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Citric acid is a versatile weak acid compound that is best known for its
role in the citric acid cycle, a process that occurs in the metabolism of all
aerobic organisms. Citric acid is also employed in several other
applications, including the synthesis of carbon dots (CDs). These
carbonaceous nanoparticles present several interesting properties, such
as a high photoluminescence, broadband absorption of light,
biocompatibility, and low toxicity, making them good candidates for a
wide range of applications.

CDs are produced following either top-down or bottom-up
methodologies, with citric acid being commonly used as a carbon source
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Regarding its general properties, CA is available in both as an anhydrous
(MW= 192.123 g mol-1) or as a monohydrate (MW= 210.140 g mol-1), having
the appearance of small-sized white or colorless crystalline structures. It is
highly soluble in water (up to 64.3% w/w at 30ºC) and ethanol. CA solutions
can be employed as buffer solutions between pH 2 and pH 8, whereas a 1 mM
solution of the compound presents a pH of 3.2, explaining the acidity of citrus
fruits, who tend to have a higher concentration of CA, and thus a lower pH.

Albeit naturally occurring, CA was not isolated until 1784, when it was
crystallized from lemon juice. It took another century (1890) for it to be
industrially produced, a process based in the citrus juice being mixed with
calcium hydroxide to precipitate calcium citrate, which was then converted
into CA via interaction with sulfuric acid. Three years later, another process,
based on the microbial production of CA from sugar, was reported. The
microbial pathway became the predominant CA production method, with the
pharmaceutical companies Pfizer and Citrique Belge employing the mold
Aspergillus niger in the large-scale production of CA. Thus, the major
production route for CA was discovered and is still used to this day.

Cultures of A. niger are inserted into a sucrose or glucose-rich medium,
feed on the sugars, and are then filtered [2]. After this, similar to the process
first used in 1784, calcium hydroxide is added to precipitate citrate, which is
turned into CA by reacting with sulfuric acid. In our age, it is estimated that
over two million tons of CA are produced every year, with over half of the
total production originating in China. The large amount is justified by the wide
range of everyday applications. More than 50% of the total production is used
in the beer industry as an acidity regulator, whereas an additional 20% is used
in other food applications and other 20% in detergent applications. The
remaining 10% of the production is for all the remaining applications,
including its use in cosmetics, pharmaceuticals and in the chemical industry
[3].

CA is required for many applications and processes, most important of
which, the cyclic acid cycle, or Krebs cycle. This is of paramount important
for aerobic organisms, the chains of reactions involved are responsible for
around two-thirds of all food-derived energy obtained by complex organisms.
However, CA is also important in processes outside the realm of biochemistry.
Its major industrial application is in the food and beverage industry. Due to
being one of the stronger, but edible, acids, it is commonly used as a flavoring
and preservative in food and beverages, especially soft drinks and sugar-rich
candies [3]. Due to CA being an excellent chelating agent, citrate salts of
diverse metals are chosen as carriers to facilitate the uptake of these minerals
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by the organism. Moreover, CA is also used as an emulsifying agent in ice
cream and caramel and is even employed as a substitute of lemon juice and
vinegar in some recipes.

Outside the food and beverage industry, it is used for purposed as varied
as the making of bath salts and bombs, shampoos, a degreasing agent, removal
of limescale from boilers, water treatment via metal removal, rust removal,
stainless steel passivation, soldering flux and production of antiviral facial
tissues. Finally, being a versatile precursor to several organic molecules, it is
also employed in the chemical industry. This chapter concerns a particular
application of CA, its use as a carbon source in the fabrication of carbon-based
nanoparticles, also known as carbon dots (CDs).

Over the past few years, nanostructured materials have been extensively
studied as potential substitutes to traditionally used materials. Due to the
properties enabled by their nanosized structure, these materials present
superior properties for a whole range of applications. Regarding a particular
nanomaterial class, carbon-based nanomaterials, several subtypes of
nanomaterials have been added to the family over the years, each presenting
their own unique properties and advantages. Carbon is a black material that,
when in bulk, is not soluble in water and is not able to present
photoluminescence. However, when in a nanosized form, it displays properties
that are largely different from those of the bulk material. These nanosized
materials, suitable for a diverse range of applications, include both single [4]
and multi-walled [5] carbon nanotubes, nanodiamonds [6], nanofibers [7],
graphene [8], buckminsterfullerene [9], and CDs [10-15].

CDs were first discovered in 2004 by Xu et al., who, during the synthesis
of single-walled carbon nanotubes, managed to isolate carbon nanoparticles as
a by-product [16]. This novel class of carbon-based nanomaterials were named
as CDs in 2006 by Sun et al., [17] becoming a topic of interest for the scientific
community ever since. CDs are usually sized between 1 and 10 nm and display
a spherical or near-spherical shape [18]. They may have a sp2-conjugated
amorphous or nanocrystalline core (depending on the synthetic methodology)
with oxygenated functional groups on the surface, such as -OH, -COOH and -
CHO [18, 19].

The CDs core is mostly made of sp2-carbon or graphene/graphene oxide
sheets interconnected by sp3 carbon atoms located in-between the layers,
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forming a diamond-like array [20, 21]. On the surface level, several functional
groups may be found (e.g., alcohols, amines, and carboxylic acids). These
groups contribute to the CDs superior water solubility and allow the CDs to
undergo additional functionalization and passivation steps (to enhance the
CDs properties), as they provide binding sites for other molecules [20]. All
this leads to a highly complex internal and external nanoparticle structure,
whose constitution depends on the precursors and conditions used during the
synthesis, both of which can be controlled and tuned to obtain the desired
outcome.

From their structure results that CDs possess several desirable properties
and characteristics, including its production being inexpensive, presenting a
high photoluminescence quantum yield (QYPL) [12, 13, 19, 22], broadband
absorption range [20], good water solubility [12, 18], high photo- and
chemical stability [18, 23], biocompatibility [9, 24, 25], and low toxicity [25,
26]. Moreover, when compared to their most direct competitors, metal-based
quantum dots, CDs are considerably less toxic (due to not using heavy metals
that are prone to cause bioaccumulation) and present a larger Stokes shift,
meaning that the fluorescence wavelength maximum of the CDs can vary
greatly depending on the excitation wavelength, which is contrary to what
happens with quantum dots [23]. From this results that, for CDs, a variation
of the excitation wavelength causes a shift of the emission spectrum and that
if the nanoparticles and post-synthetic treatment are performed
properly, it is possible to obtain emissions in the near infrared region upon
absorption of ultraviolet radiation [24].

Finally, there is also the possibility of fabricating CDs with up-conversion
photoluminescence, something which allows the CDs to convert lower-energy
higher-wavelength radiation into higher-energy lower-wavelength radiation,
widening the potential uses of CDs and increasing their effectiveness in
applications such as photocatalysis [27]. Considering the diverse properties
displayed by CDs and the interest they might create for diverse applications,
CDs usually need to be thoroughly characterized via techniques such as
TEM/SEM, UV-Vis and photoluminescence spectroscopy, FTIR and XPS,
among others.

