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a  b  s  t  r  a  c  t

In  the  present  work,  we demonstrated  a simple  and  green  synthesis  route  for  shape-controlled  ZnS
nanocrystals,  where  only  environmentally  benign  chemicals,  namely  sulfur,  zinc  oxide  and  olive oil,
were  employed.  By  controlling  the  experimental  conditions,  we  were  able  to  tune  the  band  edge  and
trap  state  photoluminescences  of  ZnS  nanocrystals  and  obtain  pure  excitonic  photoluminescence  that
was rarely  observed  in  literature.  The  trap  state  emission  was  derived  from  sulfur  vacancies  and  would  be
eywords:
reen chemistry
nS
xcitonic emission
anocrystals
anoflowers

eliminated  when  an  excess  of  sulfur  was  used  during  the  synthesis.  Additionally,  the  morphology  of  ZnS
nanocrystals  could  be  tuned  to  appear  like  flowers,  where  the  formation  mechanism  was  systematically
discussed.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Recently, photoluminescent semiconductor nanocrystals (NCs)
ave received significant attention because of their size- and shape-
ependent physical and chemical properties [1].  They are employed
or various applications including biomedical tags and diagnostics
2],  light emitting diodes [3,4], lasers [5,6] and solar cell [7].  How-
ver, many benefits of the applications are linked to a doubtful
uture, due to concerns about the harm to our environment and
iving organism [8].  Therefore, great care and foresight should be
aken to ensure that the synthesis of high-quality NCs are safe and
ffective [9,10],  where green chemistry approaches are increasingly
eing used [11,12].

Zinc sulfide (ZnS) is an environmentally benign semiconductor
ith a wide direct band gap (3.6 eV). It is an attractive material

nd has a wide range of applications covering flat panel displays,
onlinear optical devices, ultraviolet sensors, lasers, and so forth
13–16].  The fast development of nanoscience and nanotechnology

akes ZnS nanomaterials successfully synthesized into a vari-

ty of morphologies, such as nanoparticles [17–19],  nanowires
20,21], nanorods [22,23], nanobelts [13], nanosheets [15] and

ore complicated nanostructures [24–26].  In these cases, they
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exhibit various optical properties because of the high sensitivity to
size, shape, and synthetic environment [27–29].  Manipulation of
obtaining desired optical spectra of ZnS NCs is significant for their
applications. However, rather than the report of their excitonic
emission in the ultraviolet (UV) region, most reports described
the broad emission in the visible range. Such broad emission was
related to the considerable trapped states of ZnS NCs. Pure exci-
tonic emission with trap states excluded was  challenging for ZnS
NCs. Wageh et al. enhanced the band gap emission by increasing
the reflux time of growth solution for a long time (up to 10 h) at
a temperature of 1–2 ◦C; however, the weak emission tail derived
from trap states also existed [30]. Li et al. made significant con-
tributions to the excitonic emission of ZnS NCs, which still mixed
with deep trap emission [31]. The reason that the pure band edge
emission of ZnS NCs was rarely obtained is because of the loss of
excitons into their trap states [32]. The competition between the
band edge emission and trap state emission limits the application
of ZnS NCs as UV/blue emitters. Therefore, there still is an apparent
lack of a good solution, especially a green chemistry approach, to
prepare ZnS NCs with pure excitonic emission.

In our present preparation method, we used nontoxic chemi-
cals (sulfur, zinc oxide and olive oil) to synthesize zinc blende ZnS
NCs. Different molar ratios of precursors were used and found to

play a significant effect on the photoluminescence (PL) properties
of ZnS NCs. When an excess of sulfur precursors was used during
the synthesis, the trap state emission originated from sulfur vacan-
cies would be eliminated and hence pure excitonic emission was

dx.doi.org/10.1016/j.jhazmat.2011.11.020
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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ig. 1. XRD patterns of the ZnS NCs synthesized with a S:Zn molar ratio of 1:2.

bserved. Comparatively, a large excess of Zn precursors led to the
ormation of three-dimensional (3D) ZnS nanoflowers, where the
ormation mechanism was systematically discussed.

