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Among the existing nanosystems used in electrochemical sensing, gold nanoparticles (AuNPs) have
attracted considerable attention owing to their intriguing chemical and physical properties such as good
electrical conductivity, high electrocatalytic activity, and high surface-to-volume ratio. However, despite
these useful characteristics, there are some issues due to their instability in solution that can give rise to
aggregation phenomena and the use of hazardous chemicals in the most common synthetic procedures.
With an aim to find a solution to these issues, recently, we prepared and characterized carbon dots (CDs),
from olive solid wastes, and employed them as reducing and capping agents in photo-activated AuNP
synthesis, thus creating CD—-Au nanohybrids. These nanomaterials appear extremely stable in aqueous
solutions at room temperature, are contemporary, and have been obtained using CDs, which are exclu-
sively based on non-toxic elements, with an additional advantage of being generated from an otherwise
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waste material. In this paper, the synthesis and characterization of CD—Au nanohybrids are described, and
the electrochemical experiments for hydroquinone detection are discussed. The results indicate that CD—
Au acts as an efficient material for sensing hydroquinone, matching a wide range of interests in science
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from industrial processes to environmental pollution.

1. Introduction

Gold nanoparticles (AuNPs) are subjected to the quantum size
effect and display surface plasmon resonance (SPR), which
gives rise to their photophysical properties," such as photo-
stability, high molar extinction coefficient, and optical tunabil-
ity, as demonstrated by the dependence of their localized
surface plasmon resonance (LSPR) band as a function of par-
ticle diameter,” shape,® and aggregation.” However, in most
common procedures to synthesize AuNPs, external reducing
agents (e.g NaBH, or hydrazine), sacrificial agents, and
capping layers (e.g. cetyltrimethylammonium bromide, polyvi-
nylpyrrolidone) are needed, which in some cases are hazar-
dous for the environment and the human health.> Currently,
researchers are focusing on finding alternative sustainable
ways to metallic nanoparticle synthesis,® possibly involving
non-toxic reagents obtained from waste materials.”

AuNPs have favorable chemical and physical properties,
such as good electrical conductivity, high electrocatalytic
activity, and specific surface area. For these advantageous
characteristics, electrochemical sensors based on AuNPs have
been proposed for the detection of many analytes.®™! Further,
owing to their high reactivity, AuNPs avoid the accumulation
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of oxidation products on the electrode surface, which is a
serious problem for electrochemical sensors, leading to elec-
trode fouling with loss of sensitivity, selectivity, and reproduci-
bility. However, the high surface energy of AuNPs makes them
unstable and leads to particle aggregation with a loss of
surface area and reactivity.

To enhance their stability, the deposition/direct growth of
AuNPs on support materials is an appropriate choice. Among
the support materials, carbon dots (CDs) have attracted
remarkable interest because of their photo and redox pro-
perties, chemical stability, low toxicity, biocompatibility, and
large surface-active area. Furthermore, the reduction of AuNPs
directly on the surface of CDs is easy and does not require
additional reducing agents."?

In this view, CDs appear as intriguing candidates to act as a
reducing as well as a capping agent in AuNPs synthesis to
create a CD-Au nanohybrid material. CDs are carbon-based
nanoparticles,'? serendipitously discovered in 2004 during an
electrophoretic purification of carbon nanotube fragments.'*
Since their discovery, much attention has been paid to CDs, so
that such a category of nanomaterials now includes carbon
nanodots (CNDs), carbon quantum dots (CQDs), and graphene
quantum dots (GQDs)."> Generally, CDs are quasi-spherical
carbonaceous nanoparticles with amorphous or crystalline
cores surrounded by polar groups (e.g., hydroxyls, carboxylates,
or amines)."> They are exclusively composed of non-toxic
elements (C, N, and O) and possess several useful properties,
such as (i) biocompatibility, (ii) photostability, (iii) low toxicity,
(iv) the possibility to be synthesized starting from waste
materials, and (v) high luminescence quantum yield due to
the recombination of hole-electron pairs generated upon UV/
Vis light absorption.'® Thanks to all these characteristics, CDs
are involved in a plethora of applications: chemical and

biological sensing,""”*° biomedicine,*>*' solar energy
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conversion, optoelectronics,**
therapy,"® and so on.>

In previous years, some research groups have investigated
the capping ability of CDs to gold nanoparticles, generating
nanoalloys or nanocomposites®®?° following a thermal
reduction process. Another promising strategy to synthesize
metallic nanoparticles is the photochemical route, where
organic chromophores are transformed into free radicals upon
UV light absorption and play the role of reducing agents in the
synthesis.*'%?

