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cence/phosphorescence dual-emitting carbon dots (CDs) have gradually entered at the stage of
single-phase white light-emitting diodes (WLEDs) as ‘green material’. However, most of the developed
dual-emitting CDs have weak phosphorescence, short emission wavelength and narrow emission band,
resulting in relatively bluish white light emission and low color rendering index (CRI). Herein, an
ultrabroad-band fluorescence/phosphorescence dual-emitting CD-based material (UB-CD@BA) is pre-
pared by thermal treatment of boric acid (BA) and CDs with large conjugated structure. The stable
covalent bonding between CDs and BA, as well as three-dimensional spatial restriction effect of self-
polymerization BA molecules around CDs during long-term heating efficiently rigidified the single/triplet
excited states of CDs from non-radiative deactivation, thus producing strong dual emissive materials
with the high phosphorescence quantum yield of 21%. Remarkable, the prepared UB-CD@BA powders
exhibit bright pure white light emission with Commission Internationale de I'Eclairage (CIE) coordinates
of (0.32, 0.33) and the highest reported full width at half maximum of 250 nm. Based on the unique
characteristics of UB-CD@BA, it was used as a color conversion layer to prepare a WLED with CIE

coordinates of (0.35, 0.33) and the CRI value of 87.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the advent of the low-carbon economy, white light-
emitting diodes (WLEDs) have received great attention for their
advantages such as low power consumption, remarkable energy ef-
ficiency, simple driving, and long operational life [1-5]. In the de-
sign of WLEDs, phosphors, as color conversion layers, play a key
role in determining the performance parameters, such as color ren-
dering index (CRI), correlated color temperature (CCT) and Com-
mission Internationale de I'Eclairage (CIE) chromaticity coordinates.
So far, most WLEDs developed have been fabricated by combining
multi-component materials with emission color covering the en-
tire visible range [6-8]. Compared with these combined emitters, a
single-component white light emitting phosphor is very promising
for WLEDs due to their superior performance of less phase seg-
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regation, no color aging and improved stability [9-11]. However,
efficient single-component white light emission materials mainly
demonstrated in some rare-earth-based phosphors and semicon-
ductor quantum dots, they usually suffer from drawbacks of heavy-
metal cytotoxicity, scarcity of their precursors, and/or complicated
preparation procedures [12,13].

Carbon dots (CDs) as a recently emerged class of luminescent
nanomaterials have attracted enormous attention due to their ex-
cellent optical performance, cost-effective preparation and low tox-
icity [14-24]. Recently, fluorescence/phosphorescence dual emis-
sive single-component white emissive CDs materials have been
demonstrated as promising phosphors for WLEDs, due to the large
Stokes shift between fluorescence and phosphorescence [25-31].
In 2019, Yang et al. reported the first demonstration of fluores-
cence/phosphorescence dual emission single-component white CDs
with 25% total quantum efficiency (QY) and a yellow phosphores-
cence quantum efficiency (PQY) of 6% [32]. Wang et al. prepared
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Fig. 1. (a) lllustration of UB-CD@BA synthesis route. (b) Images of UB-CD@BA before and after being irradiated by 395 nm UV lamp under ambient conditions. (c) Fluorescence
spectra of UB-CD@BA powders and aqueous solution upon excitation at 395 nm, respectively. (d) Phosphorescence spectrum of UB-CD@BA powders under 395 nm excitation.
(e) Fluorescence spectra of UB-CD@BA powders at different temperature under 395 nm excitation.

white emissive CDs and developed an ultraviolet (UV)-pumped
CD-based WLED with CIE coordinates (0.268, 0.346) and a CRI
of 85.3 by combining the CDs with blue fluorescence and green
phosphorescence emissive CDs [33]. However, their phosphores-
cence emissive intensities were extremely lower compared to their
fluorescence, leading to a narrow emission band and cold white
light.

