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Abstract

Carbon nanodots (CDs), a new star in the carboromaterials family, have been
demonstrated to show strong luminescence, and caet the needs of large-scale
production for biological and medical applicatiodsie to their low toxicity and
biocompatibility. However, their luminescence maukms, such as color tuning and
strong excitation-dependent luminescence, arewstdlear. Herein, we present a state-of-
the-art understanding and manipulating luminesceimceCDs by changing their

environmental states and using multiple spectrdscopethods as well as the first-



principles theoretical calculations. Our study @dsethat the edge-carbon atoms and
incorporated nitrogen atoms play critical roleghe luminescence mechanisms of CDs,

and thus paves the way for manipulation of lumiease in CDs.

1. Introduction

Luminescent carbon nanodots (CDs) are a new stanb@ein the family of carbon
nanomaterials because they possess distinct adesntauch as multicolor emissions,
photo stability, low toxicity, biocompatibility anteasible large-scale production.[1-6]
Recently, CDs have attracted considerable intehastto their wide application potential
in biocimaging, drug delivery, sensors, and lightting devices.[7-16]Still, their
luminescence mechanisms, especially  excitation lsagé dependent
photoluminescence (PL) and self-quenching of lustieeace in aggregated solid state,
are unclear,[17-19Ithough a variety of models have been proposethterpret the

phenomena.[20-25]

In general, quantum confinement effect, surfacpstrand edge states are considered as
the key factors in the luminescence mechanismsDH.[20,24]For size-dependent PL,
the quantum confinement effect obviously plays @écat role, and has been firmly
demonstrated by preparing CDs with different si#, PL spectra of single CDs are
found to be size independent.[4,26] On the othexdhaontinuous surface defect states
have been suggested to be responsible for tunabissiens.[19,20,27This widely
adopted surface-defect model provides a good eaptanto the excitation dependent
luminescence. Very recently, distinct edge statdsdéed by several carbon atoms on the
lattice edge of CDs and so-called functional grob@ge been attributed to the physical
origin of the common green emission of CDs and lggap quantum dots.[28] However,
the edge state model seems difficult to interpnet largely tunable luminescence from

blue to red commonly observed in CDs.[29]
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The great application potential in a wide variefyfields and the lack of a deep insight
into the luminescence mechanism jointly push usotaluct this study, in which we show
that the defect states and edge states inducetiebgdped nitrogen atoms and carbon
atoms on the edge of carbon sheet, respectivetyamduminescent centers for the

colorful luminescence in CDs.

2. Experimental
2.1 Synthesis

The CDs were synthesized from urea and citric asidg microwave-assisted method.
Detailed description on the synthesis procedurea ba referred to previous
studies.[13,30] Green and blue CDs were prepared frrea and citric acid in different
mass ratios of 2:1 and 0.2:1, respectively. Then@BDs can be added into poly (vinyl
alcohol) (PVA, J&K, average M.W.: 95000) aqueoukison (0.5 g PVA in 10 mL DI

water), and dried for luminescent gel. The prepamatnethod of incorporating green

CDs into NaCl crystals was described elsewhere.[31]
2.2 Characterization

For the PL spectroscopic measurements, a home-BkskRL setup consisting of a Spex
750M monochromator and a Hamamatsu R928 photorheitigetector was used. The
325 nm laser line of a Kimmon He-Cd laser was engiloas the excitation light source
in the steady-state PL spectral measurements hEorariable-temperature spectroscopic
measurements, the samples were mounted on a cwdrfiof a Janis closed cycle
cryostat providing a varying temperature range frbifito 300 K. Room-temperature IR
spectra were registered on an IR Affinity-1 spqat@ometer. The excitation
wavelength dependent spectroscopic measurementsTRRlL decaying traces were
obtained by using a spectrograph setup producetidspa PTIl. The excitation light

source was a 75 W Xe-lamp for the excitation wavglle dependent PL spectra. The



absorption spectrum was acquired as the ratio of gynchronous scanning with and
without the sample in an integrating sphere. ThéTRignal was detected by using a
laser strobe method under the excitation of a pulsérogen laser whose emission
wavelength was 337 nm, pulse width 800 ps, and titepe frequency 10 Hz.
Transmission electron microscopy (TEM) images weoarded with a FEI-TECNAI G2

