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ABSTRACT: Heterostructured photocatalytic materials in the
form of photonic crystals have been attracting attention for their
unique light harvesting ability that can be ideally combined with
judicious compositional modifications toward the development of
visible light-activated (VLA) photonic catalysts, though practical
environmental applications, such as the degradation of pharma-
ceutical emerging contaminants, have been rarely reported. Herein,
heterostructured MoS2−TiO2 inverse opal films are introduced as
highly active immobilized photocatalysts for the VLA degradation
of tetracycline and ciprofloxacin broad-spectrum antibiotics as well
as salicylic acid. A single-step co-assembly method was
implemented for the challenging incorporation of MoS2 nanosheets
into the nanocrystalline inverse opal walls. Compositional tuning
and photonic band gap engineering of the MoS2−TiO2 photonic films showed that integration of low amounts of MoS2 nanosheets
in the inverse opal framework maintains intact the periodic macropore structure and enhances the available surface area, resulting in
efficient VLA antibiotic degradation far beyond the performance of benchmark TiO2 films. The combination of broadband MoS2
visible light absorption and photonic-assisted light trapping together with the enhanced charge separation that enables the generation
of reactive oxygen species via firm interfacial coupling between MoS2 nanosheets and TiO2 nanoparticles is concluded as a
competent approach for pharmaceutical abatement in water bodies.

1. INTRODUCTION
Nanostructured titanium dioxide (TiO2) materials have been
attracting continuous attention as benchmark low-cost photo-
catalysts due to their high oxidation/reduction capacity,
photochemical stability, and low toxicity.1 However, practical
applications are impeded by the wide band gap (3.0−3.2 eV)
of TiO2, which absorbs in the UVA spectral range, accounting
for only 4−5% of the sun’s total irradiation, and the persistent
charge carrier recombination. Intensive research efforts have
been accordingly devoted to mitigating these intrinsic
material’s limitations by electronic-based modifications, the
most prominent being defect engineering2,3 and heterostruc-
turing of TiO2 with narrow band gap semiconductors such as
the unique graphitic carbon nitride (g-C3N4) polymeric
photocatalyst,4,5 which can simultaneously promote visible
light absorption and charge separation for TiO2 nanomaterials
as standalone photocatalysts or assisted by suitable electron
scavengers such as persulfate reagents.6 In addition, structural/
morphological modifications have been put forward in order to
improve the performance of TiO2 photocatalysts, the most
favorable being TiO2 nanostructuring in the form of
mesoporous materials that offer an interconnected pore

network, which increases surface area and the amount of
reaction sites while assisting molecular diffusion during the
photocatalytic reaction.7,8 A direct, yet challenging morphol-
ogy-based approach to enhancing light trapping is by shaping
TiO2 nanomaterials in the form of photonic crystals (PCs), the
most conspicuous structures to control light−matter inter-
actions.9 PC-assisted photocatalysis has emerged as an
advanced modification for improving light harvesting by
photocatalytic nanomaterials, especially TiO2 photocatalysts,
at frequencies of weak materials’ electronic absorption by slow
light propagation primarily at the edges of the photonic band
gap (PBG).10,11 These distinctive structural features of PC
catalysts, the most common being inverse opals, come along
with the enhanced molecular transport and adsorption capacity
of meso-macroporous structures and can be further combined
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with rational compositional modifications for the development
of visible light-activated (VLA) photonic catalysts.12

