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ZnO/TiO2 nanocable structured photoelectrodes for
CdS/CdSe quantum dot co-sensitized solar cells

Jianjun Tian,*ab Qifeng Zhang,b Lili Zhang,b Rui Gao,b Laifa Shen,b Shengen Zhang,a

Xuanhui Qua and Guozhong Cao*b

Photoelectrodemade of nanocable structure of ZnO nanorods (NR) coated with TiO2 nanosheets (NSs) was

investigated for CdS/CdSe quantum dot co-sensitized solar cells. ZnO NRs prepared solution reaction at

60 �C served as the backbone for direct electron transport in view of the single crystallinity of the ZnO

NRs and the high electron mobility of ZnO semiconductor. Anatase TiO2 NSs with the thickness of

�10 nm and the length of �100 nm were assembled onto the surface of ZnO NRs via a solvothermal

method. It was found that the thin shell of TiO2 might have remarkable influence on the quantum dot

sensitized solar cells (QDSCs) through (a) increasing the surface area of ZnO NRs to allow for adsorbing

more quantum dots (QDs), which led to high short current density, (b) forming an energy barrier that

hindered the electrons in the ZnO from being back to the electrolyte and QDs, and thus, reduced the

charge recombination rate, resulting in prolonged electron lifetime and enhanced open voltage. In

comparison with the case of ZnO NRs, the short-circuit current density, open-circuit voltage, fill factor

and charge recombination resistance of ZnO/TiO2 nanocable photoelectrode increase by 3%, 44%, 48%

and 220%, respectively. As a result, a power conversion efficiency of 2.7% of QDSCs with core–shell

structural nanocable photoelectrode has been obtained, which is as much as 230% of that of 1.2%

obtained for ZnO NR photoelectrode.
Introduction

Quantum dot sensitized solar cells (QDSCs) can be regarded as a
derivative of dye-sensitized solar cells (DSCs); the latter has
attracted world-wide scientic and technological interest since
the breakthrough work done by O’Regan and Grätzel in 19911

for low cost solar cells compared to silicon-based solar cells.2,3

To enhance light harvesting of DSCs in the visible region, many
efforts have been made by focusing mainly on the development
of high performance sensitizers.4–7 Narrow-band-gap semi-
conductor quantum dots (QDs), such as CdS,8,9 CdSe,10,11 PbS12

and InAs,13 as next-generation sensitizers are considered more
promising because of their extraordinary optical and electrical
properties in terms of: (1) tunable band gap upon QD size, (2)
high extinction coefficient, and (3) large intrinsic dipole
moment which may facilitate charge separation in solar
cells.14–17 Moreover, theoretical photovoltaic conversion effi-
ciency of QD-sensitized solar cells can reach up to 44% in view
of multiple exciton generation (MEG) of QDs originating from
quantum connement effect.18
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The porous nature of nanocrystalline TiO2 lms in combi-
nation with its electronic conguration drives their use in DSCs
due to the large surface area available for dye-molecule
adsorption, which is commonly used for the photoelectrode of
QDSCs. ZnO is a good alternative of TiO2 because it possesses
an energy-band structure and physical properties similar to
those of TiO2, but has an electronic mobility �4 times higher
than that of TiO2.19–21 In addition, ZnO is easy to form aniso-
tropic structure (such as nanowires, nanorods and nanotubes)
presenting unique electronic and optical properties,22,23 and
furthermore, in view of much bigger size of QDs than that of dye
molecules,24 a photoelectrode lm constructed with these
nanostructures is helpful for the distribution of QDs. Recently,
many studies have already been reported on a use of ZnO
nanowire arrays for the application in QDSCs.25–28 However, in
literature,26 the highest power conversion efficiency of the ZnO
based QDSCs is �3.6%, which is still lower than that of TiO2-
based one, being reected by poor ll factor (FF) of the former.
It has been recognized that the charge recombination is one of
the main issues to deteriorate the FF of a solar cell, through a
process known to occur by transferring the electrons in ZnO to
the oxidized ions in the electrolyte. For the DSCs, many research
results showed that the charge recombination could be reduced
by applying a core–shell conguration.29,30 Such a core–shell
conguration is expected to suppress the charge recombination
by forming an energy barrier to prevent the electrons in the
This journal is ª The Royal Society of Chemistry 2013
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conduction band of the semiconductor from transferring to the
oxidized dyes and ions in the electrolyte, leading to increased
open circuit voltage and short current density.29–31 It was also
reported32 that the shell (TiO2) has a more negative conduction
band edge than that of the core oxide (ZnO) or it creates a dipole
at the core–shell interface that shis the band edge of the core
upward in energy, which suppresses recombination and
increases the open voltage and ll factor. Many novel core–shell
structures, for example, ZnO/TiO2, ZnO/Al2O3, ZnO/ZrO2 and
ZnO/MgO photoelectrodes, have been used in DSCs for this
purpose.29–33 Although the charge recombination of QDSCs was
thought to be a little different from that of DSCs,34 we believe
that the introduction of a shell structure as energy barrier can
also work for preventing the electrons from transferring to the
electrolyte and therefore improve the performance of QDSCs.

