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Abstract: Quaternary quantum dots (QDs) have recently
gained more attention due to their low toxicity, tunable
wavelength, reduced or no blueshift emission upon over-
coating, improved photoluminescence (PL) quantum yield,
and PL lifetime when compared to their binary (II-VI) and
ternary (I-III-VI) counterparts. In this work, the aqueous
synthesis of ZnCulnS/ZnS-ZnS multi-shell quaternary QDs
as a nanosensor for the selective detection of Cu®* ions was
reported. The as-synthesized QDs were spherical, with a
particle diameter of 3.66 + 0.81 nm, and emitted in the first
near-infrared window (725 nm) with an average decay PL
lifetime of 43.69 ns. The X-ray diffraction analysis showed
that the QDs were of the wurtzite structure, while the
Fourier transform infrared spectroscopy confirmed GSH
capping through the sulphur-metal bond. Furthermore,
the fluorometric study shows that the developed multi-shell
QDs were selective towards Cu®" ions compared to other
metal ions via fluorescence quenching with a limit of detec-
tion of 1.4pM, which is below the acceptable limit in
drinking water.
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1 Introduction

Semiconductor nanocrystals, also known as quantum
dots (QDs), have recently received a lot of attention due
to their exemplary photoluminescence (PL) properties,
such as wide excitation spectra, narrow symmetrical
emission spectra, tunable emission wavelengths, high PL
quantum yields (PLQYs), and photochemical stabilities
[1,2]. Previously, binary (II-VI) QDs have been developed;
however, the toxic nature has limited their applications,
especially in biological and biomedical fields [3,4]. For this
reason, low toxic and biocompatible ternary QDs (I-1II-VI),
such as CulnS and AgInS, have been proposed [5-14].
Nonetheless, the optical properties of these QDs are not
comparable to those of binary QDs. Overcoating ternary
QDs with a high bandgap inorganic material, such as ZnS
and ZnSe, have been proposed as one of the effective
methods to improve the optical properties of ternary QDs
[15,16]. Passivated QDs have been reported to exhibit
enhanced PLQY and improved intensities due to the
removal of surface defects [17]. However, a blueshift in
the emission wavelength upon passivation has been
reported. This blueshift has been attributed to the inter-
diffusion of the metal ion (Zn ions) into the surface of
the core (e.g., copper indium sulfide [CIS]) [18]. Hence,
quaternary (I-II-III-IV) QDs have been developed as an
emerging strategy to reduce the blue-shifted emission.
This can be achieved, for example, by adding Zn ions
with CIS precursor, thus reducing the displacement of
Cu”?* and In?* ions by the Zn”** ions upon passivation.
Jiao et al. [19] observed an enhanced quantum yield of
30.8% for zinc copper indium sulfide (ZCIS)/ZnS core/shell
QDs, as against that of the ZCIS core (14.7%). The result
showed no blue-shifted emission upon passivation; the
quaternary QDs showed tunable emission ranging from
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535 to 645nm. In another development, Zheng et al. [20]
synthesized less-toxic quaternary ZnCulnS QDs with tun-
able emission ranging from 564 to 650 nm. Thus, having
such quaternary material with emission in the near-infrared
window is highly desirable. Quaternary QDs could be
synthesized via organic synthetic routes such as the hot-
injection method and hydrothermal techniques. However,
these methods involve the use of high reaction temperatures,
toxic and expensive chemicals, etc. In addition, the QDs
synthesized via organic synthesis methods are hydrophobic
in nature, which limits their biological applications. Hence,
there is a need for the development of a direct, economically,
and environmentally friendlier method. Therefore, in this
study, aqueous synthesis was used [21,22].

Water pollution remains a global issue as this have a
negative effect on humans and the environment [23-25].
Fluorescent nanoprobes such as QDs have been used as a
greener method for detecting various toxic heavy metal ions
[26-30]. The concentration of Cu?* in drinking water needs to
be highly monitored, especially those distributed using copper
pipes, as there is a possibility for the corrosion of copper
plumbing [31]. According to the World Health Organization
(WHO), the maximum accepted Cu®*" ion concentration in
drinking water is 1.33 ppm [32]. The consumption of high con-
centrations of Cu”" jons results in extreme toxicity and a threat
to the health and the ecosystem. The long-term risks of Cu*
include diabetes, anaemia, kidney disorders, liver damage,
and death [33]. Hence, it is paramount to determine the actual
amount of Cu?* ions in solutions.