Most recently, our group reported a single white light emis-
sive CDs material with a comparable fluorescence and phosphores-
cence emission intensity via incorporating CDs into boric acid (BA)
matrix [34]. However, their phosphorescent emission peak was in
the green region. The short emission wavelength (<520 nm) and
narrow emission band (full width at half maximum < 180nm)
of phosphorescence caused the relatively bluish white light emis-
sion and the low CRI. Therefore, it is imperative to promote phos-
phorescence emission intensity and achieve the phosphorescence
emission band at long wavelengths region to further broaden the
emission band.

Selecting compounds with large conjugated structures as pre-
cursors for CDs synthesis is an effective method to obtain long-
wavelength phosphorescence. Perylene imide derivatives with large
conjugated structure have been widely used in perovskite solar
energy and photocatalysis, but it has not been used as a pre-
cursor to synthesize phosphorescent CDs [35-38]. In this work,
an ultrabroad-band white light emissive CD-based material (UB-
CD@BA) with efficient RTP centered at 560 nm, and the full width
at half-maximum (FWHM) over 250 nm covering the entire visi-
ble spectral window from 400nm to 750nm was synthesized by
a long-term thermal melting BA and CDs prepared from perylene
imide derivatives. During annealed process, the strong confinement
and stable covalent bonding are formed between CDs and BA ma-
trix, which suppress the non-radiative transition, promote inter-

system crossing and prevent aggregation-induced quenching in the
solid state. Multiple structural confinements effect greatly promote
the fluorescence and phosphorescence emission with overall QY
of 28%, especially for PQY up to 21%, leading to the ultrabroad-
band and pure white light emission. In addition, the obtained UB-
CD@BA shows an ultrahigh QY of 52% under 505 nm light excita-
tion. Combing with the excellent optical property, a WLED based
on a single-color converter of CDs phosphors was fabricated with
a CRI of 87 and CIE coordinates of (0.35, 0.33).

The CDs were synthesized by one-pot solvothermal treatment
of 3,4,9,10-perylenetetracarboxylic diimide at 200°C for 6h, and
then composited with BA through thermal melting at 200°C for
9h to prepare UB-CD@BA (Fig. 1a). In order to obtain an optimal
photoluminescence performance, different ratios of CDs and BA for
preparing UB-CD@BA were screened. As shown in Table S1 (Sup-
porting information), the CIE coordinates of sample from the ratio
of 0.066% (i.e., CDs to BA by weight) are (0.32, 0.33), which is clos-
est to the standard white light (0.33, 0.33), and the corresponding
product is taken to discuss in this study.

The UB-CD@BA powders exhibit bright white light emission un-
der a UV lamp (395nm) and yellow phosphorescence after ceas-
ing the UV irradiation (Fig. 1b and Fig. S1 in Supporting infor-
mation). In fluorescence spectra, the UB-CD@BA powders show
obvious dual emission peak centered at about 450 and 560nm
with record broad FWHM over 250 nm covering the entire visi-
ble spectral window from 400nm to 750 nm under the excitation
of 395nm light (Fig. 1c). As far as we know, this is the highest
value among CD-based white light emissive materials (Table S2
in Supporting information). Different from the previously reported
dual emissive CDs, the UB-CD@BA powders exhibits obvious bi-
modal emission of blue fluorescence and yellow phosphorescence,
where the phosphorescence intensity is comparable to that of flu-
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Fig. 2. (a) The UV-visible absorption spectrum of UB-CD@BA powders. (b, c) TEM images of CDs and UB-CD@BA, respectively. (d) FTIR spectra of CDs, UB-CD@BA and thermal
annealed BA. High-resolution C 1s (e) and B 1s (f) XPS spectra of UB-CD@BA, respectively.

