Engineered Science

S

RESEARCH PAPER View Article Online

Long-Lived Room-Temperature Phosphorescent Nitrogen-Doped CQDs/PVA
Composites: Fabrication, Characterization and Application

Xueyun Wu,' Wei Li,' Peng Wu,"” Chunhui Ma,' Yushan Liu,' Mingcong Xu' and Shouxin Liu'"

Room-temperature phosphorescent (RTP) materials have attracted significant attention because of their potential applications in anti-
counterfeiting and optical imaging. However, most RTP materials developed to date have short-lived lifetimes, because the triplet excited
states are easily quenched by atmospheric oxygen, thus limiting their full potential. Herein, nitrogen-doped carbon quantum dots (N-
CQDs), prepared by hydrothermal method, are dispersed into a poly(vinyl alcohol) matrix to fabricate phosphorescent materials with
ultralong lifetimes at ambient temperature and atmosphere. The N-CQDs/PVA composites, which are 3D aerogel and thin film respectively,
display a long lifetime of 442 ms and an average lifetime of 416 ms at ambient conditions. The efficient room-temperature
phosphorescence phenomenon can be attributed to the small energy gaps between the singlet and triplet states (AE;,) of 0.246 eV and 0.23
eV of the RTP materials (acrogel and thin film, respectively), thus facilitating state population through intersystem crossing. In addition,
PVA molecule is able to inhibit quenching of the triplet excited state by oxygen, consequently promoting phosphorescence production at
ambient conditions. Furthermore, the N-CQDs/PVA composites can be prepared in different physical forms, i.e., as solution, film, or
aerogel as per the requirements of varied potential applications in optical imaging, writing, anti-counterfeiting, or sensors.
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1. Introduction

Room-temperature phosphorescence is obtained upon excitation of
triplet states via efficient intersystem crossing (ISC) of singlet to
triplet and is sustained at room temperature when the excitation
source is turned off.' To date, room-temperature phosphorescent
(RTP) materials with long-lived excited states have generated
considerable attention because of their potential applications in
advanced anti-counterfeiting, optical imaging, photocatalysis,
optoelectronics, data security, and sensors.”” However, most of the
RTP materials examined to date have been prepared using inorganic
or heavy metal organic complexes, making them toxic, expensive,
and unstable,” as well as exhibiting short-lived lifetimes in the range
of several microseconds to several milliseconds.”"” The low
phosphorescence is due to the quenching of the triplet states
emission by atmospheric oxygen.” Therefore, the preparation of
low-toxic, metal-free RTP materials with ultralong lifetimes at
ambient conditions is highly desired. Noteworthy, the room-
temperature phosphorescence process involves spin-forbidden
transitions, which are responsible for low probability of ISC."" In
addition, triplet excitations are easily consumed through nonradiative

" Key laboratory of Bio-based Material Science and Technology of
Ministry of Education, Northeast Forestry University, Hexing Road
26, Harbin 150040,P. R. China

* College of Environmental and Chemical Engineering, Heilongjiang
University of Science and Technology, Harbin 150022, P. R. China
*E-mail: liweil 9820927@126.com ; liushouxin@126.com

© Engineered Science Publisher LLC 2018

decay processes derived from vibrational and rotational dissipation."
Thus, effectively obtaining stable triplet states remain a great
challenge. Generally, if the energy gap between the singlet and
triplet levels (AEq,) is small, nonradiative decay processes will be
effectively suppressed, subsequently promoting highly efficient ISC
and the room-temperature phosphorescence phenomenon.”® When it
comes to mental-free RTP materials, the stable triplet states are
typically obtained by incorporating carbonyl functionality, halogen
bonds and C-N/C=N bonds."” With carbonyl functionality, the AE;;
is smaller in the order of 0.207 eV-0.725 ¢V to favour ISC process."
In addition, C-N/C=N bonds have reported to increase the
population of the triplet states, which may facilitate the processes of
ISC and enhance spin-orbit coupling.”” Therefore, effectively
suppressing nonradiative decay processes and reducing AE, are
essential to achieving long-lived excited states for RTP materials.

