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The blue photoluminescence from carbon nanodots (CNDs)
weakens gradually and the most intense peak red-shifts
slightly as the hydrothermal reaction time increases. The 890
cm!infrared vibration band, which is associated with carbon
defects, decreases with reaction time being consistent with the
blue emission tendency. Based on the growth model of CNDs
and understanding of photoluminescence from other carbon
nano-materials, carbon defects are believed to be responsible
for the blue emission.

Introduction
There has been increasing interest in carbon nanostructures such
as fullerene,' carbon nanotubes,” and graphene.’ Carbon nanodots
(CNDs), an important member of the carbon family, have also
attracted much attention lately.** Compared to traditional
organic  dyes, luminescent CNDs possess excellent
biocompatibility, photo and chemical-stability, as well as tunable
photoluminescence (PL).* Many methods such as chemical
oxidation of soot,” laser ablation of carbon,%’ electrochemical
oxidation of graphite,*” and incomplete thermal decomposition of
ammonium citrate salts'® have been developed to prepare
luminescent CNDs which have potential applications in bio-
imaging,'"™™ light-emitting diodes,'”” metal ion detection,''®
temperature probes,'” and intracellular pH sensing.'® However,
the lack of a thorough understanding of the PL mechanism'® has
hampered wider applications. In fact, PL from CNDs which tends
to be oversimplified in many studies is excitation dependent.®
01315172024 Bor instance, it red-shifts as the excitation
wavelength is increased. The optical properties are quite complex
due to the complicated structure of CNDs including the various
surface functionalities, sp>-hybridized and sp*-hybridized carbon,
and quantum confinement effect due to the small size."”” We have
recently reported that strong blue emission at about 440 nm from
reduced graphene oxide (rGO) originates from carbon defect
states.”®?’ However, the situation is different in CNDs because in
some cases, the PL intensity increases initially and then decreases
as the excitation wavelength is changed from 340 to 480 nm, with
the strongest emission being green.** In other cases, similar to
the GO, the PL intensity decreases rapidly as the excitation
wavelength increases, with the blue emission being the most
intense.''>!"2*3 Hence, the origins of the blue and green
emissions should be different but not well understood.

In this work, carbon spheres were fabricated from an
aqueous glucose solution using a hydrothermal method and
CNDs were collected from the supernatant.”>?** The degree of
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carbonization was controlled by adjusting the hydrothermal
reaction time. The relative intensity of the blue emission was
observed to decrease gradually and the strongest PL peak red-
shifted with increasing degree of carbonization. Based on
analyses of the Fourier transform infrared (FTIR) spectra and
carbonization mechanism, the intermediate product, organic
polymers with irregular carbon rings, was believed to be the
origin of the blue emission. The proposed PL mechanism is very
similar to that of rGO and may be extended to other types of
luminescent carbon nano-materials.

Experimental section

In the preparation, 3.96 g of glucose were dissolved in 40
mL water to form a clear solution in a 50 mL Teflon-sealed
autoclave and maintained at 160 °C for 2-24 h. After 2 h, a light
brown solution without precipitates was obtained. Transmission
electron microscopy (TEM, JEOL, JEM-2100) and dynamic light
scattering (DLS, Malvern, Zeta sizer Nano ZS) did not reveal the
presence of solid particles. After reacting for 10, 16, and 24 h,
precipitates were formed, collected by centrifugation, and washed
thoroughly with distilled water and ethanol thrice. The
precipitates and supernatant from the last centrifugation step were
further characterized. Scanning electron microscopy (SEM,
Hitachi, S-3400N II) confirmed the formation of carbon spheres
and the CNDs in the supernatant were also characterized by TEM,
DLS, and FTIR (Nicolet Nexus870). Here, the products obtained
from the 2, 10, 16, and 24 h hydrothermal treatment are
designated as 2-CNDs, 10-CNDs, 16-CNDs, and 24-CNDs,
respectively. PL measurements were performed on an Edinburgh
FLS-920 PL spectrometer. There is a kink at about 450 nm in all
the obtained PL spectra and it was caused by the spectrometer.

