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In order to improve the light absorption capacity of ZnO and reduce the charge
recombination, the heterostructure of ZnO/ZnSe was prepared by a simple
synthetic route. The heterostructure was composed of spherical ZnSe growing
on ZnO rod, in which the ZnO rods were synthesized by an ultrasonic method.
The concentration of ammonia in the reaction solution was the key factor to
determine the nucleation and growth rate of ZnO/ZnSe heterostructure. In
addition, the relationship between structure and photocatalytic activity was
studied. Compared with bare ZnO rods and spherical ZnSe, as-prepared ZnO/
ZnSe heterostructure exhibited excellent photocatalytic activity for the
degradation of methyl orange dye, which was attributed to the effective charge
transport performance generated by the coupling of ZnO and ZnSe.
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INTRODUCTION

As one of the most promising semiconductor
materials in photocatalysis, ZnO has received
remarkable attention because of its remarkable
chemical and physical properties, especially its
non-toxicity and high excitation binding energy.'™
However, the photocatalytic application of ZnO has
been hindered by serious electron—hole recombina-
tion, low visible light utilization and easy aggrega-
tion.’®'? Therefore, to increase the absorption
range of light and reduce charge recombination,
much efforts have been made to expand the range of
light response and suppress charge recombination.
Combining ZnO with other narrow-band gap semi-
conductors can effectively extend its optical
response range, such as ZnO/CdS,"*'® ZnO/
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Ag, 15 7ZnO/carbon materials.’®?® ZnSe is an
attractive photocatalyst for converting solar energy
into chemical energy and can be achieved through a
simple and inexpensive hydrothermal process. The
combination of ZnO and ZnSe is expected to be an
ideal system for achieving enhanced charge separa-
tion. Many studies have focused on the heterostruc-
ture of ZnO/ZnSe, but these heterostructures have
high cost and complex preparation process.

In this work, we fabricated ZnO/ZnSe
heterostructure by combining ultrasonic and
hydrothermal methods, in which spherical ZnSe
particles grew on ZnO rods. By adjusting the
concentration of ammonia in the reaction solution,
the rod-like ZnO/ZnSe heterostructures were
formed. Compared with ZnO and ZnSe, ZnO/ZnSe
heterostructure showed enhanced visible light
absorption and photocatalytic activity through its
type-II band alignment, which resulted in efficient
charge separation and larger active surface. This
approach does not require any membrane or
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Fig. 1. Low-and high-magnification FESEM images of (a, b) bare spherical ZnSe and (c, d) ZnO rods.

surfactant to generate anisotropic structures to
control their orientation. Therefore, this method of
preparing a ZnO/ZnSe heterostructure is more
environmentally  friendly, convenient  and
inexpensive.

EXPERIMENTAL SECTION
Preparation of ZnO Rods

All chemicals (analytical grade) were purchased
from Chinese National Medicine Group and used
without purification. ZnO rods were synthesized by
ultrasonic method, a mixed solution of zinc acetate
(0.035 M), sodium hydroxide (0.45 M) in deionized
water (40 mL) was dissolved and then kept in an
ultrasonic instrument for 6 h. Finally, the sample
was rinsed with deionized water and dried at 80°C
for 1 h.

Preparation of Spherical ZnSe

Zn(N03)2-6H20 (0.1 M), N328803 01M) and
NaOH (1 mol/L,20 mL) were added to deionized
water (10 mL). The mixed solution was ultrasoni-
cally treated until completely dissolved; Subse-
quently, 10 ml of hydrazine (85%) was added
dropwise during vigorous stirring, and transferred
the solution into an autoclave and heated at 180°C
for 4 h. The sample was washed twice with ethanol

and deionized water, and then heated it at 60°C for
8 h.

ZnO/ZnSe Heterostructure

Zn0/ZnSe heterostructure was synthesized by
hydrothermal method, in which the as-prepared
Zn0O rods was chosen as the source. Typically, a
mixed solution of ammonia (12.5%, 40 mL), ZnO
rods powder (0.025 M), Selenium powder (0.013 M)
and NaBH, (0.007 M) were prepared under stirring
and heated at 70°C for 0.5 h. The above solution was
put into an autoclave and heated at 90°C for 8 h.
The deposit obtained, namely ZnO/ZnSe
heterostructure sample, was washed twice with
ethanol and deionized water, and dried at 60°C for
8 h for further characterization.