In recent years, carbon quantum dots (CQDs) have emerged as
new luminescent nanomaterials and received considerable attention
because of their various excellent properties.””” However, pure
CQDs do not readily exhibit delayed luminescence because the
triplet excited states are easily quenched by oxygen and consumed
by nonradiative decay processes. Note that phosphorescence from a
luminophore is typically observed under cryogenic and inert
conditions because the triplet excited states are sensitive to
temperature and oxygen.” Recently, a “dots-in-zeolites™ strategy has
been devised for the preparation of CQD-based materials with
thermally activated delayed fluorescence and ultralong lifetimes at
ambient conditions. This strategy affords effective stabilization of
the triplet states by restricting the intramolecular vibrations and
rotations of functional groups on the CQDs and hindering oxygen
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quenching.* Significantly, finding a suitable host matrix to harvest
triplet excited states and prevent quenching at ambient conditions in
obtaining CQDs with ultralong lifetime phosphorescence would be
of great necessary. As an ideal candidate, poly(vinyl alcohol) (PVA)
molecule has a low permeability to oxygen and abundant OH
groups, which is beneficial for hydrogen bond formation.”**
Generally, the direct dispersion of photoluminescent materials into
polymeric materials requires organic solvents to obtain homogeneous
composites.” However, RTP materials have been successfully
prepared in the absence of additional organic solvents when
dispersing CQDs into PVA matrix to obtain homogeneous
composites.” Therefore, the dispersion of CQDs into PVA matrix in
the absence of additional organic solvents to produce CQDs/PVA
composites is possible.

Herein, hydrothermal method was used to synthesize nitrogen-
doped CQDs (N-CQDs) using glucose as the carbon source. The N-
CQDs were then dispersed into PVA matrix to construct
phosphorescent materials with ultralong lifetimes at ambient
temperature and atmosphere. The formation mechanism of the N-
CQDs-based RTP materials was proposed. In addition, the
application of the N-CQDs/PVA composites prepared as a luminous
solution, a transparent film, and a three-dimensional (3D) aerogel
was investigated.

2. Experimental section
2.1 Materials
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Glucose was purchased from Tianjin Kermel Chemical Reagent Co.,
Ltd. China. p-Aminobenzoic acid (PABA) was obtained from Tianjin
Guang Fu Chemical Reagent Co., Ltd. China. Polyvinyl alcohol
(PVA, average degree of polymerization, 1750 + 50) was purchased
from Aladdin Industrial Corporation (Shanghai, China). All chemical
reagents were of analytical grade and used as received. Distilled
water was used in all experiments.

2.2 Preparation of N-CQDs

For the synthesis of N-CQDs, 0.76 g PABA was dissolved in 60 mL
water at 80 °C because of PABA easily dispersed in hot water. The
resulting solution was transferred to a polytetrafluoroethylene vessel
(100 mL), which contained 1 g glucose, and stirred slowly to make
sure obtainning uniform solution. The molar ratio between PABA
and glucose was 1:1. The vessel was sealed by an explosion-proof
enclosure and heated in an oven for 12 h at 200 °C and subsequently
allowed to cool to room temperature. The product was obtained
following filtration of the precipitate through a filter membrane with
pore diameters of 0.22 pm and subsequent dialysis (1000 Da
molecular weight cut-off) for about 72 h to remove unreacted small
molecules, then N-CQDs powder was obtained by oven drying for
further use.

2.3 Preparation of N-CQDs/PVA ink and N-CQDs/PVA film
To prepare the N-CQDs/PVA composites, 1 mg N-CQDs powder
was dispersed into 1 mL distilled water, and then the ultrasound
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Fig. 1 (a) TEM image of the N-CQDs (inset, HRTEM image of the N-CQDs), (b) XRD pattern of the N-CQDs, (c) the FT-IR spectrum of the
N-CQDs, and (d) fluorescence decay of the N-CQDs dispersed in water.
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dispersed uniformly for half hour. 1 mL N-CQDs aqueous solution
was slowly dropped into 2 mL PVA solution (7.5 wt.%). The
resulting mixture was stirred thoroughly to obtain a homogeneous N-
CQDs/PVA solution. The well dispersed mixture was conditioned to
elimate bubbles and then could be employed as luminescent ink.
Such obtained homogeneous composite solution was coated onto
glass or polytetrafluoroethylene petri dish and then dried in an oven
at 60 °C for hours to obtain the N-CQDs/PVA composites films.

