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Carbon dots (CDs) with superior fluorescence properties have attracted a growing number of research
interests in anti-counterfeiting. However, the preparation of CDs with thermally turn-on fluorescence and
full-color-emitting in visible spectrum is still a big challenge due to the complicated reaction mechanism
in the formation of CDs. Here, a simple precursor-oriented strategy for the preparation of multicolor CDs
with heat-stimuli turn-on fluorescence is reported. Comprehensive experimental characterizations and
theoretical calculations revealed that the emission wavelength of CDs can be readily tuned from 460 nm
to 654nm with selected precursors, which was ascribed to the extent of conjugated sp?-domains (core
states) and the amount of oxygen- and nitrogen-containing groups bound to sp?-domains (surface states).
After simply mixing two or three kinds of CDs, a full-color range of fluorescence emission was realized,
and the CDs-based fluorescence inks were successfully fabricated. Particularly, all the printed patterns
from the inkjet exhibited a thermal-induced enhancement in fluorescence. On this basis, combining CDs
with heating-induced “turn-off” fluorescence materials can lead to multidimensional and multistage en-
cryption. These results demonstrate that the thermochromic and photochromic CDs with much more en-

hanced security exhibit promising application in data storage and encryption.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Information security is an ever-growing global hotspot that is
urgently required not only in economic and military fields but also
in our daily life. Much effort has been continuously devoted to
develop advanced encryption strategies in information protection
and data security [1-4]. In recent years, various types of smart
materials and approaches for encryption have been reported. Es-
pecially stimuli-responsive fluorescence materials that can imple-
ment the data encryption by their changeable and reversible lu-
minescence behaviors have received extensive investigations [5,6].
According to the external stimuli, these materials can be classi-
fied into thermochromic, mechanochromic, solvochromic and elec-
trochromic [7-10]. Owing to the easiness of being copied and
counterfeited of single-level anti-counterfeiting materials, it is of
great importance for developing functional fluorescence materials
with the performance of multidimensional and multistage encryp-
tion.
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Carbon dots (CDs) are an emerging kind of metal-free carbon
nanomaterials with remarkable characteristics of tunable photolu-
minescence (PL), good solubility, high photostability and diverse
synthetic methods [11-14]. These intrinsic advantages endow CDs
an attractive candidate for anti-counterfeiting and information en-
cryption [15,16]. For example, Jiang et al. reported a triple-mode
emission of CDs that simultaneously exhibited photoluminescence,
up-conversion photoluminescence and phosphorescence [17]. Ren
et al. prepared a type of CDs with time-dependent phosphores-
cence color by hydrothermal treatment of levofloxacin, and the
resulting CDs were applied in dynamic phosphorescence colored
three dimensional (3D) codes for information encryption [18]. Shi
et al. confined CDs in the interlayers of layered double hydroxides
to obtain an ensemble that possessed dual-emission of fluores-
cence and room temperature phosphorescence properties, which
provided a high level of security against counterfeiting [19]. How-
ever, these CDs still belong to single stimuli (light) PL materials,
and their PL is often quenched by external stimuli (e.g. heat, pres-
sure, metal ions, pH, moisture and chemical reagents), which limit
their practical use in anti-counterfeiting [20-22]. Hence the devel-
opment of advanced CDs that can possess stimuli turn-on PL is ur-
gently required.

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) A precursor-oriented strategy for synthesis of CDs with multiple color emission using solvothermal method. (b) Fluorescence spectra of five CDs in aqueous

solution with turn-on thermochromic characteristics.

In our previous work, we have prepared a series of thermally
turn-on fluorescence CDs that provide strong anti-interference ca-
pability and enhanced spatial resolution [23,24]. Ideally the heat
stimuli can be generated by the human body temperature, a hair
dryer or lighter without the need of sophisticated instruments or
laboratory environment, thereby providing a convenient operation
with high reliability. To achieve multilevel encrypting data more
effectively, multicolor CDs with turn-on thermochromic character-
istics are developed for the first time in this work. Although mul-
ticolor CDs have been extensively studied in recent years [25-29],
however, full color CDs with thermally turn-on fluorescence have
not been reported so far. Therefore, it is necessary to develop a
convenient method to tune the emission of turn-on thermosensi-
tive CDs in advanced anti-counterfeiting. Herein the color-tunable
emission properties were achieved by scrutinizing selection of pre-
cursors. Subsequent characterizations reveal that the CDs with
blue, green, yellow, orange or red colors are caused by increas-
ing size of conjugated domains and amount of carbonyl and amino
groups. These characteristics are in line with those of selected pre-
cursors, suggesting the structures of precursors are partially pre-
served in the resultant CDs. By simply mixing different kinds of
CDs, the composite CDs with bright and remarkably stable full-
color and white light can be obtained. The full color fluorescence
inks for inkjet printing were also prepared from these composite
CDs, and they were successfully applied for the anti-counterfeiting
of real samples. All the printed patterns, including quick response
(QR) codes, colorful numbers and “tiger” logo, can vividly appear
on the printed paper with very fine details. In view of the thermal-
induced enhancement in fluorescence for resulting CDs, visible flu-
orescence color evolution with a high contrast and clear signal can
be provided by combining CDs with the heat-quenching fluores-
cence. Our method elicits an advanced anti-counterfeiting strategy
that creates high-quality features with a multilevel encryption by
multicolor emissions coupled with thermochromic characteristics.

