak height and peak position of
benzophenone-3 was studied. Two sets of benzophenone-3  solutions
(c=1x10"*mol L") in Britton-Robinson buffer pH 12.0 containing 1 %, 2 %, 10 %,
20 %, 50 %, 70 %, and 80 % (v/v) of methanol or acetonitrile, were prepared and
analysed by differential pulse voltammetry at BDDa (2000 ppm). The shift of peak
potential toward less positive values independent of the concentration of organic solvent
in solution was observed. Simultaneously, the peak height of benzophenone-3 decreases
with an increasing percentage of methanol or acetonitrile. Also, the background current
increases. For further experiments, it was continued without presence of organic
solvents in measured solution.

Then, a set of BDD4 films with boron content of 500, 1000, 2000, 4000, and
8000 ppm were compared. The boron content, in BDD films given as number of boron
atoms per cm?, influences conductivity of BDDa electrode [81, 87]. Our previous study
[2] revealed that for our set of electrodes the limit lies between films with boron content
of 1000 ppm exhibiting semiconductive properties and 2000 ppm film with metallic
type conductivity. This is confirmed by DP voltammograms of benzophenone-3 where
the peak height of benzophenone-3 increases with increasing boron content. For
500 ppm and 1000 ppm BDDa, i.e. semiconductive films, the peak of benzophenone-3
is not fully developed. Films with boron doping level 2000 ppm and higher provide
symmetric and well-shaped peaks. Further, the peak potential of benzophenone-3 is
moving toward less positive values as concentration of boron in films increases,
similarly as in previous study with aminobiphenyls [2].

Further, the influence of presence of surfactant cetyltrimethylammonium

bromide (CTAB) on benzophenone-3 peak height at BDDg electrode
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in Britton—Robinson buffer pH 9.0 was studied. From cyclic voltammograms depicted
in Figure 10A it is evident that the presence of surfactant markedly influences shape,
height and position of oxidation peak as the result of electrostatic interaction of the
cationic surfactant CTAB with anionic form of benzophenone-3 in pH 9.0
(pKa, Br-3 value 7.56). The peak potential shift is also great advantage because the
oxidation peak of benzophenone-3 in the absence of surfactant is relatively close to the
onset of supporting electrolyte. As the next step, the dependence of benzophenone-3
peak height on concentration of CTAB was investigated. The dependence depicted in
Figure 10B shows that the highest peak of benzophenone-3 (¢ =35 x 107> mol L™!) was
achieved with the concentration of CTAB 1 x 10# mol L',
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Figure 10 (A) Cyclic voltammograms of benzophenone-3 (c=35x 10° mol L")
without presence of surfactant (thin line 1) and in the presence of surfactant (bold 2)
CTAB (c=1x10"° mol L") at BDDg electrode in Britton—Robinson buffer pH 9.0
(dashed 3). Scan rate 100 mV s'. (B) Dependence of peak height of benzophenone-3
(c=5x10"° mol L") on the concentration of CTAB. Recorded by differential pulse
voltammetry at BDDg electrode in 0.01mol L' NaOH. The error bars are constructed as
standard deviation of peak height of benzophenone-3. (C) Differential pulse
voltammograms of benzophenone-3 measured at BDDg in 0.01mol L™! NaOH in the
presence of surfactant CTAB (c =1 x 10~* mol L™!). Concentration of benzophenone-3:
0.4,0.6,0.8,1.0,2.5,5.0, 7.5, and 10 umol L™!. Adjusted from [6].
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Calibration dependences of benzophenone-3 were obtained without the presence
of surfactant at BDDa with boron content of 2000 ppm, 4000 ppm, and 8000 ppm, and
with the presence of CTAB (¢ =1 x 10* mol L™!) at BDDsg. For 500 ppm and 1000 ppm
BDD films, the lowest observable concentration was 100 umol L' and from the
analytical point of view these measurements were not useful. Concentration
dependences are linear practically in the whole concentration range. Selected
differential pulse voltammograms are depicted in Figure 10C and parameters

of calibration dependences are summarized in the Table 4. For details see Appendix V1.

Table 4 Selected parameters of concentration dependences of benzophenone-3 at BDD
electrodes measured by differential pulse voltammetry. Adjusted from [6].

Electrode LDR Slope Intercept LOD
(umol L) (nA umol' L)  (nA) (umol L™V

BDD4 2000 ppm 1-100 13.48 20.57 1.5

BDDa 4000 ppm 1-100 5.90 12.28 1.9

BDD4 8000 ppm 2.5 —-100 9.34 6.19 0.8

BDDsg + CTAB 10-75 18.98 129.65 ---
0.8-10 29.85 —-19.44 ---
0.4-0.8 13.29 —1.35 0.1

LDR - linear dynamic range; LOD — limit of detection

3.6 Factors influencing voltammetric reduction of 5-nitroquinoline at boron doped

diamond electrodes (Appendix VII, ref. [7])

In this work [7], 5-nitroquinoline with reducible aromatic nitro group and
quinoline skeleton at boron doped diamond films with doping level 500, 1000, 2000,
4000 and 8000 ppm was studied by direct current and differential pulse voltammetry.
The aim of this study was to extend the knowledge on the electroreduction of nitro and
quinoline moieties at boron doped diamond electrodes. 5-nitroquinoline, an
environmental pollutant, formed as product of incomplete combustion of fossil fuels,
was selected as model compound [135, 136].

Firstly, the mechanism of reduction of 5-nitroquinoline was studied using pH
dependence in Britton—Robinson buffer pH 2 — 12 by direct current, differential pulse,
and cyclic voltammetry. The signal of the nitro group largely depends on the pH of the

measured solution. This dependence is described in detail in section Appendix VII.
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As optimum, 0.1 mol L™! acetate buffer pH 5.0 was selected and used for further
experiments.

Next, the optimum condition for electrode pretreatment and activation between
individual measurements was searched. Anodic and cathodic pretreatment at the
potentials +2.4 V for 5 min and —2.4 V for 10 min, respectively, in 0.5 mol L! sulfuric
acid and activation (anodic, cathodic and stirring without applied potential) between
individual scans directly in the measured solution were tested. Relatively stable
electrode response was achieved for all activation modes, but as the application of
anodic and cathodic potentials had no explicitly positive effect, only stirring of 20 s was
used to assure repeatable signals. For direct current and differential pulse voltammetry
the relative standard deviation values of peak height were 2.1 and 4.6 % for anodic
pretreatment and 6.5 and 0.5 % for cathodic pretreatment (¢ =1 x 10* mol L', n = 10),
respectively.

For direct current and differential pulse voltammetry and both types of
pretreatment, the calibration dependences were constructed and limits of detection in the
10 and 107 mol L! were obtained. Parameters of calibration straight lines and limits
of detection are summarized in Appendix VII.

Also, boron doping level considerably affects the height of the peak and its
potential as shown in Figure 11 (and summarized in Appendix VII). For electrodes
2000, 4000 and 8000 ppm (metallic type of conductivity), the peak heights are
comparable and higher than for boron doped diamond electrodes with B/C ratio 500 and
1000 ppm (semiconductive type). The peak potential is shifted to more positive values
using electrodes with metallic type of conductivity.

To conclude, boron doped diamond electrodes are good alternative for
determination based on reduction of aromatic nitro group and highly doped films are

recommended. For more detailed information see Appendix VI
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Figure 11 Direct current voltammograms of 5-nitroquinoline (¢ =1 x 10* mol L") in
0.1 mol L™! acetate buffer pH 5.0 measured with boron doped diamond electrodes with
different B/C ratio: (a) 500 ppm, (b) 1000 ppm, (c) 2000 ppm, (d) 4000 ppm, and ()
8000 ppm. Scan rate is 50 mV s !. Adjusted from [7].
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3.7 List of analytes and their determination parameters

Table 5 Summary of studied compounds determined with different carbon-based electrodes and methods.

Analyte Pretreatment/Electrode Method, conditions Matrix LDR LOD Ref.
(umol L") (umol L)
1-AN AP/microcrystalline BDD DPV, BR buffer pH 7 1-100 9.874 [4]
AP/microcrystalline BDD HPLC-ED wall-jet arrangement 0.02-10 0.234 (4]
AP/microcrystalline BDD HPLC-ED wall-jet arrangement, sunset yellow dye 0.0075-1  0.00498* [4]
SPE extraction
AP/microcrystalline BDD DPV, BR buffer pH 2 2-20 1.48 [5]
---/CFE DPV, BR buffer pH 2 2-20 3.1B [5]
PP/GCE DPV, BR buffer pH 2 river water 2-100 1.68 [5]
---/Nafion-GCE DPV, BR buffer pH 2 0.2-20 0.48 [5]
---/MWCNT-GCE DPV, BR buffer pH 2 10-100 11.68 [5]
2-AN AP/microcrystalline BDD DPV, BR buffer pH 7 1 -66 4,934 (4]
AP/microcrystalline BDD HPLC-ED wall-jet arrangement 0.02-10 0.20" [4]
AP/microcrystalline BDD HPLC-ED wall-jet arrangement, sunset yellow dye 0.0075—-1  0.004624 [4]
SPE extraction
PP/GCE DPV, BR buffer pH 2 river water 2-100 2.08 [5]
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2-AB AP/BDD 500 ppm DPV, BR buffer pH 7 0.25-50 0.724 [2]
AP/BDD 1000 ppm DPV, BR buffer pH 7 0.25-50 0.48% [2]
AP/BDD 2000 ppm DPV, BR buffer pH 7 0.25-50 0.80" [2]
AP/BDD 4000 ppm DPV, BR buffer pH 7 0.25-50 0.484 [2]
AP/BDD 8000 ppm DPV, BR buffer pH 7 0.25-50 0.214 [2]
AP/microcrystalline BDD HPLC-ED wall-jet arrangement 0.16-10 0.674 (4]
AP/microcrystalline BDD HPLC-ED wall-jet arrangement, sunset yellow dye 0.0075-1 0.01414 (4]
SPE extraction
4-AB AP/microcrystalline BDD HPLC-ED wall-jet arrangement 0.09-10 0.434 (4]
AP/microcrystalline BDD HPLC-ED wall-jet arrangement, sunset yellow dye 0.0075-1 0.01134 [4]
SPE extraction
BP-3 AP/BDD 2000 ppm DPV, BR buffer pH 12 1-100 1.5¢ [6]
AP/BDD 4000 ppm DPV, BR buffer pH 12 1-100 1.9¢ [6]
AP/BDD 8000 ppm DPV, BR buffer pH 12 2.5-100 0.8¢ [6]
PP/BDD* 1000 ppm DPV, BR buffer pH 12 + CTAB 10-75 [6]
0.8-10
04-0.8 0.1¢
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5-NQ CP/BDD 4000 ppm
AP/BDD 4000 ppm
CP/BDD 4000 ppm
AP/BDD 4000 ppm

DPV, 0.01 mol L™! acetate buffer pH 5
DPV, 0.01 mol L™! acetate buffer pH 5
DCV, 0.01 mol L! acetate buffer pH 5
DCV, 0.01 mol L! acetate buffer pH 5

0.5-75
0.5-100
7.5-175
10 - 100

0.50*
0.20%
474
274

[7]
[7]
[7]
[7]

BDD* — commercial electrode (Windsor Scientific, UK); AP/BDD — anodically pretreated BDD electrode, CP/BDD — cathodically pretreated BDD electrode, PP/BDD —
BDD electrode pretreated by polishing, ---/BDD — “as-deposited” BDD electrode; CFE — carbon film electrode; GCE — glassy carbon electrode; MWCNT = multiwalled
carbon nanotubes; DCV — direct current voltammetry, DPV — differential pulse voltammetry; SPE — solid phase extraction; BR buffer — Britton—Robinson buffer,
CTAB — cetyltrimethylammonium bromide; LDR — linear dynamic range;

Limit of detection (LOD) was calculated as: “the concentration of the analyte, which gave the signal equal to three times the standard deviation of peak heights estimated from
ten consecutive measurements of the lowest measurable concentration; Bthree times the standard deviation of intercept divided by the slope of the calibration curve; Cthe
concentration of the analyte, which gave the signal equal to three times the standard deviation of peak heights estimated from seven consecutive measurements of the lowest

measurable concentration.
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4. Conclusion

The Thesis represents a contribution to the problematic related with electrochemical,
spectral morphologic properties of boron doped diamond and its use in electroanalytical
methods. Partially, it compares it with other carbon-based electrode materials. The
following topics were investigated:

» the series of boron doped diamond films was tested with respect to the effect of boron
concentration on their quality, selected morphologic, electrochemical and spectral
properties using scanning electron microscopy, atomic force microscopy, Raman
spectroscopy, and voltammetric cyclic and differential pulse voltammetry methods. The
electrochemical data enable to differentiate between the semiconductive films
(deposited at B/C ratio 500 and 1000 ppm) and films exhibiting metallic conductivity
(2000, 4000 and 8000 ppm);

* the effect of boron concentration on the voltammetric signals of selected substances
was investigated and methods for their determination were developed, both based on
their oxidation (2-aminobiphenyl, benzophenone-3) and on reduction (5-nitroquinoline).
In general, the electrochemical reactions on BDD films exhibiting metallic conductivity
results in well-developed and narrow voltammetric signals positioned closer to zero
potential in comparison to signals obtained on semiconductive films. This indicates
easier oxidation/reduction and faster charge transfer kinetics for the former type of BDD
films;

* the possibility of application of voltammetric and amperometric methods was tested
for the simultaneous detection of a mixture of aminobiphenyls and aminonaphthalenes.
Further, a method based on HPLC with amperometric detection was optimized for this
mixture of analytes using a boron doped diamond electrode. For differential pulse
voltammetry, limits of detection were obtained in micromolar concentration range under
optimized conditions. The developed HPLC-ED method utilizing the boron doped
diamond electrode in wall-jet arrangement enables in 14 minutes separation and
simultaneous  determination = of  l-aminonaphthalene, = 2-aminonaphthalene,
2-aminobiphenyl and 4-aminobiphenyl, position isomers with different genotoxic and
carcinogenic potential, with limit of detection in 10~ mol L' concentration range. The
applicability of the developed HPLC-ED method was successfully tested on the
determination of the studied analytes in model solution of azo dye sunset yellow with

recoveries around 100 % and nanomolar limits of detection;
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* the effects of activation cleaning programs (ex situ anodic activation in acidic media or
mechanical polishing by alumina) on the signal of benzophenone-3 were investigated
using the boron doped diamond electrode. Oxidation of this compound causes fast
fouling of the electrode surface and only switching of potentials in 0.5 mol L™!
succeeded for its reactivation. Also, the possibility to influence its electroanalytical
performance by the presence of cationic surfactant cetyltrimethylammonium bromide
was investigated. Selected surfactant has a positive effect: the sensitivity is increased,
the peak potential shifted to less positive values, and the limit of detection is
0.1 umol L™! (about an order of magnitude lower than without a surfactant);

* boron doped diamond was compared with other selected bare carbon-based electrode
materials including glassy carbon and carbon film and glassy carbon modified by
Nafion permselective membrane and multiwalled carbon nanotubes for the
determination of l-aminonaphthalene and 2-aminonaphthalene. For
l-aminonaphthalene, similar detection limits were achieved for bare surfaces: at BDD
electrode 1.4 pmol L', at glassy carbon electrode 1.6 umol L' and at carbon film
electrode 3.1 umol L™!, but for the last electrode the sensitivity was visibly lower than
with the other electrode materials. No such effect on sensitivity was observed for the
studied compounds at glassy carbon electrode modified by multiwalled carbon
nanotubes. Glassy carbon electrode modified by Nafion offers the lowest limit of
detection of 1-aminonaphthalene (0.4 umol L™!) but is useful only for lower
concentrations range (0.2-20 umol L™).

In this Thesis, applicability of boron doped diamond electrodes for detection of
selected amino and nitro derivatives of aromatic organic compounds using voltammetric
and amperometric methods was studied. Important factor, influencing signals of the
compounds and demanding optimization include activation of electrode surface, boron
concentration and parameters of the electroanalytical method used. Undoubtedly, boron
doped diamond represents a user-friendly electrode material due to its robustness and
easy maintenance of electrode surface, as presented also in this Thesis. Further studies
on relation of the electrochemical behavior and factors estimating BDD quality and
surface properties can be envisaged so that its advantageous properties estimating

successful performance in electroanalysis are optimized.
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Introduction

Boron doped diamond (BDD) is a versatile electrode material, which has gained deserved
popularity in a variety of electrochemical applications since its introduction in 1992 [1-3]. It is
substantiated by its excellent mechanical, physical, and electrochemical properties, such as
extreme hardness, very low and stable capacitive background current over a wide potential
range, microstructural stability at extreme cathodic and anodic potentials, electrochemical
stability in both alkaline and acidic media, good responsiveness for many redox analytes

without pretreatment, and resistance to electrode fouling. Four main application ways
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established during the twenty year history of BDD-related research: (i) Electrochemical
oxidation of environmental pollutants at BDD anodes proposed for their quantitative
conversion or destruction in wastewaters, (i1) electrochemical disinfection of drinking and
bathing water, (ii1) use of BDD electrodes in electroanalysis for detection of organic and
inorganic species in environmental, biological and pharmaceutical matrices, (iv) developing
of BDD-based sensors and biosensors, and (v) electrochemical synthesis, in particular in the
production of strong inorganic oxidizing agents, or in electroorganic synthesis [4].

The properties of BDD films are fundamentally influenced by the quantity and kind of
the doping agent, morphologic factors and defects in the film, presence of impurities
(sp” carbon), crystallographic orientation, and surface termination (most frequently oxygen or
hydrogen). While the former factors are given by the preparation method, the latter can be
determined by post-preparation procedures including electrochemical pretreatment.

The preparation of doped diamond films relies on energy-assisted chemical vapor
deposition (CVD) methods, when a carbon containing gas, most frequently methane is
energetically activated to decompose the molecules into methyl-radicals and atomic hydrogen
and deposited on a suitable substrate. The boron doping agent is most frequently added as
small amounts of diborane or trimethyl boron in the gas phase. The gas activation is
accomplished using microwave plasma (MP CVD) or hot filament (HF CVD) techniques.
Typical growth conditions are: 0.3-1.0 % CHs in H,, pressures of 10-150 torr, substrate
temperatures of 700-1000 °C, and microwave powers of 1000-1300 W, or filament
temperatures up to ~ 2800 °C, depending on the methods used. The film grows by nucleation
at rates in the 0.1-2 pm h™ range. For the substrates to be continuously coated with diamond,
the nominal film thickness must be ~ 1 um. The resulting films differ in morphology —
microcrystalline films are characterized by crystallite size < 1-5 pm, nanocrystalline films
10-500 nm [5] — and quality. It is generally accepted, that the quality of MP CVD films, i.e.
content of sp” impurities and structure defects is enhanced compared with HF CVD film.

The as-deposited diamond surface is hydrogen-terminated, because the films are
grown under hydrogen plasma or in a hydrogen atmosphere. Such hydrogen-terminated
diamond surfaces are known to be remarkably stable, but the oxygen-terminated surface can
easily be formed by exposing the surface to oxygen plasma, boiling in strong acid or
electrochemical exposure to the high anodic potential in the region of water decomposition.
The change of the chemical termination affects the electrochemical properties of the diamond
electrode. The water decomposition reaction is extremely important for the application fields

(i-111) listed above. At BDD electrode, water decomposes according to the following equation:
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H,0(BDD) —» HO*(BDD) +H" +¢” (1)

The OH" radicals are confined to the BDD surface and as powerful oxidizing agents are
capable of oxidation of a wide range of compounds, non-oxidizable using other electrode
materials. Reaction (1) is enabled by the high oxygen overvoltage at BDD surface.

This overview is based on findings gained by going through the papers devoted to the
use of BDD electrodes in voltammetric analysis and personal experience of the authors and
their coworkers. Table I summarizes selected examples of organic compounds investigated
since 2008 by means of batch voltammetric methods using bare BDD electrodes. The table
contains for each analyte electroanalytical method, characterization of used BDD electrode,
achieved limit of detection (LOD), eventually matrix, and thus enables an insight in the

progress in application of BDD electrodes in last five years.

Applications of BDD Electrodes in Voltammetry

Organic compounds can be oxidized on BDD electrodes by two basic mechanisms: (1) directly
by electron transfer from BDD surface to compound, or (i) in indirect way by oxidizing
entities, e.g. hydroxyl radicals, generated on electrode surface by reaction (1). The latter
mechanism is unique for BDD electrodes and enables oxidation of organic compounds at far
positive potentials, non-achievable at other electrode materials in aqueous or mixed aqueous-
organic media. Methods based on reductive determinations are still not that frequent.
Nevertheless, they benefit from the low sensitivity of BDD surface to dissolved oxygen that is
being recognized in increasing number of publications [6, 7].

In the following paragraphs, the selected factors and approaches influencing the
development of batch voltammetric methods by means of planar bare BDD electrodes are
briefly analyzed and demonstrated on examples mostly coming from experimental work of

the authors and coworkers.
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Fouling of the BDD Surface

Initially, BDD electrodes have been considered as resistant to fouling due to the paraffin-like,
hydrogen terminated surface [8]. Nevertheless, it has been clearly proven that this is not a
general rule and a number of studies demonstrated fouling problems. Formation of polymeric
film on the electrode surface causes rapid deactivation of electrode by blocking electron
transfer and slowing down further oxidation. Choosing appropriate solvents and supporting
electrolyte systems and electrochemical pretreatment of the electrode may be an alternative
option for the reactivation of the electrode surface. An example of electrode fouling in the
presence of 2-aminobiphenyl and remediation of the surface using anodic and cathodic
pretreatment is given in Fig. 1 [9]. Beside aromatic amines (e.g., metoclopramide [10]), also
phenolic compounds (e.g., ref. [11]) are susceptible of causing BDD passivation, because both
compounds produce reactive radicals (phenoxy radicals or amino cation radicals) capable of
further dimerization and polymerization at the electrode surface. The strategies to prevent

passivation are discussed below.

Pretreatment of the BDD Surface

Pretreatment of the electrode surface can be applied for conditioning of the electrode surface,
enhancement of the voltammetric signals, preventing the passivation of electrode surface, and
ensuring of repeatable and reproducible response of particular analytes. The basic strategy for
conditioning of the electrode surface is its electrochemical anodic oxidation (~ 0 +2.0 V) for
minutes in the region of water decomposition. The formation of OH radicals (Eq. 1) causes
oxidation and stabilization of the electrode surface with the prevalence of the ketonic,
alcoholic and carboxylic groups [12]. While at the beginnings many studies were presented to
be performed at as grown, H-terminated BDD surfaces, this approach is superannuated nova
days because the maintenance of H-termination is complicated due to the easy of
electrochemical oxidation and even oxidation of BDD surface by air oxygen [13]. The re-
hydrogenation of an oxidized BDD surface is achievable only by hydrogen-flame annealing
or hydrogen-plasma treatment, which requires adequate equipment. It can be presumed that
many of the early studies performed using allegedly H-terminated surfaces were in fact

conducted at oxidized BDD surfaces.
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Further optimization of electrode pretreatment has to result in experimental protocol
ensuring possibly repeatable, maximized, and well evaluable signals. For this purpose, most
frequently high positive/negative current densities or potentials (~ 6 +2.0 V) applied for few
seconds to minutes are used. As results of this anodic/cathodic pretreatment, oxygen-
terminated (O-BDD) or hydrogen-terminated (H-BDD) surfaces are produced. The
importance of cathodic pretreatment was called by Suffredini er al.,, who presented faster

electron transfer for [Fe(CN)s]* "~

and signal increase and improved repeatability for selected
chlorophenols [14]. The cathodic pretreatment has to be applied just before the
electrochemical experiments to ensure reliable and reproducible results, especially when the
electrode has not been used for a long period of time due to its instability in air [15]. Tt
facilitates the interaction and adsorption of the electrochemical species with the electrode
surface and thus clearly leads to a larger electrochemical activity for a number of compounds,
as can be traced in Table L.

Anodic pretreatment before each scan is a powerful tool for preventing electrode
fouling, as demonstrated at Fig. 1C for 2-aminobiphenyl. The peak height repeatability
characterized by relative standard deviation is 2.7 %, and anodic pretreatment is thus

favorable compared with cathodic pretreatment, leading to instability of voltammetric

responses (Fig. 1B).

I(nA) 1{na) 1{nA)

13 scans
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0
500 600 700 800 900 F(my) 500 600 700 80O 900 E(mv) 500 600 700 800 900 E(mv)

Fig. 1: Influence of the electrode pretreatment on the differential pulse voltammograms of

2-aminobiphenyl (¢ = 5-107 mol dm™) in BR buffer pH 7.0. Measured on BDD without
pretreatment (A) and with pretreatment consisting of stirring and applying the potential
of 2.4 V (B) or +2.4 V (C) for 15 s on working electrode in measured solution between

individual measurements. The number of scans is indicated in particular figures.
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Other option of electrode activation includes application of cyclic voltammetry,
mostly in acidic media, or repeated application of short potential pulses close or in the onset
of supporting electrolyte curve. Examples of these approaches include determination of 5-
nitroimidazole (basic structural unit of some antibiotics) in model samples of drinking water

(see ref. [16] and fig. 2 therein).

I(nA) 20

-140

-120

-600 -800 -1000 E (mV)

Fig. 2: Differential pulse voltammograms of 3-nitroimidazole in model samples of river water
(river water — acetate buffer pH 4.6 (9:1)). Concentration ¢ of 5-nitroimidazole: 0 (1); 1-10°°
(2); 2-107° (3); 4107 (4); 6:107° (5); 8:107° (6) a 10:107 (7) mol I"}. Measured on BDD
with pretreatment consisting of stirring and applying 100 ms lasting potential
regeneration pulses E.,; =0V, E,..» = 1.7 V for 30 s on working electrode in measured
solution between individual measurements. Inset corresponding calibration dependence.
Reproduced from [16].

Boron Concentration

The concentration of boron influences significantly the electrochemical properties of the BDD
films. It is usually given as B/C ratio in the gas phase during the CVD process and films
deposited at B/C ratio 100 — 10000 ppm corresponding to final boron concentration in the
film [B] ~ 1.10” em™ — 1.10* cm™ were tested in last years. Obviously, increased boron
content leads to higher capacitance, slightly narrower solvent windows and can increase the
likelihood of undesirable incorporation of sp’ impurities. Depending on the doping level,

BDD films present either semiconducting or metallic electronic properties, with boundary
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boron content of about 1-3.10%° cm™ (ref. [13, 17]). These concentrations are sufficient to
achieve fast electron transfer. Despite the fact that increased interest may be traced in last five
years on this problematic and the information on boron doping level is frequently present in
electroanalytical publications, only few studies address its influence on electroanalytical
characteristics including the width of the potential window [13, 17] or on sensitivity for
particular analytes including e.g. the floroquinolone enrofloxacin [18] or our results for

2-aminobiphenyl [19].

