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ABSTRACT: Carbon dots (CDs) with red-emitting room-temperature phosphor-
escence (RTP) are rarely reported because of the increasing nonradiative decay of
the excited states and the decreasing energy gap between the excited states and
ground states. Herein, we demonstrate a facile strategy for modulating the RTP
properties of CDs in terms of donor−acceptor energy transfer (EnT) in the CDs-in-
zeolite system. Upon tuning of the heteroatoms (Zn2+, Mn2+) doped in the
aluminophosphate zeolite frameworks, CDs@zeolite composites with green and red
phosphorescence have been prepared via in situ hydrothermal synthesis. In such
composites, the zeolite matrix provides an efficient confinement role in stabilizing
the triplet states of CDs. Significantly, the Mn-doped zeolite could act as an energy
acceptor allowing EnT from excitons of CDs to the dopant in the host matrix,
generating the intriguing red RTP behavior. This work provides an effective strategy
for developing CD-based composite materials with special RTP emissions as well as
new fields for applications.

■ INTRODUCTION

Carbon dots (CDs), emerging as a new class of luminescent
nanomaterials, have found potential applications of biological,
optoelectronic, and energy-related fields for their unique
optical properties, excellent biocompatibility, and easy
preparation.1−8 Particularly, phosphorescent CDs have shown
more advantages over fluorescent CDs in the applications of
bioelectronics and optoelectronics because phosphorescence
that involves singlet-to-triplet intersystem crossing (ISC)
makes its lifetimes and Stokes’s shift usually longer and larger
than those of fluorescence.9−13 However, the room-temper-
ature phosphorescence (RTP) of CDs is difficult to achieve
because of the spin-forbidden nature of triplet exciton
transitions and the predominance of accessible thermal decay
pathways. Generally, the suppression of the nonradiative decay
process and effective ISC from singlet to triplet states are
required for RTP of CDs. To this end, several strategies
including doping of N and P elements into CDs, increasing
interactions between CDs (e.g., formation of hydrogen bonds,
cross-link-enhanced emission), self-immobilizing excited triplet
species, and embedding CDs in a solid matrix (e.g., poly(vinyl
alcohol), potash alum, nanoporous materials, etc.) have been
adopted to promote the generation of RTP of CDs.14−21 It is
noted that CDs with red-emitting RTP are rarely reported,
which are highly desirable in in vivo imaging and light-emitting
diodes. So far, red phosphorescent materials are mainly limited

to organic compounds and rare earth metal complexes.22−27

For organic molecules, narrowing the energy gap between the
excited states and ground states is crucial in the design of RTP
with red emission.23,27 Particularly, the energy transfer (EnT)
in the donor−acceptor (DA) system has proven to be effective
for lowing the energy gap of transition-metal complexes.28−31

This strategy might be feasible for CD-based composite
materials. Recently, our research group developed a dots-in-
zeolites strategy to prepare CD-based composites with
fascinating thermally activated delay fluorescence properties
with ultralong lifetimes.32 This strategy provides a considerable
flexibility to modulate the afterglow emissions of CDs by
tuning the host matrix and the CD precursors. In the
composites, the host zeolites could efficiently stabilize the
triplet excited states by restricting the vibration and rotation of
CDs. It is expected that the zeolite matrix may also serve as a
suitable donor or acceptor to facilitate the EnT, thus
promoting the red-emitting RTP property.
In this work, we demonstrate a facile strategy to modulate

the RTP properties of composites by introducing heteroatoms
into aluminophosphate zeolite frameworks to construct an
efficient DA system and promote the exchange coupling
between exciton of CDs and dopant in the host matrix. CDs@
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zeolite composites with green and red emissions have been
successfully prepared in the hydrothermal synthetic system.
Remarkably, the incorporation of Mn atoms in LEV zeolite
affords EnT between CDs and the zeolite matrix, giving rise to
a CD-based RTP material with red emission. The design
concept presented in this work will open a new perspective for
the RTP modulation of CD-based composite materials and
inspire their further applications.

