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Carbon nanodots have emerged as a novel class of car-
bon-based materials since they were discovered acciden-
tally during the electrophoretic purification of single-walled
carbon nanotubes.! The carbon nanodots typically have
quasi-spherical shape and discrete sizes of a few tens of
nanometers. In general, carbon materials are not lumines-
cent and not very soluble in water. However, carbon nano-
dots can be made soluble in aqueous media since hydrophilic
groups such as carboxylic acid moieties are introduced at
the surface of nanodots during the process of formation.
The surface carboxylic group can be subsequently mod-
ified into different functional groups for various pur-
poses. One of the interesting features of carbon nanodots
is their photoluminescent property, which is dependent on
the size of nanodots and the excitation wavelength. Car-
bon nanodots can be processed chemically stable, and bio-
logically compatible. Due to their unique photochemical
and photophysical properties, carbon nanodots attracted a
great deal of interests in the area of fluorescent nanoma-
terial applications such as biological imaging, optical sen-
sors, and light-emitting devices.>™ To date, a variety of
synthetic methods including chemical ablation, laser abla-
tion, hydrothermal treatment, microwave irradiation etc.,
have been introduced to produce fluorescent carbon nan-
odots.*** Some progresses have been made in the synthesis
of carbon nanodots, but there are still many problems and
issues to be addressed about controlling the particle size,
uniformity, nanostructure, and surface properties in order
to find useful applications in utilizing the fluorescent car-
bon nanomaterials. Photoluminescence properties have
been studied for a variety of carbon nanodots. For last
decades, a wide range of fluorescence carbon nanodots
with varying particle sizes and different luminescent col-
ors have been prepared and their photophysical and pho-
tochemical characteristics were investigated.”® Most of
carbon nanodots studied show the excitation wavelength
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dependent fluorescence. Zhao ef al., attributed this find-
ing to the size difference of nanodots, > and Sun ef al., sug-
gested the distribution of emissive trap sites as well as the
difference in size are responsible for the wavelength
dependent emission.'® Fluorescence quantum yield of car-
bon nanodots is in most cases very low, but recent studies
reported that surface passivation could increase the flu-
orescence quantum yield.'"'> Photoluminescence decay
studies show the multi-exponential nature of fluorescence
lifetime, which indicates the presence of different emis-
sive sites.”!” Several explanations such as quantum size
effect, defects and surface states, surface passivation, m-
conjugation of fluorophore, electron-hole pair recombi-
nation in carbon clusters are given to the origin of the flu-
orescence. Even with all those ongoing studies for newly
prepared fluorescent carbon nanodots, their photolumi-
nescence origins are still not very clear and the mecha-
nism for fluorescence is not well understood. It is
considered that the fluorescence characteristics of carbon
nanodots are very much affected by specific methods of
preparation and conditions related to an individual syn-
thetic method.

Carbon nanodots can be synthesized by either top-down
or bottom-up approaches. In top-down methods, carbon
nanodots are formed by breaking down larger carbon
materials such as graphite or graphene, whereas in bot-
tom-up methods carbon nanodots can be formed by
decomposition and carbonization of small or large organic
precursor molecules.” In this work we have applied a
microwave-assisted method, and an electrochemical method
for the synthesis of carbon nanodots. The size and cluster
structure of carbon nanodots are studied using a trans-
mission electron microscope. The spectroscopic charac-
teristics of the prepared carbon nanodots are investigated
by electronic absorption and emission spectroscopy. In
addition to the carbon nanodots, boron-doped carbon nano-
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Figure 1. TEM images for (a) carbon nanodots synthesized by a
microwave-assisted method shown with 100 nm scale bar (b)
carbon nanodots synthesized by an electrochemical method shown
with 5 nm scale bar. The images were taken by the field emis-
sion transmission electron microscope (Hitachi/HF-3300).

dots'* were also prepared and their fluorescence proper-
ties were studied and compared with the undoped ones.

Size Distribution of Carbon Nanodots

The formation of carbon nanodots is identified by the
field emission transmission electron microscope (Hitachi/
HF-3300) and their size was estimated. Fig. 1 shows the
TEM images of carbon nanodots prepared by a micro-
wave-assisted method and an electrochemical method.
The average particle size for the carbon nanodot synthe-
sized by a microwave-assisted method is estimated to be
about 15-20 nm in diameter, meanwhile the carbon nano-
dots prepared by an electrochemical method are much
smaller than the former ones and estimated to be sub-
nanometer size.

Absorption and Photoluminescence Properties

The UV/Vis absorption spectra of carbon nanodots pre-
pared using two different synthetic methods are shown in
Fig. 2.
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Figure 2. Electronic absorption spectra of carbon nanodots syn-
thesized by (a) a microwave-assisted method (----), (b) an elec-
trochemical method (—), and (c¢) B-doped carbon nanodots (--*).