This study reports for the first time, as far as the authors
know, the aqueous synthesis of ZCIS/ZnS-ZnS multi-shell QDs
with enhanced PL lifetime, PLQY, and reduced blue-shifted
emission after passivation. Herein, we further passivate the
single-shell QDs by a second shell to further red shift the
emission wavelength and improve the PLQY. The ultraviolet-
visible (UV-vis) spectroscopy, PL, Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), and energy-dis-
persive spectroscopy (EDS) were used to characterize the as-
synthesized ZnCulnS/ZnS-ZnS multi-shell quaternary QDs.
The multi-shell QDs were then used for sensing Cu®* via fluor-
escent quenching. The ZCIS/ZnS-ZnS nanoprobes exhibit a
selective detection of Cu*" amidst other interfering metal ions.

2 Materials and methods

2.1 Materials

Iron(m) chloride hexahydrate (FeCls-6H,0), copper(t) chloride
(CuCly), indium chloride (InCl;), sodium citrate (Nas;C¢Hs0-),
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L-glutathione reduced (GSH), sodium sulphide (Na,S), zinc
acetate dihydrate (Zn(0,CCHs),(H,0),), thiourea (CH,N,S),
hydrochloride (HCIl), ethanol (CH;CH,0OH), mercury chloride
(HgCl,), cadmium nitrate tetrahydrate (Cd(NOs),4H,0), and
nickel(n) chloride hexahydrate (NiCl,-6H,0) were purchased
from Sigma Aldrich and used without further purification.

2.2 Synthesis of ZnCulnS/ZnS-ZnS multi-
shell QDs

Water-soluble QDs were synthesized using reflux approach
by following the method of Tsolekile et al. [3] with slight
modifications. In a typical reaction, ZnCulnS/ZnS core/shell
QDs were synthesized by adding zinc acetate (Zn(O,CCHs),(H,0),),
copper chloride (CuCl,), indium chloride (InCl;), GSH,
sodium citrate, and sodium sulphide (Na,S) precursors
followed by reflux for 45 min at 95°C to produce ZnCulnS
cores. This was followed by in situ passivation with the
shell material by adding (Zn(O,CCHs),(H,0),) and thiourea
(CH4N,S). Furthermore, the reaction was refluxed for
80 min at 95°C to form ZnCulnS/ZnS core/shell QDs.
The ZnCulnS/ZnS-ZnS multi-shell QDs were synthesized
by cooling the reaction solution containing ZnCulnS/ZnS
core/shell QDs to 80°C followed by the second addition of the
shell precursors such as zinc acetate (Zn(0,CCHs),(H,0),) and
thiourea (CH,N,S). The reaction mixture was further refluxed
at 95°C for 80 min followed by cooling and purification with
ethanol (QDs: 1:3 ethanol). After purification, the mixture
was centrifuged, and ZnCulnS/ZnS-ZnS multi-shell QDs
were collected.

2.3 Sensing

A method by Muthivhi et al. [34] was followed with slight
modifications for the sensing of Cu?* ion. In a typical
experiment, 200 pL of ZCIS/ZnS-ZnS multi/shell QDs was
added to 2mL of Cu®** ions at different concentrations from
0 to 10 pM. The resultant mixture was left for 2 min to ensure
proper ion interaction and incubation. Thereafter, the PL
spectra were recorded at 450 nm excitation wavelength at
room temperature. The same procedure was repeated for
the selectivity studies. About 10 uM of Hg?*, Co**, Cd**,
Zn**, Ni**, Mg?*, and Fe** was mixed with 200 pM of the
QDs followed by analysis. The selectivity of ZCIS/ZnS-ZnS
multi/shell QDs towards Cu®* was further evaluated by
repeating the same procedure for a mixture of Cu*" ion
with interfering ions of Hg*", Co®*, Cd**, Zn®*, Ni**, Mg?*,
and Fe®* ions. In the mixture, the ratio of Cu?* ion to other
metal ions was 1:1.
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2.4 Characterization

The UV-vis spectra were acquired using Lambda 25,
PerkinElmer UV-vis spectrophotometer in the range of
200-700 nm, while the emission, lifetime, and relative QYs
were recorded using spectrofluorometer FS5 (Edinburgh
instruments). The surface chemistry of the as-synthesized
quaternary QDs was analysed using FTIR, while the mor-
phology and elemental composition (EDS) were investigated
using HRTEM JEOL 2100 at 200kV. XRD patterns were
obtained using an advanced D8 Bruker X-ray diffractometer
with a monochromatic Cu Ka radiation (A = 0.15406 nm) at
room temperature. Scanning was performed at 20 ranging
from 5° to 90° in steps of 0.017°-s™}, with the acceler-
ating voltage and current flux set at 40 KV and 30 mA,
respectively.

