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Room-temperature phosphorescent (RTP) carbon dot (CDs) materials have attracted significant interest

due to their excellent biocompatibility, large Stokes shift, and potential for anti-counterfeiting appli-

cations. However, the preparation of long-wavelength-emitting phosphorescent materials based on CDs

remains a challenge, as most RTP CDs exhibit blue and green emissions. Here, we designed a double

confinement strategy to obtain orange-yellow RTP CDs composites (CDs@B2O3) vis hydrothermal treat-

ment and calcination. After calcination, the phosphorescence emission of the composite material under-

went a significant red shift (546 to 582 nm). Simultaneously, under 468 nm excitation, CDs@B2O3-350

showed both fluorescence emission centred at 521 nm and phosphorescence emission centred at 582

and 627 nm. Structural and chemical characterizations, as well as optical studies, revealed that the

CDs@B2O3 composite material features a highly rigid network with electron traps and stable covalent

bonds, which generate multiple confinement effects. This material demonstrates great potential for appli-

cation in the field of multi-level information encryption.

1. Introduction

Room-temperature phosphorescent (RTP) materials are widely
used in fields such as information anti-counterfeiting, optical
sensing, bioimaging, light-emitting diodes, and latent finger-
print detection, due to their large Stokes shift and long-lived
afterglow. Existing RTP phosphorescent materials typically rely
on rare-earth elements or purely organic compounds.1–8

However, these materials suffer from issues such as short
afterglow lifetimes, low stability, and non-negligible
toxicity.9,10 Carbon Dots (CDs) have emerged as promising
metal-free alternatives due to their low toxicity, facile syn-
thesis, and abundant surface functional groups. However, the
phosphorescence emission of CDs is primarily associated with
the radiative transition of triplet excitons.11–13 Given that
triplet excitons are related to spin-forbidden transitions, they
are easily dissipated by molecular thermal vibrations and
quenched by triplet-state oxygen at room temperature and

higher temperatures, making it difficult to achieve room-temp-
erature phosphorescence.14

Current research indicates that the phosphorescence charac-
teristics of CDs can be realized through two main strategies:
heteroatom doping and matrix embedding. Among these, the
matrix-assisted approach has garnered substantial attention in
recent years due to its universality. Suitable matrix materials
include organic matrices (such as polyvinyl alcohol, urea/biuret,
etc.) and inorganic matrices (such as silica, inorganic salts,
etc.).15–18 When CDs are confined within rigid matrices, the
restrictive effects of the matrix-through hydrogen bonding,
covalent bonding, or spatial constraints-not only stabilize triplet
excitons but also effectively promote the emission of RTP.
However, the resulting CDs@matrix composite materials primar-
ily emit green phosphorescence, which severely limits their practi-
cal application potential.19–22 For instance, Zhuang et al. propose
a universal “CDs-in-YOHF” strategy to generate long-wavelength
RTP by confining various CDs in the YOHF matrix.23 Zheng et al.
report a rational strategy of multiple wavelength excitation and
time-dependent dynamic RTP color by confining silane-functio-
nalized CDs in a silica matrix (Si-CDs@SiO2). The Si-CDs@SiO2

possesses unique green-light-excitation and a change in phos-
phorescence color from yellow to green.24 Therefore, the develop-
ment of long-wavelength, highly efficient phosphorescent
materials based on CDs remains an urgent scientific challenge
that needs to be addressed.25–30

In this work, we have successfully engineered a dual-con-
straint strategy to obtain CDs@B2O3 via a hydrothermal treat-
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ment followed by calcination. After calcination, the degree of
carbonization of the CDs increased, and the optimal phos-
phorescence emission wavelength of the CDs@B2O3 composite
material also undergoes a red shift from 546 nm to 582 nm.
Simultaneously, under 468 nm excitation, CDs@B2O3-350
showed both fluorescence emission centred at 521 nm and
phosphorescence emission centred at 582 and 627 nm. This
study demonstrates that the excellent RTP performance is
attributed to the synergistic effect of the rigid network and the
formed covalent bonds, highlighting its potential application
in optical anti-counterfeiting.

2. Experimental
2.1 Chemicals and materials

Boric acid was obtained from Tianjin Zhiyuan Chemical
Reagent Co., Ltd. 1,3,6-Trinitroacridine was prepared by con-
densation reflux of pyrene with nitric acid. Sodium hydroxide
was obtained from Tianjin Zhiyuan Chemical Reagent Co.,
Ltd. All reagents were used as received without further purifi-
cation. Deionized water was used throughout the experiments.