Among diverse modification approaches, heterostructuring
TiO2 with molybdenum disulfide (MoS2) nanosheets, the
prototypical two-dimensional (2D) layered transition-metal
dichalcogenide,13 has emerged as a promising route to an
environmentally benign, composite photocatalyst that features
broadband visible light activation with enhanced charge
separation.14,15 Decreasing the thickness of the thermodynami-
cally stable semiconducting 2H MoS2 phase down to a single
layer leads to an indirect-to-direct band gap transition from the
bulk value of 1.3 to 1.9 eV,16 reflecting quantum size effects
that underlie the marked variation of the interaction between
Mo d orbitals and S antibonding pz orbitals with the van der
Waals interlayer coupling.17 This unique tunability together
with the excellent electrical, optical, and mechanical properties
of 2D MoS2 underpinned its application potential beyond
electronics and optoelectronics18 to photocatalytic and electro-
catalytic H2 evolution,19 as well as water-related environmental
applications including organic adsorption and photocatalytic
degradation, membrane separation, sensing, and disinfec-
tion.20−22 Although the MoS2 band edge positions can be
tuned to redox potentials that allow the generation of reactive
oxygen species (ROS),23,24 the photocatalytic performance of
standalone MoS2 nanosheets is compromised by its relatively
low oxidation potential to amply produce hydroxyl radicals and
the abundance of stable, though chemically inert, basal planes
that reduce the number of active catalytic sites stemming
primarily from edges and S vacancies.25 Nanostructuring and
heterojunction formation have been intensively pursued in
order to alleviate these shortcomings by the deposition of
MoS2 nanosheets on nanostructured TiO2 supports, including
nanobelts,26,27 nanotubes,28,29 nanospheres,30,31 facets,32,33 and
nanoparticles,34,35 for the development of VLA MoS2−TiO2
photocatalysts. A prominent example has been provided by the
vertically oriented growth of MoS2 nanosheets on TiO2
nanorods, leading to the preferential exposure of the highly
reactive edge sites that also reduce electron and hole diffusion
lengths, promoting charge separation and overall catalytic
reaction rates.36 Recently, surface modification of 2D TiO2
nanohole arrays by dip coating in exfoliated MoS2 nanosheet
suspensions resulted in markedly improved photocatalytic
activity,37 while the incorporation of MoS2 nanosheets in black
TiO2 microspheres for the formation of hierarchical tandem
heterojunctions with CdS38 and Cu2S39 nanoparticles resulted
in highly efficient photocatalytic H2 production assisted by
photothermal effects.

In this work, heterostructured MoS2−TiO2 inverse opal
films are demonstrated as efficient immobilized VLA photo-
catalysts for the degradation of pharmaceutical emerging
contaminants, including two representative broad-spectrum
antibiotics, tetracycline (TC) and ciprofloxacin (CIP), whose
photocatalytic removal is attracting increasing attention toward
water remediation.40−44 The challenging integration of MoS2
in three-dimensional (3D) TiO2 PC films was undertaken via
the co-assembly method, enabling the in situ incorporation of
MoS2 nanosheets to the TiO2 inverse opal skeleton by a
straightforward one-pot approach beyond conventional top-
down (impregnation and spin/dip-coating) and bottom-up
(chemical vapor, chemical bath, and hydrothermal) deposition
methods. Structure−activity relations were explored for the
MoS2−TiO2 PC films with respect to compositional and
structural optimization as well as PBG engineering by varying

the nanosheet loading and colloidal template diameter together
with performance screening on the VLA photocatalytic
degradation of salicylic acid (SA), a persistent metabolite of
acetylsalicylic acid that is commonly detected in wastewaters.45

Low amounts of MoS2 nanosheets in the nanocrystalline
anatase walls of the PC films, which preserved the integrity of
the periodic macroporous structure, resulted in a marked
enhancement of the photocatalytic activity for pharmaceutical
photodegradation under visible light, far beyond the perform-
ance of bare PC or benchmark P25 TiO2 films. This
improvement was related to the synergy of visible light
trapping with the interfacial electron transfer between MoS2
nanosheets and TiO2 anatase nanoparticles in the nanocrystal-
line PC walls, as confirmed by electrochemical impedance and
photoluminescence measurements.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. Monodisperse polystyrene

(PS) microspheres with mean diameters of 340, 425, and 460
nm and poly(methyl methacrylate) (PMMA) ones with 499
nm diameter (standard deviation SD = 10−11 nm) were
purchased from microparticles GmbH in the form of colloidal
dispersion of 5% solids (w/v) in DI water (2.7−3.0% CV).
Titanium(IV) bis(ammonium lactato)dihydroxide (Ti-
BALDH) 50 wt % aqueous solution, MoS2 dispersion (1
mg/mL in H2O, lateral size 50−1000 nm), and Hellmanex III
were obtained from Sigma-Aldrich. All other reagents were of
analytical or ACS reagent grade: ethanol (absolute, 99.8%),
acetone (ACS reagent ≥99.5%), and hydrochloric acid (ACS
reagent, fuming, ≥37%).
2.2. TiO2 Inverse Opal Fabrication. Titania inverse opals