■ RESULTS AND DISCUSSION

Figure 1 illustrates the method to prepare CDs@zeolite
composites with green or red RTP by in situ embedding CDs
into a heteroatom-doped zeolite matrix under hydrothermal
conditions. Typically, upon the choice of Mn and Zn as

heteroatoms and N-methylpiperidine (NMD) as organic
template, the composites are prepared in the reaction system
of MnO/ZnO−Al2O3−P2O5−NMD−H2O at 180 °C for 3
days. The variation of heteroatoms in a similar gel system
results in the formation of different zeolite types. As shown in
Figure 2a,c, the Mn-doped zeolite crystals show a cuboid-like
morphology, and the powder X-ray diffraction (XRD) pattern
shows the characteristic LEV zeotype (denoted Mn-LEV),
while the Zn-doped zeolite crystals exhibit the CHA zeotype
with cubic morphology (denoted Zn-CHA). Inductive coupled
plasma emission spectrometry (ICP) analysis together with
energy-dispersive spectroscopy (EDS) spectra (Figure S1) give
the M/Al molar ratio of 1/2 for both zeolites, and the organic
template NMD molecules keep intact in their structures as

Figure 1. Schematic diagram for the formation process of CDs@zeolite composites. Introducing heteroatoms Zn or Mn into the reaction gel of
aluminophosphate zeolite, the in situ formed CDs in the mother liquid are embedded into the zeolite matrix under hydrothermal conditions
forming CD-based RTP materials with green or red emissions.

Figure 2. SEM, TEM images, and XPS spectra of CDs@Mn-LEV and CDs@Zn-CHA composites. (a, c) SEM images of CDs@Mn-LEV and
CDs@Zn-CHA (inset: XRD patterns). (b, d) TEM images of CDs@Mn-LEV and CDs@Zn-CHA, showing CDs embedded in the zeolite matrix
(inset: HRTEM images of CDs with lattice spacings of 0.21 nm (left) and size distributions of CDs (right) in two composites). (e, g) C 1s XPS
spectra and (f, h) N 1s XPS spectra of CDs@Mn-LEV and CDs@Zn-CHA, respectively.
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confirmed by liquid chromatography−high-resolution mass
spectrometry (LC−HRMS) (Figure S2). TEM and SEM
mappings also prove the existence of heteroatoms Mn or Zn in
the zeolite matrices (Figures S1 and S3). The transmission
electron microscopy (TEM) shows that CDs are embedded in
the two crystalline zeolite matrices, and their average particle
diameters are about 3.1−3.2 nm (Figure 2b,d). High-
resolution TEM (HRTEM) images reveal that CDs in these
two composites both have crystalline sp2 domain with lattice
spacing of 0.21 nm (insets of Figure 2b,d).33,34 In residual
mother solutions of CDs@Mn-LEV and CDs@Zn-CHA, CDs
with a slightly smaller diameter of about 2.7−3.0 nm have also
been clearly observed (Figure S4a,b). This indicates that CDs
are simultaneously generated from the NMD precursor and
then are embedded into the growing crystals of zeolites in the
hydrothermal system, giving rise to the CDs@zeolite
composites.
Interestingly, a photoluminescence (PL) property study

reveals that CDs@Mn-LEV exhibits excitation-independent
fluorescence with a broad emission centered at 460 nm. CDs@
Zn-CHA shows excitation-dependent fluorescence with
emission peaks varied from 375 to 430 nm (Figure 3a,e).
When excited at 360 nm, CDs@Zn-CHA shows the strongest
emission at 430 nm. In comparison, the diluted mother liquids
of CDs@Mn-LEV and CDs@Zn-CHA both display excitation-
dependent fluorescence (Figure S4c,d), which are similar to
that of CDs@Zn-CHA.
The RTP performance including normalized fluorescence

and phosphorescence spectra of the two composites has been
studied. As shown in Figure 3b,f, when excited at 360 nm,
CDs@Mn-LEV exhibits a major red phosphorescence emission

