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PbS 量子点敏化 TiO2 纳米管太阳能电池的合成与表征
陈 茜，高芳芳，王 焕，周立亚
(广西大学化学化工学院，南宁 530004)
摘 要：为了降低 TiO2 纳米管的带隙能，并将其吸收范围拓宽至可见光区，采用一步合成法将 PbS 量子点沉积在 TiO2 纳米
管表面，并系统研究了敏化时间对所合成光阳极光电性能的影响。结果表明：所合成的 PbS 量子点为立方结构；PbS 量子点
敏化 TiO2 纳米管的光响应范围在 325~650 nm；与未敏化的 TiO2 纳米管相比，PbS 量子点敏化后 TiO2 纳米管的光电转换效率
提升至 0.58%。
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Synthesis and Characterization of PbS Quantum Dots Sensitized Sensitized Titanium Dioxide
Nanotubes Solar Cells
CHEN Qian, GAO Fangfang, WANG Huan, ZHOU Liya
(School of Chemistry and Chemical Engineering, Guangxi University, Nanning 530004, China)
Abstract: To decrease the band-gap of titanium dioxide nanotube arrays (TNTs) and widen the absorption spectra to the visible
region, PbS quantum dots (QDs) were synthesized on the surface of TNTs by a simple one-step synthesis process. The influence of
sensitization time on the photoelectric properties of the PbS/TNTs was investigated. The results by X-ray powder diffraction show
that the obtained PbS QDs possess a cubic structure. The photocurrent of the PbS/TNTs appears in the main absorption region of
325–650 nm. Compared to pure TNTs, the photoelectric conversion efficiency of PbS/TNTs increases to 0.58%. This scenario
exhibits a potential application of QDs in photochemical solar cells.
Keywords: quantum dots; one-step synthesis; solar cells; titanium dioxide nanotube arrays

Quantum dot sensitized solar cells (QDSSCs) as the
third generation solar cells have attracted much attention
due to their promising characterizations with the
particular nature properties of quantum dots (QDs) [1–2].
Titanium dioxide nanotube arrays(TNTs) have also
received recent attention as ideal photoanode materials
for QDSSCs due to their high energy conversion
efficiency, low cost, no adverse environmental impact,
and tube length stability[3–4]. However, the wide band
gap of TNTs (i.e., 3.2 eV) for rutile restrictsits
applications as a photovoltaic material because only the

UV light can be absorbed. The UV light constitutes only
5% of the solar spectrum[5]. In order to make the efficient
utilization of the visible light, which accounts for 43%
ofthe total sunlight, various quantum dots with the
narrow band gap are used as the modification materials
of TNTs, such as CdS,PbS, and CdTe[4, 6–7]. Among the
widely-investigated QDs, PbS QDs are considered as a
promising photo conversion material for QDSSCs due to
their unique properties, such as high absorption
coefficient, low cost and band gap tunability[8]. At present,
several methods are used to form PbS/TNTs photoanodes,
such as chemical bath deposition(CBD), thermal
evaporation, and successive ionic layer adsorption and
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reaction(SILAR)[7, 9–10]. The one-step synthesis process
can be considered as a simple method to deposit QDs
layers onto TNTs in the solution process with the
advantage of being a faster and less expensive way[6].
In this work, PbS/TNTs were fabricated by an
one-step synthesis method. The QDs synthesis process
was conducted simultaneously with TNT sensitization.
The effect of the PbS/TNTs on the photovoltaic
performance of QDSSCs was analyzed.

2 Experimental
The TNTs were firstly prepared by an anodic
oxidation method with high-purity titanium foil (0.35
mm-thick foils, 99.6% purity), and then PbS/TNTs photo
anode was prepared by an one-step synthesis. The TNTs
was added to a 250 mL three-necked flask with 100 mL
Pb(NO3)2 (0.02 mol/L) and moderate thioglycolic acid
under stirring. The pH value of the mixture solution was
adjusted to 10 by 1 mol/L NaOH solution. The Na2S was
added into the mixture solution. The resultant solution
was heated to 100 °C and refluxed to different time.
The crystalline structure of samples was evaluated by
a model D/max-IIIAX-ray powder diffracometer(XRD,
Rigaku Co., Japan). The morphology of the solution was
characterized by a model Quanta 250 scanning electron
microscope (SEM, Model Quanta 250) coupled with an
energy-dispersive
spectrometer
(EDS).
The
density–voltage (J–V) curves were recorded on a model
Keithley 2400 source meter under illumination by an
AM 1.5 g solar simulator. The incident photo-to-current
conversion efficiency (ηPC) analysis was conducted in the
Zolix electrochemical station. In the current J–V
measurement process, the fill factor (fF) and the
photovoltaic-conversion efficiency can be calculated
by[11]:
(1)
fF=(J×V)max/(Jsc×Voc),
ηPC=(fF×Jsc×Voc×100)/Plight,
(2)
where, Plight is the incident optical power. The maximum
product of the current density (J) and voltage (V),
short-circuit current density (JSC), and open-circuit
voltage (VOC) can be calculated from the J–V curve.

