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Carbon dots (C-dots) as promising fluorescent materials have attracted much attention because of their low
toxicity and excellent optoelectronic properties. However, the aggregation-caused quenching (ACQ) of the
solid-state C-dots has limited their potential applications in anti-counterfeiting and optoelectronic devices.
In this work, C-dot powder was prepared by directly dispersing the as-prepared C-dots in a polymer matrix

or in situ formation of the C-dot/Ca-complex by vacuum heating in the presence of boric acid. The as-
Received 24th October 2023 . . . o
Accepted 4th December 2023 prepared C-dots have high quantum yields (QYs) in the range of 40-67% with temperature-dependent
photoluminescent (PL) properties. As a proof of concept, the as-synthesized C-dots were used to

DOI: 10.1039/d3ra07235¢ produce a flexible anti-counterfeiting code and showed high-level security. This highlights the potential
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1. Introduction

Carbon dots (C-dots) are luminescent carbon nanomaterials,
which mainly contain carbon, nitrogen, and oxygen,"* and are
considered as a building block for a broad range of applications,
such as bio-imaging,** photocatalysis,>® sensing,” and anti-coun-
terfeiting.>® There are a variety of anti-counterfeiting strategies,
such as quick responsive (QR) codes,' labels, ink"** and digital
technology.’* In the past few years, C-dots have attracted wide-
spread interest owing to their excellent properties, such as strong
luminescence, excellent biocompatibility, long-operation photo-
stability, low cost, low toxicity, and simple synthetic methods.*'*
Although most of the C-dots exhibited potential as fluorescent
materials for anti-counterfeiting because of their small particle
size and bright emission,"* their emissions were quenched in
the solid state due to the aggregation-induced quenching (ACQ),
which limits their applications in solid states.****

To overcome the ACQ issue, there are two strategies for
preparing solid-state fluorescent C-dots, which are divided into
a two-step method and one-step synthetic method. The two-step
method usually involves the post-treatment of the as-prepared
C-dots and their capsulation into different matrices, such as
polyvinyl alcohol (PVA),* silica sol,* starch,”® and polymethyl
methacrylate (PMMA).>* The one-step method generally includes
the in situ embedding of C-dots,*”*® surface functionalization,**
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of C-dots in solid-state information, anti-information encryption and anti-counterfeiting.

aggregation induced luminescence (AIE),*>* and regulation of the
carbon core.*** For instance, Ai et al. reported C-dots with blue to
deep red color through surface ligand modulation.®® The intra-
and inter-molecular hydrogen bonding inside the C-dots
explained the high quantum yield (QY) of the C-dots in the
solid state. Liu et al. first prepared C-dots and dispersed them into
PVA to fabricate composite films, the emission was much stronger
than the control sample.’” Sun et al. chemically dispersed the as-
prepared C-dots in SiO, networks and obtained effective full-color
luminous SiO,/C-dots composites.*® To date, it is still a challenge
to obtain highly bright solid-state C-dots via a simple and low-cost
method, and there are no reports of solid-state C-dots applied in
anticounterfeiting systems or information encryption.

In this work, highly bright solid-state C-dots were developed
for an efficient temperature-sensitive anticounterfeiting system.
Several types of C-dot powders were prepared by directly
dispersing the as-prepared C-dots in the polymer matrix or in situ
formation of the C-dots/matrix. The developed C-dot composite
exhibited a high QY of 67% and unique temperature-dependent
photoluminescence (PL) properties. The as-prepared solid-state
C-dot powders were combined with room temperature phos-
phorescence (RTP) C-dots and used to produce temperature-
sensitive flexible anti-counterfeiting codes with high-level secu-
rity, highlighting the potential prospects of C-dots in the fields of
information encryption and anti-counterfeiting.

2. Experimental section
2.1 Materials

Citric acid, urea, boric acid (BA), anhydrous calcium chloride,
polyvinyl pyrrolidone (PVP), cyanuric acid (CA), methanol, and
ethanol were purchased from Sinopharm Chemical Reagent
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Co., Ltd. Distilled water was used in all the experiments. All
chemicals were used directly without any purification.

