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CS2-modified titanate nanotubes (CS2/TiO2–NTs) are fabricated by reaction of CS2 and Ti–O−Na+ species on titanate
nanotubes. Pb2+ ions are coated on the modified nanotubes by ion exchange (Pb/CS2/TiO2–NTs). The products are character-
ized by means of nitrogen adsorption-desorption isotherms at 77 K (BET method), transmission electron microscopy (TEM),
X-ray photoelectron spectrometry (XPS), X-ray diffraction (XRD), atomic absorption spectrometry (AAS), and diffuse re-
flectance spectroscopy (DRS). The photocatalytic performances of the products are evaluated by monitoring their catalytic
activities for degradation of methyl orange under UV light irradiation. The effects of calcination temperature and atmosphere
on the photocatalytic performance are investigated. The results reveal that the photocatalytic activities of CS2/TiO2–NTs and
Pb/CS2/TiO2–NTs are far higher than that of primary nanotubes, and the optimum calcination temperature is 500 °C under
N2 atmosphere. It is also discovered that physically adsorbed Pb2+ ions affect the photocatalytic activity of Pb/CS2/TiO2–NTs
obviously. The photocatalytic activity of washed Pb/CS2/TiO2–NTs is higher than that of the unwashed one under the same
thermal treatment and reaction conditions.
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1. Introduction
Titanium dioxide has been widely used in the

fields of air purifcation, solar cells, electronics,
photocatalysis, sensors and so on [1–8]. TiO2 nano-
tubes particularly have attracted considerable atten-
tion due to their unique combination of physico-
chemical [9, 10] and structural [11, 12] properties.
The tubular structure, large surface-to-volume ra-
tio, high sedimentation rate are the distinct proper-
ties of TiO2 nanotubes, which make them not only
be a good photocatalyst, but also a suitable sup-
port for the heterogeneous catalyst [13–16]. How-
ever, the photocatalytic oxidation rates of TiO2
nanotubes for many target hazardous pollutants are
too slow to be of practical values [17–19]. The
large bandgap [20, 21] and quick recombination of
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photoinduced charge carriers in TiO2 [22, 23] re-
sult in low photoefficiency of TiO2 catalyst. Many
efforts have been made in order to improve the
photocatalytic activity and enhance the photoeffi-
ciency of TiO2. It has been reported that one of
efficient methods of enhancing photocatalytic ac-
tivity of TiO2 is doping or coupling TiO2 with
metal/non-metal or other semiconductor [24–27].
Among them, non-metal dopants may be more ap-
propriate. Though non-metal dopant does not act as
charge carrier, its role as recombination center of
charge carriers might be minimized [28]. To date,
some non-metal dopants such as nitrogen [29–31],
carbon [32–34], sulfur [35–38], phosphorus [39]
and halogen atoms [40] etc. have been investigated.

Besides single non-metal doped TiO2, the
multiple-no-metal co-doped TiO2 has attracted a
lot of attention recently [41, 42]. For example, Li
et al. have synthesized N–F-co-doped TiO2 photo-
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catalysts by spray pyrolysis using TiCl3 and NH4F
as precursors; the catalysts showed high photo-
catalytic activity [43]. Luo et al. have prepared
Br–Cl-co-doped TiO2 system and investigated its
photocatalytic efficiency for splitting of water into
H2 and O2 in the presence of Pt co-catalyst and
under UV light irradiation [44]. CS2, a chemical
containing two non-metal elements, can be used to
synthesize xanthate. Chakraborty et al. have used
xanthates prepared via reaction of CS2 with cel-
lulosic base material to remove copper ions from
wastewater [45]. CS2-modified titanate nanotubes,
which were fabricated via reaction of CS2 with
Ti–O−Na+ species on titanate nanotubes prepared
by a hydrothermal treatment in our previous work,
contained xanthates and were able to adsorb heavy
metal ions in water efficiently [46]. However, the
reactivation of the CS2-modified titanate nanotubes
that adsorbed heavy metal ions is difficult, which
limits their practical applications. In order to over-
come the shortcoming, we provide a comprehen-
sive use of the CS2-modified titanate nanotubes.
Firstly, the CS2-modified titanate nanotubes are
used as adsorbent to remove heavy metal ions in
wastewater; then the nanotubes are used as photo-
catalysts after appropriate treatment, in which the
C, S and heavy metal ions become dopants of the
titanate nanotubes.

