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ABSTRACT

Mesoporous coral-like and litchi-like zinc selenide agglomerates were successfully synthesized with
sodium selenite and zinc acetate dihydrate as precursors by adding hydrazine hydrate using the
hydrothermal method. The experimental parameters were varied and hard agglomerates of small
nanoparticles were observed. Increasing amounts of hydrazine hydrate were added to control the pH
values of the reaction system. The effective control of the morphology and size of the ZnSe nanopores
agglomerates by varying the pH was also demonstrated. The N, bubble templates produced provided the
aggregation centers during the reaction, and then result in agglomerates of the small ZnSe nanoparticles
with mesopores. The litchi-like zinc selenide has two different morphologies, including hollow spheri-
cal agglomerates comprising of 4-8 nm diameter nanoparticles and 15-25 nm diameter nanorods. The
coral-like ZnSe mesoporous structure has a very high specific surface area of 129 m?/g and an emission
band at 626 nm as measured by a photoluminescence (PL).

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

According to the definition of pore size by the International
Union of Pure and Applied Chemistry (IUPAC), porous materials
are divided into three classes — macropores with pore sizes of over
50 nm; mesopores with pore sizes from 2 nm to 50 nm, and micro-
pores with pore sizes under 2 nm [1]. Mesoporous materials have
been used in catalysis, gas sensors, separation, drug delivery, tissue
engineering and other applications. Owing to their extremely high
surface area to mass ratios, even small quantities of such materials
can support various processes with high efficiency [2].

Zinc selenide (ZnSe) as a wide direct band gap (2.67 eV) II-VI
semiconductor material has been regarded as a potential material
for optoelectronic devices, such as blue laser diodes, light emit-
ting diodes, solar cells and photo detectors [3,4]. Because of its low
absorptivity at infrared wavelengths, its visible transmission and
very high photosensitivity, ZnSe is a promising material for use in
windows, lenses, output couplers, beam expanders, and optically
controlled switches [5]. The morphology of ZnSe materials has been
controlled using a variety of wet chemical syntheses, such as the
sonochemical method [6], surfactant-assisted chemistry methods
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[7], reverse micelle synthesis [8], the solvothermal method [9-11],
and sol-gel methods [12,13]. Recently, numerous investigations
have successfully demonstrated the synthesis of zinc selenide with
various geometrical morphologies, including those of nanoparti-
cles [10,14], wires [15,16], belts [17], rods [18,19], needles [20],
saws and tubes [21,22], hollow microspheres [9,23], plates [24,25]
and flowerlike [20,26] patterns of radially aligned nanoflakes [27].

Previous studies have shown that the bubbles created by
adding gas producing chemicals could be used as templates. Dur-
ing the reaction, nuclei particles may precipitate and aggregate
around the gas-liquid interface to form the hollow structures
[9,28,29]. Applications of porous semiconductors whose properties
differ completely from those of the bulk material include various
novel sensors, electrodes for use in fuel cells and others [30,31].
Since water is an environmentally friendly reaction medium, the
hydrothermal method is a green process and ready for commer-
cial adoption. The reactions are performed in a closed system
and the contents are easily recovered and reused after cooling to
room temperature [32,33]. Numerous compounds have been uti-
lized to prepare powders using a hydrothermal method. Notably,
hydrothermally obtained powders with different microstructures,
morphologies and phase compositions are generated by varying
different parameters, such as temperature, pressure and the reac-
tion time [32,33].

In this study, mesoporous ZnSe agglomerates were prepared
using the hydrothermal method from sodium selenite and zinc
acetate dihydrate as precursors by adding aqueous hydrazine
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hydrate. N, bubble templates were produced to provide the aggre-
gation centers during the reaction, and then result in agglomerates
of the small ZnSe nanoparticles at different pH values. Furthermore,
the mechanism of the ZnSe agglomerates formation at various pH
values was examined. The structural characterization and the N,
adsorption-desorption isothermal property of these ZnSe agglom-
erates were examined with the addition of hydrazine hydrate,
which was used to control the pH of the reaction system. In addi-
tion, the optical properties of ZnSe agglomerates were investigated.
This work represents the first case of litchi-like and coral-like meso-
porous ZnSe structures reported in the literature.

