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a b s t r a c t

As one of the most promising fluorescent nanomaterials, carbon dots (CDs) have been extensively studied

for their fluorescent properties in solution. However, research on the synthesis of multicolor solid-state

fluorescence (SSF) CDs (from blue to red) is rarely reported. Herein, we used o-phenylenediamine, m-

phenylenediamine and p-phenylenediamine with dithiosalicylic acid (DTSA) in the solvothermal reaction

using acetic acid as a solvent to obtain aggregation-induced emissive (AIE) CDs of red (620 nm), green

(520 nm), and blue (478 nm), respectively. XPS spectra and TEM image show that with the red-shift of

luminescence, the particle size and content of C=O of the CDs gradually increases. Finally, based on the

non-matrix solid-state multicolor luminescence characteristics of CDs, the application of white light LED

devices is realized. Besides, based on the fat-soluble properties of CDs, fingerprint detection applications

are realized.

© 2021 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 a kind of carbon-based luminescent

nanomaterials that have emerged in recent years [1–4]. Easy

preparation and purification, adjustable optical and surface prop-

erties, and superior biocompatibility make them as fanscinating

luminescent materials [5–7]. However, CDs in solid-state tend to

aggregation-caused quenching (ACQ) like organic molecules due to

excessive resonance energy transfer (RET) or direct π-π interac-

tions [8–10]. Therefore, most researchers embed CDs in solid sub-

strates to realize the solid-state self-stable state of CDs-based com-

posites [11–13]. However, these methods are complicated and the

CDs loading rate is low. It is difficult to maintain the excellent flu-

orescence performance in the CDs aqueous solution, and the high

loading fraction still leads to a serious decrease in the PLQYs of

CDs [14,15].

Realizing the SSF of CDs still faces severe challenges [4]. Al-

though there are various reports on CDs with high QY in solu-

tion [15–18], it seems difficult to avoid the strong quenching ef-

fect in SSF CDs. Some recent studies have shown that some CDs

have been found to achieve effective SSF and resistance to self-

quenching [19–21]. Possible solution is to introduce a certain steric

hindrance between the CD particles. For example, the CD can be
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kept at a proper interval by introducing a long chain structure on

the outer surface to reduce the CD interaction and ensure the SSF

of CDs [10,22,23]. However, to meet the strong demand for white

light SSF materials for LEDs, it is still a key challenge for the syn-

thesis of CDs with multicolor SSF. One of the main characteristics

of quantum dots is that they tend to exhibit quantum confinement

effects [24]. These effects occur when the CDs are smaller than

their exciton Bohr radius. In general, the size, doping, and func-

tionalization of CDs affect their luminescence performance [25–

27]. According to molecular orbital theory, the smaller the particle,

the bluer the shift in emission frequency (that is, it shifts to higher

energy).

Based on the above situation, we found a method that can

effectively maintain the CDs of SSF, rather than introducing CDs

into the solid-state dispersion system. The solvothermal reaction

of dithiosalicylic acid (DTSA) with o-phenylenediamine (o-PD),

m-phenylenediamine (m-PD), and p-phenylenediamine (p-PD) in

acetic acid solution generates red, green, and blue SSF CDs, re-

spectively. First, 490.16 mg of DTSA was dissolved in 40 mL of

acetic acid solution with stirring until dissolved completely. Then

137.02 mg of o-PD was added to the mixed solution and stirred

for 1 h. Subsequently, the mixed solution was transferred into the

100 mL Teflon reactor and kept at 180 °C for 10 h. After cool-

ing down to room temperature naturally, the reaction solution was

poured into 1 L boiling water, then it was filtered and dried to get
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Fig. 1. PL excitation and emission spectra of o-CDs (a), m-CDs (b), and p-CDs (c). Inset image: photographs of m-CDs, o-CDs, and p-CDs. (d-f) UV–vis absorption spectra of

o-CDs, m-CDs, and p-CDs, separately.

Fig. 2. TEM images of o-CD (a, b), m-CD (d, e), and p-CDs (g, h) and corresponding HRTEM images inserted. (c, f, i) Particles size distribution of o-CD, m-CD, and p-CDs

measured by TEM images.

pure o-CDs. The preparation of m-CDs and p-CDs is in the similar

way. The position of the amino group in the aniline in the reaction

precursor is changed to adjust the emission color of the SSF CDs,

and the quantum yield (QY) reaches 20.77%.