In this work, we designed a core–shell structure consisting of
ZnO nanorod (NR) coated with TiO2 nanosheets (NSs). In
addition to establishing an energy barrier, TiO2 NSs might also
enhance the surface area of the photoelectrode lm for
accommodating more QDs. Therefore, it is anticipated that
such a core–shell conguration would enhance both the short-
circuit current density (Jsc) and the open-circuit voltage (Voc) as
well as to increase FF of the solar cells. In view of high potential
in the light harvest in a visible-light region15 with high PCE
reported,35–38 CdS/CdSe QD is selected as co-sensitizer for
QDSCs in this study. Fig. 1 is a schematic drawing showing the
formation of quantum dot sensitized ZnO/TiO2 nanocable
photoelectrode lm. In comparison with ZnO NR photo-
electrode, the recombination resistance, Voc and FF of core–
shell structural QDSC increase by 220%, 44% and 48%,
respectively. PCE of the QDSCs reaches to 2.7%, which is more
than twice times that of 1.2% for ZnO NRs. Possible mecha-
nisms for such enhancement in the power conversion efficiency
have been discussed.
Experimental procedure

ZnO NR was prepared on a FTO glass substrate by solution reac-
tion in 0.015 M zinc nitrate and hexamethylenetetramine (HMT)
aqueous solution as reported previously.39 The FTO glass cleaned
was placed in the aqueous solution, and solution reaction was
carried out at 60 �C for 12 h. Then the ZnO NR-coated substrate
was taken out and dried at 70 �C. The as-received substrate
underwent a sintering process in air at 350 �C for 30 min.

ZnO/TiO2 core–shell nanocable was synthesized via sol-
vothermal method using diethylenetriamine (DETA), isopropyl
Fig. 1 Schematic of experimental process for ZnO/TiO2 core–shell structure
nanocable.

This journal is ª The Royal Society of Chemistry 2013
alcohol (IPA) and titanium isopropoxide (TIP) following a
previously reported procedure.40 Three solutions were prepared
with different concentration: (I) 3.0 mM DETA and 0.05 mM TIP
dissolved in 14 mL IPA; (II) 5.0 mM DETA and 0.09 mM TIP
dissolved in 14 mL IPA; and (III) 7.0 mM DETA and 0.13 mM
TIP dissolved in 14 mL IPA. The ZnO NR substrates and solu-
tions were put in Teon-lined stainless steel autoclaves and
kept in an electric oven at 200 �C for 24 h. And then the auto-
claves were taken out of oven and cooled to room temperature.
The substrates were drained out of solution, washed carefully
with ethanol, and calcined at 450 �C for 30 min. At last, the
substrates with ZnO NR/TiO2 NS core–shell structure were
obtained.