2.2 Preparation of CDs@B2O3 composite materials

Specifically, 30 mg 1,3,6-trinitropyrene was dissolved in 10 mL
of 0.2 mol L−1 sodium hydroxide aqueous solution under soni-
cation until complete dissolution. Subsequently, boric acid
(0.6183 g) was added to the mixture, followed by an additional
30 minutes of sonication. The resulting mixture was then
transferred into a 25 mL Teflon-lined autoclave and heated at
180 °C for 12 h. After cooling to room temperature, the reac-
tion mixture was filtered through a 0.22 μm nylon membrane
to remove precipitates. The filtrate was then freeze-dried to
obtain CDs@B2O3. The product was ground into a powder and
heated in air at a rate of 5 °C min−1 to different calcination
temperatures (250, 350 and 450 °C) and maintained at each
temperature for 2 h to obtain the CDs@B2O3-X (X = 250, 350,
and 450 °C) samples.

2.3 Characterization

The morphology and structural characteristics of the syn-
thesized samples were meticulously investigated employing
various analytical techniques. Transmission electron
microscopy (TEM, JEOL JEM 2100F) was employed to elucidate
the morphologies and structures of the samples. A Cu Kα radi-
ation source (λ = 1.5406 Å) was employed for powder X-ray
diffraction (XRD) using a Bruker D8 Focus 2000 X-ray diffract-
ometer. X-ray photoelectron spectroscopy (XPS) spectra were
acquired using an ESCALAB 250 spectrometer. UV–Vis absorp-
tion spectra were obtained from samples using a Shimadzu
UV-2550 spectrophotometer. The fluorescence and phosphor-
escence spectra of the samples were collected using a steady-
state and transient fluorescence spectrometer, model FLS1000,
produced by Edinburgh Instruments, UK. The fluorescence
spectra were measured using a xenon lamp as the light source.
The phosphorescence spectra and lifetime decay curves were

tested with a microsecond lamp as the light source. The phos-
phorescence spectra at different temperatures were measured
using the OXF XRD cryogenic accessory.

3. Results and discussion

As shown in Fig. 1, 1,3,6-trinitropyrene and boric acid were
used as raw materials for hydrothermal synthesis at 180 °C for
12 h. Subsequently, the product was filtered and freeze-dried
to obtain a yellow-green fluorescent powder (CDs@HBO2-
180).31 The final CDs@B2O3-X (X = 250, 350, and 450) were
obtained after calcination. Firstly, the morphology and micro-
structure of the material are investigated by transmission elec-
tron microscopy (TEM).32 Fig. 2a and Fig. S1, S2, ESI† shows
the CDs exhibit a spherical shape and are uniformly distribu-
ted within the B2O3 matrix. The rise of calcination temperature
from 250 °C to 450 °C results in the decrease of average CDs
size from 3.37 nm to 1.69 nm.33 The inserted high-resolution
transmission electron microscopy (HRTEM) images in Fig. 2b
and Fig. S3, ESI† show clear lattice fringes of the CDs@B2O3-
250, CDs@B2O3-350 and CDs@B2O3-450, with a lattice spacing
of 0.21 nm, corresponding to the (100) crystal plane of
graphite.34

Furthermore, the elemental mapping images demonstrated
the homogeneous dispersion of B, O, N and C atoms, further
confirming the successful fabrication of the CDs@B2O3

(Fig. S4, ESI†). In the XRD pattern of CDs@B2O3-350, the diffr-
action peaks of B2O3 appeared at 2θ = 14.70°, 27.74°, and
41.58° (JCPDS no. 06-0297), indicating the presence of B2O3

structure in the composite (Fig. 2c). At 180 °C, boric acid
cannot be converted into boric oxide but instead forms HBO2

(Fig. S5, ESI†).35 Additionally, the CDs@B2O3-350 exhibited a
significantly high Raman intensity ratio (IG/ID = 1.51), indicat-
ing a high degree of graphitization (Fig. S6, ESI†).36 To investi-
gate the chemical interactions between CDs and B2O3, Fourier