We have decided using CS2 for two reasons.
Firstly, CS2 can be bound covalently to the sur-
face of titanate nanotubes by O–C bonds, which is
distinctly different from other physical adsorption
and ordinary doping. Secondly, TiO2 can be co-
doped by two non-metal elements synchronously
in a simple process. Previously, we have reported
on the performance of CS2-modified titanate nano-
tubes in the treatment of wastewater [46], and Jia
et al. also reported similar work [47]. When treat-
ing wastewater containing Pb2+ ions, the CS2-
modified titanate nanotubes adsorb Pb2+ ions to
form lead xanthate by reaction of Pb2+ ions with
Ti–O–C(S)–S−. PbS, an important visible-light-
sensitive semiconductor with a narrow bandgap,
has been widely used in combination with TiO2 for
improving photoefficiency of TiO2 [48–52]. In the
present contribution, we report the photocatalytic
performances of materials based on CS2-modified

titanate nanotubes. The effects of calcination tem-
perature and atmosphere on the photocatalytic per-
formances of prepared catalysts are investigated.

2. Experimental

2.1. Materials and characterization

All reagents were analytical grade and used
without any further purification.

The morphologies and microstructures of syn-
thesized samples were analyzed by TEM (Philips
T20ST). The chemical states of elements in the
samples were determined by XPS (PHI-1600 spec-
trometer equipped with an Mg Kα radiation for
exciting photoelectrons), and all binding energies
were calibrated using Au 4f7/2 (Eb = 84.0 eV) as
reference. The phase structures of the samples were
characterized with XRD (Rigaku D/Max-2500 X-
ray diffractometer with Cu Kα radiation). The
bulk compositions of the samples were measured
with an atomic absorption spectrometer (AAS, HI-
TACHI 180-80). DRS (UV3600 UV/Vis spectrom-
eter) was used for the measurement of the opti-
cal absorption properties of the samples. The spe-
cific surface areas of the samples were measured
at liquid N2 temperature using BET method (BET,
JW-K).

2.2. Evaluation of photocatalytic activity

A photoreactor (XPS-7 series) was used to test
the photocatalytic activities of the samples. Photo-
catalyst (0.05 g) was dispersed in 100 ml of methyl
orange aqueous solution (17 mg/l) in each exper-
iment. The reactor was irradiated with a 300 W
high-pressure mercury lamp. At regular time inter-
vals of irradiation, 5 ml of liquid mixture was with-
drawn and centrifuged, and the concentration of
methyl orange in the clear solution was measured
using a TU-1901 UV-Vis spectrometer at 463.8 nm,
where methyl orange showed the maximum ab-
sorption. The results were corrected for the decom-
position of the dye in the absence of catalysts and
for adsorption of dye on the catalyst.
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2.3. Synthesis of titanate nanotubes
Titanate nanotubes were synthesized via the

processes initially developed by Kasuga et al. [53].
Pure anatase TiO2 powder was dispersed in an
aqueous solution of NaOH (10 M) and the mix-
ture was charged into a Teflon-lined autoclave. The
autoclave was heated in an oil bath at 150 °C for
12 h. The obtained sample was composed of ti-
tanate nanotubes.

2.4. Synthesis of CS2-modified titanate
nanotubes

CS2-modified titanate nanotubes were fabri-
cated by reaction of CS2 with titanate nanotubes. In
a typical synthesis, the obtained titanate nanotubes
were dispersed in pure CS2 under stirring. The stir-
ring did not stop until the system became a bright
yellow color. The product was centrifuged, washed
with water, 0.1 M HNO3 solution and ethanol in
turn, and then dried in vacuum overnight. The ob-
tained CS2-modified titanate nanotubes were calci-
nated at various temperatures under different atmo-
spheres. The calcinated samples were denoted as
CS2/TiO2–NTs (T, X), which means that the sam-
ple was calcinated at T °C and under X atmosphere.