Inspired by such considerations, we prepared and studied
CD-Au nanohybrid structures, following a photochemical syn-
thetic strategy, where functionalized carbon dots (CD-E), once
photoexcited by blue light, reduce Au(u) to Au(0). The as-pre-
pared samples have been characterized, and their photo-
physical properties as well as efficiency as electrode materials
for developing electrochemical sensors, have been investi-
gated. The electrochemical characteristics were evaluated by
cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS). Further, the monitoring of hydroquinone (HQ)
as a model phenolic analyte has been investigated. HQ plays a
key role in a wide range of industrial processes (e.g., paper
manufacturing or photography) and the biomedical field, and
it is considered a toxic pollutant for the water environment.>*
Thus, the detection and quantification of HQ by means of
simple sensors is of wide interest nowadays and can facilitate
analyses in the environmental and clinical fields.

cancer diagnosis

2. Experimental
2.1 Materials

All the chemicals were purchased from Merck-Sigma-Aldrich
in the commercially available highest purity grade and used
without further purification. HPLC-grade ultrapure water
(HPLC Plus, Sigma-Aldrich) was used for all the experimental
steps.

2.2 Carbon dot preparation (CDs)

Carbon dots (CDs) were prepared using the method by
Sawalha et al.*® Briefly, olive solid wastes collected from the
Mediterranean region, Calabria (Italy), were washed several
times with boiling deionized water until a clear solution
appeared; then, they were dried overnight in an oven (60 °C),
and pyrolyzed for 1 h at 600 °C in a muffle furnace in the
absence of air. The resulting material was finely ground and
suspended in ultrapure water (10 mg mL™', 100 mL). The
mixture was sonicated (ultrasonic bath Bandelin Sonorex RK
100 H, Bandelin electronic GmbH & Co. KG, Berlin,
Deutschland) for 10 min and then 1 mL of hydrogen peroxide
(H,0, sol. 30% w/w) was added and refluxed for 90 min whilst
stirring. The reaction mixture was purified by centrifugation at
6800 RCF for 20 min, and the supernatant was syringe-filtered
(Sartorius Minisart RC 0.2 pm, Sartorius AG, Goéttingen,
Deutschland), obtaining the final CDs colloidal dispersion. A
production yield of 2% (CDs dispersion concentration 0.2 mg

This journal is © The Royal Society of Chemistry 2024
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mL™") was estimated by weighing after solvent evaporation
under reduced pressure and subsequent drying in the oven.

2.3 Ethylenediamine functionalization of carbon dots (CD-E)

50 mL of 0.2 mg mL™" carbon dot (CDs) aqueous colloidal dis-
persion was diluted with 50 mL of ultrapure water and
degassed at 0 °C for 1 h with Ar flow in a two-neck round
bottom flask before the pH was modified to 4 by adding 0.1 M
HCL As the next step, 159.6 mg of (N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride) - EDC hydrochloride, and
subsequently, 143.8 mg of N-hydroxysuccinimide were added.
The reaction mixture was magnetically stirred for 1 h in the ice
bath. Ethylenediamine (5.56 mL) was poured, and the reaction
was continued for 1 h under ice and overnight at room temp-
erature, maintaining the inert atmosphere (Fig. 1). The reac-
tion mixture was purified by dialysis (MWCO = 14 kDa) using
deionized water for two days, changing the water every 2-8 h
obtaining a light-yellow CD-ethylenediamine (CD-E) dispersion
of about 0.1 mg mL™". The concentration of CD-E was quanti-
fied by weighing the residue obtained from solvent
evaporation.

2.4 Carbon dots-Au (CD-Au) nanohybrid preparation

A 4.77 x 107> M mother solution of tetrachloroauric(ir) acid
was prepared by dissolving 16.2 mg of gold(m) chloride
hydrate (HAuCl,-xH,O) in 10 mL of ultrapure water.