Fig. 1 Schematic illustration for the synthesis of CDs@B2O3.
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transform infrared (FT-IR) spectroscopy were performed on
CDs@B2O3-350 material. As displayed in Fig. 2d, the character-
istic absorption bands at 3420 and 1650 cm−1 were assigned to
the stretching vibration of –OH and CvO of CDs. The absorp-
tion bands at about 1450 and 1196 cm−1 were attributed to the
stretching vibrations of B–O and the asymmetrically stretched
oxygen atom connecting the trigonal boron atoms of BA, sim-
ultaneously. Further, the appearance of absorption band at
928 cm−1 of B–C bond, indicating the formation of B2O3

during the calcination process.37 Compared with the IR spec-
trum of CDs@ B2O3-350, the FT-IR spectrum of CDs@HBO2-
180 shows characteristic peaks at 1400–1500 and 1197 cm−1,
which are assigned to the stretching vibration of B–O and the
asymmetric stretching vibration of B–O in the B–O–B bond
connecting the trigonal and tetrahedral B atomic units,
respectively. Additionally, the absorption peak at 655 cm−1 is
derived from the bending vibration of B–O–H. These results
indicate that the B2O3 matrix is formed through the gradual
dehydration of BA during the heating process (Fig. S5, ESI†).38

In order to further validate the analysis results of FT-IR, X-ray
photoelectron spectroscopy (XPS) was used to study the main
components of the CDs@B2O3-350 composite. As shown in
Fig. 2e, the XPS spectrum of CDs@B2O3-350 revealed four
peaks at 532.1, 400.08, 285.2 and 192.1 eV, corresponding to O
1s, N 1s, C 1s, and B 1s, respectively. In the high-resolution
C1s XPS spectra (Fig. 2f), three fitted peaks at 284.7 eV, 286.1
eV, and 288.5 eV were observed, corresponding to C–C, C–B
and CvO bonds, respectively. In the high-resolution O 1s
spectra, three binding energies at 532.4 eV, 534.2 eV, and 536.3
eV were detected, corresponding to C–O, B–O, and CvO

bonds, respectively (Fig. 2g). Similarly, in the high-resolution B
1s spectra, three binding energies at 192.5, 192.1, and 193.6 eV
were observed, corresponding to BCO2, B–O, and B2O3 bonds,
respectively (Fig. 2h). Furthermore, in the high-resolution N 1s
spectra, two peaks at 399.8 eV and 401.7 eV were observed,
corresponding to pyridine-like and graphite-like structures,
respectively (Fig. S7, ESI†). The presence of B−C in CDs@B2O3-
250 and CDs@B2O3-450 is also evident (Fig. S8, ESI†). FT-IR
and XPS spectra consistently demonstrate that CDs are co-
valently bonded into the B2O3 matrix.39–41 These characteriz-
ation results clearly indicate the formation of robust chemical
linkages between CDs and the boron oxide framework. As
shown in Fig. 2i, the structural and potential bonding con-
figuration between CDs and B2O3 indicates that for
CDs@B2O3-350, the long-wavelength RTP emission arises from
the dual-confinement effect of these strong covalent bonds
and the highly rigid structure. This unique dual-confinement
mechanism effectively suppresses nonradiative transitions of
triplet excitons in CDs and promotes intersystem crossing to
generate more triplet excitons.42,43

To investigate the factors influencing the phosphorescence
emission, a comprehensive analysis of their optical properties
was conducted. As shown in Fig. 3a, CDs@B2O3-350 exhibits
bright orange-yellow RTP under UV excitation, with a naked-
eye-visible afterglow lasting up to 14 s. The UV–vis absorption
spectrum of CDs@B2O3-350 features two characteristic absorp-
tion peaks at 250 nm and 375 nm, corresponding to the π–π*
transition of the C–C bond and the n–π* transition of the
CvO group, respectively. Notably, for CDs@B2O3-350, an
obvious broad absorption band appears at 390–500 nm, which
is attributed to the nitrogen atoms with lone pair electrons
facilitating the formation of the n–π* electronic configuration,

Fig. 2 (a) TEM and (b) HRTEM (inset) images of CDs@B2O3-350. (c) XRD
patterns of CDs@B2O3-350. (d) FTIR spectrum of CDs@B2O3-350. (e)
XPS survey spectrum of CDs@B2O3-350. (f ) High-resolution C1s XPS
spectrum of CDs@B2O3-350. (g) High-resolution O1s XPS spectrum of
CDs@B2O3-350. (h) High resolution B1s XPS spectrum of CDs@B2O3-
350. (i) Schematic of the proposed structure of CDs@B2O3 composite
material.

