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A green and facile approach for the synthesis of water
soluble fluorescent carbon dots from banana juice

Bibekananda De and Niranjan Karak*

Green luminescent water soluble oxygenous carbon dots with an average size of 3 nm were synthesized
by simply heating banana (Musa acuminata) juice at 150 °C for 4 h without using any surface passivating
and oxidizing agent or inorganic salt. The literature was used to propose a possible mechanism for the
formation of carbon dots by this approach. The resulting carbon dots exhibited concentration, excitation
wavelength and pH dependent luminescent behavior in the visible range. The quantum yield was 8.95 on
excitation at a wavelength of 360 nm, using quinine sulfate as the reference. The presence of large
amounts of oxygenous functionality was confirmed by FTIR and EDX studies. XRD and TEM illustrated the
poor crystalline nature and narrow distribution of these spherical carbon dots. Thus bio-based fluorescent
carbon dots with a high yield were reported for the first time through a simple and effective route without
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Introduction

Fluorescent carbon dots, a young smart member of the carbon
nanomaterial family, were first obtained during purification of
single-walled carbon nanotubes in 2004." They are generally
oxygenous carbon nanoparticles with a size of less than 10
nm.> Carbon dots gradually became exciting nanomaterials
because of their benign and inexpensive nature with ease of
availability which resulted in their numerous possible applica-
tions in optoelectronic devices, biological labeling and
> Compared to traditional semiconductor
quantum dots and organic dyes, photoluminescent carbon
dots are superior in terms of aqueous solubility, functionaliz-
ability, resistance to photobleaching, toxicity and biocompat-
ibility, though they exhibit broader photoluminescence
profiles and a lower quantum yield (<3%).6® Thus several
strategies have been demonstrated for the synthesis of carbon
dots with desired properties. High energy ion beam radiation
and laser ablation are two common approaches for the
preparation of carbon dots from cement and graphite
powders.”® However, to prevent the use of expensive pre-
cursors and energetic systems, different chemical methods are
being adopted. Oxidation of gas soot, carbon soot or activated
carbon using strong acids like nitric acid are also relatively
inexpensive ways to prepare carbon dots,'®'" but the use of
large amounts of such strong acids is undesirable and
hazardous. Again, the carbonization of glucose, sucrose,
glycol, glycerol, citric acid, ascorbic acid, etc. has achieved
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using any special apparatus or reagents.

significant attention for the production of fluorescent carbon
dots. However most of these methods need multi-step
operations and strong acids as well as post-treatment with
surface passivating agents to improve the water solubility and
luminescent properties of carbon dots.’*'* Recently, serious
efforts are being made to obtain self-passivating carbon dots
by one step hydrothermal carbonization with high tempera-
ture or microwave assisted hydrothermal carbonization of
different carbon precursors.”” ™ Again, all these methods also
suffer from some drawbacks like the requirement of a complex
and time consuming process, a high temperature and harsh
synthetic conditions, hence these methods are highly expen-
sive, which limits their wide applicability. Thus the production
of carbon dots from renewable bio-precursors with inexpen-
sive and greener methods is a challenging but worthy concept.
Sahu et al. reported such an endeavor from a readily available
natural bio-resource, orange peel.'® However, the yield of the
carbon dots from this bio-resource was very low. Here, we
report a facile and greener synthetic approach with a high
yield of green fluorescent carbon dots by simply heating
banana juice, a bio-resource, in a glass bottle. The formation
of carbon dots and their luminescence behavior under various
conditions were investigated. A detailed possible mechanism
for the formation of the carbon dots from banana juice was
also proposed by help of literature reports.

Experimental

Materials

Banana (Musa acuminata) was purchased from the local
market of Assam, India. Ethanol (Merck, India) and quinine
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sulfate (Sigma-Aldrich, Germany) were used as received. All
other chemicals used were of reagent grade.

