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A method was presented for fabricating the fluorescent nanocomposites containing CdTe quantum dots
(QDs) and montmorillonite (MMT)-chitosan (CS). MMT-CS/CdTe QDs nanocomposites were prepared
via a simple, versatile and robust approach combination of covalent and electrostatic assembly meth-
ods (Scheme 1). The negatively charged MMT was initially modified with positively charged CS through
electrostatic assembly, followed by incorporation of CdTe-QDs into the MMT-CS nanosheets by covalent
connections between the amino groups of CS and the carboxylic acid groups of thioglycollic acid (TGA).
The X-ray diffraction (XRD), High resolution transmission electron microscopy (HRTEM), scanning elec-
tron microscopy (SEM) and the FTIR were used to prove the QDs have intercalated into the MMT-CS
matrix. The fluorescence emission spectra showed that the MMT-CS/CdTe QDs nanocomposites had the
best fluorescence intensity compared with the bare CdTe QDs and CS-QDs.
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1. Introduction

Chitosanis the principle de-acetylated derivative of chitin which
is the second most abundant natural biopolymer after cellulose.
Chitosan is a cationic copolymer composed of randomly distributed
N-acetyl glucosamine and D-glucosamine, which exhibits some
advantages such as nontoxicity, biodegradability and biocompat-
ibility (Pan, Wu, Bao, & Li, 2011). Chitosan can interact with
bio-macromolecules without degrading them. Moreover, chitosan
is a positively charged, naturally occurring polysaccharide (Samal
et al., 2012). For this reason, chitosan can interact strongly with
negatively charged entities, including many lipids and proteins.
Owing to the unique characters mentioned above, chitosan has
been extensively investigated for several decades for drug delivery,
tissue engineering, water engineering, and so on (Chen, Chen, Bai,
& Li, 2013; Croisier & Jérome, 2013; Zhang, Chan, & Leong, 2013).
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On the other hand, the development of bio-hybrid nanostruc-
tured materials has received more attention in recent years (El
Kadib & Bousmina, 2012; Ruiz-Hitzky et al., 2013). Inorganic nanos-
tructured composites have unique mechanical, thermal, electronic
or photic performance compared with the organic ones. A current
trend in materials science involves the development of materials
with special structure and character based on the combination of
natural polymers with inorganic composites. The inorganic filler
materials including clay minerals (Darder et al., 2006), layered dou-
ble hydroxide (Wei et al., 2012), metal nanoparticles (Nandanan,
Jana, & Ying, 2008), metal oxide nanoparticles (Petkova et al.,
2014), carbon nanotube (Pan, Bao, & Li, 2011), graphene (Fan et al.,
2010) and graphene oxide (Lin et al., 2012) have been employed to
fabricate the hybrid nanostructured materials with natural poly-
mers. What’s more, semiconductor quantum dots (QDs) also have
attracted considerable attention due to their unique properties
including size-dependent optical properties, high photo-stability
and narrow emission spectra compared with the conventional
organic dyes (Kim, Woo, Jeong, & Han, 2011; Liangetal.,2013; Liang
et al,, 2014; Liu, Shi, Yu, Yang, & Zuo, 2010). QDs have been widely
used in the fields of fluorescent materials(Zhang & Chen, 2014),
optical bioimaging (Li & Zhu, 2013; Luo et al.,, 2013; Wu & Yan,
2013), photovoltaic devices (Chuang, Brown, Bulovi¢, & Bawendi,
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2014; Kamat, 2013) and light-emitting diodes (Dai et al., 2014).
Among various QDs materials, CdTe QDs possess unique fluores-
cence property. However CdTe QDs displayed a strong tendency
towards oxidization and agglomeration due to its nanosize effects,
especially in polymers (Xu et al., 2013). So, it is desirable to improve
the compatibility and stability of these nanocomposites in biopoly-
mers.

In this work, a novel method was employed to fabricate sta-
ble MMT-CS/CdTe hybrid nanocomposites. In this process, chitosan
was first intercalated into montmorillonite to get MMT-CS hybrid
composites, and then the CdTe QDs were in situ intercalated into
MMT-CS to obtain MMT-CS/CdTe hybrid nanocomposites. The as-
synthesized composites can show excellent fluorescence property
in aqueous solution. Moreover, a film containing MMT-CS/CdTe
with artificial nacre-like structure can also be produced by simple
filtration. Importantly, the multilayer hybrid films of MMT-CS/CdTe
obtained by a simple filtration method also present strong and sta-
ble fluorescence, which have potential use in optical or electronic
applications.

