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Rational Design of Multi-Color-Emissive Carbon Dots in a
Single Reaction System by Hydrothermal

Boyang Wang, Jingkun Yu, Laizhi Sui, Shoujun Zhu, Zhiyong Tang, Bai Yang, and Siyu Lu*

As an emerging building unit, carbon dots (CDs) have been igniting the
revolutionaries in the fields of optoelectronics, biomedicine, and bioimaging.
However, the difficulty of synthesizing CDs in aqueous solution with
full-spectrum emission severely hinders further investigation of their emission
mechanism and their extensive applications in white light emitting diodes
(LEDs). Here, the full-color-emission CDs with a unique structure consisting
of sp3-hybridized carbon cores with small domains of partially sp2-hybridized
carbon atoms are reported. First-principle calculations are initially used to
predict that the transformation from sp3 to sp2 hybridization redshifts the
emission of CDs. Guided by the theoretical predictions, a simple, convenient,
and controllable route to hydrothermally prepare CDs in a single reaction
system is developed. The prepared CDs have full-spectrum emission with an
unprecedented two-photon emission across the whole visible color range.
These full-color-emission CDs can be further nurtured by slight modifications
of the reaction conditions (e.g., temperature, pH) to generate the emission
color from blue to red. Finally a flexible LEDs with full-color emission by using
epoxy CDs films is developed, indicating that the strategy affords an industry
translational potential over traditional fluorophores.

1. Introduction

Materials with multi-color photoluminescence (PL) that are ex-
cited by a single wavelength are of particular research inter-
est because of their potential usages in light emitting diodes
(LEDs), bioimaging, and optoelectronics.[1–4] Among them, LEDs
have attracted particular attentions for the potential applications
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in multi-color display, low-cost back-
lighting in liquid-crystal displays, and
next-generation lighting sources for our
daily life. The typical materials devel-
oped in these areas include molecu-
lar nanomaterials,[5,6] rare-earth-based
nanoparticles,[7,8] semiconductor quantum
dots,[9,10] and organic fluorescent dyes.[11,12]

However, low emission quantum yields
(QYs), susceptibility to photobleaching, and
complicated fabrication have limited the
wide adoption of these materials.

Carbon dots (CDs) show unique PL prop-
erties and have a few exotic characteristics
including high stability, biocompatibil-
ity, ease of modification, and low cost,
which enable CDs to wide uses in different
fields.[13–15] However, a major difficulty is to
prepare long-wavelength, two-photon emis-
sion, and fully emissive CDs. Currently,
several kinds of CDs with full-spectrum
emission have been synthesized and used
in various applications.[16–21] For exam-
ples, Lin et al. prepared CDs with blue,

green, or red emission by modifying the carbon source (o-, m-, or
p-phenylenediamine).[16] Xiong et al. reported the one-pot synthe-
sis of multi-color CDs with blue to red emission that were sep-
arated by column chromatography.[17] Sun et al. used controlled
graphitization and surface functionalization to obtain a series of
multi-color CDs. Although these studies yield bright PL-tunable
CDs, the synthetic methods are still complicated and require dif-
ferent precursors and solvents.[18]
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To our best knowledge, until now, no experimental work re-
ports full-color emissive CDs by using only one set of precursors
in water. The underlying emissive mechanisms of these CDs are
still controversial.[19–21] Particularly, when the samples have com-
plex compositions, the proposed PL mechanisms are not convinc-
ing because of the many influencing factors exited. Therefore, it
is necessary to develop a simple and convenient synthetic strat-
egy for the aqueous preparation of full-color emissive CDs with
a clear and common mechanism.

