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Red emitting fluorescent carbon nanomaterials have drawn significant scientific interest in recent years due
to their high quantum yield, water-dispersibility, photostability, biocompatibility, ease of surface
functionalization, low cost and eco-friendliness. The red emissive characteristics of fluorescent carbon
nanomaterials generally depend on the carbon source, reaction time, synthetic approach/methodology,
surface functional groups, average size, and other reaction environments, which directly or indirectly
help to achieve red emission. The importance of several factors to achieve red fluorescent carbon
nanomaterials is highlighted in this review. Numerous plausible theories have been explained in detail to
understand the origin of red fluorescence and tunable emission in these carbon-based nanostructures.
The above advantages and fluorescence in the red region make them a potential candidate for
multifunctional applications in various current fields. Therefore, this review focused on the recent
advances in the synthesis approach, mechanism of fluorescence, and electronic and optical properties of
red-emitting fluorescent carbon nanomaterials. This review also explains the several innovative
applications of red-emitting fluorescent carbon nanomaterials such as biomedicine, light-emitting
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Fluorescent carbon nanomaterials (FCNMs) are a predominant
star of the new era among fluorescent nanomaterials, which
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griped a lot of scientific attention for the promising area of
research over the past few decades. The FCNMs have a lot of
advantages such as biocompatibility, cost-effectiveness and
environmental friendliness over the conventional semi-
conductor nanocrystals, organic dyes and rare earth-based
fluorescent materials. These advantageous properties make
them potential candidates for biomedical applications such as
medication administration, biosensing, optical imaging, and
cell labeling. Apart from biomedical applications, FCNMs are
also widely used in various technologies such as light-induced
catalytic water splitting, optoelectronics, photocatalysis,
sensing, anti-counterfeiting, etc."® Numerous types of FCNMs
have been developed so far. However, the majority of them only
exhibit an intense blue-to-green fluorescence short emissive
spectrum when excited by ultraviolet light. The majority of
carbon nanomaterials (CNMs) show bright fluorescence in the
blue-green region, whereas they show comparatively poor
quantum yields in the red region under ultra-violet light expo-
sure. The application of blue emitting CNMs has various
disadvantage in biomedical applications and in the fabrication
of white light emitting devices such as the interference of
autofluorescence of the biological matrix and retinal damage by
blue dominating light-emitting diode (LED) chips, respectively.
As a result, such disadvantages limit their potential uses,
notably in the realms of biomedical and other potential appli-
cations in various fields."**¢

Recently, red-emitting CNMs have gained a lot of attention
from the scientific community because of their deep tissue
penetration, minimum autofluorescence, large Stokes shift, low
photon scattering and long fluorescence lifetime. The red
emitting CNMs are very essential materials for developing warm
white light-emitting diodes (WLEDs) with a high colour
rendering index (CRI > 80) and low correlated colour
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temperature (CCT 4000 K), which prevent eye tiredness and eye
toxicity. These advantages are successfully applied in a variety of
fields for the sustainable development of society and help to
overcome the drawbacks of short wavelength emissive
FCNMs.'72¢

The synthesis of red/infrared emitting CNMs with high
quantum yields is crucial and the origin of their fluorescence is
still a matter of debate. The fluorescence originates in CNMs
may be due to the presence of sp>-conjugation units, surface
defects, quantum confinement, crosslinked enhance emission
and the presence of heteroatom containing functional groups.
The tunability in the fluorescence emission of CNMs also
depends on the type of precursor, reaction conditions, solvents,
purification and post-treatment. The size of isolated sp>
domains, hydrophilicity, the level of oxidation, surface charges,
surface functional groups and heteroatom doping are also
regarded as important factors for shifting the emission in the
red region.

In this review, we have compiled a comprehensive overview
of existing and emerging research techniques, choice of carbon-
rich precursors, fluorescence mechanisms and factors affecting
the optical properties to achieve red emission. Furthermore, we
have explored the applications of red emitting CNMs in various
fields such as biomedicine, optoelectronics, photocatalysis,
chemical sensing, solar technology, anticounterfeiting, fluo-
rescent silk, artificial photosynthesis, fluorescent nano-
thermometers, etc.

2. Synthesis of red-emitting FCNMs

Red emissive fluorescent carbon nanomaterials can be achieved
using surface and conjugation chemistry. The optical properties
of FCNMs depend on the presence of auxochromes at the
surface and the type of conjugation present in the carbon core.
Increasing the number of sp> hybridized carbon atoms, oxide
surface content, nitrogen and sulfur heteroatoms results in the
shifting of wavelengths towards the longer wavelength region. It
is very crucial to choose cost-effective and environmentally
friendly carbon precursors, solvents and methods for the
synthesis of red emitting CNMs by employing two classified
processes: top-down and bottom-up (Fig. 1).

2.1. Crucial aspects for the synthesis of red-emitting FCNMs

Various factors such as carbon precursors, methodology (reac-
tion conditions), surface functionalization, and purifying
FCNM blend influence the emission properties of FCNMs.
Therefore, researchers are making significant attempts to
synthesize extremely effective FCNMs that can emit in the
longer wavelength region.

2.1.1. Organic-based precursor. The choice of organic
precursors is one of the most important causes to achieve red
emission as it decides the structure and functional groups of
FCNMs. In this regard, a variety of precursors have been
described in the literature for the synthesis of red emitting
CNMs ranging from bulk carbon materials to tiny organic
molecules including aromatic compounds and biomass. These

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the synthesis approach.

precursors influence the optical characteristics of the final
product. The new energy levels might be introduced in the
visible region, mainly towards the red region by doping with
heteroatoms, auxochromes and sp” core structures. The FCNMs
aromatized themselves and hence the bandgap of FCNMs
automatically is close to sp> domain bandgaps. These methods
are advantageous for adjusting the absorption and emission of
FCNMs to the long-wavelength region.

2.1.1.1. Large organic materials. Organic materials made of
bulk carbon are typically non-luminescent because the band
gap transitions either did not occur or occurred outside the UV-
visible region. Only the organic compounds with nanoscale
carbon can emit fluorescence as the band gap transition occurs
in the UV-visible region.> As technology advances, specific
larger organic materials, including coal, graphene oxide,
graphite, carbon fibers, tyre soot, and carbon nanotubes, have
been employed as a precursor through a top-down and
a bottom-up process.***> The prepared FCNMs showed a broad
emission profile, excitation dependent emission and solvent
concentration-dependent properties.**** The tunable emission
suggests that the fluorescence is originated from the defect
state emission and the excitation-dependent emission from the
sp® clusters in carbon cores.*** The FCNMs with abundant
oxygen, nitrogen and sulfur-related functional groups showed
broad excitation-dependent emission spectra with moderate
quantum yields and nanosecond fluorescent lifetimes.**** Song
et al. developed humic acid mixed coal-derived multicolor
carbon dots by using solvothermal treatment in dimethyl
formamide for utilization as a cold white light emission mate-
rial.* Hu et al. reported a red colour fluorescent center via
embedding phosphorus on the surface of carbon dots, which
were developed from coal using diammonium phosphate. The
synthesized carbon dots were used as a ratiometric fluorescent
probe for the determination of the pH of metal-complex
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systems.** Tripathi et al. synthesized green to red and near
infrared multicolour emissive carbon dots from diesel-based
pollutant carbon soot through a reflux reaction in the pres-
ence of concentrated nitric acid for 10 hours. The as-prepared
carbon dots had been used for the imaging of Escherichia coli
and the sensing of cholesterol.”> Meng et al. reported red to blue
multicolour fluorescent carbon dots from coal tar pitch using
a mixture of formic acid and hydrogen peroxide. The as-
synthesized red carbon dots showed a shift of their emission
wavelength to the blue region with increasing the degree of the
reduction process.* Ko et al. demonstrated oxidative treatment
of tire carbon soot using nitric acid to develop infrared emissive
carbon dots. The carbon dots showed excitation dependent
fluorescent emission with the excitation range of 430 nm to
710 nm and were used as a fluorescent probe for the bioimaging
of cancer bearing cells.** Tan et al. produced red-emitting
fluorescent carbon dots via an electrochemical reaction of
graphite in potassium persulfate solution. The red emission
was attributed to the lower energy gap, caused by the larger sp”
domain. The carbon dots were applied for the bioimaging of
HeLa cells.*® Tunable red carbon dots were prepared via an
oxidative reaction of carbon fibers in nitric acid followed by
ultrafiltration. The tunability in the emission wavelength was
caused by the surface state electronic transitions and the size of
the carbon dots.*® Ke et al. reported a one-pot synthesis method
of red emissive graphene quantum dots from graphene oxide
via a hydroxyl radical and heteroatom doping technique, using
ammonium hydroxide and thiourea-mediated dissociation of
hydrogen peroxide.*

