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Zinc sulfide (ZnS) nanostructures have attracted increasing attention due to their potential
application in both conditional optical devices and new generation of nano-electronics and
nano-optoelectronics because of their special structure-related chemical and physical proper-
ties. In this article, beginning with the synthesis of ZnS nanostructures with various original
morphologies, we summarize the state-of-art research progresses on ZnS nanostructures. This
is followed by the recent progresses on the improvement of their properties, especially the novel
potential applications. We highlight the recent achievements on photoluminescence, photocatal-
ysis, light-emitting diodes (LEDs), field-effect transistors (FET), sensors, dye-sensitized solar
cells, and field emission (FE) based on ZnS nanostructures. Finally, we present an outlook on
the future development of ZnS nanostructures.
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1. INTRODUCTION
With wide band-gaps of 3.72 and 3.77 eV for cubic zinc

blende(ZB) and hexagonal wurtzite (WZ) forms at room tem-
perature, ZnS has been extensively studied because of its po-
tential applications in flat-panel display, light-emitting diodes
(LEDs), infrared windows, electroluminescence, sensors, lasers,
and photocatalysis due to its diverse range of possible struc-
tures and morphologies, and superior chemical and thermal
stabilities.1–4 Recently, composited with other semiconductors
or doped with transition metal ions, breakthrough progresses
have been made on the potential applications of ZnS nanostruc-
tures in photoluminescence and photocatalysis. For example,
the photoluminescence of CuInS2/ZnS core/shell quantum dots
exhibited abnormal blue shift.5 Matchstick-shaped Ag2S–ZnS
heteronanostructures preserved both UV/blue and near-infrared
photoluminescences.6 CuS/ZnS porous nanosheets showed vis-
ible light photocatalytic H2-production activity.7 Meanwhile,
many new applications of ZnS nanostructures are springing up,
such as light-emitting diodes, dye-sensitized solar cells, and so
on. On the other hand, one-dimensional (1D) semiconductor

nanostructures have attracted great research interest because of
their special structure related chemical and physical properties.8

The researches about the applications of 1D ZnS nanostructures
are focused on the field-effect transistors, field emission, and
photodetectors. The novel applications of 1D ZnS nanostruc-
tures such as gas sensors, thermal sensors, humidity sensors,
ion-sensors, and biosensors are just on the beginning.

In this article, we will summarize the state-of-art research
progresses on ZnS nanostructures and their novel applications.
We begin with the synthesis of ZnS nanostructures with various
morphologies. Using various facile techniques, hollow nanos-
tructures, core/shell nanostructures, nano-urchins and nanoflow-
ers nanostructure arrays, nanowires, nanobelts, nanotubes, coax-
ial, homoepitaxial, and heteroepitaxial nanostructures have been
synthesized under specific growth conditions so far. Subse-
quently, we will give a survey about the recent progresses on
the improvement of their properties, especially the novel po-
tential applications. In these parts, we will highlight the latest
achievements in using various ZnS nanostructures as photolu-
minescence, photocatalysis, light-emitting diodes (LEDs), Field
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ZnS NANOSTRUCTURES 59

effect transistor (FET), sensors, dye-sensitized solar cells, and
field emission (FE). Finally, we conclude this article with a
summary of problems remaining and the outlook for future de-
velopment of ZnS nanostructures.

2. PREPARATION OF ZNS NANOSTRUCTURES

2.1. Liquid-phase Synthesis Method
The interest in nanoscale materials stems from the fact that

their properties (optical, electrical, mechanical, chemical, etc.)
are a function of their size, composition, and structural order.9

Effective strategies have been designed to build tailed nanomate-
rials reliably and predictably, among which liquid-phase synthe-
sis method is a simple and widely used fabrication technology
to control the structures of the target nanomaterials. Compared
with gas-phase method, liquid-phase synthesis method is ex-
tensively utilized not only in laboratories but also industries
because of the accurate components, high specific surface area,
controllable morphologies and sizes, and low cost of the prod-
ucts. By using this method, numerous ZnS nanoarchitectures
have been constructed.

2.1.1. Hollow Nanostructures
Inorganic hollow spheres having tailored structural, optical,

and surface properties represent an important class of materials,
which have high scientific interest and technological impor-
tance. Due to their special structure, low density, large surface
area, stability, and surface permeability, hollow spheres with
nanometer-to-micrometer dimensions are potentially useful in
a wide range of applications such as photonic crystals, delivery
vehicle system, containers for encapsulation, catalysts, and pro-
tection of biologically active agents like proteins, enzymes or
DNA, fillers and controlled release capsules for drugs, etc.10–15

Conventionally, inorganic hollow spheres are prepared by
two-step templating routes. Recently, liquid crystal templating
has been utilized for the preparation of ZnS hollow spheres.
The advantage of liquid crystal templating (also referred to as
nanocasting) is that there is direct control over the pore diameter
and packing. By applying double direct templating, Wolosiuk
synthesized mesoporous ZnS hollow spheres.16 TEM images
of multiple particles (Figures 1a and b) indicate the uniformity
of the wall thickness. The yield of this process, however, was
low and when a silica colloid was used as the sacrificial tem-
plate, the fidelity of the templated mesostructure was quite poor.
Through careful control of the surface chemistry of the sacrifi-
cial silica colloidal particle, Son obtained mesostructured ZnS
shells with high fidelity templating.17 The corresponding TEM
images are shown in Figure 1c. In their work, the self-assembled
hexagonal phase of a lyotropic liquid crystal (LLC) formed by
shear mixing a mixture of Brij 97 and water containing pre-
cursors for ZnS was used as a soft template to direct the min-
eralization of ZnS on the surface of the silica and polystyrene

colloidal templates. This LLC consists of a hexagonal array of
hydrophobic rods immersed in a continuous hydrophilic ma-
trix and ZnS heterogeneously nucleates on the surface of the
colloids only where the hydrophilic regions of the LLC are in
contact. Removal of the sacrificial colloidal particle thus re-
sulted in a periodically mesostructured ZnS hollow capsule.
However, in the above cases, the pure product was obtained
only after the complete removal of the templates, which makes
the experiment more complicated with some awful effects on
the morphology and properties of the final product. Luo and co-
workers successfully synthesized ZnS hollow spheres by using
a simple one-step hydrothermal method using Zn(NO3)2·xH2O,
PEG, and thioacetamide (TAA) as precursors.18 The size of the
hollow ZnS microspheres strongly depends on the chain length
of PEG used. The microspheres with a size of about 0.2 μm
were obtained without PEG reagent, as shown in Figures 1d and
1e. When PEG-800 reagent was used, the microspheres with
the average size of about 2 μm were formed and the size of
the hollow spheres increases to about 4 μm with PEG-2000 and
further increases to 5 μm with PEG-6000.

Many other solution-phase synthetic methods also have been
utilized for the preparation of ZnS hollow spheres. Gu and
co-workers successfully synthesized ZnS hollow spheres us-
ing Zn(NO3)2·6H2O and thioacetamide (TAA) as precursors
without any surface modification.19 Zhou reported, for the first
time, a novel bacteria-templated sonochemical route for the in
situ one-step synthesis of ZnS hollow nanostructures at room
temperature involving artificial mineralization and microorgan-
ism disruption. In their work, lactobacillus was used as tem-
plates because it is familiar and can be easily obtained in large
amounts.20 Panda reported the one-step chelating ligand (EDTA)
mediated hydrothermal route for the synthesis of hollow ZnS
microspheres. This facile synthetic approach allowes us to pro-
duce well crystalline nearly monodispersed ZnS microspheres
with controllable size and shell thickness. The approach will
lead to the development of an effective, low-cost fabrication
process that has high potential for scaling up.21

2.1.2. Core/Shell Quantum Dots
Colloidal nanoparticles have attracted considerable interest

because of their interesting properties and potential applications,
such as in biomedical areas, renewable energy, and optical de-
vices. In particular, semiconductor nanoparticles, or quantum
dots (QDs), have been a major focus as novel materials for
bioimaging and optoelectronic devices owing to their controlled
optical properties.22 Post-synthesis inorganic surface modifica-
tion not only passivated the nanoparticles or QDs but also im-
proved quantum efficiencies (QE).23 Thus, it may be applicable
to a core/shell system, where the bandgap of the core lies within
the bandgap of the shell material and the photogenerated elec-
trons and holes are mainly confined inside the core material. ZnS
usually acts as a shell material in such core/shell system. Zeng
synthesized high-quality Mn:ZnSe/ZnS core /shell nanocrystals,
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60 X. WANG ET AL.

FIG. 1. (a) TEM micrographs of hollow mesoporous ZnS shells and (b) higher magnification of the white squareness. (Reprinted
from Wolosiuk et al.16 Copyright 2005: American Chemical Society.) (c) TEM micrograph of multiple ZnS shells after etching
the PAA-modified SiO2 colloidal templates. (Reprinted from Sun et al.17 Copyright 2009: American Chemical Society.) (d) and
(e) TEM images of the hollow ZnS spheres without PEG at different magnifications. (Reprinted from Luo et al.18 Copyright 2008:
American Chemical Society.)

which showed 50% photoluminescence (PL) quantum yield.24

First, highly luminescent Mn:ZnSe nanocrystals were synthe-
sized by using the organic selenide salt as the Se precursor. To
improve the stability of the Mn:ZnSe nanocrystals, an attractive
strategy by synthesizing core/shell structure with an additional
protective ZnS shell, which localizes the excited station of the
Mn ions by preventing energy transfer to surface states or the sur-
rounding medium and prevents the migration of the Mn dopants.
The corresponding PL spectra, UV-vis spectra, and TEM images
of origin Mn:ZnSe d-dots, Mn:ZnSe/ZnS core/shell d-dots with
one ZnS (1) monolayer, and two ZnS (2) monolayers are shown
in Figure 2.

Combining the advantages of two or more shell ma-
terials, Zhang and co-workers fabricated CdTe/CdSe/ZnS
core/shell/shell heterostructure possessing PL quantum yields
as high as 84% in aqueous media.25 Schematic Diagram of
Bandgap and Band Offsets for interfaces among CdTe, CdSe,
and ZnS are shown in Figure 3a. Figures 3b–g show wide-field
TEM images of CdTe core nanocrystals with an average size of
2.6 nm and the representative CdTe/CdSe and CdTe/CdSe/ZnS
core/shell nanocrystals derived from the initial CdTe cores via
the consecutive overgrowth of the CdSe and ZnS shells. The
average sizes of the nearly dot-shaped core/shell nanocrystals
(3.2, 4.0, 4.8, 5.5, and 6.7 nm corresponding to QDs containing
a one-, two-, three-, and four-ML CdSe shell and a four-ML
CdSe+two-ML ZnS shell, respectively) approximately match
the theoretical thickness calculated from the amount of injected
stock solution, which gives strong evidence for the epitaxial
growth of CdSe onto the CdTe cores and the overgrowth of

ZnS around the CdTe/CdSe and excludes the independent ho-
mogeneous nucleation of CdSe and ZnS. The additional ZnS
shell efficiently confines both electrons and holes within the
CdTe/CdSe structure and substantially enhances the spatial in-
direct radiative recombination at the CdTe core and inner CdSe
shell interface, and thus obtained a water-dispersible, highly
luminescent CdTe/CdSe/ZnS heterostructure with an emission
wavelength ranging from 540–826 nm, which is one of the best
results for the luminescent semiconductor nanocrystals.

2.1.3 Nano-Urchin and Nanoflowers
Compared with 1D nanostructure, the complex 3D architec-

tures constructed by 1D nanostructures showed unique prop-
erties different from those of mono-morphological structures
because of they combined the features of all involved nanoscale
building blocks.26 Efforts were devoted to the self-assembly of
nanoscale building blocks into complex 3D architectures such
as hierarchical ZnO hollow superstructures, nanowires assem-
bled SnO2 polyhedrons, straw-bundle-like Zn2SiO4 nanostruc-
tures, and wurtzite ZnSe nanoflower.27–30 Among them, the sea
urchin-like architectures with unique shape and structure have
remarkable optical, electric, and magnetic properties, and they
exhibit promising applications in field emitter, solar, catalysis,
sensor, and so on.31

Wang reported a new facile solvothermal method for the
preparation of Mn-doped ZnS sea urchin-like architectures in a
ternary solution made of ethylenediamine, ethanolamine, and
distilled water. The Mn-doped ZnS product is well-defined

D
ow

nl
oa

de
d 

by
 [

H
ua

zh
on

g 
U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

&
 T

ec
hn

ol
og

y 
] 

at
 1

8:
18

 1
3 

M
ar

ch
 2

01
3 



ZnS NANOSTRUCTURES 61

FIG. 2. PL spectra (a) and UV-vis spectra (b) of Mn:ZnSe and Mn: ZnSe/ZnS core/shell d-dots and TEM images of origin Mn:ZnSe
d-dots (c), Mn:ZnSe/ZnS core/shell d-dots with one ZnS(1) monolayer (d), and two ZnS(2) monolayers (e), respectively. The scale
bars of the TEM images are 50 nm. (Reprinted from Zeng et al.24 Copyright 2011: American Chemical Society.) (Color figure
available online.)

sea urchin-like architecture with diameters in the range of
0.5–1.5 μm. These sea urchin-like architectures constructed
from tightly self-assembled nanorods have the tendency to in-
terconnect with each other.31 Ethyenediamine (EN) is an im-
portant assisting agent, which is widely used as a solvent and
ligand for the synthesis of various nanomaterials. For exam-
ple, Wang studied the solvothermal preparation of ZnS nanos-
tructures from nanoparticles, ultration nanobelts/nanowires to
branched nanotetrapods through controlling the concentration
of EN.32 Novel and complex wurtzite 3D ZnS architectures as-
sembled by 1D nanostructures were prepared by Xiong et al.
via a mono-dentate-amine-based solvothermal approach in a
binary solution made of distilled water and ethanol amine.33

In their work, L-cysteine (C3H7NO2S), an amino acid is used
as the sulfur source. The ZnS urchin-like structures are shown
in Figures 4a and 4b. Close observations on a typical broken
urchin-like structure exhibited in Figure 4b indicate that these
structures are constructed from tightly self-assembled nanorod
arrays. The ZnS nanostructures display very high photocatalytic
activity and are much more efficient than that of commercial
ZnS powders under infrared-light irradiation and commercial
TiO2 powders under UV-light irradiation as demonstrated by
the photodegradation of acid fuchsine at ambient temperature.
ZnS nanoflowers were also synthesized by Xi et al. for the first
time by a composite-hydroxide-mediated (CHM) method. The

SEM and TEM images in Figure 4c and 4d show that the sam-
ples are nanoflowers with 800–1000 nm diameter. The inset
gives the electronic diffraction pattern of selected area, which
suggests that ZnS nanoflowers are polycrystals.34 Because of
their high specific surface areas, these 3D ZnS nanostructures
are usually used in gas sensors and photocatalysis.

