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Abstract

In this Ph.D thesis, physical, chemical, and electrochemical properties of lab-
made boron-doped diamond electrodes (BDDE) with different boron content (B/C
ratio in gas phase during BDD film deposition) have been investigated. Scanning
electron microscopy and Raman spectroscopy were used for surface characterization
of the prepared BDD films. Electrochemical properties of the tested electrodes were
studied by electrochemical impedance spectroscopy and cyclic voltammetry of
reversible redox markers [Fe(CN)e]*~*~ and [Ru(NH3)e]**>*. Applicability of the tested
working electrodes was examined employing three various bioactive compounds —
herbicide linuron, drugs mesalazine and leucovorin. Analytical methods for the
determination of these analytes were developed at first using commercially available
BDDE. The proposed methods were subsequently applied to the analytes
determination using the investigated working electrodes. The aim was to obtain basic
statistical parameters and compare them considering the different content of boron in
material of the tested electrodes. It was proved that the B/C ratio significantly
influences the electrochemical properties of the working BDD electrodes like a width
of the potential window, size of the electrochemical active surface, rate of the charge
transfer, reversibility of the observed electrode reactions, as well as the applicability in
analysis of bioactive compounds.

Abstrakt

V réamci této disertani prace byly zkoumdny fyzikdlni, chemické a
elektrochemické vlastnosti laboratorné ptipravenych borem dopovanych diamantovych
elektrod (BDDE) s riznym obsahem boru (pomérem B/C v plynné fazi pii depozici
BDD filmu). Pro charakterizaci materidlu BDD filmi byla pouZita skenovaci
elektronovd mikroskopie a Ramanova spektroskopie. Elektrochemické vlastnosti
testovanych elektrod byly studovany s vyuZitim elektrochemické impedancni
spektroskopie a cyklické voltametrie reverzibilnich redoxnich systémii [Fe(CN)e]*4~ a
[Ru(NH3)6]**?*. Pro testovani aplika¢nich moZnosti BDDE s riiznym obsahem boru
byl pouZzit herbicid linuron, 1éCiva mesalazin a leukovorin. S vyuZitim komer¢né
dostupné BDDE byly vyvinuty metody pro stanoveni téchto biologicky aktivnich
latek, které byly poté aplikovany pfi jejich stanoveni s vyuzitim testovanych BDD
elektrod. Cilem bylo ziskdni zdkladnich statistickych parametrti a jejich porovnani



v souvislosti s obsahem boru v materidlu elektrod. Bylo zjiSténo, Ze pomér B/C
vyznamné ovliviuje elektrochemické vlastnosti testovanych BDD elektrod, jako je
napft. Sitka potencidlového okna, velikost elektrochemicky aktivniho povrchu, rychlost
pfenosu ndboje, reversibilita sledovanych elektrodovych reakci, stejn€ jako aplikaéni
moZnosti v oblasti analyzy bioaktivnich latek.
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Introduction

Electrochemical methods represent instrumental analytical methods widely used
in the analysis of a wide range of biologically significant substances and pollutants in
the environment. Electrochemical methods have many advantages, in general the low
costs of equipment, particularly fast and sensitive performance of analysis, time saving
analysis, usually undemanding samples treatment, as well as easy miniaturization and
automation.

Polarography has a long tradition in the Czech Republic. It was developed in
1922 by Czech chemist Jaroslav Heyrovsky (Figure 1A). In 1959, he received the
Nobel Prize for the invention of polarography. This method is based on measurement
of current response in dependence on potential inserted on the working electrode of the
electrochemical cell created by working, reference and usually an auxiliary electrode.
The obtained current signal corresponds with the appropriate redox reaction of the
analyte. Dropping mercury electrode (DME) is used as a working electrode in
polarography. When stationary working electrodes (e.g., hanging mercury drop
electrode (HMDE) or solid working electrodes) are used, the method is known as
voltammetry. In Figure 1B, the first polarograph constructed by Heyrovsky is shown
[1-3].

Nowadays, beside mercury, carbon or metal electrodes, various new electrode
materials or surface modifications of the existing electrodes are developed. The new
electrode materials should meet the following requirements: low noise and residual
current, a wide potential window, passivation resistance, mechanical stability,
sensitivity and selectivity. Their compatibility with the principles of “green analytical
chemistry” is also very important. Boron-doped diamond electrode (BDDE) belongs to
the perspective electrode materials with great prospects to the future.

The present work is focused on the surface characterization and study of the
electrochemical properties of BDDEs prepared under different conditions particularly
with various B/C ration in the gas phase during film deposition. Moreover, their
applicability as an analytical tool for determination of important bioactive compounds,
concretely the herbicide linuron and drugs mesalazine and leucovorin, based on their
electrochemical oxidation was investigated as well.

Figure 1: Prof. Jaroslav Heyrovsky (A) [4] and the first polarograph (B) [5].
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1. Theoretical Part

1.1 Boron-doped diamond electrode

BDDESs were introduced for electroanalytical chemistry in the early 1990s [6,
7]. The pure diamond is distinguished by outstanding mechanical and chemical
stability and it is one of the best natural insulators. For its electrochemical utilization,
it needs to be doped with the other elements, most often with boron [8, 9]. Diamond
films are created by chemical vapor deposition (CVD) with heated filaments or
microwave heating. The mixture of methane and hydrogen is usually used for diamond
film deposition and diborane or trimethylboron is added to the mixture for boron
doping process. Silicon served most commonly as a substrate for the diamond films.
By this way, the polycrystalline boron-doped diamond films are created [8, 10, 11].

