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S
olar-energy conversion into electricity
is fast becoming a vital source of re-
newable energy and is being devel-

oped as an alternative to traditional fossil

fuel-based sources of power. One promis-

ing device for inexpensive, large-scale solar

energy conversion is the TiO2-based photo-

electrochemical cell (PEC), which was first

discovered by Fujishima and Honda using

UV irradiation.1 To improve the perfor-

mance of PECs in the visible light region,

the development of smaller band gap mate-

rials or new architectures is required, which

represents a serious technological chal-

lenge. In particular, novel photoelectrodes

in which arrays of TiO2 or ZnO one-

dimensional (1-D) nanostructures (e.g.,

nanorods, nanowires, or nanotubes) are

grown on a conducting substrate are

emerging as an alternative to nanocrystal-

line TiO2 films.2�9 They can help to improve

the electron transport by avoiding the

particle-to-particle hopping that occurs in

the TiO2 network. Furthermore, their 1-D

nanostructure morphology can increase the

likelihood that all photogenerated elec-

trons have a direct connection to the collec-

tion electrode. In previous studies, they

were photosensitized with various semicon-

ductor nanocrystals (or quantum dots), for

example, CdS,10�20 CdSe,20�26 CdTe,27,28

ZnSe,29 Cu2O,30 and CuInS2,31 showing effi-

cient photocurrent generation under visible

light irradiation.

A number of works have demonstrated

the advantage of the core�shell nano-

cable architecture, in which carrier separa-

tion takes place in the radial versus the

longer axial direction, with a carrier collec-

tion distance smaller or comparable to the

minority carrier diffusion length.32�38 Build-

ing from these ideas, herein we examine an

array of ZnO and TiO2 nanowire (NW) cores
photosensitized with CdSSe nanocrystal
shells, as a promising photoelectrode archi-
tecture. Because of the presence of
nanometer-size heterointerface between
the semiconductor shell and the NW core,
it provides significant advantages both for
light absorption and for charge separation,
which are two critical steps in solar-to-
electric energy conversion. In the present
study, we synthesized ZnO�CdSSe
core�shell nanocable (NC) arrays with a
controlled composition and thickness of
the shell, using a relatively simple and low-
cost approach, viz. the chemical vapor
deposition (CVD) method. The present re-
sult will demonstrate a great advantage of
CVD method, which enables an epitaxial
growth of the composition-tuned single-
crystalline shell on the ZnO NW core. The
composition tuning of CdSSe shell and their
light emission using the CVD method were
demonstrated for the Si NWs.39 There is a re-
port for CdS0.7Se0.3 quantum dots�TiO2

nanobelts composites and photocurrents.20
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ABSTRACT Vertically aligned ZnO�CdSSe core�shell nanocable arrays were synthesized with a controlled

composition and shell thickness (10�50 nm) by the chemical vapor deposition on the pregrown ZnO nanowire

arrays. They consisted of a composition-tuned single-crystalline wurtzite structure CdS1-xSex (x � 0, 0.5, and 1)

shell whose [0001] direction was aligned along the [0001] wire axis of the wurtzite ZnO core. The analysis of

structural and optical properties shows the formation of Zn containing alloy in the interface region between the

ZnO core and shell, which can facilitate the growth of single-crystalline shell layers by reducing both the lattice

mismatch and the number of defect sites. In contrast, the TiO2 (rutile) nanowire array can form the polycrystalline

shell under the same condition. The photoelectrochemical cell using the ZnO�CdS photoelectrode exhibits a

higher photocurrent and hydrogen generation rate than that using the TiO2�CdS one. We suggest that the

formation of the CdZnSSe intermediate layers contributes to the higher photoelectrochemical cell performance

of the ZnO�CdSSe nanocables.

KEYWORDS: ZnO · CdSSe · chemical vapor deposition · core�shell
nanocables · photoelectrochemical cell
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However, to our best knowledge, no attempts have

been made to synthesize composition-tuned CdSSe-

shelled ZnO NC arrays using the CVD method.

We characterized their structural and optical

properties by applying a comprehensive set of tech-

niques, showing the formation of Zn containing al-

loy in the interface region between the ZnO core
and single-crystalline CdSSe shell. PECs were de-
signed using these NC array electrodes, to achieve
photocurrent and H2 generation under visible light
irradiation. We showed the higher photoconversion
efficiency of the ZnO�CdS NCs than that of the
TiO2�CdS ones, having a polycrystalline shell, which
were grown using the same CVD method. The suc-
cessful achievement of such PECs would be a key
step toward the demonstration of a new viable
nanometer-scale solar cell technology.

RESULTS AND DISCUSSION
Synthesis of ZnO�CdS core�shell NCs. Figure 1a shows a

SEM image of the vertically aligned ZnO NW array
(length � �10 �m) grown on the Ti substrates. The
TEM image reveals that the average diameter of the
ZnO NWs is 80 nm (Figure 1b). The two insets show the
HRTEM image and its corresponding selected-area elec-
tron diffraction (SAED) pattern for a selected NW, con-
firming the formation of single-crystalline wurtzite ZnO
crystals grown with the [0001] direction. The (002)
fringes are separated by a distance of about 2.6 Å,
which is close to that of the bulk (JCPDS Card No. 36-
1451; a � 3.24982 Å, c � 5.20661 Å).