Compared with small molecules such as citric acid and urea,
the precursors containing multiple aromatic ring and heteroatoms
were used to fabricate multicolor CDs, which can avoid the com-
plicated polymerization process. Thus, a simple precursor-oriented
method was adopted in this work for tuning the emission of CDs
by partially retaining the characteristic structures of precursors. As
shown in Fig. 1a, the CDs are prepared by solvothermal reaction in
N,N-dimethylformamide at 180 °C for 6h, and the multiple color
emissive CDs were readily produced by tuning the amounts of pre-

cursors. o-Phenylenediamine (0-PD) is considered as the main pre-
cursor, and the blue emissive CDs (B-CDs) can be obtained when
0-PD and citric acid (CA) were selected as precursors. With the
increase of the o-PD content, the green and yellow emissive CDs
(G-CDs and Y-CDs) are obtained. Unlike CA, catechol is known as
an aromatic compound with conjugated structures, and the or-
ange emissive CDs (O-CDs) are prepared when o-PD and catechol
are used as precursors. Furthermore, the introduction of nitrogen-
containing precursor (urea), the maximum emission of the result-
ing CDs (R-CDs) shifts to red light. Thus, the tunable emission of
CDs can be realized by simply selecting the precursors with differ-
ence in conjugated structure and nitrogen-containing groups. The
fluorescence spectra of CDs show the emission peaks cover the
entire visible spectrum. More importantly, these multicolor CDs
exhibit enhanced responses to temperature increments (Fig. 1b).
According to the equation [23,24], thermal sensitivities (S) for B-
CDs, G-CDs, Y-CDs, 0-CDs and R-CDs solutions are calculated as
2.77%/°C, 0.82%/°C, 0.81%/°C, 0.63%/°C and 0.29%/°C, respectively.
The good linear relationships between fluorescence intensity and
temperature with the correlation coefficient (R?) of 0.99-0.999 are
obtained as shown in Fig. S1 (Supporting information). Accord-
ing to our previous work, it is considered that the precursor-
dependent intramolecular hydrogen bonds (IHBs) determined the
thermal sensitivity of target CDs [23,24]. The differential scanning
calorimetry (DSC) measurements in Fig. S2 (Supporting informa-
tion) demonstrate that the endothermic transitions of five CDs are
before 100 °C, which may be attributed to the presence of IHBs
[30-32]. Thus, the difference in the thermal sensitivity of obtained
five CDs may be also caused by the selected precursors.

The ultraviolet-visible (UV-vis) absorption spectra in Fig. S3
(Supporting information) display the absorption behaviors of the
multicolor CDs, and the subtle differences in absorption of the five
CDs indicate their structural discrepancies. As shown in the inset
of Fig. S3, all CDs exhibit good dispersion in aqueous solution, and
their emissions exhibit strongly bright under UV light irradiation.
Furthermore, the maximum emission peaks for these CDs are inde-
pendent of the excitation wavelength (Fig. S4 in Supporting infor-
mation), suggesting the CDs have a uniform size distribution and a
single PL center. The time-resolved photoluminescence decay spec-
tra of CDs were measured (Fig. S5a and Table S1 in Supporting in-
formation), and the average lifetimes (t,) of B-CDs, G-CDs, Y-CDs,
0-CDs and R-CDs are 5.96, 5.26, 4.46, 2.43 and 2.15 ns, respectively.
The decrease of 7, indicates the increase in the nonradiative traps
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Fig. 2. (a) TEM images of the B-CDs, G-CDs, Y-CDs, O-CDs and R-CDs; inset: HRTEM images (top) and size distribution (bottom). (b) High-resolution C 1s, O 1s and N 1s XPS

spectra for multicolor emissive CDs.

as the increased degree of carbonization, thereby red-shifting the
PL wavelengths. And this trend corresponds to the variation of ab-
solute quantum yields (QYs). Here, the 7, values of all CDs have
shown little variation with temperature (Figs. S5b—f in Supporting
information), which is very different from the normal PL properties
that usually exhibit attenuated fluorescence intensities and t, as
the temperature increases. This peculiarity originated from IHBs-
regulated chromophore structures in CDs, as it has been confirmed
in our previous work [23,24].