2.1.4. Nanostructure Arrays
High-quality nanostructure arrays grown on demanded sub-

strates in a controlled fashion are highly desirable since
aligned nanostructures with ideal geometry, array density, and
length-diameter-ratio can significantly enhance some unique
properties and thus optimize their potential applications for
nanodevice designs. Shi and co-workers reported a facile one-
step solution method for the growth of uniform well-aligned
1D ZnS nanostructure arrays at low temperatures (Figures
4e).35 In their work, sulfur powders and zinc foil were used
as sulfur source and zinc source, respectively. By control
the reaction temperature and sulfur concentration, large-scale
nanowires, nanotubes, and nanoribbons assembled well-ordered
3D ZnS arrays can be selectively synthesized. Using zinc acetate
[Zn(CH3COO)2·2H2O] and thiourea [CS(NH2)2] as reagents,
the effects of the pulse-plating Zn nanocrystallines and Zn plates
on the morphology of the products were studied carefully by
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62 X. WANG ET AL.

FIG. 3. Schematic diagram of bandgap and band offsets (eV)
for interfaces among CdTe, CdSe, and ZnS (a); TEM images
of 2.6 nm CdTe core QDs (b) and the resulting CdTe/CdSe and
CdTe/CdS/ZnS core/shell QDs with different shell thicknesses
obtained by consecutively growing the CdSe and ZnS shells on
the initial CdTe cores; (c) one-ML CdSe, (d) two-ML CdSe, (e)
three-ML CdSe, (f) four-ML CdSe, (g) four-ML CdSe+two-ML
ZnS. The scale bar is the same for all images. Insets are the cor-
responding histograms of the size distribution. (Reprinted from
Zhang et al.25 Copyright 2009: American Chemical Society.)
(Color figure available online.)

Yu et al. Via a simple aqua-solution hydrothermal route, uni-
form ZnS nanorod arrays were fabricated upon pulse-plating Zn
nanocrystallines. When the Zn nanocrystallines was replaced
with Zn plate, no 1D ZnS nanostructure was found on the sub-
strate, revealed that pulse-plating Zn nanocrystallines acted as
both reactant and seeds during the hydrothermal process.36 By
a simple template-free solvothermal reaction and subsequent
heat-treatment process, Lu fabricated large-scale, well-aligned,
and oriented wurtzite ZnS nanobelt arrays on zinc substrate.
The ZnS nanobelts growed along the [0001] direction and have a
thickness of about 30 nm, widths of several hundreds of nanome-
ters, and uniform length up to 4 μm (Figure 4f). The selection
of Zn foil as the substrate is crucial for the formation of ZnS
nanostructured arrays. The concentration of Zn ions, pH value in

FIG. 4. (a) and (b) SEM images of the ZnS urchin-like structures
with different magnification. (Reprinted from Xiong et al.33

Copyright 2007: Wiley-VCH.) (c) and (d) SEM and TEM im-
ages of ZnS nanoflowers. (Reprinted from Xi et al.34 Copy-
right 2010: Springer.) (e) SEM images of the as-prepared ZnS
nanoribbon arrays. (Reprinted from Shi et al.35 Copyright 2009:
American Chemical Society.) (f) SEM images of ZnS nanobelt
arrays synthesized at 160◦C for 10 h and after heating at 250◦C
for 1/2 h under a vacuum. (Reprinted from Lu et al.37 Copyright
2007: American Chemical Society.)

the initial precursor solution, and reaction temperature also have
important influences on the morphology of the final arrays.37

Recently, there has been a lot of interest in 1D nanomateri-
als with porous structures because of their large surface area,
high porosity and low density, as well as other excellent inher-
ent properties.38,39 However, little work has been conducted on
the preparation of well-ordered 1D ZnS porous nanostructures
array. Recently, Shi et al. demonstrated the preparation of novel
ZnS porous nanoribbon arrays via a simple one-step solvother-
mal approach.40 The as-prepared well-ordered nanoribbons are
composed of connected nanoparticles with the same crystal
growth orientation. From the TEM image of an individual ZnS
nanoribbon one can clearly notes that the nanoribbons are com-
posed of a large amount of connected nanocrystallities with
sizes of about 2–5 nm as building blocks. A lot of uniform
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ZnS NANOSTRUCTURES 63

FIG. 5. The morphologies of ZnS-related 1D nanostructures synthesized in our works. (a) ZnS nanowires, (b) Pearl-like ZnS-
decorated InP nanowire heterostructures. (Reprinted from Shen et al.75 Copyright 2008: American Chemical Society.) (c) ZnS
nano-saw, (d) ZnS nano-spiral, (e) Well-aligned ZnS nanowires arrays. (Reprinted from Shen et al.59 Copyright 2008: American
Chemical Society.) (f) ZnS/SiO2 hierarchical nanostructures. (Reprinted from Shen et al.74 Copyright 2006: American Chemical
Society.) (g) ZnS nano-spring, (h) ZnS nano-thread, (i) 3D ZnS structure. (Reprinted from Shen et al.162 Copyright 2006: American
Institute of Physics.) (j)–(l) The six-fold symmetry ZnS heptapods and three-fold symmetry ZnS tetrapods. (Reprinted from Shen
et al.163 Copyright 2007: American Institute of Physics.) (Color figure available online.)

separated nanopores with an average size of 3 nm exist among
these nanoparticles, demonstrating its porous structure. These
porous ZnS nanoribbon arrays may have potential applications
as functional blocks in future nanodevices.

2.2. Gas-phase Method
1D nanostructures with tunable size, morphology, phase, as

well as crystallographic orientation, exhibit distinct physical
and chemical performance and are one of the most attractive
research fields in today’s research in nanotechnology.41–45 Gas-
phase method is an effective way to design and control the
growth of 1D nanoarchitectures with complex structure config-
urations. Because of their high crystallinity, high purity, and
high completeness, products synthesized by this method are
usually used to fabricate photoelectric device and study their
optical and electrical performance. Several kinds of 1D nanos-
tructures have been reported in the literature. Figure 5 shows

the morphologies of ZnS-related 1D nanostructures synthesized
in our group by using the gas phase method. In this section, we
will present some typical recently developed processes for the
synthesis of 1D ZnS-related nanostructures and their structural
characterizations.

2.2.1. Vapor-liquid-solid (VLS) Growth Mechanisms
Vapor-solid (VS) and vapor-liquid-solid (VLS) growth mech-

anisms are widely applied to control the growth of various
1D nanostructures via gas phase routes. From the viewpoint
of growth kinetics, the VS mechanism stands out that sur-
face diffusion of reactant species and preferential incorpora-
tion at high-surface-energy sites feed and maintain the contin-
uous growth of nanostructures.46,47 The process can embody
the intrinsic crystallography of materials into nanostructures
to form well-faceted structures.48,49 The VLS mechanism has
achieved even greater success in recent years for the growth
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64 X. WANG ET AL.

FIG. 6. (a) Schematic illustration of continuous VLS growth
steps for 1D nanostructures. (b)–(c) SEM images of ZnS nanos-
tructures. (Reprinted from Hao et al.51 Copyright 2006: Ameri-
can Chemical Society.) (Color figure available online.)

of semiconductor nanostructures. In this mechanism, the liquid
metallic nanodroplets act as catalysts to adsorb and dissolve
reactant species and guide the growth of nanowires. As shown
in Figure 6a, there are four consecutive steps are involved:50

(1) the adsorption of reactant species on both the catalyst droplet
surface and the side surface of growing nanostructures; (2) the
dissolution of the species at the droplet surface; (3) the diffusion
of the species inside the droplets; and (4) precipitation, incor-
poration, and crystal growth at the liquid-solid interface.51 Hao
et al. synthesized ZnS nanowires and nanobelts through the VLS
mechanisms. The SEM images are shown in Figures 6b and 6c.
Figures 6b reveals the low-magnification SEM image of the ZnS
nanostructures. Detailed observations reveal that a small amount
(∼20–30%) of the products is long ZnS nanowires with uniform
diameters around 60–100 nm. One of these nanowires can be
observed in the upper-right part of Figure 6c. The nanobelts, at
a significant percentage (∼70–80%), show tapered morphology
toward their ends, where an Au nanoparticle is located at the tip
of the nanobelt.

2.2.2. Nanowires, Nanoribbons, and Nanotubes
Several approaches have been explored for the synthesis of

ZnS nanowires, such as thermal evaporation, chemical vapor
deposition, laser ablation-catalytic growth, and molecular beam
epitaxy. However, the typical lengths of all previously reported
ZnS nanowires were mainly in the micrometer range. If one
can synthesize centimeter-long nanowires, it should have many
advantages over short wires, with respect to many issues such as
reliable and convenient manipulation with wire-containing nan-
odevices, enhanced field emission, and photovoltaic properties,
and prominent reinforcement of composites. Chen et al. reported
on the large-scale synthesis of high-quality single-crystalline

FIG. 7. (a) TEM bright field image of the ZnS nanowires.
(Reprinted from Meng et al.53 Copyright 2003: Elsevier.)
(b) SEM image of ZnS nanobelts. The inset in (a) is an image
of the as-grown ZnS nanobelts on an Au-coated Si substrate. (c)
Typical TEM image, (d) HRTEM image, (e) SAED pattern, and
(f) Structural model of ZnS nanobelts and their enclosing facets.
(Reprinted from Fang et al.54 Copyright 2009: Wiley-VCH.)
(Color figure available online.)

centimeter-long ZnS nanowires (80–150 nm in diameter, several
centimetres in length, and aspect ratio >105–106) using an ionic
liquid film-assisted approach.52 Gold ions within ionic liquid
were employed to obtain a uniform pattern of gold nanoparti-
cles on Si substrates. Due to the ultrafine size and even size
distribution, plenty of growth seeds are available for the growth
of ZnS nanowires. Finally, a densely packed quasi-array of ZnS
nanowires was obtained over the whole Si substrate after 60 min.
The silicon substrate is completely masked by the nanowire and
the height of the sample is over 1 cm. The bottom part of ZnS
nanowires is well-aligned vertically to the substrate, but the ori-
entation somewhat degrades in the middle of the array, which
may be due to the crowding effect and crystal growth condition
at the base of the nanowires. On the other hand, great atten-
tion has been paid to ultrathin 1D nanostructures because of the
significantly increased surface area, which has great influence
on the performance of chemical/biosensors and catalysts. By
simply thermal evaporation, Meng reported a new kind of ul-
trathin ZnS nanowires with the aphalerite structure.53 The ZnS
nanowires exhibited uniform diameter of about 10–20 nm, and
clean and smooth surface, as shown in Figure 7a.

Because of the rectangular cross section with well-defined
geometry and high crystallinity, nanoribbons have become one
of the most interesting nanoobjects. After the first discovery
of ZnO nanoribbons by Wang’s group in 2001, ZnS nanorib-
bons have been extensively synthesized. Fang et al. intro-
duced a convenient chemical vapor deposition (CVD) method to
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ZnS NANOSTRUCTURES 65

synthesize ZnS nanoribbons. The synthetic reaction was carried
out in a quartz tube furnace at 1100◦C using high-purity com-
mercial ZnS powder as a precursor and high-purity Ar gas as a
protecting medium and carrier gas.54 The nanobelts grow from
several separated nucleation sites that seem to be connected and
the whole substrate was covered with the products (Figure 7b).
TEM image in Figure 7c reveals that the ZnS nanoblets are trans-
parent. HRTEM image in Figure 7d implies that the nanobelts
are largely defect free. The marked interplanar d -spacings of
0.63 and 0.33 nm correspond to the (0001) and (01-10) lattice
planes of a WZ ZnS. The corresponding SAED pattern is de-
picted in Figure 7e. Moreover, most of the nanobelts grow in the
[01-10] orientation, and present the (-2110) and (0001) planes
as the top/bottom and side surfaces. Figure 7f illustrates a model
of the nanobelts and their enclosing facets.