Fig. 3 (a) Photographs of CDs@B2O3-350 powder taken at different
time intervals after the cessation of 365 nm UV irradiation. (b)
Absorption and photoluminescence excitation spectra (Ex = 468 nm) of
CDs@B2O3-350. (c) Normalized fluorescence emission (blue) and phos-
phorescence emission spectra of CDs@B2O3-350 (orange) and
CDs@HBO2-180 (purple). (d) CIE coordinates of the phosphorescence
emission of CDs@B2O3-350 and CDs@HBO2-180. (e) Time-resolved
phosphorescence decay and fitting curve of CDs@B2O3-350. (f ) Energy
level diagram of CDs@B2O3.
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thereby resulting in a red-shift in the absorption spectrum.44

The excitation spectrum covers a broad range from 250 to
500 nm, with the optimal excitation wavelength at 468 nm
(Fig. 3b). The photoluminescence properties, including fluo-
rescence and phosphorescence spectra, were further investi-
gated through normalization. Under 468 nm excitation,
CDs@B2O3-350 showed both fluorescence emission centred at
521 nm and phosphorescence emission centred at 582 and
627 nm, Also, the exceptionally long wavelength emission sur-
passes all previously reported phosphorescence emission wave-
lengths of other carbon dots (Table S1, ESI†). At the same
time, the phosphorescence emission center of the uncalcined
composite is located at 546 nm.

The distinct shoulder peak observed at 627 nm can be
attributed to a synergistic interplay of the following mecha-
nisms: as a large-conjugated aromatic chromophore, 1,3,6-tri-
nitropyrene establishes an extended π-electron conjugated plat-
form through its pyrene-fused ring architecture, significantly
enhancing electron delocalization effects. Concurrently, CDs
embedded within the boron oxide matrix exhibit polydisperse
aggregated states. The resulting energy-level coupling between
variably aggregated CDs and the 1,3,6-trinitropyrene-boric acid
composite system gives rise to a characteristic shoulder peak
in the long-wavelength region of the phosphorescence spec-
trum.45 Notably, the phosphorescence emission centres show a
significant red shift compared with the uncalcined sample of
CDs@B2O3 (centred at 546 nm). The significant red shift in
the phosphorescence spectrum after calcination occurs
because the nitro groups (–NO2) of 1,3,6-pyrene are strong elec-
tron-withdrawing groups. These groups alter the electronic dis-
tribution of the polycyclic aromatic hydrocarbons through a
conjugation effect. Calcination promotes the synergistic cross-
linking of the nitro groups with boric acid, forming a more
stable rigid network. This further suppresses molecular
vibrations and rotations, while also modulating the excited-
state energy levels (Fig. 3c).46 Furthermore, the Commission
Internationale de l’Eclairage (CIE) coordinates are consistent
with the red-shifted phosphorescence emission phenomena
(Fig. 3d). To gain insights into the long lifetime properties of
CDs@B2O3-350, we employed phosphorescence decay spec-
troscopy to analyze the exciton dynamics. As shown in Fig. 3e,
the RTP properties of CDs@B2O3-350 were further character-
ized through the analysis of phosphorescence decay curves. By
fitting a triexponential function to this curve, according to the
following equation:

τavg ¼
X

αiτi
2=

X
αiτi

CDs@B2O3-350 was found to exhibit an average lifetime of
450 ms. To verify that the afterglow is RTP, the temperature-
dependent phosphorescence spectra of CDs@B2O3-350 under
468 nm excitation were tested, as shown in Fig. S9, ESI.† As
the temperature increases from 77 K to 300 K, the afterglow
intensity of CDs@B2O3-350 gradually weakens, confirming that
the afterglow of CDs@B2O3-350 is RTP rather than thermally
activated delayed fluorescence (TADF). Additionally, the fluo-

rescence and phosphorescence spectra were recorded at low
temperatures to estimate ΔEST (Fig. S10, ESI†). The ΔEST
between the lowest triplet state (T1) and the lowest singlet state
(S1) was estimated to be 0.14 eV (S1 = 2.27 eV and T1 = 2.13 eV).
The relatively large ΔEST exceeds the typical threshold for
efficient TADF (≤0.1 eV), further supporting the conclusion
that the afterglow originates from RTP rather than TADF.47

During the preparation of CDs@B2O3, the calcination temp-
erature plays a crucial role in determining its phosphorescence
properties. By evaluating the phosphorescence spectra and
attenuation curves of samples calcined at different tempera-
tures (Fig. S11, S12 and Table S2, ESI†). It was observed that
the phosphorescence intensity and lifetime of CDs@B2O3-
350 gradually increase as the calcination temperature rises
from 250 to 350 °C. This improvement can be attributed to the
enhanced rigidity provided by the compact short-range
ordered structure within the amorphous B–O–C network.48,49