In terms of electroanalytical chemistry, the wide potential window about 3 V is
the greatest advantage of BDDEs. Furthermore, these electrodes exhibit low noise.
Their working surface has a paraffinic character, so low adsorption is observed during
electroanalytical measurements; thereby the problems with passivation are minimized.
Due to the mechanical stability, BDDEs are also suitable for measurements in flow
systems [8, 9]. In general, BDDEs are most often used in the analysis of organic
compounds. Various methods have been described for the determination of
hydrocarbons and their derivatives [12], phenols [13], or nitrophenols [14]. Different
pharmaceuticals [15, 16] or pesticides [17, 18] were also analyzed. Moreover, the
surface of BDDEs can served as a suitable substrate for various modifications using
e.g., metals, carbon nanomaterials, proteins, DNA, enzymes, etc. [19-21].

Due to its unique properties, BDDE can be used in a large area of analytical
applications and it is very promising electrode material for the future. In the present
paper, the commercially available BDDE (Figure 2A) was used to study the
voltammetric behavior of the biological active compounds linuron, mesalazine, and
leucovorin, and analytical methods for their determination were developed. These
methods were also successfully applied in the analysis of natural and biological
samples as well as of pharmaceutical preparations. The major aim of this work was to
study the surface and electrochemical properties of BDDEs with various boron content
(Figure 2B) in the diamond film. Also the practical applicability of these electrodes in
analytical practice was investigated through the utilization of previously developed
methods for mentioned analytes. The obtained statistical parameters were finally
compared considering the different boron content in the electrode material.

Figure 2: Commercial available (A) and lab-made (B) BDDE.
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1.2 Studied substances

1.2.1 Linuron

Linuron (LIN, 3-(3,4-dichlorophenyl)-1-methoxy-1-methylurea, Figure 3) is a
substituted urea herbicide used to control newly emerging and germinating grasses and
broad-leafed weeds. It may be applied pre-plant, pre-emergence, post-emergence, or
post-transplant using ground equipment. It is labelled for field and storehouse usage in
crops such as soybean, cotton, corn, bean, potato, carrot, winter wheat, asparagus, and
fruit crops. LIN acts as an herbicide through the inhibition of photosynthesis. It is a
slightly toxic compound and belongs in EPA toxicity class III [22, 23].

The electrochemical determination of LIN using various types of working
electrodes has been described in [24-26] and 3-electron oxidation was identified [26].

Hsc\NJJ\H ol

HsCO

Figure 3: Structural formula of LIN [27].

1.2.2 Mesalazine

Mesalazine, also known as mesalamine or 5-aminosalicylic acid (5-ASA, 5-
amino-2-hydroxybenzoic acid, Figure 4), is well-established compound used in the
management of inflammatory bowel disease (IBD). This drug is most useful for the
treatment of mild to moderate flares of ulcerative colitis and to treat inflammation of
the digestive tract (Crohn’s disease). 5-ASA is an active moiety of sulfasalazine drug,
which is metabolized to sulfapyridine and mesalazine. 5-ASA has the advantage of
being generally well-tolerated and safe for long-term use with flexible dosing. As a
derivate of salicylic acid, 5-ASA is also an antioxidant that traps free radicals, which
are potentially damaging by products of metabolism [28-30]. According to the
literature 5-ASA acts by blocking the production of leukotrienes and prostaglandins,
inhibiting bacterial peptide-induced neutrophil chemotaxis and adenosine-induces
secretion, scavenging reactive oxygen metabolites [31].

The electrochemical determination of 5-ASA in connection with various working
electrodes and methods has been described in [32-34]. The oxidation process to
quinone-imine form via a two-electron, two-proton oxidation steps was proposed [35].

O

H,N
2 OH

OH
Figure 4: Structural formula of 5-ASA [36].



1.2.3 Leucovorin

Leucovorin (LV, 5-formyltetrahydrofolate monoglutamate, Figure 5) or folinic
acid i1s a metabolite of folic acid [37]. It is its reduced form. LV is used in the
treatment of cancer diseases, most often as an antidote to protect healthy cells from the
toxic effects antifolates which are used in high quantities during chemotherapy. It is
administrated e.g., with methotrexate to reduce its negative side effects [38] or in
combination with S-fluorouracil to enhance its effectiveness during treatment of
various serious diseases [39].

Voltammetric behavior of LV has been described on mercury [40, 41] and silver
solid amalgam electrodes [41]. In this paper, the determination of LV via its oxidation
was firstly investigated and the applicability of commercial as well as lab-made
BDDEs was studied.

OH

H
N O
N | N
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H

Figure 5: Structural formula of LV.