HAuCl, mother solution (2.5 x 10~* mol L") was added to
an aqueous dispersion of CD-ethylenediamine (100 mL,
0.1 mg mL™") under vigorous stirring. The mixture was irra-
diated with a blue (420-430 nm) LED for 310 min and left
under stirring overnight in the darkness (Fig. 2). The crude
was purified by filtration to remove larger aggregates and sub-
sequent centrifugation (1 h, 8500 RCF). The supernatant was
discarded because only unreacted CDs were present according
to UV/Vis absorption and fluorescence spectra, while the pre-
cipitate was collected, washed two times with ultrapure water,
and sonicated for 2 h. CD-Au nanohybrid was stored at RT in
ultrapure water dispersion, appreciating at least 2 months of

1. EDC, NHS, pH =4

O
Water, Ar, 0°C, 1 h NH
AN 2
Q" -9

2 HZN/\/NHZ

1 h 0 °C, RT overnight

Fig. 1 CD-ethylenediamine reaction scheme.

* hv = 420-430 nm
)J\N/\/ NH2
O H HAUCI,

Fig. 2 CD-Au nanohybrid reaction scheme.
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stability, and was characterized without further purification.
All the reaction steps and the reaction kinetics were monitored
via UV/Vis absorption spectroscopy.

2.5 Spectroscopic and morphological characterizations

The morphology of the synthesized samples was determined
through transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM). TEM measurements were per-
formed by depositing the sample onto a copper grid with a
lacey carbon support film. The samples were vacuum-dried
overnight before the analysis. A JEOL ARM200F equipped with
a Cold Field Emission Electron Gun (CFEG) and a spherical
aberration corrector providing a spatial resolution of 0.6 A was
used for the acquisition of HR-TEM images. SEM was per-
formed using a field emission ZEISS SUPRA VP 55 microscope
equipped with an INCA-Oxford windowless detector for energy
dispersive X-ray spectroscopy (EDS). Samples were deposited
onto a pure Si wafer and analysed without further treatments.

UV/Vis absorption and photoluminescence spectra were
recorded in air-equilibrated colloidal dispersions in ultrapure
water. The UV/Vis spectrophotometer was a Jasco V-560 (Jasco
Co., Tokyo, Japan). Fluorescence steady-state spectrofluorom-
eter was a Horiba Jobin-Yvon FluoroMax-P (mod. F-111)
(Horiba Ltd, Kyoto, Japan). Time-resolved photoluminescence
decays were measured on an Edinburgh OB900 time-correlated
single-photon-counting  (Edinburgh  Instruments  Ltd,
Livingston, UK) spectrometer equipped with Hamamatsu PL2
408 nm laser diode (pulse width: 59 ps) (Hamamatsu
Photonics K.K., Hamamatsu city, Japan). A bi-exponential
reconvolution fitting was applied to estimate the luminescence
lifetimes. Alumina suspension in deionized water was used for
the instrument response function evaluation.

FT-IR analysis was performed on Si/SiO, drop-casted wafers
using the transmission technique on a Jasco FTIR 4600 LE
spectrometer (Jasco Co., Tokyo, Japan) in the spectral range of
560-4000 cm ™', 4 cm™ " resolution, and 64 scans per sample.
Raman spectra were acquired with a Horiba Jobin-Yvon
(Horiba Ltd, Kyoto, Japan) LabRAM HR800 micro-Raman
spectrometer equipped with 1800 lines per mm grating and a
Peltier cooled CCD detector (Horiba, Synapse model). A 3 mW
514.5 nm Ar' laser (Spectra-Physics 2060, Newport Corp., CA -
USA) was focused onto 1 pm? of the samples by a 100x (N.A. =
0.9) objective (Olympus BX41 microscope - Olympus Co.,
Tokyo, Japan). X-ray photoelectron spectroscopy (XPS) analysis
was performed on silicon-deposited samples by means of a
PHI 5600 ESCA-Auger spectrometer (Physical Electronics Inc.,
Chanhassen, MN, USA), with a standard Mg-Ka (1253.6 €V)
X-ray source. The XPS binding energy (BE) scale was calibrated
on the C 1s peak of adventitious carbon at 285.0 eV.

The zeta ({) potential of the colloidal dispersion samples
was estimated thanks to the dynamic light scattering (DLS)
technique. Each measurement was carried out in triplicate on
freshly prepared ultrapure water dispersion at 25 + 1 °C with a
Malvern Nano ZS (Malvern PANalytical Plc., Malvern, UK)
equipped with a He-Ne laser (4 = 633 nm, 4 mW) using the
NIBS (173 degrees) configuration.