at 620 nm, which presents a 160 nm red-shift compared to the
fluorescence emission. In addition, a small shoulder peak of
phosphorescence could be observed at about 500 nm. As for
CDs@Zn-CHA, when excited at 360 nm the green
phosphorescence is emitted at 500 nm, showing a 70 nm
red-shift compared to the fluorescence. The RTP emissions of
CDs@Mn-LEV and CDs@Zn-CHA give Commission Inter-
nationale de I’Eclairage (CIE) coordinates of (0.42, 0.40) and
(0.18, 0.32), respectively (Figure S5). Figure 3c,g shows that
the best phosphorescence excitation wavelengths of CDs@Mn-
LEV and CDs@Zn-CHA are also different, which are 420 and
300 nm, respectively. The experimental and fitted phosphor-
escence lifetime decay curves show that CDs@Mn-LEV has an
average lifetime of 1.81 ms, while CDs@Zn-CHA has a much
longer lifetime of 22.32 ms (Figure 3d,h and Table S1). The
phosphorescent quantum yields are 5.7% for CDs@Mn-LEV
and 14.1% for CDs@Zn-CHA. Unfortunately, the phosphor-
escence of these two composites cannot be observed by the
naked eye because of the transitory lifetime, but it still could be
recognized under the fluorescence microscopy (Figure 3i−l).
For insight into the different RTP behaviors of CDs@Mn-

LEV and CDs@Zn-CHA, the structures of CDs in the
composites as well as in mother solutions have been studied.
X-ray photoelectron spectroscopy (XPS) spectra show the
presence of CC/CC (284.6 eV), CN (286.0 eV), and
NH (401.1 eV)35 bonds that may mainly correspond to the
template NMD, and the additional CNC bonds (399.0
eV) should be related to CDs in these two composites (Figure
2e−h). UV−vis absorption and Fourier transform infrared
(FTIR) spectra of the mother solutions of two composites are
also similar, in which the π−π* transitions of CC bonds

Figure 3. Photoluminescence properties of CDs@Mn-LEV and CDs@Zn-CHA composites. (a, e) Fluorescence emission spectra of CDs@Mn-
LEV and CDs@Zn-CHA under different excitation wavelengths. (b, f) Normalized fluorescence (black line) and phosphorescence (red line)
spectra of CDs@Mn-LEV and CDs@Zn-CHA. (c, g) Phosphorescence excitation spectra of CDs@Mn-LEV (λem = 620 nm) and CDs@Zn-CHA
(λem = 500 nm). (d, h) Time-resolved phosphorescence decay and the corresponding fitting curves of CDs@Mn-LEV and CDs@Zn-CHA under
420 and 300 nm excitation, respectively. (i, j) Fluorescence microscopy images taken under white light exposure and excitation of green light with
sample of CDs@Mn-LEV. (k, l) Fluorescence microscopy images under white light exposure and excitation of blue light with sample of CDs@Zn-
CHA.
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(280 nm) of CDs can be obviously identified in UV−vis
absorption spectra,36−38 as well as CN and NH bonds
which can be identified in FTIR spectra (Figure S6).39−41 With
the similar structure and PL properties of CDs in the mother
solutions taken into account, it is presumed that the CDs
embedded in both zeolite matrices are similar. Then, the role
of the heteroatom-doped zeolite matrix in affecting the RTP
properties of CDs@zeolite composites has been further
investigated. Their FTIR spectra are similar (Figure S7b),
while an obvious difference can be found in UV−vis
absorption spectra of CDs@Mn-LEV and CDs@Zn-CHA:
two new peaks located at 350 and 420 nm are identified in
CDs@Mn-LEV (Figure S7a). Considering the similarity of
CDs in two mother solutions, such new peaks in CDs@Mn-
LEV are probably caused by Mn2+-doped zeolite matrix.
For an understanding of the influence of heteroatoms and

