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Carbon quantum dots (CQDs) are fluorescent carbon nanomaterials with unique optical and structural
properties that have drawn extensive attention from researchers in the past few decades. Environmental
friendliness, biocompatibility and cost effectiveness of CQDs have made them very renowned in
countless applications including solar cells, white light-emitting diodes, bio-imaging, chemical sensing,
drug delivery, environmental monitoring, electrocatalysis, photocatalysis and other related areas. This
review is explicitly dedicated to the stability of CQDs under different ambient conditions. Stability of
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1. Introduction

The term “CQDs” refers to discrete, quasi-spherical, extremely
fluorescent nanomaterials that are between 2 and 8 nm in
size.'™ CQDs feature a core-shell structure with a carbon core
(2-3 nm with 0.2 nm lattice spacing)* and self-passivated shell
(comprising functional groups).” The core (intrinsic states),
according to studies, can either be graphitic crystalline (sp®) or
amorphous (mixed sp?/sp’®).>® The structure of CQDs depends
on various parameters like the type of precursor, synthesis
method, pH, solvent type, synthesis duration, etc.® Due to their
similarities to inorganic QDs, they were initially called “carbon
nanoparticles” but later changed their name to “carbon dots”.
They are also called carbon nanodots or fluorescent carbon
nanoparticles.”

Researchers' attention has been drawn ever since the unin-
tentional discovery of CQDs by Xu et al. in 2004 while purifying
single-walled carbon nanotubes made from arc-discharge soot
by gel electrophoresis.” CQDs mainly comprise carbon; an
abundant and nontoxic element in the universe which has
always captivated researchers since ages.

CQDs are a true competitor to their traditional inorganic
counterparts due to their exceptional nature and distinctive
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stability for making CQDs suitable for commercial applications.

structure, which are evident in their optical, chemical, physical
and electronic properties, as well as their low cytotoxicity, good
water solubility, excellent stability, and ease of synthesis.">*?

From both a theoretical and practical standpoint, fluores-
cence is one of the most attractive characteristics of CQDs. The
vast majority of studies document the excitation-dependent
emission behaviour of CQDs, however independent excitation-
emission has also occasionally been observed in some cases.
There are many theories that have been put forth to explain the
emission in CQDs, but three have received the most consider-
ation. These theories are: (1) size-dependent emission
(quantum confinement effect), which is associated to the
carbon core's conjugated p-domains; (2) the surface states,
which are associated with the existence of functional groups
linking carbon backbone; and (3) the molecular state in which
fluorescent molecules are either free or bound and produce the
emission."*"”

Earlier heavy metals like cadmium or mercury were consid-
ered to be the major components in the synthesis of traditional
QDs. They were utilised in several applications and were
acknowledged as a template for all other QDs.'® However, the
use of them in biological systems has been seriously questioned
due to their possible toxicity. Recent investigations have
demonstrated that the degradation of heavy metals-based QDs
in biological settings is caused by the release of extremely
cytotoxic ions.” With the development of CQDs (Cd-free QDs)
which were considered superior to conventional QDs in terms of
photo stability, thermal stability, aqueous stability, biocom-
patibility, chemical stability and cytotoxicity, the problem of
degradation of cellular environment by Cd was reduced.”**
This leads to the development of CQDs and consequently, CQDs
have turned out to be excellent alternatives to classical metal-
based semiconductor quantum dots (SQDs).*
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The synthesis method, precursors employed, and other
synthetic parameters (such as temperature, time, pH, etc.) affect
the properties of CQDs (structure, fluorescence, solubility,
etc.).>*** Consequently, CQDs with diverse features can be syn-
thesised by altering the said parameters which made them
useful in myriad of applications including drug delivery, bio-
imaging, biosensors, chemical sensing, nanomedicine, light-
emitting diodes, environmental monitoring, disease diag-
nosis, electrocatalysis, photocatalysis and white light-emitting
diodes, etc.>>*¢

Although stability of CQDs is one of the prerequisites for
implementing CQDs in practical applications, no review has
been reported till date to the best of our knowledge empha-
sizing the stability of CQDs under different ambient conditions.
Thus, this review systematically discusses various types of
stability including photostability, thermal stability, time
stability, stability under high salt conditions and different pH
values. The current research on CQDs has mostly concentrated
on two aspects: (i) establishing a more simple, affordable, and
environmentally friendly synthetic approach; and (ii) broad-
ening the CQDs' field of use. The aspect of stability is somewhat
missing knowingly or unknowingly which needs significant
attention, if CQDs are to be used in diverse applications. So, the
purpose of this present review is to make the reviewers cogni-
zant about the importance of stability, factors which influence it
and possible ways to improve the CQD's stability.

2. Stability of CQDs

It has been observed that properties of CQDs are affected by
various factors like UV light irradiation, temperature, salts
(NaCl, KCl, etc.), pH, etc. thus the performance of CQDs should
be evaluated exclusively in light of these parameters.

2.1. Photostability of CQDs

Photostability is the property of a material which indicates the
stability of material under the exposure to radiation (UV, visible,
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etc.). Usually, fluorescent materials tend to bleach with time
when exposed to light. Therefore, high photostability is
required in applications where materials are exposed to light for
long duration.

In 2014, Tak H. Kim et al. synthesised organosilane func-
tionalized blue luminescent carbon dots (CDs) by utilising
precursors such as citric acid (carbon source) and N-(B-amino-
ethyl)-y-aminopropylmethyl-dimethoxysilane (AAPMS)
(solvent). The synthesised CDs had an average diameter of
around 0.9 nm with 47% QY The prepared CDs were then uti-
lised for (i) thin film fabrication in silica matrix (CD in silica)
and (ii) embedded with salt crystals (S-CDs) to perform the
stability test. Different salts (KBr, KCl and NaCl) were used
separately to form different types of S-CDs.

