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Room temperature phosphorescent (RTP) materials have a variety of applications ranging from bio-
imaging, optoelectronic devices to information security protection. However, the preparation procedures
for these materials are always tedious and time-consuming. Here, we report a micro-wave approach to
prepare RTP carbon dots (CDs) in only 8 min. The micro-wave promoted the carbon and boron bond
formation using natural compounds glucose and boric acids. This result has been confirmed using TEM,
FTIR, XPS and XRD measurements. The C-B hetero atomized material presented a long afterglow property.
With the irradiation with UV light, we observed an eight-second RTP by naked eyes after the lamp was
turned off, and the phosphorescence lifetime was 487 ms. This excellent performance was mainly due to
the formation of B-C bonds that promoted the intersystem crossings (ISC) and non-radiation transition
of triplet states. Moreover, the glass state of the materials also helped to stabilize the triplet states of
B-CDs and made its non-irradiation inactivated, which resulted in the characteristics of yellow green RTP.
These results have demonstrated that micro-wave is a convenient and effective strategy to make hetero

atomized RTP material, providing new possibilities for their industrial productions.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Room temperature phosphorescent (RTP) materials have a wide
range of potential application in the fields of bio-imaging, opto-
electronic devices, and information security protection, and have
received extensive attention from scholars in recent years [1-12].
At present, the most effective RTP materials are metal doped inor-
ganics and organometallic compounds [13-18]. As these materials
usually contain precious metals, their synthesis cost is high, and
they have cytotoxicity and poor stability. In recent years, as a new
type of zero-dimensional carbon nanomaterials, carbon dots (CDs)
can get over these disadvantages of RTP materials containing met-
als and have unique optical properties, being a rising star of metal-
free RTP materials [19-27]. Generally, two strategies have been ap-
plied for a better RTP performance of CDs. CDs can be embedded
as guests in polyvinyl alcohol [28], aluminum sulphate [29], zeo-
lite [30], silicon dioxide [31], melamine [32], boric acid [33], and
alum [34] or other different matrices [35,36]. The doping of these
matrices can stabilize the emission of triplet states, effectively re-
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duce the energy level difference between singlet and triplet states
(AEst) and promote intersystem crossings (ISC). The synthesis of
these materials generally needs two steps. CDs are first obtained
using high-temperature and high-pressure experimental conditions
in more than 10 h, and then they are introduced in the matrix
to obtain a material with RTP performance. The above-mentioned
preparation process is cumbersome and thereby is not conducive
to industrialized mass production. The other strategy is to intro-
duce N [37], P [38], F [39], B [40] and other heteroatoms in CDs
[41], as they can promote ISC and reduce radiation jump of the
triplet state.

In the choice of carbon sources, researchers mostly choose al-
cohols [42] and amines [39] as pure organic raw materials for the
synthesis. Unfortunately, these starting materials are harmful for
the environment and difficult to be widely used. In response to the
drawbacks of the above studies, here we report a simple and rapid
method to synthesize RTP CDs doped by boron atoms (B-CDs) in
only 8 min using glucose as the environmentally friendly carbon
source. The as prepared B-CDs emitted a long persistence of 8 s
after being irradiated by an ultraviolet lamp and had a small AEst
which could effectively complete the ISC.

In general, the B-CDs were prepared as following: Boric acid
(1.5 g) was first dissolved in 30 mL of deionized water, in which
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Fig. 1. (a) TEM analysis; (b) HR-TEM analysis of B-CDs; (c) FTIR spectra of boric
acid, glucose and B-CDs; (d) C 1s and (e) B 1s spectrum of B-CDs using XPS of
B-CDs; (f) XRD of B-CDs material, boric acid and glucose.

a certain amount of glucose was added. The resulting solution was
heated using a household microwave oven for 8 min (640 W) and
then cooled down to room temperature. The final B-CDs was ob-
tained by lyophilizing the reaction solution. After we obtained the
materials, their morphology was first studied using transmission
electron microscopy (TEM). As shown in Fig. 1a, the materials were
nanoparticles with similar sizes. Their average particle size was
about 3.4 nm (Fig. S1 in Supporting information). High-resolution
transmission electron microscopy (HR-TEM) analysis suggested that
the materials were composed of amorphous and crystalline struc-
tures with a lattice spacing of 0.21 nm (Fig. 1b) which was consis-
tent with the (100) facet of graphite [43-46].

