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as a result of aggregation-induced PL 
quenching, which restricts their employ-
ment in solid state devices (e.g., light-
emitting diodes (LEDs), optoelectronic 
devices).[13–15] Meanwhile, the fluorescent 
intensity is highly susceptible to external 
environments such as temperature or pH 
value, which seriously affects the imple-
mentation of practical illumination.[16–20] 
Therefore, how to attain carbon materials 
based phosphors with excellent SSQY 
and stability simultaneously via material 
design and synthesis exploration is of sci-
entific and technological importance, and 
remains a challenge.

Graphitic carbon nitride (g-C3N4), with 
appropriate electronic band structure, has 
been demonstrated as excellent photo-
catalysts for water splitting, CO2 reduc-
tion, pollutant degradation, etc.[21–24] 
Many endeavors on its nanoarchitecture 
design and energy level modification 

have been made, aiming for enhanced photo/electrical per-
formances.[25–28] In contrast to graphene, g-C3N4 possesses 
inherent fluorescence originating from CN conjugated struc-
ture, making it good candidate for optical applications.[29–31] 
However, bulk g-C3N4 synthesized by traditional thermal con-
densation method normally gives rather low SSQY (≈5%).[32,33] 
In order to improve the fluorescent efficiency, several prepara-
tive protocols (e.g., ultrasound or acid treatment) have been 
explored to cleave bulk g-C3N4 to ultrathin nanosheets or ultras-
mall nanodots in aqueous environment, with largely increased 
PLQY.[33–40] But the solid state luminescent applications (e.g., 
light emitting devices) still cannot be guaranteed on account of 
subsequent assembly-induced or aggregation-induced fluores-
cence quenching. Thus, how to overcome this contradiction is a 
key point. If ultrathin carbon nitride nanosheets can be in situ 
synthesized within a solid 2D host matrix through bottom-up 
route, the aggregation will be eliminated and a photolumines-
cence material with higher SSQY would be obtained; moreover, 
by choosing host material with appropriate bandgap, the host–
guest interaction would further enhance the SSQY and stability.

Layered double hydroxides (LDHs) are a typical class of 2D 
inorganic materials with positively charged host matrix and 
exchangeable interlayer anions, which provides an ideal micro-
environment for in situ interlayer synthesis reaction.[41–43] 

Fluorescent carbon nanomaterials have drawn tremendous attention for their 
intriguing optical performances, but their employment in solid-state lumines-
cent devices is rather limited as a result of aggregation-induced photolumines-
cence quenching. Herein, ultrathin carbon nitride (CN) is synthesized within 
the 2D confined region of layered double hydroxide (LDH) via triggering the 
interlayer condensation reaction of citric acid and urea. The resulting CN/LDH 
phosphor emits strong cyan light under UV-light irradiation with an absolute 
solid-state quantum yield (SSQY) of 95.9 ± 2.2%, which is, to the best of our 
knowledge, the highest value of carbon-based fluorescent materials ever 
reported. Furthermore, it exhibits a strong luminescence stability toward tem-
perature, environmental pH, and photocorrosion. Both experimental studies 
and theoretical calculations reveal that the host–guest interactions between 
the rigid LDH matrix and interlayer carbon nitride give the predominant 
contribution to the unprecedented SSQY and stability. In addition, prospective 
applications of the CN/LDH material are demonstrated in both white light-
emitting diodes and upconversion fluorescence imaging of cancer cells.