2.2 Synthesis of colloidal C-dots

Colloidal C-dots were synthesized using a vacuum heating
approach.>"* Specifically, citric acid (1 g), urea (2 g), and CacCl,
(1 g) were mixed with 5 mL water. The obtained solution was
directly heated to 200 °C or 250 °C under vacuum. These
temperatures were maintained for 2 hours to obtain the C-dot
powder. The as-prepared powder was dispersed in methanol
and the supernatant was collected by centrifugation. The C-dots
synthesized at 200 °C and 250 °C were denoted as C-dots (200 °©
C) and C-dots (250 °C), respectively.

2.3 Synthesis of RTP C-dots

RTP C-dots were synthesized using a vacuum heating
approach.* Specifically, 1 g of ethylenediamine and 3 g of
phosphoric acid were dissolved in deionized water (4 g). The
mixture was heated to 250 °C under vacuum and maintained at
this temperature for 5 h. Once the flask was cooled down to 25 ©
C, the solid powder was dispersed in water and centrifuged at
8000 rpm for 10 min. After dialysis, the mixture was freeze-dried
to obtain the RTP powder.

2.4 Preparation of C-dots embedded in different matrices

C-dots@PVP. The as-prepared C-dots (200 °C) or C-dots (250
°C) were mixed with the PVP polymer in a weight ratio of 1: 100,
and further dissolved in ethanol. The obtained clear mixture
was dried in a vacuum drying furnace at 80 °C for 12 h. The
obtained powder was grounded using agate mortar. The
composites prepared using C-dots (250 °C) or C-dots (200 °C)
were demoted as C-dots@PVP and C-dots@PVP (200 °C).

C-dots@CA. Ten milligrams of C-dots (250 °C) powder was
dispersed in water (100 °C, 200 mL) and one gram of cyanic acid
was added to the above mixture. After heating the mixture for 1
hour, the mixture was cooled down to 20 °C and the obtained
powder was used for further characterization. The as-obtained
powder was denoted as C-dots@CA.

C-dots/BNO. For the direct production of the C-dots/matrix,
the mixture of citric acid, urea, BA, and CaCl, was mixed with
water and heated to 250 °C for 1 hour under vacuum. The weight
ratios of the citric acid, urea, CaCj,, and BAwere 1:2:1:0.5. The
concentration of the citric acid was 0.2 ¢ mL™". The as-obtained
powder was purified using ethanol. The yellow precipitate was
collected and freeze-dried for further characterization. The
powder prepared in this approach was denoted as C-dots@BNO.

2.5 Security code preparation

C-dots@PVP, C-dots@BNO, and RTP C-dot powder were directly
dispersed in ethanol to form a fluorescent ink, and then the
designed pattern was handwritten on non-fluorescent paper.

2.6 Characterization

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) studies on C-dots were performed using
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a JEOL 2100F TEM. C-dot composites were analyzed using the
Zeiss Gemini field emission scanning electron microscope
(SEM) coupled with energy dispersive spectroscopy (EDS). A
Thermo Scientific K-Alpha photoelectron spectrometer was
used to measure the X-ray photoelectron spectroscopy (XPS) of
C-dots. The steady-state and transient PL spectra of C-dots were
characterized using an Edinburgh FLS1000 instrument. The
QYs of the C-dots were measured using a Hamamatsu QY
measurement system C9920-02G integrated with an integrating
sphere. The QY was calculated using the equation: QY = the
emitted photons/the absorbed photons, where the number of
emitted photons and absorbed photons were calculated from
the data in Fig. 4c. Ultraviolet (UV)-visible (Vis) absorption
spectra of the C-dots were collected on a Lambda 750 UV/VIS
spectrometer (PerkinElmer). The magnetic agitator ZNCL-BS
was used for heating and a high accuracy portable thermo-
couple thermometer YET-610 was used for temperature
measurements. Light-emitting diodes (LEDs) with wavelengths
of 365 nm and 395 nm were used to excite the samples with

a typical powder intensity of 5 W cm >,

3. Results and discussion
3.1 Synthesis and structure of C-dots

To obtain solid-state C-dots, two approaches were used in this
work. For the first method, the C-dots were first synthesized via
a vacuum heating approach and then embedded in matrices
(Fig. 1a). For the second method, we added BA to the reaction
system (citric acid/urea and CaCl,) to form C-dot composite
through dehydration and crosslinking reaction (Fig. 1b). We
could obtain a bright green powder via a one-step reaction
(second method). The reaction details are included in the
Experimental section. The obtained C-dots appeared as
a slightly yellow powder and emitted bright green PL upon UV
(395 nm) illumination (Fig. 1c and d) for the C-dot composite.
After 10 h illumination, the C-dots maintained 95%, 87%, 73%,
and 95% of its initial value, indicating that it has good photo-
stability (Fig. S17).

