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Carbon dots (CDs)-based composites have shown impressive performance in fields of information encryp-
tion and sensing, however, a great challenge is to simultaneously implement multi-mode luminescence
and room-temperature phosphorescence (RTP) detection in single system due to the formidable synthe-
sis. Herein, a multifunctional composite of Eu&CDs@pRHO has been designed by co-assembly strategy
and prepared via a facile calcination and impregnation treatment. Eu&CDs@pRHO exhibits intense fluores-
cence (FL) and RTP coming from two individual luminous centers, Eu3* in the free pores and CDs in the
interrupted structure of RHO zeolite. Unique four-mode color outputs including pink (Eu*, ex.254 nm),
light violet (CDs, ex.365nm), blue (CDs, 254 nm off), and green (CDs, 365 nm off) could be realized, on
the basis of it, a preliminary application of advanced information encoding has been demonstrated. Given
the free pores of matrix and stable RTP in water of confined CDs, a visual RTP detection of Fe3* ions is
achieved with the detection limit as low as 9.8 pmol/L. This work has opened up a new perspective for
the strategic amalgamation of luminous guests with porous zeolite to construct the advanced functional

materials.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbon dots (CDs), as a novel zero dimensional carbon nano-
material, have broad application prospects in sensing, anti-
counterfeiting, information encryption, biological imaging and
other fields due to their excellent luminescent properties [1-7].
However, bare CDs are prone to aggregation and fluorescence
quenching, and their triplet states are easily quenched by oxygen
and water in the environment, which limits their application to
some extent. To overcome these issues and further develop ad-
vanced multiple-functional materials of CDs, various host matrix
materials including organic polymers, inorganic salts, porous ma-
terials, etc., are used to confine guest CDs [8-10]. Up to now, var-
ious CDs-based composites have been prepared, and their optical
properties are significantly improved owing to the matrix confine-
ment and protection, particularly in the aspect of room tempera-
ture phosphorescence (RTP) that can achieve full spectrum emis-
sions from blue to red [11-13].

Based on the excellent fluorescence (FL) and RTP properties,
CDs-based composites show great potential in optical information
encryption [14,15]. Multimode luminescence can be presented in

* Corresponding author.
E-mail address: lijiyang@jlu.edu.cn (J. Li).

https://doi.org/10.1016/j.cclet.2024.110343

CDs-based composites due to the unique excitation-dependent
FL and afterglow of CDs, as well as the integrating of additional
luminescent center in the composite. By now, the CDs-containing
composites with 3-mode luminescence have been developed for
multi-level anti-counterfeiting. For examples, CDs@YF5:Yb,Tm
composite exhibited blue FL and green RTP of CDs, as well as
upconversion luminescence of Tm3+ [16]. sc-CDs display blue
FL, cyan RTP, and green RTP by simple regulating excitation
wavelength [17]. CDs@EuAPO-5 displayed blue FL and green RTP
of CDs, as well as pink FL from Eu3* [18]. NOCQDs and B-CDs
can exhibit blue and green afterglow with changes in excitation
[19,20]. However, it is difficult to achieve multilevel luminescence
than triple emission in a single composite material due to the
complicated preparation method.

On the other hand, CDs and CDs-related composites have at-
tracted great attention as the environmentally friendly fluorescent
sensors for detecting various organic compounds and metal ions
[21-23]. Compared to traditional FL detection, RTP detection has a
higher signal-to-noise ratio and can eliminate FL interference from
the background, making it a promising and transformative method
in the field of luminescent sensor [24-29]. However, due to the
fact that bare CDs cannot maintain stable RTP output in water, and
the CDs encapsulated in the matrix cannot effectively contact the
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Fig. 1. (a) Schematic illustration of strategically design and application of CDs-based composite. (b) SEM and TEM (inset) images of CDs@pRHO composite. (¢) N, adsorption-
desorption isotherm of CDs@pRHO composite. (d) XRD patterns of as-made composites and simulated RHO zeolite. (d) N, adsorption-desorption isotherm of CDs@pRHO
composite. (e) FTIR spectra of as-made composites. (f) High-resolution Eu 3d XPS spectra of Eu&CDs@pRHO and the fitting results. (g) TEM-EDS images of Eu&CDs@pRHO

composite.

test substance, the research of RTP detection of CDs is greatly lim-
ited. There are only few reports on RTP detection of CDs, and the
detection efficiency is far from that of FL sensors of CDs that can
reach a minimum of nanomolar level.