Adsorptive Stripping Voltammetry

Bare BDD surfaces have been considered for a long period as relatively inert to the adsorption
for organic compounds, nevertheless a few examples on the use anodic adsorptive stripping
voltammetry for oxidizable compounds have been reported in last five years. These include
utilization of the adsorption of the analyte itself or the absorption of surfactants interacting
with organic analytes on the BDD surface. The former approach enabled determination of
antioxidant capacity in the coffee samples based on the oxidation peaks of present phenolic
compounds — chlorogenic, caffeic, and gallic using adsorptive transfer stripping voltammetry
[20]. The interaction of surfactant and an organic compound can change the redox potential,
charge transfer coefficient or diffusion coefficient of the electrode processes and thus leads to
improved analytical figures of merit as presented for detection of capsaicin [21] or
benzo(a)pyrene [22] in the presence of sodium dodecylsulfate or benzophenone-3 in the
presence of cetyltrimethylammonium bromide (CTAB) [23]. The main disadvantage of this
approach is the necessity of manual polishing of the BDD surface after each scan. On the
other hand, the interaction of the surfactant or transfer of the adsorbed species from the matrix

to pure supporting electrolytes can substantially increase the selectivity of the method.

BDD-Based Electrodes and Sensors

Beside the classical planar nanocrystalline and microcrystalline BDD films deposited at silica,
eventually tungsten, numerous attempts were made to design BDD-based microelectrodes,
BDD microdisc arrays or other variations (summarized in review [24]). Regardless on the

miniaturization trend, benefits of increase of active electrode area and roughness of the

31

88




Publication 1

surface were demonstrated in detection of dopamine and non-enzymatic amperometric
detection of glucose [25] using 3D-structured BDD nanorod forest electrode. Conductive
BDD powder and polyester binder were used to fabricate screen-printed electrode on
polyimide sheets and exhibited greater durability to fouling by dopamine than carbon screen-
printed electrode [26]. Further, many studies exist on modified BDD surfaces and their
utilizations in construction of BDD-based sensors (for details, see [2, 27]). Further
development in this field can be foreseen thanks to the progress in the deposition technology

of the BDD films, their modification and widening insights in the principles of biosensing.

Conclusions

Obviously, the possibilities of BDD electrodes in voltammetric methods hold an unceasing
interest, which can be documented by a number of publications demonstrating practical
applicability of the developed methods on analysis of various matrices. The most vivid field is
presumably their utilization for detection of pharmaceutical substances. Hopefully, further
research will supports their expansion in pharmaceutical, clinical and environmental
laboratories, so that their advantageous properties enabling versatile use can be appreciated

not only in the academic, but more in commercial sphere.
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The effect of boron content in nanocrystalline anodically polarized boron doped diamond (BDD) thin
films deposited at B/C ratio 500 ppm - 8000 ppm on their morphology, quality, and electrochemical and
spectral properties was investigated using scanning electron and atomic force microscopies and Raman
spectroscopy, where the shift of maximum Lorentzian component of diamond phonon at ~1332cm™"
was used as the function of boron concentration. Cyclic voltammetry with the outer- and inner sphere
redox markers ([Ru(NH;).;]E”'2+ and [Fe(CN)s]*/*~) enables to differentiate among the semiconductive
films (500ppm and 1000ppm) and films with metallic conductivity (2000ppm - 8000ppm).
Nevertheless, only the inner sphere character of [FE(CN)GF"“ redox marker enables to visualize the
differences between individual boron content for metallic films. Further, reversible behavior with AE,, of
59.8=0.9mV (n=5) and Ipaflpc ratio 1.00 at the scan rate of 100mVs~! was achieved for this redox
marker at 2000 ppm film; this film just above the semiconductive/metallic threshold exhibited also
favorable spectral (e.g., roughness surface factor) and electrochemical characteristics. The width of the
potential window in aqueous media of different pH values and in wide variety of supporting electrolytes
decreases with increasing boron content, with independence of anodic potential limit for 2000 ppm -
8000 ppm electrodes and more pronounced dependence of cathodic potential limit on boron content for
all tested BDD films. Further, well-defined and highly reproducible anodic DP voltammetric peak of 2-
aminobiphenyl with peak current increasing with boron content were obtained at ca +0.7 V (vs. Ag/AgCl/
3mol L~! KCl) at all BDD films tested.
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1. Introduction

Boron doped diamond thin films are since their introduction
[1,2] the subject of considerable interest as an electrode material.
The boron doping level, structural defects in the diamond film,
content of non-diamond (sp?) carbon impurities, size of the
diamond crystallites and crystallographic orientation, and surface
termination (H, O) are the main factors influencing their quality
and properties. Nevertheless, the linkage of the properties of the

* Corresponding author.
E-mail address: karolina.schwarzova@natur.cuni.cz (K. Schwarzovi-Peckova).

http:f/dx.doi.org/10.1016/j.electacta.2017.05.006
0013-4686/© 2017 Elsevier Ltd. All rights reserved.

BDD film to its spectral and electrochemical characteristics is still
the subject of continuous interest of scientific community.

The boron content in BDD is one of the factors substantially
influencing the film morphology, conductivity, and electrochemi-
cal properties [3-10]. Films with boron concentration [B]
~1x10%em—>-1 x 10?" cm— were tested in the last years. While
films with [B] below 10' boron atoms per cm~—3 exhibit clear
valence band, concentration up to 2 x 10°®cm~? leads to semi-
conductivity — this is the theoretical value of semiconducting/
metallic transition predicted in 1970 [11]. Practically, the boundary
boron concentration of about (1 - 3) x 10?® cm™> [12,13] or even
higher value [B]=4.5 x 10?° cm~3 [ 10] were reported and it seems
that this doping level is sufficient to achieve fast electron transfer
typical for metallic-type conductivity. Films with [B]>3 x 1020
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boron atoms cm~2 are sometimes denoted as heavily doped BDD
films [8]. Nevertheless, the estimation of boron concentration
directly in the film is problematic, achievable only by secondary
ion mass spectrometry (SIMS), or boron nuclear reaction analysis
|10] (e.g, neutron depth profiling [7]). Several studies were
published investigating the location, configuration, and bonding
structure of boron in the BDD layers [14-17]. These might be
located within grains or grain boundaries of thin films as well as
within the core or at the surface of diamond crystallites. It is known
that the crystallographic orientation affects boron uptake, with
{111}> {110} > (100} [17]. According to the technique of measure-
ment the estimated boron concentration represents a mean value
from different growth sectors in each crystallite and for all
crystallites of the films, or a total mean concentration including the
grains and grain boundaries, where boron segregation may occur
[10]. Thus, the boron content is usually given by the B/C ratio,
where B and C refer to boron and carbon content in the gaseous
phase for chemical vapor deposition procedure. These values
usually range from 100ppm to 15000 ppm and experimental
values for semiconducting/metallic transition of conductivity are
ca. 1000 - 2000 ppm [8].

A wide variety of methods is being used for characterization of
BDD thin films. Among them, Raman spectroscopy at visible
wavelengths is routinely used for characterization of diamond
films due to its sensitivity to the sp* carbon and to the content of
non-diamond sp? carbon impurities. At the metallic levels of
doping the diamond phonon line at 1332 cm ™' exhibits asymmetry
and a shift to lower wavenumbers, which comes from the Fano
interference of this one phonon band induced by quantum
mechanical interference between the discrete phonon and
electronic continuum. In electrochemistry, several redox probes
including [Fe(CN)s]*~/%~, dopamine, [Ru(NHs)s|**/*, or [IrClg]*~/3~
are being used to evaluate the electrode kinetics. The heteroge-
neous electron transfer (HET) of the latter two probes proceeds by
an outer-sphere electron-transfer pathway with the electrode
kinetics being relatively insensitive to the physicochemical
properties of diamond [18]. The formal potential of [Ru(NH;)g)*
*12* couple (E° = —0.16V vs. SCE) lies in the band gap of the BDD,
and thus this probe is capable of showing differences in
electrochemical characteristics of the differently doped electrodes.
Apparent heterogeneous electron-transfer rate constants, k%,
between 0.01 and 0.2 cms™" are commonly observed for conduct-
ing polycrystalline films (both microcrystalline or nanocrystalline)
without extensive pretreatment for these outer-sphere redox
markers [19,20]. Similarly, the voltammetric response of the [Fe
(CN)s]*~*= redox couple has been largely studied at BDD
electrodes [18,20-23] as the charge transfer proceeds through a
more inner-sphere electron transfer pathway, with the electrode
kinetics being highly sensitive to the diamond surface termination.
Thus, the range of k%, is several orders of magnitude in
dependence on the BDD surface characteristics [20,24,25].

In electroanalysis, most frequently anodized ie, oxygen-
terminated BDD surfaces with prevalence of ether bonds, C—OH,
C=0, and (COOH) groups |26] are predominantly used. Neverthe-
less, cathodically pretreated films with partially hydrogen-
terminated surface over performed them in voltammetric re-
sponse of some organic analytes [21,25,27,28] or in applications in
liquid flow techniques [29]. Oxygen atoms become incorporated
into the BDD surface mostly via carbon reaction with HO® radicals.
These are products of the one electron transfer from water as the
first step of oxygen evolution reaction (OER) at high anodic
potentials in the region of water instability (eq. (1)) in aqueous
media of pH < 9.0 (ref. [30]).

H,0(BDD) — HO'(BDD) + H* + e~ (1)

Quasi-free HO"® radicals are confined to the BDD surface and the
subsequent reactions include their reactions with each other and/
or reactions with intermediates, e.g., H,0, and O;H" radicals
including further electron transfers leading to O, (described in
detail in ref. [31,32]). Technically, most frequently highly positive
current densities (typically units to tens of mA cm~2) or potentials
(~ < +2.0V) applied for few seconds to minutes are used to achieve
sufficient O-termination. It was reported that and even tens of
seconds may lead to almost complete oxidation when sufficiently
high potentials are applied (~< +3.0V vs. a platinum counter
electrode in 1 mol L~" sulfuric acid/0.5 mol L~" nitric acid solution)
|33]. The type and distribution of oxygen-containing chemical
functionalities on the polycrystalline BDD surface is dependent on
the boron doping level [34], grain size, and proportion of different
grain orientations [18].

While the investigation of reactions at the anodic potential limit
is in the focus of researchers due to the utilization of BDD
electrodes for decomposition of organic compounds by quasi-free
HO* radicals formed by reaction (1) [30-32,35] or their role in
anodic oxidation of BDD surface [26], less attention has been paid
to the mechanism of hydrogen evolution reaction (HER) at the
cathodic side of potential window [35,36].

HER proceeds in acidic media via Volmer-Heyrovsky mecha-
nism (equations (2) and (3)), where (BDD) represents active site at
the BDD surface:

BDD + H*+e~«—(BDD)H Volmer reaction (2)

(BDD)H + H*+e~ — BDD+H; Heyrovsky reaction (3)

The reaction proceeds via the initial adsorption of the water
moleculefproton [35,37]. Afterwards, the weakly adsorbed H
presumably catalyzes the hydrogen evolution reaction [36]. In
contradiction, both reactions were found to be the rate determin-
ing steps: Volmer reaction (Eq. (2)) due to high apparent energy of
the [S.--H'] intermediate calculated from Tafel plots [35].
However, lower calculated activation energies for reaction
described by eq. (2) than those for eq. (3) indicated the Heyrovsky
step as the rate determining one [36]. The adsorption of H is
associated with near subsurface substitutional boron defects and
thus can be directly associated with boron-doping level [37].

Recently, several papers were published concerning the
influence of boron content on the physical and electrochemical
characteristics of the BDD films [3-6,38], such as resistivity
towards electrochemical corrosion [5], surface resistivity towards
fouling [39], effectivity of electrocatalytic anodic oxidation of
organic pollutants [40-43], and analytical parameters of determi-
nation of selected inorganic ions [38,44]. Despite the fact that
increased interest may be traced in last seven years on this topic
and that the information on boron doping level (at least as B/C ratio
during the deposition procedure) is usually presented in electro-
analytical publications, at least as B/C ratio during deposition
procedure, only few studies have addressed its influence on
electroanalytical characteristics of the BDD films, including the
width of the potential window [37,45,46] or voltammetric
responses for organic analytes including floroquinolone enroflox-
acin [43], dopamine [39], benzophenone-3 [47], 5-nitroquinoline
|48], and 4-chloro-3-methylphenol [49].

The aim of this work is to clarify the influence of boron doping
level in nanocrystalline, anodically pretreated BDD films on factors
important for their applications in organic electroanalysis,
including potential window in aqueous media of different pH
values and in a wide variety of supporting electrolytes (considering
the fact that up to now, almost all studies of the potential limits for
different boron doping levels have been performed in acidic [37] or
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neutral [9,10] media). Further we studied electrochemical behavior
and analytical parameters for the determination of 2-amino-
biphenyl. For this purpose, a series of five BDD films with boron
contents 500 ppm - 8000 ppm was prepared. The electrodes were
characterized by Raman spectroscopy, scanning electron micros-
copy, and atomic force microscopy (AFM). Changes in the
electrochemical responses for the inner [Fe(CN)g]*>*~ and outer
sphere [Ru(NHs)s]*** redox markers, widths of potential win-
dows and voltammetric responses to 2-aminobiphenyl, and the
shift of maximum Lorentzian component of diamend phonon
at~1332cm~! were assessed as function of boron content.

2-aminobiphenyl was selected as a model analyte, as its amino
group on aromatic skeleton is easily oxidisable within the potential
window of BDD electrodes. The same functional group is present in
many organic compounds of environmental, physiological, or
pharmaceutical significance. As all aromatic amines (irrespective
of the nature of the medium) the 2-aminobiphenyl undergoes
anodic oxidation through the formation of a monocation radical,
which, through its resonance structures, is followed by dimeriza-
tion and/or polymerization [50-52]. In our previous studies,
micromolar limits of detection (LOD) were achieved in aqueous
media of Britton-Robinson (BR) buffer pH 7.0 [53,54]. Problems
with electrode fouling had to be overcome by anodic pretreatment
between individual measurements, similarly as for other aromatic
amines [50,53,55-60].

Results of this study are discussed to clarify the relationship
between boron content, spectral and electrochemical properties of
the BDD electrodes and their applicability in organic electroanaly-
sis in aqueous media.

2. Experimental
2.1. Chemicals

2-Aminobiphenyl (Sigma-Aldrich, <95%), (K4|Fe(CN)g]) x 3H,0
(LachNer, Neratovice, Czech Republic, £99%), and [Ru(NH;)s]Cl3
(Sigma-Aldrich, <98%) were used. All other chemicals used as
supporting electrolytes were analytical grade from LachNer,
Neratovice. All solutions were prepared with high-purity water
obtained from a Millipore Milli-Q system with conductivity
<6x108Secm™" at 25°C.

2.2. Apparatus and Procedures

DXR Raman microscope (Thermo Scientific, Waltham, MA, USA)
interfaced to an Olympus microscope (employing an objective 10x)
and the 532 nm (diode pumped solid state laser) excitation line
was used. The laser power was 10 mW. High resolution grating,
accumulation time 2s, and number of accumulations 32 were
used. The spectra represent average of four measurements. The
overlapping bands in spectral regions 150 - 900 cm™' (samples
with the highest B/C ratio) and 1030 - 1380cm™" (all samples)
were successfully separated and fitted using the spectral program
OMNIC. It was demonstrated that the same results, considering the
maximum of the bands, for the 150 - 900cm™! range were
obtained if the Gaussian and Lorentzian profiles and/or the
Gaussian/Lorentzian profile were used. In both cases the maximum
of the narrow band was the same. For the 1030 - 1380 cm™! range
the Gaussian/Lorentzian profile and log-normal profile was used.
In all cases, the linear baseline correction was used. AFM
measurements were performed using a scanning probe micro-
scope NT-MDT NTEGRA Prima equipped with a Nanosensors
silicon cantilever HA-NC (resonant frequency 270 kHz); the
tapping mode under ambient conditions was applied.

Morphology of the nanocrystalline films was visualized by
means of a high-resolution field-emission gun scanning electron
microscopy (FEGSEM; microscope Quanta 200 FEG, FEI Company,
Czech Republic). The sample was inserted into the microscope
without any coating so that its surface was available for further
analyses. Low-vacuum mode (chamber pressure 80 Pa) was used to
eliminate charging of the sample. All micrographs are secondary
electron (SE) images taken with low-vacuum SE detector at
accelerating voltage 30 kV.

Voltammetric measurements were carried out using a comput-
er controlled Eco-Tribo Polarograph with PolarPro software
(version 5.1, EcoTrend Plus, Prague, Czech Republic) in a three-
electrode arrangement, using a silver chloride reference electrode
(AgAgCl, 3 mol L~" KC1) (all potentials in further text are given vs.
this reference electrode), and a platinum wire auxiliary electrode
(both Elektrochemické detektory, Turnov, Czech Republic).

The nanocrystalline BDD films were deposited on boron-doped
(100) silicon wafers (resistivity 0.005 Q) cm; thickness 300 pm; ON
Semiconductor, RoZnov pod Radhostém, Czech Republic). Series of
five BDD thin films of 1 pum thickness deposited by microwave
plasma-assisted chemical vapor deposition (AX5010 Seki ASTeX,
San Jose, CA, USA) of mixtures containing 99.0% Ha/1.0% CH4 with
variable B/C ratio in the gas phase 500 ppm, 1000 ppm, 2000 ppm,
4000 ppm, and 8000 ppm was prepared. The doping was induced
by trimethyl boron gas. As usually, the films are denoted by the B/C
ratio of the gas mixture used for the deposition; these values given
in ppm units are denoted as boron content or boron-doping level.
The symbol [B], ie. boron concentration, is strictly used when
referring to the number of B atoms per cm~. The other deposition
conditions were: pressure 50 mBar, microwave power 1000W,
temperature 710°C (measured by pyrometer), run time 240 min.
Neutron depth profiling was used for evaluation of total boron
concentration in prepared BDD samples. For this purpose the
reactor LVR-15, a light water moderated and cooled tank-type
nuclear research reactor situated in Nuclear Research Institute ReZ
(ReZ u Prahy, Czech Republic) was used. The beam cross-section
2 x2mm and neutron flux 1-107 neutron-cm~2s~" were used.

The obtained BDD disks were placed in a laboratory-made BDD
disk electrode [55] with active geometric area of 5.72 mm? (disc
diameter 2.7 mm) and used as the working electrode in both
voltammetric and amperometric measurements. The newly
obtained BDD electrodes were oxidized in 0.1 molL~" sulfuric
acid by applying the potential +2.4V vs. Ag|AgCl, 3 mol L~' KCl for
20 min. Potentiostatic (re)oxidation for 10 min was repeated after
each set of experiments involving measurements in the region of
hydrogen evolution inevitably causing partial loss of oxygen-
containing functionalities (e.g., experiments on the effect of the
supporting electrolyte on the potential window (chapter 3.3)).
Furthermore, at the beginning of each working day the electrodes
were activated in 0.1 mol L~! sulfuric acid by applying the potential
of +2.4V for 180 s. No significant fluctuations of AE, and I, values of
the redox marker [Fe(CN)s]*~/*~ were observed during the
measuring period (ca four months).

During experiments with 2-aminobiphenyl, the electrode was
activated directly in the analyte solution by applying the potential
+2.4V for 30s between individual measurements.

In differential pulse voltammetry, pulse height of +50 mV, pulse
width of 100 ms, and scan rate of 20 mV s~! were applied. In linear
sweep voltammetry, scan rate of 50mVs~' and in cyclic
voltammetry, scan rate of 100mV s~! was applied, if not stated
otherwise.

Apparent heterogeneous electron-transfer rate constant, k' ,pp
were calculated according Nicholson [61] for the scan rate of
300mVs~! assuming Doy = D,cq. The following values of diffusion
coefficients were used: 7.6 x 10~%cm? s~! for [Fe(CN)s|> /4~ [62]
and 5.5 x 10% em?s~" for [Ru(NHs)g)**/?* [63]. The rate constants
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are referred to as apparent ones, because no correction for electric from the forward and reverse sweep at 0V, v is the scan rate, and A
double layer effects was made. the geometric electrode area.
Double layer capacities C were calculated from CV data All measurements were carried out at laboratory temperature.
presented in Fig. 5 as C=1,,/vA, where I, is the average current The pH measurements were carried out by digital pH Meter 3510
(Jenway, UK) with combined glass electrode.

Fig. 1. Scanning electron micrographs (a — ¢) and atomic force micrographs (d - f) of the surface of BDD films with boron content 500 ppm (a+d), 2000 ppm (b+e), and
8000 ppm (c+f). The same magnification.
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3. Results and discussion
3.1. Spectral Characterization — SEM, AFM, and Raman Spectroscopy

The morphology of the BDD films has been investigated by SEM
and AFM (Fig. 1). Results obtained using both techniques are in a
good mutual agreement and reveal that the boron content
obviously influences the morphology of the studied films, which
can be divided into three groups: The 500 ppm film is character-
ized by the best crystal quality with relatively uniform grain size of
~450nm. The 1000 ppm, 2000ppm, and 4000 ppm films also
show randomly-oriented crystallites of ~450 nm but together with
an amorphous phase, and the proportion of the crystallites
increases with decreasing boron content. The 8000ppm film
differs significantly from the above ones - the crystallites, if any,
are considerably smaller (<100nm) and the film contains
predominantly the amorphous phase. Obviously, the boron-doping
level in the range of 500 ppm to 4000 ppm does not influence
significantly the grain size, but has a large impact on the ratio of the
crystallites to the amorphous phase in the final BDD films. The
increase in the proportion of the amorphous phase or in the
smaller grain size population with increasing boron content has
been reported also for other microcrystalline films [6,64,65], and
was ascribed to the formation of B-hydrides, which deprive
hydrogen from the gas phase, thus markedly changing the C:H ratio
therein [65]. Nevertheless, the overall deterioration of the layer
morphology is not accompanied by increased content of sp?
impurities, as proved by Raman spectroscopy. AFM measurements
served for the estimation of RMS roughness, average height,
maximum range, and the roughness surface factor, i.e., the ratio
between the surface area (real area) and the projected area
(geometric area). Their dependence on B/C ratio is depicted in
Fig. 2. While these values are fluctuating for the semiconductive
500 ppm and 1000 ppm films, for the conductive films there is a
clear trend of their continuous decline with the maximum values
for the 2000 ppm film, especially for the average height and the
roughness surface factor changing from 1.15 (2000 ppm film) to
1.06 (8000 ppm film).

Raman spectra excited at 532 nm for all investigated films are
depicted at Fig. 3 and resemble spectra obtained using excitation at
633 nm 7] and other spectra published in other studies for heavily
doped BDD films [5,8,12,66,67]. Importantly, there is no obvious
Raman response at 1533 cm~! related to the presence of the sp®

carbon, which indicates the high quality of the diamond films.
Obviously, the shape of the Raman spectra is significantly
influenced by the boron content. None of the films exhibits only
the sharp diamond line at 1332 cm~". Nevertheless, Raman spectra
of the BDD films with the lowest boron content (500 ppm) are
characterized by one band at 1329 cm~"! related to the presence of
the sp® diamond, and another sharp peak at 519cm~' and
scattering in the range ~940-980 cm™! corresponding to Si
phonon and Si 2nd order phonon present due to transparency of
the BDD films. The Fano shape of the former peak (519cm™) is
given by the presence of boron in the silica substrate |68]. These
signals associated with silicon are negligible for 2000 ppm films
and disappear from the Raman spectrum for higher B/C ratios. This
is a consequence of the transition of the semimetallic/metallic
conductivity of the BDD films; at the transition the absorption
coefficient of diamond increases sharply at the energy of the
incident light and as a consequence, the signals associated with
silicon disappear from the Raman spectrum [10]. Simultaneously,
the relatively symmetric Lorentzian band of the diamond phonon
at 1332cm ! changes towards an asymmetric Fano-like lineshape
and downshifts to 1290 cm~" with increasing boron concentration.
This feature is typical for nanocrystalline sps- hybridized carbon
Raman peaks due to a Fano-type interference between the discrete
zone center optical phonon and a continuum of electronic
excitations induced by the presence of the dopant, as described
in many studies at [B] concentration < 102° boron atoms cm~— (i.e.,
at the threshold of metallic conductivity [8]). The increase of boron
content is also associated with the appearance of a signal around
~1000 cm~! with constant positioning and an increase and shift to
lower wavenumbers of wide bands centered at ~500cm™~" and
~1225 cm~". The full understanding of the physical origin and/or of
the evolution with the heavy boron incorporation of all these
structures still remains unclear. While the former band (~500
cm~') has been associated with local vibrational modes of
increased concentration of boron pairs [8,64], the latter band
(~1225cm™") has been ascribed to phonon excitation around the
maximum of the one phonon density of state of diamond near its
maximum value of approximately 1225cm~' after a partial
removal of the selection rules induced by the heavy boron doping
[8,66], or alternatively, for nanocrystalline diamond films to
amorphous sp® bonded carbon [69]. The shift of these bands
towards lower wavenumbers with increasing [B] was previously
reported for the heavily doped films for the 632.8 nm Raman peak
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Fig. 2. Morphologic parameters of BDD films with boron content 500 ppm-8000 ppm estimated from AFM measurements. Depicted statistical values: Max (maximal
roughness), Average (average roughness), RMS (root mean square roughness) and the ratio surface to projected area (right axis).
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Fig. 3. (A) Raman spectra for the different boron doped nanocrystalline films (500 ppm < BJC < 8000 ppm) using 532 nm excitation wave length. The spectra have been offset
vertically from each other for clarity. (B) Deconvolution of Raman bands in 1020 cm~'-1370 cm~" region (500 ppm). B/C ratio in the gas phase vs. position of deconvoluted

diamond phonon band for all B/C ratios is in inset.

|7,66] but not for the 325 nm one [66], where the position of the
500cm™~! band remained unchanged. Nevertheless, the band at
~500cm~" can be used for calculation of boron concentration
according to the empirical logarithmic law (eq. (4)):

[B] (cm™3)=8.44 x 10°° x exp(—0.048 x @sgp), (4)

where wsgg is the maximum of the Lorentzian component in cm™!
(ref. [12,15]). The calculated values are given in Table 1 in
comparison with the values obtained using neutron depth profiling
for estimation of [B] directly in BDD film. Obviously, the calculation
method gives lower boron concentration (by a factor of 1-2) for the
8000, 4000 ppm, and 2000 ppm films and is not suitable for lower
boron concentrations due to the interfering Si signal at 519 cm~".
Nevertheless, it can be used as a method for rough estimation of
[B]. The results are in a better agreement with those obtained by
the neutron depth profiling than those obtained for nanocrystal-
line BDD films using 632.8 nm excitation wavelength [15], where
the Lorentzian fit of the 500 cm~! peak resulted in underestima-
tion of the values obtained by SIMS by the factor 3 - 10, which was
ascribed to the fact that not all boron atoms are active in the Raman
response, while SIMS counts all present atoms.

