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a b s t r a c t

We have reported a non-injection one-pot synthesis of the alloyed ZnxCd1−xS semiconductor nanocrys-
tals (SNCs) with controlled shapes and compositions. This non-injection approach involves heating two
molecular precursors (cadmium ethylxanthate and zinc ethylxanthate) as metal and S sources in organic
solvents at 320 ◦C for 30 min, which results in the thermal decompositions of the molecular precursors to
produce ZnxCd1−xS. The effects of solvents and compositions on the shapes and structures of ZnxCd1−xS
SNCs have been investigated. The mixture solvent containing oleic acid, paraffin oil and oleylamine (such
as a volume ratio: 1/2/1) results in the preparation of uniform ZnxCd1−xS nanoparticles with diameters
of 7–13 nm, while pure oleylamine or the mixture of oleylamine and paraffin oil as the solvent leads to
nxCd1−xS

hemical synthesis
ptical property

the formation of uniform ZnxCd1−xS nanorods. Monodisperse wurtzite ZnxCd1−xS nanorods with different
compositions have been prepared in pure oleylamine, and no obvious effects of the compositions on their
shapes are found. Their alloying nature is consistently confirmed by the results of high-resolution trans-
mission electron microscopy (HRTEM), X-ray diffraction (XRD) and optical measurements. These alloyed
ZnxCd1−xS nanorods exhibit composition-dependent absorption and emission properties, and therefore
they can be promising candidates as emitting materials.
. Introduction

Colloidal semiconductor nanocrystals (SNCs) have currently
een attracting widespread scientific and technological interest
ue to their unique size-tunable optical and electronic proper-
ies [1–4] as well as their potential applications in solar cells [5,6],
ight-emitting diodes [7] and bio-labels [8–10], etc. Their small size
esults in the three-dimensional confinement of bulk charge carri-
rs and the corresponding transformation from bulk energy bands
o discrete ‘molecular’ energy states. This bulk-to-molecule transi-
ion is continuous, thus their ‘band gaps’ can be ‘tuned’ to a desired
nergy by controlling their particle size. The current focus on the
evelopment of their applications has increased an incentive for
ynthetic approaches that can offer a fastidious control over SNCs’
roperties. Therefore, it remains a primary objective to develop effi-
ient routes for synthesizing high-quality and monodisperse SNCs

ith superior optical properties.

In the last decades, many efforts have been devoted to the
reparation of binary II–VI SNCs with size-tunable optical prop-
rties [11–13]. In particular, their optical properties can be further
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improved by adopting a core–shell structure [13]. However, the
tuning of physical and chemical properties by changing their par-
ticle size could also cause some problems (such as the instability
of very small nanoparticles), which may greatly limit their applica-
tions. To address this problem, a new strategy to tune their optical
properties has been developed by changing their constituent sto-
ichiometries in mixed ternary II-II′-VI SNCs [14–21]. For these
homogeneous II-II′-VI SNCs, both the confinement potential and
the interfacial strain change with the composition, and therefore
the energy band-gap can also be tuned with the composition even
at a constant size.

A prerequisite for preparing ternary II-II′-VI SNCs is that two cor-
responding binary II-VI and II′-VI semiconductors should have low
lattice mismatch. For example, wurtzite ZnS and CdS have c-axis
lattice constants of 6.257 and 6.734 Å at room temperature, respec-
tively. Such a low lattice mismatch promises the introduction of
Zn2+ into CdS to form ZnxCd1−xS alloyed SNCs. Recently, ZnxCd1−xS
nanoparticles [14,15], nanoflake dendrites [16], nanorods [17] and
nanorod-based spherical architectures [18] have been fabricated

by hydro-/solvo-thermal route. ZnxCd1−xS nanorods with tunable
optical properties and photocatalytic activities can be synthesized
by a microwave method [19]. ZnxCd1−xS nanostructured films with
controllable optical properties have been prepared by dip-coating
[20] and spray pyrolysis technique [21].

dx.doi.org/10.1016/j.jallcom.2010.07.075
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zgchen@dhu.edu.cn
mailto:hu.junqing@dhu.edu.cn
dx.doi.org/10.1016/j.jallcom.2010.07.075


Z. Chen et al. / Journal of Alloys and Compounds 506 (2010) 804–810 805

Table 1
Effects of solvents on ZnxCd1−xS SNCsa.