Results and discussion

The SEM image of the 24 h carbon spheres in the
precipitates in Fig. la shows that the carbon spheres are about
100 nm in size which is in agreement with the size distribution
obtained by DLS (Fig. 1b). The diameter of the carbon spheres is
influenced by the reaction time.”® As the time is increased from
10 to 16 and then 24 h, the diameters are 60, 70, and 100 nm,
respectively. Fig. lc depicts a representative TEM image of 24-
CNDs in the supernatant and the size distribution determined by
DLS is shown in Fig. 1d. The average diameter of 24-CNDs is
about 13 nm. Since the sizes obtained by DLS are the hydrated
sizes and usually slightly larger than real sizes. Again, no dots
and spheres can be found from the TEM and SEM images and no
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DLS peaks can be observed from the 2 h sample. The
approximate sizes of C spheres and CNDs formed at each stage
are listed in Fig. le. The results indicate that the C spheres and
CNDs appear when the reaction time is more than 2 h and the
size increases with reaction time.
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Fig. 1 (a) SEM image of the carbon spheres synthesized hydrothermally
for 24 h and (b) corresponding DLS results. (c) TEM image of 24-CNDs and
(d) Size distribution obtained by DLS. (e) Table for the sizes of C spheres
and CNDs formed at each stage.
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Fig. 2 (a-d) PL spectra acquired from 2-CNDs, 10-CNDs, 16-CNDs, and 24-
CNDs excited by 340-480 nm light. The blue PL (excited at 340 nm) and
green PL (excited at 480 nm) intensity values are shown.

Figs. 2a-d present the PL spectra acquired from 2-CNDs, 10-
CNDs, 16-CNDs and 24-CNDs, respectively. As the excitation
wavelength is increased from 340 to 480 nm, the emission
wavelength changes from 440 to 550 nm and the blue PL (excited
at 340 nm) and green PL(excited at 480 nm) intensity values are
shown in each figure. As shown in Fig. 2a, the blue emission
(excited at 340 nm) is much stronger than the green emission
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(excited at 480 nm). As shown in Figs. 2¢ and d, compared to the
green emission, the blue emission weakens as the reaction time is
increased. When the reaction time is increased to 24 h, the
intensities of the blue and green emissions are almost the same.
To accurately compare the blue and green emission intensities,
the broad and asymmetric PL spectra excited at 340 nm are
Gaussian divided into two peaks at 430 nm (EmA) and 510 nm
(EmB) (Figs. 3a-d). Their changes in integral intensities [I(1),
1(2)] and intensity ratio [I(1)/I(2)] with reaction time are plotted
in Fig. 3e. A clear decrease in I(1) and intensity ratio can be
observed, but I(2) slightly changes. Fig. 3f shows the photographs
of the aqueous solutions with CNDs irradiated by a 325 nm laser
(Kimmon, He-Cd laser). 2-CNDs exhibit very bright blue
emission but no obvious blue emission occurs for 10-CNDs, 16-
CNDs, and 24-CNDs. Hence, the decrease in PL intensity ratio
mainly stems from weakening of the blue PL intensity with
reaction time. Here, we should mention that the position of the
most intense PL peak from the four CND solutions redshifts
monotonically from 445 to 511 nm as the reaction time is
increased, but the two divided subpeaks have almost the same
positions. The evolution of blue emission correlates with the
degree of carbonization. Since the blue emission is the strongest
but no C dots and spheres form in the 2-CNDs, an intermediate
product or related structure may be responsible for the blue
emission. As carbonization continues, the intermediate state
vanishes gradually and consequently, the blue emission weakens.
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Fig. 3 (a-d) Gaussian fitting of the PL spectra obtained under excitation

with the 340 nm light. EmA at 430 nm and EmB at 510 nm are fitted out.

(e) Integral intensities of EmA [I(1)] and EmB [I(2)] as well as their

intensity ratio [I(1)/1(2)] versus hydrothermal time. (f) Photographs of the

aqueous solutions containing CNDs under irradiation by the 325 nm laser.