Zeolites with unique nanoporous structures are considered an
ideal matrix candidate for loading CDs and various other guest
species [30-35]. The excellent thermal stability of zeolite makes
it possible to prepare CDs@zeolite composite by a simple calcina-
tion, and the matrix protection of zeolite ensures the stable phos-
phorescence output of such composite in solid and solution. Fol-
lowing these considerations, in this work, a novel composite of
CDs@porous RHO (CDs@pRHO) has synthesized through a simple
calcination. The small pores of RHO zeolite can slow down the
high temperature carbonization of occluded organic matter, expos-
ing micropores while generating CDs in zeolite. The exposed free
pores of composite not only allow CDs to effectively contact the
test substance, but also can accommodate additional light sources,
e.g., Eu3t ions, thereby achieving optical multiplexing for advanced
anti-counterfeiting and iron(III) ions RTP detection.

A multifunctional CDs-based composite is constructed by the
assembly of CDs and Eu3* ions with zeolite matrix, as shown in
Fig. 1a. The RHO zeolite with small pores (ca. 3.6A x 3.6A) was
synthesized hydrothermally by using diethylamine (DEA) as the or-
ganic template, then a calcination treatment was adopted to re-
move the organic template inside the pores, meanwhile generating
CDs in RHO zeolite by the decomposition of DEA. Thermogravime-
try (TG) analysis shows the rapidly weight loss occurred at about
500 °C (Fig. S1 in Supporting information), therefore 500 °C was
chosen as the calcination condition to prepare CDs@pRHO compos-
ite. As shown in Fig. 1b, CDs@pRHO exhibits good crystallinity and
regular polyhedral morphology, and the internal CDs can be clearly

observed by transmission electron microscopy (TEM). The average
size of CDs in zeolite is about 1.88 nm (Fig. S2 in Supporting infor-
mation). N, adsorption-desorption curve (Fig. 1c) proves the suc-
cessful release of organic template and producing micropores in
the composite. The N, adsorption capacity is basically consistent
with the literature reported RHO-type zeolite, indicating that CDs
do not occupy the microporous space of zeolite [36]. Due to the
larger size of CDs than the pore size of RHO zeolite, it is inferred
that CDs exist in the discontinuous structure of zeolite. Therefore,
the free micropores of CDs@pRHO composite can additionally ac-
commodate other guest molecules to construct multiple functional
materials.

To achieve multi-mode luminescence of CDs@pRHO, Eu3* ions
were introduced into the composite by impregnation method, the
formed Eu&CDs@pRHO basically maintains the crystal structure of
RHO zeolite, but the crystallinity of the matrix decreases in some
degree (Fig. 1d). Transmission electron microscopy-energy disper-
sive spectrometer (TEM-EDS) images confirm that Eu3* jons have
been successfully introduced into the RHO matrix. Additionally,
the distribution of elements such as C and N indicates that CDs
are occluded within the zeolite (Fig. 1g). The analysis of induc-
tive coupled plasma (ICP) result (Table S1 in Supporting infor-
mation) shows that the amount of Eu element in Eu&CDs@pRHO
composite is 0.3 wt%, and the Si/Al ratios of RHO matrix before
and after impregnation with Eu3* are almost unchanged (0.43).
This demonstrates that the Eu3* ions do not enter the zeolite
framework, which are located in the free pores of zeolite ma-
trix [37-39]. It is noted that the appropriate calcination tempera-
ture and impregnation conditions are crucial for the synthesis of
Eu&CDs@pRHO composite. A lower calcination temperature may
retain more CDs, but lead to insufficient exposure of the free pores
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Fig. 2. The steady-state spectra of CDs@pRHO (a) and Eu&CDs@pRHO (c) excited under 254 nm and 365 nm at room temperature. (b) The delayed photoluminescence spectra
of CDs@pRHO excited under 254 nm and 365nm at room temperature (the delay time is of 1 ms). (d) Images of CDs@pRHO and Eu&CDs@pRHO with UV lamp off with time.
(e) Delayed lifetimes of CDs@pRHO after 254 nm and 365 nm excitations, respectively. (f) Temperature-dependent transient photoluminescence decay of CDs@pRHO at 450 nm

emission after 254 nm excitation.

of zeolite, thereby limiting the introduction of Eu3* ions. On the
other hand, a higher impregnation temperature and longer time
may cause the collapse of the zeolite skeleton, thus affecting the
overall performance of the composite.

