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Highly luminescent carbon dots (C-dots) were synthesized by the one-pot simple hydrothermal method directly from lemon juice
using different temperatures, time, aging of precursors, and diluted solvents to control the luminescence of C-dots. The obtained
C-dots were characterized by high-resolution transmission electron microscopy, X-ray photoelectron spectroscopy, Fourier
transform infrared spectrophotometry, dynamic light scattering, ultraviolet-visible spectrophotometry, and photoluminescent
spectrophotometry. The results show that C-dots had strong green light emission with quantum yield in the range of 14.86 to 24.89%
as a function of hydrothermal temperatures. Furthermore, light emission that is dependent on hydrothermal time, aging of precursor,
and diluted solvent was observed. These results suggest that the C-dots have potential application in optoelectronics and bioimaging.

1. Introduction

Carbon quantum dots (C-dots) have received considerable
attention in bioimaging because of their highly biocompat-
ibility, luminescent properties, and sphere-shaped nano-
particles [1, 2]. Generally, the synthesis of C-dots involves the
carbonization of carbon sources. Among different resources,
natural sources become widely accepted as green precursors,
which have great advantages in biomedicine because they are
simple, repeatable, environment friendly, and cost-effective
for the synthesis of C-dots [3, 4]. Therefore, considerable
effort has been made to synthesize C-dots from abundant
natural resources. For example, C-dots derived from apple
juice emit a wavelength of 428 nm with a quantum yield of
6.4% under the excitation of ultraviolet light of 340 nm [5].
Quantum yield of C-dots prepared from strawberries is 6.3%.
Maximum wavelength was 427 nm when they were excited by
a wavelength of 340 nm [6]. C-dots derived from orange juices
with a quantum yield of 26% were documented [7]. Recently,
C-dots derived from Acacia concinna seeds exhibiting strong
emission at 468 nm when excited at 390 nm with a quantum

yield of 10.2% were also reported [8]. In addition to fruit
juices, plant wastes such as pomelo peel [9], willow bark [10],
and watermelon peel [11] can be used for synthesizing C-dots.
Most natural C-dots emit short wavelengths when they are
excited by short excitation wavelengths. However, short ex-
citation wavelengths of high energy will cause the destruction
of tissue and cells which limit its application in bioimaging
and biomedicine. Recently, C-dots were synthesized suc-
cessfully in our laboratory by the hydrothermal treatment of
lemon juices [12]. In that research, we investigated the effect
of hydrothermal temperature on the green luminescence of
the C-dots under relatively long wavelength of excitation
(420 nm). To expand this research, we herein report the effect
of hydrothermal time, diluting solvents, type of precursor and
excitation wavelength to the luminescence of C-dots. To the
best of our knowledge, this is the first time the effect of
hydrothermal time and type of precursor to the luminescence
of C-dots prepared from lemon juices are studied, which
would build up more scientific information about C-dots field
for designing strong and stable light emission in bioimaging
and nanomedicine. The microstructure of the C-dots was
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FIGURE 1: Schematic description of hydrothermal process of lemon juice for synthesis of C-dots and HUST and AIST characters building

from C-dots under visible light and UV light.

characterized by high-resolution transmission electron mi-
croscopy (HRTEM). Chemical bonding of the C-dots was
determined by Fourier transform infrared (FTIR) spectros-
copy. Optical properties of C-dots were also determined using
UV-Vis and photoluminescence spectrometer, respectively.

2. Experimental Procedure

In a typical experiment, 40 mL of extract lemon juice (ivory-
white solution) was put into a Teflon-lined stainless steel
autoclave for hydrothermal treatment at 120 to 280°C for
12 h. After the reaction, the autoclave was naturally cooled to
room temperature. During this hydrothermal process, ivory-
white solution changed to dark brown solution, indicating
the formation of C-dots. These carbon dots were then pu-
rified to remove the larger nanoparticles by 2 um filter paper.
The microstructure and particles size distribution of the
C-dots were determined by using high-resolution trans-
mission electron microscope, HRTEM (JEM 2100, JEOL
Techniques, Tokyo, Japan), and dynamic light scattering
(DLS, Malvern, England), respectively. Chemical bonding of
the C-dots were measured with Fourier transform infrared
spectroscopy (FTIR using a Perkin-Elmer Spectrum BX
spectrometer) using KBr pellets and X-ray photoelectron
spectrometer (XPS, Multilab 2000, Thermo Fisher Scientific,
USA). Optical absorption and room temperature PL of the
C-dots were performed using a Cary 500 spectrophotometer
and a NANO LOG spectrofluorometer (Horiba, Edison, NJ,
USA) equipped with a 450 W xenon arc lamp.

