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Diameter-tunable CdSe nanotubes are synthesized via a sacrificial template approach in solution phase
by reacting Cd(OH)2 nanowire bundles with NaHSe. The sacrificial templates of diameter-controlled
Cd(OH)2 nanowire bundles undergo an interdiffusion process between Se2- and Cd2+ species, and
subsequently core/shell structures of Cd(OH)2/CdSe are formed at intermediate states. The crystalline
CdSe hollow nanotubes are finally formed when all Cd reagent sources are chalcogenized with Se in the
solution phase, and their diameter can be readily controlled from ca. 20 to 60 nm depending on the
dimension of nanowire bundle templates. With heat treatment at 300 °C, crystallinity of the CdSe nanotubes
can be enhanced with removal of amorphous selenium present on the nanotube surface, which shows a
photo-conversion efficiency of 0.57% in CdSe/polysulfide liquid-junction solar cell along with a bandgap
energy of 1.89 eV. A possible scheme for the CdSe nanotube synthesis from the template of Cd(OH)2

nanowire bundles is also proposed in this article.

Introduction

CdSe is one of the most important II-VI semiconductor
materials, which has shown interesting optical, electrical, and
optoelectronic properties via quantum confinement in
nanocrystals,1,2 thereby being a promising candidate for the
potential applications in various fields such as optoelectron-
ics, biosensors, luminescence as a laser diode, solar cells,
biomedical labeling, and so forth.3 Therefore, it is reasonable
to expect that the property of CdSe with unique nanostruc-
tures would introduce new applications or could enhance the
performance of above-mentioned devices. Most of the
research with CdSe has been concentrated on quantum
nanoparticles, which were synthesized by chemical routes

of a bottom-up method,1,4,5 but recently nanorods,6 tetrapods,7

nanoneedles,8 nanowires,9 hyper-branches,10 and their hollow
structures11,12 have been extensively exploited. Since hollow
nanotubes of inorganic semiconductors exhibit properties
quite different from those of their bulk forms with both
characteristics of one dimensional (1D) and two dimensional
(2D) nanomaterials, which may fabricate charge transport
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and increase the active surface,13 CdSe tubular nanostructures
should be also of great interest for potential applications.
However, most successful synthesis of CdSe nanotubes has
been limited to template-based methods using cylindrical
micelles assembled from organic compounds,12 t-Se nanow-
ires,14 Sn nanowires,15 or anodized aluminum oxide (AAO).16

There are several approaches to form nanotubes such as
preferential self-assembling, rolling of existing thin film,17

use of hard template like AAO, use of core template
(nanowires) to deposit shell material with subsequent removal
of the template material by selective etching, and transforma-
tion of a solid nanowire through interface reactions in
solid-gas or solid-liquid reaction, the so called Kirkendall
effect.18-20 The self template or sacrificial template approach
is analogous to the transformation involving the Kirkendall
diffusion process. In this strategy, nanowires as the source
template are partially or completely converted to desired
materials without change of the 1D shape. Therefore, the
sacrificial template approach offers advantages such as that
(1) the template is consumed during replacement reactions
for hollow structured products and thus the size of the
product can be tuned with respect to the original template,
(2) many reactions take place under mild conditions in
solution, so it avoids requirement of sophisticated instru-
ments, (3) relatively pure products can be obtained as
compared to the hard-template routes which require ad-
ditional post-processing procedures to remove the templates
and to clean the products, and (4) large-scale synthesis can
be achieved in the liquid phase under a mild condition.
However, only few 1D nanomaterials have been found to
be suitable for nanotubes via the sacrificial templates in

comparison with their spherical counterparts.12,19-24 For
example, Li et al. synthesized CdS nanotubes by reacting
thioacetamide (TAA) with the Cd(OH)2 nanowires produced
from hydrothermal method.21 Very recently, Qi et al. reported
PbSe nanotubes from Se nanotube templates through solution
chemistry.22

