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A novel one-step synthesis process was used to assemble CdS quantum dots
(QDs) into TiO5 nanotube arrays (TNTAs). The sensitization time of the TiO,
nanotubes can be adjusted by controlling the CdS QD synthesis time. The
absorption band of sensitized TNTAs red-shifted and broadened to the visible
spectrum. The photoelectric conversion efficiency increased to 0.83%, the
open-circuit voltage to 776 mV, and the short-circuit current density (Jsc) to
2.30 mA cm 2 with increased sensitization time. The conversion efficiency
with this new sensitization method was five times that of nonsensitized

TNTAs, providing novel ideas for study of TNTA solar cells.
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TNTAs have attracted significant attention in
recent years as ideal photoanode materials for dye-
sensitized solar cells (DSSCs). Using an anodic
oxidation method to synthesize highly ordered
TNTAs has several advantages, such as high energy
conversion efficiency, low cost, no adverse environ-
mental impact, and tube length stability.! The
greatest disadvantage of TNTAs is the wide band-
gap (3.2 eV), which corresponds to only around 5%
solar light utilization.? Moreover, the energy con-
version efficiency of TNTAs is limited because of the
rapid recombination of photoinduced electron—hole
pairs.®> To overcome these limitations, several
efforts have been made to form heterojunction
structures between semiconductor QDs and
TNTAs.*" QDs are a type of solar cell sensitizer,
arousing widespread interest because of their high
extinction coefficients, multiple exciton generation
effects, and tunable bandgap.®'° The photoelectric
conversion performance of TNTAs sensitized by
QDs can be improved by heightened visible light
harvesting of TNTAs as the QD variety and size are
concurrently adjusted.'!

Among the most investigated QD inorganic
semiconductors, CdS QDs have attracted enormous
attention in QDSSC research because of their
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narrow bandgap (2.42 eV), which expands light
absorption to the visible region.'? Several methods
to form CdS/TNTA heterojunctions have been
reported, such as electrochemical deposition,®
chemical bath deposition (CBD),'* and successive
ion layer adsorption and reaction (SILAR).'
Although QDs are easy to combine, novel methods
need to be explored to improve the photoelectric
efficiency.

In this report, a new and simple method is pro-
posed to sensitize TNTAs during a one-step CdS QD
synthesis process. Figure 1 shows a schematic of the
synthesis process. QD synthesis and TNTA sensiti-
zation are performed simultaneously. CdS QDs are
evenly distributed on TiOy nanotubes because the
overall reaction process is carried out under con-
stant stirring and heating conditions. The report
also provides novel ideas for researching QD-sensi-
tized TiOy nanotube solar cells.

EXPERIMENTAL PROCEDURES
Preparation of TiO; Nanotube Arrays

High-purity titanium (0.35-mm-thick foils, 99.6%
purity) was used in the experiment. Ti foils (1.0 cm x
2.0 cm) were polished mechanically, rinsed ultra-
sonically in acetone, ethanol, and deionized (DI)
water for 15 min, and dried separately in nitrogen
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TiO, NT

Ti foil

NaZS = CdC12

Fig. 1. Synthesis process of CdS QD-sensitized TiO, NTAs.

gas. Cleaned Ti foils were used as the anode,
whereas a lead oxide electrode was used as the
cathode for electrochemical anodization in a two-
electrode cell. The distance between the two elec-
trodes was fixed at 3.5 cm. The electrolyte was
composed of deionized water and glycerol (at volume
ratio of 1:5) containing NH4F (0.5 wt.%). The two-
electrode configuration was fixed to a constant
voltage of 45 V for 10 h. TNTAs were cleaned with
deionized water after anodization, immersed in
0.1 M HCI solution for 30 min, cleaned again with
deionized water, then air-dried. These specimens
were annealed at 450°C for 3 h in air with a heat-
ing rate of 1°C min~! and naturally cooled down
afterwards.

Fabrication of TiO; Nanotube Arrays
Sensitized with CdS Quantum Dots

Up to 100 mL of 0.02 M CdCly2.5H50 solution
was gently instilled into a 250-mL three-necked
flask, then L-cysteine (0.4848 g) was stirred in. The
pH value of the reaction solution was adjusted to
10.5 by stirring in 1.0 M NaOH solution. Afterward,
NayS (0.1203 g) was added into the mixture.
Annealed samples of TNTAs were loaded into the
three-necked flask. The reaction was refluxed at
100°C for 0.5 h, 1 h, 2 h, and 3 h.