For the growth of CdS quantum dots, rstly, the substrates
were immersed into a 0.1 M cadmium nitrate (Cd(NO3)2) meth-
anol solution for 1 min. Successively, the substrates were dipped
into a 0.1M sodium sulde (Na2S)methanol solution for another
1min to allow S2� to react with the pre-adsorbed Cd2+, leading to
the formation of CdS. This procedure was called one SILAR cycle.
In total six cycles were employed to obtain suitable amount of
CdS on the TiO2 lm. In a sequent step, CdSe was deposited on
the CdS coated substrates through a CBDmethod. Briey, 0.1 M
sodium selenosulphate (Na2SeSO3) aqueous, 0.1 M cadmium
acetate Cd(CH2COO)2 aqueous solution and 0.2M trisodium salt
of nitrilotriacetic acid (N(CH2COONa)3) solution were mixed
together with volume ratio 1 : 1 : 1. Then the CdS coated
substrates were vertically immersed into the solution for the
deposition of CdSe layer under dark condition at 24 �C for 4 h.
Aer the deposition of CdSe, a ZnS passivation layer was
deposited by two SILAR cycles while being soaking in an aqueous
solution containing 0.1 M zinc nitrate and 0.1 M sodium sulde,
which act as Zn2+ and S2� sources, respectively. Electrolyte
employed in this study was composed of 1 M S and 1 M Na2S in
deionized water. Counter electrode is a Cu2S lm fabricated on
brass foil. The preparation of Cu2S electrode can be described as
follows: brass foil was immersed into 37%HCl at 70 �C for 5min,
then rinsed with water and dried in air. Aer that, the etched
brass foil was dipped into 1 M S and 1 M Na2S aqueous solution,
resulting in a black Cu2S layer forming on the foil.

The morphology was characterized by Scan Electron Micro-
scope (SEM, JSM-7000) and Transmission Electron Microscope
(TEM, Tecnai G2 F20). Crystallographic information for the
samples was collected using powder X-ray diffraction (XRD,
Philips PW1830 Diffractometer). Nitrogen sorption isotherms
were measured using a Quantach-rome NOVA 4200e. Samples
are degassed at 250 �C under vacuum for at least 6 hours prior to
measurement. The multi-point Brunauer–Emmett–Teller (BET)
method was used to deter-mine the specic surface area. The
photovoltaic properties were measured using an HP 4155A
programmable semiconductor parameter analyzer under AM
1.5 simulated sunlight with the power density of 100 mW cm�2.
Optical absorption (Perkin Elmer Lambda 900 UV/VIS/IR Spec-
trometer) was used to study the samples’ light absorption
properties. The electrochemical impedance spectroscopy (EIS)
was carried out through the Solartron 1287A coupling with the
Solartron 1260 FRA/impedance analyzer to investigate elec-
tronic and ionic processes in the QDSCs.
Nanoscale, 2013, 5, 936–943 | 937
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Results and discussion

Fig. 2 shows the SEM images of the ZnO NRs, and ZnO/TiO2

core–shell structured nanocables. Fig. 2a and b reveal that the
average length and diameter of nanorods are �5 mm and
�400 nm, respectively. The large gaps and pores among the NRs
are helpful for a thorough penetration of CdS/CdSe QDs (3–
10 nm)24 into the ZnO NR photoelectrode lm. At this step of
ZnO NR synthesis, HMT acts as a pH buffer and provides a slow
and controlled supply of OH�. It has been proposed that HMT
reacts with water to produce ammonia, which in turn reacts
with water to generate OH�.39,41 Zn2+ reacted with the OH�

generated by HMT to form NRs. As shown in Fig. 2c, the smooth
surfaces of NR gradually become “rough” and to be surrounded
by NSs, forming a “shell”. The constituent NSs are clearly visible
and shown to adopt random orientations in the magnication
micrographs (Fig. 2f and h). However, an over high
Fig. 2 SEM images of ZnO nanorods (a) and (b), ZnO/TiO2 core–shell nanocables
synthesized under different solution concentration: (c) and (d) of solution (I), (e)
and (f) of solution (II), (g) and (h) of solution (III).