2.5. Synthesis of Pb/CS2/TiO2–NTs
In a typical synthesis, the theoretical amount

of CS2/TiO2–NTs was dispersed in the solution of
Pb(O2CCH3)2 under stirring for 12 h. The prod-
uct denoted as Pb/CS2/TiO2–NTs was collected by
centrifuging and divided into two parts. One part
was dried in vacuum overnight; the other one was
washed with water repeatedly, and then filtered and
dried in vacuum overnight. Both of them were cal-
cinated at various temperatures in different atmo-
spheres. The contents of Pb2+ ions in the samples
were detected by AAS.

3. Results and discussion
3.1. Characterization of CS2/TiO2–NTs
and Pb/CS2/TiO2–NTs

CS2-modified titanate nanotubes were prepared
by reaction of CS2 with titanate nanotubes. The de-
tailed schematic diagram is shown in Fig. 1. As il-

lustrated in Fig. 1, Ti–O–C(S)–S− forms as a re-
sult of the reaction of CS2 with Ti–O−Na+ species
on the surface of titanate nanotubes. In a subse-
quent reaction, Pb2+ ions are exchanged onto the
surface of CS2/TiO2–NT, leading to the formation
of Pb/CS2/TiO2–NTs.

For CS2/TiO2–NTs and Pb/CS2/TiO2–NTs,
some characterization results obtained in our previ-
ous work are cited here. The IR spectrum and cor-
responding EDXA spectra confirm the presence of
–O–C(S)–S− species on the surfaces of TiO2 nano-
tubes [46].

Fig. 2 shows the TEM images of as-prepared
CS2/TiO2–NTs and Pb/CS2/TiO2–NTs. As has
been reported [16, 53], titanate nanotubes are open-
ended, and have a length of hundreds of nanome-
ters. It can be seen from Fig. 2A that the as-
prepared CS2/TiO2–NTs is of high quality, and its
TEM image is almost consistent with that of ti-
tanate nanotubes, which confirms that CS2 modi-
fication takes place only on the surface of nanotube
and does not destroy the tubular structure of the
titanate nanotube. After Pb2+ ions are exchanged
on the surface of nanotubes, it can be detected that
some black particles adsorb on the outer and in-
ner surfaces of the nanotubes (Fig. 2B,C). They are
plumbiferous nanoparticles.

The specific surface areas of titanate nanotubes
and as-prepared CS2/TiO2–NTs are 241.42 m2/g
and 247.94 m2/g, respectively, which further con-
firms that the tubular structure of the nanotubes is
intact and not destroyed by CS2 modification.

3.2. Photocatalytic activities of prepared
samples

The photodegradation of methyl orange in
aqueous solution was used to evaluate the photo-
catalytic activities of prepared samples. The effects
of calcination temperature, atmosphere and physi-
cally adsorbed Pb2+ ions on photocatalytic perfor-
mances are investigated. Detailed discussions are
presented in the following sections.

3.2.1. Effect of calcination temperature on
photocatalytic activity of CS2/TiO2–NTs

Fig. 3 shows the photocatalytic curves of
CS2/TiO2–NT calcinated at various temperatures
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Fig. 1. Schematic diagram of binding of CS2 to the surface of a TiO2 nanotube.

Fig. 2. TEM images of as-prepared CS2/TiO2–NTs (A) and Pb/CS2/TiO2–NTs (B, C).

under N2 atmosphere, and the catalytic activity of
TiO2–NTs (500 °C, N2) is also included in Fig. 3
for comparison. Fig. 3A shows clearly that the cal-
cination temperature affects the photocatalytic ac-
tivity of the sample, which increases with the rise
of calcination temperature below 500 °C. The pho-
tocatalytic activity of CS2/TiO2–NTs (500 °C, N2)
is the highest. As shown in Fig. 3B, under the same
reaction conditions, CS2/TiO2–NTs (500 °C, N2)
shows higher photocatalytic activity than TiO2–
NTs (500 °C, N2); about 100 % (Fig. 3B-a) and
70 % (Fig. 3B-b) of the methyl orange is degraded,
respectively. It indicates that the photocatalytic ac-
tivity of the nanotubes is obviously enhanced by
CS2 modifying. In addition, from the inset curves
of ln(C0/C) vs. irradiation time in Fig. 3, it can be
seen that photocatalytic degradation accords with
first-order kinetics, ln(C0/C) = kt. The correspond-
ing k values are listed in Table 1.