2.1.1.2. Small organic materials. Small organic molecules
are amorphous or crystalline and made of a lot of polar func-
tional groups and often employ bottom-up techniques, mainly
solvothermal and hydrothermal for the preparation of
FCNMs.*®®'  Amino acids, citric acids, naphthalene,

Nanoscale Adv., 2023, 5, 5717-5765 | 5719
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saccharides, phenylenediamines, polythiophene, etc., are the
most frequently employed small organic materials to synthesize
far-red or near IR emissive CNMs.*>* Citric acid has a carboxylic
functional group, which rapidly reacts with nitrogen containing
amino groups to form fused o, B or a, y bi-amines. This alkyl-
ation reaction results as the increasing of carbonization degree
with nitrogen content, continuing the formation of -C=C-, -
C=N-, -C=0-, and -C-NH- bonds to produce 2-pyridone
fused large organic rings, followed by the reduction of the band
gap between the HOMO and LUMO. This outcome brings about
a noticeable red shift in emission spectra as a contribution of
multiple emission centers and the different types of bonds.
Hence, the blend of citric acid and polyamines can be used as
a precursor to synthesize an N-doped sp® core, responsible for
far red or near IR FCNMs.>>%*¢¢

Similarly, amino acids contain both amino and carboxylic
acid groups and are used as suitable precursors for the
synthesis of far red or near IR FCNMs. Several derivatives of
amino acids contain nitrogen and sulfur heteroatoms, enrich
the electronic states and facilitate the generation of in-gap
states that could act as non-radiative and recombination
centers. As a result, it showed a strong bathochromic shift in
emissions.* %

Aromatic precursors having multiple rings (two or more) or —
R-NH-, -OH, and -R-S-H polar functional groups as substitu-
ents are also important for the development of red emissive
CNMs. Poly-benzene ring containing aromatic precursors have
produced a large number of conjugated sp®> domains in their
core by dehydration and carbonization mechanisms. The
conjugated sp” core reduced the energy level between the
HOMO and LUMO, which shifts the excitation and emission
wavelength towards the red region.***® Aromatic precursors
consisting of aromatic amines, phenols and polythiophene
derivatives are dominating precursors for red emissive CNMs,
since there are many options and definable chemical structures.
The presence of a stiff w-conjugated skeletal structure with the
passivation of the -R-NH-, -OH, and -R-S-H functional groups
on the surface plays a vital role in the induced charge transfer
excited state in the m-conjugated systems of FCNMs with the
formation of m-type and n-type carriers. As a result, it contrib-
utes to narrowing the optical band gap of FCNMs, followed by
the emission in the far red or near IR region with high fluo-
rescence quantum yield.*7*

Other atoms like selenium, boron, and fluorine are also
utilized for shifting the wavelength to the red region after
doping at edges on the surface of the organic precursor. The
band gap is opened by the incorporation of these heavy atoms
into the carbon core. It also weakens the nonradiative recom-
bination through the increase of surface defects. The fluorine
has the highest effect among heavy atoms due to the electron-
withdrawing capacity of fluorine, decreases the energy gap
between the HOMO and LUMO, and leads to the shifting of
excitation and emission wavelengths towards the red region.”*°
Li et al. developed tetraphenyl porphyrin-derived red-emitting
carbon dots via a simple solvothermal method using a sulfona-
tion reaction with sulfuric acid. The developed carbon dots were
utilized for the bioimaging of HeLa cells.** Shao reported highly
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water-dispersible red fluorescent carbon dots from glutathione
as a precursor using a solvothermal method. The carbon dots
showed intense near infrared emission with a very narrow
emission band and were utilized for the sensing of carci-
noembryonic antigens in pleural effusion.®” Zhao et
al. synthesized near-infrared emissive carbon dots with a large
conjugated sp> core. The charge transfer properties between the
electron donor and acceptor lead to the longer wavelength
absorption of the carbon dots. The as-synthesized carbon dots
were used for photothermal therapy and multiphoton therapy.*
Ji et al. synthesized microwave-assisted near infrared carbon
dots from o-phenylenediamine through a hydrothermal
method. The developed carbon dots showed a red-shift via
protonation, while deprotonation resulted in a three times
higher quantum yield, and were demonstrated as a red phos-
phor.® Geng et al. produced tunable green to red emissive
fluorescent carbon dots from citric acid and m-aminophenol via
a microwave irradiation method. The carbon dots exhibited
excellent competence of biocompatibility properties and were
utilized for bioimaging.®® Wei et al. developed blue, green,
yellow, and orange multicolour emitting carbon dots from
a mixture of glucose and amino acid via a microwave-assisted
Maillard reaction. The multicolour emission of the carbon
dots originated from the carbon cores and the surface defect
states. The teams reported that the emission of the carbon dots
could be controlled by modifying the precursors. They also
showed that the carbon dots were also applied for multicolour
display and cell imaging.*® Li et al. reported p-phenylenedi-
amine and hydroquinone derived red fluorescent carbon dots
via a mild solvothermal treatment by merely changing the
relative ratios of the precursors, which were used for the
detection of Fe*" and pyrophosphate.®” Wang et al. produced red
fluorescent carbon dots via a surface modification with poly-
etherimide through a microwave heating technique. This
synthesis technique promotes the surface charges from nega-
tive to positive and shielding the red colour emission from
being quenched by water. These characteristics encourage bio-
imaging and cell absorbtion.*® Niu et al. produced phlor-
oglucinol and boric acid derived excitation dependent boron
doped red carbon dot powder. The red carbon dots exhibited
solid state fluorescence and showed intense red fluorescence
under UV light excitation and were utilized for fingerprint
detection.®

2.1.1.3. Renewable organic materials. An organic material
that can be recycled from both plants and animals is called
biomass. So, it is a renewable organic material.**> Cellulose is
the most plentiful organic compound present in this world and
the main component of biomass. It is a complex carbohydrate
composed of chiral carbon, oxygen and hydrogen.®*~°® Biomass
is one of the most commonly used carbon precursors for the
development of red-emitting CNMs using solvothermal and
hydrothermal methods. The optical properties of biomass-
derived red emissive CNMs depend on the excitation and the
functional groups of the solvent used. The addition of sulfinyl
and carbonyl functional groups on the surface leads to the
rising of discrete energy levels due to the gaining of oxygen
atoms and losing of electrons on the surface. These processes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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boost the absorption in the red region or near the IR region and
increase the red fluorescence.””*** Zhang et al. fabricated Ara-
bidopsis thaliana-derived nitrogen and sulfur co-doped multi-
colour carbon dots through a Maillard reaction using sulfuric
acid. The developed red carbon dots exhibited excellent
biocompatibility, fluorescence properties, and solubility. The
team used the carbon dots for the labeling and imaging of
a plant.'”® Liang et al. developed rose red emissive fluorescent
carbon dots from wedelia trilobata biomass via microwave-
assisted solvothermal treatment using ethanol and water solu-
tion. The red carbon dots were used for the detection of gluta-
thione and the imaging of cells.* Tang et al. synthesized red
emissive carbon dots from black pepper through a solvothermal
method. The red carbon dots showed strong biocompatibility,
selectivity, sensitivity and low toxicity. These properties of the
as-synthesized carbon dots were utilized for the sensing and
imaging of ascorbic acid in living cells.’®” Zhang et al. synthe-
sized red fluorescent carbon dots from herbaceous Andrographis
paniculata via solvothermal synthesis using ethanol. The carbon
dots were used as a smartphone integrated green optosensor.'*®
Wang et al. derived blue-to-red emissive fluorescent carbon dots
using solvothermal methods from spinach. The modification of
the boiling point and polarity of solvents causes the red-shifted
emission. The team used the as-synthesized carbon dots for the
anticounterfeiting and the sensing of Cr®".'®® Tariq et al. re-
ported microwave-assisted fig biomass extracted red emissive
carbon dots, which exhibited excellent antibacterial properties
and were used as a antibacterial agent for the diagnosis of
bacterial infection."® Yang et al developed glutathione-
supported waste tobacco leaf-derived red emissive fluorescent
carbon dots via a simple hydrothermal method. The red carbon
dots exhibited large stoke shift with the advantages of selective
and sensitive detection of analytes."™ Zhang fabricated red,
green and blue emissive fluorescent carbon dots using a sol-
vothermal method from waste leather scrap. The size of the
carbon atoms and the functional group cause the addition of
a new energy level for electronic transition, leading to red
fluorescence emission."?

