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ABSTRACT

The identification of highly sensitive materials able to combine performance stability, relatively low cost,
controllable and large area fabrication process is still a major bottleneck in the scientific community. Dopamine
is considered a key indicator to monitor cardio and cerebrovascular diseases and its redox activeness makes
electrochemical detection the most straightforward and promising sensing approach. Here we report the reali-
zation, by a simple yet effective approach, of diamond-based electrodes with a native selectivity towards
dopamine. In details, three different substrate pretreatments, i.e., lapping, electropolishing and chemical etching,
are adopted to tailor the morphological, structural, and sensing features of titanium doped diamond layers. SEM,
AFM, Raman spectroscopy, XRD, XPS and I-V analyses demonstrate the features' modulation of the diamond
layers being crucial for electrochemical and sensing performances, as confirmed by dopamine selectivity under
ascorbic and uric acid interferents' excess. Furthermore, the controlled introduction of oxygen-containing groups
enhances the dopamine sensitivity, lowering the detection limit from 6000 to 600 nM. In addition to giving an
important insight on the physical-chemical growth processes, these preliminary results pave the way for the
exploitation of these materials in a wide range of sensing applications, thanks to the non-toxicity and high

surface tunability without post-synthesis treatments.

1. Introduction

In the last years, the search of new materials characterized by high
sensitivity and stability for developing electrochemical sensors of bio-
molecules and neurotransmitters attracted a great attention from the
scientific community [1-3]. The increased life expectancy of the popu-
lation has in fact led to a transition from a situation in which infectious
and deficiencies diseases were prevalent to a preponderance of chronic
degenerative ones. It is well-known that, in richer countries, the greatest
global burden of disease is mainly attributable to cardio, cerebrovas-
cular diseases and neuropsychiatric disorders. In this view, significant
efforts are being made to produce devices for monitoring the mono-
amine dopamine (DA) neurotransmitter, the level of which in biological
samples serves as a key indicator to monitor Parkinson's, Alzheimer's

and Huntington's diseases, neural crest tumors, multiple sclerosis and
stroke, as well as probable drug effects [4-6]. Due to DA inherent redox
activeness [5], electrochemistry proved to be the most straightforward
and promising approach among the developed methods. However,
ascorbic acid (AA) and uric acid (UA) have redox potentials close to that
of DA and are characterized by a concentration in biological environ-
ments over 100 times higher. Therefore, these analytes behave as typical
interferents hindering the DA electrochemical determination [5].
Among the sensing materials for DA detection, boron-doped dia-
mond (BDD) produced by energy-assisted (plasma or hot filament, HF)
Chemical Vapor Deposition (CVD) processes is a good candidate for the
unique properties such as low background current and adsorption,
inherent robustness, wide potential window and good biocompatibility
[1-5,7-22]. However, a pure BDD system difficulty distinguishes the
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redox potentials between DA and other interferents [23,24]. Therefore,
recent studies have been dedicated to exploring further post-synthesis
treatments for BDD surface modifications including anodization [25],
hydrogen plasma [26], etching into porous forms [9], carbon-based
nanomaterials [5,8], polymer films [27] and nanoparticles
[5,8,28,34]. However, it is worthy to recall a series of controversies
related to the use of boron to achieve diamond doping. First, a strong B
doping level generally compromises the quality and conduction
behavior of diamond lattice as it induces more scattering and a subse-
quent lowering of charge carriers mobility [29,30]. Grain boundaries,
intra-grain dislocations, intergranular amorphous carbon or graphitic
regions and hydrogen trapping are in fact the common defects produced
by a 10%° cm™3 doping level [13,31]. Under these conditions, the elec-
trochemical mechanism of heterogeneous electron transfer to a diamond
surface turns out to be largely dominated by a conduction via impurity
band or surface states [32,33]. Additionally, considering that the
handling of boron compounds represents a serious risk for the health, it
is evident that the use of BDD for developing electrochemical sensors
can become quite hazardous [34].

