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tum dots-a novel nanostructure
employing a green synthesis route†

Libin Kuriakose, N. J. Simi and V. V. Ison *

We report the synthesis and characterisation of novel CuZn2InTe4 quantum dots (QDs) suitable for various

optoelectronic applications. The nanostructures grown are technologically important due to their Cd and

Pb-free composition. The synthesis was maintained “green” by using a phosphine free organometallic

procedure utilizing octadecene as the coordinating solvent. The structural properties of the nanocrystals

(NCs) were analyzed using high resolution transmission electron microscopy (HRTEM), selected area

electron diffraction (SAED) and X-ray diffraction (XRD). The composition was verified using X-ray

photoelectron spectroscopy (XPS), inductive coupled plasma-optical emission spectroscopy (ICP-OES)

and energy dispersive X-ray spectroscopy (EDX). The optical studies were performed using UV-VIS-NIR

spectroscopy and photoluminescence (PL) spectroscopy and the band gap value obtained was verified

using cyclic voltammetry (CV). The nanostructures grown were spherical with a size of about 5 nm

possessing appreciable monodispersity.
Introduction

Semiconductor nanoparticles or quantum dots (QDs) have been
the centre of attraction of materials research during the past few
decades due to their potential applications in solar cells,1–4 light
emitting diodes,5–8 imaging applications,9,10 etc. Their unique
properties like tuneable energy bandgap make them ideal for
using in the visible and near infrared regions of the electro-
magnetic spectrum.11–14 Among the variety of QDs explored, the
most extensively studied systems are the Cd and Pb based
chalcogenide QDs, which have their own advantages and
disadvantages.15–17 Different synthesis options like the colloidal
organometallic hot injection method,15,18 precursor decompo-
sition method,19 solvothermal method,20 solid-state reaction,21

thermolysis,22 etc. have been adopted for the growth of these
nanostructures with varying levels of success. The colloidal hot
injection technique, introduced by Murray et al. and Peng et al.
and later by Talapin et al. stands best in this sequence because
of its features like the nanostructures synthesized have unifor-
mity in size and shape, sharp absorption and emission peak,
surface passivation capabilities, etc.15,23–27 Colloidal techniques
involve dissolving part of the semiconductor precursors in
coordinating solvents held at high temperature and injecting
the remaining part dissolved in suitable solvents swily into the
rst at a same or a lower temperature. The precursors dissociate
and coalesce to nucleate the crystal growth. The coordinating
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ligands adhere to the growing crystal, reducing the number of
available sites for further crystal growth and act to moderate
and control the growth of the crystal.15,24,28–30

A critical analysis of the research literature shows that most
of the synthesis procedures reported are based on toxic orga-
nophosphines16,31 and developing green28,31–36 initiatives is
a major concern of the present day research community. Also,
synthesizing QDs devoid of Cd and Pb is another thrust area of
materials research for future technologies.12 In this regard,
chalcogen based ternary and quaternary nanocomposites of I,
II, and III groups stands as a strong choice against the Pb and
Cd based QDs. In addition to the size and shape dependent
optical properties,37 these materials possess additional exi-
bilities in tuning the emission peaks by various ways like
varying stoichiometric ratios of chemical components,38 opti-
mizing growth time39 and injection temperature,16 etc.12,14

Obviously, there will be more degrees of freedom in tuning of
emission properties in quaternary components than ternary
ones. Also, in thesematerials, the emission also arises from trap
states rather than the excitonic emission.14,40

CuInSeS is an important quaternary QD system that has been
developed for light harvesting applications.11 Less toxic CuZ-
nInS QDs with tuneable emission is another material explored
for various opto-electronic applications.12 Cu doped Zn–In–Se
nanocrystals with appreciable quantum yield has been reported
by different research groups.36,41 Quaternary nanocrystals of
Cu2ZnSnTe4 with metallic-like conduction and Ag2ZnSnSe4 with
polaronic-type conduction, prepared using colloidal methods,
have been explored for potential thermoelectric applica-
tions.42,43 Recently, quaternary chalcogenide systems such as
CuZn2InTe4, CuMn2InTe4 and AgZn2InTe4, with an electronic
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 HRTEM image of Cu doped Zn–In–Te. Inset shows the SAED
pattern of the same.
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direct bandgap around 1 eV, has been reported in the bulk
regime with a cubic zinc blende structure.44–47

In this study, we report the synthesis and characterization of
novel quaternary Cu doped Zn–In–Te QDs with the composition
CuZn2InTe4. The QDs were synthesised via green routes31,33–36 by
employing a heterogeneous suspension of Te in octadecene
(ODE) and oleylamine (OLA) as the Te green precursor and
dodecanethiol (DDT) as the capping ligand. To the best of our
knowledge, this system has not yet been reported in the nano
regime before. The nanostructures grown were characterized
using high resolution transmission electron microscopy
(HRTEM), selected area electron diffraction (SAED), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
inductive coupled plasma optical emission spectroscopy (ICP-
OES), energy dispersive X-ray spectroscopy (EDX), optical
absorption, photoluminescence (PL) and cyclic voltammetry
(CV) studies.