Nanoscale, 2024, 16, 3571-3582 | 3573
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2.6 Electrochemical characterizations

For the electrochemical characterizations, the modified elec-
trodes were fabricated by drop-casting (50 pL) of the syn-
thesized CDs samples on the SPCE platform (DropSens,
Spain). Cyclic voltammetry (CV), square wave voltammetry
(SWV), and electrochemical impedance spectroscopy (EIS) ana-
lyses were performed using a DropSens Stat 400 potentiostat
and a potentiostat galvanostat, respectively. The instrument is
empowered by the Dropview 8400 software for data acqui-
sition. Electrochemical tests were performed in 1 M phosphate
buffer (PBS) at a scan rate of 50 mV s~ . All experiments were
performed at room temperature.

3. Results and discussion

3.1 Synthesis and characterization of CDs and CD-
ethylenediamine

Carbon dots (CDs) were prepared by recycling the biomass
waste of olive oil production. Olive solid waste was pyrolyzed
and ground until a fine carbonaceous powder was obtained.
CDs were produced with a modified hydrothermal method*”
using hydrogen peroxide as the oxidizing agent, a recognized
green chemical whose byproduct is water.”?® H,0, addition
enables CDs surface functionalization with polar groups, such
as hydroxyls (-OH) and carboxyls/carboxylates (-~COOH/-
CO0™),*® which confer aqueous dispersibility and hence stabi-
lity to the colloidal dispersion. Exploiting the carboxylic moi-
eties and the EDC coupling reaction, it was possible to further
functionalize the surface of CDs with amine and amide groups
via ethylenediamine anchoring. Typically, hydroxyls on the
surface of CDs are efficient anchoring groups to gold nano-
particles; nevertheless, we found that amine and amide groups

a)

1.0
0.80
0.60
0.40
0.20

0.00

CDs
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are pivotal for the efficiency of the reduction and the final
nanohybrid stability.

3.1.1 Optical characterization. The absorption spectra of
CD-E and CDs show a broad band in the UV region, compati-
ble with the light scattering of small nanoparticles in colloidal
dispersion (vide E.S.I. Fig. S3t). Despite this trend, it is still
possible to differentiate two weak peaks at around 300 and
340 nm attributable respectively to n=-n* and n-n* transitions
from core sp® domains and surface oxygen-containing groups
believed to be responsible for the emission phenomena.*”°

Both the samples present excitation wavelength-dependent
luminescence, in the excitation wavelength range of
250-550 nm (Fig. 3), as typical for these nanosystems, and this
behaviour can be attributed to the particle size or to the
surface functional groups or to defects in the structure, even if
the reason of CDs luminescence dependence by light exci-
tation still remains unclear.

In Fig. 4b, the emission spectra of CDs and CD-E at
Aexcitation = 300 nm are reported, where it is visible that CD-E
emission maximum is slightly shifted to higher energies and
is different in shape compared to CDs. Fig. 4c illustrates the
excitation spectra (demission = 450 nm) where two bands are
visible, matching the bands in the absorption spectra of CD-E
and CDs. For the complete steady-state luminescence spec-
troscopy characterizations, see E.S.I. Fig. S1, S2 and S4, S5.1 In
an aerated solution, the time-resolved luminescence decays
(vide E. S.I. Table S1 and Fig. S6t) biexponentially with two life-
times of 2 ns and 8 ns, keeping in mind that a wide range of
nanoparticles of different sizes contribute to these values.

3.1.2 Chemical composition. Concerning the chemical
composition and the extent of carbon dot functionalization
with ethylenediamine, quantitative X-ray photoelectron, FT-IR,
and Raman spectroscopic analyses are reported. Quantitative
XPS (vide E.S.I. Fig. S77) revealed that CDs and CD-E are consti-

b)

1.0
0.80
0.60

0.40

0.00

CDs-E

Fig. 3 3D contour profile of emission spectra of CDs (panel a) and CD-E (panel b); the emission wavelength (1) is plotted against excitation wave-
length (lext); the emission intensity is illustrated by the colours and reported in legend.
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Fig. 4 Characterization of CDs (CDs, black line) and CD-ethylenediamine (CD-E, red line): (a) TEM image of CD-E; (b) emission spectra (lexcitation =
300 nm); (c) excitation spectra (lemission = 450 Nnm); (d) FT-IR spectra; (e) Raman spectra.

tuted by C, N, O, Na, Ca, and P. The N/C atomic ratio is 1/16
for CDs and 1/10 for CD-E.

