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a b s t r a c t

High-performance carbon dots (CDs) allowing the application in high-end display devices are highly de-

sirable and usually limited by the absence of simple and easy synthesis methods. In this work, we ex-

ploited an easy-to-implement strategy for the one-step synthesis of green-emitting CDs (G-CDs) with

superb optical properties. The G-CDs were synthesized using m-phenylenediamine (m-PD) as a single pre-

cursor, and the reaction reacted at 180 °C for 12 h The resultant G-CDs exhibit high-purity and excitation-

independent green fluorescence with the photoluminescence (PL) peak located at 516nm, full width at

half maximum (FWHM) of 46nm, and PL quantum yield (QY) of ∼80% under the 470nm excitation light.

The G-CDs and corresponding composite film prepared with polyvinyl butyral (G-CDs@PVB) exhibit good

PL stability after undergoing long-time storage for one year and 360h exposure under 460nm blue light.

The G-CDs@PVB film was used as color-conversion materials in green-emitting light-emitting diode (LED)

application, exhibiting a Commission internationale de l’Eclairage (CIE) chromaticity coordinate of (0.21,

0.44). The film was also used in CD-based liquid crystal display (CD-LCD) application, achieving a color

gamut value of 85%. This work will offer a working basis for the synthesis of high-performance CDs as

well as their application in displays.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbon dots (CDs) are regarded as the superstars of photolu-

minescent nanomaterials at this stage, benefiting from their inter-

esting physicochemical and optical properties, such as wavelength-

tunable emission spectra, outstanding optical stability, plentiful

surface functional groups and low toxicity [1–7]. However, the

wide bandwidth emission drastically reduces the color purity of

CDs, overshadowing their prospect in optoelectronic display de-

vices.

Unfortunately, there is still no simple and universal method

devoted to the preparation of CDs with narrow band and bright

photoluminescence (PL), but some researchers have proposed ef-

fective examples for reference. Yuan et al. [8] successfully prepared

multicolor emissive CDs with ultra-narrow bandwidth, whose

full width at half maximums (FWHM) of blue-, green-, yellow-

and red-emitting CDs were 30, 29, 30 and 30nm. This work

pioneered the study of CDs with outstanding optical performance

and widened the path of CDs in high-performance display devices.

Liu’s group developed a kind of high-performance green emissive

silanized CDs accompanied by PL quantum yield (QY) of ∼93%

and FWHM of 38nm [9]. The high fluorescent intensity of CDs
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benefited from the alleviation of the spin-orbit coupling effect.

Yang et al. prepared red emissive CDs with an ultra-narrow FWHM

of 20nm [10]. They considered that the π conjugated system orga-

nized with nitrogen heterocyclic and aromatic rings dominates the

unitary PL center, leading to the higher PL QY and narrow FWHM.

Although there have been some excellent examples demonstrat-

ing the controlled preparation of high-performance CDs, these

methods usually require complex purification operations such

as dialysis and silica column chromatography [11–17], which

are regarded as efficient methods for isolating the by-products

and precursors and improving the optical characteristics of CDs

[18]. Definitely, the controlled synthesis of high-performance CDs

also enables the construction of CD-based displays, including

electroluminescent and photoluminescent devices. Yuan et al. im-

plemented the construction of multicolor CD-based light-emitting

diodes (LEDs), which were regarded as the precondition for the

realization of high-end displays [8]. Liu’s group constructed a

CD-based wide-color-gamut backlight display with green-emitting

CDs and red phosphor [19]. The display device shows a color

gamut that is wider than most conventional display devices, with

a value of 107%. Additionally, it achieves a high luminous efficacy

of 117.43 lm/W, making it an energy-efficient option for display

technology. The successful application of CDs in high-end display
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Fig. 1. Schematic diagram for one-step preparation of high-performance G-CDs.

devices will accelerate the research on the preparation methods of

CDs as well as their applications.

Herein, we exploited an easy-to-implement strategy for the

one-step synthesis of green-emitting CDs (G-CDs) with superb op-

tical properties. As shown in Fig. 1, m-phenylenediamine (m-PD)

was used as a single precursor, 10 wt% dilute H2SO4 was used

as an additive and absolute ethyl alcohol was used as a solvent.