It is well known that the photocatalytic activ-
ity of TiO2 is related to the phase structure and
specific surface area of TiO2; the calcination can

change the specific surface area and the crystal
phase of TiO2 nanotubes. With the increase in cal-
cination temperature, the micro-structures of sam-
ples vary [16, 54], which affects the photodegrada-
tion efficiency. The calcination at appropriate tem-
perature can increase the content of anatase phase
in a sample, which is beneficial for the increase of
photocatalytic activity. However, calcination at too
high temperature may not only decrease the spe-
cific surface areas of TiO2 nanotubes or destroy the
tubular structure, but also decrease the content of
anatase phase in a sample, which might result in
the decrease in photodegradation efficiency. Dur-
ing calcination process, a part of C and S on the
surfaces of TiO2 nanotubes can incorporate into the
crystalline structure of TiO2 [55], which is also re-
sponsible for the increase in photocatalytic activ-
ity. Firstly, the C and S can serve as reductants or
convert some Ti4+ ions into Ti3+ ions. The emer-
gence of Ti3+ species results in the formation of
surface oxygen vacancies [56–58]. The role of oxy-
gen vacancies is to provide the formation sites of
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Table 1. The rate constants (k) of photodegradation of methyl orange solution over TiO2–NTs (500 °C, N2) and
CS2/TiO2–NTs calcinated at different temperatures in N2 atmosphere.

Sample CS2/TiO2–NTs (N2) TiO2–NTs (N2)
Temp. Uncalcinated 300 °C 400 °C 500 °C 500 °C

k(h−1) 0.3591 0.4072 0.5828 0.7547 0.3806

Fig. 3. The photocatalytic activities of samples: (A) CS2/TiO2–NTs(N2): as prepared (a), calcinated at 300 °C
(b), 400 °C (c) and 500 °C (A-d, B-a); (B) TiO2–NTs(500 °C, N2) (b); inset curves are the corresponding
ln(C0/C) vs. irradiation time.

active species for photocatalytic reaction and en-
hance the photocatalytic activity [24]. Secondly,
the p-orbitals of these non-metal dopants signif-
icantly overlap with the O 2p-orbitals in the va-
lence band, which not only narrows the bandgap
of TiO2, but also facilitates the transport of photo-
generated charge carriers to the surface of the cat-
alyst [28, 59, 60]. The narrower bandgap extends
the optical response of samples to visible region
and facilitates excitation of an electron from the va-
lence band to the conduction band [61], which are
beneficial for the enhancing photocatalytic activity
too. Though, to some extent, the nanotubular struc-
ture of a sample can be destroyed by calcination at
500 °C (see Fig. 9), the treatment conducted at this
temperature should be the most efficient because
O2− ions in the lattice are replaced under such con-
dition, which results in formation of surface oxy-
gen vacancies and the highest photocatalytic effi-
ciency.

Fig. 4 shows the XRD patterns of TiO2–NTs
(500 °C, N2) and CS2/TiO2–NTs (500 °C, N2).

Fig. 4. XRD patterns of TiO2–NTs (500 °C, N2) (a) and
CS2/TiO2–NTs (500 °C, N2) (b).