zeolite topologies on the RTP properties of CD-based
materials, CDs@Zn-LEV has also been prepared by changing
the molar ratio of Zn ions, H2O, and NMD in the reaction gel
(Figure S8a). The as-synthesized CDs@Zn-LEV has the same
zeolite topology with CDs@Mn-LEV, but they exhibit distinct
photoluminescence properties. CDs@Zn-LEV shows an
excitation-dependent fluorescence from 360 to 470 nm with
the best excitation wavelength of about 350 nm (Figure S8b).
The green phosphorescence emission appears at 500 nm with
the optimal excitation wavelength of 300 nm (Figure S8c,d). In
fact, the luminescence property of CDs@Zn-LEV is similar to
that of CDs@Zn-CHA. In addition, CDs in the mother

solution of CDs@Zn-LEV have similar fluorescence emissions
as compared to those observed in mother solutions of CDs@
Mn-LEV and CDs@Zn-CHA (Figure S9). All the results
confirm that the heteroatoms, but not zeolite topology, play a
key role in regulating the RTP emissions of CDs@zeolite
composites. The special red RTP behavior in CDs@Mn-LEV
might be caused by the coupling of the Mn-doped matrix and
CDs.
As for the RTP materials, it is important to obtain

competent spin−orbit coupling for effectively populating
triplet excitons through enhancing the ISC process and
stabilizing triplet states. It is well-known that intramolecular
vibrations and rotations can be suppressed in luminescence
molecules at low temperature (77 K), which leads to more
radiative transition and stable triplet states.42 For unconfined
CDs in mother solutions, no phosphorescence is observed at
room temperature. At low temperature (77 K), with the
mother solution of CDs@Mn-LEV taken as an example, it
shows green phosphorescence emission with the best
excitation wavelength located at 300 nm (Figure S10a,b) and
a lifetime of 61.13 ms, which is quite similar to the green
phosphorescence of CDs@Zn-CHA and CDs@Zn-LEV
composites. This indicates that the green RTP of CDs@Zn-
CHA and CDs@Zn-LEV primarily originates from the zeolite-
confined CDs while the doped Zn atoms have no influence on
the RTP performance. The nonradiative relaxation is
effectively prevented by the steady matrix of zeolites with the
confinement of emissive species and suppressing their

Figure 4. Proposed mechanism for CDs@Mn-LEV composites and the EnT process between CDs and the zeolite matrix. (a) Schematic of CDs
confined in Mn-LEV zeolite. The CDs are well-stabilized by hydrogen bonds of the framework and templates. Meanwhile CDs and Mn-LEV zeolite
serve as the energy donor and acceptor in the EnT process, respectively. (b) UV−vis absorption spectrum (red) of the Mn-LEV framework and
emission spectrum (black) of CDs. (c) Energy diagram of CDs and Mn-LEV. The triplet energy (T1) is determined by the phosphorescence
emission maximum (505 and 616 nm for CDs and CDs@Mn-LEV, respectively). The singlet energy (S1) is determined by the fluorescence
emission maximum (444 and 460 nm for CDs and CDs@Mn-LEV, respectively). ISC: intersystem crossing. EnT: energy transfer. (d) Lifetime
decays of the CDs (black, 77 K) and CDs@Mn-LEV (red, 77 K) at 500 nm. The spectra were recorded upon excitation at 360 nm.
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intramolecular rotations and vibrations, which leads to the
stabilized triplet states of CDs. Such a confinement and
stabilization effect of zeolite frameworks has already been
studied before.32

In contrast, CDs@Mn-LEV emits red RTP, which is distinct
from its mother solution that emits green RTP at 77 K. This
indicates that the doped Mn atoms in zeolite might be
responsible for the red RTP emission, and a possible EnT
might occur between CDs to the Mn-doped LEV host matrix.
As mentioned above, in the UV−vis adsorption spectrum of
CDs@Mn-LEV (Figure S7a), there are two additional
absorption peaks at 350 and 420 nm attributed to the Mn-
LEV matrix. The good spectral overlap between the RTP
emission of CDs and UV−vis absorbance of Mn-LEV may
afford efficient EnT of photoinduced excitons from the CDs to
the doped Mn in the host zeolite matrix (Figure 4a−c, Figure
S11). Thus, it is believed that the red RTP emission of CDs@
Mn-LEV comes from the transition (4T1−6A1) of Mn2+, and
the weak green RTP emission is due to the confined CDs. The
similar mechanism of Mn2+-related emission through the
exciton energy transfer from the perovskite quantum dots to
the doped Mn2+ ions has been widely reported previously.43−46

