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ABSTRACT: ZnO nanorods (NRs) and nanosheets (NSs) were fabricated by
adjusting the growth orientation of ZnO crystals in the reaction solution,
respectively. The thin ZnO NSs were slowly assembled on the surface of NRs to
form a hierarchically structured NR−NS photoelectrode for constructing CdS/
CdSe quantum-dot-sensitized solar cells (QDSCs). This hierarchical structure
had two advantages in improving the power conversion efficiency (PCE) of the
solar cells: (a) it increased the surface area and modified the surface profile of the
ZnO NRs to aid in harvesting more quantum dots, which leads to a high short-
current density (Jsc); (b) it facilitated transportation of the electrons in this
compact structure to reduce the charge recombination, which led to
enhancement of the open-circuit voltage (Voc) and fill factor (FF). As a result,
the QDSC assembled with the hierarchical NR−NS photoelectrode exhibited a
high PCE of 3.28%, which is twice as much as that of the NR photoelectrode
(1.37%).
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1. INTRODUCTION

The establishment of low-cost and high-performance solar cells
for sustainable energy sources to replace fossil fuels has become
an urgent subject imposed on scientists around the world.1,2 As
a cost-effective alternative to silicon-based photovoltaics,
quantum-dot-sensitized solar cells (QDSCs) have attracted
considerable attention recently and shown promising develop-
ment for next-generation solar cells.2−6 QDSCs can be
regarded as derivatives of dye-sensitized solar cells (DSCs),
which were first reported by Oregan and Greatzel in 1991.7

However, QDSCs use semiconductor quantum dots (QDs)8−11

as the photosensitizer instead of organic dyes because of their
versatile optical and electrical properties, such as (1) tunable
band gap depending on the QD size, (2) larger extinction
coefficient, (3) high stability toward water and oxygen, and (4)
generation of multiple excitons with single-photon absorp-
tion.12−14 The theoretical photovoltaic conversion efficiency of
a QDSC can reach up to 44% in view of the multiple exciton
generation of QDs.14,15

Among the various QDs that are used for QDSCs, CdS and
CdSe are attractive owing to their high potential for light
harvesting in the visible-light region.12,16 CdSe has a band gap
of 1.7 eV and may therefore absorb photons with wavelengths
shorter than 700 nm and shows better performance compared
to CdS.17 However, it was found that CdSe is difficult to
deposit directly on oxides such as TiO2 and ZnO. For this
reason, modification of oxides with CdS has usually been
adopted to improve the adsorption of CdSe.18,19 Another
reason that CdS has been used is to induce CdS/CdSe

cosensitization, which broadens the optical absorption of the
solar cells. So far, CdS/CdSe-cosensitized QDSCs have reached
power conversion efficiencies (PCEs) higher than 4%.10,20 We
synthesized CdS and CdSe QDs within TiO2 and ZnO
mesoporous films to assemble CdS/CdSe-cosensitized solar
cells by successive ionic layer absorption and reaction (SILAR)
and chemical bath deposition (CBD), respectively, both of
which showed high efficiency.14,21−23 Most recently, Santra and
Kamat reported that QDSC with manganese-doped CdS/CdSe
achieved a PCE of 5.4%.3

As a wide-band-gap semiconductor for the sensitizer scaffold,
conventional TiO2 and ZnO porous nanocrystalline films had
been used in both DSCs and QDSCs. Our previous research
reported14 that QDs had difficultly entering the inner pores of
the films in comparison with organic dyes, ultimately leading to
several issues: (1) direct exposure of the oxide film in the
electrolyte, resulting in a serious degree of recombination
between the electrons in the oxide and holes in the electrolyte;
(2) less QD loading in the films. Open structures, such as
nanorods (NRs), nanowires (NWs), and nanotubes, can
facilitate the distribution of QDs from the surface to the
interior of the films and enhance the QD loading. ZnO is
considered an excellent candidate material as a photoelectrode
because of its high electron mobility.24−26 In addition, ZnO can
easily form anisotropic structures such as NRs and NWs. For
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the structure of ZnO NRs, ZnO can serve as the backbone for
direct electron transport by providing short transport distances.
Some studies have already demonstrated the use of ZnO NRs
and NWs for application in QDSCs.27−32 However, QDSCs
based on 1D structures (NRs and NWs) have not reached as
high of conversion efficiencies as expected, likely because of
their low surface areas, leading to diminished QD loadings. The
hierarchical structures of ZnO NRs assembled with nano-
particles or nanosheets (NSs) have been identified as an
effective means of enhancing the DSC performance.33 Although
QDSCs have somewhat different structure than DSCs, the
method of assembling the hierarchically structured photo-
electrode is accredited to be effective in improving the
performance of QDSCs.
In this work, we designed a hierarchically structured ZnO

