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Abstract: Manganese doped crystalline copper oxide (CuO:Mn) and undoped CuO were prepared at
room temperature by the hydrothermal method. The complete physico-chemical characterization
of the materials was performed using X-ray diffraction (XRD), transmission/scanning electron
microscopy (TEM/SEM), and X-ray photoelectron spectroscopy (XPS). Furthermore, their analytical
applicability was tested in electrochemical experiments for a dopamine assay. According to the
morphological investigation, the materials had a flat structure with nearly straight edges. The
XRD analysis proved the formation of the CuO phase with good crystallinity, while the Mn doping
was determined by XPS to be around 1 at.%. Under optimized conditions, at pH 5.0, the CuO:Mn
modified electrode (CuO:Mn/SPE) showed a high signal for dopamine oxidation, with a linear
response in the 0.1-1 uM and 1-100 uM ranges and a low limit of detection of 30.3 nM. Five times
higher sensitivity for manganese doped copper oxide in comparison with the undoped sample
was achieved. The applicability of the developed CuO:Mn/SPE electrode was also tested in a
commercially available pharmaceutical drug with good results, suggesting that the developed sensor
has promising biomedical application potential.

Keywords: CuO:Mn/SPE electrode; dopamine sensing; SPE modified electrode

1. Introduction

Dopamine (DA)—also known as 3,4-dihydroxytyramine or the ‘feel-good” hormone’—is
an endogenous catecholamine neurotransmitter that plays a crucial role in general mental
and physical health, being involved in the brain’s reward/pleasure systems; regulation
of peripheral organs and motor coordination; gastrointestinal motility; blood pressure
maintenance; mood management; hormone release; memory and attention; as well as in
immunoregulation [1-4]. For a healthy person, the DA concentration in the extracellular
fluid is in the range of 0.01-1 uM [5]. Abnormal dopamine levels have been associated with
various neurological and physical disorders, including Parkinson’s disease, schizophrenia,
stress, ADHD, HIV infection, obesity, depression, hallucination, addiction, cardiotoxic-
ity, hypertension, and heart failure [6-9]. Therefore, the development of techniques for
the accurate and sensitive detection of dopamine is of significant interest in both clinical
and research settings not only to regulate drug treatment, but also to facilitate the early
diagnosis of diseases. Until now, various analytical tools have been developed and em-
ployed for dopamine assay including biochemical techniques—such as enzyme linked
immuno-sorbet assay ELISA [10]; high-performance liquid chromatography—HPLC or
reverse-phase HPLC [11,12]; spectrometric and spectrophotometric methods [13,14]; and
capillary electrophoresis [15]. Since it was proved that dopamine electro-oxidation at
conventional electrodes can be easily achieved [16]; the electrochemical approach gains
a lot of popularity compared to the traditional detection methods, since electrochemical
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techniques are straightforward to use, generate a rapid response with minimal expense
and high selectivity, and do not necessitate bulky machinery or highly trained person-
nel [17]. Moreover, dopamine electrochemical detection has proven to be a powerful tool
for understanding the complex mechanisms underlying dopamine-related disorders and
developing novel therapeutic approaches. However, there are some serious drawbacks
in dopamine electrochemical detection related to electrode sensitivity and selectivity. In
order to surmount these challenges, a variety of sensing materials have been developed
and applied at the electrode surface including antibodies, enzymes, or aptamers [18-21];
molecularly imprinted polymers [22,23]; or nanomaterials [24-29]. In the last decade,
electrochemical biosensors have been widely used and seen as a major advancement in
real-time monitoring of catecholamine neurotransmitters [30]. Decarli et al. [31] report
the usage of imidazolium zwitterionic surfactants in the development of new biosensors
for DA determination while Pimpilova et al. [32] results present sensitive DA detection
based on laccase immobilized on glassy carbon electrode modified with nanoporous gold.
Alvarez and Ferapontova [33] developed an RNA-based dopamine aptasensor, which has a
sub-micromolar detection limit. In addition, recent reports have shown the development of
different catecholamine biosensors using enzymes such as PQQ-dependent glucose dehy-
drogenase [34] and polyphenol oxidases [35]. Furthermore, Winiarski and his collaborators
managed to reuse waste from the steel industry as a sustainable electrode modifier material
for the electrochemical monitoring of different neurotransmitters [36].

Among various electrode modifiers, metal oxide nanoparticles and nanostructures are
advantageous as dopamine sensing materials—[37-41], owing to their high conductivity,
superior electrocatalytic properties and biocompatibility [42].

Copper (II) oxide (CuO) has been widely used for a variety of applications such as
electrochemical sensors, gas sensors, solar energy, batteries, and green catalysts—[43—45]
due to its p-type semiconductor properties and band gap of 1.2 to 2.2 eV. Based on this metal
oxide, various platforms were synthesized and used as electrochemical sensors for the
detection of HyO, [46-49], glucose [50-52], dopamine [53,54], cysteine [55], L-tyrosine [56],
fructose [57], acetaminophen, and caffeine [58].