Regarding their production, CDs can be prepared via an array of
methodologies that can be separated into two main groups: top-down and
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solution of poly(ethylene glycol) (PEG-200) and glucose/fructose [35]. A
microwave oven was employed to irradiate to solution for 2 to 10 minutes
(potency of 500W), after which resulted CDs ranging from 2.57 ± 0.45 to 3.65
± 0.60 nm in diameter [35]. The CDs presented a high QYPL, a broad
absorption range (from the UV into the infrared), a high oxygen content and
hydrophilic groups that permitted a superior water solubility, a characteristic
trait of this kind of synthesis [35, 43, 44].

As for the hydrothermally synthesized CDs, the first ones were reported
by Yang et al. in 2011 [45]. A mixture of glucose and potassium phosphate
was prepared, dissolved, and transferred into a Teflon-lined autoclave. It was
then subjected to a temperature of 200ºC for 12 h, after which a centrifugation
and salt removal steps ensued [45]. By managing the molar ratios between the
species in the precursor mixture, the authors obtained CDs with tunable
emission and particle sizes, allowing for the making of tailor-made CDs for
specific applications. The possibilities were nearly endless, as CDs with
emissions across the whole visible range were produced [45].

Due to the easiness and low-cost of bottom-up strategies, in particular
when compared to top-down methods, and due to the tunable emission
properties of CDs, strategies such as hydrothermal treatment and microwave-
assisted synthesis are regarded as the most commonly used ways of fabricating
tailor-made CDs. Furthermore, with bottom-up strategies, when employing
natural bioresources, it is possible to avoid the need of passivating the CDs
surface, as -OH groups are already oxidized during the process, thus
permitting a one-step synthesis of ready to use CDs while also reducing the
cost in terms of time and resources [46, 47].

Finally, to obtain the CDs -source must always
be used to provide the required components. Whereas CDs can derive from a
variety of different precursors, both commercially available chemical reagents
and natural resources (e. g. corn stover, bee wax, fish scales, among others),
the most commonly employed carbon-source in CDs synthesis is CA. This
reagent, which is inexpensive and easy to obtain, has been used in a multitude
of CDs synthesis since they were discovered, as it possesses both carbon and
oxygen atoms, is easily soluble and is known to produce highly
photoluminescent CDs via both top-down and bottom-up synthetic
methodologies.

Moreover, to further enhance the optical properties of the resulting
nanoparticles, researchers frequently resort to heteroatom doping, a process in
which a heteroatom containing molecule (e.g., urea or ethylenediamine for N-
doping or thiourea for N,S-doping) is added to the reaction mixture [43, 48].
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The low toxicity and high biocompatibility of CDs makes them good
candidates for bioimaging, as their high photoluminescence permits an easier
detection of the particles inside the study object. Fiori et al., using a
hydrothermal route, prepared CDs from a combination of CA and either tris
(hydroxymethyl)-aminomethane (tris) or arginine methyl ester dihydro-
chloride [62]. When characterized, the CDs made from CA and tris presented
an average size of 2 nm, a high photostability and a QYPL of 37%.
Furthermore, the CDs proved to be biocompatible, allowing for a 100% cell
survivability rate after 24 h of incubation [62]. Cell imaging tests confirmed
the uptake of the CDs by the tested cells, with the CDs being mainly localized
in the cytoplasm and occasionally in the nucleus.

Overall, the low cytotoxicity, high photoluminescence and easy uptake by
the cells make these CDs potential candidates for application in bioimaging
without risking damaging the targeted cells [62]. The previous work being just
one example, more study cases can be found regarding successful CA-based
CDs in bioimaging with other precursors: CA and ethylenediamine by Ding et
al. [63], CA and tetraoctyalammonium bromide by Bhaisare et al. [64], CA
and metformin byWan et al. [65], CA and 8-aminiquinol by Li et al. [66], and
CA and polyethylene imine by Wang et al. [67], just to name a few.

Several cases have been reported on the successful use of CA-based CDs for
both sensing and biosensing. Shan et al. [68] developed CA and benzoylurea-
based CDs for the selective sensing of Fe(III). The CDs were prepared via
calcination and presented an average size of 5.2 nm and a high, excitation-
dependent, photoluminescence. In the presence of Fe(III), the CDs
photoluminescence suffered quenching, allowing for a quantitative sensing of
species with a detection limit as low as 1.1 µM. Furthermore, of 20 tested
metal ions
a high selectivity, which is important for sensing applications [68].

In another study, Wang et al. prepared CA and 3,5-diaminobenzoic acid-
based CDs for the sensing of NO2

- and pH on living cells [69]. The
hydrothermal synthesis resulted in CDs with an average size of 2.16 nm, broad
absorption, a high QYPL of 41%, and more importantly, a low toxicity which
enabled their use in biological samples. NO2

- and pH sensing were achieved
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in HeLa cells using the CDs. Increasing NO2
- concentrations and pH led to a

[69]. Other cases were reported for
the sensing of both metals [70-72] and organic compounds [73-75] using CA-
based CDs.

The biocompatibility and molecular binding spots of CDs enable them to
become potential drug delivery systems capable of transporting a coupled
pharmaceutical into the target site (e.g., by easing their passage through the
blood brain barrier).

Kong et al. reported the preparation of CA and ethylenediamine-based
CDs via hydrothermal treatment towards the delivery of doxorubicin to the
target site in breast cancer cells [54]. The prepared CDs were biocompatible
and presented a quasi-spherical morphology with an average size of 0.5 nm.

intensity confirmed the
successful electrostatic-driven loading of doxorubicin onto the nanoparticles.
A doxorubicin capacity of 28.75 mg g-1 was achieved with the CDs, with a
release rate of 71% after 72 h at pH 7.4 (physiological levels) [54].

In terms of anti-tumoral efficiency, due to a higher degree of drug
uptaking by the cell, doxorubicin-loaded CDs showed more cytotoxicity
towards MCF-7 breast cancer cells than free doxorubicin. This was due to
more doxorubicin being delivered to the drug target site with the complex, in
this case, the cell nucleus [54]. Other examples of CA-based CDs for drug
delivery systems can be found on [76-79].

Good biocompatibility and low toxicity towards healthy human cells are
known properties of CDs. However, in specific cases under suitable light
irradiation, CDs are capable of a localized toxic effect by producing ROS
when photoexcited, hence presenting potential for photodynamic therapy. In
2022 Suner et al. reported producing CA, ethylenediamine and arginine-based
CDs via microwave-assisted synthesis [80]. The CDs presented an average
size of 2.3 nm, a graphitic structure and high photoluminescence.

Their biocompatibility was confirmed via cytotoxicity analysis and blood
compatibility tests. When excited under UV-light (315-400 nm, 300 W lamp),
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a 5 mg mL-1 concentration of CDs inhibited circa 49 7% of the tested
bacteria (E. coli) within 5 minutes of irradiation [80]. Other studies regarding
the use of CDs for photodynamic therapy were reported for both
microorganisms [81, 82] and tumor cells [83, 84].

Due to their high photoluminescence, tunable emission and photostability, it
is no surprise that CDs have been studied for applications in light emitting
devices. Wang et al. reported the microwave-assisted fabrication of CA and
cyclen-based CDs for white light-emitting diodes [85]. The synthesized CDs,
sized between 1 and 4 nm, presented an intense yellow solid-state fluorescence
under UV-light and a QYPL of 48%. However, when the excitation wavelength

coordinates 0.43, 0.55). This enables them to, when combined with a blue-
emitting chip, to fabricate low-cost, non-toxic, and environmentally friendly
white light-emitting diodes [85].