were deposited by the convective evaporation-induced co-
assembly of sacrificial polymer colloidal spheres of 340, 425,
460, and 499 nm mean diameters with the hydrolyzed
TiBALDH sol−gel precursor.46 This single-step process has
been put forward as an effective method to evade conventional
liquid phase infiltration into preassembled opal templates and
improve the quality of inverse opal films.47 In a typical
deposition, cleaned (Hellmanex III, ultrasound acetone−
EtOH) plain microscope or fluorine-doped tin oxide (FTO,
thickness 2.2 mm, surface resistivity 7 Ω/sq) glass slides were
nearly vertically suspended in a vial containing 10 mL of 0.125
wt % diluted polymer sphere suspension in Milli-Q water and
0.07 mL of fresh precursor (0.25 mL TiBALDH solution, 0.5
mL HCl 0.1 M, and 1 mL EtOH), both sonicated for 30 min
before use. The vials were kept at 60 °C until the solvent fully
evaporated, producing composite films that comprised titania
gels within the polymer opal interstices. The dry films were
calcined at 400 °C for 2 h in air (1 °C/min) to remove the
colloidal template and crystallize the amorphous precursor in
the inverse replica structure. The TiO2 PC films were labeled
as PC340, PC425, PC460, and PC499 after the diameter of the
templating microspheres.
2.3. MoS2−TiO2 Inverse Opal Fabrication. In situ

incorporation of MoS2 nanosheets in the nanocrystalline
walls of the TiO2 inverse opals was implemented by the
three-phase co-assembly technique, originally applied for the
uniform incorporation of plasmonic nanoparticles in metal
oxide PCs48,49 and more recently for the fabrication of
heterostructured WO3/TiO2 inverse opals.50 This method was
selected in order to facilitate the random orientation of MoS2
nanosheet edges with respect to TiO2 nanoparticles and the
formation of firm interfaces (Scheme 1).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03881
ACS Omega 2023, 8, 33639−33650

33640

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Liquid cascade centrifugation was initially used for the size
selection of MoS2 nanosheets from the parent polydisperse
MoS2 suspension51 in order to reduce its broad size
distribution which proved detrimental for the inverse opal
co-assembly. After probe sonication and centrifugation of the
as-obtained dispersion at 1000 rpm, the supernatant was
collected and subjected to successive centrifugations at
increasing speeds in the range of 2000−8000 rpm, leading to
a decrease in the concentration and average MoS2 aggregate
size. Small aliquots of the final MoS2 dispersion obtained after
8000 rpm centrifugation (<0.01 mg/mL) were collected and
redispersed at variable amounts in the suspension of the
colloidal spheres and the TiBALDH precursor. Specifically,
0.1−0.6 mL of fresh MoS2 dispersion replaced an equal part of
Milli-Q water that was used to dilute the polymer sphere
suspension to 0.125 wt %, followed by ultrasound sonication
and mixing with 0.07 mL of fresh titania precursor, likewise
bare TiO2 inverse opals. Clean glass slides were nearly
vertically suspended in vials containing 10 mL of the mixed
colloid/titania/MoS2 precursor and were kept at 60 °C until
the solvent evaporated, leading to the assembly of MoS2
nanosheets with the colloidal spheres and TiBALDH. The
polymer template was subsequently removed by calcination at
400 °C for 2 h in air, leading to the inverse opal structure with

embedded MoS2 nanosheets. The composite MoS2−TiO2 PC
films were designated as 0.X MoS2-PCYYY with 0.X being the
volume (in mL) of the MoS2 suspension and XXX being the
diameter of the templating microspheres. Reference films were
prepared by the immersion of PC films in the MoS2
suspension, labeled as immersed PC films, as well as by spin
coating a paste of the benchmark Aeroxide P25 mixed-phase
titania nanocatalyst on glass slides followed by 400 °C
calcination52 in order to compare the MoS2 loading on the
photonic films and validate their photocatalytic performance
on organic degradation, respectively.
2.4. Materials Characterization and Photocatalytic

Evaluation. The PC films were characterized by scanning and
transmission electron microscopies (SEM and TEM) together
with energy-dispersive X-ray spectroscopy (EDX), X-ray and
ultraviolet photoelectron spectroscopy (XPS-UPS), micro-
Raman, photoluminescence (PL), as well as diffuse and
specular reflectance UV−vis spectroscopies, and N2 porosim-
etry, while electrochemical impedance spectroscopy (EIS) was
carried out in a three-electrode configuration on PC films
deposited on FTO substrates (Supporting Information, S1).
The films’ photocatalytic performance was evaluated on the
degradation of SA, TC, and CIP pharmaceuticals under visible

Scheme 1. Schematic Illustration of MoS2−TiO2 Inverse Opal Fabrication by Three Phase Co-assembly

Figure 1. SEM images for the TiO2 PC425 films with increasing MoS2 loading of (a) 0, (b) 0.1, (c) 0.3, (d) 0.4, and (e) 0.5 mL and (f) a cross-
section image of 0.5 MoS2-PC425.
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light provided by a filtered Xe lamp source (Supporting
Information, S2).