938 | Nanoscale, 2013, 5, 936–943
concentration of the reaction solution can urge NSs to assemble
and form nanospheres as shown in Fig. 2g and h. The thickness
and length of the NS are �10 nm and �100 nm, respectively. It
has been reported40 that (001) surfaces of TiO2 are most effec-
tively stabilized by the tridentate DETA in the solvothermal
system of TIP solution, which prohibits their growth along the
[001] direction. Aer prolonged reaction, the two-dimensional
lateral growth of such facets produces large ultrathin NSs.
During the synthesis process, the ultrathin NSs are highly ex-
ible and thus can readily deposit onto the surface of ZnO NRs,
forming the hierarchical ZnO/TiO2 nanocables As shown in the
nitrogen sorption isotherms (Fig. 3), the hierarchical structure
of ZnO/TiO2 nanocables has much higher BET surface area
(26.4 m2 g�1) than that of ZnO nanorods (12.7 m2 g�1). So the
assembled TiO2 NS on the surface of ZnO NR increases the
surface area of the photoelectrode lm, which is helpful for
QD loading.

Shown in Fig. 4 are XRD patterns of ZnO NR, ZnO NR/TiO2

NS core–shell structure. The diffraction peak of (101) of anatase
TiO2 can be found in Fig. 4c and d (JCPDS card no. 21-1272). The
diffraction intensity of (101) increases with increasing of the
solution concentration. The other diffraction peaks of anatase
TiO2 was not clearly observed because the content of TiO2 is
probably too small to detect in XRD patterns. However, the
observation of (101) peak of anatase TiO2 is already a good
evidence for crystal structure of TiO2 on the ZnO NRs. In other
words, the core–shell structure of ZnO NRs covered with anatase
TiO2 NSs can be obtained via the solvothermal method at the
appropriate reaction condition and solution concentration.

Fig. 5 is the TEM and HRTEM images of ZnO/TiO2 core–shell
structure adsorbed with CdS/CdSe QDs. Under the TEM with
low magnication, only a “rough” edge has been observed as
shown in Fig. 5a. Analysis with a high-resolution TEM (HRTEM)
revealed that such a rough edge resulted from CdSe and CdS
QDs with particle size of �6 nm adsorbing on the TiO2-coated
ZnO nanorods.

Fig. 6a shows the optical absorbance of the CdS/CdSe co-
sensitized photoelectrodes of ZnO NR and ZnO/TiO2 core–shell
structure. It can be seen that the absorbance of the core–shell
structure photoelectrode absorbed QDs is higher than that of
ZnO NR, indicating that more amount of QDs is achieved. As
Fig. 3 Nitrogen sorption isotherms for the ZnO nanorods and ZnO/TiO2

nanocables.

This journal is ª The Royal Society of Chemistry 2013



Fig. 4 XRD patterns of (a) ZnO NRs and ZnO/TiO2 core–shell nanocables
synthesized under different solution concentration (b) solution (I), (c) solution (II)
and (d) solution (III).

Fig. 5 TEM and HRTEM images of CdS/CdSe quantum dots on the ZnO/TiO2

core–shell structured substrates.