photoelectrode assembled with NRs and NSs. It is anticipated
that the resulting hierarchical configuration would enhance the
available surface area for accommodating more QDs, which
could increase both the short-circuit current density (Jsc) and
the open-circuit voltage (Voc) as well as the overall fill factor
(FF) of the solar cells. As a result, the PCE of the QDSCs
increases from 1.37% for ZnO NRs to 3.28% for the
hierarchically structured ZnO photoelectrode.

2. EXPERIMENTAL METHODS
2.1. Experimental Process. Figure 1 illustrates the formation

steps of the hierarchically structured ZnO photoelectrode for QDSCs.

First, a seed layer of ZnO was deposited on indium-doped tin oxide
(ITO) glass from which the ZnO NRs were grown in a solution of
Zn(NO3)2 and hexamethylenetetramine (HMT) at 70 °C; the ZnO
NRs were grown along the (0001) plane and overlaid onto the ITO
substrate. Finally, the ZnO NRs were coated with ZnO NSs of small
size in a secondary reaction solution that incorporated Zn(NO3)2,
HMT, and trisodium citrate.
2.2. Preparation of ZnO NRs. The ITO substrates were spin-

coated with 0.60 M zinc acetate in a solution of 2-methoxyethanol and
monoethanolamine to form a seed layer of ZnO, followed by heat
treatment at 300 °C for 10 min. The ZnO NRs were prepared on the
seeded ITO glass substrate by solution reaction in a 0.015 M zinc
nitrate and HMT aqueous solution as reported previously.23,33 The
seeded ITO glass was placed in the aqueous solution, and the solution
reaction was carried out at 70 °C for 10 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.
2.3. Formation of Hierarchically Structured ZnO NRs−NSs.

The ZnO NRs were immersed in an aqueous solution of 0.01 M zinc
nitrate, 0.01 M HMT, and 0.001 M trisodium citrate at 60−70 °C for
10 h. The substrate was drained from the reaction solution and washed

several times with deionized water. The substrate was then calcined at
350 °C for 30 min.

2.4. Fabrication of CdS/CdSe-Sensitized Solar Cells. For the
growth of CdS QDs, the substrates were first immersed in a 0.1 M
cadmium nitrate [Cd(NO3)2] and methanol solution for 1 min.
Successively, the substrates were dipped into a 0.1 M sodium sulfide
(Na2S) and methanol solution for another 1 min to allow S2− to react
with the preadsorbed Cd2+, leading to the formation of CdS. This
procedure was denoted as one SILAR cycle. In total, five SILAR cycles
were employed to obtain a suitable amount of CdS on the TiO2 film.
In a subsequent step, CdSe was deposited on the CdS-coated
substrates through a CBD method. In brief, 0.1 M sodium
selenosulfate (Na2SeSO3), 0.1 M cadmium acetate [Cd(CH2COO)2],
and 0.2 M trisodium salt of nitrilotriacetic acid [N(CH2COONa)3]
were mixed together with a 1:1:1 volume ratio. The CdS-coated
substrates were then vertically immersed into the solution for
deposition of the CdSe layer under dark conditions at 24 °C for 3
h. After CdSe deposition, a ZnS passivation layer was deposited with
two SILAR cycles by soaking the substrate in an aqueous solution
containing 0.1 M zinc nitrate and 0.1 M sodium sulfide, which acted as
Zn2+ and S2− sources, respectively. The electrolyte employed in this
study was composed of 1 M S and 1 M Na2S in deionized water. The
counter electrode was a Cu2S film fabricated on brass foil. The
preparation of the Cu2S electrode can be described as follows: brass
foil was immersed in 37% HCl at 70 °C for 5 min, then rinsed with
water, and dried in air. Following this step, the etched brass foil was
dipped in a 1 M S and 1 M Na2S aqueous solution, resulting in a black
Cu2S layer forming on the foil.