2. Experimental Part

2.1 Chemicals

All of the used chemicals were of p.a. purity and all solutions were prepared in
distilled water. Britton-Robinson buffer (BRB) of pH 2-12 consisting of the mixture of
acidic (0.04 mol L™ H3PO4, H3BOs, and CH3COOH, all from Ing. Petr Svec —
PENTA, Czech Republic) and alkaline component (0.2 mol L~! NaOH from Lachema,
Czech Republic) was used as a supporting electrolyte. The electrolytes based on
various concentrations of HNOs were prepared from 96% HNO; (Ing. Petr Svec —
PENTA , Czech Republic). 0.1 mol L~! KCI was prepared by dissolution of its powder
(Ing. Petr Svec — PENTA, Czech Republic). Standard solution of 1x1073 mol L™! LIN
was prepared by dissolution of LIN powder (99.7 % purity, (Sigma-Aldrich)) in 70%
acetonitrile (Ing. Petr Svec — PENTA , Czech Republic). Standard solution of
0.01 mol L=! 5-ASA was prepared by dissolution of 5-ASA powder (Sigma-Aldrich)
in 0.1 mol L™! HCI (Ing. Petr Svec - PENTA, Czech Republic). Standard solution of
1x1072 mol L™! LV (Sigma-Aldrich) was prepared by simple dissolution of its calcium
salt powder in the distilled water. All these standard solutions were stored in
refrigerator. 0.5 mol L™! H>SO4 (96 %, Lach-Ner, Czech Republic) was used for the
pretreatment of all BDDE. Stock solutions of Kj3[Fe(CNs)] and [Ru(NH3)s]Cl3
(2.5%107* mol L™!; > 99 %, Sigma-Aldrich) were prepared in 0.1 mol L~! KCI.

2.2 Instrumentation

Voltammetric measurements were carried out by computer controlled analyzer
Eco-Tribo Polarograph (Polaro-Sensors, Czech Republic) equipped by software
POLAR.PRO version 5.1 or using an Autolab potentiostat/galvanostat model PGSTAT
12 (Metrohm Autolab B. V., Netherlands) controlled by NOVA 1.11 software. The
measuring system consisted of three electrodes — BDDE as a working electrode,
saturated argentchloride reference electrode (Monokrystaly, Czech Republic), and
platinum wire (Monokrystaly, Czech Republic) as an auxiliary electrode.
Commercially available BDDE with working surface of 7.07 mm? and B/C ratio in the
gas phase of 1000 ppm (as declared by the producer) was supplied by Windsor
Scientific (UK). Tested laboratory prepared BDDEs (Slovak University of Technology
in Bratislava, Faculty of Electrical Engineering and Information Technology, Institute
of Electronics and Photonics) provided working surface of 0.43 mm? and B/C ratio in
gas phase of 1000, 2000, 4000, 8000, 10 000, and 20 000 ppm. All measurements were
carried out at laboratory temperature of 23 + 2 °C without the oxygen removing.

Electrochemical impedance spectroscopic (EIS) measurements were performed
with PGSTAT302N + FRA2 module controlled by NOVA 1.10 software (Metrohm
Autolab B. V., Netherlands). Raman spectra were measured at room temperature using
ISA Dilor-Jobin-Yvon-Spex LabRAM confocal system with 632.8 nm He-Ne laser.
SEM was carried out using JEOL JSM-7500F scanning electron microscope. Values of
pH were measured by pH-meter Accumet AB150 (Fisher Scientific, Czech Republic).

All graphical dependencies were constructed using Excel software (Microsoft,
USA). Parameters of calibration curves and confidence intervals were calculated using
OriginPro 9 software (OriginLab Corporation, USA) on the level of significance 0.05.
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Statistical parameters like limit of detection (LOD) and limit of quantification (LOQ)
were calculated from the calibration dependencies as three times and ten times,
respectively, of standard deviation of intercept divided by the slope.

2.3 Procedures

For the fabrication of tested lab-made BDDE the n-type Si(100) wafer with 2-
pm-thick SiO layer (CVD, Oxford Plasmalab 80) was used as a substrate for BDD
films deposition. First, the substrates were cleaned with isopropanol and deionized
water and subsequently seeded in the ultrasonic bath using a nanodiamond powder
<10 nm (CAS No. 7782-40-3, Sigma Aldrich) diluted in demineralized water. The
BDD films were deposited for 4 h (resulting thickness ~ 1 um) using double bias
enhanced hot filaments reactor (HF CVD) which uses heated tungsten filaments to
activate CH4 and H». B/C ratio was changed from 1000 to 20 000 ppm. All of the used
working BDDEs (the lab-made and the commercial one as well) were activated before
starting the work. The insertion of anodic potential (+3 V, 60 s) and subsequently
cathodic potential (-3 V, 300 s) in 0.5 mol L™' H»SO4 was applied before LIN and 5-
ASA analysis. The electrode thus prepared was used without further treatment and no
regeneration or activation step was inserted between the particular measurements. The
activation for LV analysis was carried out in 0.5 mol L™! H>SO4 too, but the cathodic
potential (=2 V, 60 s) was first inserted on the electrode and then anodic (+2 V, 60 s).
Subsequently, 20 cyclic voltammograms between —1 and +2 V were recorded to
ensure stabilization of the obtained signal. Besides the activation, the regeneration step
consisting of the regeneration potential (+2 V, 5s) was inserted between each scan.
This procedure led to the O-terminated electrode surface.