F30 transmission electron microscope operatin@@atk/ .
2.3 Theoretical calculations

The first-principles calculations based on the dgrfanctional theory were carried out
using the Vienna ab initio simulation package (VASiede.[32,33]The generalized
gradient approximation is used for exchange caiceld34] The interaction between
core and valence electrons are treated with thgegioy augmented wave method.[35]
The energy cutoff for the plane wave basis funci®d00 eV. Only thd" point was
employed for the Monkhorst-Pack k-point mesh. Thpescell to simulate the carbon
quantum dot was in size of 25Ax25Ax10A including&¢bon atoms and a NEONH,
group. The dangling bonds on the edge of carboetstere saturated by hydrogen atoms.
The nitrogen impurity was formed by replacing abcar atom with a nitrogen atom. All
of the atoms in the model were allowed to relaelfreby minimizing the quantum

mechanical force on each ion to be less than O/0&.e

3. Results and discussion

First of all, aggregation-induced luminescence gheryg in solid state could be a severe
problem hindering application of CDs. Two kinds@bs, namely green and blue CDs
(hereafter denoted as GCDs and BCDs), were prodogede-step microwave synthesis
route. As shown in Fig. 1(a), green CDs only dertratsd strong photoluminescence

when they dissolved in some solution (e.g. liquitheol) under the excitation of a 405



nm laser. The intense luminescence quickly quenesethe ethanol evaporated. This
phenomenon was termed aggregation-induced luminescequenching in solid
state.[18,36In order to avoid luminescence quenching induceddbyl-state aggregation,
the CDs are usually dispersed into a polymer matixglued on the surface of other
particles.[17,37] For example, as shown in Fig.),1{be green CDs were dispersed in
poly(vinyl alcohol) (PVA) solution and then paintexh a glass substrate. Dried gel
containing CDs still exhibits strong green lumirezsme under the excitation of a 405 nm
laser. From HRTEM images of the green CDs showhigs. 1(c) and 1(d), CDs with
well-resolved lattice structures in the core cansben. Parallel lattice fringes with an
interplanar spacing of 0.21 nm shall be associatghl the (100) facet of graphitic
carbon.[9,15] Close relationship between the lusteat CDs and graphene quantum
dots was claimed by different groups.[14,15,19R&}thermore, full-color light-emitting

carbon dots have also been achieved by Bird via surface engineering.[29]

Figs. 1(e) and 1(f) show TEM images of the greethlslne CDs, respectively. The insets
give statistic size distributions of GCDs and BCDRsxan be seen that most (about 85%
for GCDs, 87% for BCDs) of the CDs falls within teeope of 2.0-3.0 nm. The average
size is 2.36 nm and 2.34 nm for GCDs and BCDs,e@sgly. Evidently, there is no
significant difference in particle size between gneen and blue CDs. Thus the quantum
confinement effect seems not the mechanism of reifteemissions for the GCDs and
BCDs samples in this study, which is consistenthwsingle-particle spectroscopic
measurements.[26] Herein, we concentrate on therprdtation of luminescence

mechanisms in CDs, as argued below.
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Figure 1. (a) Optical images of green CDs dissoluecethanol solution under the
excitation of a 405 nm laser at room temperaturee® luminescence quenching can be
seen as the evaporation of ethanol occurs (From 4).tThe scale bar is @fnin the
photographs. (b) Photographs of green CDs dispars&VA in solid state on a glass
substrate under the illumination of the sunlighpger) and a 405 nm laser (bottom),

respectively, at room temperature. (c¢) and (d) HRITihages of green CDs. The scale



bars in (c) and (d) are 5 nm and 1 nm, respectividiM images and size distributions of
(e) green CDs and (f) blue CDs. The scale bars)iarfd (f) are 10 nm.