Time-resolved phosphorescence measurements reveal a
distinct decrease of lifetimes at 500 nm in CDs@Mn-LEV,
compared to those of 77 K-CDs and CDs@Zn-CHA (Figure
4d, Table S2). This provides further evidence for the efficient
donor−acceptor EnT in CDs@Mn-LEV.47 The CDs@Mn-
LEV exhibits a high EnT efficiency of 92.85% according to ηEnT
= 1 − τDA/τD, and the EnT rate (KEnT) is calculated to be 2.12
× 102 S−1 according to KEnT = 1/τDA − 1/τD.

48−52 It is found
that the amount of Mn atoms doped in LEV zeolite affects the
emission intensity and lifetime of phosphorescence. For
instance, upon an increase in the content of Mn from 8.19%
to 13.42% (in weight), the emission intensity of RTP and
average lifetime are slightly enhanced in CDs@Mn-LEV
(Figure S12 and Table S3). Furthermore, it is believed that
tuning the luminescent properties of confined CDs and the
host matrix may further improve their energy transfer and thus
enhance the RTP property of the composite materials. Some
related works are ongoing.
The low-temperature phosphorescence emission spectrum

of CDs@Mn-LEV is also helpful to prove the EnT process in
the composite (Figure S13a). When excited at 420 nm (77 K),
the red-emitting intensity at 620 nm decreases; meanwhile the
green emission intensity at about 500 nm obviously increases.
This suggests that the EnT process might be suppressed at low
temperature, and therefore, CDs@Mn-LEV emits predom-
inantly green phosphorescence at 77 K. At room temperature,
the EnT process can be activated, and the red emission at 620
nm becomes predominant. As for CDs@Zn-CHA, however,
green phosphorescence stays at 500 nm at room temperature
and 77 K, revealing that no EnT process occurs in this
composite (Figure S13b).
Notably, CDs@Mn-LEV with red RTP emission is quite

stable under ultraviolet radiation or even atmosphere. The
phosphorescence property remains for more than 3 h under a
30 W UV lamp (Figure S14a), and even more than 2 months
at air condition (Figure S14b). This suggests that CDs@Mn-
LEV can be used in atmosphere, and it is superior to most
conventional organic RTP materials. In addition, the recyclable
thermal-responsive phosphorescence emission of CDs@Mn-
LEV from green to red upon heating up from 77 K to room

temperature endows it potential applications as temperature
sensors (Figure S15).

■ CONCLUSIONS

In summary, we have successfully constructed a donor−
acceptor system by confining CDs in the heteroatom-doped
zeolite matrices, which can efficiently tune the RTP behaviors
of the resulting composites. The as-prepared CDs@Zn-CHA
exhibits a green RTP with a lifetime of 22.32 ms, and CDs@
Mn-LEV displays a predominant red RTP with a lifetime of
1.814 ms arising from the EnT process occurring between the
Mn-doped zeolite matrix as acceptor and CDs as donor. Their
phosphorescence quantum yields are 14.1% and 5.7%,
respectively. In addition, the ultrastability of CDs@Mn-LEV
in atmosphere as well as thermal-response phosphorescence
emissions demonstrate the potential of these materials for
further applications in light-emitting and temperature sensors.
This work provides an effective strategy to the design and
synthesis of novel CD-based RTP materials with modulated
emissions (in particular red emission), which is promising for
their future practical applications.