This is quite significant, as the current alternative for white light-emitting
diodes is based on the use of semiconductor quantum dots, which use toxic
heavy metals, and rare earth-based phosphors, which are both expensive and
non-renewable. Other examples regarding the use of CDs for light-emitting
applications can be found on [86-88].

One of the many possible operating principles behind nanothermometry is that
of non-contact luminescent thermometry, which exploits temperature-
dependent emissive behaviors as a base for temperature determination, a
characteristic which CDs may present.

Kalytchuk et al. fabricated a nanothermometer out of CA and cysteine-
based CDs prepared via hydrothermal treatment [15]. The particles displayed
an average size of 4.5 nm, a stable photoluminescence, low toxicity, and good
biocompatibility. Their photoluminescence lifetime is stable across different
concentrations, ionic strengths, and pH values. Their photoluminescence
lifetime was stable over 40 h, and sensible to temperature changes between 15
and 45 ºC.
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Regarding pollutant degradation, Zhou et al. prepared gel-like CDs from
CA and ethylenediamine towards the sunlight-driven degradation of common
organic dyes [94]. The CDsmanaged to fully degrade the pollutants methylene
blue, methyl orange and rhodamine B in 20, 40 and 60 minutes, respectively
[94]. The use of CA-based CDs has been studied for hydrogen generation [95,
96], photodegradation [41, 97] and photoreduction [98, 99].

Due to their properties, CDs are interesting study cases for application in
photovoltaic devices. Lim et al. prepared CA and ethylenediamine-based CDs
to be employed as an interlayer on photovoltaic devices [100]. The
microwave-assisted synthesis yielded CDs with an average size of 10 nm.
After synthesis and purification, they were then dispersed by spin coating on
an ethoxylated polyethylenimine to act as an electron extraction layer on the
polymer nanocomposite-based photovoltaic device [100]. The addition of the
CDs to the interfacial layer led to a 12.2% increase of the photovoltaic
performance when compared to the control devices. Furthermore, the power
conversion efficiency was enhanced by 8.34% while the external quantum
efficiency was enhanced by over 30% (around the 440 nm range) [100]. Other
examples of CA-based CDs for photovoltaic devices can be found on [101,
102].

Over the course of the years, several strategies have been developed to
enhance the photoluminescence intensity of CDs. The best-known example of
this is that of modifying the nanoparticles eteroatoms in a
process dubbed heteroatom doping. Doping is a useful process commonly
used to increase the QYPL of CDs. This is due to it prompting the formation of
n- and p-type carriers (extra e- and h+), changing the
[103]. Thus far, heteroatom doping has been reported for elements such as
nitrogen [68, 104], boron [12, 40], sulphur [96, 105] and phosphor [106, 107].

Among heteroatom doping, nitrogen-doped CDs are the most commonly
used systems, as nitrogen atoms are known to affect the edge states, energy
levels, catalytic activities and even physicochemical properties [108-110]. In
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2021, Lee et al. published a study regarding the effect of N-doping on the
optical properties and enzymatic activity of CDs [111]. Several CA and
ethylenediamine-based CDs were prepared via a hydrothermal method,
yielding CDs with a ratio of CA to ethylenediamine of 1:1.5 (N-CD1), 1:1 (N-
CD2), 1:0.5 (N-CD3), 1:0.3 (N-CD4) and 1:0.25 (N-CD5). The CDs average
sizes ranged between 5.9 and 13.7 nm, with the smallest particle being
observed on N-CD3. FTIR analysis confirmed the presence of the same
surface functional groups on all CDs (Table 1).

Table 1. Summary of data from high resolution analysis representing
both band energies and corresponding groups

C 1s N 1s O 1s
C-C / C=C 284.0 eV N-pyrrole 399.5 eV C=O 531.1 eV
C-N 288.5 eV N-graphite 401 eV (except N-CD1) C-O = 532.6 eV
C=O 288.2 eV

The XPS profile of the CDs exhibits defined C1s, N1s and O1s signals, as
was expected. Interestingly, it also showed that N-CD2 displayed the highest
N1s peak, even though it was not made using the highest ratio of nitrogen-
source. Further high-resolution analysis was performed. For C1s

display a peak at 284 eV ascribed C-C and C=C bonds (from carbon atoms in
the carbogenic core of the nanoparticles), a peak at 285.5 eV attributed to C-
N bonds (thus confirming the success of N-doping) and a peak at 288.2 eV
derived from C=O bonds. Both C-N and C=O are peaks of carbon-heteroatom

[111].
Furthermore, it was demonstrated that N-CD2, N-CD3 and N-CD4 present a
high ratio of carbon-heteroatom bonds and that the N1s spectra of all CDs
shows a peak attributed to N-pyrrole (399.5 eV) at the edge sites of the
carbogenic domain and a peak of N-graphite (401 eV) on the sp2 carbon
domain (except on N-CD1) [111].

Finally, the O1s spectra shows two peaks at 532.6 and 531.1 eV,
corresponding to C-O and C=O bonds, with the latter being predominant due
to the polymerization of the material via amide bond formation [111]. This
demonstrates that while the same dopant was employed on all synthesis, it led
to different outcomes depending on the carbon:nitrogen ratio.
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of the N-
doped CDs. First, they observed that a new absorption band at 340 nm (C=O,
assigned to n- edge transition) and a shoulder at 240 nm (-C=C-, ascribed

- 2 carbogenic core) appeared when compared to non-doped CDs
[111]. Secondly, each N-doped CD presented a different photoluminescence
spectrumwhen excited at 350 nm.When excited, N-CD1 and N-CD2 emission
presented two bands (450/517 nm and 450/500 nm, respectively), whereas N-
CDs 3, 4 and 5 exhibited only one emission band (450, 450 and 464 nm,
respectively) [111].

It is considered that graphitic domains may induce red-shifts on the
particles emission, whereas pyrrolic domains do not affect the band gap of the
carbogenic domains [112]. However, N-CDs 1,2 and 5 all show red-shifted
emissions, despite containing mostly pyrrole functional groups. Given that a
higher number of edge functional groups leads to a decrease in the size of p-
conjugated carbogenic domains, it can be considered that N-CDs 3 and 4,
which present a relatively low carbon content, emit lower-wavelength, higher-
energy, radiation due to the small size of the p-conjugated carbogenic
domains, which are, on the other hand, of expanded size in N-CDs 1,2 and 5
[111].

The QYPL of the CDs was also measured. By order (N-CD1 to 5), the
QYPL were estimated to be 6.6, 15.1, 22.6, 14.9 and 9.3%, respectively, which
is higher than the 3% calculated for non-doped CDs. The optimal
carbon:nitrogen ratio for QYPL was 1:0.5 (N-CD3), with lower N contents
decreasing the QYPL. N-CDs 1 and 2 presented also lower QYPL despite their
higher N content, something that can be attributed to the generation of long-
lived defect states on the nanoparticles
dopant [111, 113]. Finally, the photoluminescence lifetimes of N-doped CDs
are longer than that of non-doped CDs due to the surface passivation of the
CDs decreasing the non-radiative recombination and self-trapping of excitons
[111]. All being said, the content of N-dopant included during the CDs
synthesis is a crucial factor affecting their optical properties, which are of
paramount importance for most CD-related applications.