Nowadays, the fabrication of materials with tunable magnetic, photocatalytic, pho-
tovoltaic, and electrochemical properties are considered one of the most scientific chal-
lenges [59-61]. Special attention was accorded to doping with different transition elements:
Zn [62], In [63], Mn [64], Fe [65], and Ni [66] of CuO in order to improve its physical and
chemical performances. Among the dopants, manganese was chosen due to its main oxida-
tion states, Mn2* and Mn3*, and its ionic radii that match with Cu?* ionic radii. Herein,
we presented a facile low-cost hydrothermal method for the synthesis of pure manganese
doped coper oxide material, with application in electrochemistry. Our aim was to test
the capacity of Mn doped CuO hybrid material as DA sensing material. According to
our study, performed on an available pharmaceutical drug solution, the screen printed
CuO:Mn modified electrode has an excellent ability in the determination of dopamine in a
real sample. To the best of our knowledge, studies which report the influence of Mn dopant
on dopamine sensing properties of CuO were not published.

2. Materials and Methods
2.1. Materials

All reagents were used without further purification. Copper (II) chloride dihydrate,
99% purity, was purchased from Alfa Aesar (Kandel, Germany) manganese (II) chloride
tetrahydrate, >98% purity, was purchased from Sigma Aldrich (Darmstadt, Germany),
KOH, 99.4% purity, was purchased from Lach:ner (Tovarni, Czech Republic) and dopamine
hydrochloride (99%) was purchased from Alfa Aesar (Kandel, Germany).

2.2. Synthesis of Copper Oxide (CuO) and Manganese Doped Copper Oxide (CuO:Mn) Samples

Copper oxide and manganese doped copper oxide were prepared, applying the slightly
modified method indicated by A. Khalid et al. [67]. Hence, CuCl,-2H,0, MnCl,-4H,0, and
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KOH were used as precursors for the manganese doped sample. First, an aqueous solution
was obtained by dissolving 1.7 g of copper chloride dihydrate in 20 mL deionized water.
The amount of manganese chloride tetrahydrate was calculated in order to obtain 1 at.%
Mn. The manganese precursor was added to the first solution. A mixture of 1.35 g KOH
and 20 mL deionized water was prepared separately and added dropwise over the first
solution. All procedures were performed at room temperature under continuous magnetic
stirring. After about 30 min, the aquamarine color of the obtained precipitate changes to
dark brown. The whole mixture was transferred to a Teflon autoclave and left for 18 h
at 180 °C in the oven. The black Mn doped CuO particles obtained were washed with
deionized water and dried in the oven at 65 °C overnight. In Scheme 1, the full procedure
for obtaining the CuO:Mn material is described. For the CuO sample, the same steps were
performed without adding the manganese precursor.

MnCl,-4H,0

?mnzo / KOH

‘\ M‘lgnetlc stirring M‘Ibnetlc stirring
\\r—f
\/ w \ Room temperature Room temperature

= a

o W o

5 S g

CuO:Mn o B | 2
. gz A
3

g m

180°C/18h

Scheme 1. Schematic illustration showing chemical synthesis of manganese doped copper oxide.

2.3. Characterization Methods

The crystalline structure of prepared samples was examined by X-ray diffraction
using a Rigaku-Smart Lab automated multipurpose X-ray diffractometer. The equipment
was equipped with a high-accuracy 6-6 goniometer and works with CuK radiation
(A = 1.54060 A) in reflection mode.

The morphological characterization was performed through scanning transmission
electron microscopy (STEM) using a Hitachi HD2700 electron microscope, equipped with a
cold field emission gun operating at 200 kV.

The qualitative and quantitative sample compositions were investigated using X-ray
photoelectron spectroscopy (XPS) assisted by Ar ions etching.

The XPS spectra were recorded using a SPECS spectrometer working with a monochro-
matized Mg anode (1253.6 eV) as the X-ray source. The spectra were recorded with an
energy pass of 30 eV, at a dwell time of 0.2 s and a step size of 0.1 eV. The sample powders
from an alcohol suspension were deposited on a tungsten sample holder and dried at room
temperature. In order to avoid the artificial reduction of the different oxidation stats of
elements under the Ar ions beam, the etching was performed by using ions accelerated at a
maximum voltage of 1000 V with a filament current of 10 mA. The etching was performed
until the areas of various core-levels remained unchanged. Thus, the weight of the surface
states was brought to real values in comparison with the states inside the nanoparticles. At
this stage, the sample is susceptible to quantitative analysis. The quantification of the vari-
ous peaks was made through CASA software. All the integral intensities were calibrated by
using the relative sensitivities, transmission, and electronic mean free path factors, as given
in the CASA software database. Adventitious carbon, at 284.6 eV, was used for binding
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energies calibration. A Shirley background was considered for the quantification of the
XPS spectra.

Cyclic voltammetry (CV), square wave voltammetry (SWV) and electrochemical
impedance spectroscopy (EIS) measurements were recorded with a potentiostat/galvanostat
instrument (AUTOLAB-302N; Utrecht; The Netherlands) coupled with a computer and a
three-electrode cell: working electrode (bare and modified SPE), and a large area (2 cm?)
platinum counter electrode and Ag/AgCl (KClI saturated) reference electrode. EIS mea-
surements were recorded between 0.01-10° Hz, in solution containing 104 M dopamine
(pH 5.0). The experimental data were fitted with NOVA 1.11 software.

