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Multifunctional solid-state luminescent materials are strongly desired in a wide variety of applications. In
this work, green emissive carbon dots@montmorillonite (g-CDs@MMT) composites were synthesized
based on green emissive carbon dots and MMT clays in a convenient method by embedding g-CDs into
the MMT clays. Due to the confinement of g-CDs in the layered structure of the MMT clay matrix, g-
CDs are uniformly dispersed in the resulting g-CDs@MMT solid-state composites. This efficiently pre-
vents the aggregation-induced solid-state luminescence quenching of g-CDs, and a photoluminescence
quantum yield of 11% could be achieved by the g-CDs@MMT composites under a 405 nm light.
Additionally, the g-CDs@MMT composites exhibit low-toxicity, excellent thermal stability, photostability,
resistance to organic solvents, and a small particle size. All of these advantages enable applications in fab-
ricating white light-emitting diodes with different color temperatures, where the g-CDs@MMT compos-
ites are applied as the color conversion layer. Furthermore, by using the g-CDs@MMT composites as a
fluorescence labeling marker, the latent fingerprint detection on a variety of object surfaces could be
realized.
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Fig. 1. Schematics of g-CDs@MMT composites preparation for WLEDs and the
latent fingerprint detection.
1. Introduction

Luminescent materials play a significant and special role in
human life, and have recently drawn increasing attention [1,2].
With scientific and technological developments, luminescent
materials have been applied in many fields, such as sensing, light-
ing, display, and medical diagnostics [3–9]. In particular, multi-
function solid-state luminescent materials are strongly desired in
a wide variety of applications [6,10–12]. Until now, the reported
luminescent materials have commonly focused on rare earth-
doped nanoparticles, organic dyes, semiconductor quantum dots
(QDs) and perovskite QDs [13–20]. However, these materials have
some drawbacks, such as inability to be regenerated [21], weak
thermostability [22] and potential toxicity of heavy metal ele-
ments [23–25].

In recent years, carbon dots (CDs) have been found to be one of
the most significant luminescent materials due to their unique
properties, including low toxicity [26–29], tunable emission
[30,31], low cost [10,32–38], good biocompatibility [11,39–41],
and high photostability [33,42,43], giving rise to their broad appli-
cation field, such as in latent fingerprint detection [44] and light-
emitting diodes (LEDs) [10,30,31,45,46]. Although CD-based latent
fingerprint detection has been much reported, these achievements
are mainly based on CD solutions [44]. With respect to solid-state
labeling markers, the aqueous solutions lack portability and are
difficult to preserve; moreover, the facile diffusion of the solution
usually decreases the resolution of latent fingerprint detection
when utilized to label fingerprints on paper and glass. In contrast,
the solid-state labeling markers without diffusion can better show
clear fingerprints by adhering to the residual human skin oil on the
object surfaces [47]. Therefore, CDs are more functional in a solid-
state powder format rather than in a suspension colloidal format.
However, pure CD powders cannot be directly applied as fluores-
cent labeling markers because the agglomeration of pure CDs in
the solid state can lead to serious photoluminescence (PL) quench-
ing (i.e., aggregation-induced luminescence quenching) when iso-
lated from the colloidal suspensions; this is mainly due to the
non-radiative recombination caused by energy or charge transfer
among the different luminescent centers or substances in CD
aggregates [48–51]. In addition, the aggregation-induced lumines-
cence quenching of CDs is also the main obstacle when CDs are
applied as a color conversion layer in LEDs [31,52,53]. To overcome
this problem, several organic and inorganic materials have been
utilized to disperse the CDs and maintain the PL properties of
CDs in the desired solid state, such as in silica, starch, or BaSO4

[42,52,53]. However, the adhesive ability and pulverulent state of
these CD-containing composites are not satisfactory or suitable
for latent fingerprint detection as fluorescent labeling markers.