3. Results and Discussion

Figure 1 shows schematic of the conversion of lemon juices
into C-dots. As shown in Figure 1, the ivory-white solution
of lemon juices was changed to dark brown solution, in-
dicating the formation of C-dots. This solution emitted
green color under ultraviolet excitation. This result indicated
the essential role of hydrothermal treatment for synthesis of
C-dots. The formation of C-dots in the bottom-up method
usually goes through three steps: (i) pyrolysis of carbona-
ceous precursors at high temperatures, resulting in (ii)
carbonization and nucleation, followed by (iii) surface

passivation by stable agents. Lemon contains very little fat
and protein. Its composition consists mainly of carbohy-
drates (10%) and water (88-89%). Carbohydrates in lemon
juices usually contain fiber and sugars such as sucrose,
fructose, and glucose. The scientists suggest that any car-
bohydrate containing C, H, and O in a ratio of 1:2:1 where
C and O exist in the form that allows dehydration under
hydrothermal conditions can be used to prepare C-dots [13].
The synthesis of C-dots from lemon juice involves the
carbonization of its constituents. Under hydrothermal
treatment, sucrose undergoes hydrolysis to produce glucose
and fructose. Surface passivation is considered to be an
important step in production of luminescent C-dots with
high quantum yield. Here, we have obtained strong lumi-
nescence C-dots without any surface passivation.

Figures 2(a) and 2(b) show the HRTEM image of C-dots
synthesized at 200 and 240°C. As shown in Figures 2(a) and
2(b), the apparent black spots observed in the images indicate
the formation of separate C-dots. In addition, a calculated size
distribution of C-dots synthesis at 200 and 240°C is in the
range of ~(12-15) nm and ~(3-5) nm, respectively.

HRTEM image does not show discernible lattice
structures of C-dots on the higher magnification, suggesting
that C-dots are amorphous dots. Although many scientists
have demonstrated the existence of a sp> crystal carbon,
most of the C-dots have weak crystallinity [13, 14]. Similar to
natural source-derived C-dots, lemon juice-derived C-dots
also have amorphous nature in this study.

The XPS spectrum of the C-dots given in Figure 2(c)
showed a peak at around 284.71eV and another peak at
529.63 eV attributable to the Cls and Ols, respectively. The
high-resolution spectrum of Cls showed that carbon is
present in three chemical bonds of C-C at 284.91eV [1],
C-OH at 285.6eV [7], and C=0 at 289 eV (Figure 2(d)).

The existence of chemical bonds is demonstrated by the
infrared spectrum (Figure 3). The peak of 1713cm™" cor-
responds to the characteristic amplitude C=0 [7, 15]. The
adsorption peaks at 1390 and 2925cm ™" indicate the exis-
tence of the C-H bond [15]. Peaks at 1360 cm™" are thought
to be related to the vibration of the COOH group. The
existence of this peak is attributed to the presence of acids in
C-dots when the temperature varies between 150 and 200°C
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F1GURE 2: Characterizations of C-dots. (a, b) HRTEM image (the scale bar: 20 nm), (c) XPS spectrum, and (d) high-resolution XPS spectra of

Cls of C-dots.

[16]. The peak of 1124 cm™ corresponds to the stretching
mode of the C-O-C bond [17].

Figures 4(a) and 4(b) show DLS and zeta potential of
C-dots synthesized at 240°C at 12 h. As shown in Figure 4(a),
the synthesized C-dots are ~50 nm in size, which could be
due to the agglomeration of the C-dots. The obtained zeta
potential result shows that the C-dots are ~9.48 mV, which
suggests relatively good dot stability (Figure 4(b)).

Figure 5 shows the UV-Vis spectra of C-dots synthesized
at different temperatures. As shown in Figure 5, the C-dots
synthesized at 150, 200, 240, and 280°C displayed similar
UV-Vis absorption center. Absorption peak at 283 nm
corresponds to the transition 7z-7 of C=C bond. The UV-Vis
absorption spectrum has no background absorption in the
visible area. This result demonstrated that there are no other
forms of nanocarbon produced during the partial carbon-
ization of precursors which are usually absorbed at longer
wavelengths [18].

The photoluminescence excitation (PLE) spectrum of the
C-dots is measured by monitoring the emission at 510 nm as
shown in Figure 6(a). The PLE spectrum of the C-dots
synthesized at 240-280°C shows peak centered in the range
of 410-440 nm. However, the PLE spectrum of the C-dots
synthesized at 150-200°C displays peak centered in the range
of 450-480 nm. Maximum excitation wavelengths for all
C-dots range from 400 to 480 nm. Figure 6(b) shows the
luminescent spectra of C-dots obtained at different tem-
peratures in 12h. Emission peak is displayed in the green
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Figure 3: FTIR spectrum of C-dots.

region between 500 and 550 nm depending on the hydro-
thermal temperature. In particular, C-dots synthesized at
150, 200, 240, and 280°C have corresponding emissive peaks
at 550, 540, 518, and 508 nm. When the hydrothermal
temperature decreased, the radiation wavelength was red-
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FIGURE 6: Optical properties of C-dots. (a) PLE spectra and (b) PL spectra of C-dots synthesized at different temperatures.
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FIGURE 8: Luminescence spectra of C-dots synthesized at (a) 280°C with different hydrothermal time and (b) 200°C in 12 h in various diluted

solvents.

shifted. These results could be attributed to effect of the
particles size of the C-dots as increasing temperature. In
other words, C-dots with the larger particle size will be
preferred to emit longer wavelengths due to the quantum
confinement effect [19].

