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The search for photocatalytic materials that can harvest a wide spectrum of solar light, from ultraviolet (UV)

to near infrared (NIR) regions remains one of the most challenging missions. Here, by in situ growing

plasmonic W18O49 nanocrystals on TiO2 nanosheets with exposed {001} facets, a hybrid photocatalyst

with broad spectrum photocatalytic properties has been fabricated, which can harvest UV, visible, and

NIR light to decompose organic contaminants. The results present a new concept that plasmonic

transition-metal oxides with a high concentration of oxygen vacancies can be used as non-noble metal

photosensitizers to design efficient photocatalysts with high activity.
Photocatalytic processes have attracted signicant interest
since the 1970s and are still very active area of research today.1–5

In view of solar energy utilization, the search for semiconductor
photocatalysts that can harvest a wide spectrum of solar light,
from ultraviolet (UV) to near infrared (NIR) regions, and achieve
efficient solar energy conversion remains one of the most
challenging missions.6–12 TiO2, as a very attractive semi-
conductor material for solar energy conversion, is intensively
studied in photocatalysis for the removal of organic pollutants,
water splitting, and reduction of carbon dioxide.13,14 However,
the wide band gap (3.2 eV) requires high-energy UV light to
activate it, leading to low-efficiency in utilization of solar irra-
diation concentrated in both visible and near infrared (NIR)
regions.15,16 In order to utilize solar energy more efficiently,
great efforts have been made to develop visible- and NIR-
induced photocatalysts. Many strategies, including ion
doping, heterojunction, and porous structure, have been
proposed to extend the absorption of photocatalysts to visible
and NIR spectrum.17–22

Introduction of photosensitizers to the surface of semi-
conductors is another promising strategy to improve their
photocatalytic efficiency. As a class of sensitizers, dye molecules
have been early used to improve light absorption of photo-
catalysts.23 However, stability of the photocatalysts sensitized by
dye molecules is problematic in applications such as decom-
position of organic pollutants because the dye sensitizers have
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to bear self-degradation.24 On the other hand, the rapid devel-
opment of localized surface plasmon resonance (LSPR) photo-
sensitization has also offered a effective means to overcome the
limited efficiency of photocatalysts.25 That is, semiconductors
loaded with noble metal nanoparticles (such as Au and Ag),
exhibit high absorption coefficients in a broad UV-visible-NIR
spectral range due to their strong LSPR. As a result, plas-
monic noble metal nanoparticles may serve as an alternative
class of sensitizers in the visible region and the resulting
composite catalysts can maintain stability as well.26–30 However,
the prohibitive cost and scarcity of the noble metals pose
tremendous limitations to widespread use. Therefore, nding
robust and efficient alternative sensitizers that are geologically
abundant and chemically stable is crucial.

Recently, O-vacancies (Vo) in oxide semiconductors have
been reported to increase solar light harvesting through nar-
rowing the band gap and also serve as the active sites to improve
carrier separation efficiency.31,32 An elegant example is the
disorder engineered TiO2 nanocrystals, i.e., hydrogenated TiO2

nanocrystals, which exhibit remarkable activity in both photo-
oxidation and photoreduction reactions.4,33 More interestingly,
it has been revealed that some Vo-rich transition-metal oxides
display remarkable LSPR due to their outer d electrons, such as
MoO3�x (ref. 34 and 35) and TiO2�x (ref. 36) nanocrystals.
WO2.83 nanorods37 and W18O49 nanowires38 with tunable LSPR
have also been successfully prepared. However, the plasmonic
transition-metal oxide nanocrystals as sensitizers has not been
studied.

