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Abstract

ZnSe hierarchical nanostructures with high crystallinity were prepared via a solvothermal reaction at the water–oil interface without the help
of templates or surfactants. X-ray diffraction, transmission electron microscope, absorption spectrum and photoluminescence spectrum were used
to characterize the products. Meanwhile, a possible mechanism for the formation of the ZnSe hierarchical nanostructures is discussed.
The experimental results indicate that the ZnSe hierarchical nanostructures adopt spherical flower-like morphology assembled from nanosheets
and possess high crystallinity. The oil–water interface plays an important role in the formation of hierarchical nanostructures. Moreover, the ZnSe
hierarchical nanostructures exhibit a narrow emission with full width at half maximum (FWHM) of approximate 13 nm.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, II–VI semiconductor nanomaterials are of great
interest because of their great potential for both fundamental
research and technical development in the fields of light
emitting diodes [1], sensors [2], photoluminescence [3],
biomedical labeling [4], photovoltaic devices [5], photocata-
lysis [6] and so on. Therein, most of the studies are focused on
cadmium chalcogenide, such as CdS, CdSe and CdTe. How-
ever, the intrinsic toxicity of cadmium makes their future
become doubtful. As a result, it is meaningful to develop
cadmium-free substitutes.

ZnSe is a semiconductor with a wide direct band gap
(2.7 eV) at room temperature [7], and possesses large exciton
binding energy (21 meV), low absorptivity at infrared wave-
length, visible transmission, giant photosensitivity as well as
excellent photoluminescence property [8,9], which makes it an
ideal alternative of cadmium chalcogenide. Therefore, ZnSe
nanomaterials with various morphologies, such as nanoparti-
cles [10], nanowires [11], hollow nanospheres [12], array of
nanorods [13], hierarchically solid/hollow spheres [14] etc.,
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
10.1016/j.ceramint.2013.06.057

g author. Tel./fax: +86 21 60873061.
ss: mujin@sit.edu.cn (J. Mu).
have been prepared. Meanwhile, a variety of synthetic methods
were developed, such as ultrasonic-assisted aerosol spray
pyrolysis [15], the solvothermal process [16], the reverse
microemulsion method [17], the vapor transport technique
[18], thermolysis [19], the hot-injection method [9] and so on.
However, in general, these synthetic routes often involve the
use of toxic and expensive initial reactants including surfac-
tants. Moreover, the color purity of emission of ZnSe
nanomaterials obtained previously is unsatisfactory, which is
unfavorable to their applications in the fields of light emitting
diodes, laser and full-color displays. Therefore, it is worth-
while to find a simple surfactant-free method for the prepara-
tion of ZnSe nanomaterials with narrow emission.
In our previous work, the SnO2 nanoparticles [20] have been

successfully synthesized via the reaction at the water–oil
interface in the solvothermal process. This route is simple
and does not involve any expensive surfactants. Moreover, the
results show that the products obtained possess high crystal-
linity. In the present work, the simple solvothermal route was
used to prepare the 3D ZnSe hierarchical nanostructure with
high crystallinity. Meanwhile, the optic properties of the
products were also investigated. At last, a possible mechanism
for the formation of the 3D ZnSe hierarchical nanostructure
was discussed.
ghts reserved.
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2. Experimental

In a typical procedure, (1) Zn(CH3COO) � 2H2O (0.3 mmol)
was dissolved in distilled water (15 mL). After addition of
hydrazine hydrate (2 mL, 1.2%) under stirring, the pH value of
the solution was adjusted to 14 using NaOH aqueous solution.
Then, the solution was poured into the Teflon liner of a 50 mL
stainless steel autoclave and deaerated using nitrogen for
20 min. (2) Dimethyl diselenide (0.3 mmol) was dissolved in
cyclohexane (15 mL). The solution of dimethyl diselenide was
added into the autoclave containing the aqueous solution of
(1). After deaerated using nitrogen for another 20 min, the
autoclave was sealed and heated at 180 1C for 48 h. (3) The
resulting solid was collected by centrifugation. (4) After
washed with distilled water and ethanol for several times, the
product was dried in a vacuum desiccator at room temperature.

The powder X-ray diffraction (XRD) analysis was made on a
PANalytical Xpert Pro MRD X-ray diffractometer (Nether-
lands). High resolution transmission electron microscope
(HRTEM) images were recorded using a JEOL JEM-2100
transmission electron microscope (Japan). The scanning electron
microscope (SEM) images were recorded with a Hitachi S-4800
field emission scanning electron microscopy (Japan). The
energy-dispersion X-ray analysis (EDX) was taken with a JEOL
JSM-6360LV electron microscopy (Japan). The UV–vis spec-
trum of the solid sample was measured with a Varian Cary 100
spectrophotometer with an attachment of integrating sphere
(USA). The photoluminescence (PL) spectrum was measured
with a Varian Cary Eclipse spectrophotometer (USA).