2.1.2. Reaction conditions. The shifting of the fluorescent
emission wavelengths of the FCNMs heavily depends on the
reaction circumstances. With the knowledge of exploring the
optical characteristics of FCNMs with solvents, time, tempera-
ture, pH and the reactants ratio, one can achieve red emissive
CNMs. W31 Qolvent-influenced emission behavior can be
established by choosing the solvent. The solvent may be protic
or aprotic, and sometimes polar or nonpolar. The addition of
aprotic solvents to the organic precursor causes increase in
dehydration and the carbonization process. Consequently, this
process led to the formation of sp> conjugated carbon domains
in the core of the FCNMs, resulting in a red shift in the emission
wavelengths.”'****  The reaction temperature affects the
carbonization degree and the dehydration condensation of the
synthesis process of the FCNMs. The rising temperature
contributes to increasing carbonization degree and dehydration
of the FCNMs, resulting in the loss of the auxochromes on the
surface. However, increasing temperature results in a perma-
nent loss of fluorescence because it reduces the intensity of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fluorescence, gradually.””***® The elevated temperature also
increased the rate of the reaction process of FCNMs. The
motion of the atoms of the organic material collides frequently
with each other as a result of the elevated temperature.’”” The
reaction time influences the degree of synthesis process
completion of FCNMs, greatly. The reaction between the
organic materials is more significant with a longer reaction time
but excessive time follows the overreaction. The excessive time
did not encourage the production of unlimited FCNMs.
Varying reactant concentrations and ratios will directly impact
the surface functional groups of FCNMs.**' An acidic environ-
ment leads to the red shift of the emission wavelength, while an
alkali environment leads to the blueshift of the emission
wavelength.®* Khan et al. reported excitation-dependent mul-
ticolour fluorescence emission spectra of carbon dots on
a nanosecond time scale."*® pH-dependent blue to red emissive
carbon dots are achieved by changing the acid-base behavior of
the group present on the surface.”® Zhao et al. developed red,
green and blue emitting carbon dots with excitation-dependent
emission properties. The tunability in emission spectra is due
to the conjugation and presence of oxygen atoms."* Yang et al.
demonstrated sulfuric acid assisted blue to red-shifted emis-
sion of carbon dots caused by the surface-defected state and the
carbonization degree.'*®

2.1.3. Purifying FCNM blend and post-modification.
Following the top-down and bottom-up treatment of carbon
precursors, various sizes of FCNMs are created as a product. The
mixed FCNM solution generated an overlapping fluorescent
emission spectrum.™” " So, it is necessary to purify the mixture
of FCNMs by the size or size/charge ratio."* Various sizes with
different functional groups of FCNMs possess different signif-
icant photophysical properties."*>'** One can get red emissive
CNMs easily by using effective techniques for separating and
purifying the synthetic mixtures of FCNMs to get certain sizes of
fluorophores or groups of fluorophores, responsible for the red
emission."**** The most common methods used for the sepa-
ration and purification of synthetic mixtures of FCNMs are
filtration, centrifugation and dialysis.'****° Large particles (i.e.,
soot) are frequently removed from derived FCNM suspensions
using centrifugation and filtration,******* whereas low molec-
ular weight entities are removed using dialysis.******** Particu-
larly, the centrifugation techniques help to achieve the different
core sizes of the same mixture of FCNMs.'** ¢ Size exclusion
chromatography and gel electrophoresis methods are also used
for the separation and purification of the synthetic mixtures of
FCNMs." 1% FCNMs with different sizes have different
bandgap widths, resulting in different photo-luminescence (PL)
emission peaks. When the size of the FCNMs increases, their
band gap energy continuous to decrease and photons are more
likely to transition, which results in a bathochromic shift (red
shift) of the PL emission peak.'***®* Alternatively, the addition
of functional groups on the surface of the FCNMs can generate
abundant structural configurations and introduce new energy
levels into their electronic structures. Therefore, more oppor-
tunities for an electronic transition arise, which is followed by
a tunable emission of FCNMs. The increase of nitrogen-con-
taining amino groups, graphitic nitrogen cores and carboxylic
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groups on the surface of the FCNMs leads to the bathochromic
shift.’®**%*  Sometimes post-modification treatment has
a significant impact on the optical properties of FCNMs.
Nitrogen functionalization, dehydration and strengthening the
Tt-conjugation, etc., were used as post-modification treatments
to get red emissive CNMs."7*"7> Wang et al. reported blue to red
color fluorescent carbon dots through a slight modification of
the reaction conditions including temperature and pH. The
multicolour emitting carbon dots were utilized as a white light
emitting diode with a high colour rendering index."”® Yang et
al. synthesized red emissive fluorescent carbon dots which
showed the shifting of emission wavelength towards longer
regions by adding NH;-H,O. The nitrogen group of the amine
water solution formed a conjugated amide ring causing the red-
shifted emission.'”” Tetsuka et al. shifted the emission of
nitrogen-functionalized graphene quantum dots from blue to
red in the post-modification method."”* Lyu et al. showed the
shift of blue fluorescence to green, green to yellow, yellow to
orange and orange to red for graphene quantum dots via
enhancing the m-conjugation and the graphitic nitrogen by
chemical modification. The team showed that the carbon dots
were utilized for a highly photostable white light emitting
composite film and bioimaging of liver cancer cells."”® Zheng
et al. developed a post-modification technique to shift the
fluorescence emission of carbon dots from blue to green and
red. The group introduced auxochrome nitrile and carbonyl
groups to shift the emission to the red region."”

Thus, these demonstrated aspects including choosing
organic precursors, reaction conditions and purifying the
FCNM blend with post-modification techniques are so vital to
focus for the development of red-emitting CNMs (Table 1).

3. Fluorescence mechanisms of red-
emitting FCNMs

The fluorescence mechanism is so important to explore the red
region and near IR region very widely. Recognizing the fluo-
rescence mechanism is essential for obtaining FCNMs with the
desired optical properties. However, it is still challenging to
understand the precise fluorescence process of red FCNMs.
Numerous plausible theories have been put out to increase the
understanding of red fluorescence origins.

3.1. Quantum confinement effect

The significant characteristics of FCNMs are responsible for the
featured optical properties. Bandgap transition is one of the
most fundamental methods, engineered in the conjugated -
domain for achieving the quantum confinement effect.”**>%
The quantum confinement effect occurs when FCNMs have
a smaller size than the exciton Bohr radius.*****” The phase
“quantum confinement” means the energy of confined elec-
trons. When the potential dimension comes close to the de
Broglie wavelength of the electron, the confined electron
wavefunction of nanomaterials emerged as a discrete set of
energy levels. The changes are named “quantum confinement”.
It has an impact on material behavior in terms of electrical,
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optical, and mechanical properties of nanomaterials.?**>"
When nanomaterials are compressed to sizes and shapes of
100-10 nm or even smaller, the quantum confinement
phenomenon takes place. These modifications are brought
about by a distinct set of electron energies and lead to size
confinement. Solid-state physics states that the energy band gap
is split into the valence band and conduction band. The
absorption of photons or the thermal excitation supplies
adequate energy to the valence band electrons to surpass the
energy gap and transit to the conduction band. As a result, holes
act as a positive charge and are created at that place of the
surpass electrons. The hole might be filled by an electron from
the valence band, leaving another hole in its stead. In this way,
the holes travel to the conduction band. Excitons are developed
when electron and hole pair combinations occur.>**** When
the size of the three-dimensional materials is reduced to the
nanoscale, the band gap expands. It causes the electronic
transition between the band gaps in the ultraviolet to visible
range and sometimes in the infrared region.**** Nanosized
carbon cores containing conjugated m-domains with significant
functional groups produce multicolour fluorescence due to the
quantum confinement effect, one of the main mechanisms
among the others.”**>** It is plausible to tweak the characteristic
bandgap transition by modifying the size of the w-domains. The
increase in the size of the m-domain carbon core causes
a smaller bandgap. As a result, a redshifted emission wave-
length is noticed.****”**® The valence band of the carbon core is
separated from the conduction band by the conjugated -
domains of finite size. When there is an excess population of
electrons and holes, a direct transition of the electrons present
in the conduction band to an empty state of the valence band
occurs. During this transitions a electron released a photon as
a energy. This process 1is called “direct radiative
recombination”.?** The quantum confinement effect helps in
the w—m* transition of the sp” carbon core, which causes the
direct radiative recombination of excitons. This direct radiative
recombination process of excitons leads to multicolor fluores-
cence emission.”*?** Increasing the number of conjugated -
domains through quantum confinement phenomena is directly
responsible for redshift in the emission wavelength.>*>>3%