Another luminescence characteristic of CDs is exicih-dependent photoluminescence
property. Shown in Figs. 2(a) and 2(b) are the takion-wavelength dependent PL
spectra of the GCDs and BCDs dispersed in ethavlatien. Actually, two emission
bands were observed in the PL spectra of the GCDs. is located at about 500 nm,
while the other located at 350 nm for the samplated by an ultraviolet 325 nm laser.
Measured UV-vis absorption spectra (solid lines)Aig. 2(c) also indicate that an
absorption peak at ~325 nm occurs for the green Ebsthe BCDs, the broad emission
band is located at about 450 nm. In fact, a showtlabout 500 nm can be also resolved
in the room-temperature PL spectrum of the blue @Dsthanol solution, as shown in
Fig. 3(a). The excitation-dependent photoluminesees resulted from the very broad
emission bands which may be induced by dopantuaiizin and size distribution of the
CDs samples.[24] Partial excitation of the bands lsa achieved by longer wavelengths
and corresponding emission would be observed. Téasure of CDs enhances the
biomedical applications in the near infrared redibll Time-resolved PL decay curves
of the two samples were also measured at the ridggpernission peak, as plotted in Fig.
2(d). With the single exponential decay functiomivk in ref. 38, PL lifetime of 22.4 ns
(17.5 ns) were determined for the green (blue) {3Bf.From room-temperature PL
spectra shown in Figs. 3(a) and 3(b), it can belently seen that the luminescence
spectral characteristics of both the green and 6IDe show a strong dependence on the
solution type and thus surrounding environment. &wample, in the ethanol solution,
GCDs and BGDs show very dissimilar emission spestran they were illuminated by
the 325 nm laser. Surprisingly, both GCDs and B@B=duce blue PL spectra in the
acetone solution with very similar spectral feasur& weak shoulder at 500 nm was
observed in the two PL spectra. Actually, UV lageduced chemical reaction was
observed in the acetone solution with green CD<utitk illumination of 325 nm UV

laser. As seen in Fig. 3(d), convection phenomesmourred in the acetone solution in
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the quartz tube under the illumination of 325 nm W&ger. More interestingly, bottom
illuminated part of the solution tube exhibits greemission, while upper illuminated part
of the solution shows blue emission, in spite afhboarts illuminated by the same 405
nm laser (see Figs. 3(e) and 3(f)).

The occurrence of UV laser induced chemical reaagioes us a hint about the key role
of surface functional groups (i.e., defects) in ilm@scence of the CDs. And even the
green CDs can be surface engineered to generateephission. In fact, pH value of
solution was reported to have a significant infeceelon PL from CDs by Haet al.[23]

As the CDs studied here were synthesized from cézhtion of urea and citric acid, the
surface functional groups mainly include CONIEOOH and OH. To test the existence
of these surface functional groups, infrared alisamspectra of CDs were measured and
shown in Fig. 4(d). As expected, the absorptiorcspeof both the CDs show evident
spectral structures of the functional molecular ugo Nevertheless, the infrared
absorption spectrum of the green CDs exhibits atitiadal absorption peak at about
1100 cn¥, which corresponds to the signal of C-N stretchinlgrations. Another
difference between the two absorption spectra $teallibrational bands of C=0 in 1600-
1800 cn.[28] These absorption bands become relatively strongehé green CDs
sample, which is expected because more urea@IMNH,) was used in the synthesis of
the green CDs.[13]
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Figure 2. Excitation-wavelength dependent PL spegafr(a) green and (b) blue CDs in
ethanol solution at room temperature. (c) Normdliz8/-vis absorption spectra (solid
lines) and PL spectra (dotted lines. Under the i@259aser excitation) of green and blue
nanodots in ethanol solution. (d) Time-resolved ddcay curves of green and blue
nanodots in ethanol solution. The red solid lines the fitting curves with the model

decay function derived in Ref. 38.
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Figure 3. Room-temperature PL spectra of the CBpaised in (a) ethanol and (b)

acetone solutions under the excitation of 325 nml&Bér. (c) Fluorescence images of

the green (left) and blue (right) nanodots in ethhaolution under the illumination of an

UV lamp. (d) Photograph of the green nanodots etate solution under the 325 nm

laser excitation. (e) and (f) Photographs of theegrnanodots in acetone solution under

the 405 nm laser excitation for bottom and uppet phthe solution, respectively. The

bottom illuminated part shows green emission (ef)jlavthe upper part shows blue

emission (f).