We synthesized ZnO�CdS NC samples having 10
(�5) nm- and 50 (�10) nm-thick CdS outerlayers, and
referred to them as “ZC1” and “ZC2”, respectively. Fig-
ure 1c shows a SEM image of the ZnO�CdS NC (ZC2) ar-
ray, in which the CdS layers were deposited using the
CVD method.40 The use of a higher deposition temper-
ature or longer time increases the thickness of the CdS
shell. The deposition of thicker CdS layers makes the
surface more rough. The TEM image of the ZC2 reveals
its nanocable morphology, in which the rough-surface
outerlayers are coated along the entire length of the
ZnO NWs (Figure 1d). Their diameter is distributed in
the range of 150�180 nm and the average thickness
of the shell is about 50 nm. Figure 1e corresponds to the
TEM image of ZC1, showing that the NWs are sheathed
uniformly with a 10 nm-thick CdS outerlayer. They were
rotated on the grid to show that their diameter re-
mained virutally unchanged. The (001) planes of the
single-crystalline wurtzite CdS crystal is well aligned
with the (001) planes of ZnO (Figure 1f). The CdS (002)
fringes are separated by a distance of about 3.3 Å,
which is slightly lower than that of the bulk CdS (JCPDS
Card No. 41-1049; a � 4.14092 Å, c � 6.7198 Å). The
fast Fourier-Transform (FFT) ED pattern (zone axis �

[21̄1̄0]), generated from the inversion of the TEM im-
age using Digital Micrograph GMS1.4 software (Gatan,
Inc.), reveals 7° tilt angle between the CdS [0001] and
ZnO [0001] directions, with a number of defective
planes at the interfaces (insets). In the ZC2, the outer re-
gion of the 50 nm-thick shell exhibits a more polycrys-
talline nature, as shown in the Supporting Information
(SI), Figure S1. The EDX elemental mapping and line-

Figure 1. (a) SEM micrograph of the high-density vertically aligned
ZnO NW array on the Ti substrate. (b) TEM image showing the uni-
form diameter (80 nm) of the ZnO NWs. Lattice-resolved image
and its corresponding SAED pattern, showing the single-crystalline
wurtzite ZnO NW grown along the [0001] direction (insets). (c)
SEM micrograph of the ZnO�CdS (ZC2) array grown on the Ti sub-
strate. TEM images showing the ZnO�CdS having (d) 50 nm- (ZC2)
and (e) 10 nm-thick CdS shells (ZC1). (f) The lattice-resolved image
of the interface region (ZC1) shows that the [0001] direction of the
single-crystalline wurtzite CdS is aligned along the [0001] wire
axis of ZnO. Its corresponding FFT ED pattern confirms the align-
ment of the [0001] direction of the CdS and ZnO (insets). The EDX
elemental (g) mapping and (h) line-scan reveal the presence of Zn
and O elements in the core part, and Cd and S elements in the shell
part. The STEM image is shown in the inset.
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scanning profile of ZC1 and ZC2 identify the presence
of ZnO in the core part and CdS in the shell part (Fig-
ure 1 panels g and h). The scanning TEM (STEM) image
is shown in the inset. A significant amount of Zn ele-
ment is distributed over the shell part. The EDX spec-
trum analysis identifies the Cd and S elements with [Cd]:
[S] � 1:1 (SI, Figure S2).

Synthesis of ZnO�CdS0.5Se0.5 Core�Shell NCs. We synthe-
sized the NC samples having 50 (�10) nm-thick
CdS0.5Se0.5 outerlayers, and referred to them as “ZC3”.
Figure 2a shows a TEM image of the typical ZC3. The
lattice-resolved image of the interface region reveals a
single-crystalline wurtzite shell with the (001) planes
parallel to the ZnO (001) planes (Figure 2b). The (001)
fringes of the shell part are separated by a distance of
about 6.9 Å, respectively, which is close to that of the
bulk CdS0.5Se0.5 (6.86 Å), caculated using the lattice pa-
rameters of the wurtzite CdS and CdSe (JCPDS Card
No. 77-2307; a � 4.299 Å, c � 7.010 Å) and the linear de-
pendence of the lattice constants on the mole ratio
(Vegard’s law).41 The FFT ED pattern (zone axis � [11̄0])
reveals the [0001] direction of CdSSe, aligned to the
ZnO [0001] directions (insets). The EDX elemental map-
ping and line-scanning profile identify the ZnO core
and the CdS0.5Se0.5 shell (Figure 2 panels c and d). Its
STEM image is shown in the inset. The Zn element
exists in the shell part, similarly to the case of
ZnO�CdS (ZC1 and ZC2). The EDX spectrum analy-
sis identifies the composition to be [S]/([S] � [Se]) �

0.5 � 0.1 (SI, Figure S2).
Synthesis of ZnO�CdSe Core�Shell NCs. The ZnO�CdSe

NC samples having 50 (�10) nm-thick CdSe outerlay-
ers were synthesized (we referred to them as “ZC4”).
Figure 2e corresponds to the TEM image for the ZnO
NWs sheathed with the 50 nm-thick CdSe. The lattice-
resolved image of the interface region reveals a single-
crystalline wurtzite CdSe outerlayer with an [0001] di-
rection along the ZnO NW axis (Figure 2f). The (001)
fringes are separated by a distance of about 7.0 Å,
which is close to that of the bulk CdSe. The FFT ED pat-
tern (zone axis � [21̄1̄0]) confirms the formation of a
single-crystalline wurtzite CdSe shell (inset). The EDX el-
emental mapping and line-scanning profile identify
the ZnO core and the CdSe shell, with a continuous dis-
tribution of Zn element over the shell part (Figure 2
panels g and h). The STEM image is shown in the inset.
The EDX spectrum shows the composition ratio of [Cd]/
[Se] to be 1 � 0.1 (SI, Figure S2).