2. Experimental procedure
2.1. Synthesis

Zinc acetate dihydrate (0.01 mol), sodium selenite (0.01 mol) and 30 ml deion-
ized water were placed in a 250 ml beaker. The mixture was stirred using a magnetic
stirrer for 15 min at room temperature to produce a milky solution. This solution was
then transferred to a Teflon-lined stainless steel autoclave and aqueous hydrazine
hydrate was added in an amount that was easily adjusted from 10 to 50 ml to syn-
thesize various ZnSe morphologies. The mixture was stirred using a magnetic stirrer
bar and then deionized water was added up to a maximum volume of 70% of the
total. The pH was then immediately measured using a pH meter. All of the reactants
were analytical grade and used without further purification.

The autoclave was sealed and heated to 180-230°C. It was maintained for 2h
and then allowed to cool without intervention to room temperature. The resulting
orange yellow precipitate was collected from the bottom of the autoclave. The pow-
der was filtered and washed three times using distilled water and ethanol until the
color changed from light orange yellow to dark yellow. Finally, the zinc selenide
(ZnSe) powder was dried overnight in a dryer (~30°C).

2.2. Characterization of ZnSe agglomerates

The microstructure of the zinc selenide (ZnSe) sample was characterized with
a Hitachi S-4700 field emission-scanning electron microscope (FE-SEM; Tokyo,
Japan). An energy-dispersive X-ray spectrometer was used to perform a chemical
microanalysis in conjunction with a field emission-scanning electron microscope
(FE-SEM) to determine the elemental constitution of ZnSe. The X-ray diffraction
analysis (D8 Advance XRD, Bruker, Germany) was used to determine the crys-
talline structure of the ZnSe powder. The high resolution transmission electron
micrographs (HRTEM) of ZnSe samples were obtained by using Tecnai G2 20 S-
Twin instrument (FEI Company, Hillsboro, OR, U.S.A.), operating at 200kV. The
N, adsorption-desorption isotherms were measured at 77K using a NOVA® Sur-
face Area Analyzer (NOVA 1000, Quantachrom, U.S.A.). The specific surface area
and pore size distribution of the ZnSe powder were obtained using the multipoint
Brunauer-Emmett-Teller (BET) method. The pore-size distribution was thus cal-
culated using the Barrett-Joyner-Halenda (BJH) method. The ZnSe particles were
monitored with a fluorescence spectrophotometer (F-7000, Hitachi Co., Japan) with
excitation wavelengths from 200 to 500 nm.

3. Results and discussion
3.1. Effect of synthesis temperature on the particle size

The effect of the reaction temperature on the size of ZnSe par-
ticles was examined. Fig. 1 presents the effect of the reaction
temperature from 180 °Cto 230 °Con the mean size of ZnSe agglom-
erates. The insetin Fig. 1 displays SEM images of ZnSe agglomerates
that had been prepared at 180°C and 190 °C. The mean size of ZnSe
agglomerates at 180°C (152 nm) was much smaller than at 190°C
(457 nm). The size of agglomerates of ZnSe changed dramatically
with the reaction temperature from 180 °Cto 190 °C. As the reaction
temperature increased from 190 °C to 230°C, the mean size of the
agglomerates was increased slightly to approximately 510 nm. The
mean size of ZnSe agglomerates increased with increasing reaction
temperature because the high temperature heat treatment resulted
in particle growth and agglomeration. The results show that the
reaction temperature played an important role in agglomeration
behavior of the ZnSe nanoparticles.

