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0.32) were also achieved.

The paper describes a kind of truly full-color photoluminescence (PL) CDs. The CDs were prepared by
using one-pot hydrothermally heating citric acid and formamide at 200 °C for 2 h. The CDs have three
fluorescent centers at blue, green, and red light region. Their color was regulated through two means,
including changing excitation wavelengths or CDs concentrations. The emission maxima changed from
blue to red with the increase of excitation wavelengths or CDs concentrations. The full-color PL behavior
of the CDs was inherited and conserved in the solid polymer matrix, giving multicolor CDs/polymer films
and light emitting diodes (LEDs). White-light LED (WLED) with the CIE coordinate approaching to (0.31,
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Multicolor luminescent materials have received significant at-
tention due to their broad application in sensing, bioimaging, full-
color displays, light-emitting diodes, and optoelectronic devices
[1-6]. In these multicolor luminescent materials, rare-earth based
nanoparticles, semiconductor quantum dots and organic fluores-
cent dyes have been developed [7-10]. However, these luminescent
materials often have many problems such as poor water solubility,
complex preparation procedures, or high bio-toxicity [7-15]. More-
over, current methods for regulating the colors of these materials
are also limited. Therefore, it remains challenges to develop novel
multicolor luminescent materials with high utility and rich color
regulation.

Carbon dots (CDs) as a novel type of multicolor luminescent
materials have many remarkable advantages, such as superior opti-
cal properties, good solubility and biocompatibility, compared with
traditional multicolor luminescent materials [16-20]. The prepara-
tion procedures of CDs are simple and easy, and their raw mate-
rials are abundant [21,22]. Hence, it is easier to prepare CDs with
multicolor luminescence by choosing appropriate carbon source or
controlling reaction conditions. A great variety of CDs with full-
color emission (blue-red light region) have been successfully pre-
pared by adjusting starting materials [23,24], reaction condition
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[25,26], or separation method (path-A) [27]. Lin’s group synthe-
sized three types of CDs inducing emissions in red, green and blue
(RGB) three primary colors of luminescence through solvother-
mal treatment of three different phenylenediamine isomers as car-
bon sources [23]. Sun et al. prepared multiple-color-emission CDs
by regulating the thermal-pyrolysis temperature of citric acid and
urea [26]. Ding et al. reported that a kind of full-color light emit-
ting CDs, which were hydrothermally synthesized in one pot and
separated via silica column chromatography [27]. Besides, some
CDs can also achieve multicolor luminescence by changing the
excitation wavelength [28,29], solvents [30,31], or CDs concen-
tration [32,33] (path-B). Pan et al. prepared excitation-dependent
truly full-color CDs presenting unusually comparable emission in-
tensity nearly across the entire range of visible spectrum [29)].
Wang et al. synthesized excitation-independent multicolor emis-
sive CDs, which showed different color emissions in different sol-
vents or polymer matrixes [30]. Chen et al. reported concentration-
dependent multicolor CDs with emissions changing from blue to
orange light [33]. Both these two methods (path-A and path-B)
contribute significantly to the development of full-color CDs. Nev-
ertheless, each of these methods has its own advantages and draw-
backs. The full-color CDs from path-A (CDs-A) are generally able to
access various color emissions with high intensity and efficiency.
However, various colors of CDs-A are actually achieved from a
group of CDs, and such kind of full-color CDs is suitable for full-
color displays. On the other hand, the full-color CDs from path-B
(CDs-B) can directly achieve various color emissions from a sin-
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Fig. 1. (a) TEM image the CDs; inset: HRTEM image and the particle size histograms
of the CDs. (b) FT-IR spectra of the CDs. (c) XPS full-survey; (d) high-resolution
C 1s; (e) high-resolution N 1s; (f) high-resolution O 1s XPS spectra of the CDs.

gle CD. Such kind of full-color CDs is available for sensing through
monitoring obvious stimuli-responsive color transition. Neverthe-
less, various colors of CDs-B are generally achieved from a flu-
orescent center, which results in low fluorescent intensity and
efficiency of certain color emissions. Truly full-color CDs-B with
multiple fluorescent centers at three primary colors were rarely re-
ported. Truly full-color CDs can guarantee intensity and efficiency
of various color emissions and have practical value.