For the photostability test, a UV lamp (365 nm, 5 W) with an
energy intensity of 30 mW cm ™ was used to expose the sample
for 264 hours at a distance of 20 cm. A comparison was made
among CDs in silica and S-CDs as shown in Fig. 1.

A rapid degradation of PL intensity was observed when CDs
in silica were directly exposed to UV over the testing period. 20%
PL loss was observed after 4 hours exposure, stabilising at 10%
of the original intensity after 150 hours exposure as shown in
Fig. 1(a). PL degradation in S-CDs after 4 hours of exposure was
less than 10%. i.e. much improved stability was observed by
them under the same conditions as shown in Fig. 1.

The most stable specimen, S-CDs in NaCl, degraded 20% of
the PL's original intensity in 60 hours, which is 15 times slower
than CDs in silica. After stabilising at around 200 hours, it kept
over 70% of the initial PL intensity level, which is 9 times greater
than that of CDs in silica. When compared to CdTe quantum
dots with salt crystal implanted, NaCl S-CDs were shown to have
extraordinarily good PL stability. The three S-CDs samples' PL
decay rates were also examined, and it was found that they were
similar for the first four hours before becoming noticeably
different. S-CDs in NaCl were found to be the most stable, while
SCDs in KBr were the least stable. The water and oxygen trapped
in the salt crystals during crystallisation resulted in oxidation
degradation processes, which reduced the PL intensity by 30 to
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(a) UV stability of CD in silica and S-CDs in NaCl, KCl and KBr salts and (b) a detailed graphic showing the thermal stability of all samples

throughout the first 8 hours (this figure has been adapted/reproduced from ref. 27 with permission from Elsevier, copyright 2014).
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40%. At the initial stage in all S-CD samples, fast rate PL decay
was likely caused by the degradation of the adsorbed CD
particles on the crystal surface.

The prepared S-CDs were used as a colour-converting low
cost phosphor component for GaN UV light emitting diodes
(LEDs). In order to evaluate the CDs stability, the synthesised
LEDs were run nonstop for a week. In contrast to other S-CD-
LEDs and the LED made from CDs in silica, the NaCl S-CD-
LED demonstrated a stability level of 77% of PL intensity
retention throughout the course of the testing period of one
week, as shown in Fig. 2. Additionally, it was found that salt-
embedded CDs offer a practical and efficient way to shield
CDs against heat and UV deterioration. Comparing them to CDs
in silica-LED, they showed a considerable improvement in PL
stability as well as enhanced processability, proving that salt
encapsulation has converted CDs into thermally and UV-stable
color-converting phosphors for UV LEDs.*”

In 2014, C. Wang et al. used the hydrothermal approach to
synthesize blue luminescent carbon dots (CDs) utilising glucose
as the carbon source and glutathione (GSH) at 180 °C for 22
hours. The QY of the synthesized CDs particles, which were
amorphous in form and had a diameter of 2.6 &+ 0.2 nm, was
determined to be 7.2% at ambient temperature.

A xenon (Xe) lamp (450 W) was used to expose the syn-
thesised CDs for varying lengths of time in order to test their
photo stability. The fluorescence spectra revealed that even after
two hours (120 minutes) of irradiation, the synthesized CDs
maintained 92% of their original fluorescence intensity. This is
illustrated in Fig. 3. According to the findings, the prepared CDs
have high photostability.*

In 2015, W. Wang et al., produced Carbon Nanodots (CNDs)
from citric acid and urea by using solvothermal technique at
200 °C for 8 hours. According to the Stokes-Einstein relations,
the produced CNDs had a diameter of 0.921 + 0.005 nm and
were transparent and brownish in colour. The production yield
of prepared CNDs was about 60% and quantum efficiency
around 35%. UV irradiation (365 nm, 8 W) was applied using
a UV lamp with incidence intensity of 950 pW cm 2 to test the
photostability of synthesised CNDs. To avoid any UV leakage,
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Fig. 3 Photostability of the synthesized CQDs exposed to 450 W Xe
light at different times (this figure has been adapted/reproduced from
ref. 28 with permission from Elsevier, copyright 2015).

a black box was employed to house the UV bulb and CNDs were
placed in it for up to 48 hours. Degeneration in fluorescence was
observed which was caused by a photochemical process when
CNDs were exposed to UV light. This decay in fluorescence
intensity was caused by oxygen and the surface condition of
CNDs. Fluorescence photobleaching of the synthesised CNDs
was studied exhaustively along with the various ways for its
prevention. As can be seen in Fig. 4, photobleaching caused
a more than ten-fold reduction in fluorescence intensity, but no
apparent wavelength shift was seen. They came to the following
conclusions based on their observations and findings: (i) the
length and intensity of exposure governed photobleaching
(Fig. 4), the CNDs concentration (Fig. 5), the combined presence
of solvent and oxygen (Fig. 6), and (ii) a slight loss in mass and
size of CNDs due to photobleaching indicated a loss of molec-
ular structure.

