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Introduction

Environmental problems, such as organic pollutants and
toxic water pollutants, provide the impetus for fundamental
and applied research into environmental areas. Semiconduc-
tor photocatalysis furnishes us with the potential for com-
plete elimination of toxic chemicals, through its efficiency
and broad applicability.[1] For commercial applications as a
photocatalyst, a material must have superior photocatalytic
activity, and also be easily prepared. Over the last few years,
considerable efforts have been made in the controlled syn-
thesis of various nanoscaled materials for photocatalysis, to
improve their properties. Recently, transition metal sulfides,
in particular ZnS and CdS, have been extensively studied,
owing to their unique catalytic activity compared to that of
TiO2.

[1c,2,3] However, photocatalytic applications of selenide
nanostructures have rarely been reported. As an important
type II-VI semiconductor, with a room temperature bulk
band gap of 2.70 eV (460 nm), ZnSe is a promising function-

al material for optoelectronic devices, owing to a significant-
ly large exciton binding energy (21 meV)[4] in comparison to
GaAs (4.2 meV)[5] . The unique structures, could exhibit new
properties and applications in many fields. Therefore, much
effort has been devoted to fabricating various ZnSe nano-
stuctures (such as wires, belts, tubes, and spheres).[6] Al-
though ZnSe nanoribbons have been prepared by means of
laser ablation of ZnSe powders at high temperature
(950 8C),[6a] to the best of our knowledge, the synthesis of
the wurtzite-phase of ZnSe ultrathin nanobelts through a so-
lution-based route at low temperature has not been reported
previously.
In this paper, we report a general approach for the prepa-

ration of 1D semiconductor nanomaterials in a binary solu-
tion, made of distilled water and ethanol amine (EA). More
importantly, this is the first time the synthesis of wurtzite
ZnSe nanobelts has been achieved in solution. High-mag-
nification transmission electron microscopy (TEM) provides
images that show that flexible and ultrathin nanobelts with a
thickness of only 5 nm and width of �30–80 nm have been
produced. It has been confirmed that the photocatalytic ac-
tivity of ZnSe nanobelts in the photodegradation of the
fuchsine acid is higher than that of TiO2 nanoparticles,
which could be assigned to the larger specific surface area
of the ZnSe nanobelts (so that they can provide more reac-
tive adsorption/desorption sites for photcatalytic reaction)
compared to commercial TiO2 powders.
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Results and Discussion

X-ray diffraction (XRD) analysis was used to determine the
phase purity of the nanoribbons. As shown in Figure 1, all of
the peaks in the XRD pattern can be readily indexed to the

hexagonal wurtzite ZnSe, with lattice constants of a=3.961
and c=6.50 J, which agrees with the reported data (a=
3.997 and c=6.547 J, in the JCPDS file, no. 80–008). No
other peaks for impurities were detected.
The fine structural details of the as-obtained products

were examined by means of the TEM technique. Figure 2a
shows a low-magnification TEM image of a ZnSe sample,
revealing that the products are composed of a large quantity
of beltlike structures that have typical lengths of up to sever-
al micrometers. The high-magnification TEM image (Fig-
ure 2b) shows a flexible and ultrathin nanobelt with a width

of �30–80 nm and thickness of �5 nm. The chemical com-
position of these nanobelts is further characterized by using
energy-dispersive spectroscopy (EDS, Figure 2c). Peaks of
the elements Zn and Se are detected in the EDS pattern
and the molar ratio is about 1:1 (the O signal derives from
the surface absorption of nanobelts and the Cu signal comes
from the copper grid).
Significant information about the quality and surface com-

position of the products can be further provided by using X-
ray photoelectron spectroscopy (XPS), as shown in Figure 3.
The binding energies obtained in the XPS analysis were cor-
rected for specimen charging, through referencing the C 1s
to 284.60 eV. The binding energy of Zn 2p3 is identified at
1020.5 eV (Figure 3b), although, Se 3d is found to be
53.86 eV (Figure 3c). The signals at 10.0 and 990.15 eV can
be assigned to the binding energy of Zn 3p and the kinetic
energy of Zn LMM, respectively. The signal at 401 eV can
be attributed to N 1 s, which is derived from ethanol amine
absorbed onto the nanoribbons, which is consistent with the
results of the FTIR spectroscopy (data not shown). High-
resolution XPS for the O 1s region (Figure 3e) indicates that
only one oxygen contribution exists here: The core levels
centred at about 532 eV can be assigned to the small
amounts of physically absorbed H2O,