To overcome these criticalities, an interesting new strategy is to
produce conductive boron-free diamond by a proper insertion of foreign
doping species within the diamond lattice directly during a CVD syn-
thesis processes [35,36]. In this context, many efforts have been dedi-
cated to produce conductive diamond films containing Nd, N, Ti and
hybrid Si-Ni entities on a variety of substrates such as silicon, titanium,
niobium, tantalum, molybdenum, glassy carbon [36-41]. In particular,
the doping with Ti species was interesting for the intrinsic biocompati-
bility of this element [42-45]. Moreover, it was demonstrated that Ti-
doped diamond layers grown on Ti substrates allow for assembling
electrodes competitive in terms of electrochemical performances with
respect to commercial BDD ones [35,36] and as fundament of electronic
devices [46]. Another very important aspect to consider is that CVD
methods are powerful approaches to tailor a complex range of diamond
properties such as dopant concentration, crystallographic defects, sp>
and amorphous carbon content, amount of grain boundaries and surface
terminations (H, O) [22,47,48]. The synergistic contribution of overall
these factors is crucial to define the electronic and electrochemical
properties of the diamond phase [49,50]. In particular, the tailoring of
the surface terminations is functional to control the selectivity of dia-
mond electrodes, due to the electrochemical reactions that take place at
the interface between electrode and electrolyte solution [13]. In fact, it
is well established that H-terminations lead to non-polar, hydrophobic
diamond surfaces with high conductivity and low charge transfer
resistance [16,51]. Conversely, the presence of O-terminations hinders
the electron transfer rate of certain redox couples, providing enhanced
electroanalytical selectivity for specific electrochemical analytes
[25,52]. In this scenario, different strategies have been settled to
customize the diamond surface according to the specific application. For
H-sites increase, electrochemical methods (water reduction) or radio
frequency H-plasma treatments are typically adopted [13,53]. Chemical
routes by boiling in oxidizing acids, photochemical or thermal oxida-
tion, oxygen plasma or UV-ozone treatments and anodic electrochemical
polarization are the principal methods used to oxidize diamond samples
[54-67]. However, some limitations relate to these conventional pro-
cedures. For example, Xu et al. [68] demonstrated that hydrogen plasma
treatments favor the formation of hydrogenated amorphous layers that
can be easily exfoliated from the diamond surface. Similarly, oxidative
processing can produce graphitization and etching of the diamond
phase, thus modifying the surface roughness and quality of the diamond
films [55,69-711], or can induce a degree of oxidation so high to strongly
decrease the electrochemical activity of the diamond layers [57,72].

To the best of our knowledge, boron-free diamond electrodes have
never been used for DA detection. Therefore, the approach here pro-
posed is to explore how titanium substrates pretreatments can tailor the
morphological, structural, and functional features of Ti-doped CVD-
diamond as sensing platform for DA electrochemical detection under AA
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and UA excess and with a limit of detection (LOD) comparable with that
of unmodified BDD [4,5,7-9,73]. Namely, a combination of physical and
chemical procedures, including lapping, electropolishing and chemical
etching, was investigated to proper modulate the surface of Ti sub-
strates. SEM, AFM, Raman spectroscopy, XRD and XPS techniques were
utilized to thoroughly study the properties of the produced diamond
coatings, which have been correlated to the surface modifications of the
Ti substrates. -V measurements and electrochemical tests were per-
formed to characterize the diamond layers as conductive materials.
Finally, the performance as electroanalytic sensors' electrode was
definitively assessed by estimating the selectivity for the DA determi-
nation under the presence of the interfering AA and UA compounds. The
collected results clearly indicate the possibility to use Ti-doped diamond
as sensing material for those applications where high biocompatibility
and nontoxicity are required.

2. Experimental
2.1. Chemicals

HClO4, methanol, n-butanol, potassium ferrocyanide, potassium
chloride, uric acid (UA), L-(+)-ascorbic acid (AA), dopamine hydro-
cloride (DA), sodium hydroxide (NaOH) and phosphate buffered saline
(PBS) pellets were purchased by Merck KGaA and used as received. All
the solutions are prepared in distilled water.

2.2. Pre-deposition treatments of Ti substrates

Titanium substrates were produced by cutting a 0.5 mm thick
polycrystalline titanium foil in 1.5 cm x 1.5 cm squares that were flatted
by a hydraulic press at a pressure of few MPa. The substrates were
subjected to subsequent surface modification treatments to modulate
their reactivity towards the diamond deposition. These treatments were
carried out using physical and chemical approaches that include: i) a
lapping procedure at a 35 rpm speed and a 11 MPa pressure by using an
abrasive SiC foil; ii) an electropolishing process by applying a 20 V
potential for 15 min at —30 °C in a solution of 12 M HCIO4 (6%y,),
methanol (59%,,y) and n-butanol (35%y,y) [73]; iii) an electropolishing
followed by immersion in a 2 M NaOH solution for 1 h at 80 °C.