As low-toxicity, low-cost and superior matrix material, mont-
morillonite (MMT) clay has attracted significant attention as an
inorganic filler material [54]. Several nanoparticles@MMT
nanocomposites have been demonstrated by intercalating metal
and semiconductor nanoparticles, including gold, platinum, CdS
and CdTe nanoparticles [54]. However, CDs@MMT composites
have not yet been reported, and their applications in latent finger-
print detection and LEDs have not been investigated.

In this work, based on green emissive carbon dots (g-CDs) with
photoluminescence quantum yields (PLQYs) of 14% and MMT clays,
green emissive composites are prepared by a convenient method.
The association of g-CDs and MMT in preparing the g-CDs@MMT
composites is based on multifactor interactions, including electro-
static attraction, hydrogen bonding and complexation. Due to the
confinement of g-CDs in the layered structure of the MMT clay
matrix, g-CDs are uniformly dispersed in the resulting
g-CDs@MMT solid-state composites, which efficiently prevents
the aggregation-induced solid-state luminescence quenching of
g-CDs; the PLQYs of the g-CDs@MMT composites could reach
11% under a 405 nm light. The PLQY was slightly lower than that
of g-CDs in aqueous solution due to the presence of a small number
of metal cations in MMT. However, the g-CDs@MMT composites
exhibit low toxicity, excellent thermal stability, photostability,
resistance to organic solvent, and small particle sizes. Benefiting
from these advantages, LEDs were fabricated that had different
Commission International de L’Eclariage (CIE) coordinates and tun-
able color temperature based on 450 nm chips and the g-
CDs@MMT composites, where the composites were applied as
the color conversion layer. Additionally, by using the g-
CDs@MMT composites as a fluorescence labeling marker, the latent
fingerprint detection on a variety of object surfaces could be real-
ized (Fig. 1).
2. Materials and methods

2.1. Materials

Urea (99%) was purchased from Maclin (Shanghai, China). Citric
acid (99.5%) and montmorillonite clay (MMT, catalog number:
M109698-100 g, purity: 99%) were purchased from Aladdin Ltd.
(Shanghai, China). The encapsulating materials used were epoxy-
silicon resin A and B (98%), which were purchased from Ausbond.
The raw materials were not further purified before use.
2.2. Synthesis of green light-emitting carbon dots (g-CDs)

According to our previous work, the microwave-assisted heat-
ing method was used to prepare g-CDs. Three grams of citric acid
and 6 g of urea were added to 20 mL of deionized water to form
a transparent solution. The mixed solution was microwaved for
5 min in a domestic 650 W microwave oven for deep heating, dur-
ing which the mixed solution changed in color and state from a col-
orless liquid to a dark brown solid, indicating the formation of g-
CDs. The solid was dissolved in water and centrifuged twice at
8000 rpm for 5 min to remove the aggregated particles. Finally,
the g-CD solution was obtained and freeze-dried for further use.
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2.3. Preparation of g-CDs@MMT composites

A 150 mg sample of g-CDs was dissolved in 20 mL of aqueous
solution and underwent sonication for 5 min. Three grams of
MMT clay were added to 30 mL of aqueous solution and stirred
at 500 rpm for 5 min to form the MMT clay turbid liquid. Next,
the prepared g-CDs aqueous solution was poured into the turbid
liquid, and was stirred continuously for 30 min at 500 rpm. Finally,
the g-CDs@MMT composites were obtained by filtering and were
freeze-dried for further experiments and measurements. Compos-
ites with different g-CDs-to-MMT ratios and different reaction
times were obtained via a similar procedure, but changing the g-
CDs-to-MMT ratios or the reaction times.
2.4. Preparation of g-CDs@MMT-based luminescent bulk materials

Epoxy-silicone A and B (volume ratio: 2:1) were used to dis-
perse the g-CDs@MMT composites. The mixture was continuously
stirred for 10 min until the g-CDs@MMT composites were homoge-
nously dispersed. To remove the air, the mixture was placed in a
vacuum oven for vacuum treatment. The mixture was then poured
into various molds and baked for 1 h at 60 �C, after which the var-
ious green emissive bulks were obtained.
2.5. Fabrication of light-emitting diodes (LEDs) from g-CDs@MMT
composites