The reaction reacted in an autoclave at 180 °C for 12h and the re-

sultant G-CDs were obtained without additional purification pro-

cesses. The resultant G-CDs exhibit high-purity and excitation-

independent green fluorescence accompanied by the PL peak lo-

cated at 516nm, PL QY of ∼80% and FWHM of 46nm. The G-CDs

show good dispersibility in various polar solvents, endowing the

potential of construction multifunctional composite film with poly-

mers. Polyvinyl butyral (PVB) was used as a polymer matrix to

construct polymer film with G-CDs (G-CDs@PVB), exhibiting good

PL properties (PL peak of 520nm, PL QY of ∼76% and FWHM of

52nm) and PL stability. In this connection, the G-CDs@PVB com-

posite films were applied to construct green emissive LED and CD-

based film for backlight display (85% National Television Standards

Committee (NTSC)). This work presents a simple and easy method

for synthesizing high-performance G-CDs and demonstrates the

application prospects in the field of optoelectronic devices, espe-

cially backlight displays.

In this work, a simple and easy method was performed to real-

ize the one-step preparation of high-performance G-CDs. In Fig. 1,

m-PD, a commonly used raw material for the synthesis of CDs,

was employed as a single precursor. Apart from that, 10 wt% di-

lute H2SO4 was used as an additive and ethyl alcohol was used

as the solvent. After 12h of reaction at 180 °C in the autoclave,

the high-performance G-CDs were obtained. The detailed operation

processes were listed in Experimental Section in Supporting infor-

mation. The G-CDs solution displays bright green PL with the PL

peak located at 516nm. Unlike other methods that require complex

post-purification operations, the G-CDs solution exhibited high PL

QY (∼80%) and narrow FWHM (46nm), having potential for ap-

plication in high-performance display devices. The results demon-

strate that this method can greatly save the preparation process

and time of high-performance CDs, and has the prospect of indus-

trial application.

To investigate the structural characteristics of the G-CDs, we

conducted transmission electron microscope (TEM) analysis, as

shown in Fig. 2a, which demonstrates the spherical morphol-

ogy and uniform size distribution of the G-CDs. The inset high-

resolution TEM image in Fig. 2a shows that the G-CD has obvious

lattices with a lattice spacing of 0.21nm, which is generally consid-

ered to be the (100) plane of graphitic carbon [20,21]. The diffrac-

tion pattern of G-CD also exhibits the typical structure of graphitic

carbon. The statistical analysis in Fig. S1 (Supporting information)

reveals that the average diameter of the G-CDs is 2.9 nm. The

atomic force microscope (AFM) image in Fig. 2b further confirms

the quasi-spherical shape of G-CDs with an average height of ap-

proximately 3nm. The similarity in average height and diameter

between the TEM and AFM results suggests that G-CDs possess

a uniform, quasi-spherical morphology [22]. The X-ray diffraction

(XRD) pattern in Fig. 2c displays a diffraction peak centered at 22°,
which can be attributed to the (002) plane of graphitic carbon [23].

We also utilized Fourier transform infrared (FT-IR) spectroscopy to

Fig. 2. (a) TEM image of G-CDs. Inset: high-resolution TEM image and diffraction pattern of a G-CD. (b) AFM image of G-CDs. Inset: height profile of the selected line in

AFM image. XRD pattern (c) and FT-IR curve (d) of G-CDs. (e) XPS survey spectrum of G-CDs, and the corresponding high-resolution (f) C 1s, (g) N 1s, (h) O 1s, and (i) S 2p

XPS spectra.
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Fig. 3. (a) UV–vis absorption, PL excitation and emission spectra of G-CDs. (b) PL spectra of G-CDs under different excitation wavelengths. (c) 3D PL mapping of G-CDs under

excitation wavelengths ranging from 250nm to 490nm with 10nm intervals. (d) The variation of FWHM under the different excitation wavelengths. (e) The time-resolved

fluorescence decay curve of G-CDs. (f) PL emission spectra used for measuring absolute PL QY. Absolute ethyl alcohol was used as a reference sample.

examine the functional groups on the surface of G-CDs, as shown

in Fig. 2d. The absorption peak at 879 cm−1 corresponds to the

out-of-plane bending vibration of C–H originating from the ben-

zene ring of m-PD [24], while the absorption peaks at 1046 and

1087 cm−1 are assigned to the stretching vibration of C–O [25].

Additionally, the absorption peak at 1379 cm−1 corresponds to the

C–H vibration of the sp3 carbon [26], and the peaks at 2876 and

2973 cm−1 indicate the presence of methylene (–CH2–) on the sur-

face of G-CDs [27]. The absorption peak at 3320 cm−1 is assigned

to the stretching vibration of N–H in m-PD [28]. To further ex-

plore the composition of G-CDs, we conducted X-ray photoelectron

spectroscopy (XPS) measurements. The survey XPS spectrum in Fig.