3 Results and discussion

The absorption spectra showed no excitonic features for
ZnCulnS, ZnCulnS/ZnS, and ZnCulnS/ZnS-ZnS QDs
(Figure 1a). This could be attributed to the joint effect
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of broad size distribution, irregular composition dis-
tribution, and various intra-bandgap states [22]. The
bandgap was recorded to be 3.46, 3.69, and 4.39 eV for
ZnCulnS, ZnCulnS/ZnS, and ZnCulnS/ZnS-ZnS QDs,
respectively (Table 1). The PL properties of the as-synthe-
sized QDs are shown in Figure 1. The ZnCulnS core,
ZnCulnS/ZnS core/shell, and ZnCulnS/ZnS multi-shell
QDs showed emission at 725, 720 and 725 nm, respec-
tively (Table 1). The blue-shifted emission after the first
shell formation could be attributed to the interdiffusion
of Zn ions upon passivation [35]. The multi-shell QDs
showed red-shifted emission from the single-shell QDs.
The absolute QY of ZnCulnS core, ZnCulnS/ZnS core/shell,
and ZnCulnS/ZnS-ZnS multi-shell QDs is 1.28%, 4.11%,
and 6.44%, respectively (Table 1). These results indicate
that passivation of ZCIS core QDs with the shell material
removed surface trap states and suppressed the recombi-
nation process (Table 1 and Figure 1b).

Time-resolved PL measurements were carried out to
understand the charge carrier lifetime of the synthesized
QDs. The decay curve was fitted by bi-exponential fitting,
as shown in Figure 2. The average decay lifetime of the as-
synthesized ZnCulnS, ZnCulnS/ZnS, and ZnCulnS/ZnS-ZnS
multi-shell QDs was found to be 19.81, 35.59, and 43.69 ns,
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Figure 1: (a) Absorption and (b) PL spectra of ZCIS, ZCIS/ZnS core/shell, and ZCIS/ZnS-ZnS multi-shell QDs.

Table 1: Optical properties of the synthesized QDs

QD Band gap (eV) Emission (nm) PLQY (%) 7; (ns) T, (ns) Taverage (NS)
ZCIS 3.46 725.00 1.28 2.51 37.10 19.81
ZCIS/ZnS 3.69 720.00 4.11 2.59 68.59 35.59
ZCIS/ZnS-ZnS 4.39 725.00 6.44 4.38 82.99 43.69
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Figure 2: PL lifetime spectra of ZCIS, ZCIS/ZnS core/shell, and
ZCIS/ZnS-ZnS multi-shell QDs.
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respectively, as shown in Table 1 and Figure 2. This indi-
cates that overcoating QDs with a second ZnS shell further
passivates the core and inhibits the structural defects.

The typical FTIR spectra of the as-prepared QDs
(Figure 3) showed an —OH peak at around 3,294 cm™.
The characteristics -C=0- and N-H deformation were
observed at 1,575 and 1,377 cm ™}, respectively. The GSH
has —~SH- vibrations at around 2,524 cm™’. The absence of
this peak indicates that the capping of GSH with QDs
occurred through thiol and metal coordination [3,36]. The
XRD patterns (Figure 3b) of the ZCIS/ZnS-ZnS multi-shell
QDs consist of three distinct peaks at 26: 27.93°, 47.06°,
and 55.12° corresponding to (112), (204), and (302), which
are consistent with those of the zinc blende crystalline planes
(JCPDS 05-0566 number) [25,26]. The typical HRTEM analysis
(Figure 3c) revealed that the as-synthesized ZCIS/ZnS-ZnS
QDs were spherical and mono-dispersed. The particle size
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Figure 3: (a) FTIR spectrum of ZCIS/ZnS-ZnS multi-shell QDs; (b) XRD spectrum of ZCIS/ZnS-ZnS multi-shell QDs; (c) HRTEM image of
ZCIS/ZnS-ZnS multi-shell QDs, inset size distribution; and (d) EDS spectrum of ZCIS/ZnS-ZnS multi-shell QDs.
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Figure 4: Effects of reaction time on the PL intensity of
ZCIS/ZnS-ZnS multi-shell QDs mixed with 0.025 uM Cu?*.

distribution indicates an average size of 3.66 + 0.81 nm. In
addition, the increase in the particle size from 2.97 nm of
the core/shell (TEM not shown here) to 3.66 nm of the
core/shell/shell and the change in the emission position
in Figure 1 suggest the formation of multi-shell QDs. The
EDS spectra of the multi-shell quaternary QDs (Figure 3d)
show the corresponding elements of the core and the shell
material, i.e. Zn, Cu, In, and S. The presence of C and O is
ascribed to the capping agent, GSH. In contrast, the sul-
phur present is ascribed to the GSH and Zn—-Cu-In-S QDs.