To demonstrate the existence form of Eu3t and CDs in the com-
posite, the Fourier transform infrared spectrometry (FTIR) and X-
ray photoelectron spectroscopy (XPS) analyses were characterized.
As shown in Fig. 1le, the characteristic peaks of fingerprint re-
gions at 624 cm~! and 440 cm~! correspond to Eu-O [40], which
may be due to the coordination between Eu3* in the pores and
hydroxyl groups of CDs or zeolite matrix. There is no diffrac-
tion peak of Eu,0O5 in the X-ray diffractometer (XRD) pattern of
Eu&CDs@pRHO, thus the Eu-O bond does not originate from the
oxide of Eu,03. The peaks around 1600 cm~! and 1100 cm~! are
assigned to the stretching vibrations of C=C and C-0/C-N bonds,
respectively, which come from CDs in zeolite matrix [41,42]. In XPS
survey spectrum, the peak at 1136.23 eV is characteristic for triva-
lent Eu 3d (Fig. S3a in Supporting information), while the peaks
at 1135.7eV and 1165.2 eV in the high-resolution XPS spectrum are
the characteristic peaks of the core energy level of Eu3d, which
are Euw3* 3ds;, and Eu** 3dsp,, respectively (Fig. 1f) [43-45]. As
for CDs, there are two peaks in the high-resolution C1s XPS spec-
trum, C=C/C-C (284.6eV) and C-O/C-N (286.3 eV), indicating that
the CDs are composed of carbon core and nitrogen oxygen func-
tional groups on the surface (Figs. S3b and c in Supporting in-
formation) [46]. The UV-vis absorption spectrum of isolated CDs
exhibits two main absorption bands approximately at 250-300 nm
and 350-400 nm, respectively, attributed to the -7* transition of
carbon core and the n-7* transition of surface functional groups of
CDs (Fig. S4 in Supporting information) [47].

The FL properties of CDs@pRHO and Eu&CDs@pRHO were first
studied. As illustrated in Fig. 2a, the FL emission of CDs@pRHO
exhibits excitation dependence, which is a typical property of
CDs. Under 254 nm excitation, the emission wavelength is 425 nm,
which shifts to 440 nm under 365 nm excitation, correspondingly,
the transition from deep-blue to light-blue can be observed with
the naked eye (Fig. 2d). As for Eu&CDs@pRHO, a strong and broad
emission peak at 440nm is observed when excited by 365nm
coming from the emission of CDs (Fig. 2c¢). In addition, four narrow

emission peaks appear at 592, 615, 653, and 699 nm, correspond-
ing to the charge transfer from the >D, energy level of Eu3* to 7Fy,
’F,, 7F3, and 7F4 [48]. When excited by 254nm, the emission of
CDs is almost invisible due to the strong emission peaks of Eu3+.
This corresponds to the FL excitation spectrum of Eu&CDs@pRHO
(Fig. S5 in Supporting information), which is attributed to the
charge transfer from 02~ to Eu3* in Eu-O. As a result, the pink
(ex. 254nm) and light violet (ex. 365nm) can be clearly observed
with the naked eye. According to FL spectra of Eu&CDs@pRHO, it
can be concluded that Eu3* ions and CDs in composite emit light
independently and do not affect each other, indicating that there
is no interaction between Eu3* ions and CDs. Therefore, the Eu-O
bonds originate from the coordination between Eu3* and hydroxyl
groups in the zeolite framework.