As described above, DTSA was chosen as the carbon source

and sulfur source and phenylenediamines as the nitrogen source

attributed to its large conjugated structure, which can increase

the conjugated π-domain and synthesize narrow bandgap CDs

for long-wavelength emission. Surprisingly, the o-CDs, m-CDs,

and p-CDs powders display red, green, and blue PL emission as

shown in Figs. 1a-c. Optimum excitation of o-CDs, m-CDs, and p-

CDs powders is 560 nm, 460 nm, 460 nm, and optimum emis-
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Fig. 3. (a) Normalized PL, (b) Lifetime, (c) FT-IR, and (d) XPS spectra of o-CDs, m-

CDs, and p-CDs.

Fig. 4. (a-d) Photographs of the o-CD,m-CD, p-CD and tripartite mixed powder-

stained latent fingerprints (LFPs) on glass substrates under UV light irradiation, re-

spectively. (d1-d4) Photographs of the tripartite mixed powder magnified images

showing four kinds of details in LFPs. (e) Emission spectrum of working WLED pre-

pared by o-CD, m-CD, and p-CD mixed powder operated at 3.5 V. (f) CIE coordinates

of o-CD, m-CD, and p-CD mixed powder under UV light (365 nm). Inset: the image

of working WLED.

sion of o-CDs, m-CDs, and p-CDs powders is 620 nm, 560 nm,

478 nm, respectively. The spectra in Figs. 1d-f reveal that all of

the Abs-1 wavelengths of o-CDs, m-CDs, and p-CDs are in the

range of 250–350 nm, with corresponding Abs-2 wavelengths of

about 450–550 nm, 450 nm, and 400 nm, respectively. Further-

more, Abs-2 matches the fluorescence optimum excitation cen-

ter (Figs. 1a-c) well, indicating that emission centers of CDs con-

tribute to Abs-2 bands, but the absorption peaks at 250–350 nm do

not.

The three typical CDs are examined by transmission electron

microscopy (TEM) to study their sizes. In Figs. 2a, d and g, the TEM

images reveal that these CDs are homogeneous and well dispersed,

with average particle sizes of about 4.5 nm, 4.0 nm and 3.5 nm for

o-CDs, m-CDs, and p-CDs (Figs. 2c, f and i), respectively. Moreover,

it can be seen that the central wavelength of the emission spec-

tra shifts to a longer wavelength with the increase of the particle

size. The high resolution TEM (HRTEM) images (Figs. 2b, e and h)

show that all samples have similar wel resolved lattice fringes with

a spacing of 0.21 nm, attributed to the (100) lattice distance of

the graphitic carbon. Normalized PL spectra of o-CDs, m-CDs, and

p-CDs show that the fluorescence peak width gradually narrows

with the blue shift of the luminescence (Fig. 3a). Time-resolved PL

decay curves were measured for the different emissions of these

samples under 450 nm excitation, the average lifetime of o-CDs,

m-CDs, and p-CDs were measured to be 3.16, 2.85 and 2.11 ns, re-

spectively (Fig. 3b and Table S1 in Supporting information).

The functional groups were characterized by Fourier transform

infrared (FT-IR) and X-ray photoelectron spectroscopy (XPS). Fig. 3c

shows the FT-IR absorption band at 3505 cm−1 is assigned to the

O–H stretching vibration. The absorption band at 2651 cm−1 is

ascribed to S-H stretching vibration and the absorption band at

1677 cm−1 is ascribed to C=N/C=O stretching vibration. Besides,

CDs obtained by solvothermal synthesis reserve the S-S bond at

554 cm−1. These functional groups could play roles in serving as

sub-fluorophores for producing PL. In Fig. 3d and Table S2 (Sup-

porting information), the full XPS spectra display five typical peaks

at 164, 228, 285, 400 and 532 eV for S 2p, S 2s, C 1s, N 1s, and

O 1s, respectively, indicating that all the CDs consisted of the same

elements. In the high resolution XPS spectra (Fig. S1 and Table S3

in Supporting information), the S 2p spectra display three peaks at

162.7, 163.1 and 164.1 eV which can be attributed to S-C, S-H, and

S-S, respectively. These three high-resolution spectra collectively

indicate the successful insertion of S and N atoms into these CDs.

