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A B S T R A C T   

We herein report a simple method for preparing luminescent and highly toughened transparent epoxy/copper 
indium sulfide-zinc sulfide (CIS-ZnS) nanocomposite for coating applications. Briefly, fluorescent organically 
soluble dodecanethiol-capped CIS-ZnS core–shell quantum dots (QDs) was prepared via a solvothermal method. 
The as-synthesized QDs were small, spherical and highly crystalline, with an average particle diameter of 2.7 nm 
and improved photoluminescence quantum yields. The QDs were then dispersed in an epoxy matrix to produ
ce a luminescent, transparent, and toughened nanocomposite with excellent mechanical properties: 5348.45 ±
58 J/m2 impact strength value (90 % better than epoxy system only), 34.6 ± 2.8 MPa tensile strength and 6.55 
± 0.31% elongation at break value (significant increment compared to the neat epoxy system). The proposed 
method is facile and efficient in preparing luminescent, transparent and toughened surface coating materials, 
which could be used for various physical and automobile applications.   

1. Introduction 

Over the past two decades, semiconductor nanoparticles known as 
quantum dots (QDs) have shown great promise in light emitters, fluo
rescent coatings and biological imaging applications [1–9]. While much 
interest has been obtained using binary II-VI QDs, they are mostly 
characterized with heavy metal toxicity (Cd, Hg) which are potentially 
harmful to humans and the environment [10,11]. Consequently, other 
materials have been regarded as substitutes, such as binary III-V com
pounds and ternary I-III-VI compounds. Due to their high coefficient of 
absorption and non-toxic makeup, I-III-VI chalcopyrite QDs like CuInSe2 
(CISe), AgInS2 (AIS), CuInS2 (CIS), and AgGaS2 (AGS) have received the 
most attention [6,12–23]. 

Most researchers have recently shifted their focus from synthesis to 
applications of these QDs materials [24–28]. Due to their physical 
characteristics, such as light weight and endurance when compared to 
other matrices like metals and ceramics, polymers are one of the most 

popular and, along with QDs, the best options for high-end applications 
[29–31]. In this regard, epoxy resin has shown to be the optimal polymer 
matrix candidate due to its high glass transition temperature, superior 
transparency, and low water absorption during end-product 
manufacturing [29,30,32–35]. QDs have become one of the most 
important and efficient epoxy modifiers among nanomaterials due to 
their significant potential for use in electronics, photonics, optoelec
tronics, structural, and bio-applications. One of the crucial elements 
affecting the epoxy nanocomposite’s optical characteristics is the 
effective dispersion of the QDs inside the polymer matrices [33,36–41]. 

Wang and Sun et al. synthesized CdSe/CdS/ZnS core/multi-shell QDs 
for the first time in paraffin liquid via a phosphine-free process [42]. 
Transparent and fluorescent epoxy/ CdSe-CdS-ZnS core-multi shell QD 
polymer nanocomposites with superior mechanical properties compared 
to the neat polymer matrix have been successfully reported by Sneha 
and colleagues [33]-However, as far as the authors know, no work has 
been published on the synthesis and application of epoxy-ternary QDs 
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composites. In this paper, we describe the fabrication of toughened 
epoxy/CIS-ZnS core–shell QDs nanocomposites that are extremely lu
minous. The as-synthesized nanocomposite exhibited dual properties, i. 
e. fluorescent and mechanical properties. The reported method is novel, 
facile and useful for fluorescent and toughened coating applications. 

2. Experimental methods 

2.1. Materials 

Copper Iodide (CuI), indium acetate (InAc3), zinc acetate, 1-octade
cene, 1-dodecanethiol (>98%), chloroform, hexane and acetone were 
purchased from Sigma Aldrich, South Africa. Atul Ltd. in India provided 
the Lapox L12, diglycidyl ether of bisphenol-A (DGEBA), epoxy resin 
(mean epoxy equivalent weight 182–192 gm/eq), and Lapox-K5, 4, 4′- 
diaminodiphenylmethane (DDM). 