3. RESULTS AND DISCUSSION
3.1. Morphological and Structural Properties. Com-

parative SEM images of the pristine and final MoS2 nanosheet
dispersions centrifuged at 8000 rpm, drop-cast on Si substrates
(Figure S1), indicated a decrease in the average lateral size of
the MoS2 nanosheets below about 120 nm. AFM measure-
ments on MoS2 films deposited by spin-coating the final (8000
rpm) dispersion on Si showed the formation of aggregates with

an average lateral size of 100−200 nm and average film
roughness of 10 nm (Figure S2a), while TEM images of
individual aggregates from the same dispersions identified the
presence of ca. 10 layer MoS2 slabs (Figure S2b). Optical
measurements of the centrifuged MoS2 dispersions at
increasing speeds and after storage for a few days (Figure
S3) showed a marked drop of absorbance after each
centrifugation, reflecting the reduction of nanosheet concen-
tration. The two characteristic exciton peaks A and B arising
from the direct-gap transitions between the maxima of the
MoS2 split valence bands and the minimum of the conduction

Figure 2. (a) TEM image of the nanocrystalline wall for 0.4 MoS2-PC425 and (b) corresponding FFT pattern. Red circles in (a) mark areas with
(002) planes of 2H MoS2 nanosheets among the characteristic (101) planes of the anatase nanoparticles. (c) Magnification of the TEM image
depicting an isolated MoS2 nanocrystallite at the wall edge and (d) the corresponding FFT pattern. (e) TEM image and the corresponding EDX
maps for (f) Ti, (g) Mo, and (h) S elements.

Figure 3. (a) Nitrogen adsorption−desorption isotherms for PC425 and 0.3 MoS2-PC425 inverse opals and (b) the corresponding pore size
distributions determined by the NLDFT equilibrium model (desorption branch).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c03881
ACS Omega 2023, 8, 33639−33650

33642

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03881/suppl_file/ao3c03881_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03881/suppl_file/ao3c03881_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03881/suppl_file/ao3c03881_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03881/suppl_file/ao3c03881_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03881/suppl_file/ao3c03881_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03881/suppl_file/ao3c03881_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c03881/suppl_file/ao3c03881_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03881?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03881?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03881?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03881?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03881?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03881?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


band at the K point of the Brillouin zone were clearly identified
at 620 (2.0 eV) and 680 nm (1.82 eV) in the pristine MoS2
dispersion.16,17 The excitonic peaks blue-shifted to 605 and
664 nm, respectively, after 8000 rpm centrifugation, indicating
the decrease of the average layer number,51 while a weak re-
entrant red-shift at 609 and 668 nm, respectively, was observed
after 3 days’ storage, indicative of aggregation effects.

Figure 1 shows representative SEM images for the co-
assembled TiO2 PC425 films with increasing volume loading
of the final MoS2 dispersion in the mixed colloid/TiBALDH
precursor. Pristine PC425 displayed a well-ordered inverse
opal structure corresponding to the (111) planes of an fcc
lattice of 250 nm void macropores in place of the sacrificial
colloidal spheres surrounded by a solid framework. The large
macropores were interconnected through smaller ones at the
contact points of adjacent PS spheres after calcination, which
are essential for enhanced mass transport within the pore
network. The addition of low amounts up to 0.3 mL of MoS2
suspension in the complex precursor corresponds to about 1
Mo at % (Table S1) preserved intact in the periodic macropore
structure (Figure 1b,c). However, the increase in the MoS2
volume loading resulted in the progressive distortion of the
inverse opal walls (Figure 1d) and the collapse of the periodic
network to a disordered porous structure (Figure 1e,f).

The in situ incorporation and phase composition of MoS2
nanosheets in the TiO2 inverse opals were investigated by
TEM and EDX elemental mapping, as shown in Figure 2. The
formation of nanocrystalline walls consisting mainly of anatase
crystallites with sizes below 10 nm was identified by the intense
diffraction spots in the fast Fourier transform (FFT) patterns
arising from the dominant (101) anatase planes with 0.35 nm

d-spacing (Figures 3b and S4). This is in agreement with
previous results for the enhanced mesoporosity of co-
assembled TiO2 PC films using the TiBALDH precursor,50

which retards the growth of anatase nanoparticles and the
anatase−rutile phase transformation, maintaining the periodic
inverse opal network that is essential for the development of
highly efficient mesoporous anatase TiO2 photocatalysts7,8