Carbon Nitride

Fluorescent carbon nanomaterials (such as carbon nanotubes, 
fullerenes, graphene derivatives, nanodiamonds) possess 
intriguing optical properties owing to their manifold structure, 
morphology, and functionalization.[1–3] Especially in recent 
years, carbon dots (CDs) and graphene quantum dots (GQDs) 
have drawn tremendous attention for their high aqueous sol-
ubility, facile preparation, and low toxicity; and prospective 
applications have been explored in bioimaging, photocatalysis, 
photovoltaic, and optoelectronic devices.[4–7] Great efforts have 
been made to promote the photoluminescence quantum yield 
(PLQY) of CDs and GQDs, which is a crucial factor in practical 
applications.[8–12] However, previous studies on nanocarbon 
fluorescent materials are mainly focused on aqueous or colloid 
systems; solid-state quantum yield (SSQY) decreases sharply 
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Herein, highly emissive ultrathin carbon nitride was synthe-
sized within the 2D confined region of MgAl-LDH via trig-
gering the interlayer condensation of urea and citric acid 
(CA). The resulting carbon nitride intercalated in LDH (CN/
LDH) emits strong cyan light upon UV light irradiation with 
a SSQY of 95.9 ± 2.2%, which is, to the best of our knowl-
edge, the highest value of fluorescent carbon materials ever 
reported.[15,34,37,44–48] Furthermore, the strong luminescence of 
CN/LDH is extremely inert to external stimulus including tem-
perature and environmental pH, and its stability toward photo-
bleaching is rather satisfactory. Although a great progress on 
the preparation of solid-state fluorescent materials by means of 
solid matrix dispersion has been reported,[48,49] carbon-based 
phosphor with such a high SSQY and stability simultaneously 
is rarely documented. Both experimental studies and theoretical 
calculation reveal that the host–guest interactions between rigid 
LDH matrix and interlayer carbon nitride give contribution to 
the unprecedented SSQY and stability. In addition, prospective 
applications of this CN/LDH material were demonstrated both 
in white light emitting diodes (WLEDs) and upconversion fluo-
rescence imaging of cells.

The in situ systhesis of CN/LDH material is displayed in 
Figure 1a: citric acid was first intercalated into MgAl-LDH gal-
lery (CA/LDH) through a separate nucleation and aging steps 
method reported by our group,[50] which showed a nanoplatelet 

morphology with a particle size of ≈60 nm (Figure 1b). Sub-
sequently, the CA/LDH was thoroughly dispersed in a urea 
aqueous solution through supersonic treatment, followed by 
heating in a 650 W microwave reactor for 5 min for the inter-
layer reaction. The resulting yellow powdered product inherits 
the sheet-like morphology of CA/LDH precursor, with a slight 
increase in particle size (Figure 1c). The X-ray diffraction (XRD) 
pattern of CA/LDH (Figure S1a, Supporting Information) can 
be indexed to a rhombohedral LDH phase with an interlayer 
distance (d003) of 1.17 nm, in accordance with the summation 
of an LDH monolayer thickness and the size of CA molecule. 
After the microwave-assisted interlayer reaction, the XRD pat-
tern of the product (Figure S1a, Supporting Information) 
shows the (002) reflection of carbon nitride phase,[21,51] sug-
gesting the formation of carbon nitride species in the inter-
layer region (CN/LDH). The small angle XRD pattern of CN/
LDH exhibits a slight shift of (003) reflection to a low 2θ value 
(Figure S1b, Supporting Information), indicating an expansion 
of interlayer space after the reaction (from 1.17 to 1.21 nm). 
The formation of carbon nitride structure is further charac-
terized by X-ray photoelectron spectroscopy (XPS) spectra 
(Figure S2, Supporting Information). The C1s spectrum shows 
three carbon species: 288.7 eV for NCN, 286.3 eV for CN 
and 284.5 eV for CC. The N1s spectrum can be deconvoluted 
into three peaks, including 398.8 eV for CNC, 400.0 eV  
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Figure 1. a) Schematic representation for the synthesis of CN/LDH composite. SEM images of b) CA/LDH and c) CN/LDH; the insets show the 
photographs of CA/LDH and CN/LDH under daylight. d) UV–vis absorption spectra, e) XRD patterns, and f) 13C MAS NMR spectra of CA/LDH and 
CN/LDH prepared with different reaction times (1–5 min).
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for N(C)3 and 401.7 eV for NH, respectively. The organic 
elemental analysis gives a N/C molar ratio of 1.08 for the CN/
LDH sample (Table S1, Supporting Information), smaller than 
the theoretical carbon nitride structure (1.33). The extra carbon 
atoms might be due to the formation of unsaturated CC as 
shown in C1s XPS spectra.