Synthesis of TiO2�CdS Core�Shell NCs. Figure 3a shows a
SEM image of the high-density TiO2 NW array grown
over a large area of the Ti substrate. The side view re-
veals that the NWs grew to a length of �10 �m. The
TEM images reveal that the surface is smooth and the
average diameter is 60 � 10 nm (Figure 3b and top in-
set). They consist of highly crystalline rutile (tetragonal)
TiO2 nanocrystals grown along the [110] direction. The
distance between the (110) planes is about 3.2 Å, which

is consistent with that of rutile TiO2 (JCPDS Card No. 86-

0147; a � 4.594 Å, c � 2.958 Å). The bottom inset shows

the corresponding FFT ED pattern. All of the nano-

wires we observed had the same growth direction.

Figure 2. (a) TEM images showing the ZnO�CdS0.5Se0.5 (ZC3) hav-
ing 50 nm-thick shell. (b) The lattice-resolved image of the interface
region shows that the [0001] direction of the single-crystalline
wurtzite CdS0.5Se0.5 is aligned along the wire axis ([0001]) of ZnO.
Its corresponding FFT ED pattern confirms the alignment of the
[0001] direction of the CdSSe and ZnO (insets). EDX elemental (c)
mapping and (d) line-scan reveal the presence of Zn and O elements
in the core part, and Cd, S, and Se elements in the shell part with a
composition ratio of [S]/([S] � [Se]) � 0.5. (e) TEM image showing
the ZnO�CdSe (ZC4) having 50 nm-thick shell. (f) Lattice-resolved
image showing the aligned [0001] direction of the single-crystalline
wurtzite CdSe along the [0001] wire axis of ZnO. Its corresponding
FFT ED pattern confirms the alignment of the [0001] direction of the
CdS and ZnO (insets). EDX elemental (g) mapping and (h) line-scan
reveal the presence of Zn and O elements in the core part and Cd
and Se element in the shell part.
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We synthesized the TiO2�CdS NC samples having

10 � 5, 20 � 10, and 50 � 10 nm-thick CdS shells, as

“TC1”, “TC2”, and “TC3”, respectively. Figure 3c shows a

TEM image of the TiO2�CdS core�shell NCs. The CdS

layers are coated along the entire length of the straight

TiO2 NWs. Their outer diameter is 70 nm and the thick-

ness of the outerlayers is about 10 nm. Figure 3 panels
d and e correspond to the TEM images for the TiO2 NWs
sheathed with the 20 nm- and 50-nm thick CdS outer-
layers, respectively. The lattice-resolved image of the in-
terface region reveals that the highly crystalline TiO2

NW core is covered by a polycrystalline CdS shell that
contains a number of single-crystalline domains with no
preferential alignment along the wire axis (Figure 3f).
Figure 3g shows that the CdS (002) fringes are sepa-
rated by a distance of about 3.4 Å, which is close to that
of the bulk. The FFT ED pattern (zone axis � [011̄0]) con-
firms the formation of a single-crystalline domain with
a size of 10�15 nm (inset).

The EDX elemental mapping of TC2 reveals that
the outerlayers are homogeneously composed of
Cd and S elements (Figure 3h). The EDX line scan-
ning identifies the presence of Ti and O elements in
the core part and Cd and S elements in the shell part
(Figure 3i). It is noteworthy that the O composition
resides in the CdS shell, which is related to the de-
fects of the polycrystalline phase, as discussed later.
The STEM image is shown in the inset. The EDX
analysis identifies the presence of Cd and S with an
atomic ratio of nearly 1:1 (SI, Figure S2).

XRD Pattern. Figure 4a shows the XRD pattern of
the ZnO NWs, ZC1�ZC4. The dominant (002) peak
of the ZnO NWs is due to the vertical alignment of
the [0001] growth direction. The CdS (002) peak of
the ZC1 (10 nm-thick) is strongly enhanced, because
of the alignment of the [0001] direction along the
[0001] growth direction of the ZnO NW core. For the
ZC2�ZC4 samples (50 nm thick shell), the intensity
of the (100) and (101) peaks is increased due to the
lesser alignment of the CdS (001) planes in the outer
region of the shell (as discussed above). The
magnified-scaled ZnO (002) peak shows nearly the
same width for all four samples, indicating that the
lattice constant distortion is negligible in the inter-
face region (Figure 4b). However, these NC samples
show a peak shift to a higher angle, up to of �(2�) �

0.1 degrees (ZC3). Figure 4c corresponds to the
magnified-scaled CdSSe (002) peak along with that
of the CdS and CdSe NWs. A large amount of broad-
ening with the significant peak shift to a higher
angle can be observed for the ZC1 (10 nm thick
CdS). When the shell thickness is 50 nm (ZC2), the
peak shifts becomes negligible from that of the CdS
NWs, with less broadening. The peak position of the
ZC3 and ZC4 is consistent with that of the CdS0.5Se0.5

and CdSe, respectively. The peak broadening of the
ZC3 would be related with the assorted distribution
of Cd�S�Se ternary composition.