Indium gallium nitride (InGaN) microchips were placed at the
bottom of an LED base, which emitted 450 nm light with a working
voltage of 3.0 V. To form the color conversion layers, g-CDs@MMT
composites were mixed with epoxy-silicone A and B at the differ-
ent volume ratios of 8:3, 5:3 and 4:3. After vacuum treatment, the
mixture were filled into the InGaN microchips and cured at 80 �C
for 1 h. In this way, LEDs based on g-CDs@MMT composites were
obtained.
2.6. Cytotoxicity assay of g-CDs, MMT and g-CDs@MMT composites

The cytotoxicity of g-CDs, MMT and g-CDs@MMT composites
were evaluated by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT) assay. RAW264.7 cells were
seeded at 5 � 103 cells per well in a 96-well plate and cultured
overnight. Different concentration of g-CDs, MMT and g-
CDs@MMT composites (0, 10, 20, 50, 100, 150, and 200 lg/mL)
were then added to the corresponding wells. After 24 h of incuba-
tion, 20 lL of MTT (5 mg/mL) was added into each well and incu-
bated for another 4 h at 37 �C. Finally, the medium was removed
and 150 lL of dimethyl sulfoxide was added to each well to dis-
solve the formed purple precipitate. The absorbance was detected
by a microplate reader at 570 nm.
2.7. Fingerprintings based on g-CDs@MMT composites

Tinfoil, glass and plastic were used to collect fingerprints, and g-
CDs@MMT composites were used as fluorescent labeling makers.
Before preparing the fingerprints, the hands of donors were thor-
oughly washed in water and dried by a hairdryer. The fingers were
then pressed onto the tinfoil, glass and plastic to prepare the fin-
gerprint samples, which were allowed to dry in the ambient atmo-
sphere for 1–2 min. Finally, the g-CDs@MMT composites were
sprinkled onto the fingerprint samples, and the superfluous power
was brushed with a brush. Latent fingerprint detection under UV
light showing green emission was then realized.
2.8. Characterization

PL spectra and UV–visible absorption spectra were collected by
a Hitachi F-7000 spectrophotometer and a Shimadzu UV-3010 PC
spectrophotometer, respectively. The calibrated integrating sphere
in an FLS920 spectrometer was used to calculate the photolumi-
nescence quantum yields (PLQYs) of the g-CDs solutions and the
g-CDs@MMT composites under 405 nm excitation. The photosta-
bility of the g-CDs@MMT composites and commercial fluorescein
sodium were tested through continuously irradiating these sam-
ples with a 15W mercury lamp equipped with a 450 nm short
wave pass filter (power density: 1.6 W�cm�2) at ambient room
temperature; each measurement was taken three times. Transmis-
sion electron microscopy (TEM) was carried out with a Hitachi H-
800 electron microscope, and a JEOL FESEM 6700F electron micro-
scope with a primary electron energy of 3 kV was used for scanning
electron microscopy (SEM) of the g-CDs@MMT composites. X-ray
photoelectron spectroscopy (XPS) was conducted on a VG ESCALAB
MKII spectrometer with Mg KR excitation (1253.6 eV). The binding
energy calibration was based on C 1s at 284.6 eV. Fourier transform
infrared (FTIR) spectra were obtained on a Nicolet AVATAR 360
FTIR instrument. The zeta potential measurements were per-
formed on a Zetasizer Nano-ZS (Malvern Instruments). The energy
dispersive spectra (EDS) and the elemental mapping of the g-
CDs@MMT composites were carried out using an Inca X-Max
instrument (Oxford instruments), and X-ray powder diffraction
(XRD) of the g-CDs@MMT composites was recorded by a Siemens
D5005 diffractometer. A single lensreflex camera (Nikon D70)
and C2+ confocal microscope system (Nikon Confocal Instruments)
were used to obtain images of the products and the fluorescence
microscopy images of the g-CDs@MMT composites, respectively.
3. Results and discussion

