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Abstract

Phenothiazine derivatives are extensively explored dye molecules, which present
interesting electrochemical and optical properties. In recent years, the possibility of
transforming some phenothiazines in their aryl diazonium salt derivatives has been
proved, what allows them to be electrochemically reduced and electrografted onto

conductive surfaces. This is a smart way to modify these surfaces and enable them with
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specific functionalities. In order to better comprehend the electrografting process and
consequently have a higher control of it, in this work we have carried out an exhaustive
study by operando UV-Vis spectroelectrochemistry of the electrografting of a
phenothiazine aryl diazonium salt onto amide carbon nanodots. As a model of
phenothiazine dye we have chosen Azure A. The electrografting onto carbon nanodots
has been stablished by comparison with the results obtained on bare gold electrodes in
this novel study. The presence of carbon dots improves the reversibility of the
electrochemical process as derived from the results obtained by operando UV-Vis
spectroelectrochemistry. In addition, to asses that the electrochemical process studied
corresponds to the electrografting, the results have been compared to the those obtained
for the simple Azure A adsorption. This study shows the advantages of obtaining
simultaneously the electrochemical and the spectroscopic evolution of an electron-
transfer process in a single experiment, in a particular electrochemical reaction. This work

could be the starting point for the study of the electrografting on other nanomaterials.

1. Introduction

The use of aryl diazonium salts for electrode modification has shown great potential in
different applications like biosensors [1], DNA sensors [2], immunosensors [3],
antifouling [4], corrosion [5], proton exchange membrane fuel cells [6], electrocatalysis
[7-10], etc. Pinson et al. [11] were the first to report that aryl diazonium salts could be
reductively grafted onto the surface of carbon electrodes to yield covalently attached
layers. Electrochemical reduction generates aryl radicals that reacts with the electrode
surface to produce a covalent C-C bond [12]. The generation of a covalent bond on gold

electrodes (C-Au) has also been demonstrated in the literature [13-15].
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The wide use of this methodology, commonly named electrografting, makes it interesting
to study it in depth using techniques that provide different and complementary
information. Recent research has tended to use the named operando techniques. The
development of operando methodologies, which operate under potential control, can help
identify reaction products and offer great insights on electrochemical processes. They
allow the electrode surface characterization while the electrochemical process is
happening. Different techniques have been coupled with electrochemistry, like scanning
probe microscopy [16, 17], Raman spectroscopy [18-20], UV-Vis [21], X-ray diffraction
[22], transmission electron microscopy [23], etc. In particular, spectroelectrochemistry
has been used to study complex reaction mechanisms [24-26]. It proves to be a powerful
tool in electrode process microenvironment examination, including the diffusion layer

and the electrode surface [27].

Phenothiazine derivatives belong to an extensively explored group of dyes due to their
electrochemical and optical properties. Some phenothiazines have been used as redox
mediators for biosensing [28-30], solar batteries [31, 32] or fuel cells [33]. Some of them
present an aromatic amine in their structure, which can be diazotized to generate a
diazonium salt and then electrografted onto different materials. Among them, in this work
we have focused our attention on Azure A (AA). Electrografting of this phenothiazine
has been previously reported onto carbon [34, 35], gold and graphene modified gold
electrodes [36]. These modified electrodes have been employed as NADH

electrocatalysts.

The use of carbon nanomaterials as modifiers has resulted on some advantages in the
electrocatalytic properties of the resulting modified electrodes [36]. This fact makes it
really interesting to analyze in depth the mechanism of modification of functionalized
carbon based nanomaterials. Among them, great advances have been demonstrated with
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carbon nanotubes and graphene, and nowadays the use of other carbon allotropes, such
as carbon nanodots, is being studied, since they present important benefits, providing
similar advantages to carbon nanotubes and graphene, but being synthesized by simpler
routes [37]. This nanomaterial is of particular interest in electrochemistry, since it has
inherent benefits compared to other carbon-based materials [37, 38], such as its edge-
abundant morphology that conveys significant electrocatalytic activity [39] and the
possibility of nanostructuring the electrode surface, generating a hybrid material
interface. They usually present different surface functional groups, which define their
optical properties [40] and also their chemical reactivity, allowing the nanomaterial to be
chemically modified with a tailored reactive and endowing it with additional properties.
These features make the study of the modification process by operando techniques [41]

important.