The XRD patterns of the TiO2 NWs and the three NC
samples (TC1�TC3), confirming the growth of the
wurtzite CdS shell with a controlled thickness (Figure
4d). The broader peak TiO2 (110) peaks width compared
with that of the TiO2 NWs indicates that the lattice con-

Figure 3. (a) SEM micrograph of the high-density vertically
aligned TiO2 NW array on the large-area Ti substrate. (b)
Lattice-resolved TEM images of a selected NW (whose large-
scale image is shown in the top inset) and its corresponding
FFT ED pattern (bottom inset), revealing the single-crystalline
rutile TiO2 nanocrystals grown along the [110] direction. The
TEM images reveal the TiO2�CdS coaxial NC structure with (c)
10 nm- (TC1), (d) 20 nm- (TC2), and (e) 50 nm-thick (TC3) CdS
shells. (f) Lattice-resolved image of the interface region of the
TiO2 core and CdS shell (TC1), and (g) magnified image of
the single-crystalline CdS nanocrystal domain and its corre-
sponding FFT ED pattern (inset). (h) EDX elemental mapping
and (i) line-scan over the cross-section of TC2, revealing the
presence of Ti and O elements in the core part and Cd and S
elements in the shell part. The STEM image is shown in the in-
set.
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stants are probably distorted in the TiO2�CdS inter-

face region (Figure 4e). The TC2 and TC3 samples ex-

hibit a broader CdS (002) peak width, relative to that of

the CdS NWs, which is ascribed to their polycrystalline

nature (Figure 4f). The average value of lattice constants

(of both ZnO and CdS) remains nearly the same upon

the deposition of the CdS outerlayers.

For ZC1 (thickness � 10 nm), the significant shift

of the CdS peak to a higher angle is attributed to

the heavy doping of the Zn element; the substitu-

tion of the Cd2� ions (r(Cd2�) � 0.92 Å) with the

smaller radius Zn2� ions (r(Zn2�) � 0.74 Å) contracts

the lattice constants of CdS. The value of �(2�) �

0.3° implies that there is a 1.2% contraction of the

lattice constant c. The corresponding composition is

estimated to be Cd0.83Zn0.17S, using the lattice pa-

rameters of wurtzite ZnS crystal (JCPDS Card No. 36-

1450; a � 3.82098 Å, c � 6.2573 Å).42,43 The large

peak broadening suggests a wide composition range

along the radial direction. The maximum value of

�(2�) � 1.15 degrees corresponds to a composition

of Cd0.4Zn0.6S. As the shell thickness increases to 50

nm (ZC2), the Zn composition decreases to �1%

(Cd0.99Zn0.01S). This result may be directly correlated

with the lower concentration at the furthest posi-

tion from the core�shell interface (as shown in the

EDX data), since the XRD pattern comes mainly from

the surface region.

The growth of the shell on the ZnO NW surface

may induce compressive strains toward the ZnO NW

core, thereby decreasing the lattice constant of the

core, for example, 0.2% for ZC2. It should be empha-

sized that the formation of Zn-containing alloy can re-

duce the lattice mismatch between the ZnO core and

CdSSe shell; cf. c � 5.02661 Å (ZnO), 6.7198 Å (CdS),

6.2573 Å (ZnS), 7.010 Å (CdSe), 6.506 Å (ZnSe). There-

fore, the introduction of the CdZnSSe intermediate

layer can lead to a reduction in the number of interfa-

cial defects and facilitate the growth of single-

crystalline layers on the surface of ZnO. Nevertheless,

the small tilt angle between the CdSSe and ZnO [0001]

directions appears inevitably due to the lattice mis-

match. In contrast, the TiO2�CdS (TC1�TC3) shows

negligible contraction or expansion of average lattice

constant, indicating that there is no alloy formation, in

contrast to the ZnO�CdSSe NCs. The polycrystalline

CdS shell may produce much lower compressive strains

toward the TiO2 NW core.

Figure 4. XRD patterns of the (a) ZnO NWs and four ZnO�CdSSe NCs (ZC1�ZC4). Magnified-scaled of the (b) ZnO (002) and
(c) CdSSe (002) peaks, with that of the CdS and CdSe NWs. XRD patterns of the (d) TiO2 NWs, and three TiO2�CdS NCs
(TC1�TC3). Magnified-scaled of the (e) TiO2 (110) and (f) CdS (002) peaks, with that of the CdS NWs.
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XPS and NEXAFS. Survey-scanned XPS spectrum of the

NC samples, and ZnO and TiO2 NWs is shown in SI, Fig-

ure S3. Figure 5a shows fine-scanned XPS Cd 3d5/2 peaks

of CdS and CdSe NWs and seven (ZC1�ZC4, TC1�TC3)

NC samples. The ZnO�CdSSe shows nearly the same

binding energy as that of the CdS or CdSe NWs. How-

ever, the binding energy of the TiO2�CdS is increased

by 0.4 eV, which could be due to the presence of oxy-

gen atoms in the shell (as shown in Figure 3i). Figure 5b

corresponds to fine-scanned Zn 2p3/2 peaks of the ZnO

NWs and ZnO�CdSSe NCs (ZC1�ZC4). For ZC1 and

ZC2, there is no change in the binding energy upon

the deposition of the CdS outerlayers. As the Se con-

tent increases, the peak shifts to the lower energy (0.3

eV for ZC3 and 0.6 eV for ZC4), probably due to its lower

electronegativity than that of the S element. Figure 5c

shows Ti L2,3-edge NEXAFS spectra of TiO2 NWs and

TiO2�CdS NCs (TC1�TC3). Since the XPS of these

samples shows no Ti peaks, the NEXFS spectrum was

measured instead. As the CdS outerlayer deposits, the

Ti peak shifts slightly to the higher energy by 0.1 eV, and

its width becomes broader, indicating the increase in

the number of O (oxygen)-related defect sites in the in-

terface region.