3. Results and discussion

Fig. 1 shows the XRD pattern of 3D ZnSe hierarchical
nanostructure. It can be observed from Fig. 1 that there exist
five peaks at 27.31, 45.41, 53.81, 66.11 and 72.91, correspond-
ing to the (111), (220), (311), (400) and (331) planes of cubic
zinc blende ZnSe, respectively (JCPDS file no. 37-1463)
[8,21]. The lattice parameter a is calculated to be 0.565 nm,
which is close to the reported data (a=0.567 nm) [22]. Mean-
while, these diffraction peaks are fairly strong and sharp.
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Fig. 1. XRD pattern of 3D ZnSe hierarchical nanostructure.
No evidence of crystalline impurities is found in the pattern.
EDX analysis (not shown here) shows that the sample is
composed of the elements of Zn and Se. Therefore, it can be
deduced that the cubic zinc blende ZnSe with high phase-
purity and high crystallinity can be obtained in the process
reported.
The morphology of the sample was measured with SEM, as

shown in Fig. 2A and B. As can be seen from these SEM
images, the sample consists of spherical flowerlike hierarchical
nanostructures with diameters of approximate 9 μm, which are
made from nanosheets with a rough surface and mean
thickness of approximate 30 nm. In order to further affirm
that the as-prepared 3D ZnSe hierarchical nanostructure is
constructed with nanosheets, the samples were sonicated, and
then their TEM images were taken (Fig. 2C). From Fig. 2C, we
can clearly observe some nanosheets with rough surface,
implying that the spherical flowerlike hierarchical nanostruc-
tures disassemble as nanosheets under ultrasonic treatment.
These results indicate that the spherical flowerlike hierarchical
nanostructure originates from the assembly of nanosheets.
Fig. 2D shows a typical HRTEM image of a nanosheet.

In Fig. 2D, some lattice fringes are clearly recorded, suggest-
ing that the as-prepared ZnSe flowerlike hierarchical nanos-
tructure has a good crystallinity [17]. Furthermore, the spacing
between two conjoint planes is about 0.326 nm, corresponding
to the (111) plane of cubic zinc blende ZnSe, which coincides
with the XRD result. The crystallite size is approximately
8 nm, implying that the nanosheet is composed of nanoparti-
cles (the inset of Fig. 2D). Based on the experimental results
above, the mechanism for the formation of the hierarchical
nanostructures is suggested as follows. Firstly, dimethyl
diselenide decomposes. Zn2+ ions react with the decomposed
products from dimethyl diselenide at the water–oil interface.
ZnSe nanoparticles are formed in this stage. Here, hydrazine is
used in order to avoid the oxidization of decomposed products
from dimethyl diselenide. Then, the nanoparticles coalesce and
grow into nanosheets due to the induction of the water–oil
interface. The drive force in the formation of ZnSe nanosheets
may originate from the difference in surface tensions between
cyclohexane and water. At last, the nanosheets aggregate to
form the ZnSe hierarchical nanostructures.
Fig. 3 shows the UV–vis spectrum of the ZnSe flowerlike

hierarchical nanostructure. As can be seen from Fig. 3, the
ZnSe flowerlike hierarchical nanostructure gives a strong
absorption band with an edge at approximately 346 nm
(3.58 eV) for the ultraviolet light with the wavelength less
than 354 nm, which should be ascribed to the first exciton
absorption caused by 1Se-1Sh2/3 transition [9]. Compared with
the band gap of the bulk ZnSe (2.69 eV) [12], the absorption
edge of the ZnSe flowerlike hierarchical nanostructure
obviously shifts to shorter wavelength. Since the diameter of
Bohr exciton of bulk ZnSe is approximately 9 nm [23,24], this
blue-shift is mainly caused by spin–orbit coupling and
quantum confinement [19]. Meanwhile, we also found an
adsorption peak at 430 nm. Liu et al. reported ZnSe hollow
nanospheres with two spectral features which resemble
ours [12]. In their paper, this phenomenon was attributed to



Fig. 2. (A and B) SEM images of 3D ZnSe hierarchical nanostructure and (C and D) HRTEM images taken on the nanosheet of 3D ZnSe hierarchical
nanostructure, the inset is the HTTEM image of ZnSe nanoparticle in the nanosheet.
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Fig. 3. UV–vis spectrum of 3D ZnSe hierarchical nanostructure.
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Fig. 4. PL spectrum of 3D ZnSe hierarchical nanostructure obtained under
excitation of 320 nm.
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the small dimension of the primary ZnSe nanoparticles or
hollow-spherical structure. Therefore, we conjecture that the
absorption peak at 430 nm is probably due to the ZnSe
flowerlike hierarchical nanostructure. Moreover, the edge at
346 nm is very steep, implying that the ZnSe flowerlike
hierarchical nanostructure possesses high crystallinity [20].
From this, we can expect that the as-prepared ZnSe flowerlike
hierarchical nanostructure may offer exciting opportunities in
the field of blue emitters as a potential alternative of CdSe
nanocrystals.