accommodating heterojunctions with other VLA constitu-
ents.38,39

In addition, few-layer MoS2 nanosheets oriented along
different directions with respect to the anatase nanocrystallites
were identified by the observation of the hexagonal (002)
planes of the 2H MoS2 phase with ca. 0.62 nm d-spacing
(Figure 2a), confirming their incorporation in the TiO2 inverse
opal skeleton. The FFT pattern of an isolated MoS2
nanocrystallite protruding from the inverse opal wall (Figure
2c) showed diffraction spots of variable spacing around
0.61(1) nm (Figure 2d), leading to the diffuse diffraction
ring in the FFT pattern (Figure 3b) derived for the whole
TEM image. This indicates that the formation of structural
defects in the embedded MoS2 nanosheets is most likely due to
sulfur vacancies,53 complying with the deviations of Mo/S
stoichiometry from the ideal 1:2 ratio detected by EDX (Table
S1). Moreover, EDX mapping (Figure 2e−h) showed a
uniform distribution of Mo and S species with respect to Ti
throughout the skeleton of the composite structure comprising
MoS2−TiO2 interfaces with diverse orientations.

The structural and compositional properties of MoS2−TiO2
PCs were investigated by Raman spectroscopy. The Raman
spectra of both 0.4 MoS2-PC425 and pristine PC425 films
exhibited the characteristic Raman-active modes of anatase

Figure 4. SEM images for the (a) PC340, (b) PC425, (c) PC460, and (d) PC499 inverse opal films and (e) the corresponding specular reflectance
(R %) spectra at 15° incidence. (f) Diffuse reflectance (DR %) spectra for the MoS2-PC425 films as a function of MoS2 loading along with SEM
images for the pristine PC425 and 0.6 MoS2-PC425 films.
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TiO2 at ca. 148 (Eg), 199 (Eg), 399 (B1g), 518 (A1g + B1g), and
641 cm−1 (Eg), as shown in Figure S5a. The observed shifts
and broadening of the Raman bands with respect to bulk
anatase can be related to the growth of anatase nanoparticles
with a size below 10 nm in TiO2 PCs using TiBALDH,46

which leads to the breakdown of the q = 0 selection rule for
Raman scattering.54 In addition, weak shoulders were traced at
about 382 and 406 cm−1 for 0.4 MoS2-PC425, corresponding
closely to the two characteristic optical phonons of 2H−MoS2
arising from the opposite, the in-plane vibrations of S atoms
relative to Mo and the out-of-plane vibrations of S atoms,
respectively.55 The latter modes were clearly identified for
MoS2 suspensions drop-cast on glass as well as for the
immersed MoS2-PC425 films (Figure S5a).

The chemical composition of the MoS2−TiO2 inverse opals
was traced by XPS. The Ti 2p3/2 and 2p1/2 doublets could be
accurately fit with two peaks at 458.4 and 464.1 eV,
respectively, with spin−orbit splitting of 5.7 eV, for all TiO2
PC films (Figure S5b), confirming the presence of Ti4+ ions
and stoichiometric anatase TiO2.56 However, the presence of
MoS2 nanosheets was identified only for the immersed MoS2-
PC425 films in the corresponding Mo 3d (Figure S5c) and S
2p (Figure S5d) core-level spectra. In the former case, Mo 3d
spectrum deconvolution revealed a major contribution from a
doublet at binding energies of 228.9 and 232.1 eV (spin−orbit
splitting of 3.2 eV) corresponding to the Mo 3d5/2 and 3d3/2
peaks of Mo4+ ions in MoS2,57 while a minor contribution was
derived at 231.9 and 235.1 eV, indicating Mo6+ ions, most
likely arising from oxidation of the initial suspension during
storage in ambient atmosphere.29 The presence of S2− was
confirmed by the S 2s signal at 225.9 eV (Figure S5c) and the
S 2p doublet (Figure S5c), which was deconvoluted with two
distinct 2p3/2 and 2p1/2 peaks at binding energies of 161.9 and
163 eV, respectively.57 However, only a rather weak Mo 3d

signal could be traced at about 229.1 eV for the 0.3 MoS2-
PC425 film, reflecting the low amount of MoS2 nanosheets
incorporated into the TiO2 inverse opals.

