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ABSTRACT: Novel CdS/CdSe core—shell nanorod arrays
were fabricated by a chemical bath deposition of CdSe on
hydrothermally synthesized CdS nanorods. The CdS rods
were hexagonal phase faced and the top of the rod was
subulate. After the chemical bath deposition approach, CdS
nanorod arrays were encapsulated by a uniform CdSe layer
resulting enhanced absorbance and extended absorption edges
of the films. A tandem structure of the energy bands of CdS/
CdSe was also formed as a result of the Fermi level alignment,
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which is a benefit to the efficient separation of photogenerated charges. CdS/CdSe core—shell arrays gave a maximum
photocurrent of 5.3 mA/cm? which was 4 and 11 times as large as bare CdS and CdSe, respectively.
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ydrogen production from water using powder catalysts or

photocatalytic electrodes under the irradiation of sunlight
has attracted extensive attention because of the energy dilemma
and environmental contamination. Compared with nano-
particles, 1D geometry has a great deal of advantages such as
enhanced solar light scattering and absorption ability, superior
charge separation and transport properties, and other
interesting structure dependent natures." Among various 1D
materials, quantum dots sensitized solar cells are promising
photoelectrodes because of their excellent performance and low
cost.” Metal oxide arrays are often used as the template to
capture quantum dots. ZnO, TiO,, and WO; with diverse
micro/nanostructures like nanowires,> ® nanorods,””® and
nanotubes'”'"*° are the most studied materials for the
application of quantum dots sensitized solar cells. However,
because the energy band gaps of metal oxides are always larger
than 3.0 eV,* only ultraviolet light, which accounts for 4% in
the solar spectrum, can be utilized. So the visible-light
absorption efficiency of quantum-dot-sensitized metal oxide
arrays was limited by the quality of the sensitizers.">”"*

In this paper, core—shell CdSe/CdS nanorod arrays were
achieved by a facile chemical bath deposition (CBD) approach
to combine light absorption ability between CdS substrate and
CdSe sensitizer. Solution chemistry synthesized CdS arrays
were used as the template in the CBD process."> It is well
known that, CdS has more negative conduction band (than the
H,0/H, redox potential) and higher charges separation
efficiency.'® Nevertheless, the energy band gap of CdS is 2.3
eV in bulk, which restricts its absorption edge below the
wavelength of ca. 550 nm. Furthermore, CdS grown on the
FTO substrate was extraordinary sparse and the length of them
was approximate only 500—1000 nm, which limited the
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absorbance of CdS. CdSe quantum dots introduced as the
sensitizer, can expand the absorption edge of the film from
waveleng;th of ca. 550 nm (for CdS) to ca. 720 nm (for
CdSe)."” What’s more, the CBD procedure could also increase
the diameter of the rods, so the absorbance of the film was
improved as well. To the best of our knowledge, CdSe-
sensitized CdS nanorods with core—shell structure were
synthesized by our group for the first time. Comparing with
bare CdS and CdSe, the PEC performance of CdS/CdSe was
significantly enhanced. Under the irradiation of 100 mW/ cm? a
photocurrent of 5.3 mA/cm? with applied potential of 0.7 V vs
Ag/AgCl was achieved in this work.

CdS nanorod arrays were synthesized via a hydrothermal
method similar to that described by Chen et al.'* but with
minor modification. The film was grown on fluorine-doped thin
oxide (FTO) substrate. FTO coated glasses (TEC-15 15 Q/sp)
were cleaned by ultrasonic cleaning in acetone, deionized water
and ethanol, and then dried under a stream of nitrogen. The
thus-obtained FTO glass was put into a mixed aqueous solution
of cadmium nitride Cd(NO;),-4H,0 (0.0125 mol/L ),
thiourea (0.37S mol/L) and glutathione (0.0075 mol/L).
Finally, the solution was maintained at 200 °C for 4 h followed
by calcination at 400 °C for 30 min under a stable stream of
nitrogen.