Synthesis of carbon dots from banana juice

Carbon dots were synthesized by simply heating banana juice
in a glass bottle. In a typical procedure, a banana (ca. 80 g) was
cut into small pieces and turned into a paste with 100 mL of
water. Then 20 mL of the juice (pulp-free, solid content 52 mg
mL~ ") was taken with 20 mL of ethanol in a 60 mL glass bottle
plugged with a cotton cork and heated at constant temperature
of 150 °C in an oven for 4 h. A dark brown product was
obtained after cooling at room temperature. This was
dissolved in 20 mL of water and the residue was separated
by filtration. 50 mL of ethanol was added into the aqueous
filtrate and centrifuged at 960 x g (3000 rpm) for 15 min
under ambient conditions to separate the large particles. The
solvent was evaporated at room temperature under vacuum to
obtain highly fluorescent carbon dots. The yield of the desired
carbon dots was 600 mg (58% mass yield).

Characterization

The FTIR spectrum of the carbon dots was recorded on a
Nicolet FTIR spectrophotometer (Impact-410, Madison, USA)
using a KBr pellet. The elemental composition of the carbon
dots was determined by electron dispersive X-ray study (EDX,
JSM-6390LV). The amorphous nature and the interlayer
spacing of the carbon dots were measured by an X-ray
Diffractometer, Miniflex (Rigaku Corporation, Japan). The
morphology and the microstructure of the carbon dots were
analyzed by a high resolution transmission electron micro-
scope, HRTEM (JEOL, JEMCXII, Transmission Electron
Microscope operating voltage at 200 kV). A UV-visible absorp-
tion spectrum of the carbon dots in aqueous solution was
recorded using a UV Spectrometer, Hitachi (U2001, Tokyo,
Japan). The photoluminescent spectra were recorded using a
photoluminescent setup (Perkinelemer Singapore PTE Ltd.,
Singapore, Model LS 55) in aqueous solution. The quantum
yield of the carbon dots was determined at an excitation
wavelength of 360 nm by the equation,

Icp AR WCD
— On- D 1
Ocp =0Or" Ik Aco " )

where ‘Q’ is the quantum yield, ‘I is the intensity of
luminescent spectra, ‘A’ is the absorbance at exited wavelength
and ‘¢’ is the refractive index of the solvent used; using
quinine sulfate (quantum yield 54) in 0.1 M H,SO, solution as
the reference. The subscripts ‘CD’ for carbon dots and ‘R’ for
reference are used in this equation.

Results and discussion

Synthesis and characterization of the carbon dots

Synthesis. Carbon dots were synthesized by carbonization of
banana juice which contains carbohydrates like glucose,
fructose, sucrose and ascorbic acid as the carbon precursors.
Although the literature has reported the possible schematic
route for the formation of carbon dots from carbon precursors,
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Scheme 1 Possible mechanism for the formation of carbon dots.

obtained by the hydrothermal method,"® there is no clear and
detailed mechanism for the same. Thus a detailed possible
mechanism is proposed for the formation of carbon dots from
banana juice as shown in Scheme 1 based on the literature
reports of carbonization of carbohydrates.>®* At first hydro-
lysis, dehydration and decomposition of different carbohy-
drates takes place in the presence of ascorbic acid and results
in soluble compounds like furfural aldehydes, ketones and
several organic acids like acetic, levulinic, formic acid, etc.
which act as acid resources for different acid -catalytic
reactions (Scheme 1). Polymerization and condensation of
these products transforms them into different soluble poly-
meric products. The aromatization and carbonization then
take place via condensation and cycloaddition reactions
(Scheme 1). Finally the carbon dots are obtained by a probable
nuclear burst of these aromatic clusters at a critical concen-
tration at the supersaturation point. Here, the presence of
ascorbic acid in banana promotes the reaction at low
temperature to occur within a short time. All the intermediates
suggested by the mechanism are found in the literature. The
final structure was also analyzed by FTIR, NMR and EDX
studies.