Furthermore, L -doped CDs as a
nanozyme platform, which is a material that can catalyze enzymatic reaction
and presents similar kinetics and mechanisms to those of naturally occurring
enzymes [111]. Considering previous reports, the team decided to assess the
peroxidase-like activity of the nanoparticles (Figure 5). This was achieved by
monitoring the oxidation -tetramethylbenzidine (TMB) with
hydrogen peroxide at pH2. By introducing N-doped CDs in the solution, the
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functional groups (O-H, C-H, C-O, C=O and C=C) in all the prepared CDs.
However, specific dopant-derived groups are also to be found, such as B-O,
S=C, C-N and P-O-C, confirming the success of the doping process by both
pyrolysis and microwave-assisted synthesis [115].

It is commonly accepted that besides size confinement and solvent effects,
the photoluminescence of CDs may result from a synergy between sp2-
conjugated atoms ctional groups present on the
nanoparticles [116, 117]. As the use of different dopants inherently
results in a different surface composition, it is expected to affect both the

and the absorption-emission profile of the
nanoparticle.

Optical analysis revealed that while maximum absorption and absorption
peaks are quite similar using both furnace- and microwave-assisted methods,
this is not true for the energy band gaps presented by the nanoparticles [115].
Band gap values between 4.52 and 5.37 eV were found for the CDs and their
order (in terms of dopants) changes depending on whether the CDs were
prepared via furnace- or microwave-assisted synthesis. The band gap sequence
when using the furnace method is B-CDs1 < S-CDs1 < CDs1 < N-CDs1 < P-
CDs1, whereas when using microwave irradiation we have P-CDs2 < S-CDs2
< CDs2 < N-CDs2 < B-CDs2. Both P-CDs and B-CDs presented both the
lowest or the highest energy band gaps, depending on the method [115]. While
the differences could be due to the difficulty of controlling the precise
structure of the CDs, additional studies using another CD system suggest that
the thermal induction frommicrowave irradiation can set carbonization. In this
case, the position of doped atoms matches with the proposed structure. Using
a microwave rather than the furnace allows a fast, efficient, heating of material
through direct energy transfer, thus reducing the energy dissipation

carbonization [118].
Moreover, the band gaps are also affected by the doping type of the used

elements. Whereas B, N and P are mostly n-type dopants, S acts as a p-type
dopant on CDs, which may result in a constriction of the original band gap
[119]. When it comes to photoluminescence, all CDs demonstrated a strong
blue emission (peaks between 410-445 nm) when excited at 360 nm [115].
Most CDs (except for B-CDs2 and N-CDs2) demonstrated an excitation-
dependent photoluminescence, a common characteristic of CDs that happens
due to the defect state caused by the oxygenated groups on CDs [38]. All CDs
were similar in terms of photoluminescence quantum yields with a slight
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enhancement of the emission intensity being obtained through doping, with
the values ranging between 31.17% (CDs2) and 32.96% (B-CDs2) [115].

Aside from heteroatom doping, CDs can also be doped using metals such
as zinc [120, 121], manganese [122], copper [123, 124], gold [125] and silver
[125], among others. Metallic ions can be used as electron donors in CDs,
enhance the electron transfer capacity and ultimately confer new applications
to the CDs. However, contrary to heteroatom-doped CDs, the majority of
metal-doped CDs present a low QYPL and an unclear mechanism for their
photoluminescence.

Gencer et al. studied Zn(II)-incorporated CDs prepared from citric acid
and zinc chloride via a microwave-assisted synthesis [121]. Two different
molar ratios of CA:Zn were chosen, 1:1 (Zn(1)-CDs) and 1:10 (Zn(10)-CDs).
After synthesis, the authors characterized the CDs. Differences were also
observed using FTIR. In Zn(1)-CDs and Zn(10)-Cds, peaks attributed to C-O
and C=O stretching partially of fully disappear, giving place to a new peak
corresponding to the asymmetric stretching of COO- groups present in zinc
carboxylate [121]. These results imply that carboxylic groups
surface are passivated as Zn(II) is added. A complete XPS survey also
confirmed the presence of Zn in the CDs. Importantly, as the Zn quantity is
increased, a peak attributed to CO- gradually decreases as Zn passivate these
groups, increasing the stability of the CDs.

Regarding photoluminescence, the team found that Zn(1)-CDs
photoluminescence was largely diminished when using a 1:1 ratio of CA:Zn.
However, the emission intensity increased considerably in the Zn(10)-CDs
compared to the non-doped CDs, with the CDs presenting QYPL of 20 and
51%, respectively [121]. Furthermore, Zn(10)-CDs presented a narrower, red-
shifted emission peak when compared to normal CDs, suggesting that
incorporating Zn(II) in the CDs leads to an increase of non-radiative
transitions, possibly due to causing heterogeneity .
Whereas this would normally result in a decreased QYPL, as the amount of
zinc
in a QYPL higher than that of the normal CDs [121].

The photoluminescence excitation spectrum of the CDs also changed
upon incorporation of Zn(II). Whereas the CDs presented two excitation peaks
(288 and 343 nm) before the addition of Zn, Zn(1)-CDs nor presents three
excitation peaks at 264, 325 and 400 nm ( em = 440 nm). When the Zn ratio
was further increased and Zn(10)-CDs again presented 2 different peaks (281
and 372 nm), presenting an excitation spectrum closer to that of the
conventional CDs, albeit with slightly different peak positions. These changes
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in the excitation and emission profiles of the CDs indicate that adding Zn(II)
first results in defects (increasing heterogeneity), but
later starts contributing to the homogeneity of the nanoparticles as the Zn
amount increases [121]. This explains the decrease and then increase in QYPL

of the CDs as Zn is added and also the similarity between the excitation spectra
of CDs and Zn(10)-CDs and the difference between those and that of Zn(1)-
CDs.

Finally, a nearly excitation-independent emission occurs in Zn(10)-CDs,
which may derive from the high degree of passivation
Zn(II) [121]. The summary of these results illustrates the major differences
that one can obtain when doping CDs with a metal dopant in terms of
photophysical properties and how it can be used to tailor CDs to specific
applications.

Although the number of studies concerning CDs has been growing year after
years, the origin of their main point of interest, their photoluminescence, is
still a matter of debate. Thus far several models and possible explanations have
been presented by the scientific study, including the quantum confinement
effect and band gap emission [126], surface states emission [127], self-trapped
excitons [128], surface dipole emissive centers [129], H-type aggregates
excitonic states formation [130], among others. More recently, the role of
molecular fluorophores formed during the CD synthesis on the nanoparticles
photoluminescence has also been under focus.

It has been previously reported in several studies that during the bottom-
up synthesis of CDs, which is arguably the majority of the cases, leads to the
production of several molecular by-products alongside the CDs during their
synthesis [49, 131, 132]. This is of considerable importance when we take into
account that these by-products possess an intense fluorescence that is
significantly higher than that of the nanoparticles themselves. Thus, unless the
synthesis products are thoroughly purified via methods such as dialysis or
chromatography, the fluorescence associated to a CD solution could result
instead of these molecular by-products, constituting a significant setback of
our knowledge database regarding theses nanomaterials.