Herein, we report a sacrificial template approach at a low
temperature for the synthesis of size-controlled ultralong
CdSe nanotubes from the bundled Cd(OH)2 nanowires. The
Cd(OH)2 nanowire bundles (NBs) can be selectively and
easily grown on substrates at low temperatures through a
chemical precipitation method based on the principle of ionic
and solubility products.25 In this approach, the dimension of
synthesized Cd(OH)2 nanowire bundles (NBs) can be readily
controlled on flat surfaces with a relatively large area, and
thereby the size-tunable CdSe nanotubes can be synthesized
from the Cd(OH)2 NB templates. The crystalline CdSe
nanotubes are characterized by various physicochemical and
optoelectronic analysis for their photoelectrochemical
application.

Experimental Methods

In a typical synthesis of CdSe nanotubes, the first step is to obtain
Cd(OH)2 nanowire bundles (NBs) on substrates. For the synthesis of
Cd(OH)2 NBs as the templates, an aqueous solution of 0.1 M Cd(NO3)2

(Aldrich Chemicals) was prepared, and to this solution an aqueous
NH3 solution (Aldrich, 28%) was added under a constant stirring. A
white precipitate was initially observed, which was subsequently
dissolved back into solution upon further addition of the NH3 solution.
A pre-cleaned glass substrate was immersed and placed vertically in
the solution. The solution was maintained at a pH of approximately
12 and a temperature of 60 °C for 12 h, resulting in the direct growth
of Cd(OH)2 nanowire bundles on the glass substrate. The substrate
with the deposited Cd(OH)2 nanostructures was then removed from
the Cd(NO3)2 aqueous alkaline bath, washed with deionized water,
dried under air, and used as the sacrificial templates for the transforma-
tion to CdSe nanotubes. To obtain the diameter-controlled CdSe
nanotubes, Cd(OH)2 NB templates were prepared with different growth
times. These substrates coated with the Cd(OH)2 NB templates were
reacted with an aqueous NaHSe (100 mL) solution for 30 min, which
was prepared through adding 20 mM NaBH4 to a Se-dissolved aqueous
solution (10 mM), followed by heat treatment at 60 °C for 1 h with
refluxing. After the color of the films was changed from white to dark
brown with localized red precipitates, as-converted films were removed
from the reaction bath. Here we could synthesize the Cd(OH)2 NBs
on the substrates having 80 cm2 area and transform them completely
to CdSe NTs. Uniform nanotubes of CdSe were obtained after the
reddish amorphous selenium that formed on the nanotube surface
during the conversion process was removed by thermal treatment at
300 °C for 1 h under an inert Ar atmosphere.

The morphology and size of Cd(OH)2 NBs, as-converted
Cd(OH)2/CdSe core/shell intermediate structures, and CdSe nano-
tubes (NTs) all were deposited on the glass substrate and were
characterized by field emission scanning electron microscopy
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(FESEM, HITACHI S-4700). For further insight into the micro-
structure, transmission electron microscopy (TEM), high resolution
TEM (HRTEM), and scanning transmission electron microscopy
(STEM) observations were performed with a Philips TECNAI F20
TEM unit at an acceleration voltage of 200 kV equipped with
Fischione HAADF STEM detector (in KBSI, Korea). The semi-
quantitative elemental composition of the films was determined from
energy dispersive X-ray (EDX) analysis in an energy resolution of
130 eV. The composition and structural identification of the sample
deposited on the glass substrate were further investigated by a
thermogravimetric analysis (TGA) and a Rigaku X-ray diffracto-
meter using Cu KR1 radiation (λ ) 1.5406 Å). Furthermore, the
optical and photoelectrochemical properties of CdSe nanotube
electrodes were investigated by UV-vis absorption spectroscopy
and J-V measurement under dark and in light illumination for
photoelectrochemical application. The CdSe photoelectrode cells
having an electrode area of 0.49 cm2 were illuminated using an 1
kW Xenon lamp at a photointensity of 80 mW/cm2 (AM 1.5G filter).
A sputter-deposited thin Pt layer was used as the counter electrode,
and 0.2 M polysulfide solution (Na2S + S + NaOH) was used as
the aqueous electrolyte.