The textural properties were comparatively investigated by
N2 porosimetry for the unmodified PC425 and 0.3 MoS2-
PC425 inverse opals (Figure 3). The high surface area reaching
244 m2/g was estimated by applying the multipoint Brunauer−
Emmett−Teller (BET) method to the pristine PC425 that
originated from the enhanced mesoporosity of the nano-
crystalline inverse opal skeleton. This was further corroborated
by the corresponding pore size distribution determined from
nonlocal density functional theory (NLDFT) analysis using the
N2−silica desorption branch kernel (equilibrium model) at 77
K (Figure 3b).58 Markedly increased mesopore volume (Vmeso)
of 0.499 cm3/g was thus derived by the NLDFT pore size
distribution with a maximum at 4.89 nm mesopore width,
which can be related to the small anatase nanoparticle size.46

Further improvement of surface area that reached 347 m2/g
was derived for 0.3 MoS2-PC425, while the mesopore volume
showed a relatively small decrease to 0.444 cm3/g indicating
that the integration of the relatively bulkier MoS2 nanosheets
in the nanocrystalline anatase walls mainly affected the inverse
opal macroporosity compared to the mesopore distribution.
3.2. Optical Properties. PBG tuning in the TiO2 photonic

films was monitored by specular reflectance (R %) at a 15°
angle of incidence as a function of the inverse opal macropore
size (Figure 4a−e). A clear R % peak due to Bragg reflection
was invariably observed for all PC films, verifying the
formation of the incomplete PBG (stop band) along the
[111] direction in the inverse opal structure.12 The stop band
positions red-shifted with increasing void diameter (D) (Table
S2), following the increase in the templating microsphere size.
The R % peak positions were analyzed by applying the
modified Bragg law for first-order diffraction from the (111) fcc

Figure 5. SA photodegradation kinetics and the corresponding reaction rates r under visible light as a function of (a−c) the MoS2 loading amount
for the MoS2-PC425 films and (d−f) the macropore diameters of the 0.3 MoS2-PC425 films.
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planes (Supporting Information, S1). Using the observed
wavelengths at θ = 15° and the measured diameters D, the
effective refractive index nef f values and filling fractions (1 − f)
were determined in air for nTiOd2

= 2.55 and nair = 1.0 (Table
S2). The obtained 1 − f values were appreciably smaller than
the theoretical one of 0.26 for complete filling of the inverse fcc
lattice, reflecting the enhanced mesoporosity of the nano-
crystalline anatase skeletal walls in the co-assembled films.46

The derived filling fractions were then used to estimate the
stop band positions in water ((nH2O) = 1.33), where the
photocatalytic reaction takes place (Table S2).

The effect of MoS2 loading on the optical response and
photonic properties of the MoS2−TiO2 inverse opals was
explored by diffuse reflectance (DR %) measurements for PC
films of constant void diameter, namely, the MoS2-PC425
(Figure 4f). An intense, broad DR % band was observed for
pristine PC425 at about 550 nm, clearly separated from the
anatase absorption edge at 375 nm. Both the DR % intensity
and width were considerably higher than those of the R %
spectra, reflecting the presence of different PC domains within
the area probed by the coarse focused beam (spot size of ca. 2

mm2). The DR % intensity decreased gradually with the
increase of MoS2 loading until it was completely suppressed for
0.6 MoS2-PC425. This variation can be associated with the
increase in broadband electronic absorbance from the MoS2
nanosheets together with the distortion of the inverse opal
structure, as evidenced by comparative SEM images for PC425
and 0.6 MoS2-PC425 films (Figure 4f).
3.3. Photocatalytic Performance vs Composition and

Light Trapping. Photocatalytic activity screening of the
MoS2−TiO2 PC films was performed using SA as a model
pollutant under visible light at pH = 3 (Figure 5), where direct
oxidation by valence band holes takes place.59 SA is a colorless
pharmaceutical water contaminant that, unlike dyes, absorbs
well below the PC film stop bands in the visible range (Figure
S6a) and thus precludes any slow photon contribution via
spectral overlap with the molecular electronic absorption.
Blank experiments in the absence of photocatalytic films as
well as in the presence of unmodified PC425 films showed
negligible SA degradation under visible light (Figure 5a). On
the other hand, visible light illumination in the presence of
MoS2-PC425 films, after dark adsorption, resulted in a

Figure 6. (a−c) TC and (d−f) CIP absorbance spectra in the presence of 0.3 MoS2-PC425 films and photodegradation kinetics. (g) Apparent
kinetic constants k for TC and CIP degradation under visible light. (h) TC photodegradation in the presence of IPA, FA, and Bq radical scavengers
and (i) the corresponding apparent kinetic constants k variation.
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continuous decrease of SA concentration (C) with time, which
was determined spectrophotometrically by the characteristic
SA absorption band at 300 nm (Figure S6a). The ln(C/C0) vs t
plot, where C0 is the initial SA concentration after dark
adsorption, varied linearly with time (Figure 5b, e), indicating
that SA photodegradation followed pseudo-first-order kinetics.
The apparent kinetic constants k were determined from the
slopes of the linear ln(C/C0) vs t plots (Figure S6b,c), and the
corresponding reaction rates were then calculated as r = kC0
for low (<mM) pollutant concentrations in order to determine
the films’ activity, independently of C0 variations due to SA
adsorption.