The morphologies and structures of the as-prepared C-dots
were characterized by TEM and SEM. The as-prepared C-dots
(250 °C) have a quasi-spherical shape with a mean size of 5-
6 nm (Fig. 2a). HRTEM further revealed the d-spacing of
0.22 nm for C-dots (Fig. S2t), attributed to the (100) facets of
graphite.*® We further performed dynamic light scattering (DLS)
measurements on the C-dot solution, which showed that the
particle size was mainly distributed at ~8 nm (Fig. S37). Fig. 2b-
e shows the SEM micrographs of C-dot@PVP, C-dots@CA, C-
dots@BNO, and C-dots@PVP (200 °C), respectively. We were
not able to observe the C-dots inside the matrix, but we
observed significant differences between the C-dots/PVP poly-
mer and C-dots/BNO or C-dots/CA. A honeycomb structure was
found for the C-dots/CA and C-dots/BNO, which might be due to
the evaporation of the solvent at high temperatures. EDS
confirmed that all the samples had C/N/O, as shown in Fig. 2f.
The presence of Ca and Cl is due to the formation of the Ca-
complex, NH,Cl, and CaCl,, consistent with the XPS results.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustration for the two-step synthesis progress of C-dot@PVP, C-dot@CA, and C-dot@PVP (200 °C). (b) Schematic illus-
tration for the one-step synthesis progress of C-dot@BNO. (c and d) Images of different C-dot composites under (c) daylight and (d) UV illu-
mination (Aex = 395 nm). From left to right, the C-dot composites are C-dots@PVP, C-dots@CA, C-dots@BNO, and C-dots@PVP (200 °C),
respectively.
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Fig. 2 (a) HRTEM images of C-dots synthesized at 250 °C. (b—e) SEM images of (b) C-dots@PVP, (c) C-dots@CA, (d) C-dots@BNO, and (e) C-
dots@PVP (200 °C); (f) EDS of the C-dot composites.

To further explore the surface composition of C-dots, the high- recorded and analyzed. The survey spectra of XPS demonstrated
resolution XPS spectra of the C-dots@PVP, C-dots@BNO and C- that the as-prepared C-dots@PVP were mainly composed of C, N,
dots@CA, C-dots@PVP (200 °C), and C-dots (250 °C) were O, Ca, and Cl elements and the C-dots@BNO contains C, N, O, Ca,

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2024, 14, 83-89 | 85
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Cl, and B elements (Fig. S4ct). As shown in Fig. 3a, the high-
resolution C 1s spectra of the four C-dots were fitted into four
peaks at 284.8 €V, 285.7 eV, 287.5 eV, and 288.9 eV, which corre-
spond to C=C/C-C, C-N, C-0, and C=0,** respectively. The N
1s spectra of C-dots can be fitted into two peaks at 399.7 eV and
401.3 eV, assigned to pyridinic N and the amine N (Fig. 3b).**
Peaks for C-O (532.7 eV) and C=O0 (531.4 eV) were present in O 1s
high-resolution spectra (Fig. 3c).*® For C-dots@BNO, the broad B
1s spectrum can be fitted by a main peak (192.4 eV), which is due
to B-N/B-O bonds (Fig. 3d).**® It revealed that boron atoms
reacted with N and O atoms on the carbonaceous structure of the
C-dots to form the BNO complex. Based on XPS results, C-dots/CA
and C-dots/BNO exhibited a stronger interaction between C-dots
and matrices than with PVP. This phenomenon is also reflected
in the solubility of the composites. C-dots/PVP can be dispersed
easily in ethanol and water, while C-dots/CA and C-dots/BNO
could not be dispersed in ethanol and water at room tempera-
ture due to their different surrounding matrixes.

