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Abstract: Room-temperature afterglow (RTA) materials with long lifetime have shown tremendous
application prospects in many fields. However, there is no general design strategy to construct near-
infrared (NIR)-excited multicolor RTA materials. Herein, we report a universal approach based on the
efficient radiative energy transfer that supports the reabsorption from upconversion materials (UMs) to
carbon dots-based RTA materials (CDAMs). Thus, the afterglow emission (blue, cyan, green, and
orange) of various CDAMs can be activated by UMs under the NIR continuous-wave laser excitation.
The efficient radiative energy transfer ensured the persistent multicolor afterglow up to 7s, 6 s, 5 s, and
0.5 s by naked eyes, respectively. Given the unusual afterglow properties, we demonstrated preliminary
applications in fingerprint recognition and information security. This work provides a new avenue for

the activation of NIR-excited afterglow in CDAMs and will greatly expand the applications of R TA.
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Room-temperature afterglow (RTA) materials refer to a type of long-lived luminescent materials that
absorb energy at room temperature and still show afterglow after the radiation is shut off.!!! Long-lived
emission can eliminate the interference of background fluorescence and light scattering,!?! which entitles
RTA materials with irreplaceable advantages in diverse applications such as anti-counterfeiting, sensing,
information encryption, optoelectronic devices, and biological imaging, compared to fluorescent
materials.l’! In recent years, the RTA phenomena have been continuously discovered in carbon dots
(CDs).! As a new kind of RTA materials, CDs-based RTA materials (CDAMs) have advantages of
superior afterglow properties, facile preparation, low toxicity, good stability and biocompatibility, and
ease of structural regulation.’! Therefore, CDAMs are becoming more promising in a wide range of
practical applications.*!

With the emergence of various CDAMs, much effort has been devoted to the regulation and
optimization of their RTA properties. The afterglow emission color range has been extended from blue
to red when CDs are embedded into various matrices, such as polymers,!® melamine,”! cyanuric acid,®!

sodium chloride, aluminum sulfate,['9 zeolite, !

Ilayer double hydroxide,'* silica,!* urea,!'* and boric
acid.'>] These studies indicate that great progress has been made in tuning the RTA emission wavelength
in CDAMs. However, the tuning of the excitation wavelength of CDAMs remains a great challenge. Most
of the reported CDAMs can only be excited by ultraviolet (UV) light.[¥l Even if some of them can be
excited by visible light, it is due to the excitation dependence property of CDs, and their quantum
efficiencies are very low.['®! In fact, there are very limited reports about visible-light-excited afterglow in
CDAMs.!'7 The characteristic of being excited only by UV or visible light severely limits the further
applications of CDAMs. As we know, near-infrared (NIR) light has lower energy, less light damage, and
deeper penetration, which shows attractive application especially in the field of anti-counterfeiting,
information encryption, and biological imaging.['8 However, up to now, there is no report about the NIR-
excited afterglow in CDAMs. Therefore, it is of great importance to develop CDAMs which can be
excited by the NIR light.

Herein, we propose an innovative and universal design strategy (Scheme 1), ingeniously using
upconversion materials (UMs), which can convert NIR light to UV or visible light,!’] to activate the
afterglow of CDAMs under the near-infrared continuous-wave (NIR CW) laser excitation at 980 nm. In
detail, NaYF4:Yb,Tm UMs were synthesized as the energy donor, which can emit strong UV and blue

light under CW laser excitation at 980 nm. Subsequently, four different kinds of CDAMs as the acceptor

absorbed the emitted light from UMs to exhibit multicolor (blue, cyan, green, and orange) afterglow.
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Furthermore, the energy transfer mechanism of the activation process was proved to be radiative energy
transfer through the related steady-state and transient spectra. Finally, the NIR-excited multicolor
afterglow of CDAMs was successfully used for fingerprint recognition, 4D code, and optical anti-
counterfeiting signatures, which greatly improved information recognition and encryption level. Note that
this is the first report of the NIR-excited multicolor afterglow in CDAMs. More importantly, this work

provides a universal route to the construction of new RTA materials with tunable excitation wavelengths.
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Scheme 1. Simplified schematic illustration of activating the multicolor afterglow of CDAMSs under the

NIR CW laser excitation.