2. Experiment
2.1. Materials

Sodium montmorillonite (Na-MMT, G105-PGW) nan-
oclays (particle size=16-22um; aspect ratio=200-400) were
purchased from NANOCOR. Chitosan (>95% deacetylate;
viscosity,y =100-200 mPa.s), thioglycolic acid (TGA, AR, 90%)
and CdCl,-2.5H,0 (99.95%) were purchased from Aladdin. NaBH,
(96%), tellurium (Te) power, acetic acid (AR, >99.5%) and NaOH
(AR, >99.5%) were purchased from Sinopharm Chemical Reagent
Co. Ltd. The water used in this work was deionized water.

2.2. Preparation of MMT-chitosan nanosheets

MMT-chitosan nanosheets were prepared as follows (Yao, Tan,
Fang, & Yu, 2010). 0.5 g MMT was dispersed in 100 mL of deionized
water under vigorous stirring for two days and then the solution
was stayed for 24 h and took the liquid supernatant for subsequent
use. Solid content of the supernatant was 0.42 wt% and the pH was
10.14. 100 mL of 2 wt% chitosan (2 wt% of chitosan were prepared
by dissolving chitosan in an aqueous solution of 2 wt% acetic acid for
24 h before use) were added into 100 mL liquid supernatant of the
MMT solution and stirred for 6 h to form MMT-CS mixed solution.
The mixture was centrifuged and washed with deionized water to
remove the unabsorbed chitosan. Then we dissolved the MMT-CS
into 100 mL deionized water for further use (solid content=1.02%,
pH 4.02).

2.3. CdTe QDs fabrication on the structure of MMT-CS nanosheets

100 mL re-dispersion MMT-CS solution and 80 mg CdCl,-2.5H,0
were added into a three-neck bottle. After stirring for 3 h under N
atmosphere at room temperature, 72 L TGA was added into the
mixture and the pH of the mixture was adjusted to 9 using 1 mol/L
NaOH (Li et al., 2013). After that, a freshly prepared NaHTe (Cao,
2012) solution (1.085 p.L, 0.2 mol/L) was added into above mixed
solution. Several reactions were carried out at 135°C for differ-
ent reflux time (1h, 2h, 3h, 4h) to synthesize negatively charged
CdTe QDs solutions. The method to synthesis CdTe QDs aqueous
solutions without MMT-CS was almost the same with that of MMT-
CS/QDs. The only difference was that we used 100 mL deionized
water instead of 100 mL re-dispersion MMT-CS solution.

2.4. Fabrication of multilayer films of MMT-CS/QDs

The multilayer films of MMT-CS/QDs were fabricated by a one-
step layer-by-layer (LBL) (Han et al., 2011; Podsiadlo et al., 2007;
Yao, Fang, Tan, Wu, & Yu, 2010) assembly method. A 15 mL aliquot
of the MTM-CS/CdTe QDs nanosheets suspension was vacuum fil-
trated by a cellulose acetate filter membrane (0.22 wm, Jinteng) set
on a sand core (4#, ¢ =50 mm) funnel. The wet hybrid film was
rinsed gently with deionized water and dried at 40 °C by nitrogen
flow. Consequently, the film with average thickness of 0.04 mm can
be easily peeled off from the filter membrane.

3. Characterization
3.1. X-ray diffraction (XRD)

The X-ray powder diffraction (XRD) patterns were recorded on
a Bruker D8 Advance X-ray diffraction spectrometer using Cu-Ko
radiation at 80 kV and 40 mA. The scanning rate was 4°/min and the
scanning scope of 26 was 5-50° at room temperature.

3.2. Fourier-transform infrared (FTIR)

Fourier-transform infrared (FTIR) spectra of the samples were
recorded on a Nicolet 6700 FTIR spectrometer (Thermo Fisher) in
the frequency range of 4000-400 cm~!. The specimens were pre-
pared by the KBr disk method.