Fig. 6 (a) UV-Vis absorbance spectra and (b) (Ahv)2 vs. hv curves of CdS/CdSe co-
sensitized photoelectrodes of ZnO NR and ZnO/TiO2 core–shell structure.
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shown in the inset gure in Fig. 6a, much darker color of the
ZnO/TiO2 nanocable sample compared to that of ZnO nanorod
sample implies the more amounts of QDs adsorbed onto the
former than the latter. So TiO2 NSs assembled on the surface of
ZnO NRs, which increases the surface area and then enhances
the harvesting amount of QDs. The shi of absorption edge of
the ZnO/TiO2 core–shell photoelectrode towards the long
wavelength indicates that the QD particle size is bigger
compared to the case of ZnO NRs. It is known that the optical
band gap (Eg) for direct inter band transitions and the absorp-
tion coefficient (A) near the absorption edge has a relationship
that complied with the following eqn (1):42–44

(Ahn)2 ¼ c (hn – Eg) (1)

where the optical band gap for the absorption edge can be
obtained by extrapolating the linear portion of the plot (Ahv)2–
hv to A¼ 0. Eg of CdSe can be obtained from Fig. 6b. The particle
size of CdSe can be estimated using the eqn (2):11,45

DE ¼ E1 � Eg ¼ h2

8r2

�
1

me

þ 1

mh

�
(2)

whereDE is the band gap shi, r is the quantum dot radius, E1 is
the band gap of CdSe, Eg is the band gap of the bulk materials
(1.7 eV for CdSe bulk material),me andmh are the effective mass
This journal is ª The Royal Society of Chemistry 2013
of electron and hole, respectively. For CdSe material, me ¼
0.13m0 and mh ¼ 0.44m0 (m0 ¼ 9.11 � 10�31 kg). The calculated
particle sizes of CdSe on ZnO NR and ZnO/TiO2 nanocable
photoanodes are 5.4 nm and 6.8 nm, respectively. The result is
in a good agreement with the HRTEM (Fig. 5b). The formation
of CdSe QDs could be regarded through homogeneous nucle-
ation during CBD process. So the size distribution of the
nanoparticles is dependent on the subsequent growth process
of the nuclei. The precursor solution concentration of core–
shell is lower than that of ZnO NRs because ZnO NRs directly
contact with the precursor solution. It was reported46 that high
concentration precursor solution has large number of initial
nuclei formed in the nucleation stage, which results in smaller
particle size. So CdSe QDs on the surface of ZnO NRs are smaller
than that of ZnO/TiO2 core–shell nanocables.

The photoelectrodes with different structures were employed
to assemble solar cells. Fig. 7 shows the photocurrent–voltage
(J–V) curves for the solar cells measured under the illumination
of one sun (AM 1.5, 100 mW cm�2). The performance parame-
ters of the solar cells corresponding to Fig. 7, including open
circuit voltage (Voc), short circuit current density (Jsc), ll factor
(FF) and power conversion efficiency (h), are listed in Table 1.
Comparing with ZnO NR structure photoelectrode, the proper-
ties of ZnO/TiO2 photoelectrode, including Voc, Jsc, FF and h,
increase evidently. The TiO2 NSs assembled on the surface of
ZnO NRs, which increases the surface area for in situ synthesis
Nanoscale, 2013, 5, 936–943 | 939



Fig. 7 J–V curves of ZnO NRs and ZnO/TiO2 core–shell structural nanocables for
QDSCs.

Table 1 Properties of ZnO NRs and ZnO/TiO2 core–shell nanocables for QDSCs

Samples Voc (V) Jsc (mA cm�2) FF h (%)

ZnO NRs 0.42 7.94 0.36 1.19
ZnO/TiO2

nanocables
0.64 8.17 0.52 2.72

Fig. 8 Schemes of the structure of QDSC (a) and charge recombination path-
ways (b).

Fig. 9 J–V curves of ZnO NR and ZnO/TiO2 core–shell structure for QDSCs under
dark condition.
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of QDs. So the increase of Jsc is mainly caused by the increase of
QDs amount for more optical absorbance. The improvement of
Voc and FFmainly depended on the core–shell structure for high
Fermi energy and low charge recombination. The Fermi energy
of TiO2 is higher than that of ZnO, resulting in larger Voc of
QDSCs. For the lm constructed with ZnO nanorods, there is
much large contact area between the ZnO surface and the
electrolyte, which increases the recombination between the
electron and the oxidized ions (Sn2�) in electrolyte, leading to
low open voltage of the solar cell can prevent electrons from
entering the electrolyte and recombining with holes of electro-
lyte. As a result, the Voc, FF and h increased by 44%, 48% and
130%, respectively.

