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Template Synthesis and Photoelectrochemical Properties of CdSe Nanomaterials
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Abstract: CdSe nanotube and nanowire arrays have been fabricated in the porous anodic aluminum oxide template
(AAO) by electrodeposition method. The morphology, structure and composition of the materials were characterized
by scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) and
energy dispersive X-ray spectroscopy (EDS) respectively. The photocatalytic activities of the materials were
investigated by UV-vis absorption spectroscopy. The results show that CdSe nanotube and nanowire arrays can be
fabricated by controlling the deposited charge. The CdSe nanomaterials are composed of mixed phase nature of
hexagonal and cubic phase. It can be observed that the crystal transformation from the cubic phase to the hexagonal
phase after the annealing process at 350 °C. Meanwhile, the open-circuit potential differences (V) of the annealed
CdSe nanomaterials have significantly increased, and photocurrent density at 0 V (versus SCE) has also improved,
indicating that the annealed nanomaterials show better photoelectrochemical properties. Furthermore, the absorption
edge and band gap of CdSe nanowires are about 710 nm and 1.85 eV respectively, CdSe nanotube arrays exhibit a
better photoelectrochemical performance and a higher activity than nanowires for photodegrading rhodamine B with
the degradation efficiency of 53.93% under a Xe lamp irradiation for 7 h. In addition, the growth mechanism of CdSe

nanomaterials in the pore walls of AAO template has also been discussed.
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0 Introduction

Semiconductor materials of metal selenides, such
as CdSe and ZnSe, have been widely applied in optics
and manufacturing of optoelectronic devices!" due to
their unique electronic properties and optical perfor-
mance. The erratic properties in nanostructures have
attracted great interest in recent decades. Among
sulphides and selenides compounds, CdSe, the I ~ VI
group semiconductor is one of the most important
materials by virtue of its optimum band-gap energy'.
CdSe is a n-type semiconductor with a direct band
gap of 1.74 eV for the hexagonal or cubic crystal
phase”. Having an optimum band gap for the efficient
absorption and conversion of solar energy, CdSe is a
promising photovoltaic material and photocatalyst for
photodegradation of organic pollutants™. In addition, it
also has a broad application prospects in the field of
solar cells and light-emitting devices™. CdSe one-
dimensional semiconductor materials such as nanopar-
ticles, nanowires, nanorods and nanotubes can be
fabricated by sol-gel method, electrochemical deposi-
tion, template synthesis, hydrothermal method and
chemical precipitation”". Among various morphologies
of nanostructures, CdSe nanotubes are of great interest
because of the following advantages: The large
specific surface area, a direct pathway to transfer
charge carriers to the conductive substrate, efficient
light absorption and strong adsorption ability!?. Parti-
cular attentions have been paid to the fabrication of
CdSe nanotubes with the aid of templates. In 2013,
Bocchetta et al.  successfully fabricated CdSe
nanotubes with a length of 700 nm by one-step
electrochemical cyclovoltammetric
method in anodic alumina membranes (AAO)™. In
2013, Zhu and Li synthesized CdSe nanotube arrays
using ZnO nanorod template on indium tin oxide

(ITO) glass!™.

In this study, a potentiostatic potential deposition

technique  of

method was found to fabricate CdSe nanomaterials in
the pores of the AAO template with the diameter of
100 nm in an aqueous solution. This method had
never been used before for the synthesis of CdSe

nanotube (NT) and nanowire (NW) arrays. The stru-

ctures, morphologies, performance of photoelectric
conversion and photocatalytic properties were also

discussed in this paper.
1 Experimental

1.1 Materials

All of the reagents used in this work are of
analytical grade without further purification. Suppliers
of main reagents are listed as below: Industrial Co.,
China: SeO,. Tianjin Guangfu Technology Develop-
ment Co., Ltd, China: aluminium, oxalic acid, sulfuric
acid, phosphoric acid, glycerol, acetone, ethanol,
chromium trioxide, EDTA-2Na, CdCl,-2.5H,0, NaOH,
NH,Cl and ammonia. Zhongjingkeyi Technology Co.,
Ltd: conductive silver glue. Deionized and double-
distilled water were used in all experiments.
1.2 Preparation of CdSe nanomaterials