Semiconductor hybrid nanostructures with a alternate
permutation of band edges at the heterointerface can improve
spatial charge separation of photogenerated carriers (electrons
and holes) in different parts of the hybrid structures, which can
greatly increase the photocatalytic activity.39 Among all the
hybrid nanostructured photocatalysts, 2D sheet-like materials
This journal is © The Royal Society of Chemistry 2017
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have received much attention because of their very small
thickness, high specic surface area, and enhanced light har-
vesting.40 Moreover, due to the gradient in the potentials of
different facets, the photogenerated electrons and holes are
driven to the different facets and a p–n junction can be formed
at the nanosheet junctions, which accordingly greatly promote
the charge-carriers separation and decreased chance of recom-
bination of electron–hole pairs by the synergetic effect.41

Inspired by the pioneer work, herein, we report a facile route
for the preparation of TiO2/W18O49 hybrid nanosheets. Wide-
range light harvesting from UV to NIR has been achieved by
introducing the in expensive W18O49 nanocrystals as a new
photosensitizer. The W18O49 nanocoating remarkably improves
the photocatalytic efficiency of the TiO2 photocatalyst for the
degradation of rhodamine B (RhB) under full-spectrum, UV,
visible, and NIR light irradiation. Their strong responses toward
full-spectrum, UV, visible, and NIR are ascribed to a compre-
hensive benets of 2D heterogeneous structure, the exposed
surface oxygen vacancies, and the strong LSPR of W18O49

components.
TiO2/W18O49 hybrid nanosheets were prepared from tetra-

butyl titanate and tungsten chloride via a two-step solvothermal
procedure, consisting the fabrication of (001) crystal faces
exposed TiO2 nanosheets and then the introduction of W18O49

nanocrystals, as illustrated in Fig. 1a. Firstly, the precursor TiO2

nanosheets were solvothermally prepared from tetrabutyl tita-
nate, isopropanol (IPA), and hydrouoric acid (see the ESI†).
The crystallographic structure and phase purity of the as-
Fig. 1 (a) Schematic illustration of the TiO2/W18O49 hybrid nano-
sheets. (b and c) The XRD patterns and corresponding photos of the
TiO2 nanosheets, W18O49 nanocrystals, and TiO2/W18O49-0.25 hybrid
nanosheets. (d–f) SEM, TEM, and HRTEM images of the TiO2 nano-
shees. (g–i) TEM and HRTEM images of the W18O49 nanocrystals. (j–l)
SEM, TEM, and HRTEM images of the TiO2/W18O49-0.25 hybrid
nanosheets.

This journal is © The Royal Society of Chemistry 2017
obtained sample are rst examined by powder X-ray diffrac-
tion (XRD) analysis (Fig. 1b). All the diffraction peaks can be
indexed as the anatase phase of TiO2 (I41/amd) with lattice
parameters of a ¼ 3.785 and c ¼ 9.514 Å (JCPDS no. 21-1272).
Compared with that relative peak width of standard pattern, the
apparently broadened (004) diffraction peak suggests that the
as-synthesized product has a very small size along the [001]
direction, while the sharp (200) diffraction peak suggests a large
crystal size along the [100]/[010] directions. This result suggests
that the as-synthesized sample possesses a sheet-like nano-
structure. The micro-Raman spectrum (Fig. S1†) taken on the
surfaces of the TiO2 sample also shows the typical six Raman
modes of anatase phase TiO2. The morphology and structure of
the as-synthesized phase-pure TiO2 are characterized by scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM), as shown in Fig. 1d–e. A panoramic SEM
image shows that the TiO2 precursor consists of uniform sheet-
like structures with width of ca. 50–80 nm (Fig. 1d). These
nanosheets possess smooth surface on the top, bottom, and
lateral side. TEM image (Fig. 1e) further conrms the well-
dened sheet-like construction of these TiO2 particles. From
the side view of the nanosheets, the thickness is estimated to be
ca. 6 nm for the nanosheets. Fig. 1f shows a high-resolution
(HR) TEM image of the nanosheets. The fringe spacing of
0.19 nm agrees well with the spacing of the (200) and (020)
lattice planes of anatase TiO2. The diffraction spots of the cor-
responding FFT pattern (indexed as the [001] zone) can be
indexed as the 200 and 020 reections (inset in Fig. 1f),
demonstrating that the rectangular facets are characterized by
(001) facets, in agreement with the HRTEM image. Combining
the HRTEM images with the FFT and XRD pattern, it is clear
that well-dened (001) facet exposed anatase TiO2 nanosheets
have been prepared. The TiO2 sample exhibits large Brunauer–
Emmett–Teller (BET) specic surface areas of 121 m2 g�1