Interestingly, our results indicate that it is possible to relate the
shift of maximum Lorentzian component w33z of the diamond
phonon at @ < 1332 cm™" with B/C ratio using empirical logarith-
mic function (Fig. 3B) and thus the boron concentration [B] with
very high correlation coefficient (eq. (5)):

Table 1

[B] (em~=3)=2.0 x 10°? x exp(—0.067 x e335) (adjusted R? 0.9969)
(5)

Calculation of [B] from measured shift of the Fano-like
lineshape at ca 1332em™ (w332) using eq. (5) gives values
relatively close to the values calculated from the shift of the
500cm~' Raman band (eq. (4)) indicating that both these shifts
can be used for rough non-destructive estimation of B concentra-
tion in heavily doped BDD films. Previous studies report downshift
of the optical-phonon band of diamond at 1332cm~! for BDD
deposited at silica supports when using 632nm excitation
wavelength [7,12] or for BDD deposited at silicon [70,71] or
molybdenum supports [72] when using 514 nm argon laser. On the
other hand, the band shift to higher wave number with increasing
boron doping level was observed for BDD films deposited at
titanium substrate using 532 nm excitation wavelength [6]. No
attempts to use these shifts for quantitation of boron in the BDD
films can be traced in the mentioned studies, despite the fact that
they are inevitably caused by the increasing content of boron in the
films. The shifts can in principle be used to assess the internal
stress in the films, as the optical-phonon band at 1332 cm™" is very
sensitive to it with Raman shifts around 3 cm~! caused by a stress
of 1GPa [71]. Defects such as vacancies, dislocation, or grain
boundaries produce the tensile stress; compressive intrinsic stress
in the films is attributed to impurities in the grain boundaries.
While the increase of the tensile stress leads to downshift of the
1332cm™! band and may lead to the splitting of the film, the

Boron concentration [B] corresponding to the nominal content of B/C ratio in the gas phase, estimated from neutron depth profiling and calculated from the maximum

@ <500cm™" and w < 1332cm™’

of the Lorentzian component of the Raman signal using 532 nm excitation wave length.

B[C in the gas phase [B] (cm™) from  Peak position esaq (Lorentzian

[B] in the solid phase Peak position w332 (Lorentzian

[B] in the solid phase

(ppm) neutron depths  component) (cm™) (cm™) component) (cm™") (em™)
profiling

500 4.0 <107 - - 1327 49 x 10

1000 8.5 10™ - - 1317 9.5 x10%

2000 13 x10” 489 5.40 x 10*° 1309 16 x 107

4000 3.1 x 10" 463 1.88 x 107 1298 3.4 % 10"

8000 5.8 x 107 449 3.69 x 107 1287 71 x10*

2 Raman signal not present at the spectra.
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compressive stress leads to the increase of wavenumber and may
cause peeling off the films from the substrate [71]. Incorporation of
substantial quantities of boron in the films results in a lattice
expansion of diamond or, at higher boron doping levels, to its
precipitation at the grain boundaries and is the origin of tensile
intrinsic stress. On titanium substrate [6] the shift of the 1332 cm™!
diamond peak to higher wavenumber was partially attributed to
the thermal stress due to difference in thermal expansion
coefficient of the two materials. Measurements of other types of
BDD films at various supports at different excitation wavelength
with experimentally obtained [B] values are needed to generally
confirm the validity of the relationship between maximum
Lorentzian component of the diamond phonon at @ < 1332cm™!
and [B] in the BDD films.

3.2. Electrochemical Characterization

To assess the electrochemical performance of tested BDD films,
CVs of inner-sphere [Fe(CN)s]*~/~ and outer-sphere [Ru(NH;)g]*
*12* redox markers showing peaks in either anodic or cathodic
potential regions, respectively, were investigated. Table 2 summa-
rizes parameters of the linear dependences of the peak heights I, of
these markers vs. square root of the scan rate v'/?, calculated values
of apparent heterogeneous electron-transfer rate constant, k',
and I,,/I, ratio. Fig. 4 depicts dependence of the peak potential
difference between cathodic and anodic peak AE, on v'7 for all
tested films. Corresponding cyclic voltammograms for the selected
scan rate v=300mVs~! for both redox markers are depicted in
Fig. SI1 in the Supporting information. The quasi-reversible
character of the redox processes is reflected in relatively low
AE,, values and I/l ratios mostly close to one.

For both redox markers the results indicate that the 500 ppm
and 1000 ppm films exhibit significantly slower reaction kinetics
than the 2000 ppm-8000 ppm films. This effect is more distinct for
[Fe(CN)s)*~"*~ in agreement with its inner sphere character.

For the outer sphere marker [Ru(NH;)s]**/** the slopes of the I,,
vs. v'2 dependence (summarized in Table 2) and the peak
separation AE, exhibit for 2000 ppm, 4000 ppm, and 8000 ppm
films only small differences up to the scan rate of 100mV s, with
maximum AE, of 65mV (Fig. 4A). The 500ppm and 1000 ppm
films exhibit more sluggish kinetics, as AE, increases significantly
with the increasing scan rate, reaching the values of 65mV —
128 mV up to the scan rate of 100mVs~! with further increase up
to 163 mV at higher scan rates. Simultaneously the I, vs. v'/* slope
decreases for the latter films in comparison with the more doped
ones. Values of k'app calculated at the scan rate of 300mVs~!

Table 2

(corresponding CVs depicted in Fig. SI1) for qualitative estimation
of charge transfer rate reach the values ranging from 8.96 x 10~3
cms~' to 6.76 x 10~*cms~! (Table 2) for all electrodes. On the
other hand, for lower scan rates the calculated k', are ca 0.1-
0.06 cms™!, as the potential difference AE,, is only ca 55-61 mV for
2000 ppm - 8000 ppm electrodes. These values are consistent with
values for [Ru(NH;)g]**?* previously reported in ref. [20], where
the average values of K ,pp in the range of 0.1-7 x 10~*cm s~ were
reported for different commercially available BDD films, or with
the value of 0.015 cm s~ given in [ 73], where this lower k,pp value
compared to metal electrodes was ascribed to lower density of
states for the BDD. Qur results for [Ru(NH;)s]**/?* indicate that the
2000-8000 ppm films are doped sufficiently to exhibit metallic
conductivity, because even at the negative potentials, where
charge depletion effects dominate for the semiconducting electro-
des, there is a sufficient number of charge carriers available to
maintain nearly reversible electron transfer. Thus, the threshold
value of [B] for semiconductivity/metallic conductivity for this
batch of electrodes is lower than 2000 ppm, ie., 8.5 x 10°°cm~3
<[B] <13 x10?' cm— when considering neutron depths values
shown in Table 1. This is higher concentration than the theoretical
value of [B]~2x10*°cm™, or than the value obtained experi-
mentally for oxidized microcrystalline electrodes, where for
metallic conductivity the lowest [B] = 1.9 x 10?° cm~ was reported
[8].

For [Fe(CN)s|>~*~ the I, vs. v'* dependences exhibit similar
trends as described above for [Ru(NH;)s]**/** i.e., lower slopes for
the semiconductive 500 ppm and 1000 ppm films, and higher and
mutually comparable values for the 2000 ppm to 8000 ppm films
(for both anodic and cathodic peaks; Table 2). Nevertheless,
substantial difference arises in the Iy,,/I ratio, where for semi-
conductive film values significantly differing from one were
obtained, and in the peak potential differences. The AE, values
obtained with [Fe(CN)s]>~/*~ are mostly higher than observed with
[Ru(NH;3)s]**?*, especially at higher scan rates. This applies to all
studied films, but particularly it is apparent for the semiconductive
500ppm and 1000 ppm films (Fig. 4B). The k’,p, values for [Fe
(CN)g]*~*~ span over three orders of magnitude (from 2.07 x 102
cms~ ! to3.75 x 107> cms~'; compare with values obtained for [Ru
(NH;)s)**"*, where the range of k., is remarkably narrower,
Table 2) in agreement with the inner sphere, surface-sensitive
character of this marker. For the 2000-8000 ppm films the value of
AE, of [Fe(CN)s]*~/*~ is 59.0-87.0mV up to scan rate of 100 mV
s~ Reversible or nearly reversible behavior with AE,, of 58-64 mV
(e.g., AE, of 59.8 +0.9mV (n=5) and Ipa/lpc ratio 1.00 at the scan
rate of 100 mV s~') was achieved for 2000 ppm film. Prior to this

Parameters of the linear dependence of the peak height vs. square root of the scan rate v'/ and apparent heterogeneous electron-transfer rate constant, K app for [RU(NH;)g]*

*12* and [Fe(CN)s* 1.

BDD film Slope (anodic peak) Slope (cathadic peak) K app” (em s7") paflpe®
(nA sV (nA st AV
[Ru(NH3)e ]/
500 ppm 41781 —39036 6.76x 107" 0.991
1000 ppm 463.12 —445.78 212 %1073 0993
2000 ppm 825.13 —71434 6.32x1073 0974
4000 ppm 82133 —830.40 8.96x 1073 0.985
8000 ppm 794.48 ~73039 8.96x 1072 0959
[Fe(CN)s]*~/~
500 ppm 636.2 —178.4 3.45 x107° 1935
1000 ppm 628.1 —561.7 415x 107" 1.081
2000 ppm 965.0 —9781 1.04 x 1073 0970
4000 ppm 866.1 —8942 2.42x107° 0.996
8000 ppm 923.1 -944.2 2.07x 1072 0.992

a -1

at the scan rate of 300mVs™"
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Fig. 4. Dependence of potential difference AE, of cathodic and anodic peak of [Ru(NHs)s[*""* (A) and [Fe(CN)s|*~*~ (B) (for both c=1mmolL™") in 1 molL™" KCl on the

square root of the scan rate (RS

present report on the reversible behavior of [Fe(CN)s]*~/*~ ar
anodically pretreated BDD, nearly reversible behavior with 60 mV
potential difference was reported [5] for mildly oxidized heavily
doped BDD films with [B]>2 x 102! cm~3. Nevertheless, in that
case [5] the content of sp? carbon impurities could have impact on
the results. The potential difference of 65 mV was also reported 8]
for [Fe(CN)g]*~/*- at alumina polished microcrystalline BDD with
[B] > 1.9 x 10?° cm—3, when omitting reports on the reversibility for
the cathodically pretreated i.e., predominantly H-terminated BDD
films [25,37,74]. In general, the literature data on the kinetics of
charge transfer with [Fe(CN)s|*~/*~ couple at H- and O-terminated
surfaces are sometimes contradictory. Larger peak separation for
[Fe(CN)s)*~"~ at oxygenated surfaces, compared to values
obtained at the hydrogenated ones, was reported for highly doped
BDD films e.g., by Duo et al. [22] for BDD films with [B]=10%-
10*' em~3 or for heavily doped BDD films after oxygen plasma
treatment [24]. It was assumed that for highly doped BDD films the
peak separation for [Fe[CN)s]*~/*~ at oxygenated surfaces is larger
than that of hydrogenated ones, presumably because the reaction
proceeds through a specific surface sites, which are in the former
case blocked by oxygen [75,76]. On the other hand, improvement of
electron transfer and lowering of AE, was reported for [Fe(CN)s)*~/
4= after anodic pretreatment of the heavily doped BDD films in
acidic media [23,77,78]. This short overview indicates that surface
termination and the way of its achievement, as well as the boron
content, influence the charge transfer rate at BDD films. In this
context the effect of non-diamond impurities in grain boundaries
should also be considered, as it is known that their content
increases with increasing boron doping level, and that their
incidence supports further the charge transport mechanisms. As a
whole, boron doping results in formation of many distinct
conducting regions and different conducting pathways possibly
associated with different mechanisms for various redox-active
species [14,16]. Our results indicate that both types of redox
markers are capable of differentiating between semiconductive
and metallic character of the anodically pretreated BDD films
based on the differences in the slope of I, vs. v'/? dependence and
on the AE, (or K app) values at scan rates > 100 cm s~ ", But only the
surface-sensitive [Fe(CN)g]*~/#~ enables to visualize the differ-
ences among metallic films with boron content varying between

2000-8000 ppm, contrary to the outer sphere [Ru(NH3)s]**2*, for
which similar characteristics of the latter films, regardless of the
boron content in the range of 2000 —8000 ppm, were obtained.
Further, even oxidized BDD metallic films exhibited reversible or
nearly reversible kinetics for [Fe(CN)s]>~/*~ when sufficiently
doped with boron. Further work is needed to better understand the
structure-function relationships for [Fe(CN)g]*~/#~ as the results
for the heterogeneous electron transfer are different in various
literature sources.

3.3. Influence of boron content on potential window

The remarkably wide potential window of BDD electrodes in
aqueous media is due to adsorption processes required for
initiation of the water decomposition reactions [35,37]. The
window width was inversely dependent on the boron doping
level at the as-received, H-terminated BDD films in acidic media.
Both OER and HER at anodic and cathodic side, respectively,
contribute to this trend as the boron-rich sites are directly involved
in the adsorption steps needed for the gas evolution reactions [37].

In this study the potential window was investigated in aqueous
solutions of several supporting electrolytes commonly used in
electroanalysis and representing a wide range of pH values:
1mmolL~! NazS04, 1molL~" KCI, 0.1 molL~! HCIO4, 0.1 molL™"
acetate buffer pH 4.0, 0.1 molL~! phosphate buffer pH 7.0, and
0.05molL™" borate buffer pH 9.0, The anodic and cathodic
potential limit was defined as the potential, where the anodic/
cathodic current passed the current=5pA at cyclic voltammo-
grams recorded at the scan rate of 100 mV s~ These are depicted
for all tested electrolytes at Fig. 5C-G, together with estimated
potential limits in Fig. 5A and overall width of the potential
window in Fig. 5B.

It is obvious from all these figures that, in general, the width of
the potential window decreases with the increasing boron doping
level, more remarkably at the cathodic side. The voltammograms
are mostly featureless in the region of water stability or exhibit few
very small shoulders appearing always in the cathodic region for
the electrodes with the highest boron content (namely in
1mmolL~! NayS04 0.1molL~! HCIO, and 0.1 molL~' acetate
buffer pH 4.0).
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Fig.5. Dependence of the anodic and cathodic potential limit ( Ejim ¢ and Eym, ) for the current + 5 A (A) and the dependence of the width of the potential window AE, on Bf
C ratio (B) and cyclic voltammograms of (C) 1 mmol L~! Na,S0,, (D) 1 mol L=" KCl, (E) 0.1 mol L~=" HCIO, (F) 0.1 mol L=" acetate buffer pH 4.0,(G) 0.1 mol L=! phosphate buffer
pH 7.0, and (H) 0.05mol L™" borate buffer pH 9.0, Scan rate 100 mV's™". CVs are vertically offset for clarity, CVs for the third cycle are presented from which all values were

calculated.
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The following trends and characteristics may be traced:

a.) The overall width of the potential window AE;;,, decreases with
increasing B/C ratio. This decline is more significant for the
500ppm - 2000ppm electrodes. Moreover, the 500ppm
electrode exhibits slower response to both hydrogen and
oxygen evolution reactions. The widest potential window can
be observed for all doping levels with B/C ratio > 1000 ppm in
acidic solutions, ie., in perchloric acid or acetate buffer, the
latter with the maximum of ~3600mV for the 500 ppm
electrode (Fig. 5A).

b.) The narrowing of potential window is more remarkable at the
cathodic side, where the differences in the cathodic potential
limits Ejim c between 500 ppm and 8000 ppm electrodes are in
the range from 830 mV (phosphate buffer pH 7.0) to 580 mV
(1 mol L-'KCl). The decline is continuous with higher differ-
ences of Eym ¢ for 500 ppm to 4000 ppm electrodes (Fig. 5B).

c.) At the anodic side the difference of the anodic potential limits
Ejim.a between 500 ppm and 8000 ppm electrode is significant-
ly lower than that for the cathodic side, from 200 mV (acetate
buffer pH 4.0) to 420 mV (1 mmol L~ Na»S0.). This difference
is mainly due to the decline of Ejima for 500 ppm to 2000 ppm
electrodes, as 2000 ppm to 8000 ppm electrodes have compa-
rable values of Ej;;, 4 for all tested electrolytes (Fig. 5B).

d.) The potential limit at the anodic side Ej;, 4 is increasing with
decreasing pH of the solution for all the electrodes, ie., the
highest anodic limit was achieved in 0.1 molL~"' HCIO,, the
lowest in 0.05 mol =" borate buffer pH 9.0 (Fig. 5B).

These trends have to be evaluated in the view of presumed
mechanism of OER and HER at BDD. Both reactions require an
initial adsorption step, obviously associated with boron-rich
places, needed for the hydrogenf/oxygen evolution reactions.
HER is more remarkably influenced by the boron content than
OER (independently on pH of the media), as follows from the lower
difference of the anodic potential limits Eyma compared to
cathodic limits Ejim, e between 500 ppm and 8000 ppm electrode
(see b) and c) above) and the fact that Ej, ¢ is dependent on the
boron content in its whole range in contrast to Ej, s, where it
imparts only the semiconductive electrodes.

For OER there is practically no shift of E,;, » for metallic-type
2000-8000 ppm electrodes. Thus, after water adsorption, its
oxidation to HO" radicals (eq. (1)), presumably the rate

I1inA
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d
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500 — 1000 ppm

— 2000 ppm
—— 4000 ppm
~—— 8000 ppm

0F

L L L
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determining step of OER [31], is independent on the boron content
and the activity of these conductive electrodes towards oxygen
evolution is controlled by other factors such as pH of the solution
and presence of other ions in the solution. Their electrooxidation
can start in the vicinity of the oxygen evolution reaction, resulting
in the shift of Ej;, 4. An exemplary case for the difference of Ej;,, o
for different anions is the KCl and Na,S04 electrolyte: While in the
latter case HO" radicals are known to be the main oxidants in the
system [41], for KCl the presence of ClI~ and electrogenerated
reactive chlorine species (Cl,, HCIO) cause anodic shift of the
oxygen evolution [79].

For HER, both the formation of [S-H] * pair and its reduction (eq.
(2)), and the formation of [SH-H] * pairs for successful electron
transfer in the Heyrovsky step of HER (eq. (3)) are associated with
boron-rich sites at the BDD film. Consequently, semiconductive
films (with low boron content) are less prone to hydrogen
evolution than films with metallic conductivity and thus exhibit
more negative cathodic potential limits. Further, the HER proceeds
at less negative potentials in strongly acidic media (perchloric acid)
due to high concentrations of protons in the solution facilitating
their adsorption needed to accomplish the HER described ineq. (2)
and (3) and due to the negative charge at the BDD surface as
consequence of the negative potential applied and presence of
oxygen-containing groups at the surface. These positive effect of
both factors on proton adsorption at the surface of all BDD films
(irrespective of the boron content) accords with the fact that in the
acidic media (perchloric acid, acetate buffer), the difference of Ejipy,
¢ between 500 ppm and 8000 ppm electrodes is lower than in
neutral/base media.

Double layer capacities C were calculated for 500 ppm -
8000 ppm electrodes in all tested media from CVs in Fig. 5. For
neutral and alkaline solutions values ranging between 0.3 and
6wFcm~2 were obtained, independently on the boron-doping
level. In acidic media, especially in 0.1 mol L~" HCO4, the C values
are higher and increasing from 10 to 33 p.Fcm™ with increasing
boron content from 500 to 8000ppm. The mentioned lower
capacitance values are similar to the values reported previously for
O-terminated BDD electrodes [7,80] and presumably originate
from a low local density of states witnessing low contents of non-
diamond impurities for all doping levels as confirmed by Raman
spectra (see above). The increase of C in acidic media is probably
associated with interactions of the oxygen-terminated surface
with H* ions.

11 nA
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Fig. 6. Linear sweep (A) and DP voltammograms (B) of 2-AB (c=5 x 10~ mol L™") in BR buffer pH 7.0 (curve a) measured at BDD electrodes with boron doping level: (b) 500

ppm, (c) 1000 ppm, (d) 2000 ppm, () 4000 ppm, and (f) 8000 ppm.
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3.4. Voltammetry of 2-aminobiphenyl

Fig. 6 compares linear sweep and DP voltammograms of 2-
aminobiphenyl using 500 ppm — 8000 ppm BDD electrodes in BR
buffer pH 7.0 (medium optimized for measurements of aromatic
amines in our previous studies [53,54]). In linear sweep
voltammetry, the boron doping level influences the peak shape
rather than peak current, contrary to DPV, where the height of
symmetric peaks increases with increasing boron content. This
trend is also obvious from Table 3 summarizing peak potentials
and currents and their repeatability, and Table 4 summarizing
parameters of calibration dependences for all tested electrodes
measured by DPV in the concentration range of 2-minobiphenyl of
0.25 wmol L~'-50 wmol L~". An example representing DP voltam-
mograms obtained at 8000 ppm BDD film is given in Fig. SI2. The
sensitivity (i.e., slope of the calibration straight line) is ca 2.5 times
higher for the 8000 ppm electrode than for the 500 ppm electrode;
the limits of detection are in the 10~7 mol L~! concentration range
for all tested electrodes. This is given by the satisfactory
repeatability (Table 3) of the peak height for the lowest measurable
concentration that was 1.6% - 6.0% for all tested electrodes.

Obviously, the boron content influences significantly the
kinetics of electron transfer. For 2-aminobiphenyl, the electro-
chemical oxidation consists in the first step in the formation of a
nitrene monocation radical from unprotonized amino group (pK,
value of cationic form of 2-AB is 3.83 [53]). Our results suggests the
same mechanism to take place at all electrodes tested, which is
supported by the fact that in linear sweep voltammetry, the areas
under the curves are for all electrodes comparable (within + 10%)
regardless of the peak shape, the changes of which nevertheless
indicate changes in the electron transfer rate. Besides the
increasing peak height in DPV, the faster kinetics can be also
traced from a slight continuous shift of peak potentials with
increasing boron content to less positive values (indicating more
facile electrooxidation of the analyte), obvious from Fig. 6 and
Table 4. When focusing on the differences between semiconduc-
tive and conductive electrodes, only small difference in peak
heights can be observed for semiconductive 500 and 1000 ppm
electrodes. However, significant differences between these and all
electrodes with metallic conductivity were observed. In contrast to
results obtained with the 2-aminobiphenyl, significant differences
between semiconductive electrodes 500 ppm and 1000 ppm were
found with the redox markers [Ru(NHs)s]**/?* and [Fe(CN)s]*~/*~.
However, the conductive electrodes 2000-8000ppm exhibit
relatively large differences in electron transfer kinetics, similarly
as observed for [Fe(CN)g]*~4-.

Isolated studies on the influence on boron content on
voltammetric signals of organic compounds reveal similar trend:
The well-shaped oxidative signal of 4-chloro-3-methylphenol was
obtained for the same set of BDD electrodes. The signal obtained
using the semiconductive electrodes was placed at slightly more
positive potentials and simultaneously, corresponding peak height
was lower, especially using DPV confirming a slower kinetics of the

Table 3

Peak parameters of current response of 2-aminobiphenyl (c=5 x 10~ mol L~') in BR
buffer pH 7.0 evaluated from ten consecutive scans using linear sweep and DP
voltammetry at BDD electrodes with boron doping level 500 ppm - 8000 ppm.

B/Cratio Linear sweep voltammetry Differential pulse voltammetry
(ppm)
E,(mV) I, (pA) RSD(%) E,(mV) I, (pA]  RSD (%)

500 8062 123 099 7201 0.35 3.7
1000 7773 123 23 710£2 0.36 27
2000 727 +2 115 134 707 +2 0.58 3.0
4000 733x1 117 270 709+1 0.68 14
8000 724£1 128 250 710£1 0.90 09

Table 4

Parameters of calibration dependences (linear dynamic range 0.25 - 50 pmol L™")
and limits of detection of 2-AB in BR buffer pH 7.0 by DPV at BDD electrodes with
boron doping level 500 ppm - 8000 ppm.

BJC ratio (ppm) Slope Intercept R Lp
(mALmol~") (nA) (pmol L")

500 7.67+027 203+59 0.992 0.72

1000 7.50 £ 045 125+99 0978 0.48

2000 11£021 13.0£6.1 0.998 0.80

4000 149£175 40.8 £41.0 0.959 0.48

8000 18.0+ 0.88 86+18 0.999 0.21

electron transfer [49]. In our study on oxidation of benzophenone-
3 the DPV peaks were not fully developed for the semiconductive
500 ppm and 1000 ppm films, but were symmetric, well-shaped
and of increasing height for 2000 ppm — 8000 ppm films [47].
Furthermore, the peak potential of benzophenone-3 was moving
toward less positive values with increasing content of boron in the
BDD films. Similarly, in the reduction of 5-nitroquinoline BDD films
with metallic type of conductivity exhibited faster electron
transfer at lower potential for nitro group reduction than semi-
conductive films 500 and 1000 ppm, where the voltammetric
peaks were not well developed [48]. The floroguinoline antibiotic
enrofloxacin showed sigmoidal signal in linear sweep voltammo-
grams at ca. +1300mV vs. Ag/AgCl due to its direct anodic
oxidation, but it appeared only for 2500ppm BDD, not for
1300 ppm, 200 ppm, and 100ppm presumably semiconductive
electrodes (type of conductivity and real boren concentration [B]
are not given in the study [43]). In contrast, not such sharp changes
were obtained between 100 ppm - 8000 ppm BDD electrodes in
the case of indirect complete oxidation of enrofloxacin to carbon
dioxide by hydroxyl radicals electrogenerated at high anodic
potential, where the mineralization is enhanced as the diamond
becomes richer in boron. This suggests that direct transfer of
electrons for oxidation/reduction of the mentioned organic
compounds is favored at BDD films with metallic type of
conductivity, presumably due to the increased presence of
adsorption sites thus enhancing the electrocatalytic activity of
the surface towards adsorption. On the other hand, semiconduc-
tive BDD films exhibit lower or even insufficient sensitivity to
oxidation of organic species studied so far and thus are not
recommendable for electroanalytical purposes. Indirect way of
oxidation mediated by hydroxyl radicals is not that sensitive to
boron content, as these radicals are produced in the region of water
decomposition independently on the boron content.

4. Conclusions

The experiments presented in this study for a set a of anodically
pretreated BDD films deposited at B/C ratio 500 ppm - 8000 ppm
represent a consistent study of the effect of boron content on their
selected morphologic, spectral, and electrochemical character-
istics. The semiconductive/metallic threshold of conductivity has
been evaluated based on Raman spectra and on cyclic voltammo-
grams with selected redox markers. The results from Raman
spectroscopy indicate that the shift of maximum Lorentzian
component of diamond phonon at ~ 1332cm™" can be assessed as
the function of boron concentration [B]. The slope of I, vs. v'/2
dependence and the course of AE, vs. v!/* dependence obtained
from cyclic voltammograms at scan rates >100mVs~! with the
outer- and inner sphere redox markers ([Ru(NH;)s]**/?* and [Fe
(CN)g]*~*-, respectively) enables to differentiate between the
semiconductive films (500 ppm and 1000 ppm) and films exhibit-
ing metallic conductivity (2000 ppm — 8000 ppm). Nevertheless,
only the inner sphere character of [Fe(CN)s]>~*~ redox marker
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enables to visualize differences between various boron contents
for the metallic films. Further, reversible behavior with AEP of
59.8+0.9mV (n=5) and Ip,fl,c ratio 1.00 at the scan rate of
100 mV s~' was achieved for this redox marker at the 2000 ppm
film. Such doping level just above the semiconductive/metallic
threshold conferred favorable characteristics for the reduction of
5-nitroquinoline [48| and oxidation of phenolic compounds
[47,49). Further, it exhibits also favorable spectral characteristics
among the metallic BDD films, e.g., the highest roughness surface
factor. Thus it seems that the doping level just above the
conductivity threshold seems to be favorable in terms of charge
transfer and electroanalytical performance due to minimized
frequency of incorporation of sp® impurities and other risks
connected with high boron content during the CVD procedure.

