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In recent years, carbon dots (CDs) have triggered considerable interest due to their intriguing tunable
photoluminescence properties. In this work, we report the synthesis of green-emitting CDs from two
different carbon sources, namely carbon nano-onions and graphene oxide. We also investigate the
effects of the two starting materials on the physico-chemical properties of the as-synthesised CDs. Our
results show that both CDs exhibit remarkable emission properties and different fluorescence behaviour,
which is attributed to the differences in size, surface defects, as well as the presence of different surface
functional groups. Moreover, we propose an innovative, low-cost and time-saving method for the
recovery of CDs from solution by acetone-mediated precipitation. We demonstrate that this
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Accepted Sth September 2020 methodology can rival the common dialysis-based purification approach; it shows excellent
photostability, and the CD fluorescent properties are retained. Our work paves the way for the use of
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these particles for biomedical applications by exploiting their interesting fluorescent features as well as
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1. Introduction

Nanoparticles have been intensively investigated in the last
decades in the biomedical field, in particular for drug delivery*
and theranostic® applications. Among them, carbon dots (CDs),
a zero-dimensional fluorescent carbon nanomaterial, have
received increasing attention due to their remarkable electronic
and tunable photoluminescence properties.>® CDs, firstly re-
ported by Xu et al.” in 2004, are quasi-spherical nanoparticles
consisting of both graphitic and diamond-like sp® carbon
atoms, and have a typical size below 10 nm.**° The presence of
carboxyl moieties on their surface gives excellent water solu-
bility and allows for further functionalisation and surface
passivation with various organic, polymeric, inorganic or bio-
logical materials."* Moreover, CDs exhibit interesting electronic
properties and, compared to traditional semiconductor
quantum dots, they possess lower toxicity and excellent
biocompatibility.®** Collectively, these features make CDs
particularly suitable for bioimaging," biosensing,"* drug-
delivery applications® as well as in photocatalysis.'**® The
recent and growing interest in CDs is mainly due to their
characteristic photoluminescent properties. The exact mecha-
nism of the CDs photoluminescence has not yet been fully
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understood and remains a subject of current research and
debate. Different factors that influence and regulate their fluo-
rescence mechanism have been proposed, including size,'>*
shape,** surface defects,"**>* as well as functional groups.*

CDs are mainly produced by two different approaches: the
“bottom-up” and “top-down” methods.”** Advantages and
disadvantages of the different methodologies are schematically
reported in Table S1.}

The “bottom-up” approach involves the assembly of small
precursor molecules, such as polycyclic aromatic derivatives,
into CDs. Typical synthetic strategies include thermal decom-
position,*”*® hydrothermal synthesis** and microwave-assisted
hydrothermal (MAH) synthesis.*® The synthesis of CDs via
these approaches typically involves the condensation of the
precursor molecules into larger entities, which requires step-
wise and complex synthetic procedures,* generally associated
with expensive reagents and inert atmosphere conditions.

The “top-down” approach exploits the cutting of big-sized
carbon sources in smaller pieces and usually generates nano-
particles bearing oxygen functional groups that increase the water
solubility and allow to passivate their surface.®* Typical synthetic
strategies include chemical®** and electrochemical® oxidation,
hydrothermal® and solvothermal® treatments, microwave-assisted
synthesis,” arc discharge,”*® laser ablation®** and ultrasonic
synthesis.” Among the several “top-down” synthetic routes, the
chemical oxidation of carbon nanomaterials (CNMs) such as carbon
nanotubes,* graphene and related materials,** carbon fibers' and
fullerenes,” is one of the most common approaches for the
synthesis of highly fluorescent CDs. The main advantages of this

This journal is © The Royal Society of Chemistry 2020
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methodology over the others is its cost-effectiveness due to the low
cost of the starting materials and reagents, ease of implementation
as it doesn't require special instrumentation and the possibility to
potentially use any carbon-containing materials for the synthesis.

Generally, the size of CDs is typically less than 10 nm, but it
can reach up to tens of nm, depending on the synthesis protocol
used.*®*

In this work, we employed two different CNMs, for the
synthesis of CDs via chemical oxidation, namely graphene oxide
(GO) and carbon-nano onions (CNOs).

GO is the oxidised derivative of graphene,*®* with which
shares some interesting properties, such as high mechanical
strength® and large surface area,” while exhibiting excellent
dispersibility in water, due to the presence of several hydro-
philic terminal groups,® and remarkable biocompatibility.>*>*
GO is commonly employed as a carbon source to produce CDs
because of its low cost and ease of processability and mass
production.** Several synthetic protocols are utilised for their
production, including chemical oxidation,*****¢ solvothermal,*”
hydrothermal®® or ultrasonic method.”

