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Abstract: AbstractVarious forms of zinc oxide (ZnO) are frequently used in the design of optical
and electrochemical sensors. However, the optical and electrochemical properties of ZnO should
be properly adjusted depending on the application area. Therefore, in this work, we have investi-
gated changing/tuning the properties of ZnO by depositing a layer of polydopamine (PDA) on its
surface. In order to perform this investigation, the surface of fluorine-doped tin oxide (FTO) was
modified with the layer of ZnO nanorods and PDA. ZnO nanorods were synthesized by hydrothermal
synthesis technique, and after the synthesis, they were coated with polydopamine exploiting the
self-polymerization of dopamine. The nanostructures were investigated by using electrochemical and
optical methods. Electrochemical impedance spectroscopy measurements showed that electrochemi-
cal properties of FTO-ZnO and FTO-ZnO-PDA nanostructures could be changed by the variation of
both—applied electrical potential and/or exposition towards lighting. Interaction between ZnO-PDA
and bovine serum albumin (BSA) molecules has been investigated by (photo)electrochemical and
photoluminescence methods. A mechanism of possible interaction between BSA and the ZnO-PDA
surface has been proposed.

Keywords: polydopamine (PDA); photoluminescence; cyclic voltammetry; electrochemical impedance
spectroscopy (EIS); self-polymerization; zinc oxide (ZnO) nanorods; fluorine doped tin oxide (FTO)

1. Introduction

Core-shell inorganic-organic composite nanomaterials belong to a new class of mate-
rials with advanced optical, electrical, electrochemical and sensing properties [1]. Some
of these materials demonstrate advanced optical signals, new photoluminescence peaks
(PL) and good biocompatibility [2]. Core-shell structures consist of an innercore and
an outershell, both consisting of different materials [3-5]. They are widely applied in such
fields as drug delivery [6], sensors [7], catalytical evolution of hydrogen [8], wastewater
treatment, reduction of organic dyes [9,10], or photocatalysis under both UV and visible
range illumination [11,12], Among different nanomaterials, a combination of ZnO and
polydopamine (PDA) shows good prospects for biomedical [13] and sensing or biosensing
applications [14]. The deposition of self-polymerized conformal coating of PDA nanolayer
on ZnO nanorods was reported [2,14]. ZnO-PDA structural properties have been inves-
tigated by using X-ray diffraction (XRD), Raman and transmission electron microscope
(TEM). TEM investigations showed conformal coating of ZnO by PDA. The PDA layer
thickness increases from 6 nm to 10 nm with an increase in dopamine concentration during
polymerization. Comparative analysis of XRD spectra of ZnO before and after PDA deposi-
tion showed that the intensity of ZnO XRD peaks decreased after PDA layer deposition.
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Raman spectra after PDA deposition showed new peaks related to C=C, C-C and C-N
vibrations in the PDA structure.

A study of the optical properties of ZnO-PDA nanostructures showed an increase of
absorbance in the UV-Vis region and a red shift of band gap in ZnO-PDA nanostructures.
Photoluminescence of ZnO-PDA nanostructures is significantly quenched compared to
deposited ZnO. It was assumed that the PDA layer formed on ZnO nanorods resulted in
photoluminescence quenching and the shift of photoluminescence peak positions [15].

A mechanism of interaction between ZnO and PDA and ZnO/PDA interface forming
was proposed. Defect states on the ZnO surface (oxygen vacancies) have formed chemical
bonds with hydroxyl groups in the PDA molecule. The proposed model of ZnO-PDA layer
formation suggested the involvement of ZnO structural defects (oxygen/zinc vacancies) in
the formed PDA layer [2]. PDA concentration was one of the key parameters which can be
applied for the tailoring of optical ZnO-PDA nanocomposite properties [15]. It was shown
that the shift of PL and the decrease of the optical band gap in ZnO-PDA nanocomposites
were proportional to PDA concentration [15]. The negative surface charge of ZnO-PDA
was proved by zeta potential measurement, and the electrostatic interaction of ZnO-PDA
with positively charged poly-Il-lysine (PLL) was applied for sensor design. Electrostatic
interaction of ZnO-PDA with PLL induced significant changes in the photoluminescence
spectra of the samples, e.g., PL intensity decreased in the UV region for all ZnO-PDA
samples after the interaction with PLL. However, changes in PL spectra in the visible range
of wavelengths were observed only for low concentrations of PDA [15]. The interaction
between ZnO-PDA nanostructures with biomolecules showed that mechanisms of inter-
action are tailored by the properties of the ZnO-PDA interface. However, for a wider
application of ZnO-PDA core-shell structures, a deeper understanding of processes happen-
ing on the surface and ZnO-PDA-interphase is required. The combination of photo- and
electrochemical methods enables to advance of the analysis of charge transfer properties
between different components of composite nanostructures [16]. Therefore, the analysis
based on photoelectrochemical spectroscopy, cyclic voltammetry (CV), amperometry and
electrochemical impedance spectroscopy (EIS) data is useful in the prediction of charge
transfer mechanisms at such complex interfaces [14,17].