Experimental
Materials and methods

Copper(I) chloride (CuCl, anhydrous, beads, $99.99% trace
metals basis), indium(III) acetate (In(Ac)3, 99.99% trace metals
basis), zinc acetate (Zn(Ac)2, 99.99% trace metals basis), tellu-
rium powder (Te, 200 mesh, 99.99%), 1-octadecene (ODE,
technical grade, 90%), 1-dodecanethiol (DDT, $98%), oleyl-
amine (OLA, technical grade, 70%) and tetrabutylammonium
hexauorophosphate (TBAPF6, 98%) were purchased from
Sigma-Aldrich. The chemicals were used as such without
further purication.

Preparation of Te-suspension

The tellurium suspension (Te-SUS) was prepared by dispersing
1 mmol (128 mg) of Te powder in mixture of 2 ml of ODE and
1 ml of OLA. To make the suspension uniform, it was sonicated
for 5 minutes without heating.

Synthesis of CuZn2InTe4

In a typical synthesis, CuCl (6 mg, 0.06 mmol), In(Ac)3 (88 mg,
0.3 mmol), Zn(Ac)2 (55 mg, 0.3 mmol), DDT (1 ml), OLA (1 ml)
and ODE (5 ml) were taken in a three necked 100 ml round
bottom (RB) ask and was then degassed for 20 minutes and
heated to 100 �C in an inert (Ar) atmosphere. Aer removing the
water vapour, if any, present, the mixture was slowly heated to
200 �C to make it a clear homogeneous solution. At this
temperature, the Te-SUS was swily injected into it to initiate
the growth of the CuZn2InTe4 QDs and themixture was retained
at 200 �C for another 20 minutes. Aer that, the solution was
cooled down to room temperature suddenly. The QDs were
puried using chloroform and methanol, precipitated using
acetone and were nally dispersed in chloroform for further
studies.

Characterisation of CuZn2InTe4

The HRTEM images of the samples were recorded using JEOL
JEM-2100, 200 kV analytical electron microscope, accompanied
This journal is © The Royal Society of Chemistry 2020
by SAED, aer depositing the QDs on carbon coated copper
grids. The powder XRD studies were carried out using a Rigaku
miniex X-ray diffractometer using CuKa (l ¼ 1.54056 �A) radi-
ation. The XPS studies were performed on a PHI 5000 VersaP-
robe scanning ESCA (electron spectroscopy for chemical
analysis) microprobe. The ICP-OES studies were carried out
using a PerkinElmer Optima 5300 DV system. EDX studies were
performed using a JEOL JED-2300 analysis station attached to
the JEM-2100 microscope. The optical absorption was analyzed
using a Shimadzu-3600 UV-VIS-NIR spectrophotometer and the
PL spectrum was recorded using a Horiba, FluoroMax-4,
compact spectrouorometer. CV studies were done on a Met-
rohm Autolab 204N electrochemical workstation.
Results and discussion

The HRTEM image of the QDs is shown in Fig. 1. The image
indicates that the nanostructures grown are spherical with an
average diameter of 5 � 0.5 nm possessing appreciable mono-
dispersity. The image shows no signs of agglomeration. The
interplanar spacing of 0.33 nm is attributed to the (111) plane
that matches with the SAED pattern shown in the inset. The
results obtained using HRTEM and SAED are in good agree-
ment with the XRD data, to be discussed later.

XPS was used to conrm the composition of the nano-
structures employing AlKa source with energy 1486.6 eV, oper-
ating at 49.8 W, for a 200 micron beam size. A pass energy of
46.95 eV was used to acquire the high-resolution spectra. The
spectra were charge-corrected with reference to the C 1s signal
(283.4 eV). The XPS survey spectrum of QDs is provided in ESI
(Fig. S1).† The XPS spectra corresponding to Cu, In, Zn and Te
are shown in Fig. 2.
RSC Adv., 2020, 10, 18560–18564 | 18561
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Fig. 2 XPS Spectra of Cu doped Zn–In–Te. (a) Cu 2p (b) Zn 2p (c) In 3d
and (d) Te 3d.