[7] which further dem-
onstrates the as-obtained products are pure ZnSe.
The typical room-temperature Raman spectrum of ZnSe

nanoribbons (Figure 4) shows two bands in the range 150–
400 cm�1. The peaks located at around 206, and 252.6 cm�1,
these correspond to the transverse optical (TO) and longitu-
dinal optic (LO) phonon modes of ZnSe, respectively. No
vibration modes owing to impurities are observed. Accord-
ing to previous results,[8–11] the LO phonon frequency of a
single-crystalline ZnSe film is 254 cm�1 and that of a single-
crystal of ZnSe is 255 cm�1 at room temperature. Both indi-
cate a broad Raman peak, owing to the high surface-to-
volume ratio of small particles. Compared to the above re-
ports, the TO and LO phonon frequencies of the as-ob-
tained ZnSe sample are both shifted towards a lower fre-
quency, which may be an effect of small size and high sur-
face area of the sample. The relatively sharp and symmetric
Raman peaks of the ZnSe nanostructures imply that the
ZnSe nanobelts are single crystalline, which is consistent
with the following high-resolution TEM (HRTEM) observa-
tions.
The microstructural details of nanobelts are further pro-

vided by using HRTEM and fast Fourier transformation
(FFT) electron diffraction (ED) patterns. Shown in Fig-
ure 5a is a TEM image of an individual ZnSe nanoribbon. It
can be observed that the nanoribbon is long and straight
and has a uniform width along its entire length. Typical
widths of the nanoribbon are in the range of 45–50 nm. Fig-
ure 5b indicates a typical FFT pattern recorded from this
nanoribbon; it can be indexed to the [010] zone axis of the
hexagonal ZnSe. These pattern spots confirm the single
crystallinity of this ZnSe nanobelt. Shown in Figure 5c is a
HRTEM image recorded near the edge of this ZnSe nano-
ribbon. The regular spacings of the observed lattice planes

Figure 1. a) XRD pattern of the ZnSe nanoribbons prepared at 220 8C for
24 h.

Figure 2. a) A low-magnification TEM image and b) a high-magnification
TEM image of a ZnSe sample. c) EDS spectrum taken from a nanobelt.
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are �0.66 and 0.34 nm, which is consistent with the separa-
tion of (001) and (100) planes of hexagonal ZnSe, respec-
tively. It also reveals that the ribbon is single crystalline,
structurally uniform, and dislocation-free. Further studies of

both the HRTEM image and
FFT pattern confirm that the
axis growth plane is (001) and
the growth direction is prefer-
entially along [001] (c-axis).
Further studies show that the

water-to-EA ratio plays a sig-
nificant role in the formation of
ribbonlike ZnSe nanocrystals.
The formation of flexible nano-
ribbons is accessible only within
a very narrow composition
range of the binary solution,
this suggests that the ethanol
amine plays a crucial role in
shaping such flexible and ultra-
thin ZnSe nanoribbons
(Figure 6). If the volume ratio
of EA/water is increased to
24:1, beltlike ZnSe nanocrystals
are formed accompanied by
nanostructures of irregular
shapes. However, if the volume
ratio of EA/water is decreased
to 4:1 or 3:2, the TEM images
indicate that the short nanorods
(or flakes) and nanoparticles
coexist in the products.
It is generally believed that

materials that have a hexagonal
crystal structure have a particu-
lar tendency to grow anisotropi-
cally, as the (001) planes indi-
cate different surface energies
relative to the (100) and (110)
crystal planes.[12] Furthermore,
in most reported colloidal syn-

thesis of metal or semiconductor 1D nanocrystals, the aniso-
tropic growth of the 1D structure is often driven by using
capping ligands that could bind selectively onto particular
facets of the seed particles.[13] Therefore, it is reasonable to

Figure 3. XPS spectra of ZnSe nanoribbons prepared at at 200 8C for 24 h. a) Survey spectrum, b) Zn 2p3, c) Se
3d, d) Zn LMM, and e) O 1s.