Sample Oleic acid (mL) Paraffin oil (mL) Oleylamine (mL) Figure, shape

1# 10 10 0 Fig. 1a, irregular nanoparticles, d ≈ 8–36 nm
2# 5 10 5 Fig. 1b nanoparticles, d ≈ 7–13 nm
3# 2 16 2 Fig. 1c, nanoparticles, d ≈ 7–13 nm
4# 0 18 2 Fig. 1d, nanorods, d ≈ 5–10 nm, l ≈ 15–20 nm
5# 0 10 10 Fig. 1e, nanorods, d ≈ 5–10 nm, l ≈ 15–35 nm
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a Precursors: 1 mmol Zn(exan)2 and 1 mmol Cd(exan)2; thermal decomposition a

One of the most predominantly employed methods for
reparing SNCs involves the pyrolytic degradation of organometal-

ic precursors in a coordinating phosphine or amine solvent
22]. In this approach, molecular complexes with pre-formed

etal–chalcogen bonds act as the sources of both metal and chalco-
en in the formation of these SNCs including ZnxCd1−xS SNCs.
or example, Li et al. [23] have prepared ZnxCd1−xS SNCs with
omposition-dependent optical properties by a swift injection of
he mixture precursors of cadmium ethylxanthate (Cd(exan)2) and
inc ethylxanthate (Zn(exan)2) into a hot coordinating solvent
such as the mixture of hexadecylamine and trioctylphosphine).
owever, hot-injection-based synthetic methods are not suitable

or a large-scale production of the high-quality SNCs with nar-
ow size distribution [24]. In order to separate the nucleation and
rowth stages for the fastidious size distribution, the hot-injection
pproach requires a fast injection of organometallic precursor solu-
ions, a rapid decrease of the reaction temperature right after
he injection, and strong stirring for efficient mass transfer; and
hus the realization of these requirements is not easy at the
arge-scale production [24]. Accordingly, the development of the
on-injection-based synthetic approaches is in demand.

In the present work, we report a non-injection one-pot synthe-
is of wurtzite ZnxCd1−xS nanocrystals using a molecular precursor
pproach. This non-injection approach is easily scaled up and has
reat synthetic reproducibility, by heating two molecular precur-
ors (Cd(exan)2 and Zn(exan)2) in an organic solvent. The effects
f the solvent and composition on the shape and structure of
he resulting ternary ZnxCd1−xS SNCs have been investigated. In
ddition, their composition-dependent optical properties are also
iscussed.

. Experimental details

.1. Materials

All of the chemicals are commercially available and were used as received. Cad-
ium acetate dihydrate, zinc acetate dihydrate, potassium ethylxanthate, ethanol,
ethanol and paraffin oil were purchased from Sinopharm Chemical Reagent Co.

China). Oleic acid and oleylamine were obtained from Aldrich. Cadmium ethylxan-
hate (Cd(exan)2) and zinc ethylxanthate (Zn(exan)2) were synthesized by a method
imilar to that used by Nair et al. [25].

