#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Endowing matrix-free carbon dots with color-
tunable ultralong phosphorescence by self-
dopingt

Huixian Shi,£*? Zuoji Niu,1* He Wang,® Wenpeng Ye,? Kai Xi, © € Xiao Huang, ©°
Hongliang Wang,® Yanfeng Liu,° Hengwei Lin,® Huifang Shi*® and Zhongfu An @ *°

i ") Check for updates ‘

Cite this: Chem. Sci., 2022, 13, 4406

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Color-tunable ultralong phosphorescence is urgently desired in optoelectronic applications. Herein, we
report a new type of full-color-tunable ultralong phosphorescence carbon dots (CDs) without matrix-
assistance by a self-doping method under ambient conditions. The phosphorescence color can be
rationally tuned from blue to red by changing the excitation wavelength from 310 to 440 nm. The CDs
exhibit an ultralong lifetime of up to 1052.23 ms at 484 nm. From the experimental data, we speculate
that the excitation-dependent multi-color phosphorescence is attributed to the presence of multiple
emitting centers related to carbonyl units. Given the unique color-tunability of CDs, we demonstrate
their potential applications in information encryption, light detection ranging from UV to visible light and
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Introduction

Room temperature phosphorescence (RTP) has attracted
considerable attention in lighting, sensing, and anti-
counterfeiting owing to its long-lived emission lifetime and
large Stokes shift characteristics."” However, it is very chal-
lenging to realize phosphorescence in metal-free organic
phosphors because of the spin-forbidden radiative and fast
nonradioactive transitions at room temperature. During the
past few years, great efforts have been devoted to achieving RTP
following two ways: (1) accelerating intersystem crossing (ISC)
between singlet and triplet excited states by introducing heavy
atoms, heteroatoms, carbonyl groups, or other substituents,**®
and (2) suppressing the nonradiative transitions for phospho-
rescence enhancement by constructing a rigid molecular
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materials, but also provides a broader scope for the applications of phosphorescent materials.

environment.**** So far, diverse metal-free phosphorescence
materials with colourful emission, including small molecular
crystals, amorphous polymers, metal-organic frameworks, etc.,
have been developed via a series of feasible approaches, such as
crystal engineering,"** host-guest doping,** polymerization'®*’
and so forth. Under the stimulation of ultraviolet light, most
phosphorescent materials normally show single emission.
Compared with traditional mono-color materials, materials
with multi-color emission have superior optical performance to
meet the growing demand for advanced optoelectronic appli-
cations, such as high-capacity data storage," three-dimensional
display,* multiplexed bioimaging,* and so on. Therefore, it is
of great significance to develop phosphorescence materials with
multi-color emission.

Carbon dots (CDs), a type of zero-dimensional nano-material
with excellent optical properties, biocompatibility and low
toxicity, have received increasing attention in many fields.”***
Specifically, due to their unique property of excitation-
dependent photoluminescence (PL), CDs easily achieve color-
tunable emission in the visible region by changing the excita-
tion wavelength.”* However, this excitation-dependent multi-
color emission is hardly realized for phosphorescence. In
small molecule and polymer systems, we found that the
construction of multi-emission centers is essential to realize
color-tunable organic phosphorescence."*** Besides, it is worth
noting that doping is a concise and effective method to modu-
late the photophysical and photoelectronic properties of mate-
rials. For instance, the electrical conductivity and work function
values can be greatly improved by electrical p-doping in organic
semiconductors.”® The efficiency of RTP can be significantly

© 2022 The Author(s). Published by the Royal Society of Chemistry
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boosted by host-guest doping.*®* N-doping endows carbon
materials with novel catalytic performance.* Thus, we speculate
that the introduction of the self-doping method is beneficial to
control and improve the phosphorescence properties of CDs.