These XPS and NEXAFS data support the view that

the ZnO�CdSSe NCs have a fewer number of oxygen

defect sites at the core�shell interface, than the

TiO2�CdS NCs. The ZnO NWs were synthesized at

500 °C, while the TiO2 NWs were synthesized at 800 °C.

It is expected that the epitaxial growth of the CdSSe lay-

ers at 600 °C would easily form CdZnSSe phase by melt-

ing the ZnO NW surface, which can protect the oxy-

gen incorporation during the shell growth.

UV�Visible Absorption and PL Spectra. Figure 6a shows

the UV�visible absorption spectra of the ZnO, CdS,

and CdSe NWs and NC samples. The band gaps of the

ZnO NWs were estimated to be 3.15 eV from the onset

of the absorption curves (as marked by the dotted

lines), which is close to the bulk value, 3.2 eV. The band

gap of the CdS and CdSe NWs is estimated as 2.35 and

1.66 eV, which are consistent with the bulk values: 2.4

and 1.7 eV at room temperature, respectively. The band

gap of ZC1 is observed at 2.48 eV, which is blue-shifted

from that of the CdS NWs. The ZC2 exhibit a red shift

(2.35 eV) upon the increase of shell thickness, which ap-

proaches to a value of the CdS NWs. The ZC3 exhibit a

band gap at 1.95 eV, matching well to that of the bulk

CdS0.5Se0.5.41 The band gap of ZC4 appears as 1.66 eV,

which is the same as that of CdSe NWs. The band gaps

of the TiO2 NWs were estimated to be 3.04 eV from the

onset of the absorption curves, which are close to the

bulk values, 3.0 eV (rutile TiO2). The band gap of TC1 ap-

pears at 2.34 eV, which is red-shifted from that of the

CdS NWs. The red shift becomes more significant with

Figure 5. (a) Fine-scanned XPS Cd 3d5/2 peak of CdS, CdSe NWs, and seven NC samples. (b) Fine-scanned XPS Zn 2p3/2 peak
of ZnO NWs and ZnO�CdSSe NCs (ZC1�ZC4). (c) Ti L2,3-edge NEXAFS peak of TiO2 NWs and TiO2�CdS NCs (TC1�TC3).
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increasing CdS shell growth; 2.29 eV for TC2 and 2.24
eV for TC3.

Figure 6b shows the PL spectra of the ZnO, CdS,
and CdSe NWs, and the NC samples (ZC1� ZC4, TC2,
and TC3), recorded at 8 K, by 325 nm He�Cd laser exci-
tation. The CdS and CdSe NWs exhibit a band-edge
emission peak at 2.53 and 1.73 eV, respectively. In the
case of the ZnO�CdS NCs, the band-edge emission
peak appears at 2.63 eV for ZC1, 2.56 eV for ZC2, show-
ing a higher band gap than that of the CdS NWs, which
is consistent with the absorption spectrum. The band
gap decreased with increasing shell thickness, but is still
higher than that of the CdS NWs. Weak defect peaks ap-
pear in the higher energy region (2.15 eV). The ZC3
and ZC4 show a band edge emission at 2.13 and 1.73
eV, consistently with that of the bulk CdS0.5Se0.5 and
CdSe NW, respectively. For TiO2�CdS NCs, the thicker
CdS shell causes the red shift of the band-edge emis-
sion: 2.53 eV for TC2 and 2.49 eV for TC3. The broad
emission band centered at 2.1 eV is thought to origi-
nate from the defect sites formed at the TiO2�CdS in-
terface, since its intensity relative to that of the band-
edge emission decreases with increasing thickness of
the shell.

Figure 6c shows the room-temperature PL decay
curve of the CdS NWs, ZC2, and TC3, measured at 2.48
eV (500 nm), using 3.1 eV (400 nm) frequency-doubled
Ti�sapphire laser pulses as the excitation source. The
decay time of TC3 appears to be nearly the same as that
of the CdS NWs, but that of ZC2 is significantly re-
duced. Their steady-state PL spectra show that the
band-edge emissions appear at 2.43, 2.47, and 2.44 eV,
respectively, for the CdS NWs, ZC2, and TC3 (inset). The
experimental curves were fitted with one or two expo-
nential decay response functions. The best fitted pa-
rameters, 	i (amplitude) and 
i (decay time), are shown
in Table 1. The average decay time �
� was calculated
using the equation, �
� � (	1
1

2 � 	2
2
2)/(	1
1 � 	2
2).

The �
� value is 0.92, 0.093, and 0.95 ns for the CdS NWs,
ZC2, and TC3, respectively.