The depositing of CdSe quantum dots and the formation of
core-shell CdSe sensitized CdS arrays were achieved by
chemical bath deposition (CBD) approach. The Se source
was from Na,SeSO; which was prepared by dissolving 0.02 mol
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Figure 1. High-powered images of core shell CdSe/CdS and bare CdS arrays: (a) hydrothermal synthesized CdS; (b—d) CdSe/CdS after the
treatment of CBD process, (b) 60 °C, 60 min;(c) 80 °C, 60 min; (d) 100 °C, 60 min.

of selenium powder into an aqueous solution (100 mL) of
Na,SO; (0.5 mol/L). Then the solution was maintained at 70
°C and refluxed for 5 h with a flow of nitrogen as the protection
atmosphere. The thus-obtained Na,SeSO; aqueous solution
was stored at 60 °C in a conical beaker for further utilization.
0.505 g of KOH was added into 100ml of de-ionized water with
magnetic stirring. Then nitrilotriacetic acid (0.57 g) was added
into the solution after KOH was dissolved completely, followed
by 30 minutes of stirring. Then 0.617 g of Cd(NO;),-4H,0
was added into the solution with magnetic stirring for 5 min.
The resulting transparent solution was maintained at the
reaction temperature for 30 min, before CdS nanorod arrays
was placed into the solution at a certain angle, 10 mL of
Na,SeSO; solution was added into the solution, which was
maintained for different times. The samples were described as
CdS/CdSe-A, where A represents the CBD temperature.
Figure la and Figure SS in the Supporting Information show
the SEM images of hydrothermal synthesized CdS nanorods.
Uniform CdS rods coated on FTO substrate were exhibited,
and the length of CdS nanorods was about 500—1000 nm.
Figure SSb in the Supporting Information and the inset in
Figure la show that the CdS rods were hexagonal phase faced
and the top of the rod was subulate which is quite different with
the result reported by Chen and co-workers."> The diameters of
the rods were not uniform, distributing from 70 to 120 nm.
After the deposition of CdSe, core shell structure was formed
with CdS nanorods as the core and CdSe quantum dots as the
shell. When the CBD temperature was at 60 °C, CdS could not
be encapsulated by CdSe quantum dots uniformly (Figure 1b),
some of them tended to aggregate to big clusters. As CBD
temperature increased to 80 °C, CdSe was covered on CdS
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rods equably. The diameter of the rods was increased, and the
rod got more compact (Figure 1c). If the CBD temperature
was increased furthermore to 100 °C, CdSe quantum dots of
the shell grew to bigger particles, and the rodlike structure of
CdS became blurry (Figure 1d). XRD results are shown in
Figure S1 in the Supporting Information. It shows that CdS
rods were hexagonal phase faced (PDF card number: 01-075-
1545). After the treatment with CBD approach, the intensity of
CdS diffraction peaks (marked as *) decreased as the CBD
temperature increased. Meanwhile, the diffraction peaks of
CdSe (marked as #) became clearer. The XRD patterns
confirmed well with the SEM images. The elemental EDX
mapping of CdS/CdSe—80 was also measured as illustrated in
Figure S2 in the Supporting Information. It shows that
elements of S, Se, and Cd distributed homogeneously on the
FTO substrate.