3.2. Surface state defects

Surface engineering with functional groups of the carbonaceous
core is very essential for red emission since the surface defects
act as a vital factor for this phenomenon. The addition of
different functional groups helps in the n—=* transition of the
aromatic sp> carbon core to exhibit different energy states,
resulting in the development of multiple surface defect
states.>*>** A border zone or spherical shell that is different
from the carbon core region or body is referred to as a surface
defect. The complex diversity is caused by the functional groups
present on the surface or sp> and sp® hybrid carbon cores,
leading to the defect state.>*'*** Different types of reasons cause
different defect states, which leads to different colors of fluo-
rescence in CNMs.*** Surface oxidation is the primary cause,
which can serve as a center for the attraction of excitons and
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Tablel Comparison summary of the synthesis processes, optical properties and applications of red emitting CNMs prepared from various kinds
of carbon precursors

CNMs Carbon precursor Synthetic route Aexe/Aemi (NM) Application Reference
CDs Carbon fibres Acid oxidation 360/610 Bioimaging Bao et al.*®
CDs Waste expanded polystyrene Solvothermal 365/630 White light-emitting diodes Song et al.®°
CDs Sugarcane bagasse Carbonization 372/630 Ammonia sensing Jiang et al.'®
CDs Spinach Solvothermal 620/680 Bioimaging Li et al.'®
CDs Lemon juice Solvothermal 610/704 Bioimaging Ding et al.'®
CDs Watermelon juice Hydrothermal 808/925 Imaging and photothermal Li et al.'®*
therapy
CPDs Taxus leaves Solvothermal 420/673 One and two photon Liu et al.'®
bioimaging
GQDs Graphite rods Electrochemical 500/610 Cellular imaging Tan et al.*
exfoliation
GQDs Graphene oxide Chemical 420/630 Bioimaging Ke et al.”’
degradation
CDs Coal pitch Acid oxidation 365/630 — Meng et al.*
CDs Citric acid Solvothermal 561/627 In vitro and in vivo bioimaging Ding et al.’
CDs Bougainvillea leaves Microwave charring 420/678 Photodegradation of dye Bhati et al.'®®
CDs Cyanine dye Solvothermal 720/820 Cancer imaging & therapy Zheng
et al'™”
CDs Resorcinol Carbonization 490/600 — Ghosh
et al.'®®
GQDs Graphene nano-particles Mechanical 380/650 Optoelectronic device Tetsuka
exfoliation & etal'”
oxidation
CDs Glutathione Microwave- 420/683 Bioimaging Pan et al.'®
mediated heating
GQDs Trinitro pyrene & boric acid Ultra-sonication 380/617 — Juang et al.*°
CDs Malic acid & neutral red Hydrothermal 400/627 Per-manganate & pH sensing Dan Chang
et al™™
CQDs p-Phenylene-diamine & urea Solvothermal 286/614 — Song et al.'*
CNPs Eucalyptus leaves Hydrothermal 620/680 Theranostics Damera
et al'”
CDs p-Phenylene-diamine & hydro- Solvothermal 455/590 Fe** & pyro-phosphate Liet al¥’
quinone detection
CDs Citric acid & urea Solvothermal 520/614 Light-emitting diodes Qu et al.™*
CDs Diaminobenzene-sulfonic acid Hydrothermal 520/595 Dual-mode sensing of CIO™/ Li et al.'®®
& amino-phenyl-boronic acid GSH
hydro-chloride
CDs Diamino-benzoic acid & Solvothermal 545/619 Detection of peroxynitrite in Fu et al.*®
catechol living cells
CDs Citric acid & bi-naphthyl Solvothermal 540/603 Solid state luminescence & Wang et al.'”’
diamine sensing of Fe*" and F~
CDs 4-Chloro-benzene-1,2-diamine Sonication assisted 540/650 Detection of tea polyphenols & Cao et al.**®
& diluted HCI with deionized solvothermal cellular imaging
water
CDs Neutral red & thiourea Hydrothermal 520/637 Detection and reduction of Li et al.'®®
Au3+
CNDs Perilla leaves Ultrasonication 420/670 Bacterial imaging Zhao et al.**°
CDs Citric acid & p-phenylene- Hydrothermal 360/650 Mitochondria-targetable Jin et al.®™*
diamine imaging and monitoring of
biological processes in living
cells
CDs 3-Dimethyl-amino-phenol Solvothermal 540/632 Detecting and tracking lipid Jing et al.**?

droplets in live cells

Relaxation achieved via the radiation from the excitation state

produce surface defect state fluorescence.”*>**® Surface oxida-
tion occurs in the presence of significant functional groups,
which causes the addition of oxygen atoms, loss of electrons, or
removal of hydrogen.*””-*** The more oxidized surface helps to
develop more defects frequently. The result is accompanied by
the red shift in the emission wavelength of FCNMs.>*?

to the ground state is the reason for the surface defect
state.”***%* A variety of emission traps are produced by various
functional groups, each with a unique energy level that results
in a varied degree of defects. The ability of a functional group to
deliver electrons, making them used on the surface of the
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carbon core, would make it possible to modify the colour
emission.”***” When a beam of photons of a specific wave-
length is incident on the surface of the carbon materials, the
photons whose energy fulfills the band gap energy will transit
and assemble at the nearest surface defect traps. Then the
photons return to the ground state to radiate tunable emission
in the UV-visible region.”**?%* It is found that the functional
groups support the w*-n and o*-n transitions, following the
molecular type of fluorescence and fixed spectral band changes
with the excitation energy and size of the particles.>®*?% The
functional group also causes structural deformation to the
aromatic core, resulting in mid-gap states or energy traps,
which contribute to w*-mid-gap-m transitions. Consequently,
these transitions broaden the emission wavelength to a longer
Wavelength.262’266_269

4. Optical properties of red-emitting
CNMs

The red-emitting CNMs are highly photobleaching resistant and
have strong absorption and biodegradability in the red region
or near infrared region. They have a very high penetration depth
because of their high wavelength. The electronic and optical
properties of luminescent CNMs can be studied using UV-
visible and fluorescence spectroscopy followed by the determi-
nation of the steady-state and lifetime. The red emissive prop-
erties of FCNMs can be tuned by several factors including size,
surface state, element doping, hydrogen bond, surface func-
tionalization, energy transfer, crosslink-enhanced emission
effect, and solvent effect.

4.1. Factors influencing the optical properties of red-
emitting CNMs

4.1.1. Size controlling. The changes in the size of FCNMs
influence the shifting of the fluorescence emission wavelength.
By transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) of FCNMs, followed by size distri-
bution plot analysis, we can easily predict the average core sizes,
particle size distribution and morphology of FCNMs. Different
size FCNMs have different bandgap widths, resulting in
different fluorescence emission peaks. Increasing the size of
FCNMs at the nanoscale results in narrowing of the energy band
gap by the quantum confinement effect between the bonding
and antibonding orbitals of FCNMs.?”**”> Therefore, illumi-
nated photons are more likely to transition, which results in
a shifting of the fluorescence emission peak to the red region or
near infrared region. We can easily synthesize red FCNMs by
controlling the size of the carbon nanomaterials by ultracen-
trifugation.>”*>*”* Huang et al. reported tunable size affected red-
shifted fluorescence caused by increased intra-carbon dot For-
ster resonance energy transfer between the emitter homologs.
They showed that the emission wavelength shifted from blue to
red when increasing the size of the carbon dots from small to
large.””® Liu et al. described the size-dependent fluorescence of
carbon dots. The team showed that increasing the size of the
carbon dots resulted in red-shifted fluorescence. The TEM
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images showed that the particle size increased with red shifting.
The red fluorescence is attributed to the rising density, which
resulted in enhancing the HOMO energy level. Thus, the
HOMO-LUMO energy gap decreased, causing the result,
Fig. 2(a) and (b).>”® Zhan et al. showed the multicolour band
gaped fluorescence of carbon dots as a result of variable size.
The team observed that the fluorescence colour of carbon dot
solution changes from blue to green to yellow to red with
changes in the size of carbon nanomaterials.””” Gao et al.
described band gap-influenced multicolour emissive fluores-
cent graphene quantum dots with and without a coating of
polyethyleneimine caused by the variation in the sizes of the
graphene quantum dots. The individual graphene quantum
dots showed yellow fluorescence and after embedding with two
separate amounts of polyethyleneimine, blue and red fluores-
cence graphene quantum dots were prepared. The team showed
that red and blue fluorescence was attributed to the size of
nanomaterials, followed by the influence of the energy gap. Red
fluorescence was caused by the large size induced narrow
energy gap of the graphene quantum dots whereas the blue
fluorescence was caused by the small size induced enlarged
energy gap of the graphene quantum dots, Fig. 2(c) and (d).*”®