2.2. Sample preparation 

2.2.1. Synthesis of dodecanethiol (DDT) capped CIS-ZnS core–shell QDs 
In a typical synthesis, CuI (0.25 mmol, 0.0476 g) and In(Ac)3 (1.0 

mmol, 0.2920 g) were added to a Teflon-lined autoclave. 20 mL of 1 
dodecanethiol (DDT), which serves as both a solvent and a sulfur pre
cursor, was then added to the above mixture. The autoclave was then 
heated to a temperature of 180 ◦C for 5 h followed by cooling at room 
temperature. A reddish solution was seen in the autoclave container, 
indicating the formation of core CIS QDs. A consecutive ZnS shell 
overcoating was performed over core CIS QDs by adding Zn acetate (8 
mmol, 1.7650 g), DDT (2 mL), and 1-octadecence (ODE) (8 mL) to the 
crude CIS solution and heated to 200 ◦C for 14 h in the autoclave. After 
cooling to room temperature, a yellowish-orange core–shell CIS- ZnS 
QDs was obtained, which was then dispersed in chloroform. The QDs 
was then isolated from the solution by precipitation with acetone, fol
lowed by centrifugation and drying. Scheme 1 shows a schematic rep
resentation of the preparation of DDT capped core CIS and CIS-ZnS 
core–shell QDs. 

2.2.2. Preparation of epoxy/ (DDT) capped CIS-ZnS core–shell QDs 
nanocomposite: 

The epoxy/QDs nanocomposites were prepared by the melt mixing 
technique. Typically, core-multi-shell QDs solution (0.2 wt%) was mixed 
with epoxy resin by probe-sonication at room temperature for 15 mins 
followed by magnetic stirring at 80 ◦C. The stoichiometric volume of 
DDM (4.4 ’diamino diphenyl methane) hardener was then applied to the 

system after full elimination of bubbles and stirred at 90 ◦C for 10 mins. 
It was then poured into the pre-heated mould and cured for 3 h at 90 ◦C 
and then post-cured for 3 h at 170 ◦C. The samples were then allowed to 
cool to ambient temperature and cut to the necessary dimensions for 
characterization. The same reaction conditions were used to cure neat 
epoxy resin for comparison. 

2.3. Characterization techniques: 

The PL. emission spectra were collected using a spectrophotometer 
made by Shimadzu, Japan (RF-6000). The following equation was used 
to determine the photoluminescence quantum yield (PLQY), 
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where ФS and ФR are the sample and reference quantum yield, IS. and IR 
are the sample and reference integrated intensities, AS and AR are the 
sample and reference excitation wavelength absorbance, and nS and nR 
are the sample and reference refractive indices, respectively. The 
reference standard was a rhodamine 6G ethanol solution with a quan
tum yield of ФR = 0.95. Measurements of absorption spectra were car
ried out in the wavelength range between 200 and 900 nm using the 
Perkin Elmer Lambda 25 UV–Vis spectrophotometer. Fourier transform 
infrared spectroscopy (FTIR) analysis was carried out using Spectrum 
two Universal Attenuated Total Reflection (UATR) spectrometers. 
Transmission electron microscope (TEM) images and selected area 
electron diffraction (SAED) patterns of CIS and CIS-ZnS QDs were ob
tained with a JEOL JEM − 2100 microscope. The chemical composition 
of CIS and CIS-ZnS QDs was determined by energy-dispersive spectros
copy (EDS) attached to the TEM. The XRD patterns were obtained on a 
Bruker D8 Advance diffractometer using monochromatic Cu-Kα1 radi
ation (λ = 1.5406 Å). The tensile tests of the neat epoxy and epoxy/QDs 
nanocomposites were conducted at room temperature with a Tinius 
Olsen H50KT testing machine for Type I measurement according to 
ASTM D638. For notched specimens with dimensions of 63.5x 12.7x 3 
mm, the Izod impact strength of the neat epoxy and epoxy/QDs nano
composites was analyzed at room temperature as indicated in ASTM 
D256 using a Zwick Roel HIT25P impact tester machine with 5.5 J at 
23 ◦C as per ASTM D 256. 