(Fig. S2†).
W18O49 nanocrystals have been synthesized by directly WCl6

hydrolysis in IPA (see ESI†). XRD pattern (Fig. 1b) demonstrated
that the navy-blue product (Fig. 1c) can be indexed to the
monoclinic W18O49 with lattice parameters of a ¼ 18.318, b ¼
3.782, and c ¼ 14.028 Å (JCPDS no. 05-0392). TEM image show
that the as-prepared W18O49 product is composed of many
ower-like nanostructures (Fig. 1g). Higher-magnication TEM
images (Fig. 1h) clearly reveal that the nanoowers are
composed of a lot of aggregated nanoparticles. The diameter of
the nanoparticles is about 2–3 nm. The HRTEM image
demonstrate that the small W18O49 nanoparticles are highly
crystalline (Fig. 1i).

The hybrid TiO2/W18O49 nanosheets are prepared by a facile
tungsten chloride (WCl6) hydrolysis procedure under sol-
vothermal conditions using the TiO2 nanosheets as the
template. A series of samples were synthesized by adding
different amounts of WCl6. Specically, 0.25, 0.5, and 1.0 g of
WCl6 were used, and the samples were named as TiO2/W18O49-
0.25, TiO2/W18O49-0.5, and TiO2/W18O49-1.0, respectively. As
a representative sample of the hybrid materials, the crystallo-
graphic structure and morphology of the sample TiO2/W18O49-
0.25 was characterized by XRD, SEM, TEM, and HRTEM.
RSC Adv., 2017, 7, 23846–23850 | 23847
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Fig. 2 Photodegradation of RhB in the presence of different photo-
catalysts under (a) full-spectrum light, (b) visible light, and (c) NIR light
irradiation. Blank included for comparison (1), TiO2 nanosheets (2),
W18O49 nanocrystals (3), TiO2/W18O49-1.0 (4), TiO2/W18O49-0.5 (5),
and TiO2/W18O49-0.25 (6). (d) Initial decomposition rates vs. W18O49

loading concentration. Four cycles of the photocatalytic degradation
of RhB using sample of TiO2/W18O49-0.25 as photocatalyst under (d)
full-spectrum light, (e) visible light, and (f) NIR light irradiation.
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Visually, the pristine TiO2 nanosheets appear as milky, which
turn blue with the introduction of W18O49 nanocoating (Fig. 1c).
The successful formation of TiO2/W18O49 hybrid structures is
conrmed by XRD analysis. Typical XRD pattern recorded from
the sample of TiO2/W18O49-0.25 are shown in Fig. 1b. All of the
diffraction peaks can be indexed to the anatase TiO2 (JCPDS no.
21-1272) and monoclinic W18O49 (JCPDS no. 05-0392). With the
increase of WCl6 concentration, the diffraction intensity of the
W18O49 phase becomes stronger (Fig. S3†), indicating the
increasing content of W18O49 in the formed TiO2/W18O49 hybrid
structure. The morphology of the as-prepared sample TiO2/
W18O49-0.25 was rst characterized by SEM. As shown in Fig. 1j,
the introduction of W18O49 does not bring about signicant
changes in the nanosheet morphology. However, the surface of
the sheets becomes very rough. Fig. 1k shows the TEM image of
the hybrid nanosheets. Compared with the morphology of pure
TiO2 nanosheets, the surface of the TiO2/W18O49-0.25 nano-
sheets is coated with a thin layer of W18O49 nanosheets or
nanodots (Fig. 1k). From the HRTEM image of the hybrid
nanosheets (Fig. 1l), there are two types of crystal structures in
the hybrid nanosheets. The crystal lattice in part 1 shows an
interplanar spacing of 0.19 nm, which corresponds to the (200)
and (020) lattice planes of TiO2. The crystal lattice in part 2
reveals that a particle with a size of about 7 nm is a single crystal
with an interplanar spacing of 0.37 nm, which corresponds to
the (010) crystalline plane of W18O49. Such an observation
strongly suggests that W18O49 nanoparticles are embedded in
the TiO2 nanosheets aer the solvothermal reaction. The
chemical composition of the sample was conrmed by EDS
analysis (Fig. S4†), which showed strong Ti, W, and O signals.
With increasing amount of WCl6 to 0.5 g, more W18O49 nano-
sheets can be clearly observed on the TiO2 nanosheets
(Fig. S5a†). When the amount of WCl6 was increased to 1 g,
a more complex sheet-like hierarchical structure was formed
(Fig. S5b†). On the basis of the above results, obviously, the TiO2