The g-CDs were synthesized from citric acid and urea by a
microwave-assisted heating method according to our previous
work [52]. During this process, citric acid and urea are joined by
dehydration condensation and subsequent carbonization to form
the g-CDs. As seen from Fig. S1, the aqueous solution of g-CDs pre-
sents faint yellow color under sunlight, while under ultraviolet
(UV) light it gives a strong green luminescence. The UV–vis absorp-
tion peak of the g-CDs aqueous solution was centered at 410 nm,
which demonstrates a strong blue light absorption. The PL emis-
sion spectrum of the g-CDs aqueous solution showed a peak
located at 522 nm under 405 nm light, with PLQYs of 14% (Fig. S1).

To achieve stable and strong luminescent materials of g-CDs in
a solid state, the g-CDs were joined with MMT clays to prevent g-
CD aggregation, because solid-state g-CD could induce lumines-
cence quenching. The g-CDs were dissolved in 20 mL of aqueous
solution, and MMT clay was dispersed in aqueous solution to form
a turbid liquid. The g-CDs aqueous solution was then mixed with
the MMT clay solution. During this process, g-CDs interact with
the MMT clay layers through multifactor interactions (discussed
later), finally leading to the formation of g-CDs@MMT composites
(Fig. 1). In this convenient approach, g-CDs@MMT composites are
easily and quickly prepared. To optimize the quality of the g-
CDs@MMT composites, composites with various preparation times
were obtained by changing the mixing times of the g-CDs and
MMT (0.5, 4, 8, and 24 h). Their PL emission spectra and PLQYs
were nearly identical (Figs. 2c and S2), indicating that a mixing
time of 30 min was sufficient to allow optimum access of the g-
CDs into MMT. As shown in Fig. 2a and b, under sunlight the com-
posites presented as faint yellow powders. When irradiated by UV
light, the g-CDs@MMT composites emitted a bright green fluores-
cence from the g-CDs, whereas MMT clay alone had no PL emission



Fig. 2. The images of g-CDs@MMT composites synthesized by mixing g-CDs and MMT for 30 min under (a) sunlight and (b) UV light. (c) The absorption, PL emission and PL
excitation spectra of g-CDs@MMT composites. (d) Excitation-emission maps of g-CDs@MMT composites.
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under UV light (Fig. S3). Moreover, the mass ratio of g-CDs to MMT
in the composites can be easily adjusted by varying the initial con-
centration of g-CD aqueous solution (Figs. S4 and S5). Fig. 2c shows
the absorption, PL emission and PL excitation spectra of the g-
CDs@MMT composites, with the PL peak located at 525 nm under
405 nm light excitation and PLQYs of 11%, which is a slightly lower
than that of the g-CDs aqueous solution. The reduced PLQYs are
mainly due to the presence of a small number of metal cations in
the composites (Fig. 3d), which could slightly deteriorate the PL
property of the g-CDs [55]. This conclusion can be further demon-
strated by comparing the PL decay curves of the g-CDs and the g-
CDs@MMT composites (Fig. S6). As seen from Fig. S6, the lumines-
cence lifetime of the g-CDs@MMT composites (4.75 ns) is shorter
Fig. 3. (a) HRTEM image, (b and c) SEM images, and (d) EDS pattern of the g-CDs@MMT
MMT (red line). (For interpretation of the references to colour in this figure legend, the
than that of the g-CD solution (5.95 ns), indicating that the nonra-
diative recombination rate in the composites is somehow higher
compared with that of the g-CDs solution, leading to the reduced
PLQYs. Nevertheless, the g-CDs@MMT composites with PLQYs of
11% are still able to be used in LEDs according to our previous stud-
ies [56]. By comparing the excitation-emission maps of the g-CD
aqueous solution and the g-CDs@MMT composites, it was found
that these two matrixes were similar, indicating the successful
incorporation of g-CDs into MMT (Figs. 2d and S1b).