.2. One-pot synthesis and purification

ZnxCd1−xS SNCs were prepared as follows: Zn(exan)2 and Cd(exan)2 with total
olar amount of 2 mmol and different molar ratios (10:0, 8:2, 6:4, 5:5, 4:6, 2:8,

:10) were mixed together and dissolved in 20 mL of a solvent in a flask. The solvent
as pure oleylamine or the mixture of oleylamine, oleic acid and paraffin oil with
ifferent volume ratios. The solution was slowly heated to 120 ◦C under vacuum with
agnetic stirring for 30 min to remove residual water and oxygen during which

ime the flask was purged periodically with dry nitrogen gas. The resulting clear
olution was then heated to 320 ◦C at a rate of 10 ◦C/min under dry nitrogen gas
nd kept at this temperature for 30 min. Subsequently, the mixture was allowed to

ool to room temperature during which time the solution became a yellow colloidal
olution. The nanocrystals were precipitated by the addition of ethanol and isolated
ia centrifugation at 10,000 rpm. The precipitations were then washed twice with
thanol, and further purified by dispersing in a minimum amount of chloroform
nd then precipitated with excess ethanol. The samples were dried under vacuum
or a minimum of 24 h. The resulting nanocrystals could be dispersed in non-polar
20 Fig. 1f, nanorods, d ≈ 5–10 nm, l ≈ 15–40 nm

◦C for 30 min.

solvents (e.g. hexane, toluene, dichloromethane) by sonicating a suspension of the
nanocrystals in a bath sonicator for 10–20 min.

2.3. Characterization

Sizes and morphologies of ZnxCd1−xS SNCs were determined using a JEOL
JEM-2010F high-resolution transmission electron microscope (HRTEM) at 200 kV.
A small amount of the sample (∼1 mg) was dispersed in 1 g of hexane to give
an approximate 0.1 wt% solution. One drop of the resulting solution was evap-
orated on a formvar/carbon film supported on a copper grid. The compositions
of ZnxCd1−xS SNCs were measured by means of inductively coupled plasma (ICP)
atomic emission using a standard HCl/HNO3 digestion. X-ray diffraction (XRD) mea-
surements were made with a Bruker D4 X-ray diffractometer using Cu K� radiation
(� = 0.15418 nm). UV–vis absorption spectra were measured using a Shimadzu UV-
2550 ultraviolet-visible-near-infrared spectrophotometer. Photoluminescent (PL)
spectra were measured with a JASCO FP-6600 fluorescence spectrometer.

3. Results and discussion

3.1. Characterization of ZnxCd1−xS SNCs prepared in different
solvents

The effects of the solvents (or ligands) on the morphologies
and sizes of ZnxCd1−xS SNCs have been studied. Herein, Zn0.5Cd0.5S
SNCs were prepared by thermal decomposition of Zn(exan)2 and
Cd(exan)2 with a molar ratio of 1:1 in pure oleylamine or the mix-
ture of oleylamine, oleic acid and paraffin oil. Table 1 lists the
synthetic conditions and the results. From Table 1 and Fig. 1, it
is clear that the morphologies and sizes have been affected by the
contents of oleic acid and oleylamine. When the solvent is the mix-
ture of oleic acid (10 mL) and paraffin oil (10 mL) in the absence of
oleylamine, only irregular nanoparticles with the size of 8–36 nm
are found (Fig. 1a). With the decrease of oleic acid content (from
10 to 5 mL) and the addition of oleylamine (5 mL), SNCs are mainly
monodisperse spherical particles with diameters of 7–13 nm, and
they are self-assembled into an ordered array (Fig. 1b). When oleic
acid content decreases to 2 mL in the presence of oleylamine (2 mL),
some elongated or oblong particles are formed together with the
spherical particles (Fig. 1c). Interestingly, Zn0.5Cd0.5S SNCs pre-
pared in the solvent without oleic acid are almost nanorods with
diameters of 5–10 nm (Fig. 1d–f). With the further increase of oley-
lamine content, the length of the nanorods elongates. The inserted
HRTEM images show well-resolved lattice fringes, demonstrating
a high crystalline nature.