The photoluminescence (PL) spectrum of the ZnSe flower-
like hierarchical nanostructure is shown in Fig. 4. From Fig. 4,
it can be found that the ZnSe flowerlike hierarchical nanos-
tructure exhibits a narrow blue emission at 437 nm, which may
be ascribed to the near-band-edge emission of ZnSe [13]. The
emission linewidth is approximately 13 nm (full width at half
maximum). And the side of luminescence is sharp, which may
be due to the fringe effect [25]. Moreover, we can also observe
from Fig. 4 that there exist a relatively sharp emission peak at
542 nm and a broad emission peak at 558 nm. These PL peaks
are defect-related emissions and may be ascribed to three
causes: (1) the self-activated vacancies of Zn in ZnSe, (2)
interstitial states associated with dislocations, stacking faults,
and nonstoichiometric defects, (3) impurities [13,19,26].
The results above indicate that the ZnSe flowerlike hierarchical
nanostructure may be used as a high color purity emitter,
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which is very encouraging for potential application of ZnSe in
the fields of light emitting diodes, laser and full-color displays.

4. Conclusions

In conclusion, the ZnSe flowerlike hierarchical nanostruc-
ture with high crystallinity has been successfully prepared via
the reaction at the water–oil interface in the solvothermal
process. This route offers a simple, template-free approach for
the fabrication of highly crystalline hierarchical nanostructures.
In addition, the ZnSe flowerlike hierarchical nanostructure
shows a narrow emission, implying that it is a promising
alternative of CdSe nanocrystal. Further efforts are currently
being undertaken.

Acknowledgments

This work was financially supported by the Key Project
of the National Natural Science Foundation of China
(No. 20933007).

References

[1] V.L. Colvin, M.C. Schlamp, A.P. Allvisatos, Light-emitting diodes made
from cadmium selenide nanocrystals and a semiconducting polymer,
Nature 370 (1994) 354–357.

[2] X. Hu, J. Gong, L. Zhang, J.C. Yu, Continuous size tuning of
monodisperse ZnO colloidal nanocrystal clusters by a microwave-
polyol process and their application for humidity sensing, Advanced
Materials 20 (2008) 4845–4850.

[3] N. Pradhan, D. Goorskey, J. Thessing, X. Peng, An alternative of CdSe
nanocrystal emitters: pure and tunable impurity emission in ZnSe
nanocrystals, Journal of the American Chemical Society 127 (2005)
17586–17587.

[4] W.C.W. Chan, S. Nile, Quantum dot bioconjugates for ultrasensitive
nonisotopic detection, Science 281 (1998) 2016–2018.

[5] A. Persano, M.D. Giorgi, A. Fiore, R. Cingolani, L. Manna, A. Cola,
R. Krahne, Photoconduction properties in aligned assemblies of colloidal
CdSe/CdS nanorods, ACS Nano 4 (2010) 1646–1652.

[6] H. Zhang, Y. Zhu, Significant visible photoactivity and antiphotocorro-
sion performance of CdS photocatalysts after monolayer polyaniline
hybridization, Journal of Physical Chemistry C 114 (2010) 5822–5826.

[7] B. Goswami, S. Pal, C. Ghosh, P. Sarkar, Structural, energetic, and
mechanical properties of ZnSe nanotubes, Journal of Physical Chemistry
C 113 (2009) 6439–6443.

[8] L. Zhang, H. Yang, J. Yu, F. Shao, L. Li, F. Zhang, H. Zhao, Controlled
synthesis and photocatalytic activity of ZnSe nanostructured assemblies
with different morphologies and crystalline phases, Journal of Physical
Chemistry C 113 (2009) 5434–5443.

[9] L.-J. Zhang, X.-C. Shen, H. Liang, J.-T. Yao, Multiple families of magic-
sized ZnSe quantum dots via noninjection one-pot and hot-injection
synthesis, Journal of Physical Chemistry C 114 (2010) 21921–21927.
[10] F. Dawood, R.E. Schaak, ZnO-templated synthesis of wurtzite-type ZnS
and ZnSe nanoparticles, Journal of the American Chemical Society 131
(2009) 424–425.

[11] D.D. Fanfair, B.A. Korgel, Twin-related branching of solution-grown
ZnSe nanowires, Chemistry of Materials 19 (2007) 4943–4948.

[12] X. Liu, J. Ma, P. Peng, W. Zheng, One-pot hydrothermal synthesis of
ZnSe hollow nanospheres from an ionic liquid precursor, Langmuir 26
(2010) 9968–9973.

[13] L. Shi, Y. Xu, Q. Li, Controlled fabrication of ZnSe arrays of well-
aligned nanorods, nanowires, and nanobelts with a facile template-free
route, Journal of Physical Chemistry C 113 (2009) 1795–1799.

