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The rational design and synthesis of ternary two-dimensional
alloy nanocrystals with a non-layered structure still remains a
challenge. Here, we show that, for the first time, the synthesis
of homogeneous ternary ZnS;,Se, nanosheets by thermal
decomposing of lamellar inorganic-organic  hybrid
precursors. The morphology, composition and crystal
structure of ZnS;,Se, nanosheets have been thoroughly
investigated. We also found that the lattice constants and
bandgaps of ZnS;,Se, nanosheets could be easily tuned via
altering Se/S ratio. Our work provides a facile and effective
strategy to synthesize homogeneous multinary non-layered
chalcogenide nanosheets with tunable compositions and
bandgaps.

Two-dimensional (2D) semiconductor chalcogenide
nanocrystals (NCs) have recently aroused wide interest due to
their unique electronic band structure!, and potential
applications in various fields including optics, electronics,
catalysis, and mechanics.>® However, in order to make these
2D NCs more versatile, further modification of their band
structure is required, which could correspondingly tune their
properties. Fabrication of alloy NCs with tunable compositions
is a possible way to fine-tune their band structures. However,
only a few ternary chalcogenide alloy nanosheets with complete
composition tunability have been reported to date. Very
recently, composition-dependent Moy W,S,° M0Sy,Sezux)," °
Bi,Ses, Te,,? Sn,Ge;,Se © nanosheets have been achieved.
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However, these reported examples are still limited to layer
chalcogenide compounds.™ ™ In other words, for non-layered
chalcogenide compounds (such as I1-1VV semiconductors with
wurtzite and zinc blende crystal structure), the syntheses of
ternary alloy nanosheets with tunable compositions are still
greatly underdeveloped. First, traditional exfoliation method is
not efficient for non-layered compounds to achieve 2D
morphology considering the strong in-plane bonds.*? Though
recently there are a few reports on direct growth of binary 2D
NCs with a non-layered structure,’*'" the excess metal ion and
organic ligands with a long hydrocarbon chain are generally
required, which unfortunately bring a challenge to synthesize
ternary 2D nanosheets with controlled composition. Second,
since the cation or anion precursors often have different
chemical reactivities, it is difficult to balance their relative
reactivities to achieve desired composition and homogeneous
internal structure of alloy NCs,'®2° which could consequently
influence the accuracy of bandgap that is of central importance
for optoelectronic application with tunable spectral responses.®
A simple lamellar inorganic-organic hybrid intermediate
strategy has been adopted in the syntheses of 2D NCs with a
non-layered structure,™™ 2% but these cases are limited to
binary chalcogenide NCs. In this communication, taking typical
ternary non-layered zinc sulfur selenium (ZnS;,Se,) as
examples, we show, for the first time ternary alloy nanosheets
with tunable compositions can be simply fabricated via the
hybrid intermediate strategy. Besides, we have tried to
overcome the differences in reactivity of S and Se precursors by
using thioacetamide (TAA) and Se powder. Then, the complete
composition tunability and homogeneity of the ZnS,,Se,
nanosheets have been demonstrated. Furthermore, the effect of
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the compositions on the bandgaps and optical properties of
ternary ZnS,_,Se, nanosheets has also been investigated.

The ternary phase-pure ZnS;,Se, nanosheets were
successfully synthesized by simply calcining the lamellar
precursor ZnS;,Se,-0.5en (en stands for ethylenediamine), in
which ZnS;,Se,-0.5en were initially fabricated via a
hydrothermal process (Figure S1). The detailed syntheses and
characterizations of ZnS,,Se, nanosheets and ZnS,,Se,-0.5en
precursors were shown in ESI+.
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Figure 1 (a) SEM image of ternary ZnSy4Segs nanosheets. The inset SEM image
suggests the thickness of the sheets is about 60nm. (b) EDX spectrum of ternary
ZnSp.4Seps nanosheets. (c) TEM and EDS mapping images of an individual ternary
ZnSp4Seps nanosheet. (d) HRTEM image and SAED pattern (inset) of the
ZnSp.4Sep6 Nanosheet.
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Figure 2 The XRD patterns of the ZnS;,Se,-0.5en precursors for various values of
x. The standard XRD patterns for ZnS-0.5en was shown below.