For the TiO2�CdS NCs, as the thickness of the CdS
shell increases, the absorption and PL spectra exhibit a
red shift. Our result is consistent with previous works on
ZnO�CdS, TiO2�CdS, and TiO2�CdSe composite
nanostructures.17,18,21,44�49 This behavior is typical of
type-II core�shell nanostructures that exhibit a new ab-
sorption feature due to weakly “spatially indirect” tran-
sitions with energies that are lower than the pure CdS
band gap.50,51 The TiO2 and CdS provide for light collec-
tion and photoinduced charge transfer, respectively.
The photoexcited electrons and holes reside in the dif-
ferent semiconductor; therefore, the energy gradient
existing at the interface tends to spatially separate the
electrons and holes. The corresponding “spatially indi-
rect” energy gap is determined by the energy separa-
tion between the CB edge of TiO2 and the VB edge of
CdS. The band gap of CdS can depend on the shell

Figure 6. (a) UV�visible absorption spectra of the TiO2, ZnO,
CdS, CdSe, and ZnO�CdSSe (ZC1�ZC4), and TiO2�CdS
(ZC1�ZC3). (b) PL spectra of the TiO2, ZnO, CdS, and CdSe NW,
and ZnO�CdSSe (ZC1�ZC4), and TiO2�CdS (TC1�TC3), mea-
sured at 8 K. The excitation source is a He�Cd laser (� � 325
nm). (c) Time-resolved PL spectra of the CdS NWs, ZC2, and TC3,
at room temperature, and their steady-state spectra (inset), ob-
tained using a frequency-doubled Ti�sapphire laser (� � 400
nm) as the excitation source.

TABLE 1. Fitting Parameters of TCSPC Data Measured from
ZnO�CdS (ZC2) and TiO2�CdS (TC3) Core-Shell NC Arrays

sample name core �1 �1 (ns) �2 �2 (ns) ��2� (ns)

CdS 0.94 0.107 0.06 1.72 0.92
ZC2 ZnO 1 0.09 0.093
TC3 TiO2 0.69 0.15 0.31 1.18 0.95
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thickness due to the greater number of defect sites of

the polycrystalline layers. With increasing shell thick-

ness, the band gap of CdS decreases and consequently

lowers the CB offset value. This smaller CB offset is re-

sponsible for the red shift of the absorption and emis-

sion bands. The slightly longer excited-state lifetime of

TC3 than that of the CdS NWs also supports the exist-

ence of such charge-separated states.

In the case of the ZnO�CdS NCs, the larger band

gap must be due to the formation of CdZnS alloy. As

the thickness of the CdS shell increases, the Zn concen-

tration decreases along the outward direction (as dis-

cussed in relation to the EDX and XRD data) and, thus,

the band gap can decrease. From the blue shifts of their

PL emissions, 0.1 eV (ZC1) and 0.03 eV (ZC2), the com-

positions of ZC1 and ZC2 were estimated to be

Cd0.85Zn0.15S and Cd0.98Zn0.02S, respectively, which are

consistent with the XRD data. The shorter excited-state

lifetime of ZC2 than that of TC3 is ascribed to the larger

band gap and CB band offset of the CdZnS alloy lay-

ers; a larger band gap usually results in a shorter

excited-state lifetime. The single-crystalline nature

along with the alignment of the CdZnSSe [0001] direc-

tion along the ZnO [0001] direction and the lesser num-

ber of defects in the interface region would contribute

to the efficient production of charge-separated states

that would make the NCs more suitable for PEC or pho-

tovoltaic applications, as described in the following

data.

Photoelectrochemical Cell. Figure 7a shows the photo-

current density J (mA/cm2) vs applied potential V (vs Ag/

AgCl) curves of the PECs, using ZC1�ZC4 as the photo-

Figure 7. Photocurrent density (mA/cm2) vs potential (V vs Ag/AgCl) for (a) ZnO�CdSSe (ZC1�ZC4), and (b) TiO2�CdS
(TC1�TC3) NC samples, measured under visible light illumination (100 mW/cm2) in a 1 M Na2S solution. (c) Measured IPCE
spectra of ZnO�CdSSe (ZC1�ZC4) and TiO2�CdS (TC1�TC3), collected at the incident wavelength range from 300�800 nm,
at potential of 0 V vs Ag/AgCl. (d) Time-dependent H2 evolution (mmol/cm2) in the PEC using the NC samples (ZC1�ZC4
and TC1�TC3) as the photoanodes.

TABLE 2. Performance Parameters of PECs Based on ZnO�CdSSe and TiO2�CdS Core�Shell NC Arrays with CdS Shells
Having Different Thicknesses, Measured under Visible Light Illumination (100 mW/cm2, AM 1.5G)

sample name core shell shell thickness (nm) J (mA/cm2) V (V)
H2 generation rate

(mmol/cm2hW)

ZC1 ZnO CdS 10 4.0 1.3 16
ZC2 CdS 50 6.0 1.3 26
ZC3 CdS0.5Se0.5 50 2.4 1.2 8.3
ZC4 CdSe 50 3.1 1.2 11

TC1 TiO2 CdS 10 0.22 1.3 0.21
TC2 CdS 20 0.90 1.3 1.4
TC3 CdS 50 3.6 1.4 3.2
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anodes, in 1 M Na2S electrolyte under Xe light
illumination of 100 mW/cm2 (AM 1.5G). The dark cur-
rent is very low (10�7 A/cm2) for all of the samples. The
photocurrent density (J) increases with increasing thick-
ness of the CdS outerlayer, that is, J � 4.0, 6.0, 2.4, and
3.1 mA/cm2 for ZC1�ZC4, respectively. Table 2 lists the
J and V (onset potential) values of the PECs. Figure 7b
corresponds to the J�V characterization curve, mea-
sured using the TC1�TC3 photoanodes, showing the
increase in the photocurrent with increasing thickness
of the CdS shell, that is, 0.22, 0.90, and 3.6 mA/cm2 for
TC1�TC3, respectively. The photocurrent response data
shows a fast response/recovery time with good repro-
ducibility (SI, Figure S4).