As an important member of the inorganic nanotubes family,
recently the ZnS nanotubes have become of growing interest.
Wang et al. reported the synthesis of ZnS nanotubes with a
zinc-blende structure via a reaction between ZnS nanoribbons
and H2S.55 Yin et al. developed a high-temperature thermal-
chemical reaction route to self-assemble highly faceted ZnS nan-
otubes with hexagonal cross-sections. In his method, commer-
cial ZnS powders were used as the precursors and H2O gas car-
ried by Ar gas was introduced into the graphite crucible to form
reductive agent CO and H2.56 Zhai et al. prepared wurtzite-phase
ZnS nanotubes by a sing-source MOCVD-template methods by
heating zinc bis (diethyldithiocarbamate) [Zn(S2CNEt2)2] pow-
der to 400◦C.57 The nanotubes are arranged in a continuous,
parallel, and well-ordered way. The pores of the nanotubes are
straight, with a smooth surface and a diameter of 140–250 nm,
which correspond well to the pore diameters of PAA template
and the wall thicknesses of the nanotubes are uniform and the
compactness is quite high of about 8.1 × 108 pores cm−2, as can
be seen from Figure 8a. The TEM images are shown in Figures
8b. From the image, it can be seen that the nanotubes have a
relatively straight morphology with open ends and a diameter
of about 200 nm, which reflect the pore diameter of the PAA
template.

2.2.3. Nanowire Arrays
The formation of well-ordered single-crystalline nanowires

with controlled crystal orientation is needed for application to
nanoscale devices and sensors.58 Especially, the formation of
heteroepitaxial interfaces has proven to be useful in the devel-
opment of numerous device concepts, as well as in the investi-
gation of low-dimensional phenomena. In our previous report,
orientation-ordered ZnS nanowire arrays epitaxially grown on
Zn3P2 crystals have been synthesized.59 Typical SEM images of
the obtained ZnS nanostructures were shown in Figures 8c–e.
Panels c and d of Figure 8 are the side view SEM images of two
as-synthesized ZnS nanowire arrays. They clearly show that the
as-synthesized sample has a dominant morphology consisting of

FIG. 8. (a) High-magnification SEM image and (b) TEM image
of the ZnS nanotubes. (Reprinted from Zhai et al.57 Copyright
2006: Elsevier.) (c) and (d) Side view and (e) tilt view SEM
images of the products. (Reprinted from Shen et al.59 Copyright
2008: American Chemical Society.)

well-aligned arrays of ZnS nanowires. All of the nanowires are
orientationally aligned with uniform diameters of several tens of
nanometers and lengths of 500 nm. Side view image (Figure 8c)
gives further evidence of the formation of well-aligned ZnS
nanowire arrays. There exist two clear features: one is that the
orientation-ordered ZnS nanowire arrays grew on top of a Zn3P2

crystal and the other one is that most of the ZnS nanowires have
bigger diameters on the top then the bottom. These assembled
nanowires arrays exhibit excellent performance in light absorp-
tion, and electron transportation, which are widely studied as
unique nanostructures for solar cells, photodetectors, and other
photoelectric devices.

2.2.4. Complex Nanostructures
Complex inorganic nanostructures possess their own novel

properties and functions, ranging from self-cleaning60 to hav-
ing applications in piezoelectric nanogenerators61 field-effect
transistors62 and lithium-ion batteries.63 Numerous complex in-
organic nanostructures have been fabricated in the last decades.
In this section, we will highlight some of the important examples
on the synthesis of 1D ZnS-based complex nanostructures.

2.2.4.1. Coaxial Nanostructures. Side-to-side ZnS/Zn2

SnO4 biaxial nanowire heterostructures were synthesized via
one-step thermal evaporation method.64 A distinct interface is
observed between the two subsections along the axial direc-
tion of the heterostructure (Figure 9a). The corresponding EDX
spectra taken from the dark is composed of only Zn, Sn, and O
elements and the other with light contrast is ZnS. The SAED
pattern can be indexed with the incident beam along the [01-1]
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66 X. WANG ET AL.

FIG. 9. (a) TEM image of the ZnS/ZTO nanowire. (b) EDX
spectra from the ZnS and ZTO subsections. (c) SAED pattern
on the interface of the ZnS/ZTO nanowire. (d) HRTEM image
of the interface of the ZnS/ZTO nanowire. (Reprinted from Shen
et al.64 Copyright 2010: Elsevier.)

axis of ZTO and [11-20] axis of the wurtzite type ZnS (Fig-
ure 9c). The HRTEM images from the subsections of ZnS and
ZTO show that both ZnS and ZTO are crystallized with high
quality and there is no other amorphous phase coating on either
subsection. In fact, two incident axes of SAED for ZTO and
ZnS are not exactly parallel, which is the reason for the absence
of distinct two-dimensional (2D) lattice in the high-resolution
TEM (HRTEM) image of ZTO subsection on the right part of
Figure 9d. The designed simple method would be useful for
direct synthesis of diverse composite nanowires, including 1D
biaxial or triaxial nano-heterostructures.

2.2.4.2. Homoepitaxial Growth. Branched assemblies
of nanostructures (nanocrystals, nanowires, nanobelts, and
nanotubes) as building blocks for functional materials and

FIG. 10. (a) SEM and (b) TEM images of the ZnS branched ar-
chitecture. (c) Corresponding SAED image, indexed at the zone
axis of [2110], of the single ZnS architecture. (d) HRTEM image
of the single ZnS architecture. (e) Schematic model for the for-
mation of ZnS branched architectures (large spheres represent
Zn and small ones S). (Reprinted from Chen et al.69 Copyright
2010: Wiley-VCH.)

devices are the key to tailoring properties for specific applica-
tions in micro-/nanoelectro mechanical systems, optoelectron-
ics, field emitters, and light-emitting diodes.65,66 Several syn-
thetic approaches have been reported to assemble 3D branched
and hyper-branched structures using a variety of materials
and techniques including self-assembled dendritic growth of
nanowires.67,68 For example, Chen reported a novel single-
phased ZnS branched architecture, self-assembled through a
facile thermal evaporation process.69 This novel architecture
consists of a single phase: a hexagonal wurtzite (WZ) structure
for both the trunks and the branches, as can be seen from Fig-
ure 10a. The branches growing at the tip and body of a trunk are
uniform in dimension. Figure 10b is a TEM image taken from
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ZnS NANOSTRUCTURES 67

a section of a typical ZnS architecture and shows that the archi-
tecture has uniform diameter within the section. The trunk of
the ZnS architecture was oriented along the [2110] direction, as
evidenced by its SAED pattern (Figure 10c). The HRTEM im-
age, taken from the tip of a typical nanowire, shows the (0001)
lattice plane of the WZ structure, free of lattice defects, indicat-
ing the [0001] growth direction. Growth schematic model of the
branched nanostructures is shown in Figure 10e. The formation
of the WZ structured ZnS trunks can be understood as the fast
growth along the positive Zn governed [0001] direction. During
the growth of the trunks, the six (01-10) side-facets are inclined
to absorb atomic Zn/S and, in turn, to form (01-13) twin planes
due to stacking faults or surface energy. From the atomic model
of a (0113) plane, the top atomic layer is S not Zn; therefore,
such a bare condition is not stable and tends to form stable twin
structures. Moreover, the (0001)-Zn surface tends to have tiny
Zn clusters at the growth front of embryos. The Zn clusters as
well as the local Zn enrichments at the growth front tend to
initiate the growth of ZnS branches. As a consequence, the self-
catalyzed effect of the Zn clusters results in a fast growth of ZnS
branches.

2.2.4.3. Heteroepitaxial Growth. Among the hierarchi-
cal nanostructures, hierarchical heterostructures are the most
important groups and the features of these kinds of heterostruc-
tures make them suitable for the assembly of nano-devices with
multiple functions. By thermal evaporation of the mixture of
ZnS and InP powders, we have successfully synthesized the hi-
erarchical Zn3P2 nanoribbon-ZnS nanowire heterostructures.70

The hierarchical stem branch structure can be clearly seen from
the TEM images, as shown in Figure 11a. From Figures 11b
and 11c, we can note that the branched nanowires have di-
ameters of 200–300 nm and the stem nanoribbons typically
have 2 groups of diameters. One is 200 nm (Figure 11b) and
the other is 80 nm (Figure 11c). Figure 11d demonstrates the
TEM image of the branched nanowires. From this image, one
can see that all the branched nanowires grow perpendicular to
the stem and have uniform diameters of 300 nm with sharp
tips. EDS data generated with an electron nanoprobe (diame-
ter of around 20 nm) were collected from various regions of
the branched nanowires and the stems. The respective results
are shown in Figures 11e and 11f, which show that the stems
are made of Zn and P with Zn/P atomic ratios of 3/2 (Fig-
ure 11e), and the branched nanowires are Zn and S with Zn/S
atomic ratios of 1, confirming the formation of stem Zn3P2

nanoribbons and branched ZnS nanowires. Other heterostruc-
tures, such as GaP/ZnS nanowire/nanowire,71 ZnS nanotube-In
nanowire core-shell heterostructures,72 ZnO/ZnS heterostruc-
tured rings,73 ZnS/SiO2 nanowire heterostructures,74 and pearl-
like ZnS-decorated InP nanowires,75 are also synthesized in
recent reports.

3. PHOTOLUMINESCENCE
As an important fluorescent material, ZnS have attracted nu-

merous attentions in the past few years. Since the Mn-doped

FIG. 11. (a)–(c) TEM images of the ZnS–Zn3P2 heterostruc-
tures; (d) TEM image of the branched aligned ZnS nanowires;
(e)–(f) representative EDS spectra recorded in accordance with
(c). (Reprinted from Chen et al.70 Copyright 2011: The Royal
Society of Chemistry.)

ZnS nanocrystals with an external photoluminescent quantum
efficiency as high as 18% at room temperature and a luminescent
decay at least 5 orders of magnitude faster than the correspond-
ing Mn2+ radiative transition in the bulk crystals have been
reported for the first time in 1994, transition metal doped ZnS
nanostructures have been widely studied for their applications in
photoluminescence. Recently, hybrid semiconductors attracted
intensive attention because of their tuneable optical and physical
properties. Here, we will highlight several hybrid nanostructures
about ZnS and their tuneable optical properties.

3.1. Photoluminescence of CdSe/ZnS Microspheres
The tuneable optical and physical properties of semiconduc-

tor quantum dots (QDs) based on their size and shape have at-
tracted considerable interest from the scientific community.76,77

For example, by a versatile phase transfer method in an emul-
sion system, Zhou prepared high-quality water-soluble photolu-
minescent (PL) microspheres consisting of CdSe/ZnS quantum
dots (QDs).78 In their work, controlled synthesis of microspheres
with different sizes can be conducted by simply changing the ini-
tial oligomer concentration and/or the water/chloroform volume
ratio. When the oligomer/QDs molar ratio exceeded 200:1, only

D
ow

nl
oa

de
d 

by
 [

H
ua

zh
on

g 
U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

&
 T

ec
hn

ol
og

y 
] 

at
 1

8:
18

 1
3 

M
ar

ch
 2

01
3 



68 X. WANG ET AL.

oligomer-coated monodisperse CdSe/ZnS QDs without any ag-
gregation were obtained. If the molar ratio ranged from 20:1
to 120:1, size-tunable PL microspheres could be obtained with
a size range from 151–50 nm. The monodispersed CdSe/ZnS
QDs solution was clear while the solution consisting of PL mi-
crospheres was turbid, which was due to their larger sizes com-
pared to the monodisperse QDs. The aqueous monodispersed
QDs and PL microspheres kept the optical properties of the hy-
drophobic CdSe/ZnS QDs in chloroform. Their peak emission
wavelength (λem, max = 625 nm) and peak width (FWHM =
34 nm) were the same as before encapsulation, even no changes
occurred after storage under room light for 6 months. For aque-
ous PL microspheres with different sizes, the QYs reduced by
2–4% compared with the hydrophobic CdSe/ZnS QDs, whereas
the monodispersed aqueous CdSe/ZnS QDs exhibited relative
higher reduction of QYs (8%). The photoluminescence spectra
from CdSe/ZnS-oligomer composite microspheres of different
sizes in water were found to be nearly identical to the spectrum
of hydrophobic CdSe/ZnS QDs dispersed in organic solvent.
This indicated that the size and surface environment of the QDs
were well protected during the formation of PL microspheres.

3.2. Photoluminescence of MnS/ZnS Core/Shell
Nanocrystals

Transition-metal Mn ion-doped semiconductor nanocrystal
(NC) emitters have been widely investigated in view of their
optical properties such as long photoluminescence (PL) lifetime,
high PL quantum yield (QY), and minimized self-absorption and
applications as a light-emitting source in optoelectronic devices
and in bioimaging.79–82 Especially for ZnS:Mn NCs, they are a
greener material that is free from both Cd and Se, and popular
nanophosphors for electroluminescent devices.83 Zheng studied
the diffusion process of Mn ions in MnS/ZnS NCs from the
MnS core into the ZnS shell by steady-state and time-resolved
PL spectroscopy.84 Figure 12a shows the PLE and PL spectra
of MnS/ZnS NCs with a shell thickness of 2.2 MLs annealed
at a temperature of 280◦C for different times. The orange PL
intensity of Mn ions monotonously decreased with increased
annealing time during the heat treatment, and then completely
quenched when the sample was annealed at 280◦C for about
40 min. The possible explanations of the PL quenching are:
(1) the removal of ligands from the surface of the NCs; (2) the
Mn-Mn interaction in the NCs; and (3) the diffusion of Mn
ions in MnS/ZnS NCs from the MnS core to the NC surface.
The PL lifetime of Mn ions in the MnS/ZnS NCs annealed at
various temperatures is shown in Figure 12b. The PL lifetime
of Mn ions decreases monotonously from 1.71 to 0.95 ms with
increased annealing temperature from 220 to 300◦C for 80 min.
The shortening of the PL lifetime is an indicator of the diffusion
of Mn ions to the surface of NCs. Therefore, highly efficient
luminescent Mn-doped ZnS (MnS/ZnS) NCs can be obtained at
low annealing temperature and short annealing time.

