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–inorganic layered TiO2 based
nanocomposite for sunlight photocatalysis†

Eglantina Benavente,*ae Carlos Maldonado,ae Sindy Devis,be Leslie Diaz,ce

Harold Lozano,be Clivia Sotomayor-Torresd and Guillermo Gonzálezbe
A novel hybrid nanocomposite constituted of single TiO2 nanosheets

sandwiched between stearic acid self-assembled monolayers was

synthesized and tested in the photodegradation of methylene blue

under sunlight. The product showed better photocatalytic perfor-

mance than anatase under similar conditions, which may be further

improved through sensitization with cadmium sulfide.
Introduction

Wide-bandgap semiconductors such as TiO2, ZnO, and SnO2

have received much attention because of their promising
applications in waste-water purication, as well as solar energy
conversion.1–4 Nanostructured TiO2-based photocatalysts
remain the most promising materials owing to their high pho-
toactivity, physical and chemical stability, nontoxicity, and low
cost.5,6 However, restrictions like the fast recombination of
photogenerated electrons/holes (e�/h+) and poor harvesting of
visible light limit the use of TiO2 in cost-effective environmental
remediation processes. Numerous approaches to solve the
drawbacks of TiO2 have been reported.7,8 Among them, the
extension of TiO2 absorption towards lower energies by creating
electronic levels within its bandgap, for instance by doping TiO2

with metal or non-metal species9–14 and, very recently, by
coating the crystalline stoichiometric TiO2 with a shell rich in
defects of amorphous black TiO2.15,16 TiO2 sensitization with
dyes or other semiconductors has been also widely used.6–8,17–19

Improved photocatalysts have been obtained by the coupling of
CdS with low-dimensional nanostructures of TiO2 tubes, rods,
wires or nanosheets,20–23 possibly due to a reduced
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photoinduced charge carrier recombination rate, promoted by
the higher aspect ratio of the particles. The photocatalyst
capability for adsorbing organic pollutants at its surface,
though only rarely considered until now,24 is also relevant for
designing efficient catalysts.

This communication focuses on the photocatalytic behavior
of a new organic–inorganic hybrid nanocomposite, TiO2(stearic
acid)1.1$0.6H2O (LHTiO2), where both the low dimensionality of
TiO2 and the adsorption ability of the organic component are
conjugated. The photoactivity of this nanocomposite, both as-
prepared and sensitized by CdS, was tested regarding the
degradation of aqueous methylene blue (MB) under sunlight.
The results were clearly improved with respect to that of anatase
under similar conditions.

The LHTiO2 nanocomposite was prepared by the reaction of
titanium tetraisopropoxide (TTIP) with stearic acid in ethanol.
The SEM images of the product (Fig. 1A and B) reveal micro-
structured aggregates of particles with a lamellar morphology.
The XRD pattern of the product (Fig. 2A) corroborates the
lamellar nature of the nanocomposite. The diffraction peaks at
2q values of 2.98�, 6.10� and 9.17� are in good agreement with
the three rst (00l) reections in a lamellar solid with a basal-
distance along the c-axis of 29.6 Å. The low intensity peaks at
20.21� and 21.39� may be ascribed to a small excess of free
stearic acid (JCPDS 03-0252). The average thickness of the
nanosheets, 18 nm, was estimated by the Scherrer equation and
approximately corresponds to six single sheets of the hybrid per
particle.25 The Raman spectrum of as-prepared LHTiO2

(Fig. 2C), did indicate the product was defect-rich and poorly
crystalline. Spite of that, the more prominent features in the
spectrum could be assigned to several of the vibration modes
reported for the TiO2(B)26 (arrows in Fig. 2C). In turn, the spectra
of TiO2 samples calcined at 185 and 500 �C (Fig. S1†) showed
that the TiO2(B) phase was thermally instable. The spectrum of
the sample calcined at 185 �C corresponded to a completely
amorphous material; no peak of any stable TiO2 phases was
apparent; and only some few features from residual carboxylic
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 XRD patterns of LHTiO2 (A), UV-vis diffuse reflectance spectra
of anatase and LHTiO2, in insert, band gap are calculated according to
Kubelka–Munck function (see ESI†) (B), Spectra Raman of LiHTiO2 and
LiHTiO2 calcined at 500 �C (C), plots of the degradation of MB solution
under sunlight without catalyst, in the presence of LHTiO2 and of
anatase (D).