Characterization

The morphology and crystallinity of samples were
checked by field emission scanning electron micro-
scope (FESEM, 7800F) and x-ray diffraction (XRD,
Bruker Advanced D8), respectively. The photocat-
alytic performance was measured by photodegrada-
tion of methyl orange solution (30 uM, 50 mL)
under a 250 W Xe lamp illumination. In general,
photocatalyst (50 mg) was dispersed in dye and
stirred for 30 min using an ultrasonic instrument.
During the whole process of irradiation, stirring
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Fig. 2. (a) Low-and (b) high-magnification SEM images of ZnO/ZnSe heterostructures.
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Fig. 3. (a) Absorption spectra and (b) Tauc plots of ZnO rod, ZnSe microsphere and ZnO/ZnSe heterostructure.

was kept to maintain the photocatalyst evenly
dispersed. The concentration of methyl orange was
monitored by UV—Vis spectrophotometer at a series
of time intervals.

RESULTS AND DISCUSSION

The morphology of spherical ZnSe and ZnO rods
was characterized by FE-SEM. As shown in Fig. 1a,
numerous spherical ZnSe microstructures were
formed. Notable, high-magnification images showed
the formation of spherical ZnSe particles with
irregular contours and they all showed similar
morphology (Fig. 1b). The specific surface area
provided a large contact areas and improved the
photocatalytic efficiency when coupled with the ZnO
rods.

Figure 1c shows that SEM image of numerous
ZnO rods grown from ultrasonic way. Careful
examination revealed the formation of a large
number of ZnO with rod structures, and no other
structures were observed (Fig. 1d), indicating that
ZnO rod was obtained through spontaneous nucle-
ation with high crystal integrity.

Figure 2a shows ZnO/ZnSe obtained from the
reaction of the ammonia (12.5%), ZnO rods
(0.025 M), Selenium powder (0.013 M) and NaBH,
(0.007 M) solution at 90°C for 8 h. As shown in
Figs. 2a and Sla, the rod-like ZnO/ZnSe
heterostructure were formed and covered a large
area. A closer SEM observation showed that the
spherical shape of ZnSe particles grew on ZnO rods
(Figs. 2b and S1b). Most ZnSe microspheres were
distributed on ZnO rods and almost every ZnO rod
was covered by a spherical ZnSe particle, indicating
that they weren’t formed by random nucleation.

In this reaction process, NaBH, and ammonia
were used as reducing agent and alkaline environ-
ment supplier, respectively. With the increase of
OH~, more Zn(OH); would be generated and
further reacted with Se?  to form ZnO/ZnSe
heterostructurs.’® The chemical equations involved
in the reaction process were as follows:

ZnO + Hy0 + 20H™ — Zn(OH); (1)

Se + 2NaBH, — NasSe + BoHg + Hy (2)
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Fig. 4. XRD patterns of the as-prepared ZnO rods (triangle), ZnSe
(circle) and ZnO/ZnSe heterostructure (solid line).

3Se + 60H  — 2Se*” +Se0F +3H,0  (3)

Se?” +Zn(OH)?™ — ZnSe + 40H" (4)

The absorption spectra indicated that wide-band
gap ZnO had strong ultraviolet absorption, but
could only absorb a small amount of visible light
(Fig. 3a). ZnSe microspheres had more abroad
absorption in visible light region, while ZnO/ZnSe
heterostructure had strong absorption in both
ultraviolet and visible light range, indicating it
might generate more photoelectronic charge to
promote photocatalytic degradation of organic dyes.
According to the solid UV-visible absorption spectra
and Tauc formula, the bandgap of bare ZnO rods,
ZnSe microspheres and ZnO/ZnSe heterostructures
was calculated as 3.21 eV, 2.52 eV, close to the
relevant theoretical value of 3.34 eV and 2.67 eV,
respectively. The bandgap of ZnO/ZnSe sample with
heterostructure was 3.15 eV, which was narrower
than that of bare ZnO.

As shown in Fig. 4, all XRD patterns of ZnO could
be indexed as wurtzite structure (JCPDS No. 36-
1451) with stronger and narrower characteristic
peak strength. The spectral width indicated that the
sample had high purity. Diffraction peaks at
27.3°(111), 45.3°(220) and 53.6°(311) made it clear
that there were ZnSe cubic phase (JCPDS No. 37-
1463). In addition, the sharp diffraction peaks
indicated that as-prepared ZnO/ZnSe had good
crystalline quality. All the diffraction peaks of ZnO
remained in the XRD diagram of ZnO/ZnSe, which
confirmed the wurtzite structures nature of ZnO
and still existed after the formation of ZnSe. As
shown in the XRD patterns (Fig. 4), the presence of
ZnO in the composite did not change the cubic phase
of ZnSe structure. The successful integration of ZnO

and ZnSe could improve the photocatalytic perfor-
mance of ZnO/ZnSe heterojunction.