4.1.2. Surface functionalization and passivation. It has
been found that surface functionalization and passivation
techniques significantly alter the fluorescence characteristics of
FCNMs.>” Surface functionalization and passivation tech-
niques are achieved by the recombination of electrons and
holes, nearly associated with the sp* conjugated w-domain and
surface chemistry.”®® An X-ray photoelectron, Fourier transform
infrared, and RAMAN spectroscopy study will be done for the
determination of the surface functional group present at the
surface. The X-ray diffraction and zeta potential measurement
will also reveal the nature of the carbon nanomaterials.”®' The
addition of functional groups on the surface of FCNMs can
generate abundant structural configurations and introduce new
energy levels into their electronic structures.”® As a result, the
development of multiple defect state occurs, caused by surface
oxidation. The bandgap energy is slowly reduced with
increasing the degree of surface oxidation causing red-shifted
emission.”® The presence of electron-withdrawing or
oxidizing groups increases the surface oxidation process,
resulting in red emissive CNMs.?®* Li et al. showed that the
surface modification of sulfinyl and carbonyl groups caused the
generation of another discrete energy level, caused by the
increasing degree of surface oxidation. The increasing surface
oxidation reduced the energy gap of the outer layer, and as
a result, the emission wavelength is shifted towards the red
region, Fig. 3(b).*®* Ding et al. explained the surface state-
controlled fluorescence mechanism of full-color light-emitting
carbon dots. Excitation independent fluorescence from blue
to red was observed as a result of surface defects. The surface
defect state was generated by surface oxidation, followed by the
narrowing of the energy gap. The band gap between the HOMO
and LUMO strongly depends on the addition of several oxygen
atoms. The increasing number of oxygen atoms on the surface
results in surface oxidation, which generates more surface
defects. The surface defect reduced the energy band gaps, result

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representation of the size effect on the red fluorescence of FCNMs: (a) TEM and HRTEM images of blue, green, yellow and red carbon
dots respectively with size distribution plots; (b) tunable fluorescent carbon dots with their respective electronic energy level diagram, starting
from blue, green, yellow and red respectively. Reprinted with permission from ref. 276, Copyright 2021, Elsevier; (c) TEM and HRTEM images of
blue, green, yellow and red graphene quantum dots respectively with diameter distribution plots. Gaussian fitting curve is also plotted by the
black line; (d) graphical representation of the transformation of yellow fluorescence graphene quantum dots to red fluorescence graphene
quantum dots by narrowing the energy gap and yellow fluorescence graphene quantum dots to blue graphene quantum dots caused by
enlarging the energy gap. Reprinted with permission from ref. 278, Copyright 2017, American Chemical Society.

in the red shifted emission, Fig. 3(a).?*® Gao et al. reported green
to red tunable fluorescence through a solvent engineering
method by using water. The water engineering caused an
increase in the number of oxygen atoms followed by an increase
in the oxidation degree. As a result, an increase in the number
of carboxyl groups on the surface occurred, which leads to
reduction of the energy gap and results in red-shifted fluores-
cence, Fig. 3(c).**” Hola et al. described the red-shifted emission
of carbon dots after introducing the carboxylate groups on the
surface by mild hydrolysis of carbon dots.>®® Ding et al. reported
that the graphitization degree, graphitic nitrogen content and
oxygen-containing functional groups cause the shifting of
fluorescence toward the red region via regulating the deami-
nation and dehydration process, Fig. 3(d).>*

4.1.3. Solvatochromism. Solvatochromism is a reversible
process of changing absorption and emission wavelengths,
which is initiated by the process of solvent. This phenomenon is
commonly observed in FCNMs, when different solvents are
added. Tunability is observed as a result of the maximum
absorption shift. It occurs as a result of variations in the
solvation energies of initial and excited states in different
solvents.>** This effect is associated with hydrogen bond
capability, hydrogen bond acceptability and polarization on

© 2023 The Author(s). Published by the Royal Society of Chemistry

dipole moment. The energy difference between the ground and
excited states as well as the orientation polarizability of solvents
are both influenced by interactions between the solvent and
carbon core.***** For polar solvents, there is a hypsochromic
shift with decrease in the polarity of the solvents and the shift is
bathochromic with increase in the polarity of the solvent. The
nonradiative charge recombination on the surface of FCNMs
can be prevented by increasing the protonation capacity of the
solvent and decreasing the viscosity of the FCNM solution,
which will increase the ability to absorb and emit light in the
red or near infrared region. Furthermore, increasing the alky-
nation, carbonization, and oxidation reactions using suitable
solvents (containing the amino and carbonyl groups) lead to the
amine and carboxylic acid functional groups containing
ligands, which is also a good strategy to achieve red-emitting
CNMs.>**?%7 Gao et al. reported solvatochromic effect induced
emission shift from green to red of carbon dots. The presence of
a distinctive featured polymer chain with different functional
groups and an effective m-conjugated carbonized core was the
main reason for the shifting of the emission wavelength.**® Lin
et al. demonstrated the shifting of the emission wavelength
from 520 nm to 630 nm, towards a long wavelength as an effect
of the solvent polarity of bright carbon dots.””® Alas et al

Nanoscale Adv, 2023, 5, 5717-5765 | 5725
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Fig. 3 Representation of the surface functionalization and passivation effect on the red fluorescence of CNMs: (a) graphical representation of
the increasing degree of surface oxidation causing decrease in the energy gap, followed by red colour fluorescence. Reprinted with permission
from ref. 286, Copyright 2016, American Chemical Society; (b) representation of the effect of sulfinyl and carbonyl groups on the red fluo-
rescence of the carbon dots with the energy level diagram. Reprinted with permission from ref. 285, Copyright 2018, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim; (c) shifting of green fluorescence to red fluorescence by increasing the graphitic nitrogen content and the number of
surface carboxyl functional groups with decreasing the energy gap between the HOMO and LUMO. Reprinted with permission from ref. 287,
Copyright 2020, Elsevier (d) shifting of the fluorescence colour based on the graphitization degree, graphitization nitrogen, and oxygen con-
taining functional group. Reprinted with permission from ref. 289, Copyright 2022, Springer.

showed the solvatochromic features of red fluorescence carbon
dots by changing the solvent polarity. The carbon dots switched
the green fluorescence colour to a red fluorescence colour when
increasing the solvent polarity. The fluorescence image and
emission spectra of carbon dots under different solvents
including hexane, toluene, benzene, ortho-dichlorobenzene, di-
chloromethane, tetrahydrofuran, chloroform, acetone, meth-
anol, ethanol, dimethylformamide, dimethyl sulfoxide, and
water showed the shifting of emission to the red region, Fig. 4(a)
and (d), as the polarity gradually increased. It was observed that
the red shifted fluorescence was attributed to the polar non-
protic solvents dimethylformamide and dimethyl sulfoxide.
The blue-shifted fluorescence was attributed to the aprotic
solvent due to hydrogen bonding in-between carbon dots and
hydrogen accepting solvents via hydrogen bond donating polar
functional groups like -COOH, -OH, R-NH,, and R-CO-NH-R
of carbon dots. The dipole interaction between the carbon dots
and solvents is also a reason for the blue shift. The team further
looked into the fluorescence changes in more detail as a sol-
vochromatic nanoprobe for the sensing of water molecule in
tetrahydrofuran. It was noticed that the emission wavelength
shifted to the red region as the percentage of water increased in

5726 | Nanoscale Adv.,, 2023, 5, 5717-5765

tetrahydrofuran mixed carbon dot solution, Fig. 4(b) and (c).**
Sato et al. reported solvent-dependent emission colours ranging
from green to red using three different isomers of phenyl-
enediamine, caused by the different polarities.*** Wu et al.
described blue and red dual colour fluorescent carbon dots
depending on the changing polarity of the solvent. The
hydrogen bonding interchange between the carbon dots and
solvents was the main origin for the dual fluorescence.** Fan
et al. synthesized red carbon dots which exhibited multicolour
emission peaks from blue to red caused by the solvent
polarity.**