2.5. Characterization. The morphology of the ZnO NRs−NSs
was characterized by scanning electron (SEM; JSM-7000) and
transmission electron (TEM; Tecnai G2 F20) microscopy. Nitrogen
sorption isotherms were measured using a Quantachrome NOVA
4200e. Samples are degassed at 250 °C under vacuum for at least 6 h
prior to measurement. The multipoint Brunauer−Emmett−Teller
(BET) method was used to determine the specific surface area. The
photovoltaic properties were measured using an HP 4155A program-
mable semiconductor parameter analyzer under AM 1.5 simulated
sunlight with a power density of 100 mW/cm2. The cell area is 0.25
cm2. Optical absorption (Perkin-Elmer Lambda 900 UV/vis/IR
spectrometer) was used to study the light absorption properties of
the samples. Electrochemical impedance spectroscopy (EIS) was
carried out using a Solartron 1287A coupled with a Solartron 1260
FRA/impedance analyzer to investigate the electronic and ionic
processes in QDSCs.

3. RESULTS AND DISCUSSION

Figure 2a shows the SEM image of the cross section of the ZnO
NR film on the ITO glass, indicating that the thickness is
around 15 μm. The inset in Figure 2a shows the NRs lying on
the seeded layer, which increases the adhesive strength between
the NRs and ITO substrate to improve electron transport at
their interface. Parts b and c of Figure 2 display the low- and
high-resolution SEM images of the ZnO NRs, respectively. It
can be seen that the average length and diameter of the NRs are
∼10 μm and ∼600 nm, respectively. The large gaps and pores
among the NRs are helpful for achieving thorough penetration
of the CdS/CdSe QDs (3−10 nm)14 into the ZnO NR
photoelectrode film. The ZnO NRs were synthesized in a
solution of HMT and Zn(NO3)2 at 70 °C. HMT acts as a pH
buffer, which controls the supply quantity of OH− to keep the
low concentration of OH− in the solution. Under this
condition, ZnO crystals grow fast along the c-axis direction
because of the high surface energy of the polar (001) plane for
adsorbing more OH−.34 When the citrate ions were added in
the solution of ZnNO3 and HMT, the crystal growth along
⟨001⟩ orientations was suppressed to form short and fat
hexagonal crystals (NSs). So, the NSs deposit gradually from a

Figure 1. Schematic of the synthesis process of hierarchically
structured ZnO NRs−NSs.
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supersaturation solution and deposit on the surface of NRs. As
displayed in Figure 2d, the smooth surfaces of the NRs became
“rough” and were surrounded by NSs, effectively forming a
“shell”. During the synthesis process of NSs, too high of
synthesis temperature (≥70 °C) can drive the NSs to assemble
and form nanospheres, as shown in Figure 2e,f. It has been
reported35 that large numbers of NSs would form quickly in the
solution and then attach to each other to form microspheres in

the reaction solution at too high of temperature. The
nanospherical structure was determined to not be beneficial
for the loading of QDs because it attenuated electron transport
compared with the NR−NS hierarchical structure.
Parts a and b of Figure 3 show the TEM and high-resolution

TEM (HRTEM) images of the ZnO NRs−NSs, respectively,
revealing that the ZnO NR is surrounded by small NSs 10−15
nm in size. As displayed in Figure 3c and the corresponding

Figure 2. (a) SEM images of the cross section of the ZnO NR film. The inset shows the cross section of the seed layer and NR film. (b and c) SEM
images of ZnO NRs and of ZnO NRs−NSs synthesized at (d) 60 and (e and f) 70 °C.