Scheme 1. Synthesis of DDT capped CIS core QDs and CIS-ZnS core–shell QDs.  
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3. Results and discussions 

3.1. Optical properties of DDT capped CIS core and CIS-ZnS core–shell 
QDs: 

The synthesis of QDs was carried out in the organic phase by using 
solvothermal method. For CIS core QDs synthesis, the Cu:In ratio was 
maintained at 1:4 as this ratio has been reported in the literature to 
produce the CIS QDs with excellent optical properties [2,14,43–46]. The 
ZnS shell was then grown over the CIS QDs to improve its optical 
properties further. The absorption spectra of CIS core and CIS-ZnS cor
e–shell QDs are shown in Fig. 1a; CIS QDs exhibit a broad absorption 
peak at 481 nm, whereas the CIS-ZnS core–shell QDs exhibit an ab
sorption peak at 472 nm. The corresponding PL spectra were shown in 
Fig. 1b where CIS core QDs exhibit a broad peak centred at 626 nm while 
CIS-ZnS QDs were observed at 586 nm. The observed blue shift of CIS- 
ZnS QDs in both the absorption and PL spectra, when compared to 
core CIS QDs, is attributed to the partial diffusion of Zn ions from the 
shell to the core, which enlarges the bandgap of the core CIS QDs. The 
growth of ZnS increased the PL intensity of the QDs, indicating the 
passivation of the core QDs defect sites. This blue-shift emission and the 
enhanced fluorescence were also observed visually in the fluorescent 
images under UV lamp where CIS core QDs displayed red emission with 
weak intensity while CIS-ZnS core–shell QDs showed bright and yellow 
emission (Fig. 1d). Consequently, the PLQY of CIS QDs and CIS-ZnS 
core–shell QDs were measured to be 3.5 and 24.3 %, respectively. 

3.2. FTIR Studies: 

The surface chemistry of the as-produced QDs was investigated using 
the FTIR (Fig. 2). The FTIR spectrum of DDT revealed three distinct 
absorption peaks around 2950 cm− 1, 2923 cm− 1, and 2853 cm− 1, 
attributed to the asymmetric stretching of CH3, the asymmetric 
stretching of CH2 and the symmetric stretching of CH2, respectively. The 
other distinct peaks in DDT around 1500 cm− 1 and 700 cm− 1 are 
attributed to CH2 wagging and C-S stretching vibrations, respectively. 
These peaks were also present in the QDs, suggesting that QDs were 
capped by DDT. Therefore, it can be clearly proved that the surface 
ligand is DDT. 

3.3. TEM and EDS studies: 

The TEM micrographs of the as-synthesized QDs (Fig. 3 a and b) 
show that they are small and spherical. The particle size of CIS QDs (Fg. 
3e) was within the range of 1.8 nm to 3.0 nm, with an average particle 
diameter of 2.1 nm, while that of CIS-ZnS core–shell QDs (Fig. 3f) was 
found to be in the range of 2.2 nm to 3.2 nm with an average particle 
diameter of 2.7 nm. The broad size distribution is due to the synthesis 
based on non-injection and can be partly attributed to the continuous 
release of S2- from the DDT molecule during the reaction [4].The 

increased particle size of CIS-ZnS QDs showed the deposition of ZnS 
shell over core CIS QDs. The HRTEM micrographs of the as-prepared 
QDs also showed distinct lattice fringes [Fig. 3 (a) and (b)] inset] 
demonstrating the crystallinity of the QDs. The presence of the elements 
Cu, In, S for CIS QDs and Cu, In, Zn and S for CIS-ZnS QDs were 
confirmed by the EDS (Fig. 3c and d). 

3.4. Crystal structure of CIS and CIS-ZnS QDs [XRD and SAED]: 

The SAED and XRD patterns of CIS QDs and CIS-ZnS core–shell QDs 
are shown in Fig. 4. For CIS QDs, three significant diffraction peaks with 
2θ values of 28◦, 46.5◦, and 54.9◦ are observed. These peaks are well 
indexed to the (112), (204), and (312) planes of the known CuInS2 
phase tetragonal chalcopyrite (JCPDS 85–1575) structure [15]. The XRD 
peak positions changed to a higher 2θ value after the ZnS shell forma
tion. The observed broadness of XRD peaks could be attributed to the 
nanocrystalline nature of the QDs, which is also confirmed by ring 
patterns in the selected area electron diffraction (SAED). 