Cyclic voltammetry (CV) was utilized for the experiments focused on
electrochemical characterization of the tested BDDEs and for the study of
voltammetric behavior of the analyzed compounds using commercially available
BDDE as well. This electrode served also for the development of voltammetric
methods for LIN, 5-ASA, and LV determination. Proposed parameters of differential
pulse voltammetry (DPV) for the determination of LIN were following: initial
potential (Ein) +400 mV, final potential (Efin) +1600 mV, scan rate (v) 50 mV s, pulse
height +70 mV and pulse width +20 ms. Parameters of square wave voltammetry
(SWYV) for the determination of 5-ASA were following: Ei, = 0 mV, Efin = +2200 mV,
potential step 7 mV, amplitude 70 mV and frequency 25 Hz. Finally, parameters of
DPV for the determination of LV: Ej, =-700 mV, Egn=+1800 mV, v=40 mV s7!,
pulse height +50 mV and pulse width +20 ms. These methods were then applied for
measurements with tested BDDEs.

Natural water (for LIN), human urine (5-ASA), and pharmaceutical
preparations (5-ASA, LV) were analyzed as practical samples during dissertation
thesis. Natural water and urine samples were spiked with standard solutions of the
appropriate analytes to a suitable concentration and they were only diluted by
supporting electrolyte before analysis. The solutions of pharmaceutical preparations
were prepared by dissolution in the appropriate solvent (0.1 mol L=! HCI for 5-ASA
and distilled water for LV) and mixed with the electrolyte. All quantitative analyses
were performed by the standard addition method and were 5-times repeated.
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3. Results and discussion

The aim of this work was to study electrochemical properties of BDDEs with
various content of boron and comparison of their application options for the
determination of different bioactive compounds. Firstly, analytical methods for the
determination of these compounds were developed using commercially available
BDDE and subsequently were applied to the tested BDD electrodes.

3.1 Voltammetric determination of linuron, mesalazin, and leucovorin

Voltammetric behavior of LIN, 5-ASA, and LV was investigated using CV in
connection with commercially available BDDE. It was found that all tested analytes
provide oxidation signals suitable for analytical purposes. Because of the high
sensitivity, DPV and SWV were tested for the determination of the interest substances.
Final parameters of the developed voltammetric methods are summarized in
experimental part. Subsequently, a number of concentration dependences were
measured and the calculated statistical parameters, like linear dynamic range (LDR),
LOD, and LOQ, are presented in Table 1. The examples of the obtained concentration
dependences under the optimized conditions for LIN, 5-ASA, and LV are shown in
Figure 6. Finally, model solutions as well as real samples of nature waters,
pharmaceutical preparations and human urine were successfully analyzed. Also the
repeatability of measurement and determination, respectively, was verified by
calculation of the values of relative standard deviations (RSD).
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Figure 6: DP (LIN, LV) and SW (5-ASA) voltammograms of the analytes obtained under the optimized
conditions in dependence on concentration with the appropriate linear dependences of I, on ¢ (cLiy = 5.0x107°-
4.5%107 mol L7, ¢5.as4 = 2.5%1073-3.0x10~* mol L7, ¢y = 1.0x107%-1.1x107° mol L™).
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Table 1: Summary of pH values and some statistical parameters for the determination of LIN, 5-ASA, and LV

Linuron Mesalazine Leucovorin
Method DPV SWV DPV
pH BRB (pH 2) BRB (pH 7) BRB (pH 3)
LOD [mol L™'] 1.4x1077 7.0x1077 1.5x1078
LOQ [mol L™'] 4.7%x1077 2.3x107° 5.0x1078
LDR [mol L] 5.0x1077-1.2x107* 2.0x107°-3.0x107* 1.5x1077-2.5x107°
RSDs(5) [%] <1.49 <1.50 <2.57
RSDwMm(11) [%] 0.84 2.70 0.70

3.2 Surface characterization of BDDE

At first, all prepared BDDEs were examined for morphology by scanning
electron microscopy. Figure 7A shows the SEM image (45° angle view) of the
interface of deposited BDD film and the surface of silicon oxide layer on Si substrate.
All of the tested films represent continuous coatings without cracks and voids that
completely covered SiO> substrate. This compact structure will not allow the
penetration of the supporting electrolyte during the application in electroanalytical
measurements. It was found that the grain size increases with increasing B/C ratio.

The Raman spectra measured at the wavelength of 632 nm for BDD films for
individual B/C ratios are presented in Figure 7B. It shows bands characteristic for
BDD. One sharp peak at 1335 cm™ due to sp®> C—-C bonds can be observed for the un-
doped diamond film (O ppm). It implies that a high-quality diamond was deposited on
the silicon substrate. Nevertheless, this signal weakens gradually as the B/C ratio
increases. Two broad bands centered at approximately 470 and 1220 cm™' are
associated with the actual boron incorporation in the lattice. The maximum at
470 cm™' may originate from a pair of boron atoms and shifts with the increase of the
boron content to lower wavenumbers. Raman spectra exhibit also significant
maximum around 1580 cm™ corresponding to the sp? graphitic carbon bonds, which
indicate the presence of graphite like impurities at grain boundaries. The bands placed
around 520 and 960 cm™ are associated with first and second order of Si.