Figure 3. (a) TEM and (b and c) HRTEM images of the ZnO NRs−NSs. The inset shows the NSs FFT diffraction pattern.
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inset, the lattice constant and fast Fourier transform (FFT)
diffraction pattern demonstrate that the NS exhibits a single-
crystalline phase with the (100) plane, indicating that the fastest
growth direction for the ZnO crystal is ⟨100⟩ during the
synthesis process. Although the synthesis mechanism of the
NRs−NSs is not entirely clear, a schematic of the proposed
formation mechanism of NR and NS is illustrated in Figure 4. It
has been proposed that HMT reacts with water to produce
ammonia, which, in turn, reacts with water to generate
OH−.33,36 HMT can keep a low supersaturation reaction
environment of reacting Zn2+ with OH− for ZnO crystals. The
chemistry of the process is summarized as follows:37

+ → +C H N 6H O 6CH O 4NH6 12 4 2 2 3 (1)

+ → ++ −NH H O NH OH3 2 4 (2)

+ →+ − −Zn 4OH Zn(OH)2
4

2
(3)

→ +− −Zn(OH) Zn(OH) 2OH4
2

2 (4)

→ +Zn(OH) ZnO 2H O2 2 (5)

It has been reported22,34,37 that ⟨001⟩ is the preferred growth
direction of ZnO crystals in a reaction solution of Zn(NO3)2
and HMT because of the high surface energy of the (001)
plane. As shown in Figure 4a, OH− ions are preferably adsorbed
on the (001) plane of ZnO, leading to ZnO crystals growing
along the fastest orientation, the c axis ⟨001⟩. Previous

research38 has studied the effect of citrate ions on ZnO crystal
morphology, which reported that the citrate molecules were
preferentially adsorbed onto the (001) surface and thus
inhibited crystal growth along the ⟨001⟩ orientations. As
displayed in Figure 4a, we deduced that citrate ions
(C6H5O7

3−) preferably concentrated on the (001) plane
because of the high surface energy. So, more ions of OH−

were adsorbed on the other plane (100) than on the (001).
ZnO crystal growth along the ⟨001⟩ orientations was
suppressed, but crystals were still able to grow sideways
(such as the ⟨100⟩ direction) in the form of thin sheets. As
determined from the FFT diffraction pattern from the
corresponding HRTEM image, the crystals are prone to grow
along the ⟨100⟩ direction. This conclusion is consistent with ref
26 about the role of the citrate ions. Figure 4b is a schematic
illustration of the formation mechanism of the hierarchical
structure of ZnO NRs−NSs. There is high surface energy and
more defects on the surface of ZnO NRs, which is helpful for
the nucleation and growth of ZnO NSs. So, the ultrathin NSs
are highly flexible and thus can readily deposit onto the surface
of the ZnO NRs, forming the hierarchical structure.
Figure 5 displays the nitrogen sorption isotherms, indicating

that the hierarchical NR−NS structure has a much higher BET
surface area (31.5 m2/g) than the ZnO NRs (14.3 m2/g).
Therefore, the assembled NSs on the surface of ZnO NRs can
increase the surface area of the photoelectrode film, which is
helpful for increasing the load of QDs.

Figure 4. Schematics of (a) the growth mechanism for ZnO NR and NS in different reaction solutions. (b) Proposed formation mechanism of the
hierarchical structure of ZnO NRs−NSs.
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Figure 6 shows the TEM and HRTEM images of the ZnO
NRs−NSs adsorbed with QDs, revealing that the ZnO NRs−

NSs are surrounded by small particles 4−6 nm in size. The
indexing of the small CdS/CdSe particles can be confirmed by
comparing the observed lattice parameters with the data
available from the JCPD. The inner layer crystallites have a
lattice fringe of 0.336 nm, which is recognized as the (111)
plane of CdS (JCPDS 10-0454); the lattice fringe of the outer
layer crystallites is 0.373 nm, which is ascribed to the (100)
plane of CdSe (JCPDS 08-0459).
The optical absorbance spectra of the ZnO photoelectrodes

loaded with QDs are shown in Figure 7. The results reveal that
the absorbance of the NRs−NSs is higher than that of the NRs.