Characterization

X-ray powder diffraction (XRD) analysis was con-
ducted using a Rigaku Ultima IV x-ray diffractom-
eter. Scanning electron microscopy (SEM) images
and energy-dispersive spectrometry (EDS) patterns
were recorded on an FEI Quanta 200 scanning
electron microscope. High-resolution transmission
electron microscopy (HRTEM) images were recorded
on a JEOL-2100F. Absorption spectra were mea-
sured using a TU-1901PC spectrometer. The photo-
electric conversion efficiency was calculated from
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Fig. 2. XRD patterns of (A) CdS QDs, and (B) TiO, NTAs (a) and

CdS/TiO, NTAs for different deposition times: 0.5 h (b), 1 h (c),2 h
(d), and 3 h (e).

the current density—voltage (J-V) characteristic,
measured using an electrochemical station (model
LK98BII) under 100 mW cm 2 irradiation by an Xe
lamp (Oriel, 500 W) with a global AM1.5 filter for
solar spectrum simulation. All measurements were



24 Song, Zhang, C. Zhou, Lan, Pang, and L. Zhou

0 1
BEE 669 cls X 0210 (0cts)

Fig. 3. (a) Top and cross-section SEM views of TiO, NTAs; TiO, NTAs sensitized with CdS for (b) 0.5 h, (c) 1 h, (d) 2 h, and (e) 3 h; (f) EDS
spectrum of CdS-sensitized TiO, NTAs.

conducted at room temperature. In the current

density—voltage (J—V) measurement process, the fill 7= FF x Jsc x Voo . (2)
factor (FF) was calculated using Eq. 1 whereas the P]jght
energy conversion efficiency (1) was calculated using
Eq. 2.¢ The maximum product of J and V, the short-circuit
current density (Jgc), and the open-circuit voltage
FF — (f X V) max 1) (Voc) were calculated from the J-V curve; Piigns is

Jsc x Voc ' the incident optical power.
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RESULTS AND DISCUSSION
XRD Characterization

Figure 2 shows the XRD patterns of CdS QDs (A)
and TNTAs (B) before and after CdS QD modifica-
tion. Figure 2A shows diffraction peaks at around
20 of 26.48°, 30.68°, 43.81°, and 51.93°, which cor-
respond to the (111), (200), (220), and (311) crys-
talline planes of cubic CdS [Joint Committee on
Powder Diffraction Standards (JCPDS) no. 65-
28871, indicating that the presence of TNTA does
not affect the CdS QD synthesis. Figure 2B(a)
shows the XRD pattern of TNTAs after annealing at
450°C for 3 h. XRD peak positions match those of
TiO, anatase phase (JCPDS no. 21-1272), and the
Ti peaks are in accordance with the Ti substrate.
Figure 2B(b—e) shows the XRD patterns of TNTAs
after being sensitized with CdS. The sensitized
TNTAs have diffraction peaks missing from the
pattern for the nonsensitized TNTAs. Peaks are
located at —26.48°, corresponding to the CdS cubic
crystalline planes (111), indicating that CdS QDs
have been successfully deposited on the TNTAs and
did not affect the TNTA crystal structure.

SEM, HRTEM, and EDS Characterization

Top-view and cross-section SEM images of pre-
pared TNTAs are shown in Fig. 3a; the TNTA tube
structures are shown to be uniform over a wide
area. The internal tube diameter is around 160 nm,
whereas the tube length ranges from 3.2 ym to
3.3 um. The wall thickness of the TNTAs is around
30 nm. Figure 3b—e shows SEM images of TiO,
nanotubes sensitized with CdS QDs after the reac-
tion was refluxed at 100°C for 0.5 h (b), 1 h (c), 2 h
(d), and 3 h (e). CdS QDs were successfully depos-
ited on the TiOy nanotube surfaces, and the CdS QD
deposition onto the TNTAs increased with pro-
longed sensitization time. A large number of CdS
QDs almost covered the nanotube surface when the
sensitization time was 3 h. Figure 3f shows the EDS
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Fig. 5. UV-Vis absorption spectra of (a) TiO, NTAs, and CdS-sen-
sitized TiO, NTAs with different deposition times: (b) 0.5 h, (c) 1 h,
(d) 2 h,and (e) 3 h.

spectrum of TNTAs sensitized with CdS QDs for
2 h; the obvious signals show that the nanotube
arrays were composed of the elements Ti, O, Cd, and
S. CdS QDs have been successfully deposited on
TiO, nanotubes.'’

HRTEM images of the CdS/TiO, NTA hetero-
structures are shown in Fig. 4. Figure 4a shows
CdS nanocrystals deposited on the inside and out-
side of TiOy TNTAs. Lattice fringes of 0.352 nm and
0.337 nm in Fig. 4b correspond to the TiO, anatase
phase (101) plane (JCPDS no. 21-1272) and the CdS
cubic (111) plane (JCPDS no. 65-2887). These
results further demonstrate the formation of CdS/
TiOs NTA heterostructures.