. Experimental details

.1. Materials
ZnO (99.9%) and S (99.9%) were purchased from Sinopharm
hemical Reagent Co., Ltd. Olive oil was ordered from Fluka (Prod-
ct no. 75357). Acetone (analytical grade), chloroform (analytical

ig. 2. TEM images of the ZnS NCs synthesized with different S:Zn molar ratios (a) S:Zn
istribution histograms of above TEM images, respectively.
aterials 211– 212 (2012) 62– 67 63

grade) were purchased from commercial sources. All chemicals
were used as received without further purification.

2.2. Synthesis of monodisperse ZnS NCs

Typically, S solution was obtained by dissolving 0.2 mmol  of S in
1 mL  of olive oil at 100 ◦C for 0.5 h and then cooled down to room
temperature. Meanwhile, a mixture of ZnO powder (0.4 mmol) and
olive oil (5.0 mL)  was  added to a 50 mL  three-neck flask that was
connected to a Schlenk line. The mixture was  heated to 330 ◦C under
nitrogen flow, where ZnO powder was  completely dissolved under
stirring. At this temperature, the S solution was swiftly injected
into the vigorously stirred reaction solution, which was followed by
the drop of temperature to ∼310 ◦C. At different reaction moments,
aliquots were taken from the reaction flask and immediately mixed
with cold acetone to quench their reaction. After purified by cen-
trifugation, the prepared ZnS NCs could be re-dispersed in organic
solvents such as hexanes, toluene, or chloroform. In the above reac-
tion, the initial molar ratio of S:Zn is 1:2. Reactions with other molar
ratios were carried out as well.

2.3. Synthesis of nanoflowers

This synthesis was  the same as above, except that a large excess
of ZnO power (0.8 mmol) was  used.

2.4. Characterization

All measurements were performed at room temperature.
spectra were measured by a Shimadzu UV-3150 spectrometer and
a Photon Technology International photoluminescence, respec-
tively. The photoluminescence quantum yields (PL QYs) of ZnS

 = 1:2, (b) S:Zn = 1:1 and (c) S:Zn = 2:1. (d), (e) and (f) are the corresponding size-
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Fig. 3. HRTEM image of ZnS NC synthesized with a S:Zn molar ratio of 1:2.

Cs were measured using l-tyrosine as a standard (14% in water).
-ray diffraction (XRD) patterns were recorded via a Shimadzu
RD-6000 working with a Cu K� target. Transmission electron
icroscopy (TEM) images were obtained by a Hitachi H-8100IV
icroscope operated at 200 kV. High-resolution transmission elec-

ron microscopy (HRTEM) images were obtained by a JEM-2100F
icroscope operated at 200 kV.

. Results and discussion

The crystalline phase of the resulting products was investi-
ated using powder XRD. As shown in Fig. 1, three obvious peaks
ere observed, corresponding to the (1 1 1), (2 2 0), and (3 1 1)
lanes of cubic (zinc-blende) ZnS. These peaks showed broad fea-
ures, meaning small crystalline sizes. This was consistent with
he TEM observation in Fig. 2. TEM studies showed that no mat-
er which of the S:Zn molar ratios (1:2, 1:1, and 2:1) was used in
ur green synthesis, the resulting products looked dot-shaped and
niform (Fig. 2a–c); the standard deviations of size distributions
ere smaller than 10% (Fig. 2d–f). The HRTEM image of individ-
al NC showed clear lattice fringes with a spacing of d = 0.31 nm
Fig. 3), corresponding to the (1 1 1) lattice plane of the zinc-blende
tructure.