Multicolor and long-lived CDs-based RTA materials (CDAMs) with excellent performance were
synthesized by the facile and fast bottom-up methods using small-molecule chemicals (see the
experimental section in the Supporting Information). Their morphologies were firstly characterized by
the transmission electron microscope (TEM). As shown in Figure la-d, four kinds of CDs contained in
the four CDAMs matrices exhibit uniform and well dispersed quasi-spherical morphologies with average
sizes of about 2.0 nm, 2.3 nm, 2.0 nm, and 2.1 nm, respectively (Figure S1). The high-resolution (HR)
TEM images in the insets of Figure 1a-d show that the lattice spacing of CDs is about 0.21 nm, which
corresponds to the (100) plane of graphitized carbon.?! The X-ray diffraction (XRD) patterns display
same diffraction peaks for B-CDAMs, C-CDAMs, and G-CDAMs, which can be attributed to the
formation of boron oxide during the boric acid coating process (Figure S2a).l'>) The Fourier transform
infrared (FT-IR) spectra demonstrate characteristic absorption bands for B-CDAMs, C-CDAMs, and G-
CDAMs, which were assigned to -OH (3225 cm™), B-O (1475 cm™), B-O-H (1205 cm™), B-O-C (1060
cm™), and B-C (950 cm!) stretching vibrations, respectively (Figure S2b).[""! Since urea is used as the
matrix, different characteristics are presented in the XRD pattern for O-CDAMSs (Figure S2a). The FT-
IR spectrum of O-CDAMs exhibits characteristic absorption bands for N-H (3465 cm™), C=0 (1740 cm’



), C=C (1637 cm™), and C-N (1469 cm™) stretching vibrations, respectively (Figure S2b).['43 The
characteristic of CDs can be further proved by the X-ray photoelectron spectroscopy (XPS) results (Figure
S3).1211 Optical properties of CDAMs were characterized by afterglow emission spectra and UV-vis
absorption spectra. The normalized afterglow emission spectra in Figure 1e exhibited the highest emissive
peaks of the four kinds of CDAMSs at 425 nm, 477 nm, 506 nm, and 598 nm, respectively. As seen from
Figure 1f, these CDAMs show bright afterglow from blue to orange after turning off the 365 nm UV lamp.
The absorption spectra in Figure 1g demonstrate that these four kinds of CDAMs have intense absorption
in the UV and blue regions. Their RTA lifetimes from B-CDAMs to O-CDAMs were determined to be
1.825,0.80s, 1.85s,and 0.12 s, respectively (Figure 1h). In addition, more detailed fluorescence spectra,
afterglow emission spectra, and afterglow emission spectra at different temperatures can be found in
Figure S4-6. It is worth mentioning that all four CDAMs show no upconversion luminescence (UCL)
under the NIR CW laser excitation at 980 nm (Figure S7), which was the original intention and

significance of activating afterglow of CDAMs in this work.

Time (ms)
g h 0 100 200 300 _ 400 _ 500
Q -
—— G-CDAMs . G.CDAMS|
e ——B-CDAMs| 3 35
- —c-coaMs| = & : _
3 —— G-CDAMs § > e
2 —— O-CDAMs 2
z g —C-CDAMs| g C-CDAMS|
‘@ 2 =
= & c
2 < 4
E - . " )
o
@
-(_Eu —— B-CDAMs  B-CDAMs
5 g
(o]
=z
T T T — 1 T T T T T T 1
400 500 600 700 300 400 500 600 700 0 20 40 80
Wavelength (nm) Wavelength (nm) Time (s)

Figure 1. TEM images of the as-synthesized a) B-CDAMs, b) C-CDAMs, c¢) G-CDAMs, and d) O-
CDAMs; the insets are the HRTEM images corresponding to CDs. €) Normalized afterglow emission
spectra of B-CDAMSs, C-CDAMSs, G-CDAMs, and O-CDAMSs under the optimal excitation at 260 nm,
440 nm, 340 nm, 440 nm, respectively. f) Photographs of B-CDAMs, C-CDAMs, G-CDAMs, and O-
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CDAMs with the UV lamp on and off at 365 nm. g) UV-vis absorption spectra of B-CDAMs, C-CDAMs,
G-CDAMs, and O-CDAMs. h) Afterglow decay curves of B-CDAMs, C-CDAMs, G-CDAMs, and O-

CDAMs under the optimal excitation at 260 nm, 440 nm, 340 nm, 440 nm, respectively.