To investigate the mechanism of the association between the
g-CDs and MMT during the fabrication of the composites, analyses
of the zeta potential, Fourier transform infrared (FTIR) spectra, and
X-ray photoelectron spectroscopy (XPS) were carried out. In our
composites. (e) XRD patterns of the g-CDs@MMT composites (black line) and pure
reader is referred to the web version of this article.)
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previous work, the zeta potential of g-CDs in aqueous solution was
measured to be �32 mV [52], and the negative potential was
mainly due to the presence of many carboxyl and hydroxyl groups
on the g-CD surface, which was also confirmed by FTIR and XPS
(Figs. S7 and S8). On the other hand, the zeta potential of MMT
in aqueous solution was measured to be 37 mV (Fig. S9). Therefore,
there is electrostatic attraction between g-CDs and MMT, promot-
ing their association. In addition to electrostatic attraction, further
FTIR and XPS characterization found that there are other interac-
tions, including hydrogen bonding and complexation. As shown
in Fig. S7, the FTIR spectrum of g-CDs exhibits a C@O stretching
vibration at 1700 cm�1 along with OAH/NAH stretching vibration,
indicating the presence of carboxyl and hydroxyl groups. MMT pre-
sents AlAOH bending vibration at 917 cm�1, SiAO stretching vibra-
tion at 1029 cm�1, OAH bending vibration at 1390 and 1634 cm�1,
and OAH stretching vibration, showing that there are many hydro-
Fig. 4. (a) Optical image and (b) fluorescent image of the g-CDs@MMT composites i
composites and epoxy-silicone resin, are taken under (c) sunlight and (d) UV light.

Fig. 5. (a) The decay curves of the PL intensity of the g-CDs@MMT composites (black sph
conditions. (b) The variation of PL intensity of a bulk material, prepared by mixing the c
measured at 85 �C. The error bars are based on three repeat experiments. (For interpretat
version of this article.)
xyl groups in the MMT clays. Therefore, hydrogen bonds could be
formed between the carboxyl/hydroxyl groups of the g-CDs and
the hydroxyl groups of MMT during composites fabrication.
Another interaction, complexation between g-CDs and MMT was
confirmed by XPS analysis (Fig. S8). In the g-CD XPS spectrum,
the C 1s and O 1s spectra prove the existence of the carboxyl and
hydroxyl groups, and these groups could interact with the metal
cations that are present in the MMT clay clays (i.e., Al) through
complexation. Compared to pure MMT, the peak of Al 2p in the
composites was shifted to a lower binding energy, which should
be ascribed to the coordination effect between the Al in MMT
and the carboxyl/hydroxyl groups in the g-CDs. The carboxyl/
hydroxyl groups in g-CDs could provide Al with electrons, which
increase the electron cloud density of Al, resulting in a decreased
Al binding energy. In addition, since there are no C elements in
MMT, the presence of C elements in the g-CDs@MMT composites
n CHCl3. The images of luminescent bulks, which are composed of g-CDs@MMT

eres) and fluorescent dye (red spheres) under UV light (1.6 W�cm�2) with the same
omposites and the epoxy-silicone resin and subsequently heating the mixture, was
ion of the references to colour in this figure legend, the reader is referred to the web
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further proves the successful loading of g-CDs into MMT (Fig. S8e).
Over, the association of g-CDs and MMT in preparing the g-
CDs@MMT composites is based on multifactor interaction, includ-
ing electrostatic attraction, hydrogen bonding and complexation.