Recently, a few studies focused on the charge recombination
in QDSC due to its remarkable effect on the performance of the
solar cells.34,35,47–49 Fig. 8 shows the schemes of the structure of
QDSC and charge recombination pathways in the solar cell. The
cell structure of a CdS/CdSe co-sensitized quantum dot solar
cell, which consists of an oxide nanocrystalline lm, CdS/CdSe
QD sensitizer, polysulde electrolyte and counter electrode (as
shown Fig. 8a). Under the operating conditions, photons are
captured by QDs, yielding electron–hole pairs that are rapidly
separated to electrons and holes at interface between the
nanocrystalline oxide and QDs. The electrons inject into the
oxide and holes are released by redox couples (S2�/Sn

2�) in
electrolyte. Compared to DSCs, the recombination in QDSCs is
more complicated with several major pathways (as shown in
Fig. 8b):35,49 (A) recombination of electrons in the QD conduc-
tion band with holes in the QD valence band; (B) recombination
with the electron acceptors in the electrolyte; (C) back electron
injection from ZnO to electrolyte; (D) back electron injection
from ZnO to QDs. Among these pathways, process (A) and (B)
940 | Nanoscale, 2013, 5, 936–943
can be ignored in the QD due to the highly efficient charge
separation. (C) and (D) recombination pathways can be
considered the main factors that affect the performance of
QDSC, depending on the interface resistance of oxide with
electrolyte and QDs. In the case of ZnO/TiO2 core–shell struc-
ture, TiO2 shell could increase the interface resistance that
leads to reducing the recombination through the mechanisms
of (C) and (D). As shown in Fig. 9, the dark current of device
based on ZnO/TiO2 structure decreased compared to that of
bare ZnO NRs, indicating a lower charge recombination from
the conduction band of ZnO to the redox couple (S2�/Sn

2�) in
the electrolyte.

To evaluate the resistance distribution and charge recom-
bination processes, the electrochemical impedance spectros-
copy (EIS) measurements have been carried out. Fig. 10 shows
the impedance spectra of the QDSCs measured under forward
bias (�0.6 V) under dark condition. In Fig. 10a and b, the three
semicircles correspond to the electron injection at the counter
electrode (R1), the electron transfer at the photoelectrode–QDs–
electrolyte interface and transport in the photoelectrode (R2),
and the transport of ions in the electrolyte, respectively.50 A
tting result of the impedance spectra is listed in Table 2. The
R2 reects electron recombination corresponding to the
processes (C) and (D) in Fig. 8. Compare to ZnO NR, the R2 of
This journal is ª The Royal Society of Chemistry 2013



Fig. 10 EIS curves of QDSC with different structure: (a) and (b) Nyquist plots
curves and (c) bode plots curves.
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ZnO/TiO2 core–shell structure increases from 153 U to 496 U,
which increases by 220%. As the charge transfer resistance at
the photoelectrode–electrolyte interface (R2) includes the resis-
tances of both the ZnO core and TiO2 shell, the total charge
transfer resistance for the core–shell structure can be written by
eqn (3):29
Table 2 Electrochemical impedance results of QDSCs

Substrates R1 (U) R2 (U) sn (ms)

ZnO NRs 15.9 153 5.1
ZnO/TiO2 NRs 16.8 496 101

This journal is ª The Royal Society of Chemistry 2013
Rtotal ¼ Rcore + Rshell (3)

where Rcore and Rshell are the electron transfer resistances
induced by the core and shell, respectively. So the result indi-
cates that electrons in photoelectrode of ZnO/TiO2 core–shell
structure are more difficult to recombine in view of its high R2.
Fig. 10c shows the bode plots of QDSCs with different structure
of photoelectrodes. The curve peak of the spectrum can be used
to determine the electron lifetime in the ZnO according to the
following eqn (4):51

sn ¼ 1

2p fmin

(4)

The results are shown in Table 2, presenting that the electron
lifetime of device of ZnO/TiO2 core–shell photoelectrode is up to
101 ms, which is 20 times longer than that of ZnO NR (5.1 ms).
In other words, the lifetime of electrons in the conduction band
is prolonged due to the use of TiO2 thin shell.