However, further increasing the calcination temperature to
450 °C leads to a reduction in both phosphorescence intensity
and lifetime. Additionally, the higher calcination temperature
(350 to 450 °C) induces a blue shift in the phosphorescence
emission peak (from 582 nm to 530 nm), which is closely
associated with the decreased size of CDs (Fig. S2 and S11,
ESI†) and the declining carbon content (Table S3, ESI†).
Notably, CDs@B2O3-350 exhibits the strongest and longest-
lived phosphorescence after the removal of 365 nm UV exci-
tation, confirming its superior performance (Fig. S13, ESI†). As
shown in Fig. S14, ESI,† further XRD analysis revealed that the
diffraction peaks for CDs@B2O3-350 are sharper than those for
both CDs@B2O3-250 and CDs@B2O3-450, which indicates that
CDs@B2O3-350 has an optimized crystalline state.50–52

To correlate defect density with phosphorescence efficiency,
electron paramagnetic resonance (EPR) spectra of CDs@B2O3-
250, CDs@B2O3-350 and CDs@B2O3-450 were systematically
compared (Fig. S15, ESI†). The EPR signal intensity initially
increases but then decreases with rising calcination tempera-
ture. At the optimal calcination temperature of 350 °C, oxygen
vacancies are generated on the CDs surface due to the dis-
sociation of oxygen atoms in the B2O3 matrix, forming covalent
bonds and increasing defect density. However, at 450 °C, the
consumption of carbon dots reduces the number of lumines-
cent centres, while the B2O3 matrix undergoes defect annihil-
ation, leading to a significant decrease in EPR signal
intensity.53–56 Based on these findings, we propose a mecha-
nism for the enhanced afterglow and tunable luminescence of
CDs@B2O3-350 (Fig. 3f). Structural analyses confirm the for-
mation of B–C and B–O covalent bonds on the CDs surface.
We hypothesize the RTP mechanism as follows: under UV
light excitation, electrons in the S0 state are promoted to the
excited state. The resulting excitons can either undergo
internal conversion, emitting fluorescence as they decay radia-
tively from S1 to S0 or proceed via intersystem crossing (ISC) to
the T1 state, generating phosphorescence. Oxygen vacancies
and other defect trap stabilize singlet excitons, enabling their
transition to T1 via phosphorescence emission before return-
ing to the ground state (S0). Thus, the B–O–C network not only
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protect triplet excitons, but also traps free electrons, thereby
slowing the ISC process.57,58

The outstanding RTP performance of CDs@B2O3 demon-
strates great potential for anti-counterfeiting and encryption
technologies. As shown in Fig. 4a, the numerical term “8888”
is divided into two parts: the encrypted numerical term “1235”
and the remaining part. Under irradiation by a 365 nm UV
lamp, the green fluorescent number “8888” becomes visible.
When the UV lamp is turned off, the final encrypted term
“1235” appears. The application of CDs@B2O3 was further
explored for dual-mode security protection.59–61 As shown in
Fig. 4b, a QR (quick response) code was fabricated using
CDs@B2O3 paint. Under 365 nm UV irradiation, the QR code
was encrypted under intense bright blue light, making it
unrecognizable when scanned with a smartphone. After the
UV light was turned off, the short-lived fluorescence of the
paper disappeared, revealing a very clear QR code.62 The
pattern consists of flowers and bees. Under UV light
irradiation, bees exhibits a green color, while after the UV light
is turned off, it displays a yellow color. Under UV light
irradiation, the flower exhibits a yellow-green color, while after
the UV light is turned off, it displays an orange-yellow color.
The color change of the pattern highlights the promising pro-
spects of the CDs@B2O3 material in anti- counterfeiting appli-
cations (Fig. 4c).63

Conclusions

In summary, we successfully designed a dual-constraint strat-
egy to obtain CDs@B2O3 through hydrothermal treatment and
calcination. After calcination, the phosphorescence emission
of the composite material underwent a significant red shift.
Simultaneously, under 468 nm excitation, CDs@B2O3-350

showed both fluorescence emission centred at 521 nm and
phosphorescence emission centred at 582 and 627 nm. The
presence of B–C covalent bonds effectively suppresses the non-
radiative transitions of the triplet states of CDs and promotes
intersystem crossing. This, in combination with the stable and
rigid structure of boron oxide, synergistically generates long-
wavelength RTP emission. Based on the excellent afterglow
emission characteristics of the long-wavelength RTP emission,
these materials hold great potential for multi-level information
encryption.
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