To study this, Sendão et al. studied the photoluminescence displayed by
CDs and the molecular by-products resulting of their synthesis, as well as how
these molecular fluorophores
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rather a result of the properties of the low-weight highly fluorescent by-
products which mask the emission of the carbon nanoparticles [22].

Knowing this, the authors employed mass spectroscopic analysis via ESI-
MS to evaluate the samples. While not being enough to fully determine the
molecular species behind the CDcentrifuged fluorescence, it confirmed that the
bottom-up synthesis of CDs results in a mixture of CDs and fluorescent by-
products that require further purification steps to separate the fractions [22,
131]. Nevertheless, despite not being able to positively identify the by-
products, the authors point that in the ESI-MS analysis a predominant peak,
common both to CDcentrifuged and WaterFI, but absent in the CDdialyzed fraction,
is identified and can be attributed to 4-hydroxy-1H-pyrrolo[3,4-c]pyridine
1,3,6(2H,5H)-trione (HPPT, M.W. of 180 g mol-1) [22].

HPPT was already reported by Kasprzyk et al. as being a
photoluminescence by-product that resulted from the microwave-assisted
synthesis of CDs [132]. Furthermore, HPPT is known to have a green emission
with an absorption peak at 410, which is quite in line with the properties of
both CDcentrifuged and WaterFI. Thus, HPPT seems to be the main responsible

centrifuged sample but, as it is removed
during dialysis, it is no longer present in the CDdialyzed samples, explaining the
difference in the properties [22].

Besides affecting the optical properties of the CDs, the presence of
molecular by-products also affected the way in which the nanoparticles
responded to other parameters [22]
photoluminescence in water, HCl (0.1 M) and NaOH (0.1 M), the team
confirmed that the impurities conferred pH sensitivity. Both CDcentrifuged and
WaterFI suffered a blue-shift at basic pH while CDdialyzed presents no change
whatsoever with the different pH. A similar study was performed by analyzing
the photoluminescence spectra of the fractions in different solves, namely
methanol (MeOH), acetonitrile (CAN), dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO).

Again, despite the range of properties of the different solvents, they had a
negligible effect on CDdialyzed, possible suggesting that the emissive moieties
of the CDs are inside the nanoparticle, and so, not exposed to surrounding
microenvironment [133]. By its turn, the emission spectra of WaterFI suffers a
blue-shift when compared to the 540 nm peak in water. This indicates that the
fluorescent moieties are exposed to the external medium, and thus affected by
it.

Interestingly, CDcentrifuged shows an intermediate effect, in which there is
also a blue-shift, but of a lesser extent of that of WaterFI. This would indicate
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that like in WaterFI the fluorescent moieties are exposed to the solvent,
however, they are also somewhat more shielded of the solvents effect. Thus,
in the same way that the CDs is affected by the by-
products
molecular by-products [22].

Alongside altering the optical properties of CDs, the molecular by-
products of their bottom-up synthesis also seem to alter the excited state
reactivity of the nanoparticles. The photoluminescent response of the three
fractions was analyzed in the presence of both electron-donor and electron-
acceptor molecules, diphenylamine (DPA) and nitromethane (NM),
respectively [22]. The comparison of the responses of the individual parts
(CDdialyzed and WaterFI, Figures 8b and 8c, respectively) with that of the whole
(CDcentrifuged, Figure 8a) permitted to verify the existence of a synergistic effect
which was more than just the sum of the effects of the individual parts.

to the electron-donating molecule,
DPA, it was observed that the three different fractions presented a different
response to increasingly higher concentrations of DPA. The photo-
luminescence of CDcentrifuged was quenched (KSV = 0.0054 µM-1), whereas in
CDdialyzed the opposite effect was observed, with the fluorescence intensity
increasing with rising concentrations of DPA. Interestingly, DPA seemed to
have no effect whatsoever on WaterFI. These results suggest that the DPA-
induced quenching observed on CDcentrifuged could not be a result neither from
the CDs themselves nor the by-products resulting of their synthesis, both of
which presented different responses to DPA than CDcentrifuged. Thus, we are left
with the conclusion that, when combined in solution, the CDs and the by-
products may interact and generate a synergistic effect resulting in a different
response to DPA than that of either individual species [22].

When evaluating the fractions response to the electron-withdrawing
molecule, it was observed that NM induced quenching in all samples (Figure
8d), suggesting that all fractions are capable of PET reactions by acting as an
electron-donor. However, when irradiated at their maximum excitation, the
photoluminescence CDdialyzed is considerably more quenched (Stern-Volmer
constant, KSV = 23.7 ± 0.1 µM-1) than CDcentrifuged and WaterFI (KSV = 5.4 ±
0.2 µM-1 and KSV = 6.1 ± 0.4 µM-1, respectively), which present a similar
response to NM.
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Furthermore, considering the synergistic effect previously observed with
DPA, the team analyzed CDcentrifuged response to NM, but changed the
excitation wavelength to that used for CDdialyzed. This yielded interesting
results, as using a 380 nm excitation resulted in a new shoulder in the emission
spectrum (at around 460 nm), which can be attributed to the emission of the
nanoparticle itself, as it lines neatly with the emission peak observed with
CDdialyzed. Monitoring the new peak allowed the team to evaluate the response
of the CDs themselves, but still in the presence of the fluorescent by-products.
In this case, the photoluminescence of the CDs again presented quenching in
the presence of NM, but in a much larger scale than before (KSV = 38.0 ± 2.5
µM-1 versus 23.7 ± 0.1 µM-1 obtained for CDdialyzed). The presence of the by-
products enhanced the NM-induced quenching of the nanoparticles
themselves, and, considering that WaterFI do not suffer significant quenching
by themselves (KSV = 6.1 ± 0.4 µM-1), the larger extent of the quenching must
be a result of the synergistic effect previously observed between the CDs and
the fluorescent by-products [22].

Finally, to confirm if the by-products can in fact modulate the
photochemical reactivity of the nanoparticles, the photoluminescent response
of a constant amount of CDdialyzed towards NM was evaluated in the presence
increasing concentrations of WaterFI (Figure 8e). The addition of the by-
products did indeed increase the NM-derived quenching at the start. However,
this effect decreases as the amounts of WaterFI added increase. The proposed
reason for this is that the by-products interact with the CDs and prompt the
formation of a hybrid material presenting synergistic properties. However,
increasing the amount of by-products added beyond a certain threshold may
mask the surface of the CDs, preventing its interaction with the quencher and
thus limiting the effect observed resulting from the synergy [22].

In summary, the work of Sendão et al. provides an example of why the
by-products that may result from a CD bottom-up synthesis must be taken into
consideration [22]. They successfully demonstrated that these by-products
may mask the photoluminescence of the CDs and, more importantly, they may
react with the CDs in solution and give rise to a synergistic effect that may
affect not only the optoelectronic properties of the nanoparticles, but also their
photochemical reactivity to other compounds, such as DPA and NM [22]. If
required, these by-
purification through dialysis or chromatography. However, the potential of
discovering new applications based on the hybrid photoluminescence and
reactivity resulting from the synergistic effect between CDs and molecular by-
products may justify a deeper study of these hybrid materials.
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The last part of this chapter concerns itself with the sustainability of CA-based
CDs. It is known that engineered nanomaterials have different properties than
their respective bulk materials, and this led to an increased exploration of their
potential. However, the environmental impacts resulting from their synthesis
and use is still quite unclear [134]. This led to studies aiming to understand
the impact of the nanomaterials during their life cycle. Studies based on a life
cycle assessment (LCA) of the products were employed, as it permitted to
quantify the environmental impacts of system during its life cycle based on
information inventories [135, 136].