In this work we have focused our attention on the spectroelectrochemical study (UV-Vis)
of the electrografting process of AA diazonium salt by electrochemical reduction at amide
functionalized carbon nanodots/gold hybrid electrodes and bare gold electrodes. It has
been previously demonstrated that the organic film generated during the electrografting
process is more stable and higher recoveries are obtained when carbon nanomaterials are
part of the electrode surface [36]. However, although electrochemical techniques can
provide evidence about the reaction mechanisms and potential reaction intermediates, a
full description and analysis often requires the use of complementary techniques;
especially spectroscopic and structural. Hence, in the present work we have analyzed the
main changes in the spectroelectrochemical behavior during the electrografting of AA
onto a new carbon-based nanomaterial and a metallic surface. Complementary data have
been obtained from electrochemical quartz crystal microbalance and X-ray photoelectron

spectroscopy analysis.
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2. Experimental

2.1. Reagents and Apparatus

Azure A chloride, sodium nitrite (NaNO:), ethyleneglycol bis-(2-aminoethyl ether)-
N,N,N’ N’-tetraacetic acid (EGTA) and tris(hydroxymethyl)aminomethane (TRIS) were
obtained from Sigma-Aldrich Chemical Co. and used as received. 37% Hydrochloric acid

(HCI) was obtained from Scharlau. Water was purified with a Millipore Milli-Q system.

Carbon nanodots rich in amide groups (amd-CDs) have been synthesized by thermal
carbonization using EGTA as the carbon source and TRIS as the surface passivation agent
according to the method reported by Ahmed et al [42] and fully characterized in previous
group works [39, 43]. From this preparation, a suspension containing 1.51 mg ml™! of this

nanomaterial was prepared and used for electrode modification.

Integrated screen-printed gold electrodes (SPAUE) (4 mm diameter, Ref 220BT) from
Metrohm DropSens S. L. (Oviedo, Spain) including a silver pseudoreference electrode
and a gold counter electrode were used. The electrodes were connected using a SPE

connector (Metrohm DropSens S. L.) as interface.

For Electrochemical Quartz Crystal Microbalance measurements, the SRS QCM200
Quartz Crystal Microbalance from SRS Instruments (Sunnyvale, CA., USA) was coupled
with an Autolab PGSTAT 30 potentiostat using NOVA 1.11 software package.
Electrochemical measurements were performed in a single-compartment home-made
electrochemical cell where 5 MHz AT-Cut Gold-Chromium (Au-Cr) coated crystals (1
inch diameter) from SRS Instruments were used as working electrode, Pt wire (I mm
diameter) as counter electrode and Ag/AgCl as reference electrode. This technique is an
extremely sensitive mass sensor capable of providing mass per unit area by measuring
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the change in frequency of the gold quartz crystal resonator using the Sauerbrey’s

equation:
Am = —Cs Af

where Am is the mass change (ng cm2), Cr (17.7 ng Hz 'em™2) is a proportional constant
for 5.0 MHz crystals used in this study, and Af is the frequency change (in Hertz).

Increases in mass cause decrease in frequency and vice versa.

X-ray Photoelectron Spectroscopy (XPS) analysis of the samples was carried out with a
Phoibos 150 MCD spectrometer equipped with hemispherical electron analyzer, and
using a Al Ka X-ray source (1486.7 eV). The base pressure in the ultra high vacuum
chamber was 2 x 10~ mbar, and the experiments were carried out a room temperature. A
30 eV pass energy was applied for taking the overview sample, whereas 20 eV pass
energy was applied for the analysis of the following core level spectra: O 1s, C 1s, N Is.
XPS spectra regions were fitted and deconvoluted using the fitt-xps software, calibration
was done against the Au 4f 84.0 eV. For XPS gold AFM plates (12 mm x 12 mm,
Arrandee™ Supplies, Germany) were modified and used as working electrode. A
homemade Teflon electrochemical cell with an active window of 0.6 cm? was used, in
which the Au planar electrodes were sandwiched between an O-ring in the Teflon body

and the base.

UV-Vis absorption spectra were recorded on a double beam PharmaSpec UV-1700 series

Shimadzu spectrophotometer operating from 200 nm to 800 nm.