[14] B. Xi, S. Xiong, D. Xu, J. Li, H. Zhou, J. Pan, J. Li, Y. Qian,
Tetraethylenepentamine-directed controllable synthesis of wurtzite ZnSe
nanostructures with tunable morphology, Chemistry—A European Jour-
nal 14 (2008) 9786–9791.

[15] D.-J. Kim, K.-K. Koo, Synthesis of colloidal ZnSe nanospheres by
ultrasonic-assisted aerosol spray pyrolysis, Crystal Growth and Design 9
(2009) 1153–1157.

[16] J. Wang, Q. Yang, One-dimensional angle-shaped ZnSe nanostructures:
synthesis and formation mechanism, Crystal Growth and Design 8 (2008)
660–664.

[17] L. Yang, R. Xie, L. Liu, D. Xiao, J. Zhu, Synthesis and characterization of
ZnSe nanocrystals by W/O reverse microemulsion method: the effect of
cosurfactant, Journal of Physical Chemistry C 115 (2011) 19507–19512.

[18] Z.D. Hu, X.F. Duan, M. Gao, Q. Chen, L.-M. Peng, ZnSe nanobelts and
nanowires synthesized by a closed space vapor transport technique,
Journal of Physical Chemistry C 111 (2007) 2987–2991.

[19] A.B. Panda, S. Acharya, S. Efrima, Y. Golan, Synthesis, assembly, and
optical properties of shape- and phase-controlled ZnSe nanostructures,
Langmuir 23 (2007) 765–770.

[20] S.-Z. Kang, Y. Yang, J. Mu, Solvothermal synthesis of SnO2 nanopar-
ticles via oxidation of Sn2+ ions at the water-oil interface, Colloids and
Surfaces A 298 (2007) 280–283.

[21] H. Gong, H. Huang, M. Wang, K. Liu, Characterization and growth
mechanism of ZnSe microspheres prepared by hydrothermal synthesis,
Ceramics International 33 (2007) 1381–1384.

[22] Q. Dai, N. Xiao, J. Ning, C. Li, D. Li, B. Zou, W.W. Yu, S. Kan,
H. Chen, B. Liu, G. Zou, Synthesis and mechanism of particle- and
flower-shaped ZnSe nanocrystals: green chemical approaches toward
green nanoproducts, Journal of Physical Chemistry C 112 (2008)
7567–7571.

[23] B. Feng, J. Yang, J. Cao, L. Yang, M. Cao, M. Wei, H. Zhai, Y. Sun,
Growth mechanism, optical and photocatalytic properties of the ZnSe
nanosheets constructed by the nanoparticles, Journal of Alloys and
Compounds 555 (2013) 241–245.

[24] C.A. Smith, H.W.H. Lee, V.J. Leppert, S.H. Risbud, Ultraviolet-blue
emission and electron–hole states in ZnSe quantum dots, Applied Physics
Letters 75 (1999) 1688–1690.

[25] A. Zhang, Q. Ma, M. Lu, G. Zhou, C. Li, Z. Wang, Nanocrystalline metal
chalcogenides obtained open to air: synthesis, morphology, mechanism,
and optical properties, Journal of Physical Chemistry C 113 (2009)
15492–15496.

[26] T. Zhai, H. Zhong, Z. Gu, A. Peng, H. Fu, Y. Ma, Y. Li, J. Yao,
Manipulation of the morphology of ZnSe sub-micron structures using
CdSe nanocrystals as the seeds, Journal of Physical Chemistry C 111
(2007) 2980–2986.

http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref1
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref1
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref1
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref2
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref2
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref2
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref2
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref3
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref3
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref3
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref3
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref4
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref4
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref5
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref5
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref5
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref6
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref6
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref6
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref7
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref7
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref7
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref8
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref8
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref8
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref8
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref9
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref9
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref9
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref10
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref10
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref10
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref11
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref11
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref12
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref12
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref12
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref13
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref13
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref13
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref14
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref14
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref14
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref14
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref15
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref15
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref15
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref16
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref16
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref16
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref17
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref17
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref17
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref18
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref18
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref18
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref19
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref19
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref19
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref20
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref20
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref20
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref20
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref20
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref21
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref21
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref21
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref22
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref22
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref22
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref22
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref22
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref23
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref23
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref23
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref23
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref24
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref24
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref24
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref25
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref25
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref25
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref25
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref26
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref26
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref26
http://refhub.elsevier.com/S0272-8842(13)00732-3/sbref26

	Preparation and optic properties of 3D ZnSe hierarchical nanostructure
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgments
	References