CNOs, firstly reported by lijima in 1980,% are multi-shell
fullerenes structured by concentric shells of carbon atoms.**
CNOs show great promise in different applicative fields, such as
biology®* and electronics.®® In particular, several reports have
shown that CNOs are biocompatible both in vitro®* and in
vvo.°*” They have also been used as a starting material to
produce CDs, by exploiting both chemical oxidation®®* and
laser ablation” strategies.

The CNM-derived CDs were characterised by UV-Vis and fluo-
rescence spectroscopies, {-potential analysis, and atomic force
microscopy (AFM) in order to investigate and evaluate the effects of
the starting material on the physico-chemical properties of the CDs.

In addition, we proposed an innovative acetone-based puri-
fication process for the recovery of the CDs as an efficient
alternative to the conventional dialysis approach.

2. Experimental
2.1 Materials

GO-V30 powder was purchased from Standard Graphene (Las
Vegas, NV, USA). Pristine CNOs were synthesised through
thermal annealing of detonation nanodiamonds following
a previously reported protocol.®*”* Sulfuric acid (H,SO,, 95-
98%) nitric acid (HNOj3, =65%), acetone (=99.5%) and sodium
hydroxide (NaOH) pellets were purchased from Sigma-Aldrich.
Qualitative filter paper was purchased from Fischer Scientific
(Hampton, New Hampshire, USA). Polyethersulfone (PES) filters
(0.20 um pore size) were purchased from GVS Filter Technology
(USA). Pur-A-Lyzer™ Mega Dialysis Kits with a capacity of 20 mL
and molecular weight cut-off (MWCO) of 1 kDa were purchased
from Sigma-Aldrich. All water utilised in this study was Ultra-
pure Milli-Q (electric resistance > 18.2 MQ cm ™) water.

2.2 Preparation of CDs

CDs were synthesised following a slightly modified protocol
reported in the literature.* 50 mg of the starting material (CNOs

This journal is © The Royal Society of Chemistry 2020
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or GO) was dispersed in 10 mL of a mixture of concentrated
H,SO, and HNO; 3 :1 (v/v), using an ice bath to limit the
development of heat and fumes. After cooling, the reaction
mixture underwent sonication at 37 kHz (Fischer Scientific
Ultrasonic Bath FB15050 for CNOs and Elmasonic P60H for GO)
for 2 h, to promote the fragmentation of the starting material.
The solution was then left refluxed 100 °C for 3 h. After cooling
down to room temperature, the solution was diluted with 20 mL
of Milli-Q H,O and neutralised using NaOH. During the neu-
tralisation process, the formation of salts, Na,SO, and NaNOs,
was promoted in ice-bath.

CDs were isolated from the solution through several vacuum
filtrations. The final dark brown solution was filtered using
a 0.20 pm pore size PES filter to get rid of the larger particles and
residual starting material. To remove the excess of salt still
present in the dispersion, 10 mL was dialysed against 1 L H,O
for 24 h to yield CNO-CDs and GO-CDs. During dialysis, the
dispersion was subject to constant stirring, and the medium
was exchanged three times (after 2 h, 5 h and overnight).

The purification of CDs (Fig. S11) has been achieved through
acetone-driven precipitation. Specifically, after the filtration
with the PES filter, 10 mL of the sample was mixed with the
same volume of acetone, resulting in the precipitation of CDs.
The precipitate was further washed with acetone several times
and dried. The final product (AP-CNO-CDs) was a brown powder
(Fig. S1Ef).

2.3 Characterisation of CDs

UV-Vis spectrophotometry was carried out by using a UV-1800
SHIMADZU spectrophotometer and a Varian Cary 100 spectro-
photometer. The fluorescence properties were analysed using
a PerkinElmer LS55 Fluorescence Spectrometer and a JASCO FP-
6500. A quartz cuvette with an optical path length of 1 cm was
used for all spectroscopic measurements. {-Potential analysis
was carried out using a 90 Plus/BI-MAS Zeta Plus multiangle
particle size analyser; the data reported are an average of three
independent measurements.