FT-IR spectra in Fig. 4d clarify the extent of ethylenedia-
mine functionalization of CDs. In the CD-E spectrum, the
peaks at 3405 cm™', 3000-2900 cm™', and 1130 cm™' are
evident and can be attributed respectively to -NH stretching,*
-CH stretching,*" and amine -C-N stretching”' introduced by
ethylenediamine; while in the spectrum of CDs, the peaks at
3200 and 1400 cm™" of -OH stretching®' and deformation®
appear intense. Ethylenediamine covalent anchoring is recog-
nizable by the presence of a doublet band from 1650 to
1550 cm™" related to the overlap of the secondary amide carbo-

This journal is © The Royal Society of Chemistry 2024

nyl stretching, -NH in-plane vibrations, and -C-N vibration
absorptions.*"*? Instead, the carbonyl absorption band in CDs
is broad and covered by the intense -OH bending vibrations
from adsorbed water at 1645 cm™".** A small band at around
1760 cm™" is attributable to the C=O0 stretching vibration of
carboxylic/carboxylate moieties.*!

The Raman spectrum of CD-E (red line in Fig. 4e) further
confirms their functionalization with ethylenediamine. The
intense band within the 2700-3200 cm ™" range, not detectable
in the CDs spectrum (depicted by the black line), is indeed
attributed to the -CH, stretching vibrations introduced by
ethylenediamine.*>*® Additionally, the characteristic peak

Nanoscale, 2024, 16, 3571-3582 | 3575
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associated with the scissoring mode of CH,, centered around
1450 cm™', overlaps with the two prominent D (1350 cm™")
and G bands (1600 cm™") typical of carbon atom vibrations in
CDs, and with the minor band at around 1450 cm™", which
occurs in carbon materials when a degree of amorphization is
present.*”*®

3.1.3 Morphology. According to the TEM image in Fig. 4a,
CD-E diameter was 2.3 + 0.2 nm, and their {-potential, accord-
ing to the DLS technique, was —33 + 2 mV. More details are
illustrated in the E.S.I. Table S2.t

3.2 Synthesis and characterization of CD-Au nanohybrids

Carbon dots-gold (CD-Au) nanohybrids were produced via
visible light-triggered reduction using ethylenediamine func-
tionalized carbon dots (CD-E) as a reducing and capping
agent.

Irradiation of CD-E in the presence of HAuCl, (420-430 nm
blue LED) resulted in the formation of the characteristic loca-
lized surface plasmon resonance (LSPR) band of gold nano-
particles centred at 543 nm, reaching a plateau after around
310 min (Fig. 5a). The reaction occurred in water with CD-E
and HAuCl, as the only reactants without adding any reducing
agent, taking advantage of the photoexcitation of CD-E at
420-430 nm (vide E.S.L. Fig. S8aft).

A check-out experiment executed in darkness (shown in the
E.S.I. Fig. S8bt) demonstrated that light irradiation is crucial

0.50-
a)

0.25-

Abs

0.00

View Article Online

Nanoscale

for Au(m) reduction, and no LSPR band is detectable for up to
150 min. This evidence suggests that CD-E excited states,
populated by blue light irradiation, acted both as electron
donors for Au(m) reduction to Au(0) and acceptors for the
counterpart. Transmission electron microscopy (TEM) analysis
(Fig. 5b and E.S.I. Fig. S107) revealed that CD-Au nanohybrids
had a quasi-spherical shape and a mean diameter of 22 +
6 nm. The value of {-potential for CD-Au aqueous dispersion
was —34 + 1 mV. As reported in the literature,*® the LSPR band
maximum of citrate-capped (Turkevich method®®) gold nano-
particles is size-dependent, and in particular, for 21 nm nano-
particles, the LSPR is reported to be 521 nm. It is known that
this effect is also capping layer dependent,® and our experi-
mental results (22 nm size, 543 nm LSPR maximum) are not
far from the values indicated in the literature, suggesting the
influence of CD-E in the produced nanohybrid. Moreover, CD-
Au before and after purification (TEM imaging before and
after centrifugation are reported in E.S.I. Fig. S101) were well
dispersible and stable for up to 2 months in ultrapure water.
Based on these results, it is reasonable to assume that CD-E
worked as a capping layer in the synthetic process.