This work describes CDs integrating sp3-hybridized carbon
cores with small domains of partially sp2-hybridized carbon
atoms. Our theoretical prediction suggests that increasing the
number of strongly sp2-hybridized domains in the CDs cores lead
to the emission to longer wavelengths in the visible spectrum for
such a type of CDs. On this basis, we develop a facile, green, and
controllable synthetic approach to prepare full-spectrum emis-
sive CDs in one system without changing the precursors or sol-
vent. This is the first report on full-spectrum emissive CDs with
simultaneous two-photon fluorescence by using a hydrothermal
method. Moreover, we further develop a universal mechanism to
explain the observed full-spectrum emission, in which the optical
properties of the sp2/sp3 hybridized CDs are mainly determined
by the combined effects of particle size and the partially sp2 hy-
bridized carbon domains in the sp3-hybridized cores.

2. Results and Discussion

In this study, we propose the optical responses of the multi-
color-emissive CDs can be achieved by a simple, accurate, semi-
analytical model of the CDs optical centers.[22,23] Our proposed
CDs are considered as sp3-hybridized carbon cores with small do-
mains of sp2-hybridized carbon and systematically investigated
by density functional theory (DFT) calculations. The size effects
of the CDs on the fluorescence emission are assessed by de-
signing several sp2-hybridized benzene ring structures. CDs with
similar internal structures, but with increasing numbers of ben-
zene rings, and thus increasing size, are compared. As show
in Figure 1a, the increasing size redshift the excitation wave-
length gradually. The smallest CDs emit at 417.12 nm, whereas
the larger CDs emit at 626.87 nm (Table S1, Supporting Infor-
mation), indicating that the emission wavelengths can cover the
entire visible spectrum. The redshift is attributed to narrowing
band-gap caused by p electron delocalization. In addition to the
size effect, the sp2/sp3 hybridized domain is also closely related
to luminescence (Table S2, Supporting Information). Regardless
of size, if there is no sp2 hybridization, the emission wavelength
should not be red-shifted. For CDs with similar size, increas-
ing the degree of internal sp2 hybridization induces the red-shifts
emission, suggesting that the fluorescence emission of the CDs
depends on both the size and the sp2/sp3 hybridized domains, as
illustrated in Figure 1b.

Above theoretical predictions were tested by selecting the pre-
cursors citric acid (CA), which contains a sp3 hybridized struc-
ture, and o-phenylenediamine (oPD), which contains a sp2 hy-
bridized structure. Multi-color-emissive CDs that show tunable
PL emissions from deep blue to near-infrared (NIR) were hy-
drothermally synthesized by heating CA and oPD in deionized
(DI) water. The two precursors were selected, an appropriate
amount of acid was added, and the reaction temperature was

also adjusted for each reaction (Table S3, Supporting Informa-
tion). Dehydration under supercritical conditions promoted the
formation of conjugated sp2 hybridized domains. Subsequent
hydrothermal treatment for 6 h followed by precipitation and
separation produced seven solid samples that were redispersed
in DI water for characterization. The aqueous solutions have
different colors in daylight, and exhibit tunable PL emission
from blue to NIR under a 365 nm UV light (Figure 2a). Their
PL emission maxima are at 413, 445, 472, 505, 567, 592, and
635 nm, and cover the whole visible spectrum (Figure 2b). Typi-
cal blue, green, and red fluorescing CDs samples, called B-CDs,
G-CDs, and R-CDs, respectively, were characterized further us-
ing an integrating sphere at their optimal excitation wavelengths
and the samples show absolute QYs of 38.97%, 75.41%, and
24.99%, respectively. The UV−vis absorption spectra for these
samples (Figure 2d–f) show similar absorption in the UV region
(200−350 nm), and different absorption at longer wavelengths.
Each curve’s UV region contains single peaks at 229 and 282 nm,
which are corresponding to aromatic 𝜋–𝜋* transitions in C=C
and C=N bonds.[24] At longer wavelengths, the three spectra con-
tain distinct absorption bands at 500–700 nm. In contrast to pre-
vious CDs in many literatures, the PL emission peaks haven’t
shifted as the excitation wavelength changes.