The UV–vis spectra, XRD patterns, and solid-state nuclear 
magnetic resonance (NMR) spectra of CN/LDH samples with 
different synthesis time were performed to monitor the reaction 
process. The UV–vis spectra in Figure 1d show that the absorp-
tion band at ≈410 nm enhances progressively with the increase of 
reaction time from 1 to 5 min, indicating the gradual formation 
of carbon nitride structure.[52,53] The absorption edge displays a 
slight red shift relative to typical carbon nitride, possibly due to 
the simultaneous formation of conjugated CC bond as observed 
in the XPS spectra (Figure S2a, Supporting Information).  
In the case of XRD patterns (Figure 1e), the reflections cor-
responding to urea vanish over reaction time, and the (002)  
diffraction peak of carbon nitride at 2θ 27.8° appears at 2 min and 
increases afterward.[54] Solid-state 13C NMR spectra show grad-
ually decreased characteristic peaks of CA (Figure 1f; Figure S3, 
Supporting Information), accompanied with the appearance of 
new peaks due to sp2 C. Notably, two peaks at 168 and 154 ppm  
are observed, which can be ascribed to CN2(NHx) and CN3 
group in carbon nitride, respectively.[55,56] Moreover, the peak 
at δ = 10.2 ppm in 27Al NMR spectra suggests that aluminum 
is principally located in an octahedral environment (Figure S4, 
Supporting Information), indicating the maintenance of LDH 
structure.[57] The results above confirm the formation of carbon 
nitride via the microwave-induced interlayer reaction, which is 
the source of photoluminescence.

To further investigate the structure of synthesized material, 
LDH host matrix was etched with hydrochloric acid to release 
the interlayer species. After a dialysis and centrifugation opera-
tion, yellow powdered product was obtained and denoted as 
R-CN. Strong (100) and (002) reflection of carbon nitride phase 
at 13.7° and 27.8° are observed in the XRD pattern, with tiny 
unknown impure phases (Figure S5a, Supporting Information). 
The Fourier transform infrared spectroscopy (FT-IR) spectrum 
shows characteristic band at 800 cm−1 (Figure S5b, Supporting 
Information) due to the out-of-plane bending vibration of con-
jugated carbon nitride, and the bands at 1400–1650 cm−1 are 
assigned to stretching vibration modes of CN ring system.[54] 
Transmission electron microscopy (TEM) image (Figure S6a,b, 
Supporting Information) shows a lamellate morphology of 
R-CN with a diameter of ≈20 nm; the lattice fringe of 0.32 nm 
can be identified in the high resolution TEM image (Figure 
S6c, Supporting Information), corresponding to the (002) plane 
of carbon nitride. Besides, the thickness of R-CN nanosheets 
is determined to be ≈0.74 nm by tapping mode atomic force 
microscopy measurements (Figure S7, Supporting Informa-
tion), which is in accordance with the interlayer gallery of CN/
LDH based on XRD pattern (subtracting the thickness of LDH 
monolayer, 0.48 nm, from the d003 value).

The light yellow CN/LDH powdered sample gives strong 
cyan fluorescnce under UV light irradiation. Solid-state photo-
luminescence measurements show that the emission maxima 
of CN/LDH is 495 nm with an optimal excitation wavelength of 
380 nm (Figure 2a). In 3D fluorescence spectra (Figure 2b), only 