3.3. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was performed using
an H-7650 Hitachi transmission electron microscope operating at
160 kV. Highresolution transmission electron microscopy (HRTEM)
and selected area electron diffraction (SAED) patterns were carried
out using a FEI Tecnai G2 F30 S-Twin transmission electron micro-
scope operating at 200 kV. All the samples were diluted 20 times
in water and then dried on the carbon-coated copper grid for the
TEM measurements.

3.4. Scanning electron microscope (SEM)

The morphology of films was investigated by using a scanning
electron microscope (SEM Hitachi S-4800) equipped with an energy
dispersive spectroscopy (EDS) attachment (EMAX), and the accel-
erating voltage applied was 20kV. The films were cooled in liquid
nitrogen and then broken, and the fracture surfaces were vacuum
coated with gold for SEM.

3.5. Ultraviolet absorption and fluorescence emission

UV-vis absorption spectra were recorded on a Hitachi U-4100
spectrometer. Fluorescence spectra were recorded using a Hitachi
F-4600 spectrometer at room temperature with excitation wave-
length at 360 nm. All the solutions were diluted 50 times and all the
films were cut into strip-type and fixed on a special fixture before
UV-vis and fluorescence measurements.

3.6. Thermo gravimetric analysis (TGA)

Thermal properties of films were measured with a thermo
gravimetric analyzer (Shimadzu, model DTG-60, Kyoto, Japan). The
sample was heated from 25°C to 600°C with a heating rate of
10°C/mininanitrogen flow (30 mL/min) to avoid thermo-oxidative
degradation.
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Scheme 1. Graphic abstract for the LBL fabrication of multilayer luminous films based on MMT-CS/CdTe QDs nanoplatelets.

4. Results and discussion

MMT-CS/CdTe QDs hybrid nanocomposites were prepared via
a simple, versatile and robust approach combination of covalent
and electrostatic assembly methods. The fabrication procedure of
the nanocomposites is demonstrated in Scheme 1. The negatively
charged MMT were initially modified with positively charged CS
through electrostatic assembly, followed by incorporation of CdTe-
QDs into the MMT-CS nanosheets by covalent connections between
the amino groups of CS and the carboxylic acid groups of thiogly-
collic acid (TGA).

4.1. Preparation of MMT-chitosan nanosheets

MMT-chitosan nanosheets were prepared via the delamina-
tion of commercially available natural MMT particles (particle
size=16-22 wm; aspect ratio=200-400) in deionized water and
mixed with the positively charged CS through electrostatic assem-
bly. The procedure were examined by XRD, TEM, IR and TG to prove
the exfoliated MMT was a monolayer and combined with CS.

The changes in the packing state of the MMT lamellae in the
MMT-CS and MMT-CS/QDs were effectively detected by the XRD
patterns displayed in Fig. 1A. The interlayer distance d (001) of
MMT was 1.25nm according to the peak at a 26 value of 7.06°
(001 peak) using Bragg’s equation. However, this peak shifted to
6.27° and 5.82° when MMT were added to the CS and modified by
QDs, respectively. The interlayer distance of the MMT-CS and MMT-
CS/QDs changed to 1.41 nm and 1.52 nm, indicating that the MMT
lamellae were intercalated by CS chains and QDs. The intercalation
of MMT was attributed to the electrostatic interaction between CS
and MMT. Moreover, the incorporation of CS or CS/QDs flattened
the peaks of MMT indicating the reduced crystallinity of the MMT.
This might be ascribed to the interactions between MMT and CS
chains, which could hinder the ordered packing of the MMT lamel-
lae. The same result was proved by the TEM of the exfoliated MMT
and MMT-CS/QDs with reflux time of 2 h shown in Fig. 1C. The MMT
lamellae were coated by CS chains compared with the exfoliated
MMT.