To further characterize the structure, morphology and compo-
sition of g-CDs@MMT composites, high-resolution transmission
electron microscopy (HRTEM), scanning electron microscopy
(SEM), energy dispersive spectra (EDS) and X-ray powder diffrac-
tion (XRD) studies were carried out. In the HRTEM and SEM
images of pure MMT, there were no g-CDs present (Fig. S10).
In contrast, the HRTEM image in Fig. 3a shows that the structure
of g-CDs@MMT composites is layered and the g-CDs are dis-
persed within the layers without obvious aggregation. The lattice
spacing of g-CDs in the HRTEM image is 0.24 nm, which is con-
sistent with the (1 1 0) lattice plans of graphitic carbon [48]. As
shown in Fig. 3b and c, SEM images further revealed that g-
CDs@MMT composites are layered structure. The layered stripes,
which are marked by the yellow dotted lines in Fig. 3c, are
clearly visible in the high-resolution SEM images. Based on the
EDS spectrum (Fig. 3d), the g-CDs@MMT composites are com-
posed of eight elements, including C, N, O, Fe, Mg, Al, Si and S.
Of these, a portion of the C, N and O belongs to the g-CDs,
whereas S, Fe, Mg and Al originate from MMT clays. In addition,
the EDS analysis confirmed that PLQYs of g-CDs@MMT compos-
Fig. 6. Images of working WLEDs with different CIE coordinates and color temperatures.
5:3 and (g) 8:3. The corresponding spectra of WLEDs are shown in (b), (e) and (h). The
interpretation of the references to colour in this figure legend, the reader is referred to
ites are indeed affected by metal elements. According to the
HRTEM, SEM and EDS analysis the g-CDs are certainly embedded
into the MMT clay layers. Furthermore, the XRD pattern of g-
CDs@MMT composites is consistent with that of pure MMT clays
(Fig. 3e). For the g-CDs, there are no significant single peaks in
the XRD pattern because they are weak and overlapped by those
of MMT [52].

Due to the good stability of g-CDs and the protection of the
MMT clays, g-CDs@MMT composites also possess the ability to
resist organic solvents. As shown in Fig. S11, the g-CDs remained
undissolved in chloroform, maintaining an aggregated state that
cause fluorescence quenching. Under UV light, the chloroform
solution containing the g-CDs had almost no photoluminescence.
After treatment with chloroform, the g-CDs were dried in an oven
and then dissolved in deionized water. Their absorption spectra
and PL emission spectra were identical to those of untreated g-
CDs in aqueous solution. Similarly, Fig. 4a and b shows that the
g-CDs@MMT composites were not dissolved or swollen in chloro-
form. Under UV light excitation, g-CDs@MMT composites can sta-
bly emit strong green luminescence (Fig. 4b). Due to the excellent
resistance to organic solvent, g-CDs@MMT composites can be
mixed with epoxy-silicone resin A and B, which are types of com-
mercial packing materials, to form luminescent bulk materials
(Fig. 4c and d). The resultant strongly luminescent bulk materials
The volume ratios of g-CDs@MMT composites to epoxy-silicone resin are (a) 4:3, (d)
detailed CIE coordinates and color temperature are shown in (c), (f) and (i). (For

the web version of this article.)
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can be easily molded into different shapes (Fig. 4c). Under UV light
excitation, the bulk materials show green emission, which is con-
sistent with the g-CDs@MMT composites (Fig. 2b and d). The
homogeneous emissions from the whole bulk materials suggest a
good distribution of the composites within the packing materials,
which is ascribed to the pulverulent state of the composites
(Figs. 3b and 4d).