The derived r values presented nonmonotonous variation
with the MoS2 loading (Figure 5c), despite the continuous rise
of visible light absorbance in the optical spectra of the MoS2-
PC425 films (Figure 4f). The highest rate was observed for 0.3
MoS2-PC425 films, indicating that maintaining the integrity of
the periodic inverse opal structure in combination with visible
light harvesting provided by MoS2 nanosheets are key factors
for the photocatalytic performance of MoS2-PC425 films.

To explore light trapping by the MoS2−TiO2 PC films, SA
photocatalytic tests were carried out as a function of the
inverse opal diameter for the optimal 0.3 MoS2 loading (Figure
5d,e). The obtained rates varied considerably with the
macropore size, indicating significant differences in the light-
harvesting ability for the 0.3 MoS2-PC films (Figure 5f).
Specifically, 0.3 MoS2-PC425 presented the highest r value,
followed closely by 0.3 MoS2-PC340, whereas the larger
diameter inverse opals showed successively lower activities,
reaching approximately a 2-fold drop for 0.3 MoS2-PC499.
This size-selective performance indicates that stop band tuning
close to the MoS2 excitonic peaks results in optimal light
trapping for 0.3 MoS2-PC425, whose PBG is expected at about
610 nm in water (Table S2). Assuming that the PBG spectral
width is about the full width at half-maximum of the R % peak
of ≈60 nm (Figure 4e), the stop band in water will extend in
the range of 610 ± 30 nm between the A and B exciton bands.
The corresponding red- and blue-edge slow photons,60,61

which span a narrower spectral range of about 20−30 nm, can
be predicted to occur roughly above 640 nm and below 580
nm, respectively, extending over an appreciably broad spectral
range of weak electronic absorbance due to the low amount of
MoS2 nanosheets. A red-shift of the light trapping range by
about 40 nm can be expected for 0.3 MoS2-PC460 (Table S2),
whose PBG is estimated at 650 ± 30 nm, leading to a relatively
smaller spectral overlap with the MoS2 excitonic transitions.
Improved light trapping is also inferred for the smaller
diameter 0.3 MoS2-PC340 films, whose PBG edges in water
(<480 and >540 nm) overlap with the higher energy
absorbance of the MoS2 nanosheets (Figure S3). On the
other hand, no appreciable photonic effects are expected for
the larger diameter PC499 films, whose stop band in water
occurs well above 700 nm, where MoS2 is not expected to
show any appreciable electronic absorbance.
3.4. Antibiotics Photocatalytic Degradation. The best-

performing 0.3 MoS2-PC425 films were subsequently selected
for advanced application in the VLA photocatalytic degrada-
tion of TC and CIP as representatives of tetracycline and
quinolone antibiotics, whose residues and metabolites in
wastewaters are a major environmental hazard to human
health.62 Blank experiments showed negligible degradation for
both TC and CIP antibiotics under visible light, whose
concentrations were spectrophotometrically determined by the

corresponding absorbance bands at 357 nm (Figure 6a) and
277 nm (Figure 6d). Relatively slow TC and CIP degradation
kinetics were observed, following dark adsorption, in the
presence of mesoporous TiO2 reference films deposited using a
paste of the benchmark anatase−rutile P25 nanocatalyst
(Figure S7), which has been recently shown to degrade TC
under visible light by means of the sensitization mechanism.40

On the other hand, the presence of 0.3 MoS2-PC425 films
resulted in markedly enhanced VLA reduction of TC and CIP
concentrations reaching degradation levels, defined as (1 − C/
C0) × 100% of 56% (Figure 6b) and 23% (Figure 6e),
respectively, after 60 min of visible light illumination. Both TC
and CIP photodegradation kinetics followed pseudo-first-order
kinetics (Figure 6c,f), with apparent kinetic constants k of
0.0119 and 0.00351 min−1, respectively, which are comparable
to those reported for TC and CIP photodegradation by
MoS2−TiO2

43,63 as well as other heterostructured photo-
catalysts involving MoS2 and Bi-based and carbon nitride VLA
semiconductors in the form of powders (Table S3). The
photocatalytic stability of the 0.3 MoS2-PC425 films was
assessed after four successive TC degradation experiments
under visible light using the same film, where a small decrease
in photocatalytic activity (the kinetic constants k decreased by
ca. 6%) was observed (Figure S8). Moreover, TEM images and
the corresponding EDX elemental maps for the 0.3 MoS2-
PC425 films after TC photocatalytic tests confirmed the
uniform coverage of the TiO2 inverse opal walls with MoS2
nanosheets (Figure S9a−d). The latter could be directly
identified in the local FFT pattern of TEM images for the used
films by the characteristic 0.61 nm d-spacing of the (002)
planes of the 2H MoS2 phase (Figure S9e), corroborating the
strong MoS2−TiO2 interfacial coupling. The obtained results
are very promising considering the immobilized state of MoS2-
PCs that avoids catalyst recovery and separation issues, as well
as the much lower catalyst loading compared to powder
photocatalysts mainly applied for TC and CP degradation.64