The AAO template was fabricated by a two-step
anodization process with the method described in the
reference!™. A layer of Au film was sprayed onto one
side of the through-hole AAO template for the working
electrode. A conventional three-electrode potentio-
static system was used for cathodic deposition of CdSe
nanoparticles. Saturated calomel electrode (SCE) and
a platinum plate were used as the reference and
counter electrodes. CdSe nanomaterials were electro-
deposited into the AAO/Au template in an aqueous
solution containing 0.01 mol -L.™" CdCl,-2.5H,0, 0.02
mol - ™" EDTA-2Na and 0.02 mol -L™" SeO, (pH=10
adjusted by NH,Cl and ammonia). The deposition was
carried out potentiostatically at —=1.1 V versus the
After

deposition, the sample was rinsed with DI water and

reference electrode at room temperature.
dried in air. Finally, the CdSe nanomaterials were
annealed at 350 °C for 2 h under N, atmosphere. By
controlling the deposited charge, we successfully
fabricated different morphologies of CdSe materials.
1.3 Characterization of CdSe nanomaterials

The morphologies of CdSe nanomaterials were
studied through scanning electron microscopy (SEM,
S-4800, HITACHI,

structure and chemical composition of the materials

Japan). Detailed microscopic

were characterized by transmission electron micros-
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copy (TEM, JEM-2100, JEOL, Japan). The crystalline
structure of CdSe nanomaterials was studied by X-ray
(XRD, 40 kV, 200 mA, Rigaku, Mutiflex,
D/MAX-2500, Japan) under Cu Ka radiation (A =
0.154 056 nm) with 26 range of 20°~70°. Chemical

compositions of the material were analyzed using

diffraction

energy dispersive X-ray spectroscopy (EDS). Curves of
open circuit potential and photocurrent versus potential
were conducted at electrochemical workstation with
three-electrode system under a 500 Xe lamp. CdSe
NTs and CdSe NWs (1 emx2 cm) served as the working
electrode, while a platinum plate electrode and an
SCE were used as the counter and reference electrodes
respectively in separate compartment filled with an
aqueous electrolyte solution of 0.5 mol L™ Na,SO,.
The difference of open circuit potential (V,) was
calculated via V. =IVig =V |, where Vi, is the
potential when light was on and V4, means the light
was off. UV-visible absorption spectra of the samples
were recorded on a spectrometer (TU-1901, PERSEE,
China).
1.4 Photocatalytic activity measurements
Photocatalytic degradation was carried out in 100
mL of 5 mg-L™" rhodamine B solution under a 500 W
Xe lamp (290~800 nm). As needed, the solution was
magnetically stirred in the dark for 2 h prior to
irradiation to ensure the establishment of an adsorption-
desorption equilibrium of the rhodamine B molecules
on the photocatalyst. The change in concentration
during the degradation process was monitored by a
UV-Vis spectrophotometer based on its characteristic
absorbance at 554 nm every 1 h. The photocatalysis
degradation efficiency (D) was calculated by means of
D=(Cy—C)/Cyx100% , where Cj is the initial concen-
tration of rhodamine B in the solution and C is the
concentration of rhodamine B at a given reaction time.
In order to obtain the specimen for tests all above,
samples were dissolved in a 4 mol - L. NaOH solution

for 2 h at room temperature.
2 Results and discussion

2.1 Characterization of CdSe nanomaterials
Fig.1(a) shows the SEM image of AAO template.

The pore diameter of the uniformed AAO template is
approximately 100 nm. Fig.1(b), (¢) and (d) show the
SEM image of CdSe nanomaterials after the removal of
AAO template with the deposited charge of 1
coulomb, 3 coulombs and 5 coulombs, respectively.
Fig.1(b) shows the SEM image of CdSe NTs with the
deposited charge of 1 coulomb. It can be clearly
observed that the external diameter and wall thickness
of the nanotubes are about 100 nm and 20 nm,
respectively, which are corresponding to the pore
diameter of AAO template. In Fig.1(c), it is apparent
that a number of CdSe NTs come into being CdSe
NWs with the deposited charge increased from
Lcoulomb to 3 coulombs. Fig.1(d) shows that the CdSe
NTs completely grow into CdSe NWs which are
distributed uniformly with the diameter of 100 nm.
Fig.1(e) and Fig.1(f) show TEM images of CdSe
NTs and CdSe NWs, respectively. Distinct tubular and
linear structures can be seen in TEM images. In Fig.1
(e), the external diameters and wall thicknesses of the
NTs are about 100 nm and 20 nm, respectively, which
are in agreement with the SEM observations in Fig.1
(b). From both Fig.1(e) and Fig.1(f), it also can be
seen that the CdSe NTs and CdSe NWs are straight

and have the uniform thickness along the length.