Spectroelectrochemical measurements were carried out using an Spelec system (Metrohm
DropSens S. L.) using the DROPVIEW SPELEC Software. This system is equipped with
a Bipotentiostat/Galvanostat (+ 4 V DC potential range, + 40 mA maximum measurable

current) and a Spectrometer wavelength range: 200-900 nm. The experiments were
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carried out in reflection mode, using a Teflon reflection cell (Metrohm DropSens S. L.).
Electrochemical studies were carried out with the same equipment using only the
potentiostat mode and placing a drop of 100 puL of the corresponding solution onto the

SPAuE.

2.2. Electrode modification with amd-CDs

amd-CDs modified electrodes were prepared by dropcasting aliquots of the amd-CDs
solution onto the working electrode (SPAUE or Au AFM plates) with a micropipette. The
electrodes were modified with 120 pg cm™ or 240 ug cm™ of amd-CDs. After 30 minutes,
the solvent completely evaporated (at room temperature) and the modified electrodes

were then ready for use.
2.3. Electrografting of AA diazonium salt

Diazotation of AA was performed in an ice bath by mixture of 1.0 mL of 20.0 mM AA
(prepared in 0.2 M HCI) and 1.0 mL of 20.0 mM NaNO:z in water. The mixture was kept
at 4 °C for 10 min and was then ready for use in electrode modification. The
electrografting was made by immersing the appropriate electrode in the AA diazonium
salt (10 mM) solution and cycling the potential between +0.5 V and —0.5 V at 0.10 V 5!
to electrochemically reduce the in situ generated AA diazonium salt as previously
described [33]. Finally, the modified electrodes were rinsed with water and the

electrochemical measurements were carried out in 0.1 M HCI.
2.4. UV-Vis characterization of the interaction of AA and AA diazonium salt

with amd-CDs

For UV-vis titrations the AA or AA diazonium salt concentration was fixed at 62.5 uM

and amd-CDs concentration was varied from 0.1 to 8.5 ug mL™" in 0.1 M HCI,
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2.5. Characterization of the electrografting process by operando UV-Vis

spectroelectrochemistry

The AA diazonium salt solution was diluted from 10 mM to 62.5 uM in order to measure
at the same time the electrochemical and UV-Vis spectroscopy response without
saturating the optical detector (high concentrations of high molar extinction coefficient
compounds impede the proper measure without high level of noise). The potential was
cycled between +0.40 V and —0.05 V at 0.01 V s! to electrochemically reduce the AA

diazonium salt.

As a control, the electrodes were immersed in 62.5 pM non-diazotized AA and the same

electrochemical conditions above described were applied.

3. Results and discussion

3.1. Electrografting of AA diazonium salt

A freshly prepared AA diazonium salt solution was employed for AA electrografting onto
amd-CDs modified SPAuE (amd-CDs/SPAuEs) and SPAuE (as control) by
electrochemical reduction. The obtained cyclic voltammograms (CV) are shown in Figure
1(A, B, C). In the first cathodic scan, a small peak at +0.30 V can be observed, ascribed
to a non-specific adsorption, as well as a peak at +0.06 V and a small shoulder at —0.05
V, which are ascribed to the reduction of the phenothiazine and the aryl diazonium group,
respectively. The first reverse scan shows only one oxidation process with a well-defined
peak at +0.15 V ascribed to the oxidation of the generated reduced phenothiazine (A Ared).
In the following cathodic scans, the peak at +0.30 V disappears and the peak current

associated with the reduction of the cationic dye decreases significantly, while the anodic
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peak increases slightly. A similar behavior was observed in the control experiments with
bare SPAuEs, except for the fact that a higher intensity is observed on the first cathodic
peak. However, if after several cycles the electrode is removed from the cell, rinsed with
water and placed in 0.1 M HCI, the electrode response ascribed to the oxidation and
reduction of the immobilized AA centered at +0.25 V is higher for amd-CDs/SPAuEs
(see Figures 1D, E and F, black lines). This effect agrees well with the increase of the
specific surface area caused by the presence of amd-CDs on the electrode surface. In
addition, it has been described that carbon is a better material than gold to carry out the

electrografting [44, 45].