The hexagonal NaYF4:Yb,Tm UMs with intense UCL were prepared by a simple hydrothermal method
(see the experimental section in the Supporting Information). The as-prepared UMs present an average
size of about 570 x 310 nm, and the HRTEM image shows clear lattice fringes with the spacing of 0.30
nm, corresponding to the interplanar d-spacing of (110) planes of hexagonal NaYF, (Figure S8a). X-ray
diffraction (XRD) peaks of the UMs in Figure S8b match well with the standard hexagonal NaYF4
(JCPDS No. 16-0334), which is consistent with the HRTEM result. At the same time, the optical
properties of NaYF4:Yb,Tm were measured. As shown in Figure S9a, the UCL emission peaks of the
prepared UMs are located at 345 nm, 362 nm, 451 nm, 478 nm, and 647 nm, respectively. The electronic
transitions between different energy levels of Tm*" corresponding to the five UCL emission peaks are:
T6—>F4, 'D2—>He, 'D2—>Fa, 'Ga—>Hg, and 'G4—>F4, respectively (Figure 2a).[*l The UCL lifetimes of
Tm>" monitored at the five UCL emission peaks were: 254 ps, 302 ps, 298 us, 581 ps, and 582 s,
respectively (Figure S9b). Note that NaYF4:Yb,Tm UMs can be selected as the energy donors to excite
the CDAMs because there were notable spectral overlaps between UCL of the UMs and absorption of the
CDAMs (Figure S10), which satisfied the necessary conditions of an efficient energy transfer.

To activate the multicolor afterglow of the CDAMs under NIR excitation through efficient energy
transfer (Figure 2a), we dispersed NaYF4:Yb,Tm UMs and CDAMs together in acetic acid, and
UM/CDAMs were obtained after sufficient stirring, precipitation, and drying. The TEM images of UM/
CDAMs can be seen in Figure S11. As expected, the bright and persistent multicolor afterglow were
activated in UM/CDAMs after turning off the NIR CW laser at 980 nm, and they could be observed by
naked eyes for 7 s, 6 s, 5 s, and 0.5 s, respectively (Figure 2b and Video 1-4). Intriguingly, we were
surprised to find that the UM/C-CDAMs showed time-dependent afterglow colors after 4 s. The time-
resolved afterglow spectra of UM/C-CDAMs and the corresponding color coordinates also confirmed the
existence of the time-dependent afterglow colors (Figure S12). The phenomenon of color change could
be caused by the different decay rates of the two luminescence centers corresponding to dual emission
peaks (Figure S13).1] Moreover, the UV-excited afterglow images (Figure 2b) of UM/CDAMs and the
corresponding afterglow emission spectra (Figure S14) proved that the original optical properties of

CDAMs had not been changed after the addition of UMs. The normalized afterglow emission spectra of
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UM/CDAMSs showed four main emission band centered at 455 nm, 485 nm, 519 nm, and 605 nm,
respectively (Figure 2c¢), corresponding to the color coordinates changed from blue to orange regions in
the CIE (Commission Internationale de I'Eclairage) 1931 chromaticity diagram (Figure 2d). In addition,

the afterglow decay curves of UM/CDAMs can been seen in Figure S15.
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Figure 2. a) Energy level diagram of NaYF4:Yb,Tm UMs and CDAMs, and schematic illustration of
activating the multicolor afterglow of the CDAMs under NIR excitation through efficient energy transfer.
b) Photographs of UM/B-CDAMs, UM/C-CDAMs, UM/G-CDAMs, and UM/O-CDAMs with the NIR
CW laser on and off at 980 nm. c) Normalized afterglow emission spectra of UM/B-CDAMSs, UM/C-
CDAMs, UM/G-CDAMs, and UM/O-CDAMs under the NIR CW laser excitation at 980 nm. d) CIE
coordinates of the afterglow emission of UM/B-CDAMs, UM/C-CDAMs, UM/G-CDAMSs, and UM/O-
CDAMs under the NIR CW laser excitation at 980 nm.