Results and discussion

To verify our hypothesis, biuret with rich carbonyl groups was
selected as an ideal phosphorescent carbon dot precursor
because it is easily decomposed at high temperatures to form
various by-products such as urea and 1,3,5-triazinane-2,4,6-
trione (CYAD),”® making the construction of multiple emis-
sion centers for color-tunable phosphorescence possible by self-
doping. Besides, the carbonyl groups can facilitate the spin-
orbit coupling to populate the triplet excitons.*** Here we
synthesized a new type of CDs, namely FP-CDs, via a one-pot
hydrothermal reaction of biuret and phosphoric acid aqueous
solution (Scheme 1). As anticipated, FP-CDs show color-tunable
phosphorescence without any treatment in the solid state,
ranging from blue to red with the excitation wavelength
changed from 310 to 440 nm. Further research showed that
during the hydrothermal reaction, biuret was decomposed to
form urea and CYAD together with biuret to form various
chromophores. Phosphoric acid served as both a catalyst and
a crosslinking agent to boost dehydration, carbonization and
polymerization of biuret for the construction of a rigid chro-
mophore environment by cross-linking.**** Finally, full-color-
tunable ultralong phosphorescence is realized. Given the
unique optical performance, FP-CDs were successfully applied
in optical potential applications of anti-counterfeiting, UV-
visible light detection and LED devices.

First, the morphology and chemical compositions of the as-
prepared CDs were characterized by transmission electron
microscopy (TEM) and Fourier transform infrared spectroscopy
(FT-IR). As shown in Fig. 1a and b, the CDs exhibit well-
dispersed spherical shapes with an average size of about
2.4 nm. Moreover, a high-resolution TEM image shows that the
CDs had well-resolved lattice fringes with a lattice spacing of
0.21 nm (Fig. 1 inset), which is ascribed to the (100) plane of
graphite.®* Therefore, we concluded that the core of the FP-CDs
was the graphitic structure. As shown in the IR spectrum in
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Scheme 1 Schematic illustration of the formation of CDs and the
process of self-doping for full-color-tunable phosphorescence in
CDs.
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Fig. 1c, the FP-CDs display distinguishable peaks at 3212 and
3051 cm™ ', resulting from the stretching vibrations of the -NH,
and -OH groups.*® The strong absorption peaks at 1754 and
1718 cm™ ' are assigned to the stretching vibrations of C=N and
C=0, respectively.**** The absorption peaks at 1460, 1396, 1053
and 846 cm ™" could be attributed to the stretching vibrations of
P=0, C-N, C-O/P-0, and P-N, respectively. Finally, the peak at
536 cm ™' implies the presence of phosphate salts.****

To further confirm the above FT-IR analyses, X-ray photo-
electron spectroscopy (XPS) of FP-CDs was conducted. The FP-
CDs mainly contain C, N, O and P elements with composi-
tions of 40.84, 26.53, 30.90 and 1.73%, respectively (Fig. 1d). As
shown in Fig. 1le, the high-resolution XPS spectrum of C 1s
indicates the presence of C=0 (289.5 eV), C-N/C-O (286.4 eV)
and C-C (284.6 eV) bonds in the FP-CDs.* Notably, it was found
that the ratio of carbonyl was much higher than that in previous
studies.>**® The O 1s spectrum also shows a main peak at
531.8 eV for C=0, further demonstrating the abundance of
C=0 on the FP-CDs surface. The other two peaks are attributed
to P=0 at 530.8 eV and C-O at 532.8 eV, respectively (Fig. 1f).*°
The N 1s spectrum contains three components that can be
assigned to C-N=C (399.8 eV), N-(C); (400.5 eV) and N-H
(401.3 eV), respectively (Fig. S1at).>® And the P 2p spectrum is
divided into two peaks at 133.5 and 134.1 eV, attributed to P-O
and P-N bonds, respectively (Fig. S1bt).*® Taking the FT-IR and
XPS results together, we concluded that there might exist a large
number of C=0 and heteroatom-containing functional groups
on the surface of CDs, which could populate triplet excitons by
promotion of the ISC process and suppressing non-radiative
transitions with the assistance of multiple hydrogen bonds for
boosting phosphorescence simultaneously.*>**

Subsequently, the photophysical properties of FP-CDs in the
solid state were systematically investigated. As shown in
Fig. S3,T the absorption spectrum of FP-CDs shows two bands at
around 220 and 365 nm, which could be attributed to the T-7t*
transition of the C=C units and the n-7* transition of the C=0
groups, respectively.*®*° The FP-CD powders exhibit similar blue
emission under 310 and 365 nm ultraviolet (UV)-light excita-
tion. Accordingly, the photoluminescence (PL) spectra revealed
that the emission peaks shifted slightly with the excitation
wavelength change (Fig. S4af). Compared with the excitation-
dependent PL emission in solution (Fig. S4bt), the related
emission of FP-CDs shows some degree of redshift in the solid
state, indicating that there might exist aggregation induced self-
quenching caused by excessive resonance energy transfer.*

