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ABSTRACT: TiO2 nanotube arrays (NTAs) are modified with
PbS nanoparticles by successive ionic layer adsorption and reac-
tion (SILAR) or electrodeposition, with an aim towards tuning the
photoelectrochemical cell to the visible region. The PbS modifica-
tion of the TiO2 NTAs results in an increase in the visible light
adsorption, however the increase in photocurrent is dependent on
the modification method. PbS/TiO2 NTAs prepared by SILAR
and electrodeposition show, respectively, photocurrents of 11.02 and 5.72 mA/cm2. The increase in photocurrent is attributed to
enhanced charge separation efficiency and improved electron transport.
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1. INTRODUCTION

Nano-dimensional titanium dioxide (TiO2) is one of the most
important wide bandgap semiconductors, widely used as a
photocatalyst because of its high stability, non-toxicity, high
oxidative power and low cost.1-4 Among all the TiO2 nano-
structured materials studied in recent years, TiO2 nanotube arrays
(NTAs) prepared by electrochemical anodization of titanium
have attracted great attention due to their excellent photocata-
lytic properties.5,6 However, their photoelectrochemical utility is
limited by its UV-responsive band gap of approximately 3.2 eV.
Therefore much effort has been spent in the attempt to prepare
TiO2-based photocatalysts that efficiently adsorb in visible
region. Such efforts include doping TiO2 NTAs with metal/
nonmental ions to induce a red shift to the band gap,7-9 and
coupling TiO2 NTAs with low-band-gap semiconductors.10-12

Among the low-band -gap semiconductors, lead sulfide (PbS)
is an attractive semiconductor as its band gap is dependent on
the particle size. Bulk PbS has a band gap of 0.42 eV, whereas
PbS nanoparticles less than 5 nm in diameter have a band gap of
0.88 eV.13,14 By controlling the size of the PbS nanoparticles the
absorption wavelength of the first excition peak can be easily
extended into the infrared. Further, with the TiO2 NTA archi-
tecture enabling efficient spatial separation of the photogener-
ated charges, it is possible that suitable PbS nanoparticles could
enhance TiO2 photocatalytic activity because of multiple exciton
generation.15,16

We seek to combine the excellent photochemical and charge
transport properties of the crystalline TiO2 NTAs with the excel-
lent visible light absorption properties of PbS, thereby shifting
the absorption characteristics of the composite material into the
visible spectrum. Although there are studies focusing on the

sensitization of TiO2 with PbS,
17,18 there are few reports on the

modification of these highly ordered, self-assembled TiO2 NTAs
with PbS nanoparticles for photoelectrochemical cell application.
In this work, PbS nanoparticles were deposited onto the TiO2

NTAs by using a successive ionic layer adsorption and reaction
(SILAR) process, as well as electrodeposition. We evaluate
charge transfer from the PbS nanoparticles to the TiO2 NTAs,
comparing the performance of the PbS-modified TiO2 NTAs
prepared by SILAR and electrodeposition within a photoelctro-
chemical cell.

2. EXPERIMENTAL DETAILS

2.1. Preparation and Characterization of the PbS/TiO2

NTAs. Titanium foils (250 μm thick, 99.8%) were purchased from
Aldrich (Milwaukee, WI). NH4F, ethylene glycol (EG, 99.8%), Na2S,
CH3OH, Pb(NO3)2, Na2S2O3, and HNO3 of analytic grade were
purchased from commercial sources. Twice-distilled water was used
throughout this experiment.

Titanium foil samples were cut into 1 � 3 cm2 pieces ultrasonically
cleaned in acetone and ethanol and then anodized in ethylene glycol
containing 0.3 wt % NH4F and 2% volume of H2O at the constant
voltage of 40 V for 2 h. The anodizing cell was a two-electrode
configuration with a Pt sheet cathode and the Ti sheet as the anode.
All experiments were conducted at about 25�C. The resulting amor-
phous titania nanotube arrays were annealed at 450�C for 2 h with
heating and cooling rates of 2�C/min in an air to crystallize the nanotube
walls.
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PbS nanopatricles were deposited onto the TiO2 NTAs by SILAR
and electrodeposition. In the SILAR process the TiO2 NTA electrode
was successively immersed, 1 min for each step, in 0.001 M Pb(NO3)2
in methanol, pure methanol, 0.001 M Na2S in methanol, and pure
methanol. After a methanol wash the electrode was dried in air. This
whole procedure is referred to as one full coating cycle. The TiO2 NTA
electrode became dark after several cycles because of the deposition of
small PbS NPs.

The electrodeposition of PbS nanoparticles was conducted by cath-
odic reduction using a conventional three-electrode system with the
TiO2 sheet as the working electrode, a saturated calomel electrode
(SCE) reference electrode and a Pt wire counter electrode. The
electrolyte contained 1 mM Pb(NO3)2 and 1 mM Na2S2O3. The pH
was adjusted to 3 by adding a few drop of 0.5 M HNO3. The cathodic
deposition potential of PbS was chosen to be -0.65 V through cyclic
voltammograms (CVs). After electrodeposition, the samples were
thoroughly rinsed by twice-distilled water.