3.5. Optical properties of epoxy/ CIS-ZnS QDs nanocomposite: 

The PL spectra of epoxy/CIS-ZnS QDs nanocomposites (0.2 wt%) 
excited at 380 nm are shown in Fig. 5. The maximum emission wave
length of the neat epoxy (cured) was observed at 454 nm, which 
increased to 491 nm in the core–shell nanocomposite. In addition, the PL 
intensity of the epoxy increased after the dispersion of the fluorescent 
QDs. This is further supported by the photographic image obtained 
under the UV lamp (365 nm). The neat epoxy showed blue emission 
[Fig. 5(b)] while the epoxy/ CIS-ZnS QDs (0.2 wt%) nanocomposite 

Fig.1. (a) UV–Visible spectra of CIS and CIS-ZnS QDs; (b) Photoluminescence (PL λexc = 450 nm) spectra of CIS and CIS-ZnS QDs, (c) & (d) shows the photographic 
images of CIS and CIS-ZnS QDs under room light and UV lamp (red-CIS and Yellow-CIS-ZnS), respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig.2. FTIR spectra of DDT, CIS and CIS-ZnS QDs.  

V.P.R. Remya et al.                                                                                                                                                                                                                            



Materials Science & Engineering B 297 (2023) 116726

4

showed bright yellow emission [Fig. 5(c)] like that of core–shell QDs 
before curing. After curing, the epoxy showed blue emission [Fig. 5(d)] 
while the corresponding epoxy- CIS-ZnS QDs nanocomposite showed 
cyan colour emission [Fig. 5 (e)]. The transparency of the neat epoxy 
was retained in the core–shell QDs nanocomposite [Fig. 5.(f &g)]. This is 

attributable to the QDs’ excellent dispersion within the continuous 
epoxy matrix as well as the matched refractive indices of the epoxy 
polymer and QDs [33]. 

The transmission spectra of the neat epoxy and epoxy CIS-ZnS QDs 
nanocomposite is shown in Fig. 6. Following the addition of CIS-ZnS 

Fig.3. TEM images of (a) CIS QDs, (b) CIS-ZnS QDs, (Insets: HRTEM images showing crystallinity of the QDs. EDS patterns of (c) CIS QDs, (d) CIS-ZnS QDs, (e) and (f) 
are the corresponding particle size distribution. 

Fig.4. (a) XRD patterns, (b) and (c) are SAED patterns of CIS and CIS-ZnS QDs.  

Fig.5. (a) PL spectra of neat epoxy and epoxy/CIS-ZnS core–shell QDs nanocomposite; (b) & (c) are the photographs of neat epoxy and epoxy/CIS-ZnS core–shell QDs 
nanocomposite before curing and (d) & (e) after curing under the UV lamp (365 nm), respectively. The transparency of the neat epoxy (f) and epoxy-QDs (g) 
after curing. 
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QDs, it was observed that the epoxy’s cut-off wavelength increased from 
360 nm to 380 nm, indicating that the addition of CIS-ZnS allows the 
epoxy material to have greater UV resistance. The UV resistance of the 
as-synthesized material is very important for various applications like 
producing durable WLEDs, displays, luminescence coatings etc [43]. 

3.6. Mechanical properties of epoxy/ CIS-ZnS QDs nanocomposite: 

3.6.1. Tensile properties 
The tensile behaviour of the epoxy/CIS-ZnS core–shell QDs nano

composite was analyzed, and the respective stress vs strain plots are 
shown in Fig. 7. Table 1 shows the appropriate Young’s modulus, tensile 
strength, and elongation at break values. 