orescence, thus leading to pure white-light emission. When UB-
CD@BA powders are fully dissolved in water, the peak at 560 nm
nearly disappears accompanied by the disappearance of phospho-
rescence, while the emission centered at 450 nm still exists in flu-
orescence spectrum (Fig. 1c). Moreover, the emission centered at
560 nm in the phosphorescence spectrum of UB-CD@BA almost co-
incides with its peak in the fluorescence spectrum (Fig. 1d). Con-
sidering that phosphorescence can be quenched by dissolved oxy-
gen in water and solvent-assisted relaxation, we conclude that the
peak at 560nm in the fluorescence spectrum is mainly derived
from phosphorescence. The temperature-dependent fluorescence
spectra (Fig. 1e) and phosphorescence spectra (Fig. S2 in Support-
ing information) of UB-CD@BA powders show that the emission in-
tensity of the peak at 560 nm decreases with increasing temper-
ature, further confirming their phosphorescence nature. In addi-
tion, phosphorescence behavior of thermal annealed BA powders
was investigated (Fig. S3 in Supporting information). The thermal
annealed BA matrix exhibited very weak phosphorescence com-
pared to that of UB-CD@BA at room temperature, which indi-
cates that the high-efficiency RTP mainly comes from the con-
tribution of CDs rather than the BA. Under 395nm light excita-
tion, UB-CD@BA powders exhibited total QY of 28% and PQY 21%,
respectively.

The UV-vis absorption spectrum (Fig. 2a) of UB-CD@BA pow-
ders exhibited broader absorption band and a distinct absorp-
tion tail extending to the visible region, indicating large conju-
gated structure in CDs, which maybe inherited from large conju-
gated perylene imide. The fluorescence excitation spectrum of UB-
CD@BA powders exhibits a broad peak at 400-550nm (Fig. S4 in
Supporting information), which is accordance with the absorption
band of the large conjugate structure in CDs. Under 505 nm light
excitation, UB-CD@BA powders exhibit total QY of 52%. In addi-
tion, UB-CD@BA powders show an excitation-dependent phospho-
rescence (Fig. S5 in Supporting information). With the increase of
the excitation wavelength, the phosphorescence emission is grad-
ually red-shifted. Under the excitation of 455nm, the UB-CD@BA
powders can emit orange-red phosphorescence, which is very rare
phenomenon. It should be pointed out that such phosphorescence
with long wavelength excitation and emission is usually attributed
to large conjugated structures.

In order to reveal the origin of high-efficiency and broad
solid-state luminescence, the chemical structure and photophysical
properties of CDs before and after embedding in BA were investi-
gated. The transmission electron microscopy (TEM) image (Fig. 2b)
demonstrates that the CDs show a uniform quasi-spherical shape
with a comparable average diameter of 5+12nm. The Fig. 2c
shows that the morphology and size of CDs after embedding in
BA were not significantly changed. The X-ray diffraction (XRD) pat-
tern of CDs (Fig. S6 in Supporting information) has a broad peak at
around 26 = 22°, which is corresponded to the typical peak of CDs
as previously reported [39]. In Fourier transform infrared (FTIR)
spectra (Fig. 2d and Fig. S7 in Supporting information), perylene
imide precursor exhibits absorption bands at 1684, 1594 and 1355
cm~!, which correspond to the stretching vibrations of C=0, pery-
lene ring and C-—N, respectively [40,41]. These characteristic ab-
sorption peaks are slightly shifted in the FTIR spectra of CDs, which
indicates the formation of an extended conjugation of the precur-
sor into CDs during the carbonization process. Compared to the
precursor, new absorption band at approximately 1723 cm™! corre-
sponding to the carboxylic acid groups appeared, which is mainly
attributed to the increase of the oxidation degree of CDs. After
heat treatment of CDs and BA matrix, new absorption peaks at
about 927 and 1439 cm™! are attributed to the stretching vibra-
tion of C—B and B—O bonds, respectively [42-46]. The structural
analysis based on X-ray photoelectron spectroscopies (XPS) further
confirmed the FTIR results. The high-resolution (HR) spectrum of C
1s of UB-CD@BA (Fig. 2e) have four bands centered at 288.8, 286.2,
284.8 and 283.5eV, which belong to C=0, C—0/C-N, C-C/C=C and
C-B, respectively. Comparing the XPS spectra of UB-CD@BA with
the original CDs, thermal treatment resulted in the appearance of
B 1s peak (Fig. 2f). The HR B 1s spectrum of UB-CD@BA can be
fitted to three bands centered at 193.8, 192.9 and 192 eV, which
belong to B—0, B,03 and BCO,, respectively, implying the dehydra-
tion process occurs between CDs and BA molecules [34,44,45,47].
These results clearly demonstrate the formation of CDs with large
conjugated structure, and CDs were tightly immobilized in BA ma-
trix by the confined effect.