2.3. Diamond growth

The Ti-doped diamond samples were synthetized by using a
customized hot filament CVD apparatus, furnished of a powder-flowing
chamber properly designed to insert foreign species within the diamond
lattice directly during the synthetic process by gas phase. The experi-
mental conditions for deposition were previously optimized and can be
found elsewhere [35]. Briefly, here we can recall that to achieve the Ti
doping, Ny gas fluxes are employed to carry Ti(IV) acetylacetonate
powders from a reservoir to the deposition chamber. A nozzle below the
hot filament allows for spreading the carrier flow across the active area
of the heated Ti substrate, where diamond is being deposited. This
configuration enables thermal decomposition of the metal-containing
precursors and a uniform distribution of the metallic species within
the growing diamond lattice. The produced samples were named D_LAP,
D_EP, and D_NaOH depending on whether the Ti substrates were sub-
jected to lapping, electropolishing, or electropolishing followed by im-
mersion in NaOH solution, respectively. The reproducibility of the
whole process was checked by producing three replicas for each type of
sample.

2.4. Characterization techniques
A Hitachi S-4000 Field Emission Scanning Electron Miscroscope (FE-

SEM) was employed to acquire the Scanning Electronic Microscopy
(SEM) images. A Solver Px Scanning Probe Microscope from NT-MDT
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was used to record the Atomic Force Microscopy (AFM) images. The
AFM measurements are performed in semi-contact mode by means of a
silicon tip (NSG10, force constant ~12 N/m, resonant frequency 220
KHz) having a nominal radius of less than 10 nm. Each sample was
analyzed in different areas by scanning 20 pm x 20 pm zones. A Horiba
Xplora One™ Raman Microscope was used to collect Raman spectra
under a 532 nm laser source, by setting the on 2400 grooves/mm. Each
single peak was deconvolved with a Lorentzian line shape that allows to
derive position, intensity, and full width at half maximum (FWHM)
parameters for each signal in the spectra. A Seeman-Bohlin X-ray
diffractometer (grazing angle configuration) was exploited for X-ray
diffraction (XRD) measurements. Cu Ka (A = 1.5406 i\) radiation was
employed in steps of 0.02° operated at 40 kV and 30 mA. A KRATOS Axis
Ultra DLD apparatus was used for the XPS measurements by using X-ray
beam from Al target (15 kV, 10 mA). The electron energy analyzer
worked by setting the pass energy at 20 eV and the step size at 0.05 eV.
Casa-XPS software deconvolved the core level Cls spectra with line
shapes having both Gaussian and Lorentzian character, after performing
a Shirley background subtraction in the spectral interval between 281
and 291 eV. I-V measurements were performed by means of a four-points
apparatus, providing CVD-diamond surfaces with four metallic contacts
(Au-coated Cu microtips), by measuring the current signal driven by a
DC voltage generator. To evaluate the electrochemical performances of
CVD-diamond, cyclic voltammetry (CV) and square wave voltammetry
(SWV) measurements were carried out in a standard one-compartment
three-electrode cell by using a Palm Sense compact electrochemical
workstation. A saturated calomel electrode (SCE) and a Pt foil were used
as the reference and counter electrodes, respectively. To realize the
working electrodes, the Ti-doped diamond samples were provided with
a platinum electric contact on the back side of the Ti substrates. To rule
out the possible contribution of the titanium substrates to the Ti-doped
diamond electrochemical response, all the metal portions of the
assembled electrodes were coated by an epoxy layer. The amplitude (A),
frequency (f), and step potential (AEs) of the staircase waveform
experimental parameters were optimized as follows: A =30 mV, f=5
Hz, AEs = 2mV for D_EP and D_NaOH films, by using a 10 pM DA in 10
mM PBS solution at pH 7.4. Electrochemical impedance spectroscopy
(EIS) measurements were performed between the frequency range of 1.0
and 50,000 Hz in PBS 10 mM solution by applying a sinusoidal wave of
50 mV of amplitude superimposed to a 0 V bias and the resulting curves
were analyzed using the PSTrace software. In all electrochemical and
impedimetric tests, the area of the diamond electrodes exposed to the
electrolyte was 1 cm?. The overall measurements were conducted at R.T.

3. Results & discussion

In Fig. 1 are shown the SEM and AFM images of the Ti substrates
treated by lapping (Ti-LAP), electropolishing (Ti-EP), and electro-
polishing followed by immersion in NaOH solution (Ti-NaOH) along
with the corresponding diamond coatings.