Results and Discussion

Figure 1 shows TEM, scanning transmission electron
microscopy (STEM) images, and EDX line scanning analy-

ses, which reveal the compositional variation over the
Cd(OH)2 NB, intermediate core/shell structure of Cd(OH)2/
CdSe, and completely converted CdSe NT, respectively.
TEM and STEM images present clear structural changes
during the conversion process. Cd(OH)2 NBs used as the
sacrificial template in this work show solid wires with a
diameter of approximately 35 nm [Figure 1a,b]. Particularly,
the bundled nanowires can be clearly seen in the following
Figure 2b. The intermediate phase of core/shell structures is
also observed by TEM for the samples immersed in the
NaHSe aqueous solution during 30 s as shown in Figure 1d,e.
Moreover, the samples reacted with the NaHSe aqueous
solution for 3 min reveal tubular structure with a diameter
of approximately 45 nm after the complete conversion of
Cd(OH)2 NBs [Figure 1g,h]. This structural evolution may
correspond to their compositional line profiles taken by EDX
analyses marked on the STEM images. Cd(OH)2 NB showing
the white solid image on Figure 1b exhibits convex-shaped
compositional curves for both Cd and O elements [Figure
1c], while the intermediate core/shell structure shows a
somewhat complicated concentration profile; both Cd and
Se exhibit the relatively higher intensities at the fringes than
in the center region, whereas the oxygen component shows

Figure 1. (a, d, g) TEM, (b, e, h) STEM images, and (c, f, i) compositional line profiles: (a-c) Cd(OH)2 NBs, (d-f) intermediate CdSe/Cd(OH)2 core/shell
structures, and (g-i) CdSe NTs, respectively.
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a center-enriched profile [Figure 1f]. When it is immersed
into the NaHSe aqueous solution during 3 min for the
complete conversion of Cd(OH)2 to CdSe, the Cd(OH)2 core
part appears to be absent, and it represents a typical tubular
nanostructure of CdSe with a wall thickness of 10-12 nm
and an outer diameter of approximately 45 nm as shown in
Figure 1h. More interestingly, compositional line profiles of
this sample clearly display that the oxygen component
disappears and intensities of Cd and Se elements become
stronger at both wall sides as shown in Figure 1i.

Scheme 1 illustrates a possible process for the synthesis
of CdSe nanotubes from the bundled Cd(OH)2 nanowires

used as a new template structure in this work. Scheme 1a
represents the template of Cd(OH)2 nanowire bundles (NBs)
grown on substrates through a soft solution chemistry as
reported in ref 26. When the Cd(OH)2 NBs are reacted with
an aqueous NaHSe, interdiffusion of Se2- anions and Cd2+

cations occurs through the surface of Cd(OH)2 NBs, and
outer shell layers of CdSe begin to form [Scheme 1b]. Then,
the decomposed OH- ions would be dissolved into the

(26) Shinde, V. R.; Shim, H.-S.; Gujar, T. P.; Kim, H. J.; Kim, W. B. AdV.
Mater. 2008, 20, 1008.

Figure 2. (a, b) Low and high magnification FESEM images, (c) TEM images, and (d) XRD pattern of Cd(OH)2 NBs, respectively. The insets in Figure 2c
display the HRTEM image and the SAED pattern of Cd(OH)2 NBs, respectively.

