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a b s t r a c t

Carbon dots (CDs) with fluorescence (FL) and room-temperature phosphorescence (RTP) optical properties

have attracted dramatically growing interest in anti-counterfeiting application. Herein, color-tunable and

stable FL and ultralong RTP (to naked eyes ~14 s) are successfully achieved in CDs system. Encoding

information and patterns fabricated by directly screen-printing method are invisible to eyes under natural

light. Interestingly, clear and multicolor patterns with tunable FL and RTP emissions are identified under

the 365 nm, 395 nm and 465 nm excitation and removal of them, indicating potential application of

carbon dots with different FL and RTP outputs in the high-level photonic anti-counterfeiting field.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In order to cope with the impact of counterfeit goods on the

market and safeguard the interests of consumers, it is very nec-

essary to develop an advanced anti-counterfeiting technology [1–

3]. The desirable strategy of encoding photoluminescence mate-

rials with multicolor and controllable emissions under different

stimuli into a security system is beneficial for achieving high-level

anti-counterfeiting. Carbon dots (CDs), a new class of photolumi-

nescence (PL) material, have aroused much attention in the pho-

tonic anti-counterfeiting field owing to their superior PL proper-

ties, tunable emission, low toxicity, good stability, cost-effective

and eco-friendly preparation, and so forth [4–7]. More importantly,

CDs with tunable PL characteristics of fluorescence (FL) and room-

temperature phosphorescence (RTP) are of great significance to

construct high anti-counterfeiting level [8]. However, due to the

influence of spin-forbidden, π-π stacking interactions, and aggre-

gation, lots of CDs exhibit FL property with low quantum efficiency

(QY) and short-term or even no RTP, which restricts their practical

security application [9]. It is favored that incorporating CDs into a

matrix (such as Polyvinyl alcohol (PVA), PU, clay, boric acid) is ben-

eficial to address above shortcomings and achieve excellent FL and
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RTP [10–14]. Unfortunately, ultralong RTP lifetime over 10 s is still

very difficult to obtain even CDs are fixed in matrixes [15,16].

To obtain superior optical performances in CDs systems, plenty

of molecular precursors are used to prepare CDs by a bottom-top

way and the obtained CDs perform different optical properties ow-

ing to the effect of functional groups [17,18]. It is worth noting

that the C=N- and C=O-rich molecular precursors are beneficial to

endow CDs with excellent optical properties because these func-

tional groups on CDs surface provide new energy level structure.

In addition, high reaction temperature (over 220 °C) also show ob-

vious positive influence on optical properties of CDs owing to high

carbonization degree [19]. In this work, the m-phenylenediamine

(m-PD) and folic acid (FA) were selected as carbon sources due to

their significances in producing N-doped CDs with abundant C=N

and C=O groups. As revealed in Fig. 1, the robust FA-CDs and m-

PD-CDs were synthesized under high reaction temperature 260 °C.
Low-cost urea was used to immobilize functional groups on CDs

surface, resulting in clearly visible blue FL as well as ultralong

blue-green and green RTP (to naked eyes ~14 s) for m-PD-CDs and

FA-CDs. Importantly, dual-mode security patterns with conversion

of FL and RTP were obtained by directly screen-printing method,

indicating that full designing on CDs for tunable optical emissions

is in favor of the high-level anti-counterfeiting application.

The TEM images and particle size distributions in Figs. 2a and

b reveal that m-PD-CDs and FA-CDs nanoparticles depict uniform
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Fig. 1. The schematic illustration for the fabrication of CDs and pattern printing

(For interpretation of the references to color in this figure, the reader is referred to

the web version of this article.).

distributions with the average sizes of 2.8 nm and 1.7 nm based on

a statistical result of 100 nanoparticles, respectively. High-solution

TEM (HRTEM) in the inset of Fig. 2a indicates that the prepared

sample possesses fine lattice fringes with a spacing of 0.21 nm,

which is ascribed to the (100) facet of graphitic carbon [20]. As de-

picted in Fig. 2c, similar absorption bands are observed and corre-

sponding attributions are recorded. The FA-CDs exhibits more ob-

vious C=O stretching vibration band than the m-PD-CDs, which is

originated from -COOH of the FA. Full XPS spectra in Fig. 2d indi-

cates that the as-prepared m-PD-CDs and FA-CDs are composed of

C, N and O elements. The C, N and O element contents for the m-

PD-CDs and FA-CDs samples are 35.57%, 39.3% and 25.13, as well

as 41.38%, 26.13% and 32.48%, respectively. The higher N content

of the m-PD-CDs sample is ascribed to high N proportion from

benzene ring and amidogen of the m-PD precursor. High-solution

XPS of C, N and O elements for m-PD-CDs and FA-CDs samples are

shown in Fig. S1 (Supporting information). Comparatively, the m-

PD-CDs sample has one peak at 286.15 eV of C 1s for the C-N com-

Fig. 2. (a) The TEM image (the insets: HRTEM and size distribution) of m-PD-CDs.