They indicate similar absorption features even though
their spectral shapes might be slightly varied depending
on the preparation methods. It is typical that strong absorption
peak is observed in 230-300 nm region with the absorption
edge extending all the way down to ~550 nm. The absorp-
tion peak observed in ultraviolet region is attributed to 7
7* transitions of C=C bond, and this peak is more prom-
inent for the carbon nanodots prepared by a microwave
method and weakly observed for carbon dots prepared by
an electrochemical method. The UV/Vis absorption spec-
trum for B-doped carbon nanodots are also included for
comparison. The 7=7* transition peak of B-doped carbon
nanodots shifted to lower energy absorption compared to
the undoped ones, and there is a weak unresolved shoul-
der band as shown in the figure.

The photoluminescence property is one of the interest-
ing topics for the applications of carbon nanodot materials.
The fluorescence spectra for the carbon nanodots prepared
by a microwave-assisted method were measured at sev-
eral excitation wavelengths and shown in Fig. 3. The flu-
orescence spectra have broad bandwidth with the peak
wavelength centered around 439 nm. The peak of fluores-
cence band does not seem to change as excitation wave-
length varies.

Fig. 4 shows the fluorescence spectra for the carbon
nanodots prepared by an electrochemical method. As exci-
tation energy decreases, i.e., the excitation wavelength
shifts to red, a red shift in the emission spectra is observed.
In contrast with the observation made for microwave-
assisted carbon nanodots where the fluorescence peak
position does not change, now it shifts in relation to the
excitation wavelength. This is manifested in the inset of
the figure. The excitation wavelength dependence of the
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Figure 3. Fluorescence spectra of carbon nanodots synthesized
by a microwave-assisted method. Fluorescence was measured
for different excitation wavelengths. Aex =300 nm (—), Ax =310 nm
(), Aex =320 nm (- **), Aex =330 nm (------).
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Figure 4. Absorption and fluorescence spectra of carbon nano-
dots synthesized by an electrochemical method. Fluorescence
spectra were obtained for different excitation wavelengths.
=300 nm (—), Ax=330 nm (----), Aex=340 nm (-**), Aex=350 nm
(---"-"). The inset shows the normalized fluorescence peaks.

emission peak may result from the size distribution of car-
bon nanodots or may be related to the surface chemical
groups.”!® It was observed that the carbon nanodots pro-
duced by microwave-assisted method gives slightly larger
fluorescence quantum yield than those by electrochemi-
cal method. However, the overall fluorescence efficiency
is low and measured to be about ~3% at best as shown in
Table 1.

There have been many efforts to enhance fluorescence
quantum yield of carbon nanodots. The effective way of
enhancing quantum yield is surface modification or pas-
sivation. In this study, Boron-doped carbon nanodots were
produced and two- to three-fold increment of fluorescence
quantum yield was observed. Additionally, the emission
spectra of boron-doped carbon nanodots (B-CNDs) is shifted
to red with peak wavelength of 454 nm, which is about 15
nm red-shifted compared to the undoped one.

Table 1. Fluorescence quantum yield of carbon nanodots

Fluorescence

Carbon nanodots ~ Absorbance . . On
intensity (arb.)
Microwave assisted 0.035 1622432 2.95x 107
Electrochemical 0.053 135027 1.63 x 10
B-doped 0.088 104594209  7.95 x 1072

Fluorescence quantum yields were determined using 9,10-diphenyl anthra-
cene as a standard (¢a = 0.95 in cyclohexane) at 350 nm.

In summary, fluorescent carbon nanodots were pre-
pared by using a microwave-assisted and an electro-
chemical method, and their photoluminescent properties
were investigated. Carbon nanodots prepared by micro-
wave-assisted method do not exhibit any peak shift
in fluorescence spectra as the excitation wavelength
changes. However, the fluorescence of carbon nanodots
prepared by electrochemical method show red shift on
increasing excitation wavelength. Carbon nanodots by
the microwave- assisted method give higher fluores-
cence quantum yield, and the fluorescence appears at
shorter wavelength than those produced by the electro-
chemical method. The size distribution and spectral
properties of carbon nanodots vary depending on dif-
ferent preparation methods. It was noted that the fluo-
rescence of carbon nanodots was enhanced by doping
with boron and the emission wavelength of carbon nan-
odots can be tuned by the doping.