2e indicates that the G-CDs contain C, N, O and S elements, with

atomic concentrations of 67.9%, 9.2%, 17.7% and 5.2%, respectively.

The C 1s spectrum in Fig. 2f confirms that the C element forms

multifarious chemically bound states, including C–C/C=C (284.7 eV)

[29] and C–O/C–S/C–N (285.9 eV) [30]. The N 1s spectrum shown

in Fig. 2g can be divided into two peaks at 399 and 400.7 eV, which

correspond to amino N and graphitic N, respectively [31,32]. The

O 1s XPS spectrum in Fig. 2h exhibits two peaks, attributed to

C=O (531.4 eV) [33] and C–O (532.6 eV) [34]. Finally, the S 2p XPS

spectrum in Fig. 2i exhibits the existence of -SH (161.8 eV) [35], S

2p1/2 C–S (163.9 eV) [36], –C–SOx– (165.3 eV) [37], S 2p3/2 SO4/SO3

(168.3 eV) [38] and S 2p1/2 SO3 (169.6 eV) [39].

The optical characteristics of the prepared G-CDs were explored.

As shown in Fig. 3a, the ultraviolet–visible (UV–vis) absorption

spectrum exhibits a strong peak at 263nm and a smaller peak

at 468nm, attributed to the π-π ∗ transition of C=C and the n-

π ∗ transition of nitrogen groups on the surface of G-CDs, respec-

tively [40,41]. The PL emission spectrum of G-CDs shows a nar-

row and intense peak located at 517nm, with a narrow FWHM of

46nm, when excited at 460nm, the wavelength commonly used

in photoluminescent devices. The PL excitation spectrum presents

two peaks centered at 293 and 468nm. Fig. 3b demonstrates the

excitation-independent behavior of G-CDs, which exhibit a consis-

tent PL peak at 517nm across a range of excitation wavelengths

measured at 10nm intervals between 300 nm and 490nm. This

unique property is attributed to the sulfur-doping, which sup-

presses the oxygen-states and enhances the nitrogen-states [42].

3D mapping of PL spectra corresponding to Fig. 3b shows more

clearly the change of PL intensity of G-CDs under various excita-

tion lights (Fig. 3c). The overall trend of PL intensity is consistent

with the PL excitation spectrum, and the variation of PL intensity

at emissive peak at 517nm was exhibited in Fig. S2 (Supporting

information). In view of the fact that the mainstream fluorescent

materials used for liquid crystal displays (LCDs) have the charac-

teristics of FWHM less than 50nm, we chose 50nm as a bench-

mark condition to evaluate the FWHM of G-CDs [19]. Fig. 3d il-

lustrates the dependence of FWHM on excitation wavelengths. The

FWHMs of the PL spectra of G-CDs are below 50nm and reach a

minimum of 46nm when excited with 470nm light, over an opti-

mal excitation wavelength range of 350–490nm that covers the ul-

traviolet and blue light regions commonly used for excitation. The

addition of dilute H2SO4 is believed to contribute to the narrower

FWHM of G-CDs. Dilute H2SO4 enhances the degree of graphiti-

zation while reducing the presence of oxygen-included functional

groups. As a result, the wavefunctions become more delocalized,

and the bandgap fluctuation become smaller simultaneously [43].

Ultimately, these factors contribute to the observed decrease in

FWHM for G-CDs. These results provide a reliable basis for the

multifunctional applications of G-CDs. The fluorescence lifetime of

G-CDs was obtained by fitting the time-resolved fluorescence de-

cay curve using a bi-exponential decay function, and the fluores-

cence lifetime was found to be 4.76ns (Fig. 3e). The absolute pho-

toluminescence quantum yield (PL QY) of G-CDs was determined

using a fluorescence spectrophotometer, with absolute ethyl alco-

hol used as reference sample. The absolute PL QY of G-CDs is ap-

proximately 80% at the excitation wavelength of 470nm (Fig. 3f).

The results indicate that the performance of G-CDs is generally su-

perior to that of many high-performance green-emitting CDs that

have a PL QY of 50% or more (Table S1 in Supporting informa-

tion). The high PL QY of G-CDs may originate from the high N-

doping, attributing to the amino in m-PD [42]. The PL properties of

purified G-CDs were also measured. Fig. S3 (Supporting informa-

tion) exhibits the PL properties of purified G-CDs by dialysis and

column chromatography, which shows nearly equivalent PL perfor-

mance, including PL peak of 517nm, FWHM of 47nm, absolute PL

QY of 82%. This shows that the as-prepared G-CDs contain fewer

impurities and therefore have excellent PL properties. Furthermore,

we thoroughly investigated the effects of different reaction param-

eters on the fluorescence of G-CDs. Fig. S4 (Supporting informa-

tion) shows the impact of varying the volumes of 10 wt% dilute

H2SO4 on the PL of G-CDs, revealing that the PL intensity of G-CDs

is highest when the volume of 10 wt% dilute H2SO4 is 2mL (Fig.