Herein, we report a kind of concentration and excitation
dual-dependency truly full-color fluorescent CDs via a one-pot
solvothermal synthesis by using citric acid and formamide (Scheme
S1 in Supporting information). The CDs present full-color emission
from blue to green, yellow, and red with the increase of excitation
wavelength and its concentration. The full-color CDs are confirmed
to contain multiple fluorescence emission centers in the 2D fluo-
rescent excitation-emission matrix. They can be applied in prepar-
ing full-color polymer films and LEDs.

The morphology and composition characterizations of the CDs
including TEM, FT-IR and XPS were performed. The TEM image
illustrates that the CDs are well-dispersed in ethanol (Fig. 1a),
with average particle sizes of approximately 2.9 nm. The high-
resolution TEM (HRTEM) image shows that the sample has similar
well-resolved lattice fringes with a spacing of 0.21 nm, indicating
the successful synthesis of well-crystallized CDs [34,35]. The FT-
IR spectrum exhibits the characteristic absorption bands (Fig. 1b),
including the stretching vibrations of C=N/C=0, C=C and C-N at
1680, 1605, and 1390 cm~!, and the asymmetric and symmetric
stretching vibrations of C-0-C at 1130 and 1075 cm~!. The broad
absorption bands from 3200 cm~! to 3350 cm~! indicate the pres-
ence of amino (-NH,) and hydroxyl (-OH) functional groups on
the surface of the CDs. Furthermore, the chemical compositions of
the CDs were investigated by XPS analysis (Figs. 1c-f), which fur-
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Fig. 2. (a) PL spectra of the CDs dispersed in ethanol solvent under different exci-
tation wavelengths. (b) The maximum emissions under different excitation wave-
lengths and their corresponding normalized fluorescence intensity. (c) CIE chro-
maticity coordinate of blue, green, yellow, and red excited at the indicated wave-
lengths. (d) PL emission photographs of the CDs recorded under the excitation
wavelengths from 370 nm to 600 nm.

Fig. 3. (a) UV-vis absorption spectra of the CDs prepared at 160, 180 and 200 °C,
respectively; (b) Raman spectra of the CDs prepared at 160, 180 and 200 °C, respec-
tively.

ther support the FT-IR analysis. For instance, the CDs mainly con-
tain C, O, and N elements (i.e., C/O/N = 1.0/0.75/0.28, molar ratios).
The typical high-resolution XPS C 1s spectrum can be deconvoluted
into five binding energies (i.e., C-C/C=C, 284.4 eV; C-N, 285.5 eV;
C-0, 286.5 eV; C=N/C=0, 287.8 eV; -COOH, 288.6 eV) (Fig. 1d and
Table S1 in Supporting information) [29,36]. In the high-resolution
XPS N 1s, two fitting peaks at 399.8 and 400.8 eV are correspond-
ing to the graphitic-like/amino N and pyrrolic-like N, respectively
(Fig. 1e) [37]. The two fitting peaks of O 1s XPS at 531.5 and
532.8 eV are attributed to C=0 and C-O bonds (Fig. 1f). These
characterizations show the CDs compose of nano-scale graphite-
like skeleton/core, and they are covered with N and O containing
heterocyclic chemical structures and abundant amino and hydroxyl
functional groups.