Figure 4. Room-temperature Raman spectrum of ZnSe nanobelts that
were produced at 220 8C over 24 h.

Figure 5. a) A TEM image of a typical nanobelt. b) The corresponding
electron diffraction pattern. c) A HRTEM image taken from the side of
the nanoribbon.
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conclude that, in our approach, the reagent ethanol amine
might adsorb onto the (010) and (100) planes of the incipi-
ent ZnSe nuclei, possibly as a result of the match between
the special ZnSe atomic surface structures and the linear
molecular structure of ethanol amine, and thus making
(001) a higher energy face compared to the EA-covered
(010) and (100). Direct evidence for this hypothesis requires
further study, and the work is under way. The selective ab-
sorption of ethanol amine onto some facets, not only pre-
vents the particles from agglomeration, but also influences
the growth of the planes, which were strongly in favor of
anisotropic growth of new born ZnSe nuclei along [001]
axis. This is confirmed by the HRTEM results. In the syn-
thesis of inorganic nanostructures, this may be in accord
with the fact that the crystal growth is modulated extrinsi-
cally by means of solvent absorption on certain crystallo-
graphic facets, which inhibits the growth of some crystal
planes, and leads to different growth rates during the growth
process of particles, thus generating certain novel crystal
shapes.[14] This binary solution reaction system is quite com-
plicated, and the for the formation of certain nanostructures
the system needs further modification. Clearly, the synerget-
ic effects of ethanol amine and water could also exert a key
influence on the morphology of ZnSe nanostructures. The
reaction temperature also plays a key role in the formation
of nanoribbons. If the temperature is lower than 180 8C,
pure-phase ZnSe can not be obtained. The experimental re-
sults reveal that a reaction temperature ranging from 200 to
220 8C is the optimum for the formation of flexible and thin
nanoribbons. Further work to better understand the forma-
tion of ZnSe nanoribbons is under way.
To demonstrate the potential applicability in photocataly-

sis of the as-obtained ZnSe nanobelts, we investigated their
photocatalytic activity, relative to that of commercial TiO2
powders. The photocatalytic degradation of fuchsine acid
was chosen as a reference and the characteristic absorption
of the acid seen at 545 nm was selected for monitoring the
adsorption and photocatalytic degradation process. The ab-
sorption spectra of an aqueous solution of fuchsine acid (ini-
tial concentration: 1.0M10�4m, 20 ml) in the presence of
ZnSe nanoparticles (10 mg) under exposure of a UV-light
lamp (30 W) for various durations can be seen in Figure 7a.

The absorption peak corresponding to fuchsine acid at
545 nm diminishes sharply and even disappears completely
after irradiation for about 70 min, compared to the intensity
of the initial fuchsine acid solution.
Further experiments were performed to compare the cata-

lytic activity of the ZnSe nanoribbons (10 mg), commercial
ZnSe (10 mg) and commercial TiO2 powders (10 mg) under
UV-light exposure. The data of curve a, b and c in Figure 7
(middle) make clear that these ZnSe nanobelts have a
higher photodegradation rate than commercial ZnSe, or
commercial TiO2, under the same conditions after exposure
to UV light. In Figure 7 curve a, fuchsine acid is degraded
by 87.8% on ZnSe nanobelts in only 10 min. In contrast, the
degradation rate of commercial ZnSe and TiO2 is very slow
and only 33% (curve b), 25.6% (curve c) of fuchsine acid is
decomposed after 105 min, respectively. The higher photoca-
talytic activity of these ZnSe nanobelts could be assigned to
the following two factors. First, ZnSe nanobelts (about
92 m2g�1) have the larger specific surface area compared to
commercial TiO2 powder (�45 m2g�1) and commercial
ZnSe. As a result, they can provide more reactive adsorp-
tion/desorption sites for photcatalytic reactions. Second, the
high crystallinity implies few defects in the as-prepared

Figure 6. TEM images of ZnSe crystals obtained under different condi-
tions: a) VH2O/VEA=1/24, b) VH2O/VEA=1/4, and c) VH2O/VEA=2/3. The
molar ratio Zn(Ac)2/Na2SeO3=1:1, for a reaction over 24 h at 220 8C.