The size-dependent optical properties of ZnS NCs could be mon-
tored through the temporal evolution of absorption spectra. Fig. 4a
isplayed the UV–vis absorption spectra of ZnS NCs taken at differ-
nt intervals of the typical synthesis (S:Zn = 1:2). Their absorption
eaks were all much shorter than that of bulk ZnS (344 nm), which
as attributable to the quantum confinement effect. The ZnS NCs

rew fast after S precursors were injected into the reaction solu-
ion. As the reaction proceeded to about 20 s, the relatively sharp
bsorption peak located at 295 nm was observed. The absorption
eak red shifted to 307 nm when the reaction time increased to 1 h,
hich indicated the growth of ZnS NCs and their size-dependent

uantum confinement effect. As displayed in Fig. 4a, the absorption

eaks at the early stage of reaction could be obviously recog-
ized. However, at the prolonged stage of reaction, the absorption
eaks became unobvious. This was because the nanocrystal
rowth underwent a process called “defocusing” [33]. This process
aterials 211– 212 (2012) 62– 67

represented the broadening of nanocrystal size distributions, which
could be visually reflected by the broad and unobvious absorption
peaks.

The PL properties of the above products could be seen in
Fig. 4b. Two  emission regions in the UV range and visible range,
respectively, were observed for all samples taken at reaction
times from 20 s to 1 h. The narrow emission at shorter wave-
lengths corresponded to the band edge (or excitonic) emission;
the broad emission at longer wavelengths was attributed to the
trap-related emission. As reported previously, the excitonic emis-
sion of ZnS NCs was commonly accompanied by their trap-related
emission due to the loss of excitons into trap states [27]. Such trap
states were derived from zinc and sulfur vacancies. The trap state
emission related to zinc vacancies was  reported to exhibit a broad
peak located at ∼480 nm [34], while the broad peak of our ZnS NCs
located at ∼420 nm was commonly assigned to sulfur vacancies
[27].

Tuning defect emission was  previously observed in ZnS nanos-
tructures [28], showing the difficulty or even impossibility to obtain
pure excitonic emission from ZnS NCs. The above results, however,
told us the filling of sulfur vacancies should be an effective strategy
to diminish or eliminate the defect-related emission in our case.
Thus, we increased the sulfur proportion during the reaction. As
shown in Fig. 5a, the initial molar ratio of S:Zn was  increased to 1:1
from its original 1:2. Although the optical spectra still consisted of
two  emission regions that were similar to those in Fig. 4b, the rela-
tive intensity of trap state emission to excitonic emission was found
to decrease with the increase of sulfur proportions. For example,
when the initial S:Zn ratio in the reaction was increased from 1:2
to 1:1, the relative intensity ratio of defect-related emission to exci-
tonic emission decreased from ∼4.8 to ∼2.5 at 20 s of the reaction
interval. Such intensity ratios kept decreasing as the reaction lasted
longer. On the basis of such positive facts, we  were encouraged to
further increase the sulfur proportion, aiming to completely elim-
inate the trap state emission of ZnS NCs. When the initial molar
ratio of S:Zn was  increased to 2:1, the band edge emission and
trap state emission further increased and decreased, respectively.
More encouragingly, the broad emission in the visible range was
completely quenched at 10 min  or longer, where only the pure
excitonic emission was observed in the UV region (Fig. 5b). Con-
sequently, we  succeeded to prepare ZnS NCs with pure excitonic
emission. Although some papers reported excitonic emission from
ZnS NCs, trap-related emission existed more or less [30,35]. In our
green chemistry approach, the PL properties could be manipulated
by simply adjusting the molar ratio of precursors, in which we  were
able to obtain pure excitonic emission in a relatively short reaction
time (such as 10 min).

Due to the existence of sulfur vacancies, extra trap states would
be introduced and thus form the trapping center to capture elec-
trons quickly. These captured electrons contributed only to the trap
state emission, while the excited electrons that not were captured
by trap states resulted in excitonic emission. With the increase of
sulfur, more sulfur vacancies will be filled and thus trapping cen-
ters would be fewer [34,36]. An excess of sulfur could effectively
fill sulfur vacancies, where trap state emission would be eliminated
and accordingly pure excitonic emission became possible (Fig. 5b).