Meanwhile, g-CDs@MMT composites have excellent photosta-
bility under UV light, as do g-CDs. At ambient room temperature,
a UV light (15 W mercury lamp equipped with a 450 nm short-
wave pass filter; power density: 1.6 W�cm�2) was used to compare
the photostability of g-CDs@MMT composites with commercial
fluorescein sodium which is a common fluorescent dye. As seen
from Fig. 5a, when irradiated by UV light, the PL intensities of all
samples underwent deterioration. The PL intensity of fluorescent
dye decreased at a very fast rate. In the first 5 min, the PL intensity
decreased by more than 20%. After 20 min, the PL intensity
decreased below 50% of its initial intensity. When irradiated for
60 min, its PL intensity further decreased by more than 80%.
Finally, less than 20% of the PL intensity was retained. However,
the PL intensity of the g-CDs@MMT composites was maintained
in a stable state. When continuously irradiated by UV light for
60 min, the PL intensity of the g-CDs@MMT composites was main-
tained at approximately 98%. According to our previous study, the
temperature of LEDs at the working voltage is approximately 85 �C
[57]. At this temperature, the g-CDs have good stability (Fig. S12);
therefore, the g-CDs@MMT composites are expected to exhibit
excellent thermal stability. To verify the potential of using g-
Fig. 7. Latent fingerprints detection images taken under (a–c) sunlight and (d–f) UV ligh
substances tinfoil (a and d), glass (c and d) and plastic (e and f).
CDs@MMT composites in LEDs, a bulk material (shown in
Fig. 4d) was first prepared by mixing the composites and the
epoxy-silicone resin; then the PL intensity of the bulk materials
was monitored in situ at 85 �C for 70 min (Fig. 5b). After 70 min
of heating, the PL intensity of the bulk materials containing g-
CDs@MMT composites was nearly unchanged, indicating the great
potential of applying g-CDs@MMT composites in LEDs as a color
conversion layer. Importantly, the g-CDs@MMT composites have
low toxicity, primarily because the component g-CDs and MMT
also have low toxicity, as demonstrated by toxicity assays
(Fig. S13). RAW264.7 cells were selected to test the cytotoxicity
mainly because these cells can phagocytize foreign materials. This
phagocytic behavior can be used to better evaluate the toxicity of
the materials inside the cell. Therefore, all of the aforementioned
advantages, including excellent photostability, thermal stability,
resistance to organic solvent, and small particle sizes, ensure the
further applications of g-CDs@MMT composites in LEDs upon mix-
ing with commercial packing materials and in latent fingerprint
detection.

White LEDs (WLEDs) (Fig. 6) could be fabricated based on g-
CDs@MMT composites and a blue-emitting chip with 450 nm
emission (Fig. S14). First, g-CDs@MMT composites were mixed
with epoxy-silicon resin A and B, and the mixture was then applied
as a conversion layer in fabricating the WLEDs by depositing on the
blue-emitting chips. The WLEDs were then placed in an oven at
80 �C for 1 h to solidify. By adjusting the amount of g-CDs@MMT
composites, WLEDs with different CIE coordinates and color
temperatures are obtained. As seen in Fig. 6, the mass ratios of
t using g-CDs@MMT composites as the fluorescent labeling markers on a variety of
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the g-CDs@MMT composites and epoxy-silicon resin ranged from
8:3 to 4:3, and three different samples were fabricated. Fig. 6d
shows a WLED with CIE coordinates of (0.36, 0.38) and color tem-
perature of 4598 K. By reducing the amount of g-CDs@MMT com-
posites, a cool WLED with CIE coordinates of (0.22, 0.23) and a
color temperature of 53131 K was achieved (Fig. 6a and c). Con-
versely, by increasing the g-CDs@MMT composites concentration,
a warm WLED was realized, whose CIE coordinate and color tem-
perature were (0.46, 0.49) and 3232 K, respectively (Fig. 6g and
i). The variations in LED color temperature when changing
composite-epoxy-silicon resin ratio is due to reabsorption among
the g-CDs. Because there is an overlap between the PL emission
and absorbance of the g-CDs@MMT composites (Fig. 2b), reabsorp-
tion can occur due to the energy emission along the light transmis-
sion path.[52] When adjusting the mass ratios of composites and
resin, reabsorption could clearly be observed, This phenomena
could also be demonstrated by the LED PL emission spectra
(Fig. 6b, e and h), resulting in a red shift of the emission peaks.
The reabsorption process could be further proved by measuring
the PL emission spectra of three bulk materials with various
composite-to-resin ratios (1:18, 1:6, and 1:4). As shown in
Fig. S15, as the composite-to-resin ratio increased, the reabsorp-
tion process becomes stronger, resulting in an obvious red shift
of 54 nm and low emission efficiency. Furthermore, due to the
good photostability of the g-CDs@MMT composites (Fig. 5a), the
fabricated WLEDs are quite stable (Fig. S16). After continuously
working for three weeks, the emission intensity of the WLEDs
was nearly unchanged, indicating the usability of the g-
CDs@MMT composites in real-world systems and applications.