FIG. 12. (a) PL and PLE spectra of MnS/ZnS NCs with a thin
shell of 2.2 MLs at an annealing temperature of 280◦C for
different annealing times. The inset (top) shows PL decay curves
of Mn ions in the NCs. The digital pictures in the inset (bottom)
show the PL recovery for the MnS/ZnS QDs with a 2.2 ML ZnS
shell before (left) and after (right) add the zinc precursor solution
as discussed in this article. (b) PL decay curves of MnS/ZnS
NCs with a 3.7 ML ZnS shell heated at various temperatures
for 80 min. (Reprinted from Zheng et al.84 Copyright 2010:
American Chemical Society.) (Color figure available online.)

3.3. Photoluminescence of InP/ZnS (Core/Shell)
Quantum Dots

In Hussain’s report, the ZnS shells remarkably enhance the
PL, with a typical QE of around 30%.85 Figures 13a and 13b
show the absorption and emission spectra of a size series of
InP/ZnS (core/shell) QDs. As can be seen, their emissions span
over the wavelength range between 500 and 655 nm, thereby

FIG. 13. Size series of InP/ZnS (core/shell) QDs showing their
(a) absorption spectra and (b) normalized emission spectra. Rep-
resentative InP/ZnS (core/shell) QD samples illuminated under
UV light in CHCl3 (c) and in PBS buffer solution (d). (Reprinted
from Hussain et al.85 Copyright 2009: Wiley-VCH.) (Color fig-
ure available online.)
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ZnS NANOSTRUCTURES 69

covering the visible-light region from cyan blue to deep red and
near-infrared (NIR) (Figure 13c). The typical full-width-at-half-
maximum (FWHM) of their core/shell QDs is approximately
46 nm, which is narrower than the previously reported value for
other InP/ZnS (core/shell) QDs.86

Using indium (III) myristate as In precursors and Zn3P2

as a new phosphorus source, Zan synthesized highly lumines-
cent InP/ZnS QDs.87 The emission range of the as-prepared
InP/ZnS QDs is 540–660 nm, the FWHM of the emission peak
is 45–71 nm and their QYs are about 30–60%. The PL intensity
of QDs showed obvious enhancement with prolonged irradia-
tion time (from 20–80 min). A possible mechanism might be as
follows: under UV irradiation, the DTT partially decomposed
and released S2− as shown in the following equation:

(C3H7O2S)-CH2-SH + O2 → (C3H7S)-CH O + S2−. [1]

The free S2− combined with the bare Zn2+ on the surface of
the QDs to form ZnS, which further passivated the surface of
InP/ZnS QDs. Besides, the coordination of thiol group in DTT
quenched the surface traps of the QDs by electron donation,
which might contribute to the improvement of the PL property
as well. Meanwhile, the amount of zinc stearate and DDT also
affects the emission spectrum of the InP/ZnS QDs. The molar
ratio of Zn: DDT was fixed to 1:1, and the best ratio of In: Zn
was found to be 1:1.5. In the cases of 1:0.5 and 1:1, the coating
material was insufficient for passivation. When the ratio was
1:2, the ZnS was not fully deposited on the surface of the InP
cores.

3.4. Photoluminescence of AgInS2-ZnS Heterodimers
AgInS2-ZnS nanoparticles with a unique semiconductor-

semiconductor heterodimer structure were synthesized by
Tang.88 In this newly designed structure, diffusion of Zn ions
in AgInS2 could be well controlled. The emission wavelength
of the heterodimers could be finely tuned from 513 (green)
to 714 nm (red) when the intermediate temperature was ad-
justed from 90◦C to 180◦C. The quantum yields of the four het-
erodimers at 90◦C, 120◦C, 150◦C, and 180◦C were 31%, 28%,
35%, and 38%, respectively. The PL spectrum of the obtained
nanoparticles showed that the emission was successfully tuned
to be blue (443 nm). Various visible emissions could be achieved
for these samples, of which the emission peaks matched well
with their respective counterparts under UV excitation. Strong
red emission was observed under excitation of an 800 nm laser,
indicating their high-quality upconversion fluorescence.

4. PHOTOCATALYSIS
ZnS nanostructures are interesting entities for catalytic ac-

tivities because of their remarkable chemical stability against
oxidation and hydrolysis. Besides, ZnS is available in abun-
dance and is non toxic. Therefore, ZnS can play an impor-
tant role as catalyst in environmental protection through the re-
moval of organic and toxic water pollutants. ZnS has been used
as a semiconductor-type photocatalyst for the photoreductive

FIG. 14. Schematic illustration of basic mechanism of a semi-
conductor photocatalytic process. (Reprinted from Tang et al.93

Copyright: 2011 Wiley-VCH.) (Color figure available online.)

dehalogenation of halogenated benzene derivatives, photocat-
alytic degradation of water pollutants, and photocatalytic re-
duction of toxic metal ions.89–92 Furthermore, ZnS photocata-
lyst also shows high activity for photocatalytic H2 production,
which has been widely investigated recently.

4.1. Photocatalytic Dyes-degradation
In general, a semiconductor photocatalytic cycle comprises

three steps (Figure 14). In the first step, light illumination in-
duces a transition of electrons from the VB to the CB, leaving an
equal number of vacant sites (holes). The excited electrons and
holes migrate to the surface. And then they react with absorbed
electron donors (D) and electron acceptors (A), respectively. In
the second step, a large proportion of electron-hole pairs recom-
bine, dissipating the input energy in the form of heat or emitted
light. To prevent the recombination of electron-hole pairs, the
approach that has generally been applied is to load co-catalysts
such as Pt, Pd, NiO, and RuO2 on the semiconductor surface.
The hetero-junctions that are formed between the host semicon-
ductor and the co-catalyst provide an internal electric field that
facilitates the separation of the electrod-hole pairs and induces
faster carrier migration. Furthermore, these co-catalysts exhibit
better conductivity, lower over potential, and higher catalytic ac-
tivity than the host semiconductor. Thus, they often act as ideal
sites for photocatalytic reactions to proceed.93 In the follow-
ing content, we will summarize the dye degradation based on
ZnS nanostructures and the effects of different methodologies
to improve the catalytic properties.

4.1.1. The Degradation to Acid Fuchsine
Xiong et al. synthesized ZnS 3D nanowire networks and

investigated their degradation effects to acid fuchsine.33 The
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70 X. WANG ET AL.

FIG. 15. (a) and (b) TEM images of the ZnS nanowire networks. (c) Absorption spectrum of a solution of acid fuchsine (1.0 ×
10−4 M, 20 mL) in the presence of ZnS nanowire networks (10 mg) after its exposure to the infrared light: (a) intial solution;
(b)–(j) after adding ZnS nanowire networks after exposure to infrared light for (b) 1, (c) 2, (d) 3, (e) 4, (f) 8, (g) 12, (h) 18, (i) 24,
and (j) 28 min. (d) Commercial ZnS powders, which shows the acid fuchsine concentration decreases with the irradiation time.
(e) Curves of the concentration of residual acid fuchsine with different infrared light irradiation time over the as-prepared ZnS
nanowire networks and commercial ZnS powders. (Reprinted from Xiong et al.33 Copyright 2007: Wiley-VCH.) (Color figure
available online.)

ZnS nanowire networks are consisted of ultrathin and flexible
nanowires with diameter in the range of 2.5–7.5 nm, as shown in
Figures 15a and 15b. Compared with the commercial ZnS pow-
ders (size <1 μm), the as-prpared ZnS nanowire networks ex-
hibited excellent photodegradation characteristics. As shown in
Figure 15c, the absorbance intensity of the peak corresponding
to the acid fuchsine molecule at 545 nm decreased very quickly
once the ZnS nanowire networks were added, corresponding
to the immediate color fading. With increased exposure time,
the typical sharp peak at 545 nm completely vanished after
8–12 min. However, it requires about 120 min to completely de-
grade acid fuchsine for commercial ZnS powders (Figure 15d).

Figure 15e shows the concentration change curves of residual
acid fuchsine with light irradiation time over the as-prepared
ZnS nanowire networks and commercial ZnS powders. Within
the detective time, the photodegradation rate of commercial ZnS
powders is rather lower than ZnS nanowire networks. The supe-
rior photodegradation properties of the ZnS nanowire networks
can be illustrated by their higher surface area and the nanofea-
tures.

4.1.2. The Degradation to Eosin B
In Hu’s work, ZnS nanoporous nanoparticles (NPNPs) com-

posed of wurtzite ZnS nanocrystals building blocks were
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ZnS NANOSTRUCTURES 71

FIG. 16. (a) Absorption spectrum of a solution of eosin B (5.0 ×
10−5 M, 30 mL) in the presence of ZnS NPNPs (10 mg) under
exposure to UV light. (b) Photodegradation of eosin B under
different conditions: (a) with Degussa P25 titania (10 mg), in
the dark; (b) without any catalyst, with UV light; (c) with ZnS
NCs (10 mg), in the dark; (d) with ZnS NPNPs (10 mg), in
the dark; (e) with Degussa P25 titania (10 mg) and UV light;
(f) with ZnS NCs (10 mg) and UV light; (g) with ZnS NPNPs
(10 mg) and UV light. (Reprinted from Hu et al.94 Copyright
2005: Wiley-VCH.) (Color figure available online.)

synthesized by a low-cost, self-assembly synthetic route.94 The
ZnS NPNP shows excellent photocatalytic activity with higher
photodegradation efficiency of eosin B in environmental protec-
tion. Figure 16a shows the absorption spectrum of an aqueous
solution of eosin B (initial concentration: 5.0 × 10−5 M, 30 mL)
in the presence of ZnS NPNPs (10 mg) under UV light expo-
sure for various durations. The absorption peaks corresponding
to the eosin B molecule diminish gradually as the exposure
time increases and completely disappear after about 40 min.
The corresponding color change sequence during this process is
shown in the inset of Figure 16, from which it is clear that the
intense pink color of the starting solution gradually disappears
with increased exposure time. Compared with Degussa P25, the
ZnS NPNPs show much greater activity, as can be seen in Fig-
ure 16b. The difference in the photocatalytic activity between
ZnS NPNPs and Degussa P25 can be explained by the larger
specific surface area of the former and hence the stronger ad-
sorption of the ZnS NPNPs to the molecules of eosin B.

4.1.3. The Degradation to Thionine (TH)
Due to the presence of semiconductor/metal interface that can

induce effective charge separation to favor the subsequent pho-
tocatalysis, it is worth noting that semiconductors may exhibit
superior photocatalytic activities through simply combining
with metals.95–97 For example, Chen et al. synthesized core-
satellite ZnS-Au nanoassemblies, which were composed of ZnS
nanospheres decorated with many Au nanoparticles.98 Under
ultraviolet (UV) illumination, the ZnS-Au nanoassemblies ex-
hibited superior photocatalytic performance toward TH photo-
degradation. Au nanparticles with four different concentrations
(45, 90, 180, and 225 μM) were employed to produce four
ZnS-Au samples (denoted as ZnS-Au-1, ZnS-Au-2, ZnS-Au-3,

FIG. 17. (a) Absorption spectra of TH solutions undergoing
photodegradation in the presence of ZnS-Au nanoassemblies
with different irradiation times. Concentration of Au = 45 μM.
(b) C/C0 vs. irradiation time plots for TH photodegradation
without any catalyst and in the presence of ZnS-Au nanoassem-
blies with various Au concentrations. (c) C/C0 vs. irradiation
time plots for TH photodegradation in the presence of different
photocatalysts. (d) Recycling test on ZnS-Au nanoassemblies
for TH photodegradation. (Reprinted from Chen et al.98 Copy-
right 2009: American Chemical Society.) (Color figure available
online.)

and ZnS-Au-4, respectively). The time-dependent absorption
spectra of TH solutions under UV illumination in the presence
of the sample (ZnS-Au-1) were first shown in Figure 17a. The
intensity of the characteristic peak at 605 nm decreased dramat-
ically with the irradiation time. The bleaching of the absorption
peak implies the reduction of TH to its leuco form, verifying
the successful transfer of photoexcited electrons from ZnS-Au
to TH. Figure 17b compares the photocatalytic performance
among all the ZnS-based samples. For pure ZnS nanospheres,
about 72% of TH was degraded after 75 min of irradiation.
A higher extent of TH photodegradation to around 81% at the
same irradiation time was achieved when using ZnS-Au-1. It is
mainly a result of the satellite Au nanoparticles that facilitate
charge separation by attracting the photoexcited electrons of
ZnS, thus providing more electrons for the reduction of TH.
For ZnS-Au with higher Au concentration (ZnS-Au-3), an even
better performance in TH photodegradation can be attained,
presumably due to the much more conspicuous charge sepa-
ration caused by the increasing amount of Au nanoparticles.
Further increase in Au concentration for ZnS-Au-4, however,
led to a depressed efficiency of TH photodegradation. The
excessive Au nanoparticles may cover a large part of the ZnS
surfaces, which in turn decreases the number of active sites
for photocatalysis. The high coverage of Au may also retard
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72 X. WANG ET AL.

the access of UV irradiation to the ZnS surfaces, resulting in a
reduced amount of photoexcited charge carriers to decline the
photocatalytic performance. As shown in Figure 17c, compared
with Au-loaded TiO2 (TiO2@Au), commercial ZnS powders,
ZnS@Au counterpart, the core-satellite ZnS-Au nanoassem-
blies exhibited the highest photocatalytic performance toward
TH photodegradation, which is attributed to the effective
charge separation that took place at the interface of ZnS/Au.
Moreover, no appreciable decay of photocatalytic activity was
found for the ZnS-Au nanoassemblies after repeated uses and
recycled (Figure 17d), demonstrating their promising potential
as long-term photocatalysts.