The research team discovered that encapsulating CNDs in
a polymer matrix, like PMMA, results in the prolonged photo-
stability of the prepared CNDs as shown in Fig. 7, thus opening
many possibilities for upcoming applications.?
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(a) Spectra (b) a week-long test of LED PL intensity (this figure has been adapted/reproduced from ref. 27 with permission from Elsevier,
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Fig.4 3D luminescence plots of CNDs in aqueous solution at ambient temperature after (a) O hour, (b) 8 hours, and (c) 17 hours of UV irradiation.
From blue to green to red, the intensity rises. The luminescence spectra of CNDs in aqueous solutions upon excitation at (d) 365 nm and (e)
800 nm, respectively at ambient temperature (this figure has been adapted/reproduced from ref. 29 with permission from Royal Society of

Chemistry, copyright 2016).
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Fig. 5 Kinetics of UV-induced fluorescence photobleaching of
a 0.002 wt% CNDs solution in water in the presence and absence of
oxygen and in the presence of ascorbic acid (this figure has been
adapted/reproduced from ref. 29 with permission from Royal Society
of Chemistry, copyright 2016).

In 2016, Y. Guo et al, synthesized blue emitting CQDs via
a novel, facile and low-cost hydrothermal treatment of human
hair. They were cleaned with water and ethanol, added to an
autoclave, and then heated in an oven at 200 °C for 24 hours to
produce a black solid. The resulting CQDs were on average
4.56 nm in size. They exhibited strong excitation-dependent
emission behaviour, with a quantum yield of 10.75%. To
check the photostability of CQDs, continuous UV radiation
(365 nm, 16 W) was shone upon CQDs. Even after 80 min of

13848 | RSC Adv, 2023, 13, 13845-13861

illumination, no decrease in fluorescence intensity was
observed, demonstrating the good photostability of CQDs as
shown in Fig. 8.*

In the same year 2016, J. Zhao et al., prepared CQDs using
precursors like sodium citrate and carbamide via the microwave
method. The produced CQDs had a QY of 15% and a diameter
of 3-5 nm on average. These CQDs were mixed with poly-
urethane acrylate (PUA) to form thin film (CQDs/PUA
composite). As shown in Fig. 9, after 24 hours of nonstop UV
light exposure, the QY of the CQDs in the films remains
approximately 15%. Even after the constant 120 hours UV
excitation, CQDs in the membrane were kept stable and the QY
was still around 14%, indicating extraordinary photostability of
CQDs. The findings demonstrate that the CQDs' fluorescence
feature is stable in the polymer matrix and validates their
potential as a material for flexible electronics.*

In 2016, Y. Liu et al. prepared highly fluorescent nitrogen-
doped carbon dots (N-CDs) using precursors such as citric
acid (CA) and tris(hydroxymethyl)methyl aminomethane (Tris)
via one-step hydrothermal route. The mixture solution of N-CDs
underwent a hydrothermal reaction for 6 hours in an autoclave
at 200 °C. As a nitrogen-doping agent, Tris was used along with
a structure resembling a dendron and abundance of hydroxyl
groups (-OH). The synthesised N-CDs were amorphous in
nature and had an average diameter of 3.45 nm with a QY of
75%.

N-CDs were exposed to UV irradiation (365 nm, 250 W) from
mercury lamp with radiant intensity 20 mW ¢cm ™2 in order to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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quantum yield of CNDs declines with increasing CND concentration greater than 0.0082 wt%. (b) The graphic shows how CND fluorescence self
guenching occurs (this figure has been adapted/reproduced from ref. 29 with permission from Royal Society of Chemistry, copyright 2016).
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Fig.7 Before-and-after UV luminescence spectra of CND@PMMA on
a glass substrate (this figure has been adapted/reproduced from ref. 29
with permission from Royal Society of Chemistry, copyright 2016).
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Fig. 8 Test of the photostability of CQDs under continuous 365 nm
illumination (this figure has been adapted/reproduced from ref. 30
with permission from Nature, copyright 2016).

evaluate the photostability and no appreciable change in the
fluorescence intensity of N-CDs was seen as the testing time was
increased by 30 minutes. A 96% retention of fluorescence
intensity was seen even after a 360 minutes exposure (Fig. 10).*>

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

In 2018 B. Ju et al., synthesised excitation-independent
yellow-green emission carbon dots (CDs) from chloroform and
o-phenylenediamine using a facile solvothermal method in
which prepared mixtures of precursors were heated at 160 °C for

20
16
\l\.
e —
I\‘

12+
&
>
(s

8}

4 -

0 A 1 1

24 48 72 96 120

Hours(h)

Fig. 9 Quantum yield of the CQDs inside the thin film under contin-
uous irradiation (this figure has been adapted/reproduced from ref. 31
with permission from Wiley, copyright 2017).
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Fig. 10 Fluorescence intensity of N-CDs exposed to 20 mW cm™2 UV
irradiation from a 250 W mercury lamp at various time intervals (this
figure has been adapted/reproduced from ref. 32 with permission from
Royal Society of Chemistry, copyright 2017).
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12 hours in an autoclave. The prepared CDs were ~5-30 nm size
and exhibited a PL QY of 13.20%. It was found that with
continuous UV light illumination (365 nm, 12 W) on CDs for 8
hours, only slight attenuations were recorded (Fig. 11) indi-
cating excellent photostability of CDs. These CDs exhibited
highly selective detection toward explosive 2,4,6-trinitrophenol
(TNP) in environmental monitoring.**

In 2018, W. U. Khan et al., synthesized extremely emissive
green Nitrogen-Doped Carbon Dots (N-CDs) by heating the
precursors (ammonium citrate and urea) in an oven at 200 °C
for 1 hour. The generated N-CDs had an average size of roughly
9.3 nm and a QY of 13.4% and 50.3% upon optimal excitation at
400 nm in deionized water and ethanol, respectively.