Tum

Fig.1 SEM images: AAO (a) CdSe nanomaterials (b, ¢, d)
and TEM images of CdSe (e, f)
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The characteristic peaks of Cd, Se, Ag are
marked in the EDS spectrum of CdSe nanomaterials,
as shown in Fig.2, indicating the material is composed
of these elements. The average atomic percentage of
Cd and Se is close to 1:1 indicated in Table 1. Ag

signals come from silver plastic on the electrode,

Ag .
Cd Full scale counts: 185

200

Intensity / counts

[

Energy / eV
Fig.2 EDS spectrum of CdSe nanomaterials

Table 1 Mass distribution and atomic distribution

of each element in Fig.2

Element Weight percent / % Atomic percent / %
Se 13.26 6.47
Cd 4.05 6.08

2.2 Effect of annealing
The effect of annealing on crystallinity of CdSe

nanomaterials were studied by XRD. Fig.3 shows the
XRD patterns of CdSe NTs and CdSe NWs as-
deposited (a) and annealed at 350 °C (b). Fig.3(a)
indicates the existence of mixed phase nature of
hexagonal and cubic of CdSe NTs and CdSe NWs.
The diffraction peaks observed at 26 values of 25.48°,
42.21°, 49.96° and 67.42° can be indexed to (111),
(220), (311) and (331) crystalline planes of cubic CdSe
crystal (PDF 65-2891), respectively. The diffraction
peaks at 26 values of 23.90°, 27.08°, 35.11°, 41.97°
and 45.79° can be indexed to (100), (101), (102), (110)
and (103) crystalline planes of hexagonal CdSe crystal
(PDF 08-0459). It can be seen in Fig.3(b) that both
of CdSe

nanowires from the cubic phase to the hexagonal

crystal  transformation nanotubes  and
phase after the annealing process at 350 °C!". The
diffraction peaks at 26 values of 23.90°, 27.08°,
35.11°, 41.97°, 45.79°, 49.67° and 63.88° can be
indexed to (100), (101), (102), (110), (103), (112) and
(203) crystalline planes of hexagonal CdSe crystal

(PDF 08-0459).
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Fig.3 XRD patterns of CdSe nanomaterials as-deposited (a) and annealed at 350 C (b)

The effect of annealing on photoelectrochemical
properties of CdSe nanomaterials is characterized by
measuring open-circuit potential and photocurrent
versus potential. Fig.4 and Fig.5 show the open-circuit
potential curves of CdSe nanomaterials as-deposited
(a) and annealed at 350 °C (b) measured under dark
or light. As shown in Fig.4, CdSe NTs (a) and (b) show
significant potential decrease when the light irradiates
onto the samples. The open-circuit potential difference
(V) of CdSe NTs before and after annealing are about
90.6 and 191.3 mV, respectively. In Fig.5, the open-

circuit potential difference (V,) of CdSe NWs before
and after annealing are about 63.3 and 162.9 mV,
respectively. The results show that the annealing
process effectively increases the open-circuit potential
difference (V,) of CdSe nanomaterials, which may
result from crystal transformation of CdSe from the
cubic phase to the hexagonal phase induced by heat
treatment at 350 °C. Furthermore, the CdSe NTs before
and after annealing both exhibit a higher open-circuit
potential difference (V,) than CdSe NWs, indicating

that the photo-induced carriers can easily transfer
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Fig.4 Open-circuit potential curves of CdSe NTs:
(a) as-deposited, (b) annealed at 350 °C
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Fig.5 Open-circuit potential curves of CdSe NWs:
(a) as-deposited, (b) annealed at 350 °C

from the nanotubes with larger specific surface area.
As a result, CdSe NTs annealed at 350 °C have a
better photoelectric conversion performance for large
specific surface area and good crystallinity.