To asses that the above described voltammograms are due to the electrografting of AA
and not to other processes, like phenotiazine adsorption, similar voltammetric
experiments were carried out under the same conditions but using AA without previous
diazotization. Figure 1D, E and F (red line) shows the response of the resulting modified
electrode in 0.1 M HCI containing no AA. As can be seen, no redox response at +0.25 V
for electrografted species is observed. These results indicate that in the absence of
electrografting, the immobilization of AA by adsorption or electropolymerization can be

considered negligible.

Figure 1

The process was also analyzed by electrochemical quartz crystal microbalance (EQCM)
in order to estimate the amount of phenothiazine grafted on the electrode surface. The
gold quartz crystal resonator, either modified with amd-CDs or without modification, was
used as a working electrode, providing simultaneously real-time monitoring of mass
changes onto the gold electrode surface associated to the electrografting event. After
temperature, frequency and resistance had stabilized, cyclic voltammetry, under the same
experimental conditions as those described above, was performed. Cyclic
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voltammograms of Azure A electrografting as well as the resulting frequency changes as
a function of successive potential scans were recorded (see Figure S1 of supporting
information). Either at bare or amd-CDs modified gold surfaces, the first scan of the
cyclic voltammograms shows the expected peak ascribed to the reduction of the diazo
group formed after the diazotation reaction. On the subsequent scans, the corresponding
reduction and oxidation wave decreases as a consequence of the electrografting process.
Concomitant with these processes, as the scan goes to reduction potentials, a decrease in
the resonant frequency of gold resonator occurs for every cycle in agreement with the
formation of an Azure A grafted film. Therefore, from the Af and using equation (1),
assuming that the frequency decrease is mainly due to the change in mass arising from
the grafting of molecules, the amount of Azure A electrografted was calculated to be 0.92
and 0.39 pg cm? for amd-CDs modified and bare gold quartz crystal resonator,
respectively. These results agree well with the electrode response obtained after several
electrografting cycles and confirm that the presence of amd-CDs gives rise to an increase

of the electrografted material.

XPS experiments were also carried out in order to confirm the electrografting process
onto amd-CDs/Au electrodes and Au electrodes. Figure 2 shows the C 1s spectrum region
obtained from the analysis of amd-CDs/ Au electrodes (Figure 2A) and Au electrodes
(Figure 2B) modified with AA by the above described electrografting process. As can be
clearly observed when comparing spectra A and B, in the case of amd-CDs/Au electrodes
the carbon components at 286.5 eV and 288.5 eV, assigned to C-C=0 and C=N functional
groups respectively [46-49], increase their signal intensity with respect to the component
at 285.0 eV assigned to (C-C and C-H bond) [46,47]. This is a consequence of the higher

amount of AA attached to the electrode surface when amd-CDs are present.
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It is also worth to mention that the S 2p region (see Figure 2D) shows a detectable signal
of S only when the electrografting of AA is carried out on amd-CDs/Au electrodes,

therefore, when the amount of AA on the electrode is large enough to be detected.

We have also corroborated by XPS that the main process for AA electrode modification
is electrografting by comparing the spectra obtained from the analysis of amd-CDs/Au
electrodes modified with electrografted or just adsorbed Azure A (Figure 2C). The C 1s
region shows a higher intensity in the case of the electrografting (Figure 2A) compared
to adsorption (Figure 2C), and the deconvolution of the C 1s region shows a different
number of components for each case. In particular, the band at 289.8 eV associated with
amide functional groups, only appears in the case of adsorbed AA [46,47]. This band,
which comes from amide groups of amd-CDs, does not appear when AA is electrografted
on them. Although largely speculative by our part, based on these results, we believe that
this is due to the attack of the AA aryl radical, formed during the electrochemical
reduction of AA diazonium salt, to the carbon of the amide causing the release of an

ammonium cation.

Furthermore, the N 1s region (Figure 2E) of AA modified amd-CDs/Au electrodes shows
a higher intensity in the case of the electrografted AA compared to the just adsorbed one.
As both surfaces have nanodots (amide functionality) the increase of the intensity from

the nitrogen signal is only due to the main amount of AA on the electrode.