Figure 7. Color change and absorption spectrum of a solution of fuchsine
acid (1.0M10�4m, 20 ml) in the presence of ZnSe nanobelts (10 mg) under
exposure to UV light: a) initial solution; b–h) solutions with addition of
ZnSe nanobelts illuminated for b) 1, c) 5, d) 10, e) 30, f) 50, g) 60,
h) 70 min (top and middle). The fraction of the degraded fuchsine acid in
the presence of ZnSe nanobelts, commercial ZnSe and commercial TiO2
powders, respectively, as photocatalysts under exposure to UV light
(bottom).
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nanoparticles. It is well known that these defects may serve
as recombination centers for photoexcited electron-hole
pairs during photocatalysis, this would decrease the photoca-
talytic activity. A more detailed investigation of photocata-
lytic activity of ZnSe nanobelts is under way.
The stability of a photocatalyst always influences its appli-

cation, and doped TiO2 photocatalysts also endure this prob-
lem.[15] Figure 8 reveals the
XRD patterns of the as-pre-
pared samples that were sub-
jected to irradiation for differ-
ent times. The data indicates
that the crystal structure of the
ZnSe did not change after the
photocatalytic reaction, this
demonstrates that the ZnSe
nanocrystals are stable and do
not decompose (or photocor-
rode) during the photocatalytic
process. Although, it is known
that bulk ZnSe subjected to ir-
radiation decomposes, particu-
larly in acidic medium, whereas,
TiO2 is stable under irradiation.
The stability of ZnSe nanobelts
might result from the quantum-
size effect. However, the exact
nature is not clear and requires
further study.
Stimulated by the successful

synthesis of ZnSe nanoribbons,
we have extended our fabrica-
tion to other types of metal
chalcogenide nanocrystals. Six
other types of metal chalcoge-
nide nanocrystals 1D nanostruc-
tures have been successfully
synthesized and the results are
summarized in Table 1.
The phase and purity of the

remaining six types of metal
chalcogenide nanocrystals pro-
duced by means of the current

route were verified by examining their XRD patterns
(Figure 9). All the reflection peaks can be indexed to pure
wurtzite ZnS (JCPDS Card No. 36–1450), wurtzite CdS

Figure 8. XRD patterns of ZnSe nanobelts; a) before irradiation, b) irra-
diated for 60 min, and c) irradiated for 100 min by means of UV light.

Table 1. Summary of various morphologies of metal chalcogenide nano-
crystals fabricated at different experimental conditions.[a]

Sample Reagents VH2O:VEA T
[8C]

Morphology

1 1 mmol Zn(Ac)2
+1 mmol Na2SeO3

1:9 220 nanobelts

2 1 mmol Zn(Ac)2
+2 mmol l-cysteine

3:2 220 nanorod bundles

3 1 mmol Cd(Ac)2
+1 mmol Na2SeO3

1:4 120 nanowire bundles

4 1 mmol Cd(Ac)2
+2 mmol l-cysteine

1:9 180 nanorod bundles

5 1 mmol Mn(Ac)2
+2 mmol l-cysteine

1:9 120 nanowires

6 3 mmol Pb(Ac)2
+1 mmol l-cysteine

2:3 220 nanorods

7 (1 mmol SbCl3
+4 mmol tartrate)
+0.5 mmol Na2SeO3

1:1 180 nanowires

[a] The reactions are all run for 24 hours.

Figure 9. XRD patterns of: a) ZnS nanorod bundles prepared at 220 8C for 24 h, VH2O/VEA=3:2; b) CdS crys-
tals prepared at 180 8C for 24 h, VH2O/VEA=1:9 c) CdSe wires prepared at 120 8C for 24 h, VH2O/VEA=1:4;
d) MnS nanowires prepared at 120 8C for 24 h, VH2O/VEA=1:9; e) PbS nanorods prepared at 220 8C for 24 h,
VH2O/VEA=2:3; f) Sb2Se3 nanowires prepared at 180 8C for 24 h, VH2O/VEA=1:1.
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(JCPDS Card No. 41–1049), wurtzite CdSe (JCPDS Card
No. 77–2307), alabandite MnS (JCPDS Card No. 06–0518),
cubic PbS (JCPDS Card No. 5–0592), and orthorhombic
Sb2Se3 (JCPDS Card No. 15–861), respectively. No other
peaks for impurities were detected.
The panoramic morphologies of the as-obtained ZnS,