The width of the potential window decreases with increasing
boron doping level, more markedly at the cathodic side. The
practical independency of anodic potential limit on boron content
for electrodes with metallic type of conductivity 2000-8000 ppm
suggests that the hydroxyl radical formation relies on surface
conductivity rather than on the number of boron-active sites and
other factors such as pH and presence of other possible reactive
species in the solution. On the other hand, the hydrogen evolution
on the cathodic side is dependent on boron content in the whole
range investigated, assuming the H*/H,0 adsorption and subse-
quent hydrogen evolution is associated with boron-rich sites. The
sluggish kinetics of hydrogen evolution for semiconductive films is
in concordance with the slow charge transfer for the initial step of
oxidation of 2-aminobiphenyl and other investigated organic
compounds [47-49] at this set of electrodes indicating their
limitations in electroanalysis of organic compounds.

Obviously the boron-doping level in BDD thin films has an
impact on their morphology and microstructure, quality, electro-
chemical properties, corrosion resistance, and other character-
istics, which, in the end influence parameters important for
applications in electroanalysis. Notably, there is a multitude of
recent papers devoted to analytical applications of not only
different BDD films, but films deposited under the same conditions
but subsequently subjected to various pre-treatments using
different electrochemical procedures and other conditions. There-
fore, one should be careful when comparing results of different
studies. Further studies involving capacitance-voltage dependence
and X-ray photoelectron spectroscopy (XPS) are needed to
understand the interplay among the boron-doping level, oxygen
content and electrochemical properties of studied films.
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Uvod

Borem dopované diamantové (BDD) elektrody patii
od devadesatych let k popularnim elektrodovym materid-
lim na bazi uhliku. Maji Siroké vyuziti pfedev§im v envi-
ronmentdlnich analyzach diky své malé nachylnosti k pa-
sivaci elektrodového povrchu a Sirokému potencialovému
oknu, obzvlaste v anodické oblasti'?, BDD filmy se ob-
vykle pfipravuji v komerénich reaktorech metodou che-
mické depozice par (CVD — ,,chemical vapor deposition®)
pfi pouziti Zhavenych vlaken (,hot filament® — HF CVD)
nebo mikrovinného ohfevu (,microwave plasma“ — MP
CVD) jako zdroje energie. K depozici diamantového filmu
je nejéastéji pouZivana smés methanu (zdroj uhliku) a vo-
diku. Dopace borem se provadi pfidanim diboranu ¢&i tri-
methylboru do smési par pro depozici diamantu. Jeho ob-
sah se udava jako pomér B/C v plynné fazi. Pouzivaji se
koncentrace 500 ppm az 15 000 ppm, které vedou ke ko-
netné koncentraci boru ve filmu 1-10" cm™ az 1-10%
cm , pfi¢emz koncentrace 1:10™ ¢cm ™ odpovida jednomu
atomu boru na tisic atomi uhliku®. Piiblizné pii této kon-
centraci dochazi ke zméné vodivosti BDD filmu, ktera
vykazuje pii niz8ich koncentracich polovodicovy a pii
vyssich koncentracich kovovy charakter®. V posledni dob&
se objevilo nékolik praci studujicich vliv koncentrace boru na
fyzikalni a elektrochemické charakteristiky BDD filmi® ¥,
odolnost viigi elektrochemické korozi’, odolnost povrchu
viidi pasivaci®, uéinnost elektrokatalytické anodické oxida-
ce organickych polutantd'’ a analytické parametry stano-
veni vybranych anorganickych ionti''. Pro tyto aéely byly
pfipraveny BDD filmy s koncentraci boru v rozmezi cca
107 em™ az 107 em™.

Cilem této price byla charakteristika BDD filmd
s koncentraci boru 500-8000 ppm vybranymi spektralnimi
a elektrochemickymi metodami a uréen{ vlivu koncentrace
boru na velikost potencidlového okna vybranych vodnych
roztoki zakladnich elektrolyti a na voltametrické stanove-
ni 2-aminobifenylu,

Experimentalni ¢ast

Bylo pouzito pét borem dopovanych diamantovych
filmovych elektrod s B/C pomérem 500 ppm, 1000 ppm,
2000 ppm, 4000 ppm a 8000 ppm. Tyto elektrody byly
pripraveny na Fyzikdlnim ustavu Akademie véd Ceské
republiky v Oddéleni funkénich materiali. Jako substrat
pro chemickou depozici par s pomoci mikrovinného ohie-
vu (System Seki ASTeX 5010, Woburn, MA, USA) byl
pouzit p-kiemik (ON Semiconductor, Roznov pod Radho$-
tém, CR) s rezistivitou 0,005 © em™' a tloustkou 300 um.
Takto piipravené BDD desti¢ky byly umistény do teflono-
vého elektrodového téla s velikosti otvoru ve Sroubovacim
nastavei 7,1 mm®. Pro elektrochemicka méfeni byl pouzit
piistroj Eco-Tribo Polarograph se softwarem PolarPro
(verze 3.1, Polaro-Sensors, Praha, CR) a tiielektrodové
zapojeni s referentni argentchloridovou elektrodou
(3moll" KCI) a pomocnou platinovou elektrodou (ob&
Elektrochemické detektory, Turnov, CR). Pro diferenéni
pulsni  voltametrii (DPV) byla pouzita vy3ka pulsu
+50 mV, itka pulsu 100 ms a rychlost 20mV s . Pied kaz-
dou sérii méfeni byly elektrody aktivovany v 0,5 mol I'' kyse-
ling sirové s vlozenym potencidlem +2,4 V po dobu 5 min.

Pro spektralni charakterizaci povrchu diamantového
filmu byla pouzita Ramanova spektroskopie (DXR Raman
microscope (Thermo Scientific, Waltham, MA, USA)
s mikroskopem Olympus, excitatni vinova délka 532 nm),
mikroskopie atomdrnich sil (NT-MDT NTEGRA Prima
AFM s kiemikovym ohebnym nosnikem HA-NC, reso-
nanéni frekvence 270 kHz) a skenovaci elektronova mi-
kroskopie (FEGSEM; mikroskop Quanta 200 FEG, FEIL,
CR). Hodnoty pH byly méfeny digitalnim pH metrem (pH
Meter 3510, Jenway, UK) se sklenénou kombinovanou
elektrodou.

Viechny pouzité chemikdlie pro pfipravu zdkladnich
elektrolytii byly &istoty p.a. (Lach-Ner, Neratovice, CR).
Diéle byl pouzit 2-aminobifenyl (¢istota < 95%, Sigma-
Aldrich, USA), K4[Fe(CN)g] - 3 H>O (&istota < 99%, Lach-
Ner, Neratovice, CR) a [Ru(NH;)s]Cl; (Cistota < 98%,
Sigma-Aldrich, USA).

Vysledky a diskuse

Nejprve byla provedena spektralni charakterizace
studovanych filmi pomoci Ramanovy spektroskopie,
spektroskopie atomarnich sil (AFM) a skenovaci elektro-
nové spektroskopie (SEM). Obé zobrazovaci metody pro-
kazaly nanokrystalickou strukturu filmi s velikosti krysta-
1G 100-300 nm pro filmy s obsahem boru 500-4000 ppm.
Pro film sobsahem boru 8000 ppm byla zaznamenana
vét§i nejednotnost velikosti a soucasné mensi krystaly.
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Obr. 1. Ramanova spektra BDD filmi s koncentraci boru 500-8000 ppm, excitaéni vinova délka 532 nm

Tloudt'ka filmu je 1 pm (uréeno pomoci AFM). Ramanova
spektra (obr, 1) vykazuji nepiitomnost sp’ netistot pii
1533 em™’ a naopak s rostouci koncentraci boru nérist
signdlu pfi ~1332 em ™' odpovidajici sp® uhliku s typickym
tvarem pro Fanovy resonance poukazujici na pritomnost
delokalizovanych stavii pochazejicich z B-C vazeb. Déle
jsou ziejmé typické signaly kiemiku (520 cm™' a ~940 az
980 cm '), které odpovidaji fononové linii kiemiku prvni-
ho a druhého fadu a pochdzeji ze substratu. Pivod Siro-
kych pasii u ~420 cm ™ and ~1220 cm™' je nejasny’.

Elektrochemickd charakterizace byla provedena po-
moci redoxnich markerii [Fe(CN)]'"* a [Ru(NH;)e]*"**
a pro oba bylo zjisténo quasi-reversibilni chovéni: pii apli-
kaci anodické aktivace BDD filmii pfi potencidlu +2.4 V
v 0,5 mol I"! kyseling sirové se zvétsila proudova odezva
katodického (fx) a anodického piku (7,), zmensil se rozdil
potencidlii pikti (AEp) na hodnoty 69 mV az 150 mV
a pomér velikosti piku 74/l se priblizil hodnoté 1,0. Obsah
boru v diamantovém filmu nemd vyznamny vliv na veli-
kost jejich proudové odezvy a AEp.

Cyklickd voltametrie byla déle pouzita pro zjisténi
vlivu koncentrace boru v BDD elektrodach na velikost
potencialového okna pro nékolik béznych zakladnich elek-
trolyti: 1 mol 1" KCI, bordtovy pufr pH 9,0; fosfatovy
pufr pH 7.0; octanovy pufr pH 4.0; 0,1 mol I HCIO,
a 1107 mol I”" Na,80,. U viech vybranych zékladnich
elektrolytii bylo pozorovéno celkové ziZeni potencialové-
ho okna o cca 800 mV s rostouci koncentraci boru. Vyraz-
né&ji se okno zuzuje z katodické strany. Na anodické strané

neni ziZeni potencialového okna tak prikazné, nicméné
rozdil krajniho anodického potencidlu pro elektrodu
studovanych BDD filmech v rozmezi pfiblizné 150 mV az
250 mV. Na obr. 2 jsou tyto trendy ziejmé z cyklickych
voltamogramii 0,1 mol | ' kyseliny chloristé.

Dale byl metodou diferencni pulzni voltametrie sledo-
vin vliv koncentrace boru na stanoveni 2-aminobifenylu
v Brittonové-Robinsonové pufru o pH 7.0. Jelikoz oxidac-

/(nA) [ ——500 ppm
o = e
25004~ 5000 oo
04
-2500
-5000-
-7500 1L, :

T T T T T
-1000 0 1000 E(mV)
Obr. 2. Cyklické voltamogramy 0,1 mol 1" kyseliny chloristé
pro viechny studované diamantové filmy s riznym obsahem
boru. Rychlost polarizace 100 mV's !
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Obr. 3. DP voltamogramy 2-aminobifenylu (¢ = 5107 mol I'") v prostéedi Brittonova-Robinsonova pufru o pH 7,0 (A) bez &i§téni

500 800 700 8G0 900
E(mV)

elektrodového povrchu mezi 14 jednotlivymi skeny a (B) s ¢iSténim pii potencidlu +2,4 V a michinim roztoku po dobu 30 s

Tabulka I

Parametry kalibraéni zavislosti pro stanoveni 2-aminobifenylu metodou DPV na BDD elektrodéch v rozmezi 5-10 " mol 17!

a7 1-10 " mol I''

Pomér B/C [ppm] Smérnice Usek [nA] Korelaéni koeficient Limit detekce
[mA 1mol™] [mmol 1]

500 77403 20359 0,992 0,716

1000 75405 12,5+9,9 0,978 0475

2000 11,1 +£0.2 13.0+6,1 0,998 0,799

4000 14,9+ 1,8 40,8 + 41 0,959 0477

8000 18,0+ 0,1 85+ 1.8 0,999 0,208

ni produkty 2-aminobifenylu vyrazné pasivuji elektrodovy
povrch (obr. 3A), byl optimalizovan postup ¢isténi elektro-
dového povrchu. Jako optimalni byla vybrana kombinace
elektrochemického a mechanického ¢isténi: na obr. 3B
jsou vyobrazeny DP voltamogramy pro &idténi elektrodo-
vého povrchu pomocei vlozeného kladného potencidlu
+2,4 V a michani roztoku po dobu 30 s piimo v méfeném
roztoku. S takto zvolenym ¢idténim se proudova odezva
2-aminobifenylu vyrazné neménila, smérodatna odchylka
vysky piku pro viechny studované BDD filmy byla mensi
nez 4 %.

S timto aktivaénim programem byla zméfena kalib-
raéni zivislost 2-aminobifenylu v rozsahu koncentraci
5-107" az 1-107" mol I"' pro viechny studované BDD filmy.
Parametry a detekéni limity jsou uvedeny v tab. 1. Je ziej-
mé, Ze s rostouci koncentraci boru v BDD filmu se zvySuje
smérice kalibraéni zdvislosti, tj. proudovd odezva
2-aminobifenylu, a snizuje se mez detekce a dale se zlep-
Suje opakovatelnost vysky piku 2-AB.

5272

Zavér

Byla provedena zdkladni spektralni a elektrochemicka
charakterizace BDD filmu s obsahem boru 500-8000 ppm.
Z analytického hlediska se jevi vyznamna zavislost Sifky
potencidlového okna na koncentraci boru a jeji vliv na
velikost piku 2-aminobifenylu pti DP voltametrii, kdy mez
detekee (Lp) lezi pro viechny filmy v koncentra¢nim Fadu
107 mol I'" asrostouci koncentraci boru v BDD filmu
klesa, rozdil mezi elektrodou s obsahem boru 500 ppm (Lp
=7.2:10""mol 1"y a 8000 ppm (Lp = 2,1-107" mol 1'") je
zhruba trojnasobny. Se zvy3ujici se koncentraci boru
v BDD filmu se zlepsuje opakovatelnost vysky piku 2-AB.
Koncentrace boru v BDD filmech se tudiz jevi jako dilezi-
ty parametr pii voltametrickych stanovenich organickych
sloucenin s ohledem na jejich reakéni mechanismus, oxi-
dacni ¢i redukéni potencidl a typ elektroanalytické metody.
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Abstract

An anodically pretreated boron-doped diamond (BDD) electrode was used for the voltammetric and amperometric
determination of the genotoxic pollutants 2-aminobiphenyl, 4-aminobiphenyl, 1-aminonaphthalene, and 2-amino-
naphthalene. Their simultaneous voltammetric determination is only possible when the difference of the peak po-
tentials of the particular analytes is higher than ca. 140 mV. Their complete separation using high performance
liquid chromatography (HPLC) with amperometric detection at a BDD film electrode in wall-jet arrangement re-
sults in limits of detection in the 10~ molL~! concentration range and can be lowered to nanomolar concentrations,
as demonstrated by their determination in azo dye sunset yellow using solid-phase extraction at Lichrolut EN car-
tridges.
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1 Introduction

Boron-doped diamond (BDD) has become a popular
electrode material for electroanalysis since the first report
on its analytical application in 1993 [1] thanks to its com-
mercial availability and advantageous electrochemical
and mechanical properties [2,3]. For voltammetric tech-
niques a low and stable background current, a wide po-
tential range in aqueous media, and fouling resistance are
the most important ones. The mechanical durability and
low double layer capacitance compared with metallic and
most of carbon-based electrode materials minimizing the
time to stabilize the background current prior and the
current drift during amperometric detection substantiate
the popularity of BDD electrodes in liquid flow methods
including high performance liquid chromatography
(HPLC) and flow injection analysis with electrochemical
detection. The possibility of miniaturization of BDD elec-
trodes and modification of the BDD surface opened re-
search fields for detection in capillary electrophoresis
(CE) [4], in vitro/in vivo detection [5], and functionaliza-
tion of the BDD surface for designing of electrochemical
sensors [6].

A wide spectrum of oxidizable organic compounds has
been studied by means of BDD electrodes during prelimi-
nary voltammetric experiments followed by their applica-
tions either for anodic decomposition of organic com-
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pounds or for electroanalytical purposes [2,3]. Among
them, attention was paid also to aromatic amines [7-14],
widely applied in many industrial processes, including
production of dyes and other chemicals [15,16], and oc-
curring in environmental matrices including waste and
surface water [17]. Further, they may be formed as results
of anaerobic azo bond reduction of dyes [15] and also
used as biomarkers of exposure to parent nitro deriva-
tives of polycyclic aromatic hydrocarbons [18]. Due to
their resistance to microbial degradation and adverse
toxic effects including potential or proven mutagenicity
and/or carcinogenity to living organisms including
humans [18], the demands on their selective and sensitive
monitoring in working and living environment are in-
creasing [7]. 4-Aminobiphenyl (4-AB) and 2-aminonaph-
thalene (2-AN) were together with benzidine among the
first chemicals classified as human carcinogens. There is
an ongoing interest in these compounds which can be
documented by an extensive monograph of International
Agency for Research on Cancer (IARC) summarizing
their occurrence and use, metabolism of carcinogenesis
and methods of analysis [18]. The general population can
be exposed to 2-AN and 4-AB through environmental ex-
posure, via tobacco smoke, via other fumes containing
these compounds (e.g., emissions from cooking oils), or
when in contact with dyes and hair dyes contaminated
with 2-AN and 4-AB ([18] and references therein).

WILEY i 253

ONLINE LIBRARY

109




Publication 4

Full Paper

J. Zavdzalovd et al.

Method developments have enabled the detection of
amino derivatives of naphthalene and biphenyl at ex-
tremely low concentrations, down to the picogram level
(reviewed in [18]). Gas chromatography/mass spectrome-
try (GC/MS) of derivatized samples and liquid chroma-
tography/mass spectrometry (LC/MS) of nonderivatized
samples are the most often used. Electrochemical meth-
ods represent an independent alternative to these more
expensive MS/chromatographic methods. They rely on
the oxidation of the amino group at the aromatic skeleton
as demonstrated on the determination of amimobiphenyls
by differential pulse voltammetry (DPV) at carbon paste
or glassy carbon electrodes [19]. Nanomolar concentra-
tion of 2-AB was determined after its accumulation using
f-cyclodextrin modified screen printed electrode [20].
Further, electrochemical detection (ED) has been suc-
cessfully used in connection with liquid flow techniques
including CE [21], flow injection analysis (FIA) [22.23],
HPLC [24-26], or reversed-phase p-HPLC [27]. It has
the advantage of easier removal of the possibly passivat-
ing intermediates and end-products of the electrode reac-
tion from the vicinity of the electrode surface by the
stream of the mobile phase. These passivating films are
formed as result of dimerization and further polymeri-
zation of nitrene cation radicals — products of initial one-
electron oxidation of the amino group [7,.28]. On the
other side, experimentally controlled electropolymeriza-
tion leads to formation of conducting electroactive poly-
mers suitable for the modification of metallic or carbon-
based electrodes and offering attractive possibilities for
sensors designing and electrocatalysis as widely presented
for polyaniline [29,30] and recently also for poly(1-naph-
thylamine) [31-33] and poly(2-aminobiphenyl) films [34].

This work is connected with our previous ones, devoted
to voltammetric and amperometric determination of ami-
nobiphenyls [8,10,11,14] using nanocrystalline and micro-
crystalline anodically pretreated BDD and its objective is
to study the possibilities of simultaneous detection of
2-aminobiphenyl (2-AB), 3-aminobiphenyl (3-AB), 4-ami-
nobiphenyl (4-AB), l-aminonaphthalene (1-AN), and
2-aminonaphthalene (2-AN) by means of BDD electro-
des. For this purpose, batch voltammetry and amperomet-
ric detection coupled to HPLC were used and after opti-
mization of separation and detection conditions the
model samples of the food colorant dye sunset yellow (E-
110) were analyzed. In this case, solid phase extraction
(SPE) was used for the preliminary preconcentration and
separation of tested analytes to decrease limit of detec-
tion (Lp).

2 Experimental

2.1 Reagents

The 1x10™* molL™" stock solutions of 1-AN (Sigma-Al-
drich, 98%), 2-AN (Sigma-Aldrich, 95%), 3-AB (synthe-
sized at the Department of Organic Chemistry, Charles
University in Prague), 2-AB, and 4-AB (both Sigma-Al-
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drich, 97%) were prepared by dissolving of exact weight
of each compound in deionized water (Millipore Q-plus
System, Millipore, USA) and kept in the dark at labora-
tory temperature. Britton-Robinson (BR) buffers were
prepared by mixing a solution of phosphoric, acetic and
boric acid (concentration of each 0.04 molL™") with an
appropriate amount of 0.2 molL~" sodium hydroxide so-
lution (all p.a., Lach-Ner, Czech Republic). Acetonitrile
(HPLC grade, Merck, Prague, Czech Republic) was used
as the organic part of the mobile phase. The aqueous part
of the mobile phase was phosphate buffer consisting of
0.01 mol ™! sodium dihydrogen phosphate (p.a., Lache-
ma, Czech Republic), its pH was adjusted by the addition
of concentrated phosphoric acid (p.a., Lach-Ner, Nerato-
vice, Czech Republic). Sunset yellow (E 110) (Sigma-Al-
drich, Prague, CZ) with dye content >90% was used. All
the solutions were stored in the dark. Other used chemi-
cals were: methanol (HPLC grade, Merck, Prague, Czech
Republic), ethyl acetate, sodium hydroxide, and concen-
trated nitric acid (all p.a., Lach-Ner, Neratovice, Czech
Republic).

2.2 Apparatus

Voltammetric measurements were carried out using
a computer controlled Eco-Tribo Polarograph with Polar-
Pro software (version 5.1, Polaro-Sensors, Czech Repub-
lic). In differential pulse voltammetry, a pulse height of
+50mV, pulse width of 100 ms and scan rate of
20 mVs™" were applied.

For HPLC, degasser DG 3014 on-line, gradient pump
BETA 10, SAPPHIRE UV-vis detector (all ECOM,
Czech Republic) were used. For amperometric detection,
the potentiostat ADLC 2 (Laboratorni pfistroje, Czech
Republic), the precolumn LiChroCART 4-4, Purospher,
RP-18 (5 pm), the column LichroCART 125-4 Purospher-
STAR RP-18¢ (5pm) (all Merck, Germany), mobile
phase consisting of acetonitrile and 0.01 molL™" phos-
phate buffer pH 3.0 (40:60, v/v), and detection potential
+1.0V were used. Spectrophotometric detector (detec-
tion wavelength 4 of 290 nm) and amperometric detector
were connected in series. The HPLC system was con-
trolled by software Clarity Chromatography Station (Da-
taApex, Prague, Czech Republic) working under Win-
dows 7 (Microsoft, USA). The injected volume was 20 pL
and the flow rate Q was | mLmin™".

All electrochemical measurements were performed in
a three-electrode arrangement, using a silver chloride ref-
erence electrode (Ag|AgCl, 3mol L™ KCIl) and a plati-
num wire auxiliary electrode (both Monokrystaly Turnov,
Czech Republic). The microcrystalline BDD film elec-
trode deposited on silica wafers was prepared and charac-
terized by procedures described previously [35] at Michi-
gan State University, East Lansing, USA. Concretely, mi-
crocrystalline BDD was deposited at 1000 W, using
a CHJH,/B,H, source gas mixture consisting of 0.5%
CH,/H, with 10 ppm B,H, added for boron doping. The
system pressure was 45 Torr, the substrate temperature
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was 800°C (estimated via an optical pyrometer), and the
growth time was 10 hours.

It was placed in a laboratory-made BDD disk electrode
[36] with active geometric area of 12.6 mm® and used as
the working electrode in both voltammetric and ampero-
metric measurements. The electrode surface—capillary
outlet distance for the amperometric detector in the wall-
jet arrangement was kept at 0.5 mm; the jet diameter was
0.15 mm. All measurements were carried out at laborato-
ry temperature. The pH measurements were carried out
by digital pH Meter 3510 (Jenway, UK) with combined
glass electrode.

For solid phase extraction (SPE), LiChrolut RP-18 E
200 mg/3 mL and LiChrolut EN 200 mg/3 mL polypropy-
lene columns (both Merck, Prague, Czech Republic) and
vacuum manifold (Burdick & Jackson, USA) were used.

2.3 Procedures

The indicator electrode was activated at the beginning of
each working day in 0.1 molL™" nitric acid by applying
a potential of +2.4 V for 60 s. Between individual meas-
urements, an activation program consisting of stirring and
applying the potential of +2.4 V for 15 s on working elec-
trode in measured solution was applied. This procedure
was followed in the case of voltammetric experiments
with aminonaphthalenes and all HPLC-ED experiments.
For the simultaneous voltammetric determination of ami-
nobiphenyls, the measured solution was always bubbled
with nitrogen for 15 s between individual measurements.

The solutions for voltammetric measurements were
prepared by measuring the proper volume of the aqueous
stock solution of the test substance and filling by BR
buffer of the required pH to 10 mL. The peak heights (/)
were measured from the tangent of voltammetric curve
before and after the peak. All calibration curves were
measured in triplicate. The calibration dependences were
processed using linear regression method. For voltammet-
ric measurements, limits of detection (L) and determina-
tion (L) were calculated as the concentration of the ana-
lyte, which gave the signal equal to ten times and three
times, respectively, the standard deviation of peak heights
estimated from ten consecutive measurements of the
lowest measurable concentration. For HPLC measure-
ments, the limits of detection and determination were cal-
culated as the concentration of the analytes correspond-
ing to the signal height ten times and three times, respec-
tively, higher than the background noise.

The model samples of 2-AB, 4-AB, 1-AN, and 2-AN in
the dye sunset yellow were prepared by spiking of sunset
yellow solution, prepared by dilution of 1.0g sunset
yellow in 10 mL of 0.05 mol L~ phosphate buffer pH 7.0
(final concentration of sunset yellow was 0.1 gmL™").

For SPE, two different extraction columns were tested
(both Merck, Prague, CZ). Using LiChrolut RP-18 E
200 mg/3 mL columns the solid phase was conditioned on
a vacuum manifold with 3 mL of methanol followed by
4mL of deionized water and 4 mL of 0.05 molL-" phos-
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phate buffer (pH 7.0), which was allowed to pass through
the cartridge without the use of vacuum. Thereafter,
10 mL of spiked sample of the dye sunset yellow contain-
ing appropriate amounts of added analytes were loaded
on the column without the use of vacuum. Following the
sample application, the cartridges were washed with 2 mL
of 0.05molL™" phosphate buffer (pH7.0) and dried
under the vacuum for 2 min. Elution of adsorbed amino-
biphenyls and aminonaphthalenes was carried out with
consecutive fractions of 1 mL of methanol, which was al-
lowed to pass through the column without the use of
vacuum. Finally, the vacuum was applied for 30s to
remove the residual methanol from the cartridge. 20 pL.
of the solution after the extraction was injected into the
HPLC system for the analysis.

