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Abstract

This present work describes an optimized electrochemical sensor made of a carbon
electrode modified with TiO, nanoparticles, which was used for the electrochemical
characterization of polyphenols in natural wine. The aim of this study is to investigate the
influence of specific binders and nanoparticles on the physicochemical and electro-
chemical properties of modified carbon electrodes. The imaging techniques (scanning
electron microscopy with energy dispersive X-ray spectroscopy, atomic force microscopy)
showed that the electrode material becomes denser with a higher binder content and that
TiO> nanoparticles are almost evenly distributed despite the manual preparation of the
carbon paste. The results show that the modified carbon paste with 40 vol.% paraffin oil
and 8 wt.% TiO2 nanoparticles has the lowest surface roughness, anodic current and
electroactive surface area, which is consistent with the reported lowest resistance, as well
as the highest degree of reversibility compared to the standard reversible redox system
([Fe(CN)s]?*7*-) within the electrode material.

Keywords
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Introduction

Amperometric sensors based on carbon paste modified with TiO, nanoparticles have found wide
application in the electroanalysis of various biologically derived substances, pharmaceutical
compounds, and environmental pollutants [1]. Previous studies have shown that carbon paste
electrodes modified with TiO, nanoparticles are characterized by good sensitivity, selectivity,
reproducibility, and repeatability, along with a low detection limit for analytes [2].
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The practical application of carbon electrodes modified with TiO, particles for electroanalytical
purposes significantly depends on the physicochemical and electrochemical properties of the elec-
trode paste. Morphological and topographical characteristics of the electrode surface are classified as
physicochemical features of the sensor, which have a significant influence on the properties of the
electrode material [3-5].

Spatial distribution of the modifier, surface roughness of the electrode, interactions between the
carbon material, binder, and nanoparticles, as well as the type of crystalline structure of TiO,
nanoparticles, are among the topographical and morphological features that impact the
electrochemical properties of the carbon electrode modified with TiO, nanoparticles.

A carbon electrode modified with Ru-doped TiO, nanoparticles used for the determination of
clozapine exhibited better electrochemical characteristics compared to an unmodified electrode. AFM
topographical analysis of the modified carbon electrode indicates an increase in surface roughness
due to the presence of modifier particles on the electrode surface [6]. Rajawat et al. [7] demonstrated
that the presence of a modifier (coconut shell powder) affects the morphological characteristics of the
electrode surface made up of graphite powder and mineral oil, leading to increased roughness.
Research by Liu et al. [8] highlighted the influence of the crystallographic orientation of the modifier,
BiVO, nanoparticles, on the electrochemical characteristics of the modified electrode. The increase in
the intensity of the anodic current peak during the electrooxidation of azithromycin on an electrode
modified with TiO, nanoparticles of a tetragonal (rutile) structure was attributed by Sopaj et al. [9] to
an increase in the electroactive surface area. This was a consequence of the modifier's nanoparticles,
which caused increased roughness. Dobrescu et al. [10], applying fractal theory, showed that the
presence of a composite modifier, ionic liquid/AuTiO,/graphene oxide, affects the surface
characteristics of the electrode material. The impact on the geometric shape of the surface and the
size of the active area manifested through a more pronounced anodic current peak [10].