Regarding CDs, studies regarding the potential environmental impacts of
different synthetic conditions are available [31, 34, 137]. This is of particular
importance, as the production stage of engineered nanomaterials was already
identified of consisting of an important environmental concern, as it can be
orders of magnitude more material and energy-consuming than
pharmaceuticals and fine chemicals [138]. In particular, the electricity and
chemicals used during the synthesis are major contributors to the resulting
environmental impact of a product during its life cycle [131].

One of the first studies considering the environmental impacts resulting
from the synthesis of CDs was the work of Sendão et al. who, via LCA,
compared the relative environmental impacts of bottom-up synthetic routes
for the production of CA,urea-based CDs [31]. Six representative bottom-up
strategies were analyzed via a cradle-to-gate LCA. The routes consisted of the
hydrothermal of microwave-assisted synthesis of CA or CA,urea-based CDs.
The results were presented regarding the three endpoint categories of
environmental impacts (human health, ecosystems and resources). In general,
hydrothermal treatments presents more environmental impacts than
microwave-assisted synthesis due to the high energy usage. However, whereas
electricity is the main contributor towards the impact of hydrothermal
synthetic routes, the carbon source (in this case CA) is the major responsible
behind the impacts associated to microwave-assisted synthesis, meaning that
it is also an important factor for the environmental impact of the resulting
particles [31].

Finally, a sensitivity analysis based on the change of the carbon precursors
conditions was performed. In hydrothermal-based procedures, changing the
amount of carbon precursor by ±30% leads only to a moderate effect (impact
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variation of around 6%), whereas changing the carbon precursors from CA to
glucose led to a 15% decrease of the impact in all three main categories. By
its turn, in microwave-assisted synthesis, varying the amount of CA caused a
more significant variation of the environmental impacts (between 10 and
16%), in part due to the low contribution of electricity in this strategy.
Furthermore, replacing CA with glucose led to a drastic decrease in the
environmental impacts in all categories: 44% in human health, 33% in
ecosystems and 27% in categories, further confirming the influence of the
carbon precursor in the sustainability of a synthetic strategy [31].

Another study, by Christé et al., studied the environmental impact of
different N-doping strategies in the synthesis of the nanoparticles [34]. N-
doped CDs were prepared via a bottom-up strategy from CA with either small
organic molecules (urea and ethylenediamine) or N-containing organic solves
(such as N,N-dimethylformamide, acetonitrile and pyridine). For CA,urea-
and CA,ethylenediamine-based CDs, the highest contributor towards
environmental impacts was the carbon source (CA) in almost every category
[34]. The contribution of electricity was small due to the small irradiation
times inherent to microwave-assisted synthesis. Regarding the CDs prepared
with CA and N-containing solvents, generally, the main source of impact was
from the solvents themselves. However, the carbon source is still the main
factor of impact for categories such as land use and water consumption, being
still a factor that needs to be accounted for [34].

Also using LCA, Fernandes et al. compared different high-yield synthetic
routes for the production of CDs [137]. The routes included the production of
hydrochar via hydrothermal treatment of carbon precursors and alkaline-
peroxide treatment, and the thermal treatment of carbon sources mixed in a
eutectic mixture of salts. In accordance with previous studies [31], Fernandes
et al. found that the most crucial parameter affecting the environmental
impacts is the identity of the carbon precursors, of which glucose yielded the
lower impact when compared to CA and para-phenylenediamine [137].

Taking into consideration the abovementioned works [31, 34, 137], the
role of the carbon precursor must be seriously considered when attempting the
sustainable synthesis of CDs. Whereas the carbon precursor quantity might be
of relative relevance, in particular when concerning less energy-intensive
synthesis, the identity of the carbon precursor is always of major importance
and must be considered. Even between commonly used commercial grade
chemical reagents, such as CA and glucose, differences in terms of
environmental impacts are observed. Choosing a more sustainable, if possible
renewable, carbon precursor is an important step towards achieving
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environmental sustainability in the process. The alternative is the use of
biomass, and some reports have already been published regarding the
valorization of a waste or renewable material into the making of CDs [33, 47,
59, 139-143], thus promoting reusability, sustainability and a circular
economy.

Crista et al. investigated the use of spent coffee grounds as a precursor for
the sustainable making of CDs and compared them to CA and urea-based CDs
in terms of environmental sustainability [141]. The use of spent coffee grounds
takes advantage of the significant increase in the worldwide consumption of
coffee seen in the past few years. As spent coffee grounds are known to
possess organic compounds, such as carbohydrates, lipids and proteins, they
are a good candidate for valorization and to be used in the making of CDs
[144]. The CDs, obtained via a one-pot solvent-free carbonization of solid
coffee grounds samples, generated CDs sized between 2.1 and 3.9 nm
presenting an excitation-dependent blue photoluminescence and moderate
QYPL (2.9 5.8%), which are typical characteristics of CDs.

Furthermore, the CDs proved to be usable as photoluminescent probes for
Fe(III) in water with a limit of detection as low as 3.51 µM (versus 3.07 µM
for CA,urea-based CDs), confirming their potential applicability for sensing
[141]. Finally, when the team analyzed the environmental impacts associated
to the CDs via a LCA using a QYPL-based functional unit they found that the
coffee grounds-based CDs had a considerably lower environmental impact
than the traditional CA,urea-based CDs in all categories. Thus, despite a lower
synthesis yield and QYPL, the coffee-based CDs are still an environmentally
better option than the typical CA and urea precursors, even when considering
a function based QYPL functional unit [141].

Another example on the valorization of biomass is the work of Aggarwal
et al., who prepared cellulose-based CDs for the photocatalytic removal of
toxic Cr(VI) [59]. The cellulose was transformed into CDs via an acid-assisted
one-step thermal carbonization (90ºC for 30 minutes). Within 120 minutes of
sunlight irradiation the CDs were able to completely remove Cr(VI) ions (20
ppm) from wastewater. Thus, cellulose, a low cost, green, alternative carbon
source, was used to prepare photoactive CDs for photocatalysis, making the
overall process sustainable and economical [59].

Campalani et al. prepared CDs from fish scales, a carbon and nitrogen-
rich waste material consisting mostly of chitin and collagen [33]. The
hydrothermally prepared CDs were compared to CA and diethylenetriamine-
based CDs, presenting a similar morphology and a higher initial methyl
viologen photoreduction rate than the conventional alternative (despite
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presenting lower QYPL and excited state lifetime) [33]. Wang and Zhou
reported the synthesis of milk-based CDs for imaging applications [47]. The
hydrothermal treatment of milk yielded highly photoluminescent CDs that
were used for high resolution imaging of human brain glioma cells. The
synthesis was simple and environmentally friendly, originating CDs from a
widely available renewable source [47].