Fig. 3 EDX spectrum of CuZn2InTe4.
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An oxidation state of +1 can be assigned to Cu from the
position of its energy states 2p3/2 (933.4 eV) and 2p1/2 (953.0 eV)
with a spin orbit separation 19.6 eV and the Cu LMM auger
level.48–50 The energy levels 2p3/2 and 2p1/2 positioned at
1023.0 eV and 1045.6 eV, respectively, separated by 22.6 eV and
its LMM auger level indicates a +2 oxidation state for Zn.51,52 An
MNN auger level along with the 3d3/2 level at 452.8 eV and 3d5/2
at 444.6 eV, separated by 8.2 eV is indicative of a +3 oxidation
state for In.53,54 The Te energy levels 3d5/2 at 573.4 eV and 3d3/2 at
583.4 eV, with a spin orbit separation 10 eV and the MNN auger
level suggests a �2 oxidation state for Te.55,56 The valence states
Cu+, Zn2+, In3+ and Te2� conrms the composition of the Cu
doped Zn–In–Te as CuZn2InTe4.

The composition of the QDs was further conrmed by ICP-
OES with the help of an acid digestion method and the result
obtained is shown in Table 1. The data conrms the presence of
Cu, Zn, In, and Te. The atomic ratio Cu : Zn : In : Te comes out
to be 1.00 : 2.26 : 1.15 : 3.87, which is in good agreement with
the stoichiometry of CuZn2InTe4.

The elemental analysis was further carried out using EDX
indicating the presence of the elements Cu, Zn, In, and Te and
the spectrum obtained is shown in Fig. 3. The amount of Cu is
a bit larger because of carbon-coated cupper TEM grids used.
Table 1 ICP-OES measurements of Cu–Zn–In–Te quantum dots

Element symbol
Wavelength
(nm)

Concentration
(mg L�1)

Cu 327.393 31.80
Zn 206.200 73.94
In 230.606 66.08
Te 214.281 247.25

18562 | RSC Adv., 2020, 10, 18560–18564
The XRD pattern of the nanostructures synthesized is shown
in Fig. 4, having 3 major peaks corresponding to the (111), (220)
and (311) planes of bulk CuZn2InTe4 with a cubic structure
along with fewminor peaks (ICDD 00-027-0161). The broadened
peaks indicate nano-sized particles. Dhkl, the size of the QDs in
a direction perpendicular to the lattice planes with Miller
indices hkl is calculated using the Scherrer formula.57,58

Dhkl ¼ Kl/(bhkl cos q)

where, K is a numerical factor referred to as the crystallite-shape
factor, l is the wavelength of the X-rays used, bhkl is the full-
width at half-maximum (FWHM) of the diffraction peak in
radians and q is the Bragg angle. The results obtained matches
well with the HRTEM data.

ESI (Fig. S2)† shows the absorption spectra of the QDs
dispersed in chloroform. The optical bandgap of CuZn2InTe4
QDs was calculated using the Tauc's relation,59–61

a ¼ (A/hy)(hy � Eg)
r

where, a is the optical absorption coefficient, A is a constant to
associate the band tailing, hy is the photo energy, Eg is the
bandgap of thematerial and the exponent r represent the nature
of transition. We have obtained a bandgap of 1.816 eV by
Fig. 4 XRD pattern of CuZn2InTe4.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Cyclic voltammograms of CuZn2InTe4.
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extrapolating the linear region of the obtained curve to abscissa
as shown in ESI (Fig. S3).† Photoluminescence (PL) spectrum of
CuZn2InTe4 QDs is shown in ESI (Fig. S4).†

The CV measurements were performed using glassy carbon
as the working electrode, a platinum wire as the counter elec-
trode and Ag/Ag+ (0.01 M) as the reference electrode. A 0.1 M
solution of tetrabutylammonium hexauorophosphate
(TBAPF6) in acetonitrile was used as the supporting electrolyte.
The QDs dispersed in chloroform was deposited on to the glassy
carbon electrode aer proper polishing and cleaning of it. A
scan rate of 50 mV s�1 was maintained during the CV studies.
The cyclic voltammograms are shown in Fig. 5. The HOMO and
LUMO energy levels of the QDs can be obtained from the
oxidation and reduction potentials with respect to the potential
of the reference electrode and are given by36,62,63

EHOMO ¼ �(EOX + 4.71) eV

ELUMO ¼ �(ERED + 4.71) eV

where EOX stands for the onset of the oxidation potential and
ERED the corresponding reduction potential. From the EOX (1.05
V) and ERED (�0.8 V), the HOMO and LUMO levels can be ob-
tained as �5.76 eV and �3.91 eV respectively, giving a bandgap
of 1.85 eV. This value is in close agreement with the value ob-
tained from the optical absorption measurements.
Conclusions

Novel CuZn2InTe4 QDs were synthesised via green route in
a phosphine free environment. The nanostructures grown were
spherical and monodisperse with well-dened lattice planes as
suggested by HRTEM imaging and SAED pattern. The chemical
composition was conrmed using XPS, ICP-OES and EDX
studies. The structural information was gathered from XRD
analysis indicating a cubic structure. The optical bandgap
measured from optical absorption was found to be in close
agreement with the electrochemical bandgap obtained from CV
measurements.
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