From Fig. 1a we can distinguish the modifications of Ti substrates
induced by pretreatments. While the surface of Ti-LAP is characterized
by a uniform distribution of micro-sized grooves, a very smooth finish-
ing is shown by Ti-EP because of the electropolishing processing able to
produce mirror-like surfaces [74]. As expected, the NaOH chemical
etching models the electropolished flat surface, producing a micro-
sculpturing for Ti-NaOH. Regardless of the surface morphology,
continuous and uniform polycrystalline layers are found to grow on all
Ti substrates (Fig. 1b), even if specific textures are evident for every
sample. As highlighted in the inserts in Fig. 1b, the D_LAP and D_EP films
are formed by grains with well-facetted triangular features ranging from
0.5 to 1.0 pm. Conversely, the D_NaOH sample's morphology shows a
consistent secondary nucleation crystals growth which reduces the
average grain size to the nanoscale. These results are consistent with
those of the AFM investigation which confirms that D_LAP and D_EP are
formed by a compact assemble of submicrometric conical structures,
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while D_NaOH shows nanometric diamond grains with a less defined
shape (Fig. 1¢). By averaging over several AFM images, values of surface
root mean square roughness (Sq), average height (Sa) and height dif-
ference between the highest and lowest points on the surface (St) were
determined and reported in Fig. 1d. These data allow for a quantitative
comparison of the different samples and clearly indicate that D_EP is that
for which the diamond coating, similarly to its substrate, exhibits the
smoothest surface with Sq, Sa and St values of around 180, 170 and 700
nm, respectively. While the Sq and Sa values of D_LAP and D_NaOH are
only slightly greater than that of D_EP (220 and 230, 250 and 240
respectively), the peak-to-valley distance St is found to be 1.2 pm for
D_LAP and 1.4 ym for D_NaOH. The high roughness of these samples can
be reasonably explained by the ability of CVD diamond to reproduce the
surface characteristics of the substrate on which it is grown.

The crystalline quality of the diamond coatings was assessed by
Raman spectroscopy and X-ray diffraction (Fig. 2). For each sample five
Raman spectra from different microregions were collected and analyzed.
Representative normalized and deconvolved Raman spectra of D_LAP,
D_EP, and D_NaOH are reported in Fig. 2a.

Each spectrum was deconvolved by five Lorentzian lines corre-
sponding to the diamond line at 1332 cm ™}, the D and G bands at about
1350 and 1570 cm ™! respectively, and the v; and v3 bands at about 1150
and 1490 cm™! assigned to transpolyacetylene segments vibrations
[74-78]. Due to the doping process and the mismatch between thermal
expansion coefficients of diamond and titanium [35,79,80], the signal
ascribable to the diamond line is found at 1333.1, 1336 and 1341 cm ™
for D_LAP, D_EP and D_NaOH, respectively. For each sample the dia-
mond volume fraction (X;) was calculated following the procedure
described in Refs [81, 82]. X; values of 90, 93 and 81 % were collected
for D_LAP, D_EP and D_NaOH, respectively. The remarkable percentage
of D_EP denotes that this sample is given by a diamond phase without
significant contents of graphite and/or amorphous carbon. Analogously,
a value of about 11 cm ™! for the FWHM of the diamond line indicates a
good CVD-diamond quality for this sample. Conversely, the lower per-
centage (i.e., 81 %) and higher FWHM value (ca. 19 cm’l) found for
D_NaOH can be explained by the formation of a sp? carbon phase at the
boundaries of the nanometric diamond grains of this sample.

Further structural information can be achieved by the XRD analysis.
XRD patterns of D_LAP, D_EP and D_NaOH along with the diffraction
signals' assignment are shown in Fig. 2b. All the samples show the
intense diffraction peaks ascribed to the TiC interlayer produced on Ti
substrates at the beginning of the deposition process. The (111) and
(220) diamond reflections are located at 29 diffraction angles of 43.9°
and 75.3°, which are slightly higher than those typical of a pure dia-
mond phase [35]. This effect was previously explained on the basis of
the diamond lattice constant's enlargement, reasonably due to the
incorporation of Ti dopant entities [35]. The Scherrer equation provides
the crystallite mean size from the position (29) and FWHM of the (111)
reflection (for details see Supporting Information) with values of 35.2,
41.7 and 21.8 nm for D_LAP, D EP, and D_NaOH, respectively. This
result confirms once again that the diamond deposit with the higher
crystallinity grows on the electropolished titanium substrate, and the
active role played by the solid substrate in the heterogeneous deposition
from the gas phase. This outcome is not at all unexpected, considering
that the heterogeneous nucleation of diamond is critically influenced not
only by the density of the substrate surface defects acting as nucleation
sites, but also by the surface nucleation rate [83,84]. Finally, it is worthy
to note that no signals related to crystalline graphite and/or Ti phases
are found in the spectra confirming the good phase purity of all the
diamond deposits.