To study the intermediate product or structure, FTIR is
performed. As shown in Fig. 4a, the vibration bands in 1000-
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1300 cm™ are assigned to C—OH stretching and OH bending,*®
and stretching of C—OH at 3380 cm™ and C—H vibrations at 2910
and 1385 cm™' are also observed,'® implying the existence of a
large number of residual hydroxyl group. The shoulder band at
1720 em™ indicates C=O vibration.?® The intensity of the band at
around 1650 cm™" attributed possibly to C=C vibration increases
gradually with the hydrothermal time. Appearance of this band
suggests aromatization of glucose during the hydrothermal
treatment. The C=C vibration is not pronounced in the 2 h sample
because of the limited number of carbon frameworks formed.
This is the reason why no dots can be observed by TEM but the
blue emission from this sample is the most intense. The
relationships between C=C and C-H vibration intensities and
hydrothermal time are shown in Fig. 4b. The band at 890 cm
assigned to aromatic C-H out-of-plane bending® provides more
information about the structural evolution. Obviously, this kind of
bending should be weak in the sp? network with a large area such
as graphite but for a carbon structure with defects or organic
molecules containing irregular carbon rings, the bonding between
aromatic ring and hydrogen is considerable. As shown in Fig. 4b,
the intensity of the band at 890 cm™ diminishes with reaction
time and the trend is anti-related with the C=C vibration FTIR
band, whereas the C-H vibration intensity has similar trend with
the integral PL intensity ratio [I(1)/I(2)]. Hence, carbon defects or

aromatic C-H vibrations may be responsible for the blue emission.

Previously, we have known that the pristine graphene oxide
fabricated by Hummers method has many aromatic C-H
structures, but no blue emission is detected.?’ Previous theoretical
calculations also indicate that the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of a single benzene ring passivated by hydrogen is
about 7 eV.*® Thus, the aromatic C-H cannot be responsible for
the blue emission. However, our previous density functional
theory simulations have confirmed that an electronic state appears
in the energy range of 2.7-2.9 eV in the case with the presence of
carbon defects,”’ which can cause a blue emission. Hence, the
blue PL is believed to be related with carbon defects.

As reported previously,®** the growth of C spheres and
CNDs seems to be consistent with the LaMer model,*® as shown
schematically in Fig. 5. The glucose molecules undergo
polymerization initially and when the hydrothermal time is less
than 2 h, although no carbon spheres or CNDs are formed, orange
or light brown solutions can be obtained, indicating that
intermediate aromatic compounds and oligosaccharides are
produced. These soluble organic polymers contain some complete
aromatic rings (hexagons) and many incomplete (with carbon
vacancy) or irregular carbon rings (pentagon, heptagon). In this
stage, though no CNDs form, some carbon networks appear as
confirmed by the weak infrared band at 1650 cm™. When the
hydrothermal time is increased to 10 h, nucleation of CNDs
begins. The macromolecules formed in the previous step, for
example, linear or branchlike oligosaccharides, undergo
carbonization which arises from cross-linking induced by
intermolecular ~ dehydration®® The resulting nuclei grow
uniformly and isotropically toward the CNDs and C spheres. In
this stage, the irregular carbon rings are converted into complete
hexagonal rings and the sp® clusters are established. This is the
reason why the intensity of the C = C bands in the FTIR spectra

increases while that of aromatic C-H decreases as the
6 hydrothermal time is increased. The carbonization mechanism is
in good agreement with the FTIR results.

It is interesting to compare the difference of the blue
emission from CNDs, graphene quantum dots (GQDs), and rGO.
Firstly, the PL spectra obtained in this work are very similar to

os those widely observed in CNDg®»1013-1720222425 54
GQDs. 2827303235 gecondly, the bonding structures of CNDs and
GQDs are almost the same. They both contain oxygen-related
groups, carbon defects, and small size sp2 carbon clusters. Main
difference is the number of carbon layers. Therefore it is

70 expectable to have similar electronic states and PL mechanisms
for these carbon nano-materials.
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Referring to PL from rGO, the strong blue emission is
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related to carbon defect states formed during reduction of GO.”
During polymerization of glucose, organic polymers with
incomplete or irregular carbon rings are obtained, similar to the
sp® cluster containing carbon defect states. They may be
s responsible for the blue emission. As the hydrothermal reaction
proceeds, carbonization occurs and more carbon atoms are
involved in the formation of the carbon networks. The number of
carbon defect states is reduced and the blue emission weakens. It
should be mentioned that the blue emission can always be
10 observed regardless of the sample preparation process.'*"1%!17:20-23
0O
I S
NN

K

OH Polymerization

e

Glucose Soluble polymers

2h

In most cases, no intermediate polymer is formed, but carbon
defects cannot be avoided irrespective of the preparation method.
Hence, the blue emission can be ascribed to carbon defect states
although not all the defects in the carbon materials are fluorescent.