Atomic Force Microscopy (AFM) analyses were performed on
a Multimode 8 Bruker AFM microscope coupled with a Nano-
scope V controller and a commercial silicon tip (RTESPA 300;
resonance of 300 kHz; nominal elastic constant of 40 N m™ ") by
using the ScanAsyst™ in air mode with a scan size of 3 um. The
samples were prepared by depositing 20 uL of the solutions on
a silicon wafer support drying in an oven at 40 °C.

3. Result and discussion

CDs were synthesised via chemical oxidation of two different
CNMs, namely CNOs and GO, to yield CNO-CDs and GO-CDs,
respectively. Fig. 1 shows the schematisation of the method-
ology employed for the synthesis and purification.

Different techniques were used for the characterization of
the as-produced materials. The absorption properties of the as-
synthesised CDs were investigated by UV-Vis spectroscopy
(Fig. 2A and B). Both CDs display high absorption in the UV
region with a tail extending to the visible range. In particular,
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Fig. 1 Schematic representation of the synthesis of CDs from CNOs and GO.

a peak at 230 nm as well as a shoulder at 265 nm can be
observed. These absorption features are attributed to the © —
7* transitions of the aromatic C=C bond, and to the n — w*
transitions of C=0 and COOH groups.>**7>

Although the UV-Vis spectra of both CDs have similar
features, the absorption intensity of CNO-CDs is higher than
that of GO-CDs, indicating a higher concentration of the CNO-
CDs solution, and thus, higher reaction yield. In particular,
approx. 5.5 times higher yield is observed for CNO-derived CDs
compared to those derived from GO, despite an equal quantity
of the respective starting materials.

The emission properties of CNO-CDs and GO-CDs were
evaluated by fluorescence spectroscopy (Fig. 2C and D). The
fluorescence spectra were acquired by increasing the excitation
wavelength from 230 to 480 nm. Both CDs exhibit remarkable
green fluorescent properties, with CNO-CDs displaying a much
higher intensity. From the analysis of the emission spectra re-
ported in Fig. 2C and D, a different behaviour is observed.

In particular, CNO-CDs show a constant emission maximum
centred at 527 nm independently from the excitation wave-
length, with the most intense band obtained when excited at
460 nm (Fig. 2C). Regardless of the synthetic procedure, CDs
generally present excitation-dependent photoluminescence
behaviour.’*”?

Therefore, the excitation-independent emission properties
shown by CNO-CDs make CNOs particularly intriguing as
a starting material for CD synthesis.

Furthermore, the CNO-CDs green emission properties are
similar to those reported by Zhang et al.,* with a slightly red-
shifted emission maxima (527 vs. 519 nm). Liu and Kim®® re-
ported blue- and violet-emitting CDs produced through the
chemical oxidation of CNOs, suggesting that our procedure is
able to produce longer wavelength emitting CDs.

36406 | RSC Adv, 2020, 10, 36404-36412

On the contrary, GO-CDs exhibit a excitation-dependent
photoluminescence behaviour. The emission spectra, shown
in Fig. 2D, can be resolved into two photoluminescent bands at
shorter excitation wavelengths, showing an emission maxima
located at 533 nm, while exciting at 470 nm. This behaviour is
different to that of GO-CDs produced using a similar method by
Tang et al.,** showing a unique, constant emission band centred
at 500 nm and the most intense band under an excitation of
295 nm.

Furthermore, from the comparison of the emission spectra
of CNO- and GO-CDs (Fig. 2C and D), a red-shifted emission
maximum is observed for the latter compared to that of CNO-
CDs. This is attributed to the higher oxygen content on the
GO-CDs surface.

Despite the same synthetic route should cause a similar
degree of oxidation of the source material, GO, unlike pristine
CNOs, exhibits a structure with a considerable amount of
oxygen-containing groups, which likely leads to a final product
richer in oxygen.

The surface oxidation state of CDs affects the overall elec-
tronic structure; as the degree of surface oxidation increases,
surface defects increase, resulting in red-shifted emission.”™

Also, the size of CDs can influence an emission red-shifting;
the energy gap of the surface emissive sites, not only depends
on the surface chemistry, but also on the w-electron system, as
the extent of this conjugation influences the energy levels of the
surface electronic states. This causes a lower band gap for T —
m* transitions and therefore a smaller energy gap for surface
states.®

In order to better understand and explain the different
nature of the PL spectra of the two CNM-derived CDs, we
deconvoluted the spectra, using a multi-Gaussian fit function
(Fig. S27). Fig. S2A and Bt show the deconvoluted fluorescence

This journal is © The Royal Society of Chemistry 2020
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Fig.2 UV-Vis spectra of the 1 : 10 diluted aqueous solutions of (A) CNO-CDs and (B) GO-CDs. Fluorescence emission spectra of (C) CNO-CDs
and (D) GO-CDs at an increasing excitation wavelength (from 230 to 480 nm). Fluorescence excitation spectra of (E) CNO-CDs and (F) GO-CDs.

spectra of CNO-CDs at two different wavelengths. In both cases,
two peaks can be identified. The first peak at ca. 520 nm is an
excitation-independent emission band attributed to fluo-
rophore features of the CDs such as, for example, an abundance
of conjugated carboxylic moieties on edges.”