4.1.4. Heteroatom doping. Heteroatom doping is the most
useful technique for controlling the chemical formation and
optical characteristics of FCNMs, since the creation of n-type or
p-type carriers into the carbon core. The introduction of n-type
or p-type carriers changes the electronic structure of
FCNMs.?>”?2* When the nonmetal atoms N, O, P, B, S, etc. are
doped, the electron-rich atoms like N, O, P, S etc. raise the
energy level of the HOMO while the electron-deficient atoms
like B decrease the energy level of the LUMO. Doping of
graphitic, pyridinic, hydrazine and amino N is a commonly
used method to produce the redshifted fluorescence of CNMs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Representation of the solvatochromism effect on red fluorescent carbon dots: (a) emission of the spectra of red carbon dots under
different solvents including hexane, toluene, benzene, ortho-dichlorobenzene, di-chloromethane, tetrahydrofuran, chloroform, acetone,
methanol, ethanol, dimethylformamide, dimethyl sulfoxide, and water. The asterisk sign reveals the highest intensity peak in chloroform; (b)

image of carbon dot solution with the rising amount of water (0-10% vol)

under UV light; (c) emission spectra showing the red shift of red carbon

dot solution with tetrahydrofuran, tetrahydrofuran & water and only water; (d) fluorescence images of red carbon dots dissolved in different
solvents under 365 nm UV light excitation. Reprinted with permission from ref. 300, Copyright 2021, American Chemical Society.

due to the process of doping and identical atomic size of carbon
and nitrogen atoms. Other atoms including sulphur, selenium,
boron, and fluorine are also used to get red shifting of the
emission wavelength. The shifting of emission to the red region
or near infrared region may have been caused by the addition of
atomic contaminants like N, S, Se, B, F and La.***3” When
heteroatoms are doped, the lattice of the FCNMs is disturbed,
resulting in the appearance of new energy levels, which causes
the shifting of the wavelength to the red or near infrared region.
The doping of other heteroatoms will add chemical groups to
the interface of the FCNMs, enlarging the conjugation domain
and leading to red or near infrared emission.**®*** Du et al
synthesized nitrogen-doped carbon dots via a microwave-
assisted simple solvothermal method using p-phenylenedi-
amine. The carbon dots showed red fluorescence over the
excitation of ultraviolet light.** Li et al. showed an aggregation-
induced red-shifted emission of phosphorous-doped carbon
dots as a result of enhancing the electron density caused by the
electron donation properties of a phosphorus atom and the -7
conjugation caused by the aggregation induced size enrich-
ment.*'* Jiao et al. reported gadolinium-doped carbon dots with
red emission under excitation.**> Liu et al. demonstrated full

© 2023 The Author(s). Published by the Royal Society of Chemistry

wide half maximum narrow fluorescence and excitation
dependent red emissive nitrogen-doped conjugated carbonized
polymer dots for in vitro and in vivo biomedical applications.**®
Arul et al studied the difference in fluorescence, catalytic
activity, and various color in vivo and in vitro applications
between heteroatom-doped and undoped carbon dots. The
team used nitrogen, boron and sulphur as a doping atom for
carbon dots.** Azami et al. showed the fluorescence behaviors
of two different heteroatom doping carbon dots. They chose
boron and phosphorus as a heteroatom in the structure of the
carbon dots and investigated the consequences of the two
heteroatoms on optical behavior. The phosphorous-doped
carbon dots exhibited blue-shifted emission, caused by the
effect of the carbon core followed by the increase of the energy
gap between the HOMO and LUMO. The boron-doped carbon
dots exhibited red-shifted emission caused by the surface
functionalities like NO; and O-C=O0O bonds and fewer C-C
bonds, Fig. 5(c).>** It is generally observed that the increase in
the nitrogen-containing graphitic carbon core caused a red shift
in the emission of CNMs. Hola et al. reported that the increase
of electron-donating nitrogen containing graphitic carbon cores
produced a midgap state between the HOMO and LUMO,

Nanoscale Adv., 2023, 5, 5717-5765 | 5727
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Fig.5 The effect of heteroatoms on FCNMs for red fluorescence: (a) schematic illustration of red colour emission caused by graphitic nitrogen.
Reprinted with permission from ref. 11, Copyright 2017, American Chemical Society; (b) the fluorescence mechanism of carbon dots (protonation
of 2,3-diaminophe-nazine caused the red emission). Reprinted with permission from ref. 316, Copyright 2021, Springer Nature; (c) the effect of
phosphorus and boron doping on the emission of carbon nanodots. Reprinted with permission from ref. 315, Copyright 2023, American
Chemical Society; (d) red shifted fluorescence caused by the fluorine doping on carbon dots with the narrowing energy gap mechanism.

Reprinted with permission from ref. 317, Copyright 2018, Elsevier.

leading to red-shifted emission, Fig. 5(a)."* Zhang et al
described the amino protonation treatment of carbon dots with
2,3-diaminophe-nazine, minimizing the energy bandgap. As
a result, the yellow color fluorescence solution of the carbon
dots turned into red colour emissive carbon dots with narrow
peak widths, Fig. 5(b).*'® Yang et al. showed red-shifted emis-
sion upon doping of electron-withdrawing fluorine atoms into
carbon dots. The authors explained that the extension of the -
electron system due to the addition of the fluorine atom reduces
the energy gap, which results in the red shifting, Fig. 5(d).>"”
4.1.5. Crosslink-enhanced emission effect. The crosslink-
enhanced emission (CEE) effect is a brand-new discovered
fluorescence phenomenon that is utilized to understand the
intense emission trend at non-traditional emission centers. It is
a crosslinking-induced effect to increase fluorescence.®'®
Crosslinking can be achieved chemically or physically and can
be introduced by covalent or non-covalent bonding. It affects
the emission wavelength by controlling energy levels.’*
Inducing crosslinking shortened the distance between the
functional groups resulting in the overlapping and coupling of
electron clouds. Such interactions create sub-levels by splitting
inherent energy levels.**® Also introducing covalent bonds by
crosslinking leads to the creation of new energy states. It helps
to broaden the way of radiative and non-radiative transition by
narrowing the energy distance of singlet and triplet states, thus

5728 | Nanoscale Adv,, 2023, 5, 5717-5765

increasing the red emission.***** Chen et al. reported red
carbon dots via a mechanism of chemical bonding that removes
the defects, followed by the conservation of the efficient radia-
tive process through surface states. It is acknowledged that the
establishment of a stable chemical bonding not only closes the
efficient radiative process through surface states but also
prevents the nonradiative recombination of localized electron-
hole pairs. Hence, the probability of long-wavelength red
emission increased.**® Wang et al. demonstrated crosslinking
induced long wavelength red emissive carbon dots for multi-
colour latent finger print scanning on complex background
surfaces under UV-light irradiation.**® Li et al reported
crosslinking-based increased photoluminescence behavior of
carbonized polymer dots. The crosslinking causes a narrowing
of the energy gap followed by red-shifted emission. The fluo-
rescence mechanism followed that the crosslinking effect
introduced the auxochrome or sub-fluorophores (electron-rich
heteroatom groups), which are boosting the radiative transition
and lowering the non-radiative transition. Hence, the quantum
yield was increased and the fluorescence of the auxochrome of
the carbon polymer dot was enhanced, Fig. 6(a). The negative
impact caused by the crosslinking on the energy level and
electron transition, together with the steady and compact
environment of carbon polymer dots, significantly increased the
electron cloud coupling and overlapping. It also causes the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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splitting of energy levels and shifting of the emission wave-
length to the red region, Fig. 6(b).>*

4.1.6. Core-shell synergistic effect. The core-shell syner-
gistic effect of CNMs is a combined effect due to the formation
of a coordination bond of core-shell with an external additive.
This effect is caused by the generation of a metal-carbonyl -
bond via the donation of a pair of electrons from a filled d-
orbital of a metal ion into the vacant antibonding m-orbital of
carbonyl groups present on the surface of the core-shell of
CNMs.*2¢%32% The core-shell type carbon nanomaterials are
a class of biphasic materials that have an inner core compact
formation along with an outer shell made of different materials.
When an additive molecule is added to FCNMs, a core-shell
structure is achieved, which enhances optical properties
synergistically. The addition of a new molecule to the surface of
FCNMs introduces new energy levels, which activate the elec-
tronic transitions accordingly. The radiative and non-radiative
transitions occur by narrowing the energy distance between
the HOMU and LUMO, which enables the red shift of the
emission.*”** Wu et al. reported the enhancement of the
chemodynamic and photoluminescence behaviour of FeO,
coordinated red carbon dots through the core-shell synergistic
effect. The team showed that the embedding of an Fe-catalytic

shell increases the emission wavelength by synergistic

© 2023 The Author(s). Published by the Royal Society of Chemistry

shielding and rigidifying effects. They explored carbon dots as
a smart nanocatalytic medicine and efficient chemodynamic
therapeutic agent.*” Li et al. proposed that an enhancement in
the fluorescent intensity of carbon dots was observed when
silver doped silica nanomaterials interacted with the carbon
dots by electrostatic interaction.®®® Lin et al. demonstrated
a synergistic effect for increasing the fluorescence sensing effect
of silica coated carbon dots. They applied the carbon dots for
the detection of extracellular Cu®" ions in the trat brain.®*

5. Multifunctional applications

Because of the very high wavelength, penetration depth,
biodegradability, absorption and photobleaching resistance
properties of red emissive CNMs, they are used in biomedical
applications, energy-related applications and many other valu-
able applications. The features and properties of carbon nano-
materials have been modified using a variety of surface and
conjugation approaches.