2.4 Preparation of spongy N-CQDs/PVA aerogel

To prepare the composite aerogel, 10 mg N-CQDs powder was
dispersed into 10 mL distilled water, and then the ultrasound
dispersed uniformly for half hour. The obtained N-CQDs aqueous
solution was transferred into a 50 mL round-bottom flask and heated
to 80 °C under magnetic stirring. Then, 1 g PVA was added to the
solution, and the mixture was heated further for 2 h under stirring to
make sure PVA dissolved completely. Finally, the obtained N-
CQDs/PVA solution was allowed to naturally cool to room
temperature, and then precooling in the refrigerator before being
subjected to freeze drying to obtain the aerogel.

2.5 Characterizations

A JEM-2100F electron microscope (JEOL, Ltd., Japan) operating at
an acceleration voltage of 200 kV was used to obtain transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
images of the N-CQDs. The sample was ultrasonicated for 1 h before
testing in the ice bath. The resulting dispersion was dropped onto a
copper grid coated with an ultrathin carbon film and then dried at
room temperature. Fourier transform infrared (FT-IR) spectra of the
N-CQDs were recorded on a Nicolet iS10 FT-IR spectrometer
(Thermo Scientific, USA) in the range of 5004000 cm'. X-ray
photoelectron (XPS) spectra of the N-CQDs were obtained on a
Thermo ESCALAB 250 Xi photoelectron spectrometer (Thermo

UV lamp (365nm)
Excitation on

Sunlight

Fisher Scientific, USA), using Al Ka radiation (hv = 1486.6 eV).
Binding energies were referenced to the Cls line at 284.8 eV. The
UV-visible (UV-vis) absorption spectra of the N-CQDs were
recorded on a TU-1950 UV-vis spectrometer (Persee, China). X-ray
diffraction (XRD) patterns were obtained on a D/max-r B X-ray
diffractometer (Rigaku Corp., Tokyo, Japan) using Cu Ko radiation.
The fluorescence emission spectra of the N-CQDs were recorded
using a Hitachi F4500 fluorescence spectrophotometer (Hitachi
High-Technologies, Japan). The phosphorescence emission and
excitation spectra and phosphorescence decay curves of the N-
CQDs/PVA composite film and aerogel were recorded on an FLS980
fluorescence spectrophotometer (Edinburgh, UK). All digital
pictures were captured using a Canon camera.

3. Results and discussion

3.1 Characteristics of N-CQDs

The TEM image in Fig. la reveals that the prepared N-CQDs are
spherical and uniformly dispersed with minimal aggregation. In
addition, the N-CQDs have a particle size distribution in the range of
1.3-6.0 nm, with a mean diameter of 3.3 nm (Fig. S1). Distinct
lattice fringes with an interplanar spacing of 0.20 nm can be
observed from the HRTEM image (Fig. la inset), which closely
matches the (1 0 0) diffraction facet of graphite carbon.” This result
indicates that the prepared N-CQDs possess a graphite-like structure.
The XRD pattern of the N-CQDs (Fig. 1b) shows a broad diffraction
peak at 21.7° (d,,, = 0.34 nm) and a weak peak at 45.3° (d,,, = 0.21
nm), indicating the presence of an amorphous carbon phase and
partial graphitization of the N-CQDs, as consistent with the HRTEM
result.”

The FT-IR spectrum of the N-CQDs is shown in Fig. lc.
Thebroad absorption band at 3238 cm ' can be attributed to O-H
stretching vibrations. The peak at 1600 cm ' is attributed to aromatic
C=C stretching vibrations.” The strong peak at 1500 cm ' can be assigned

UV lamp (365nm)
Excitation off

Fig. 2 Pictures of (a) N-CQDs/PVA film and (b) spongy N-CQDs/PVA composite under sunlight, UV-365 nm (ON), and after turning off the

UV lamp respectively from left to right.
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to either C=N or C=0 bond.™* The peaks at 2925 and 1375 cm ' are
attributed to the stretching vibrations and bending vibration of C-H
bond, respectively.’™”’ The characteristic peak at 1239 cm ' is
attributed to aromatic C—N stretching vibrations. The two peaks at
691 and 740 cm' can be attributed to aromatic C-H bending
vibrations.™ These results indicate that the prepared N-CQDs contain
aromatic carbon and nitrogen heterocyclic rings.