Both of them reveal similar diffractions which
are attributed to anatase TiO2, and no additional
reflections are observed in the XRD pattern of
CS2/TiO2–NTs (500 °C, N2). However, there are
still differences between them. The XRD peaks of
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the (101) plane of TiO2–NTs (500 °C, N2) and
CS2/TiO2–NTs (500 °C, N2) are shown in the in-
set of Fig. 4. Compared with XRD peaks of TiO2–
NTs (500 °C, N2), the (101) peak of anatase phase
of CS2/TiO2–NTs (500 °C, N2) shifts slightly to
higher values of 2θ , indicating the surface strain
and lattice distortion of CS2/TiO2–NTs (500 °C,
N2). After calcination, a part of C and S atoms
in the sample may incorporate into the crystalline
structure of TiO2, the adventitious carbon and sul-
fur replace the O2− ions in the TiO2 lattice, which
leads to the surface strain and lattice distortion of
TiO2 lattice. This conclusion is supported by the
results of the calculation of the lattice parameters
of two samples. Based on the Bragg law:

2d sinθ = λ (1)

and the formula for a tetragonal system:

1
d2 =

h2 + k2

a2 +
l2

c2 (2)

the lattice parameters of two samples were obtained
and listed in Table 2.

Table 2. Lattice parameters of the TiO2–NTs (500 °C,
N2) and CS2/TiO2–NTs (500 °C, N2).

Lattice Parameter (Å) a b c

TiO2–NT 3.7832 3.7832 9.8378
CS2/TiO2–NT 3.7832 3.7832 9.5507

It can be seen from Table 2 that the lattice pa-
rameters remain unchanged along a and b axes.
However, there are differences in c-axis parame-
ters, indicating a lattice distortion along the c-axis
due to the presence of adventitious carbon and sul-
fur. Similar conclusion that sulfur and/or carbon re-
sult in lattice distortion have been reported [54, 56].

The optical absorption properties of TiO2–NTs
(500 ◦C, N2) and CS2/TiO2–NTs (500 °C, N2)
were characterized by DRS measurement, and the
spectra were recorded at room temperature. Fig. 5
depicts the absorption spectra of TiO2–NTs (500
oC, N2) and CS2/TiO2–NTs (500 °C, N2), respec-
tively. As shown in Fig. 5, the optical absorption

band edge of CS2/TiO2–NTs (500 °C, N2) shows a
significant red shift compared with that of TiO2–
NTs (500 °C, N2). The band gap of CS2/TiO2–
NTs (500 °C, N2) is ∼2.95 eV, which has been
estimated from the intercept of UV-Vis diffuse re-
flectance spectra through a linear extrapolation,
and is smaller than that of primary anatase TiO2
(3.2 eV). After calcination, a part of C and S is
doped into the TiO2 lattice, and then a part of O
atoms in the TiO2 lattice is substituted by C and/or
S. The p-orbitals of these dopants overlap with the
O 2p-orbitals in valence band, a new impurity level
is introduced between the conduction and valence
band of TiO2, and then the electrons can be pro-
moted to the conduction band from the impurity
level. Therefore, the bandgap of CS2/TiO2–NTs
(500 °C, N2) is narrower than that of pure TiO2
nanotubes.

Fig. 5. UV-Vis DRS absorption spectra of TiO2–NTs
(500 °C, N2) (a) and CS2/TiO2–NTs (500 °C,
N2) (b).

XPS was applied to confirm the existence of
carbon and sulfur in TiO2 lattice and investigate
the chemical states of dopants in TiO2. The C1s,
S2p, O1s, and Ti2p XPS spectra of CS2/TiO2–NTs
(500 °C, N2) are shown in Fig. 6. In Fig. 6A,
the strong peak at a binding energy of 285.8 eV
arises from elemental carbon [62]; the other peak
at 289.8 eV can be assigned to the existence of
C–O and C=O bonds of carbonate species [63],
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which may be caused by the calcination. Similar
results have been reported; for instance, Wang et
al. reported the peak of C–O and C=O bonds of
carbonate species in the C–N–S–co-doped TiO2
nanocrystals prepared by a facile hydrothermal
method [64]. Sun et al. also detected the ex-
istence of C–O and C=O bonds in the C–S-
co-doped TiO2 [54]. The S2p XPS spectrum is
shown in Fig. 6B. The sulfur has a peak at about
162.3 eV. It corresponds to the anionic S2− in
Ti–S bond in the TiO2 lattice [65], which suggests
that the sulfur only replaces the O2− ions in TiO2
lattice. No peaks are found around 169, 168 and
166 eV, which correspond to the S6+, S4+ and S2+