EXPERIMENTAL

Microwave-assisted Method

(i) Preparation of carbon nanodots: 0.5 g f-D-Glucose
(Sigma Aldrich) dissolved in 10 mL of distilled water
was mixed with 10 ml of polyethylene glycol 200 (Duk-
san Chemical Co.). The reaction mixture is irradiated
with microwave for 3 minutes in 800W microwave oven
(Panasonic). The colorless solution turns into light yel-
low and later into dark brown as the microwave heating
proceeds. The obtained dark brown solution is cooled
and dialyzed by 100 kDa membrane (Viskase Co.) for 24
hrs. A solution of yellow color is finally obtained after
the dialysis. (ii) Preparation of B-doped carbon nano-
dots: 0.5 g of B-D-Glucose(Sigma Aldrich) and SmL of
polyethylene glycol 200 are dissolved in ~15 mL of distilled
water. Boric acid solution of 0.05 g boric acid(Duksan
Chemical Co.) in 10 ml of distilled water is prepared and
then mixed with glucose/polyethylene glycol solution.'
The reaction mixture is heated with microwave for about
6 minutes.
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Electrochemical Method

Electrochemical carbonization of ethanol was carried out
in basic condition. Two Pt sheets as the anode and cathode
are placed in the solution mixture of ethanol, distilled
water, and NaOH where NaOH/EtOH was used as an elec-
trolyte. A constant voltage of 3.0 V is applied to the electrode
for about three hours. It is reported that the electrochem-
ical oxidation of alcohols in basic solution can produced
hydroxy/alkoxy free radicals and carbonium ions.'*'¢ As
the carbonization proceeds with time, it was observed that
the initial transparent solution mixture changes its color to
yellowish, and later to dark brown. After removal of eth-
anol by heating, and NaOH by 100 kDa dialysis membrane,
carbon nanodot solution is obtained.

Acknowledgments. This work was supported by a research
grant from Daegu University.

REFERENCES

1. Xu, X. Y.; Ray, R.; Gu, Y. L.; Ploehn, H. J.; Gearheart, L.;
Raker, K.; Scrivens, W. A.J. Am. Chem. Soc. 2004, 126,
12736.

2. Wang, Y.; Hu, A. J. Mater. Chem. C 2014, 2, 6921.

3. Li, H.; Kang, Z.; Liu, Y.; Lee, S.-T. J. Mater. Chem. 2012,
22, 24230.

4. Lim, S. Y.; Shen, W.; Gao, Z. Chem. Soc. Rev. 2015, 44,

10.

11.

12.

13.

14.

15.

16.

362.

. Yang, Z.; Li, Z.; H. Xu, M.; Ma, Y.; Zhang, J.; Su, Y,;

Gao, F.; Wei, H.; Zhang, L. Nano-Micro Lett. 2013, 5, 247.

. Baker, S. N.; Baker, G. A. Angew. Chem. Int. Ed. 2010,

49, 6726.

. Strauss, V.; Margraf, J. T.; Dolle, C.; Butz, B.; Nacken, T.

J.; Walter, J.; Bauer, W.; Peukert, W.; Spiecker, E.; Clark,
T.; Guldi, D. M. J. Am. Chem. Soc. 2014, 136, 17308.

. Zhu, S.; Song, Y.; Zhao, X.; Shao, J.; Zhang, J.; Yang, B.

Nano Research 2015, 8, 355.

. Zhao, Q. L.; Zhang, Z. L.; B. H. Huang, Peng, J. ; Zhang,

M.; Pang, D. W. Chem. Commun. 2008, 5116.

Sun, Y. P.; Zhou, B.; Lin, Y.; Wang, W.; Fernando, K. A. S,;
Pathak, P.; Meziani, M. J.; Harruff, B. A.; Wang, X.; Wang,
H. F; Luo, P. J. G; Yang, H.; Kose, M. E.; Chen, B. L.; Veca,
L. M.; Xie, S. Y. J Am. Chem. Soc. 2006, 128, 7756.
Ding, H.; Li, X.-H.; Chen, X.-B.; Wei, J.-S.; Li, X.-B.;
Xiong, H.-M. J. Appl. Phys. 2020, 127, 231101

Shen, R.; Song, K.; Liu, H.; Li, Y.; Liu, H. ChemPhysChem
2012, 13, 3549.

Chu, K.-W.; Lee, S. L.; Chang, C.-J.; Liu, L. Polymers
2019, 11, 689.

Wang, Z.-X.; Yu, X.-H.; Li, F.; Kong, F.-Y.; Lv, W.-X;
Fan, D.-H.; Wang, W. Microchimica Acta 2017, 184, 4775.
Deng, J.; Lu, Q.; Mi, N.; Li, H.; Liu, M.; Xu, M.; Tan, L.;
Xie, Q.; Zhang, Y.; Yao, S. Chem. Eur. J. 2014, 20, 4993.
Ahirwar, S.; Mallick, S.; Bahadur, D. ACS Omega 2017,
2, 8343.

2021, Vol. 65, No. 4