In addition to the type and size of the carbon material, the size and content of the modifier, i.e.
nanoparticles, the type and content of the binder and the preparation method also significantly
influence the morphological and topographical characteristics of the electrode surface [11-14]. In
previous studies, the most commonly used binders were chemically inert and insoluble substances
in the analysed solution, such as paraffin oil (PO), aliphatic and aromatic hydrocarbons, silicone oil,
silicone grease, halogenated hydrocarbons, diphenyl ether, glycerol, castor oil, petroleum jelly, ionic
liquids, and carbon-based ionic liquids. Research has also been conducted with chemically active
binders (tricresyl phosphate (TCP), dioctyl phthalate (DOP), diisononyl phthalate (DINP) which can
also be electroactive, such as a mixture of 3-methylphenyl bis(4-methylphenyl) phosphate, bis(3-
methylphenyl) 4-methylphenyl phosphate, and tris(3-methylphenyl) phosphate (TCP) [15]. Baez et
al. [16] observed a significant influence of binder material on the electrochemical characteristics of
carbon electrodes. A comparison of electrode materials prepared using mineral oil and ionic liquids
derived from N-substituted octyl pyridinium bis(trifluoromethylsulfonyl)imide with various substi-
tuents showed that electrode material with ionic liquids exhibited a larger electroactive surface
area. The pronounced capacitive currents were attributed to increased surface roughness [16].
Vatamanu et al. [3], using molecular dynamics simulations, demonstrated the influence of electrode
surface topography on the structure of the electric double layer and differential capacitance at the
graphite-ionic liquid interface. A comparison of carbon electrodes modified with TiO, nanoparticles
using paraffin oil, tricresyl phosphate, and a mixture of these binders revealed varying degrees of
uniformity in the spatial distribution of nanoparticles on the electrode material's surface, as well as
differences in the number and size of nanoparticle agglomerates. The number and size of the
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agglomerates were influenced by the intensity of interactions between TiO, particles, graphite, and
the binder, as well as the physicochemical properties of the binder [17].

The aim of this study is to investigate the influence of specific binders and nanoparticles on the
physicochemical and electrochemical properties of carbon electrodes/TiO; nanoparticles (np-TiO3).
The multimetodological approach using scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS), atomic force microscopy (AFM), Fourier transform infrared spectroscopy
(FTIR) and cyclic voltammetry (CV) will provide important data to determine the optimal composition
of the modified carbon electrode that we used in our previous study to characterize polyphenols in
wine [18]. Based on the previous study, the electrode material containing 8 wt.% TiO2 nanoparticles
and 40 vol.% binder showed the best electrochemical properties [17].

Experimental

Chemicals

The following materials were used to prepare the unmodified and modified electrode paste:
extra-pure graphite powder with a particle size <50 um (CAS number 7782-42-5, Merck, Germany),
diethyl ether p.a. (Lachner, Czech Republic), paraffin oil (CAS number 8042-47-5, Merck, Germany),
a reaction mixture of 3-methylphenyl bis(4-methylphenyl) phosphate, bis(3-methylphenyl)-4-me-
thylphenyl phosphate and tris(3-methylphenyl) phosphate (tricresyl phosphate) (CAS number 1330-
-78-5, Merck, Germany) and TiO, nanoparticles. The TiO, nanoparticles, which are commercially
known as AEROXIDE® TiO,P (Evonik Industries AG, Germany), have a size of 10-50 nm and are predo-
minantly distributed between 15 and 25 nm [19]. Distilled water with a conductivity of 4 mS m™ was
used to prepare the solution. Potassium hexacyanoferrate (ll), Kis[Fe(CN)e]x3H,0 p.a. (Kemika,
Croatia) and potassium chloride KCl p.a. (Kemika, Croatia) were used to prepare the working
electrolyte solution for cyclic voltammetry.

Preparation of unmodified and modified carbon paste

The modified carbon paste was prepared by dispersing a mixture of graphite powder (4.6 g) and
np-TiO, (0.4 g) in 50 mL of diethyl ether with constant stirring and heating to 40 °C. The solvent was
then evaporated. After evaporation of the diethyl ether, the graphite powder (3 g) with dispersed TiO,
particles was mixed with: a) paraffin oil (PO, 1.09 mL), b) a reaction mixture of 3-methylphenyl bis(4-
-methylphenyl)phosphate, bis(3-methylphenyl)4-methylphenyl phosphate, and tris(3-methylphe-
nyl)phosphate (tricresyl phosphate, TCP, 1.09 mL) and c) a mixture of paraffin oil (0.5 mL) and tricresyl
phosphate (0.5 mL) (POTCP). Homogenization was performed by manual mixing in a ceramic dish
according to the procedure described in the literature [20]. The prepared modified carbon paste was
stored in a sealed plastic container at room temperature and used 24 h after preparation. The pre-
paration procedure of the unmodified paste was carried out in the same way without adding np-TiO,.