It is seen from the tensile strength results that the addition of cor
e–shell QDs significantly improved the tensile properties of the epoxy 
nanocomposite. The tensile modulus, tensile strength and elongation at 
break of the epoxy thermoset were substantially improved after the 
addition of CIS-ZnS QDs. The region under the stress–strain curve Fig. 7 
(a) reflects the energy absorbed during stretching and shows the mate
rial’s toughness. Table 1 showed that after the dispersion of CIS-ZnS 
QDs, the strength and elongation at the break of epoxy were 
enhanced. This indicates that CIS-ZnS core–shell QDs play an important 
role in the production of a highly toughened fluorescent material in the 
epoxy matrix. The strong increase in epoxy nanocomposite tensile pa
rameters is attributed to the CIS-ZnS particle reinforcement and 
increased dispersion as the QDs act as epoxy thermoset filler. The DDT 

capping makes the surface hydrophobic on the surface of CIS-ZnS cor
e–shell QDs and helps to mix with the epoxy easily. In addition, the QDs 
filled the voids already present in the epoxy matrix, resulting in a 
decrease in free volume (Scheme 2). These factors combined give epoxy/ 
QDs nanocomposites strong tensile properties and stiffening effects. 

3.6.2. Impact Strength: 
The pendulum impact test results of the neat epoxy and epoxy/CIS- 

ZnS QDs composites are shown in Fig. 7 (b) and Table 2. The impact 
test results clearly demonstrated the toughness of the material produced. 
The results showed that the impact strength of the epoxy was substan
tially improved by 90 % after the addition of CIS-ZnS core–shell QDs. 
The system’s impact energy was also associated with impact strength 
and showed enhancement in the composite which is suitable for the 
extremely toughened framework. 

It is known that a neat epoxy system works like a glassy material. 
Under the application of load, a uniform and normal orientation of 
cracks will appear, which would then quickly propagate and then break 
the substance. In the case of nanocomposite like this epoxy/ CIS-ZnS 
QDs, the crack is deflected in various directions, pinned with each 
spherical QDs and propagated during the load application through these 
domains. By means of the familiar crack top, this process takes a longer 
path and dissipates more energy. In addition, each QD in the cross- 
linked epoxy matrix serves as a filler and promotes outstanding 
toughness. 

4. Conclusions 

In this study, red-emitting DDT capped CIS core QDs, and yellow- 
emitting CIS-ZnS core–shell QDs were successfully synthesized by 
using solvothermal method. The TEM and XRD analyses showed that the 
QDs were small, highly crystalline, and well dispersed. FTIR results 
confirmed the DDT capping on the QDs. After the formation of ZnS shell, 
the maximum emission peak shifted to a shorter wavelength (626 nm → 
586 nm), and the PLQY increased significantly from 3.45 % (core) to 
24.34 % (core–shell). The DDT capped CIS-ZnS core–shell QDs were 
then integrated into an epoxy resin. The incorporation of yellow emit
ting CIS-ZnS-core–shell QDs in the epoxy polymer shifted the emission of 
the epoxy from blue to cyan. The addition of CIS-ZnS core–shell QDs 

Fig.6. UV–vis transmittance of pure epoxy and epoxy/CIS-ZnS core–shell QDs 
nanocomposite. 

Fig.7. (a) The stress–strain curve and (b) impact strength of pure epoxy and epoxy-CIS-ZnS QDs nanocomposite.  

Table 1 
Tensile parameters of neat epoxy and epoxy/Q.D.s nanocomposite.  

Sample Tensile 
modulus 
(MPa) 

Tensile 
strength 
(MPa) 

Elongation at 
break (%) 

Toughness 
(J/m3) 

Neat Epoxy 1420 ± 72 29.4 ± 3.2 5.43 ± 0.37 84. 28 
Epoxy/CIS-ZnS 

core–shell QDs 
nanocomposites 

1600 ± 63 34.6 ± 2.8 6.55 ± 0.31 102.14  
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significantly increases the UV resistance of the neat epoxy. The epoxy/ 
CIS-ZnS QDs’ tensile strength improved significantly after the disper
sion of the QDs in the epoxy matrix, while the impact strength tests 
revealed improved toughness. In conclusion, a luminescent, transparent, 
and toughened epoxy/CIS-ZnS core–shell nanocomposite has been 
developed, which can be used for a variety of applications such as 
fluorescent-toughened surface coatings, flooring, aircrafts, automobiles, 
LEDs, and other electronic devices. 
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