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Heterojunction WO3/TiO2 photonic crystals Surface composition

Co-assembled photonic crystal films fabrication

Inverse opal morphology

In this work, binary WO3/TiO2 PC
films were fabricated in the form of
three-dimensionally (3D) ordered
inverse opals via the co-assembly of
polymer colloidal spheres with
water soluble W and Ti precursors.
The heterojunction photoelectrodes
were investigated as a function of
the W/Ti molar ratio and photonic
band gap (PBG) in order to explore
synergistic effects between photonic
amplification and charge separation
in the electrochemical performance
of WO3/TiO2 PC films.

Structural engineering of metal oxide (MO) photocatalysts in the form of
heterostructured photonic crystals (PCs) has been attracting particular interest
as an advanced approach to improve solar light capture and charge separation.
Photonic crystals offer a macroporous periodic structure that activates slow light
propagation at spectral regions of weak electronic absorption and enables
photocatalytic enhancement by the synergy of light trapping and compositional
materials’ modifications [1].

WO3/TiO2 inverse opal films were deposited via the evaporative co-assembly of
monodisperse 211 and 287 nm PS and 261 nm PMMA spheres with ammonium
metatungstate (AMT) [2] and Ti(IV) bis(ammonium lactato) dihydroxide [3] on
FTO substrates at nominal W/Ti molar ratios of 1:0.25, 1:1, 1:2 and 1:5. The
films were calcined at 450 oC to remove the polymer matrix and crystallize the
MOs in the inverse opal structure. The WO3/TiO2 PC films were labelled as
PCXXX Y:Y, with XXX being the templating sphere and Y:Y the W/Ti ratio.

Photonic band gap engineering

Photoelectrochemical performance
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The W-rich PC films exhibited higher photocurrent generation, reflecting the
improved charge carrier transport and water oxidation kinetics of WO3.
However, WO3/TiO2 PC211 inverse opals of low TiO2 content presented the
highest performance related to the combination of reduced charge carrier
recombination and optimal light trapping. Synergy of tunable absorbance,
achieved by mixing different W/Ti ratios, with interfacial electron transfer and
slow photon-assisted light trapping is concluded as a promising route to improve
charge separation and light harvesting for WO3-TiO2 films.

X-ray photoelectron spectroscopy (XPS) spectroscopy revealed the presence of
W6+ along with small amounts of W5+ and Ti4+ ions, indicative of weakly oxygen
deficient WO3 and stoichiometric TiO2 for the whole W/Ti compositional range.

The PBG position for the WO3/TiO2 PC films shifted to smaller wavelengths with
the decrease of macropore diameter and the increase of TiO2 content, allowing
fine PBG tuning by the colloidal template size and the films’ composition.

Photocurrent generation was evaluated in 0.1 M Na2SO4 aqueous electrolyte
under UV–Vis irradiation with increased applied potential on 50 s light-dark
switching circles. UV light excites electrons in both TiO2 and WO3 allowing
interfacial charge transfer between TiO2 and WO3 nanoparticles.
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Wavelength (nm)

Film Ti (K) At% W (L) At%

PC261 1:0.25 21.91 78.09

PC261 1:1 53.82 46.18

PC261 1:2 63.25 36.75

PC261 1:5 82.00 18.00

Self-assembly Calcination

Elemental mapping showed that the PC skeleton is uniformly decorated by both
MOs, while FFT analysis identified the monoclinic WO3 and anatase TiO2 phases.
The W/Ti molar ratios were close to the nominal ones according to EDX analysis,
while confined MOs’ growth within the colloidal template interstices resulted in
the reduction of WO3 crystallites size with the increase of the anatase content.

Raman spectroscopy confirmed the formation of
anatase and monoclinic phases for the single TiO2

and WO3 inverse opals, respectively, whereas the
relative peak intensity varied accordingly with the
WO3/TiO2 films’ composition. The terminal W=O
stretching vibration at about 970 cm-1 indicated
the formation of tungsten trioxide hydrates.

Phase composition

SEM images of the photonic films display a
3D network of uniform interconnected void
macropores independent of the W/Ti
composition ratio. The void macropores
diameter varied with the W/Ti molar ratio,
whose reduction for the same templating
sphere diameter resulted in the continuous
reduction of macropore size enabling fine
tuning of the inverse opal periodicity.
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Tauc plots and Mott-Schottky analysis as well as
UPS measurements indicated a continuous shift of
the band gap energy and Fermi level for the
heterojunction WO3-TiO2 films following the W/Ti
ratio variation.

Electronic band gap engineering 
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