Using LiChrolut EN 200 mg/3 mL cartridges, solid
phase extraction was performed as follows: the solid
phase was conditioned on a vacuum manifold with 3 mL
of ethyl acetate followed by 3 mL of methanol, 1 mL of
deionized water, and 3mL of 0.05molL™" phosphate
buffer (pH 7.0), which was allowed to pass through the
cartridge without the use of vacuum. Thereafter, 10 mL
of spiked sample of the dye sunset yellow containing ap-
propriate amounts of added analytes were loaded on the
column without the use of vacuum. Following the sample
application, the cartridges were washed with 3mL of
0.05 molL™" phosphate buffer (pH 7.0) and dried under
the vacuum for 2 min. Elution of adsorbed aminobiphen-
yls and aminonaphthalenes was carried out with consecu-
tive fractions of 1 mL of acetonitrile, which was allowed
to pass through the column without the use of vacuum.
Finally, the vacuum was applied for 30 s to remove the re-
sidual acetonitrile from the cartridge. 20 pL of the solu-
tion after the extraction was injected into the HPLC
system for the analysis.

Extraction recovery was calculated from the ratio [/1.°,
where [ is the height of the chromatographic peak of
2-AB, 4-AB, 2-AN, or 1-AN recorded by HPLC-ED after
SPE and I,° is the height of the peak of the analyte in
a reference solution prepared by the addition of standard
solution of the analyte to the blank solution so that its
final concentration is equal to the product of the concen-
tration of the analyte in the sample and the preconcentra-
tion factor.

3 Results and Discussion

3.1 Differential Pulse Voltammetry

Firstly, differential pulse voltammetry was used for the in-
vestigation of fouling of the electrode surface in the pres-
ence of 1-AN and 2-AN in measured solution, because ar-
omatic amines are suspected of formation of dimers and
polyamine films covering the electrode surface [7,28] as
mentioned above. Fouling of the electrode surface was
observed also in our previous study on voltammetry of
2-AB, 3-AB, and 4-AB at a nanocrystalline BDD elec-
trode, where decrease of sensitivity of the calibration de-
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Fig. 1. (A) Selected DP voltammograms of 1-AN (c=1x 10~ molL™") at the BDD eclectrode in Britton-Robinson buffer pH 2.0 (1);

4.0 (2); 6.0 (3); 8.0 (4); 10.0 (5) a 12.0 (6). (B) Dependence of the peak potential of 1-AN (c=1x10"" molL™") on pH. Measured at

the BDD electrode in BR buffer.

pendence with increasing concentration of aminobiphen-
yls was ascribed to the formation of polyamine films at
the surface of the working electrode [14]. In this case its
simple immersion in methanol and bubbling with nitrogen
for 15 s eliminated most problems with electrode passiva-
tion [14]. In the present study the problem with passiva-
tion in the presence of aminonaphthalenes was visualized
by the decrease of their peak heights at repetitive DP vol-
tammograms of about 80% and potential shift of ca
35 mV to more positive value during consecutive 10 scans
(Figure SI1 in Supporting information). As the attempts
to recover the electrode surface by stirring in organic sol-
vents (methanol, propan-2-ol, acetonitrile) failed, an elec-
trochemical activation program consisting of stirring and
applying the potential of +2.4V for 15s on the BDD
working electrode in measured solution was successfully
applied. As result reproducible peak heights with relative
standard deviation 2.0% were obtained for ten repetitive
DP voltammograms of 1-AN (¢=1x10"molL™" in BR
buffer pH 5.0). This procedure succeeded in BR buffer
regardless of its pH value. At this high anodic activation
potential in the potential region of water discharge, the
highly reactive hydroxyl radicals ("OH) weakly adsorbed
at the BDD surface are formed from water oxidation ac-
cording to Equation 1:

BDD + H,0 — BDD("OH) + H* + e~ (1)

These hydroxyl radicals are capable of promoting unse-
lectively the oxidation/mineralization of different organic
compounds, including polymers in the region close to the
electrode surface [37], as proved for the polyaniline film
formed by electrooxidation of aniline at the BDD elec-
trode. The reluctance of the polymeric film formed of
tested aminonaphthalenes to be removed by organic sol-
vents during stirring proves their more complex polymer-
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ic structure. While, in the case of 4-AB, the conventional
C—N head-to-tail coupling is presumed at a platinum
electrode [38] leading to linear polymers in which biphen-
yl groups are incorporated in the main macromolecular
chain, the electropolymerization of aminonaphthalenes
presumably leads to a more crosslinked adhesive poly-
meric structure resistant to simple dissolution. Different
structures of dimers formed during anodic oxidation of
l-aminonaphthalene at platinum and vitreous carbon
electrode in dichloromethane, i.e. 1,1"-naphthidine (1,1"-
binaphthalene-4.4'-diamine) and 4-amino-1.1'-dinaphthyl-
amine [39] supports this idea. Nevertheless, in the view-
point of these suggestions it should be noted that the lit-
erature aiming at the structure of polymeric films formed
by electrooxidation of aromatic amines is scarce.

The influence of pH on signals of aminonaphthalenes
(c=1x10"" mol L") was investigated in BR buffer in the
range of pH2.0-12.0. Selected DP voltammograms of
1-AN are shown in Figure 1A. 1-AN gives four peaks in
the range of pH 2.0-6.0 and one peak at pH 7.0-12.0. The
peak potential vs. pH dependence for 1-AN is well recog-
nizable from Figure 1B. 2-AB offers four peaks in the
region of pH 2.0 and 3.0, three peaks at pH 4.0, and only
one peak at pH 5.0-12.0. The pH dependence has analo-
gous trend as for 1-AN. The gradual shift of the original
oxidation peak (peak 3 in Figure 1B) with peak potential
of +602mV and +672mV for 1-AN and 2-AN, respec-
tively at pH 2.0 toward negative values with increasing
pH can be observed, nevertheless, only up to pH 4.0. At
higher pH values up to pH 12.0 the peak potentials are
constant (ca +504 mV and + 580 mV for 1-AN and 2-AN,
respectively). These peaks correspond to the first, one-
electron stage of oxidation of the amino group to nitrene
cation radical and negative shift of peak potential up to
pH 4.0 can be explained by protonation of nitrogen atom
causing the decrease in electron density which results in
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Table 1. Parameters of calibration dependences for the DP voltammetric determination of 2-AN, 1-AN, 4-AB, and 2-AB by DPV at

the BDD electrode in BR buffer.

Analyte pH of BR Linear dynamic range Slope Intercept (nA) Correlation Lg
buffer (umol L") (nA pmol™'L) coefficient (umolL™")
2-AN 7.0 1-66 19.6 —1238 0.9990 1.48
1-AN 7.0 1-100 15.1 —6.1 0.9958 2.96
4-AB[a] 9.0 2-10 324 26.0 0.9968 0.25
0.1-1 433 39 0.9976
2-ABla] 7.0 2-10 419 54.5 0.9988 0.12
0.1-1 63.3 0.9 0.9988

[a] Results from our previous study [14]

more difficult oxidation. The change in the slope at
pH 4.0 is obviously connected to the pK, values of nitrene
cations of 1-AN (3.92) and 2-AN (4.16). Similar drop of
the peak potentials was reported for 3-AB, and 4-AB in
our previous study and drop up the pH 5.0 for aniline
having the pK, value of the anilium cation equal to 4.6
[40]. For 2-AB, continuous drop of the peak potential
with increasing pH was observed for the whole pH range
mentioned above in our study [14]. While the high
number of oxidation peaks in acidic media is presumably
connected with the formation of dimers and polymeric
films confined at the electrode surface as described
above, the presence of only one peak at DP voltammo-
grams in more alkaline media and improved repeatability
of peak heights even without the application of the acti-
vation program between the consecutive scans indicates
that at higher pH values the reaction polymeric product
are less stable resulting in lower passivation of the BDD
surface. This is in agreement with the findings for aniline
oxidation at BDD [40], where it was ascribed to the pos-
sible water-degradability of insulating polyaniline films
[29].

For electroanalytical purposes, the optimum pH 7.0 was
chosen for both aminonaphthalenes on the basis of the
presence of one symmetric peak, similarly as for 2-AB in
our previous study.

Calibration dependences of aminonaphthalenes were
measured under these optimized conditions in the con-
centration range from 1 to 100 pmolL~". For 1-AN, cali-
bration dependence is linear in the whole concentration
range, for 2-AN it is linear in the range from 1 to
66 pmol L™, Selected parameters of the dependences are
summarized in the Table 1. Limits of determination were
obtained in the range from 0.25 pmolL™" for 4-AB to
2.96 pmol L™" for 1-AN using these optimum conditions.

Further, an attempt was made to use DPV for simulta-
neous determination of the studied analytes, including
3-AB. It succeeded only thanks to the lower oxidation po-
tential of 4-AB and in the case that the difference of
peak potentials of particular analytes was higher than ca
140 mV, i.e. for the pair of 2-AB (E,=620 mV) or 3-AB
(E,=610mV) and 4-AB (E,=470 mV) using BR buffer
pH 12.0 as supporting electrolyte (for the mixture 2-AB
and 4-AB see Figure 2A). For pH 7.0 and pH 9.0, the op-
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timum pH values for the individual determination of
2-AB and 4-AB, the differences of peak potentials are in-
sufficient, i.e. AE,=111 mV and AE,=78 mV.

The easier oxidation of 4-AB in comparison with the
other two ABs was observed also in our previous voltam-
metric and amperometric studies at BDD electrodes [11],
and in HPLC-ED with platinum tubular detector in
acidic media [26,41] and was ascribed to the easier acces-
sibility of the tail-placed amino group of 4-AB for the ini-
tial oxidation reaction — the loss of one electron forming
a radical cation at the nitrogen atom. 1-AN and 2-AN
could not be incorporated in the mixtures, because the
difference of the oxidation potential is low with respect
to each other and all tested aminobiphenyls. Parameters
of calibration dependences were evaluated from peak
heights of 2-AB (3-AB) and 4-AB for constant concentra-
tion of 2-AB (3-AB) and changing concentration of 4-AB
(corresponding voltammograms depicted in Figure 2B)
and vice versa and micromolar detection limits were ob-
tained (see Table 2). The accuracy assayed with related
calibration curves and precision of the proposed methods
determined as the RSD values of peak heights was evalu-
ated by repeating five experiments on the same day in
the same solutions (repeatability) for the mixture of
2-AN/4-AB and 3-AB/4-AB, concentration 1x
10~ molL™" of each analyte and the results (RSD 3.8%
and 4.4 % ) demonstrate satisfactory precision and accura-
cy. Nevertheless, for the analysis of model samples of tar-
trazine containing mixture of aminobiphenyls and amino-
naphthalenes a HPLC-ED method was developed offer-
ing better selectivity and sensitivity as described in the
following chapter.

3.2 High Performance Liquid Chromatography with
Electrochemical Detection

3.2.1 Oprimization of Separation and Detection
Conditions

The separation of 2-AB, 4-AB, 1-AN, and 2-AN on re-
versed phase is strongly affected by the polarity and the
pH of the mobile phase in the region of pK, values of
their cationic forms, being pK,=4.16 for 2-AN: pK,=
3.92 for 1-AN; pK,=4.35 for 4-AB, and pK,=3.83 for
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Fig.2. (A) DP voltammograms of 2-AB (2), 4-AB (3) and a mixture of 2-AB and 4-AB (4) (concentration 1x 10~ mol L™! of each)
at the BDDE in BR buffer pH 12.0 (1). (B) DP voltammograms of mixtures of 2-AB and 4-AB in the concentration range from 4.0 to
10.0 pmol L™ with a constant concentration of 2-AB (10 umolL™") and changing concentration of 4-AB. Measured by DPV at the
BDD electrode in BR buffer pH 12.0. Concentrations of 4-AB: 0 (0), 4.0 (1), 6.0 (2), 8.0 (3), and 10.0 (4) pmol L™,

Table 2. Limits of detection for the DP voltammetric determination of 2-AB and 3-AB in the mixture with 4-AB. Estimated for
changing concentration of 2-AB or 3-AB in the concentration range from 4 to 10 pmolL.™" and constant concentration of 4-AB and

vice versa. Measured at the BDD electrode in BR buffer pH 12.0, evaluated from peak heights.

Concentration of 2-AB Concentration of 4-AB Ly

Concentration of 4-AB Concentration of 2-AB L

D
(pmolL™") (pmolL™") (pmolL™) (umolL™) (pmolL™) (pmol L)
4.0-10.0 10.0 23 4.0-10.0 10.0 0.19
8.0 1.8 8.0 0.22
6.0 28 6.0 0.17
4.0 29 4.0 0.25
Concentration of 3-AB Concentration of 4-AB Ly Concentration of 4-AB Concentration of 3-AB Ly
(umolL. ™) (pmolL™) (umol L) (umol L) (umol L) (umolL™)
4.0-10.0 10.0 1.9 4.0-10.0 10.0 0.39
8.0 1.5 8.0 0.42
6.0 1.5 6.0 0.41
4.0 1.7 4.0 0.33

2-AB, respectively. In previous studies, the separation of
studied aminobiphenyls at classical C,3 reversed phases
succeeded in 10 min in acetonitrile-phosphate buffer
(pH 2.0; 1:1) [26]; studied aminonaphthalenes together
with selected diaminonaphthalenes were separated in
0.01 molL™" phosphate buffer pH 3.0:methanol (40 :60,
v/v) mobile phase within 8 minutes [42]. Based on these
studies optimization of the mobile phase consisting of
acetonitrile as organic modificator and 0.01 molL™" phos-
phate buffer was carried out. While the content of aceto-
nitrile was 30%, 35% or 40%, the pH of the buffer was
changed in the range from pH2.0 to pH5.0. Under all
tested separation conditions the analytes were eluted in
the order 2-AN, 1-AN, 4-AB, 2-AB. The problems in the
separation were given on one side [18] by low or absent
resolution of 2-AN, 1-AN, and 4-AB, which are eluting in
a fast sequence, and on the other side by long elution
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time of 2-AB. At higher pH values than 5.0 low separa-
tion or coelution of aminonaphthalenes was observed ir-
respective of the content of the organic modificator in the
mobile phase. Using pH 4.0, sufficient resolution of these
analytes was obtained only in mobile phase with 35% of
acetonitrile, nevertheless the retention time of 2-AB
(22 min) was too long.

Higher resolution than 1.5 was for all analytes obtained
at pH 3.0 independently on the content of acetonitrile in
the mobile phase. Corresponding dependence of the re-
duced retence times of tested compounds on the content
of acetonitrile at pH 3.0 at Figure 3A presents elution
time of 9.8 min of the lastly eluted 2-AB for 40 % of ace-
tonitrile in the mobile phase. Because at low pH values
the problems with coelution of aminonaphthalenes and
even 4-AB arised again as obvious from Figure 3B, opti-
mum mobile phase consisting of acetonitrile and
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Fig. 3. Dependence of the reduced retention times f,.4 of 2-AN (W), 1-AN (o), 4-AB (®), and 2-AB (©) on: (A) acetonitrile content
in the mobile phase (acetonitrile and 0.01 molL~" phosphate buffer (pH 3)): (B) pH of 0.01 molL~" phosphate buffer (mobile phase
acetonitrile and 0.01 molL™" phosphate buffer (40:60, v/v)). Measured by HPLC-UV, column LichroCART 125-4 PurospherSTAR
RP-18¢ (5 um), injection volume 20 pL., @=1.0 mLmin~", 3, =290 nm.

0.01 molL™" phosphate buffer pH 3.0 (40:60, v/v) and
flow rate of 1 mLmin~"' was used for further studies. The
attempts to decrease the elution time by increase of the
flow rate failed as the resolution of 2-AN, 1-AN, and
4-AB was not sufficient at higher flow rates. Chromato-
grams obtained under the optimum conditions are depict-
ed at Figure 4.

Further, the optimization of the detection potential E,,,
imposed on the working electrode was carried out under

150 b -
2-AN| 1.AN
/InA | |
100 F | .
| 2-AB |
50 |
0 n 1 L 1 . L 1 L L n n

0 2 4 6 8 10 gmin

Fig. 4. Chromatograms of the mixture of 2-AN, 1-AN, 4-AB.
and 2-AB using HPLC with amperometric detection at the BDD
electrode, concentration range 2-8 pmolL™'. Measured by
HPLC-ED, column LichroCART 125-4 PurospherSTAR RP-18e
(5pum), mobile phase acetonitrile and 0.01 molL™' phosphate
buffer pH3.0 (40:60, v/v), injection volume 20pL, Q=
1.0mLmin™", E,,=+1.0V.
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the optimum separation conditions. Its potential was in-
creased from + 500 mV to +1500 mV in steps of 100 mV
and the peak heights of tested analytes and absolute
value of the background current were recorded
(Figure 5). The detection potentials Eg, higher than
+900 mV provided similar peak heights, nevertheless, de-
stabilization of the baseline occurred at Ey, higher than
+1000 mV, complicating the evaluation. Further, a slight
increase of the peak-to-peak noise was observed at poten-
tials higher than +1100 mV, in concordance with our pre-
vious study utillizing wall-jet arrangement of amperomet-

- .. a | LA
200 u . 430
IfnA i
o
100 2 o-o 120
d . " 8 ® o ©
e s o = P
e o
OF o o0 , & 110
aH—O—B
0.4 0.8 12 g v 16
Fig. 5. Hydrodynamic voltammograms of 2-AN (m). 1-AN (o).

4-AB (®), and 2-AB (©) (c=1x10""molL™" of each) and de-
pendence of the background current f,, (4) on the applied detec-
tion potential (E,,) at the BDD electrode measured by HPLC
with a wall-jet detection cell. For chromatographic conditions see
Figure 4.
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Table 3. Parameters of calibrations dependences for the determination of 2-AN, 1-AN, 4-AB. and 2-AB using HPLC-ED with am-
perometric detection cell with indicator BDD electrode in wall-jet arrangement (Ey,= +1.0 V). Evaluated from peak heights, chro-

matographic conditions as in Figure 4.

Analyte Linear dynamic range (pmolL™") Slope (nA pmol™ L) Intercept (nA) Correlation coefficient Ly (umolL™")
2-AN 0.02-10 19.1 —0.55 0.9996 0.06
1-AN 0.02-10 16.2 0.52 0.9994 0.07
4-AB 0.09-10 7.99 021 0.9995 0.13
2-AB 0.16-10 540 0.14 0.9995 0.20

ric detection cell with BDD as an indicator electrode
[11]. Therefore, detection potential +1000 mV was select-
ed as optimum based on stable background current and
satisfactory peak heights. Under these conditions, ten
consecutive injections were made to test the stability of
the response; peak heights of 2-AN, 1-AN, 4-AB, and
2-AB are stable with RSD 3.3-4.5%, respectively.

It should be mentioned at this point that between the
particular HPLC measurements on-line electrochemical
activation had to be carried out due to passivation of the
electrode surface. We had not any problems of that kind
in our previous studies dealing with HPLC-ED of amino-
biphenyls [8,11] and our experimental tests revealed that
the fouling is caused by aminonaphthalenes. For seven
consecutive injections, a drop of about 23% was observed
for their peak heights. Surprisingly, fouling has not been
reported for detection of 1-AN at a BDD electrode em-
ployed in HPLC-ED [4] probably due to higher pH value
of the aqueous phase in the mobile phase leading to less
adhesive endproducts.

Thus, despite the assumption that the passivation in
liquid flow methods is prevented by the stream of the car-
rier solution removing possible fouling intermediates and
endproduct from the vicinity of the electrode surface, the
passivation occurs similarly as in the case of total phenols
[43].

Nevertheless, the fast in-situ electrochemical activation
of the electrode surface does not represent any significant
drawback in the analytical procedure, as it would be in
the case of mechanical cleaning common for other solid
electrode materials.

The adequate activation procedure was reflected in
highly linear concentration dependences (correlation co-
efficients > 0.999) with well defined peaks as presented at
chromatograms in Figure 4. The calibration dependences
were measured in the concentration range from 0.02 to
10 pmol L™ and their parameters are summarized in
Table 3. Limits of determination reached values between
0.06 umolL~! for 2-AN and 0.20 pmolL~' for 2-AB.
Other amperometric methods offer similar quantitation
and detection limit in the 107 molL™' to 10~ molL™"
concentration ranges: Amperometric detection of 2-AB
and 4-AB with platinum tubular detector [26] or with
BDD as an indicator electrode in thin-layer [8] or wall-jet
arrangement [11] or detection of 1-AN and 2-AN at
carbon paste electrode [42], platinum microcylindrical
electrode [44], or thin-layer arrangement using glassy
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carbon electrode and BDD for the determination of
1-AN and 2-AB [45].

3.2.2 Determination of Studied Analytes in Model
Solutions of Sunset Yellow

The developed HPLC-ED method was further used for
the determination of mixtures of aminobiphenyls and
aminonaphthalenes in the synthetic colorant sunset
yellow (E 110). The dye itself is electrochemically reduci-
ble [46,47] due to the presence of the azo group, never-
theless a giant system peak appears at the chromatograms
after its direct injection disabling the evaluation of the
firstly eluting aminonaphthalenes. Solid-phase extraction
enables the washout of the dye matrix and preconcentra-
tion of the tested analytes. For this purpose, two different
cartridges and procedures were applied (details in Section
2.3). Using extraction columns LiChrolut RP-18 E and
1 mL of the eluent extraction recoveries were satisfactory
for aminobiphenyls (i.e., 86% for 4-AB and 88% for
2-AB), but for aminonaphthalenes low recoveries of 31 %
(2-AN) and 28% (1-AN) were obtained. It was verified
by analysis of the filtrate after sample loading that amino-
naphthalenes are not quantitatively retained at the solid
phase because of about 50% of loaded aminonaphtha-
lenes were detected. Therefore, next determination was
carried out using LiChrolut EN cartridges with co-poly-
meric (poly[styrene-divinylbenzene]) solid phase. High
recoveries (more than 96%, listed in Table 4) were ob-
tained for all studied analytes with relative standard devi-
ation up to 4.3% (n=3) using 2mL of acetonitrile for
elution.

The parameters of calibration dependences evaluated
from peak heights and corresponding chromatograms are
shown in Table 4 and Figure 6. Obviously electrochemical
detection has the advantage of relatively narrow and de-
fined system peaks not influencing the firstly eluting com-
pounds contrary to spectrometric detection, where lower
concentrations than 1.0x 107" mol L™ could not be detect-
ed. The calibration dependences are linear in the mea-
sured concentration range from 7.5x 10~ molL™ to 1x
10" molL~" and nanomolar or slightly higher detection
limits were obtained for electrochemical detection of
tested compounds.
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Table 4. Parameters of calibrations dependences and recovery of extraction and its reproducibility (relative standard deviations RSD,
n=5) evaluated from peak heights for solid phase extraction of 2-AN, 1-AN, 4-AB, and 2-AB (¢=1x10""molL™") from 10 mL of
sunset yellow solution (c=0.1 gmL™"). Evaluated for HPLC with amperometric detection cell with indicator BDD electrode in wall-
jet arrangement (E;_ = + 1.0 V). For chromatographic conditions see Figure 4.

Analyte Linear dynamic range Slope Intercept Correlation Recovery/RSD Ly
(umol L") (nApmol™'L) (nA) coefficient (%) (nmolL™")
2-AN 0.0075-1 52,05 ~0.90 0.9973 101.5/3.2 462
1-AN 4827 —0.20 0.9996 105.9/2.6 498
4-AB 2127 0.04 0.9978 96.5/2.9 113
2-AB 17.08 0.09 0.9988 103.4/4.3 14.1
L L R L L 2.96 pmolL~! for 1-AN under optimized conditions. Fur-
‘E 2.AN Electrochemical detection ther, it was verified that DPV determination of the mix-
g 1 ture of the studied analytes is possible only in the case
3 AN 10 I'IAI that the difference of peak potentials of each compound
Q is higher than ca 140 mV, e.g. for the pair of 2-AB, 4-AB,

Spectrophotometric detection
n 1 n 1 I 1 1

0] 2 4 6 8

Absorbance

1 .
10 #min
Fig. 6. Chromatograms of the mixture 2-AN, 1-AN, 4-AB, and
2-AB after solid phase extraction from 10 mL of sunset yellow
solution (0.1 gmL™") recorded using electrochemical detection at
the BDD electrode in wall-jet arrangement (Ey,= +1.0V) and
UV detection (44,=290 nm). Concentrations of the analytes c:
25%1077 (1), 501077 (2), and 7.5x 1077 (3) mol L™'; eluent ace-
tonitrile 2 mL. For chromatographic conditions see Figure 4.

4 Conclusions

According to the presented results the anodically pre-
treated BDD disk electrode is a suitable electrochemical
sensor for voltammetric and amperometric determination
of 1-AN, 2-AN, 2-AB, and 4-AB. Despite the fact, that
the resistivity of the BDD electrode towards the passiva-
tion declared for a number of compounds causing prob-
lems with passivation of common solid electrode materi-
als was not verified in this study and aminonaphthalenes
caused passivation using both, batch voltammetric and
amperometric detection modes, simple in situ electro-
chemical activation lasting only 15 s ensured the stable re-
sponses. Therefore, the BDD disk electrode could be
used without dismantling and no other special electrode
cleaning had to be applied.

For DPV determination, limits of quantitation were ob-
tained in the range from 0.25 pmolL-' for 4-AB to
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and 3-AB, 4-AB. However, other mixtures cannot be
quantified by this approach due to overlapping peaks,
since the analytes have similar peak potentials irrespec-
tive of the pH value of the supporting electrolyte.

The developed HPLC-ED method utilizing a BDD
electrode in wall-jet arrangement enables in fourteen mi-
nutes separation and simultaneous detection of 1-AN,
2-AN, 2-AB, and 4-AB, position isomers with different
genotoxic and carcinogenic potential and probability of
simultaneous occurrence in industrial products, environ-
ment and biological fluids. It offers excellent repeatability
and quantitation limits in 107 molL™" to 107 molL™"
concentration ranges, similar as other solid electrode ma-
terials [7.8,11,19.26.42.44,45]. Nevertheless, these often
require regular mechanical or electrochemical mainte-
nance to assure reproducible results and thus, the BDD
electrode represents the more user-friendly alternative.

The applicability of the developed HPLC-ED method
was successfully tested on the determination of the stud-
ied analytes in model solutions of azo dye sunset yellow
with recoveries of about 100% and nanomolar detection
limits.