Panels a and b in Figure 2 show the transmission electron
microscope (TEM) and high-resolution transmission electron
microscopy (HRTEM) images of thus-obtained materials. CdS
rods with smooth surface, and d-spacing fringes of 0.34 nm
corresponding to (0002) lance plane of hexagonal CdS were
observed (see Figure S2 in the Supporting Information).
Furthermore, we can also see from the HRTEM images that the
CdS was monocrystalline essentially and grew along the [001]
direction, corresponding to the XRD results in Figure S1 in the
Supporting Information. After the CBD approach, bare CdS
rod was encapsulated with a layer of CdSe nanoparticles, and
the thickness of CdSe shell distributed from 13.5 to 36.3 nm.
D-spacing fringes of 0.37 nm matching (1010) planes of
hexagonal CdSe and d-spacing fringes of 0.34 nm matching the
(0002) lance planes of hexagonal CdS were also observed in
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Figure 2. (a, b) TEM images and HRTEM images of bare CdS and core shell CdSe/CdS-80 rods respectively; (c) absorption spectra of bare CdS
and core shell CdSe/CdS films; (d) Raman spectra of CdS, CdSe, and coreshell CdSe/CdS-80.
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Figure 3. (a) Effect of CdSe deposition temperatures on the current—potential characteristics of as-prepared core shell CdSe/CdS films, and (b)
photoconversion efficiency of as-prepared core shell CdSe/CdS films prepare at different CBD temperatures.

the HRTEM image (Figure 2b). As a result, the diameter of the
rod was increased.

Light absorption activity of bare CdS and CdS/CdSe
nanostructure arrays were investigated by UV — vis
spectrometer (Figure 2c). The absorption edge of CdS
appeared at about 520 nm. After the deposition of CdSe
quantum dots, the absorption edges were expanded observably.
Furthermore, as CBD temperature increased, the absorption
edges gradually moved to infrared region (750 nm for CdS/
CdSe—80). It is well-known that the absorption edges of CdSe
quantum dots are markedly dependent on quantum size."®'* In
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this paper, CBD synthesized CdSe particle size grew
significantly as the CBD temperature was raised (Figure lc,
d). So the absorption edges of core shell CdS/CdSe shifted to
infrared region gradually. What’s more, CdSe encapsulated CdS
films exhibited higher absorbance in both UV region and visible
region compared with bare CdS film. Figure 2c also shows an
absorbance saltation of CdS/CdSe, which appeared around 520
nm, suggesting electrons and holes in CdS core can also be
excited under the irradiation of sunlight. As is well-known,
CdSe exhibits an enhanced light-harvesting effect. As the
experimental temperature was raised, the amount of deposited
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CdSe on CdS rods increased, which caused higher light
absorbance for CdS/CdSe films.

As follows in Figure 2d, Raman spectra of core shell CdS/
CdSe arrays, bare CdS, and bare CdSe films were investigated.
Raman peaks of CdS related to the longitudinal optical (LO)
phonon appeared at about 300 cm™, and its overtone (2 LO)
appeared at about 600 cm™".*° After the coating of CdSe shell,
Raman peaks of CdSe related to the longitudinal optical (LO)
phonon and its overtone (2 LO) also a;)peared which were at
about 210 and 420 cm ™, respectively.”"** Compared with pure
CdSe film (red line in Figure 2d), Raman peaks at about 210
cm™' (black line in Figure 2d) shifted to downward.
Meanwhile, the Raman peak of CdS/CdSe at about 210 cm™!
became broader than that of CdSe. Both of these phenomena
were due to the effect of phonons spatial confinement or the
effect of the surface optical (SO) vibrations in small NCs
(usually smaller than 10 nm), which were also observed in
other reports.**~>*

Influence of the CBD temperatures on the current—potential
and photoconversion efficiency results of as-prepared core shell
CdS/CdSe films are shown in Figure 3. Dark current density
for all samples could be neglected, whereas upon irradiation,
the photocurrent increased significantly. Meanwhile, all the
CdSe-coated CdS electrodes existed enhanced current—
potential performance as compared to bare CdS or CdSe
films. A maximum photocurrent of 5.3 mA/cm® with applied
potential of 0.7 V vs Ag/AgCl was achieved for core shell CdS/
CdSe synthesized at CBD temperature of 80 °C. It was over 4
times and 11 times as large as bare CdS and CdSe films,
respectively. Furthermore, the photoconversion efficiency of
CdS/CdSe was also markedly improved from 0.23% (for bare
CdS) to 1.6% (for CdS/CdSe).