Electrochemical impedance spectroscopy is a very useful technique to investigate
electrical properties of high-resistance materials because the impedance is measured in
alternating current, in opposite to conventional electrochemical techniques (voltammetry,
amperometry), which involve direct current (DC) at an electrode as a function of applied
voltage. By means of EIS, we can avoid possible changes on the electrode surface and
obtain quantitative data. EIS method is a universal technique to analyze various elec-
trochemical systems, such as batteries [18-20], biosensors [17,21-24], solar cells [25-27],
corrosion tests [28-30], and capacitors [31-33]. The main advantage of alternating current-
based impedance measurements is that the conditions of the experiment do not exceed
steady-state conditions; thus, even sensitive or reactive samples can be investigated by EIS.
Additionally, the obtained impedance spectra measured over a wide range of alternating
current frequencies (from a few mHz to several kHz) can be fitted with results calculated
using an equivalent circuit model, and various kinetic parameters (e.g., charge transfer re-
sistance (Rct), Warburg impedance (W), etc.) can be determined for various electrochemical
systems [34].

Various forms of zinc oxide are frequently used in the design of optical and electro-
chemical sensors. However, the optical and electrochemical properties of ZnO should be
properly adjusted depending on the application area. Therefore, in this work, we have
investigated changing/tuning the properties of ZnO by depositing the polydopamine
layer. We have performed an assessment of FTO-ZnO-PDA nanostructures by the assess-
ment of photoluminescence, cyclic voltammetry, chronoamperometry and electrochemical
impedance spectroscopy. By using (photo)electrochemical and photoluminescence meth-
ods, the interaction between ZnO-PDA and bovine serum albumin (BSA) molecules has
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been investigated, and the mechanism of possible interaction between BSA and ZnO-PDA
surface has been proposed in this research as well.

2. Materials and Methods
2.1. Materials

Zinc acetate dehydrates, hexamethylenetetramine, 2-propanol (IPA), ethanolamine,
sodium sulphate, zinc nitrate hexahydrate, dopamine hydrochloride 99%, phosphate
buffered saline (tablet) were purchased from Sigma Aldrich (Riga, Latvia). Glutaraldehyde
25% was ordered from Carl Roth (Karlsruhe, Germany). Tris(hydroxymethyl)aminomethane
99% was purchased from Alfa Aesar and was used without further purification.

The FTO-glass substrates (19 mm x 12 mm) were cleaned by successive sonication
with deionized water and ethanol, with drying before final use. Oxygen plasma treatment
for 15 min was performed to remove organic contaminations. After the mentioned cleaning
pretreatment, the ZnO-PDA nanocomposite was deposited on the FTO-coated glass surface.

2.2. Fabrication of ZnO-PDA Nanostructures

ZnO nanorods (ZnO-NRs) were deposited on conducting FTO glass by a hydrothermal
method, as described in some of our previous references [35,36], followed by PDA deposi-
tion [2]. Briefly, zinc acetate in methanol solution (5 mM) was deposited on the FTO glass
substrate by drop-casting technique. After, the annealing at 350 °C for 1 h was performed
to transform zinc acetate into zinc oxide. Then, hydrothermal growth of ZnO-NRs was
performed by immersing the substrates with a zinc seed layer in an aqueous solution of
zinc nitrate (50 mM) and hexamethylenetetramine (50 mM) at 95 °C for 4 h. After the
ZnO-NRs growth, the samples were washed with H,O and dried at room temperature.

PDA was deposited on FTO glass covered with ZnO-NRs by self-polymerization of
dopamine in an alkaline buffer solution (TRIS buffer, 10 mM, pH 8.5) for 2 h [2]. The
concentration of dopamine in the solution varied from 0.3 to 0.7 mg/mL. Prior to further
study, the samples were washed with HyO and dried. Three independently prepared
samples have been investigated during this research, and average results are presented in
this study.