We performed incident-photon-to-current-
conversion efficiency (IPCE) measurements to study
their photoresponse as a function of incident light
wavelength (Figure 7c). The IPCE at different wave-
lengths is determined from the short circuit photocur-
rents (Isc) monitored at different excitation wavelengths
(
) to compare the photoresponse of the samples us-
ing an equation, IPCE (%) � [1240 � Isc (mA/cm2)]/ [

(nm)/Iin (W/cm2)] � 100, where Iin is the incident light
power. The ZnO� and TiO2�CdS (ZC1, ZC2, TC1�TC3)
samples had a pronounced IPCE at the wavelength up
to 500 nm and then the IPCE dropped to a minimal level
at a wavelength below the CdS band gap energy of
530 nm. A maximum IPCE of 40% is achieved for the
ZC1 electrode. Under the same conditions, the maxi-
mum IPCE values of 49% for ZC2 and 23% for TC3 are
observed. On the other hand, the ZnO�CdSSe (ZC3)
and �CdSe� (ZC4) samples showed photoactivity at a
broader range of wavelength to 700 and 800 nm, re-
spectively, due to their smaller band gap, with a maxi-
mum IPCE value of 22 and 25%.

Figure 7d shows a quantitative description of the
H2 evolution as a function of time for a PEC with a Pt
cathode and the NC photoanode, in 1 M Na2S electro-
lyte under Xe light illumination of 100 mW/cm2 (AM
1.5G). During 3 h exposure, 4.8, 7.7, 2.5, and 3.4 mmol/
cm2 of H2 were generated for ZC1�ZC4, respectively,
corresponding to rates of 16, 26, 8.3, and 11 mmol/(cm2

h W). TC1�TC3 exhibited rates of 0.64, 4.1, and 9.5
mmol/cm2, corresponding to 0.21, 1.4, and 3.2 mmol/
(cm2 h W), respectively, which are lower than the val-
ues obtained for the ZnO�CdS NCs.

The architecture of the core�shell NCs, in this
case the thickness of the CdS shell, has a significant
effect on the efficiency of the PEC. A CdS shell with a
larger thickness allows for more efficient absorption
of the incident photons, as well as decreasing the re-
combination rate of electron�hole pairs (as dis-
cussed above), which results in larger photocur-
rents. We can also explain the present result by
referring to the model of Lubberhuizen et al. pro-
posed for nanoporous GaP.52 The photogenerated
charge carriers are instantaneously and effectively

separated by the capture of holes in the surface
bonds. The recombination between the separated
electrons and holes is sensitive to the band-bending
potential that the electrons have to overcome to
reach the surface where recombination takes place.
Therefore, the greater the band-bending potential,
the smaller the amount of charge carrier recombina-
tion. As a consequence, we would anticipate greater
band bending from the thicker CdS shell, thus de-
creasing the surface recombination rates and conse-
quently enhancing the photocurrent. Unfortunately,
the growth of the shell being thicker than 50 nm was
not successful under our growth condition. The find-
ing of the optimum thickness to guarantee the high-
est PEC efficiency remains as a future work.

The higher PEC efficiency of the ZnO�CdS NCs, as
compared to that of the TiO2�CdS, is attributed to the
formation of CdZnS alloy, as discussed above. The less
lattice mismatch between the shell and core would re-
sult in a more single-crystalline defect-free shell, which
enhances the quantum yield for the photogeneration of
charge carriers. It also decreases the carrier loss in the
interface region and, thus, increases the charge separa-
tion efficiency as well. In addition, ZnO has a higher car-
rier mobility than TiO2; 0.2�10 cm2/(V · s) for rutile TiO2

and 205 cm2/(V · s) for ZnO, which also contributes to fa-
cilitating the charge separation.53�55 The photocur-
rents, IPCE, and H2 generation rate showed consistently
that the ZnO�CdS was more efficient than the
ZnO�CdSe in separating and/or collecting photoex-
cited electrons, which is in agreement with the larger
potential difference between the conduction band of
CdS and ZnO.19 The PEC efficiency of the
ZnO�CdS0.5Se0.5 is rather close to that of the
ZnO�CdSe. To understand this result, we presently
study the PEC properties of the finely tuned composi-
tion shelled ZnO and TiO2 NW arrays.

CONCLUSIONS
We synthesized high-density ZnO�CdSSe

core�shell NC arrays by depositing CdS outerlayers on
pregrown vertically aligned ZnO (wurtzite) NW arrays
using the CVD method. The composition was tuned
from CdS to CdSe via CdS0.5Se0.5, and the thickness of
the CdS shell was controlled to be 10�50 nm by adjust-
ing the growth conditions. The shell consisted of single-
crystalline wurtzite nanocrystals whose [0001] direc-
tion was aligned along the wire axis [0001] of the ZnO
NWs. However, the CdS shell of the TiO2�CdS NCs,
grown under the same growth condition, consisted of
a number of single-crystalline domains randomly
aligned along the wire axis. For the ZnO�CdSSe NCs,
the XRD, XPS, NEXAFS, UV�visible absorption, and PL
data confirmed the formation of Zn containing alloy lay-
ers in the interface region, which can facilitate the epi-
taxial growth of single-crystalline shell layers on the
ZnO NW core, by reducing both the lattice mismatch
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and the number of defect sites. We fabricated PECs us-
ing these arrays as the photoanode and measured their
photocurrents, as well as the rate of H2 generation un-
der AM 1.5G conditions. A thicker shell results in better
performance of the PEC; the photocurrents of
ZnO�CdS (ZC2) and TiO2�CdS (TC3) with 50 nm thick

shells were 6.2 and 3.5 mA/cm2, respectively. The re-
spective H2 generation rates were 26 and 3.2 mmol/
(cm2 h W). We suggest that the formation of the Zn-
containing alloy layers contributes to the higher PEC
performance of the ZnO�CdSSe NCs, by enhancing the
charge separation.