Surface characterization of the unmodified and modified carbon paste

The surface characterization of the electrode was performed using SEM-EDS and AFM. An SEM
instrument (Quanta 250 FEG, FEI, USA) equipped with a low vacuum secondary electron detector (LFD)
and a backscatter electron detector (BSED) was used. The chemical analysis and mapping of the
chemical elements present on the surface of the tested materials was carried out using SEM-EDS
(Pentafet detector, Oxford), measuring four points for each sample. The size of each analysed spot
was 5 nm on a sample surface of 3.7x3.2 mm. For sample preparation, a thin layer of the sample
was applied to a sample holder, which was then positioned for imaging.
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Atomic force microscopy (AFM) was performed using a Multimode scanning probe microscope
equipped with a Nanoscope llla controller (Bruker, Billerica, USA) and a 125 um vertical engagement
(JV) scanner. Topographic images were acquired in contact mode with silicon nitride scanning probes
(DNP, Bruker, nominal frequency 18 kHz, spring constant 0.06 N m). Measurements were performed
in air, at room temperature and 50 to 60 % humidity. During imaging, the applied force was kept as
low as possible to avoid possible damage to the sample. The imaging rate was kept between 1 and
2 Hz per line and at a resolution of 512x512. All images represent the raw data, except for the two-
dimensional flattening to reduce the hysteresis effect of the scanner. The images were analysed using
the NanoScopeTM software (Digital Instruments, version V614rl). Topographical images of the
surfaces and images of the deflection deviations were recorded. The topographic images provide
height data and are used to determine the surface roughness, Ra. The roughness is the arithmetic
mean of the absolute values of the surface height deviations (z) measured relative to the central
position of the plane. The roughness was determined on a homogeneous square (2x2 um) part of the
sample surface. A 3D view of the surface was also displayed with the appropriate software. The sample
was prepared for AFM imaging by homogenizing the carbon paste in a ceramic dish prior to imaging.
The sample was placed directly on a double-sided adhesive tape attached to a metal disk with an area
of 1.76 cm?. On one side, the adhesive tape was stuck to the metal disk, while on the other side, the
carbon paste was applied with a metal spatula. The excess paste was removed with a spatula until a
thin paste surface suitable for imaging was obtained.

Physicochemical characterization of the electrode

The composition of the tested electrode pastes was analysed by FTIR with a Fourier transform
infrared spectrometer (IR Spirit T with ATR component, Shimadzu, Japan) in the wavelength range
of 400 to 4000 cm™. The FTIR spectra of unmodified and modified carbon pastes were compared.
The FTIR results were analysed using the SpectraGryph 1.2 application software. Sample preparation
involved dissolving the tested carbon pastes by adding chloroform. The dissolved samples were then
transferred in liquid form to a sodium chloride plate using a dropper. Another plate was placed over
the first to spread the liquid into a thin film. The prepared sample was then placed in the sample
holder of the spectrometer for analysis.

Electrochemical characterization of the working electrode

Cyclic voltammetry (CV) measurements were performed using a potentiostat/galvanostat (PAR
273A, Princeton Applied Research, USA) with a 50 cm? electrochemical cell consisting of the working
electrode (modified carbon paste electrode), a reference electrode (Ag/AgCl/3.5 M KCl), a counter
electrode (Pt plate, surface area 2.4 cm?) and the working electrolyte 0.01 M K4[Fe(CN)s]*x3H,0 (a
standard electrolyte with a reversible single-electron reaction). A 0.1 M KCl solution was used as the
supporting electrolyte.

The measurements were carried out in the voltage range from 0.0 to 1.0 V at a scan rate of
50 mV s. The experiments were carried out without stirring at room temperature (23+1 °C) with
three consecutive measurements. Cyclic voltammograms were analysed using Powersuite 2.40
software (Informer Technologies, Inc.). All potentials are given relative to the reference electrode. The
electrochemically active surface of the electrode was determined on the basis of the Randles-Sev¢ik
Equation (1) [21]:

lp,a = 2.69x10°232ADoY2v ¢ (1)
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where Do / cm?s?is the diffusion coefficient, v/ V s1is the scan rate, co / mol cm™3 is the concentration
of electroactive species, z is the number of electrons transferred and A / cm? is the electroactive surface
area.