3.2 Optical properties of the C-dot composite

As shown in Fig. 4, the UV-visible spectra of the C-dots in the
solution and powder were recorded. The C-dots dispersed in
ethanol exhibited two peaks, centered at 330 nm and 405 nm
(Fig. 4a). Typically, the peak of 405 nm originated from the n-m*
transition of aromatic sp” system containing the C=0 bond,*”
and the strong absorption peak at 330 nm is due to the n-w*
transition of the conjugate C=0/C=N.*** When the heating
temperature increases from 200 °C to 250 °C, the ratio of the
absorption peak intensities at 330 nm and 405 nm decreases,
indicating that the content of the aromatic carbon (sp®> C)
increases under the reaction condition of 250 °C.*” As shown in
Fig. 4b, the solid-state C-dot composite shows obvious absorption
peaks at 250-260 nm, which is attributed to the w—m* electron
transition of aromatic C=C.***° For C-dots@BNO, the absorption
peak at about 300 nm disappeared, indicating that the formation
of the composite is accompanied by the destruction of the C=0
bond and formation of a new surface emission state.**

We further measured the QYs of the four types of C-dots. QYs
of C-dots@PVP, C-dots@CA, C-dots@BNO, and C-dots@PVP
(200 °C) are 67%, 28%, 45%, and 40%, respectively (Fig. 4c).
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Notably, the QY value of C-dots@PVP and C-dots@BNO is very
similar to the QY of the liquid C-dots (250 °C) and boron-doped
C-dots (69.8% and 41.1%) (Fig. S51), indicating that the efficient
encapsulation of C-dots by matrices. As shown in Fig. S6,1 the
as-prepared C-dot powders have lifetimes of 10 ns (C-
dots@PVP), 9.7 ns (C-dots@CA), 10 ns (C-dots@BNO), and
12.6 ns (C-dots@PVP (200 °C)). The decrease of QY from 67% to
28% for the C-dots (250 °C) before and after being embedded in
CA might be due to the newly created surface traps/defects
during the heating process at 100 °C. The increase of the QY
from 17.6% to 40% for the C-dots (200 °C) after embedding in
PVP could be due to the improved surface passivation as also
evidenced by their unchanged PL peak as a function of excita-
tion wavelengths compared to the strong excitation-dependent
PL peaks for the liquid-state C-dots (Fig. S7a and f¥).
Compared to the C-dots produced at 200 °C, the C-dots (250 °
C) have a less PL shift as a function of the excitation wavelength,
indicating that higher reaction temperature leads to a stable
energy state. The C-dot composite has excitation-independent
emissions, which indicates that the encapsulating matrix
stabilizes the energy states (Fig. S7c—ff). We further measured
the PL intensity of four types of C-dot composites at different
temperatures in the range of 30 °C to 150 °C. As shown in
Fig. 5a-d, all C-dots exhibited a temperature-dependent PL
behavior, in which the PL intensity decreased with increasing
temperature, and the decrease may be attributed to the
enhanced non-radiative recombination with the increase in
temperature. This is due to heat-activated non-radiative capture
as reported previously for the C-dots.*®** Non-radiative chan-
nels, including defect states and ionized impurity states, are
activated at higher temperatures and provide more opportuni-
ties for the excited electrons to return to the ground state
through non-radiative processes, resulting in a reduction in
fluorescence intensity.”>** The C-dots (250 °C)@PVP main-
tained 89% of its initial intensity, which is higher than that of
other composites (67% of C-dots/CA; 72% of C-dots/BNO and
72% of C-dots (200 °C)@PVP) (Fig. 5). In other words, C-dots
with higher QY showed a less decrease in the PL intensity
with the increase of temperature. This is because the C-dots
with high QY have fewer surface defects and the surface
thermal-activated vibration of C-dots is inhibited.*
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Fig. 3 High-resolution XPS spectra of (a) C 1s, (b) N 1s, (c) O 1s, and (d) B
C), and C-dots (250 °C).
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Fig. 4 (a) Absorption spectra of C-dots (200 °C) and C-dots (250 °C) dispersed in ethanol; (b) absorption spectra of C-dots@PVP, C-dots@CA,

C-dots@BNO, and C-dots@PVP (200 °C). (c) QYs of the C-dots@PVP, C-dots@CA, C-dots@BNO, and C-dots@PVP (200 °C).
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Fig. 5 PL spectra of the C-dot composites measured at the temperature range of 30 °C to 150 °C: (a), C-dots@PVP (b) C-dots@CA, (c) C-

dots@BNO, and (d) C-dots@PVP (200 °C).