2.3. Assessment of Structure and Electronic Properties of ZnO-PDA Nanostructures

The structural properties of the ZnO-PDA nanostructures were studied by scanning
electron microscopy (SEM) (Zeiss Evo HD15 SEM from Zeiss Ltd. (Jena, Germany)). Atten-
uated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR) spectrometer
Alfa II from Bruker Optics (Bremen, Germany) was used to study forming of the ZnO-PDA
composites in the range of 1000-4000 cm~!. The background of the FTIR spectra was
subtracted automatically at the end of the measurement.

2.4. Evaluation of Optical and Electrochemical Properties of ZnO-PDA Nanostructures

Electrochemical measurements were performed in a hand-made plastic electrochemical-
optical cell equipped with front quartz glass [35]. Three electrodes system was used for
measurements (working electrode—either ZnO or ZnO-PDA, Pt counter electrode and
reference Ag/AgCl,Cl st electrode). The ZnO-PDA samples were excited by UV LED
(325 nm, 4 mW, 15 nm full width at half maximum (FWHM)). An optical glass filter was
used to cut out noise LED emission in the visible range.

Cyclic voltammetry measurements were performed in the potential range from —500 mV
to —800 mV with a scanning speed of 50 mV. Photoluminescence signal was recorded by
fiber optic spectrometer Ocean Optics HR4000 (USA). When the sample was installed into
an electrochemical cell, the potential was applied, and simultaneous PL measurements
were performed. Samples were not moved during the measurements. PL spectra were
measured from the same spot after sample installation in the cell. Chronoamperometry
tests were performed in combination with PL measurements: a long pulse with constant
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potential was applied for 80 s [35]. PL spectra and kinetics at the PL peak position were
simultaneously measured.

2.5. Electrochemical Impedance Spectroscopy (ELS) Measurements

Electrochemical impedance spectra were recorded in potentiostatic mode by applying
a constant potential 0f-0.45 V and —0.3 V to the working electrode (ZnO and ZnO-PDA).
The reference electrode was Ag,AgCl/Cl™ s4;., counter electrode—Pt wire. During the regis-
tration of electrochemical impedance spectra, the range of alternating current frequencies
varied from 0.1 Hz to 100 kHz. The peak-to-peak amplitude of the perturbation voltage
was 10 mV. Potentiostat/galvanostat Autolab PGSTAT128N from EcoChemie (Utrecht, The
Netherlands) was used for recording EIS data. Registered EIS spectra were evaluated by
using EIS data acquisition software “ZView” according to the selected equivalent circuit
model applied for the determination of electrochemical characteristics. In this research,
EIS data are presented as Nyquist plots where the x-axis represents the real impedance
component (Z’), y-axis—is the imaginary impedance component (Z”).

2.6. Evaluation of Optical and Electrochemical Properties of ZnO-PDA Nanostructures after
BSA Incubation

2 mg of BSA was dissolved in 1 mL PBS solution to prepare the stock solution with
a concentration of 2 mg/mL. The stock solution was dissolved by PBS to obtain a BSA con-
centration of 5 ug/mL. Twenty microliters of 5 ng/mL BSA solution was incubated on the
surface of ZnO-PDA nanostructures for 20 min at room temperature. After immobilization,
the ZnO-PDA surface was washed three times with PBS.

Photoluminescence and photoelectrochemical properties of ZnO-PDA have been investi-
gated before and after BSA deposition by photoluminescence and cyclic voltammetry methods.

3. Results and Discussion

SEM-image of ZnO nanorods shows vertical rods with an average diameter of 50-60 nm
and a length of 500 nm (Figure 1A). ZnO nanorods coated with polydopamine are shown
in Figure 1B. A change in the color of the nanorods and black formations between them
indicates a layer of polydopamine on the surface. Large particles are also observed, which
can be explained by polydopamine agglomerations. FTIR is a powerful method to evaluate
forming of an interface between organic and inorganic materials. FTIR spectra of ZnO and
ZnO-PDA nanostructures are shown in Figure 2.