In order to further clarify the confined effect of the BA, we pre-
pared UB-CD@BA powders at 200°C at different reaction times at
the following intervals from 1.5, 6, 9 and 12h, denoted as UB-



Y. Li, Q. Li, S. Meng et al.

(a)

s

Chinese Chemical Letters 34 (2023) 107794

2,

— UB-CD@BA-1.5 - UB-CD@BA-1.5 12h Stronger
——UB-CD@BA-6 —— UB-CD@BA-6 8
_ —_UBCD@BAS _ e eiucere :\o\ \/— w
- —— UB-CD@BA-12 S —— UB-CD@BA-12 < 9h
© © [
£ £ = 6h
c c = e
2 2 @ N/
= = 8 15h
450 500 550 600 650 700 750 450 500 550 600 650 700 750 4000 3500 3000 1500 1000 500
Wavelength (nm) Wavelength (nm) Wavenumber (cm”)
(d) (e) (f)
Raw data Raw data Raw data
= = = Peak sum ,"‘ B1s = = = Peak sum \ B1s = = = Peak sum 7\ B s
= Background 4 | 15h = Background s \ 6h e Background \ 12h
B-0 § 3 B-O ; B-0 \
S [w=m 8.0, [/ \ S |80, 1 S (w80,
o |- BCO, / \ s % S . BCO,
2z > \ z
£ = £
c c c
! 2 ]
£ £ £
-’ %
197 195 193 191 189 197 195 193 191 189 197 195 193 191 189

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 3. (a, b) Fluorescence and phosphorescence spectra of UB-CD@BA at different reaction times, respectively. (c) FTIR spectra of UB-CD@BA-X. {d;e} XPS high-resolution B

1s spectra of UB-CD@BA-1.5 (d), UB-CD@BA-6 (e), UB-CD@BA-12 (f), respectively.

CD@BA-X (X=15, 6, 9, 12). As shown in Figs. 3a and b, with
reaction time increased from 1.5h to 9h, the fluorescence and
phosphorescence intensity of as-synthesized composites became
stronger and the phosphorescence average lifetime (Fig. S8 and
Table S3 in Supporting information) also extended from 0.59s to
1.11s, suggesting that the interaction between CDs and BA might
have changed with prolonged heating time. FTIR spectra of the
synthesized samples show that the absorption of C—-B at 927
cm~! become more obvious with increasing heat treatment time
(Fig. 3¢), indicating that the covalent bonding between the CDs and
BA gradually enhanced. Meanwhile, the signal at 1189 cm~! orig-
inated from an asymmetrically stretched oxygen atom connecting
the trigonal boron atoms also become more remarkable [44]. In ad-
dition, as Figs. 3d-f and Table S4 (Supporting information) shown,
with the extension of the reaction time, B—O band of UB-CD@BA
powders gradually decrease while the contents of B,O3 and BCO,
increase continuously in HR B 1s XPS spectra. We speculate that BA
molecules occur self-polymerization with the prolongation of reac-
tion time, which greatly increases the rigidity of the CD/BA system,
resulting in strong fluorescent/phosphorescence emission. Noted
that the intensities of fluorescence and phosphorescence emission
dropped under longer time treatment (12h), it might be because
that further carbonization of UB-CD@BA at high time consumed
the partial emissive species, and thereby affecting the optical prop-
erties of UB-CD@BA. In addition, we also investigated the effect of
heat treatment temperature on the fluorescence/phosphorescence
properties of UB-CD@BA (Fig. S9 in Supporting information). As
the reaction temperature increased from 130°C to 200 °C, the flu-
orescence and phosphorescence intensities of UB-CD@BA powders
gradually increased, but exhibited sharp dropped under high re-
action temperature of 400°C. At low reaction temperature, only a
small portion of BA chemically reacts with CDs, which leads to
weak emission due to insufficient covalent bonding between BA
and CDs. At high reaction temperature, excessive carbonization of
UB-CD result in a decrease in the luminous intensity of UB-CD@BA.