3.3 Anticounterfeiting applications of the C-dot composites

Considering the unique temperature response properties, the
C-dots showed great potential in anti-counterfeiting, informa-
tion security, and other applications. As a proof of concept, we
selected the C-dots@PVP and C-dots@BNO with different
temperature-sensitive behaviors for security code fabrication.
As shown in the pattern “888” (Fig. 6a), the sample C-
dots@BNO was used in the green part, C-dots@PVP was used
in the light-yellow part, and PVP was used in the gray part. The
code was written on the non-fluorescent Daolin paper with
a brush and displayed a light white “888” in daylight at room
temperature, while the number 886 with green fluorescence was
observed upon illumination with light (395 nm) under different
temperatures of 30-150 °C (Fig. 6a).

We measured the PL spectra of C-dots@PVP and C-
dots@BNO in the printed pattern with temperature change
using a homemade PL detector with an accurate detected area
of 2 x 4 mm?. This setup enables the detection of the code with
the area pointed by C-dots@PVP (green part) or C-dots@BNO
(vellow part). As shown in Fig. 6¢c and d, the emission peak

© 2024 The Author(s). Published by the Royal Society of Chemistry

position of both types of the C-dot composites after printing was
basically unchanged. However, the PL intensity of the C-dot
composite (detected area of 2 x 4 mm?) strongly decreased
with the increase of the temperature from 30 °C to 150 °C
(Fig. 6c and d). We analyzed the brightness of the C-dot
composite located at the green or yellow part of the code
using PL spectra. A different decrease rate as a function of
temperature leads to different PL integrated areas between the
two detected regions (Fig. 6e) and this temperature-sensitive
radiometric PL code strongly improved the security level of
the code. Meanwhile, by the combination of the C-dots/PVP
powder and RTP C-dot powder, we produced the code “888”.
Without seeing any color at room light, we can see clearly the
888 upon illumination with 365 nm light. After switching off the
UV light, a clear RTP code of “111” showed up and lasted for 2
seconds with a yellow-green shape (Fig. 6b), indicating that the
as-prepared fluorescent powder could combine with the RTP C-
dot system for multiple and high-level optical security.

In addition, C-dot composite has great promise in finger-
print visualization detection technology,” as shown in

RSC Adv, 2024, 14, 83-89 | 87
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(a) Design and fluorescence images of the anti-counterfeiting patterns “888" at different temperatures (lex = 395 nm), C-dots@PVP for

gray part. (b) Patterns “888" under room light, 395 nm UV light, and after
C-dots@BNO based code at different temperatures (1e, = 365 nm). (e)

Integrated PL intensity ratio between C-dots@PVP and C-dots@BNO at different temperatures.

Fig. S9a.T We used the C-dots@PVP fluorescent ink to press the
fingerprint on non-fluorescent Daolin paper, which is not
visible in daylight but can be clearly seen when illuminated with
a UV lamp. We can also utilize the excitation dependence PL
properties of the C-dots to achieve multiple security codes
(Fig. S9b7). The number “888” was invisible under daylight, and
patterns of different colors appeared when different wave-
lengths of UV light were used.

To avoid the decrease of PL and RTP properties after
printing, the polymer film was used to seal the code, which can
significantly block the influence from the surrounding envi-
ronments. This post-treatment does not affect the flexibility of
the substrate, but greatly improves the long-term stability of the
security code. There was no significant variation after three
months of storage at ambient conditions.

4. Conclusions

In conclusion, we demonstrated several types of solid-state C-
dot composites prepared via one-step or two-step approaches
for high-level temperature-sensitive security codes. The as-
prepared C-dot composites showed a bright green color with
QYs of as high as 67% in the solid-state benefiting from the
isolation of the C-dots by the matrix to prohibit the ACQ. The as-
prepared C-dot composites exhibited a strong temperature-
dependent PL behavior. As these powders have also different
QYs, we can easily design and prepare the fluorescent code for
the anticounterfeiting system. As a proof-of-concept, we
designed and prepared a ratio-metric PL and PL/RTP security
code with a high-security level and excellent long-term opera-
tion stability. The flexible anti-counterfeiting code can be

88 | RSC Adv, 2024, 14, 83-89

potentially used for high-level information encryption and anti-
counterfeiting and other solid-state lighting devices, such as
luminescent solar concentrators and LEDs.
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