FTIR spectra of ZnO showed absorption bands in the range of 400, 600 and 800 cm ™!,
revealing Zn-O vibrations in ZnO crystal, surface and defect vibrational modes, respec-
tively [37]. After coating ZnO nanorods with polydopamine, FTIR spectroscopy revealed
peaks with wave numbers 1187 cm~!, 1283 cm~!, 1498 cm~!, 1595 cm~!, 3323 cm ™},
which correspond to C-O stretching vibration in the aromatic ring, C-O, C=N or/and C=C,
C=0 and -OH or/and N-H vibrational modes, respectively. Similar peaks (1288 cm~!,
1492 cm ™1, 1607 cm 1, and 3362 cm’l) were also previously reported [14,38,39]. The dif-
ference between the peak positions (5-30 cm ') compared to the previous results can be
connected to the use of different protocols for the synthesis of polydopamine. The studied
FTIR absorbance value increased in relation to the concentration of polydopamine in the
coating layer, however, the layers were conformal. Deposition conditions (such as the
method of deposition, water purification, deposition temperature, storage of dopamine and
dopamine producer) can affect the quality of the PDA layer. Additionally, the surface for
PDA deposition plays an important role. Fabrication of PDA on glassy carbon electrodes
have been performed by electrochemical polymerization, which makes the properties of
the PDA different due to the chemical properties of the surface (work function, surface
charge and functional groups).
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Figure 1. SEM of deposited ZnO nanostructures (A) and ZnO-PDA 0.3 mg/mL nanostructures (B).
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Figure 2. FTIR of ZnO and ZnO—PDA nanostructures: 1—ZnO, 2—ZnO-PDA 0.3 mg/mL, 3—ZnO-
PDA 0.4 mg/mL, 4—ZnO-PDA 0.5 mg/mL, 5—ZnO-PDA 0.7 mg/mL.

Photoelectrochemical spectroscopy (PES) is a method that enables an investigation
of charge transfer phenomena on electrode surfaces. PES can be combined with the
photoluminescence method to analyze the dynamics of photoinduced processes more
in detail.

Cyclic voltammetry results of ZnO and ZnO-PDA nanostructures, formed at different
concentrations of PDA in dark (light off) and UV excitation (light on) are shown in Figure 3.
Role of the PDA layer, deposited at different concentrations was analyzed. Despite, PDA is
not conductive material, the increase of current compared to bare ZnO was observed for
all tested ZnO-PDA samples (Figure 3A). The current value decreased with the increase
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of PDA concentration. Excitation of the samples with UV light showed similar results
(Figure 3B).
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Figure 3. Results of electrochemical measurements: Cyclic voltammograms of ZnO electrodes
modified with different dopamine concentrations (at ‘light off” mode) (A); Cyclic voltammograms of
ZnO electrodes modified with different dopamine concentrations (at ‘light on” mode) (B); Oxidation
peak positions at light off and light on modes (C); Light on/light off peak current ratio (D).

In both CVs (Figure 3A,B), ZnO-PDA nanostructures showed an oxidation peak in the
range between 400 mV and 550 mV and a reduction peak in the range between —200 mV
and 0 mV. CVs of PDA 0.5 mg/mL are shown in Figure 3C. It was determined a shift
of oxidation peak towards higher voltages under UV excitation. PDA layer thickness
significantly impacted the ratio of UV current and dark current. This value was higher than
1 for ZnO and ZnO-PDA 0.3 mg/mL. The increase in dopamine concentration resulted in
a decrease in the current ratio (Figure 3D).

In the present work, the oxidation peak potential values were 50-80 mV higher
than that for PDA layers, reported in the literature [40,41]. It might be due to different
methods of PDA synthesis. However, the dynamics of CVs change with the increase
in dopamine concentration, which points to the role of the ZnO-PDA interface in this
photoelectrochemical process. The obtained results reveal charge trapping and electric
field impact to CV in the ZnO-PDA interface. The mechanisms of charge transfer within
the interface ZnO-PDA in the dark and in UV conditions are under discussion [2]. In
our previous work, it has been proposed that the photogenerated charge in ZnO-PDA is
split at the interface in between ZnO and PDA, revealing the quenching of integrated PL
intensity the range 360-800 nm [2]. Based on this assumption, an increase of photocurrent
was expected. However, on the basis of the results, presented in Figure 2, this assumption
was incomplete.

It is reported that PDA DC conductivity is formed by free holes. Humid atmosphere
results in 5 order increase of the PDA conductivity [42]. Deposition of PDA over conductive
surface reduces the electrical conductivity by a few orders of the magnitude [43]. It
was reported that thermal conductivity of Cu-PDA depends on PDA layer thickness.
The thermal conductivity decreased with PDA layer thickness. The decrease in thermal
conductivity was explained by scattering of electrons in metal by PDA coating [43]. It
was reported that in CeO,-PDA composites, electrical conductivity increased in a humid
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atmosphere [44]. The phenomena was explained by the effect of ionic conductivity in
PDA [44].