The excitation-dependent optical properties of the CDs were
thoroughly investigated by fluorescence (FL), UV-vis absorbance
and Raman analysis. As shown in Fig. 2a, there is no regular pat-
tern in the variation of the fluorescence spectra of the CDs dis-
persed in ethanol solvent as altering the excitation wavelengths
from 370 nm to 600 nm unlike most of the other CDs. The fluores-
cence emissions nearly cover the entire visible spectrum. The nor-
malized maximum fluorescence intensities and their locations are
provided in Fig. 2b and Fig. S1a (Supporting information) for allow-
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Fig. 4. (a) Photograph of the CDs ethanol solutions with various concentrations
in daylight (upper) and 365 nm UV-light excitation (bottom). (b) CIE chromaticity
coordinate of A1-A8 samples excited at the indicated wavelengths. The concentra-
tions of A1-A8 samples are 0.0064, 0.0128, 0.0192, 0.032, 0.0448, 0.064, 0.128, and
0.192 mg/mL, respectively. (c) Normalized PL emission spectra of the A1 (Blue), A4
(Green), A6 (Yellow), and A8 (Red) samples under their optimum excitation wave-
length.

ing easy observation. The emission wavelengths suffer a red-shift
from 450 nm to 650 nm. Multiple platforms appear in the curve
of the emission wavelength to excitation wavelength, demonstrat-
ing the CDs experience several fluorescence emitters. Under the
combined effect of these emitters, all of these fluorescence spectra
are asymmetric with a wide full width at half maximum (FWHM).
From the curve of the fluorescence intensity to excitation wave-
length, four peaks appear at 458, 536, 548, and 646 nm under the
excitation wavelength of 380, 450, 470 and 590 nm, respectively.
These four fluorescence spectra were converted to CIE coordinates
to determine the exact spatial coordinates of the chromophores,
and CIE color coordinates of blue (0.19, 0.21), green (0.34, 0.53),
yellow (0.40, 0.55) and red (0.66, 0.31) emitters were achieved
(Fig. 2c). These colors are readily observed by naked eye as well
from the photographed cuvettes (Fig. 2d and Fig. S1b in Support-
ing information). The QYs of carbon dots under 380, 450, 470 and
590 nm are determined to be 11.1%, 21.3%, 15.9% and 9.4%, respec-
tively.

The difference (AW) between the excitation wavelength and
their maximum emission wavelength can reflect the degree of the
excitation lights (Table S2 in Supporting information). The results
show obvious variation in the corresponding differences among the
various excitation lights, and again confirm the existence of multi-
ple emitters. Moreover, it is obvious that the AW tend to converge
when the emission wavelengths approach the optimum excitation
wavelength of the corresponding emitters. This multicolor fluores-
cence phenomenon could be formed by the sp? carbon-induced
variation in energy gaps between the 7 and 7* states [38,39]. The
size of the sp? carbon domains can determine the quantum con-
finement effect of the CDs and drive their emission toward the
light region with long emissions [3]. To elucidate the relationship
between the sp? structure of the CDs and their luminescent behav-
ior, several CDs were prepared with the same starting materials of
equal amounts under different hydrothermal temperatures (Fig. S2
in Supporting information). The fluorescence emitters at three pri-
mary colors (red, green, and blue light) were compared at various
preparation temperatures. The CDs at 160 and 180 °C show two
main fluorescence emitters in the blue light and green light re-
gion; the CDs at 220 °C show three fluorescence emitters in the
three primary color region similar to the above-mentioned CDs at

4118

Chinese Chemical Letters 33 (2022) 4116-4120

Fig. 5. 2D fluorescent matrix scan of the A1-A8 samples.

Fig. 6. (a) CDs/PVA films with multicolor emissions under the excitation of 365 nm
UV-light; (b) blue-light, green-light, yellow light, and red-light LED prototypes. (c)
WLED prototype and its solid-state emission spectrum. (d) CIE chromaticity coordi-
nate of the WLED.