Time-resolved PL decay curves were measured for the differ-
ent emissions of these samples under 330 nm excitation (Fig-
ure 2c). The plots of fluorescence intensity decay reveal the ki-
netics of the deactivation of electrons from an excited state to the
ground state via radiative and nonradiative pathways. The curves
observed here can be fitted to two exponentials, similar to those in
previous reports. (Table S4 Supporting Information) summarizes
the lifetimes, overall contributions, and complete fit parameters.
The decays all include a fast component (𝜏1), attributed to radia-
tive recombination of the intrinsic states, and two slower compo-
nents (𝜏2) due to surface functional groups. The results for B-CDs
to R-CDs show that as the average lifetime decreases from 7.20 to
1.87 ns, the percentage of 𝜏1 increases from 21.87% to 90.97%,
suggesting that the core states in the radiative lifetime of these
CDs play an increasing role as the PL red-shift increases.[25,26]

These findings show that our CDs exhibit excellent uniform op-
tical properties and that their tunable PL emission is linked to
their carbon cores, which can be tuned by the reaction tempera-
ture and pH.[27]

A NIR femtosecond pulsed laser (800 nm) was used to study
the unusual two-photon fluorescence properties of B-CDs, G-
CDs, and R-CDs. Figure 2g–i show representative two-photon lu-
minescence spectra of the CDs. The spectra appear similar to the
results for single-photon fluorescence. Comparing various exci-
tation laser powers demonstrated that two-photon luminescence
occurs under pulsed infrared laser excitation. The quadratic rela-
tionship with a slope of 1.91 between excitation power and lumi-
nescence intensity (Figure S1, Supporting Information) confirms
that excitation with two NIR photons produces the multi-color
luminescence of the CDs. The CDs’ luminescence mechanism
and carrier relaxation dynamics were explored further by fem-
tosecond transient absorption measurements under excitation at
360 nm. The spectra of CDs probed at 450–720 nm show clear
transient absorption at various time delays with a negative and
a positive absorption band (Figure S2, Supporting Information).
The negative band corresponds to the absorption promoting the
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Figure 1. a) HOMO and LUMO states of the established model by increasing the aromatic rings; b) HOMO and LUMO states of the established model
by increasing the ratio of sp2/sp3 hybridized domains.

CDs’ ground electronic state to the excited electronic state. The
positive band corresponds to the absorption of the charge sepa-
ration state formed by the excited state after light excitation.[28,29]

Transmission electron microscopy (TEM) images (Figure 3a–
c) show well-dispersed, homogeneous B-CDs, G-CDs, and R-CDs
particles with average sizes of 2.78, 3.11, and 4.05 nm, respec-
tively (Figure S3, Supporting Information). High-resolution TEM
(HRTEM) images show well-resolved fringes 0.21 nm apart due
to the (100) planes of graphitic carbon, indicating that the parti-
cles had highly crystalline carbon structures.[30] Atomic force mi-
croscopy image of Figure S4 (Supporting Information) showed
that the CDs were monodisperse, with each particle being 1.0–
2.0 nm thick, equivalent to three or four graphene layers.[31] The
increase in the intensity of the broad peak at around 25° in the

X-ray diffraction (XRD) patterns indicates that the degree of
graphitization increases from B-CDs to R-CDs (Figure 3d). The
band-gap energies were calculated by Eg

opt = 1240/𝜆edge, where
𝜆edge is the onset of the first excitonic absorption band in the di-
rection of longer wavelengths.[32] The calculated values decrease
gradually from 2.88 to 1.97 eV as CDs size increases, confirm-
ing the particle size dependence of the band-gap energy. The cal-
culated band-gaps agree well with the experimental results, as
shown in Table S5 (Supporting Information).