As shown in Fig. 12(a), very minor attenuations were seen
after three hours of continuous UV lamp illumination (365 nm,
8 W) on N-CDs, and 96% of the original intensity remained after
180 minutes of UV lamp irradiation, demonstrating the N-CDs'
remarkable photobleaching resistance. On contrary, when these
N-CDs were integrated with PVA matrix to form flexible and
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Fig. 11 Photostability measurements of CDs solution (this figure has
been adapted/reproduced from ref. 33 with permission from American
Chemical Society, copyright 2018).
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transparent N-CD/PVA composite film and exposed to UV light
illumination (365 nm, 8 W), the emission intensity of the N-
CDs/PVA composite decreased to 5% of their initial intensity
after 120 minutes continuous UV irradiation as shown in
Fig. 12(b).>*

In 2019 A. Dager et al. synthesised crystalline CQDs using
fennel seeds as a natural carbon source by a single-step pyrol-
ysis route. In this method, fennel seeds were crushed to obtain
greenish fennel powder which was then heated for 3 hours at
a steady 500 °C. With a QY of 9.5% and an average size diameter
of 3.90 £ 0.91 nm, the CQDs that were prepared were extremely
mono-disperse.

In order to assess the photoirradiation stability of CQDs,
a continuous 4 hours Xe lamp (150 W) illumination of the
CQDs was done. No drop in the PL intensity indicated the
excellent photostability of prepared CQDs as shown in Fig. 13.
Enhanced photostability of synthesised CQDs may be attrib-
uted to extensive carbonization and improved crystalline
structure.®®
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Fig. 13 Continual exposure to a 150 W Xe lamp for 4 hours results in
nearly no detectable loss in PL intensity (this figure has been adapted/
reproduced from ref. 35 with permission from Nature, copyright 2019).
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(@) N-doped CDs' photochemical stability under 365 nm UV light; (b) photo-stability of CDs-PVA composite under UV (365 nm) lamp

irradiation at various intervals of time (this figure has been adapted/reproduced from ref. 34 with permission from American Chemical Society,

copyright 2018).
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In 2021, W. U. Khan et al., synthesised green emissive carbon
nanodots (CNDs) using ascorbic acid and p-phenylenediamine
via a facile hydrothermal method. The obtained CNDs had an
average size of 1.9 nm and a size distribution between 1 and
3 nm. In response to a 400 nm excitation, the produced CNDs
had QY of up to 10.1%.

The photostability of CNDs were examined by continuous
irradiating the CNDs with UV irradiation (8 W) for 90 min and
PL measurements were taken as shown in Fig. 14. The
normalized PL intensity was almost constant as shown in
Fig. 14 inducing the excellent photostability of prepared
CNDs.*

2.2. Thermal stability of CQDs

Thermal stability is the property of a material which indicates
the stability of material under the thermal condition. Usually,
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Fig. 14 Normalized fluorescence intensity versus time for photo-
stability test under UV exposure (90 min) (this figure has been adapted/
reproduced from ref. 36 with permission from Royal Society of
Chemistry, copyright 2021).
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fluorescent material's chemical structure changes at elevated
temperatures and consequently the emission decays. Therefore,
carbon dots must possess high thermal photostability in order
to withstand high temperature applications.

In 2014, T. H. Kim et al. tested the synthesised carbon dots
(CDs) at 80 °C for thermal stability. During the 264 hours testing
period, CDs made of silica exhibited less PL intensity degrada-
tion when subjected to heat than when exposed to UV light. For
CDs in silica, a loss of 20% of the initial PL intensity was seen in
less than an hour, but it took over 6 hours for KBr S-CDs (the
most thermally stable) to degrade to the same level.

At the end of the thermal stability assessment, it was
observed that CDs in silica, S-CDs in KCI, S-CDs in NaCl
retained 20%, 40% and 60%, respectively, of the initial PL
intensity whereas the best result was observed for S-CDs in KBr
in around 80% of the original PL intensity was retained. All
samples showed highly rapid PL intensity degradation during
the first 4 hours of temperature exposure, which may have been
caused by retained oxygen and water (Fig. 15).>” However, once
the water was removed from the crystals through evaporation,
the degradation either slowed down or stabilised.

In 2014, Chuanxi Wang et al., also noticed that emission
intensity of the as-prepared carbon dots (CDs) strongly affected
by temperature but the emission spectra of the CDs do not shift
with temperature as shown in Fig. 16(a). The intensity
decreased by 52% as temperature rose from 15 to 90 °C. When
the temperature increases from 15 to 60 °C, the PL intensity of
the obtained CDs changes somewhat linearly (Fig. 16(b)).The
fact that this temperature range exceeds the physiological
temperature makes these CDs interesting in vivo temperature
monitoring applications.?

In 2016, the thermal stability of N-CDs was tested by Yingbo
Liu et al. under two different scenarios: (1) heating test over
a broad range of temperature; and (2) heating test at a constant
temperature for a predetermined amount of time. Observations
revealed that the initial fluorescence intensity of N-CDs was
preserved during 25 °C to 65 °C and as temperature was further
increased from 75 °C to 95 °C, a small 2% increment in
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Fig. 15 Decay fittings of the thermal stability data (a) first order fitting for the first 24 hours and (b) first order fitting for the remaining hours (this
figure has been adapted/reproduced from ref. 27 with permission from Elsevier, copyright 2014).
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Fig. 16

(a) Temperature-dependent fluorescence emission spectra (excitation 400 nm) for the range of 15 to 90 °C (b) fluorescence emission

versus temperature (this figure has been adapted/reproduced from ref. 28 with permission from Elsevier, copyright 2015).

fluorescence intensity was noticed as shown in Fig. 17(a). By
doing a heating test for 360 minutes at fixed temperatures of
70 °C, 80 °C, and 90 °C, the thermal stability of the N-CDs was
further examined (Fig. 17(b)). No decrease in fluorescence
intensity was observed for any of the fixed temperatures over the
course of the entire heating process in comparison to the
fluorescence intensity at the beginning, though after 360
minutes, increase in fluorescence intensity of 2%, 7%, and 5%,
respectively, were noted at temperatures of 70 °C, 80 °C, and
90 °C. The constitution and steric effects of Tris, which contains
a lot of dendritic hydroxylmethyl groups, are responsible for its
exceptional stability performance.

