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A highly luminescent 3-phenylfluoranthene-
modified g-CzN4 derivative used as a metal-free
phosphor in white light-emitting diodesT

Jinghao Zhang,{ Long Wang,} Huaijun Tang,@* Xiang Li, Aijing Jiang, Yibing Wu,*
Shanglan Xian, Rongman Xia, Yifei Li, Zhouyang Jiang and Zhengliang Wang

Here, using melamine as the main precursor and 6-(4-(fluoranthen-3-yl)phenyl)-1,3,5-triazine-2,4-diamine
as the dopant, a 3-phenylfluoranthene-modified greenish-yellow-emitting g-CsN, derivative was
synthesized via thermal polymerization. Excited by blue light chips, high-performance white LEDs were
fabricated by using the derivative and red-emitting K,SiFs:Mn** as phosphors.

Graphitic carbon nitride (g-C3N,) and its derivatives are a class
of metal-free polymeric conjugated semiconductors and two-
dimensional (2D) layered materials, which can be easily
synthesized via thermal polymerization by many cheap,
nitrogen-rich and source-abundant precursors, such as mela-
mine, dicyandiamide, urea and thiourea."™ In the past decade
or so, they have been extensively studied and applied in
multiple fields, such as photocatalysis,” electrocatalysis,®
energy storage,” membrane separation,” chemical sensing,®
bioimaging,”® and light-emitting diodes (LEDs),*** mainly due
to their advantages of high stability, easy synthesis, low cost,
high photoelectric conversion capability, earth-abundance and
low toxicity."

As for their applications in LEDs, g-C;N -based materials are
mainly used as down-conversion luminescent materials (i.e.,
phosphors) for replacing the currently widely-used, rare and
expensive rare-earth-based ones (such as Y;Al504,:Ce®", SrAl,-
05:Eu*",Dy*", Tb;Al;0,,:Ce*).5"> However, bulk g-C;N, just
emits deep blue light, and its photoluminescence quantum
yield (PLQY) is usually around 5.0%,"** so it has very limited
applications in LEDs. Therefore, the PLQY and colour need to
be improved. Some strategies have been employed to achieve
this goal, mainly including molecular doping,*** atomic
doping,**° nanosizing,”'>"* and compositing."* Among them,
molecular doping is a more promising method that can achieve
better results. Moreover, many molecules with highly lumines-
cent and stable organic groups can be utilized. Fluoranthene
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(FA) should also be such a prospective group, because it is
commonly used to construct various highly luminescent
organic compounds.'**® Here, a g-C3N, derivative (g-C3N,-PFA)
modified by 3-phenylfluoranthene (PFA) groups was synthe-
sized. g-C3N,-PFA had high luminescent efficiency and thermal
stability, and was successfully used as a greenish-yellow metal-
free phosphor in white LEDs (WLEDs).

As shown in Scheme 1, g-C;N,-PFA was synthesized via
thermal polymerization. As described in ESL,} 6-(4-(fluoranthen-
3-yl)phenyl)-1,3,5-triazine-2,4-diamine (FAPTD) was used as
a molecular dopant and melamine was used as the main
precursor. The preparation conditions were optimized by
comparing the photoluminescence (PL) emission intensities of
the samples obtained at different conditions. The higher the
intensities, the better the corresponding conditions. As a result,
the optimal conditions were a molar ratio of melamine to
FAPTD of 15:1 and heating at 450 °C for 2 h (see the ESIt for
details).

The g-C;N,-PFA sample obtained at the optimal conditions
was characterized. As shown in Fig. 1(a), there were two strong
peaks at 165.8 ppm and 157.0 ppm on the *C SSNMR spectrum,
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Scheme 1 Preparation route to g-CsN4-PFA.
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Fig.1 (a) ®C SSNMR spectrum of g-C3N,4-PFA. Inset: A representative
structure unit of g-CsN4-PFA. (b) FTIR spectra of g-C3sN4 and g-CsNy-
PFA. (c) Powder XRD patterns of g-C3N4 and g-C3N4-PFA. (d)—-(f) SEM
images of g-C3N4-PFA.