After PbS deposition all PbS/TiO2 NTA electrode samples were
annealed at 300�C for 1 h in nitrogen.

The topology of the prepared PbS/TiO2 NTAs was characterized
using a field-emission scanning electron microscope (FE-SEM) operat-
ing at 5 kV (Hitachi, model S-4800, Japan). Energy-dispersive X-ray
(EDX) spectrometers fitted to the electron microscopes were used for
elemental analysis. The crystal structure of the PbS/TiO2 NTA samples
was characterized using a X-ray diffractometer (XRD, M21X, MAC
Science Ltd., Japan) with Cu Ka radiation (λ = 1.54178 Å). Absorption
spectra were recorded using a UV-vis spectrophotometer (Vary 300,
USA) equipped with an integrating sphere of 150 mm radius.
2.2. Photoelectrochemical Measurements. The photoelec-

trochemical response of the samples was measured with a CHI 600C
electrochemical workstation (Shanghai, Chenhua) using a conventional
three-electrode system comprising of a SCE reference electrode and a Pt
wire counter electrode in 0.2MNa2S aqueous electrolyte. Full-spectrum
illumination at an intensity of 100 mW/cm2 was provided with a 300 W
high-pressure xenon short arc lamp (PLS-SXE300, Beijing Changtuo).
2.3. Photocatalytic Degradation of Methyl Orange. Char-

acterization of the photocatalytic degradation properties of the different
(1 cm2) samples was performed in a cubic quartz reactor containing
30 ml methyl orange (MO) solution at an initial concentration of
5�10-5 mol/L. The degradation cell was kept stirring in dark for 3 h to
achieve an adsorption equilibrium for MO. Then the cell was exposed
to simulated sunlight of 100mW/cm2. The change inMO concentration
was monitored by determining the UV-visible adsorption of 2.0 mL
sample taken from the solution every 30 min. After measurement, the
sample was put back to the reaction solution to keep the volume constant.

3. RESULTS AND DISCUSSION

3.1. Characterizationof thePbS/TiO2NTASamples. Figure 1a
shows the TiO2 NTAmorphology, with a nanotube length of about
500 nmand an average pore diameter of 60 nm. Figure 1b shows that
the PbS nanoparticles prepared by SILAR (6 cycles) are ∼6 nm
in diameter and are distributed on both the outside and inside of
the TiO2NTAs. Figure 1c shows that PbS nanoparticles prepared by
electrodeposition at -0.65 V for 1200 s are hexahedral crystals
ranging in size from8 to 54 nm, and are distributedmainly on the top
surface of the nanotubes.
Figure 2 shows the XRD spectrum of the TiO2 NTAs before

and after modification with PbS. The XRD spectrum, Figure 2a,
of the unmodified TiO2 NTAs confirms that the 450�C annealed
TiO2 NTAs are anatase. Spectra b and c in Figure 2 reveal that
PbS prepared by either 18 SILAR cycles or 2000 s electrodeposi-
tion is cubic phase with the most intense peaks at 2θ = 25.941,

Figure 1. FE-SEM of (a) TiO2 NTAs and (b, c) PbS/TiO2 NTAs
prepared by (b) SILAR (6 cycles) or (c) electrodeposition (1200 s).

Figure 2. XRD of (a) TiO2 NTAs and (b, c) PbS/TiO2NTAs prepared
by (b) SILAR (18 cycles) or (c) electrodeposition (2000 s).
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30.085, 43.137, and 51.030� corresponding to (111), (200),
(220), and (311) planes (JCPDS file: 05-0592), respectively. The
SILAR method achieves more intense XRD peaks as compared
with electrodeposition. Inspection of the Figure 1 FE-SEM
images reveals that the PbS particles prepared by SILAR are
uniformly distributed on both the outside and inside of TiO2

NTAs, where those prepared by electrodeposition are distributed
on the top surface of the TiO2 NTAs.
3.2. Photoelectrochemical Behavior of PbS/TiO2 Electro-

des. Photoelectrochemical (PEC) tests were carried out using
the PbS/TiO2 NTAs as the photoanode, a Pt wire cathode, and a
SCE reference electrode. The current-time (I-t) characteristics
of PbS/TiO2 NTA electrodes are presented in Figure 3. The
measurements were carried out in 0.2 M Na2S electrolyte, an
efficient hole scavenger for PbS. The electrodes are stable in the
Na2S solution. The photocurrent density increases first and then
decreases with increasing PbS loading on both the SILAR and
electrodeposition-modified electrodes. The highest photo-
current densities are achieved with the 6 SILAR cycle or 500 s
electrodeposition samples. Increasing the PbS deposition time
results in formation of new crystallites, and crystallite growth. As
reported by Baker and co-workers,11 large nanocrystallites are
less efficient in transferring electrons than their smaller counter-
parts. The results of Yang et al.14 show that with the growth of
particle size the conduction band shifts lower in energy, finally
approaching that of bulk PbS. Therefore, with increasing deposi-
tion time, the photocurrent first increases, with PbS sensitization
of the TiO2 surface, and then decreases as the PbS particle size
continues to increase.
The PbS/TiO2 NTAs prepared by SILAR exhibit superior