To further investigate the elemental and structural composition
of the N-CQDs, XPS analysis is performed, and the results are
shown in Fig. S2. The full-scan XPS spectrum of the N-CQDs is
shown in Fig. S2a. The high-resolution Cls spectrum of the N-CQDs
(Fig. S2b) can be fitted into five peaks at binding energies of 284.7
(C—C or C=C), 286.0 (C-N), 286.4 (C-0O), 288.0 (C=N and/or
C=0), and 288.4 eV (HO-C=0).” The high-resolution Ols spectrum
(Fig. S2¢) can be deconvoluted into three peaks at 531.55 (C=0),
532.5 (C-OH), and 535.5 eV (COOH or H,0).“" The N1s spectrum
(Fig. S2d) can be deconvoluted into four peaks at 398.5, 399.2,
399.9, and 400.7 eV, which confirmed the presence of nitrogen
atoms of graphite-like structure, pyridinic-like N, pyrrolic-like N,
and NH groups, respectively.”* These results confirme that the
prepared N-CQDs have aromatic carbonyl and nitrogen heterocyclic
rings on the surface, as consistent with the FT-IR results.

UV-vis spectrum of the N-CQDs dispersed in water is shown in
Fig. S3. The prepared N-CQDs display an absorption band in the
ultraviolet region owing to the presence of the aromatic m system or
the n-m* transition of carbonyl groups.*™ The absorption peaks
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centred at 240 and 350 nm can be ascribed to n—n* transition of the
C=C bond and n—n* transition of the C=0/C=N bond," respectively.
Upon excitation of the N-CQD aqueous dispersion with a hand-held
UV lamp (365 nm), the dispersion displayed bright blue fluorescence
(Fig. S3 inset). The fluorescence emission spectra of the N-CQDs
aqueous solution are collected by varying the excitation wavelength
from 300 to 460 nm (Fig. S4). Blue emission at 430 nm,
corresponding to the excitation wavelength of 360 nm, can be
observed. Further increases in the excitation wavelength result in the
shifting of the emission peak to 460 nm. The excitation-dependent
emission of the N-CQDs may originate from the presence of
different surface states.” The fluorescence emission decay curve of
the aqueous dispersion of N-CQDs is reported in Fig. 1d. The N-
CQDs exhibited double exponential decay with an average lifetime
0f'4.93 ns. The decay parameters are summarized in Table S1.

3.2 Photoluminescent properties of N-CQDs/PVA film and
aerogel

The N-CQDs/PVA film is transparent and nearly colourless under
sunlight. In contrast, when it is irradiated with a hand-held UV lamp
(365 nm), the film turned blue. Interestingly, when the excitation
source is turned off, a blue—green afterglow can be seen by the naked
eyes at room temperature (Fig. 2a). Fig. 2b shows the white
appearance of the N-CQDs/PVA aerogel under sunlight. Its blue
appearance could be observed upon exposure to a hand-held UV
lamp at ambient temperature and atmosphere and a blue-green afterglow
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Fig. 3 Spectra of fluorescence emission and RTP emission on (a) N-CQDs/PVA film, and (b) N-CQDs/PVA aerogel; Time resolved
phosphorescence decay of (¢c) N-CQDs/PVA film, and (d) N-CQDs/PVA aerogel.
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could be observed when the lamp was turned off.

To further explore the origin of the room-temperature
phosphorescence phenomenon of the N-CQDs/PVA composites, both
their steady-state fluorescence and phosphorescence photoluminescence
(PL) spectrum are recorded. Fig. 3a shows the fluorescence PL spectrum
and phosphorescence PL spectrum of the N-CQDs/PVA film. The film
display emission at about 430 nm in accordance with aqueous N-CQDs
(Fig. S4), and the phosphorescence PL spectrum show an emission band
at 468 nm. The Stokes shift between the fluorescence and
phosphorescence is 38 nm, corresponding to an energy gap of 0.23 eV.