S4a). Fig. S4b shows the variation in intensity and wavelength of

PL peak, indicating that when the volumes of 10 wt% dilute H2SO4
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Fig. 4. (a) Comparison of PL spectra of G-CDs after one year of storage. (b) The variation of PL intensity and wavelength of G-CDs under 460nm blue light radiation. (c)

PL spectra of G-CDs in various solvents. (d) PL spectra of G-CDs@PVB film. (e) The variation of PL intensity and wavelength of G-CDs@PVB film under 460nm blue light

radiation. (f) Comparison of PL spectra of G-CDs@PVB film after one year of storage.

are more than 1mL, the wavelength of PL peak is located in the

pure green light region. Fig. S5 (Supporting information) shows the

effect of varying the mass concentration of H2SO4 on the PL of G-

CDs, with the optimal mass concentration of H2SO4 found to be

10%. Finally, Figs. S6 and S7 (Supporting information) exhibit the

variation in intensity and wavelength of PL peak with different re-

action temperatures and times, with the optimum reaction temper-

ature and time found to be 180 °C and 12h, respectively. Among

many experimental parameters, the introduction of dilute sulfuric

acid is the main factor affecting the PL properties of G-CDs. In ad-

dition to promoting the degree of graphitization and reducing the

presence of oxygen-included functional groups, dilute H2SO4 pro-

motes the edge amino protonation, which is also an important rea-

son for improving the PL properties of G-CDs [11]. Fig. S8 (Support-

ing information) exhibits the PL spectra of G-CDs at different pH

values. It can be seen that with the increase of pH values, the PL

intensities of G-CDs gradually decrease, the FWHMs also increased

from 46nm to 68nm. It is proved that edge amino protonation

by dilute H2SO4 is the main factor to improve the PL properties

of G-CDs. As the isomers of m-PD, o-phenylenediamine (o-PD) and

p-phenylenediamine (p-PD) are usually used to synthesis of high-

performance CDs. In this work, o-PD and p-PD were served as pre-

cursors to prepare CDs with the same method. Fig. S9 (Supporting

information) exhibits the PL spectra of CDs prepared with o-PD and

p-PD, showing relatively poor PL properties, such as extremely low

PL intensities and wide FWHMs. This phenomenon confirmed that

the preparation method is only applicable to m-PD.

The potential application of G-CDs was assessed by investigat-

ing their PL stability. In Fig. 4a, the PL spectrum of G-CDs remained

unchanged after one year of storage, with the PL peak at 517nm

and 94% of the initial PL intensity maintained. Given that G-CDs

are often exposed to long periods of blue light radiation during

use, their stability under blue light irradiation was investigated.

Fig. 4b shows that after 360h of blue light radiation at 460nm,

the PL peak wavelength of G-CDs decreased gradually from 517nm

to 509nm, but still remained in the green light region. Moreover,

the PL intensity was maintained at 92% of the initial value. The G-

CDs exhibit excellent dispersibility in various polar solvents, and

also emit bright green fluorescence (Fig. S10 in Supporting in-

formation). The dispersibility of G-CDs in different solvents im-

plies the potential to prepare diverse composites. The G-CDs@PVB

film, which exhibited superior film-forming and optical properties,

was also investigated (Fig. S11 in Supporting information). Fig. 4d

shows that the PL spectrum of G-CDs@PVB film had a PL peak at

520nm, a narrow FWHM of 52nm, and a PL QY of ∼76%. The PL

intensity and wavelength of the G-CDs@PVB film remained almost

constant after 360h of blue light radiation, as shown in Fig. 4e,

and the PL peak and intensity remained unchanged after one year

of storage, as shown in Fig. 4f.

The good optical characteristics of G-CDs@PVB film endow it

with the potential for applications in optoelectronic devices. LED

is a common light-emitting device that G-CDs@PVB film can serve

as light-conversion material to construct green-emitting LED [44].