2.4. Modification of Screen Printed Electrodes (CuO/SPE and CuO:Mn/SPE)

In order to test the electrochemical properties of CuO and CuO:Mn materials, they
were first dispersed by ultrasound in N,N-dimethylformamide (DMF), at a concentration of
2 mg/mL. Next, two screen-printed electrodes (SPE-Metrohm (DRP- 110)) were modified
with 10 uL of colloidal suspension of each sample and were allowed to dry at room
temperature for 24 h. The modified electrodes were correspondingly denoted CuO/SPE
and CuO:Mn/SPE. The interaction between CuO/CuO:Mn particles and the graphite
surface was not only physical interaction, due to the high porosity of the working electrode,
but also chemical interaction through van der Waals forces. The amount of deposited oxide
particles was reproducible from one run to another (RSD < 7%; RSD was evaluated from a
dopamine oxidation peak from 5 different modified electrodes).

The DRP-110 electrodes have the following characteristics: ceramic substrate:
L33 x W10 x H0.5 mm; electrical contacts: silver. The electrochemical cell consists of
a working electrode (carbon—4 mm diameter); auxiliary electrode (carbon), and reference
electrode (silver). Optical images of SPE electrodes can be seen in Figure S1.

3. Results and Discussion
3.1. Characterization of CuO and CuO:Mn Samples
3.1.1. Structural Characterization

The crystal structures and phase information of CuO and CuO:Mn were characterized
by X-ray diffraction (XRD). The results are presented in Figure 1. The crystalline phase
identified in the samples was similar to CuO corresponding to the PDF-2 database ref. cod
100-089-5899 (space group Cc(9)- monoclinic). Due to the small amount of Mn (~1 at.%)
added in reaction to obtain the CuO:Mn doped sample, XRD cannot detect such a small
amount, so the diffraction peaks of CuO:Mn does not suffer structural changes detectable by
XRD. The typical diffraction peaks correspond to the (110), (002), (111), (—112), (—202), (112),
(021), (202), (022), (113), (220), (—312), (221), and (—204) crystal planes of copper oxide.

The crystallite mean size was calculated from the full width at half maximum (FWHM)
for (1 1 2) reflections (26 = 48.75°) by using the Scherrer equation. The mean size of the
crystallites obtained for the CuO phase is 48.43 nm while in the case of the CuO:Mn sample,
the crystallites have an almost half value of 27.02 nm. Generally, the narrower the diffraction
peak the larger the mean crystallite size. Thus, in the case of large CuO crystallites, the
maxima corresponding to (310) and (113) planes are narrow and are better resolved. In the
case of the CuO:Mn phase, with smaller crystallites, the mentioned neighboring reflections
are partially superposed.

3.1.2. Morphological Characterization

The morphologies of CuO and CuO:Mn samples were examined by TEM (Figure 2a,c)
and SEM techniques (Figure 2b,d). For both samples, it can be observed that the obtained
particles have the size in the micrometer range, but the size distribution is not homo-
geneous. At the same time, in the case of the non-doped sample, particles with a large
size predominate, while for the doped sample, smaller particles prevail. The particles of
CuO material have more elongated shapes than the particles of doped material. After
determining the degree of crystallinity by XRD, a good agreement was found between the
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crystallinity of each sample and its particle sizes. The different morphology of the samples
may be attributed to manganese which replaces copper ions in the CuO lattice. Most of
those particles have flattened faces and irregular shapes with nearly straight edges which
are more pronounced in the case of doped samples.

CuO - 89-5899 PDF-2
CuO

CuO:Mn

112

111

Intensity(a.u.)

[ | | ||.| L i Ly el gl
10 20 30 40 50 60 70 80
20(°)

Figure 1. XRD patterns registered for CuO (blue) and CuO:Mn (red) materials.

ST 200kV x30.0k

AB 200kV x100k SE

AB 200kV x100k TE

Figure 2. TEM and SEM micrographs for CuO (a,b) and CuO:Mn (c,d) materials.
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3.1.3. Qualitative and Quantitative Characterization of CuO:Mn

The XPS technique was used to further check the sample composition. The XPS
technique, although it is a surface technique, when it is used in the case of nanostructured
materials and is associated with Ar ion etching, allows a quantitative analysis (including
the doping level) of the composition of the nanostructures [68]. This is due to the fact
that Ar ion etching smooths the sample, made up of agglomerated particles. A very
large number of particles of the ensemble will be sectioned, each at different depths, and
surface effects are thus compensated. At this stage the XPS core levels intensities reflect the
sample composition.

Evidently, this procedure is not valid for bulk materials. Comparative C 1 s core-level
spectra before and after different etching stages are inserted in the Supporting Material
as Figure S2. No shifts of C 1 s peak position, used for calibration, were observed here.
The XPS recorded spectra of the Cu 2p core-level doublet together with the corresponding
deconvolutions and fitted curves are shown in Figure 3. There are two copper positions (two
doublets): the main spin-orbit doublet peaks, corresponding to Cu?* inside the particles,
at 933.8 and 953.8 eV, and a doublet, positioned by 2.5 eV at higher binding energies (BE),
which corresponds to the copper surface states at 936.4 and 956.4 eV, respectively. At much
higher energies, two shake-up satellite features appear in spectra around 942.3 and 944.5 eV
for (3/2) peaks and at 963.2 and 963.8 eV for (1/2) peaks, respectively. It is the signature of
the presence of the Cu?* state [69]. The restrictions used to fit the Cu 2p XPS spectra refer
to the relation between areas of the two components, Aj,, = A3/,/2, and to the doublet
energy separation, which was adjusted between 11.9 and 12.0 eV. The ratios between (1/2)
and (3/2) linewidths were set between 1 and 1.1.