(b) The TEM image (the inset: size distribution) of FA-CDs. (c) FTIR spectra of m-

PD-CDs and FA-CDs. (d) Full XPS spectra of m-PD-CDs and FA-CDs.

ponent and another peak at 401.2 eV for graphitic N. In addition,

a peak at 533.25 eV for the O 1s is discovered in the FA-CDs sam-

ple. The FA-CDs sample performs higher C=O content (531.65 eV)

than the m-PD-CDs [21–23]. The XPS results match well with the

FTIR consequences and all of them are in accordance with precur-

sor differences.

As revealed in Figs. 3a and b, the m-PD-CDs exhibit a clear

absorption band peaking at 280 nm and another broadband ab-

sorption spreading to visible area, and the FA-CDs has two in-

tense absorption peaks centered at 268 nm and 337 nm, which

Fig. 3. (a, b) The UV–vis, FL and PL spectra for m-PD-CDs and FA-CDs under 365 nm excitation, respectively. (c) RTP decay spectra of m-PD-CDs and FA-CDs powders. (d)

RTP decay photographs of PVA films for m-PD-CDs (left) and FA-CDs (right). (e) The schematic illustration for FL and PL emissions. (f, g) FL spectra tested with an interval

time of 2 min for m-PD-CDs and FA-CDs (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.).
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Fig. 4. Photographs of printing patterns on filter paper and weighing paper for (a) m-PD-CDs and (b) FA-CDs (For interpretation of the references to color in this figure, the

reader is referred to the web version of this article.).

are ascribed to the π-π ∗ transitions of C=C and C=N bonds and

n-π ∗ transitions of C=O bond [9,24,25]. The m-PD-CDs and FA-

CDs samples both have blue FL emissions upon 365 nm excitation,

peaking at 413 and 444 nm, respectively. Differences in PL emis-

sion, the m-PD-CDs exhibits blue-green RTP but the FA-CDs shows

green RTP, which may be caused by the discrepant effect of in-

teraction force of the C=N/C=O bonds and H atoms. As depicted

in Fig. 3c, RTP decay spectra of m-PD-CDs and FA-CDs powders

indicate that RTP decay lifetime of m-PD-CDs powders is longer

than that of FA-CDs. Moreover, RTP (to naked eyes ~14 s) are ob-

tained by monitoring the afterglow time of PVA films after removal

of the 365 nm excitation (Fig. 3d). As shown in Fig. S2 (Support-

ing information), the m-PD-CDs and FA-CDs samples both perform

excitation-dependent FL by increasing the excitation wavelength

from 365 nm to 445 nm. Fig. 3e reveals the schematic illustration

for FL and RTP emissions in the m-PD-CDs and FA-CDs systems. As

excited by light sources, the energy is migrated from the S0 into

the upper S1-n. FL emission is achieved through a radiation process

back from the S1 to S0. For RTP emission, the intersystem crossing

(ISC) process from the S1-n to T1-n is critical and then the energy

transfer process from the T1 to S0 is responsible for RTP emis-

sion [26]. To assess the photostability of the two CDs, we tested

FL spectra through an intermittent testing with an interval time of

2 min and a continuous testing with an increment of 10 min, as

display in Figs. 3f and g, Figs. S3a and b (Supporting information).

High intensity-retention is obtained even irradiated with 30 min

continuously and then hardly decrease in FL intensity is demon-

strated by intermittent testing results, indicating that the two CDs

have excellent photostability.

Inspired by excellent FL and RTP properties and photostability

of m-PD-CDs and FA-CDs samples, we prepared security inks by

separately incorporating m-PD-CDs and FA-CDs samples in PVA so-

lution and then printed them on filter paper and weighing paper

by screen-printing method (Fig. 1). In Figs. 4a and b, the printing

patterns including QR code, Chinese character and Chinese knot on

filter paper, and pony on weighing paper for m-PD-CDs, as well as

crayfish, Kylin and cherries on filter paper and QR codes on weigh-

ing paper for FA-CDs are invisible to eyes under natural light. In-

terestingly, no matter which substrate is chosen, all of patterns can

be observed with clearly visible blue emissions under the irradia-

tion of 365, 395 and 465 nm lights, while RTP with visible green

emissions are obtained after removal of the stimulations. The QR

codes on filter paper and weighing paper in Fig. S4 (Supporting

information), encoding information of Chinese characters and Chi-

nese poetry, can be identified by a mobile phone (testing device:

Honor V10), respectively. It reveals that the m-PD-CDs and FA-CDs

samples with the couple of FL and RTP are beneficial to construct-

ing high-level and identifiable anti-counterfeiting application.

In summary, two kinds of CDs carbonization from the FA and

m-PD exhibit excellent FL and RTP based on a heating treatment

of urea. Ultralong RTP (to naked eyes ~14 s) are obtained in the m-

PD-CDs and FA-CDs samples. Tunable blue-to-green emissions from

FL to RTP are achieved under the 365 nm, 395 nm and 465 nm

excitation and removal of it. Comparatively, the FTIR, XPS and op-

tical properties indicate that the selection of molecule precursors

with different functional groups leads to different optical perfor-

mances. Versatile security patterns with clear blue FL and green

RTP emissions demonstrate that the m-PD-CDs and FA-CDs sam-

ples with controllable emissions have a wide application prospect

in the field of high-level anti-counterfeiting.
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