5.1. Theranostics

It is a biomedical application process. The word “Theranostics”
represents diagnosis and therapy at the nanoscale level or
molecular level. This process involves simultaneously one

Nanoscale Adv., 2023, 5, 5717-5765 | 5729
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radiological medicine to detect and another radiological
medicine to provide therapy treatment to both the primary and
spreading tumours diagnostically.**® Theranostic techniques
connect specialized therapeutic material delivery with imaging
using one of the non-invasive imaging tools based on various
biophysical and biological principles.**® Nanomaterials as
a nanomedicine are used as theranostic agents to target the
diseased affected area for diagnosis and then emerged for the
delivery of therapy as needed. Therapy is none other than the
delivery of nanomedicine for treatment to relieve or heal
a disease or disorder. So, theranostic agents are used for the
primary check-up of the problems and controlled release of
nanomedicine with efficiency.**”**® FCNMs emerged as thera-
nostic agents due to their easy synthesis method, low cytotox-
icity, easy surface functionalization, low photobleaching, and
high penetration.’*

5.1.1. Bioimaging. Bio-imaging using fluorescence probes
ought to be low toxic and low photodamaging, and have high
quantum yield and IR-region absorption and emission. Red
emitting CNMs have been booming continuously in recent
times as a contrast agent for bioimaging applications of living
organisms due to their low cytotoxicity, minimal photodamage
and deep tissue penetration depth.?*****

5.1.1.1. One photon fluorescence bioimaging. One-photon
fluorescence bioimaging is a very crucial method in the field
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|
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60 min 90 min

Fig.7 Representation of red carbon dot assisted single photon fluorescence bioimaging: (a
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of bioimaging. When a laser beam of a particular wavelength is
incident on a fluorophore, it excites the electrons present in the
valence band, which go to a higher energy level. These excited
electrons become unstable and stay for a certain time in the
excited state. Later they return to the ground state by radiating
some amount of energy in the form of photons following the
emission of light. The whole process of excitation utilizes only
one photon of light. Generally, one-photon fluorescence bio-
imaging uses near infrared or infrared light due to its longer
penetration power.****** Red emitting CNMs are very suitable
for one photon fluorescence bioimaging as they have the
absorption and emission wavelength in the red region.***3*
Karakocak et al. reported deep red fluorescent nitrogen-doped
carbon dots via a microwave pyrolysis method. These red
carbon dots are applied in the bioimaging of whole mouse and
porcine ocular globes. Two different types of imaging including
post-mortem and ex vivo imaging were performed after being
embedded with the red carbon dots. The fluorescence image of
red carbon dot injected porcine ocular globes was captured at
650 nm excitation wavelength and 700 nm emission wavelength
at several time intervals, Fig. 7(c). The post-mortem of red
carbon dot injected mice was performed under 550 nm and
660 nm excitation wavelengths, Fig. 7(b).>* Su et al. developed
antibacterial fluorescent curcumin carbon quantum dots that
exhibit orange-red to infrared fluorescence. The curcumin

) in vivo fluorescence images of tumor-bearing mice

after being injected with red carbon dots at different time intervals. Reprinted with permission from ref. 317, Copyright 2017, Elsevier; (b) post-
mortem photograph of red carbon dot embedded mice with various concentrations of red carbon dots and a control one, under 550 nm
excitation; (c) the red carbon dot injected porcine ocular globes under various conditions. Reprinted with permission from ref. 309, Copyright
2018, American Chemical Society; (d) confocal fluorescence images of three different types of red carbon dot embedded zebrafish larvae under
various excitation; (e) confocal fluorescence images of three different types of red carbon dot embedded living Hela cells under various
excitation. Reprinted with permission from ref. 347, Copyright 2019, Springer.
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carbon quantum dots were used in the bioimaging of bacteria
cells.** Yang et al. synthesized fluorine-embedded red fluores-
cent carbon dots from urea and sodium fluoride mixed citric
acid via a microwave synthesis method for both vitro and in vivo
bioimaging. The developed red carbon dots were injected into
a tumor-bearing mouse for in vivo bioimaging. An intense
fluorescence image of the tumour-bearing mouse was observed
at different time intervals, Fig. 7(a).>*” Huo et al. generated three
red fluorescent carbon dots through a hydrothermal method
using two isomers 1,5-diaminonaphthalene and 1,8-dia-
minonaphthalene with ethanol acetone and water. The gener-
ated carbon dots have strong red fluorescence and exhibited up
conversion fluorescence nature. The red carbon dots are
employed in multiple applications including in vivo and in vitro
bioimaging, light activation and microarray detection. Confocal
fluorescence images of three different types of red carbon dot
embedded zebrafish larvae and HeLa cells under various exci-
tation were captured for further diagnosis, Fig. 7(d) and (e).**”
Liu et al. demonstrated a red fluorescent carbon dot superoxide
dismutase nano-enzyme for in vivo bioimaging of lung injury.**®
Wang et al. produced photostable red emissive carbon dots
through a microwave heating and polyetherimide-assisted
surface-modification method for cell fluorescence imaging.®®
Ge et al. synthesized bright red fluorescence carbon dots from
polythiophene benzoic acid for both therapeutic and imaging
applications.®® Jiang et al. reported water soluble red emitting
carbon dots using neutral red and levofloxacin as precursors via
the de novo design and microwave assisted synthesis method for
the visualization of RNA dynamics and exploring phase-
separation behaviour in living cells.**® Liu et al. developed
ared carbon dot superoxide dismutase nanoenzyme, which was
effectively used as a protector of living cells from oxidative
damage via gathering the reactive oxygen species and reducing
the levels of pro-inflammatory factors. The carbon dots were
also explored for the bioimaging of tissues for the tracking of
the heart, liver, spleen, lung, and kidney.***

5.1.1.2. Two-photon fluorescence bioimaging. Two-photon
fluorescence bioimaging is one of the most emergent discov-
eries in modern technologies. This technology involves a non-
invasive investigation of a biological object with three-
dimensional, bright contrasted and sub-micrometer depth
resolution images of the object. In this technique, fluorophores
are excited by two photons following the simultaneous
absorption of the two photons by the fluorophores. When the
photon energy is at least half the band gap energy, the two-
photon absorption occurs normally. The two-photon fluores-
cence bioimaging has higher resolution and specificity than
one-photon fluorescence bioimaging because the laser beam
does not excite the sample area outside the focus center as
a result of the quadratic dependence of two-photon absorption
on laser power, thereby protecting the nearby health tissue.***
The visualization of the living tissue at a very long depth with
a long observation time is possible by two-photon fluorescence
bioimaging. Red emissive FCNMs can be developed by exciting
fluorophores in red to near-infrared regions. Red-emissive two-
photon CNMs are a great choice for utilization in theragnostics
i.e.,, therapeutic and diagnostic applications due to their

