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Abstract ZnSe mciroflowers and nanosheets were suc-
cessfully fabricated by annealing the corresponding pre-
cursor ZnSe(en)y s hybrid (en = ethylenediamine), which
were synthesized via a solvothermal process in ethylene-
diamine-water system without any surfactants. All the
samples were characterized by XRD, SEM and TEM. The
results show that the precursor ZnSe(en)y s was converted
into pure ZnSe by annealing with original morphology
preserved. ZnSe microflowers were assembled from lots of
rectangle nanosheets. Nanosheets and the nanosheets of
microflowers have the same growth pattern. The photolu-
minescence and photocatalytic activity of ZnSe
microflowers and nanosheets were investigated. The result
shows that ZnSe microflowers exhibited superior photo-
catalytic activity and the reason was analyzed.
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1 Introduction

In the past decades, semiconductor photocatalysts have
attracted considerable attention in the fields of catalysis and
photochemistry due to their high photocatalytic activity
and broad applications in solving environmental pollutants
in aqueous phase as well as in gaseous media [1, 2].
Among various semiconductor photocatalysts, ZnSe is
considered as an effective catalyst for photocatalytic
degradation of organic pollutants because of its wide direct
band gap (2.67 eV) at room temperature and large exciton
binding energy (21 meV) [3-5]. Recently, the photocat-
alytic activity of ZnSe micro/nanostructures has received
much attention [6-9]. Qian et al. [6] reported that the
photocatalytic ability of ZnSe nanobelts is stronger than
that of the TiO, nanoparticles in the photodegradation of
fuchsin acid solution under UV light irradiation.

It is generally accepted that the smaller size of
micro/nanomaterials will exhibit superior photocatalytic
activity. This is because smaller size of the micro/nanoma-
terials has high specific surface area. As we know, the pho-
tocatalytic process depends strongly on the adsorption and
desorption of molecules on the surface of the photocatalyst.
The large specific surface area can provide more reactive
adsorption/desorption sites for photocatalytic reactions.
However, photocatalysis reaction is a complicated process
and the photocatalytic activity of micro/nanomaterials was
influenced by many factors rather than sample size. Yang
et al. [10] reported that ZnSe nanosheets with a length of up
to 4 pm exhibited superior photocatalytic activity compared
to the ZnSe nanoparticles (average size of approximately
7 nm) because ZnSe nanosheets have more surface defects
exist in the nanosheets. Therefore, it is difficult to judge the
photocatalytic activity of micro/nanomaterials only from the
size of micro/nanomaterials.
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In recent years, various morphologies and sizes ZnSe
micro/nanostructures have been fabricated by a variety of
methods, including quantum dots [11-14], nanoparticles
[15], nanowires [16-19], nanosheets [20, 21], microrods
[22], nanobelts [23, 24], nanospirals [25] nanotubes arrays
[5, 26], and microflowers [4, 9, 27, 28]. However, these
works were mainly focused on fabricating different dimen-
sionality and size products rather than the photocatalytic
properties of ZnSe micro/nanostructures. Furthermore,
understanding of the relationship between microstructure
and the photocatalytic properties of ZnSe is also significant.
Therefore, fabricating a new type ZnSe architecture by a
simply and low-cost synthetic strategy and investigating its
photocatalytic properties still remains a great challenge in
the area of materials research.

Among various synthesis methods, solvothermal method
has attracted a lot of interest because it is simple
and environmentally friendly. Generally, the precursor
ZnSe(en), s was prepared by solvothermal method, and the
ZnSe was obtained by annealing ZnSe(en)s. The coordi-
nation of Zn>" in ZnSe(en)y s is similar to the ZnSey
tetrahedra in hexagonal ZnSe. ZnSe(en), 5 has a three-di-
mensional network. The two adjacent monlayers ZnSe
layers are interconnected to each other by the nitrogen
atoms in ethylenediamine molecules alone the a-axis [29].
In this paper, ZnSe microflowers and nanoosheets were
synthesized by annealing the corresponding precursor
ZnSe(en)ys hybrid, which were synthesized via a
solvothermal process in ethylenediamine-water system. All
the samples were characterized by XRD, SEM and TEM.
The optical properties and photocatalytic activities of ZnSe
microflowers and nanosheets were also investigated.

2 Experimental section
2.1 Preparation

All reagents were purchased from Sinopharm Chemical
Regent Co., Ltd, and used without further purification. The
precursors ZnSe(en)ys were synthesized by solvothermal
method. In a typical procedure, appropriated amounts of
Zn(NO3),-6H,0 and Se powder (stoichiometry molar ratio
1:1) were dissolved in 60 mL ethylenediamine-deionized
water solution (volume ratio 2:1). Namely, both
Zn(NO3),-6H,0 and Se powder have the same molar
concentration. After stirring for 20 min at room tempera-
ture, the mixed solution was then transferred into a 100 mL
Teflon-lined autoclave. The autoclave was sealed and
maintained at 180 °C for 12 h, and then allowed to cool to
room temperature naturally. After that, the precipitate
(precursor) was washed with distilled water and ethanol for
several times, dried overnight in a vacuum oven at 60 °C.