An in-depth investigation on the elemental composition and chemi-
cal state of diamond surfaces was performed through a XPS study
(Fig. 3).

The survey spectra of the D_LAP, D_EP and D_NaOH samples (Fig. 3a)
were analyzed by referencing the peak related to the C 1s level of dia-
mond at 285 eV [85,86]. On this basis, the signal located at around 532
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Fig. 1. SEM images acquired for (a) Ti substrates treated by lapping (Ti-LAP), electropolishing (Ti-EP), and electropolishing followed by immersion in NaOH solution
(Ti-NaOH); (b) respective diamond coatings (D_LAP, D_EP, and D_NaOH samples). Insets: SEM images of the diamond grains taken at high magnification. (c) Three-
dimensional AFM topography images of D_LAP, D_EP and D_NaOH diamond films. The Z-axis scales are different for the three images. (d) 3D-graph showing the
values of surface root mean square roughness (Sq), average height (Sa) and height difference between the highest and lowest points on the surface (St).
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Fig. 2. (a) Representative deconvolved Raman spectra and (b) XRD patterns of D_LAP, D_EP and D_NaOH samples along with signals' attribution.

eV is assigned to the oxygen O 1s, reasonably due to carbon atoms in
oxidized configurations. The black dashed square outlines the region
between 440 and 460 eV, in which the Ti 2p signals are commonly re-
ported in the literature. As it can be seen, the absence of such signals
from the diamond surfaces confirms that the diamond layers form a
uniform coating of the Ti substrates and suggests that the Ti species
produced by the decomposition of the metalorganic precursor are in
some way distributed within the diamond lattice. The quantitative
analysis of the experimental data provides a surface elemental compo-
sition of about 98 % C and 2 % O for both D_LAP and D_EP. Conversely,
91 % C and about 9 % O are detected for D_.NaOH. To better detail the
surface chemistry, the high-resolution XPS C 1s spectra were decon-
volved and analyzed (Fig. 3b). From the analysis of the peaks at 284.3,
284.8, 285.3 and 286.8 eV, the C=C, C—C, C—H, and C—O bonds were
respectively recognized. A panoramic view of the relative abundance of
the main C configurations is illustrated in the histogram graph of Fig. 3c.
It is worthy to note that no C=C bonds were detected for D_LAP and
D_EP, while a ~4 % amount was found for D_NaOH. As previously dis-
cussed, the reduced diamond grains' size with the related increase of
grain boundaries can explain the presence of sp? or amorphous carbon
domains on this latter sample. Basically, all the diamond layers exhibit
the same degree of C-Hy terminations, in line with the values found for
HFCVD-grown diamond. However, while D_LAP and D_EP deposits are
constituted by a rather similar surface composition, with an abundance
of around 60, 40 and less than 2 % for the C—C sp3, C—Hy and C—O
configurations respectively, a quite different situation arises for
D_NaOH. This sample shows a 40 % abundance for the C—C sp® and a
~10 % relative concentration of C—O bonds (for details see Supporting
Information). The larger degree of surface oxidation exhibited by
D_NaOH can be tentatively rationalized as a consequence of the NaOH
pretreatment of Ti substrate that enables the formation of surface tita-
nium oxides. In this view, during diamond deposition the O-containing
radical species formed from the interaction between H* and CH*3 radi-
cals with the titanate groups are thus expected to interact with the
growing diamond phase by grafting the C* terminations and leading to
surface oxygenated functional groups. In Fig. 3d a possible mechanism
for diamond growth and functionalization under these experimental
conditions is depicted.

Current-voltage (I-V) measurements in the (0+0.8) V potential range

were performed to correlate the electrical features with the samples'
morphology, topography and surface chemistry. In Fig. 4a, b the elec-
trical conductivity is reported as a function of the parameters derived by
the structural, topographical and surface chemistry analyses of the Ti-
doped diamond layers.