species, respectively. Binding energies of 458.7 and
464.2 eV are attributed to the Ti4+ species, and
the Ti3+ species are indicated by binding energy
of 456.9 eV (Fig. 6C). The binding energy differ-
ence, ∆Eb = 464.2− 458.7 = 5.5 eV, is close to
5.7 eV which indicates the standard binding energy
for Ti element. The O 1s spectra can be deconvo-
luted into three component peaks at 530.7, 533.0,
and 534.3 eV as shown in Fig. 6D. The peak at
530.7 eV is attributed to crystal lattice O bounded
to Ti4+ or Ti3+ species. The binding energies at
533.0 and 534.3 eV are attributed to the hydroxyl
oxygen and adsorbed oxygen or oxygen in the car-
bonate species, respectively.

3.2.2. Effect of calcination atmosphere on pho-
tocatalytic activity of CS2/TiO2–NTs

Fig. 7 shows photocatalytic activities of
CS2/TiO2–NTs calcinated at 500 °C under N2 and
air, respectively. It can be seen from Fig. 7 that the
activity of CS2/TiO2–NTs (500 °C, N2) is higher
than that of CS2/TiO2–NTs (500 °C, air); their
k values are 0.7547/h and 0.5720/h, respectively,
which indicates that N2 atmosphere is the optimum
calcination atmosphere for photocatalytic activity
of CS2/TiO2–NTs. Here, the main factor that af-
fects the photocatalytic efficiency is the amount
of dopants in TiO2. When CS2/TiO2–NTs is cal-
cinated in air atmosphere, the carbon and sulfur
bound covalently to the surface of TiO2–NTs can
react effectively with O2 to form gaseous oxides in
the process of calcination. The escape of the gases
reduces the amount of carbon and sulfur in TiO2–

NTs, leading to the decrease in photocatalytic ac-
tivity of doped TiO2–NTs.

Fig. 8 is the TEM image of CS2/TiO2–NTs
(500 °C) calcinated under different atmospheres.
Compared with the length of CS2/TiO2–NTs
(500 °C, N2) nanotubes (Fig. 8A), the length of the
nanotubes shown in Fig. 8B is relatively short, and
almost all of the nanotubes are broken and agglom-
erate, indicating collapse of nanotubular structure.
It has been reported that the TiO2 nanotubes are
composed of corrugated ribbons of edge-sharing
TiO6 octahedra [66, 67]. Because of the large spe-
cific surface area and surface energy of TiO2 nano-
tubes, some unsaturated O may combine with H
originated from the water in air atmosphere in the
process of calcination, which may result in the
breaking of Ti–O bonds and collapse of tubular
structure. The collapse leads to the decrease of the
specific surface area, and it also adversely affects
the photocatalytic activity.

3.2.3. Effect of physically adsorbed Pb2+ions
on photocatalytic activity of Pb/CS2/TiO2–NTs

Pb2+ ions are exchanged on the surface of
CS2/TiO2–NTs by the ion exchange reaction, lead-
ing to the formation of Pb/CS2/TiO2–NTs (Fig. 1).
The amount of Pb2+ ions in washed and unwashed
samples have been detected by AAS and the results
are listed in Table 3.

The amounts of Pb2+ ions in unwashed and
washed nanotubes are 508 mg/g (0.0025 mol/g)
and 220 mg/g (0.0011 mol/g), respectively. Ac-
cording to the report by Yang et al. [12], the compo-
sition of titanate nanotubes prepared by hydrother-
mal treatment is Na2Ti2O4(OH)2. The reactions on
the surface of the nanotube shown in Fig. 1 can be
expressed as follows:

Na2Ti2O4(OH)2
(1)CS2,(2)H+

−−−−−−−−−→
(3)Pb(O2CCH3)2

Ti2O2(OH)2(O–C(S)–S)2Pb. (3)