one luminous center is observed without excitation-dependent 
PL property, indicating the purity of fluorophore. Interestingly, 
the absolute SSQY of CN/LDH is measured to be 95.9 ± 2.2% 
at room temperature in ambient atmosphere, and the solid-
state PL decay is monoexponential with a lifetime of 14.01 ± 
0.18 ns (Figure 2c; Table S2, Supporting Information). The 
SSQY value is unprecedentedly high compared with carbon 
nitrides, carbon dots, and graphene quantum dots materials 
ever reported. Different from the fluorescent dyes, semicon-
ductor quantum dots, and carbon dots which are normally 
erratic toward external stimulations such as temperature and 
pH, the PL performance of CN/LDH is rather stable in various 
environments. As shown in Figure 2d, only a slight decrease 
in the PL intensity is observed when the temperature drasti-
cally increases from 93 to 393 K. Similarly, the fluorescence 
decays at various temperatures do not show obvious differ-
ence (Figure 2e; Table S3, Supporting Information). After a 
supersonic treatment, the CN/LDH sample can be uniformly 
dispersed in water with an equivalent hydrodynamic diameter 
of ≈80 nm (Figure S8a, Supporting Information), and the col-
loid suspension emits strong light under UV light irradiation 
with an absolute PLQY of 80.5%. The emission wavelength 
remains almost constant upon variable excitation wavelength 
(Figure S8b, Supporting Information). The PL intensity is very 
stable within pH value 5.0–9.0 (Figure 2f), and decreases in a 
strong alkaline environment (pH = 11.0). The stability of CN/
LDH sample against photobleaching was tested, whose PL 
intensity remained almost unchanged either upon irradiation 
at 365 nm for 6 h or at a high temperature of 373 K for 2 h 
(Figure 2g; Figure S9, Supporting Information). By contrast, 
the bare R-CN sample shows an inferior stability: 15% and 
4% losses in PL intensity are detected under the same condi-
tions. Most importantly, the CN/LDH sample exhibits effective 
upconversion photoluminescence (UCPL) performance. Under 
irradiation by a 800 nm femtosecond pulsed laser with various 
power, the CN/LDH phosphor gives an identical emission peak 
at 490 nm, close to the fluorescence position excited by UV 
light (Figure 2h). The quadratic dependence between PL inten-
sity and laser power confirms that the present UCPL is a two-
photon excitation process (Figure 2i).

To further understand the key role of confined interlayer 
environment on the PL behavior of CN/LDH, two control sam-
ples are prepared: the first (C1) is synthesized by the microwave-
assistant reaction of CA and urea without the LDH host matrix 
under the same reaction conditions; the second one (C2) is syn-
thesized from carbonate-intercalated MgAl-LDH (CO3

2−-LDH) 
with corresponding amount of CA and urea. The C1 sample 
shows undetectable emission under UV light while C2 sample 
emits relatively bright green light at 514 nm (Figure 3a), with 
the absolute SSQY values of 0.53% and 42.9%, respectively. The 
different PL properties between control samples and CN/LDH 
are due to the different structures as shown in XRD patterns 
(Figure 3b). For the synthesis of C1, a severe carbonization 
occurs with a large amount of nonfluorescent graphite phase. 
After the introduction of CO3

2−-LDH in the reaction system, 
CA and urea undergo condensation reaction on the surface of 
LDH, promoting the growth of carbon nitride phase but with 
the formation of non-neglectable amorphous phase. In the case 
of CN/LDH preparation, CA molecules are located in LDH 
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interlamination, and the reaction takes place in the interlayer 
region with carbon nitride phase as the only product. This is 
further proved by the solid-state 13C NMR spectra, in which C2 
sample and CN/LDH show similar CN2(NHx) and CN3 groups 
at 168 and 154 ppm while C1 sample displays the presence of a 
large amount of CC bond without PL property (Figure 3c). The 
UV–vis spectra also reveal the different carbonization degree of 
the three samples (Figure 3d). We also synthesized two control 
samples without the addition of CA: C3 was prepared from 
pure urea under the same reaction conditions and C4 was pre-
pared from urea and CO3

2−-LDH similarly. These two samples 
show very weak fluorescence under UV light (Figure S10a, 
Supporting Information) and low SSQY (8.83% and 0.77%), 
indicating that CA plays an important role in the production 
of carbon nitride structure. The sample of C3 displays a rather 
weak XRD diffraction peak of carbon nitride with major propor-
tion of impurity; while carbon nitride is hardly observed in the 
sample of C4 (Figure S10b, Supporting Information). This is 
further verified by the UV–vis spectra (Figure S10c, Supporting 

Information). As demonstrated above, the bright fluorescence 
originates from the carbon nitride structure. Moreover, the 
variation in structure indicates the existence of LDH prevents 
the carbonization process and facilitates the growth of carbon 
nitride phase, which is especially strengthened in the confined 
LDH interlamination.