4.1.4. The Degradation to Rhodamine B
Combining two semiconductors has been proved to be a

promising way to promote the generation and separation of pho-
toinduced electrons and holes99,100 and thus improve the photo-
catalytic efficiency. Yu et al. synthesized CuS/ZnS composites
and studied their visible-light photocatalytic activity to rho-
damine B.101 Figure 18a shows the SEM image of the CuS/ZnS
composite hollow spheres with an average particle size of about
255.4 nm. Figure 18b shows the absorption spectra of RhB aque-
ous solution when exposed to visible light for various times in
the presence of the CuS/ZnS composites. The absorption peak
at 553 nm drops rapidly with increased visible light exposure.
It almost completely disappeared after irradiated for 60 min.
Figure 18c shows the comparison of photocatalytic activities of

FIG. 18. (a) SEM image of the CuS/ZnS composite hollow
spheres. (b) Absorption changes of RhB aqueous solution in the
presence of sample 3. (c) Comparison of photocatalytic activities
of samples 1-4 for the photocatalytic decolorization of RhB in
water. (d) Cycling degradation curves for sample 3. (Reprinted
from Yu et al.101 Copyright 2010: American Chemical Society.)
(Color figure available online.)

ZnS (sample 1), CuS/ZnS composites (samples 2 and 3), and
CuS hollow spheres (sample 4). As can be seen from Figure 18c,
the CuS/ZnS composites exhibited the highest visible-light pho-
tocatalytic activity. After five recycles of photodegradation, the
composite catalyst did not exhibit obvious loss of activity (see
Figure 18d), confirming that the CuS/ZnS composite hollow
spheres were not deactivated during the photocatalytic oxida-
tion of the pollutant molecules. Their studies also found that
other colorless organic pollutants, such as phenol, can also be
quickly decomposed by the CuS/ZnS composite samples under
visible-light irradiation.

4.1.5. The Degradation to Methylene Blue (MB) and
4-chlorophenol (4CP)

As one member of the semiconductor composites family,
CdS/ZnS core-shell nanostructures have been extensively stud-
ied. For example, 1D CdS@ZnS core-shell nanocomposites
were synthesized by Zhan et al. and their photocatalytic ac-
tivities under visible light (λ > 420 nm) were investigated.102

Figure 19a shows the photocatalytic activities of the nanocom-
posites evaluated by the degradation of MB. The intensity of
the main absorption peaks decreased or even disappeared due
to the degradation of MB, and exhibited blue-shifted due to the
formation of the demethylated dyes. From Figure 19b, it was
found that more than 99.9% of the MB was decomposed after

FIG. 19. (a) Absorption spectral changes of MB aqueous solu-
tion (15 mg/L) degraded by 1D CdS@ZnS core-shell nanocom-
posites with irradiation time to: 0, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5,
and 6 h. (b) Visible-light photodegradation of MB under differ-
ent conditions. (c) Absorption spectral changes of 4CP aque-
ous solution (20 mg/L) degraded by 1D CdS@ZnS core-shell
nanocomposites with irradiation time: 0, 1, 2, 3, 4, 5, 6, 8, 10,
and 12 h. (d) Visible-light photodegradation of 4CP under differ-
ent conditions. (Reprinted from Zhan et al.102 Copyright 2009:
Springer.) (Color figure available online.)
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ZnS NANOSTRUCTURES 73

irradiated for 6 h in the presence of the 1D CdS/ZnS nanocom-
posites, showing much greater activity than that of CdS
nanowires and Anatase TiO2. The 1D CdS/ZnS nanocompos-
ites were also used to decompose 4-chlorophenol and the corre-
sponding absorption spectral changes are shown in Figure 19c.
Figure 19d shows the change of 4CP concentration over time
under different conditions. The photocatalytic reaction hardly
proceeded in the absence of visible light. However, in the pres-
ence of 1D CdS/ZnS nanocomposites, about 88.5% of 4CP was
degraded, much greater than anatase TiO2 or CdS nanowires un-
der the same conditions, showing significantly improved photo-
catalytic activity. The enhanced photocatalytic activity may be
due to the surface charge modification and surface electronic
states passivation of CdS cores by the ZnS shells.

4.2. Photocatalytic H2-Production
Photocatalysis is a promising route for H2 evolution from wa-

ter using solar light energy.103–105 Current successfully photo-
cataclytic systems for overall water splitting can be divided into
two primary approaches, as shown in Figure 20. One approach
is to split water into H2 and O2 using a single visible-light-

responsive photocatalyst with a sufficient potential to achieve
overall water splitting. In this system, the photocatalyst should
have a suitable thermodynamic potential for water spliltting, a
sufficiently narrow band gap to revest visible photons, and sta-
bility against photocorrosion. The other approach is to apply a
two-step exciton mechanism using two different photocatalysts.
The advantages of this system are that a wide range of visible
light is available because a change in Gibbs free energy required
to drive each photocatalyst can be reduced as compared to the
one-step water splitting, which makes the separation of evolved
H2 and O2 possible.106

Recently, metal sulfides have been intensively studied as ac-
tive photocatalysts due to their unique catalytic functions.107

Among them, ZnS photocatalyst shows high activity for pho-
tocatalytic H2 production even without any cocatalysts such as
Pt.108 Doping foreign elements into a ZnS is one of the strate-
gies used to modify its electronic structure and develop materi-
als responsive to visible light because of its large band gap of
3.66 eV. Zhang et al. synthesized Bi-doped ZnS hollow spheres
(HSs) using a facile cation exchange reaction between ZnS hol-
low spheres and Bi(NO3)3 doping agent. The as-prepared sam-
ples showed both high visible-light and UV-light activities for

FIG. 20. Schematic energy diagrams of photocatalytic water splitting by one-step and two-step photoexcitation systems. C.B.:
conduction band; V.B.: valence band; Eg: band gap. (Reprinted from Zhang et al.106 Copyright 2010: American Chemical Society.)
(Color figure available online.)
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74 X. WANG ET AL.

FIG. 21. (a) Hydrogen generation activity of ZnS-shell and coprecipitated ZnS. (b) Dependence of hydrogen generation activity
on Cu concentrations in ZnS-shell. (Reprinted from Bang et al.110 Copyright 2008: American Chemical Society.) TEM images of
nanostructured ZnS: Ni2+ hollow microspheres (c), nanoparticles (d), and non templated solid microspheres (e). (f) Photocatalytic
activities for H2 production of USP-prepared ZnS: Ni2+ nanoparticles, solid microspheres, and hollow microspheres under visible
light irradiation (λ ≥ 400 nm). (g) Photocatalytic activities under visible light irradiation (λ ≥ 400 nm) of ZnS: Ni2+ nanoparticles
prepared by USP, as-obtained ZnS: Ni2+ powder prepared by traditional co-precipitation, and heat-treated ZnS: Ni2+ co-precipitated
powder (500◦C, 2 h under Ar flow). (Reprinted from Bang et al.111 Copyright 2008: Wiley-VCH.)

photocatalytic H2-production from aqueous solutions contain-
ing Na2S and Na2SO3 without a Pt cocatalyst. Under UV-light
irradiation, the activity of Bi-doped ZnS HSs was even higher
than that of Pt/ZnS HSs.109 Arai synthesized unique shell struc-
tured ZnS particles using ZnO as precursor.110 Compared with
ZnS particle prepared by ordinary coprecipitation method, the
shell structured ZnS particles exhibited improved photocatalytic
activity, as shown in Figure 21a. Furthermore, by doping the
surfaces with copper using appropriate ionization tendencies
between zinc and copper ions, the copper doped shell structured
ZnS particles showed higher photocatalytic activities, as can be
seen in Figure 21b.

Bang et al. synthesized Ni2+ doped ZnS hollow microspheres
and nanoparticles by using ultrasonic spray pyrolysis (USP) and
the corresponding TEM images are shown in Figure 21c-e. It
was found that ZnS:Ni2+ nanoparticles are active and stable for
photocatalytic H2 evolution from aqueous K2SO3 and Na2S so-
lution under visible light owing to their excellent crystallinity
and high surface area compared to traditional ZnS:Ni2+ pow-
ders.111 Figure 21f shows a comparison on the amounts of H2

produced by the ZnS:Ni2+ hollow microspheres, nanoparticles,
and solid spheres without the use of a co-catalyst. The most effi-
cient one is ZnS:Ni2+ nanoparticles, in spite of the much larger
surface area of the ZnS:Ni2+ hollow microspheres. Compared

with the ZnS:Ni2+ powders prepared using the traditional copre-
cipitation process, the photocatalytic activity of the USP parti-
cles for H2 production is substantially superior (Figure 21g). In
addition, the USP nanoparticles did not show deactivation dur-
ing the photocatalytic reaction, revealing the improved stability
of the USP nanparticles.

5. SENSORS

5.1. Gas Sensors
With the development of industry and increase in internal

combustion engine transport like motocycles and vehicles in re-
cent years, air pollution due to the hazardous exhaust gases, such
as volatiles organic compounds, CO, SO2, H2S NH3, and NO2,
has become a serious problem with harmful effects on plants,
aquatic animals, and human health. Therefore, the development
of highly sensitive gas sensors for monitoring those toxic gases
is extremely important in improving environmental quality and
protecting humans from over-exposure to such dangerous gases.
In the past decases, various metal oxide semiconducting mate-
rials with different morphologies have been investigated for
gas sensor applications.112–116 The gas sensing mechanism for
semiconducting metal oxides can be ascribed to the change in
electrical conductivity resulting from the chemical interaction
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ZnS NANOSTRUCTURES 75

of gas molecules with the surface of the metal oxides.117 This
mechanism mainly involves the gas adsorption, charge transfer,
and desorption process. Typically, once the metal oxides are ex-
posed to air, oxygen molecules are adsorbed on the surface and
ionized oxygen species (O2

−, O2−, or O−) are formed through
trapping electrons from the conductance band of the metal ox-
ides. Then the metal oxides show a high resistance state in air
due to the formation of a space-charge region. When reductive
gas molecules approach the surface, they react with the oxygen
species, which resulted in electrons being released to the surface
layer of the metal oxides and the conductivity is thus increased.
Compared with metal oxides, there are only a few works on the
sensors based on ZnS nnaostructures though they exhibit high
chemical stability.

In our previous reports, the gas-sensing properties of the as-
prepared ZnS nanowires for the detection of acetone and ethanol
were investigated.118 From Figure 22a, we can see that the op-
timal temperature is about 320◦C and the maximum responses
for acetone and ethanol reached 21.2 and 13.3, respectively.
The representative dynamic gas response of the gas sensor to
acetone and ethanol with different concentrations are shown in
Figures 22b and 22c. The acetone and ethanol concentrations
ranged from 0.5–100 ppm. From the curves, the conductance
of the sensor underwent a drastic increase upon the injection of
acetone and ethanol and then dropped to its initial value after
the sensor was exposed to air. It is worth noting that the sensors
built on ZnS nanowires could detect acetone and ethanol down

FIG. 22. (a) Sensor sensitivity vs. operating temperature of the
synthesized ZnS NW gas sensors. Dynamic response-recovery
curves of the gas sensor towards volatile organic compounds at
a series of concentrations: (b) acetone and (c) ethanol. (d) Sens-
ing response of the gas sensors to different gases with a con-
centration of 100 ppm. (Reprinted from Shen et al.118 Copyright
2012: The Royal Society of Chemistry.) (Color figure available
online.)

to 0.5 ppm with responses of about 1.54 and 1.18, respectively.
The results reveal that the single-crystalline ZnS nanowires have
promising applications in detecting acetone and ethanol vapors.
We also investigated the selectivity by measuring the response
of the single-crystalline ZnS nanowire-based gas sensor to other
volatile compounds with a fixed concentration of 100 ppm, such
as methanol, methylbenzene, formaldehyde, and ammonia. As
shown in Figure 22d, different sensitivities were obtained for
different chemicals. Compared with acetone and ethanol, little
response was observed in the sensors upon exposure to 100 ppm
methanol, methylbenzene, formaldehyde, and ammonia, which
demonstrates that the sensors exhibited high sensing selectivity
to acetone and ethanol.