Composition and structure. The formation of carbon dots
with an average size of 3 nm was confirmed from TEM
micrographs as shown in Fig. 1. The TEM images clearly reveal
that the carbon dots are spherical in shape with a narrow size
distribution ranging between 1.5 nm to 4.5 nm (Fig. 1b). These
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Fig. 1 TEM micrographs at different magnifications (a) 50 nm (b) 20 nm (with
size distribution, inset) and (c) 5 nm, and (d) SAED pattern of the carbon dots.

finer particles with a narrow size distribution are plausible due
to the use of milder conditions compared to literature reports.
In order to determine the elemental composition, the weight
and atomic ratios of C and O of the carbon dots were
estimated from EDX data (Fig. 2a) and were found to be
63.39 : 35.69 and 70.07 : 29.61 respectively. A minor amount
(0.92% in weight or 0.31% in atomic ratio) of potassium was
also found due to the use of bananas, which contain this
element. The different oxygenous functional groups and

d=0.42nm

Intensity (a.u)

20 (degree)

$ 918
1730 (Epoxy
w 1422 A
©0) o5 Koy T ring)
(c=C) 1264
c:

Transmittance (%)

3492 (-OH)

20 T T T
4000 3000 2000 1000

Wavenumber (cm™)

Fig. 2 (a) EDX spectrum, (b) XRD pattern and (c) FTIR spectrum of the carbon
dots.
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Fig. 3 (a) '"H-NMR and (b) '>*C-NMR spectra of the carbon dots.

linkages in the carbon dots were evident by FTIR data
(Fig. 2c). In this spectrum stretching frequencies at 3492,
2935, 1730, 1625, 1422, 1264 and 918 cm ' indicated the
presence of -OH, -C-H, C=0, C=C, C-O-C, C-O and an epoxy
ring respectively. The presence of these functional groups
suggests that the synthesized carbon dots have excellent water
solubility. The NMR spectra (Fig. 3) reveal the presence of four
different kinds of chemical environments in the four different
regions as discussed below.” In the "H NMR spectrum (Fig. 3a)
the regions found are: 1-3 ppm (for sp® C-H protons), 3-6 ppm
(for the protons attached with hydroxyl, ether and carbonyl
groups), 6-8 ppm (for the aromatic or sp> protons) and 8-10
ppm (for the aldehydic protons). Also in the *C NMR
spectrum (Fig. 3b), four similar regions viz. 20-80 ppm (for
sp® carbons and carbons attached with hydroxyl groups), 80~
100 ppm (for carbons attached with ether linkages), 100-120
ppm (for C=C aromatic or sp> carbons) and 175-190 ppm (for
C=0 carbons) are found. The XRD pattern (Fig. 2b) of the
carbon dots shows a broad peak at 21.1° corresponding to the
(002) peak. This indicates the interlayer spacing (d) of the
carbon dots (0.42 nm) is higher than that of the graphitic
interlayer spacing (0.33 nm) along with the broadness
character. This confirms the poor crystalline nature of carbon
dots, which is attributed to the generation of more oxygen
containing groups. This is further confirmed by the selected-
area electron diffraction (SAED) pattern of the carbon dots as
shown in Fig. 1d.

Absorbance and luminescence properties

The optical absorption peak of the carbon dots was observed
in the UV region with a maximum absorption at 283 nm and a
tail extending into the visible range (Fig. 4a). This is attributed
to the n-n” transition of the C=0 band and n-n" transition of
the conjugated C=C band.

The classic signature of carbon dots is emission wavelength
and size dependent photoluminescent behavior. From the
fundamental as well as application viewpoint, PL is one of the
most fascinating behaviors of carbon dots. The synthesized
carbon dots in aqueous solution show green luminescence on
exposure of UV light as shown in the inset of Fig. 4a. From the
photoluminescent spectra of the carbon dots (Fig. 4b) it was
clear that the PL intensity is dependent on the concentration
of the carbon dots. The intensity of the PL spectra sharply
increases with decreasing concentration of carbon dots. This
may be due to decreasing interactions among the different
polar groups at low concentrations. The presence of a high
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Fig. 4 Spectra of the carbon dots: (a) UV absorption, and PL with variation of (b)
concentration, (c) pH and (d) excitation wavelength (340-420 nm).