Fig. 2 shows X-ray diffraction (XRD) patterns of ZnSe agglom-
erates synthesized at (a) 180°C, (b) 190°C, (c) 200°C, (d) 210°C
and (e) 220°C, respectively. The diffraction peaks in the samples
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Fig. 1. Mean size of ZnSe powder at various reaction temperatures. Inset: SEM
images of the synthesized ZnSe powder at 180°C and 190°C.

corresponded to (111), (200), (220), (311), (400), and (331)
indicating that the ZnSe powder was cubic zinc blende structure
(JCPDS card #05-0522) in Fig. 2(a)-(d). Fig. 2(a)-(e) showed that
crystallinity improved with increasing of reaction temperature. The
XRD patterns of the ZnSe agglomerates prepared at the three tem-
peratures in the range of 200-220 °C were essentially identical, but
those at 180°C and 190 °C were not. As shown in Fig. 2(a) and (b),
three extra unidentified peaks (labeled with *) were observed for
samples prepared at 180°C and 190°C. This is an indication that
the ZnSe agglomerates at 180°C and 190°C were of lower purity.
Furthermore, peak broadening decreased with an increase of tem-
perature from 180 to 200 °C as shown in Fig. 2(a)-(c). This indicates
that the crystallinity of ZnSe was greatly improved above 200 °C. To
obtain better purity of ZnSe products with cubic zinc blende struc-
tures, 200 °C was chosen as the reaction temperature in subsequent
experimental work.
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Fig. 2. X-ray diffraction pattern of ZnSe powder at reaction temperatures (a) 180 °C,
(b) 190°C, (¢) 200°C, (d) 210°C and (e) 220°C for 2 h.



H.-Y. Lin et al. / Journal of Alloys and Compounds 509 (2011) 7009-7015 7011

Fig. 3. SEM images of ZnSe powder synthesized at various pH values: (a) pH 9.5, (b)
pH 10.5 and (c) pH 11.5 (note scale difference of images (a) and (b)).

3.2. Effect of pH on particle size and morphologies

ZnSe agglomerates were prepared by the hydrothermal method
using a mixture of Zn(C,H305), and NaSeOs as the precursor, with
the addition of hydrazine hydrate at 200 °C. We investigated the
effect of the amount of hydrazine hydrate, which altered the pH
of the reaction, on the formation of ZnSe powder. The experi-
mental parameters were varied and hard agglomerates of small
nanoparticles were observed. Fig. 3 presents FESEM images of the
ZnSe agglomerates obtained at various pH values: (a) pH 9.5, (b)
pH 10.5 and (c) pH 11.5. Irregular, coral-like and litchi (Chinese
fruit)-like patterns of ZnSe agglomerates, as shown in Fig. 3(a)—(c),
were obtained at pH values of 9.5, 10.5 and 11.5, respectively. ZnSe
agglomerates formed hard agglomerations at all three pH values.

However, at pH 9.5, the agglomerates were 700 nm in size and com-
posed of ZnSe nanoparticles, but were irregular and had no pores
(Fig. 3(a)). Mesopores, 20-50 nm, were observed in the agglomer-
ates at pH 10.5 and 11.5 as shown in Fig. 3(b) and (c). At pH 10.5, the
morphologies of the obtained ZnSe agglomerates were coral-like,
and each contained many 20-50 nm pores as shown in Fig. 3(b).
The ZnSe litchi-like patterns, observed at pH 11.5, included hol-
low spherical agglomerates of 300 nm with nanorods of 2-4 pm.
Each hollow spherical agglomerate contained one ~50nm pore.
The morphologies of agglomerates of ZnSe nanoparticles depended
markedly on the pH values in the reactor (and therefore on
the amount of hydrazine hydrate added). Crystallization kinetics
(primary nucleation, crystal growth, and agglomeration) of ZnSe
depended on supersaturation, stirrer speed, pH, molar feed ratio
and residence time [34]. It is very difficult to estimate the rela-
tionship between agglomeration and crystal growth kinetics [35].
However, the SEM images showed that for the obtained agglom-
erates, pH significantly affected the formation of the mesoporous
structure at high pH. The formation of ZnSe can be formulated by
Eq. (1) as follows:

2Se032~ +2Zn02%2~ +3NyHy — 2ZnSe | +3Ny 4 +2H,0+ 80H™
(1)