Several factors would contribute to the extremely high 
SSQY of CN/LDH sample. First, the confinement effect 
imposed by the host–guest interaction significantly inhibits 
the excited-electron-transfer and enhances the electron–
hole recombination process.[58–60] In addition, LDHs host 
matrix serves as spacer to isolate the ultrathin carbon nitride 
species, which avoids aggregation induced fluorescence 
quenching. Finally, a covalent bonding between LDHs matrix 
and carbon nitride might occur, resulting in highly emis-
sive species. The host–guest interaction on the fluorescent 
performance of CN/LDH was investigated. After removing 
the LDH matrix by acid etching, the excitation and emis-
sion peak of R-CN show a significant red shift (Figure 4a); 
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Figure 2. a) Fluorescence excitation and emission spectra of CN/LDH (inset shows the photograph under UV light) and b) the corresponding 3D 
fluorescence spectra. c) Emission spectrum used for the absolute solid-state quantum yield determination of CN/LDH; the inset shows the amplified 
portion of the emission within 390–750 nm. d) In situ fluorescence spectra of CN/LDH in the temperature range 93–393 K by using a micro-spectro-
photometer with a cryostat; the insets display fluorescent microscopy images at 93 and 393 K. e) Typical fluorescence decay curves of CN/LDH in the 
temperature range 93–273 K. f) PL spectra of CN/LDH in aqueous solution with pH value ranging in 5–11. g) Photostability test over CN/LDH and 
R-CN upon irradiation by UV light (365 nm) for 6 h. h) UCPL spectra of CN/LDH with variable power of excitation laser. i) UCPL intensity as a function 
of square of laser power (800 nm femtosecond pulsed laser was applied throughout).
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the SSQY of R-CN declines sharply from 95.9% to 29.9%, 
as well as the fluorescence lifetime (from 14.01 to 11.56 ns) 
(Figure 4b). This indicates the vanishing of the confinement 

effect imposed by the host–guest interaction. The highest 
occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) energy levels of R-CN are studied 

Adv. Mater. 2018, 30, 1704376

Figure 3. Characterizations of CN/LDH and two control samples (C1 and C2): a) fluorescence spectra and photographs under UV-light irradiation;  
b) XRD patterns; c) 13C MAS NMR spectra; d) UV–vis absorption spectra.

Figure 4. a) Fluorescence excitation and emission spectra of CN/LDH and R-CN. b) Typical fluorescence decay curves of these two samples. c) Cyclic 
voltammogram curves of R-CN: the positive scan (red line) and negative scan (green line). d) UV–vis absorption threshold of R-CN. e) Density of states 
for MgAl-LDH (inset shows the optimized geometry). f) Band edge placement of MgAl-LDH and R-CN.
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by cyclic voltammetry via a standard three electrode system, 
which are calculated to be −5.44 and −2.79 eV, respectively,  
based on the oxidation potential at 1.04 V and reduction poten-
tial at −1.61 V (Figure 4c, see detailed process in the Sup-
porting Information). The bandgap of 2.65 eV is very close to 
the absorption edge of R-CN at 2.57 eV (Figure 4d). Density 
functional theory calculations are carried out to study the band 
edge placement of host matrix MgAl-LDH, and the HOMO 
and LUMO are calculated to be −6.05 and −2.55 eV with an 
energy gap of 3.50 eV (Figure 4e; Figure S11, Supporting Infor-
mation). By comparing the band edge placement of R-CN and 
LDH, a mechanism for the enhanced SSQY in the CN/LDH 
system is proposed in Figure 4f. The LUMO energy of MgAl-
LDH is higher than that of R-CN, while its HOMO energy is 
lower than that of R-CN. The photoinduced electron–hole pairs 
from intercalated carbon nitride are trapped in the energy 

well of LDH matrix, which effectively suppresses the excited 
transfer of carriers. Thus, the confinement effect facilitates the 
recombination of electrons and holes and promotes the effi-
ciency of radiative transition, accounting for the extremely high 
SSQY of CN/LDH material.