However, the nitrogen content in o-CDs and p-CDs is low, the ni-

trogen in m-CDs contains two peaks at 398.9 and 399.6 eV, ascrib-

ing to graphite nitrogen and N-H (Fig. S1). The QY of o-CDs, m-CDs,

and p-CDs is 4.05%, 20.77%, and 1.76%, which is attributed to the

synergistic effect between carbon and nitrogen (Table S4 in Sup-

porting information). The C 1s band can be deconvoluted into four

binding energy peaks at 283.7, 284.3 and 288.1 eV, which could be

assigned to C-C/C=C, C-N/C-O and C=N/C=O, respectively (Fig. S1

and Table S5 in Supporting information). The O 1s spectra contain

two peaks at 531.1 and 533.3 eV for C=O and C-OH/C-O-C bands,

respectively (Fig. S1 and Table S6 in Supporting information). The

atomic ratio between carbon and oxygen decreases from 11.09% (o-

CDs) to 5.47% (p-CDs), suggesting a decreasing degree of graphiti-

zation in these CDs (Table S2). Moreover, the C=O gradually de-

creases from 63.85% (o-CDs) to 42.58% (p-CDs), implying emission

red-shift may be related to C=O on the surface of CDs. In brief,

o-CDs, m-CDs, and p-CDs have abundant oxygen/nitrogen surface

groups, and the CD’s particle sizes decrease and their PL emission

shift from red to blue. To further reveal the photoluminescence

mechanism of CDs, we analyzed the PL spectra of CDs in solu-

tion as shown in Fig. S2 (Supporting information). When water is

introduced, the hydrophobic effect causes the aggregation of CDs,

so the CDs maintain their SSF characteristics in water. When dis-
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solved in acetic acid, o-CDs, m-CDs, and p-CDs exhibit blue, green,

and blue fluorescence, respectively. These phenomena reveal that

o-CDs conform to the phenomenon of aggregation-induced emis-

sion (AIE) [21]. The surface groups of o-CDs may rotate around the

intramolecular S-S bonds and consume the absorbed energy in the

dissolved state, so o-CDs solution will not produce red fluorescence

and exhibit similar PL characteristics as the reported blue emission

CDs. However, in the solid-state, as a result of the intramolecu-

lar rotation being banned, the excitation energy can transfer dom-

inantly into fluorescence [21]. When fully dispersed as a homoge-

neous solution, m-CDs and p-CDs do not conform to the AIE phe-

nomenon and exhibit the same luminous color as solid.

Figs. 4a-c displays the images of latent fingermarks after be-

ing applied with o-CDs, m-CDs, p-CDs, and tripartite mixture ex-

cited by UV light source, where each image of fingermarks in a

different color are bright and clear. A possible mechanism of good

effect was that the extremely small size and lipophilic character-

istics of the nanomaterial increased the adhesion of the nanopar-

ticle to fingermark. In contrast, the glossy and sharpened finger-

mark white-light image with better contrast and more details can

be attained through the treatment of tripartite mixture excited

at 365 nm (Fig. 4d). Besides, the WLED may be achieved solely

by those CDs phosphors with appropriate commercial UV chips.

As shown in Figs. 4e and f, warm-white light LEDs with high

color rendering index of 86.9 approaching the coordinate (0.3380,

0.3414) can be achieved by a mixture of o-CDs, m-CDs, and p-CDs.

Under 400 nm excitation wavelength, variable temperature spec-

troscopy image (Fig. S3 in Supporting information) shows that flu-

orescence intensity of o-CDs, m-CDs, and p-CDs remained stable as

the temperature increased from 303 K to 443 K. When the temper-

ature reached 443 K, the PL intensity can still remain 75% of the

PL intensity at 303 K. The results show that the PL intensities re-

main nearly unchanged, indicating high thermal stability of those

CDs.

In short, the multicolor SSF of CDs were prepared by the one-

pot solvothermal method. In the aggregate state, these CDs can

resist self-quenching and maintain stable fluorescence emission.

Through data analysis, there are abundant S-S, C=O, C=N, and

other functional groups on the surface of the CDs. The degree of

graphitization and the increase of C=O content of CDs are the main

reasons for emission redshift. Besides, the particle size of the CDs

shows a trend of o-CDs > m-CDs > p-CDs, that is, as the particle

size of the CDs becomes larger, the emission redshifts. On this ba-

sis, white light LEDs were prepared using hybrid multi-color SSF-

CDs. It can also be used for fingerprint recognition to meet differ-

ent application.
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