The transmission electron microscope (TEM) images (Fig. 2a)
illustrate the as-prepared CDs are quasi-spherical and uniform
monodisperse particles with average diameters of 3.5nm (B-CDs),
4.2 nm (G-CDs), 4.5 nm (Y-CDs), 4.8 nm (O-CDs) and 5.1 nm (R-CDs).
The high-resolution TEM (HRTEM) images demonstrate that all CDs
have well-resolved lattice fringes with a spacing of 0.21 nm, which
can be ascribed to (100) crystal plane of graphitic carbon [33,34].
The dynamic light scattering (DLS) analysis in Fig. S6 (Supporting
information) demonstrates that the average sizes of CDs are in the
range of 50—80nm, which are much larger than those of CDs that
observed in the TEM images (Fig. 2), suggesting the expansion of
polymer chains on the surface of CDs in solution [23,35,36]. And
the changes in hydrated radius of multicolor CDs are consistent
with the results of TEM analyses, suggesting that the actual par-
ticle sizes may have a great influence on the optical behavior of
CDs. The full-survey X-ray photoelectron spectroscopy (XPS) spec-
tra (Fig. S7 in Supporting information) exhibit that all CDs are com-
posed of C, O and N elements, and their atomic ratios were pro-
vided in Table S2 (Supporting information). The content of nitro-
gen atoms in CDs increases with the red shift of emission wave-
length, which agrees well with the change in nitrogen content of
precursors. A similar trend can be observed in high-resolution C 1s
spectra (Fig. 2b and Table S3 in Supporting information) where the
sp? carbon atoms (C=C/C—C) at 284.8eV in the region typical for
sp2-hybridized domains increase as the emission of CDs red shifts
[37,38]. It means that the selection for special precursors with ex-
tended sp? domains and increased N content is particularly useful
to obtain CDs with long wavelength. The O 1s XPS spectra show
the difference in five CDs, where three components are associated
with —OH at 536.4eV, C-0 at 534.3eV and C=0 at 531.7¢eV in B-
CDs and G-CDs, while only C— 0 and C=0 bonds can be observed
in Y-CDs, O-CDs and R-CDs. As shown in Table S4 (Supporting in-

formation), the relative amount of C=0 bonds, corresponding to
the degree of oxidation, increases with the red-shifting emission
of CDs [39,40]. More details can be observed in the N 1s spectra
that three component peaks of N 1s bands at 398.6, 399.7 and
401.2 eV represent pyridinic N, amino N and pyrrolic N, respec-
tively [41,42]. From B-CDs to R-CDs (Table S5 in Supporting in-
formation), the content of electron-donating NH, groups increases,
which can cause the decreased band gap energy and the redshifted
emission wavelength. Furthermore, the results of the Fourier trans-
form infrared spectra (Fig. S8 in Supporting information) are in full
accordance with XPS data. The characteristic absorption peak in
the R-CDs located at about 1500 cm~! originates from the stretch-
ing vibrations of C=C bonds [36,43,44]. Based on the above analy-
ses, the increase in conjugated domains with the nitrogen/oxygen-
related surface defects of CDs leads to the red-shifted PL.

Although all CDs exhibit the single PL center, the structure of
chromophores in resulting CDs are different according to the above
results. Thus, we further investigated the fluorescence mechanism
of the multicolor-emissive CDs by density functional theory (DFT)
calculations. The CDs are generally considered to be composed
of sp3/sp?-hybridized carbon cores with different surface groups
[27,45-47]. Here several sp3/sp2-hybridized benzene ring structures
as the possible models were proposed to assess the synergistic
effect of sp? domains size and oxygen-/nitrogen-related surface
states on the fluorescence emission of CDs (Fig. 3). The correspond-
ing energy of the band gap (Eg), highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) were es-
timated by theoretical calculations. Obviously, the Eg values of five
models were close to the experimental data, which can be calcu-
lated from the UV-vis diffuse reflectance spectra (Fig. S9 in Sup-
porting information). As expected, the increase in the size of sp?
domains and the amount of oxygen- and nitrogen-related func-
tional groups would lower the Eg and cause the red-shift emission
wavelength. Hence, the enhanced graphitization degree and struc-
tural defects of CDs play vital roles in the decrease of Eg.