The second band, which is an excitation-dependent peak,
can be assigned to the carbogenic cores, quantum confinement
effect (QCE), as well as to the corresponding edge structure
variations of CDs with different sizes.”

On the other hand, the deconvoluted fluorescence spectra of
GO-CDs, (Fig. S2C and Dt), exhibit peaks that are excitation-
dependent.

This suggests that the photoluminescent emission is due to
the peculiarity of the carbonaceous core, the presence of defects

This journal is © The Royal Society of Chemistry 2020

and the co-existence of CDs with different sizes and diversified
surface oxygen groups.” In particular, even if both CDs consist
of a carbon core, the GO-CDs surface is characterised by a large
variety of O- and H-containing functional groups, much higher
than those obtained from CNO-CDs, as discussed above. This
greater amount of surface functional groups results in the
existence of various energy levels between the 7 and 7* states of
C=C, which may develop a series of emissive sites. Therefore,
as the excitation wavelength changes, different surface state
emissive sites become dominant.**”

Fluorescence excitation analyses were performed to gain
further information on the photoluminescent properties of the
CDs. Fig. 2E and F report the excitation and the emission
spectra at relevant excitation wavelengths for both samples.

RSC Adv, 2020, 10, 36404-36412 | 36407
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Table 1 ¢-Potential results of CNO- and GO-CDs

Sample {-Potential + S.D. (mV)
CNO-CDs —28.7 £ 0.7
GO-CDs —27.2+£0.9

In the excitation spectrum of CNO-CDs (Fig. 2E), three strong
transitions occurred specifically at 340, 400 and 460 nm at the
maximum emission wavelength of 527 nm, with the latter
showing much higher intensity compared to the other peaks.
For GO-CDs, as shown in Fig. 2F, two strong transitions with
similar intensities are observed at 314 and 469 nm for an
emission wavelength of 533 nm.

These results explain the different behaviour of the obtained
CDs.”® While for CNO-CDs the luminescence depends primarily
on the excitation-independent band, related to the surface
functional groups, the optical properties of GO-CDs depend on
the existence of states related to the carbogenic cores of the
nanoparticles and states related to features of the graphene
surface and edges. Therefore, the photoluminescence excitation
data recorded confirmed the emission results.”

To analyse the stability of the synthesised CDs in aqueous
solution, {-potential measurements were performed.

This technique allows to determinate the surface charge of
nanoparticles in a colloidal solution.*” The {-potential of both
CNM-derived CDs is presented in Table 1.

The negative, superficial charge of the CDs suggests the
presence of polar groups derived from the oxidation process,
which tend to deprotonate in non-buffered aqueous disper-
sions. The presence of a negative charge on the surface of the
CDs should aid the electrostatic repulsion between the nano-
particles and thus promote the stability of the dispersion. These
{-potential values obtained are within the range associated with
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Height Peak Force Error

B 770N

28nN
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stable dispersions. Indeed, both CDs solutions were stable for
months without any visible material sedimentation.

The morphology of the as-synthesised CDs has been inves-
tigated by AFM (Fig. 3). The results show the presence of indi-
vidual CD particles as well as small aggregates <100 nm in size.
The formation of these aggregates can be attributed to the
drying process the sample underwent prior to the analysis. The
AFM results suggest that GO-CDs (Fig. 3B) tend to form larger
aggregates than CNO-CDs (Fig. 3A).

While AFM overestimates the width of the carbon dots due to
the AFM probe interaction with the objects, the height of the
dots can be extracted from the AFM images (Table S27). In
particular, CNO-CDs and GO-CDs exhibit an average size equal
to 6.4 + 1.8 and 3 + 0.2 nm, respectively.

It should be noted that a small amount of residual salts,
formed during the neutralisation process, is observed in the
samples. However, their presence has negligible effects on the
optical properties of CDs. Further workup could be carried out
to ensure the complete removal of residual salts where neces-
sary extending the dialysis time or changing the dialysis bags
cut-off.