Scheme 1. Schematic Illustration for the Conversion Processes from Bundled Cd(OH)2 Nanowires to CdSe Nanotubes by
Reaction with an Aqueous Solution of NaHSe
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aqueous solution. Intermediate phases having core/shell
structures of Cd(OH)2/CdSe are in turn formed as shown in
Scheme 1c. It is worthy of noting that the bundled structures
with Cd(OH)2 nanowires may provide more efficient inner
and outer pathways for diffusion of Se2- ions and Cd2+ ions,
respectively, than single wire structure cases.19,23 During this
Kirkendall diffusion process, the chemical potential differ-
ence of the Cd source between the inside and the outside of
the solid phase can provide a driving force for the outward
diffusion of the Cd2+ ions. Then, Se2- ions supplied from
the solution phase form the CdSe shell layer by reacting with
Cd2+ dominantly on the surface of the template material.
When the Cd2+ species outdiffused from the Cd(OH)2 core
is mostly consumed, an excess amount of Se2- may be
possibly deposited onto the surface layers of the formed CdSe
NTs [Scheme 1d]. Finally, pure CdSe NTs can be obtained
by heat treatment at 300 °C under an inert Ar atmosphere to
remove the surface amorphous selenium (a-Se) from the
tubular structures [Scheme 1e].

Cd(OH)2 NBs used as the sacrificial templates in this work
were prepared by soft solution chemistry under the optimized
conditions reported previously.26 Figure 2 shows microscopy
images and the X-ray diffraction (XRD) pattern for the
Cd(OH)2 NBs grown on a glass substrate. A low-magnifica-
tion FESEM image reveals that a large quantity of nanowires
was produced on the substrate with lengths ranging up to
several tens of micrometers. The nanowires appeared to be
randomly distributed on the substrate surface with diameters
of 60 ( 10 nm. Interestingly, a high-magnification FESEM
image reveals that the individual nanowires are actually
constituted (i.e., bundled) of several smaller nanowires

having 6-9 nm diameter [Figure 2b], which are about a
seventh to tenth of the diameter of the nanowire bundles.
TEM image observations on the NB indeed indicate that the
smaller nanowires with diameters less than 10 nm are bound
together to form the bundle morphology as shown in Figure
2c. The HRTEM image and selective area electron diffraction
(SAED) of an individual small wire, as shown in the insets
in Figure 2c, indicate that the Cd(OH)2 nanowires produced
here have a polycrystalline phase with the SAED pattern
containing diffused rings and spots. The interplanar spacings
have been measured to be about 2.477 Å and 4.948 Å, which
are in a good agreement with the (220) and (001) crystalline
planes of monoclinic Cd(OH)2. The phase identification of
the sample formed on the glass substrate has been carried
out again using XRD measurement, in which the diffraction
peaks are unambiguously indexed to the monoclinic phase
of Cd(OH)2 [Figure 2d]. The peaks marked with an asterisk
(*) are possibly contributed from cadmium hydroxide nitrate
(JCPDS No. 40-1491), which might be generated from the
interaction of Cd(OH)2 with NO3

- anions in the solution as
discussed in ref 26.

Figure 3a shows the FESEM image taken after a short
time reaction of the Cd(OH)2 NBs template with the NaHSe
solution for 30 s, in which a morphological change can be
inferred as compared to that in Figure 2a. The figure shows
that the bundled structure seems to have vanished, and single
wire-like or core/shell-like structures are formed, which can
be interpreted by the enlarged cross-sectional FESEM image
of Figure 3b. Interestingly, the TEM images in Figure 3c
for this intermediate structure also support such core/shell-
like structures. Some of empty spaces inside might be formed

Figure 3. (a, b) Low and high magnification FESEM images, (c) TEM images, and (d) XRD pattern of CdSe/Cd(OH)2 intermediate core/shell structures.
Inset figure in part c shows the high-magnified TEM image of the intermediate core/shell structure.
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due to the different rates of diffusive reactions and/or from
the intrinsic inter-spaces present in the nanowire bundle
structures. The XRD pattern taken on these intermediate
structures after the reaction of 30 s appears to evolve two
separate phases of the reactant Cd(OH)2 and the product
CdSe. The relatively higher abundance of Cd(OH)2 phase
at this stage could indicate that the transformation reaction
occurred just on the surfaces of the Cd(OH)2. The formation
of the intermediate phases like Cd(OH)2/CdSe core/shell
structure can be attributed to an equal or relatively lower
outdiffusion rate of the core material than the inward
diffusion of the shell phase, since the faster rate of outdif-
fusion of core material helps to form complete nanotubes.
The chemical reaction can be written like reaction 2 below
together with the NaHSe formation reaction27 (reaction 1):