which corresponded to C atoms (labelled as No. 1 and 2) of
heptazine units.”*** The '*C signals of 3-phenylfluoranthene
formed three peaks around 138.5 ppm (No. 3), 130.0 ppm (No.
4) and 122.0 ppm (No. 5). Both the FTIR spectra of g-C3N, and g-
C3N,-PFA (Fig. 1(b)) showed typical breathing mode of hepta-
zines at 803 cm ™" and N-H stretching of -NH, and >NH mainly
at 3000-3600 cm .25 Both of them showed C-N/C=N
stretching of heptazines mainly at 1350-1700 cm ™ *,**>"% but the
absorption of g-C;N,-PFA at here was stronger and merged into
two peaks, due to the skeleton vibration absorption of the
benzene rings overlapping at here. In addition to above
commonalities of g-C;N, and g-C3N,-PFA, the stretching (2930-
3200 cm™ "), as well as the in-plane bending (1000-1150 cm ™)
and out-of-plane bending (550-680 cm ') vibration absorption
peaks of C-H on benzene rings can be additionally observed in
FTIR spectrum of g-C3N,-PFA. On the powder XRD pattern of g-
C;3N, synthesized at 500 °C (Fig. 1(c)), two characteristic peaks at
13.1° and 27.5° were observed, the former originated from the
in-plane structural packing of the heptazines, the latter origi-
nated from the interplanar graphitic stacking.>"*™** Two such
peaks (at 13.5° and 27.8°) were also found in that of g-C3;N,-PFA,
which suggested g-C;N,-PFA was also composed of stacked
heptazine-based 2D sheets. However, there were some addi-
tional sharp peaks due to its lower synthesis temperature (at 450
°C) and PFA groups at the edge, resulting in lower polymeriza-
tion degree, smaller 2D sheets and higher crystallinity.'* Most of
these peaks also appeared in the XRD pattern of g-C3N,
synthesized at 450 °C, but they were more merged and broader,
which suggested that PFA groups played a role in hindering
high polymerization. The SEM images of g-C3N,-PFA
(Fig. 1(d)-(f)) presented a layered stacked structure as many
reported g-C;N,-based materials,"™* which was also consistent
with its XRD results. At a higher magnification (Fig. 1(f)), some
pores caused by NH; generated during the polymerization can
be seen. All the above results indicated that 2D layered g-C;N,-
PFA had been successfully synthesized.

As shown in Fig. 2(a), relative to PL excitation (Ex) and
emission (Em) spectra of g-C3N,, those of g-C;N,-PFA both
showed obvious red shifts. The maximum Ex wavelength
(Aex,max) changed from 375 nm to 399 nm. The maximum Em
wavelength (Aemmax) changed from 468 nm to 550 nm. To
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Fig. 2 (a) PL Ex and Em spectra of g-CsN4 and g-C3N4-PFA. (b) PL Ex
and Em spectra of g-C3N4-PFA in powders and epoxy resin (2.0 wt%).
Inset: photographs of g-CsN4-PFA in powders under (i) natural light
and (ii) 450 nm blue light. g-CsN4-PFA in epoxy resin under (iii) natural
light and (iv) 450 nm blue light. (c)-(f) Electron density distribution and
energy values of the LUMOs and HOMOs of g-C3N4 model (c and d)
and g-C3N4-PFA model (e and f). (g) Schematic energy levels diagram
of radiative transition in g-CzN4-PFA.

understand how PFA groups affect PL properties, the electron
density distributions and energy values of HOMOs and LUMOs
of g-C3N, and g-C3N,-PFA models were calculated by density
functional theory (DFT) in the Gaussian 16 suite of programs. As
shown in Fig. 2(c)—(f), the electron density distributions of
LUMO and HOMO were both on heptazine units in g-C3;N,. The
electron density distribution of LUMO remained on heptazine
units in g-C3;N,-PFA (but being different), while that of HOMO
was on PFA. This indicated that PFA was an electron-donating
group. As a result, bipolar structural units composed of PFA
and heptazine were formed in g-C3N,-PFA. Generally, such
separation of HOMO and LUMO and the resulting bipolar units
is favourable to enhance luminescence efficiency.”*** Compared
with the energy values of the LUMO (—3.3528 eV) and HOMO
(—5.6153 eV) of g-C3N,, the energy value of LUMO of g-C3N,-PFA
dropped to —3.4799 eV, but that of its HOMO rose to
—5.2100 eV. Therefore, the energy gap (E;) decreased from
2.2625 eV of g-C3N, to 1.7301 eV of g-C3N,-PFA, which meant its
emission would show an obvious red shift relative to that of g-
C;N,. The ultraviolet-visible-near infrared diffuse reflectance
spectra (UV-Vis-NIR DRS) and corresponding Tauc plots (Fig. S6
in ESIY) also revealed similar differences between g-C;N, and g-
C;3N,4-PFA. The absorbance threshold of g-C;N, was 450 nm
(correspondingly, E, = 2.76 V), that of g-C;N,-PFA redshifted to
550 nm (correspondingly, E, = 2.25 eV).