The effect of the solvents (or ligands) on the shapes of ZnxCd1−xS
SNCs should come from the difference in their coordinating ability
and steric conformation, and this phenomenon is well known in
the preparation of II-VI SNCs [26,27]. In this way, we can realize the
shape-controllable synthesis of ZnxCd1−xS SNCs by selecting appro-

priate solvents. For example, to synthesize uniform ZnxCd1−xS
nanoparticles, we use the mixture of oleic acid, paraffin oil and
oleylamine (volume ratio: 1/2/1) as the solvent; to prepare uniform
ZnxCd1−xS nanorods, we utilize pure oleylamine (or the mixture of
oleylamine and paraffin oil) as the solvent.
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ig. 1. TEM and HRTEM images of ZnxCd1−xS SNCs used to investigate the effects o
onditions as listed in Table 1.

.2. Characterization of ZnxCd1−xS SNCs with different
ompositions
Subsequently, the effects of the compositions on the morpholo-
ies and structures of ZnxCd1−xS SNCs have been investigated.
erein, ZnxCd1−xS SNCs were prepared by thermal decomposition
f Zn(exan)2 and Cd(exan)2 with different molar ratios in pure oley-
amine at 320 ◦C for 30 min (see Table 2). For comparison, binary
olvents on their morphologies and sizes. All the samples were prepared under the

ZnS and CdS SNCs were also prepared by a similar route. In the
previously reported preparation of ZnxCd1−xS SNCs [24], the Zn/Cd
ratio in SNCs is obviously much lower than that in the reactants,

2+ 2− 2+
because the reaction of Cd with S is rapider than that of Zn
with S2−. However, in our case, the Zn/Cd ratio in ZnxCd1−xS SNCs
is almost identical to that of Zn(exan)2 to Cd(exan)2, as shown in
Table 2. This consistency should be attributed to the similar reac-
tion activity and good co-dissolving property of Zn(exan)2 and
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ig. 2. TEM images of ZnS (a), ZnxCd1−xS (b–e) and CdS (f) SNCs, where ZnxCd1−xS S
:6, (e) 2:8. The insets are the corresponding HRTEM images.

d(exan)2 used in the current method [23]. This fact favors the
asy and accurate adjustment of the compositions of ZnxCd1−xS
NCs.
Fig. 2 shows TEM and HRTEM images of ZnS, ZnxCd1−xS and
dS SNCs. All of these samples are mainly nanorods with diam-
ters of 5–10 nm and lengths of 15–40 nm. No obvious effects of
he compositions on their shapes are found. This is different from
he previous result about the composition-induced shape transi-
ere prepared at different molar ratio of Zn(exan)2 to Cd(exan)2: (b) 8:2, (c) 6:4, (d)

tion, in which ZnxCd1−xS SNCs were prepared by swift injection of
the precursors into coordinating solvents at 210 ◦C [23]. In their
case, for ZnS, zincblende structure dominates the growth process;

for CdS, it is easy to produce a zincblende ‘core’ at the nucleation
stage and form a wurtzite arm in the following growth pro-
cess. Thus, Zn/Cd molar ratio in the precursors affects the growth
process and results in different shapes of the formed ZnxCd1−xS
SNCs. However, in our case, ZnxCd1−xS SNCs were prepared by
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Table 2
Effect of compositions on ZnxCd1−xS SNCsa.

Sample Zn/Cd molar ratio in Figure, shape

Reactants SNC products

1# 10:0 – Fig. 2a, nanorods, d ≈ 5–10 nm, l ≈ 15–40 nm
2# 8:2 (4.0) 3.75 Fig. 2b, nanorods, d ≈ 5–10 nm, l ≈ 15–40 nm
3# 6:4 (1.5) 1.46 Fig. 2c, nanorods, d ≈ 5–10 nm, l ≈ 15–40 nm
4# 5:5 (1.0) 0.97 Fig. 1f, nanorods, d ≈ 5–10 nm, l ≈ 15–40 nm
5# 4:6 (0.67) 0.66 Fig. 2d, nanorods, d ≈ 5–10 nm, l ≈ 15–40 nm