In a set of detailed experiments, we explored the optimal conditions that affect the afterglow intensity
of UM/CDAMs. First of all, we found that the UCL intensity of UMs showed a trend from rising to
declining when we increased the doping ratio of Yb*" from 20 mol% to 80 mol% in the UMs (Figure

S16a). The corresponding afterglow emission spectrum displayed the same trend, with the intensity



reaching the maximum at 60 mol% Yb*" (Figure 3a and Figure S16b), which also illustrated the
occurrence of energy transfer from UMs to CDAMs. Hereafter, the afterglow emission of UM/CDAMs
was optimized by controlling the ratio of UMs to CDAMSs. With the ratio of the CDAMSs increasing, the
afterglow emission intensity showed a tendency from increasing to decreasing (Figure 3b and Figure S17).
The reason for the decreasing trend was that the limited UMs were not enough to fully excite all the
CDAMs, resulting in the decreasing average apparent intensity for UM/CDAMs.

In order to get more profound insights into the mechanism of energy transfer, we characterized the
steady-state and transient properties of UM/CDAMs. As shown in Figure S18, as the ratio of the CDAMs
increased by a certain extent, the integrated intensity of UV and blue emissions of Tm*" maintained the
overall downward trend, which is the result of energy transfer from UMs to CDAMs. As observed from
Figure S19, the calculated energy transfer efficiency in all UM/CDAMs increases gradually because of
more absorption with increasing CDAMs. In addition, the energy transfer efficiency of UM/C-CDAMs
is the highest one, which can be attributed to the fact that UMs and C-CDAMs have the largest degree of
spectral overlaps (Figure S10). To further determine the type of energy transfer, we investigated the UCL
lifetimes of UM/CDAMs via UCL decay curves. It is worth noting that the reduction in the UCL lifetime
of the energy donor is an essential sign for non-radiative energy transfer due to the imposed extra
relaxation approach on the donor.[*¥l As observed from Figure 3¢ and Figure S20, the UCL decay curves
monitored at each emission wavelength (345 nm, 362 nm, 451 nm, 478 nm, and 647 nm) of Tm?" have
nearly perfect overlaps with the varying ratio of UMs to C-CDAMSs, indicating the unaltered UCL
lifetimes of UM/C-CDAMs in contrast with the pure UMs (Figure 3d). Consistent situations also occurred
for other UM/CDAMs, as seen from Figure S21-S23. Furthermore, the UCL lifetimes of UM/CDAMs
containing various CDAMs with a certain ratio (1:2) were also almost unchanged (Figure 3e-f and Figure
S24), as a convinced result of radiative energy transfer instead of non-radiative energy transfer. In short,
the energy transfer mechanism can be explained as follows. Yb*" as the sensitizer absorbed the 980 nm
NIR light and transferred energy to the 'Is, D>, and !G4 levels of the Tm**. With the radiative transitions
of 'Is, 'D2, and 'Ga levels, the released radiative energy photons were absorbed by the CDAMs to generate
singlet excitons (S1). Afterward, the singlet excitons were converted to triplet excitons (T1) through
intersystem crossing (ISC), and the phosphorescent emission can be observed when the triplet excitons
transfer back to the ground state So. If the reverse intersystem crossing (RISC) occurs, the delayed

fluorescence will be seen as shown in Figure 2a.
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Figure 3. a) The afterglow emission spectra of UM/C-CDAMs with the varying doping ratio of Yb*"
under the NIR CW laser excitation at 980 nm. b) The afterglow emission spectra of UM/C-CDAMs with
the varying ratio of UMs to CDAMSs under the NIR CW laser excitation at 980 nm. ¢) The UCL decay
curves of UM/C-CDAMs with the varying ratio of UMs to C-CDAMs monitored at 362 nm under the
NIR CW laser excitation at 980 nm. d) The UCL lifetime of UM/C-CDAMs at the corresponding emission
wavelength (345 nm, 362 nm, 451 nm, 478 nm, 647nm). ¢) The UCL decay curves of UM/CDAMs with
the various CDAMs at a certain ratio (1:2) monitored at 362 nm under the NIR CW laser excitation at
980 nm. f) The UCL lifetimes of UM/CDAMs at the corresponding emission wavelength (345 nm, 362
nm, 451 nm, 478 nm, and 647 nm).