nanosheet precursor plays an important template role in the
growth of the hybrid 2D nanosheets.

The photocatalytic activity of the TiO2/W18O49 hybrid nano-
sheets was evaluated for the degradation of RhB under full-
spectrum, visible, and NIR light irradiation. Fig. 2a presents
the full-spectrum-light photocatalytic degradation of RhB in the
presence of different photocatalysts. Compared with pure TiO2

nanosheets and W18O49 nanoparticles, the hybrid TiO2/W18O49

nanosheet samples exhibit greatly enhanced photocatalytic
efficiency. Among them, the sample of TiO2/W18O49-0.25
displays the highest photocatalytic activity. Aer irradiation for
50 min, the degradation fractions for different photocatalysts
are 21.6% (TiO2 nanosheets), 43.8% (W18O49), and 95.2% (TiO2/
W18O49-0.25). Under visible light irradiation (l > 450 nm), the
TiO2/W18O49-0.25 hybrid nanosheets also show the highest
photocatalytic activity, followed by W18O49 nanoparticles, TiO2

nanosheets. As shown in Fig. 2b, aer irradiation for 4 h, the
degradation fractions for different photocatalysts are 18.5%
(TiO2 nanosheets), 65.7% (W18O49 nanoparticles), and 97.5%
(TiO2/W18O49-0.25). Considering that visible light itself could
not induce TiO2 photoexcitation, the small quantity of degra-
dation of RhB in the TiO2 nanosheets should be attributed to
23848 | RSC Adv., 2017, 7, 23846–23850
the adsorption and sensitization effect of the dye molecules.
Moreover, TiO2/W18O49 hybrid nanosheets also show noticeable
photocatalytic activity under NIR light illumination, in great
contrast to pristine TiO2 nanosheets (Fig. 2c). Aer irradiation
for 8 h, the degradation fractions for different photocatalysts
are 12.1% (TiO2 nanosheets), 23.7% (W18O49 nanoparticles),
and 56.8% (TiO2/W18O49-0.25). It is should be mentioned that
the reduced concentration when use pure TiO2 nanosheets as
catalysts should be attributed to the adsorption of the nano-
sheets. In addition to efficiency, stability and recyclability of
photocatalysts are also important features for applications.
Aer the RhB molecules are completely decomposed, centrifu-
gation of the solution enables the TiO2/W18O49-0.25 nanosheets
to be easily collected to catalyze a new reaction. Fig. 2d–f plots
the kinetic curves for degradation of RhB solution under full-
spectrum light, visible light, and NIR light irradiation. The
TiO2/W18O49-0.25 nanosheet photocatalyst can be effectively
recycled at least four times without an apparent decrease in
photocatalytic activity, which demonstrates their high stability.

The above results reveal that the W18O49 loading on the TiO2

nanosheets remarkably improves the photocatalytic efficiency.
This journal is © The Royal Society of Chemistry 2017
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These enhanced photocatalytic activity might be caused by the
following structural features. Firstly, the observed improved
photocatalytic activity under visible and NIR light illumination
should come from LSPR induced by the abundant oxygen
vacancies contained in the W18O49 nanocrystals. UV/Vis/NIR
absorption spectroscopy was employed to characterize the
absorption properties of the TiO2 nanosheets, W18O49 nano-
crystals, and TiO2/W18O49 hybrid nanosheets. The UV/Vis/NIR
results acquired from the samples are presented in Fig. 3a. All
of the spectra exhibit the almost same absorption band from
the shorter wavelength side to around 370–385 nm, which
corresponds to the band-gap absorption of TiO2 and W18O49.
Distinct absorption behaviors occur at the sub-band gap
absorption range. Compared with the pristine TiO2 nanosheets,
the pure W18O49 nanocrystals displays a very strong LSPR from
visible to NIR regions. As a results, the hybrid TiO2/W18O49

correspondingly show greatly enhanced visible and NIR
absorption compared with pristine TiO2 nanosheets.