Astonishingly, after removing the excitation sources of
310 nm and 365 nm UV lamps, the FP-CD powders show a dis-
tinguishing blue and green afterglow under ambient condi-
tions, respectively. To explore this unique emission behavior,
we measured the phosphorescence spectra of FP-CDs at
different excitation wavelengths (Fig. 2a-c). As shown in Fig. 2c,
the excitation-phosphorescence spectra show the strongest
phosphorescence emission of FP-CDs with a peak at 484 nm
under 310 nm excitation. With the change of the excitation
wavelengths from 310 to 440 nm, the ultralong phosphores-
cence shows a significant bathochromic shift from blue to red
with the main peaks changing from 484 to 633 nm. From
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Fig.1 Structural characterization of carbon dots. (a) TEM image. (b) Size distribution. (c) FT-IR spectrum. (d) XPS spectrum. The high-resolution
XPS fitting results for the C 1s (e) and O 1s spectra (f) of the CDs, respectively.

Fig. S5,1 it is easily found that the phosphorescent colors
gradually changed from blue to red spanning the entire visible
region. And the corresponding Commission International de
I'Eclairage (CIE) coordinates of the spectra can visualize the
color-tunable ultralong phosphorescence more directly
(Fig. 2b). To the best of our knowledge, such full-color-tunable

phosphorescence has rarely been reported in CD materials
previously.***** From the analysis of the time-resolved emission
spectra (Fig. 2d), it was found that FP-CDs showed the longest
lifetime of 1229.39 ms under the excitation at 360 nm under
ambient conditions. And the emission peak at 633 nm exhibits
red ultralong phosphorescence with an ultralong lifetime of up
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Fig. 2 Photophysical properties of the FP-CDs. (a) Excitation-dependent phosphorescence spectra and the (b) corresponding CIE coordinates.
(c) Excitation-phosphorescence mapping of FP-CD powders under ambient conditions. (d) Time-resolved decay curves excited at 310, 360, 400,
420 and 440 nm under ambient conditions. (e) Phosphorescence spectra under 310 nm excitation at different temperatures from 298 to 423 K.
(f) Phosphorescence spectra in O, (red) and vacuum (black) atmospheres under 310 nm excitation at room temperature.
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to 256.24 ms. To further confirm the nature of phosphores-
cence, the effects of temperature and oxygen on phosphores-
cence were studied (Fig. 2e, f and S6t1). With an increase in the
temperature from 183 to 423 K, the emission intensity showed
a significant decrease at different excitation wavelengths, owing
to the enhancement of nonradioactive transitions caused by
thermal activation. It is worth noting that the FP-CDs have
excellent thermal stability with a decomposition temperature of
568 K (Fig. S2t). Similarly, after being exposed to oxygen, the
intensity of phosphorescence spectra of FP-CDs has a certain
decrease (Fig. 2f), indicating its phosphorescence nature.**
Additionally, we found that the phosphorescence showed
a slight decrease under a high humidity atmosphere over
a period of time (Fig. S77), indicating that moisture had little
influence on the phosphorescence of FP-CDs in the solid state.

To gain insights into the mechanism of the ultralong phos-
phorescence for FP-CDs, the phosphorescence properties of FP-
CDs in aqueous solution were investigated at room temperature
and 77 K (Fig. 3a, b, S4b and S8t). Under irradiation by 365 nm
UV-light, the FP-CDs aqueous solution displayed blue emission.
However, no afterglow emission was observed after the stop-
page of the UV-light, and even no phosphorescence signal was
detected by a spectrophotometer. At 77 K, however, intense
excitation-dependent ultralong phosphorescence was observed
(Fig. S81), indicating that confinement of the chromophores on
the surface of CDs plays a critical role in boosting ultralong
phosphorescence. Because the chromophores on the surface of
FP-CDs show intense molecular motions, leading to the phos-
phorescence quenching in aqueous solution, while being fixed

View Article Online
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at 77 K, enhanced phosphorescence was obtained owing to
suppressing non-radiative transitions of the chromophores.