The fluorescence PL spectrum of the N-CQDs/PVA aerogel
displayed an emission band at 440 nm, which can be assigned to the
emission of a singlet excited state (Fig. 3b). The phosphorescence PL
spectrum of the N-CQDs/PVA aerogel displayed an emission band at
482 nm (emission of a triplet excited state). From these results, an
AEg, of 42 nm is obtained. Accordingly, the N-CQDs/PVA
composites display a small AE, of 0.246 eV or 0.23 eV depending
on their structure (aerogel or film). The small AEq, is expected to
facilitate ISC from singlet state (S,) to triplet state (T,) state, thus
facilitating the occurrence of RTP. According to literature reports,”™
aromatic carbonyl groups display a small AEg,, and the spin-orbit
coupling is efficient, which is beneficial for the occurrence of ISC.
The role of C=N functionalities is also reported to increase the
population of the T, state, demonstrating that the presence of
nitrogen atoms may favour ISC and thereby enhance spin-orbit
coupling.” Therefore, it is reasonable to propose that the room
temperature phosphorescence phenomenon originates from aromatic

e

vib FL

carbonyl and C=N functionalities on the surface of the N-CQDs.

The time-resolved phosphorescence decay curves of the N-
CQDs/PVA film and aerogel are shown in Fig. 3¢ and Fig. 3d,
respectively. The two curves can be fitted by a double exponential
function with two lifetimes. The N-CQDs/PVA film display two
phosphorescence lifetimes of 185.84 ms (46.45 %) and 491.45 ms
(53.5 5%). The N-CQDs/PVA aerogel also display two
phosphorescence lifetimes of 124.83 ms (48.08 %) and 513.32 ms
(51.92%). The average lifetimes of the film and aerogel are
respectively calculated as 416 and 442 ms using eqn (1) as follows:

<T>:Zam2/2a.r. (1)

Moreover, the multiple lifetimes of the N-CQDs/PVA composites
indicate that various emission species are present, which may be due
to the different chemical environments present on the surface of the
N-CQDs. Furthermore, the average lifetimes of the composites are
much longer than the fluorescence lifetime (4.93 ns) of the prepared
N-CQDs solution at room temperature (Fig. 1d). This result suggests
that the PVA matrix plays an important role in stabilizing the triplet
states.

When the N-CQDs are only dispersed in water, the room
temperature phosphorescence phenomenon was not observed. This
may be due to the consumption of the triplet excitations by
vibrational and rotational dissipation and oxygen-mediated
quenching at room temperature. In contrast, the long lifetimes and
sustained afterglow of the film and aerogel composites may be attributed

PVA matrix

: PVA-chain
:Hydrogen bond

Fig. 4 Proposed phosphorescence mechanism of N-CQDs dispersed in the PVA matrix.
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to the this may be due to the consumption of the triplet excitations
by vibrational and rotational dissipation and oxygen-mediated
quenching at room temperature. In contrast, the long lifetimes and
sustained afterglow of the film and aerogel composites may be
attributed to the presence of the PVA matrix that facilitated the
occurrence of RTP. It is well known that hydrogen bonding can
effectively suppress intramolecular motions and fix emissive species
to obtain a stable triplet state, thus favouring the ISC process.” Thus,
the abundant OH groups on the PVA matrix,”"' which can form
hydrogen bonds interactions with the surface functional groups of
the N-CQDs, such as C=N and C=O bonds, are expected to suppress
intramolecular motions and nonradiative relaxation. In addition, PVA
has a low permeability to oxygen, thus limiting quenching of the
triplet excited states by oxygen.” Therefore, PVA may play a key
role in stabilizing the triplet excited states and serving as an
excellent oxygen barrier to hinder oxygen-mediated quenching.

In RTP materials, the energy levels of the singlet and triplet
states are essential considerations for efficient transition and
intersystem crossing. As discussed previously, the N-CQDs/PVA
composites all displayed small AE, values (0.227 eV and 0.246 eV),
which afforded efficient room-temperature phosphorescence
facilitated by ISC. A possible mechanism for the formation of RTP
materials based on N-CQDs is schematically proposed in Fig. 4. The
N-CQDs dispersed in water exhibit short-lived fluorescence; in
addition, in this scenario, the triplet state may be quenched by
intramolecular vibrations and rotations. In contrast, mixing N-CQDs
with PVA, which have abundant surface OH groups, produces
efficient RTP materials. The abundant OH groups are expected to
form extensive hydrogen bonds that can rigidify various functional

UV lamp (365nm)

Sunlight Excitation on

lem

groups on the surface of the N-CQDs to suppress the nonradiative
relaxation of the N-CQDs derived from intramolecular vibrations
and rotations and thus stabilize the triplet excited states."” Moreover,
PVA is an excellent oxygen barrier that can effectively hinder
collisions between functional groups and oxygen molecules.