Liu et al. reported that the reduction of power by NyHy is directly
related to the pH value of the reaction system [36]. N, bubbles
which were produced in the reaction were used as templates to syn-
thesize ZnSe [37,38] or CdSe [36] hollow microspheres. Scheme 1
shows that the possible mechanism of ZnSe agglomeration depends
on the pH. According to the nucleation theory [39], there are a larger
number of ZnSe nuclei at higher pH values due to supersatura-
tion. Furthermore, ZnSe nuclei and N; bubble nuclei gradually grow
into ZnSe nanoparticles and N, gas bubbles, respectively. Owing to
the lower formation rate of N, bubbles at lower pH, such as 9.5,
there are not enough N, bubbles to serve as aggregation centers.
Therefore, ZnSe nanoparticles did not deposit on the surfaces of N,
bubbles but aggregate with each other to form irregular morphol-
ogy with no porosity, as shownin the route 1. Moreover, the moving
speed of N, bubbles was not fast enough to induce N, bubbles coa-
lescence because of ZnSe nanoparticle-related flow resistance, as
shown in the route 2. Nevertheless, the ZnSe nanoparticles lead
to coalescence of N, bubbles at high pH 10.5 and ZnSe nanoparti-
cles grow on the template of coalescence of N, bubbles, resulting
in the formation of coral-like structures. In Scheme 1, the route 3
shows that ZnSe nanoparticles can cover the N, bubble, causing the
formation of hollow sphere-like ZnSe agglomerates at pH of 11.5.
However, the excess of ZnSe nanoparticles, growing toward a lin-
ear arrangement, forms the needle structure of ZnSe, as shown in
the route 3.

Chemical analysis of the particles using FE-SEM equipped with
energy dispersive X-ray spectroscopy (EDX) verified the composi-
tion of the obtained ZnSe. The results of the EDX analyses of the ZnSe
particles areindependent of pH from 9.5 to 11.5. Fig. 4 demonstrates
that ZnSe nanocrystals are composed of Zn and Se in an approxi-
mate atom ratio of 1:1, corresponding to stoichiometric ZnSe. The
Pt peak observed in the spectrum was from the SEM sample holder.

The coral-like and litchi-like powders of porous ZnSe were
further characterized by TEM, and the results are shown in
Fig. 5(a)-(d). Fig. 5(a) shows that TEM image of coral-like pow-
der, having agglomeration of the nanoparticles with a diameter of
12-20 nm, which was synthesized at pH 10.5. In Fig. 5(b), it can be
seen that the agglomerates from small nanoparticles ranging from 8
to 15 nmindiameter and the average diameter of nanorods is about
20 nm when the pH value of reaction mixture solution was 11.5. It
was found that the single nanoparticles are bigger at pH 10.5 than at
pH 11.5.Fig. 5(c) and (d) shows the corresponding HRTEM images of
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Scheme 1. Schematic illustration of the proposed mechanism of pH-dependent ZnSe agglomerate formation.

Fig. 5(a) and (b); the insets are the selected area electron diffraction
(SAED) pattern having displaying six diffused rings. These diffrac-
tion rings of SAED image are assigned to be (111), (200), (220),
(311),(400) and (33 1) of the cubic zinc blende phase of ZnSe.
It reveals that the porous ZnSe samples, coral-like and litchi-like
morphologies, are a polycrystalline.

3.3. The porosity properties of ZnSe samples

Fig. 6(a) presents the N, adsorption and desorption isotherms
at 77 K for ZnSe particles at pH 9.5, 10.5 and 11.5. The pore struc-
ture of the mesoporous ZnSe agglomerate was estimated from the
features of the hysteresis loop. The characteristic features of the

e

Spectum 2

Full Beale 218 ots Cwsor: 0000 ke

Fig. 4. EDX spectrum of ZnSe particles in Fig. 3.
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Fig. 5. TEM, SAED and HRTEM pattern images of porous ZnSe agglomerates prepared at pH 10.5 and pH 11.5. (a) and (b)TEM images of ZnSe coral-like powder (pH 10.5) and
ZnSe litchi-like powder (pH 11.5), (c) and (d) HTEM images of (a) and (b), with insets is corresponding to the SAED pattern.

hysteresis loop are associated with capillary condensation in meso-
pores. Based on the IUPAC classification [1], a type II adsorption
isotherm with no hysteresis loop was obtained at pH 9.5, revealing
that ZnSe agglomerates with non-porous or macroporous adsor-
bents correspond to the SEM image in Fig. 3(a). The isothermal
characteristics at pH 10.5 and pH 11.5 are typical of type IV. The
hysteresis loops obtained at both pH 10.5 and pH 11.5 resembled
the type H3 loop, which is characteristic of the mesoporous mate-
rials that contained pores of highly uniform sizes, indicating that
the solid is mesoporous with cylindrical geometry of a uniform
pore size and non-intersecting mesopores [40,41]. The results cor-
respond to the SEM images in Fig. 3(b) and (c) of porous materials
with pore diameters from 20 to 50 nm.