Before we prepared a series of ZnS,_,Se, nanosheets with
different Se/S ratios, the lamellar precursor (ZnS;,Se,-0.5en)
was firstly investigated by XRD (Figure 2) and SEM.
Comparing the XRD patterns of ZnS,,Se,-0.5en with that of
ZnS-0.5en, we found that they have the same orthorhombic
Pbca crystal structure.?! It suggests that these precursors with
various Se/S ratios all possess hexagonal ZnS,_,Se, slab similar
to ZnS-0.5en.%! Besides, a gradual shift to lower 20 degrees was
observed as the Se content increased, which indicated the
successful incorporation of Se atoms. The typical SEM and
TEM images (Figure S5-S6) confirm the lamellar morphology
of inorganic-organic hybrid precursors. These results reveal that
Se atoms have been successfully alloyed into the lamellar
precursor without changing their morphology, which is the
most crucial for the successful fabrication of ternary ZnS,_,Se,
nanosheets in our case.

A typical scanning electron microscopy (SEM) image in
Figure la reveals that the morphology of the resulting
nanocrystals is nanosheet with the edge lengths of 0.1-5 pm.
The thickness is in range of 40-80 nm (see the typical SEM
image in the inset of Figure l1a). Transmission electron
microscopy (TEM) combined with energy-dispersive X-ray
spectroscopy (EDX) was used to investigate the composition,
homogeneity and microstructure. The EDX spectrum shown in
Figure 1b demonstrates that the nanosheets exclusively consist
of Zn, S, and Se elements. In addition, C and Cu elements come
from the TEM copper grid. The EDX elemental mapping
images of an individual nanosheet (Figure 1c) further confirm
the chemical compositions, and intuitively reveal that Zn, S and
Se are homogeneously distributed in a single nanosheet. The
SAED pattern (inset of Figure 1d) indicates that the nanosheets
are single-crystalline with hexagonal crystal structure. The
corresponding high resolution TEM (HRTEM) image displays
that its (001) and (100) interplanar spacings are about 0.64 nm
and 0.34 nm respectively, consistent with previous reports. 27~
The SEM, TEM and EDX elemental mapping images of other
representative samples with various compositions are shown in
Figure S2-4.

2| J. Name., 2012, 00, 1-3

Table 1 The composition analysis of ZnS;,Se, nanosheets

Calculated Composition Zn:S: Seratio
(determined by EDX)

ZnS (x=0) 1.02:0.98:0
ZnS;Sep2 (x=0.2) 1.03:0.77:0.20
ZnSo6Se0.4 (x=0.4) 1.05:0.57:0.38
ZnS;.4Sep 6 (x=0.6) 1.05:0.40:0.55
ZnS;,Seps (x=0.8) 1.02:0.19:0.79
ZnSe (x=1) 1.01:0.99:0

In order to demonstrate the complete composition

tunability, we have prepared a series of ZnS,,Se, nanosheets
with different x value. The composition of the alloy nanosheets
was modulated by varying the stoichiometry of the TAA and Se
powder. The elemental composition of the ZnS;,Se,
nanosheets was measured by EDX and listed in Table 1. It can
be seen the S/Se ratios of the resulting nanosheets are close to
those of their corresponding precursors (TAA and Se powder)
which indicates the relative reactivity between them was well
balanced and the current synthetic strategy allowed for delicate
control of the stoichiometry of ZnS,,Se, nanosheets. Besides,
X-ray photoelectron spectroscopy (XPS) measurements of
typical ZnS,,Seq¢ nanosheets (Figure S7) were carried out to
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investigate the surface composition, it was found that the
surface S : Se ratio approaches to 0.37:0.63, which is consistent
with the results of XRD and EDX.
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Figure 3 (a) XRD patterns of the ZnS;,Se, nanosheets for various values of x. The
standard XRD patterns for ZnS and ZnSe were also shown as references. (b) A
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plot of the lattice constant “a” and “c” for various values of x.