On the basis of the above-mentioned results, we can propose the increase of oxidation
and reduction peak currents of FTO-ZnO-PDA electrodes after the formation of thin PDA
layer, which increased ionic conductivity of formed ZnO-PDA structures that were assessed
in water-based solutions. The increase of the PDA layer results in reduction of the oxidation
and reduction peak currents of FTO-ZnO-PDA electrodes. UV-light generates electron-
hole couples on ZnO. On the other hand, UV light can be partially absorbed by the PDA
layer [2]. The reduction of oxidation and reduction peak currents of FTO-ZnO-PDA
electrodes under UV irradiation can be resulted by electron trapping and recombination
with holes in PDA layer. Therefore, PDA layer is necessary for such constructs. Based on
previous research [14], the PDA layer thickness can vary between 6-10 nm for dopamine
concentrations of 0.3-0.7 mg/mL.

Results on photoluminescence-chronoamperometry study are shown in Figure 4. It
was determined that the PL of ZnO-PDA decreased under applied potential (Figure 4A).
The electrochromic effect, based on shift of PL peak was firstly determined for ZnO
(Figure 4A) [45]. The assessment of the electrochromic effect of ZnO-PDA nanostructures
at different dopamine concentrations is shown in Figure 4B,C. It was determined that the
PL intensity was reduced by PL-quenching at all dopamine concentrations in the range of
all applied potentials. Saturation of the intensity was observed in the range of 600-800 mV.
The shift of the PL peak position was observed in the range of 100-500 mV. At higher
applied potentials, the saturation of the PL peak shift was observed. The most signifi-
cant effects of the peak shift and PL intensity decrease were observed for FTO-electrodes
(19 x 12 mm?) modified with ZnO-PDA, deposited at dopamine concentration of 0.4 mg/mL
and 0.5 mg/mL. It is worth to note that no shift of PL peak was observed for FTO-electrodes
modified by ZnO nanostructures not-coated with PDA under any applied potential.
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Figure 4. Chronoamperometry based evaluation of FTO-electrode modified by ZnO-PDA 0.4 mg/mL
nanostructures at different potentials: PL quenching at different applied potentials (A); PL intensity
quenching at different applied potentials (B); PL shift at different applied potentials (C).

3.1. Characterisation of ZnO and ZnO-PDA with Electrochemical Impedance Spectroscopy

Considering that FTO-electrodes modified with ZnO-PDA layer were investigated by
cyclic voltammetry (Figure 3), further experiments were carried out to investigate these
electrodes at potentiostatic conditions by using EIS under the applied cathodic potentials of
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—0.3 Vand —0.45V vs. Ag/AgCl,Cl™ 4. These conditions of cathodic polarization enabled
to avoid possible oxidative stress at the working electrode that could cause undesirable
deterioration of ZnO and PDA films if anodic potentials would be applied. Additionally, the
impedance spectral characterization at the equilibrium potential (0 V vs. Ag/AgCl,Cl™¢at)
i.e., in the absence of the applied potential, was conducted to better ascertain the effect of the
electrical potential on the electrochemical characteristics of ZnO and ZnO-PDA electrodes.
The nyquist plot in Figure 5A illustrates that the electrochemical impedance of the FTO-ZnO
electrode strongly depends on the applied potential independently on lighting. Calculated
values of the parameters (Table 1) of modelling equivalent circuit (Figure 5A, inset) showed
that (i) charge transfer resistance (R.) decreases from approx. 35 kQ cm? to 5.6 kQ cm?
when the electrode is polarized more negatively (Figure 5B, black columns) and (ii) R
slightly decreases when the FTO-ZnO electrode is lit under —0.3 V potential, however at
—0.45V R does not depend on lighting (Figure 5B, white columns). The values of constant
phase element (CPE) almost do not depend on lighting as well, however, CPE increases
from approx. 164 uF/cm? to 221 pF/cm? when the FTO-ZnO electrode is polarized more
negatively (Figure 5C). Summarizing the data presented in Figure 4 we conclude that the
impedance of the FTO-ZnO electrode strongly depends on the applied cathodic potential,
and slightly depends on lighting. These results clearly demonstrate that by using —0.45V
electrode potential faster charge transfer can be achieved through the interface electrode-
electrolyte than by using —0.3 V. Meanwhile under equilibrium conditions (at 0 V vs.
Ag/AgCl,Cl gy) ie., in the absence of the applied potential, the shape of Nyquist plot
(Figure 5D) do not show clearly expressed semicircle that can be related to some charge
transfer limitations. Therefore, the equivalent circuit model with the additional element
of CPE2 (Figure 5D, inset) was used to evaluate the individual components of the EIS for
FTO-ZnO electrode at equilibrium conditions. Although in this case a decrease in resistance
and capacitance was observed (Figure 5E,F) when the electrode is lit, these results cannot
be directly compared with the results obtained under —0.45 V and —0.3 V potentials, as
the data modelling required the use of an equivalent scheme in which Rct is connected in
series with the CPE2, i.e., it would be inappropriate to correlate the calculated parameters.
However, it can be concluded from the obtained EIS data that the total impedance of
the FTO-ZnO electrode under equilibrium conditions is significantly higher than under
conditions of —0.45 V and —0.3 V, indicating that at 0 V strong limitations of charge transfer
occur across the interface between the electrode and PBS.