Thakur et al. reported the making of CDs from Citrus limetta waste pulp
via a one-step pyrolysis procedure [143]. The CDs exhibited a high QYPL

(63.3%), which is above most conventional CDs. When tested, the CDs
revealed potential for several applications, such as hydrogen production via
water splitting, photocatalytic degradation of organic dyes, Fe(III) sensing,
bactericidal activity versus E. coli and S. aureus and bioimaging [143]. The
immense versatility of the CDs is an indicator of the wealth of potential of
CDs prepared from waste products such as this. Furthermore, these CDs have
the edge on both environmental sustainability and economy, as they use an
otherwise useless biological waste to generate valuable products, promoting a
circular economy.

Here, we are also to report the synthesis of new CDs by using an otherwise
waste product to replace CA as the chosen carbon precursor. Namely, we are
going to use corn stover as an alternative carbon source. Corn stover consists
of the leaves, stalk and cobs of corn plant left on the field after harvest. It
constitutes a significant agricultural waste that makes about half of the corn
crop [145]. Despite this, ninety percent of corn stover is discarded
instead of being used for other applications [145]. Given this, corn stover
appears as a waste material with potential for valorization as a carbon source
for CDs. To dope CDs with heteroatoms, thiosulfate was introduced as an S-
dopant.

Corn stover was collected from an agricultural area in Vairão, Portugal.
The collected corn stover was first washed with deionized area and left to dry
at 50ºC. Subsequently, the corn stover was shredded by employing a
LAARMANN Power Cutting Mill CM 500, with a sieve of 0.5 mm. The
resulting material was collected and stored at -80ºC. The CDs were then
synthesized via thermal heating. Briefly, 0.25 g of processed corn stover and
0.25 g of sodium thiosulphate pentahydrate were weighted and mixed before
being transferred into a Teflon-lined reactor with steel outer plating. The
reactor was then transferred to an oven (VWR DL 112 Prime oven (2500 W
power consumption) and subjected to a temperature of 225ºC for 4 hours. The
resulting product was suspended in 10 mL of deionized water, which was
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followed by centrifugation (10000 rpm for 10 minutes) and dialysis (24 hours,
MWCO of 1 kDa), after which a solution of purified CDs was obtained.

The particle size presented by individual CDs was estimated to be 1.28 ±
0.50 nm, as calculated from data obtained fromAFMmeasurements (collected
from 80 individual measurements). While individual CDs can be discerned
and present a spherical shape, there can be observed some agglomerates in the
AFM image (Figure 9). This can be attributed to the known tendency of CDs
to aggregate [146, 147].

Figure 9. AFM image of the CD in a silica plate support. AFM was carried out using
a Veeco Metrology Multimode/Nanoscope IVA by tapping. A silica plate was used
to deposit the sample for analysis and an AFM TESP-SS cantilever (curvature radius
of 2 nm) was used. The software used for the AFM data analysis was NanoScope.

The absorption spectrum of the CD displays a broad absorption ranging
from the UV region and extending into the visible region. The spectrum is
typical for the absorption displayed by CDs [22, 148, 149]. Furthermore, when
the absorption and excitation spectra (obtained for the maximum emission
wavelength of 470 nm) are overlapped (Figure 10) it is possible to observe
that the maximum excitation wavelength (370 nm) falls outside the region in
which the CDs absorb the most radiation.
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Figure 10. Absorption and excitation spectra of the CD in water. The absorption
profile was recorded using a VWR® UV3100PC spectrophotometer. The excitation
spectrum was obtained using a Horiba Jovin Yvon Fluoromax-4 spectrofluorimeter.

Regarding its photoluminescence (Figure 11a), the CD is capable of
emitting light with an emission wavelength maximum of 470 nm, when
excited both at 270 and 370 nm (two excitation maxima). Furthermore, it
displays an excitation-dependent emission (Figure 11b), with the emission
wavelength ranging between 470 and 550 nm for excitation wavelengths
between 300 and 500 nm.

Figure 11. a) 2D excitation-emission matrix, EEM, contour surface;
b) Emission wavelength variation in function of the excitation wavelength. The
photoluminescence profile of the CDs was analyzed, in aqueous solution, using a
Horiba Jovin Yvon Fluoromax-4 spectrofluorimeter. Standard fluorescence quartz
cells were used.
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To better understand the surface composition and electronic states of the
elements present in the CDs, an XPS analysis was performed. It revealed that
the surface of the CDs is composed mainly of C, O, N and S, with a content
(in %) of 65.6, 20.9, 1.3 and 4.1%, respectively. These elements are to be
expected from the composition of corn stover and sodium thiosulfate [150],
which were used as precursors for these CDs.

A scan for the C1s, O1s, N1s and S2p internal levels for deconvolution and
chemical state was subsequently performed (Figure 12). Regarding the C1s

core level spectrum, after deconvolution it splits into five peaks. Binding
energies of 285.0 eV (70.32%), 286.4 eV (16.22%), 287.0 eV (3.99%), 288.3
eV (7.81%) and 289.5 eV (1.66%) were detected. The observed C1s peaks are
attributed to C-C/C-H/adventitious carbon (285.0 eV), C-N/C-S/C-O (286.4-
287.0 eV), C=O/O-C=O carbonyl/carboxylic groups (288.3 eV) and C-O-C
ether groups (289.5 eV). Regarding the O1s core level spectrum, when
deconvoluted, a major peak at 531.9 eV (92.38%) and a smaller one at 539.3
eV (7.62%), ascribed to carbonyl (C=O) linkage and C-O/O-C-O groups,
respectively. By its turn, the deconvolution of the N1s core level spectrum
yielded a major peak at 400.0 eV (96.09%) and a shoulder at around 401.8 eV
(3.91%), attributed to groups of amines/amides and protonated amines,
respectively. Finally, the deconvolution of the S2p core level spectrum results
in two similar peaks at 164.5 eV (50.22%) and 168.9 eV (49.78%).

Having characterized the obtained CDs, we have then investigated the
potential effect of these CDs on a marine chemiluminescent reaction.
Chemiluminescence consists in the emission of light due to a chemical
reaction, with a sub-type of chemiluminescence being bioluminescence, in
which light is emitted due to a biochemical reaction. Both chemi- and
bioluminescent reactions present a diminished probability for
autofluorescence arising from the background signal, thereby increasing the
signal-to-noise ratio. So, these systems can generate luminescent signals with
high sensitivity and almost no background noise. This is a very important
feature, which explains why chemi- and bioluminescence have been gaining
practical applications in fields such as sensing and bioimaging [151-153]. One
of the most well-known chemi- and bioluminescent systems is that of
Coelenterazine, a substrate widely found in marine species [154, 155]. More
specifically, it is capable of both bioluminescence (in the presence of either
photoproteins or luciferase enzymes) or chemiluminescence (in polar aprotic
solvents, such as DMF or DMSO) [156, 157].
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The energy necessary to promote a chemical species to an electronically
excited state can be obtained from a chemical reaction involving high-energy
intermediates. This type of process is essential for chemi- and
bioluminescence, and involves high-energy peroxide intermediates, such as
dioxetanes and dioxetanones [158, 159]. In the case of Coelenterazine, the
high-energy intermediate is a dioxetanone-based compound [160]. It should
be noted that despite decades of research, the mechanism behind efficient
chemiexcitation is still not fully understood.