Intensity

= T * T T 1
1000 1200 1400 1600 1800
Raman shift

Figure 7: SEM image of the interface of the deposited BDD film and SiO; substrate (A) and Raman spectra of
BDD films with the boron content from 0 to 20 000 ppm (B).
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3.3 Electrochemical characterization of BDDE

3.3.1 Electrochemical impedance spectroscopy

The electrochemical impedance spectroscopy (EIS) is a very useful tool with
the well-established theory that describes the response of a circuit to the alternating
current/voltage as a function of the applied frequency. Different electric equivalent
circuits (EEC) can be used for modeling and characterization of surface modified
electrodes or other electrochemical systems. In our experiments EEC consisted of the
serial resistance (R1), connected to a loop with R> and a Warburg element, which takes
into consideration the diffusion phenomena. The constant phase element (CPE), which
represents contribution of capacitance, is parallel connected with R> and Warburg
element (Zyw). The scheme of the used circuit is included in Figure 8.

The electrochemical characterization of BDD films with the range of B/C
from 0 to 20 000 ppm was successfully studied over a wide frequency region in the
redox system ([Fe(CN)s]>7* in 0.1 mol L~! KCIl with utilization of EIS. For our
purposes, the method including the measurement of real and imaginary parts of
impedance concerning the physical properties was used. The Nyquist plots (Figure 8)
of the electrochemical impedance spectra were obtained at the appropriate potentials
determined from cyclic voltammograms. It can be described as semicircles near the
origin at high frequencies. Only one semicircle was recorded for each tested electrode.
This result is related to a charge transfer process at the solid/liquid interface. Also it
can be related to the incorporation of substitutional boron within the diamond lattice.
The EIS data correspond very well with the following results of CV, and are consistent
with a model describing the charge transfer at BDD surface [44]. The relationship
between impedance and rate of electron transfer were elucidated and correlate with the
range of B/C from O to 20 000 ppm. It is obvious in Figure 8 that the impedance
decreases with the increasing of boron doping level; it means the electron transfer is
much more significant with the increasing of B/C ratio. The decrease of impedance of
the analyzed electrochemical system corresponds to the decrease in resistivity of the
BDDE with the increase of boron doping level.
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Figure 8: Electrochemical impedance spectrograms for 2.5 mmol L~! [Fe(CN)g]*7*~ in 0.1 mol L™! KCl recorded

on BDDEs with the range of B/C from 0 to 20 000 ppm (inserted the detail of this graph); frequency range from
0.1 Hz to 100 kHz, signal amplitude of 10 mV.
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3.3.2 Cyclic voltammetry of redox systems [Fe(CN)s]*~4~ and [Ru(NH3)s]****

For electrochemical characterization of BDD films cyclic voltammetry (CV) of
redox systems of [Fe(CN)s]*7*~ and [Ru(NH3)s]**?>* was measured under the following
parameters: v = 100 mV s~!, potential range from —1600 mV to +1800 mV. CV of the
above mentioned redox systems was used also for the measurements of dependencies
on v (10, 20, 50, 100, 200, 300, 400, and 500 mV s7!). [Ru(NH3)s]**?* is typical
representative of redox systems provided outer sphere reactions and [Fe(CN)e]*7*
inner sphere reaction on BDD electrodes. From CV of these redox systems various
parameters like width of the potential window, reversibility of the electrode reaction,
the electrochemically active surface, and the apparent electron transfer rate constant
(k%pp) were calculated and compared.

The first step of the characterization of the tested BDDE was recording of the
width of the potential window. 0.1 mol L~! KC1 was used as a supporting electrolyte.
The border potential on the anodic and cathodic side as well was the value, when the
current reached +1500 nA. The increasing B/C ratio in the gas phase caused narrowing
of the potential window (Table 2). Moreover, the narrowing was more significant in
the cathodic region. Particularly, the width decreased of about 900 mV comparing
BDDE 1000 ppm and 20 000 ppm and the widest potential window, namely 3660 mV,
was observed for BDDE with B/C 1000 ppm.

Table 2: Potential values corresponding to the anodic (E,) and cathodic (E.) border of potential window and the
calculated total usable potential range for each particular electrode (Eio)

B/C [ppm] E.[mV] E.[mV] E [mV]

1000 +1960 -1700 3660
2000 +1760 —-1510 3270
4000 +1660 —-1430 3090
8000 +1590 —-1390 2980
10000 +1610 -1200 2810
20000 +1550 -1180 2730