In this work, a GaN chip with an emissive wavelength of 440nm

was used as excitation light source and green-emitting G-CDs@PVB

film was pasted on the chip to convert blue light into green

light. The digital photograph of the lighted green-emitting LED

is shown in Fig. S12a (Supporting information), exhibiting bright

green light. Fig. S12b (Supporting information) presents the lu-

minescence spectrum of green-emitting LED. The spectrum shows

two PL peaks located at 440 and 520nm, attributing to blue GaN

chip and G-CDs@PVB film, respectively. The FWHM of the green

light spectrum still maintains ∼52nm, confirming the good PL sta-

bility of G-CDs@PVB film in LED devices. The Commission interna-

tionale de l’Eclairage (CIE) chromaticity coordinate for the green-

emitting LED is (0.21, 0.44), which is located in the green light re-

gion (Fig. S12c in Supporting information).

The G-CDs@PVB film has a good film-forming property, having

the intrinsic potential to produce large-area films by a scratch

coating method. Large-area films are suitable for use as light-

conversion film to construct backlight display. In this work,

G-CDs were employed as light-conversion material to construct

CDs based liquid crystal display (CD-LCD). Fig. 5a exhibits the

simplified structure diagram of backlight units in an LCD: blue

light chips and the corresponding optical films make up the blue

light source; green-emitting G-CDs@PVB film and red-emitting

K2SiF6:Mn4+ (KSF) film are employed as green and red light

conversion films. The detailed luminous and imaging principles

were introduced in our previous work [45–48]. Fig. 5b shows the

digital photograph of G-CDs@PVB film prepared by scratch coating

method with the size of 14× 20 cm. The G-CDs@PVB film under

daylight presents a faint yellow and translucent character, facilitat-

ing the excitation and compounding of light [45]. Fig. 5c displays

the digital photograph of G-CDs@PVB film taken under 365nm

UV light to prove its good optical property and its ability to be

used as green light-conversion film to construct backlight displays.

Fig. 5d shows the imaging effect of the resultant CD-LCD device,

displaying the saturated green and red light at leaves and flowers
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Fig. 5. (a) The simplified structure diagram of backlight units in LCD. The digital photograph of G-CDs@PVB film taken under (b) daylight and (c) 365nm UV light. (d) The

imaging effect of the resultant CD-LCD device with green-emitting G-CDs@PVB film and red-emitting KSF film. (e) The luminescent spectrum of CD-LCD. (f) The color gamut

comparison between CD-LCD and NTSC standard. Solid black line: the color gamut of CD-LCD. Black dotted line: the color gamut of NTSC standard.

on the screen. The imaging effect of semi-finished LCD without

color-conversion films is shown in Fig. S13 (Supporting informa-

tion), demonstrating the significant improvement of display effect

compared to CD-LCD. Fig. 5e displays the luminescent spectrum

of CD-LCD, which presents three peaks located at 450, 520 and

630nm, attributing to the light of blue light chips, G-CDs@PVB

film and KSF film, respectively. Fig. 5f shows the color gamut

comparison with NTSC standard, to give a satisfactory color gamut

value of 85%, which falls within the relatively moderate range for

CDs-based displays (Table S2 in Supporting information) but still

exceeds that of the majority of commercial display devices [49].

In this work, we exploited an easy-to-implement strategy for

the one-step preparation of green-emitting CDs with high PL

QY and narrow FWHM. This method avoids complex and time-

consuming processes of purification, having the advantage of

greater cost reduction and high efficiency in commercialization.

The resultant G-CDs stock solution exhibits excitation-independent

green fluorescence with PL peak centered at 517nm with a nar-

row FWHM of 46nm and PL QY of ∼80% under the excitation

light of 470nm. Additionally, the G-CDs possess good PL stability in

long-time storage for one year and 360h exposure under 460nm

blue light, still maintaining 94% and 92% of the initial PL inten-

sity, respectively. The plentiful surface functional groups endow G-

CDs with excellent dispersibility in various polar solvents, having

the potential of constructing multifunctional composite films with

polymers. The G-CDs@PVB film was prepared by directly mixing

G-CDs and PVB polymer in the solvent of ethyl alcohol, show-

ing green fluorescence with PL peak centered at 520nm, PL QY

of ∼76% and FWHM of 52nm. The green-emitting LED was con-

structed by pasting G-CDs@PVB film on a 440nm GaN chip, show-

ing green light with a CIE coordinate of (0.21, 0.44). In the end, we

constructed CD-LCD with green-emitting G-CDs@PVB film and red-

emitting KSF film used as color-conversion films, giving a satisfac-

tory color gamut value of 85%, exceeding the color gamut value of

conventional LCDs. This work presents the easy-to-perform method

to synthesize high-performance G-CDs, opening the way for the in-

dustrial production of CDs and their commercial application in the

field of display.
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