The Chemically Induced Electron-Exchange Luminescence (CIEEL) was
the first to be employed in attempts to rationalize these processes and consists
in electron transfer from an electron-rich group to the peroxide, followed by
back electron transfer. This latter step leads to chemiexcitation due to charge
annihilation [161]. Interestingly, within this context, it was found that
oxidizable fluorophores can activate the decomposition of some high-energy
peroxide intermediates, leading to ground state carbonyl compounds and to
the excitation to the fluorophore in its first singlet excited state [159].

To our knowledge, there is no information regarding either if CDs can be
used as fluorophores and activators, or if the chemiluminescence of
Coelenterazine could be catalyzed in such a way. Thus, we have tested the
CDs referred to above, produced from corn stover and sodium thiosulfate, as
possible activator/catalyst for the chemiluminescent reaction of marine
Coelenterazine.

The chemiluminescent kinetic curves, in the presence or absence of the
CDs, can be found on Figure 13. Qualitatively, the resulting kinetic profiles
are quite similar. However, and more interestingly, the chemiluminescence
reaction, which occurred in the presence of CDs, showed an increase of the
light-emission maxima when comparing with the reaction that occurred in the
absence of the CDs (1.24 ± 0.14). When reducing the concentrations of both
Coelenterazine and CDs to half, but maintaining the same relationship
between them, the results are similar (1.36 ± 0.16). Thus, the CDs showed an
ability to enhance, at least moderately, the chemiluminescence emission of
Coelenterazine.

To our knowledge, this is the first report of CDs being able to enhance the
light-emission of a chemiluminescent reaction, with focus on the
coelenterazine system.
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Figure 13. Relative emission intensity, as a function of time, of the chemi-
luminescent reaction of marine Coelenterazine in DMSO, in the presence and
absence of CDs. The chemiluminescence kinetics were measured in a homemade
luminometer, in which a Hamamatsu HC135-01 photomultiplier tube is found.
The light was integrated and recorded in 1 second intervals. Measurements were
performed in DMSO with a final volume of 500 L. The concentration of
Coelenterazine was of eight M and the CDs of 0.002 g/l. Assays were made at
least in quintuplicate.

Having made this discovery, the next step was to try to find if this
enhancement was due to a CIEEL-like mechanism, in which the CDs act as
activators and as the light-emitters. To that end, we have measured the
chemiluminescent spectra of Coelenterazine reaction, in DMSO and in both
the presence and absence of CDs (Figure 14).

Quite interestingly, there is an essentially total overlap between the
spectra obtained in the presence and absence of CDs, which indicates that there
is no contribution to light-emission from the CDs directly. In fact, the obtained
chemiluminescent spectra are consistent with that of just Coelenterazine [154].
More importantly, the fluorescence quantum yield of the CDs was determined
by using quinine sulfate [31, 141, 162]. The obtained value was quite low, and
of just ~0.7% (also meaning that there is the need for further optimization of
synthesis reactions involving corn stover as a precursor, if the aim is the
production of highly luminescent CDs). Thus, if the chemiluminescent
reaction led to the excitation of CDs, we would probably see a relevant
decrease in light-emission, and not an increase. So, these results indicate that
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the CDs are acting as catalysts of the chemiluminescent reaction, which results
in the enhancement of light-emission from Coelenterazine itself. Thus, these
results show the potential for the enhancement of chemiluminescent reactions
by using CDs as catalysts. Future work would be needed to investigate the
mechanism through which the CDs catalyze this type of reaction.

Figure 14. Normalized chemiluminescence spectra for Coelenterazine in DMSO, in
the presence or absence of CDs. Spectra obtained with a Horiba Jovin Fluoromax 4
spectrofluorimeter, with a slit width of 29 nm for the emission monochromator.

This chapter focused on the use of CA for the making of CDs, with references
to their synthetic procedures, properties, applications, doping mechanisms and
results thereof, possible by-products, sustainability, and respective
environmentally friendlier carbon source alternatives. CA is a versatile
molecule naturally present in several fruits and vegetables, most important of
which are citrus fruits. While it is used in many processes and applications, is
CA is mostly known for its role in the Krebs cycle, which is of paramount
importance for all aerobic organisms and a crucial part of obtaining food-
derived energy in complex organisms. Regarding industrial applications, CA
is used mostly in the food and beverage industry, and for a variety of other
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applications such as making bath salts, shampoos, degreasing agents, metal
removal from water, rust removal, among others.

The low cost and characteristics of CA meant that it was a suitable carbon
source for the synthesis of CDs, so much so that it is arguably the most
commonly used precursor used to fabricate these nanoparticles. CDs are
carbon-based nanoparticles that have been under the scope of the scientific
community since their discovery in 2004. CDs can be synthesized via either
top-down or bottom-up strategies, with the latter being more frequently
employed due to its relative easiness and inexpensiveness. From the synthesis
results a nanoparticle commonly presenting a carbogenic sp2-hybridized core
with a surface covered in functional groups (such as -OH). Among other
properties, CDs are known to present a high photoluminescence, good water
solubility, broadband absorption, and biocompatibility. From this results that
CDs are suitable for a variety of applications in different fields, including
bioimaging, photocatalysis, photodynamic therapy, sensing and light-emitting
devices.

Additionally, the optoelectronic properties of CDs can be further
enhanced by doping them with either heteroatoms or metallic dopants. Doping

PL, by prompting the formation of
n- and p-type carriers (extra e- and h+ .
The most commonly used dopant heteroatom in the synthesis of CDs is
nitrogen, with combinations of CA with either urea or ethylenediamine
(nitrogen-containing molecules) being extremely common for all kinds of

also commonly used. Although metallic ions can also act as electron donors
in CDs and enhance their electron transfer capacity (and ultimately extend the
range of their applications), metallic doping is less common than its
heteroatom counterpart. This may be attributed to the fact that metal-doped
CDs present a relatively lower QYPL and that their photoluminescence
mechanism is still very unclear.

Among the properties of CDs, their photoluminescence is arguably the
most important. However, the origins behind it are still a matter of debate,
with several explanations and theories being presented by the scientific
community over the years. The role of molecular by-products formed
alongside the CDs during their synthesis has been under focus, as it was seen
that these by-products are intensely photoluminescent, even more so than the
nanoparticles themselves. In fact, the by-products might mask the

and, more importantly, they may even react with the
CDs and alter their optical properties and photochemical reactivity. When co-
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existing in solution a synergistic effect may occur between CDs and by-
products. Whereas this causes a need of a proper purification of the CDs after
their synthesis, it also brings potential in terms of discovering new applications
based on the hybrid photoluminescence and synergy between CDs and
photoluminescent by-products.

Finally, the sustainability of using carbon sources such as CA for the
synthesis of CDs was also reviewed. We found that the carbon source plays
an important in the environmental impacts of the synthesis. Several LCA-
based studies point that the carbon precursor quantity and, more importantly,
the identity of the carbon precursor play a major role in determining the

stainable and
renewable alternative carbon precursor is an important step towards
sustainability that is already being studied by several teams across the world.
Several waste and biomass-based CDs have been reported over the last years,
using precursors as varied as corn stover, spent coffee grounds, fish scales and
milk, presenting properties in line with those of conventional CDs and capable
of being employed in the same applications, all while also being much more
sustainable, less expensive and promoting a circular economy. It was here also
demonstrated a potential application of waste-based CDs in the catalysis of
chemiluminescent reactions.
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