Thus, it can be concluded that this work presents a val-
uable contribution to the electroanalysis of amino deriva-
tives of naphthalene and biphenyl having genotoxic and
carcinogenic potential. Despite the fact that the limits of
detection do not reach the values of highly advanced
methods such as HPLC with fluorescence detection, the
electrochemical methods represent inexpensive, fast, and
relatively selective independent alternative.
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Abstract: The electroanalytical performance of bare
glassy carbon electrodes (GCE) for the determination of
l-aminonaphthalene (1-AN) and 2-aminonaphthalene (2-
AN) was compared with GCE meodified by a Nafion
permselective membrane or multiwalled carbon nano-
tubes and with other types of carbon-based materials,
carbon film and boron doped diamond. Nafion-modified

Keywords: Aminonaphthalenes - Carbon electrode materials -

voltammetry - Electrochemical impedance spectroscopy

1 Introduction

Aminonaphthalenes are aminoderivatives of polycyclic
aromatic hydrocarbons (APAHs), significant pollutants of
working and living environments, and with carcinogenic,
mutagenic, and teratogenic effects. 2-aminonaphthalene
(2-AN) is a proven human carcinogen [1], and for 1-ami-
nonaphthalene (1-AN) mutagenic effects have been veri-
fied [2]. The first reports on the analytical determination
of 2-AN were in the 1960s [3]. Historically, water, urine,
and textile samples have been analysed for 2-AN content
by gas chromatography (GC) and liquid chromatography-
mass spectrometry (LC-MS). These methods permit de-
tection at concentrations down to the pmolL™' level.
Recent studies involve the use of GC-MS to determine
the concentrations of 2-AN (in derivative form) in ciga-
rette smoke and in the urine of smokers. This method, to-
gether with HPLC-MS, is the most often used for various
matrices (reviewed in [1]). Modern electrochemical meth-
ods represent an independent option to these more ex-
pensive chromatographic-MS hyphenated methods. Be-
cause amino groups on the aromatic skeleton can easily
undergo electrochemical oxidation, voltammetry is an ap-
propriate tool for the monitoring of APAHs in various
environmental and biological matrices. Some recently
used electrochemical methods for 1-AN and/or 2-AN in-
clude the use of boron doped diamond electrodes
(BDDE) in Britton-Robinson (BR) buffer pH 7.0 [4],
where micromolar limits of detection (LOD) were ach-
ieved. In other studies of aromatic amines at BDDE, e.g.
aminobiphenyls [5] and 3-aminofluoranthene [6], fouling
of the electrode surface by passivating intermediates and
end products of the electrode reaction was observed. The
passivating films covering the electrode surface are creat-
ed by dimerization and by further polymerization of ni-
trene cation radical formed in first one-electron step of
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GCE gave the highest sensitivity and lowest detection
limit (0.4 pmol L") for differential pulse voltammetric de-
termination of 1-AN. Electrochemical impedance spec-
troscopy gave information about the processes at the
electrode surface. Simultaneous determination of 1-AN
and 2-AN in a mixture at GCE and their determination
in model samples of river water is presented.

Nafion - Multiwalled carbon nanotubes - Differential pulse

oxidation of the amino group [7-9]. Further, a nanocom-
posite-modified glassy carbon electrode (GCE) [10] was
used and both analytes were determined after their accu-
mulation using a a-, -, or y-cyclodextrin modified
carbon paste electrode or a f-cyclodextrin modified
screen printed electrode [11]. Electrochemical detection
has been also successfully used in connection with liquid
flow techniques including HPLC [4,12,3], and capillary
electrophoresis [4,5].

Glassy carbon is frequently used as an inexpensive
sensor electrode material with excellent electrical and
mechanical properties, wide potential range, extreme
chemical inertness, high resistance to acid attack, imper-
meability to gases and relatively reproducible perfor-
mance [6]. Carbon nanotubes (CNT) have been recently
used for a wide range of applications, because they repre-
sent an important group of nanoscale materials with inter-
esting properties such as high surface area per volume,
high electrical conductivity, and interesting electronic
properties [17-20]. Their electroactivity is attributed to
the presence of reactive groups on the surface, the elec-
trocatalytic effects being associated with structural defects
[1,22]. Generally, higher peak currents, and a lower over-
potential are observed at CNT modified electrodes [23—
25]. Due to these characteristics, CNT have received
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enormous attention for the preparation of electrochemi-
cal sensors [20,26-28]. Nafion, a synthetic polymer, is
a perfluorosulfonate membrane with high permselectivity
of cations vs. anions [29]. It is often used to protect the
electrode surface from organic substances present in nat-
ural samples that adsorb at the electrode surface, in this
way diminishing the response to analyte [30-32].

The present work reports a comparison of bare carbon-
based electrodes (glassy carbon (GCE), carbon film
(CFE) and boron doped diamond (BDDE)) with GCE
surface modified by Nafion permselective membrane or
multiwalled carbon nanotubes (MWCNT) for the deter-
mination of 1-AN and 2-AN. Electrochemical impedance
spectroscopy was employed for the investigation of the
electrode interface processes. Simultaneous determination
of the two compounds, 1-AN and 2-AN, as well as their
determination in model river water samples, is also de-
scribed.

2 Experimental

2.1 Reagents

The 1x10~° molL™" stock solutions of 1-AN (Sigma-Al-
drich, 98%), and 2-AN (Sigma-Aldrich, 95%) were pre-
pared by dissolving each compound in deionized water
(Millipore Q-plus System, Millipore, USA). More diluted
solutions of 1-AN and 2-AN were prepared by appropri-
ate dilution of stock solutions with Britton—Robinson
(BR) buffer. BR buffers were prepared by mixing a solu-
tion of 0.04 mol L™ phesphoric, acetic (both p.a., Riedel-
de Haén, Laborchemikalien, Germany) and boric acid
(Mayé&Baker, England), with an appropriate amount of
0.2 molL™" sodium hydroxide solution (p.a., Riedel-de
Haén, Laborchemikalien, Germany). For modification of
electrode surfaces, 1% (v/v) Nafion (5% v/v, Aldrich)
prepared in pure ethanol (p.a., Merck, Germany) and
1% (m/v) MWCNT (~95% purity, 30410 nm diameter,
1-5 um length, NanoLab, USA) dispersed in N,N-dime-
thylformamide (DMF, analytical grade, Fluka, Switzer-
land) were used.

2.2 Apparatus

Voltammetric measurements were carried out using
a computer controlled IviumStat electrochemical analyser
with IviumSoft software (version 2.024, Ivium Technolo-
gies, The Netherlands). In differential pulse voltammetry
(DPV), a pulse amplitude of 50 mV, pulse width 50 ms,
potential step 2mV and scan rate 5mVs™' were used,
unless otherwise indicated.

All electrochemical measurements were performed in
a three-electrode arrangement, using a silver chloride ref-
erence electrode (Ag|AgCl, 3molL™" KCl) and a plati-
num wire auxiliary electrode. The following electrodes
were used as working electrodes: 1) a laboratory-made
disc GCE with active geometric area of 23.7mm’; 2)
a carbon film electrode (CFE) with active geometric area
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of 20.0 mm? (the preparation and characterization of this
electrode has been presented elsewhere [33,34]); 3) a lab-
oratory-made boron-doped diamond electrode (BDDE)
with active geometric area of 12.6 mm’ [35] made from
a microcrystalline boron-doped diamond film deposited
on silica wafers, the BDD film having been prepared and
characterized by procedures described previously [36].

Electrochemical impedance spectroscopy (EIS) meas-
urements were performed using a Solartron 1250 Fre-
quency Response Analyser, coupled to a Solartron 1286
Electrochemical Interface controlled by ZPlot software.
The frequency range used was 65 kHz to 0.1 Hz with 10
frequencies per decade and integration time 60 s, with an
rms perturbation voltage of 10 mV. Fitting to electrical
equivalent circuits was performed with ZView 3.1 soft-
ware.

All measurements were carried out at laboratory tem-
perature, approx. 25+1°C. The pH measurements were
carried out by digital pH meter micropH 2001 (Crison,
UK) with a combined glass electrode.

2.3 Procedures

During the experiments, the blocking of the GCE surface,
probably by aminonaphthalene oxidation products, was
observed already after the first scan. Because electro-
chemical pre-treatment of GCE was found not to be effi-
cient, mechanical cleaning of the electrode surface using
filter paper and diamond spray (1 pm, Kemet Internation-
al Ltd., UK) with subsequent rinsing by deionized water
was done after each scan. The BDDE was cleaned by
electrochemical pre-treatment: between individual meas-
urements, an activation procedure was carried out consist-
ing of stirring and applying a potential of +2.4 V for 15s
to the BDDE in the analyte-containing solution [4]. For
CFE no treatment was applied.

Coating of GCE was performed either with 10 pL of
1% Nafion or 2x10puL of 1% MWCNT solutions in
N,N-dimethylformamide (DMF) with a micropipette and
allowing the coating to dry at room temperature. The
carbon nanotubes were prepared as follows: they were
first functionalized [26] in 5 mol L' HNO; in order to in-
troduce active groups at the end and sidewall defects,
then 1 mg of functionalized MWCNT were dispersed in
100 pL. of DMF and then sonicated during 4 h to ensure
a homogeneous mixture [37].

The solutions for voltammetric measurements were
prepared by measuring the appropriate volume of stock
solution of the substance to be tested and adding BR
buffer of the required pH to give a volume of 10 mL.
Values of current density (j) used in plots were calculated
as I/A, where [ is the measured current and A is the geo-
metric area of the electrode. The height of the DPV peak
was measured from the straight line connecting the base-
line on both sides of the peak. All calibration curves were
measured in triplicate and their statistical parameters
(e.g.. slope, intercept, correlation coefficient, standard de-
viation) and other mathematical and statistical quantities
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(A) Cyclic voltammograms of 5x 107" mol L~ 1-AN at GCE in BR buffer pH 4.0 at scan rates 5 (a), 10 (b), 20 (c), 30 (d), 50

(e). 100 (f), 200 (g), 300 (h), 500 (i), 1000 (j), 2000 (k), 3000 (1), and 5000 (m) mVs™". Inset: Dependence of peak current density of 1-
AN on the square root of scan rate. (B) Four consecutive cyclic voltammograms of 5x 107" molL~' 1-AN at GCE in BR buffer pH 4.0

at scan rate 500 mVs™.

were calculated (all for the significance level a=0.05)
[38]. Limits of detection were calculated as LOD=
(35D)/b, where SD is standard deviation of intercept and
b is slope of the calibration curve.

A sample of river water taken from Mondego river,
Parque Verde, Coimbra, Portugal, was used for electroa-
nalysis. The river water was filtered by filter paper, kept
in a refrigerator at 4°C, and analysed within 3 days after
sampling. The solutions for analysis were prepared from
9mL of filtered river water plus 1 mL of BR buffer
pH 2.0, total volume 10 mL, and then spiked with 50 pL
or 100 pL of the 0.010 M stock solution of analyte (i.e.
concentration of analyte in tested solution was 50 or
100 umol L") and directly tested. The concentration in
the sample was estimated using the calibration curve.

3 Results and Discussion

3.1 Electrochemical Oxidation of Aminonaphthalenes at
GCE

The electrochemical oxidation of 1-AN and 2-AN was in-
vestigated by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV). A study of the scan rate de-
pendence by CV and the pH dependence by DPV was
carried out. The mechanism of oxidation was assessed by
both techniques.

3.1.1 Cyclic Voltammetry

The electrochemical behavior of 1-AN and 2-AN at GCE
was investigated by CV in the potential range from +0.1
to +1.2V. Cyclic voltammograms obtained at GCE in
a 5% 10~ molL™" solution of 1-AN in BR buffer pH 4.0 at
different scan rates are depicted in Figure 1A. The linear
dependence of current density on square root of scan rate
(inset in Figure 1A) indicates that the electrochemical
process is diffusion-controlled. A similar behavior was ob-
served for 2-AN (not shown).
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A decrease of the oxidation peak currents was ob-
served after successive cycling without cleaning the elec-
trode surface between individual scans, (Figure 1B), a fea-
ture common for aromatic amines [7,8]. Their electrooxi-
dation is initiated by the loss of one electron forming
a radical cation at the nitrogen atom, which gives rise to
dimeric products and polymeric films by rapid follow-up
reactions blocking the electrode surface. The electrooxi-
dation of aminonaphthalenes presumably leads to the cor-
responding radical cations describable by mesomeric
forms with the positive charge settled at aromatic rings.
These cations undergo further coupling forming simple
dimers or polymers. The extension of the positive charge
over both aromatic rings is expected to lead to a higher
number of coupling modes and therefore, a higher
number of anodic voltammetric signals as we described
previously for aminonaphthalenes and aminobiphenyls
[4,5]. Detailed investigation of the structure of the poly-
meric films is out of the scope of this study.

3.1.2 Differential Pulse Voltammetry

The effect of pH on the current and peak potential of
aminonaphthalenes was measured at GCE in BR buffer
with pH values ranging from 2.0 to 11.0. The DP voltam-
mograms of 1-AN are shown in Figure 2A and the de-
pendence of peak potential of 1-AN and 2-AN (c=
5x10~* molL™") on pH is shown in Figure 2B. Both, 1-AN
and 2-AN, exhibit one peak at pH 2.0 and two peaks in
the range of pH 3.0-11.0. With decreasing pH, a gradual
shift of the oxidation peak toward more positive poten-
tials was observed, which can be explained by protona-
tion of the nitrogen atom causing a decrease in electron
density, resulting in more difficult oxidation. The slopes
for peak potential versus pH in the pH range 2.0-4.0
were 50 mV for 1-AN and 49 mV for 2-AN per pH unit,
which is close to the theoretical value of 59 mV for an
equivalent number of protons and electrons involved in
the oxidation prior to the rate determining step. We

Electroanalysis 2015, 27, 1556 - 1564 1558

121




Publication 5

Full Paper

Fig. 2.
AN and 2-AN (c=5x10"* molL™" of each).

(A) DP voltammograms of 1-AN measured at GCE in BR buffer pH 2.0-11.0 and (B) pH dependence of peak potential of 1-
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assume that this oxidation step corresponds to the one
electron oxidation with loss of one proton of the proton-
ated amino group to give the corresponding aminocation
radical Ar-NH?** [5,7,39,40].

The change in the slope at pH 4.0 is evidently connect-
ed to the pK, values of 1-AN (pK,=3.92) and 2-AN
(pK,=4.16). At pH values higher than 4.0, the slopes
change to 28 mV for 1-AN and 20 mV for 2-AN per pH
unit, thus suggesting the loss of two protons per one elec-
tron. Presumably, the initial product of the oxidation of
nonprotonated aminonaphthalene is Ar-N** stabilized
by its mesomeric forms extending the radical cation over
both aromatic rings. For both tested aminonaphthalenes,
substantially higher peak currents and symmetric peak
shape was observed at pH 2.0; thus BR buffer pH 2.0 was
used for further electroanalytical determinations.

The influence of DPV scan parameters on the response
of 1-AN at GCE was also investigated. The experiments
were carried out for 1-AN (e=5-10"*molL™") in BR
buffer pH 4.0, where 1-AN gives two peaks, in order to
see how the change of parameters influences the shape
and the height of both peaks. The parameters were: pulse
amplitude (50 mV), pulse time (25 and 50 ms), potential
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DP voltammograms of 5x 10~ molL™'1-AN at GCE in BR buffer pH 4.0 with different DP parameters: constant pulse ampli-
tude 50 mV, constant potential step 4 mV (A) and constant potential step 2 mV (B): the optimum values depicted in bold.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

02 04 06 E(V)

step (2 and 4 mV) and scan rate (5 and 10 mVs™). As an
example, DP voltammograms for potential steps of 4 mV
and 2 mV are shown in Figure 3. The optimum values of
pulse amplitude 50 mV, pulse time 50 ms, potential step
2mV and scan rate SmVs™' were chosen on the basis of
the highest and best shaped peak.

3.2 Voltammetric Determination of Aminonaphthalenes
at Bare Carbon-Based and Modified Surfaces

Under the optimised conditions, the determination of
aminonaphthalenes was performed by DPV at bare
carbon surfaces—-GCE, BDDE and CFE. Further, the
effect of the modification of the GCE surface with
Nafion or multiwalled carbon nanotubes for 1-AN mea-
surement was tested and analytical parameters were com-
pared.

3.2.1 Determination at Bare and Modified GCE

Calibration curves for 1-AN and 2-AN measured under
the optimized conditions in the concentration range from
2 to 100 pmolL-" using a GCE as working electrode

Electroanalysis 2015, 27, 1556 - 1564 1559
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Table 1. Analytical parameters from linear dependences for the determination of 1-AN and 2-AN by DPV at different types of elec-
trodes in BR buffer pH 2.0.

ELECTROANALYSIS

Electrode Linear dynamic Sensitivity Correlation LOD Pretreatment RSD
range (umolL™") (nA pmol™'L cm™) coefficient (umolL™") [a] (%)

1-AN

BDD 2-20 282 0.9981 1.4 electrochemical 38
CFE 2-20 80 0.9914 31 without 16.0
GCE 2-100 257 0.9998 1.6 mechanical 43
Nafion/GCE 0.2-20 302 0.9998 0.4 without 9.8
MWCNT/GCE 10-100 229 0.9947 11.6 without 129
2-AN

GCE 2-100 358 0.9998 2.0 mechanical 4.4

[a] repeatability of peak height expressed by relative standard deviation, c=20 pmolL™" , n=4.
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Fig. 4. DP voltammograms of 1-AN at bare GCE (A). Nafion/GCE (B). and MWCNT/GCE (C) in BR buffer pH 2.0; concentration
of 1-AN: (A, B) 0.2 (a), 0.5 (b). 0.75 (c). 1.0 (d), 2.0 (e). 5.0 (f). 7.5 (g). 10.0 (h), 15.0 (i), 20.0 (j), 30.0 (k), 40.0 (1). 50.0 (m). 60.0 (n).
75.0 (0), 100.0 (p); (C) 2.0 (q), 5.0 (r), 10.0 (s), 20.0 (t), 50.0 (u), 75.0 (u), 100.0 (v) pmolL™', subtracted baselines. Insets: Linear de-

pendences of 1-AN concentration on peak current density.

showed a linear dependence over the whole concentra-
tion range. The calibration parameters are presented in
Table 1 and the linear dependence for 1-AN measured at
bare GCE is depicted in Figure 4A. Micromolar limits of
detection were obtained, specifically 1.6 pmolL™" for 1-
AN and 2.0 pmol ™! for 2-AN.

In order to increase the response towards 1-AN, two
different strategies were then investigated: modification
of the glassy carbon surface with Nafion permselective
membrane or with multiwalled carbon nanotubes. Select-

www.electroanalysis.wiley-vch.de

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ed analytical parameters from calibration dependences
are shown in Table 1 and a comparison of DP voltammo-
grams of all investigated bare and modified surfaces is de-
picted in Figure 5. In the case of Nafion modified GCE
(Nafion/GCE), the calibration dependence is linear in the
range from 02 to 20 pmolL™' (Figure 4B). For GCE
modified by MWCNT (MWCNT/GCE), the calibration
dependence is linear in the range from 10 to 100 pmol L™
(Figure 4C) and the considerable shift of peak potential
to a less positive value E,=+450mV is evident

Electroanalysis 2015, 27, 1556 - 1564 1560
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Fig. 5. DP voltammograms, after baseline subtraction, of
20 pmolL™" 1-AN at bare GCE (a), Nafion/GCE (b), MWCNT/
GCE (c), CFE (d), and BDDE (e) in BR buffer pH 2.0.
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(Figure 5) attributable to the electrocatalytic properties
of MWCNT. The sensitivity at MWCNT/GCE decreased
(229 nApM~'em™) and at Nafion/GCE increased
(302 nApuM~'ecm™?) compared to  bare GCE
(257 nApM™~"'cm™). Also, regarding the other characteris-
tics, Nafion/GCE performed better than either bare GCE
or MWCNT/GCE, i.e. linear dynamic range over two
orders of magnitude of concentration, low noise and sub-
micromolar LOD of 0.4 pmolL™". Another advantage of
both modified surfaces is no necessity to clean the elec-
trode surface between measurements.

3.2.2 Determination at Different Electrode Surfaces

Beside GCE, 1-AN was investigated at other carbon-
based bare surfaces, namely carbon film electrodes ob-
tained from electrical resistors and boron doped diamond
film electrodes. DP voltammograms in 20 pmolL™" 1-AN
for all investigated surfaces are depicted in Figure 5 and
a comparison of analytical figures of merit is given in
Table 1. 1-AN exhibited one peak at a similar potential
for BDDE (4655 mV) and GCE (+657 mV), and was
slightly more positive for CFE (+690 mV). The calibra-
tion dependences at BDDE and CFE were linear in
a shorter range than at GCE (2-20 pmolL™" compared
with 2-100 pmol L™"). The detection limits for BDDE and
GCE are comparable (ca. 1.5 pmol L"), the higher LOD
for CFE (3.1 pmol L™") being explained by the lower sen-
sitivity of this electrode material.

Blocking of the electrode surface was a problem for all
types of bare electrode surface. However, this could be
overcome by mechanical polishing at GCE or by anodic
pre-treatment of BDDE. Thus, bare electrodes, after me-
chanical or electrochemical cleaning, exhibit better peak
height repeatability than modified electrodes which do
not require any cleaning if a slightly higher RSD can be
accepted.
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It can be concluded that Nafion/GCE is the most sensi-
tive electrode material of those tested, with the lowest
LOD, and with simple handling. However, highly repro-
ducible responses, with easy recovery of the electrode sur-
face can be obtained at unmodified GCE and this elec-
trode exhibited a wider linear range, which is more suita-
ble for practical applications.

3.3 EIS Characterisation of 1-AN and 2-AN

Electrochemical impedance spectroscopy measurements
were carried out in BR buffer pH 2.0 and with addition
of 50 pmolL™" 1-AN and 2-AN at GCE at different po-
tentials, and comparison with BDDE was also performed
for 1-AN. The potentials used were 0.0 V, where no reac-
tion occurs, +0.65 V and +0.74 V, where oxidation of 1-
AN and 2-AN, respectively, take place. Complex plane
impedance spectra of 1-AN and 2-AN are shown in
Figure 6.

The spectra were fitted with the same equivalent cir-
cuit, consisting of a cell resistance, Ry, in series with a par-
allel combination of a constant phase element, CPE,; and
a resistance, R, this last being in series with another par-
allel combination of a double layer constant phase ele-
ment, CPE, and a charge transfer resistance, R,. The
CPE are modelled as non-ideal capacitors, described by
CPE=—(iwC)™, where w is the angular frequency and
the a exponent reflects a non-uniform surface. The CPE,
and R, are associated with the film formed at the elec-
trode surface due to the adsorption of 1-AN or 2-AN.
Data from the equivalent circuit fittings are presented in
Table 2.

All spectra show similar behaviour with the addition of
analyte in the supporting electrolyte, namely at 0.0V
almost no differences in the spectra were obtained, while
at +0.65V and +0.74 V, respectively, the values of the
impedance significantly decreased in the presence of 1-
AN or 2-AN, meaning that electron transfer occurs at this
potentials. The values of cell resistance were 20 Qcm® for
GCE,, 30 Qcm® for GCE, and 60 Qcm® for BDDE. The
differences in the values are due to the different types of
electrode used, and this is valid for all the other circuit el-
ements. For BDDE, the values of a, are closer to 1.0 and
lower values for CPEy were obtained compared to GCE,
showing that this electrode is more capacitive than GCE.
The most significant alteration is observed for the charge
transfer resistance, consistent with easier electron transfer
in the presence of analyte (1* spectra). The process at
GCE was faster than at BDDE, as reflected by the lower
R, values. When recording again the spectra in the pres-
ence of analyte after a short period, the value of the
charge transfer resistance increases further (2™ spectra),
showing that the aminonaphthalenes adsorb on the sur-
tace of the electrode, hindering electron transfer, in
agreement with cyclic voltammetry.
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Fig. 6. Complex plane impedance spectra for 1-AN at BDDE (A) and GCE (B) and for 2-AN at GCE (C) in BR buffer pH 2.0 at

different potentials. Lines indicate equivalent circuit fitting.

Table 2. Data obtained from equivalent circuit fitting of the impedance spectra at GCE for 1-AN and 2-AN and at BDD for 1-AN in

BR buffer at pH 2.0 (¢=50 pmol L™' for 1-AN and 2-AN).

Electrode  Potential (mV)  Analyte R, (kQcm’) CPE, (WFem™s*™") g R, (kQcm’) CPEy (WFem™s*™")  ay
GCE, 0 buffer 12.5 5.81 0.89 209 10.6 0.56
1-AN 11.5 6.09 0.89 185 11.5 0.60
650 buffer 11.8 4.82 091 332 7.04 0.64
1-AN 1% 10.3 4.53 091 249 13.1 0.65
1-AN 2™ 125 3.53 092 335 8.89 0.64
BDD 0 buffer 0.143 5.95 096 111 3.78 0.97
1-AN 0.092 6.32 095 149 343 0.99

650 buffer 0.195 8.53 093 522 2.55 1.0

1-AN 1% 0.151 8.69 092 311 2.92 1.0
1-AN 2% 0.130 7.08 0.94 409 4.12 0.98
GCE, 0 buffer 0.051 6.77 072 971 5.88 0.93
2-AN 0.050 5.21 071 849 11.3 0.88
740 buffer 0.053 7.65 070 508 5.86 0.93
2-AN 1% 0.066 15.1 059 209 5.47 0.93
2-AN 2™ 0.062 9.36 063 273 6.18 0.90

3.4 Simultaneous Determination of 1-AN and 2-AN and
Recovery in Water Samples

On the basis of the presence of one peak and the differ-
ence of peak potentials of I-AN (E,= +658 mV) and 2-
AN (E,=+726 mV) at GCE, DPV was used for the si-
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multaneous determination of the two analytes in a mixture
in BR buffer pH 2.0 as supporting electrolyte. Each ami-
nonaphthalene was measured by increasing its concentra-
tion in the range from 2 to 10 pmol L™, while keeping the
concentration of the other aminonaphthalene at a con-
stant value of 10 pmolL-'. The corresponding DPV are
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(A) DP voltammograms of 1-AN (a), 2-AN (b) and mixture of 1-AN and 2-AN (c) (c=10 pmolL™" of each) at GCE in BR

buffer pH 2.0; (B) and (C) DP voltammograms of mixture of 1-AN and 2-AN; (B) constant concentration of 1-AN (10 pmolL™") and
different concentrations of 2-AN: 2 (d). 5 (e), 7.5 (), and 10 (g) pmolL™"; (C) constant concentration of 2-AN (10 pmolL™") and dif-
ferent concentrations of 1-AN: 2 (h), 5 (i). 7.5 (j). and 10 (k) pmol L™".

Table 3. Recovery of 1-AN and 2-AN in model samples of river
water, n=>5, measured at GCE.

Analyte Concentration added Concentration found Recovery

(umol L) (umol L) (%)
1-AN 50 51+1.9 98-106

100 95+4.1 91-99
2-AN 50 46+2.0 88-96

100 91+3.7 87-95

shown in Figure 7. The responses showed linear depend-
ences in this range and micromolar limits of detection
were obtained, namely 1.9 and 1.6 pmol L' for 1-AN and
2-AN, respectively.