EXPERIMENTAL SECTION
For the synthesis of the ZnO NW array, Zn powder (99.99%,

Aldrich) was used to generate Zn vapor, and a piece of ultrasoni-
cally cleaned Ti or Ni foil (10 � 10 � 0.25 mm3) with a purity of
99.7% (Aldrich) was used as a substrate. The Zn powder was
placed in a quartz boat, located inside a quartz tube reactor,
and the substrate was on the top of this boat. An argon flow at
200 sccm was introduced into the reactor tube, followed by heat-
ing to 500 °C. The growth reaction was maintained for 60 min.
To synthesize the TiO2 NW array, the Ti foils were used as both
the Ti source and substrates. A flow of oxygen (�99.999%) with
a rate of 20�50 sccm was introduced only for the reaction time
of 60 min, and then the Ti foils were covered homogeneously
with the white-colored NW array.

To deposit the CdSSe outerlayers, the ZnO or TiO2 NWs
(grown on the substrates) were placed a few cm apart from
CdS (99.995%, Aldrich) or CdSe (99.99%, Aldrich), CdS/CdSe
mixed powder, inside the reactor. As the CdS/CdSe powder was
evaporated at 850 °C for 10�60 min under argon flow, the CdSSe
layers were deposited on the NW array at about 600 °C. The
thickness of the CdSSe shell was controlled by adjusting the
growth temperature or time. The composition was controlled
by changing the ratio of CdS and CdSe powders. We also synthe-
sized CdS and CdSe NWs using 3 nm-thick Au film-deposited Si
substrates, under the same growth conditions, as described else-
where.40

The products were analyzed by scanning electron micros-
copy (SEM, Hitachi S-4700), field-emission transmission electron
microscopy (TEM, Jeol JEM 2100F and FEI TECNAI G2 200 kV),
high-voltage TEM (HVEM, Jeol JEM ARM 1300S, 1.25 MV), and
energy-dispersive X-ray fluorescence spectroscopy (EDX). High-
resolution X-ray diffraction (XRD) patterns were obtained using
the 8C2 and 3C2 beamlines of the Pohang Light Source (PLS)
with monochromatic radiation (
 � 1.54595 Å). X-ray photoelec-
tron spectroscopy (XPS) was performed using the 8A1 beamline
of the PLS and a laboratory-based spectrometer (ESCALAB 250,
VG Scientifics) using a photon energy of 1486.6 eV (Al K	). Near-
edge X-ray absorption fine structure (NEXAFS) measurements
were performed at the U7 beamline of PLS. A UV�visible�NIR
absorption spectrometer (Varian, Cary 1000) was used to mea-
sure the band gap. The temperature-dependent photolumines-
cence (PL) measurements were carried out using a He�Cd laser
(
 � 325 nm) as the excitation source.

The time-resolved PL spectrum was measured using a time-
correlated single-photon counting (TCSPC) system, which con-
sisted of a self-mode-locked cavity-dumped Ti�sapphire laser
(Mira900, Coherent) pumped by a continuous wave Nd:YAG la-
ser (Coherent, Verdi), with a pulse width of about 150 fs and a
repetition rate of 76 MHz. The excitation wavelength was 400
nm, produced by second harmonic generation (SHG). The fluo-
rescence was spectrally resolved using a monochromator (SP-
2150i, Acton), and its time-resolved signal was measured by a TC-
SPC module (PicoHarp, PicoQuant) with an MCP-PMT (R3809U,
Hamamatsu). The total instrument response function (IRF) was
less than 100 ps, which gives a temporal resolution of less than
10 ps. The deconvolution of the decay curve, which separates the
IRF and actual decay signal, was performed using fitting soft-
ware (FluoFit, PicoQuant) to deduce the time constant associ-
ated with each exponential decay. The PL decays were usually
analyzed by the multiexponential model: exp(�t/
i).

The PEC properties of the TiO2�CdS and ZnO�CdS NC ar-
ray electrodes were measured as follows. The whole setup con-
sists of a liquid junction PEC. The photocurrent versus voltage of
the cell was measured with a NC array electrode having a sur-

face area of 0.25 cm2. A constant light intensity of 100 mW/cm2

from a 450 W Xe lamp (Oriel) passed through an AM 1.5G filter
was used as the light source. The incident light intensity was cali-
brated by a standard crystalline silicon solar cell. An electro-
chemical analyzer (IVIUM, Compactstat) was used to measure
the PEC response, with a conventional three-electrode system
comprising an Ag/AgCl reference electrode, a Pt foil counterelec-
trode, and the sample electrode. A 1 M Na2S aqueous solution
was used as the electrolyte. Argon was bubbled through to re-
move the dissolved oxygen during the measurement. The inci-
dent photon-to-current measurement efficiency (IPCE) spectra
were measured on an IPCE measurement system (PV Measure-
ment, Inc.). The H2 evolution as a function of time was monitored
by gas chromatography (GC), and its quantity was calibrated us-
ing a standard H2/He gas mixture.
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