10



Wavelength (nm) Wavelength (nm)

800700 600 500 400 300 800700 600 500 400 300
r~r 1T I T I T I r r 1T I T I T I
600 - GCDs ko 4000F BCDs ok
=0 b 60K _| ,__\3500—
3' — 100K 3 3000} -
@ 400 - ook 8. 2500} -
L —180K | &
| —— 200K _| | _
2 300 o0k .%xzooo
8 200 1 —300k_| @ 1500 -
2 0 QD 1000 -
£ £ soof _
o - ok i
" 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
(a) 15 2.0 25 3.0 35 4.0 (b) 15 2.0 2.5 3.0 35 4.0
Energy (eV) Energy (eV)
vaop [T . n 15 ——————1———1——1——7——
GCDs @NacCl ~ t GCDs
1200 — X —— BCDs
— 10K ~
= 1000 —a0Kk 1 o
< 100K e
S 800 |- —160k | &
> 200K =
*U:‘) 600 - ’ ——250K | g
C 400 |- —300K ] = - .
*GEJ 200 | § 1 F of == <= CN -
_— - -
ol - - N-H O-H C=0 CH, 1
" 1 " 1 " 1 " 1 " 1 PR (U NN SR AR NS N S SR |
15 2.0 25 3.0 3.5 4.0 4000 3500 3000 2500 2000 1500 1000 500
(c) Energy (eV) (d) Wavenumber (cm™)

Figure 4. Temperature-dependent PL spectra ofghgréen CDs in ethanol solution, (b)
blue CDs in ethanol solution, and (c) green namoduatorporated into NaCl crystal. (d)

Infrared absorption spectra of the CDs powders@trtemperature.

To further investigate the luminescence mechanntise CDs, variable-temperature PL
measurements were conducted under the excitatidsvVoB25 nm laser. Temperature-
dependent PL spectra of the green and blue CDthanel solution are depicted in Figs.
4(a) and 4(b), respectively. Clearly, distinct Ppestra consisting of double main
structures were observed for the two samples. fBet,PL spectra of the two samples

show different evolution behaviors with temperatuF®r the green CDs in ethanol
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solution, the emission band located at shorter \eagth shows a strong temperature
induced enhancement in the range of 100-250 Kndisated by an upward arrow in the
figure. The spectral structure located at 500 nspldys a fast increase with temperature
in the range of 40-100 K. Note that ethanol hased#ing point of about 160 K. These
results may suggest that the two luminescence bianods likely have different origins.
For the blue CDs, the PL intensity increases witlréasing the temperature in the range
of 10-100 K, and turned to decrease for temperathegond 100 K. It shall be noted that
the PL intensity of both CDs in ethanol solutioadkes its respective minimum value at
10 K.

For a comparative study, the green nanodots we@rporated into NaCl crystal, and
then variable-temperature PL spectra of the congpaesimple were and measured. The
PL results are illustrated in Fig. 4(c). Again, tia® emission bands were well resolved
in the PL spectra. In sharp contrast to the cagesoltion samples, the emission
intensity of the solid composite sample monototycalecreases with increasing the
temperature, so that the band peaking at ~380 mmsalquenches at 300 K. The results
again indicate that the surrounding environmentehdscisive impact on luminescence of
CDs. To further strengthen this concluding poimiom-temperature PL spectra of the
green CDs on different surrounding environments.,(in water, ethanol solution and
solid NaCl crystal) were shown in Fig. 5. Note thkithe PL spectra were normalized at
the longer wavelength peak just for clear compari®ecause of the more sensitivity of
the emission band at 380 nm on the external enwviemt, it is reasonable for one to
believe that this band more likely originates frearface states than the 500 nm band for

the green CDs.