The practical applicability of the proposed method was
tested by the determination of 1-AN and 2-AN in model
samples of river water (Table 3). The model samples were
prepared as described in section 2.3, testing concentra-
tions of 50 and 100 pmolL™" for each analyte. For 1-AN,
recoveries between 91 and 106% were obtained and for
2-AN, the recoveries ranged from 87 to 96 %, the relative
standard deviation for 5 successive measurements,
being <5 %.
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4 Conclusions

A comparison of bare carbon-based surfaces, namely
glassy carbon, carbon film and boron doped diamond,
with a GCE surface modified by Nafion permselective
membrane and multiwalled carbon nanotubes for the
electroanalysis of 1- and 2-aminonaphthalene was per-
formed. Blocking of the electrode surface by reaction by-
products occurred on all types of electrode surfaces. For
1-AN, similar detection limits were achieved for bare sur-
faces: at BDDE 1.4 pmol L™", at GCE 1.6 pmol ™" and at
CFE 3.1 pmolL™", for the last electrode the sensitivity
was markedly less than with the other electrode materials.
Even though it was expected that there would be an in-
crease in sensitivity as reported in many studies for
MWCNT/GCE [23-25], no such effect was observed for
the compounds studied here. Nafion/GCE offers the
lowest limit of detection of 1-AN (0.4 pmol L"), and thus
is useful only for lower concentrations range (0.2-
20 pmol L7Y).
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ABSTRACT ARTICLE HISTORY
The goal of this study was to determine benzophenone-3 at the Received 31 October 2014
boron-doped diamond electrode and in the presence of cetyltri-  Accepted 20 December 2014

m?thy'lammonium bromide by adsorptive stripping vgltammf:try. The KEYWORDS

oxidation of benzophenone-3 was irreversible by differential pulse Adsorptive stripping
voltammetry. The peak height increased with boron concentration in voltammetry;

the electrode film deposited as 500-8000 parts per million boron/ benzophenone-3; boron-
carbon. Limits of detection of 1.5, 1.9, and 0.8 micromoles per liter doped diamond electrode;
were obtained for 2000, 4000, and 8000 parts per million films in cetyltrimethylammenium
Britton-Robinson buffer at pH 12.0. Positive effect of cetyltrimethyl- ~ bromide

ammonium bromide on the determination of benzophenone-3

includes higher sensitivity, a shift of the peak potential to less positive

values, and an improved limit of detection by an order of magnitude

to 0.1 micromole per liter.

Introduction

Benzophenone-3 (BP-3; 2-hydroxy-4-methoxybenzophenone or oxybenzone) is one of the
most widely used ultraviolet filters in sunscreens and various consumer products (Gonzalez
et al. 2006). The Scientific Committee on Consumer Products (SCCP) of the European
Commission believes that the use of benzophenone-3 in concentrations up to 6% in
cosmetic sunscreens and up to 0.5% in all types of cosmetic products to protect the formu-
lation does not pose a risk to the health of the consumer except for its contact allergenic and
photoallergenic potential [SCCP (Scientific Committee on Consumer Products) 2008].

Widespread use of these products can lead to contamination of the environment by
benzophenone-3. As an endocrine disruptor, benzophenone-3 can negatively influence
living organisms by disturbing hormonal equilibrium, as confirmed in studies with fish
Danio rerio (Bluthgen, Zucchi, and Fent 2012) or Oryzias latipes (Kim et al. 2014). Further
studies dealing with antiandrogenic and estrogenic activity of benzophenone and its
derivatives were performed on cell cultures and rats (Suzuki et al. 2005; Molina-Molina
et al. 2008). The occurrence, toxicity, and ecological risks of benzophenone-3 are
summarized in a review by Kim and Choi (2014).

CONTACT Karolina Schwarzova-Peckova @ kpeckova@natur.cuni.cz e Charles University in Prague, Faculty of Science,
University Center of Excellence “Supramolecular Chemistry,” Department of Analytical Chemistry, UNESCO Laboratory of
Environmental Electrochemistry, Albertov 6, CZ-128 43, Prague 2, Czech Republic.

This paper is part of a special issue of papers presented at the Modemn Electrochemical Methods XXXIV (in Jetfichovice,
Czech Republic)/47th Heyrovsky Discussion (in Tredt’, Czech Republic) Conferences.
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Benzophenone-3 is an electrochemically active compound and can be easily determined
by modern voltammetric techniques, based on its reduction at the carbon nanoparticle
modified carbon electrode (Vidal et al. 2008), dropping mercury electrode (Razak, Gazy,
and Wahbi 2002), hanging mercury drop electrode (Cardoso et al. 2008), and boron doped
diamond (BDD) electrode (Laranjeira et al. 2011). This electrode material has been widely
used in past twenty years due to its wide potential window (especially in the anodic region),
mechanical and chemical stability, low residual current, possibility of miniaturization, and
biocompatibility (Fujishima et al. 2005; Peckova et al. 2006; Peckova, Musilova, and Barek
2009; Peckova and Barek 2011).

The morphology, conductivity and electrochemical properties are substantially influenced
by the boron content of BDD film (Holt et al. 2004; Zivcova et al. 2013). While films with
doping levels below 10'° boron atoms per cm ™ exhibit clear valence bands, concentrations
up to 2 x 10%° per cubic centimeter lead to semiconductivity. A semiconducting/metallic tran-
sition has been predicted by Williams, Lightowlers, and Collins (1970) to occur at [B]=2
% 10%° per cubic centimeter. Nevertheless, the estimation of exact concentration directly in
the film is problematic and boron-doping level is usually given by the B/C ratio, where B
and C refer to diborane or trimethylboron and methane concentrations in the gaseous phase
for chemical vapor deposition procedure. These values are usually from 100 to 15,000 parts
per million and experimental values for semiconducting/metallic transition of conductivity
are ca. 1000-2000 parts per million (Hutton et al. 2013; Schwarzova-Peckova et al. submitted).

The benefits of surfactants for the determination of organic compounds at surfaces such
as pencil graphite or glassy carbon electrodes are well-known (Levent, Yardim, and Senturk
2009; Yardim and Senturk 2011; Levent et al. 2014). Originally used for adsorptive electro-
analytical techniques at BDD electrodes for the determination of organic analytes, this
approach has not been employed because of the low propensity of the BDD surface to
adsorption at the hydrophobic, hydrogen-terminated surface (Peckova, Musilova, and
Barek 2009). This concept was disproved by the adsorptive transfer stripping voltammetric
determination of the polyphenol chlorogenic acid (Yardim 2012). Furthermore, it was
shown that the presence of surfactant may have a positive influence on selectivity and sen-
sitivity of voltammetry due to the enhanced adsorption of the analyte in the presence of
surfactant at the BDD surface. Cationic surfactants succeeded as shown in the oxidation
of benzo[a]pyrene (Yardim et al. 2011), capsaicin (Yardim 2011), and ambroxol (Levent,
Yardim, and Senturk 2014), and the reduction of benzophenone-3 (Laranjeira et al. 2011).

According to our best knowledge, an electroanalytical method based on the oxidation of
benzophenone-3 has not been reported. In this study, a new method for the determination
of benzophenone-3 at the BDD film electrode was developed using differential pulse vol-
tammetry in Britton-Robinson buffer in the presence and absence of cetyltrimethylammo-
nium bromide (CTAB). The effect of the B/C ratio in the BDD films was investigated upon
the signal of the analyte.

Experimental
Reagents

A 1% 107 moles per liter stock solution of benzophenone-3 (98%, Aldrich) was prepared
by dissolving the compound in 0.01 moles per liter aqueous sodium hydroxide (p.a., Penta,
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Czech Republic). A 1 x 10 *moles per liter stock solution of cetyltrimethylammonium
bromide (98%, Fluka) was prepared by dissolving the compound in deionized water
(Millipore Q-Plus System, Millipore, USA). All stock solutions were kept in the dark at
laboratory temperature. Britton-Robinson (BR) buffers were prepared by mixing a solution
of phosphoric, acetic, and boric acid (concentration of each 0.04 moles per liter, all p.a,,
Lach-Ner, Czech Republic) with an appropriate volume of 0.2mole per liter sodium
hydroxide. Other chemicals included concentrated sulfuric acid, methanol (all p.a., Penta,
Czech Republic), acetonitrile (isocratic grade for liquid chromatography, Merck, Germany),
ethyl acetate, sodium hydroxide, and concentrated nitric acid (all p.a., Lach-Ner, Neratovice,
Czech Republic).

Apparatus

Voltammetric measurements were carried out using a computer controlled Eco-Tribo
Polarograph with PolarPro software (version 5.1, Polaro-Sensors, Czech Republic). All
electrochemical measurements were performed in a three-electrode arrangement, using
a silver-silver chloride reference electrode (Ag|AgCl, 3 moles per liter KCI) and a platinum
wire auxiliary electrode (both Elektrochemické detektory, Turnov, Czech Republic).
Two types of boron-doped diamond electrodes were used as working electrodes. For
voltammetric determination of benzophenone-3 in the absence of surfactant, boron-doped
diamond films prepared at the Institute of Physics of the ASCR, v. v. i. in the Department
of Functional Materials were used. They were deposited on silicon wafers by microwave
plasma-assisted chemical vapor deposition of 99.0% H,/1.0% CH, and trimethylboron
gas with variable B/C ratio in the gas phase 500, 1000, 2000, 4000, and 8000 parts per mil-
lion. Obtained BDD films at Si wafers were placed in a Teflon electrode body constructed
in our laboratory (Cizek et al. 2007) with geometric surface area of 10.2 square millimeters.
These electrodes were designated as BDD, in this work with specification of boron content
in the BDD film. For optimization of differential pulse voltammetry, BDD , with B/C ratio
2000 parts per million was utilized. For voltammetric determination of benzophenone-3
in the presence of surfactant, commercially available boron-doped diamond electrodes with
a diameter of 3.0 millimeters (geometric area 7.1 square millimeters, Windsor Scientific,
UK further marked as BDDy) were used. All measurements were carried out at laboratory
temperature.

Procedures

For differential pulse voltammetry, a pulse height of +50 millivolts, pulse width of
100 milliseconds, and scan rate of 20 millivolts per second were employed. For cyclic
voltammetry, a scan rate of 100 millivolts per second was used.

The working electrodes BDD, and BDDy were activated at the beginning of each work-
ing day in 0.5 mole per liter aqueous sulfuric acid by oxidation at +2.4 volts for 60 seconds.
The working electrode BDD, used in the absence of surfactant was activated between
individual measurements by stirring and applying potentials of +3, —3, +3, —3 volts,
and +3, each for 10 seconds in 0.5mole per liter aqueous sulfuric acid. Mechanical
cleaning of BDDy electrode surface using a polishing pad and alumina (Elektrochemické
detektory, Turnov, Czech Republic) with a subsequent rinse by deionized water was
applied after each scan when working with surfactant containing solutions.
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The solutions for measurements were prepared with benzophenone-3 stock solution and
diluted with Britton-Robinson buffer of the required pH or 0.01 mole per liter NaOH. The
peak heights (I) were measured from the straight line connecting minima on both sides of
the peak. All calibration curves were measured in triplicate. The calibration dependences
were processed using linear regression. For voltammetric measurements, the limits of
detection (LOD) were calculated as the concentration of the analyte which gave a signal
equal to three times the standard deviation of the peak height estimated from seven
consecutive measurements of the lowest measurable concentration.

Results and discussion
Optimization of conditions for determination of benzophenone-3

Activation of the surface of the BDD,

Preliminary experiments revealed that the oxidation of benzophenone-3 caused passivation
of electrode surface independent of the pH and composition of the supporting electrolyte.
Attempts to renew the electrode surface using very positive potentials in the region of water
decomposition reaction directly in measured solutions, which is a common strategy at
BDD electrodes (Fujishima et al. 2005; Peckova, Musilova, and Barek 2009; Zavazalova
et al. 2013), previously succeeded in the reactivation of the surface by the oxidation of
phenol (Iniesta et al. 2001). However, this approach was unsuccessful, and hence ex-situ
electrochemical activation in 0.5mole per liter aqueous sulfuric acid was tested with
stirring. Consecutive voltammograms of 1 x 10 *moles per liter benzophenone-3 were
measured in the Britton-Robinson buffer at pH 6.0 using different activation programs
between individual scans. Employed activation programs are summarized in Table 1 and
corresponding differential pulse voltammograms are shown in Figure 1. The activation
program had a significant influence on the peak height and repeatability of benzo-
phenone-3. The programs a-e were inefficient due to lower peak heights (from 388 to
655 nanoamperes) and poor repeatability. When the program f was used, the peak height
of benzophenone-3 was several times higher (1624 nanoamperes) and the background
current was lower compared to the other activation protocols. The relative standard devi-
ation of the benzophenone-3 peak height, when using an activation program f, was 4.8%.
For these reasons and the relatively short time needed for electrochemical activation, the
electrode surface of BDD, was activated ex-situ by the program f before each benzo-
phenone-3 measurement. This activation required two minutes as described in program f.

Table 1. Activation programs for the BDD, electrode surface in 0.5 mole per liter sulfuric acid.
Peak height of benzophenone-3

Program step Activation program (nanoampere)
a Potential +3 volts for five minutes 655
b Potential +3 volts for one minute 581
c Potential +3 volts for forty seconds 388
d Switch of potentials +3, =3, +3 volts, each for two minutes 469
e Switch of potentials +3, —3, +3 volts, each for one minute 554
f Switch of potentials +3, —3, +3, —3, +3 volts, each for ten seconds 1624

Note: Differential pulse voltammagrams of 1-10~* mole per liter benzophenone-3 in Britton-Robinson buffer at pH 6.0 were
measured directly after electrochemical activation of the electrode surface.
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Figure 1. Differential pulse voltammograms of 1 x 10~ *mole per liter benzophenone-3 at the BDD,
electrode in Britton-Robinson buffer at pH 6.0 after application of activation programs a—f described
in Table 1.

Influence of pH on differential pulse voltammograms of benzophenone-3

The effect of pH on the current and peak potential of benzophenone-3 was measured at the
BDD, (2000 parts per million) in Britton Robinson buffer with values from 2.0 to 12.0.
Selected differential pulse voltammograms of 1 x 10~ * moles per liter benzophenone-3 at
various pH values are shown in Figure 2. At low pH, a gradual shift in the oxidation peak
with peak potential toward more positive values was present. The slope for peak potential
vs. pH dependence is 55 millivolts per pH unit, which is close to the theoretical value
of 59 millivolts for the equivalent proton and electron number involved in the oxidation
prior to the rate determining step. It is assumed that this oxidation corresponds to the
one electron-one proton oxidation of the ~-OH group to the phenoxy-O- radical, which
is a typical anodic process for phenolics at BDD electrodes as proposed for chlorophenols
(Muna, Tasheva, and Swain 2004) or f-naphtol (Panizza and Cerisola 2003). Phenoxy
radicals are responsible for the formation of a polymeric film during oxidation of phenolics
due to radical-radical coupling and consequent reactions, as proposed for polymerization
of the oxidation of phenol (Gattrell and Kirk 1993; Lund and Hammerich 2001). The
highest peak current was observed at pH 12.0 and this value was used for further
determinations.

/(nA) ' ' ‘
2500}

2000
1500
1000

500

400 600 800 1000 E{mV)

Figure 2. Differential pulse voltammograms of 1 x 10~*mole per liter benzophenone-3 at the BDD,
(B/C ratio of 2000 parts per million) in Britton-Robinson buffer at pH (a) 2.0, (b) 4.0, (c) 6.0, (d) 8.0,
(e) 10.0, and (f) 12.0.
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Influence of methanol and acetonitrile

Benzophenone-3 is water insoluble, but soluble in organic solvents, and thus its
determination in daily care products requires dissolution with an organic solvent (Vidal
et al. 2008; Laranjeira et al. 2011). The influences of methanol and acetonitrile on the peak
height and peak position of benzophenone-3 were investigated. Two sets of benzophenone-
3 solutions (c=1 x 10~ * moles per liter) in Britton-Robinson buffer at pH 12.0 containing
1, 2, 10, 20, 50, 70, and 80% (v/v) of methanol and acetonitrile were prepared and measured
by differential pulse voltammetry at the BDD, (2000 parts per million). The shift of peak
potential toward less positive values (ca. 50-100 millivolts) was observed in 1% organic
solvent and was independent of the concentration of methanol and acetonitrile while
the peak height of benzophenone-3 decreased. With lower concentrations of methanol or
acetonitrile, the decrease in peak height was approximately 10% (ca. 150 nanoamperes).
In 50% methanol and 80% acetonitrile, the decrease of peak height was approximately
50%. The background current increased by ca. 250 nanoamperes from the initial
value of 250 nanoamperes when the concentration of methanol was 50% or higher,
and by ca. 385 nanoamperes from the initial value of 250 nanoamperes when the content
of acetonitrile was 80% and more. Thus, in practical applications, the concentration
of organic solvents should be minimized and hence were not employed in subsequent
measurements.

Boron concentration

A set of BDD, films with boron concentrations of 500, 1000, 2000, 4000, and 8000 parts
per million were compared. The boron concentration in BDD films, given as number of
boron atoms per cubic centimeter, influences the conductivity of the electrode (Holt
et al. 2004; Zivcova et al. 2013). Raman spectroscopy has shown the absence of sp® impu-
rities in the 1533 per centimeter region. Simultaneously, the symmetric Lorentzian band of
the diamond phonon at 1332 per centimeter shifted to an asymmetric Fano-like lineshape
and decreased to 1290 per centimeter with increasing boron concentration. Atomic force
microscopy and scanning electron microscopy has shown the nanocrystallinity of the
BDD film surface is independent of the boron-doping level (Vosdhlova, Zavazalova, and
Schwarzova-Peckova 2014; Schwarzovi-Peckovid et al. submitted). Qur previous study
(Schwarzovi-Peckovd et al. submitted) revealed that for these electrodes, the limit is
between films with 1000 parts per million boron exhibiting semiconductive properties
and 2000 parts per million with metallic type conductivity. This is confirmed by differential
pulse voltammograms of benzophenone-3, as the peak height increased with increasing
boron concentration (Figure 3). For 500 and 1000 parts per million BDD,, i.e., semicon-
ductive films, the peak of benzophenone-3 was not fully developed. Films containing 2000
parts per million boron and higher had symmetric and well-shaped peaks. The peak
potential of benzophenone-3 shifted to less positive values as the concentration of boron
increased, similarly as reported previously with aminobiphenyls (Schwarzovd-Peckova
et al. submitted).

Influence of cetyltrimethylammonium bromide

The influence of cetyltrimethylammonium bromide concentration on the benzophenone-3
peak height at BDDyg, electrode in Britton-Robinson buffer at pH 9.0 was studied. Figure 4A
shows that the surfactant influences the shape, height, and position of the oxidation due
to electrostatic interaction with benzophenone-3 in the anionic form at pH 9.0 (pK, pp.s
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Figure 3. Differential pulse voltammograms of 1 x 10~* mole per liter benzophenone-3 at the BDD, in
Britton-Robinson buffer at pH 12.0 with boron concentrations of (a) 500, (b) 1000, (c) 2000, (d) 4000, and
(e) 8000 parts per million.

value 7.56). The potential shift is advantageous because the oxidation of benzophenone-3
was relatively close to the onset of supporting electrolyte in the absence of surfactant.

Because fouling of BDDyg surface was observable, it was mechanically polished by
alumina before each scan to provide good repeatability. The relative standard deviation
was 5.0% at 1 x 10”*moles per liter benzophenone-3. The positive effect on the BDD
electrode is evident from cyclic voltammograms (Figure 5) of a surface-sensitive redox
marker [Fe(CN)ﬁ]s'M'. The difference between the anodic and cathodic peak potentials
AE, prior and after alumina polishing decreased from 397 to 206 millivolts. Further
repetitive polishing (four times for three minutes) resulted in a further decrease of AE,
to 114 millivolts. This positive effect of polishing on the reversibility of [Fe(CN)g)*>~*
has been reported previously (McEvoy and Foord 2005; Hutton et al. 2013). A difference
of 65 millivolts was reported for alumina polished microcrystalline BDD with [B] = 1.9 x 10%
per cubic centimeter (Hutton et al. 2013).
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Figure 4. (A) Cyclic voltammograms at a scan rate of 100 milllivolts per second for 5 x 107" mole per
liter benzophenone-3 in the absence of surfactant (thin line 1) and in the presence of (bold 2) 1 x 1073
mole per liter cetyltrimethylammonium bromide at the BDD; electrode in Britton-Robinson buffer at pH
9.0 (dashed 3). (B) Dependence of peak height of 5x 10~>mole per liter benzophenone-3 on the
concentration of cetyltrimethylammonium bromide by differential pulse voltammetry at the BDDg
electrode in 0.01 mole per liter NaOH. The error bars represent the standard deviation of the peak height
of benzophenone-3.
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Figure 5. Selected cyclic voltammograms of 1 millimole per liter [Fe(CN)e>™"*~ in 1 mole per liter KCl

measured at the BDDj electrode at a scan rate of 100 millivolts per second. Preparation time by alumina
polishing: (1) zero minutes; (2) three minutes, and (3) fifteen minutes. The third cycle is depicted.

The dependence of benzophenone-3 peak height on the concentration of cetyltrimethy-
lammonium bromide was investigated. Differential pulse voltammograms of 5 x 107°
moles per liter benzophenone-3 in the presence of 1 x 107" to 4 x 10~ *moles per liter
cetyltrimethylammonium bromide were measured at the BDDy electrode in 0.01 mole
per liter NaOH. As shown in Figure 4B, the largest benzophenone-3 peak was obtained
with 13 10™* mole per liter cetyltrimethylammonium bromide.

Effect of concentration

The calibration of 1-100 micromoles per liter benzophenone-3 in the absence of surfactant
was measured at the BDD, with boron concentrations of 2000, 4000, and 8000 parts per
million. For 500 and 1000 parts per million BDD films, the lowest detectable concentration
was 100 micromoles per liter and these preparations were not analytically useful. At the
higher boron concentrations, a linear calibration range was observed. Differential pulse

Inay [ ] : : I(nA) 10' ILJ ) T
10 pmol L pmo
400 F } 4 600F } 1

0.4 umol L'1/\

350

300 400 |

250 p
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500 600 700 E(mV) 500 600 700 E(mV)

200

Figure 6. (A) Differential pulse voltammograms of benzophenone-3 at the BDD, electrade (2000 parts
per million boron) in Britton-Robinson buffer at pH 12.0 in the absence of cetyltrimethylammonium bro-
mide. Concentrations of benzophenone-3: 1.0, 2.5, 5.0, 7.5, and 10 micromoles per liter. (B) Differential
pulse voltammograms of benzophenone-3 at the BDDj, electrode in 0.01 micromole per liter NaOH in the
presence of 1 x 10™* mole per liter cetyltrimethylammonium bromide. Concentration of benzophenone-
3: 0.4, 0.6, 0.8, 1.0, 2.5, 5.0, 7.5, and 10 micromoles per liter.
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Table 2. Analytical figures of merit for benzophenone-3 at the BDD electrodes by differential pulse
voltammetry.

Linear dynamic range  Slope (nanoampere per Intercept  Correlation  Limit of detection

Electrode {micromole per liter) micromole liter) (nanocampere) coefficient (micromole per liter)
BDD, 2000 parts 1-100 13.48 20.57 09981 1.5
per million
BDD, 4000 parts 1-100 5.90 12.28 0.9980 1.9
per million
BDD, 8000 parts 2.5-100 934 6.19 0.9976 0.8
per million
BDDg (++CTAB) 10-75 18.98 129.65 0.9956 -
0.8-10 29.85 -19.44 0.9982 -
0.4-0.8 13.29 -1.35 0.9995 0.1

voltammograms are depicted in Figure 6A and calibration parameters are in Table 2.
The limits of detection were 1.5, 1.9, and 0.8 micromoles per liter for 2000, 4000, and
8000 parts per million boron at the BDD, electrode, respectively.

The dependence of benzophenone-3 in the presence of 1 x 10 *moles per liter cetyltri-
methylammonium bromide was measured at the BDDg from 0.4 to 100 micromoles per
liter with a sigmoidal shape with three linear concentration ranges: 0.4-0.8, 0.8-10, and
10-75 micromoles per liter. These parameters are summarized in Table 2 and differential
pulse voltammograms are shown in Figure 6B. A limit of detection of 0.1 micromoles per
liter was obtained. The sigmoidal shape of calibration dependence has been previously
reported for other compounds at the electrode surface (Peckova et al. 2007), demonstrating
the adsorption of the benzophenone 3 associated with cetyltrimethylammonium bromide
by electrostatic interaction.

Conclusions

The influence of boron concentration in BDD films on anodic oxidation of benzophenone
3 and possibilities to influence its electroanalytical performance by the presence of cationic
surfactant cetyltrimethylammonium bromide were investigated in this study. The oxidation
of benzophenone-3 led to passivation of the electrode surface, as expected for phenolic
species due to the formation of polymeric films. Thus, ex-situ anodic activation in acidic
media or mechanical polishing by alumina was applied to ensure repeatability of the
signals. Using differential pulse voltammetry in Britton-Robinson buffer at pH 12.0., the
peak height of benzophenone-3 increased with boron concentration in the BDD films
(deposited at 500-8000 parts per million B/C ratio in gaseous phase), and limits of
detection of 1.5, 1.9, and 0.8 micromoles per liter were achieved for 2000, 4000, and
8000 parts per million boron. Semiconductive 500 and 1000 parts per million boron
BDD films exhibited insufficient sensitivity for electroanalytical purposes.
Cetyltrimethylammonium bromide had a positive effect on the determination of
benzophenone-3 due to the mutual electrostatic based interaction and increased adsorption
at the electrode surface. The sensitivity was increased, the peak potential shifted to less
positive values, and the limit of detection was 0.1 micromoles per liter: roughly an order
of magnitude smaller than without a surfactant. To conclude, this study confirms that
the boron concentration and the presence of cationic surfactant significantly influenced
the analytical oxidation of benzophenone-3. The results of this study will be used for the
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analysis of urine, wastewater, and sunscreen with sample preparation by solid phase extrac-
tion high-performance liquid chromatography prior to electroanalytical determination.
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Abstract The voltammetric signal of 5-nitroquinoline Graphical abstract
with reducible nitro and quinoline moieties largely depends
on the pH of the indifferent electrolyte, electrode pre-
treatment, activation between individual scans, and boron
concentration of the BDD film electrode. Anodic pre-
treatment at +2.4 V for 5 min in 0.5 mol dm > H.SO, and
20 s stirring  between individual scans assured repeat-
able signals of nitro group in the whole pH range 2.0-12.0;
in acetate buffer pH 5.0 limit of detection is 2 x 1077
mol dm ™ for differential pulse voltammetry. The reduc-
tion of quinoline skeleton is visible in the pH range of
6.0-11.0. Presence of oxygen in the measured solutions led
to slight increase of peak heights and acceptable increase of
its relative standard deviation. BDD films with metallic
type of conductivity deposited at B/C ratio
2000-8000 ppm exhibit faster electron transfer at lower
potential for nitro group reduction than semiconductive
films 500 and 1000 ppm.