If Na2Ti2O4(OH)2 is completely converted into
Ti2O2(OH)2(O–C(S)–S)2Pb after reaction 3, the
highest amount of chemically linked Pb2+ ions
in Pb/CS2/TiO2–NTs should be 0.0018 mol/g (Ta-
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Fig. 6. C1s, S2p, Ti2p and O1s XPS spectra of CS2/TiO2–NTs (500 °C, N2).

ble 3), which is slightly lower than that in un-
washed Pb/CS2/TiO2–NTs (0.0025 mol/g) and
higher than that in washed Pb/CS2/TiO2–NTs
(0.0011 mol/g). It indicates that the Pb2+ ions not
only anchor to nanotubes through chemical bonds
but also exist as physically adsorbed ones in un-
washed samples. The physically adsorbed Pb2+

ions can be removed by washing with water.
Fig. 9 shows the TEM and HR-TEM images

of unwashed Pb/CS2/TiO2–NTs (500 °C, N2). It
can be seen clearly from Fig. 9A that almost no
collapse happens in the process of calcination;
Pb/CS2/TiO2–NTs (500 °C, N2) still has a good
morphology after calcination at 500 °C and the
length of the nanotubes is up to several hundreds
of nanometers. At high magnification (Fig. 9B, C),
some black particles deposit can be detected on the

outer and inner surfaces of the nanotubes. They are
plumbiferous nanoparticles. In the Fig. 9C, there
is a crystalline stripe characteristic of plumbifer-
ous nanoparticles (the inset a is the enlarged im-
age of selected region from Fig. 9C). The fringe
periodicities of the particles have been measured
to be 0.343 and 0.298 nm, respectively, which is
consistent with the lattice spacings of (111) and
(200) planes of PbS (JCPDF 5-0592). In order to
further confirm the structure of the stripe phase,
we made Fast Fourier Transformation (FFT) in an
area selected from the image (Fig. 9C inset). The in
situ electron diffraction displays that the diffraction
spot pattern is characteristic of face-centered cu-
bic (FCC) PbS. Hence, it can be further confirmed
that the particles deposited on the nanotube are PbS
nanocrystals. During calcination, a part of S incor-
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Table 3. The contents of Pb2+ ions in washed and unwashed samples.

Theoretical content of Pb2+ Content of Pb2+ ions Content of Pb2+ ions Content of Pb2+ ions
ions by chemical links (washed) (unwashed) physically adsorbed

– 220 mg/g 508 mg/g 288 mg/g
0.0018 mol/ga 0.0011 mol/gb 0.0025 mol/gb 0.0014 mol/gb

a represents the theoretical mol content of Pb2+ ions, and is calculated by the formula: n =
m

m×MTi2O2(OH)2(O−C(S)−S)2Pb
where m is the quality of Ti2O2(OH)2(O–C(S)–S)2Pb, M is the molecu-

lar weight of Ti2O2(OH)2(O–C(S)–S)2Pb
b represents the practical molar content of Pb2+ ions, and is calculated by the formula: n = m/MPb

Fig. 7. The photocatalytic activity of CS2/TiO2–NTs
calcinated at 500 °C in different atmospheres:
(a) air, (b) N2; inset curves are the correspond-
ing ln(C0/C) vs. irradiation time.

Fig. 8. TEM image of (A) CS2/TiO2–NTs (500 °C, N2)
and (B) CS2/TiO2–NTs (500 °C, air).

porates into the TiO2 lattice to replace the O2− ions
in TiO2 lattice, which is supported by XPS dis-
cussed above; the remaining S reacts with Pb to
form PbS during calcination.

It is well known that titanate nanotubes made
by hydrothermal treatment are formed through
scrolling the TiO2 sheet [68]. After binding Pb2+

ions to the CS2/TiO2–NTs, the ions existing in
the space between the layers may form very
small plumbiferous nanoparticles which support

Fig. 9. TEM and HR-TEM images of unwashed
Pb/CS2/TiO2–NTs (500 °C, N2).