Table 1. Values of modelled parameters of impedance spectra of the FTO-ZnO electrode (Figure 5A,D)
at different potentials vs. Ag/AgClClsat, according to equivalent circuit model presented in
Figure 5A,D insets. An error (%) for each calculated parameter is presented in brackets.

E,V —0.45 -03 0
Ry, Q cm? 161.3 (0.3%) 164 (0.4%) 172 (0.5%)
Ret, kO em? 5.6 (1.8%) 35.6 (6.8%) 4.1 (43%)
CPE7, uF/cm? 221.6 (0.9%) 164.4 (0.8%) 32.6 (7.5%)
Light off
n 0.73 (0.4%) 0.74 (0.4%) 0.8 (1.3%)
CPE,, uF/cm? - - 21.8 (10.3%)
n - - 0.6 (2.1%)
Ry, Q cm? 161.8 (0.4%) 162.4 (0.5%) 170 (0.6%)
Ret, kO cm? 5.56 (2.0%) 29.7 (8.0%) 2.4 (38%)
CPE;, uF/cm? 218.0 (1.1%) 168.5 (1.2%) 28.7 (9%)
Light on
n 0.73 (0.4%) 0.72 (0.5%) 0.8 (1.6%)
CPE,, uF/cm? - - 36.3 (6.5%)

n - - 0.6 (1.8%)
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Figure 5. Electrochemical impedance spectra of the FTO-ZnO electrode registered at —0.3 and —0.45 V
(A), 0 V (D) potentials vs. Ag/AgCl,Cl™ gat. with light off or on; inset of A represents equivalent
circuit, that impedance data were fitted to: Rgp—resistance of the solution, CPE—constant phase
element, Rs—charge transfer resistance; inset of D represents equivalent circuit, that impedance data
were fitted to: Ry—resistance of the solution, CPE; and CPE,—constant phase elements, R;—charge
transfer resistance. Comparison of modelled parameters—R (B,E) and CPE (C,F) according to
equivalent circuits presented in insets of A,D.

Electrochemical impedance spectra were registered by using the FTO-ZnO-PDA elec-
trode (Figure 6) to elucidate the influence of deposited PDA layer formed at 0.4 mg/mL of
dopamine. In contrary to the FTO-ZnO electrode, the impedance of PDA covered electrode
only slightly depends on the applied potential, and very slightly depends on lighting. By
fitting experimental data (Figure 6A) using equivalent circuit (Figure 6A, inset) kinetic
parameters were calculated and are presented in Table 2. Figure 6B,C illustrates the same
tendency of calculated electrochemical parameters as it was obtained for the FTO-ZnO
electrode (Figure 5). R+ decreases when the FTO-ZnO-PDA electrode is lit and polarized
more negatively (Figure 6B), and CPE; decreases when the electrode is lit and increases
when the electrode is polarized more negatively (Figure 6C).

However, it should be noted that total system resistance of the FTO-ZnO-PDA elec-
trode decreased approx. twice at —0.45 V and tenfold at —0.3 V electrode potential, in
comparison to the FTO-ZnO electrode indicating that PDA layer acts as conductive material,
and this finding agrees with the results of CV-based experiments presented in Figure 3A,B.
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Figure 6. Electrochemical impedance spectra of the FTO-ZnO-PDA electrode registered at —0.3 and
—0.45V (A), 0 V (D) potentials (vs Ag/AgCl,Cl ™ s,t.) in ‘light off” or ‘light on” mode; inset of (A)
represents equivalent circuit, which was used for the assessment of impedance spectroscopy data:
Rp—resistance of the solution, CPE—constant phase element, R;—charge transfer resistance; inset
of (D) represents equivalent circuit, which was used for the assessment of impedance spectroscopy
data: Rp—resistance of the solution, CPE; and CPE,—constant phase elements, R,—adsorption
resistance, R+—charge transfer resistance. Comparison of modelled parameters—R; (B,E) and CPE
(CF) calculated according to equivalent circuits presented in insets of (A,D).

Table 2. Values of modelled parameters of impedance spectra of the FTO-ZnO-PDA electrode
(Figure 6A) according to equivalent circuit in Figure 6A,D insets. An error (%) for each calculated
parameter is presented in brackets.