Benefiting from its superior optical properties and stability, 
the CN/LDH material is particularly appropriate for applica-
tion in solid state illumination and display. Through incorpo-
ration of the cyan CN/LDH and red emissive CdTe quantum 
dots absorbed on LDH (QD/LDH, Figure S12, Supporting 
Information) with various ratios, several phosphors with gradu-
ally changing color are obtained, as seen from the photographs 
under UV light (Figure 5a). The color coordinate CIE (Commis-
sion Internationale de l’Eclairage) measurements also demon-
strate the luminescence color can be tuned from cyan (0.243, 
0.441) to red (0.591, 0.274) by facilely changing the mass ratio 

Figure 5. a) Photographs under UV light irradiation and b) CIE coordinates of mixed phosphors of CN/LDH and QD/LDH with various ratios:  
(1) CN/LDH, (2–8) CN/LDH:QD/LDH = 1:1, 1:2, 1:3, 1:6, 1:9, 1:15, 1:21, (9) QD/LDH. c) Schematic and d) photograph of the fabricated white LED. 
e) Cellular cytotoxicity assessment of CN/LDH, CA/LDH, and R-CN. f) Two-photon confocal fluorescence image, g) corresponding bright field image, 
and h) merged image of Hela cells incubated with CN/LDH under 800 nm laser excitation; i) fluorescence image with a high magnification.
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(Figure 5b; Table S4, Supporting Information). As the mass 
ratio of CN/LDH and QD/LDH is controlled as 1:9, the complex 
phosphor exhibits white light emission with color coordinate 
at (0.339, 0.334), very close to the pure white light (0.333, 
0.333). A WLED based on this phosphor (CN/LDH:QD/LDH =  
1:9) was further fabricated by mixing with polyvinyl alcohol 
and then coating on a commercial UV chip (Figure 5c,d). The 
device emits bright white light with the color rendering index 
and correlated color temperature of 92 and 4712 K, respec-
tively, and the luminous efficiency is 5.6 lm W−1 (Figure S13, 
Supporting Information). This WLED shows a stable emission 
for 10 h without obvious intensity loss (Figure S14, Supporting 
Information), demonstrating CN/LDH can serve as a prom-
ising candidate in white-light optoelectronic devices. The study 
on white light emitting diodes through incorporation with Cd-
based nanocrystals is a primary exploration, and related work 
on modulating emissive wavelength is in progress in our lab. 
In addition, its potential application as two-photon bioim-
aging agent was also explored. The cytotoxicity was evaluated 
by studying the viability of HeLa cells incubated with various 
concentrations of CA/LDH, CN/LDH, and R-CN for 24 h using 
the standard methyl thiazolyl tetrazolium method. The results 
show above 97% cell viabilities for all these three samples with 
concentration ranging from 12.5 to 250 µg mL−1, indicating a 
satisfactory biocompatibility and nontoxicity (Figure 5e). After 
incubating Hela cells with CN/LDH for 4 h, a clear two-photon 
excitation confocal image is obtained by using a 800 nm single 
pulse laser (Figure 5f), and the bright field and merged images 
are shown in Figure 5g,h. In the cell image with a higher mag-
nification (Figure 5i), the fluorescent signal is observed mainly 
in cytoplasm region, indicating an endocytosis of CN/LDH into 
HeLa cells.

In summary, layered carbon nitride was synthesized in 2D 
confined region of LDHs by microwave-induced condensation 
reaction of CA and urea. The resulting CN/LDH composite 
phosphor emits bright cyan light under UV light with an ultra-
high SSQY of 95.9 ± 2.2%, which is the highest value among 
carbon dots, graphene quantum dots, and carbon nitrides 
based phosphors. This superior property is due to the inhibi-
tion on carbonization process and the formation of carbon 
nitride structure in the confined reaction; furthermore, the pro-
motion toward photoexcited electron–hole recombination based 
on the host–guest electronic structure gives a predominant con-
tribution. In addition, the CN/LDH phosphor exhibits strong 
stability against external stimulus (photo, heat, pH), which 
guarantees its prospective applications in WLED and upconver-
sion cell imaging.
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Supporting Information is available online from the Wiley Online Library 
or from the author.
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