■ METHODS

Preparation of CDs@Mn-LEV. CDs@Mn-LEV was
prepared under hydrothermal conditions in a reaction gel
ratio of MnO−Al2O3−P2O5−N-methylpiperidine (NMD)−
H2O. Typically, 0.332 g of pseudoboehmite (Al2O3, 62.5%)
and 0.5 g of manganese(II) acetate tetrahydrate (Mn-
(CH3COO)2·4H2O, 99.0%) were added into 14 mL of
deionized water. Then, 0.6 mL of orthophosphoric acid
(H3PO4, 85 wt %) was added into the solution with
continuous stirring at room temperature. Next, 1.2 mL of
NMD (C6H13N, 99.0%) was dropwise added to the reaction
solution. The gel was further stirred for 2 h and crystallized at
180 °C in Teflon stainless-steel autoclaves for 72 h. The as-
prepared zeolite was washed carefully and dried at 80 °C. The
mother solution of CDs@Mn-LEV was collected for further
experiments. The amount of Mn in the CDs@Mn-LEV
composite could be modulated by adding Mn(CH3COO)2·
4H2O (99.0%) with different amounts (0.35, 0.40, 0.45, 0.55,
0.60, and 0.65 g) in the initial reaction system, and others kept
unchanged. It was noted that the pure phase of Mn-LEV
zeolite could not be obtained when the amount of Mn-
(CH3COO)2·4H2O added was more than 0.65 g. In addition,
the Mn-LEV zeolite without confined CDs also could not be
synthesized in such a reaction system.

Preparation of CDs@Zn-CHA. CDs@Zn-CHA was
synthesized in a similar hydrothermal system of ZnO−
Al2O3−P2O5−N-methylpiperidine (NMD)−H2O in which
0.448 g of zinc acetate dihydrate (Zn(CH3COO)2·2H2O,
99.0%) was used instead of 0.5 g of Mn(CH3COO)2·4H2O.
The mother solution of CDs@Zn-CHA was also collected for
further experiments.

Preparation of CDs@Zn-LEV. CDs@Zn-CHA was
synthesized in hydrothermal conditions with a reaction gel
system of ZnO−Al2O3−P2O5−N-methylpiperidine (NMD)−
H2O. Typically, 0.332 g of Al2O3 (62.5%) and 0.173 g of
Zn(CH3COO)2·2H2O (99.0%) were added into 10 mL of
water, and 0.6 mL of H3PO4 (85 wt %) was further added into
the solution with continuous stirring at room temperature.
Then, 0.8 mL of NMD (C6H13N, 99.0%) was dropwise added
to the reaction solution. The gel was further stirred for 2 h and
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crystallized at 180 °C in Teflon stainless-steel autoclaves for 72
h. The as-prepared zeolite was washed carefully and dried at 80
°C. The mother solution of CDs@Zn-LEV was collected for
further experiments.
Material Characterizations. The Rigaku Ultima IV

diffractometer was used for collection of PXRD data with Cu
Kα radiation (λ = 1.5418 Å). TEM, TEM mapping, HRTEM,
and high-angle annular dark-field (HAADF) STEM images
were recorded by using FEI Titan G2 60-300 scanning and an
FEI Tecnai G2 S-Twin F20 instrument. SEM, SEM mapping,
and EDS images were recorded by a JSM-6700F instrument.
Bruker VERTEX 80/80v FTIR spectrometers were used for
FTIR spectra with a background of potassium bromide. A
Hitachi UV-2450 spectrophotometer and a Shimadzu U-4100
instrument were used for UV−vis adsorption spectra. The XPS
measurements were measured by using a ThermoESCA-
LAB250 spectrometer. LC−HRMS spectra were collected
bya Bruker Agilent1290-micrOTOF Q II instrument. The
deviation was not more than 3 mDa, and the mass spectra were
calibrated by sodium acetate as an internal label.
Photoluminescence Measurements. A HORIBA Scien-

tific Fluoromax-4P instrument is the spectrofluorometer for
fluorescence and phosphorescence spectra measurements. A
pulsed xenon lamp was used for phosphorescence spectra. The
parameters of the phosphorescence measurement are listed as
follows: 50 ms for sample window, 0.1 ms for delay after flash,
60 ms for time per flash, and 10 for flash count. The quantum
yields were also measured by the HORIBA Scientific
Fluoromax-4P instrument with an integrating sphere. An
Olympus BX51 instrument was used for taking fluorescent
images. The white, blue, and green light excitations went
through band-pass filters at wavelengths of 550 and 580 nm.
Safety Statement. No unexpected or unusually high safety

hazards were encountered.
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