3.1 Optimisation of the purification protocol

Dialysis is a standard strategy employed for the purification of
CDs. However, it has some limitations: it is expensive, typically
requires long operational time and further steps, such as freeze-
drying, are necessary to obtain a solid sample.

For these reasons, we developed an alternative, quick and
low-cost CD purification process involving an acetone-mediated
liquid extraction.

It should be noted that this strategy worked only for the
CNO-derived CDs due to their high yield and thus the high
concentration of particles in solution.

The CNO-CDs precipitated by acetone (AP-CNO-CDs) were
characterised through UV-Vis, fluorescence and Fourier
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Fig. 3 AFM results for (A) CNO-CDs and (B) GO-CDs, showing, from left to right, topography, peak force error and height profile along with the

lines evidenced in topography images.
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Fig.5 AFM micrographs of AP-CNO-CDs showing, from left to right, topography, peak force error and high profile along the lines evidenced in

topography image.

transform infrared (FTIR) spectroscopy as well as AFM and the
results have been compared to those of CNO-CDs.

The UV-Vis of both AP-CNO-CDs (Fig. 4A) and CNO-CDs
(Fig. 2A) show identical absorption features, suggesting that
the purification process doesn't affect the optical properties of
the CDs.

The fluorescence spectra of AP-CNO-CDs (Fig. 4B) and CNO-
CDs (Fig. 2C) exhibit similar green emission profiles, with the
emission maximum centred at 527 nm and identical transitions
at 340, 400 and 460 nm in their respective excitation spectrum
(Fig. 4C and 2E).

This journal is © The Royal Society of Chemistry 2020

FTIR spectrum of AP-CNO-CDs (Fig. 4D) shows different
peaks related to the presence of oxygen-containing functional
groups, thus accounting for the excellent solubility in water.

The peaks at 1098 and 1607 cm ™" are representative of the
stretching vibrations of C-O and C=O0; the peaks at 1344 and
1432 cm™ ! are assigned to the bending vibrations of C-H and C-
0; and peaks at 2950/2880 and 3384 cm™ " are attributed to the
stretching vibrations of C-H and O-H groups, respectively.

We further investigated the photostability of the fluores-
cence under continuous irradiation of the sample for 100 min.
AP-CNO-CDs show excellent photostability overtime, retaining

RSC Adv, 2020, 10, 36404-36412 | 36409
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over 94% of the initial intensity, suggesting an excellent resis-
tance to photobleaching (Fig. S3t).

Further in line with the results for CNO-CDs, the AFM
characterization of AP-CNO-CDs highlights the presence of
a certain degree of aggregation (Fig. 5) and a small quantity of
residual salts that may be removed by increasing the number of
washes of the precipitate.

These results confirm that the herein outlined acetone-
mediated purification step is a viable alternative makes to the
standard dialysis approach. It has the benefits of being quick
and low-cost, while showing no physicochemical differences.

4. Conclusions

In this work, we reported a simple, fast and low-cost method for
the synthesis of carbon dots (CDs) through the chemical
oxidation of two carbon nanomaterials, namely carbon nano-
onions (CNOs) and graphene oxide (GO).

The protocol developed allowed for the generation of green-
emitting CDs with remarkable emission properties and
different photoluminescence behaviour, depending on the
carbon core and the content of oxygen-functional groups. In
particular, CNO-derived CDs showed an excitation-independent
fluorescence, which is generally difficult to achieve in CDs, and
could represent a useful feature for bioimaging applications.
The as-synthesised CDs exhibit excellent water dispersibility
and long-term stability with no sedimentation of the material
after 3 months.

Furthermore, a higher reaction yield was obtained by using
CNOs as the starting material.

Moreover, we have proposed an interesting purification
approach via acetone-mediated liquid extraction as an alterna-
tive to the standard dialysis process. Our strategy makes the
purification process cheaper, faster and easier, while not
affecting the optical properties of the CDs. In the recent years,
CDs have shown to be a promising material in a number of bio-
related applications. In particular, several studies have
demonstrated the safety of the nanomaterial both in vitro and in
vivo.*>* Based on this, we are confident that the unique tunable
fluorescence properties, as well as rich surface functional
groups of our CDs, would make them suitable for biological
applications such as bio-imaging agents and drug delivery
nanocarriers.

In this regards, studies investigating the toxicological profile
of these nanoparticles are on-going in our lab.
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