The sensitivity of ZnS nanostructures to other gas was also
investigated. For example, by using ultraviolet (UV) illumina-
tion, Liu et al. demonstrated an approach to realize oxygen
sensing by using individual ZnS nanobelt.119 Figure 23a shows
the response of the ZnS nanobelts to different oxygen pressures
without or with UV illumination. Without UV illumination, the
dark level conductance of ZnS nanobelt varied slightly (from
9.8 × 10−12 to 1.08 × 10−11 S) when the oxygen pressure
was changed. Under illumination, the conductance decreased
from 1.13 × 10−10 to 0.13 × 10−10 S as the oxygen pressure
increased from 3 × 10−3 to 1 × 105 Pa. Room-temperature
oxygen sensing can be explained by considering a complex pro-
cess of electron-hole generation, recombination, and adsorption
on the surface of the nanobelts,120 as illustrated in Figures 23b
and 23c. Oxygen molecules physically adsorbed on the sur-
face of the nanobelts trap electrons in the belt and convert to
chemisorbed oxygen ions, resulting in a depletion layer which
decreases the conductance of the nanobelts (Figure 23b). When
ZnS nanobelt is exposed to UV illumination, the carrier den-
sity increases because of the generation of electron-hole pairs.
The chemisorbed oxygen ions combined with the photoexcited
holes, resulting in the desorption of oxygen species on the sur-
face of the ZnS nanobelt. Both of them enhance the conduc-
tance of ZnS nanobelt, as illustrated in Figure 23c. In the ex-
periment, the density of UV light is fixed and the conductance
of the ZnS nanobelt will be modulated uniquely by oxygen
pressure.

1D ZnS nanostructures also showed substantial performance
for H2 detection.121 Figure 23d is the response of the oriented
ZnS nanobelts toward H2 and N2 pulses. The H2 gas sensitivity
was observed to increase rapidly as the concentration of H2 in-
creases within the range of 50–200 ppm. The H2 gas sensitivity
is very high and the response time (defined as the time needed
for the sensor to reach 90% of the final signal for a given gas con-
centration) is shorter by about 5 min than the reported ZnO and
Pd-sensitized ZnO nanorod,122,123 as can be seen in Figure 23e.
From Figure 23f, the change in the sensitivity has a linear cor-
relation with the H2 concentration. It is well known that the
fundamental sensing mechanism of semiconductor based gas
sensors relies on a change in electrical conductivity due to the
interaction between the surface complexes such as O−, O2−,
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76 X. WANG ET AL.

FIG. 23. (a) Response of ZnS nanobelt to different oxygen pressures without or with UV illumination; the inset shows the
logarithmic oxygen pressure dependence of conductance of ZnS nanobelt. (b)–(c) Schematic energy band illustration of response
to UV illumination and the interaction with oxygen. (Reprinted from Liu et al.119 Copyright 2007: American Institute of Physics.)
(d) The response of ZnS nanostructures to H2 at a working temperature of 300◦C toward H2 and N2 pulses. (e) Conductance
response time towards 100 ppm H2. (f) Sensitivity S = (R0 − Rgs)/Rgs with a linear correlation to the concentration of H2.
(Reprinted from Chen et al.121 Copyright 2008: IOP Science.)

reactive chemical species (S2−), and gas molecules to be de-
tected. When the ZnS nanobelts are exposed to air, the oxygen
molecules are adsorbed on the surface as negatively charged
ions by capturing free electrons from the semiconductor ZnS,
thereby creating a depletion layer with a low conductivity near
the nanobelts surface. The reason for the enhancement in con-
ductance of the ZnS nanobelts in H2 is due to the reaction on
the material surface or removal of chemisorbed oxygen from
the nanostructure surface by H2.124,125

5.2. Thermal Sensors
According to the theory of semiconductor physics, the car-

rier concentration in semiconductors changes varied with the
temperatures, thereby causing the corresponding changes in re-
sistivity. In our previous work, the thermosensitivity of the ZnS

nanowires was studied by testing its out-put current at different
temperatures.118 Figure 24a shows the typical I–V curves of the
resistance temperature detector (RTD) at various temperatures.
The current of the RTD based on ZnS nanowires increases re-
markably as the temperature increases. The resistance of the
RTD is 2.87 × 104 � at 450◦C, about 1,000 times lower than
1.67 × 107 � at 30◦C. Figures 24b and 24c show the time re-
sponse of the sensor to environment temperature ranged from
30–320◦C. The “on”-“off”-state currents for each of the five
cycles shown here remain the same, indicating the reversibility
and stability of the sensors over this time interval. Figure 24d
shows the typical sensor response as a function of different tem-
peratures. We can clearly see that the response greatly increase
from 0.098 at 60◦C to 22.4 at 320◦C. The results further reveal
that ZnS nanowires are suitable for thermistor.
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ZnS NANOSTRUCTURES 77

FIG. 24. (a) I–V characteristics of the thermistor based on ZnS
NWs at different temperatures. (b) and (c) Thermocurrent re-
sponse of the device for different temperatures in the heater-on
and heater-off states. (d) The relationship between sensitivi-
ties and different temperatures. (Reprinted from Shen et al.118

Copyright 2012: The Royal Society of Chemistry.) (Color figure
available online.)

We know that at low temperature, the electrodes concentra-
tion can be calculated by:

ne =
(

NDNC

2

)1/2

exp

(
−EC −ED

2kT

)
, [2]

where NC refers to the density of state of conduction; ND refers
to the dopant concentration of the donor; EC refers to the con-
duction band energy; ED refers to donor level; k denotes the
Boltzmann constant; and T denotes the absolute temperature.
From Equation (2), we can see that the electrodes concentration
in conduction band and the temperature follow an exponential
law. In other words, the electrons concentration in conduction
band increases exponentially as the increase of temperature, as
shown in Figure 24d.

In our case, the nanowires conductance increases with in-
creased temperature, which is likely the consequence of several
complex factors, such as thermal diffusion, electron mobility,
and so on. The main of which is the increase of carrier con-
centration in semiconducting ZnS. Specifically, most carries
are captured by periodic lattice potential well and therefore the
conductivity is low at low temperature. While increasing tem-
perature, more carries jumped from the potential well into the
conduction band due to the thermal excitation, resulting in the
increase of conductivity. An addition factor is the removal of
moisture from the nanowire surface as temperature increased
from room temperature to 320◦C.

5.3. Humidity Sensors
Humidity sensor technologies enable to wide spread appli-

cation in electronic control systems are becoming ever more
important. So far, numerous kinds of materials have been uti-
lized for humidity sensing. Among them, metal oxides which
are physically and chemically stable, have been widely investi-
gated for humidity detection. However, little attention has been
paid to humidity sensors based on metal chalcogenides.

Recently, Jiang et al. investigated the applications of the
ZnS:Al NWs as high-sensitive humidity sensors.126 The I–V
curves of the ZnS:Al NW measured at varied RH values ranging
from 30–90%. When the RH value is beneath 50%, the resistance
of the ZnS:Al NW slightly increases with increasing RH value,
while further increase of the RH value resulted in an obvious
decrease of the resistance. The sensitivity is nearly proportional
to the RH value in the range of 50–90%. To interpret the resis-
tance increase at RH<50%, a surface charge transfer model is
proposed: due to the chemical adsorption of water molecules,
OH− ions are likely formed on the ZnS:Al NW surface by cap-
turing free electrons from the NW bulk.127 The surface negative
charges make the NW surface energy bands bending upwards,
hence the holes will accumulate near the surface. A portion
of the electrons in NW is compensated by the excess holes,
and as a result, the NW resistance increases. Both electrical
transfer measurements performed at 30% and 70% RHs show
pronounced n-type conduction except the slight increase in the
leakage current (IGS), indicating that the physical adsorption in-
stead of the chemical adsorption dominates the conduction and
finally contributes to the decrease of the resistance at higher
humidity. Besides, using ZnS nanowires as active materials,
Üzar investigated the humidity sensing capability and electri-
cal resistance of ZnS nanowires at different relative humidity
conditions between 33% and 100% RH at room temperature.128

Figure 25a is the schematic diagram of the resistance measure-
ment of ZnS nanowires. When the RH percentage increases, a
very small decreasing change was observed in the resistance
value up to 55% RH. After this value, the resistance of ZnS
nanowires decreases rapidly with exhibiting nearly linear be-
havior, as shown in Figure 25b. The sensitivity increases about
1,000 times from 33–100% RH depending on decreasing the re-
sistance of ZnS nanowires. As the ZnS nanowires have aporous
surface, it will provide more surfaces for adsorption, resulting
in enhanced sensitivity. These results show that ZnS nanowires
have a great potential for humidity sensing applications at room
temperature.

5.4 Ion-sensors
Semiconductor nanocrystals (NCs) serve as useful fluores-

cent labels owing to their photostability, continuous absorption
spectra, and efficient, narrow, and tunable emission.129,130 Al-
though NCs are useful in identifying position in a microen-
vironment, their intrinsic insensitivity to the presence of most
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78 X. WANG ET AL.

FIG. 25. (a) The schematic diagram of resistance measure-
ment of ZnS nanowires under varying relative humidity from
33–100%. (b) The variation in resistance and sensitivity of ZnS
nanowires depending on varying relative humidity. (Reprinted
from Üzar et al.128 Copyright 2010: Elsevier.) (Color figure
available online.)

biological or chemical agents renders them of limited utility as
sensing probes of that microenvironment. Recently, CdSe NCs
with the ability to sense target analytes irreversibly using fluo-
rescence resonant energy transfer (FRET) as a signal transduc-
tion mechanism has been reported.131,132 However, these studies
do not demonstrate reversible and ratiometric chemical sensing
using fluorescent NCs. By properly controlling energy transfer
between the NC and dye, Snee et al. demonstrated a means for
detecting analytes with high precision, irrespective of changes
in excitation intensity, wavelength, or collection efficiency.133

In their work, CdSe NCs overcoated with ZnS were used as the
active materials. The sensing action of the NC-squaraine conju-
gate is imparted by modulation of the FRET efficiency arising
from the engineered overlap of the pH-sensitive dye absorption
spectrum with the (pH-insensitive) quantum dot emission. The

FIG. 26. (a) The emission profile of a water-soluble (3.2 nm
radius) NC-squaraine dye conjugate changes as a function of
pH (red solid line, 6.0; orange dotted line, 7.0; yellow solid
line, 8.0; green dotted line, 9.0; and blue solid line, 10) with
λex = 380 nm. (b) Sensing of the local pH by the NC/dye
construct with variations in the excitation intensity and local
environment. (Reprinted from Snee et al.133 Copyright 2006:
American Chemical Society.) (Color figure available online.)

experimental results are shown in Figure 26a. The inset shows
the response of the absorption profile of the NC-dye conjugate
above and below the pKa (∼8.5) of the dye. As pH is lowered,
the absorption cross section of the dye is increased, and fluores-
cence resonant energy transfer (FRET) from the NC to the dye
becomes more efficient. Emission from the NC-dye conjugate
is now dominated by that of the dye at 650 nm. The largest
changes occur near the pKa of the dye. The solution pH can
be read out precisely by taking the ratio of each emission peak
intensity (NC and dye) to the intensity at the isosbestic point,
which functions as an internal reference (or by measuring the
ratio of any two unique points). This ratiometric approach is
powerful when compared to typical chemo- and biosensors that
display a single intensity-based response to analytes (i.e., ei-
ther brightening or darkening) because the ratiometric construct
is not sensitive to fluctuations of light excitation or collection
efficiency as sensing is self-referencing. Figure 26b shows the
excitation intensity and wavelength on the normalized fluores-
cent spectra of the sensor in pH = 6 and pH = 10 buffered
solutions. Using the ratio of NC to dye emission in clear solu-
tions as a calibration, the pH within 5% can be determined when
altering the excitation intensity over ∼1 decade and varying the
composition of the environment.

5.5. Biosensor
With the development of electrochemical DNA sensors, it is

necessary to search for efficient surface-immobilization tech-
niques to enhance immobilization amount and ultimate detec-
tion capacity of sequence-specific DNA. A detection method of
DNA hybridization based on labeling with QD tracers has been
developed with electrochemical-stripping measurements of the
nanoparticles.134,135 For example, by functionalizing CNTs with
ZnS nanocrystals, Rajesh et al. developed a better understand-
ing of the DNA sensing mechanism by the measurement of
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ZnS NANOSTRUCTURES 79

FIG. 27. (a) Schematic cross-section of the ZnS/SWNT FET
device. (b) Calibration curve of (a) ZnS/SWNT-ssDNA and
(b) SWNT-ssDNA sensor for complimentary DNA (c-ssDNA).
(c)–(d) I–V characteristics of the device at various stages of fab-
rication: (a) ZnS/SWNT and (b) SWNT; upper left side inset:
SEM of ZnS/SWNT and SWNT, and bottom right side inset:
TEM of ZnS. (Reprinted from Rajesh et al.136 Copyright 2011:
American Institute of Physics.) (Color figure available online.)

I–V and FET transfer characteristics.136 The ZnS/SWNTs FET
was formed by using the highly doped silicon substrate as a
back gate and is schematically represented in Figure 27a. The
current in SWNT device decreased upon treatment with nonspe-
cific blocking reagent MCH, functionalization with ZnS (MPA)
nanocrystals and NH2-ssDNA hybridization (Figure 27c). A
similar SWNT device without ZnS nanocrystals was also fab-
ricated and undertaken a comparative DNA sensing study (Fig-
ure 27d). Both the devices did not show any significant change
in current resistance response toward nc-ssDNA because of no
hybridization due to mismatch of the nc-ssDNA sequence with
the probe ss-DNA. Moreover, the devices responded explicitly
for different concentrations of c-ssDNA due to hybridization.
Figure 27b shows a calibration curve of devices with and with-
out ZnS nanocrystals. The ZnS/SWNT-ssDNA device exhib-
ited about 2.5 fold increase in sensitivity of 0.16 per-decade
pM c-ssDNA (the slope of the calibration curve) over SWNT-
ssDNA device showing a sensitivity of 0.06 per decade pM c-
ssDNA. This significant increase in sensitivity toward c-ssDNA
hybridization may be attributed to an increased loading of NH2-
ssDNA probe over ZnS nanocrystals due to their large surface
to volume ratio and a subsequent transfer of negative charge
electrons to SWNT upon hybridization with c-ssDNA.