Fourier transform infrared (FTIR) spectra suggest the pres-
ence of many hydrophilic groups (e.g., C=O, C–O, COOH,
O–H, and N–H) on the CDs surfaces, making the CDs water
soluble (Figure 3e). The C=C, C=O, and C–N stretches indi-
cate that the CDs have polyaromatic structures.[33] The FTIR
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Figure 2. a) Photos of the as-prepared CDs in daylight (upper) and UV light (bottom), respectively; b) Normalized PL emission spectra of all the above
samples under excitation of 365 nm; c) Time-resolved PL spectra of the four selected samples. Absorption spectra and PL emission spectra of d) B-CDs,
e) G-CDs, and f) R-CDs under excitation of different wavelengths of light. Two-photon spectra with different laser powers of 800 nm femtosecond pulse
laser of g) B-CDs, h) G-CDs, and i) R-CDs (the inset photograph is under 800 nm excitation).

spectra of the CDs show a decrease in the in-plane O−H vi-
bration at approximately 1380 cm−1 from B-CDs to R-CDs. In
general, the carbonyl and carboxyl groups in the CDs affect the
fluorescence.

The full X-ray photoelectron spectroscopy (XPS) spectra of
Figure 3f contain typical peaks at 285, 401, and 532 eV cor-
responding to C 1s, N 1s, and O 1s, respectively, on the CDs
surfaces. The chemical structures and connectivity of the CDs
were characterized by 1H nuclear magnetic resonance (1H NMR)
measurements in D2O (Figure 3g). Despite the differences in
their synthesis, the 1H NMR spectra indicate similar conjugate
structures with the same type of core structure. The peak at
7–8 ppm is attributed to the benzene ring of oPD, and the con-
jugated structure appears during the reaction.[34] Peaks at lower
shifts appear for B-CDs and G-CDs attributed to CA attached to
oPD, possibly due to the low degree of oxidation and carboniza-
tion, which facilitates non-conjugated sp2 and sp3 hybridization.
The degree of graphitization in R-CDs is greatest, whereas the

other CDs have non-conjugated structures, which may be caused
by the short chains in the CDs. Therefore, a decrease in sp3

hybridization red-shifts the PL emission of the CDs.
The theoretical and experimental results indicate the feasibility

of designing multi-color-emissive CDs by adjusting the ratio of
sp2 and sp3 hybridized domains. The easiest method is to choose
a sp2 and a sp3 precursor. The sp2 hybridization can provide yellow
and red emissions, whereas the sp3 hybridization provides blue–
green emissions. Combining and manipulating the proportions
of the hybridized domains via the reaction conditions should pro-
duce multi-color-emissive CDs.

The current work uses CA and oPD precursors. Hydrother-
mally treating each precursor individually results in that QYs
from our CDs are lower than those mentioned in this work, in-
dicating that the combination of the two molecular structures
can enhance the QYs. This may be due to CA connecting mul-
tiple oPD molecules through the carboxyl groups. Previously
reported CA-derived CDs have shown blue emission, whereas
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Figure 3. TEM and HRTEM images (inset) of a) B-CDs, b) G-CDs, and c) R-CDs; d) XRD pattern; e) FTIR spectra; f) XPS spectra and g) 1H NMR
spectrum of the three selected CDs.

oPD-derived CDs have shown red emission. Changing the re-
action conditions can tailor the CDs’ emission between blue–
green and yellow–red by increasing the dominance of oPD, i.e.,
the sp2 hybrid structure can red-shift the emission wavelength.
Surface analysis by high-resolution XPS was further used to in-
vestigate the factors affecting the luminescence of the CDs, as
shown in Figure 4. The results show that the samples contain the
same elements. The C 1s band has three component peaks corre-
sponding to sp2 carbon (C=C, 284.6 eV), sp3 carbon (C−O/C−N,
286.1 eV), and carbonyl groups (C=O, 288.4 eV). The N 1s band
also has three component peaks, at 399.0, 400.2, and 401.1 eV,
corresponding to pyridinic N, pyrrolic N, and graphitic N, respec-
tively. The two-component O 1s peaks at 531.5 and 532.5 eV arose
from C=O and C−O. The sp2 carbon content increases gradually
from 44.4% in B-CDs to 52.91% in R-CDs (Table S6, Supporting
Information). The content of graphitic N increases more steeply,
also indicating that the growth of sp2 hybridized domains in the
CDs follows the dehydration reaction. This result agrees with the
increases in particle size and graphitization. The O 1s spectra
show that the amount of C=O bonds in the CDs, corresponding
to the degree of oxidation, increases with their red-shifting emis-
sion. Overall, the CDs have extensive conjugated sp2 domains in-
cluding many surface groups containing oxygen and nitrogen.
The particle size and extent of sp2 hybridization increase as the
PL emission is red-shifted.