3.3 Applications of N-CQDs/PVA composites

The N-CQDs/PVA composites developed herein are expected to offer
new perspectives for various RTP applications. Both PVA and the
prepared N-CQDs have excellent biocompatible features and can be
easily attached onto glass, plastic, or paper. For instance, the N-
CQDs/PVA composites can be printed on various packages of
merchandise for authentication and used for information encryption
and anti-counterfeiting. As shown in Fig. Sa, the N-CQDs/PVA
solution could be used as ink — “NEFU” is directly written on a filter
paper. After thorough drying, the writing can barely be seen under
sunlight. However, upon irradiation with a UV lamp (365 nm), the
writing is visible in blue, and when the UV source is turned off, the
writing can be seen in the dark by the naked eyes as a phosphorescent
blue—green colour. In another example, the outline of a bunch of grapes
is “coded”: N-CQDs/PVA is used to code the grapes and a fluorescent
orange dye is used to code the leaves (Fig. 5b). Under sunlight, the
grapes are barely visible, whereas the leaves display a very light pink
tinge. In contrast, under UV exposure, the grapes and leaves can be
respectively observed as blue and orange objects. When the UV source
is turned off, only a phosphorescent blue-green colour, from the
grapes, can be observed by the naked eyes in the dark. This application

UV lamp (365nm)
Excitation off

Fig. 5 (a) Handwritten characters “NEFU” on a filter paper using N-CQDs/PVA solution as ink, (b) The security pattern of a bunch of
grapes were coded at glass with the N-CQDs/PVA solution as the grape grain part and the fluorescent orange dye molecule as the part
of grape leaves, under sunlight, UV-365 nm (ON), and after turning off the UV lamp respectively.
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illustration demonstrates the potential of N-CQDs/PVA composites
as an optical material for PL ink information security.

Moreover, the N-CQDs/PVA composites can be shaped into a
film and an aerogel (Fig. S5a and Fig. S5b, respectively). Fig. S5a
shows five different transparent films prepared using different
materials (N-CQDs/PVA solution, pure PVA solution, and different
metal quantum dots) under sunlight. Upon exposure of the films to
irradiation of a UV lamp, the films display five different colours
depending on the material that they were made of. When the lamp is
turned off, only the film that is prepared from a N-CQDs/PVA
solution exhibited a blue-green afterglow. Spongy aerogels have
been well researched in the literature; they exhibit a unique porous
structure that allows the absorption of different substances (e.g.,
carbon dioxide, oxygen) or the inhibition of aggregation or stacking
of subunits to expose more active sites for photocatalytic reactions.
Thus, the prepared aerogel shown in Fig. S5b is also expected to
have great potential, for instance, as chemical sensors or metal-free
catalysts.

4. Conclusion

Room-temperature phosphorescent N-CQDs/PVA composites with
long-lived lifetimes are successfully fabricated by dispersing
hydrothermally prepared N-CQDs into a PVA matrix. The N-
CQDs/PVA composites exhibited an average lifetime of 416 ms and
a long lifetime of 442 ms, and AEs; of 0.23 and 0.246 eV, depending
on the physical form of the composite (film or aerogel). The long-
lived excited state of the N-CQDs/PVA composites at ambient
conditions is due to the small AE,, which allowed population of the
states through ISC. In addition, the abundant OH groups and low
oxygen permeability of PVA matrix contributed to inhibiting
quenching of the triplet excited states by nonradiative relaxation and
intramolecular motions at ambient condition. Furthermore, the N-
CQDs/PVA solution show great performance in optical imaging and
anti-counterfeiting. The ability to also shape the N-CQDs/PVA
composites into a film or an aerogel offers further extensive
application prospects.

Supporting Information
Additional Table S1, and additional Figures S1-S5 are provided.
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