The PEC stability of as-obtained CdS/CdSe arrays was
investigated by the chronoamperometry (see Figure S6 in the
Supporting Information), and 0.5 M of Na,SOj electrolyte was
utilized as a scavenger for an efficient hole scavenger for CdS
and CdSe. Figure S6a in the Supporting Information shows the
chronoamperometry of CdS/CdSe-80 versus different applied
potentials. The photocurrent of CdS/CdSe steadily increased
with applied potentials. Figure S6b in the Supporting
Information shows long time chronoamperometry for CdS/
CdSe-80 with an applied potential of 0 V vs Ag/AgCl. We can
see that the photocurrent decreased continuously because of
the hole-induced anodic corrosion of CdS and CdSe as the
illumination time increased. The photocurrent decreased about
6% after 3600 s illumination. So the stability of this material
should be improved furthermore for its future application.
Recent decades, several methods (for example, using sulfide/
polysulfide as the electrolyte,>" purging the electrolytic cell with
inert gas before the photocurrent measurement,”” modifying
with water-oxidation co-catalysts,”®*’ and coating with a
passivated layer (such as ZnS) outside CdS or CdSe
materials”®) have been developed for this situation. Further
studies to improve the stability of as-prepared CdS/CdSe
core—shell arrays by the methods mentioned above are
underway.

The high photocurrent performance of core—shell Cods/
CdSe nanostructure arrays rely on the high separation efficiency
of photogenerated charges. As shown in Figure 4, energy bands
of CdS and CdSe are demonstrated. The Fermi levels for CdS
and CdSe were —0.58 eV and —046 eV (vs Ag/AgCl)
respectively.”® When CdSe and CdS were brought in contact,
electrons in CdS conduction band wound flow to CdSe, which
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Figure 4. Relative band edges of CdS and CdSe in bulk phase and a
stepwise band edge structure of CdSe/CdS for efficient separation and
transport of photogenerated charges.

was caused by the difference of Fermi levels described above.
This effect is known as Fermi level alignment. The
redistribution of electrons caused band edge of CdSe upward
shift and band edge of CdS downward shift. Furthermore, the
resulting band edges of CdSe/CdS/FTO were forecasted to
have a stepwise structure. The stepwise structure built in CdSe/
CdS/FTO lead to not only the high electrons injection
efficiency but also hole-recovery for both CdS core and CdSe
shell. As a result, photocurrent performance and stability of the
photoelectrode were both enhanced as shown in Figure 3 and
Figure S6 in the Supporting Information.

In conclusion, core—shell arrays of CdSe/CdS nanorods
were successfully synthesized through a facile CBD process
using hydrothermal-prepared CdS nanorods as the template.
SEM, TEM, and EDX mapping results revealed that CdS were
encapsulated by a uniform CdSe layer, and the thickness of this
layer could be effectively controlled by changing CBD
temperature. Furthermore, CdSe layer coated on CdS markedly
enhanced the visible-light absorption ability and photocurrent
performance. Absorption edges of the films were extended from
525 to 750 nm and the photoconversion efficiency of core shell
CdSe/CdS electrode was also improved from 0.23% (for bare
CdS) to 1.6% (for CdSe/CdS). CdSe-sensitized CdS film with
core—shell nanostructure was first synthesized by our group
and this material should have enormous potential for various
fields including catalysis, gas detection, electrochemistry,
purification, and so on.
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Characterization details; photoelectrochemical measurement
details; XRD patterns of bare CdS and core shell CdSe/CdS
nanostructure arrays; SEM image and S, Se, and Cd elemental
EDX mappings of core shell CdSe/CdS; TEM and HRTEM
images of CdS rods; TEM and HRTEM images of CdS/CdSe
core shell nanorod arrays; sectional view of CdS film;
chronoamperometry with different applied potentials; and
photocurrent versus time profiles. This material is available
free of charge via the Internet at http://pubs.acs.org.
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