Figure 2

3.2. UV-Vis study of interaction between AA and AA Diazonium salt with

amd-CDs
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The interaction between AA and amd-CDs was studied by UV-Vis spectrophotometry.
Spectra of AA and AA diazonium salt were recorded in a 62.5 uM concentration in acidic
media. Both spectra show a band at 635 nm, at which the absorbance for AA is higher
than that for AA diazonium salt. A band at 446 nm can be also observed in the case of the

diazonium salt, which can be attributed to the diazonium group.
Figure 3.

In the presence of increasing concentrations of amd-CDs, a hyperchromic effect in the
635 nm band is observed for both AA forms. The effect is more evident in the case of the
non-diazotized form, what suggests that amd-CDs interact preferably with this form,

probably due to the presence of amine groups.

3.3. Operando spectroelectrochemical studies

In order to better understand the above described electrografting process, we decided to
perform an operando UV-Vis spectroelectrochemical study. The combination of
operando spectrophotometric and electrochemical techniques to analyze the surface
process involving dyes provides a valuable information that would not be obtained by

performing both techniques separately.
3.3.1. Non-diazotized AA salt solution

As in the above described results, and as a comparison, at a first step the electrochemical
behavior of a non-diazotized dye solution (62.5 uM AA in 0.1 M HCl) at the 3 different
electrochemical platforms developed was studied. Figure 4A, B and C shows the first
scan of the cyclic voltammetry obtained with SPAuE, 120 ug cm? amd-CDs/SPAUE and
240 ug cm? amd-CDs/SPAUE, respectively. In all cases, a redox couple at E° = +0.07 V,
due to the oxidation/reduction of the phenothiazine, appears. The cathodic peak presents
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two contributions at +0.08 V and +0.04 V. The first one is related to the diffusion of AA
process and the second one to its adsorption. This fact is confirmed by scan rate study,
since the peak current of the first process increases linearly with the square root of the
scan rate, but for the second process (at +0.04V) the peak current increases linearly on

increasing the scan rate up to 100 mVs™! (see figure S2 of Supporting Information).

The adsorption process contributes in a higher degree than the diffusional one when amd-
CDs are present on the electrode surface. Like in the initial study, an increase of amd-
CDs amount implies a decrease in the current intensity of the redox pair ascribed to the
reduction of the oxidized form of AA (AAox) and the subsequent oxidation of the
generated reduced form (AAred). It clearly shows the less conductive nature of the carbon
nanomaterial compared to the bare gold electrode. Besides, the number of faradaic
processes and the redox peak formal potentials are the same regardless the electrodic

platform employed.

The spectra evolution of the different electrochemical platforms during the above-
mentioned redox process is shown in Figure 4D, E and F. In all the cases, a decrease in
the absorbance of a wide band with two differentiated peaks at 590 nm and 630 nm is
observed. This phenomenon is related to the decrease in the main band of the AA
spectrum (Figure 3A), corresponding to the AAox species. As the AAox is
electrochemically reduced during the process at +0.04 V, the main absorbance band
decreases, since AAred absorbs at a different wavelength. As the cathodic scan potential
goes further, the absorbance of the main band (590 nm and 630 nm) decreases, even
during the anodic scan when the potentials are below the oxidation process. Once the
oxidation process begins, the variation of the absorbance starts growing, but the starting
absorbance value is not entirely recovered, pointing out that the process is not totally
reversible.
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In the presence of amd-CDs, the main change of absorbance during the above described
electrochemical process follows a similar trend, but the magnitude of the absorbance
change decreases with the amount of amd-CDs. This fact is associated with the lower
amount of AAox reduced during the electrochemical process as evidenced in the

corresponding cyclic voltammograms.

It is worth to note that in the case of amd-CDs modified electrode surfaces, the absorbance
at the main band (590 nm and 630 nm) is fully recovered, reaching the initial values after
the complete cyclic voltammetry scan, what indicates a better electron transfer
communication between the AAred species and the electrode surface when amd-CDs are
used. This behavior is different to that observed in a previous work where carboxylated
carbon nanodots (COOH-CDs) were used [50]. In that case the absorbance variation at
590 nm and 630 nm is higher when COOH-CDs are present compared to the bare SPAuE
and the initial absorbance is not completely recovered once the potential scan is finished.
Hence, the different behavior observed is a clear evidence of the influence of functional
groups present on CDs on the electrochemical response of the platform for a certain
electrochemical process, as demonstrated by operando UV-Vis spectroelectrochemical

analysis.
Figure 4.
3.3.2. AA diazonium salt solution

The electrografting process was studied following the same operando method, but using
in this case a 62.5 uM solution of AA diazonium salt in 0.1 M HCI. The cyclic
voltammograms show (Figure 5A, B, C), during the cathodic scan, a first peak around
+0.14 V corresponding to the reduction of the phenothiazine AAox to AAred and a second
peak at +0.05 V associated with the electrografting process of the aryl diazonium salt.