performance. Figure 4 shows the UV-vis diffuse-reflectance
spectra of some high performing samples; the PbS results in a
red shift in the absorption edge and enhanced absorption. The
PbS/TiO2 NTAs prepared by SILAR show significantly higher
absorption in the visible region, and as a result higher photo-
currents, than those prepared by electrodeposition because of
their uniform deposition and uniformly smaller particle size.
It is interesting to note that there is a rapid decay in the

photocurrent prior to stabilization on the electrodeposited PbS/
TiO2 NTA electrode, whereas the PbS/TiO2 NTAs prepared by
SILAR show a stable photocurrent response. Larger particles are
more prone to serve as electron-hole recombination centers than
smaller nanoparticles.19 Thus we believe that the higher photo-
electrical efficiency of SILAR-prepared PbS/TiO2 NTAs is partly
due to the larger surface area, associated with smaller particle size
and uniform coating the nanotubes, and relatively less hole-
electron combination.

Figure 5 shows the current-voltage (I-V) characteristics of
the PbS sensitized TiO2 NTAs. The anodic photocurrents
increase as the potential is swept toward positive values, and
saturate when the potential is greater than -0.2 V (vs SCE) at
which point electron transport is no longer a limiting factor. The
saturated photocurrent of PbS/TiO2 NTAs prepared by SILAR
and electrodeposition reached 11.05 and 5.72 mA/cm2, respec-
tively. The photocurrent of the unmodified TiO2 NTAs electro-
des is negligible, indicating that PbS is a major contributor to the
observed photocurrent. The open circuit potential (OCP) of the
TiO2 NTAs, PbS/TiO2 NTAs prepared by SILAR and electro-
deposition are, respectively, -0.98 V, -1.02 V and -1.13 V.
As shown previously,19,20 better charge separation and electron
accumulation at the semiconductor-semiconductor interface
shift the Fermi level to a more negative potential. The negative
shift in the OCP is indicative of the improved energetics of the
PbS/TiO2 NTAs.
To investigate the role of TiO2, we measured photocurrent

density of the amorphous PbS/amorphous TiO2 (APbS/ATiO2)
and amorphous PbS/crystalline TiO2 (APbS/CTiO2). The APbS/
ATiO2 showed negligibly photocurrent, whereas the APbS/CTiO2

shows much higher photocurrent (data not shown), suggesting
that crystalline TiO2 contributes to the photocurrent response in
addition to working as the template.
3.3. Photocatalytic Behavior of PbS/TiO2 NTA Electrodes.

Figure 6 shows the photocatalytic degradation of methyl orange
(MO) under the influence of the unmodified TiO2 NTA electrode
and PbS/TiO2NTA electrode. Figure 6a is due to direct photolysis
in the absence of photocatalysts. After 4 h illumination, the
degradation efficiency of MO with TiO2 NTAs, SILAR-prepared
PbS/TiO2 NTAs, and electrodeposition-prepared PbS/TiO2

Figure 3. Current-time (I-t) measurement of PbS/TiO2 NTAs prepared by (A) SILAR with different deposition cycles (curves a-g: 0, 1, 3, 6, 9, 15,
18 cycles), and (B) electrodeposition with different deposition times (curves 1-4: 250, 400, 500, 600s).

Figure 4. Diffuse reflectance absorption spectra of (a) TiO2 NTAs;
PbS/TiO2 NTAs prepared by (b) SILAR (9 cycles) or (c) electro-
deposition (600 s), and (d) PbS/Ti prepared by electrodeposition.
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NTAs are, respectively, 41.7, 72.44, and 56.44%. PbS plays an
important role in promoting charge separation in a PbS/TiO2NTA
heterojunction, yielding an increasing degradation rate.

4. CONCLUSIONS

The photoelectric catalytic performance of PbS/TiO2 NTAs
prepared by SILAR and electrodeposition were investigated. The
sensitization of the TiO2 nanotube arrays by the PbS nano-
particles significantly enhances the visible light response of the
electrodes. The PbS/TiO2 NTA prepared by SILAR shows
higher photocurrents, and consequently higher photoelectro-
chemical activity. The significantly larger PbS particles produced
by electrodeposition may block the TiO2 NTAs and serve as
electron-hole recombination centers in turn limiting the perfor-
mance of such electrodes.
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Figure 5. I-Vmeasurement of PbS/TiO2 NTAs prepared by (A) SILAR with different deposition cycles (curves a-g: 0, 1, 3, 6, 9, 15, 18 cycles) and
(B) electrodeposition with different deposition time (curves 1-4: 250, 400, 500, 600s).

Figure 6. (a) Direct photolysis degradation, and (b-d) photocatalytic
degradation of 5 � 10-5 mol L-1 MO (30 mL) with (b) TiO2 NTAs
and (c, d) PbS TiO2 NTAs prepared by (c) electrodeposition or
(d) SILAR.