Based on the above analysis, the formation process and high-
efficiency solid-state luminescence origin of UB-CD@BA can be pro-
posed as follows (Fig. 4). Under solvothermal conditions, the con-
jugated segments of perylene imide covalently fused to form large
JT-conjugation structure into CDs, which results in the long wave-

¥ Vib.

Phos.

Fig. 4. Formation mechanism of efficient white light emission for UB-CD@BA pow-
ders (Ex.: Excite; Fluo.: Fluorescence; Phos.: Phosphorescence; Vib.: Vibration).

length phosphorescent emission. During the thermal treatment the
mixture of CDs and BA, covalent coupling reactions occurred be-
tween CDs and BA. Meanwhile, with the prolongation of the re-
action time, the self-polymerization degree of the BA molecules
deepened, forming a three-dimensional (3D) spatial restriction
around CDs. The multi-confinement by strong 3D spatial restric-
tion and stable covalent bonding can suppress the non-radiative
transition and promotes intersystem crossing by restraining the vi-
brational freedom of the CDs. It also prevents aggregation-induced
quenching in the solid state. These strong effects greatly promote
the fluorescence and phosphorescence emission, especially for
phosphorescence, thus leading to highly-efficiency and ultrabroad-
band pure white light emission.

The ultra-wide spectral characteristic and high efficiency of UB-
CD@BA strongly suggest that the UB-CD@BA holds potential in
constituting super performance WLED. Since the photolumines-
cence emission spectrum of UB-CD@BA powders shows excellent
CIE value under 395nm excitation, UB-CD@BA were compatible
with commercial 395nm UV-LED chips to manufacture WLEDs.
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Fig. 5. (a) Photograph of the WLED lamp. (b) Electroluminescence spectrum of the WLEDs with InGaN UV (395 nm). (c) Calculated PL emission color coordinates in the CIE

1931 chromaticity diagram.

UB-CD@BA powders were wrapped in silicone glue and coated on
UV-LED chip to form a WLED that can emit bright light enough
to illuminate the fruits (Fig. 5a). Electroluminescence spectrum of
the as-fabricated WLED shows two distinct peaks at 455nm and
570 nm, which were attributed to blue fluorescence and yellow
phosphorescence, respectively (Fig. 5b). In addition, as shown in
Fig. 5¢, the prepared WLED based on UB-CD@BA has favorable
white light characteristics with a CCT value of 4480K and CRI of
87. Moreover, the CIE coordinates is (0.35, 0.33), which is very
close to the standard white light (0.33, 0.33).

In conclusion, we developed a convenient synthetic ap-
proach to obtain an efficient pure white light UB-CD@BA
by thermal treatment of BA and CDs with large conjugated
structure. The as-prepared UB-CD@BA exhibited strong fluores-
cence/phosphorescence dual emission, where the overall QY was
as high as 28% and PQY reached up to 21%. Remarkable, the pre-
pared UB-CD@BA powders showed the highest reported full width
at half maximum of 250 nm. It has been revealed that the covalent
coupling and confined effect played a significant role in producing
the phosphorescence emission and preventing aggregation-induced
quenching in the solid state. The single component WLED was pre-
pared with UB-CD@BA powder as the color conversion layer, which
showed favorable white light characteristics with a CCT value of
4480K. In addition, its CIE coordinates and CRI reached (0.35, 0.33)
and 87, respectively. This work offers a feasible synthetic approach
for the preparation of strong pure white light emissive materials
for single component WLEDs.
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