As a general trend, the conductivity values are found to increase with
the diamond phase (2;%) content and the averaged dimension of crys-
tallite domains (t) (Fig. 4a). In fact, we note that D_LAP and D_EP, which
are characterized by higher X;% and t, show a conductivity in the range
(0.8 = 1) x 10* S/cm. A o of about an order of magnitude lower is
exhibited by D_NaOH which shows the larger concentration of amor-
phous and graphitic carbon phases and the lowest grain size. These re-
sults can be explained by assuming that the contribution of C sp? to the
total charge transport properties can be considered negligible, while the
amplification of the grain boundary scattering, due to the relatively
small size of the crystallites, plays a fundamental role in increasing the
electrical resistivity. On the other hand, one can observe that the surface
roughness profile has a no clear impact on the electrical behavior
(Fig. 4b). In particular, while the ¢ values are fairly close for D_LAP and
D_EP, the peak-to-valley distance (St) of D_LAP is almost the double than
that of D_EP. Conversely, even showing the lowest 6, D_NaOH is char-
acterized by a St value similar to that of D_LAP. A different result is
obtained as regards the surface chemistry. In this case, a consistent
surfaces oxidation degree is effective in reducing the electrical con-
ductivity, as demonstrated by D_NaOH which exhibits a C—O termina-
tions' abundance four times greater than that of the other two samples.

All the collected results convincingly demonstrate that the developed
methodology for growing electroconductive diamond systems also en-
ables to selectively tune their surface oxidation grade without per-
forming a post-synthesis processing, that could influence the structural
quality of the produced materials. In particular, the introduction of
oxygenated groups can be considered an added value for the exploita-
tion of Ti-doped diamond as a sensing platform, since the presence of
singly bonded C—O moieties has been found crucial for the electro-
chemical activity of diamond materials [57,72]. Considering that D_LAP
and D_EP have showed very similar structural, surface chemistry and
charge transport properties, in the following it was decided to carry out
an in-depth electrochemical study only on D_EP and D_NaOH aimed at
evaluating the feasibility of using such boron free conductive diamonds



R. Carcione et al. Surface & Coatings Technology 467 (2023) 129662

Fig. 3. (a) XPS survey spectra of D_LAP, D_EP and D_NaOH samples along with surface elemental composition in the inset; (b) possible reaction mechanism for the
growth of diamond on titanium surfaces modified by the NaOH activation; (c) deconvolved high resolution XPS spectra of C 1s core levels along with signal
attribution; (d) 3D-graph displaying the relative abundance of the C arrangements on the D_LAP, D_EP and D_NaOH samples' surfaces.

Fig. 4. Histogram graphs showing the trend of the conductivity as a function of (a) the structural features and (b) the topographical and surface chemistry properties
of the diamond layers.

as electrodes for dopamine detection. 15, 30, 60, 120 and 200 mV s~ within the (0.5 ~ +1.0) V potential
The electrochemical response was firstly checked in a 10 mM PBS range by D_EP and D_NaOH samples are reported.
physiological environment. In Fig. 5a, b the CV curves recorded at 5, 10, We observe that larger capacitive currents are found for D_NaOH,
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Fig. 5. CV curves collected in the range between —0.5 and +1.0 V in 10 mM PBS at 5, 10, 15, 30, 60, 120 and 200 mV st by (a) D_EP and (b) D_NaOH electrode. CV
curves for 10 mM [Fe(CN)5]4’ in a 0.1 M KCI solution at various scan rate (5, 15, 30, 60, 120 and 200 mV s~ in the potential range between —0.4 and +0.6 V
collected by (c) D_EP and (d) D_NaOH electrode; anodic peak currents as a function of the scan rates' square root for (e) D_EP and (f) D_.NaOH.

probably due to its higher surface roughness even if the occurrence of
some space charge regions into the material responsible for a charge
carriers' density decreasing cannot be neglected. As shown in Fig. 5a, b,
spurious peaks are absent in the CV curves of both the electrodes,
pointing out that both D_EP and D_NaOH samples surfaces are devoid of
electrochemically active functionalities, that can hinder electroanalyt-
ical detection procedures.