Reversibility of the electrode reactions for the mentioned redox markers was
examined next. The example of the obtained cyclic voltammograms of [Fe(CN)e]*7*-
are depicted in Figure 9 and for [Ru(NH3)6]**%* in Figure 10. Considering reversibility,
it is apparent that this parameter grown with increasing boron content, which is
obvious from the increasing of the particular signals and decreasing of their potential
differences. Particular values of the anodic and cathodic peak heights (/pa and Ic), their
ratio (Ipa/Ic), and values of the anodic and cathodic peak potential (Ep. and Epc) and
their difference (AE,) are summarized in Table 3. The parameter Ipa/lpc ranged from
0.86 to 0.98 for both redox markers. The highest values limiting to the theoretical
value 1 confirming reversibility of the electrode reaction were found for BDDE with
the highest B/C (10000 ppm for both redox systems and 20000 ppm for
[Fe(CN)e]* and surprisingly for BDDE with B/C 1000 ppm. On the other hand, the
potential difference, which is the most important criteria for assessment of the
reversibility, was especially for the system Fe(CN)s]*7*~ enormous (ranged from 1406
to 491 mV) and did not limit to the theoretical value of 59 mV. Considering a
decreasing trend of the potential difference, it was again confirmed, that the
reversibility increased with the boron content and the best result, namely the lowest
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value of AE,, was obtained for BDDE with B/C 10 000 ppm. Moreover, AE, defined
for this electrode and [Ru(NH3)s]**/?* limiting to the theoretical value 59 mV, which is
typical for the one-electron reversible electrode reaction. The slight increase of AE,, for
electrode with B/C 20000 ppm may be explained by a higher content of sp?
hybridized carbon in these BDD films. The significant difference in values of AE,
between [Fe(CN)¢]>” and [Ru(NHs)e]**** may be probably due to the outer and
inner sphere nature of the used redox markers.

2000
—1000 ppm ——2000 ppm
4000 ppm ——38000 ppm
1000 | ——10 000 ppm ——20 000 ppm
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-2000 . . T
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Figure 9: Cyclic voltammograms of [Fe(CN)s]>7*~ recorded on the lab-made BDDE. Method — CV,
Eiw=Egin = —1600 mV, Egich = +1800 mV, v = 100 mV s; supporting electrolyte — 0.1 mol L~! KClI;
c([Fe(CN)s ) = 2.5x107 mol L~

2000

—1000 ppm
——2000 ppm

4000 ppm
——38000 ppm
——10 000 ppm
——20 000 ppm

I [nA]

-2000

-4000 . T T
-800 -400 0 400 800

E [mV]

Figure 10: Cyclic voltammograms of [Ru(NH3)s]**/** recorded on the lab-made BDDE. Method — CV,
Eiw=Egin = —1600 mV, Egyich = +1800 mV, v = 100 mV s!; supporting electrolyte — 0.1 mol L™! KClI;
c([Ru(NH:)s*2#) = 2.5x107 mol L.

16



Table 3: Basic parameters of cyclic voltammograms measured on all tested BDDE for redox systems
Fe(CN)¢** and Ru(NH3)6***in 0.1 mol L~! KCI

B/C [ppm]  Ipa[NA] Ipe[nA]  Lu/lpe Ep[mV] Ep [mV] AE, [mV]
[Fe(CN) >+

1000 500 =507 0.98 829 =577 1406
2000 510 =576 0.88 720 -355 1075
4000 672 -767 0.88 659 -163 822
8000 849 -947 0.89 550 -24 574
10 000 1039 -1053 0.98 545 72 473
______ 20000 694 =710 098 503 12 491
[Ru(NHy)[#2
1000 1161 —-1268 0.92 71 -167 238
2000 1226 -1389 0.88 26 -132 158
4000 1283 —1407 0.91 26 -91 117
8000 1400 -1530 0.92 4 =71 75
10 000 1560 -1612 0.97 -10 =71 61
20 000 972 -1128 0.86 8 =77 85

Electroactive area of the working electrodes (A) was calculated from the CV
voltammogram of [Fe(CN)s]*7* utilizing Randles-Sevéik equation [42] for the v of
100 mV s~!. The results are summarized in Table 4. It is evident that the active surface
increased with the boron content and the largest area was calculated for BDDE with
B/C 10 000 ppm. It could be assumed, that the higher active surface is related with the
smaller formed crystals. The significant reduction was observed for films with higher
B/C ratio, which could be again caused by the worsen quality of the film.

Table 4: Calculated values of the electrochemical active surfaces and the apparent heterogeneous electron-
transfer rate constants for all tested BDDE.

B/C [ppm] A [Fe(CN)6]>™*  kOupp [Fe(CN)6]*  k4pp [Ru(NHz)]*+2*

[mm?] [cm s7!] [cm s7!]

1000 0.25 1.8x107° 5.2x107
2000 0.26 1.2x1078 2.7x1073
4000 0.30 7.0x1077 5.5%1073
8000 0.36 9.0x1076 1.3x1072
10 000 0.60 1.1x10™ 9.7x1072
20 000 0.30 5.0x107 7.7%1073

The influence of the v was examined next. This parameter varied from 10 to
500 mV s™!. Anodic and cathodic signal increased with the scan rate but the
dependence was non-linear. On the other hand, the linearity was observed for the
dependence between peak height and the square root of the scan rate (Figure 11). This
result is typical for the diffusion controlled electrode reaction, which is common for
BDDE due to their low ability to adsorb analytes on the working surface. Very similar
outcomes were obtained for both redox systems.

Finally, the attention in the electrochemical characterization was focused on the
influence of scan rate and square root of the scan rate, respectively, on the value of
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AE, and calculation of the apparent heterogeneous electron transfer rate constants
(k%pp) employing the Nicholson approach [43]. It was proved, that the most
differentiated signals were recorded on BDDE with B/C 1000 ppm and the difference
decreased with increasing B/C. The lowest values were determined for BDDE with the
highest B/C. Values of k%, were calculated for v =100 mV s!. It is obvious (Table
4), that k%pp increased with growing B/C in the gas phase. It can be concluded, that
higher k%pp indicated faster heterogeneous electron transfer and confirmed favorable
electrochemical properties of the working electrodes. Thus, the electrodes of the best
electrochemical features can be assumed for BDDE with higher B/C in the gas phase,
namely 10 000 ppm.