We further evaluated the practical use of resulting CDs for anti-
counterfeiting purpose. A series of fluorescence inks was initially
prepared by mixing CDs with different mass ratio and type, and
36-color mixtures with different fluorescence were successfully
obtained, then brush-coated on A4 papers. As shown in Fig. 4a,
all the patterns with bright fluorescence are clearly visible under
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Fig. 4. (a) Patterns with the full-color display on A4 paper are generated by ad-
justing the mix type and mass ratio of CDs under UV light. (b) CIE chromaticity
coordinates of hybrid CDs. The letters of “B”, “G”, “Y", “O” and “R” represent the
B-CDs, G-CDs, Y-CDs, 0-CDs and R-CDs. (c) QR code encryption by multicolor CDs;
left: photos under daylight, middle: photos taken at room temperature under UV
light, right: photos taken at 55 °C under UV light. (d) Security number coding en-
cryption of “8079” at different temperature by multicolor CDs; the numbers “6713”
were printed by Y-CDs, O-CDs, B-CDs and G-CDs, respectively, and the correspond-
ing rest were printed by Rh B (top) and b-CDs (bottom). (e) Image printing; optical
photos of “tiger” patterns by B-CDs, Rh B and their mixture at different tempera-
tures.

UV light. And the coordinates of the fluorescence of all hybrid
CDs marked on the Commission International de L’Eclairage (CIE)
chromaticity diagram cover most of the visible light region from
400nm to 780nm (Fig. 4b). The more detailed values of CIE coor-
dinates are provided in Table S6 (Supporting information). Further-
more, the white emissive hybrid CDs can be obtained by simply
blending the three chromic components (R-CDs, G-CDs and B-CDs)
at a mass ratio of 2.5:4.5:2, and the corresponding CIE coordinate
appears at (0.33, 0.32), which is close to that of pure white light
(0.33, 0.33), indicating the good white-light performance. Highly
luminescent CDs-based inks with multicolor and white light emis-

sion were successfully synthesized, and these color-switchable flu-
orescence properties of CDs by arranging them in distinct com-
bination and sequence endow the related information encryption
with great complexity, demonstrating a promising prospect in anti-
counterfeiting.

We also filled the standard ink cartridges with the correspond-
ing CDs in a commercially available desktop inkjet printer (Canon
MG2580S). As shown in Fig. 4c, the quick response (QR) codes
were printed with the fluorescent inks. Under UV light irradia-
tion, these codes exhibit blue, green, yellow, orange and red emis-
sion, respectively, and the complete encoded information could be
clearly and accurately recognized by the naked eye. Their fluores-
cence becomes stronger as the temperature increases compared
with those at room temperature, and this heat-induced “light-
on” fluorescence behavior displays enhanced thermal sensitivity,
which offers the second mode of anti-counterfeiting. In addition,
the “light-on” CDs together with “turn-off” properties of fluores-
cence materials (i.e. Rh B and a blue emissive CDs (b-CDs)) are
used to make forgers more difficult to counterfeit. As exhibited
in Fig. 4d, the “8079” codes with two parts were printed on A4
papers, where the “6713” codes were separately printed by four
“light-on” fluorescent inks, and the remain regions were printed
by Rh B (top) and b-CDs (bottom), respectively. After exposing the
printed paper at 55 °C, the fluorescence intensity of “6713” codes
enhance, and thus the color of this part is brighter. In contrast, the
fluorescence intensity of Rh B becomes weaken at high temper-
ature, and the b-CDs fluorescence is completely quenched at 55
°C, causing the number of “8079” turns to “6713”. As expected,
these color changes are easily distinguishable, consequently pro-
viding the third layer of security. Furthermore, we loaded three
CDs inks (Rh B, b-CDs and their mixture) into the ink cartridges,
and then printed the pattern “tiger”, which shows distinctly differ-
ent fluorescence at different temperature. Such visible evolution of
fluorescence color provides much higher contrast and clearer sig-
nals with more difficult in replication compared with the change of
fluorescence intensity, demonstrating a great application prospect
in advanced anti-counterfeiting.

We proposed a simple precursor-dependent strategy to synthe-
size turn-on thermosensitive CDs with multicolor emission. De-
tailed structural and optical characterizations together with theo-
retical calculations revealed that the red-shift emission of CDs can
be attributed to the increase in size of sp? domains and content
of C=0 and NH, groups. The CDs-based fluorescence inks with
full-color emission were obtained by mixing two or three kinds
of CDs, which can be conveniently applied in the computerized
inkjet printing. The printed patterns displayed reversible color-
changing behaviors under the stimulation of heat and irradiation
light. In addition, these turn-on thermosensitive CDs were incor-
porated with the heating-quenching fluorescence material to pro-
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duce complicated patterns with enhanced counterfeiting capability.
The results obtained in this work could inspire the development
of thermochromic and photochromic CDs for advanced informa-
tion encryption, and further build a new way for the exploration
of novel anti-counterfeiting technologies.
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