The N-CDs were used as invisible ink for loading crucial data
for confidential communication due to their transparency (90%
in the whole visible spectrum), high QY, and outstanding
stability against UV irradiation and heating. They also observed
that the N-CDs/PVA flexible composite film emits strong blue
fluorescence when exposed to UV light and that the QY of the N-
CDs/PVA film was found to be 92%, which was significantly
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Fig. 17

higher than the QY of N-CDs in an aqueous solution. The
numerous hydroxyl groups on the N-CDs surface and the
hydrogen bonds that develop between them may be responsible
for this improvement in QY. These hydrogen bonds stabilise the
electrons and holes, allowing for more effective radiative
recombination.*

In 2018, Waheed Ullah Khan et al., performed various
experiments to test the thermal stability of as prepared N-CDs.
(1) When the temperature was increased from 20-90 °C, it was
found that the intensity of the N-CDs also increased by 9% as
shown in Fig. 18(a). (2) No decrease in luminescence was seen at
any stage during the entire heating procedure even though
temperatures were kept constant (70, 80, and 90 °C) for 120
minutes at each temperatures shown in Fig. 18(b). (3) The as-
prepared CQDs' UV-vis absorption spectra were recorded at
both room temperature and a high temperature (90 °C), and
both overlapped, showing that the chemical structure of the
synthesised CQDs is stable at high temperatures (Fig. 18(c)). (4)
The remarkable thermal stability of N-CDs was further
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(a) Fluorescence intensity of the N-CDs at temperatures ranging from 25 to 95 °C (b) fluorescence intensity of the N-CDs at fixed

temperatures of 70, 80, and 90 °C at various time intervals (this figure has been adapted/reproduced from ref. 32 with permission from Royal

Society of Chemistry, copyright 2017).
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(a) The PL intensity of N-CDs as a function of temperature in the range of 20 to 90 °C; (b) the distribution of PL intensity as a function of

fixed temperature (70, 80, 90 °C) at various time intervals; (c) the UV-vis spectra of N-CDs at 25 and 90 °C; and (d) the decay curves of N-CDs at
20, 60, 70, 80 and 90 °C (this figure has been adapted/reproduced from ref. 34 with permission from American Chemical Society, copyright

2018).

confirmed by the lack of a noticeable change in the decay curves
at high temperatures between 60 and 90 °C (Fig. 18(d)).**

In 2019, V. Rimal and colleagues synthesised bright green
luminous CDs by pyrolyzing oleic acid as an organic substrate at
230-260 °C for a short period of time while stirring continu-
ously between 180-260 rpm. This method produces two
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Fig. 19

principal products, namely aqueous CDs and solid CDs, as well
as a secondary product (anhydrous CDs), which was extracted
from the aqueous CDs. The prepared CQDs were of the order of
10 nm and had a QY of 50%.

According to the TGA investigation, solid CDs are stable up
to 400 °C, and the weight (%) loss was less than 1% for

(b) 100 ——— A- CA POLYMER
1 ——— B- CDs POLYMER
80
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(@) TGA study of A-solid portion of CDs, B-aqueous CDs, C-oleic acid and D-anhydrous CDs (b) nanocomposite made of A-cellulose

acetate polymer and B-CDs polymer that underwent TGA analysis (this figure has been adapted/reproduced from ref. 37 with permission from

Springer, copyright 2019).
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temperatures below 100 °C. However, above this point, the
weight (%) loss becomes abrupt with a consistent degradation
curve, as shown in Fig. 19(a). In contrast, aqueous CDs have less
thermal stability than oleic acid, yet a constant mass of 10%
remains unaltered after 200 °C. TGA graph of aqueous CDs
clearly indicate that the thermal stability of bare oleic acid was
effectively increased by synthesizing it to CDs. The synthesis of
CDs containing oleic acid improved thermal stability for the
first time in this study. In order to produce anhydrous CDs, the
aqueous CDs were subsequently dehydrated under the influ-
ence of heat. At 100 °C, these anhydrous CDs show a slight
bulge that might be caused by the evaporation of water that has
been adsorbed because of the environment. The anhydrous CDs
show a total weight decrease of 30%, indicating a novel class of
functional nanoparticles with excellent heat stability.
Compared to their counterparts, anhydrous CDs can operate at
much higher temperatures, up to orders of magnitude above
800 °C. This suggests that they may have potential applications
in high temperature environments, including drug delivery,
optical chemo/biosensors, optoelectronic devices, bio-imaging,
catalysis and white light-emitting diodes, among others.