To further test the electrodes performance, the electrochemical
response of the ferro-ferricyanide Fe(CN)3 /4~ chemical species, a
standard outer sphere redox couple, was investigated [30]. Fig. 5c,
d shows the typical CV curves recorded at scan rates ranging from 5, 15,
30, 60, 120 up to 200 mV st by a 10 mM Fe[(CN)6]4* ina 0.1 M KCl
solution. The corresponding values of the anodic and cathodic peak

potential difference (AEp), the ratio between anodic and cathodic peaks'
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currents (I/I), and the linear variation of I5 versus the square root of
the scan rates (v'/2) (Fig. 5e, f) for both D_EP and D_NaOH electrodes are
in agreement with a quasi-reversible process. To estimate whether a
slow kinetics or a solution uncompensated resistance drives the quasi-
reversible reaction, the apparent heterogeneous electron-transfer rate
constant, kgpp, was calculated by analyzing the variation of AE, with the
scan rate according with the Nicholson method. The elaboration of the
acquired data gave kgpp values of 2 x 10 2and 1 x 10~ cm s~ ! for D_EP
and D_NaOH, respectively. These different rate constant values indicate
that the D_EP electrode exhibits a higher kinetics than the D_NaOH one.
This finding concords with other studies in the literature, which
demonstrated that the diamond electrodes functionalized with oxygen-
containing groups hinder the kgpp of the Fe[(CN)6]3’/ 4~ redox couple
[3,4,87,88].

The ability to detect DA was tested in a 1 mM solution of this
neurotransmitter in a 10 mM PBS solution at pH 7.4. The voltammo-
grams recorded at the scan rate of 15, 30, 60, 120 and 200 mV s7! by
D_EP and D_NaOH are shown in Fig. 6. The potential range between
—0.2'V and +0.8 V was purposefully selected to avoid further dopamine-
o-quinone reactions, that can involve the formation of melanin-like
polymeric species on the diamond electrode surface, producing its
fouling [4].

Analogously to what found for the Fe(CN)g’/ 4 couple, the values of
AEp separation and I /I ratio, as well as the linear variation of F,versus
V172 for both the electrodes, refer to a quasi-reversible redox system,
corroborating other studies on DA detection on H- and O-terminated
BDD films [28,87-89]. However, while D_EP generates cycles with sharp
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anodic peaks and low AEp separation, higher peak currents are detected
by D_NaOH at each investigated scan rate. This finding can be ratio-
nalized by the superior surface roughness exhibited by D_NaOH, which
can offer a greater number of active sites for electron transfer, as well as
by the larger presence of surface sp? impurities of carbon, which prob-
ably facilitate the DA adsorption on the this electrode [89]. Another
factor not to be disregarded is certainly the attraction exerted by the
C—O moieties exhibited by the electrode. Although the electron transfer
is commonly hampered on highly oxidized diamond surfaces, on the
other hand the abundance of oxygenated functionalities of D_.NaOH can
enhance the electrostatic interactions with the resulting positively
charged DA molecules at pH 7.4. A similar behavior was pointed out by
Li et al. who demonstrated a high DA sensitivity for BDD electrodes
surfaces characterized by a consistent abundance of oxygen-containing
functionalities [9]. The selectivity versus DA was explored by SWV
measurements in 10 mM PBS solution under the presence of the inter-
ferent agents, uric acid (UA) and ascorbic acid (AA), both at 1500 pM.
Concentration dependence was studied up to 100 pM DA, being the
latter a value that covers and even exceeds dopamine levels in neural
tissues (typically a few pM units) (Fig. 7a, b). The SWV curves were
processed by subtracting the baseline derived from the curve recorded in
a 10 mM PBS reference solution. The response separately given by each
single analyte on each electrode can be found in Fig. S1 while the sta-
bility of the analytical response was evaluated for the 0.1 mM DA con-
centration by performing five consecutive SWV measurements (Fig. S2).
The reproducibility was tested by verifying the similar increase of the
DA peak current as a function of the DA concentration for three different
replicas of each typology of electrode. In Fig. 7c, d the linear fittings of

Fig. 6. Cyclic voltammograms of 1 mM dopamine in 10 mM PBS solution at pH 7.4 recorded at the scan rate of 15, 30, 60, 120 and 200 mV s~ ! by (a) D_EP and (b)
D_NaOH electrode. Linear fitting of I, as a function of the square root of the scan rates '/2) for (c) D_EP and (d) D_NaOH electrode.
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Fig. 7. SWV curves to detect DA in the concentration range (1 <+ 100) pM in 10 mM PBS at pH 7.4 containing AA and UA both at 1500 pM AA recorded on (a) D_EP
and (b) D_NaOH electrode; linear fitting of the peak current of SWV curve as a function of DA concentrations for (¢) D_EP and (d) D_NaOH samples.

the peak currents versus DA concentrations are reported.