Notably, the polyvinyl alcohol (PVA) matrix is not only a good
oxygen barrier but also a hydrophilic polymer with plenty of
hydroxyl groups. It has a strong capability to form hydrogen
bonds for suppressing non-radiative transitions, which is
similar to the confinement of the chromophores by lowering the
temperature. After being doped into the PVA film at room
temperature, as expected, FP-CDs demonstrate obvious
excitation-dependent ultralong phosphorescence (Fig. 3a),
further confirming the importance of the surface chromophore
confinement (SCC) for ultralong phosphorescence generation.

According to previous reports on excitation-dependent
emission, we speculated that excitation-dependent full-color
phosphorescence might stem from multiple triplet excited
states of the emitting centers formed by space electronic delo-
calization between carbonyl and different groups such as C-O,
C-N, P=0, etc.*® To prove the existence of multiple triplet
excited states, the phosphorescence excitation spectra of FP-
CDs were collected by monitoring different phosphorescence
emission wavelengths. As shown in Fig. 3b, the excitation
spectra exhibited distinct excitation bands at around 310, 360,
and 440 nm, respectively, which exactly suggested the existence
of multiple triplet emission centers.

To further verify our speculation, urea was selected as
a carbon source due to its similar structure to biuret. Through
a similar method, we synthesized U-CDs. TEM shows that the U-
CDs exhibit well-dispersed spherical shapes (Fig. S9at). As per
our expectation, U-CDs show excitation-dependent emission
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Fig. 3 Mechanistic investigation of color-tunable phosphorescence for FP-CDs. (a) Excitation-dependent phosphorescence spectra of the FP-
CD doped PVA film excited from 310 to 440 nm. (b) The phosphorescence excitation spectra of FP-CDs by monitoring at different emission
wavelengths. (c) Phosphorescent photographs of U-CDs, U/C-CDs-1, U/C-CDs-2 and B/C-CDs at different excitation wavelengths. (d) The
corresponding photographs of phosphorescence with different delay times at different excitation wavelengths. (e) A plausible mechanism for
excitation-dependent ultralong phosphorescence. Note that Sg represents the ground state. S; and T, are the lowest excited singlet and triplet

states. ISC is the abbreviation of intersystem crossing.
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(Fig. S10f) and XPS indicates that U-CDs also demonstrate
a large number of carbonyl groups like FP-CDs (Fig. S137).
However, as the excitation wavelength changes, the phospho-
rescent colors can only change from blue to yellow (Fig. 3c,
d and S15%), where the phosphorescence color span is not
nearly as wide as FP-CDs. It is worth noting that urea cannot be
converted to the CYAD dopant. For biuret, however, it can
decompose into CYAD at 466 K.>” Therefore, we reasoned that
the doping of CYAD not only resulted in phosphorescence
redshift but also made the phosphorescence cover the entire
visible range.*® In order to verify our guess, we incorporated
a certain proportion of CYAD to synthesize three more kinds of
carbon dots, namely U/C-CDs-1, U/C-CDs-2 and B/C-CDs
(Scheme S2t). The TEM images show that the three newly
synthesized CDs all exhibit well-dispersed spherical shapes
(Fig. S91). As shown in Fig. 3c, d, S11, S12, S15 and S16,T it is
found that low concentrations of CYAD could result in blue to
orange emission (U/C-CDs-1), and high concentrations of CYAD
could result in green to red emission (U/C-CDs-2). Similarly, B/
C-CDs can only change from green to red with the excitation
wavelength change (Fig. 3d and S167). Moreover, these four CDs
synthesized by the doping method all show ultralong phos-
phorescence lifetimes (Fig. S1771). Therefore, we reasoned that
the self-doping of CYAD played a vital role in color-tunable

FP-CDs PACDs3 310 nm off

DC off

e
365 nm

Os
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ultralong phosphorescence, which might be a reasonable way
to expand the phosphorescence colors of CD materials. Specif-
ically, the centers of phosphorescence in short-wavelength
bands are the clusters that are composed of carbonyl groups
with some heteroatom-containing functional groups, while the
phosphorescence emission centers in long-wavelength bands
are related to the CYAD dopant.