4 Fig. 2e, nanorods, d ≈ 5–10 nm, l ≈ 15–40 nm
Fig. 2f, nanorods, d ≈ 5–10 nm, l ≈ 15–40 nm
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6# 2:8 (0.25) 0.2
7# 0:10 –

a Solvent: pure oleylamine; thermal decomposition at 320 ◦C for 30 min.

non-injection one-pot synthesis at 320 ◦C. Since their wurtzite
hexagonal) crystal phase is thermodynamically stable, it is the
avorite phase for both ZnS and CdS at high temperature process
28]. Thus, both ZnS and CdS SNCs are wurtzite nanorods (as shown
n XRD pattern in Fig. 4), and Zn/Cd molar ratio in the precur-
ors could not significantly affect the shapes of ZnxCd1−xS SNCs.
his fact results in the easy preparation of uniform ZnxCd1−xS
anorods.

The inserted HRTEM images show well-resolved lattice fringes,
emonstrating the highly crystalline nature of the nanocrystals.
urthermore, as shown in Fig. 3, the inter-planar distance of the
0 0 2} plane goes up linearly (from 3.11 Å for ZnS to 3.18 Å for
n0.8Cd0.2S, and 3.21 Å for Zn0.6Cd0.4S, then to 3.36 Å for CdS), with
he increase of Cd content. These results indicate that c-axis of
nxCd1−xS SNCs extends with the increase of Cd molar fraction,
hich is an evidence for the formation of the ternary alloyed SNCs.

Powder XRD patterns reveal a hexagonal wurtzite structure of
NCs over all compositions (Fig. 4). No phase-structure change is
bserved, which is one of key reasons for no composition-induced
hape transition in our case and is different from the previous XRD
esults [23]. The characteristic XRD patterns of SNCs exhibit seven
rominent peaks, which are indexed to the scattering from (1 0 0),
0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), and (1 1 2) planes, respectively.
RD peaks also shift to smaller angle gradually as Cd content

ncreases. This continuous peak-shift of ZnxCd1−xS SNCs may also
ule out phase separation and/or separated nucleation of CdS or
nS nanocrystals. As shown in Fig. 5, the lattice parameter c of
nxCd1−xS SNCs measured from XRD patterns goes up nearly lin-
arly as Cd content increases, which agrees with the data measured

rom HRTEM images (Figs. 2 and 3). This trend is also consistent
ith Vegard’s law and indicates a homogeneous alloy structure

29–31].

ig. 3. The {0 0 2} inter-planar distances measured from the inserted HRTEM images
n Fig. 2 as a function of Cd molar fraction.

Fig. 4. Power XRD patterns of ZnS, ZnxCd1−xS and CdS SNCs. The standard patterns
of wurtzite phase of ZnS (JCPDS card no. 36-1450) and CdS (JCPDS card no. 65-3414)
are also supplied.

Fig. 5. A linear relationship of the lattice parameter c of ZnS, ZnxCd1−xS and CdS SNCs
as a function of Cd molar fraction, which is measured from XRD patterns (square data
points) and calculated from Vegard’s law (solid line).
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Fig. 7. (a) The variation of (˛h�)2 as a function of photon energy (h�) for ZnxCd1−xS
SNCs; (b) band-gap (Eg) as a function of Cd molar fraction for ZnxCd1−xS SNCs
(square data points, obtained by extrapolation of the plot of (˛h�)2 vs. (h�)) and
bulk ZnxCd1−xS (solid line, calculated from the empirical relationship).