The sensing of Cu?* was investigated at various incu-
bation times (Figure 4). The fluorescent intensity increases
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Table 2: Comparison of Cu®* detection using different nanosensors

Probe Linear range LoD Reference
PEG-ZnS 3-500 nM 0.96 nM [37]
QD@ZIF-67

CdSe/zZnS 10-1,000 pg-L™*  4.27 pgL? [38]

QD @PESM

CdTe QDs 0.5-40ngmL™  0.088ngmL™ [39]
APBA-CdTe QDs 0.01-20 pM 7.6 yM [40]
ClZS/ZnS QDs 0.020-20 pM 6.7 nM [19]

ZCIs/ 0.025-10 uM 1.4 M This work
ZnS-ZnS QDs

with the incubation time, reaching the maximum at 2 min,
and the intensity remains constant even at longer reaction
times. Hence, 2 min was chosen as the optimized incuba-
tion time for the proper interaction between Cu?* ions
and QD.

Different concentrations of Cu?* ions (0.025-10 pM)
were also sensed to determine the limit of detection
(LOD) (Figure 5). The results showed that an increase in
the concentration of Cu®* ions resulted in a decreased
fluorescence intensity of the QDs. The quenching beha-
viour of AIS-ZnS QDs fluorescence by Cu®* ions could be
explained using the Stern-Volmer equation, which is as
follows:

% =1+ Ksy[C] W

where F, represents the blank QD intensity, F is the QDs
with the analyte (Cu®*) fluorescence intensity, Ksy is the
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Figure 5: (a) PL spectra of ZCIS/ZnS-ZnS multi-shell QDs at different concentrations of Cu®* ions (0.025-10 pM) and (b) corresponding

Stern-Volmer plot (0.5-10 pM).
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Figure 6: (a) Effect of different metal ions on the intensity of the as-synthesized multi-shell quaternary QDs and (b) selectivity of the multi-
shell quaternary QDs towards Cu®* in the presence of other metal ions at a concentration of 10 pM.

Stern—Volmer constant, and C is the concentration of the
analyte [12].

The LOD for Cu?* was calculated to be 1.4 pM with an
R? of 0.98 using the relation:

*
Lop = B:3'SD)
m

2
where SD is the standard deviation of the blank QDs, and
S is the slope of the calibration curve [36]. The compar-
ison of the calculated LOD with previous reports is shown
in Table 2.

The selectivity study was conducted using 10 pM con-
centrations of Cu*" and metal ions (Figure 6a). The results
showed that Cu?* ions significantly quenched the fluor-
escence intensity compared to other metal ions. Further-
more, a mixture of Cu?* ions with each of the interfering
metal ions was added to the aqueous solution of the
QD (Figure 6b). The result showed that the extent of
GSH-capped multi-shell QD fluorescence intensity
quenching by Cu®* ions was not affected by the presence
of other metal ions, thus depicting its selectivity towards
Cu?'. The selectivity of ZCIS/ZnS-ZnS multi-shell QDs
has been attributed to the strong affinity between Cu?*
and the capping molecule GSH, which tends to produce
a strong ligand-metal complex more than other metal
ions [36].

4 Conclusions

In summary, water-soluble ZCIS/ZnS-ZnS multi-shell qua-
ternary QDs were synthesized. The as-synthesized multi-
shell quaternary QDs were spherical in shape with an
average particle diameter of 3.66 + 0.81nm. The EDS

indicated the presence of Zn, Cu, In, and S. However, the
FTIR analysis confirmed the GSH capping on the multi-shell
quaternary QDs through S-metal bonding. The XRD results
confirmed the formation of zinc blende crystalline structure.
The absolute QY was improved to 6.14% for ZCIS/ZnS-ZnS
multi-shell quaternary QDs compared to ZCIS and ZCIS/ZnS
QDs. In addition, the multi-shell quaternary QDs show the
highest average optical lifetime of 43.69 ns, making them
an ideal material for near-infrared imaging applications.
The developed QDs were sensitive and selective towards
Cu?" ions amidst other interfering ions with an LOD that
is lower than the maximum acceptable concentration
(1.33 ppm) by WHO.
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