A cellulose acetate polymer matrix served as a host for the
CDs as well. At first, this polymer nanocomposite showed
a steady weight loss curve, however as illustrated in Fig. 19(b),
the curve exhibits constant weight at orders larger than 500 °C.
The existence of the synthesised CDs, which are unaffected at
high temperatures, is the major reason for the composite's
increased thermal stability. Additionally, data demonstrates
that the characteristics of oleic acid CDs retains even when
embedded in a polymer matrix.*”

In 2021, Waheed Ullah Khan et al., test the thermal stability
of prepared green emitting CNDs in two ways: (1) the temper-
ature was increased from 10 °C to 80 °C and it was observed that
PL remains unchanged till 30 °C and it decreases by 8% (of its
maximum value) when temperature is raise to 80 °C as shown in
Fig. 20(a). (2). No luminescence loss was ever noticed while the
produced aqueous solution of CNDs was maintained at
a constant high temperature (80 °C) for 30 minutes as shown in

View Article Online
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Fig. 20(b). Results show that the synthesised CNDs exhibit high
thermal stability even in harsh thermal conditions.*

2.3. Ion or pH or time stability of CQDs

Ion or pH or time stability is the important factor in ensuring
CQDs to realize practical applications. The interference of
certain common cations (at various concentrations) with the
synthesised fluorescent CQDs was used to investigate the ion
stability. Likewise, the pH stability was assessed by observing
the quenching of PL under different pH conditions. Time
stability signifies the time span for which the properties of
CQDs are retained. This is a very crucial parameter from
application perspective as the life of the CQDs-integrated
systems will directly depend on the time stability of CQDs.

In 2014, Chuanxi Wang et al., investigated the ion stability of
as prepared carbon dots (CDs). In this investigation, 20 mM
solutions of NaCl, KNOz;, NH,Cl, ZnCl,, Ba(NOj3),, FeCl,,
Ca(NO;),, MgSO,, Cu(NOs),, Ni(NO;),, (CH;COO),Mn,
Co(NOj3),, Cd(NO3),, PbCl,, and (CH;COO);Cr were added to
1.0 ml produced CDs and mixed for 3 min. In this approach, the
fluorescence spectrophotometer was used to measure the
impact of the cations such as Na*, K*, NH*', zn**, Ba**, Fe*",
Ca”*, Mg?", Cu*, Ni**, Mn**, Co*>", Cd**, Pb**, and Cr**on the
emission response of the synthesized CDs. By comparing the
fluorescence intensities of CDs solution in the presence and
absence of the interfering ions, the relative fluorescence
intensity was calculated. It was observed that most of the
common cations show either no or negligible interference
(Fig. 21) which shows that the fluorescence intensity of the
prepared CDs was not significantly hampered by these cations.

An optical response with pH change was also observed when
the prepared CDs were assessed at different pH values. A
spectrofluorometer was used to measure the fluorescence
intensity of a series of the prepared CDs solutions, whose pH
ranged from 1 to 13.5, in order to observe the effect. As can be
seen in Fig. 22(a), the maximum emission intensity was seen at
pH = 3, although there was a significant pH drop from pH = 3

(@)

—

0.8 4

u,

0.6+

0.4

0.2 4

oo T T T T T
| 0 10 20 30 40 60 60 70 80 90
Temperature ( C)

Fig. 20 Thermal stability test (a) fluorescence intensity versus temperat

144

(b)

-i-s0’c

124

1.04 -

n,

0.6 4

044

0.2+

0.0

T L L T
0 5 10 15 20 25 30
Time (min)

ure (b) fluorescence intensity versus time at 80 °C (this figure has been

adapted/reproduced from ref. 36 with permission from Royal Society of Chemistry, copyright 2021).
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Fig. 21 Stability of CDs in presence of various metal ions (concen-
tration of 1072 M) (this figure has been adapted/reproduced from ref.
28 with permission from Elsevier, copyright 2015).

to pH = 10, and there was only a small shift in intensity from pH
10 to 13.

On the basis of pH fluctuation, the reversibility of CD
switching action was also assessed. When manufactured CDs
were cycled between pH values of 3 and 9, utilising acid and
base as modulators, PL intensity was noticed. Without tiring,
the switching procedure was carried out six times in a row,
demonstrating the good reversibility of two-way switching
operations (Fig. 22(b)). The findings suggested that the as
prepared CDs might be used for liquid temperature and pH
monitoring. Their group also accessed the time stability of
CQDs and they discovered no appreciable variation in the
fluorescence intensity by preserving the synthesized CDs for one
month under normal conditions as shown in Fig. 23.?®

In 2016, Yongming Guo et al., observed that as prepared CQD
exhibited good stability under high-salt circumstances (1.0 M
NaCl) as almost no change in fluorescence intensity was
observed as shown in Fig. 24. In addition, the fluorescence
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Fig. 23 The fluorescence spectra of as-prepared CDs (under 365 nm
UV light illumination) (1) in O month and (2) after 1 month when stored
under normal condition (this figure has been adapted/reproduced
from ref. 28 with permission from Elsevier, copyright 2015).

intensity of the prepared CQDs dropped by 18% in NaClO (100
uM) solution, indicating that the CQDs had good antioxidant
action.

Additionally, they investigated how pH affected CQD fluo-
rescence intensity over a broad pH range (pH 1-14). Because
several acidic functional groups were found to be present on the
surface of CQDs, it was discovered that the fluorescence inten-
sity of these materials was quite low between pH 1-4. However,
in an aqueous solution with a wide pH range (pH 5-11), the
fluorescence intensity remained practically constant, indicating
the significant potential for CQDs in a variety of fields. Fig. 25(a)
illustrates the decrease in fluorescence intensity at pH values
higher than 11.