Fig. 1 SEM images of LHTiO2 (A and B), SEM images of LHTiO2/
CdS0.05 (C) and TEM images of LHTiO2/CdS0.05, CdS NPs featured in
circles in the image (D).
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acid (Fig. S1†) were identiable. At 500 �C the LHTiO2 became
quantitatively into pure anatase.

Both elemental and thermogravimetric analysis (Fig. S2†) of
the product indicate the formation of a commensurate nano-
composite TiO2(stearic acid)1.1$0.6H2O (LHTiO2), with a �10%
excess of free carboxylic acid. Fig. 2B shows the UV-vis diffuse-
reectance spectra of samples of as-prepared LHTiO2 and
TiO2 anatase. The photoresponse of LHTiO2 in the UV region is
qualitatively similar to that of anatase. However, the band-edge
This journal is © The Royal Society of Chemistry 2016
in the spectrum of the nanocomposite (insert in Fig. 2B) was
slightly blue-shied, with respect to that of TiO2, corresponding
to an increase in the bandgap of about 0.1 eV, which could be
ascribed to 2D connement of the semiconductor. In order to
identify the role of carboxylic acid in the nanocomposite, we
analyzed the infrared spectrum of the product (Fig. S3†). The
two bands at 1560 and 1315 cm�1, corresponding to the asym-
metric and symmetric n(C–O) modes, respectively, demonstrate
that the organic moiety is found as a carboxylate mono-
coordinated to the inorganic sheets.27 The low intensity
n(C–O) band at 1705 cm�1 corroborates the presence of a small
amount of free acid in the sample. According to the available
evidence, the LHTiO2 nanocomposite can be described as a two-
phase nanostructure in which carboxylic acid is intercalated
between inorganic sheets (Fig. S4†).

The photocatalytic performance of LHTiO2 was tested for the
photodegradation of methylene blue (MB) under sunlight, in
aqueous solution and ambient conditions. The photocatalytic
efficiency of LHTiO2 aer 220 min irradiation, about 49%, was
signicantly higher than that of anatase under similar condi-
tions, i.e. about 20% (Fig. 2D); this occurred in spite of the
slightly larger band gap of LHTiO2. The increased photoactivity
of LHTiO2 under visible light could be caused by the almost
imperceptible extent of its absorption band (Fig. 2B and S5†).
This effect appears to correspond to the Urbach tail which has
been explained by the creation of discrete electronic levels
inside the TiO2 band gap (Fig. S6†).28,29

To further investigate the photocatalytic behavior of LHTiO2,
CdS-sensitized LHTiO2 was fabricated using cadmium sulde
nanoparticles (CdS NPs) (JCPDS 10-0454, Fig. S7†). Four
composite samples containing 0.1, 0.05, 0.025, and 0.0125
moles of CdS per mole of titanium oxide were prepared by
mixing the components under sonication. SEM images (Fig. 1C)
revealed that the lamellar nature of the precursor LHTiO2 was
retained in the composites. No changes were observed in DRX
aer adding CdS, probably due to the low concentration (<5%)
of the latter. The TEM image of the LHTiO2/CdS 1 : 0.05 sample
showed CdS NPs �10–18 nm in size, featured in circles in the
image (Fig. 1D). The EDX spectrum (Fig. S8†) corroborated the
presence of cadmium and sulfur in the sample. The UV-vis-
diffuse reectance spectra (Fig. 3A) showed that the absorp-
tion edge at 373 nm in the LHTiO2 was extended to �575 nm in
the composite. The photocatalytic properties of as-prepared
CdS/LHTiO2 composites were evaluated under conditions
similar to those used for LHTiO2 (MB concentration, sunlight,
room temperature). Among the tested samples, the one with
0.05 moles of CdS per mole of titanium showed the highest
photocatalytic efficiency (Fig. S9†). The comparison of catalytic
activity of this sample with those of its components LHTiO2 and
CdS NPs and with anatase (Fig. 3A) indicated that, aer 220 min
of sunlight irradiation, 20%, 49%, 67%, and 90% of MB was
degraded when using anatase, LHTiO2, CdS NPs, and the
LHTiO2/CdS composite, respectively. The apparent rate
constants (kapp, min�1) for LHTiO2/CdS were about 5 and 6
times faster than for LHTiO2 and anatase, respectively (Fig. 3B).
These results qualitatively agree with multiple reports on the
RSC Adv., 2016, 6, 18538–18541 | 18539