5x10°*
Gu:
4A0* = Counts 2p(3/2)
—— Envelope
w
£ 3x10°+
=
(o]
) 2p(112)
=y
D 2x10"
£ 2p(1/2) - surf. 2p(3/2) - surf.
1x10*
o L

s e G T - i = T i o I‘ - 2

965 960 955 950 945 940 935 930
B.E. (eV)

Figure 3. XPS recorded spectrum of Cu 2p core-level of CuO:Mn sample together with the corre-

sponding deconvolutions and fitted curves. Peaks labeled 2p (1/2)-surf and 2p (3/2)-surf correspond
to the copper surface states. Four shake up satellites are also presented in the spectra.

There are no major differences between the positions of the lines in the Cu 2p core-
levels spectra of CuO:Mn and CuO, respectively. The latter, together with the survey
spectrum of CuO, are presented in Figures S3 and, respectively, S4 from Supporting Materi-
als. What can be observed in the case of undoped CuO is a higher intensity of the peaks
corresponding to the surface states of Cu?* with OH termination. From the spectrum in
Figure 54 it can be observed that there are no detectable amounts of Cl remaining from
the precursor.
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In addition, the presence of the CuLMM Auger peak, at the kinetic energy of 917.7 eV
(Figure 4), is a characteristic of the existence of Cu?* states in the sample. The line shape is
also specific to this oxidation state [70].

6x10* 2+ .
—— Cu” Auger specific line
O 5x10°
2]
[
>
S]
S
2 4x10°
[%2]
5
= 917.7 eV
3x10°
2x10* A
- . : : T T : : : I :
905 910 915 920 925 930
KE (eV)

Figure 4. The CuLMM Auger spectra recorded for Cu?*.

The XPS spectrum corresponding to the O 1s core level is shown in Figure 5. Three
oxygen positions can be noted here. The most intense peak corresponds to the oxygen
inside the nanoparticles (lattice oxygen), while the two others at higher binding energies are
related to the presence of surface hydroxyl groups formed at oxygen terminated surfaces
(~534.4 eV) and hydroxyl groups (—233.5 eV) attached to the Cu terminated surfaces. They
are mainly due to the aqueous solutions used in preparation [71,72].

1.0x10° O‘1S ‘; main (CuQ lattice)
o exp. ~.
envelope I X
—~ 8.0x10°- ‘
@B
E 3
3 6.0x10°
=
> 1 ]
‘2 4.0x10° surf. OH 4
Q \ ‘:m
= surf. Cu-OH ’\‘ |
2.0x10° Ao
0.0 ez e
536 534 532 530 528 526
B.E. (eV)

Figure 5. XPS recorded spectrum of O 1 s core level of CuO:Mn sample together with the correspond-
ing deconvolutions and fitted curves.
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The ratio between the areas corresponding to Cu atoms and those corresponding to
Ols is noted to be around 1.026, which confirms the stoichiometry of the particles.

Features corresponding to the dopant manganese (Mn 2p core-level) are presented in
Figure 6. The corresponding doublet positions are 640.6 (3/2) and 651.9 (1/2) eV with a
spin orbit splitting of 11.2 eV. These values are consistent with the Mn?* state. Based on the
normalized areas of the XPS peaks, the concentration of manganese ions in the sample was
found to be 1.2 + 0.5 % in good agreement with its nominal value.

Mn 2p
3x10° 4
Counts Mn*"- 2p(3/2) ¢
Envelope A\
% s |
@
S 2x10° 1 {
8
b N a.l \
2 Mn®- 2p(1/2) LA
2 [
£ 1x10°- VA : \
,‘(J ;’ \
o 7 ) ‘?
“ :‘_,/? 2 “\ I P \‘
0 ook R §
e / . \
AR { \2\ ‘
0 ‘\gfl/’/ k> -
T ' ! ) : ' ‘ '
655 650 645 640 635
B.E. (eV)

Figure 6. XPS recorded spectrum of Mn 2p core-level doublet of manganese dopant together with
corresponding deconvolutions and fitted curves.

Table S1 summarizes the binding energies, line widths and core-level areas of Cu 2p,
Ols and Mn 2p. The normalized areas presented in the last column are proportional to the
number of atoms in the respective species.

3.2. Electrochemical Detection of Dopamine

Before starting the experiments for dopamine detection with bare and SPE modi-
fied electrodes, the active areas of electrodes were determined using the Randles-Sevéik
equation. Thus, cyclic voltammograms were recorded with different scanning rates
(2-100 mV/s) in solution containing 103 M potassium hexacyanoferrate (II) and 0.2 M
KClI supporting electrolyte. Next, the anodic peak current (I,a) was represented versus the
square root of the scan rate (w/2) (for exemplification, the results for the bare SPE and
CuO:Mn/SPE are shown in the Supporting Material, Figures S5a,b and Sé6a,b, respectively).
From the slope of each plot, the active area of the corresponding electrode was determined
to be: A =0.1 cm? (bare SPE); A = 0.057 cm? (CuO/SPE); and A = 0.084 cm? (CuO:Mn/SPE).
The decrease of the SPE active area after modification with CuO or CuO:Mn particles may
be explained by the decrease in the electrode’s porosity and consequently its roughness.