Results and discussion

Physicochemical characteristics of the modified carbon paste

The morphological characteristics of the unmodified and modified carbon electrode surfaces
were investigated using SEM. The SEM images of the surfaces of the unmodified and modified
carbon pastes were taken with a low vacuum secondary electron detector (LFD) at a magnification
of 800x (Figure 1).

Figure 1. SEM images of the surfaces of unmodified carbon pastes with (a) 40 vol.% PO, (b) 40 vol.% TCP and
(c) 40 vol.% POTCP (ratio of PO to TCP 1:1) as binder and the modified carbon paste with 8 wt.% TiO,
nanoparticles and (d) 40 vol.% PO, (e) 40 vol.% TCP and (f) 40 vol.% POTCP (ratio of PO to TCP 1:1) as binder.
The images were taken in LFD mode

It can be observed that the electrode material with PO (Figure 1a, 1d) has a more pronounced geo-
metric structure of the graphite particles than the electrode material with TCP and the POTCP (Figures
1b, 1c, 1e, 1f). Figure 2 shows SEM images of the surfaces of the unmodified and modified carbon
paste compositions taken with a backscattered electron detector (BSED) at a magnification of 800x.

A comparison of the SEM images of the modified carbon pastes with PO and TCP shows that the
surface with PO has a more uniform distribution of graphite particles, while the surface with TCP is
characterized by a compact structure with the presence of larger graphite particle agglomerates.
SEM-EDS was used to analyse the composition and elemental distribution of the electrode material.
Figure 3 shows the position and ratio of the elements at the examined points of the electrode
surfaces with different binders.

The analysis of the chemical composition of the surface of the electrode revealed that the paste is
inhomogeneous, with uneven distribution of carbon, titanium and other elements (such as iron, phos-
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phorus or calcium), regardless of the type of binder material. The inhomogeneous chemical compo-
sition of the surface of the electrode and the presence of other atomic species (calcium, iron, oxygen)
are attributed to the method of manufacturing the electrode material and traces of impurities [22].

Figure 2. SEM images of the surfaces of unmodified carbon pastes with (a) 40 vol.% PO, (b) 40 vol.% TCP and
(c) 40 vol.% POTCP (ratio of PO to TCP 1:1) as binder and the modified carbon paste with 8 wt.% TiO>
nanoparticles and (d) 40 vol.% PO, (e) 40 vol.% TCP and (f) 40 vol.% POTCP (ratio of PO to TCP 1:1) as binder.

The images were taken in BSED mode
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The influence of the binder in the electrode material on the spatial distribution of TiO, nanopar-
ticles on the electrode surface was analysed by mapping the nanoparticles on the surface (Figure 4).

100pm
Figure 4. Spatial maps of Ti distribution on the surfaces of modified carbon pastes containing
8 wt. % np TiO; and 40 vol.% (a) PO, (b) TCP and (c) POTCP (ratio of PO to TCP 1:1)

The formation of TiO, nanoparticle agglomerates is observed in carbon pastes with PO and TCP
binders. In the paste with POTCP, the formation of a larger number of uniform agglomerates with a
similar shape in size between about 2.5 and 12.5 um, which are relatively evenly distributed, is
characteristic. It can be assumed that the number and size of the agglomerates depend on the
intensity of the interactions between TiO, particles and graphite with the binder as well as on the
physical and chemical properties of the binder. In addition, the formation of agglomerated particles
leads to a reduction in the active surface area of the modifier. Radoman et al. showed that added
TiO, nanoparticles dispersed in alkyd resin form agglomerates due to the large specific surface area
of the modifier, which increases the intensity of the interactions between the particles [23].

The topographic features of the unmodified carbon paste electrode with the binders PO, TCP and
POTCP and the modified electrode after the addition of TiO, nanoparticles were analysed by AFM
and are shown in Figure 5.