From Fig. 7a-b the SWV oxidation peaks of DA and UA are distin-
guishable on both D_EP and D_NaOH electrodes at about +0.17 and
+0.35V, respectively. The separation between these Ej values results on
the order of 160 mV, in accordance with what has been observed in
other studies [3-5,52,88,90]. Under the reported experimental condi-
tions, the AA interferent appears instead to be undetectable on both the
electrodes and remains so up to a concentration of 3000 pM (see Fig. S1).
Observing the trend of the SWV peak current with the DA concentration
(Fig. 7c, d), we note that D_EP shows a well-defined two-trends response,
in which an initial noise regime, characterized by the indistinguish-
ability of the signal intensity respect to the chemical and electronic
noise, is followed by a linear response curve. This transition, which for
D_EP electrode occurs at 5 pM], is totally absent for D_NaOH that shows a
perfectly linear response in the same dynamic range. Moreover, the
entity of the linear fit slope of this latter electrode suggests a higher
sensing efficiency respect to the D_EP one.

The sensitivity of the electrodes can be estimated from the slope (m)
of the regression equation. On the basis of IUPAC definition, the limit of
detection (LOD) value holds 3.3 s/m where m is the slope of the cali-
bration curve and s is the standard deviation of five blank replicates
[91-93]. We obtain a LOD of 6.10 and 0.63 pM for D_EP and D_NaOH,
respectively. The correlation coefficient (R?) values are 0.9973 and
0.9825 for D_EP and D_NaOH electrodes, respectively. In Table 1 are
reported the data for the linear dynamic range [94], linear regression
equations, sensitivities, LOD and R? for DA detection in the presence of
the interfering agents for both D_EP and D_NaOH electrode.

The sensitivities, LOD value and quite large linear detection range
(1-100 pM) derived for D_NaOH electrode are in line with what found
for other DA sensors [4,5,7-9,73,89,95]. Specifically, the peculiar

Table 1

Linear dynamic range, linear regression equations, sensitivities, LOD and R? for
the detection of DA in the presence of AA and AU interfering agents for D_EP and
D_NaOH electrode.

Sample Linear Linear Sensitivity LOD R?
dynamic regression [A/M] [pM]
range equation
D_EP 17 0.119x + 0.401 0.119 6.10 0,9973
DNaOH 167 0.529x +1.495  0.529 0.63 0.9825

properties of D_NaOH electrode allow for DA detection under AA and UA
excess and with a LOD competitive with that of unmodified BDD
[4,5,7-9,73]. To support the proposed detection mechanisms, EIS
measurements were also conducted in PBS solution prior and after SWV
measurements (Fig. S3). No appreciable differences can be evidenced
before or after the DA detection in the presence of AA and AU interferent
agents, confirming that the mechanism involved in the sensing activity
cannot be related to physical-chemical absorption neither to intercala-
tion nor coordination processes. All these outcomes clearly evidence the
feasibility to exploit the D_NaOH electrode for assembling dopamine
sensing devices.

4. Conclusions

The present study aims to explore how the characteristics of CVD-
grown boron free conductive diamond can be tailored to develop an
electrode material for dopamine electrochemical detection. Three
methods for Ti substrate polishing are tested: lapping, electropolishing,
and electropolishing followed by 1 h soaking in 2 M NaOH solution kept
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at 80 °C. The coupling of SEM, AFM, Raman spectroscopy XRD, XPS and
I-V analyses demonstrated that the type of treatment is crucial to control
the bulk as well as the surface features of the diamond films. D_LAP and
D_EP are characterized by high phase purity, polycrystalline texture and
surfaces almost completely constituted by C—C and C—H terminations.
D_NaOH are formed by irregular deposits, constituted by diamond
grains smaller than those of the other samples, low purity of the dia-
mond phase and a 9 % relative concentration of the C—O moieties on the
surfaces. The tuning of diamond properties is found to be critical for
modulating the Ti-doped diamond electrodes' electrochemical perfor-
mance, as evidenced by the estimation of kgpp for the Fe[(CN)G]B’/ 4-
redox couple. On the other hand, SWV measurement demonstrated that
the controlled introduction of C—O moieties on diamond surface en-
hances its selectivity versus DA detection in the presence of interferent
agents such as the AA and UA. In fact, a 600 nM LOD and a sufficient
linear range was achieved for D_NaOH electrode, evidencing its poten-
tial for DA sensing application.

In the light of the collected results, we can conclude that the overall
properties of the boron free conductive CVD diamond can be effectively
tailored solely by facile and low-cost substrate pretreatments. In this
view, the absence of post-syntheses treatments, coupled with the
biocompatibility and the tunability of the electrical and electrochemical
properties of the produced samples, brings a new inspiration for devel-
oping diamond electrodes for a widespread range of technologies.
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