3 Results and discussion
Figure 1(a) shows the XRD pattern of PbS QDs.
Clearly, the diffraction peaks at around 2 θ of 25.96°,
30.07°, 43.06°, and 50.97°, which correspond to the (111),
(200), (220), and (311) crystalline planes of cubic
PbSQDs (JCPDS No. 05-0592), indicating that the
synthesized QDs are a zinc blende structure and the
presence of TNTs does not affect the PbS QDs
preparation. Figure 1(b) shows the XRD patterns of pure
TNTs and PbS/TNTs prepared at different sensitization
time. For the pure TNTs, the position of the XRD peaks
match well with the anatase phase of TiO2(JCPDS No.
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21-1272). The XRD patterns for the characteristic peaks
of TNTs after the PbS deposition indicate that the
introduction of PbS QDs has no effect on the TNT crystal
structure.
Two peaks located at 25.96° and 30.07° can be readily
assigned to (111) and (200) planes of cubic PbS QDs,
respectively. The results demonstrate that PdS QDs are
effectively deposited on the surface of TNTs. Further
more, the intensity of the main PbS (111) and (200) peaks
increases when the sensitization time prolongs, indicating
that more PbS QDs are deposited onto the TNTs.

(a) PbS QDs

(b) Pure TNTs and PbS/TNTs

Fig. 1 XRD pattern of PbS QDs and pure TNTs and PbS/TNTs
at different sensitization times

Figure 2(a) shows the top-view SEM images of
prepared TNTs. The TNTs tube structures are uniform
over a wide area with the internal tube diameter and
wall thickness of approximately 170 nm and 40 nm,
respectively. Figure 2(b)-(d) show the SEM images
of TNTs sensitized with PdS QDs after the reaction
for 0.5 h (b), 3.0 h (c), and 7.0 h(d), respectively.The
PbS QDs are deposited on the surface of TNTs
effectively. The PbS crystal nuclei grow with the
prolonged sensitization time. The massive PbS QDs
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almost cover onthe TNTs surface when the
sensitization time is 7.0 h. Figure 2(e) shows the EDS
spectrum of TNTs sensitized with PdS QDs. The
obvious signals confirm the existence of Pb, S, Ti and
O elements in the PbS/TNTs photoanode, indicating
that the PbS QDs are effectively deposited onto the
surface of TNTs[12].
Figure 3 shows the IPCE curves of pure TNTs and
PbS/TNTs atdifferent sensitization time. The solar
spectrum contains photons with energies ranging from
0.5 eV to 3.5 eV. As a wide band gap semiconductors
material, TNTs only take advantage of ultraviolet light,
indicating that 95% of the solar photons are useless for
TNTs[5]. For pure TNTs, the absorption range is

(a) Pure TNTs

(c) 3.0 h
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approximately below 400 nm with the maximum IPCE
of 8.47% at 328 nm. The PbS/TNTs exhibit an
increased absorption intensity and an obvious red-shift,
compared to pure TNTs, indicating that the deposition
of PbS QDs extends the absorption range into visible
light. The PbS/TNTs maximum IPCE value is 24.2 %
at 328 nm when the sensitization time is 3.0 h with the
absorption response region of 325–650 nm. Further
more, the absorption intensity decreases when the
sensitization time further increases beyond 3.0 h. This
quenching process is often attributed to gathering QDs
on the TNTs surface[13]. These results indicate that the
advisable sensitization time can enhance the visible
light utilization efficiency.

(b) 0.5 h

(d) 7.0 h

(e) EDS spectrum of PbS/TNTs

Fig. 2 Top-view SEM images of pure TNTs and PbS/TNTs for different sensitization times and EDS spectrum of PbS/TNTs

Fig. 3

IPCE curves of pure TNTs and PbS/TNTs for different
sensitization time

Fig. 4 J–V characteristics for pure TNTs and PbS/TNTs for
different sensitization time
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Table 1 shows the photovoltaic parameters of
pure TNTs and PbS/TNTs at different sensitization
time. Figure 4 shows the orresponding J-V
characteristics. Compared tothe PbS/TNTs, pure TNTs
exhibits a poor photo-electrochemical performance
with a value of 0.10%. With the deposition of PbS
QDs, the JSC, VOC and ηPC of the photoanode increase，
the PbS/TNTs atthe sensitization time of 3.0 h show
the maximum ηPC of 0.58% among all the prepared
photoanodes. However, the ηPC reduces when the
sensitization time increases beyond 3.0 h due to the
aggregation of PbS QDs on the surface of TNTs,
inducing the increased photogenerated charge-carrier
recombination and decreased output. Furthermore, the
aggregation of PbS QDs produces a barrier to reduce
the transfer efficiency between the PbS QDs and
TNTs[13].
Table 1

Photovoltaic parameters of pure TNTs and
PbS/TNTs for different sensitization times
–2

Photoanode

JSC/(mA·cm )

VOC/mV

fF

ηPC/%

TNTs

4.00

65

0.38

0.10

PbS (0.5 h)/TNTs

4.26

214

0.48

0.45

PbS (1.5 h)/TNTs

4.76

230

0.48

0.52

PbS (3.0 h)/TNTs

4.64

259

0.48

0.58

PbS (5.0 h)/TNTs

4.54

258

0.48

0.57

PbS (7.0 h)/TNTs

4.43

260

0.49

0.57

one-step synthesis process could be used as photo anode
for quantum dot-sensitized solar cells.
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