Next, the pH effect on the DA oxidation signal was thoroughly investigated. In
Figure 7, the CVs recorded with CuO:Mn/SPE in 10~* M dopamine solutions having
various pH values (3.6-8.0) are shown. In all cases, a well-defined oxidation peak was
observed, accompanied by a reduction peak of lower intensity. Although the peak potential
separation (AEp) was generally small (~0.35 V in acidic solutions; ~0.5 V in neutral and
basic solutions) the I, /Ipc ratio was higher than 1, so the process may be regarded as
quasi-reversible. In this case the rate of electron transfer is comparable to that of mass
transport. The CV curves shown in Figure 7 correspond to the first scan for each pH
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solution. As expected, upon increasing the number of scans, a small variation in the
oxidation/reduction signals was observed, due to the adsorption of the oxidation product
on the electrode surface (See Figure S7).

5 | ——pH3.6
1.5x10 pH 4.4
/ ——pH5.0
5 1 pH 6.0
1.0x10 " ——pH7.0
pH 8.0
5.0x10° -
<
=~ 0.0-
-5.0x10° -
l\
-1.0x10° . —

T T T T T T T T
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
E (V) vs Ag/AgCl

Figure 7. CVs recorded with CuO:Mn/SPE in 10~* M dopamine solutions having various pHs
(3.6-8.0); 10 mV /s scan rate (acetate buffers were used for pH 3.6-pH 5.0 solutions and phosphate
buffer saline were used for pH 6.0—pH 8.0 solutions).

Additional information can be obtained by looking at the plots of anodic peak current
(Ipa) and peak potential (Epa) versus the solution pH (Figure 8a,b). In case of the peak
current, one can see that it gradually increased with pH up to the value of pH 5.0, and
then strongly decreased. Therefore, the optimal pH electrolyte solution was selected to be
pH 5.0 acetate buffer.

In the case of the anodic peak potential, its variation with the buffer pH follows
the linear regression equation: Ep, = 0.19-0.022 x pH (R? = 0.986). The slope is equal
to 0.022 V/pH which is very close to half of the Nernstian value (0.057 V/pH at 25 °C),
indicating that the H* /n ratio is equal to 1/2. Similar results for the slopes were reported
by Jayadevappa et al. [54] with electrodes modified with CuO nanoparticles. In their
case, the electrodes were based on carbon paste mixed with flake- and rod-shaped CuO
nanoparticles. The generally accepted mechanism for dopamine oxidation involves the
transfer of 2e~ and 2H"*, with its transformation into dopamine ortho-quinone.

In order to explain the small value obtained for the E,, versus pH slope, we suggest
that some of the protons generated during dopamine oxidation are used to reduce the OH
groups linked to CuO particles (e.g., CuOOH is reduced to Cu(OH),), which changes the pH
around the electrode surface. These protons account for the E;, versus pH slope. The other
protons are involved in the reaction with the acetate solution, to keep the pH constant at the
electrode surface. Acetic acid/sodium acetate employed for the preparation of the pH 5.0
solution contains acetate ions, hydrogen ions, and un-dissociated acetic acid molecules.
The acetate ions can react with H* ions added to solution during dopamine oxidation
to produce acetic acid. In this way, the pH value at the electrode surface is maintained
constant, but the corresponding protons do not influence the E;, versus pH slope.
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Figure 8. Variation of the anodic peak current, Ip,, with the pH (a); variation of the anodic peak
potential, Epa, with the pH (b).

Next, the effect of the scan rate on the dopamine oxidation signal was investigated by
cyclic voltammetry. The CV recordings are presented in Figure S8a (Supporting Materials),
where the change of the anodic and cathodic waves with the scan rate (2-550 mV/s)
can be observed. By representing the corresponding peak current (I,) versus the square
root of the scan rate (v1/2), linear plots are obtained, indicating that the electron transfer
reaction between dopamine and the CuO:Mn/SPE surface is diffusion-controlled (Figure
S8b). The linear regression equations, corresponding to the anodic and cathodic plots are
y=—1.77 x 107° + 8.88 x 107% x v!/2 (R? = 0.997; anodic) and y = —1.14 x 107° —1.63 x
1075 x v1/2 (R? = 0.989; cathodic).

In order to evidence the electro-catalytic effect of CuO:Mn/SPE towards dopamine
oxidation, SW technique was employed. This technique has the advantage of the elimina-
tion of the capacitive current; therefore, the redox signals obtained with different electrodes
can be easily compared. Hence, SW voltammograms were recorded in 10~4 M dopamine
(pH 5.0 acetate buffer) with CuO:Mn/SPE and the results are presented in comparison with
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those obtained for bare SPE and CuO/SPE (Figure 9). In the case of bare SPE, the dopamine
oxidation signal is low and appears at a potential of +0.175 V. After SPE modification with
CuO nanoparticles, a shift in the peak potential was observed (down to +0.085 V) without
the significant increase of the peak current. The CuO:Mn/SPE has the strongest electro-
catalytic effect, evidenced by the further shift of the peak potential (down to +0.075 V)
and the considerable increase in the peak current (five times compared to that of bare
SPE or CuO/SPE). This indicates that the presence of a small amount (1 at. %) of dopant
manganese in the catalyst (CuO) is useful for promoting the transfer of electrons between
the dopamine molecules and SPE surface. The results are in excellent agreement with those
obtained by electrochemical impedance spectroscopy (see the next paragraph).