3000
[Fe(CN)s]>4-
1500 -
<é V12 [mV12 57112
= 0 :
£ ] 13 23
-1500 H
©1000 ppm 4 2000 ppm
= 4000 ppm = 8000 ppm
= 10 000 ppm 20 000 ppm
-3000
4000
[Rll(NH3) 6]3+/2+
2000 -
E . V12 [mV12 57112
£ 13 8
-2000 -
01000 ppm 42000 ppm
®4000 ppm = 8000 ppm
10 000 20 000
-4000 - il uall

Figure 11: Dependences of Iy, c on v'2 for 2,5x107> mol L~! [Fe(CN)s]*”*~ and [Ru(NH3)s]**** obtained with
tested BDDEs. Method — CV, electrolyte — KC1 (0,1 mol L™!), Ein=—1600 mV, Esyich =+1800 mV, v = 10-
500 mV s~
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3.4 Applicability of BDDE with various B/C ratio in the analysis of
bioactive compounds

The target of this work, beside the electrochemical characterization of the lab-
made BDDE, was examination and assessment of their analytical utilization for LIN,
5-ASA, and LV determination. DP voltammograms in presence of 5x107% mol L' LIN
and 5x107% mol L' LV, and SW voltammogram in presence of 5x107> mol L' 5-ASA
were recorded using all tested electrodes and the values of I, were evaluated. The
obtained dependencies of I, on B/C are shown in Figure 12. It is evident, that the I,
increased with increasing B/C up to 10 000 ppm for all tested substances. For 5-ASA
and LV an [, increases also between 10 000 and 20 000 ppm, but the growth in the
current response does not match to the increase of boron content in the BDD film. In
case of LIN, I, significantly decreases between 10 000 and 20 000 ppm. It could be
concluded, that electrode with B/C 10 000 ppm provided comparable or even better
electrochemical properties than BDDE with B/C 20 000 ppm and increasing of the
B/C did not lead to improving of the electrode's features.
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Figure 12: The dependencies of analytes I, on the B/C ratio obtained using tested BDDEs (5x107 mol L™! 5-
ASA (A), 5%x107° mol L™! LIN (B), 51076 mol L™! LV (C)). Method: DPV, BRB (pH 2), Ei, = +400 mV,
Efin = +2000 mV, v = 50 mV s, pulse height = 70 mV, pulse width = 20 ms (LIN); SWV, BRB (pH 7),

Ein=0mV, Efi =+1800 mV, A = 70 mV, f = 25 Hz (5-ASA); DPV, BRB (pH 3), Ein = =700 mV,
Efin = +1800 mV, v = 40 mV s, pulse height = 50 mV, pulse width = 20 ms (LV).

After that, series of concentration dependencies were measured for all tested
analytes on all of the tested electrodes to obtain statistical parameters like LDR, LOD,
LOQ, or RSD of repeated measurements (n = 11)). Examples of the obtained
concentration dependences for LIN in the range from 2,50x107% to 2,25x107 mol L,
for 5-ASA from 5,0x107 to 4,5%10™* mol L™!, and for LV from 1,0x10™° to
1,8x107°> mol L™! are illustrated in Figures 13-15. In the inset of these Figures,
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voltammetric curves obtained using BDDE (10 000 ppm) corresponding with the
appropriate dependence are placed. It is evident from figures that the peak heights
increased linearly with LIN, 5-ASA, and LV concentration. The value of slope
increases for all analytes with increasing B/C ration, but in case of LIN and LV the
slope decrease for BDDE (20 000 ppm). Calculated statistical parameters are
summarized for LIN in Table 5, 5-ASA in Table 6, and LV in Table 7. Very good
results were, as it was expected, obtained for electrodes with higher content of boron
(8000 and 10 000 ppm) and surprisingly also for electrode with B/C 1000 ppm. In the
case of BDDE with B/C 20 000 ppm, the deterioration of monitoring parameters was
observed.

250
400
330 10 000 ppm A
200 - g 260 TCLIN
= 190
120 m 1000 ppm
150 4 50 - ; . ®2000 ppm
2‘ 1000 1200 1400 1600
£, E [mV] A 4000 ppm
~ % 8000 ppm
100 -
*10 000 ppm
©20 000 ppm
50 -
0 T T T T T
0 5 10 15 20 25 30
¢ [umol L]

Figure 13: Linear concentration dependencies of LIN in range 2.50x1075-2.25x1075 mol L~! obtained on the
lab-made BDDEs with B/C 1000-20 000 ppm (A), example of voltammetric curves of LIN recorded on BDDE
with B/C 10 000 ppm (B). Method — DPV, BRB (pH 2), Ein = +400 mV, Eg, = +2000 mV, v = 50 mV s7!, pulse

height = 70 mV, pulse width = 20 ms.