The multi-point Brunauer-Emmett-Teller (BET) method was
employed to calculate the specific surface area. The specific sur-
face area was 20.74m?2/g at pH 9.5, 129.5m?2/g at pH 10.5 and

42.8m?2/g at pH 11.5, respectively. As presented in Fig. 3, at pH
10.5, the ZnSe particles had a coral-like morphology and contained
numerous mesopores; at pH 11.5, they had a litchi-like morphol-
ogy and contained hollow pores; at pH 9.5, they had an irregular
morphology and were non-porous. Evidently, controlling the mor-
phology of ZnSe particles is important, and the numbers of pores
varies with the pH value. Fig. 6(b) showed the pore size distribu-
tionat pH 10.5 and pH 11.5. The pore sizes were calculated from the
adsorption branch of the N, isotherm using the BJH method. The
calculations showed both pore size distributions range from 2 nm
to 50 nm, corresponding to the definition of mesoporous materials.

3.4. The photoluminescence spectrum of ZnSe powders

As shown in Fig. 7, the broad emission peaks were 616 nm,
621 nm and 626 nm, respectively, under the excitation at 320 nm on
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Fig. 6. (a) Nitrogen adsorption/desorption isotherms at 77 K for ZnSe agglomerates
synthesized at different pH values. pH 9.5 (circle), 10.5 (triangle) and 11.5 (square)
[empty symbols - desorption; filled symbols - adsorption]. (b) Corresponding pore-
size distributions of ZnSe agglomerates synthesized at pH 9.5 (circle), 10.5 (triangle)
and 11.5 (square) obtained by BJH method.
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Fig. 7. Photoluminescence spectrum of the ZnSe agglomerates, synthesized at dif-
ferent pH, under excitation wavelengths of 212 nm and 320 nm.

irregular, litchi-like and coral-like agglomerations. Wang et al. [38]
have previously reported that the PL broad peak is an indication
of the small nanoparticles in spherical walls of ZnSe hollow micro-
spheres. The weak emission peak centered at 467 nm is attributed
to the near-band edge (NBE) emission of ZnSe under the excitation
at 212 nm on litchi-like ZnSe agglomerates. The band gap energy of
the bulk ZnSe crystal Eg was 2.67 eV (466 nm) [42]. The photolumi-
nescence (PL) spectrum, having a weak emission at around 450 nm
and a strong emission at around 620 nm, was observed in ZnSe bulk
[15]. These results suggest that the morphology and pore types of
ZnSe agglomerates are important factors for the emission peaks in
the photoluminescence spectrum.

4. Conclusions

Mesoporous ZnSe agglomerates were prepared by the
hydrothermal process at a reaction temperature of 200°C.
The mean diameter of ZnSe agglomerates increases with increased
reaction temperature. Hydrazine hydrate was added to control
agglomerate formation and increase the pH of the reaction system.
The morphology and size of the nanopores of ZnSe agglomer-
ates were controlled by varying the pH. Irregular, coral-like and
litchi-like patterns of ZnSe agglomerates were obtained at pH
values at 9.5, 10.5 and 11.5, respectively. The results show the
influence of formation rate and moving speed of N, bubbles on the
morphology of the ZnSe agglomerates. The mesopores, sized from
20nm to 50 nm, were observed in both coral-like and litchi-like
morphologies, and their cubic zinc blende phase was identified
by XRD. Moreover, the mesoporous ZnSe agglomerates having
high specific surface area may have the potential applications in
catalysis, gas sensors, separation and drug delivery.
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