1.8x10°
] +0.075V
1.5x10° I"\ —— CuO/SPE
_ A —— CuO:Mn/SPE
1.2x10° - I’ \
. |
3 9.0x106-_ ]I \\
6.0x10° - [
\
\

3.0x10° \ %
-f\___ I

0.0 4

-3.0X:|.O-6 T T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8

E (V) vs Ag/AgCl

Figure 9. SW voltammograms recorded in 107*M dopamine (pH 5.0 acetate buffer) with bare SPE
(green); CuO/SPE (blue) and CuO:Mn/SPE (red); 10 mV /s scan rate.

EIS is a very useful technique since it can provide information about the charge-
transfer resistance (R¢t) of various materials. In our case, we compared the EIS spectra
(represented as Nyquist plots) of bare SPE and SPE modified electrodes (CuO/SPE, respec-
tively, CuO:Mn/SPE—Figure 10). For bare SPE, the plot reveals a large semi-circle in the
high-medium frequency range which can be attributed to the charge-transfer resistance
(Ret) of the material followed by a straight line at low frequencies, due to the diffusion of
the redox species within the double-layer and described by the Warburg impedance (W).
The double-layer capacitance (Cq;), generally employed to describe the charging of the
double-layer, was replaced in our case by a constant phase element (CPE), since it better
fit the behavior of electrodes with porous morphologies. In addition, the circuit contains
the solution resistance (Rg). The same electrical circuit was used to fit the data recorded
with CuO/SPE and CuO:Mn/SPE (Figure S9). The R values obtained after fitting the
EIS spectra with the equivalent electrical circuit were found to be: 58 k() (SPE); 56 kQ)
(CuO/SPE); and 208 () (CuO:Mn/SPE). It is interesting to mention that the addition of
CuO:Mn on top of SPE significantly decreased the Rt value which may be related to the
fact that dopamine adsorption upon the electrode surface depends on the type of electrodes.
If the EIS plots are compared, it is clear that the semicircle of CuO/SPE is more depressed
than that of bare SPE, which is a good indication that electrode passivation resulting from
adsorption is higher for SPE. The straight line observed for CuO:Mn/SPE, with low real
and imaginary values, indicates that there is a lower amount of adsorbed material to hin-
der the electrochemical reactions between the diffusion layer and the electrode surface.
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Consequently, the CuO:Mn particles have the ability to swiftly transfer the electrons with
dopamine molecules from solution.

90k
% CuO:Mn/SPE CPE
75K - ® CuOI/SPE
60k
E
S 45k
N
' 30k
) U > 0 )
0 @ 20, o
15k 4 »° 0.1 Hz
j’
0.1 Hz
0 = ‘;
10'5 HIZ T T T T T T T T T T T T T T T

-10k 0 10k 20k 30k 40k 50k 60k 70k 80k 90k

Z' (Ohm)

Figure 10. Nyquist plot recorded in 10~* M dopamine (pH 5.0 acetate buffer) for bare SPE (green;
E1/p = +0.149 V applied potential) and modified electrodes: CuO/SPE (blue; E; /; = +0.064 V applied
potential); and CuO:Mn/SPE (red; E; /, = +0.047 V applied potential); inset: the equivalent electrical
circuit employed to fit the Nyquist plots of bare and SPE modified electrodes.

Using the determined R values, the apparent heterogenous electron transfer rate
(kapp) was calculated for all electrodes based on the following equation [73]:

RT

Kapp =~ 1
PP 22 AR C M)

where # is the number of electrons transferred during the redox reaction (n = 2); F is the
Faraday constant (96,485 C mol~1); R is the ideal gas constant (8.314 ] mol~1K™1); T is the
temperature (298 K); A is the active area of the electrode (cm?); Ry is the charge-transfer
resistance obtained from the fitted Nyquist plots (Q2); C is the concentration of the redox
species (mol-cm~3).

Hence, kyyp was determined to be: 1.15 x 10~% ecm/s for SPE; 2.08 x 10~ cm/s for
CuO/SPE and 3.8 x 1072 ecm/s for CuO:Mn/SPE. One can see that kapp is two orders of
magnitude higher than that corresponding to bare SPE or CuO/SPE, clearly indicating
that the doping of CuO with Mn atoms highly promotes the transfer of electrons from
dopamine molecules to SPE substrate.