Control experiments substituting CD-E with CDs as redu-
cing and capping agents were performed (vide E.S.I. Fig. S9at),
showing that 1 min of blue light irradiation (420-430 nm LED)
triggered a rapid and intense reduction of the gold salt. In the
UV/Vis absorption spectrum (vide E.S.I. Fig. S9at), two LSPR

—CDs-E
— CDs-E+Au3*
— 5 min
=35 min
=55 min
=140 min
=160 min
=190 min
—220 min
—— 250 min
=280 min
——310 min

400

e

800

600

A (nm)

b)

Fig. 5
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(a) Absorption spectral changes upon 420—-430 nm irradiation, CD—Au nanohybrid formation; (b) TEM image of the CD—Au nanohybrid.
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bands were detected: the first one, centred at around 528 nm,
is attributable to spherical nanoparticles, and the second one
in the NIR region is attributable to complex nanostructures as
nanoprisms or nanoflowers.”>”* After a few hours, the system
collapsed to insoluble gold aggregates. The quasi-instan-
taneous reduction was probably not sustained by a powerful
capping agent able to make nanoparticles soluble in water,
which is an index of the pivotal role of ethylenediamine
functionalization of carbon dots. Indeed, amine and amide
groups are known for Au(ui) complexing ability>* and amine to
bind the AuNPs surface.”® A control experiment with CDs in
darkness was performed too (vide E.S.I. Fig. S9bt), demonstrat-
ing that the reduction process was slower than in the light irra-
diated sample, and a fine blush pink precipitate was formed,
and after two hours almost disappeared. This means that no
insoluble gold aggregates were produced because redox pro-
cesses were in equilibrium and probably controlled by hydroxyl
groups on the CDs surface,’® so no stable gold nanoparticles
were prepared.

3.2.1 Spectroscopic characterization of CD-Au nanohybrid.
The UV/Vis absorption spectrum of CD-Au in Fig. 6a presented

a) 0.50-
8
< 0.25-
0.00-
c) = |

Transmittance (%)
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an LSPR band centred at around 540 nm, typical of gold nano-
structures, and broadband UV absorption compatible with the
sum of absorption and scattering operated by carbon dots and
gold nanostructures. CD-Au nanohybrid is not luminescent,
as highlighted in Fig. 6b. Black dash line spectra in Fig. 6a
and b refer to the supernatant from the purification procedure,
in which only unreacted CD-E were present.

The chemical nature of the CD-Au nanohybrid has also
been confirmed by energy-dispersive X-Ray spectroscopy (EDS)
analysis coupled with scanning electron microscopy (SEM).
EDS analysis showed the presence of carbon, oxygen, gold, and
silicon. In particular, the sample average composition indi-
cates a C: Au ratio equal to 1.25. The atomic percentage of the
two elements is comparable, as expected for a sample with
these characteristics. To perform the EDX analysis, the sample
was placed on a silicon substrate. This explains why the
amount of silicon is significantly higher than that of the other
elements. Finally, the amount of oxygen, equal to about 2.5
atomic%, is attributable to the oxidized components on the
silicon substrate and the surface of the carbon dots. The SEM
micrograph and the element atomic percentage distribution

bl
b) SN
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,
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Fig. 6 Characterization of CD—Au nanohybrid (blue line): (a) UV/vis absorption spectra of pure CD—Au and the supernatant from purification (black
dash line). (b) Emission spectra (lexcitation = 300 nm) of pure CD-Au (blue line) and the supernatant from purification (black dash line). (c) FT-IR
spectra comparison of CD-Au and CD-E (red line). (d) Raman spectra comparison of CD—Au, CD-E (red line) and CDs (black line).
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from EDS analysis are reported in E.S.I. Fig. S11.f FT-IR
characterization (Fig. 6¢) shows the presence of CD-E absorp-
tion pattern in CD-Au. According to the literature, the doublet
band from 1650 to 1550 cm™" is a relevant indication of amino
groups binding the surface of AuNPs. By comparing CD-E and
CD-Au spectra in this area, slight shifts and alterations in the
intensity ratio were found, suggesting the interaction between
CD-E and nanostructured gold.”® Raman characterization
(Fig. 6d) reveals the presence of the CD-E pattern in the CD-Au
spectrum (Fig. 6d, blue line). The amplification of the signal,
reasonably due to the SERS (Surface-Enhanced Raman
Spectroscopy) effect, highlights the intimate contact, or the
nanohybridization, between nanostructured gold and CD-E. As
further confirmation of the bonding between CD-E and gold,
the CDs luminescence is quenched after reaction with gold.
According to the dynamics of luminescence quenching and
considering the short emission lifetime of CDs (2 ns and 8 ns),
the quenching cannot occur via a dynamic - collisional -
mechanism, but it is expected to happen following a static
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mechanism, which means that the CD-E and Au are physically
bonded.>®