The PL quantum efficiency of our resulting NCs was  not high
(below 10%), consistent with the reported efficiency of Zn-related
NCs with fatty acids as the ligand [31]. Fig. 6 was used to exhibit the
temporal evolution of PL QYs of ZnS NCs at different molar ratios of
precursors. With the initial S:Zn ratios equal to 1:2 and 1:1, respec-
tively, slightly increased PL QY values over reaction time were

obtained (Fig. 6a and b). Furthermore, when the trap state emis-
sion was gradually eliminated, the PL QY had an obvious increase,
as shown in Fig. 6c. These temporal evolutions of PL QYs demon-
strated that, with the increase of S:Zn molar ratio, the trap-related
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Fig. 4. Temporal evolution of (a) UV–vis and (b) PL spectra of the ZnS NCs synthesized with a S:Zn molar ratio of 1:2.

Fig. 5. Temporal evolution of PL spectra of the ZnS NCs obtained with different molar ratios (a) S:Zn = 1:1 and (b) S:Zn = 2:1.
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Fig. 6. Temporal evolution of PL QYs of ZnS NCs synthesized with different S:Zn molar ratios (a) S:Zn = 1:2, (b) S:Zn = 1:1, and (c) S:Zn = 2:1.
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Fig. 7. (a) TEM image (inset: HRTEM image) and

mission could eventually decrease to zero, while the excitonic
mission kept increasing.

Much effort has been made to control the morphology of ZnS
Cs [37]. However, 3D NCs, such as nanoflowers, have been rarely

eported. The morphologies of our as-synthesized ZnS NCs could
e tuned to look like nanoflowers, when the Zn precursor was  ini-
ially increased (0.8 mmol). Fig. 7a presented the TEM image of
ower-like ZnS. It seemed that the resulting nanoflowers consisted
f some aggregated ZnS NCs, and were further investigated by a
ypical HRTEM image (inset of Fig. 7a). The lattice fringes with

 spacing of d = 0.31 nm corresponded to the (1 1 1) lattice plane
f the zinc blende structure. The typical XRD patterns of the as-
repared nanoflowers could be observed in Fig. 7b, where three
eaks corresponded to the (1 1 1), (2 2 0), and (3 1 1) planes. It indi-
ated these nanoflowers possessed a pure zinc blende structure,
imilar to that of the individual ZnS NCs. All the XRD patterns of
anoflowers also showed the similar size broadening to the indi-
idual ZnS NCs, indicating both the NC-composed nanoflowers and
he individual NCs possessed similar crystalline sizes. This further
evealed that individual NCs attached closely to form nanoflowers.

Earlier, Peng and co-workers [38,39] observed the formation
f nanoflowers, where the limited ligand protection (LLP) was
mployed to explain the formation mechanism. A high-enough
oncentration of surface ligands should be used to passivate and
aintain dot-shaped NCs. However, when the surface ligands
dded were not sufficient to protect individual NCs, namely LLP,
hey would become unstable and attach on some unprotected sur-
aces to form 3D nanoflowers. As shown above, LLP was achieved
hrough both decreasing the concentration of surface ligands and
D patterns of the as-prepared ZnS nanoflowers.

maintaining the amount of precursors. Similarly, increasing pre-
cursors and maintaining surface ligands should reach the same
effect. As shown in Fig. 7a, simply increasing the initial amount
(0.8 mmol) of Zn precursors and maintaining the other conditions
resulted in ZnS nanoflowers. Thus, we  provided here an alternative
simple route to reach LLP for the formation of ZnS nanoflowers.

4. Conclusion

In conclusion, we synthesized dot- and flower-shaped ZnS NCs
through a green chemistry approach. The commonly existing trap
state emission of ZnS NCs could be completely eliminated in
appropriate conditions, where only pure excitonic emission was
observed. Without trap state emission, our prepared ZnS NCs were
more likely to serve as a potential UV emitter. Moreover, we offered
an alternative scheme to achieve the LLP, resulting in 3D nanoflow-
ers.
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