In g-C;N,, electron transition of PL excitation and emission
mainly happened between valence band (VB, including o, 7, LP
orbitals, LP: the lone pairs in 2p orbitals of the edge N atoms)
and conduction band (CB, including ¢* and 7* orbitals).>*>*?
Due to the grafting of PFA on heptazine units in g-C;N,-PFA, as
shown in Fig. 2(g), the additional =’ orbital (corresponding to
its HOMO) and w'* orbital (corresponding to its LUMO)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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provided new pathways for electron transitions during PL
excitation and emission (such as ¢* — 7', ©* — ') with nar-
rower E,. Therefore, electrons in higher-energy orbitals c*, 7*
can relax to the lower-energy m'* orbital, which can promote =
electron delocalization and reduce the non-radiative recombi-
nation of photogenerated electrons and holes.”** As a result, the
PL emission of g-C;N,;-PFA not only exhibited a red shift but
also showed an increase in luminescent efficiency. As for bulk g-
C;3Ny, its PLQY is usually around 5.0%.""** In this work, it was
4.4%, while that of g-C;N,-PFA was significantly increased to
36.7% (Fig. S7 in ESIt). This PLQY is still much lower than that
of common commercial phosphors (such as ~75% of
Y;Al;04,:Ce*").?* Nevertheless, it is higher than many reported
2-C3Ny-based luminescent materials, such as 5.4%," 24.0%,"
11.3%,"* and 27.09%" in literature, and it is a medium-level
value.>*®

Since g-C3N,-PFA was doped in epoxy resin when it was used
in LEDs, the PL excitation and emission spectra of g-C;N,-PFA
in epoxy resin (2.0 wt%) were also measured. As shown in
Fig. 2(b), compared with g-C3N,-PFA in powders, the stacking
and aggregating degree of g-C;N,-PFA in epoxy resin may have
decreased due to its dispersion. As a result, the PL emission
showed a slight blue shift, the Aem max changed from 550 nm to
543 nm. The excitation spectrum of g-C;N,-PFA in epoxy resin
showed a redshift (about 35 nm), probably due to the fact that
the epoxy resin additionally provided a more polar environ-
ment.>*** Despite these differences, both g-C3;N,-PFA in
powders and in epoxy resin emitted greenish-yellow light
(mainly at 450-700 nm), and the excitation spectra were both
mainly at 300-500 nm, which meant it can be well excited by
ultraviolet and blue light LED chips. The average lifetime of g-
C;N,4-PFA powders obtained from the triexponential fitting of its
solid-state PL decay curve was 236.5 ns (Fig. S8 in ESI}), such
a nanosecond level lifetime suggested it was suitable for LEDs.

As shown in Fig. 3(a), from 30 °C to 491 °C, the TG and DTG
curves showed that g-C3N,-PFA just lost a small mass (5.0%) of
adsorbed substances. Then the mass loss became more signif-
icant, which was caused by the thermal decomposition of the
PFA groups and further thermal polymerization of g-C;N,-PFA,
since the thermal decomposition of heptazine units usually
happens around 600 °C (589 °C in this work)."* Therefore, 491 °©
C can be considered as the thermal decomposition temperature
(Tq4) of g-C3N,-PFA, which demonstrated high thermal stability
and was enough to meet the heat-resistance requirements for
LEDs (T4 >150 °C).**** Temperature-dependent PL emission
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Fig. 3 (a) TG and DTG of g-C3N4-PFA powders. (b) and (c) Temper-