1s PL activation of the carbon defect states should satisfy certain
conditions. For example, the blue emission may not be possible
from a small organic molecule with a single isolated irregular
carbon ring. The activation conditions are still not well
understood and more research is needed.

Carbon
nanodots

Carbon spheres

24 h

Fig. 5 Schematic model illustrating the growth of CNDs and corresponding photographs of the samples in each stage.
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Fig. 6 Schematic illustration of the PL mechanism from CNDs. The width
and thickness of the lines represent population of states and possibility
of optical transition. For 2-CNDs, the PL is dominated by the blue

40 emission, which originates from defect states (the left side). As
carbonization continues, the carbon defects decreases and more sp’
carbon clusters form. The size effect of carbon clusters becomes the
dominated origin of the PL (the right side for 24-CNDs).

45 For GQDs or rGO, the blue emission at about 440 nm is
always  much  stronger than the long-wavelength
emission.?*?73%3%3% However, the situation is different in CNDs.
In some cases, the PL intensity increases initially and then
decreases as the excitation wavelength is changed from 340 to

s0 480 nm, with the strongest emission being green.”** In other
cases, similar to rGO, the PL intensity decreases rapidly as the
excitation wavelength increases, with the blue emission being the

most intense.*>72% For most previous investigations, GQDs
were obtained by top-down process such as cutting of graphene
ss oxide. Usually, the density of carbon defects is very high so that
the PL shows strong blue emission. However, for CNDs, the
fabrication methods vary with sample. In some cases, the density
of carbon defects is low, thus no conspicuous blue PL peak is
observed. In the case for fabricating rare bottom-up GQDs,*® the
e PL is very similar to that of our 24-CNDs. The emission intensity
increases firstly and then decreases as the excitation wavelength
increases. The strongest emission appears at about 500 nm. This
is in good agreement with our conclusion. So it is reasonable and
reliable to cite the previous work®’ to support our current
6s conclusion.

For this green emission, the surface or size effect may be a
source. In 2-CQDs, no carbon dots form and so no so-called
surface states exist. However, a clear redshift with increasing
excitation wavelength occurs. We have known that 2-CNDs

7 mainly contain soluble organic polymers with some sp carbon
clusters confirmed by our FTIR result (Fig. 4a). Thus, the size
effect of sp? carbon clusters may cause the green emission.
Following the PL from rGO, the mechanism of PL from
CNDs is illustrated in Fig. 6 with the carbon defects being
responsible for the blue emission. For 2-CNDs, the density of
defects is high, so the blue emission is dominant. The
wavelength-dependent green emission stems from the carbon
network. In other words, the size effect of the sp® carbon clusters
causes the green PL. The energy gaps of the localized carbon
so network are determined by the cluster size. The smaller it is, the
wider is the energy gap. The distribution of the energy gaps given

=
a
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by the size distribution leads to the emissions in the range from
470 to 550 nm. The most probable size corresponds to the
position of the strongest PL peak. As the degree of carbonization
increases with reaction time, the density of defects decreases and
more graphitic carbon clusters form. The sizes of these clusters
grow up. As a result, the green emission becomes the dominated
peak in the PL spectra and meantime the most intense PL peak
red-shifts slightly. Here, we stress again that the strongest PL
peak (blue emission) from 2-CNDs does not correspond to the
most probable size of the sp® carbon clusters.

Conclusion

The PL from CNDs synthesized hydrothermally for
different time is investigated. As the reaction time is increased,
the blue emission weakens gradually and the most intense PL
peak red-shifts slightlyy. TEM and DLS demonstrate that no
CNDs are formed during 2 h hydrothermal reaction. The
intensity of the C=C band in the FTIR spectra increases with
reaction time and the trend is opposite to that of the blue emission.
However, the intensity of the band at 890 cm’! decreases with
reaction time and it is consistent with the blue PL. Based on the
growth model of CNDs and PL from rGO, carbon defects such as
carbon vacancies and irregular carbon rings are believed to be
responsible for the blue emission. The excitation wavelength-
dependent green emission stems from radiative recombination of
electron-hole pairs in the carbon network. This work provides
some robust evidences to support such a conclusion: the carbon
defects cause the blue emission from carbon nano-materials.
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This work provides some robust evidences to support that the blue emission from carbon nano-

materials arises from the carbon defects.
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