To verify whether CDs were hetero atomized with boron, we
analysed the materials using Fourier transform infrared spec-
troscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and X-
ray diffraction (XRD). The FTIR spectra of B-CDs materials showed
main characteristic peaks at 3450 cm~!, 1490 cm~! and 1092
cm~!. By comparing the characteristic peaks of samples prepared
from only glucose and only boronic acids, the peaks at 1490 cm~!
and 3450 cm~! should be attributed to the stretching vibration
of B-O bond and O-H bond, respectively. The peak at 1092 cm~!
only appeared in the B-CDs materials, which was assigned to the
stretching vibration of C-B bond (Fig. 1¢) [47], suggesting that the
boron atom was successfully introduced into the glucose. To con-
firm this result, the B-CDs materials were further investigated us-
ing X-ray photoelectron spectroscopy (XPS). The C 1s spectrum
of the B-CDs material displayed peaks at 284.8 eV, 286.4 eV and
287.6 eV due to different carbon species sp? C, C-O and C=0, re-
spectively (Fig. 1d). The analysis of B 1s spectrum revealed two
peaks at 193.8 eV and 192.6 eV which were assigned to B,03 and
BCO, [48], respectively (Fig. 1e), indicating the formation of B-C
bond. XRD analysis of the B-CDs showed that the material should
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be in an amorphous glass state (Fig. 1f). Interestingly, a distinct
peak was observed at 27.8 which was also appeared in the sample
prepared from only boric acid, suggesting that B atom was intro-
duced to glucose. All together, glucose and boric acid reacted after
microwave irradiation to form a B-C covalent bond in the B-CDs
nanomaterial. This would play an essential role in improving the
RTP performance [49].

Encouraged by the successful synthesis of CDs, we continued
to study its RTP property. The materials were first irradiated by
UV light at 365 nm. After the lamp was turned off, the material
emitted a bright yellow-green and a long-lasting phosphorescence
that lasted for 8 s (Fig. 2a). To elucidate the delayed phosphores-
cence phenomenon, we investigated the fluorescent and phospho-
rescent spectra of the material. As shown in Fig. 2b, as the exci-
tation wavelength increased from 360 nm to 440 nm, the fluores-
cent emission wavelength increased in general, and a red shift oc-
curred. The highest emission intensity was observed when the ma-
terial was excited at 420 nm. It is important to point out that, the
phosphorescence emission was different. Upon the excitation from
400 nm to 480 nm, the persistence emission peak was concen-
trated at 530 nm without distinct shift (Fig. 2c). The UV absorption
spectrum of the B-CDs material in Fig. 2d shows that two peaks at
275 nm and 420 nm, which belong to the w-7* transition of C=C
bonds and the n-7* transition of C=0 bonds, respectively [43]. In
addition, we also tested the lifetime of the persistence emission
at 530 nm of the B-CDs material under the excitation at 365 nm
(Fig. 2e). According to the fitting formula of the three-exponential
function: Tavg = Ea,»tiz /Za;T;, the average lifetime was determined
as 487 ms, which proves that the persistence emission came from
phosphorescence. In addition, when the B-CDs material was inves-
tigated under the temperature rising from 100 K to 400 K, the in-
tensity of the persistence emission was decreased (Fig. 2f). That's
due to the typical feature of phosphorescence radiation deactiva-
tion induced by temperature increase. These results further con-
firmed that the afterglow of the material was phosphorescent. The
quantum efficiency of phosphorescence is 14.5%.