2Se+ 4NaBH4 + 7H2Of 2NaHSe+ 2Na2B4O7 + 14H2

(1)

Cd(OH)2 +NaHSefCdSe+NaOH+H2O (2)

Figure 4a shows a typical SEM image of the CdSe NTs
transformed from Cd(OH)2 NBs in this work, whose samples
were treated at 300 °C for 1 h in Ar atmosphere to remove
a-Se present on the surface. After the thermal treatment, the
1D nanostructured CdSe with lengths ranging up to several
micrometers and diameters having 55 to 70 nm can be seen.

Interestingly, the diameter of CdSe nanotubes is slightly but
significantly bigger than the template NBs; wall thickness
of approximately 10 nm and inner pore diameter of ap-
proximately 40 nm can be seen in the insets of Figure 4a,b.
TEM image as shown in Figure 4b clearly demonstrates that
all Cd(OH)2 NBs were completely converted to the tubular
structure of CdSe. The HRTEM image at the walls of CdSe
in Figure 4c indicates that the transformed CdSe nanotubes
are polycrystalline phase as supported by electron diffraction
pattern of Figure 4d.

To further control the diameter of CdSe tubular nano-
structures, Cd(OH)2 NB templates were fabricated with
respect to different growth times in this work. The diameter
and film thickness of Cd(OH)2 NBs formed on glass
substrates could be easily tuned by controlling formation
time, which is demonstrated in Figure 5a-d, showing the
diameter changes from approximately 13 to approximately
41 nm in this work. Figure 5e-h represents FESEM images
of their converted CdSe nanotubes. It is obvious that the
diameter of CdSe tubular structures strongly depends on the
dimension of the original Cd(OH)2 nanowire bundles. All
the samples were reacted with the aqueous NaHSe solution
for 30 min. The converted sample from Cd(OH)2 NBs with
the smallest deposition time of 2 h seems to be different
from the others; however, cross-sectional FESEM images
indicate clearly that CdSe tubular structures are formed from
all the diameter-tuned Cd(OH)2 templates regardless of their

(27) Yamamoto, H.; Oshima, K. Main Group Metals in Organic Synthesis;
Wiley-VCH, Weinheim, 2006; p 816.

Figure 4. (a) FESEM, (b) TEM, (c) HRTEM, and (d) electron diffraction pattern images of CdSe NTs transformed from Cd(OH)2 nanowire bundles. Inset
in part b reveals the high-magnified TEM image of single nanotubes.
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diameters employed in this work [the insets of Figure 5e-h].
Furthermore, although their wall thickness and surface
morphology were slightly varied, hollow 1D structures of
CdSe could be also fabricated at temperatures as low as 30
°C via this solution-based conversion process [see the
FESEM images in Figure S1, Supporting Information].

Figure 6 summarizes the average diameters of template
materials and their converted structures together with the wall
thickness of the CdSe. The average diameter and wall