Taking the above results together, we proposed a plausible
mechanism for full-color-tunable ultralong phosphorescence of
CDs by self-doping (Fig. 3d and S18%). First, biuret and phos-
phoric acid are dehydrated to form longer polymer chains. At
the same time, part of the biuret is pyrolyzed to form urea and
CYAD. As the heating time increases, the preformed polymer
chains are entangled with each other. Then, free urea, biuret,
CYAD and phosphoric acid served as linking units between
polymer chains to form a covalently cross-linked framework.
Finally, the aggregation of carbonyl groups with other groups
forms carbonyl assistant clusters and the presence of urea,
biuret and CYAD may promote the formation of carbonyl clus-
ters of different through-space conjugations, enabling the
formation of multiple emitting centers with distinguished
energy gaps. With excitation wavelength variation, the different
emitting centers endow the CDs with color-tunable phospho-
rescence in the solid state.

365 nm off

Time 5s

Fig. 4 Demonstration of color-tunable phosphorescence for light detection, encryption and LED devices under ambient conditions. (a) A
standard color chart showing the ability of using FP-CD powder to detect specific wavelengths from 310 nm to 440 nm. (b) The fitting function
based on FP-CD emission upon the change of the excitation wavelength from 310 to 440 nm. (c) Demonstration of ultralong phosphorescence
for security application using FP-CDs in combination with a fluorescent luminogen. (d) Demonstration of full-color phosphorescence for
multicolour display by varying the excitation wavelengths from 310 to 440 nm. (e) Photographs of the afterglow emission from the integrated

LED devices after the stoppage of electricity.
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Given the excitation-dependent colorful ultralong phos-
phorescent feature of the FP-CDs, we further demonstrate
potential applications in light detection and information
encryption. After exposure to different light excitations with an
interval of 10 nm, colorful ultralong phosphorescence was
observed by the naked eye, from blue to red, covering the entire
visible range. By comparing with the standard color chart
(Fig. 4a), the wavelength of the excitation source can be
determined by the naked eye quickly and easily, making the
UV-blue light detection visible. Furthermore, from Fig. 4b, it
can be found that there exists a one-to-one correspondence
between the CIE coordinates and excitation wavelengths. The
wavelength of the excitation source can be accurately deter-
mined using the corresponding functional relationship once
the CIE coordinates are identified. Considering the long-lived
emission lifetimes, FP-CDs are successfully used for informa-
tion encryption. As shown in Fig. 4c, a digit pattern “8888” was
painted by marking the black parts with FP-CDs and the grey
parts with a fluorescent luminogen (Scheme S3 and Fig. S187).
Under irradiation by a 365 nm UV lamp, the pattern displayed
a blue “8888” while a green digit “2020” was captured by the
naked eye when the UV lamp was switched off. In view of the
excitation-dependent full-color afterglow emission, FP-CDs
have great potential in multicolor afterglow display and anti-
counterfeiting. As shown in Fig. 4d, a beautiful rose was
fabricated by using FP-CDs and PACDs-3/PAA (PACD-3 doped
polyacrylic acid) with cyan afterglow.?” By changing the exci-
tation wavelength from 310 to 440 nm, the afterglow color of
the flower turned from blue to green, yellow and red, while the
color of the branches and leaves remained almost unchanged.
Additionally, the integrated LED device displayed visual
afterglow emission after the stoppage of electricity (Fig. 4e). As
the excitation wavelength of the LED changes, the afterglow
color also changes. In view of the eco-friendly, low cost and
facile synthesis, FP-CDs will be promising in a variety of
advanced optical applications.

Conclusions

In summary, we have developed a self-doping method to
synthesize a new type of matrix-free carbon dots with full-color-
tunable ultralong phosphorescence. Impressively, by changing
the excitation wavelength, the carbon dots can exhibit
controlled emission color changes from blue (484 nm) to red
(633 nm) under ambient conditions. The ultralong phospho-
rescence shows an ultralong lifetime of up to 1229.39 ms.
Taking the experimental results together, we reasoned that the
carbonyl-related clusters on the surface of the CDs are respon-
sible for the excitation-dependent ultralong phosphorescence
and the addition of high-proportion carbonyl molecules
contributes to the emission of redshift. Regarding the color-
tunability and ultralong lifetime features, the CDs were
successfully applied to UV-visible light detection, information
encryption and LED devices. Our finding not only provides
a design concept for multicolor room temperature phospho-
rescent materials, but also extends the scope of potential
applications for carbon dot materials.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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