ature-dependent PL spectra (Ao, = 450 nm) of g-C3N4-PFA powders
((b) from 30 °C to 210 °C, (c) from 210 °C to 30 °C, measured at every
20 °C interval).
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spectra in Fig. 3(b) and (c) (the data of the spectra are listed in
Table S11) can demonstrate the thermal quenching property of
g-C3N,-PFA. The range, shape and Aexmax Of the spectra hardly
changed, which suggested that the light-emitting colour was
very stable and hardly changed with the change of temperature.
Relative to the intensity at 30 °C, that at 90 °C was 91.7% and
that at 150 °C was 74.1%, which suggested that g-C;N,-PFA had
a low level of thermal quenching. The thermal quenching was
not only lower than that of some reported g-C;N, derivatives,'***
but also lower than that of many reported inorganic
phosphors.>**”-** Moreover, as the temperature dropped, the
intensities can gradually recover. The thermal stability and
thermal quenching property suggested that g-C;N,-PFA was
suitable for being used in LEDs.

Two kinds of LEDs were fabricated. (i) only g-C3;N,-PFA was
used as phosphors (LEDs No. 1-8, the performance data were
listed in Table S2 in ESI}); (ii) g-C3;N,-PFA together with rare-
earth-free red-emitting K,SiFg:Mn** as phosphors (LEDs No.
9-15, the performance data were listed in Table 1). All the LEDs
were excited by GaN-based blue light chips (460 nm, 25 Im W %)
and tested under 3.0 V and 20 mA.

When only g-C3N,-PFA was used as phosphors, its blending
concentrations in epoxy resin increased from 1.0 wt% to
8.0 wt%. During this process, as shown in Fig. 4(a), the blue
light of the chips gradually weakened, while the greenish-yellow
light of g-C3;N,-PFA gradually became stronger. Finally, at
8.0 wt%, the blue light was completely absorbed by g-C;N,-PFA
and disappeared, and the greenish-yellow light (CIE: 0.46, 0.51)
of the LED originated from only g-C;N,-PFA. Although three
WLEDs (No. 2-4) were obtained when only g-C3N,-PFA was used
as phosphors, due to the lack of red-light component, their
correlated colour temperatures (CCTs) were high, and the
colour rendering indexes (CRIs) were low, which was very
similar to the situation of the widely-used Y;Al;0,,:Ce**-based
WLEDs, and their applications will be limited.>**®

Based on LED No. 2, when red-emitting K,SiFs:Mn*" was
added in, a series of new WLEDs (No. 9-15) were obtained. As
listed in Table 1, in comparison with the data of LED No. 2, the
CRIs were obviously improved. The CRIs of LEDs No. 9-12 were
higher than 80. Especially, the CRIs of No. 10 (85.4) and No. 11
(87.0) were higher than 85. The CCTs gradually decreased with
the increase of the amount of K,SiFs:Mn**. Except for LED No.

Table 1 Performance data of LEDs No. 2, 9-15 (blending concen-
trations of g-CsN4-PFA were fixed at 2 wt%)

K,SiFg:Mn*" LE

No. of LEDs  (wt%) (Imw™) CRI CCT(K) CIE (x,Y)

2 0.0 35.02 76.6 16313  (0.26,0.27)
9 1.0 46.70 81.6 13320  (0.27,0.27)
10 2.0 43.14 85.4 9681 (0.28, 0.29)
11 3.0 47.18 87.0 7753 (0.30, 0.30)
12 4.0 45.60 84.6 6771 (0.31,0.31)
13 5.0 48.60 78.5 5927 (0.32,0.31)
14 6.0 51.24 78.1 5066 (0.34,0.32)
15 7.00 48.48 70.6 4191 (0.36, 0.32)
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Fig. 4 (a) and (c) Emission spectra of LEDs No. 1-15. (b) and (d) CIE
chromaticity coordinates of LEDs No. 1-15. Inset: Working state
photographs of LEDs No. 1-15.

9, the CIE chromaticity coordinates of the other LEDs all were
near (0.33, 0.33) of standard white light, which indicated most
of them can emit good-quality white light.

In summary, a 3-phenylfluoranthene-modified greenish-
yellow-emitting g-C3;N, derivative (g-C3N4,-PFA) was success-
fully synthesized. Its PLQY was up to 36.7%, T4 was up to 491 °C,
and thermal quenching was low. When used together with
K,SiFg:Mn*" as phosphors, under the excitation of 460 nm GaN-
based blue light chips, a series of high-performance WLEDs
with high CRIs and proper CCTs were prepared.
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