To obtain ZnSe crystal, the as-prepared precursor was
annealed under Ar atmosphere at 300 °C for 2 h.

2.2 Characterization

The crystalline structure of samples was determined using
X-ray diffraction (XRD MAC Science, MXP18, Japan).
The morphology and size of the as-synthesized samples
were characterized by field emission scanning electron
microscopy (FESEM, JEOL JEM-2010HR) and transition
electron microscope (TEM, JEOL JEM-2010HR). The
photoluminescence (PL) spectrum was preformed by a He—
Cd Laser with a wavelength of 325 nm as the excitation
source.

2.3 Photocatalysis

The photocatalytic activities of the as-prepared ZnSe
samples were evaluated by degradation of RhB aqueous
solutions (7 mg/L) under ultraviolet irradiation. The irra-
diation was afforded by a high-pressure Hg light, and the
light wavelength was 365 nm. All experiments were car-
ried out at room temperature. Before and after different
irradiation intervals, the solution concentration of RhB was
analyzed by a UV-Vis spectrophotometer (UV-5800PC,
Shanghai Metash Instruments Co., Ltd).

3 Results and discussion
3.1 Characterization

Figure 1 shows the XRD patterns of these precursors pre-
pared by different reactant concentration. The positions of
the diffraction peaks are consistent with the values of
ZnSe(en), s reported by Li et al. [30] and Lu et al. [31].
Notably, the precursor is ZnSe(en), s. The strong and sharp
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Fig. 1 XRD patterns of precursors prepared by different reactant
concentration: a 0.008 mol/L, b 0.033 mol/L
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diffraction peaks appearing in the XRD patterns indicate
that the precursors have the well-crystallized.

The typical morphologyies of the as-synthesized pre-
cursor and ZnSe are shown in Fig. 2. When the reactant
concentration is 0.008 mol/L, the as-synthesized precursor
has flower-like structure, as shown in Fig. 2a. Acorroding
to Fig. 2a, the flower-like structure is assembled from lots
of rectangle nanosheets. The width and length of the
nanosheet is respectively around 2 and 4 pm, and the
thickness is quite thin, ca. 20 nm. Figure 2b shows that
rectangle sheet-like precursor was synthesized when the
reactant concentration is 0.033 mol/L. However, the sizes
of these sheets are not homogeneous. The width of the
sheets varies from 1 to 3 pm, and the length varies from
approximately 2-6 um. ZnSe crystal was obtained by
annealing the precursors, and the SEM images are shown in
Fig. 2¢, d. No significant change in morphology has been
observed after 2 h of thermal treatment at 300 °C. SEM
image in Fig. 2¢ shows that the morphology of ZnSe is also
microflowers, similar to that of the precursor, and the size
of ZnSe were smaller than that of the precursor, which
should be attributed to the loss of en in the precursor
molecule. Likely, SEM analysis of Fig. 2d shows that
annealing processes almost do not affect the morphology
and size of nanosheets.

Figure 3 shows the XRD pattern of the as-synthesized
ZnSe. When the ZnSe(en), 5 hybrid was thermally treated,
its crystal structure changed completely. After 2 h of
thermal annealing under Ar atmosphere, all the diffraction

Fig. 2 SEM images of precursors and ZnSe prepared by different
reactant concentration: a, ¢ 0.008 mol/L, b, d 0.033 mol/L,
respectively
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Fig. 3 XRD patterns of ZnSe after annealing the precursors prepared
by different reactant concentration: a 0.008 mol/L, b 0.033 mol/L

peaks fit quite well the standard hexagonal wurtzite phase
of ZnSe (JCPDS cards No. 80-0008). No other crystalline
impurities were detected by XRD, indicating that pure
wurtzite ZnSe can be obtained via this method.

The precursor ZnSe(en)ys hybrid was yielded via a
solvothermal reaction in ethylenediamine-water system. In
precursor ZnSe(en)y s structure, two adjacent monolayers
ZnSe layers are connected to each other through the
bonding of the nitrogen atoms in ethylenediamine mole-
cules [30-32]. They form a three-dimensional network
structure. When the ZnSe(en), s was annealed at 300 °C, it
would be decomposed into ZnSe crystal accompanied by
the chemical bonds rupture and removal of en molecules.
The process of solid transformation from ZnSe(en)ys to
ZnSe is a topotatic transformation [33, 34], and the original
morphology of precursor was preserved throughout the
process. And in this process, ethylenediamine was used as
a liquid medium and a structure-directing, coordinating
molecular template that produce a particular morphology
of sample. In addition, the results also indicate that the
reactant concentration plays an important role in the mor-
phology of the products.