thickness of converted structures were estimated using Lince
software (Tu Damstadt, Germany) in the error range of 5%
here. The average diameters of both the reactant template
of Cd(OH)2 NBs and the product of CdSe nanotubes increase
proportionally with respect to the growth time from 13 to
41 nm for the template materials and from 18 to 54 nm for
the converted materials, respectively [Figure 6a]. The outer
diameters of converted nanotubes appear to be slightly
smaller than an expected value that is based on non-porous
Cd(OH)2 NBs templates, which would be attributed to
coalescence of the formed CdSe to minimize the surface
energy during the Kirkendall diffusion and the heat treatment
process, as mentioned in Scheme 1. For the wall thickness
development, we measured the thickness change of CdSe
NTs with time over the conversion reaction using the
Cd(OH)2 NBs fabricated for 6 h, as shown in Figure 6b.
The wall thickness is increased rapidly until 60 s and
maintained at the same thickness of approximately 11 nm.
It is noteworthy that the outer diameter of converted CdSe
NTs is always bigger than the template nanowire bundles,
and their diameter difference becomes slightly greater as the
diameter of template materials is increased. This result
implies that the behavior on such diameter difference is
probably understood by the density difference between the
nanotube versus nanowire morphology.

It may be possible for an excess of the Se source to be
deposited on the CdSe surface in the form of amorphous
selenium, particularly after all Cd is reacted with Se.
Thermogravimatric analysis (TGA) with XRD results could
give the information on the a-Se formation on the CdSe
nanotube surface, as shown in Figure 7. The TGA curve was
recorded by heating the dry powder of converted CdSe
nanotubes in a dinitrogen gas flow from a temperature of 40
to 500 °C at a ramping rate of 5 °C/min. The major weight
loss by about 6.4% appears between 200 and 300 °C, which
corresponds to the evaporation temperature of selenium that
was reported at around 230 °C.28 Interestingly, the XRD
pattern for the sample treated at 300 °C for 1 h under the

(28) Jeong, U.; Xia, Y. AdV. Mater. 2005, 17, 102. Speight, J. G. Lange’s
Handbook of Chemistry, 16th ed.; McGraw-Hill: New York, 2005.
Lide, D. R. CRC Handbook of Chemistry and Physics; 86th ed.; CRC
Press: Boca Raton, 2006; p 433.

Figure 5. FESEM images of diameter-controlled Cd(OH)2 NBs as the sacrificial templates and their corresponding CdSe NTs fabricated using the Cd(OH)2

NB templates. Cd(OH)2 NBs were obtained with different fabrication times of (a) 2 h, (b) 4 h, (c) 6 h, and (d) 8 h, respectively.

Figure 6. (a) Average diameter change of Cd(OH)2 NBs as a function of
the fabrication times and their converted CdSe NTs and (b) wall thickness
change of CdSe NTs with different immersing times in the conversion bath.

1881Chem. Mater., Vol. 21, No. 9, 2009Diameter-Tunable CdSe Nanotubes



inert Ar atmosphere shows stronger crystalline peaks (re-
ferred to JCPDS No. 77-2307) as compared to those of as-
converted sample [Figure 7b]. These results indicate that the
a-Se phase was removed by the thermal treatment along with
enhancement of the crystallinity of CdSe NTs. As above-
mentioned in the synthetic scheme, the amorphous selenium
deposited on the surface of CdSe NTs during the conversion
process in this work could be present in a small amount of
less than 7 wt %.

Figure 8 shows the UV-vis absorption spectra of Cd(OH)2

NBs template deposited for 4 h and transformed CdSe NTs,
which were synthesized on transparent quartz substrates. The
absorption of Cd(OH)2 NBs decreases rapidly to the wave-
length of 400 nm and then shows a retarded decrease, while
CdSe NTs reveal a red-shifted absorption profile from that
of Cd(OH)2 NBs showing two peaks at 350 nm and 510 nm,
respectively. Optical band gap energy can be determined
graphically by rearranging the equation to (Rhν)1/n )
const · (hν - Eg), where n indicates whether the primary
optical transition for the light absorption is direct (n ) 0.5)
or indirect (n ) 2).29 The linear fitting in the vicinity of the

bandgap region shows 3.45 eV for the Cd(OH)2 NBs and
1.89 eV for the converted CdSe NTs, respectively, as
demonstrated in Figure 8b, which is in a good agreement
with other literatures.30 These results indicate that the CdSe
NTs having much smaller band gap than Cd(OH)2 NBs can
be used as active photoanode materials to absorb the visible
light.