Next, the SW technique was employed for studying the effect of dopamine concen-
tration on the electrochemical signal obtained with different electrodes and to determine
other important analytical parameters, such as linear range, limit of quantification (LOQ),
limit of detection (LOD), and sensitivity. In Figure 11a,b are present the signals recorded
with CuO:Mn/SPE (a) and CuO/SPE (b), within a 1077-10"* M dopamine concentration
range. The signals obtained for bare SPE can be seen in Figure 510 (Supporting Materials).
Marked differences between the three electrodes are observed by plotting the anodic peak
current, Ip,, versus the dopamine concentration (Cpa), Figure 12.
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Figure 11. SW voltammograms were recorded with CuO:Mn/SPE (a) and CuO/SPE (b) in solutions
containing increasing concentrations of dopamine, 1077-107* M (pH 5.0 acetate buffer); 10 mV /s
scan rate.

In the case of bare SPE (green), the linear range is within 3 x 1077-10~* M dopamine
(y =225 x 1078 + 0.022 x C; R? = 0.996), the LOD is 9.09 x 10~8 M, and the sensitivity
is very low, 0.022 A/M. In good agreement with the previous experiments, the perfor-
mances of CuO/SPE are not significantly improved. Therefore, the linear range is within
1077-10~* M dopamine (y = 1.03 x 107 + 0.028 x C; R? = 0.99), the LOD is 3.03 x 10~ M
while the sensitivity is 0.028 A /M. Better results were obtained with CuO:Mn/SPE, where
two linear ranges were observed. The first one is within 1077-107° M (y; =1.95 x 1077 +
1.09 x C; R? =0.965) and the second one is within 107~107* M (y, = 1.63 x 107¢ + 0.14 x C;
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R? = 0.995). The LOD is 3.03 x 10~8 M and the sensitivity is extremely high, 1.09 A/M
(1077-107° M range). Concerning the second linear range, the sensitivity is also high
(0.14 A/M; five times higher than that of bare SPE or CuO/SPE) and the limit of detection

is3.03 x 1077 M.

1.8x10°
& CuO:Mn/SPE

.| ® CuO/SPE
1.5x10"

1.2x10°

6
9.0x10 y, = 1.95x 107 +1.09x C

)

6.0x10°

o | y=1.03x10" +0.028x C
3.0x10 " 1

0.0 1

y,=163x10°+0.14xC

C (M)

Figure 12. Calibration plots obtained with CuO:Mn/SPE (red; 10~7-107% M and 107°-10~* M
linear ranges); CuO/SPE (blue; 10~7-10~* M linear range) and bare SPE (green; 3 x 10~7-10"* M

linear range).

The performances of CuO:Mn/SPE towards dopamine detection were compared with
those of other types of electrodes reported in the literature (see Table 1). In most cases the
employed electrode has similar or better performances, both in terms of linear range and

limit of detection.

Table 1. Assessment of different modified electrodes for measuring dopamine.

T T T T T T T T T T
0.0  2.0x10° 4.0x10° 6.0x10° 8.0x10° 1.0x10™

Linear Range

Modified Electrode (uM)

LOD
(nM)

Reference

DNA aptamer-GO/nile blue/GCE
DNA aptamer-GO/nile blue—reduced
graphene oxide/nile blue/gold 0.01-200
nanoparticles complex
GCE—glassy carbon electrode

[74]

Thionin/AuNPs/CNPs/Au
Thionin/ AuNPs/CNPs—carbon
nanoparticles (CNPs) coupled to thionine 30-3000
labeled gold nanoparticles (AuNPs)
Au—gold electrode

10

[75]

Electrodeposited PEDOT/GO/GCE
Electrodeposited PEDOT/GO
—nanocomposite composed of conducting
polymer poly (3,4-ethylenedioxythiophene)
(PEDOT) doped with graphene oxide (GO)
GCE—glassy carbon electrode

0.1-175

39

[76]
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Table 1. Cont.

Modified Electrode

Linear Range
(uM)

LOD
(nM)

Reference

GO/PEDOT/GCE
GO/PEDOT—nanocomposite of
poly(3,4-ethylendioxythiophene) (PEDOT)
doped with GO nanosheets
GCEglassy carbon electrode

1-40

83

[77]

Ag-Pt/pCNFs/GCE
Ag-Pt/pCN—Fs—electrospun nanoporous
carbon nanofibers (pCNFs) decorated with

Ag-Pt bimetallic nanoparticles
GCE—glassy carbon electrode

10-500

110

[78]

RGO/Pd-NPs/GCE
RGO/Pd-NPs—nanocomposite containing
electrochemically reduced graphene oxide

(RGO) and palladium nanoparticles
(Pd-NPs)
GCE—glassy carbon electrode

1-150

233

[79]

Cu,O/Graphene/GCE
CuyO/graphene—nanocomposites
composed of cuprous oxide (CuyO) and
graphene
GCE—glassy carbon electrode

0.1-10

10

[80]

GO/Si0,-MIPs/GCE
GO/S5i0,-MIPs—composite of

Si0, -coated GO and molecularly imprinted

polymers y-
methacryloxypropyl trimethoxysilane
GCE—glassy carbon electrode

0.05-160

30

[81]

MnO; NWs/ERGO/GCE
MnO; NWs/ERGO—MnO,
nanowires-electrochemically reduced
graphene oxide
GCE—glassy carbon electrode

0.01-0.10

[82]

ZnO/CPE
ZnO—zinc oxide nanoparticles
CPE—carbon paste electrode

0.1-20

30

[83]