The deflection images of the modified carbon paste with PO binder and TiO, nanoparticles show
a moderately granular structure on the surface (Figure 5d) compared to the unmodified carbon
paste with PO binder only (Figure 5a). The height profile (not shown here) of these images mainly
shows grooves 10 to 40 nm deep, so that the surface can be regarded as almost planar.
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T0pm 1.0 um Zomm
Figure 5. Deflection images of the unmodified carbon paste with (a) 40 vol.% PO, (b) 40 vol.% TCP,
(c) 40 vol.% POTCP (ratio of PO to TCP 1:1) as binder and the modified carbon paste with 8 wt.% TiO>
nanoparticles and (d) 40 vol.% PO, (e) 40 vol.% TCP and (f) 40 vol.% POTCP (ratio of PO to TCP 1:1) as binder

a b

708.6 nm
0.0nm |

5pm

5 um

Figure 6. 3D view of the surface topography of the carbon paste modified with 8 wt.% np TiO; and
(a) 40 vol.% PO (scan size 5x5 um, vertical scale 247 nm); (b) 40 vol.% TCP (scan size 5x5 um, vertical scale
708.6 nm) and (c) 40 vol.% POTCP (ratio of PO to TCP 1:1) (scan size 10x10 um, vertical scale 2.5 um)
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The surface roughness determined on the modified carbon paste with PO binder is 38 nm, for
TCP binder 130 nm and POTCP binder 116 nm. For the binders TCP and POTCP (Figures 5e and 5f),
however, the surface structure shown is not planar, but consists of large graphite particles or
agglomerates. These particles appear less well bonded to the rest of the matrix.

The surface of the modified carbon paste electrode with the TiO; nanoparticles and TCP binder
has a layered structure. The graphite particles are characterized by sharp edges, relatively deep
grooves (approx. 700 nm) and a layered structure (Figure 6b). The corresponding surface structures
have a height of less than 1 um. The modified carbon paste with the TiO, nanoparticles and the
binder POTCP shows similar results to the carbon paste electrode modified with TCP. The graphite
particles imaged with AFM (Figures 6b, 6¢) show a similar structure to those imaged with SEM
(Figures 1e, 1f).

The chemical characterization of the electrode material surface was performed using FTIR. FTIR
spectra of the unmodified carbon paste (CPE, 40 vol.% PO, TCP, POTCP) and the modified carbon
paste (MCPE) with TiO, nanoparticles (8 wt.% TiO,) are shown in Figure 7.
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Figure 7. FTIR spectra of the surfaces of unmodified (CPE) and modified carbon pastes (MCPE) with 8 wt.%
np TiO; and 40 vol.% of (a) PO, (b) TCP and, (c) POTCP (ratio of PO to TCP 1:1)

In the FTIR spectrum of the modified carbon paste with the TiO2 nanoparticles and PO binder
(Figure 7a), three characteristic C-H bands can be observed in the range of 2800-3000 cm™. Two
additional characteristic bands at 1375 and 1456 cm™ can also be attributed to C-H bonds [24].
Bands appearing above 3000 cm™ and around 1630 cm™ indicate the presence of water. The FTIR
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spectrum of the modified carbon electrode with TCP (Figure 7b) clearly shows only the characteristic
band sequence for TCP [25]. In the FTIR spectra of the carbon electrodes modified with TCP and
POTCP, a broad peak in the range of 400-800 cm™ can also be observed, which can be attributed to
Ti-O-Ti bending vibrations [26]. Furthermore, no additional peaks were detected in the FTIR spectra
of the tested electrode materials, indicating that there are no chemical bonds between the
individual components of the electrode material.

Electrochemical characteristics of the modified carbon electrode

The electrochemical response of carbon electrodes modified with TiO, nanoparticles of the
selected composition is shown in Figure 8.

500.0 -
350.0 -
200.0 - h
<
3 50.0 -
~
-100.0 4
—8% npTiO,, 40 % PO
-250.0 - —8 % np TiO,, 40 % TCP
8 % np TiOz, 40 % POTCP
-400.0 4 \ T
0 0.3 0.6 0.9
E/V

Figure 8. Cyclic voltammograms recorded on carbon paste electrode modified with 8 wt.% np TiO, and
40 vol.% PO, TCP and POTCP (ratio of PO to TCP 1:1) in 0.1 M KCl containing 0.01 M Ks[Fe(CN)]sx3H>0
electrolyte

Cyclic voltammograms recorded with modified carbon electrodes with TiO2 np and the binders
PO, TCP and POTCP show clearly defined anodic current peaks. The highest anodic current intensity
was observed for the electrode material with TCP, while the electrode with PO showed the lowest
current intensity.