These findings demonstrate that the CDs comprise carbon
cores with 𝜋-conjugated domains surrounded by amorphous sur-
face regions and that the particles’ degree of oxidation increases
as their PL red-shifts. The effects of size and sp2/sp3 hybridization
ratio are also important. Even though the PL mechanisms of CDs
are not fully understood, their strong PL is a powerful motivation
for continuing research. There are two main models proposed
for CDs: the first considers band-gap transitions in conjugated
𝜋-domains, and the second is based on surface defects. Several
studies have used the first model to attribute the red-shifting
of CDs PL to quantum size effects. Here, the sp2/sp3 hybridized
domains and particle size were considered the main factors that
controlled the PL (Table S7, Supporting Information).

To illustrate the contributions of the different functional
groups to the PL of CDs, their surface structures were controlled
by using NaBH4, which is commonly used to reduce aldehydes
and ketones to alcohols, and by using NaOH, which reacts with
acidic groups on the CDs surfaces.[35] Adding NaBH4 and NaOH
to the CDs affects the fluorescence intensity, but not the emission
peak position, indicating that the surface state is inert (Figures S5
and S6, Supporting Information). Therefore, the emission of our
CDs should be controlled by their internal structure and size.

Given the CDs’ interesting multi-colored solution emission,
they were used to make multi-color emissive films. Thermoset-
ting epoxy resin is commonly used in adhesives, paints, and
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Figure 4. High-resolution XPS C 1s, N 1s, and O 1s spectra of a) B-CDs, b) G-CDs, and c) R-CDs.

electrical sealants, for example, for encapsulating LEDs
chips.[36,37] The CDs were initially dissolved in an epoxy hard-
ener. The resulting clear solution was mixed with hardener
at a 2.5:1 volume ratio. Curing the mixture for 4 h at room
temperature formed a CDs/epoxy composite, which was used
to encapsulate LEDs chips. The photographs in Figure 5a show
various monochromatic down-conversion LEDs made by coating
365 nm chips with the composite. The points on the CIE color
plot and the spectra in Figure 5b show that these LEDs cover the
entire visible spectrum. Among them, The CRI of red LEDs is
82.49, which is a relatively high level among the current photo-
luminescence LEDs based on CDs, even better than many white
LEDs. In addition, the CIE of the red LEDs is (0.62, 0.34), which
is closer to the standard red than most red LEDs based on CDs
(Table S8 Supporting Information). We further conducted a sta-
bility test, and after 6 months of storage, the performance of the
red LEDs remained stable (Figure S7a, Supporting Information).
To test the stability of the red LEDs device during operation, the
device is kept continuously illustrating over 7 d (4 V, 20 mA). The
emitting light spectra of the red LEDs at the beginning of and
after 7 d are shown in the (Figure S7b Supporting Information).
The emitting light spectrum has insignificant change compared
with most organic dyes. This indicates that the CDs based LEDs
has excellent stability. The optical micrographs in Figure 5c are
of composite discs. The discs showed a range of colors because
of the added CDs. All the discs were transparent and emitted
various uniform colors from blue to red under the corresponding

excitation light (Figure S8, Supporting Information). A white
LED was made by encapsulating a UV chip (365 nm) in an
epoxy composite containing a mixture of the B-CDs, G-CDs, and
R-CDs. Adjusting the proportions of the three CDs can tune the
LEDs’ emission to pure white with CIE color coordinates of (0.33,
0.36) (Figure 5d). The resulting correlated color temperature and
color rendering index (CRI) were 5452 K and 88, which suggests
that our method is suitable for fabricating white LEDs with high
CRI.