The same electrochemical behavior has been observed at the three electrochemical
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platforms under study. It is also remarkable that the current intensity decreases slightly
with higher amounts of amd-CDs on the electrode surface, but the magnitude of this
decrease is not as big as in the case of non-diazotized AA, which means that the electron
transfer with amd-CDs is better in the case of AA diazonium salt than for the non-

diazotized AA molecule.

The absorbance variations during the first potential scan are shown in Figure 5D, E and
F. In all cases a band at 630 nm appears, which increases as the two cathodic processes
take place. This band is ascribed to the reduction of the aryl diazonium salt and the
generation of a species similar to AA covalently attached to the electrode surface (gold
in SPAUE or a mixture of bonds with gold and carbon in the case of amd-CDs/SPAuUE

hybrid electrodes).

The electrografted AA species is the responsible for the absorbance increase at 630 nm.
Concomitant, the band at 430 nm, associated with the diazo group (Figure 3A black
spectrum), decreases during the cathodic process at + 0.05 V, which is consistent with the
conversion of AA diazonium salt into electrografted AA. The band at 550 nm is
associated with the phenothiazine reduction/oxidation process. It decreases as the
potential moves to values below +0.14 V, since at these potentials the reduced dye form
(AAred) is the prevalent one. At higher potentials than +0.14 V, the absorbance at 550 nm
recovers its initial value, since the dye is in its oxidized form, AAo.x. Even a slight
absorbance increase of the band at 550 nm is observed at the end of the cyclic
voltammogram. This is a consequence of the generation of AAox electrografted from the
solution of AAox diazonium salt, due to the higher absorbance of AAox at this wavelength
when compared to the A Aox diazonium salt. It is worth to note that in this case, in a similar
way to the previous case for non-diazotized AA, there are some differences in the
electrografting process when compared to the observed when COOH-CDs [50] are used
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instead of amd-CDs. The presence of COOH-CDs causes an increase in both the peak
current and the absorbance variation compared to the bare SPAuE. However, the behavior
for amd-CDs 1is just the opposite. This observation shows once again the potential
applicability of operando spectroelectrochemistry to obtain information about complex
electrochemical processes, in particular, in the present work to evidence how different
surface functional groups present on the C based nanomaterial could affect

electrochemical processes.

Figure 5.

3.3.3. Spectroelectrochemical data analysis

With the aim of deepening in the study of the influence of the presence of amd-CDs in
the electrografting process and to stablish the differences with the simple adsorption, we
have focused now our attention on the spectroelectrochemical data obtained for the two

processes at SPAuUE and amd-CDs/SPAuE during the first five scans.

Figure 6 shows the absorbance variation at a specific wavelength (440, 550 and 630 nm)
versus the potential applied to the bare SPAuE (Voltabsorptogram) immersed in AA (red
line) or AA diazonium salt (black line) solutions. At 440 nm (Figure 6A) it can be clearly
observed no significant variation of the absorbance of the system in the case of AA
(adsorption process), whereas in the case of AA diazonium salt (electrografting process)
the absorbance decreases upon consecutive potential scans. This fact is consistent with
the decrease of the diazonium group’s band absorbance (440 nm), as the AA diazonium
salt is electrografted on the gold surface during the successive scans, consuming the

diazonium group.

The analysis of the first scan voltabsorptogram derivative at 440 nm (Figure 6D) shows

a non-reversible peak at +0.07 V, exactly at the same potential of the cathodic peak in the
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cyclic voltammogram, what confirms that the absorbance variation at 440 nm is due to
this electrochemical process. No peaks are present in the voltabsorptogram derivative in
the anodic scan, indicating that the process becomes irreversible when the AA diazonium
salt is electrografted on the electrode, and a covalent bond between the phenothiazine and

the electrode surface is stablished.