The protection of zeolite matrix makes CDs@pRHO exhibit the
stable visible RTP emission. Blue (450nm) and green (500 nm) af-
terglow emissions could be observed after 254 nm and 365 nm ra-
diation, respectively (Fig. 2b). This is attributed to the multiple
luminescent centers of CDs in the matrix produced by the un-
even calcination [20,49]. Based on the time-resolved afterglow de-
cay curves, the RTP lifetimes of CDs@pRHO are calculated to be
340.4ms and 572.1 ms after excitation at 365nm and 254 nm, re-
spectively (Fig. 2e). The temperature-dependent transient photolu-
minescence decay from 77K to 297K indicates that the propor-
tion of delayed components decreases with increasing tempera-
ture, suggesting that the afterglow phenomenon is not affected by
thermal energy, which is a characteristic of phosphorescent mate-
rials (Fig. 2f and Fig. S6 in Supporting information). As the RTP
emission comes from CDs in matrix, Eu&CDs@pRHO has similar
afterglow and lifetimes with that of CDs@pRHO (Figs. S7 and S8
in Supporting information). According to our previous work, the
luminous lifetime of Eu3* is in the microsecond range and can-
not be observed with the naked eye [18]. Notably, only a small
spectral overlap near 400nm is found between the emission of
CDs@pRHO and the UV-vis absorption of Eu3* ions (Fig. S9 in Sup-
porting information), which makes it difficult to achieve effective
energy transfer between Eu3+ and CDs.

The possible luminescence mechanism of Eu&CDs@pRHO has
been proposed in Fig. 3a. There are two kinds of luminous source
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Fig. 3. (a) Proposed transformation possesses of CDs and Eu* ions in zeolite and their luminescence mechanism, respectively. (b) Four-level luminescence anti-counterfeiting
of Eu&CDs@pRHO composite. (c) Demonstration of the information encoding/decoding application.

in the composite, one is Eu3* in the pores of zeolite, which forms
coordination bonds with -OH on the skeleton. When excited of
254nm, the charges transfer from the 2p orbital of 02~ to the 4f
shells of Eu3*, and then transfer to the 5Dg energy level through
nonradiative relaxation. Then, the charges jump from °D, energy
level of Eu3* to 7Fy, 7F,, 7F3, and ’F,4 energy level, exhibiting four
emission peaks at 592nm, 615nm, 653 nm, and 699 nm, respec-
tively. The other is CDs formed by the carbonization of organic
components in the zeolite matrix during high-temperature calci-
nation. Due to uneven heating under high temperature conditions,
the luminescent centers of the CDs are not unique. With the alter-
ation of excitation wavelengths, certain emission centers will dom-
inate the RTP process, displaying different colors. As a result, under
excitation at 254nm, CDs exhibit FL emission centered at 425 nm.
After removing the UV lamp, excitons transition to the T; state
through intersystem crossing (ISC), exhibiting blue RTP emission at
450 nm. On the other hand, when excited at 365 nm, the FL peak
of CDs shifts red to 440nm, and a green RTP of 500 nm is emitted
after stopping the excitation.

The unique multi-color luminescent properties of such compos-
ite have shown broad application prospects in anti-counterfeiting
and information encryption. As shown in Fig. 3b, CDs@pRHO and
Eu&CDs@pRHO can be drawn into different letters or patterns. Un-
der different UV light on/off, these anti-counterfeiting signs display
different color outputs. Especially, Eu&CDs@pRHO shows rare 4-
mode anti-counterfeiting, which can display four color variations:
pink, blue, light violet, and green. Thus, a visual information en-
cryption system between four mode luminescent states and Morse
codes has been constructed (Fig. 3c). The luminescence signals of
the CDs@pRHO at 365nm UV on and 254nm UV on are defined
as “dash (-)” and “dot (-)” in the Morse codes, respectively, while
Eu&CDs@pRHO is the opposite. And the afterglow signals of the
two composites (CDs@pRHO and Eu&CDs@pRHO) at 365 nm UV off
and 254nm UV off are defined as “dot (-)” and “dash (-)” in the
Morse codes, respectively. According to this rule, we can encode
the entire alphabet and then transcode the information to be en-

crypted. The constructed luminous matrix that is turned on and
off under UV lamp has an interfering effect, while the correct in-
formation is hidden in the luminous matrix under 254nm UV on.
According to the encoding rules, the decoded information is dis-
played as "CDsZeo". Under other conditions, the luminous matrix
can only decode error information and may not even be readable.