E,V —0.45 —-0.3 0
Ry, Q cm? 135.6 (0.5%) 138.7 (0.6%) 138 (0.6%)
Ret, kO cm? 3.2 (1.9%) 4.7 (2.3%) 39.5 (13.8%)
CPE;, uF/cm? 272.2 (1.3%) 217.2 (1.4%) 30.7 (4.5%)
Light off n 0.78 (0.6%) 0.76 (0.6%) 0.8 (0.9%)
R, - - 3.1 (8.6%)
CPE, - - 81 (5.6%)
n - - 0.7 (3.9%)
Ry, Q cm? 134.4 (0.7%) 138 (0.7%) 138 (0.8%)
Ret, kO em? 2.9 (2.3%) 3.6 (1.2%) 5.2 (3.1%)
CPE{, uF/cm? 235.1 (1.9%) 150.1 (2.1%) 24.1 (7.1%)
Light on n 0.79 (0.7%) 0.81 (0.7%) 0.8 (1.2%)
R, - - 2.8 (14.8%)
CPE, - - 57.6 (11.4%)
n - - 0.7 (6.3%)
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Under equilibrium conditions, the shapes of Nyquist plot of the FTO-ZnO-PDA
electrode strongly depend on the applied lighting (Figure 6D), however the satisfactory fit
results were obtained by using the equivalent circuit model with additional elements of
absorption resistance (R,;) and adsorption capacitance (CPE2). It can be seen (Figure 6E,F)
that values of Ry drastically decreases from 39.5 kQ2 cm? to 5.5 kQ) cm? when the electrode
is lit. These data show that the influence of lighting on the electrochemical behaviour of the
FTO-ZnO-PDA electrode under equilibrium conditions (at 0 V vs. Ag/AgCl,Cl™sa¢) is very
high. However, the absolute values of R. when the electrode is lit, varies in a relatively
narrow range from 2.9 kQ cm? to 5.2 kQ cm? independently on the applied potential.

In conclusion, EIS data showed that the values of charge transfer resistance are higher
for the FTO-ZnO electrode than for the FTO-ZnO-PDA electrode regardless of lighting
or the applied cathodic potential of —0.3 V or —0.45 V vs. Ag/AgCl,Cl™ g4.. This finding
indicates that the charge transfer rate at the interface between FTO-ZnO electrode and
buffer solution can be increased by modifying the electrode with the PDA layer formed
at 0.4 mg/mL of dopamine. It is important to note that charge transfer resistance (R) at
the FTO-ZnO-PDA electrode—buffer solution interface depends on the applied potential,
because experimental results of this study (Figures 5 and 6, Tables 1 and 2) showed that
Rt decreased approximately twice by applying —0.45 V electrode potential, however it
decreased even tenfold by applying —0.3 V vs. Ag/AgCl,Cl™ g4 electrode potential.

EIS measurements under equilibrium conditions (at 0 V vs. Ag/AgCl,Cl-sat) showed
that the total impedance of the FTO-ZnO electrode is significantly higher than under
conditions of —0.45 V and —0.3 V, indicating strong limitations of charge transfer across the
interface between the electrode and PBS in the absence of the applied potential. Meanwhile,
EIS measurements under equilibrium conditions by using the FTO-ZnO-PDA electrode
showed a very high influence of lighting on the electrochemical behaviour of the electrode.
However, the absolute values of Rct can be considered as similar independently on the
applied potential when the electrode is lit.

3.2. Characterisation of ZnO-PDA Interaction with BSA Molecules by Photoluminescence and
Photoelectrochemical Methods

Cyclic voltammograms results of ZnO-PDA nanostructures in dark and light excitation
before and after BSA incubation are shown in Figure 7. It was found that adsorption of
BSA molecules on the ZnO-PDA surface resulted in a significant decrease of the current
value. The oxidation peak shifted to higher values after BSA adsorption. Light excitation
didn’t increase the electrochemical signal significantly.

0.0006 - ZnO-PDA-light off
ZnO-PDA-BSA light off
0.0004 - ZnO-PDA-light on
ZnO-PDA-BSA-light on
0.0002 -
<0.0000-
-0.0002 -
-0.0004 -
-0.0006

600 -400 200 0 200 400 600 800
E vs Ag/AgCl, mV

Figure 7. Cyclic voltammograms of FTO—ZnO—PDA—0.5 mg/mL nanostructures in dark and light
excitation conditions, measured before and after immobilization of BSA.