The high absorbance of the photoelectrode indicates that a
greater amount of QDs can be accommodated. In a comparison
of the energy-dispersive spectrometry results of S and Se
elements in the photoelectrodes, the mass fractions of S and Se
in ZnO NRs−NSs (5.6 wt % for S and 11.2 wt % for Se) are
more than those in ZnO NRs (3.3 wt % for S and 8.5 wt % for
Se). In addition, the inset image in Figure 7 shows the much
darker color of the hierarchical NR−NS sample compared to
that of the ZnO NR sample, which also implies that a greater
amount of QDs are adsorbed on the former rather than the
latter. The previous results may be attributed to (1) changing
the surface profile and chemical energy of the photoelectrode
by the addition of NSs for harvesting a greater amount of QDs
and (2) increasing the surface area of the photoelectrode by
deposition of NSs to favor high QD loadings. The more QDs
that are loaded within the photoelectrode, the higher the
photocurrent density (Jsc) that can be obtained.
In addition to enhanced QD loading, the structure of the

photoelectrode effectively enhances electron transport, electron
lifetime, and charge recombination. In order to evaluate the
resistance distribution and charge recombination processes, EIS
measurements have been carried out. Figure 8 shows the
impedance spectra of the QDSCs measured under forward bias
(0.5 V) and dark conditions. In Figure 8a, the semicircles
correspond to electron transfer at the photoelectrode/QDs/
electrolyte interface and transport in the photoelectrode (Rct),
respectively.39 A fitting result of the impedance spectra is listed
in Table 1. Compared to the ZnO NRs, Rct of the ZnO NR−
NS structure increases from 66.4 to 101.2 Ω/cm2; Rct can be
considered as the charge recombination under dark con-
ditions.40 Thus, the results indicate that electrons in the
structured ZnO NR−NS photoelectrode are more difficult to
recombine with the electrolyte redox couple (S2−/Sn

2−) in view
of the high Rct value. The increase in Rct of the ZnO NRs−NSs
is possibly attributed to the compact structure of the
hierarchical photoelectrode. Figure 8d shows the structure of
two photoelectrodes. Compared to the ZnO NRs, the structure
of ZnO NRs−NSs becomes compact and the gaps between
ZnO and ITO decrease. For yielding electron−hole pairs from
QDs, they are rapidly separated into electrons and holes at the
interface between ZnO and QDs. The electrons are injected
into ZnO, and holes are released by redox couples (S2−/Sn

2−)
in the electrolyte. So, electrons in the compact ZnO NR−NS
hierarchical structure are easily transported to the counter
electrode rather than back into the electrolyte. Figure 8b shows
the Bode plots of QDSCs with different photoelectrode
structure. The curve peak of the spectrum can be used to
determine the electron lifetime in ZnO according to eq 6.41

τ π= f1/2n min (6)

As presented in Table 1, the electron lifetime of the
hierarchically structured photoelectrode device is up to 4.7
ms, which is approximately 2 times that of the ZnO NR device
(2.9 ms). In other words, the electron lifetime in the
conduction band is prolonged because of a decrease in the
charge recombination. It is well-known that the charge
recombination and electron lifetime have a direct impact on
Voc, FF, and PCE for DSCs, and the same applies for QDSCs.
Voc can be expressed by eq 7:42,43

β= +− +V RT F AI n k n k( / ) ln{ /( [S ] [D ])}noc 0 b 0 r (7)

Figure 5. Nitrogen sorption isotherms for the ZnO NRs and
hierarchical ZnO NRs−NSs.

Figure 6. (a) TEM and (b) HRTEM images of the ZnO NRs−NSs
loaded with QDs.