It is known that the charge recombination and electron
lifetime have obvious impact on Voc, FF and h for DSCs, and so
do the QDSCs. The Voc of a DSC can be expressed by eqn (5):52,53

Voc ¼ RT

bF
ln

�
AI

n0kb
�
I�3
�þ n0kr½Dþ�

�
(5)

where R is the molar gas constant, T is the temperature, F is the
Faraday constant, b is the reaction order for I3

� and electrons, A
is the electrode area, I is the incident photon ux, n0 is the
concentration of accessible electronic states in the conduction
band and kb and kr are the kinetic constant of the backreaction
of the injected electrons with triiodide and the recombination
of these electrons with oxidized dyes (D+), respectively. For
QDSCs, the redox couple is S2�/Sn

2� instead of I�/I3
�. Consid-

ering that umax (1/fmin) is the same as the backreaction constant
(kb), and that the Voc is dependent logarithmically on fmin. So the
value of Voc increases with the decrease of back reaction
constant (as same as fmin). From Fig. 10c, the device of ZnO/TiO2

core–shell photoelectrode has much lower fmin than that of ZnO
NR photoelectrode. So, according to eqn (5), the device of core–
shell photoelectrode should have higher Voc, which is consistent
with the measured results of J–V curves shown in Fig. 7 and
Table 1.

The charge transfer resistance at the photoelectrode–elec-
trolyte interface denoted as R2 in Fig. 10a can be considered as
part of a shunt resistance (Rsh) because it behaves like a diode
on the applied bias voltage.29 The Rsh relates to FF as the
following eqn (6):29

FF ¼ FF0(1 � 1/Rsh) (6)

where FF0 is the theoretical maximum FF. From the EIS results,
it can be inferred that the increase of FF of QDSC with ZnO/TiO2

structural photoelectrode as shown in Fig. 7 is a result of
increase in Rsh, by 220%. According to the discussions above,
the employment of TiO2 shell can not only increase the har-
vesting amount of QDs, but may also enhance the charge
recombination resistance and prolong the electron lifetime,
both of which contribute to improving the Jsc, FF and Voc of
Nanoscale, 2013, 5, 936–943 | 941
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QDSCs. Compared to the QDSC constructed with ZnO NRs, the
h of QDSC with ZnO/TiO2 core–shell photoelectrode increases
by 130%, and reaches the maximum value of 2.7%.
Conclusions

Photoelectrode with core–shell structure of ZnO/TiO2 nanocable
for CdS/CdSe quantum dot co-sensitized solar cells has
demonstrated much enhancement in power conversion
efficiency.

The use of TiO2 NS shell offered several advantages for
quantum dot sensitized solar cells (QDSCs) as follows: (a)
increases surface area of ZnO NRs to help for harvesting more
quantum dots (QDs), which leads to high short current density
Jsc; (b) forms a layer of energy barrier blocking the electrons
from transporting back to electrolyte and QDs, which reduces
the charger recombination and increases ll factor (FF) of the
QDSCs; (c) prolongs electron lifetime so as to enhance the open-
circuit voltage Voc. In comparison with ZnO NRs, the Jsc, Voc, FF
and charge recombination resistance R2 of core–shell struc-
tured photoelectrode increase by 3%, 44%, 48% and 220%,
respectively. As a result, a power conversion efficiency h of 2.7%
of QDSCs with core–shell structural photoelectrode has been
obtained, which is as much as 230% of that for ZnO NR pho-
toelectrode (1.2%).
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