Inspired by the introducing of Eu3* ions in CDs@pRHO, other
metal ions can also be accommodated in the pores of composite
to facilitate the detection of ions. Compared to FL, the RTP ma-
terials exhibit enormous potential for ion detection due to their
long lifetimes and high signal-to-noise ratio. CDs@pRHO can main-
tain stable RTP output in water, making that an ideal candidate
for detecting ions in solutions. As shown in Fig. 4a, CDs@pRHO ex-
hibits optimal RTP emission under 295 nm excitation. We investi-
gate the quenching effect of Fe* ions with concentration from 0
to 0.5mmol/L on the RTP intensity under optimal excitation con-
ditions by sensitivity titration. With the increase of Fe3* ions, the
RTP intensity of CDs@pRHO gradually decreases, and the quench-
ing degree of RTP can exceed 80%. The limit of detection (LOD) for
Fe3* in the range of 0-0.5 mmol/L is 9.8 pmol/L (3o /k) with a Ky
of 7.84 x 103 L/mol (Fig. 4b). There is a reasonable linear correlation
between quenching efficiency and Fe3+ concentration (R2=0.998)
in the range of 0-0.2 mmol/L. Consequently, a visual phosphores-
cence detection system that can eliminate background interference
has been constructed (Fig. 4c). The intense blue FL and green RTP
are visible upon 365nm excitation in the absence of Fe3* ions,
however, both of them are disappeared in the presence of Fe3+.
On the other hand, FL detection for Fe3+ ions were also conducted
on CDs@pRHO and the isolated CDs (Figs. 4d and e, Fig. S10 in
Supporting information). In the range of 0-1.5mmol/L, the cal-
culated LOD of CDs@pRHO and isolated CDs are 3.6 pmol/L and
35.7 umol/L, respectively, which is not significantly different from
the RTP detection values, indicating that the quenching mechanism
of FL and RTP is the same. The selectivity of CDs@pRHO towards
different ions was evaluated, and its RTP shows good sensing se-
lectivity towards Fe3* ions, while without significant quenching ef-
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fect on other metal ions (Fig. 4f). As shown in Fig. S11 (Supporting
information), when other metal ions coexist with Fe3* ions, Fe3*
ions can still effectively quench the RTP of CDs, and the degree of
quenching is almost unaffected by other metal ions.

Further exploration was conducted on the detection mecha-
nism of CDs@pRHO to Fe3* jons. As shown in Fig. 5a, the absorp-
tion spectrum of Fe3* ions overlaps significantly with the excita-
tion spectrum of CDs, while there is almost no overlap with other
ions. This indicates a competitive relationship between Fe3* ions
and CDs in solution, leading to luminescence quenching, which
is a typical feature of the internal filtration effect (IFE) [50]. Fur-
thermore, the FL and RTP lifetimes before and after adding Fe3*

ions were measured (Figs. 5b and c, Tables S3 and S4 in Sup-
porting information), which are 5.2ns/5.4ns (FL of CDs@pRHO),
183.6 ms/176.7 ms (RTP of CDs@pRHO) and 4.4 ns/4.0ns (FL of iso-
lated CDs), respectively. This means that the luminescence life-
times of CDs@pRHO and isolated CDs remain basically the same
with or without Fe3+ ions. Therefore, the quenching mechanism of
CDs belongs to the static quenching process, which further proves
that the luminescence quenching of CDs by Fe3* is IFE. Finally,
the performance of CDs-based materials for afterglow detection of
Fe3* ions were compared (Fig. 5d) [51-53]. Compared with rare
reported materials, CDs@pRHO material maintains a relatively long
afterglow lifetime and also having a lower detection limit, which
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is attributed to protection of zeolite matrix and the unique porous
characters.

In summary, a feasible strategy is presented to construct
Eu&CDs@pRHO composite with 4-level luminescence and RTP de-
tection by assembly of CDs and Eu3* with RHO zeolite via simple
calcination and impregnation. Remarkably, the porous zeolite ma-
trix not only hosts and stables different guest luminous species,
but also could adsorb metal ions and promote RTP sensing of
Fe3* in water. As a result, variable FL and RTP emissions could be
triggered by a specific excitation wavelength (254nm or 365 nm),
displaying up to four different colors that are pink fluorescence
mainly coming from Eu3*, as well as light violet FL and blue/green
RTP associated with CDs. In addition, CDs@pRHO exhibits excellent
RTP detection performance for Fe3* ions, with a detection limit of
9.8 pmol/L. The stable afterglow output in water and long lifetimes
of CDs@pRHO, allowing quenching to be observed by naked eyes.
In view of unique luminescent properties of Eu&CDs@pRHO and
CDs@pRHO, a potential of high-level anti-counterfeiting application
and visual RTP detection platform is demonstrated. This work pro-
vides a new opportunity for the development of composites that
can accommodate multiple guest molecules in porous materials.
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