Figure 7. Optical absorbance spectra of the ZnO photoelectrodes
loaded with QDs.
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where R is the molar gas constant, T is the temperature, F is the
Faraday constant, β is the reaction order for Sn

− and electrons,
A is the electrode area, I is the incident photon flux, n0 is the
concentration of accessible electronic states in the conduction
band, and kb and kr are the kinetic constants of the back-
reaction of the injected electrons with a polysulfide electrolyte
and the recombination of these electrons with oxidized QDs
(D+), respectively. Considering that ωmax (1/fmin) is the same
as the back-reaction constant (kb) and that Voc depends
logarithmically on fmin, it is clear that the Voc value increases
with a decrease of the back-reaction constant (same as fmin).
From Figure 8b, the device with the hierarchically structured
photoelectrode has much lower fmin than that using the ZnO
NR photoelectrode. Subsequently, according to eq 6, the device
with the hierarchically structured photoelectrode should have
higher Voc. The charge-transfer resistance at the photo-
electrode/electrolyte interface, denoted as Rct in Figure 8a,
can be considered as part of a shunt resistance (Rsh) because it
behaves like a diode with the applied bias voltage.40 Rsh relates
to FF according to eq 8:40

= − RFF FF (1 1/ )0 sh (8)

where FF0 is the theoretical maximum FF. Rsh is consistent to
Rct. From the EIS results, it can be inferred that the increase for
the QDSC is a result of an increase in Rsh, which enhances FF
of the solar cell. Following previous discussions, it is evident
that this modification contributes toward improving Jsc, FF, and
Voc of the QDSCs.

Figure 9 shows the J−V curves for the solar cells measured
under the illumination of one sun (AM 1.5, 100 mW/cm2), and

the performance parameters of the solar cells are listed in Table
2. The QDSC assembled with hierarchically structured ZnO
exhibits high performance: Jsc = 10.74 mA/cm2, Voc = 0.61 V,
FF = 0.50, and PCE = 3.28%. Compared with the ZnO NRs
photoelectrode, the hierarchically structured ZnO NR−NS
photoelectrode displays increases in Voc, Jsc, FF, and PCE by
7%, 62%, 39%, and 139%, respectively. The performance of the

Figure 8. (a) Nyqiust and (b) Bode plots of the QDSCs under forward bias (0.5 V). (c) J−V curves of the QDSCs under dark conditions. (d)
Schematics of the photoelectrode structure.

Table 1. EIS Results of QDSCs

photoelectrode Rct (Ω/cm2) τ (mS)

NRs 66.4 2.9
NRs−NSs 101.2 4.7

Figure 9. J−V curves of QDSCs assembled with different photo-
electrodes under simulated AM 1.5, 100 mW/cm2 sunlight.

Table 2. Properties of QDSCs Assembled with Different
Photoelectrodes

photoelectrode Voc (V) Jsc (mA/cm2) FF PCE (%)

NRs 0.57 6.62 0.36 1.37
NRs−NSs 0.61 10.74 0.50 3.28

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am500209f | ACS Appl. Mater. Interfaces 2014, 6, 4466−44724471



QDSC assembled with ZnO NRs can be enhanced via a
chemical synthesis process by introducing a shell of ZnO NSs
for increasing the surface area to harvest a greater amount of
QDs and reduce the charge recombination.

4. CONCLUSIONS

A hierarchically structured photoelectrode of ZnO NRs−NSs
for CdS/CdSe QDSCs was investigated. The ZnO NRs were
initially seeded and then grown on ITO using a solution
synthesis process at 70 °C. ZnO NSs 10−15 nm in length were
slowly assembled on the surface of the NRs in the reaction
solution under 60 °C. Compared to ZnO NRs, the hierarchical
structure of the NRs−NSs had two advantages for QDSCs: (a)
it increased the surface area and modified the surface profile of
the ZnO NRs to aid in harvesting more QDs, which leads to a
high short-current density (Jsc); (b) it facilitated transportation
of the electrons in this compact structure to reduce the charge
recombination, which led to enhancement of the open-circuit
voltage (Voc) and fill factor (FF). As a result, the solar cells
assembled with the hierarchically structured ZnO photo-
electrode displayed high performance under AM 1.5 simulated
sunlight with a power density of 100 mW/cm2, Jsc of 10.74 mA/
cm2, Voc of 0.61 V, FF of 0.50, and PCE of 3.28%.
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