To analyze the microstructure of ZnSe, further charac-
terization by using TEM was carried out and the results
were shown in Fig. 4. Figure 4a shows the TEM image of a
single ZnSe microflower. The microflower is composed of
numerous nanosheets with length about 4 pm, which is in
good agreement with SEM observation in Fig. 3c. Fig-
ure 4b is HRTEM image from the solidlined rectangle in
Fig. 4a. HRTEM image in Fig. 4b shows that the lattice
spacing of 0.325 nm agrees well with the interplanar
spacing of the (002) crystal planes of hexagonal wurtzite
ZnSe, indicating that ZnSe sheet grows along [001]
direction. At the same time, the HRTEM image in Fig. 4b
further reveals that single crystalline structure of the each
nanosheet of ZnSe microflower. Figure 4c and d show the
TEM and HRTEM images of ZnSe nanosheets,
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Fig. 4 TEM and HRTEM images of ZnSe microflowers (a, b) and
nanosheets (¢, d)

respectively. The TEM image reveals that ZnSe nanosheets
are around 6 pm in length and 1 pm in width, which is in
good coincident with the SEM observation. The fringe with
lattice spacing (in Fig. 4d) of 0.325 nm matches well with
the lattice spacing of the (002) plane of hexagonal wurtzite
ZnSe. Clearly, ZnSe nanosheets grow also along the [001]
direction and also exhibited a single crystalline nature.
Based on the above analyses, a conclusion can be dawn
that nanosheets and the nanosheets of microflowers have
the same growth pattern.

3.2 Photoluminescence and photocatalysis

The room-temperature photoluminescence (PL) analysis of
ZnSe samples were showed in Fig. 5. All PL spectra
comprise of two emission bands: a strong emission peak
centered at 420 nm (microflowers) or 450 (nanosheets) nm
and a defect-related emission band extending from 500 to
650 nm. The UV emission is also called the near band edge
emission (NBE) which is due to the exciton recombination
[35]. The deep level emission (DLE) is in the range of
500-650 nm. It is also regarded as the green emission
which is resulted from some defects, such as the vacancies
of Zn in ZnSe [36, 37]. By calculating the data, the Iyy/
IpLe of ZnSe microflowers and nanosheets are 0.32 and
3.78, respectively. As we all know, the higher Iyy/IpLg
indicates the better crystalline property. Therefore, ZnSe
nanosheets have higher crystalline quality than ZnSe
microflowers. On the contrary, ZnSe microflowers have
more defects than ZnSe nanosheets.
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Fig. 5 Room-temperature photoluminescence of ZnSe microflowers
(a) and nanosheets (b)

To evaluate the photocatalytic activity of the as-pre-
pared ZnSe with different morphologies, the photocatalytic
degradation experiment of RhB was carried out, and the
curves of degradation efficiency versus irradiation time are
shown in Fig. 6. The blank experiment of photocatalytic
degradation of RhB in the absence of any catalysts reveals
that the photoinduced self-sensitized photolysis of RhB can
be neglected. In contrast, photocatalytic degradation was
highly enhanced with the assistant of ZnSe samples, and
the photocatalytic efficiency depends on their morpholo-
gies. After 8 h irradiation under ultraviolet light, the
degradation efficiency of RhB reaches 94.3 and 82.3 % in
the presence of ZnSe microflowers and nanosheets,
respectively. Clearly, ZnSe microflowers exhibits superior
photocatalysts compared to nanosheets.

It is generally accepted that the photocatalytic activity of
micro/nanomaterials strongly depends on their sizes. The
sample with smaller size exhibits higher photocatalytic
activity than the sample with bigger size. However, ZnSe
microflowers with big size show more excellent photocat-
alytic activity than that of nanosheets in our experiment.
This is because the photocatalytic activity of ZnSe
micro/nanomaterials is also influenced by the defects [7].
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Fig. 6 Comparison of the photocatalytic activities of ZnSe micor-

flowers and nanosheets
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When ZnSe photocatalysts are irradiated by UV light,
photoelectrons and photoholes (electron—hole pairs) will be
generated. At the same time, the chance of generation and
recombination of electron-hole pairs is equal. As we all
know, the photocatalytic activity of catalysts will reduce
with the recombination of electron—hole pairs. The defects
of ZnSe micro/nanomaterials are beneficial to the efficient
separation of electron—hole pairs, and the recombination of
electron—hole pairs can be effectively inhibited. Further-
more, the surface defects of ZnSe micro/nanomaterials can
absorb oxygen species (such as O*~, OH™) that will change
into high-activity OH™ and O®~ which should improve the
catalytic reaction [7]. Figure 5 shows that the defect-re-
lated emission from ZnSe microflowers is relatively
stronger than that of ZnSe nanosheets, indicating that more
surface defects exist in the microflowers. So, the photo-
catalytic ability of ZnSe microflowers is stronger than that
of nanosheets.

4 Conclusions

ZnSe microflowers and nanosheets were synthesized via a
solvothermal process and subsequent annealing treatments.
The thermal decomposition of the precursors ZnSe(en)g s
produced ZnSe, and the original morphology was pre-
served throughout the process. In addition, the photocat-
alytic activities of the ZnSe microflowers and nanosheets
for the degradation of RhB under the irradiation of UV
light were investigated. ZnSe microflowers exhibited
superior photocatalytic activity in the photodegradation of
RhB under UV light irradiation because ZnSe microflowers
have more defects.
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