3. Conclusion

A size-dependent model was developed that comprised CDs
with sp3-hybridized carbon cores containing small areas of sp2-
hybridized carbon. The origin of PL in the CDs was investigated
via first-principles DFT calculation. The results showed that con-
trolling the distributions of sp2 and sp3 hybridization red-shifted
the CDs emission. The calculated results and theory were used
to design a method for making full-spectrum-emitting CDs with
two-photon fluorescence. The experiments showed the predic-
tions to be appropriate, and demonstrated the feasibility of the
method, which could be used in various fields. Finally, the full-
spectrum-emitting CDs were used to make multi-color LEDs and
films. Our simple analytical model replicated the major optical
properties of the CDs and represents a universal method for guid-
ing further experiments on full-spectrum-emitting CDs.
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Figure 5. a) The optical photograph of multi-color LEDs and the CIE color coordinates; b) The corresponding emission spectra of the multi-color LEDs;
c) PL photographs of selected CDs, and their mixtures in epoxy composite films under 365 nm UV irradiation; d) The emitting light spectrum of white
LEDs (inset: optical photograph of the white LEDs).

4. Experimental Section
Materials: o-phenylenediamine (oPD), Citric Acid (CA), NaOH, HCl

were purchased from Sigma-Aldrich Co. LLC. All chemicals were used
directly without further purification. The redistilled water used in this
experiment was purified via the SZ-93A water purification system.
All the reagents were analytical grade and utilized without further
purification.

Preparation of Multi-Color-Emissive CDs: Multi-color-emissive carbon
dots (CDs) were synthesized by using CA and oPD by hydrothermal at
different temperatures and pH. Violet-CDs: oPD (108 mg), CA (192 mg),
10 mL of redistilled water (pH = 6) were added to a 25 mL autoclave and
heated at 240 °C for 6 h. Blue-CDs: oPD (108 mg), CA (192 mg), 10 mL
of redistilled water (pH = 2) were added to a 25 mL autoclave and heated
at 240 °C for 6 h. Cyan-CDs: oPD (108 mg), CA (192 mg), 10 mL of re-
distilled water (pH = 1) were added to a 25 mL autoclave and heated at
140 °C for 6 h. Green-CDs: oPD (108 mg), CA (192 mg), 10 mL of redis-
tilled water (pH = 2) were added to a 25 mL autoclave and heated at 180 °C
for 6 h. Yellow-CDs: oPD (108 mg), CA (192 mg), 10 mL of redistilled wa-
ter (pH = 6) were added to a 25 mL autoclave and heated at 140 °C for
6 h. Orange-CDs: oPD (108 mg), CA (192 mg), 10 mL of redistilled water
(pH = 6) were added to a 25 mL autoclave and heated at 120 °C for 6 h.
Red-CDs: oPD (108 mg), 1 mL H2SO4 and 10 mL of redistilled water were
added to a 25 mL autoclave and heated at 200 °C for 6 h. After cooling to
room temperature, the solution was centrifuged at 10 000 rpm for 5 min,

then filtrated through a 0.22 µm filter membrane and finally dialyzed with
membrane (1000 Da) for 24 h to remove the salt and acid.

Preparation of CDs-NaBH4 and CDs-NaOH: Add 100 µL of CDs solu-
tion (2 mg mL−1) to 2 mL NaBH4 or NaOH solution with different concen-
trations. The spectrum was tested using a fluorescence spectrophotome-
ter.

For more experimental details, please refer to the Supporting Informa-
tion.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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