CdS, CdSe, MnS, PbS, and Sb2Se3 were examined by using
field emission scanning electron microscopy (FESEM). The
diameter of the ZnS nanorods is 13 nm on average and their
lengths are in the range of 150–250 nm (Figure 10a). Fig-

ure 10b shows a typical FESEM image of CdS fan-shaped
nanorod bundles that have a diameter of 14 nm and a length
of approximately 300–400 nm. The CdSe samples form
bundlelike nanowires that have a diameter of about 20 nm
(Figure 10c). The MnS samples form nanowires that have a
diameter of around 40–50 nm and a length of up to several
micrometers (Figure 10d). The PbS samples contain some
microrods that have a diameter of 300–400 nm and a length
of several micrometers (Figure 10e). A typical FESEM
image of Sb2Se3 nanowires that have a diameter of 35 nm
and a length up to several tens of micrometers can be seen
in Figure 10f. The above results show that the new reaction
medium for controlling the morphology of semiconductor
nanostructures is effective and general.

Conclusion

In conclusion, we have developed a simple and general
method to prepare semiconductor 1D nanostructures. To the
best of our knowledge, this is the first time that the synthesis
of ZnSe nanobelts in solution has been achieved. The effects
of the volume ratio of water and ethanol amine, and reac-
tion temperature, on the morphology of ZnSe were investi-
gated. The ultrathin ZnSe nanobelts display higher photoca-
talytic activity than commercial TiO2 powders. The high
photocatalytic activity of these ZnSe nanobelts is related to
the larger surface area and smaller crystal size. The simple
process, general strategy, and fine quality of products in this
work make the present route both attractive and significant.

Experimental Section

In a typical synthesis, zinc acetate (Zn(Ac)2·2H2O, 1 mmol) and Na2SeO3
(1 mmol) were added into the mixture solvent composed of 45 ml ethanol
amine (EA) and 5 ml distilled water, which was then stirred to form a
even solution. The above solution was transferred into Teflon-lined stain-
less steel autoclave, which was sealed and the contents warmed to 220 8C.
After 24 h the contents was cooled to room temperature. The yellow-
green products were collected by using a centrifuge, washed several times
using distilled water and absolute ethanol, and dried under vacuum at
50 8C for 4 h.

The products were characterized by using X-ray diffraction (XRD) re-
corded on a Japanese Rigaku D/max-gA rotating anode diffractometer
equipped with monochromatic high-intensity Cuka radiation (l=1.54178).
SEM images were taken with a FESEM (JEOL-6300F, 15 kV). Microsco-
py was performed by using a Hitachi (Tokyo, Japan) H-800 transmission
electron microscope at an accelerating voltage of 200 kV, and a JEOL-
2010 high-resolution TEM, also at 200 kV. XPS measurements were per-
formed by using a VGESCA-LAB MKII X-ray photoelectron spectrome-
ter with an excitation source of Mgka=1253.6 eV. Raman spectra were
recorded on a Jobin Yvon (France) LABRAM-HR confocal laser micro-
Raman spectrometer at room temperature. UV/Vis spectra were record-
ed on a SolidSpec-3700 spectrophotometer at room temperature.

The photocatalytic measurements : The photocatalytic activity experi-
ments on the obtained ZnSe nanobelts for the decomposition of fuchsine
acid in air were performed at ambient temperature. Cylindrical Pyrex
flasks (capacity �25 ml) were used as the photoreactor vessels. ZnSe
nanoparticles as catalyst (10 mg) were added to the aqueous fuchsine
acid solution (C20H17N3O9S3Na2) (Sigma-Aldrich, 1.0M10

�4
m, 20 ml) and

were magnetically stirred in the dark for 10 min to reach the adsorption
equilibrium of fuchsine acid with the catalyst. The solutions were then
exposed to UV light (high-pressure Hg lamp, 60 W). Commercial ZnSe
and commercial TiO2 powders (Degussa P25, Degussa, the surface area is
�45 m2g) were adopted as references, to compare the photocatalytic ac-
tivity under the same experimental conditions. UV/Vis absorption spectra
were recorded at different intervals to monitor the reaction by using a
SolidSpec-3700 UV/Vis spectrophotometer.
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