Based on the cyclic voltammograms, the electroactive surface area was determined using the
Randles-Sev¢ik equation. The relative electroactive surfaces of the tested electrode materials with
PO, POTCP and TCP areinaratioof 1:1.6:2.3.

The tested binders showed no significant influence on the morphological characteristics of the
surface of the electrode material, in contrast to the topographical characteristics. The analysis of
the topographical characteristics as a function of the binder used shows a greater surface roughness
for the electrode material with TCP (R, = 130 nm) compared to the materials with PO (Ra = 38 nm)
and POTCP (R. = 116 nm). The increase or decrease in surface roughness may be caused by the
presence of agglomerates formed during the preparation of the modified electrode paste or by the
formation of nanoparticle agglomerates within the electrode material mass.

Araujo et al. have shown that the addition of a colloidal solution of Au nanoparticles to a carbon
paste consisting of graphite powder and mineral oil leads to the formation of Au nanoparticle
agglomerates [27].
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On the other hand, how the modified carbon paste is prepared influences the formation of
agglomerates of different sizes. Melcher et al. have shown the dependence of the TiO, agglomerate
size on the preparation method and its duration [28].

It can be assumed that, in addition to the preparation method, adhesion forces between carbon,
nanoparticles and binders also contribute to the formation of carbon and nanoparticle agglomerates
of different sizes, which influence the surface roughness [29].

The surface of the electrode paste with PO has both the lowest roughness values and the least
pronounced anodic current peak as well as the smallest electroactive surface area (0.13 cm?). The
voltammograms show the most pronounced anodic current peak for the electrode paste with TCP,
which is characterized by the largest electroactive surface area (0.30 cm?). For the electrode paste
with POTCP, the electroactive surface area is 0.20 cm?. The observed changes in the roughness
values for the modified carbon pastes tested are, therefore, consistent with the results of cyclic
voltammetry and the values of the electrochemically active surface area. Furthermore, these results
are consistent with the lowest resistance and the highest degree of reversibility compared to the
reversible standard redox system ([Fe(CN)]37/#) of the modified carbon electrodes tested [17].

In previous studies, AFM results showed an increase in roughness after the addition of Ru-doped
TiO, nanoparticles to the carbon paste (graphite powder and mineral oil in a ratio of 7:3), resulting
in a larger electroactive surface area and a more intense anodic current response [30].

In addition, a pronounced presence of the capacitive current component can be observed in the
cyclic voltammogram recorded with the modified carbon electrode with TCP. A pronounced presence
of the capacitive current in this electrode composition can be attributed to the electrochemical activity
of TCP [31]. TCP is easily subject to protonation with hydrogen ions according to Equation (2):

(C7H70)3P=0 + H* = [(C7H70)3P=0OH]* (2)

Since TCP is embedded in the cathode material, it can be assumed that the reduction of the
protonated form of TCP takes place and masks the signal resulting from the reduction of potassium
ions [32]. Protonation of TCP resulted in the form of a cation that has the ability to form an ion pair
with [Fe(CN)s]* anion [33] in accordance with Equation (3):

[(C7H70)3P=0H]* + [Fe(CN)s]* > [(C7H70)3P=0H]* [Fe(CN)e]* (3)

It can be assumed that the resulting accumulation of [Fe(CN)g]* ions hinders the reduction of K*.

Further investigation is required to clearly define the extent to which the effects of surface
roughness and the capacitive current component influence the electrochemical response of the
modified carbon electrode. The FTIR spectra indicate that no chemical bonds were formed between
the individual components of the electrode material.

The optimized composition of the modified carbon-based electrode with TiO, nanoparticles was
tested on a series of model phenols and natural wine samples, which is described in more detail in
the reference [18].

Conclusions

Based on the results presented, it is clear that the use of the tested binders primarily influences
the topographical characteristics of the surface of the electrode material, which in turn influences
the electrochemical properties of the electrode material. In addition to the method used to produce
TiO, nanoparticles, the nature of the binder also plays an important role in influencing the roughness
of the electrode surface. These results underline the need to investigate the topographical charac-
teristics when developing electrode materials from modified carbon paste.
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