amount of polar functionality helps to form agglomeration at
high concentrations. The PL intensity is also dependent on the
excitation wavelength. The PL spectra of carbon dots with
variation of excitation wavelength (340-420 nm) are shown in
Fig. 4d. A strong PL emission peak located at 460 nm was
observed with an excitation wavelength of 360 nm. The
emission peak was also shifted to a higher wavelength with
the increase of the excitation wavelength, which is shown
clearly in Fig. 5. The mechanism of the PL behavior of carbon
dots is very complicated and has not yet been clearly reported.
The plausible reasons for the PL behavior are the presence of
different particle sizes and the distribution of the different
surface energy traps of the carbon dots.'® The difference in the
position of emission peak is due to the variation in size of the
carbon dots. The energy gap increases with the decrease in size
of the carbon dots and vice versa due to the quantum
confinement effect like semiconductor quantum dots. Thus
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Fig. 5 PL emission spectra of carbon dots at (a) 360 nm, (b) 400 nm, (c) 460 nm
and (d) 520 nm excitation wavelengths.
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the particles with a smaller size get excited at a lower
wavelength, whereas those with a larger size get excited at
higher wavelengths. The intensity of the PL depends on the
number of particles excited at a particular wavelength. The
highest PL intensity of carbon dots was observed at an
excitation wavelength of 360 nm, due to the largest number of
particles being excited at that wavelength. Another reason for
the excitation dependent PL behavior of carbon dots is the
nature of their surface. The presence of various functional
groups on the surface of the carbon dots may result in a series
of emissive traps between n and n” of C-C. On illuminating the
carbon dots at a certain excitation wavelength a surface energy
trap dominates the emission. As the excitation wavelength
changes, other corresponding surface state emissive traps
become dominant. Hence the PL mechanism is controlled by
both the size effects and surface defects. In Fig. 4c the
variation of PL intensity with pH (2-12) is shown. A strong PL
intensity was observed in the physiological pH range (4-8).
This is due to the electronic transitions of n-n" and n-n" that
are changed by refilling or depleting their valance bands with
the variation in pH.”> Using quinine sulfate as a reference
quantum yield of carbon dots in aqueous solution as
measured at an excitation wavelength of 360 nm and was
found to be 8.95. This value is higher than the literature
reported values for non-passvating carbon dots. Thus the PL
characteristic of the prepared carbon dots is promising for
their different possible applications. In biological detection,
carbon dots can be applied at low concentrations as the PL
intensity is sensitive to the concentration of carbon dots
whereas at low concentration the variation of PL intensity is
negligible. In addition, the PL is also sensitive to the excitation
wavelength, which may also pose a problem in biological
detection. This is due to the wide size distribution of the

W99 dyi

“1(e) ](d) —— Without purification

/\ —— After purification
] /
f
304 /
o 11\
/

Intensity (a.u)
PL intensity (a.u)

7 40 500 600
20() Wavelength (nm)

Fig. 6 (a) TEM image, (b) SAED and (c) XRD patterns of the carbon dots with
coarse carbon nanoparticles; (d) PL spectrum of carbon dots in the presence/
absence of coarse carbon particles.
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carbon dots which can be solved by preparing monodisperded
carbon dots using a properly designed protocol.

The variation of crystallinity and PL behavior of the carbon
dots in the presence of coarse carbon particles is shown in the
Fig. 6. Both PL and crystalinity are sharply decreased for the
un-purified carbon dots compared to the purified carbon dots.
This is comparable with the literature value.'® The TEM image
of the un-purified carbon dots shows the presence of coarse
carbon nanoparticles (Fig. 6a).

Conclusions

So, in this study, we have demonstrated a facile, simple and
large scale synthesis of water soluble green fluorescent carbon
dots from a cheap and readily available natural precursor.
They exhibited interesting concentration, pH and excitation
wavelength dependent photoluminescent behavior in the
visible range with a high quantum yield. So these bio-based
and water soluble highly luminescent carbon dots can
potentially be applied in solution state optoelectronics.
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