200 °C; the CDs at 240 °C show only one fluorescence emitter in
the blue light region. Over-carbonization has occurred in the CDs
at 240 °C, and makes them show monochromatic luminescence.
The fluorescence emitter in the blue region appears in all of the
CDs, and is hardly affected by their preparation temperatures. The
fluorescence emitter in the green light region is underpowered by
the high temperature. Conversely, the fluorescence emitter in the
red light region is enhanced with the increasing preparation tem-
peratures. The characteristic absorption in the UV-vis spectra can
reflect the structural features of the CDs, including sp? structure
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(Fig. 3a and Fig. S3 in Supporting information). In the UV region of
210-350 nm, a single peak is observed at 345 nm with a shoulder
peak at 282 nm, corresponding to the n-7* transition of the C=0
bond and the w-7* transition of the C=N bonds, respectively. With
the increased preparation temperatures, the n-m* peak is reduced
while the -* peak is elevated. The elevated - * transition sug-
gests an increased energy gap between the 7 and 7* states and an
increased conjugated sp? domain [40]. Besides, the elevated visible
absorption at 560 nm in the UV-vis spectra can also confirm the
size increase of the conjugated sp? domain in the particles [23].
Fig. 3b shows the Raman spectra of three CDs at 160, 180 and
200 °C. The peaks at 1387 and 1525 cm~! in the Raman spectra
correspond to the disordered (D band) and graphite (G band) car-
bon in carbon materials [26,39]. The ratio of Ip/I; is 1.12, 1.09 and
1.06 at 160, 180 and 200 °C, respectively. The decreased Ip/I; also
implies the increased number of embedded graphitic carbon atoms
in the CDs with their increased preparation temperatures, that is,
the increased conjugated sp? domain in the CDs.

The CDs present not only excitation-dependent luminescence,
but also concentration-dependent luminescence. In order to inves-
tigate the concentration-dependent PL behavior of the CDs, we
prepared a series of CDs ethanol solutions with the concentra-
tion of 0.0064, 0.0128, 0.0192, 0.032, 0.0448, 0.064, 0.128 and
0.192 mg/mL, respectively (A1-A8 samples). With the increased
concentration of the CDs, the colors of CDs solutions gradually
deepen in daylight (Fig. 4a, upper). Interestingly, under the exci-
tation of 365 nm UV-light, the CDs solutions display full-color PL
emission, which can be directly observed by naked eye as well
(Fig. 4a, bottom). The increase in the CDs concentration leads to a
red shift in their emission. Furthermore, the normalized PL emis-
sion spectra of the A1-A8 samples were recorded under the excita-
tion wavelength of 400 nm (Fig. S4 in Supporting information), and
the PL emission centers of the CDs exhibit gradual bathochromic
shift with the increase of the CDs concentration. The fluorescence
spectra were converted to CIE coordinates to determine the ex-
act spatial coordinates of these CDs. Commission Internationale de
L’Eclairage 1931 (CIE) coordinate of A1-A8 samples shows that the
CDs excited at 400 nm can achieve full-color emission from blue
to red (Fig. 4b). The corresponding CIE coordinates are (0.16, 0.19),
(0.21, 0.32), (0.25, 0.44), (0.35, 0.57), (0.44, 0.54), (0.52, 0.47), (0.61,
0.38), and (0.67, 0.32), respectively. Four CDs samples (A1, A4, A6,
and A8), their CIE color coordinates of blue, green, yellow, and
red, were chosen to further investigate their PL properties in de-
tails. Under the optimum excitation wavelengths (Aqe), their max-
imum fluorescence emissions (Ame) are just located in the blue
light (Aoe = 380 nm, Ame = 446 nm), green light (Aqe = 450 nm,
Ame = 529 nm), yellow light (Age = 470 nm, Ape = 547 nm),
and red light (Age = 590 nm, Ape = 653 nm) region, respec-
tively (Fig. 4c). Their PL spectra under different excitation wave-
lengths and corresponding excitation-emission spectra under the
Moe are shown in Figs. S5 and S6 (Supporting information). The
CDs at lower concentrations (A1, A4 and A6) show three main
fluorescence emitters in the blue light, green light, and red light
region, and A8 sample show two main fluorescence emitters in
the green light and red light region. With the raise of the con-
centration, the fluorescence emitters in the blue light region are
gradually underpowered; those in the green light region increase
first and then decrease; those in the red light region remain up-
regulated. The UV-vis absorption spectra (Fig. S7 in Supporting
information) of the CDs can illustrate the full-color fluorescence
emissive phenomenon. The CDs with the emissions in the long-
wavelength region have an obvious absorption peak in long wave-
length, which may be attributable to the formation of large sp?
conjugation [23,35]. With the increasing CDs concentration, the
UV-vis absorption of the CDs in the long-wavelength region in-
creases significantly.
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To further investigate the mechanism of the concentration-
dependent PL behavior of the CDs, specified 2D fluorescent matrix
scans were performed on the A1-A8 CDs. The fluorescence center
in the blue light region lies within the excitation wavelength range
from 360 nm to 390 nm (Fig. 5a). A new fluorescent center appears
in the green light region in A2 CDs (Fig. 5b). Clearly, the fluores-
cence center in the blue light and green light region are located
at 447 and 515 nm, with the excitation wavelength of 375 and
415 nm, respectively. With the increase of CDs concentration (A1-
A3), the emission intensity of the green fluorescent center gradu-
ally increases. The emission intensity is raised with the red shift
of the emission wavelength (A4-A6), implying an effective energy
transfer from blue light to green light region via a broad band ab-
sorption, which can be inferred from the UV-vis absorption spec-
tra of the CDs in Fig. S7 (Supporting information). A further in-
crease in CDs concentration causes the disappearance of the fluo-
rescent emissive center in blue light region (A7). Next, the fluores-
cence emission center gradually shifts towards the red light region.
A large irregular emission area in the red light region is observed
in A8, showing a new fluorescent emissive center at 650 nm. The
fluorescence center in the red light region can be assigned to the
intrinsic energy level of the N-related defect states between sur-
face bands [1].