4. Electrochemical properties

To assess the electrocatalytic performance of the as-prepared
CD-Au/SPCE sensor, cyclic voltammetry, square wave voltam-
metry, and electrochemical impedance spectroscopy analyses
were conducted. For comparison, the bare SPCE and modified
CDs/SPCE, CD-E/SPCE, and CD-Au/SPCE sensors were also
investigated under the same conditions (see Fig. 7a). The CV
measurements were performed in 1 M PB (pH 7.4) solution
containing 10 mM [Fe(CN)s*"*~ solution between —0.30 V
and +0.60 V at a scan rate of 50 mV s~ '. Well-defined oxi-
dation/reduction peaks corresponding to the redox couple of
[Fe(CN)]™*~ have been observed on all sensors. With the
CD-E/SPCE sensor, the peak currents were lower than the peak
currents produced by the other sensors, indicating that the
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Fig. 7 (a) CV curves obtained for the tested sensors in 1 M PBS containing 10.0 mM [Fe(CN)e]>~/*~; (b) CV at different scan rates from 0.025 V s™* to
0.4Vs™(c) I,;,—u”2 curves used for the comparison of electrochemical surface area among the different sensors: (d) Nyquist plots of bare SPCE and

CD-Au/SPCE. Inset shows the equivalent circuit used to fit the spectra.
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presence of a covalently anchored ethylenediamine layer on
the CDs surface can hinder the diffusion of ions in the redox
probe solution toward the electrode surface.

The effect of scan rate (v) on the CV curves is reported in
Fig. 7b. In the inset, the observed highly linear relationship
with the square root of scan rates (v?) for both the anodic
and cathodic peak currents (I,) suggests that the investigated
electrochemical process is under diffusional control. From the
slopes of the I,-v curves shown in Fig. 7c, the increase of the
electrochemically active surface area (ECSA) of the sensors
after the electrode modification can be clearly noted. The
CD-Au/SPCE sensor shows a significantly higher (approxi-
mately 2.5 times) ECSA with respect to the bare SPCE elec-
trode; this finding has also been observed in comparison with
the electrodes modified with the CDs and CD-E layers. We
explain what is observed to be due to an effective nanohybridi-
zation of AuNPs and CDs, leading to a high increase of the
electrochemical active sites.

Fig. 7d reports a comparison between the Nyquist plots pro-
duced by EIS analyses, which is a useful way for probing the
electrochemical properties of surface-modified electrodes. The
Nyquist plots of bare SPCE and CD-Au/SPCE suggest a higher
electron transfer for the latter due to the high conductivity of
the CD-Au modifier.

The electrocatalytic performance of the as-prepared CD-Au
nanocomposite towards some organic analytes was also
assessed by conducting CV analyses. Both the bare SPCE and
CD-Au/SPCE sensors were tested under the same conditions
for comparison. The electrochemical measurements were per-
formed in 1 M PB (pH 7.4) solution containing 0.5 mM of
some representative analytes. Fig. 8 shows the anodic peak
intensity values obtained for hydroquinone (HQ), uric acid
(UA), and tyrosine (Tyr) on both sensors. The modified sensor
resulted in the most effective with enhanced performance for
HQ, showing an impressively higher peak intensity with
respect to other analytes (see inset in Fig. 8 for the original CV

60
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— 1 E :
< 403
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Fig. 8
obtained for HQ, UA, and Tyr on bare and modified SPCE sensors.
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tests) and bare SPCE. It is noteworthy that this behavior was
instead not noted for UA and Tyr.

This is because the CD-Au nanohybrid not only increases
the number of active sites (consistent with the results of ECSA)
but also enhances the inherent electrocatalytic activity of
AuNPs for some specific analytes, i.e., HQ.