© 2023 The Author(s). Published by the Royal Society of Chemistry
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biocompatible, less overlapping with biological auto-
fluorescence, extremely low photobleaching, prolonged photo-
stability, low photodamage to tissues, and depth penetration.***
Pan et al. synthesized hydrophilic biocompatible near-infrared
carbon dots, which showed two-photon fluorescence proper-
ties. These properties of red carbon dots are used for the deep-
tissue two-photon bioimaging of living cells.”® Zhang et al.
produced pure red fluorescent carbon dots from formic acid
mixed urea and citric acid blending. The as-developed carbon
dots were applied in the in vivo tumour imaging and two-photon
fluorescence imaging of the blood vessels in mouse ears. Green
colour and red colour signals were detected from the mouse ear.
Clear detection of the mouse ear vessel after the injection of the
red carbon dots was observed in the two photon fluorescence
images, Fig. 8(f).>** Feng et al. created near-infrared graphene
quantum dots that have two-photon fluorescence properties
with an emission wavelength of 660 nm upon the excitation of
810 nm femtosecond pulses. The carbon dots were applied in
two-photon nanoprobe identification and fluorescence imaging
of ascorbic acid.*®® Kuo et al. generated nitrogen-embedded
graphene quantum dots which possess excitation indepen-
dent two-photon fluorescence emission varying from ultraviolet
(UV) to infrared (IR). The materials were employed as a two-
photon contrast agent in cellular imaging.**® Liu et al. fabri-
cated highly biocompatible and quantum-yielded carbon
quantum dot materials by choosing a conjugated amine
precursor. The materials were used in both one-photon and
two-photon bio-imaging. The as-synthesized carbon dots
showed a highly intense fluorescence colour with a sharp
absorbance peak at 592 nm. The fluorescence emission peak
was seen at 615 nm wavelength with a quantum yield of 80.77%,
Fig. 8(a). The multiphoton fluorescence characteristics of the
red carbon dots were examined with various tests. The excita-
tion peaks of the carbon dots was apperaed at 1060 nm and
1100 nm respectively, after the laser irradiation. Both peaks
confirmed that the red carbon dots could be used for near-
infrared light-assisted multiphoton bioimaging, Fig. 8(b). The
intensity of multiphoton emission spectra enhanced with
gradually rising laser power, Fig. 8(e). The plotted graph of
fluorescence intensity as a function of laser power was found to
be linear, Fig. 8(d). A HeLa cell embedded with red carbon dots
was examined under 1100 nm near-infrared laser excitation and
the images of both confocal and two-photon imaging were
captured, Fig. 8(c). It was observed that the two-photon excita-
tion exhibited higher depth penetration as compared to the
single photon. A zebrafish larva was coated with red carbon dots
and the images under two-photon excitation were captured. A
penetration depth of nearly about five hundred micrometres
was attained. The whole outline of the larva was imagined in
three-dimensional mode. In contrast only the near side larva
was captured, in confocal single photon excitation images. So, it
was easily concluded that the two photon imaging showed the
clear, depth and three dimensional images of the object,
Fig. 8(g).*”

5.1.1.3. Photoacoustic bioimaging. Photoacoustic imaging is
a hybrid imaging technique developed based on the principle of
the photoacoustic effect . It is a non-invasive imaging technique

Nanoscale Adv., 2023, 5, 5717-5765 | 5731
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Fig.8 Schematic representation of red carbon dot assisted two-photon bioimaging: (a) the fluorescence spectra and the UV-visible absorbance
spectra of red carbon dots; (b) multiphoton excitation spectrum of the red carbon dots; (c) the two-photon and confocal imaging of Hela cell
tumour embedded with red carbon dots under different magnification; (d) the quadratic relationship between the multi-photon fluorescence
intensity and excitation intensity after laser irradiation; (e) the multiphoton emission spectrum of red carbon dots under various excitation power.
Reprinted with permission from ref. 357, Copyright 2019, Royal Society of Chemistry; (f) two photon fluorescence images of the blood vessel of
a mouse ear before and after injection of the red carbon dots. The dashed line shows the partial enlargement. Reprinted with permission from ref.
354, Copyright 2022, Springer Nature; (g) the analysis of confocal and two-photon imaging of red carbon dot embedded zebrafish larvae.
Reprinted with permission from ref. 357, Copyright 2019, Royal Society of Chemistry.

consisting of both optical and ultrasound imaging techniques
called photoacoustic imaging.***** The photoacoustic effect is
a phenomenon whereby light energy absorbers in tissues are
treated with a non-ionizing pulsed laser beam in the near-
infrared range for a nanosecond time-range. Some of the light
energy of the laser beam is transformed to heat that prompts
a quick expansion of thermoelastic materials followed by the
generation of an ultrasonic wave. The produced waves are
detected by an ultrasonic sensor presented on the surface of the
object being imaged. It is time-saving, non-intrusive and safe.
Hence it is suitable for kids. Like fluorescence imaging, pho-
toacoustic imaging also has sensitive light absorption and can
produce high-contrast images (with a few centimeters of depth)
in the areas of biological tissues.**'*** Ge et al. produced broad
absorption red fluorescent carbon dots from polythiophene
phenyl propionic acid. The red carbon dots showed photo-
acoustic phenomena and high photothermal conversion effi-
ciency characteristics when treated with a laser. The
characteristics of red carbon dots were utilized in photoacoustic
imaging and cancer therapy.*®® Parvin et al. reported phos-
phorus and nitrogen co-doped red emissive higher quantum
yielded carbon dots from citric acid via a simple hydrothermal
treatment for utilization in the photoacoustic imaging of living
tissue. The excitation-dependent fluorescent emission of the as-

5732 | Nanoscale Adv., 2023, 5, 5717-5765

synthesized red carbon dots was observed in this case. Fluo-
rescence images were captured under various excitation wave-
lengths of 455 nm, 523 nm, 595 nm and 605 nm, Fig. 9(a). The
response photoacoustic intensity spectrum of the red carbon
dots was recorded under various concentrations of carbon
quantum dots and it was seen that the photoacoustic signal
increased with concentration, Fig. 9(b). Real-time photoacoustic
imaging was performed after injecting the red carbon dots into
cancer-affected mice. A controlled experiment was also per-
formed along with the first one. The red carbon dots were
spread all over the body of mice as well as the affected tumour
area. Their photoacoustic images were captured. After six hours
the red carbon dots were concentrated in the tumour-affected
area, Fig. 9(c). After one day other organs including the liver,
heart, lung, kidneys, spleen and tumour were also recorded. The
liver and tumour of the mice exhibited maximum fluorescence
whereas the others showed very low fluorescence, Fig. 9(d). The
fluorescence of the tumour area increased very fast after the
injection due to the fast settling down in the area. For better
diagnosis various deposition stages were recorded at various
time intervals, Fig. 9(e).*®® Jia et al. developed gold nanorod and
silica-coated carbon dots with excitation wavelengths ranging
from 680-980, which were utilized in both photoacoustic
imaging and photothermal therapy.’* Bao et al. developed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Photoacoustic imaging of red carbon dots: (a) excitation dependent fluorescence of carbon dots solution; (b) photoacoustic response of
red carbon dots with various concentrations; (c) photoacoustic photograph of the red carbon dots injected mice at various time intervals; (d)
experimental in vivo photographs of the red carbon dots injected liver, spleen, heart, kidney, lung, and tumour of cancer affected mice; (e)
photoacoustic photographs of tumour in mice after being injected with red carbon dots under excitation wavelength at various time intervals.

Reprinted with permission from ref. 366, Copyright 2017, Springer.

photostable near-infrared emissive sulphur and nitrogen-
embedded carbon dots that showed good theranostic poten-
tial for use in photoacoustic imaging.**® Xu et al. demonstrated
cobalt oxyhydroxide-coated red fluorescent carbon dots for the
photoacoustic and fluorescence probe for the sensitive and
selective identification of ascorbic acid. This result influenced
researchers to develop oxyhydroxide-based photoacoustic
probes.**®

5.1.2. Therapy. Therapy is intended to both treat and
prevent a particular disease. This process helps to heal or
restore the health of a living being. Medicines are used to
specifically target the proteins and genes that support the
growth and survival of cancer cells to control and prevent
growth.

5.1.2.1. Photothermal therapy. As the name suggests “Pho-
tothermal Therapy” involves “photo” which means light and
“thermal” which means heat. This process is one of the types of
therapeutic models for cancer treatment through a photo-
thermal agent that transformed the nonradiative absorbed light

© 2023 The Author(s). Published by the Royal Society of Chemistry

to heat energy in the location area. It has reduced side effects
unlike traditional chemotherapy.’”**”* Permatasari et al. re-
ported red-shifted pyrrolic nitrogen-rich carbon dots via
microwave-assisted hydrothermal synthesis. The red carbon
dots showed photothermal effects with high near-infrared
photothermal efficiency and high fluorescence characteristics.
These characteristics are used in photothermal cancer
therapy.’”> Scialabba et al. prepared red fluorescent biotin-
coated carbon dots as nano-heaters to convert near-infrared
light into heat for the photothermal therapy of the cancer
cell.?” Lan et al. developed sulphur and selenium-embedded
carbon dots with excitation in