UV-Vis Absorption Spectroscopy

Ultraviolet—visible (UV-Vis) absorption spectra of
TNTAs (a) and CdS/TNTA heterojunctions (b—e)
after different reaction times are shown in Fig. 5.
The maximum absorption peak edge of TiOs nano-
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Fig. 6. Schematic illustrating CdS QD-sensitized TiO, nanotube solar cells.
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Fig. 7. Measured J-V characteristics for CdS/TiO, NTA hetero-

structures prepared in electrolyte: (a) TiO, NTAs, and with different
sensitization times of 0.5 h (b), 1 h (c), 2 h (d), and 3 h (e).

tubes appears at around 380 nm, as shown in
Fig. 5a. TNTAs sensitized with CdS QDs exhibited
enhanced absorption and an obvious red-shift com-
pared with pure TNTAs, indicating that TNTAs
sensitized with CdS QDs have extended absorption
into the visible light region.'®!® The absorption
intensity increased with prolonged reaction time,
and the maximum absorption peak was at around
480 nm for 2 h of reaction time. As the reaction time
was further increased beyond 2 h, the absorption
intensity decreased. This quenching process is often
attributed to CdS QD clustering, which reduces the

Table I. Photovoltaic parameters of the TiO, and
CdS/TiO; NTA heterostructures

Joc _ Voc Eg

Photoanode (mA em™%) (mV) FF (%)
Bare TiO; nanotubes 0.73 540 0.44 0.18
CdS(0.5 h)-TiO5 nanotubes 1.40 789 0.42 0.47
CdS(1 h)-TiOg nanotubes 1.84 783 0.41 0.59
CdS(2 h)-TiOs nanotubes 2.30 776 0.47 0.83
CdS(3 h)-TiO5 nanotubes 2.18 747 0.46 0.76

TNTA surfaces exposed to visible light, leading to
decreased absorption of visible light.”°

Photovoltaic Performance of the
Photoelectrodes

Photoinduced processes governing the CdS/TiO»
photoelectrochemical behavior are depicted in
Fig. 6. Electron—hole pairs are formed in the QDs
when the CdS QDs are excited with visible light
(Eq. 3). An electron (e™) in the CdS QD conduction
band (CB) enters the CB of the TiOs nanotubes
(Eq. 4). Holes (h*) are used by S~ to 2produce poly-
sulfide ions (S27) according to Eq. 5.1:%1%2;

CdS +hv — CdS (e + h*) 3)

CdS (e~ + h') + TiOy — CdS (h*) + TiOy( e)
(4)
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CdS (2h') + 8% — CdS + 8 — (§*) - ¥
(5)

Figure 7 and Table I present the current density—
voltage (J—V) curves and photovoltaic parameters of
TNTAs sensitized with CdS QDs for different reac-
tion times. The CdS QD reaction time directly
affects the performance of the solar cells sensitized
with QDs. The photoconversion efficiency (PCE)
increases with increasing CdS QD reaction time
(from 0.5 h to 2 h) and reaches its highest value of
0.83% at 2 h of reaction time. This result demon-
strates that the conversion efficiency with this new
sensitization method is five times that of nonsensi-
tized TNTAs. The photoelectric conversion effi-
ciency is 0.83%, the open-circuit voltage is 776 mV,
and the short-circuit current density (Jgc) is
2.30 mA/cm?. Nevertheless, Jsc and the PCE
decreased when the CdS QD reaction time was in-
creased to 3 h because of excess deposition of CdS
QDs, causing aggregation and growth of CdS crystal
nuclei, thereby inducing increased photogenerated
charge-carrier recombination and decreased out-
put.”® Moreover, excess CdS QDs create a barrier to
injection of excited electrons into TNTAs.

CONCLUSIONS

The anodic oxidation method was used to obtain
highly one-dimensional ordered TNTAs. CdS QDs
were assembled on TNTAs in a one-step synthesis
process; the CdS QD synthesis time was controlled
to tune the sensitization time. The photoelectric
conversion efficiency increased to 0.83%, the open-
circuit voltage to 776 mV, and the short-circuit
current density (Jsc) to 2.30 mA/cm? with increased
sensitization time. The conversion efficiency with a

2 h reaction time was five times that of nonsensi-
tized TNTAs, which results in novel research ideas
on TiO, nanotube solar cells sensitized with QDs.
Moreover, our synthesis approach provides ideas for
catalytic synthesis with other nanoparticles.
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