To further study the RTP property of the material, we mea-
sured the phosphorescence emission intensity of B-CDs prepared
from boric acid (3 g) and various amounts X of glucose (X = O,
2.5, 3, 4, 5 g). The materials were named as B-CDsx and X was
equalled to the amounts of glucose used. As shown in Fig. 3a, the
phosphorescence emission intensity of materials made from only
boric acid B-CDsg was very weak while the B-CDs, 5 material had
the strongest phosphorescence emission intensity. This should be
attributed to the formation of B-C bonds. Then, the B-C bonds of
the B-CDs(y5 3, 4 5) were checked by using FTIR (Fig. 3b). The B-
CDs;, 5 showed the strongest characteristic peak of B-C bonds at
1092 cm~!, but the peak trended to be weakened as the increase
in the proportion of glucose. These results further confirmed that
the formation of the B-C bond affected the life and RTP perfor-
mance of the material. In the XRD pattern of Fig. 3c, compared
with the other three ratios of glucose, B-CDs; 5 showed a distinct
enhancement at 27.8, which is a characteristic peak of boric acid,
corresponding to the (002) crystal plane of graphene. The intro-
duction of boron atoms changed the crystal form of the material,
and the introduction of the special crystal form of boric acid into
B-CDs played an important role in improving the performance of
the material. In addition, in Fig. 3d, the lifespan of B-CDs;5 was
the longest, reaching 487 ms, and the phosphorescence lifetime of
B-CDs4 was the shortest, 217 ms. This indicated that the strength
of the boron-carbon bond formed by the combination of differ-
ent levels of glucose and boric acid affected the performance of
RTP in B-CDs. To confirm that the formation of boron-carbon bond
was significant to the optical property of the material, we did a
control experiment by preparing a material from only glucose. No
fluorescence and phosphorescence were observed (Figs. 3e and f).
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Fig. 2. (a) Photos of delayed afterglow of the B-CDs after UV lamp (365 nm) was turned off; (b) fluorescence and (c) phosphorescence emission spectra of the B-CDs
material; (d) UV absorption and fluorescence excitation spectra of the B-CDs; (e) lifetime of the persistence emission at 530 nm of the B-CDs material excited by 365 nm
UV light; (f) phosphorescence emission chart of B-CDs at various temperature from 100 K to 400 K. For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.
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Fig. 3. (a) Phosphorescence emission spectra of B-CDsyx (X = 0, 2.5, 3, 4, 5 g) ex-
cited at 460 nm. (b) FTIR spectrum of the B-CDsx (X = 2.5, 3, 4, 5 g); (c) the XRD
analysis of the B-CDsx (X = 0, 2.5, 3, 4, 5 g); (d) Phosphorescence lifetime of B-
CDsyx (X = 2.5, 3, 4, 5 g), (e) FL emission spectra of glucose (black curve) and B-CDs
(red curve); (f) Phosphorescence emission spectra of glucose (black curve) and B-
CDs (red curve). For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.

These findings have effectively proven that glucose and boric acid
were chemically combined, and that the RTP of B-CDs was mainly
due to the formation of B-C covalent bond between boric acid and
glucose. The obvious characteristics of boron atoms in B-CDs re-
vealed that they worked as the main body which produced cova-
lent bonds with different strengths and crystalline characteristics
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Fig. 4. (a) Phosphorescence emission spectra, (b) Phosphorescence lifetime and (c)
XRD of microwave the B-CDs for 2, 5, 8, 12 min; (d) Phosphorescence lifetime of
B-CDs after 6 months.

depending on different proportions of glucose. These characteris-
tics affected the performance of RTP.