In addition, they also looked at how selective CQDs were for
various metal ions, such asAg”, AI**, Ba**, Ca*>*, Cd**, Co*", Cr*",
cu®', Fe*", Hg*", Mg**, Mn?", Ni*", Pb®>" and Zn>". The fluores-
cence response of these metal ions was measured after being
introduced to the CQDs solution at a concentration of 100 uM as

PL Intensity (a.u.

pH=9

—
o

T T T T

0 1 2 3 4 s 6 7
Cycle number

-

(a) PL intensity of CDs at different pH values; (b) PL intensity of CDs during cyclic pH switching between 3 and 9 (this figure has been

adapted/reproduced from ref. 28 with permission from Elsevier, copyright 2015).
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(b) daylight and (c) reproducibility of the data

this figure has been adapted/reproduced from ref. 32 with

(
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Fig. 26 Data written on a filter paper using the N-CDs invisible ink under (a) 365 nm UV lamp,

written on filter paper under 365 nm UV lamp for 90 days storage under ambient air

permission from Royal Society of Chemistry, copyright 2017).
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Fig. 27 (a) PL intensity of N-CDs across a range of pH values (b) PL intensity of N-CDs as a function of time (this figure has been adapted/

reproduced from ref. 34 with permission from American Chemical Society, copyright 2018).
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Fig. 28 Emission spectra for varied durations of exposure to an open atmosphere for (a) bare CDs excited at 250 nm, (b) bare CDs excited at
350 nm, (c) SFCDs excited at 250 nm, and (d) SFCDs excited at 350 nm (this figure has been adapted/reproduced from ref. 38 with permission

from American Chemical Society, copyright 2019).

after 15 days with minimal variation. The synthesised CQDs
were utilised in bio-imaging applications and solid-state LED
manufacturing.®*

In 2020, M. Perikala et al., synthesised white-light-emitting
CDs by utilising citric acid as a carbon source, octadecene
(ODE) as a high boiling-point solvent and hexadecyl amine
(HDA) as the surface-functionalizing agent via a colloidal
synthesis technique. Bare CDs and Surface-functionalized CDs
(SFCDs) were synthesized using this method. The SFCDs were
made with HDA concentrations ranging from 0.1 to 0.4 M. The
bare CDs possessed an average size of approximately 4 nm with
QY of 4% and QY of 31% was reported for SFCDs.

The research group tested the time stability of both bare CDS
and SFCDs. They observed that the emission spectrum of CQDs
was highly stable when exposed to an open atmosphere. The
maximal emission count for bare CDs when excited at 250 nm
was of the order of 10>, whereas that for SFCDs was of the order
of 10° as shown in Fig. 28(a) and (c). However, when the exci-
tation wavelength was altered to 350 nm, the maximum emis-
sion intensity was increased by the order of 10 for both types of
CQDs as shown in Fig. 28(b) and (d). It was noticed that emis-
sion intensity decreased with exposure time in all cases
mentioned above except for SFCDs (when excited at 350 nm). In
this case, the emission intensity was decreased during early

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

exposure and then increased with exposure time (Fig. 28(d)) but
the reason for such behaviour was not clear. Interestingly, the
normalised emission spectra did not appear to be changed at all
by exposure to the open atmosphere for as long as 216 hours.*®

In 2021, Waheed Ullah Khan et al, tested the stability of
prepared green emitting CNDs in a high ionic environment
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Fig. 29 Normalized PL intensity under different KCl concentration
(this figure has been adapted/reproduced from ref. 36 with permission
from Royal Society of Chemistry, copyright 2021).
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using KClI salt. The concentration of KCI varied from 0 to 1.0 M
and corresponding PL were recorded as indicated in Fig. 29. The
nearly constant PL intensity indicates the great stability of CQDs
in an environment with a high ionic concentration.*® The
comparative study of stability of carbon quantum dots syn-
thesised by various researchers are summarized (Table 1).

3. Conclusion, challenges, and future
prospects

Since Xu et al. discovered CQDs in 2004 while separating single-
walled carbon nanotubes, CQDs have garnered a great deal of
attention due to their distinctive emission features, superior
biocompatibility and minimal biological toxicity. In recent
years, CQD applications have expanded fast beyond materials
science to healthcare, catalysis, energy, and the environment,
among other domains. In spite of fast development of CQDs, its
various aspects of research are still in its infancy.

In this review article, we have portrayed the stability of CQDs
synthesised by different methods and different precursors. The
stability of CQDs is a prerequisite for its application in various
fields. It is distinctly shown in the article that the stability of
CQDs is dependent on the ambient conditions like impact of UV
exposure, temperature, salt, pH, time and other parameters.

Photostability tests revealed that the emission yield of CQDs
were almost unchanged in most of the reports under contin-
uous UV exposure for some hours but in few cases as reported
by Bo Ju et al.** the emission intensity falls down. Stable emis-
sion is due to the stable structure of CQDs under exposure to UV
light. Similarly, CQDs possess good thermal stability for
temperatures less than 100 °C but it decreased too in few cases
as reported by W. U. Khan et al.* However, CQDs synthesised by
V. Rimal et al.*” exhibit highest thermal stability up to 800 °C
temperature which has ever been reported till date. This has
unfolded the possibilities of applications of CQDs at high
temperature.

As per the reports, CQDs has also shown long term stability
up to 1 month under ambient condition indicating CQDs
storage is not critical and they can be preserved for a long period
of time before its use.”® However, a decreased quantum yield
was observed after 6 months. On the other hand, the CQDs
emission is very sensitive to the pH of the medium. The emis-
sion intensity has dropped in highly acidic (pH < 3) and highly
basic (pH > 11) medium whereas emission intensity is almost
constant for pH values 3-10 in most of the cases.* Still, the
dependence of CQDs emission on pH is not consistent in all
reports.