At 550 nm (Figure 6B) the absorbance decreases at potentials lower than +0.14 V, either
during the electrografting process or the simple adsorption of AA molecule. In the case
of electrografting (black line), the absorbance recovers its original value at the end of the
anodic scan. However, in the case of the adsorption process the absorbance values do not
recover at all the original values, what causes an absorbance decrease along the potential
scans. This behavior suggests that the redox process is not completely reversible, and not
all the AAox molecules reduced during the cathodic scan are oxidized in the reverse anodic
scan. For both processes, the voltabsorptogram derivative presents an identical shape to
the cyclic voltammogram, what means that the absorbance variation is related to the
electrochemical process of reduction of AAox and oxidation of A Ared generated during the

reverse scan.

The absorbance variation at 630 nm (Figure 6C) shows a clear difference between the
case of the electrografting and the adsorption process. In the case of electrografting, the
absorbance increases during the successive potential scans, whereas in the adsorption
process the absorbance decreases. In both cases the voltabsorptogram derivatives (Figure
6F) present an anodic and a cathodic peak at the same potential of the cyclic
voltammogram, what clearly shows the correlation between the absorbance variation and
the electrochemical processes happening on the electrode surface during the potential

scan.

Figure 6.
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The voltabsorptograms and voltabsorptogram derivatives analysis for 120 ug cm™ amd-
CDs/SPAUE is shown in Figure 7. At 440 nm, a slight increase of absorbance over time
can be observed in the case of the adsorption process (Figure 7A red line). The absence
of peaks in the voltabsorptogram derivative (Figure 7D red line) implies that the
absorption change is not related to any electrochemical process. It could be due to the
important increase of absorbance observed among 350-400 nm (Figure SE). Hence, it
could be related to the chemical adsorption of AA diazonium salt on amd-CDs or, maybe,
as other works suggest [51, 52], it could be a non-electrochemical type of aryl diazonium

salts de-diazonation, such as photochemical or chemical (by a reducing surface).

In the case of the electrografting, as was the case at the SPAuE, a little decrease can be
seen, smaller than that observed at the bare electrode (Figure 6A black line), in the
absorbance band at 440 nm ascribed to the diazonium group (Figure 7A black line). This
is what one would expect, since the AA diazonium salt is electrografted on the amd-CDs
modified electrode surface during electrochemical process, consuming the diazonium
group. The corresponding voltabsorptogram derivative (Figure 7D black line) shows a
quasi-reversible peak centered at +0.12 V, near the potential of the cathodic peak in the
cyclic voltammogram, what suggests that the absorbance variation at 440 nm is due to

the electrografting of AA diazonium salt on amd-CDs/SPAuE.

The absorbance variation at 550 nm (Figure 7B) shows a decrease during the cathodic
scan and an increase during the anodic scan, recovering the initial absorbance value at the
end of the scan both during the electrografting and the simple adsorption process. This
behavior, which is different to the one observed for bare SPAuE, indicates that the
presence of amd-CDs promotes the reversibility of the electrochemical
reduction/oxidation of phenothiazine group. Carbon nanodots may modify and improve
the gold properties resulting in electrodes with new functionalities. The nature of the
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electrode surface has a great contribution not only in the assembly of AA molecules but
also in their electrochemical properties. In fact, diazotized molecules show a major

affinity for carbon than for gold surfaces [44, 45].

The corresponding voltabsorptogram derivatives (Figure 7E) show a reversible peak,
which determines that the absorbance change at 550 nm is related to the electrochemical
process happening during the potential scan. The formal potential is slightly different
among them, what can be also observed in the corresponding CV, and it is a consequence
of using a different molecule (AA or AA diazonium salt), but the electrochemical process
involved in both cases is the electrochemical reduction/oxidation of the phenothiazine

moiety.

Finally, the absorbance variation at 630 nm is clearly different during the adsorption and
the electrografting processes (Figure 7C) and different to that observed at bare SPAuE.
For the adsorption process, the absorbance changes during the potential scan but it is
totally recovered at the end of the scan. This result implies a better reversibility of the
electrochemical process (phenothiazine moiety reduction/oxidation) when amd-CDs are
employed. In the case of electrografting the absorbance increases during the successive
potential scans. In both cases the voltabsorptogram derivative (Figure 7F) presents a pair
of peaks at the same potential of the cyclic voltammogram, what demonstrates the
correlation between the absorbance variation and the electrochemical processes taking

place along the potential scan.