6. LIGHT-EMITTING DIODES
Light-emitting diodes (LEDs) as solid-state light devices

have attracted considerable interest because of their environ-
mentally friendly properties, long lifetimes, low power con-
sumption, high efficiency, and fast response times. Colloidal
quantum dots (QDs), one of the most promising emitters for
next-generation displays137–141 and solid-state lighting142,143

have recently been enthusiastically investigated because of their
superb optical properties, such as broad absorption, narrow
emission bandwidth, easy control of the emission wavelength,
and superior luminescence efficiency in the solid state com-
pared to those of conjugated molecules (polymers) or inorganic
phosphors.

Highly efficient green-light QD-based LEDs (QLEDs) con-
taining one to two monolayers of CdSe@ZnS QDs that have a
chemical-composition gradient have been demonstrated by Bae
et al.144 The devices based on these QDs show color-saturated
green-light emission mostly originating from the QD layers (QD
emission accounts for more than 99% of the total EL), a low
turn-on voltage of 3.5 V, a current efficiency of 5.2 cdA−1, an
external quantumefficiency (EQE) of 1.4%, brightness (1500
cd m−2) at moderate applied voltage (7.7 V), and a maxi-
mum brightness of above 10,000 cd m−2. Figures 28a and 28b
show the current density-voltage and the luminance-voltage

FIG. 28. (a) Current density-voltage and (b) luminance-voltage
characteristics of QLEDs with different QD coverages. (c) Cur-
rent efficiency and (d) EQE of QLEDs with different QD cov-
erages plotted against current density. (Reprinted from Bae
et al.144 Copyright 2009: Wiley-VCH.)
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80 X. WANG ET AL.

FIG. 29. (a) UV-vis and PL spectra of QDs (PL wavelength,
λmax = 524 nm), EL spectrum of a QLED (EL λmax = 528 nm),
and a photograph of a QLED (inset). (b) EL spectra of a QLED
with a QD coverage of 1.7 monolayers and an LED with no QD
layer at a current density of 50 mA cm−2 (inset). (c) Normalized
EL spectra of QLEDs based on different QDs. (d) Commission
Internationale de L’Eclairage (CIE) chromaticity coordinates of
prepared QDs with different emission wavelengths (PL λmax at
510, 524, and 542 nm). (Reprinted from Bae et al.144 Copyright
2009 Wiley-VCH.) (Color figure available online.)

characteristics of QLEDs prepared from QD layers of vary-
ing coverage. We noted that the devices with the QD layers
show lower current densities but higher luminance than the
LED without QD layer at the same applied voltage. Moreover,
the QLED with a QD coverage close to that of the monolayer
exhibits higher current density and luminance than the multilay-
ered QLED devices. Besides, all QLEDs tested showed a low
turn-on voltage (ca. 3.5 V), regardless of the thickness of the
QD layer, which is a difference of only 0.5 V from the value ex-
hibited by the LED device with no QD layer (3 V). Figures 28c
and 28d show the current efficiencies and EQEs of the devices
with layers of varied QD coverage. The LEDs with higher QD
coverage showed higher maximum efficiencies at lower current
densities, which was ascribed to the structural and energetic
properties of the QD layers. Figure 29a shows the UV-vis and
PL spectra of QDs as well as the EL spectrum of a QLED. The
EL spectrum shows the same Gaussian-shaped peak with a nar-
row bandwidth (FWHM ca. 30 nm) as the PL spectrum of the
QDs at a slightly longer wavelength (a red-shift of ca. 4 nm).
Figure 29b shows the EL spectra of a QLED containing a QD

FIG. 30. (a) Photograph of white LED using InP/GaP/ZnS
QDs. (b) Schematic illustration of a YAG phosphor-QDs based
WLED. (c) CIE diagram of the corresponding QD concentra-
tion. (d) Emission spectra of a WLED prototype at currents from
20–120 mA. (Reprinted from Kim et al.146 Copyright 2012:
American Chemical Society.) (Color figure available online.)

layer with the coverage of 1.7 monolayers and a LED with no
QD layer at the same current density of 50 mA cm−2. Green
QLEDs with different emission wavelengths (EL λmax = 515,
528, and 550 nm) were also obtained using QDs of slightly dif-
fering composition. The emission wavelength of the QDs was
controlled by varying the composition in the QDs, as shown
in Figure 29c. Figure 29c resides outside the current National
Television System Committee (NTSC) standard color triangle
when those spectra are transformed into the Commission Inter-
nationale de L’Eclairage (CIE) chromaticity diagram (see Fig-
ure 29d). The excellent green-light-emitting QLED performance
is a result of the unique QD structure as well as the uniform and
high surface coverage of the QD layer in the test device.

Although this WLED system having high luminous ef-
ficacy and good stability has been commercialized, it is
difficult to obtain a high color-rendering index (Ra) due to
deficiencies in the green and red ranges. Nizamoglu et al. re-
ported white light generation with adjustable tristimulus coor-
dinates by hybridizing CdSe/ZnS core-shell NCs of various sin-
gle, dual, triple, and quadruple combinations with InGaN/GaN
LEDs.145 Kim et al. applied red-emitting InP/GaP/ZnS QDs,
which were mixed with a YAG:Ce phosphor, to a WLED.146

Figure 30b shows a schematic illustration of a YAG phosphor-
QD-based WLED. Figure 30c shows the Commission Interna-
tionale de L’Eclairage (CIE) chromaticity color coordinates that
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ZnS NANOSTRUCTURES 81

were (0.2938, 0.27058), (0.3034, 0.2881), (0.2933, 0.2676), and
(0.2915, 0.2611), corresponding to the QD amounts of 0.4, 0.5,
0.6, and 0.7 mL, respectively. Moreover, a color temperature
(CCT) was exhibited at 9503, 7864, 9860, and 10598 K. As
the QD amount increased to 0.5 mL, the color of the emitting
light shifted from yellow to near-white of a suitable WLED, and
the CCT moved to warm white due to an increased red color
region. However, at amounts of more than 0.5 mL of QDs, the
CIE color coordinates (x, y) decreased and the CCT moved to
the cool white region. At a working current of 120 mA, the
luminous efficacies were 58.47, 54.71, 51.66, and 47.21 Lm/W,
corresponding to the QD amounts of 0.4, 0.5, 0.6, and 0.7 mL,
respectively. Figure 30a shows a photograph of a WLED us-
ing 0.5 mL of QDs. Figure 30d shows the emission spectra of
InP/GaP/ZnS QDs with a YAG-based WLED when operated
from 20–120 mA bias currents. There are three emission peaks
at 455, 535, and 615 nm. The PL of InP/GaP/ZnS shows an
orange emission at 595 nm and the emission by the WLED
was observed at 610 nm. The results reveal that InP/GaP/ZnS
QDs would possibly be suitable for white illumination source
applications.

Green-light-emitting QD structures of CdSe//ZnS/CdSZnS
QDs and red-light-emitting QD structures of CdSe/CdS/ZnS/
CdSZnS QDs were fabricated in Jang’s group.147 The EQEs
of the CdSe//ZnS/CdSZnS green QDs and CdSe/CdS/ZnS/
CdSZnS red QDs in LEDs were measured at different con-
centrations of QDs in silicone encapsulant (Figures 31a–31d).
The EQEs of green QDs in LEDs were 52%, 56%, 59%, and
72% at optical densities of 0.07, 0.05, 0.035, and 0.017, re-
spectively, and those of red ones were 23%, 24%, and 34% at
optical densities of 0.014, 0.007, and 0.0035, respectively. The
EQEs of the LEDs would be much enhanced and concentration-
independent when the dispersion of QDs in silicones were to
be improved. The changes of EQEs of the red and green QD-
LEDs were monitored while they were operated at 20 mA,
3 V, under ambient conditions without any heat sink. The ef-
ficiencies of the QD-LEDs were maintained for 2,200 h, and
the peak wavelengths were also maintained. Extrapolation indi-
cates that half-lifetime could be longer than 15,000 h, which is
the timespan that mobile displays usually guarantee. The color
coordinate of the white QD-LED was optimized at (0.24, 0.21)
in CIE 1931 for LCD backlight. The red and green QDs at the
controlled concentrations (optical density 0.035 at 486 nm for
green and 0.0035 at 516 nm for red) were mixed with silicones
and dispersed on a blue LED. As a comparison, a white phos-
phor LED with the same color coordinate was prepared with a
Eu-doped CaAlSiN3 red phosphor. The RGB color coordinates
for the QD-LED and the phosphor-LED were (0.67, 0.31), (0.19,
0.71), (0.15, 0.06) and (0.66, 0.32), (0.28, 0.65), (0.15, 0.05),
respectively. The area of the RGB triangle of the white QD-
LED covered most of the NTSC color space (104.3%), but the
phosphor-LED covered only 85.6% (Figure 31e, inset). A LED
back-light was fabricated with 960 white QD-LEDs, and a 46
inch LCD TV panel was successfully demonstrated for the first

FIG. 31. (a) Spectra of the green QD-LEDs with various QD
concentrations. Inset: EQEs of the QDs in the LED according to
the QD concentrations. (b) The same as (a) except for red QD-
LEDs. (c) EQEs of the QD-LEDs over long-term operation.
(d) Schematic diagram of QD LED. (e) Light intensity spec-
tra (solid line) and brightness (hatched area) of the QD-LED
(blue) and the phosphor-LED (grey). Inset: Color triangles of
the QD-LED (white) and the phosphor-LED (yellow) compared
to NTSC1931 (black). (f) Display image of a 46 inch LCD TV
panel and a quarter of the white QD-LED backlights (inset).
(Reprinted from Jang et al.147 Copyright 2010: Wiley-VCH.)
(Color figure available online.)

time (Figure 31f). This result takes us one step closer toward
developing QDs specially tailored for high-performance display
applications.

7. FIELD-EFFECT TRANSISTORS
Due to the ultrahigh surface-to-volume ratio, 1D nanos-

tructures are ideal choices for sensors, as we demonstrated in
the above section. As ZnS nanostructures with excellent crys-
tallinity can be obtained in high yield, their uses in FETs-based
device fabrication have also been demonstrated. The ability to
dope semiconductors with suitable impurities to obtain n-type
or p-type conductivities is a key issue to the success of nano-
electronics. Here, we will introduce some NW-FETs based on
doped ZnS nanowires briefly.

In order to determine the effects of Cl doping on the transport
properties of ZnS NRs, electrical measurements were conducted
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82 X. WANG ET AL.

by constructing nano-FETs based on individual ZnS:Cl NRs.148

Three samples with varied chloride doping levels were synthe-
sized, labeled as sample 1, sample 2, and sample 3, correspond-
ing to the molar ratio of ZnCl2:ZnS changed from 1:4 to 1:2
and 1:1, respectively. ITO was found to be able to provide much
better contact with the ZnS:Cl NRs than conventional metallic
electrodes (Ti, In, Ag, Al, and Au). The conductance of the ZnS
NRs increases remarkably with the increase of Cl− dopant. The
undoped ZnS NRs are highly insulating (conductivity<10−8 S
cm−1), while the ZnS:Cl NRs exhibit much enhanced conduc-
tivity of 7.5 × 10−3 S cm−1, 0.25 S cm−1 and 5.0 S cm−1 for
sample 1, sample 2, and sample 3, respectively. The conduc-
tivity of the ZnS NRs can be tuned to a wide range of at least
three orders of magnitude by adjusting the Cl− doping level.
Moreover, the conductivity of ZnS:Cl NRs can be remarkably
improved by 1–2 orders of magnitude after a post-annealing
process at 500◦C for 10 min, which is likely to be attributed to
the further reduction of the contact resistance. Besides, all the
devices show an obvious gating effect and the conductance of
ZnS:Cl NRs increases with increased VG, which is in consistent
with the typical characteristics of an n-channel metal-oxide-
semiconductor FET (MOSFET) and thus reveals the n-type na-
ture of the Cl doped ZnS NRs. By using ITO as the electrodes,
the field-effect mobility of Al-doped ZnS nanowires was also
investigated.149 The undoped ZnS NW exhibits an extremely
low conduction current while a substantial enhancement in the
conductivity is observed for the ZnS:Al NWs. All the ZnS NWs
with varied doping levels exhibit pronounced gating effects and
IDS increases monotonously with increasing VGS.

The transport properties of the p-typed ZnS are seldom stud-
ied. The progress in this direction is made up by Jie’s group
recently. They reported the efficient p-type doping in ZnS NRs
by using antimony (Sb) as the acceptor dopant.150 Two samples
with varied doping levels were fabricated, which were marked
as sample 2 and sample 3, corresponding to the different ZnS:Sb
molar ratio of 2:1 and 1:1, respectively. To assess the electri-
cal properties of the ZnS:Sb NRs, back-gate nanoFETs were
fabricated based on individual NRs (Figure 32a). Before the
measurements, the acceptors in the NRs were activated by a
fast-annealing process at 650◦C for 10 min via the dissociation
of Sb-H bonds. The ideal linearity of the I–V curves confirms the
good Ohmic contact between the ZnS NR and the Au electrode,
as can be seen in Figure 32b. It was found that the conductivity
of the ZnS NRs has been increased by seven orders of magni-
tude by Sb doping. The undoped ZnS NRs (sample 1) have the
conductivity as low as ∼6.5 × 10−7 S cm−1, while the conduc-
tivity increases dramatically to ∼3.0 × 10−3 S cm−1 and 9.1
S cm−1 for sample 2 and 3, respectively. From Figures 32c and
32d, the hole mobility of sample 2 and sample 3 are calculated
to be 0.2 cm2 V−1 s−1 and 22.3 cm2 V−1s−1, respectively. From
the value of the hole concentration, it can be noted that only
a small fraction of Sb in the source contributes to the doping,
which might be caused by the poor solubility of Sb in ZnS.