The unique NIR-excited multicolor afterglow properties of these UM/CDAMs offer opportunities for
multifunctional applications such as fingerprint recognition, 4D code, and optical anti-counterfeiting
signatures. As we all know, fingerprints are unique and immutable, and are regarded as another ID card
for human beings. Fingerprint recognition, as a convenient, effective and safe feature identification
technology, plays an important role in the field of the criminal investigation. Traditional fluorescent
materials are sometimes insensitive because of the interference from the background fluorescence in
fingerprint recognition, whereas afterglow materials can avoid the influence of environmental factors.
Herein, the fully ground UM/CDAMs powders were evenly covered on the surface of latent fingerprints
and kept for a while, and then the dyed fingerprints were obtained after carefully removing the excess
powders (Figure 4a I-I1I). After turning off the 365 nm UV light, we can clearly see the visual fingerprints
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with plain whorl through blue, cyan, and green afterglow images captured by a mobile phone (Figure 4a
IV-VI). Furthermore, Figure 4 VIII-XI displayed some fine details such as core, termination, pore, island,
and bifurcation after turning off the 980 nm NIR laser, which was consistent with the UV-excited
afterglow image of the corresponding area in Figure 4a VII (h-k). These fine details provided convinced
characteristic information for fingerprint identification, and so clear and detailed results were rarely seen
in other reports. In short, the fast fingerprint recognition based on UM/CDAMSs has high contrast and
sensitivity, which is extremely advantageous to visual fingerprint analysis and detection. Meantime, the
multicolor afterglow has tremendous application prospects in information code. As shown in Figure 4b,
the time-resolved dynamic colorful matrix modules are made up of some patterns with different afterglow
colors, thereby they were called 4D code.®*! The matrix modules with afterglow at different time points
are independent 3D codes under the NIR CW laser irradiation at 980 nm, and they can carry different
information. As shown in Figure 4c, code 1, code 3, and code 5 export error, while code 2 and code 4 can
read out info A and info B, respectively. And the integration of all 3D codes can encode info C as a more
advanced and safer 4D code. Note that permutation and combination of different 3D codes can encode
more information. Therefore, the 4D code system can store a large amount of encrypted information. In
addition, the colorful afterglow can be applied to advanced optical anti-counterfeiting signatures by laser
writing without any traces (Figure 4d). Using the 980 nm CW laser as the 'pen', the multicolor afterglow
as the 'ink', and UM/CDAMs as the 'canvas', a masterpiece 'Invitation to Wine' by Li Bai (a great poet in

the Tang Dynasty, China) came into our sight (Figure 4e and Video 5).



Daylight

Independent 3D codes under 980 nm CW laser irradiation
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InfoC
4D code for Information storage and encryption

Figure 4. a) Visualized afterglow images of latent fingerprints under daylight (I-1II), and UV light off
(IV-VI); (VII) the enlarged image of V, and (VIII-XI) the afterglow images of the corresponding area in
VII (h-k) under 980 nm laser off. b) Schematic illustration of 4D code. ¢) The simplified formation process
of the 4D code, in which afterglow images of the matrix modules were captured at different times under
980 nm CW laser irradiation on (code 1) and off (code 2-5), respectively. d) Schematic illustration of
laser writing. €) Photographs of laser writing, in which each word was displayed through a 980 nm laser-

excited afterglow image. Note that all the above photographs were taken with a mobile phone.

In summary, we have reported a novel and universal method to achieve NIR-excited multicolor
afterglow in CDAMs. The mechanism of radiative energy transfer keeps efficient energy transfer free

from distance restriction compared with non-radiative FRET. Therefore, it is quite easy and convenient
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to activate the multicolor afterglow of CDAMSs under NIR excitation just through the full mixing of UMs
and CDAMs. The investigation results suggest that the strategy we proposed is universal in the field of
CDAMs. Due to the unique NIR-excited multicolor afterglow, multiple applications are demonstrated for
fingerprint recognition, 4D code and optical anti-counterfeiting signatures. More importantly, this work
finds a way out of the dilemma that CDAMs cannot be excited by NIR light, and creates a promising
alternative to the currently reported UV-excited CDAMs. Finally, it is expected to advance more works
such as time-dependent afterglow colors and water-soluble property, for ease of application in advanced

anti-counterfeiting and afterglow bioimaging.
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UM/CDAMs

A universal method is firstly developed to activate near-infrared-excited multicolor afterglow of carbon
dots-based RTA materials (CDAMSs) through radiative energy from NaYFs:Yb,Tm upconversion
materials (UMs). Excitingly, the resulting UM/CDAMSs demonstrates bright and persistent afterglow from

blue to orange under the NIR CW laser excitation at 980 nm.
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