Ik

Keywords Voltammetry -
Boron-doped diamond electrode - Boron concentration -
Reduction - Electrochemistry

Introduction

Boron doped diamond introduced for electroanalysis in
1992 [1] gained a deserved popularity especially for elec-
trooxidation of organic compounds of biological,
pharmaceutical, and environmental significance [2-5]. Its
mechanical and electrochemical properties are among
54 Karolina Schwarzovi-Peckovi others significantly influenced by morphology of the BDD

kpeckova@natur.cuni.cz films, boron concentration, and electrode pretreatment,
when high positive/negative current densities or potentials
(Correctly >=+2.0 V) in the region of water decomposition

Charles University in Prague, Faculty of Science, Department
of Analytical Chemistry, UNESCO Laboratory of

Environmental Electrochemistry, Albertov 6, CZ-12843 reactions are applied for few seconds to minutes. As results
Prague 2, Czech Republic of this anodic/cathodic pretreatment, oxygen-terminated
2 Department of Functional Materials, Institute of Physics (O-BDD) or hydmgen'lelrmmlamd (H'BDD? As?”faces are
ASCR, v.v.i., Na Slovance 2, 18221 Prague 8, produced, very often with different capabilities of pre-
Czech Republic vention of surface passivation, enhancement of the
*  Faculty of Biomedical Engineering, Czech Technical voltammetric signals, and ensuring of repeatable and
University in Prague, Sitnd 3105, 272 01 Kladno. reproducible response of particular analytes [6-9].
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Boron-doping level plays crucial role in basic electro-
chemical characteristics, e.g., electrical conductivity of the
BDD film and kinetics of electron transfer [1, 7, 10]. The
few studies concerned with influence of boron concentra-
tion on electroanalytical parameters for organic compounds
[11, 12] including our reports on oxidation of benzophe-
none-3 [13] and 2-aminonaphthalene [14] report that
semiconductive films exhibit more sluggish kinetics for
surface-sensitive redox marker [Fe(CN)s]>"*~ as well as
decreased sensitivity towards mentioned analytes than
metallic films. The predicted threshold for the semicon-
ductive/metallic transition is at ~2 x 10 boron atoms
per cm® [15] (theoretical value), i.e. ~ 1000-2000 ppm
(experimental values) [14, 16, 17], which is the B/C ratio in
the gaseous phase during the chemical vapour deposition of
BDD films.

It can be traced in reviews [2—4] and monographs [5, 9]
devoted to electroanalysis of organic compounds by means
of BDD-based electrodes that lower attention has been paid
to their utilization for electrochemical reductions despite
the favorable characteristic for such applications: relatively
wide potential window in the cathodic region and low
sensitivity towards oxygen evolution [18, 19]. Among
organic reducible compounds, substances containing nitro
group at the aromatic skeleton represent an extensive
group, where pharmaceuticals, agrochemicals, and envi-
ronmental pollutants are present. Most of them are toxic,
probably due to a reactive nitro-radical in their metabolic
pathway [20, 21].

The few determinations based on nitro group reduction
at BDD-based materials were suggested for some nitro-
phenols [22-26] and aminonitrophenols [27], and nitro-
group containing pesticides (methylparathion [28]), drugs
(chloramphenicol [29], nitrofurazone [30, 31], selected
benzazepines [32]), and derivatives of polycyclic aromatic
hydrocarbons  (1-nitropyrene [33],
[35]).The reduction of nitro group has been investigated
among the first electrochemical processes of organic
compounds at dropping mercury and other mercury elec-
trodes [20, 35, 36], later on it was extended on solid
electrodes including carbon and amalgam based electrodes
[20, 37]. In aqueous acidic and neutral media, indepen-
dently on the electrode material, the first step of the
reduction relies on the four-electron reduction of nitro
group to the hydroxylamino group [Egq. (1)]. In acidic
media, further two-electron reduction to amine may occur
(Eq. 2) [35, 36, 40].

3-nitrofluoranthene

AINO; + de~ + 4H* — AINHOH + H,0 (1)
ArNHOH + 2¢~ + 2H' — ArNH, + H,0 (2)

At mercury-based electrodes and solid electrodes, in the
alkaline or non-aqueous media the lack of protons may lead

@ Springer

to a split of the original four-electron reduction described
in Eq. (1) and two reductive signals corresponding to
Eqgs. (3) and (4), also leading to hydroxylamine as the final
product can be observed [36, 37, 40].

ArNO, + e — AINO; (3)
ArNO;™ + 3¢” + 4H' — ArNHOH + H,0 (4)

Compared to the reduction of the nitro group, the
reduction of the quinoline skeleton proceeds at more
negative potentials, close to the onset of supporting
electrolyte  [38, 39]. Quinoline (Q) itself is
polarographically reducible in two steps in alkaline
media according to Egq.(5) and (6) yielding
dihydroquinoline (QH») in the first step [Eg. (5)] and
tetrahydroquinoline (QH4) in the second one [Eg. (6)]
[38, 41]:

Q+2e +2H" — QH, (5)
QH, +2¢~ +2H' — QH, (6)

Also electrooxidation of the quinoline skeleton is
relatively hardly achievable [42, 43] and thus there are
not many studies devoted to utilization of these processes
in voltammetry. Modification of electrode surface [42, 43]
or presence of surfactant [39] was tested to afford results
utilizable in electroanalysis.

The aim of this study is to extend the knowledge on the
electro reduction of aromatic nitro group and quinoline
skeleton at BDD electrodes. For this purpose, an environ-
mental pollutant, formed as product of incomplete
combustion of fossil fuels, 5-nitroquinoline was selected as
model compound [38, 45]. It was previously studied in our
laboratory at mercury, amalgam-based and carbon film
electrodes, as obvious from the overview in Table 1 sum-
marizing voltammetric methods used for determination of
S-nitroquinoline [38, 44, 45]. In this study, special attention
has been paid to the influence of BDD electrode pretreat-
ment, boron-doping level, and oxygen presence on
voltammetric signal of 5-nitroquinoline to present the
variety of specific factors influencing voltammetric analy-
sis at BDD electrodes.

Results and discussion
Mechanism of reduction of 5-nitroquinoline

The mechanism of reduction of S5-nitroquinoline was
studied using pH dependence in BR buffer of pH 2.0-12.0
using DC and DP voltammetry and further by cyclic
voltammetric experiments. As relatively extended literature
exists on the mechanism of reduction of nitro group at
aromatic skeleton at liquid mercury and solid electrodes
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Table 1 Overview of voltammetric methods for the determination of 5-nitroquinoline
Electrode LOQ/umol dm™—* LDR/pmol dm —* Method pH, medium References
m-AgSAE 0.3 0.2-100 DPV pH 9.0; 0.05 mol dm™ borate buffer [46]
0.5 0.4-100 DCV
Carbon film 0.5 - DPV pH 11.0, BR buffer [44]
DME 0.9 = DCTP pH 3.0, BR buffer [45]
0.09 = DPP pH 3.0, BR buffer
0.01 - DPP 0.2 mol dm™ NaOH
HMDE 0.02 = DPV 0.2 mol dm™ NaOH

DCTP direct current tast polarography, DCV direct current voltammetry, DPV/P differential pulse voltammetry/polarography, DME dropping
mercury electrode, HMDE hanging mercury drop electrode, m-AgSAE mercury meniscus-modified silver solid amalgam electrode, LDR linear

dynamic range, LOQ limit of quantification
* Not given

[20, 35-37], analogies and differences could be found in
the behavior of the studied compound.

DP and DC voltammetry-influence of pH

Figure la, b represents pH-dependence of DC and DP
voltammograms of 5-nitroquinoline. Relatively well-
shaped main reduction signal can be traced in the whole pH
range tested (2.0-12.0), with the slope of the peak potential
E, vs. pH dependence of —83.52 mV between pH 2.0-5.0.
It corresponds to the nitro group reduction to hydroxy-
lamine according to Eq. (1). This signal is accompanied by
indistinctive signals at more negative potential at pH values
6.0-12.0, as obvious from peak potential E, vs. pH
dependence at Fig. 2a. These are of different origins:

1. For the most alkaline media 11.0 and 12.0 the splitting
of the nitro-group reduction into two steps according to
Egs. (3) and (4) is foreseen, the reduction peaks of
both processes lay within a narrow potential region of

*Ta B
- -
"] A2 P
154 L] oa
< o
= "o > 091
1,0+ fo o W °°
.- ° 06k aunm
= a.
-
05} 70‘37/
2 4 6 8 10 12 2 4 6 8 10 12
pH pH

Fig. 2 Dependence of the a peak currents (I,) of the first cathodic
peak in the presence (closed square) and absence (open square) of
oxygen and dependence of the b peak potentials (E;) on pH.
Measured for S-nitroquinoline (¢ = 1x10™* mol dm™) using DP
voltammetry. The error bars are constructed as standard deviations
n=3)

250 mV. Thus, the first, pH-independent step corre-
sponds to a fast one electron reduction of the nitro
group to a nitro radical [Eq. (3)] and the second step

Fig. 1 Selected a DC, b DP
voltammograms of
S-nitroquinoline (¢ = 1 x 10~*
mol dm™?) at BDD electrode
(BIC = 4000 ppm) in BR buffer
pH 2.0-12.0; the pH values are
noted by the curves. The inser
(¢) in (b) shows DP
voltammograms in the presence
of oxygen. Scan rate for DPV is
20 mV s~ and for DCV is

50 mv s~'

TTuA

1A

"
-
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corresponds to the three electron reduction of the nitro
radical to the hydroxylamine [Eq. (4)]. This type of
splitting of the main reduction peak was described for
example for reduction of 5-nitroquinoline and 6-nitro-
quinoline [38] and nitronaphtalenes [37] at amalgam
electrodes. Generally it occurs when the transfer of the
second electron in the overall four-electron reduction
[Eq. (1)] is inhibited, as e.g., in non-aqueous media or
surfactant containing media at mercury electrodes [20,
36] or at solid electrodes in alkaline media [37],
including BDD electrode [30, 31], where the rate of
electron transfer is diminished by the solid character of
the electrode surface and simultaneously the lack of
protons influences the reaction pathway. Clearly the
surface of BDD electrodes has the same inhibiting
effect on nitro group reduction of S-nitroquinoline in
alkaline media as other solid electrode materials.
Nevertheless, this reduction splitting of aromatic nitro
group cannot be assessed as general rule at BDD
electrodes, because in previous reports on reduction of
3-nitrofluoranthene [34], formation of ArNO3~ was not
reported and its stabilization is obviously connected to
boron-doping level and other factors influencing
electrochemical properties of BDD surface, and further
content of organic cosolvent, and structure of the
aromatic compound itself [30, 31].

2. In BR buffer pH 5.0-10.0 two pH-dependent signals at
far negative potentials of ca —1000 to —1250 mV were
observed. To confirm whether these signals can be
assigned to the reduction of the quinoline skeleton, the
reduction of quinoline has been investigated under the
same conditions. An example of DP voltammogram of
quinoline in BR buffer pH 9.0 is given in Fig. 3. It shows
one reduction peak at the potential of —1183 mV while
the curve of 5-nitroquinoline shows two steps reduction
at the potentials of —1117 and —1255 mV, presumably
corresponding to processes described in Egs. (2) and

-1000

finA

-500

0 -500 -1000 -1500
mV

Fig. 3 DP voltammograms (scan rate 20 mV s~") of S-nitroquinoline
(a) and quinoline (b) (forboth e = 1 x 10~* mol dm™) in BR buffer
medium pH 9.0 (c)

@ Springer

(5): The reduction of the quinoline skeleton [Eq. (5)] is
preceded by reduction of the hydroxylamino derivative
to S-aminoquinoline [Eq. (2)]. The latter reaction is
enabled by stabilization of the product of dehydration of
the hydroxylamine intermediate through resonance
structures involving heterocyclic nitrogen. This path-
way was found for several heterocyclic nitro derivatives
[36, 40], nevertheless is not common for nitro deriva-
tives of polycyclic aromatic hydrocarbons, which
undergo reduction to the amino derivative only in acidic
media [36]. The peak corresponding to reduction of the
quinoline skeleton is characterized by dE/dpH value of
52.2 mV in pH range 6.0-10.0, which is close to the
theoretical value of 59 mV for an electrochemical
reaction with equal number of protons and elec-
trons, in accordance with Eq. (5). At these pH values
the quinoline skeleton is not protonized (pK, of
S-nitroquinoline is 2.73) [46]. The reduction of quino-
line skeleton does not appear in the range of pH 2.0-5.0
of BR buffer at BDD electrode probably due to shorter
potential window in acidic media for BDD electrode.

These two reduction peaks at the end of potential win-
dow appeared also in voltammograms of 5-nitroquinoline
at meniscus modified silver solid amalgam electrode in pH
range 7.0-12.0 [38].

Furthermore, the influence of oxygen presence on the
peak height and repeatability of 5-nitroquinoline reduction
was investigated in solutions open to air in all pH range
tested. Obviously oxygen reduction is inhibited at BDD
electrode and the potential of the first cathodic reduction
peak is in the range from ca —450 mV to =750 mV, i.e. in
the region of reduction of 5-nitroquinoline. As expected,
the DP voltammograms (Fig. 1b) of oxygen-free solution
exhibit of about 10-30 % lower current response in the
presence of S-nitroquinoline than these when oxygen is
present (DP voltammograms at Fig. lc, evaluation of peak
heights at Fig. 2a). This effect is mostly pronounced in
alkaline media, but importantly, the peak height repeata-
bility is not affected and remains acceptable for all
investigated media, mostly in the range from 0.7 to 3.3 %
for DPV with oxygen, and from 0.8 to 4.5 % for DPV
without oxygen. For DCV higher values with maximum of
7.1 % with oxygen and 6.5 % without oxygen were
achieved (relative standard deviation evaluated from five
measurements). These results are promising for determi-
nation of electrochemically reducible organic compounds
by means of BDD-based sensors in the presence of oxygen.
This could be very advantageous from the analytical point
of view because oxygen removal from solutions might be
problematic and its traces cause problems e.g. when using
electrochemical detection at mercury-based electrochemi-
cal sensors in liquid flow techniques [38, 47, 48].
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Fig. 4 Cyclic voltammograms

of S-nitroquinoline

(c=1x 10~ mol dm_J) in
0.1 mol dm™ acetate buffer pH
5.0: a ten consecutive cycles
from +1.0 V to —1.3 V with
the first cathodic scan starting at
+0.36 V (dashed line), scan
rate 100 mV s~', and b the first
cycle for scan rates (mV s~'): §
(a), 10 (b), 20 (¢), 40 (d), 80 (e),
160 (f), 320 (g). 640 (h), 1280
(ch), 2560 (i), 5120 ()

fuA

Further measurements were performed in 0.1 mol dm~—>
acetate buffer pH 5.0; in this media only the main reduction
signal corresponding to Eq. (1) is present.

Cyclic voltammetry

Cyclic voltammograms in 0.1 mol dm™ acetate buffer pH
5.0 exhibited features typical for electrochemical reduction
of aromatic nitro group (Fig. 4a). It is the main irreversible
cathodic peak py,, corresponding to nitro group reduction
to hydroxylamine [Eq. (1)], followed by the pair of peaks
Pa1 and pyo in the reversed anodic/second cathodic scan at
the potentials of ca 4300 and 0 mV, corresponding to
quasireversible oxidation/reduction of the pair hydroxy-
lamino/nitroso derivative [Eq. (7); p,, and py» in Fig. 4al.
This suggestion is confirmed by the fact that the cathodic
peak py» is absent in the first cathodic scan, similarly, the
anodic peak p, is absent when starting the scan at 0 V in
positive direction. The behavior is in agreement with lit-
erature [40].

AINHOH « ArNO + 2e™ + 2H™ (7

Further cycling leads to decrease of py; and increase of
Par and py, as result of surface passivation (py,) and for-
mation of reaction products (p,; and pyo). The main
reaction—reduction of nitro group to hydroxylamine
[Eq. (1)] is controlled by diffusion as proved by linear
course of the peak current [, vs. scan rate v dependence
in the range from 10 to 80 mV s~' characterized by the
I/nA = —257.3v"%(mV s™') + 2.8
(R = 0.996); corresponding voltammograms are depicted
at Fig. 4b.

regression  line:

Pretreatment of BDD electrode and calibration
dependences of 5-nitroquinoline

Optimal combination of electrode pretreatment and acti-
vation between individual scans was tested in
0.1 mol dm™? acetate buffer pH 5.0 with BDD electrode

A

-0,2 -0,4 0.6 -0.8
EIV

Fig. 5 Eight differential pulse voltammograms of 5-nitroquinoline

(¢ =1x 107" mol dm™) in 0.1 mol dm™> pH 5.0 acetate buffer
using different pretreatment of the electrode in 0.5 mol dm™~* sulfuric

acid with positive or negative potential: a anodic pretreatment (5 min,
+2.4 V), b cathodic pretreatment (10 min, —2.4 V). The scan rate
was 20 mV s™'

(B/C 4000 ppm). Anodic pretreatment at the potential of
+2.4 V for 5 min and cathodic pretreatment at the poten-
tial of —=2.4 V for 10 min in 0.5 mol dm™> sulfuric acid
and three types of activation between individual scans
directly in the measured solution were tested: anodic
activation, cathodic activation, and stirring without appli-
cation of potential. It was necessary because without any
activation the signal height of 5-nitroquinoline is decreas-
ing as obvious from Fig. 5: For eight consecutive scans,
anodic pretreatment exhibits faster stabilization of elec-
trode response and ca 100 mV more negative peak
potential than the cathodic pretreatment with a fast decline
in peak height for the first three scans. This decline is
caused by instability of the H-terminated surface resulting
from cathodic pretreatment; that surface is known to be
relatively unstable not only in solutions, but also in air [49].

Thus, the activation between individual scans was also
necessary. For all activation modes relative stability of
electrode response was achieved, but as the application of
cathodic or anodic potential had no explicitly positive
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Table 2 Parameters of the calibration straight lines and limits of
detection and quantification for the reductive determination of
S-nitroquinoline _using DC _and DP voltammetry with _anodic

(E=+ 24V, r =5 min) or cathodic (E= =24V, t = 10 min)
pretreated BDD electrode (B/C 4000 ppm)

BDD pretreatment  LDR/umol dm™ R Slope/nA dm® pumol™"  InterceptnA  RSD (%)* LOQ/umol dm™ LOD/umol dm™
DPV

Anodic 0.5-100 0988 —6.02 £ 0.06 —41+02 65 0.66 0.20

Cathodic 0.5-75 0.996 —4.59 +0.05 —104 +07 12 1.68 0.50
DCV

Anodic 10-100 0997 =973 +0.12 241 +64 10 8.9 2.9

Cathodic 7.5-75 0998 -7.61 £0.14 =3L1+£L1 13 15.7 4.7

Supporting electrolyte was 0.1 mol dm™ acetate buffer pH 5.0, 20 s stirring between individual scans applied
LOQ limit of quantification, LOD limit of detection, R correlation coefficient

* Relative standard deviation (RSD) of ten times repeated measurement at the lowest concentration of LDR (linear dynamic range)

Table 3 Peak potentials E,, peak heights I, and their relative
standard deviations (RSD) evaluated from DC and DP voltammo-

0.1 mol dm™ acetate buffer pH 5.0. Measured by BDD electrodes
with B/C ratio in the range of 500-8000 ppm

grams  of  S-nitroguinoline (¢ =1 x 10°*  mol dm™) in
B/C ratio/ppm DPV DCV
Ey/mV Ip/nA RSD/% E/mV I/nA RSD/%

500 —561 579 £ 15 2.7 —797 —2502 + 84 34
1000 —498 —-255 £ 13 52 —536 —691 + 53 7.2
2000 —388 —2065 + 38 1.8 —443 —3616 + 57 1.6
4000 —438 —1630 + 40 25 =510 —3720 £ 52 1.4
8000 —442 —1589 + 18 1.2 =519 —3581 £ 83 23

effect and RSD values of peak height were comparable
with these when using stirring between individual scans,
only stirring for 20 s was used to assure repeatable signals.
For DC and DP voltammetry the RSD values of peak
height were 6.5 and 0.5 % for cathodic pretreatment and
2.1 and 4.6 % for anodic pretreatment (¢ =1 x 107*
mol dm™>, n = 10), respectively. For shorter times insta-
bility of electrode response was observed for all activation
modes.

Parameters of the calibration straight lines for both types
of pretreatment are given in Table 2. Better limits of
detection in the 1077 and 107® mol dm™ concentration
range for DPV and DCV was obtained using anodic pre-
treatment, which is given by lower values of peak height
repeatability for the lowest measurable concentration and
higher value of the slope, i.e., parameters used for calcu-
lation of detection limit. Anodic pretreatment compared to
cathodic one should be also preferred with respect to the
extent of the linear dynamic range.

Boron-doping level of BDD
Boron-doping level significantly affects the height of the

peak and its potential, as summarized in Table 3 and shown
in Fig. 6, where are depicted DC and DP voltammograms

@ Springer

of 1 x 107* mol dm™ solution of 5-nitroquinoline in
0.1 mol dm™—> acetate buffer pH 5.0. Obviously, the peak
height for electrodes with metallic type of conductivity
(2000, 4000, and 8000 ppm) is comparable and signifi-
cantly higher than for semiconductive BDD electrodes
(500 ppm and 1000 ppm). Simultaneously, their peak
potential is shifted to more positive values confirming the
easier reduction of nitro group using 2000-8000 ppm
electrodes. Further, favorable repeatability of peak height
with RSD values <2.5 % for this set of electrodes was
achieved. Among them, the 2000 ppm electrode exhibits
additional favorable characteristics: low background cur-
rent and negative shift in onset of supporting electrolyte
caused by hydrogen evolution, which enables visualization
of the reduction of the quinoline skeleton at the potential of
about —910 mV; at the 4000 and 8000 ppm electrodes this
signal is only insinuated.

Obviously, the electrodes with metallic type of con-
ductivity perform similarly as in
benzophenone-3 [13], where the 2000 ppm electrode
exhibited the highest slope of the linear calibration
dependence. This electrode with the boron-doping level
just above the semiconductive/metallic conductivity
threshold seems favorable in terms of electroanalytical
performance.

oxidation of
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Fig. 6 ADC and B DP
voltammograms of A

S-nitroguinoline (¢ = 1 x 10—+ d
‘mol dm’l) in 0.1 mol dm™*
acetate buffer pH 5.0 measured 4+
with BDD electrodes with
different boron concentration
(B/C ratio): (a) 500 ppm,
(b) 1000 ppm, (c) 2000 ppm, 2
(d) 4000 ppm, (e) 8000 ppm.

Scan rate for DPV is 20 mV s~ I
and for DCV is 50 mV s~ {

fluA

0 :
0,00 -0,25

Conclusion

The voltammetric reduction of S-nitroquinoline was elu-
cidated at boron doped diamond (BDD) electrode in
aqueous media of pH 2.0-12.0. The signal of the nitro
group largely depends on the pH of the indifferent elec-
trolyte, electrode pretreatment, activation between
individual scans, and boron concentration of the BDD film
electrode. In alkaline media, the four-electron reduction of
the nitro to the hydroxylamino group occurs in two sepa-
rated steps with the first one being a one electron reduction
of the nitro group to the nitro-radical anion—a mechanism
pathway previously recognized for 5-nitroquinoline at
amalgam [38] electrodes or other nitro group containing
aromatics at BDD electrodes [30]. Presence of oxygen in
the measured solutions led to slight increase of peak
heights and acceptable increase of its relative standard
deviation. The detection limit for DPV achieved using
optimized protocol, i.e. anodic pretreatment at +2.4 V for
5 min in 0.5 mol dm~* H,S0, and 20 s stirring between
individual scans assured limit of detection in the 1077
mol dm™ concentration range, which is comparable with
detection limits obtained at other solid electrode materials
(compare in Table 1) including amalgam [38] and carbon
film [44] electrodes. The nitro group reduction results in
well-developed, observable signals at BDD films with
metallic type of conductivity deposited at B/C ratio
20008000 ppm, but not using semiconductive films 500
and 1000 ppm. On the other hand, the reduction of the
quinoline skeleton close to the onset of supporting elec-
trolyte is well observable only at the 2000 ppm electrode.
This might be connected with the increasing content of sp”
impurities, existence of boron clusters [17, 50] and other
factors influencing electron transfer and processes limiting
the potential window when increasing boron-doping level.

To conclude, BDD electrodes seem to be good analyti-
cal alternative to determinations based on reduction of
aromatic nitro group. For this purpose, highly doped BDD
films are recommendable. The experimental data might be

1 "
-0,50

L . oL= P T B .
-0,75 EIv 0,00 -0,25 -0,50 -0,75 EIV
used for the development HPLC-ED method enabling

separation and detection of nitro group containing aromatic
compounds.

Experimental

Stock solution of 5-nitroquinoline (99 %, Sigma-Aldrich,
Czech Republic) was prepared by dissolving exact quantity
in deionized water for final concentration of 1 x 107°
mol dm ™. The experiments were carried out in Britton-
Robinson (BR) buffer or 0.1 mol dm ™ acetate buffer (pH
5.0) at laboratory temperature. BR buffers were prepared
by mixing a solution of phosphoric, acetic and boric acid
(concentration of each 0.04 mol dm ™, all p.a., Lach-Ner,
Czech Republic) with an appropriate amount of
0.2 mol dm™* sodium hydroxide solution. All solutions
were prepared in deionized water (Millipore, Billerica,
MA, USA). Other used chemicals were: acetic acid (Lach-
Ner, Neratovice, Czech Republic), quinoline (Merck,
Czech Republic). All measurements were performed using
computer controlled Eco-Tribo Polarograph with PolarPro
software (version 5.1, Eco-Trend Plus, Prague, Czech
Republic) in a three electrode arrangement involving
platinum wire auxiliary electrode and silver—silver chloride
reference electrode (AglAgCl. 3 mol dm™ KCI) (both
Elektrochemické detektory, Turnov, Czech Republic). As
working electrodes served boron doped diamond electrodes
with boron-doping level 500, 1000, 2000, 4000, and
8000 ppm (B/C ratio during microwave-plasma assisted
chemical vapor procedure described in [13]).Obtained
BDD films at Si wafers were placed in Teflon electrode
body constructed in our laboratory [32] with geometric
surface area of 5.72 mm’ (disk diameter 2.7 mm). If not
otherwise stated, the 4000 ppm films and 0.1 mol dm™3
acetate buffer pH 5.0 as supporting electrolyte was used.
Differential pulse voltammetry was performed using the
scan rate of 20 mV s~! with pulse amplitude —50 mV for
80 ms. Scan rate 50 mV s~ was used for DC voltammetry

@ Springer

146




Publication 7

28

J. Vosihlovi et al.

and 100 mV s™! for cyclic voltammetry, if not otherwise
stated.

The BDD electrode was pretreated in 0.5 mol dm—>
sulfuric acid for 5 min with potential + 2.4 V before the
measurement every day. During DP and DC voltammetry
was BDD electrode activated for 20 s between each scan.

The influence of boron content was tested at
500-8000 ppm electrodes after anodic pretreatment or
5 min in 0.5 mol dm™ sulfuric acid at the potential of
424V, 20 s stirring between individual voltammetric
scans was applied. All measurements were carried out at
laboratory temperature. The pH measurements were carried
out by digital pH Meter 3510 (Jenway, UK) with combined
glass electrode.

The solutions for measurements were prepared in
10 em” volumetric flasks by measuring of proper volume
of the S-nitroquinoline stock solution and filling by BR
buffer of the required pH or 0.1 mol dm™ acetate buffer
pH 5.0 up to the mark. For DPV, the peak heights (1) were
measured from the straight line connecting minima on both
sides of the peak. In DCV they were measured from the
line prolonging the voltammetric curve before the onset of
the voltammetric signal of 5-nitroquinoline.

All calibration curves were measured in triplicate. The
calibration dependences were processed using linear
regression method. For voltammetric measurements, limits
of detection (LOD) were calculated as the concentration of
the analyte, which gave the signal equal to three times the
standard deviation of peak heights estimated from ten
consecutive measurements of the lowest measurable
concentration.
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