To understand the role of citric acid in comparison with
different precursors used in the hydrothermal synthesis of
C-dots, we tested ripe lemon juice, fresh lemon juice, and
orange juice. The PL spectra of C-dots with variation of
precursors are shown in Figure 7. A strong PL emission peak
located at 500 nm is observed for the citric acid precursor.
The emission peak is shifted to a higher wavelength when
lemon juice and orange juice are used as precursors. The
citric acid shows the highest PL intensity. It is also seen that a
higher PL is observed for lemon juices compared to that of

orange juices. This result is because lemon juices have higher
concentration of citric acid do orange juices. From the PL
spectra of the C-dots, it is clear that higher PL is observed for
fresh lemon juices compared to ripe lemon juices. This result
explains that the ripe lemon juices led to significant decrease
in the grade of constituents and destroyed their surface
structure, decreasing the PL emission.

Luminescent spectra of the C-dots at 280°C in different
hydrothermal times of 3, 6, 9, and 12h are shown in
Figure 8(a). It is found that the hydrothermal time does not
affect the maximum peak position, but influences the
fluorescence intensity. As the hydrothermal time increases,
the intensity of the emission increases. Hydrothermal
treatments can generate a combination of temperatures and
pressure effect in the lemon juice precursors, causing the
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FIGURE 9: PL spectra of C-dots synthesized at different temperatures monitored by various excitation wavelengths: (a) 120°C, (b) 150°C, (c)

200°C, and (d) 240°C.

constituents’ dehydration, polymerization, and carboniza-
tion. In the hydrothermal process, the longer hydrothermal
time could lead to more conversion of constituents into
carbonization. Figure 8(b) shows the emission spectra of
C-dots in different solvents. The emission intensity of the
C-dots in the polar solvent is significantly increased relative
to the pure C-dots. It is observed that the luminescent in-
tensity of C-dots in water is greatest. Since water has a higher
polarization than organic solvents, C-dots in water exhibited
the highest luminescent intensity. Similar results were ob-
served in C-dots made from onion [17].

Figure 9 shows the luminescent spectra of C-dots at
different temperatures with changing of excitation wave-
lengths. As the wavelength changed, the PL spectra of C-dots
at different temperatures of 120, 150, 200, and 240°C

exhibited different wavelength dependencies. At low tem-
peratures of 120°C, there is a clear dependence of the
maximum emission wavelength on excitation wavelength.
When the temperature increased to 150°C, it was observed
that the degree of dependence of emission wavelength on
excitation wavelength becomes less significance. When the
hydrothermal temperature reached 200°C, the luminescent
peak was almost unrelated to the excitation wavelength.
There are two main reasons for the dependence of lumi-
nescent spectra of C-dots synthesized at 120 and 150°C on
excitation wavelength. The first reason is that at low tem-
peratures, the particles are not uniform in size. Some sci-
entists have demonstrated that C-dots with different sizes
have various bandgaps [20]. When light with a certain
wavelength is projected into C-dots, particles of the same
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FI1GURE 10: PL spectra of the diluted C-dots in deionized water (C-dots/DW). (a) Effect of excitation wavelength in C-dots/DW ratio of 1:1

specimen and (b) effect of C-dots/DW ratio.

size will give priority to the emission. When other wave-
lengths are projected, other sized particles will emit radia-
tion. As a result, the emission spectrum of C-dots depends
on the excitation wavelength. When the hydrothermal
temperature is high (200°C or higher), the size of C-dots
particles becomes more uniform. Therefore, the dependence
of the wavelength on the excitation wavelength is not ob-
served. The latter causes the excitation-dependent behaviors
of the emission spectra of the C-dots synthesized at low
temperatures that are surface states. As we know, surface
tunctional groups such as C=0, COOH, and C-O can
generate their own energy levels. So there will be many ways
of electron transfer from the excited state to the fundamental
state of the photon emission. Observations on the FTIR
spectra of C-dots produced at different temperatures (Fig-
ure 3) show that at low temperatures, the surface of the
C-dots contains COOH, C-H, C-O-C, and C=0 groups. At
high temperatures, the COOH, C-H, and C-O-C groups are
removed and the C=0 group is dominated. This is the reson
for excitation-independent luminescence of C-dots prepared
at high hydrothermal temperatures.