Studies on the electronic properties of the blue tungsten
oxide have revealed that WO3�x undergoes a transition from
insulator to metal at x ¼ 0.1, as the localized polaronic wave
functions begin to overlap and form delocalized states.42 As
a result, for x > 0.1 in WO3�x, the electrical and optical prop-
erties are dominated by free electrons, that is to a half-metal-
licity.43 Our theoretical calculation suggests that the
introduction of the oxygen vacancy endows the W18O49 with
metal-like property (calculation process see ESI†). Fig. S6†
exhibits the electronic structures of monoclinic phase WO3 and
W18O49. Compared with the WO3, the band gap of W18O49 is
clearly reduced andmeanwhile the Femi level (0 eV level) inserts
into energy band, indicating that the W18O49 exhibits a metal-
like character. The calculation results demonstrate that large
quantity of free electrons exist in the W18O49, suggesting that it
has a stronger ability to absorb light. Therefore, the W18O49

nanocrystals can be considered as a plasmonic photosensitizer,
similar to the case of Au and Ag nanoparticles, charge transfer
from photoexcited plasmonic W18O49 nanocrystals to the TiO2

nanosheets under visible and NIR irradiation.
Secondly, the LSPR of samples may enhance the local electric

eld of tungsten oxide and titanium dioxide and accordingly
promote the charge-carrier separation. As a evidence, an
obvious reduction of the photoluminescence of the TiO2/
Fig. 3 UV-Vis-NIR adsorption spectra (a) and PL spectra (b) of the
samples. Blue line: TiO2/W18O49-0.25 hybrid nanosheets; black line:
W18O49 nanocrystals; red line: TiO2 nanosheets.

This journal is © The Royal Society of Chemistry 2017
W18O49 hybrid nanosheets can observed as compared with that
of TiO2 nanosheets or W18O49 nanocrystals alone, indicating
that the coupling of TiO2 and W18O49 in the hybrid nano-
structure effectively diminish the recombination of photoin-
duced electron–hole pairs, which is benecial to the
photocatalytic performance (Fig. 3b).

At the same time, the photoelectrochemical properties of the
TiO2/W18O49 hybrid nanosheets are examined by means of
photocurrent responses. We measured the photocurrent
response in a three-electrode electrochemical cell with Ag/AgCl
as the reference electrode and Pt wire as the counter electrode
(see ESI†). The photocurrent responses for all samples under
dark are very low, while obvious current responses could be
discerned from 0.1 to 1.0 eV (vs. Ag/AgCl) under full-spectrum
light (Fig. S7†). The TiO2/W18O49 hybrid nanosheets show the
higher photocurrent density compared with the pure TiO2

nanosheets and W18O49 nanocrystals, indicating that TiO2/
W18O49 hybrid nanosheets have better carrier separation effi-
ciency due to the heterojunction effect. In addition, the direct
growth of W18O49 nanocrystals on the TiO2 nanosheets could
ensure good mechanical adhesion, and more importantly good
electrical contact with the active (001) facets of TiO2 that also
serves as the reactive sites.
Conclusions

In summary, we have synthesized novel hybrid TiO2/W18O49

nanosheets by a facile solvothermal method. Importantly, the
hybrid nanosheets show strong and wide range of light
absorption from UV to NIR. As expected, the as-prepared hybrid
TiO2/W18O49 nanosheets exhibit superior photocurrent
response and photocatalytic activity for degradation of RhB
under full-spectrum, visible, and NIR irradiation. This work will
likely inspire further exploration for non-precious metal pho-
tosensitizing hybrid nanostructures with high potential for
photocatalytic and optaelectronic applications.
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