CuO/CPE
CuO—copper (II) oxide nanoparticles
CPE—carbon paste electrode

0.1-10

10

[54]

3D Pt/RGO/MnO,/GCE
3D Pt/RGO/MnO,—three dimensional
(8D) ternary Pt nanodendrite/reduced
graphene oxide/MnO, nanoflower
GCE—glassy carbon electrode

1.5-215.56

100

[84]

CuO:Mn/SPE

30.3

current
work

In order to prove the analytical applicability of CuO:Mn/SPE, the electrode was
further employed for dopamine quantification in a pharmaceutical drug solution that
contained dopamine hydrochloride (5 mg/mL) and different interfering species: sodium
metabisulfite (NayS,0Os), maleic acid (C4H4O4), sodium chloride (NaCl), and propylene
glycol (C3HgO,). The SW signals were recorded in solution containing the pharmaceutical
drug solution (Cx) and in solutions containing Cy and the added volumes (5; 10; 15 uL)
of dopamine from the 10~3 M stock solution, corresponding to the added C;, C,, and Cj
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concentrations, respectively (Figure 13a). From the calibration plot (I, versus the added
concentrations—C,44), the Cy value was found to be 5.53 x 1077 M (Figure 13b). By
comparing the Cy value with the one calculated from the drug solution (5.24 x 10~/ M),
we can conclude that the electrode has excellent ability in the determination of dopamine
in the real sample.

7.5x10”

5.0x10" -
<
2.5x10" -
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4
E (V) vs Ag/AgCl
-7
2.1x10" 1 b
1.8x10" -
1.5x10" -
< ,
. 1.2x10 A
9.0x10° -
. y=3.1x10"+0.056 x C,
o-0x107 C,=553x10" M
3.0x10™;
c ..
— 0.0 , . , . . |
'10X10-6 OO ]_Oxlo'6 20X10'6 3OX10-6

Cadd (M)

Figure 13. Standard addition method employed for the determination of DA concentration in
pharmaceutical drug solution: SW recorded in solutions containing Cx and the added concentrations
(Cy; Cy; C3) (a); the addition plot used to determine Cy (b).

4. Conclusions

CuO and Mn-doped CuO particles were prepared by the low-cost hydrothermal
method using chlorides as precursors. Particles with flat faces and nearly straight edges
with the size in the micrometric order were observed by TEM/SEM microscopy. According
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to XRD analysis, the CuO crystalline phase was obtained for both samples. The quantitative
analysis performed by the XPS technique was used to check the doped sample composition.
Thus, 1 at.% manganese doping was confirmed to be in the doped sample, which is in
good agreement with the concentration of manganese precursor used in synthesis. The pH
effect on the DA oxidation signal for bare and SPE modified electrodes was investigated
and determined to be optimum at the value of pH 5.0 (acetate buffer solution). From
square wave voltammetry experiments, it was established that CuO:Mn material increased
the transfer of electrons between the dopamine molecules and the SPE surface. The
electrochemical signal obtained for all electrodes at different dopamine concentrations gave
information about the limit of detection and sensitivity. A five time higher sensitivity for
CuO:Mn/SPE electrode was reached. The performance of DA detection in real samples of
CuO:Mn/SPE was attained on the commercial pharmaceutical drug solution, proving the
excellent sensitivity of the doped material.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13061014/s1, Table S1 Binding energies, line widths raw
areas and normalized areas of the quantized core-level XPS lines; Figure S1 Optical images of SPE
electrodes; Figure S2 Evolution of the adventitious carbon after consecutive Ar ions etching of
sample CuO:Mn; Figure S3 XPS recorded spectrum of Cu 2p core-level of CuO sample together
with the corresponding deconvolutions and fitted curves; Figure S4 Survey spectrum of sample
CuO. Red bars indicate the expected positions of the most intense Cl core-levels and Auger Cl
LMM. These lines were not observed; Figure S5 Cyclic voltammograms recorded with bare SPE with
different scanning rates (2-100 mV/s) in solution containing 10~3 M potassium hexacyanoferrate
(IT) and 0.2 M KClI supporting electrolyte (a); the plot of Ipa versus the square root of scan rate,
v1/2 (b); Figure S6 Cyclic voltammograms recorded with CuO:Mn/SPE with different scanning
rates (2-100 mV/s) in solution containing 1073 M potassium hexacyanoferrate (II) and 0.2 M KC1
supporting electrolyte (a); the plot of Ipa versus the square root of scan rate, v!/2 (b); Figure S7
The stability of CuO:Mn/SPE, after successive scanning in solution containing 1074 M dopamine
(pH 5 acetate); 20 scans with 10 mV /s scan rate; Figure S8 Cyclic voltammograms recorded with
CuO:Mn/SPE in solution containing 10~* M dopamine (pH 5.0 acetate buffer), with increasing scan
rate: 2-550 mV /s (a); The variation of the current peaks (anodic and cathodic) with the square root
of scan rate (b); Figure S9 Equivalent electrical circuit employed to fit the EIS spectra of bare and
modified SPE, CuO/SPE and CuO:Mn/SPE; Figure S10. SW voltammograms recorded with bare SPE
in solutions containing increasing concentrations of dopamine, 10~7-10~* M range (pH 5.0 acetate
buffer); 10 mV /s scan rate.
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