Fig. 3 UV-vis diffuse reflectance spectra of anatase, LHTiO2 and
LHTiO2/CdS (A), plots of the degradation of MB solution under sunlight
of anatase, LHTiO2, CdS NPs and LHTiO2/CdS0.05 (B), kinetic degra-
dation of anatase, LHTiO2 and LHTiO2/CdS0.05 (C), schematic illus-
tration the photocatalytic mechanism of LHTiO2/CdS (D).
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improved photocatalytic efficiency of nanostructured TiO2 with
the presence of CdS.19–23

The photocatalytic performance of LHTiO2 and LHTiO2/Cd
under sunlight could be to some extent correlated with their
absorption in the visible spectrum (Fig. 3A). However, the
nature of these two phenomena is probably different. In the
former, the creation of new electronic states could occur in the
band gap of TiO2, while in LHTiO2/CdS, visible light absorption
should preferably occur in CdS, due to its narrow band gap,
i.e. through sensitization arising from the junction of both
semiconductors. The shape of the MB spectrum recorded in the
range 200–750 nm remained practically unaltered throughout
the process and the formation of any organic subproduct was
not detected, thus pointing to the mineralization of the dye
(Fig. S10†). The XRD pattern of LHTO2/CdS aer one photo-
catalysis cycle (Fig. S11†) indicated that the composite retained
its lamellar nature but lost some crystallinity.

A probable mechanism for the degradation of MB over
LHTiO2/CdS is schematically illustrated in Fig. 3D. During
irradiation, the photoinduced charge carriers are primarily
created on the CdS nanoparticle. The photoexcited electron on
the CdS conduction band (CB) can be easily transferred to the
CB of the TiO2 nanosheet owing to suitable matching between
the energy positions of the conduction bands of both semi-
conductors, i.e. about 0.5 eV. Electrons accumulated on the
inorganic moiety of LHTiO2 can activate adsorbed molecular
oxygen, producing superoxide radicals (O2c

�). Further reduction
of O2c

� generates peroxide intermediates which decompose to
hydroxyl radicals capable of accomplishing dye mineralization.
The photogenerated holes stranded in the CdS cannot oxidize
OH groups into hydroxyl radicals, but may instead oxidize the
dye directly, or react with CdS itself (photocorrosion). However,
18540 | RSC Adv., 2016, 6, 18538–18541
the diminution in the photocatalytic efficiency of LHTiO2/CdS
with an excess of CdS (Fig. S9†), as well as the photocorrosion of
the catalyst (Fig. S12†), indicates that the oxidation of MB by
photo-holes is less important than that promoted by electrons
on TiO2.

To further understand the role of photogenerated radicals in
MB degradation under sunlight, we carried out controlled
experiments with the addition of either tert-butyl alcohol (TBA)
or benzoquinone (BQ) as scavengers of hydroxyl radicals and
O2c

�, respectively.12,13,23 Only TBA slightly inhibited the photo-
degradation efficiency of LHTiO2/CdS, corroborating a process
mainly mediated by hydroxyl radicals. The low effect of the
scavengers points to a protective effect of the organic surfactant,
ensuring the oxidation process takes place at the TiO2/carbox-
ylic acid interface, far from the scavengers in the solution
(Fig. S13†).
Conclusions

In summary, a new hybrid nanocomposite constituted of single
TiO2 nanosheets sandwiched between self-assembled long-
chain carboxylic acid monolayers was prepared. The prelimi-
nary results show that this nanocomposite behaves as a semi-
conductor with photocatalytic activity in the degradation of
methylene blue under sunlight with improved activity over
anatase. This behaviour is attributed to the creation of discrete
electronic levels inside the TiO2 bandgap. The photocatalytic
performance of the product can be further enhanced through
its sensitization with CdS. The catalytic behaviour of the as-
prepared nanocomposite as well its successful sensitization
with CdS can be attributed to the absorbent ability of its organic
component.
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