Based on the latest test, the electrochemical quantification
of hydroquinone was conducted using the SWV technique.
Fig. 9a displays the SWV responses of the CD-Au/SPCE sensor
at different concentrations of HQ in 1 M PBS.

Under the adopted conditions, the oxidation peak current
of HQ increased linearly with concentration in the detection
range from 0 to 100 pM. Calibration curve for CD-Au/SPCE at
different HQ concentrations is obtained by plotting the
current variation vs. the concentration of the analyte (see
Fig. 9b). The linear regression equation for the anodic peak
current in this range is: I,, (pA) = 0.057 [HQ] — 0.22, with a cor-
relation coefficient R* = 0.97. The sensitivity was computed to
be 460.96 nA mM ' cm~? and the low detection limit (LOD) at
S/N = 3 was 10.5 pM. The detection test of HQ has been
repeated after about one week with the same sensor. The cali-
bration curves were elaborated and compared (vide E.S.L
Fig. S12t). The two sets of data points can be fitted well by a
linear relationship, indicating furthermore that the response
of the CD-Au/SPCE sensor to HQ after this period is about
90% of the initial response. These findings validate the suc-
cessful performances of the CD-Au/SPCE sensor for HQ detec-
tion, including good stability.

The electroanalytical performances of the proposed CD-Au/
SPCE sensor have been compared with some hydroquinone
electrochemical sensors reported in the recent literature. The
performances of the CD-Au/SPCE sensor are comparable with
the state-of-the-art previous electrochemical HQ sensors based
on AuNPs and other relevant electrode materials, with the
advantage of using an easy synthesis procedure and simple
sensor fabrication based on a screen-printed platform (Table 1).
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(a) Anodic peak intensity values obtained for HQ, UA, and Tyr on both SPCE and CD-Au/SPCE sensors; (b) anodic peak intensity values
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Table 1 Comparison of CD-Au/SPCE sensor performances with
recently reported hydroquinone electrochemical sensors

Linear range LOD

Electrode Method (uM) (uM) Ref.
Au-gC3N,-MOF-CPE DPV 0.005-5 1x107° 57
ERGO-pEBT/AuNPs/ DPV 0.52-31.4 15x107° 58
GCE
AuNPs-MPS/CPE SWV  10-1000 1.2 59
Cu complex SWV  60-2500 3x107" 60
CusS nanocrystals CvV 4.5-4500 1.5 61
GR/GCE DPV 1-10 1.5x107% 62
dsDNA/PANI/CTS/GCE  DPV 1.25-340 9.65 x 63
10~
LDHf/GCE DPV 12-800 9 64
CDsAu/SPCE SWV  10-100 10.5 This work

5. Conclusions

Carbon dots (CDs) have been prepared from olive solid wastes
and functionalized with ethylenediamine (CD-E). Both pure
and functionalized versions of CDs have been characterized
via UV/Vis, photoluminescence, IR and Raman spectroscopies,
TEM, SEM, and quantitative XPS analyses.

CDs and CD-E are photoactive materials, displaying an exci-
tation-dependent luminescence, as typical for these nano-
systems. Taking advantage of their photochemical properties,
CD-E have been used in the photo-activated synthesis of gold
nanoparticles (AuNPs), where the CD-E, once photoexcited,
reduce Au(m) to Au(0) and at the same time act as a capping
layer on the AuNPs, thanks to the amine anchoring groups
present on their surface. The so-obtained CD-Au nanohybrids
exhibit excellent stability in water dispersion, and they have
been characterized using UV/Vis spectroscopy, electronic
microscopy techniques, and electrochemical measurements.
The electrocatalytic performance of CD-Au has been investi-
gated with some organic analytes, and hydroquinone (HQ) pro-
vided the best results.
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(a) SWVs on CD—-Au/SPCE at various concentrations of HQ (0-100 pM) in 1 M PBS; (b) calibration curve from SWV of CD—-Au at different HQ

The proposed synthetic method for CD-Au nanohybrid pro-
vides a facile procedure for the modification of the screen-
printed electrode surface, which allows the development of an
electrochemical sensor for the determination of HQ. The syner-
gistic effects between AuNPs and CDs and the intrinsic electro-
catalytic activity of AuNPs resulted in an electrochemical sensor
for HQ detection with good electrochemical performances.
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