Table S: Statistical parameters of LIN determination obtained with all particular BDDEs, DPV, BRB (pH 2),
Ein = +400 mV, Ep, = 42000 mV, v =50 mV s~!, pulse height = 70 mV, pulse width = 20 ms.

B/C LDR LOD LOQ  RSDw(11)
[ppm] [mol L] [mol L]  [mol L] [%]
1000 2.5%1077-2.5x107 1.1x1077 3.5x1077 1.2
2000 1.0x107%-2.5%107 4.0x1077 1.3x107°° 2.9
4000 1.0x107°-3.0x1073 3.1x1077 1.0x107° 1.6
8000 5.0x1077-7.0x107 6.2x1078 2.1x1077 0.4

10 000 5.0x1077-9.0x107 1.8x1077 6.1x1077 0.3

20 000 1.5%1070-8.0x107> 2.9%1077 9.5%1077 3.8
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Figure 14: Linear concentration dependencies of 5-ASA in range 5.0x107°-4.5x107* mol L~! obtained on the
lab-made BDDEs with B/C 1000-20 000 ppm (A), example of voltammetric curves of 5-ASA recorded on
BDDE with B/C 10 000 ppm (B). Method — SWV, BRB (pH 7), Ein = 0 mV, Ef, = +1800 mV, A =70 mV,

f=25Hz.
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Figure 15: Linear concentration dependencies of LV in range 1.0x107%-1.8x10~ mol L' obtained on the lab-
made BDDEs with B/C 1000-20 000 ppm (A), example of voltammetric curves of LV recorded on BDDE with
B/C 10 000 ppm (B). Method — DPV, BRB (pH 3), Ein = =700 mV, Eg, = +1800 mV, v =40 mV s, pulse
height = 50 mV, pulse width = 20 ms.
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Table 6: Statistical parameters of 5-ASA determination obtained with all particular BDDEs, SWV, BRB (pH 7),

En=0mV, E =+1800 mV, A =70 mV, f= 25 Hz.

B/C LDR LOD  LOQ RSDw(ll)
[ppm] [mol L] [mol L] [mol L] [%]
1000 2.0x107%-7.0x10~* 6.3x1077  2.1x107° 1.7
2000 1.0x107-9.0x10~* 3.8x10°° 1.3x107° 0.8
4000 2.5%1073-7.0x10~* 3.7x10°%  1.2x107 1.2
8000 5.0x1070-9.0x10~* 1.8x10° 5.6x107° 1.1

10 000 2.5%x107%-1.0x1073 1.1x10°°  3.7x107° 1.3

20 000 8.0x1073-1.0x1073 3.1x10°°  1.1x107° 4.3

Table 7: Statistical parameters of LV determination obtained with all particular BDDEs, DPV, BRB (pH 3),
Ein=-700 mV, Ep, = +1800 mV, v =40 mV s7!, pulse height = 50 mV, pulse width = 20 ms.

B/C LDR LOD  LOQ RSDw(11)
[ppm] [mol L] [mol L] [mol L] [%]
1000 2.5%x1077-2.5x107> 6.7x1078  2.2x1077 2.0
2000 1.0x1070-3.0x107> 3.6x1077  1.2x10°° 1.7
4000 5.0x1077-3.0x107> 1.2x1077  3.7x1077 1.9
8000 5.0x1077-3.5x107> 9.0x10°% 3.0x1077 3.4

10 000 5.0x1077-5.0x107> 1.0x1077  3.4x1077 1.1

20 000 2.0x107%-4.0x107> 4.2x1077  1.4x107° 0.8

Finally, repeatability of the LIN, 5-ASA, and LV determination were studied
using always two model solutions for all of the examined electrodes. The standard
addition method was employed for this experiment and 2 standard additions were
added at least. Every determination was 5 times repeated and RSD of 5 repeated
determinations (n = 5) were calculated. It was found that all of the obtained results
were correct and repeatable. RSDp(5) did not exceed 4 % for LIN, 5-ASA, and LV
and for all tested lab-made BDDE. Only the analyte concentrations for some of the
tested electrodes should be increased due to worse obtained statistical parameters,
namely higher LOD and LOQ), respectively.
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Conclusion

The presented work summarizes the results of the extensive study focused on
physical, chemical, and electrochemical properties of BDDE prepared by CVD with
heated filaments in dependence on the boron doping level. SEM and Raman
spectroscopy were used for the surface characterization, subsequently EIS and CV of
redox systems [Fe(CN)e]*~~ and [Ru(NH3)s]**?* were applied for the investigation of
the electrochemical properties of the tested electrodes. Finally, the voltammetric
behavior of the herbicide linuron and drugs mesalazine and leucovorin on
commercially supplied and lab-made BDDEs was studied based on their
electrochemical oxidation.

It was found that boron doping level strongly influenced the features of the
working electrodes, namely the width of the potential window, reversibility of the
electrode reaction, height of the background, and the ratio of signal to noise. The best
results were obtained for electrodes with higher (not the highest) B/C in the gas phase,
specifically 10 000 ppm. Surprisingly very good results in analytical application were
obtained also for BDDE with B/C 1000 ppm despite poor results dealing with its
electrochemical properties. It can be given by low background and high ration of
signal to noise in case of this electrode, and especially by very good linearity of
concentration dependencies.
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