To further explore the process of generating RTP from B-CDs,
we conducted tests with various microwave time for 2, 5, 8, and
12 min to observe the RTP phenomenon. The sample did not show
any phosphorescence of the sample after a two-minute treatment
by microwave but exhibited the strongest phosphorescence with
the longest lifetime when the sample was treated by microwave
for eight minutes (Fig. 4a). In addition, the lifetime of the mate-
rial had the longest lifetime when it was treated by microwave
for 8 min while the lifetime was decreased when treated for 12
min (Fig. 4b). These results revealed that the most ideal process-
ing time should be 8 min. The analysis of XRD suggested that the
material only showed the characteristic peak of boron oxide when
it was treated by microwave for 2 min (Fig. 4c). As the microwave
time became longer, the lifetime of the material decreased, and the
characteristic of the amorphous glass state was gradually obvious
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Fig. 5. Photographs of chitosan on the "A" Petri dish and chitosan and B-CDs mix-
ture on the "B" Petri dish in (a) daylight, UV (b) on and (c) off (For interpretation
of the references to color in this figure, the reader is referred to the web version of
this article).

with the appearance of the typical characteristic peak of boron ox-
ide at 27.8° (Fig. 4c). When the microwave time reached twelve
minutes, the 27.8° peak weakened, and the lifetime was also re-
duced (Fig. 4c). This may be because the further carbonization of
the carbon dots reduced the surface molecules and consumed the
emissive species, thus affecting the RTP of B-CDs. These results fur-
ther illustrated that the formation of the amorphous glass state
and the crystal characteristics of boron oxide contribute to the gen-
eration of RTP.

Based on the above discussion, we tried to unravel the reason
of the RTP performance of the B-CDs. According to the formula of
E = hlk * C/A, the AEst was calculated as 0.25, which is a small
value for effective ISC. This valid AEst should also be resulted from
the formation of the newly formed covalent bond and amorphous
glass state. The newly formed covalent bond and amorphous glass
state stabilized the emission of the triplet state and prevented the
triplet exciton from being quenched. At the same time, the doping
of boron atom has its specific property. Boron atoms had empty p
orbitals that could attract m transitions to form p-7* conjugated
systems, reducing the minimum unoccupied orbital energy level of
the system [47]. Therefore, the newly formed B-C bond effectively
reduced AEst and promoted the ISC between S1 and T1.

In addition, we investigated the stability of the material. Af-
ter the materials were stored in air for 6 months, its RTP could
still be observed, and the lifetime was 407 ms (Fig. 4d). This re-
sult suggests that the structure of the material was stable, which
is of great significance for the realization of the application of the
material. In recent years, the potential applications of RTP mate-
rials have been continuously proposed by researchers [50,51]. In-
spired by the RTP characteristics of B-CDs materials, we further ex-
plored their potential as anti-counterfeiting materials. Firstly, chi-
tosan was dispersed in ethanol, and we wrote "HN" on the "A"
petri dish using the mixture. Then, we mixed B-CDs with chitosan
in ethanol and wrote "NH" on the "B" petri dish. The "HN" and
"NH" showed no significant difference under sunlight and ultra-
violet light (Figs. 5a and b). After turning off the UV lamp (365
nm), a yellow-green RTP appeared in the "B" petri dish where
the B-CDs were located, and no phenomenon was observed in the
"A" Petri dish (Fig. 5¢). This provides an effective strategy for the
potential application of RTP materials in information encryption
protection.

In summary, we have successfully developed a microwave strat-
egy to synthesize RTP CDs hetero-atomized with boron in a single
step in only eight minutes. Compared with the previous high tem-
perature and high-pressure method for preparing CDs, our strategy
was cleaner, simpler and faster. After the synthesized RTP mate-
rial was irradiated with UV light, the RTP of 8 s could be observed
by naked eyes after the lamp was turned off, and the phosphores-
cence lifetime was 487 ms. We also discovered that the introduc-
tion of boron atoms allowed the newly formed materials to gen-
erate covalent bonds containing boron and new crystal character-
istics. The formed B-C bonds and other covalent bonds promoted
the ISC and the non-radiation transition of triplet states. The pro-
duced glass state helped to stabilize the triplet states of the B-CDs
and made its non-radiation inactivated, thus exhibiting the char-
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acteristics of yellow green RTP. Thus, our convenient strategy is
powerful for producing unique RTP of CDs materials, paving the
way for industry to producing organic materials that have promis-
ing application in many purposes, ie., anti-counterfeiting and
encryption.
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