To estimate the photocatalytic capacity of ZnO/
ZnSe heterostructure, methyl orange was selected
as the target pollutant. Figure 5 demonstrates the
UV-visible absorption spectrum of degraded methyl
orange solution. As depicted in Fig. 5, the maximum
peak at 460 nm gradually decreased under the
irradiation of Xe lamp. In addition, blank experi-
ments without the photocatalyst and similar exper-
iments using bare ZnO rods and spherical ZnSe
samples were carried out to rationalize the photo-
catalytic ability of ZnO/ZnSe heterostructure. With
the prolongation of the reaction time, the absorption
peaks of three samples decreased gradually, and
methyl orange degraded gradually with time. Com-
pared with ZnO rod (Fig. 5a) and spherical ZnSe
(Fig. 5b), the heterostructure of ZnO/ZnSe exhibited
stronger photocatalytic activity, which was caused
by the slight larger active surface and effective
separation of electron—holes of heterostructure
(Fig. 5c¢).

The photocatalytic degradation curves of methyl
orange in ZnO, ZnSe and ZnO/ZnSe samples irra-
diated by Xe lamp were shown in Fig. 5d, where C
was the initial concentration of methyl orange,
while C was the concentration in the reaction
process after equilibrium adsorption. On the con-
trary, the degradation rate of ZnO/ZnSe after 9 h
was about 94.3%, while that of ZnO rod and ZnSe
sample was about 24% and 68%, respectively.
Obviously, the highest degradation rate of ZnO/
ZnSe sample could be explained by improved the
charge transport capacity. On one hand, the slightly
exposed active surface of ZnSe was sensitive to the
process of promoting surface carrier transfer. The
specific surface areas of ZnO, ZnSe and ZnO/ZnSe
were calculated by BET method with 7.477, 38.776
and 7.561 m?%g, respectively (See Supplementary
Fig. S2). The results showed that ZnO/ZnSe
heterostructure was beneficial to slightly increased
the specific surface area compared with that of
Zn0.?*?® On the other hand, the absorption capac-
ity and effective electron—hole separation could be
enhanced due to the coupling effect between ZnO
and ZnSe, and the improved electron transport
ability could greatly inhibit the recombination prob-
ability of charge carriers in ZnO/ZnSe, thus 6greatly
improving their photocatalytic reactions.?**

The mechanism of photocatalytic degradation
could be understood on the basis of energy level
alignment, as shown in Fig. 6. When light irradi-
ated on the surface of ZnO/ZnSe, electrons would be
excited to the conduction band, leaving holes in the
ZnSe valence band. Then, under the action of
diffusion potential energy caused by the ZnO/ZnSe
heterostructure type II band alignment, electrons
migrated to the ZnO conduction band. In this way,
the electrons and holes were well separated, thus
reducing the probability of electron-hole pair recom-
bination. The holes in the ZnSe valence band could
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Fig. 5. Relationship between light irradiation time and photocatalytic degradation of methyl orange (a) ZnO, (b) ZnSe, (c) ZnO/ZnSe, and (d)
photocatalytic degradation rates of ZnO, ZnSe and ZnO/ZnSe samples irradiated by Xe lamp.
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Fig. 6. Energy level alignment of ZnO/ZnSe heterostructure.

directly oxidize organic dye molecules, and the
electrons in the ZnO conduction band would react
with Og to form superoxide radical anions.

CONCLUSIONS

Here, we presented a structure of spherical ZnSe
particles grown on ZnO rods. The ZnO/ZnSe
heterostructure was fabricated by simple combina-
tion of ultrasonic and hydrothermal synthetic meth-
ods. The ammonia provided an alkaline
environment for se?”, with the increase of OH,
more Zn(OH);~ were formed by ZnO and further
reacted with Se”” to obtain the heterostructure of
Zn0O/ZnSe. It was believed that the ammonia con-
centration was an improtant factor determining the
nucleation and growth rate of ZnO/ZnSe
heterostructure. The relationship between struc-
ture and photocatalytic activity was also studied.
The ZnO/ZnSe heterostructure exhibited excellent
photocatalytic performance for the degradation of
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methyl orange, which was caused by the enhance-
ment of light absorption and effective charge trans-
port property of spherical ZnSe, which were caused
by the coupling of ZnO and ZnSe. This work may
also provides a simple way to design functional
semiconductors with appropriate band gaps and
high photocatalytic activity.
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