The FTIR spectra in the 4000-400cm~! wavenumber range
of the MMT, CS, MMT-CS and MMT-CS/QDs nanocomposites are
shown in Fig. 1B. All of them show strong characteristic bands
of MMT for silicate (voyy of Al, Mg (OH) ~3632 cm1; V(OH)

of Hy0 ~3440cm™'; 8you ~1650cm~!; and v(sioy of Si—O—Si
~1040cm1). The bands attributed to the intercalated chitosan
are also observed in the spectra of MMT-CS and MMT-CS/QDs.
The frequency of vibrational bands at 1645cm~! in the pure chi-
tosan, which corresponds to the deformation vibration of the
protonated amine group (dyy3) is shifted toward lower frequency
values (1556cm~! in MMT-CS and 1567 cm~! in MMT-CS/QDs)
after combing with CS. This result can be related to the elec-
trostatic interaction between such groups and the negatively
charged sites in the MMT lamellae, which proved CS was inter-
calated into the MMT layers. The vibrational bands vy of C—
0—C ~1075cm~!(characteristic of the pyranose ring) and V(OH)
~3435cm~! in the pure chitosan overlap with the bands of the
silicate.

4.2. Modification of MMT-CS nanosheets by CdTe QDs

The CdTe-QDs inserted into the MMT-CS nanosheets through
covalent connections between the amino groups of CS and the car-
boxylic acid groups of thioglycollic acid (TGA). Fig. 2 is the HRTEM
of the MMT-CS nanosheets modified by CdTe QDs with different
reflux time. As depicted in the HRTEM images in Fig. 2(A-D), the
newly formed CdTe QDs dispersed very well on the surface of MMT-
CS. However, the CdTe QDs gathered when the reflux time was 4 h.
The insets in Fig. 2A-D are the mean size of the CdTe QDs calculated
from the HRTEM images. The mean size of the CdTe QDs increased
with prolonging the reflux time. The mean size of the CdTe QDs
with reflux time of 1 h was found to be 1.23 nm. The particle size
increased to 3.21 nm when the reflux time was 4h and the CdTe
QDs began to form clusters. Mean size and fluorescence properties
of the CdTe QDs are summarized in Table 1. The SAED pattern of
the CdTe QDs with reflux time of 2 h shows sharp diffraction rings,
indicating that the CdTe nanoparticles are well crystalline.

The modification procedure with different refluxing time was
also monitored by UV-vis adsorption and fluorescence emission
spectra. As shown in Fig. S1, the UV and fluorescence spectra of the
MMT-CS/QDs exhibit a red-shift with prolonging of the refluxing
time which accelerates the Ostwald’s ripening of the nanocrys-
tals. This can be explained by the size increase of the CdTe QDs
shown in the TEM images (Fig. 2). CdTe QDs are electronic struc-
ture intermediates between bands and bonds which result in a
direct correlation between the size and band gap energy (emitted
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Fig. 1. (A) XRD patterns of the exfoliated MMT, MMT-CS and MMT-CS/QDs; (B) FTIR spectra of the exfoliated MMT, CS, MMT-CS and MMT-CS/QDs; (C) TEM image of the

exfoliated MMT nanosheets; (a) and the MMT-CS/QDs with reflux time of 2 h (b).

Table 1
Mean size and fluorescence properties of the CdTe QDs.

Samples Reflux time (h) Mean size of QDs? (nm) Maximum emission wavelength (nm)
solution films
MMT-CS 0 - - -
MMT-CS/CdTe QDs-1 1 1.23+0.23 551 541
MMT-CS/CdTe QDs-2 2 2.05+0.46 560 544
MMT-CS/CdTe QDs-3 3 2.44+0.22 565 552
MMT-CS/CdTe QDs-4 4 3.21+£0.31 590 560

2 The mean size of the CdTe QDs was calculated from the HRTEM images by software named SmileView.

wavelength). As the size of the QD increases, the band gap energy
decreases which result in the re-shift of the UV and fluorescence
spectra(Baskoutas & Terzis, 2006; Poznyak et al.,2005). Besides, the
MMT-CS/QDs aqueous solution exist strong fluorescence intensity
when the reflux time was less than 2 h as shown in Fig. 3A. How-
ever, the fluorescence intensity decreased when the reflux time
was 3 h or more. This can be ascribed to the fact that the CdTe QDs
began to form clusters and made fluorescence quenching with the
reflux time increasing. The photographs of the MMT-CS/QDs under
UV irradiation were also displayed in the inset of Fig. 3A. Visually,
a color change from yellow-green to yellow and red along with a
decrease in brightness can be clearly observed as the increasing of
reflux time (Fig. 3A).