To investigate photoelectrochemical properties of the
chemically prepared CdSe NTs via self-templating of
Cd(OH)2 NBs in this work, the CdSe nanotube electrodes
with the different diameter sizes were compared as a
photoanode in photoelectrochemical cells in the form of ITO/
CdSe nanotubes/polysulfide electrolyte/Pt under dark and
light illumination conditions. The detailed parameters for the
photoelectrochemical performance are listed in Table 1.
Figure 9 shows the current density versus voltage (J-V)
curves for the representative cell, which employs the sample
converted from 6 h-deposited Cd(OH)2 templates. The open
circuit voltage (Voc) with respect to the diameter size of CdSe
NTs did not show significant change, but short circuit current
density (Jsc) and power conversion efficiency (η%) were
changed depending on the diameter size up to a 6 h sample
from 1.74 to 3.52 mA cm-2 and 0.29 to 0.57%, respectively.
These results can support that the CdSe NTs have the
optimum dimension for the light absorption and the charge

(29) Butler, M. A. J. Appl. Phys. 1977, 48, 1914.

(30) Kumar, M.; Sharan, M. K.; Sharon, M. Sol. Energy Mater. Sol. Cells
1998, 51, 35. Shreekanthan, K. N.; Rajendra, B. V.; Kasturi, V. B.;
Shivakumar, G. K. Cryst. Res. Technol. 2003, 38, 30.

Figure 7. (a) TGA curve of as-synthesized CdSe NTs in a N2 atmosphere
and (b) XRD patterns of as-synthesized and heat-treated CdSe NTs at 300
°C in an Ar atmosphere for 1 h.

Figure 8. (a) UV-vis absorption spectra and (b) bandgap determination
by plotting (Rhν)2 vs hν for Cd(OH)2 NBs and converted CdSe NTs.
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transport in our tested photoelectrochemical cells. The per-
formance values for the solar cell employing the CdSe NTs
in this work are comparable with those of other 1D CdSe
nanostructures over the similar photoelectrochemical cells.31-33

Further optimization and investigation will definitely give a

promising application of the CdSe nanotubes from the
Cd(OH)2 nanowire bundles as a photoelectrode for the
photoconversion devices.

Conclusions

Crystalline CdSe nanotubes have been synthesized via a
facile solution conversion process at low temperature by
using a sacrificial template of bundled Cd(OH)2 nanowires.
This method demonstrated that the diameter-tunable fabrica-
tion of CdSe nanotubes can be achieved on a flat substrate.
The optical and photoelectrochemical characteristics of the
CdSe nanotube electrode fabricated from the Cd(OH)2

nanowire bundles were investigated; the optical bandgap is
1.89 eV, and the photo-conversion efficiency is approxi-
mately 0.57 % under 80 mW cm-2 illumination. Particularly,
the photoelectrochemical performances strongly depend on
its diameter size. The method demonstrated here may suggest
an efficient fabrication of hollow CdSe nanotubes for use in
nanoscale electronic and optoelectonic devices.
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Table 1. Performance Parameters of the CdSe Nanotubes with
Respect to the Diameter Sizes over Photoelectrochemical Cells

average
diameter of

CdSe NTs [nm] Vocqa[V] Jsc[mA cm-2]
fill

factor [%]
power conversion

efficiency [%]

18.6a 0.337 1.74 45.4 0.29
29.7b 0.311 3.15 43.0 0.53
41.9c 0.312 3.52 40.1 0.57
54.8d 0.308 2.61 36.4 0.37

a-c The CdSe nanotubes converted from 2 h, 4 h, 6 h, and 8 h
deposited bundled Cd(OH)2 nanowires templates, respectively.

Figure 9. J-V characteristics of CdSe nanotube electrode measured under
dark and light illumination at 80 mW cm-2 in aqueous polysulfide electrolyte
at room temperature.
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