FIG. 32. (a) Schematic illustration of the back-gate nanoFET
based on the ZnS:Sb NR. (b) Typical I–V curves of both the
undoped and Sb-doped NRs. Inset shows the SEM image of the
device. (c)–(d) are electrical transfer characteristics of samples
2 and 3, respectively. Ids-Vd curves were plotted at varied Vg.
Insets show the Ids-Vg curves at Vds = −5 V. (Reprinted from Jie
et al.150 Copyright 2011: American Institute of Physics.) (Color
figure available online.)

Heterostructures have attracted considerable interest due to
their novel applications and properties to change the electrical
properties of semiconductors. He et al. demonstrated the repro-
ducible transport characteristics of FETs based on ZnS/Silica
Nanocable, in which metal electrode and electrolyte solutions
were used as a gate.151 As shown in Figure 33a, the ID-VD char-
acteristics of ZnS/SiO2 nanocable-based transistors obtained as
a function of different positive gate voltages (Vg) indicate that
the pronouncedgate effect is indicative of an n-type semicon-
ductor. The ID-VD characteristics of the FET device measured at
different electrolyte-gated voltages were shown in Figure 33b.
Evidently, a change in voltage of the liquid gate can produce a
detectable change in drain current, leading to the potential of
chemical and biological sensing in liquid.

Besides, we have reported pearl-like ZnS-decorated InP
nanowires, prepared via a one-step thermochemical method us-
ing InP and ZnS powders as the source materials.74 Field effect
transistors were fabricated based on single pearl-like InP/ZnS
heterostructure, which exhibited p-type transistor performance
and a decent response to UV light exposure. Figure 34a inset
shows a top view SEM image of the fabricated device. Fig-
ure 34a shows the typical gate-dependent I–V curves obtained
from an individual pearl-like nanowire measured in a vacuum.
The nanowire device exhibited good gate dependence and was
rather conductive, reaching a current of 0.487 μA with a drain-
source voltage of 1 V and a gate voltage of −30 V. The trans-
port data clearly show decrease in conductance for Vg > 0,
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ZnS NANOSTRUCTURES 83

FIG. 33. (a) ID-VD measurements for a back-gate nanocable
transistor. The inset is a typical SEM image of a nanocable
transistor. (b) ID-VD measurements for a nanocable-based tran-
sistor in a 3 μL, 1 × 10−3 g/L NaCl solution. The gate voltage
is applied through a W electrode immersed in the solution, as
shown in the inset. (Reprinted from He et al.151 Copyright 2007:
American Chemical Society.) (Color figure available online.)

whereas the conductance increases for Vg < 0, indicating that
the present pearl-like ZnS-decorated InP nanowires are of p-
type. In this work, by forming heterostructures, instead of the
introduce of dopants, p-type semiconducting behavior is suc-
cessfully fulfilled. It was believed that the electronic behavior
of current heterostructure is greatly influenced by the forma-
tion of special structures, surface areas, and interface structures
within the heterostructures. We also studied the UV response
of the ZnS-decorated InP nanowire devices and the result is il-
lustrated in Figure 34b. The zero-bias conductance before and
after the exposure to a 254 nm light is calculated to be 70 and
813 nS, respectively. Electronic transport properties of the de-
vices at different temperatures were also investigated, revealing
a thermal activation behavior. From Figure 34c, at 300 K in
vacuum, the I–V curve appears to be linear, indicating ohmic
contacts formed between the metal electrodes and the nanowire.

FIG. 34. (a) Current vs. source-drain (I-Vsd) curves at differ-
ent gate voltages for an individual ZnS-decorated InP nanowire
FET. (b) Current vs. source-drain (I-Vsd) curves before and after
UV exposure. (c) Temperature dependence of I–V characteris-
tics of the nanowire transistors. (d) Plot of the zero-bias conduc-
tance in a logarithmic scale as a function of 1000/T. (Reprinted
from Shen et al.75 Copyright 2008: American Chemical Soci-
ety.) (Color figure available online.)

From the I–V curves, it can be found that the conductance of the
device progressively reduced with decreased temperature. The
zero-bias conductance was measured to decrease from 17.27
nS at 300 K to 0.011 nS at 190 K, as indicated in the fig-
ure. Figure 34d shows a plot of the zero-bias conductance in a
logarithmic scale as a function of 1000/T. Basically, electrical
conductivity is strongly dependent on temperature. The results
suggested that the thermal activation of carriers is the dominant
transport mechanism according to previous reports.

8. OTHER APPLICATIONS

8.1. Solar Cells
Liu et al. made a systematic investigation on the morphol-

ogy evolution of the ZnS shell and its influence on the photo-
voltaic properties of ZnO/ZnS core/shell based dye-sensitized
solar cells (DSSCs).152 The photocurrent density-voltage char-
acteristics are shown in Figure 35a. For the as-synthesized
ZnO nanowire arrays, a short-circuit current (JSC) of 0.671 mA
cm−2 and an overall power conversion efficiency (η) of 0.12%
are achieved, whereas for the ZnO/ZnS core/shell nanostruc-
tures after sulfidation 1 h, the JSC and η can be improved to
4.42 mA cm−2 and 0.82%. Both JSC and η are significantly im-
proved as the reaction time increases. For ZnO/ZnS core/shell
nanostructures, the JSC and η values can reach a maximum of
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84 X. WANG ET AL.

FIG. 35. (a) I–V characteristics of the solar cells fabricated with as-synthesized ZnO nanowires arrays and ZnO/ZnS core/shell
nanostructures for different sulfidation time. (b) Voltage-decay measurement. (c) Electron lifetime derived from equation as a
function of VOC in as-synthesized ZnO nanowire arrays and ZnO/ZnS core/shell nanostructures for different sulfidation time.
(d) UV-vis absorption spectra of the samples sensitized by N719 dye. (Reprinted from Liu et al.152 Copyright 2011: American
Chemical Society.) (Color figure available online.)

8.38 mA cm−2 and 1.92% after sulfidation for 6 h, correspond-
ing to 12- and 16-fold increments of the ZnO nanostructures, re-
spectively. No significant change in open-circuit voltage (VOC)
and fill factor (FF) happened after coating ZnS on the ZnO
nanowire. Therefore, it can be concluded that ZnO/ZnS het-
erostructure increases the overall solar cell performance mainly
by increasing the JSC. Figure 35b plots the VOC decay as a
function of time measured using ZnO nanowires and ZnO/ZnS
core/shell nanowires for different sulfidation time. It can be
clearly seen that the DSSCs based on ZnO/ZnS core/shell pho-
toanodes have significantly slower VOC decay rate than that of
pure ZnO nanowires, indicating slow recombination kinetics in
ZnO/ZnS core/shell photoanodes. The calculated lifetime (τ n)
of photogenerated electrons is shown in Figure 35c as a function
of VOC. It can be observed that τ n of the ZnO/ZnS core/shell
photoanodes are longer than that of pure ZnO photoanode. The
optical absorption spectra of the samples sensitized by N719 dye
are shown in Figure 35d. It can be clearly seen that the absorption
centered around 510 nm, originating from the dye molecules, is
larger for the ZnO/ZnS core/shell nanostructures than for pure
ZnO nanowires. For the ZnO/ZnS core/shell nanostructures, as

sulfidation time goes by, the absorption can be increased. The
photoanode obtained under 6 h sulfidation time has the highest
absorption, resulting in distinguished short-circuit current den-
sity and energy conversion efficiency, indicating that ZnO pos-
sessing compact ZnS shell and high surface roughness should be
an ideal photoanode structure for the ZnO/ZnS core/shell based
DSSCs.

8.2. Field-emission Applications
Nanostructures with a nanotip are expected to be suitable

for electronic and optoelectronic devices such as field emitters,
atomic force microscopy (AFM) probes, and optoelectronic de-
vices for medical diagnosis. For example, Chen et al. synthe-
sized hexagonal ZB ZnS pyramids with a nanotip and studied
the field emission of the as-prepared ZnS nanostructures.153

Figure 36 shows the typical current density-electric field (J-E)
characteristics. Turn-on field (Eto) and threshold field (Ethr) are
the electric fields required to produce a current density of 10 mA
cm−2 and 10 mA cm−2, respectively. The Eto and Ethr of the
hexagonal pyramids are 2.81 and 4.56 V μm−1, as show in Fig-
ure 36a, and are lower than the E to of ZnS nanobelts (3.47,154
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FIG. 36. Field-emission (FE) properties of the ZnS hexagonal
pyramids: (a) Current density-electric field J–E curve with a
turn-on field of ca. 2.81 V μm−1. (b) A Fouler-Nordheim plot
corresponding to (a), and the straight line is a linear fit of the
ln(J/E2) vs. (1/E) plot; (c) Field-emission current stability of
the ZnS hexagonal pyramids. (Reprinted from Chen et al.153

Copyright 2009: Wiley-VCH.)

3.55,155 3.8156 V μm−1) and other ZnS nanostructures.157-160

The current density is about 20 mA cm−2 at 5.0 V μm−1, which
is greater than the reported 14.6 or 11.5 mA cm−2.161 The rea-
son for the low Eto and high FE current density can be attributed
to their superior structural characteristics, that is, the single-
crystalline pyramid-shaped structure with a nanometer-sized tip.
The hexagonal ZnS pyramids have a micrometer-sized base and
a high aspect ratio nanotip, which may give the pyramids a
high field-enhancement factor. Figure 36b shows the slope of
the ln (J/E2) vs. (1/E) plot. The plot has an approximately lin-
ear relationship within the measurement range, which confirms
that the current results are indeed due to their field emission.
Figure 36c shows variations of emission current density of the
hexagonal pyramids within 500 min at an applied electric field
of 4.56 V μm−1. The initial current density and the average
current density are 9.97 and 10.01 mA cm−2. Nonotable cur-
rent density degradation was observed, and the emission current
fluctuation was as low as 0.9%, proving the high stability of the
ZnS pyramid as a field emitter. The stable FE performance is
related to the micrometer-sized base of the hexagonal pyramids,
which has a large contact area that can quickly transmit heat
from the tip to the substrate, so the pyramid-shaped tip can be
effectively protected from being destroyed by superheating.

9. CONCLUSIONS AND OUTLOOKS
In conclusion, as one developing star of the semiconduc-

tor families, ZnS is a versatile material with excellent optical
and electrical properties, which are suit to many novel optical-

electrical devices. In this article, ZnS nanostructures synthesized
by both the solution methods (hollow nanostructures, core/shell
nanostructures, nano-urchins, and nanoflowers nanostructure ar-
rays) and gas phase methods (nanowires, nanobelts, nanotubes,
nanoarrays, coaxial, homoepitaxial, and heteroepitaxial nanos-
tructures) were reviewed comprehensively. In addition, the novel
properties and applications including photoluminescence, pho-
tocatalysis, sensors, LEDs, FET, solar cells, and field-emission
of these nanostructured materials were also presented. Although
great progresses in the growth of ZnS nanostructures and their
applications have been made in recent years, several important
challenges still remain and have to be explored.

First, the growth kinetics and thermodynamics of the ZnS
nanostructures, especially those synthesized by solution meth-
ods, such as nano-urchins, nanoflowers, nanonets, and so on,
have to be investigated, which would increase controllability in
the morphology and chemical and physical properties of nanos-
tructures. In particular, uniform and homogeneous growth of
nanostructures on large scale would be very crucial for the prac-
tical use of ZnS nanostructures. Furthermore, the site-specific
growth of ZnS nanostructures is required for integrated device
fabrications. Although there are several attempts to achieve se-
lective growth, more reliable and reproducible position controls
are required for practical device applications.

Another critical issue is the development of inorganic-
organic hybrid materials possessing excellent physical and op-
tical properties. The composites based on ZnS nanostructures
and organic conducting polymers are rarely reported in the last
decades. By taking advantage of both the superior intrinsic car-
rier mobilities and broad band absorption of inorganic materials,
and the excellent mechanical flexibility, tunable functions of the
organic conducting polymers, many novel film devices based on
ZnS-organic materials with new optical and electrical properties
might be around the corner.

In addition, transparent and flexible optoelectronic devices
based on ZnS nanostructures is an emerging field. Until now,
there has been very strong progress on the transparent and flex-
ible electronics based on metal oxide, such as ZnO, In2O3, and
SnO2 nanowires. However, the researches about the applications
of ZnS nanostructures in this field were fairly reported because
of the challenge in optimization of nanodevice performances.
Although several routes to optimize the device performances
based on ZnS nanostructures have been exploited, more and
deeper work on turning the ZnS conductivity, bandgap, sur-
face, and optical properties through a more controllable way is
still quite desired and is an extremely important direction. The
breakthrough in these issues will facilitate the development of
applications for sensors, FET, LEDS, and other optoelectronic
devices based on ZnS nanostructures.
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