It was observed that stability was enhanced when (1) salts
(like NaCl, KCl, etc.) were incorporated in CQDs, and (2) CQDs
were incorporated in the polymer matrix. Enhanced stability of
CQDs in polymer matrices is a key for its application in flexible
devices.

Stability of CQDs depends primarily on its structure and
composition which in turn depends on various parameters
including precursors, solvent, synthesis technique, synthesis
condition (pH, duration, etc.). In addition, the ambient

© 2023 The Author(s). Published by the Royal Society of Chemistry
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conditions also affect the stability of the synthesised CQDs.
Based on the type of surface functional groups the CQDs
exhibits sensitivity towards ambient parameters like tempera-
ture, concentration, etc. Stability can be modified either after
synthesis or during synthesis of CQDs though the former is
most commonly reported. Post treatment method involves the
surface group modification or surface passivation through
polymers, salts, etc.

Oxygen-containing groups (such as hydroxyl, etc.) on CQDs
surface are generally known as the luminescent quenching
centers which provided non-radiative pathways. The oxidation
of unstable surface groups in the open air led to the generation
of non-radiative defect states which suppress the radiative
emission and plenty of energy is dissipated in this way thus
overall fluorescence intensity of CQDs decreases. Establishing
a chemical bonding between CQDs (utilizing the oxygen-related
groups) and a polymer matrix modifies the surface functional
groups of CQDs and passivates the CQDs surface. As a conse-
quent, non-radiative recombination centres are effectively
eliminated and emission becomes more effective from the
radiative surface states. This chemical bonding proves to be an
effective way to enhance emission intensity but also improves
the stability of CQDs. By the surface passivation, the functional
groups on the surface get modified and hence the CQDs can
exhibit greater stability with minimal fluorescence quenching
over a long span.

In order to accept CQDs as a very stable contestant for
applications, it is highly demanded that future research must
carry out stability tests under stressful conditions. For example,
longer duration (days instead of a few hours) UV exposure,
exposure with high optical power, high temperature (above 100
°C) and long term stability or lifetime test (in years). In addition,
research must concentrate on designing CQD structures
according to application needs. These studies are very impor-
tant as this will give the true picture of stability of CQDs and will
greatly unfold many commercial applications of CQDs.

Large absorption coefficients, broad absorption spectra,
good electron transfer and charge separation ability of CQDs
make them suitable for the photovoltaic applications. CQDs can
cover multiple roles in photovoltaic devices going from energy
shift material to sensitizers to charge carrier layers to dopant to
donor/acceptor material and counter electrodes.

The broad emission characteristics (full width half maxima
>80 nm) of CQDs due to strong electron-phonon coupling and
as well as highly dispersed particle size makes CQDs a useful
alternative for the white LEDs (WLEDs).** Although Red-CQDs
have been reported by some researchers, long-wavelength
emission and high QYs of these CQDs are difficult to realize,
which are necessary for achieving warm WLEDs of high color
quality. Translucent or transparent nature of CQDs solution
makes its useful for invisible data transfer, labels or tags but
lowering of QY with time makes it challenging to retrieve the
invisible data after longer duration of time. In vivo diagnostic
applications of CQDs are well known due to their biocompatible
nature but the required high QY emission in NIR biological
window-I (650-950 nm) is rarely observed. The significant
advantages of low cytotoxicity and cost make CQDs an ideal raw
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material for constructing effective sensing devices for food toxin
detection. High surface area, low toxicity, low cost, and chem-
ical stability possessed by CQDs made them a suitable material
for rechargeable batteries. CQDs based composites are
employed to build cathode/anode materials and electrolytes in
lithium ion batteries (LiBs) and superior electrochemical
performance, including outstanding ultrafast energy storage
capability and negligible capacity fading has been observed.

Despite of the intense research conducted in the last fifteen
years on CQDs, many challenges need to be resolved for the
widespread adoption of CQDs. (1) It is critical to synthesize
CQDs of desired structure and size because precise control over
various synthesis parameters is required, which is hardly
available to date with a few exceptions. As such, there is a need
to develop the manufacturing processes to efficiently control
the core structure or the chemical composition of the emitting
surface centres. (2) The enormous degree of inconsistency
within the literature, related to the material's classification,
synthesis approach, purification, and subsequent character-
izations of the CQDs properties hinders the in depth investi-
gation of CQDs and the applications of CQDs in the applied
research. Consistency in the said areas is a must for true
comparative study and reasonable conclusions. (3) The CQDs
have low values of QY except for some limited cases and the QY
are even lower or compromised when measured at longer
wavelengths. Efforts must be made to extend the spectrum of
CQDs, especially in the near-IR region for widespread applica-
tions of CQDs including organic bioelectronics. (4) Very few
researches discusses about the stability and stability enhance-
ment of the synthesised CQDs, although stability is the most
important parameter from the application perspective. There is
a wide scope of research on the stability analysis of the CQDs
and to investigate the correlation between the structure and the
stability of the CQDs if any exists.

With the development of sophisticated technologies and
characterizations, we expect controllable synthetic procedures,
large-scale production, and a deeper understanding of the
structure-stability connection. Once this is achieved, the
stability can be controlled by precisely controlling the structure.
Regardless of the challenges associated with CQDs, its versatile
nature, capacity to surface modifications and tuneable optical
properties exhibit tremendous potential for a broad range of
applications which ensures that CQDs have a bright future.
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