It has been reported that the full-color PL behavior of the
CDs can be extended to solid-state films for solid-state lighting.
In this case, full-color emissive CDs/polyvinyl alcohol (PVA) com-
posite films were successfully fabricated (Fig. 6a). PVA matrix fa-
vors the CDs with different concentrations to maintain their full-
color PL behavior when the films are shaped [40]. Notably, the ob-
tained CDs/PVA films inherit the concentration and excitation dual-
dependency full-color PL behavior. With increased CDs concentra-
tions, CDs/PVA films emit a strong light from blue to red under
UV light of 365 nm. The normalized solid-state PL emission spec-
tra of the CDs/PVA films show obvious red-shift from blue light
region to red light region with the increased excitation wavelength
(Fig. S8a in Supporting information). The corresponding CIE coordi-
nates of the CDs/PVA composite films at different excitation wave-
lengths are (0.26, 0.35), (0.32, 0.50), (0.41, 0.52), and (0.54, 0.45),
respectively (Fig. S8b in Supporting information). CDs-based LEDs
with various color emissions were prepared by using the corre-
sponding CDs/PVA films and InGaN LED chips centered at 365 nm.
These LEDs emit bright blue light, green light, yellow light, and red
light (Fig. 6b and Fig. S9 in Supporting information). Furthermore,
by combining blue light and yellow light CDs/PVA films, WLED
with the CIE coordinate approaching to (0.31, 0.32) were achieved
(Figs. 6¢ and d), realizing the LEDs with full-wavelength emissions.
In a word, the full-color CDs have proved promising and very use-
ful in manufacturing forward-looking multicolor films and LEDs.

In summary, both concentration and excitation double-
dependence fluorescent CDs with truly full-color emission have
been synthesized through a simple one-pot hydrothermal method.
The CDs with tunable fluorescence colors can achieve full-color PL
emission (including three primary color emissions) by adjusting
the excitation wavelength and concentration. The excitation and
concentration double-dependence PL behavior of the CDs can
be attributed to the multiple emission centers formed from the
different-sized conjugated sp? domains of the CDs. It can be
confirmed that there are three fluorescent centers in the CDs
corresponding to blue, green, and red light region in the 2D fluo-
rescent excitation-emission matrix. Based on the unique multicolor
PL properties, the CDs/PVA films were prepared and show similar
excitation and concentration double-dependence solid-state PL
behavior. Meanwhile, LEDs and WLED based on the CDs/PVA films
were also fabricated for multicolor lighting. These applications
confirm the versatile functions and bright prospect of the CDs in
multicolor prototypes.
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