12



Wavelength (nm)

900 800 700 600 500 400
L L L ! I ! I ! I
15k GCDs in ethanol |
’ —— GCDs in water
| —— GCDs @NaCl
S 10} /
8
2
2 o5} v
g
c
0.0 -
I 1 I 1 I 1 I 1 I 1
1.5 2.0 2.5 3.0 3.5 4.0

Energy (eV)

Figure 5. Room-temperature PL spectra of the g@Bs in ethanol solution, agqueous
solution, and incorporated into NaCl crystal. Nibtat all the PL spectra were normalized

at the longer wavelength peak just for clear comspar

To have a deeper insight into the luminescence amesims, we performed the first-
principles calculations on the electronic structuref CDs with various possible
configurations. Through a large amount of calcaolai the surface functional groups and

doped nitrogen are eventually selected and coratentras shown and argued below.

There have been a lot of studies showing that Ci2s sanall pieces of graphene
sheets.[15][26][28] Some CDs were even directlyritatted from exfoliation of large
graphite with top-down approach.[8][24] In firstipeiples calculations, doped graphene
sheets are widely used as CDs model.[15][25][39] #Mas start the first-principles
calculations from a hydrogenated monolayer graphsiteet consisting of 54 carbon
atoms (Model 1). And then a NEONH, group of urea is connected with the edge of

13



Model 1 to form Model 2. Then Model 3 and 4 arecaldted by doping a nitrogen atom
into the sheet center and at the sheet edge, tesggc The calculated energy
eigenvalues near the fermi level are illustratedrign. 6. The energy band gap here is
defined as the separation between the intrinsic @0dd LUMO of graphite sheet and
the level between them is identified as defectllédw®m the energy level diagram in Fig.
6, we can see that the bandgap keep almost unahémge Model 1 to Model 4. Due to
the well-known band gap underestimation of the-farsnciples calculation, the firsthand
energy gap (1.902, 1.861, 1.906, 1.928 eV for Mddi 4) was manually matched with
the experimental value of 3.28 eV according to Matleso that effective comparison
with experiment can be done. The contact of,@ENH, group, as well as COOH and
OH, does not introduce any energy level in the bgad, so their influence on the
photoluminescence property can be excluded. Thectlefvel in the band gap of model 3
and 4 is from the substitutional nitrogen atom. dtssition is sensitive to the site of
dopant. To support our identification to these gpetevels, the charge density
distributions of LUMO, HOMO and nitrogen inducedel levels are shown in the right
panel of Fig. 6. The LUMO and HOMO are much extehd@te covering the whole
graphite sheet. However, for the nitrogen dopanciuded energy levels, the charge
distributions are strongly localized near the mjgo atoms and the edge-carbon atoms in
Model 3 and 4, respectively. Energy separationg/den the nitrogen induced levels and
the HOMO level are found to be 2.85 eV and 2.48irWlodel 3 and 4, respectively.
These energy values are highly consistent withethéssion bands at 440 nm of BCDs
and 500 nm of GCDs, respectively.
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N induced level of different models.

Based on above discussions, we propose a threle-talematic picture for the
luminescence of carbon nanodots. The carbon sipeetsde delocalized and unified
HOMO and LUMO levels, while N dopants act as lagadi luminescent centers lying in
between the HOMO and LUMO levels. Different N atameorporation positions and
even numbers would significantly affect the defémtels, which in turn results in
different color emissions of carbon nanodots. Tédoan atoms on the edge of graphene
sheet play important roles in HOMO and LUMO, aslvesl N dopants induced levels.
Thus the emission of carbon nanodots, especiadlyJt¥t emission of HOMO and LUMO,
is very sensitive to the external environment. Aagfregation-induced luminescence

guenching could be explained by the influence gfeestates.
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4. Conclusions

A systematic study has been carried out for eldicigahe luminescence mechanisms of
CDs. The influences of various surrounding circuamses, surface functional groups,
and doped nitrogen atoms on the luminescence of GB#& been particularly
investigated. The edge states predominantly indumedarbon atoms on the edge of
graphene sheet and doped nitrogen atoms are leblieveplay key roles in the

environment-sensitive luminescence of CDs.
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