Figure 3a shows the powder X-ray diffraction (XRD)
patterns, which reveal that all the ZnS,,Se, nanosheets with
various Se/S ratios have the similar diffraction pattern to those
of hexagonal wurtzite phase ZnS and ZnSe (JCPDS: 36-1450
and 80-0008). Importantly, no secondary phase was detected in
all diffraction patterns. Thus all ZnS,,Se, alloy nanocrystals
are pure hexagonal wurtzite phase, which is consistent with the
result of SAED in Figure 1d. We also observed the XRD peaks
successively shift to lower 26 degrees as the Se content
increased, suggesting the lattice constants of ZnS;,Se,
nanosheets become larger when the S atoms were gradually
replaced by the larger Se atoms.?” 28 The lattice parameters of
ZnS,,Se, NCs were then determined from XRD data and the
relationship between the lattice parameter and the chemical
composition of ZnS,,Se, nanosheets was displayed in Figure
3b. We discovered a linear dependence of the lattice parameters
on the composition, which is in accordance with Vegard’s
law.3** This linear trend not only indicates a homogeneous
element distribution of ZnS;,Se, nanosheets which is
consistent with the results of EDS mapping in Figure 1c, but
again corroborates that the chemical reactivity between TAA
and Se powder was indeed well balanced.

This journal is © The Royal Society of Chemistry 2012
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Figure 4 (a) The Normalized UV-vis diffuse reflectance spectra  of the ZnS,;,Se,
nanosheets with various Se content (x). (b) The dependence of bandgaps on the
compositions of ternary ZnS; ,Se, nanosheets.

? The effct of sintering temperature on the optical properties can be found in ESI.

The ability to control the chemical compositions and
lattice parameters of ZnS,,Se, nanosheets would further allow
us to tune their bandgaps and optical properties. Figure 4a
shows the normalized UV-vis diffuse reflectance spectra of the
ZnS,,Se, nanosheets with a series of Se/S ratios. The optic
adsorption edge shows a systematic red-shift as the Se content
increases from 0 to 1. Since hexagonal ZnS,,Se, is direct
semiconductor,® we have applied Kubelka-Munk functions to
the diffuse reflectance spectra to estimate the direct ([F(R)hv]?)
bandgaps.®>*” The dependence of bandgaps on the chemical
compositions is given in Figure 4b. The dash line is the fitted
values from the bandgap relation of alloy nanosheets:

ES ™0 = X B + (1-x) ES™ = x (1-x) b

Where £,/ is bandgap of ZnS, £, is bandgap of ZnSe,
and b is the optical bowing parameter. The least-square fit
yields b ca. 0.55 eV, which is consistent with previous
experimental and theoretical reports.?” 2% 3 Together, these
tunable optical properties not only indicate the complete
composition tunability of ZnS,,Se, nanosheets, but also
demonstrate tunable bandgaps (2.62 - 3.66 eV) could be
obtained.

In summary, we have successfully synthesized
homogeneous non-layered ZnS,,Se, alloy nanosheets via
thermal decomposition of lamellar inorganic-organic hybrid
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precursors. The complete composition of alloy nanosheets
could be easily obtained by changing the mole ratio of S / Se in
the precursors. The lattice constants of ZnS;,Se, nanosheets
have a linear dependence relationship on the Se content, and
follow Vegard’s law. The bandgaps of ZnS;,Se, nanosheets
could be tuned from 2.62 to 3.66 eV via altering Se/S ratio in
the nanoalloy. Our work provides a facile and effective strategy
to synthesize homogeneous multinary chalcogenide nanosheets
with a non-layered structure and manipulate their bandgaps and
optical properties by tuning their chemical compositions.
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