4. Conclusions
Fig. 6. UV–vis absorption spectra of ZnS, ZnxCd1−xS and CdS SNCs.

.3. Optical properties of ZnxCd1−xS SNCs

The absorption spectra of ZnS, ZnxCd1−xS and CdS SNCs pre-
ared in pure oleylamine are shown in Fig. 6. Typical ZnS SNCs
xhibit an absorption edge at about 330 nm. As Zn content (x value)
n SNCs decreases from 1 to 0.2, the absorption edge of ZnxCd1−xS
NCs gradually shifts from 330 to 472 nm, and ultimately CdS SNCs
ave an absorption edge at about 490 nm. It has been revealed
hat SNCs with a radius significantly smaller than the exciton Bohr
adius show strong size-dependent optical properties due to the
trong quantum confinement effect of the charge carriers [23,24]. A
eak quantum confinement effect occurs when the particle radius

s close to or somewhat larger than the Bohr radius. ZnS and CdS
ave typical exciton Bohr radii of 2.2 and 3.0 nm, respectively. In
ur case, ZnxCd1−xS SNCs are actually in the weak quantum con-
nement regime because their radii are larger than those of Bohr
adii. Thus, such a large shift in the absorption edge cannot be
ttributed to the quantum-size effect, but should be related to a
ontinuous change in the energy band-gap (Eg) of ZnxCd1−xS SNCs
ith different Zn/Cd ratio [23].

For a direct band-gap material, the absorption coefficient sat-
sfies the equation (˛h�)2 = A(h� − Eg). The band-gap (Eg) values
f ZnxCd1−xS SNCs were obtained by extrapolation of the plot of
˛h�)2 vs. (h�), as shown in Fig. 7a. With the decrease of Zn con-
ent (x value) in ZnxCd1−xS SNCs from 1 to 0, Eg went down from
.75 eV for ZnS SNCs to 2.54 eV for CdS SNCs. As demonstrated

n Fig. 7b, these results can be well fitted by the empirical rela-
ionship for bulk ZnxCd1−xS: Eg(x) = 2.5 + 0.59x + 0.61x2; where the
uantum-size confinement effect is not obvious [23].

Fig. 8 shows the corresponding PL spectra of ZnxCd1−xS SNCs.
he PL spectra display only symmetric and narrow band-gap-
mission peaks, and the peak shifts systematically from 382 to
75 nm with the increase of Cd molar fraction from 0.2 to 0.8 in
nxCd1−xS SNCs (x = 0.8, 0.6, 0.4, 0.2). On the one hand, this sole
mission peak in PL spectra reveals that surface-defect emission is
uppressed [23]. On the other hand, this significant red-shift pro-
ides a clear evidence for the formation of the band-gap of the
lloyed ZnxCd1−xS SNCs via intermixing the wider band-gap of ZnS
3.7 eV) with the narrower band-gap of CdS (2.5 eV).

It is well known that the corresponding absorption and PL peaks
f CdS and ZnS nanocrystals should appear respectively if CdS or ZnS
ucleates separately [23]. In our case, the sole absorption and PL

eaks of the resulting ZnxCd1−xS SNCs rule out the separate nucle-
tion of CdS and ZnS, which agree with the results of HRTEM and
RD characterizations. If a core–shell structure is formed, such a
ignificant shift of the optical spectra cannot be produced com-
Fig. 8. PL spectra of ZnxCd1−xS SNCs.

pared with those of the core materials. Therefore, our ZnxCd1−xS
SNCs exhibit excellent composition-dependent optical properties.
ZnxCd1−xS SNCs have been prepared by a non-injection one-
pot synthesis approach consisting of thermal decomposition of
Zn(exan)2 and Cd(exan)2 in pure oleylamine or the mixture of
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leylamine, oleic acid and paraffin oil. The shape-controllable syn-
hesis of ZnxCd1−xS SNCs is realized by selecting the appropriate
olvents. When pure oleylamine is used as the solvent, no obvi-
us composition-induced shape transition is found, and ZnxCd1−xS
NCs with different compositions are mainly wurtzite nanorods
ith diameters of 5–10 nm and lengths of 15–40 nm. With the

ncrease of Cd content, both the lattice parameter and energy band-
ap of ZnxCd1−xS SNCs go up gradually. These alloyed ZnxCd1−xS
anorods exhibit excellent composition-dependent optical prop-
rties and are promising candidates as emitting materials.
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