Fig.6 shows the current density-potential (J-V)
curves of the samples. All the samples show negligible
under dark condition.

current The photocurrent

density of CdSe nanotubes(NTs) and nanowires (NWs)
annealed at 350 C  (b) are about 0.12 and 0.99 mA -
em™ at 0 V versus SCE, both show higher photoele-
ctrochemical properties than those as deposited under
illumination. The improved performance is attributing
to the crystal transformation of CdSe after heat
treatment at 350 °C. The same as the open-circuit
potential difference (V), the photocurrent of CdSe NTs
before and after annealed both improve the
performance than those of CdSe NWs due to their

large surface area.
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Fig.6  Photocurrent density versus potential curves (a)
CdSe NTs as-deposited, (b) CdSe NTs annealed,
(c) CdSe NWs as-deposited, (d) CdSe NWs

annealed, (e) dark current

2.3 UV-Vis spectroscopy

Fig.7(a) shows the UV-visible absorption spectrum
of the CdSe nanowires. It is observed that the absorp-
tion edge of CdSe nanowires is about 710 nm, a wide
absorption in visible region". Fig.7(b) shows the
corresponding band gap of samples. The band gap of
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Fig.7 (a) UV-Vis absorption spectra of CdSe nanowires and (b) band gap of CdSe nanowires
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CdSe nanowires is about 1.85 eV. Which is in accord-
ance with the band gap of CdSe NWs previously
reported!".
2.4 Photocatalytic activities

Fig.8 shows the degradation rate of rhodamine B
catalyzed by CdSe nanotubes (a), CdSe nanowires (b),
and without catalyst (c¢) under the Xe lamp irradiation.
The blank test was conducted without catalyst under
irradiation for the same time. The results indicate that
the degradation rate of rhodamine B is only 10.83%
after irradiation for 7 h, which presents the stability of
rhodamine B solution under irradiation. After irradia-
tion for 7 h, the degradation rates of rhodamine B have
been increased to 53.93% and 47.14% in the presence
of CdSe nanotubes and CdSe nanowires, respectively.
The results reveal that CdSe nanotubes display much
better photocatalytic activity than CdSe nanowires.
The enhancement of photocatalytic activities is mainly
attributed to larger specific surface area and high
migration efficiency of photo induced electrons of

nanotubes than nanowires.
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Fig.8 Photocatalytic performances of CdSe nanotubes (a),

CdSe nanowires (b), and without catalyst (c)

2.5 Mechanism of formation of CdSe
nanomaterials
According to the basic mechanism of electro-
chemical reactions™, we speculated that possible
processes maybe occur during the electrodeposition.
The reactions may be summarized as follows:
Se0,+20H™ — Se0;+H,0 1)
Se0;>+3H,0+4e” — Se+60H- (2)

Eo %3345
Se+2e” — Se* 3
Cd¥+Se™ — CdSe @)

The growth mechanism of CdSe nanotubes in the
pore walls of AAO template can be speculated that it
may be determined by the relative rates of deposition

and the diffusion of ions*?

. During the growth process
of nanotubes, reaction (1)~(3) occur at the sputtered
Au electrode at the bottom of AAO pores and then
reacts with Cd**. therefore, the growth of CdSe nano-
tubes starts at the sputtered annular Au base-metal
electrode at the bottom of the pores. Deposition
interface and ion diffusion layer move dynamically
with the nanotube growth process. In the growth
process of CdSe nanotubes, the deposition of CdSe
onto the AAO tube tips can deplete the Cd** ions in
the same layer, so the ion concentration below the
tube tips should be very low. In the nanochannel, the
rate of Cd** diffusion is very small due to the narrow-
long structure of AAO template. So, the deposition of
CdSe into the inner walls of the CdSe tube can be
negligible. Therefore, the deposition reaction could
occur only in the annular tips of AAO template.
Owing to the deposition of CdSe proceeds along the
inner wall of porous AAO template, CdSe nanotube
walls become thicker with the increase of deposition

charge and until completely form CdSe nanowires.
3 Conclusions

In summary, different morphologies of CdSe
nanomaterials have been successfully fabricated with
electrodeposition method in the aid of AAO template
by controlling the deposite charge. The growth
mechanism of CdSe nanomaterials in the pore walls of
AAO template may be determined by the relative
rates of deposition and the diffusion of ions. It is
assumed that the process of annealing effectively
induces the crystal transformation from the cubic
phase to the hexagonal phase. Furthermore, the results
of open-circuit potential and photocurrent versus
potential show that both CdSe nanotubes and CdSe
350 °C  exhibit

photoelectric conversion performance, indicating that

nanowires annealed at better

the CdSe of hexagonal phase has much better
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photoelectric conversion performance than the cubic
phase. Photodegradation experiment shows that the

nanotube arrays have a good photocatalytic capability.
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