Figure 7.

4. Conclusion
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In this work, a method for functionalizing carbon nanodots synthesized with enriched
peripherical amide groups was developed. Additionally, the ability of these nanomaterials
to be immobilized on screen printed gold electrodes and further modified with a
phenothiazine by electrografting of AA diazonium salt was tested. Electrochemical
process characterization by cyclic voltammetry, electrochemical quartz crystal
microbalance, X-ray photoelectron spectroscopy and operando spectroelectrochemistry
confirms the covalent attachment of the phenothiazine to the immobilized amide rich
carbon nanodots and allow us to obtain valuable data to acquire a deeper knowledge of

the electrografting process and the role that the peripherical amide groups play on it.
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Figures Captions

Figure 1. Cyclic voltammograms of the electrografting of 10.0 mM AA diazonium salt in
0.1 M HCI at SPAuE (A), 120 pg cm? amd-CDs/SPAuUE (B) and 240 pg cm™ amd-
CDs/SPAUE (C). Scan rate: 0.10 V s™!. Cyclic voltammograms of SPAuE (D), 120 ug cm’
2 amd-CDs/SPAuE (E) and 240 pg cm? amd-CDs/SPAuE (F) electrodes after
modification by electrografting (black) or by adsorption (red) in 0.1 M HCI. Scan rate:

0.01 Vs

Figure 2. C 1s XPS spectra of electrografted AA/amd-CDs/Au (A), electrografted AA/
Au (B) and just adsorbed AA/amd-CDs/Au (C). S 2p XPS spectra of electrografted
AA/amd-CDs/Au (black) and electrografted AA/Au (red). N 1s XPS spectra of

electrografted AA/amd-CDs/Au and just adsorbed AA/amd-CDs/Au.

Figure 3. UV-Vis spectra of (A) AA diazonium salt and (B) AA (62.5 uM) in the absence
(black line) and in the presence of different concentrations (0.1-8.5 pg mL™') of amd-CDs

(colored lines) in 0.1 M HCI.

Figure 4. Cyclic voltammograms of 62.5 uM AA in 0.1 M HCI at SPAuE (A), 120 ug
cm? amd-CDs/SPAUE (B) and 240 pg cm™ amd-CDs/SPAuE (C). Scan rate: 0.10 V s7!.
Corresponding UV-Vis absorbance variation spectra at SPAuE (D), 120 pg cm™ amd-

CDs/SPAUE (E) and 240 pg cm™ amd-CDs/SPAUE (F).
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Figure 5. Cyclic voltammograms of the electrografting of 62.5 uM AA diazonium salt in
0.1 M HCI at SPAuE (A), 120 ug cm? amd-CDs/SPAuE (B) and 240 pg cm™ amd-
CDs/SPAUE (C). Scan rate: 0.10 V s'. Corresponding UV-Vis absorbance variation
spectra at SPAuE (D), 120 pg cm? amd-CDs/SPAuE (E) and 240 pg cm™ amd-

CDs/SPAUE (F).

Figure 6. Successive voltabsorptograms (5 scans) at 440 nm (A), 550 nm (B), and 630
nm (C) of the electrografting of 62.5 uM AA diazonium salt (black line) or adsorption of
62.5 uM AA (red line) in 0.1 M HCI at SPAuE. Scan rate: 0.10 V s™'. Corresponding
voltabsorptogram derivatives (first scan) at 440 nm (D), 550 nm (E), and 630 nm (F) for

AA diazonium salt electrografting (black line) or AA adsorption (red line).

Figure 7. Successive voltabsorptograms (5 scans) at 440 nm (A), 550 nm (B), and 630
nm (C) of the electrografting of 62.5 uM AA diazonium salt (black line) or adsorption of
62.5 uM AA (red line) in 0.1 M HCl at 120 pg cm2amd-CDs/SPAuE. Scan rate: 0.10 V
s'!. Corresponding voltabsorptogram derivatives (first scan) at 440 nm (D), 550 nm (E),
and 630 nm (F) for AA diazonium salt electrografting (black line) or AA adsorption (red

line).
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