Photoluminescence spectra of FTO-ZnO-PDA nanostructures, measured before and
after BSA incubation are shown in Figure 8. Photoluminescence spectra without applied
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PL intensity, counts

potential before and after BSA adsorption are shown in Figure 8A. It was found, that BSA
adsorption resulted in quenching of the photoluminescence intensity and red shift of visible
peak of FTO-ZnO-PDA emission (Figure 8A).

400+
350 =
—— ZnO-PDA @
3004 ZnO-PDA-BSA £
250 -
200+ 3
1501 Fi
100+ 2
50
0 - T T A, - T T
400 600 800 400 600 800

Figure 8. Photoluminescence spectra of FTO—ZnO—PDA—0.5 mg/mL nanostructures: (A) before
and after immobilization of BSA without applied potential; (B) after immobilization of BSA with
applied potential.

Photoluminescence spectra with applied potential after BSA adsorption are shown in
Figure 7B. It was found, that after BSA adsorption, low applied potentials (100-200 mV)
didn’t change intensity and peak position of PL spectra. An increase of the applied potential
resulted in a decrease of PL intensity. At applied potentials, higher than 500 mV, no changes
of the PL signal were observed (Figure 8B).

We can propose the model of photoelectrochemical processes at ZnO-PDA interface,
shown in Figure 9. When the electrochemical potential E; is applied to the ZnO-PDA
electrode, the photogenerated charges are split within this field. We proved the presence of
the local field E; at the interface between ZnO and PDA components [14]. Additional charge
diffusion towards interface solution-PDA-ZnO is expected at the applied electrochemical
potential. As a result, the local field E3 will be formed. It will stimulate charge separation
and PL quenching.

Figure 9. Scheme of possible photoelectrochemical processes on FTO-ZnO-PDA-BSA interface.
Ej—electrochemical potential, E;—local field, E3—new local field, &7, e;—dielectric permittivity of
different layers.
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ZnO nanostructures have different types of photoluminescence defects (Zn/O vacan-
cies and interstitials) [14]. Under applied electrochemical potential, the local field might
result in an increase of depletion layer at the ZnO surface and charge transfer from ZnO
centers of luminescence to the surface states [46]. In the present paper, PDA layer plays
an important role, as it forms additional surface states on the ZnO surface. The applied
potential stimulates charge transitions between the ZnO defect state and PDA-formed
states. This results in a peak shift of photoluminescence under applied potential.

Adsorption of biomolecules on the ZnO-PDA surface makes the processes of charge
transfer more complicated. The adsorbed BSA molecules form an additional surface layer
with dielectric permittivity €5 (e27#¢€1) (Figure 8). We assume two possible effects on the
FTO-ZnO-PDA-interface: charge transfer between the adsorbed BSA molecules and ZnO-
PDA surface and change of local field E3. Previously, it was proposed the interaction model
for metal oxide-biomolecule interaction [47]. The local field, formed by biomolecules on
the surface of the metal oxide, was responsible for the change in optical and electrical
properties [47]. Interaction between BSA and ZnO surface was assisted with the change
of photoluminescence intensity due to the local field formed by BSA molecules [48,49].
Thus, BSA molecules could form a shielding layer, restricting the diffusion of the ions from
the electrolyte.

The latter stimulates a lower response of the sample’s PL signal to the applied electro-
chemical potential.

4. Conclusions

In this paper, ZnO nanorods were formed on the surface of FTO that was further
modified with PDA layers. The formation of ZnO nanorods was confirmed by SEM and
FTIR measurements. Formation of PDA layers by polymerization of dopamine increased
sensitivity towards UV light. It was observed that currents of oxidation and reduction
processes are dependent on lighting, and relevant shifts of peak currents were determined
in CV measurements under UV light. Electrochemical properties also depended on the
concentration of PDA. It was determined that it is possible to manipulate the intensity of
photoluminescence peaks by changing bias potential. Electrochemical impedance spec-
troscopy measurements showed that modification of the FTO-ZnO electrode with the PDA
layer results in a significant decrease of charge transfer resistance at the electrode-buffer
solution interface, indicating that the FTO-ZnO-PDA electrode acts as more conductive
material than the FTO-ZnO electrode. EIS data analysis showed that electrochemical param-
eters of both FTO-ZnO and FTO-ZnO-PDA electrodes could be manipulated by changing
the electrode polarization and the lighting as well. Hence, in this work, we have demon-
strated that the properties of ZnO can be changed/tuned by depositing a polydopamine
(PDA) layer, which enables the advanced application of ZnO-PDA structures for immo-
bilization of biomaterials, such as BSA. The observed change of PL peak intensity after
immobilization of BSA demonstrates the applicability of the FTO-ZnO-PDA electrode in
the design of sensors and/or other technological tools.
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