Figure 10(a) shows the luminescent spectrum of C-dots
diluted with water at a volume ratio 1:1 monitored by
different wavelengths. Unlike pure C-dots, diluted C-dots
showed excitation wavelengths dependence luminescent
properties. The emission peak shifted to a longer wavelength
region when the excitation wavelength increased. The
maximum emission intensity was observed at 524 nm when
the excitation wavelength was 420 nm. Similar results were
observed in C-dots diluted with alcohol, ethylene glycol, and
methanol. Due to the interaction of C-dots with polar
solvents, a series of emission traps are generated. When
C-dots are irradiated by light of a certain wavelength, these
surface traps prevail. But when they are exposed to different
wavelengths, other types of emission traps dominate. As a

result, when C-dots are stimulated by different wave-
lengths, the emission wavelengths of the diluted C-dots
depend on the excitation wavelength. Furthermore, the
maximum emission intensity is sensitive to the amount of
water added or otherwise sensitive to the concentration of
C-dots (Figure 9(b)). In diluted C-dots, the probability of a
collision is lower than that of the pure C-dots because of the
distance between the C-dots increase. Diluting C-dots in
deionized water reduces collision extinguishment and self-
absorption in high concentrations. As a result, the lumi-
nescent intensity of diluted C-dots in the solvents was
significantly increased.

Quantum yield (QY) is an important parameter for
characterization of luminescent nanomaterials. The easiest
method to determine QY involves comparing luminescent
intensity of the sample with the standard compound. The
selected standard and sample must be absorbed and
emitted in the same regions. Because absorption spectra of
sodium fluorescein and C-dots are located in the same
region, sodium fluorescein is chosen as the standard for
determining the QY of the C-dots. As known, the QY of
sodium fluorescein was 0.79 when excited by 370 nm
wavelength. Five different concentrations of the standard
and the samples are mixed so that their absorption at
370 nm is less than 0.1. Sodium fluorescein is diluted in
0.1 M NaOH, and C-dots are diluted with deionized water.
The refractive index of 0.1 M NaOH solution and deionized
water are 1.33. Absorption spectra of all samples are
measured and their absorbance at 370 nm is determined.
In addition, their luminescent spectra with an excitation
wavelength of 370nm were also measured. Figure 11
shows the dependence of integral luminescence intensity
on the absorbance of both standard and C-dots produced
at 150°C for 12h. Data show the linear dependence of
integral luminescent intensity according to absorption.
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TasLE 1: Comparison of the QYs of C-dots prepared by various
natural precursors.

Precursor Size (nm) Color QYs (%) Ref.
Apple juice 28+04  Blue 6.4 (5]
Strawberry juice 5.2 Blue 6.3 [6]
Pomelo peel 2+0.5 Blue 6.9 [9]
Willow bark 1-4 Blue 6.9 [10]
Watermelon 2+0.5 Blue 7.1 [11]
Orange juice 1.5-45  Green 26 (7]
Fungus 2.3+0.3 Blue 15.3 [21]
Carrot juice 2-8 Blue 5.16 [22]
Soy milk 13-40 Blue [23]
Garlic 1-3 Blue 5.1-10.5 [24]
Onion waste 15 Blue 28 [17]
Lemon juice 3-5 Green  21.37  In this study

The quantum yields of C-dots are given by the following
equation:

n2

m X
QYX = QYstm—x ) (1)

st st

where the subscripts st and x represent the standard and
sample, respectively, m is the gradient from the plot of
integrated luminescence intensity versus absorbance, and
n is the refractive index. The quantum yield of C-dots
synthesized at 150°C is 14.86%. The QY of C-dots syn-
thesized at 200, 240, and 280°C for 12 hours when excited
by 370nm wavelengths using similar calculations is
16.87%, 21.37%, and 24.89%, respectively. These results
could be attributed to effective conversion of natural
acidic constituents into carbonization as increasing hy-
drothermal temperature of process which is approved by
FT-IR results.

To understand the uses of C-dots synthesized from
lemon juice, we compared the luminescence of lemon juice-
derived C-dots with other natural precursors, and their
quantum yields are listed in Table 1. These results clearly
reveal that the lemon juice used in this study enhanced the
quantum yields (QYs) to a certain extent.

4. Conclusions

In this article, we herein have demonstrated that the strong
and stable green light emission of C-dots could be syn-
thesized successfully by the one-pot of hydrothermal
method. In particular, The PL intensity of the C-dots in-
creases with increasing hydrothermal temperature and time.
In addition, C-dots diluted by polar solvents induced
stronger luminescence than did the pure C-dots. The ob-
tained C-dots having strong, inert, and stable luminescent
properties would be particularly important for potential
applications in optoelectronics and bioimaging.
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