The g-CDs@MMT composites can also be used to collect finger-
prints in the areas of healthcare and forensic science. Fig. 7 displays
the images of fingerprints by using g-CDs@MMT composites as a
fluorescent labeling marker on various materials, such as tinfoil,
glass and plastic. Fig. 7a, c and e shows the fingerprints on tinfoil,
glass and plastic under sunlight, respectively. Under UV light, it is
clear that the green-emissive fingerprints are well detected with-
out background staining, including finger ridge details (Fig. 7b, d
and f). The clear fingerprints without background staining indicate
that the g-CDs@MMT composites can be adhered by the residual
oil in human skin, whereas almost no composites are located in
the area without a fingerprint, leading to the enhancement of the
signal-to-noise ratio. Moreover, the application of g-CDs@MMT
composites efficiently avoids the diffusion of liquid fluorescent
labeling markers on the surfaces, which is a unique advantage.
Hence, using g-CDs@MMT composites as fluorescent labeling
markers for latent fingerprint detection is a significant area of
application.
4. Conclusions

Solid-state highly photoluminescent materials are highly
sought after for the development of high-performance LEDs and
for use in latent fingerprint detection [1,5,6]. Although various
solid-state photoluminescent materials, such as rare earth-doped
nanoparticles, organic dyes, semiconductor QDs and perovskites
QDs, have been explored, some limitations remain in their applica-
tion, including the inability to be regenerate, weak thermostability,
and potential toxicity [21–25]. Thus, the exploration of novel solid-
state luminescent materials has attracted increasing attention. This
work, along with previous studies, indicates that latent fingerprint
detection and WLEDs with tunable CIE coordinates and color tem-
perature can be realized by applying g-CDs@MMT composites
[22,42,52,53]. The role of MMT clay during the process of preparing
g-CDs@MMT composites is to prevent g-CD aggregation, maintain-
ing the fluorescence of g-CDs in the solid state. Furthermore,
through zeta potential, FTIR and XPS characterizations, the synthe-
sis of the g-CDs@MMT composites has been shown to be based on
multifactor interactions, including electrostatic attraction, hydro-
gen bonding and complexation. Through these strong interactions,
g-CDs@MMT composites were fabricated and had a PL peak posi-
tion at 525 nm and PLQYs of 11% at 405 nm excitation. Due to
the properties of the MMT clay, the g-CDs@MMT composites
exhibited photo-stability, thermostability and resistance to sol-
vents. After continuous UV irradiations for 60 min and storage at
85 �C for 70 min, the PL intensity of the g-CDs@MMT composites
could be preserved at 98% and 100%, respectively. All of the above-
mentioned advantages allow g-CDs@MMT composites to be used
as a conversion layer in WLEDs. By adjusting the amount of g-
CDs@MMT composites, WLEDs with tunable CIE coordinates and
color temperature could be fabricated, and the fabricated WLEDs
were able to continuously work for five hundreds hours without
changes in the emission intensity. In addition, g-CDs@MMT com-
posites have smaller particle sizes. This allows them to be used
for fingerprint collection in healthcare and forensic science appli-
cations. These findings contribute new insights into the novel
design of CDs-based luminescent materials, broadening the possi-
bilities for CD applications.
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