We also compared the fluorescence intensity of QDs, QDs-CS,
QDs-MMT and MMT-CS/QDs with the same reflux time at 2 h and
the same concentration of QDs (Fig. 3B). As we can see, MMT-
CS/QDs aqueous solution shows the best fluorescence intensity
(35% higher than the pure CdTe QDs). This might be ascribed to
the connections between CS chains and CdTe QDs. The CS chains
limit the movement of CdTe QDs and reduce the aggregation among
them. In addition, the storage stability test on the MMT-CS/QDs
aqueous solution shows that ~82.5% of its original fluorescence
intensity remained after four weeks while the simple QDs only

remained about 60.3% (Fig. S2 in Supporting information). The
results above indicate that the MMT-CS/QDs aqueous solution
possesses strong fluorescence intensity with its wavelength con-
trollable and good storage stability.

4.3. Fabrication of multilayer films of MMT-CS/QDs

The multilayer films of MMT-CS/QDs were fabricated using a
one-step LBL method. The cross section and surface microstruc-
tures of MMT-CS/QDs hybrid films were characterized by scanning
electron microscopy (SEM) to confirm the formation of well-
defined nacre-like layered structure hybrid coatings. As shown in
Fig. 4A, MMT-CS/QDs hybrid nanosheets were arranged on the sub-
strate forming nacre-like lamellar microstructure. The SEM image
of the surface (Fig. 4B) indicates that hybrid nanosheets are almost
flatly stacked.

In order to know the relative content of the elements in the
membrane, EDX spectra was obtained as shown in Fig. 4C. From the
image of the EDX spectra, it can be seen the element characteristic
peaks of Cd and Te. Thermal stability was investigated from TG
curves recorded in the 25-600 °C range, under air flow conditions
(Fig. 4D). The weight loss between 25°C and 230°C is related to
the adsorbed water molecules. The weight loss between 230°C and
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Fig. 3. (A) Fluorescence emission spectra of MMT-CS/QDs aqueous solution with different reflux time; (B) Fluorescence emission spectra of QDs, QDs-CS, QDs-MMT and

QDs-MMT-CS with reflux time of 2 h.

600°C correspond to the combustion of the intercalated chitosan.
As we expected, MMT showed excellent thermal stability, with a
residue as high as 95.87 wt% at 600 °C, while CS displayed a residue
of only 37.81 wt%. Based on the great difference of the weight loss
between MMT and CS, ranging from 230°C to 600 °C, the content of
CS that coated onto the MMT lamellae could be estimated and was

approximately 44.82 wt%. However, the MMT-CS and MMT-CS/QDs
films displayed similar thermal degradation behaviors compared
with the pure CS film. Therefore, we conclude that the CS chains in
MMT-CS mostly remained coated on the surface of MMT lamellae.

The films of MMT-CS/QDs were fabricated by a one-step LBL
assembly method and their fluorescence emission spectra are
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Fig. 5. (A) Fluorescence emission spectra of MMT-CS/QDs films with different reflux time; the inset was the photographs of the MMT-CS/QDs films under day light and UV
irradiation. (B) Fluorescence emission spectra of the MMT-CS/QDs films with reflux time of 2 h (stored at ambient temperature) recorded weekly in 4 weeks.

shown in Fig. 5A. The MMT-CS/QDs films show similar fluores-
cence property with its solution. The spectra exhibit a red-shift
with prolonging of the refluxing time. The photographs of the MMT-
CS/QDs films under day light and UV irradiation were also displayed
in the inset of Fig. 5A. Visually, all the films show strong fluores-
cence intensity and a color change from yellow-green to yellow
and red can be clearly observed as the increasing of reflux time.
Besides, the MMT-CS/QDs films also possess good storage stability
with ~92.3% of its original fluorescence intensity remained after
four weeks (Fig. 5B).

5. Conclusion

In summary, we report a feasible route to fabricate an organic-
inorganic nacre-like hybrid film using covalent and electrostatic
assembly methods. This method allows the accurate control of the

QDs’ size by refluxing the mixture with different time. Remarkably,
the MMT-CS/QDs films presented strong fluorescence property
remained after four weeks and good storage stability. The simple
preparation and tunable fluorescence property of the MMT-CS/QDs
nanocomposites provide a platform for the engineering and assem-
bling of advanced materials for potential use in an exciting range
of optical or electronic applications.
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