540 HUIQIN AN et al.

the nanotubular structure and protect the nanotubu-
lar structure from destroying while calcination at
higher temperature.

Fig. 10 is the HR-TEM image of washed
Pb/CS2/TiO2–NTs (500 °C, N2). Obviously,
plumbiferous nanoparticles are distributed uni-
formly on the titanate nanotubes because of the
formation of PbS on the titanate nanotubes. Com-
pared with Fig. 9, Fig. 10 shows that the size of
the plumbiferous nanoparticles on the nanotubes
is smaller. During the calcination process, the
higher amount of Pb2+ ions physically adsorbed
on the surface of the unwashed Pb/CS2/TiO2–
NTs resulted in the formation of larger particles
containing Pb2+ ions.

Fig. 10. HR-TEM image of the washed Pb/CS2/TiO2–
NTs (500 °C, N2).

Table 4. The rate constant (k) of photodegradation of
methyl orange solution over washed and un-
washed Pb/CS2/TiO2–NTs calcinated at differ-
ent temperatures in N2 atmosphere.

Pb/CS2/TiO2–NTs (N2) Washed Unwashed
500 °C 300 °C 400 °C 500 °C

k(h−1) 0.7692 0.3083 0.4322 0.5285

Fig. 11 shows the photocatalytic curves of
washed Pb/CS2/TiO2–NTs (500 °C, N2) and un-

washed Pb/CS2/TiO2–NTs (N2) calcinated at vari-
ous temperatures. The corresponding k values are
listed in Table 4. As shown in the Fig. 11 and
Table 4, the washed Pb/CS2/TiO2–NTs (500 °C,
N2) exhibits better photocatalytic performance
(Fig. 11A-a) than the unwashed one (Fig. 11A-b)
and CS2/TiO2–NTs (500 °C, N2) (Fig. 3A-d).

The quantity of Pb2+ ions physically adsorbed
on the unwashed titanate nanotubes is too large so
that they serve as the recombination centers of the
photo-generated electrons and holes, resulting in
the decrease in photocatalytic activity [69]. There-
fore, it is necessary to remove the Pb2+ ions phys-
ically adsorbed on the surface of a nanotube in or-
der to obtain Pb/CS2/TiO2–NT photocatalysts with
good catalytic performance.

4. Conclusions
1. The covalent attachment of CS2 to the sur-

face of TiO2 nanotubes is achieved through
a chemical reaction, in which strong Ti–O–
C(S)–S− bonds form as a result of the re-
action of CS2 with the Ti–O−Na+ species
on the surface. This synthesis process is dis-
tinctly different from other physical adsorp-
tion and ordinary doping. There are strong
covalent bonds between CS2 and TiO2 nano-
tubes, which causes that C and S are more
stable on TiO2 nanotubes and they cannot
be removed easily.

2. XPS spectra confirm that non-metals incor-
porate into the crystalline structure of TiO2
during a calcination process. By investigat-
ing the effects of calcination temperature
and atmosphere on the photocatalytic activ-
ity of CS2/TiO2–NTs, we have found the op-
timum preparation conditions of TiO2 pho-
tocatalysts containing C and S elements,
which is calcination at 500 °C under N2 at-
mosphere.

3. Pb/CS2/TiO2–NTs have been prepared
by the reaction of Pb(O2CCH3)2 and
CS2/TiO2–NTs. The photocatalytic per-
formance of washed Pb/CS2/TiO2–NTs
(500 °C, N2) is better than that of the
unwashed one. The results reveal that
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Fig. 11. The photocatalytic activities of washed Pb/CS2/TiO2–NTs (500 °C, N2) (A-a) and unwashed
Pb/CS2/TiO2–NTs (N2) calcinated at 300 °C (B-a), 400 °C (B-b) and 500 °C (A-b, B-c); inset curves
are the corresponding ln(C0/C) vs. irradiation time.

CS2/TiO2–NTs can be used as adsorbent to
deal with wastewater containing Pb2+ ions,
and these nanotubes that adsorbed heavy
metal ions can be turned into photocatalysts
with a good performance.
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