In order to investigate ROS generation and the mechanism
underlying antibiotic photodegradation by MoS2−TiO2 PC
films under visible light, photocatalytic experiments were
carried out in the presence of 5 mM isopropanol (IPA), formic
acid (FA), and 1 mM 1,4 benzoquinone (Bq) as hydroxyl
(•OH), hole (h+), and superoxide (•O2

−) radical scavengers,
respectively (Figure 6h). IPA addition had a relatively weak,
detrimental effect on TC degradation, which was drastically
inhibited by the presence of Bq (40% reduction of k) and
mainly FA (63% reduction of k), indicating that h+ and •O2

−

radicals are the major ROS involved in TC degradation by
MoS2−TiO2 PCs under visible light, whereas •OH radicals
play a minor role. Furthermore, in order to validate the
performance of the optimal photocatalyst, TC degradation was
also monitored by high-performance liquid chromatography
(HPLC) for the 0.3 MoS2-PC425 photonic films under visible
and UV−vis light for 3 h (Supporting Information, S2). The
obtained results showed high TC degradation levels that
reached 93 and 99% after 2 h of visible and UV−vis light
irradiation, respectively (Figure S10), supporting the excellent
VLA photocatalytic activity of the optimized MoS2−TiO2 PC
films.
3.5. Charge Separation. To investigate charge separation

in the MoS2-PC films, EIS measurements were carried out on
the best-performing 0.3 MoS2-PC425 with respect to PC425
films, deposited on FTO substrates under dark and visible light
irradiation. Comparative Nyquist plots showed that the radius
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of the capacitive arc at higher frequencies in the EIS plane
decreased for 0.3 MoS2-PC425 compared to the pristine
PC425 films under both dark and visible light conditions
(Figure 7a), indicative of a reduced charge transfer resistance
in the composite films. The flatband potential and donor
densities in the 0.3 MoS2-PC425 and PC425 photoelectrodes
were derived by measuring the capacitance C of the
semiconductor/electrolyte junction as a function of the applied
potential and the corresponding Mott−Schottky plots (Figure
7b), i.e., the variation of 1/C2 vs applied potential, using the
following relation

where e is the elementary charge, A is the surface area of the
electrode, ND is the donor density, ε is the permittivity of the
semiconductor electrode, ε0 is the vacuum permittivity, Vfb is
the flatband potential, T is the absolute temperature, and k is
Boltzman’s constant.

The Vfb values determined from the corresponding x-
intercepts of the best linear regression curves on the
corresponding Mott−Schottky plots presented a negative
shift from −0.77 V for PC425 to −0.87 V vs Ag/AgCl for
0.3 MoS2-PC425. In addition, the donor density ND derived
from the slopes of the best-fit linear curves was enhanced from
3.3 × 1019 cm−3 for PC425 to 8.3 × 1019 cm−3 for 0.3 MoS2-
PC425. The size-dependent conduction band of MoS2
nanosheets is expected to shift toward more negative redox
potentials,23,24,37 allowing visible-light-induced charge transfer
between MoS2 and TiO2 and facilitating the generation of

superoxide radicals, which are the major ROS in TC
degradation. The enhanced charge separation was further
supported by PL measurements under 275 nm excitation
(Figure 7c). The PL spectrum of pristine PC425 showed a
weak emission band at ca. 385 nm along with a stronger peak
at ca. 430 nm related to the near-band gap emission and
shallow defect states for anatase nanoparticles.50 The
incorporation of MoS2 nanosheets in the TiO2 PCs caused a
significant decrease of PL intensity, corroborating the presence
of strong MoS2−TiO2 interfacial coupling that reduces
electron−hole recombination. Considering the broad size
distribution of MoS2 nanosheets and their random orientation
relative to the anatase nanoparticles, the formation of diverse
MoS2−TiO2 heterojunctions in the inverse opal skeleton can
be accordingly concluded, which promotes MoS2−TiO2 charge
separation and ROS generation for pharmaceutical degrada-
tion.

4. CONCLUSIONS
In summary, heterostructured MoS2−TiO2 inverse opal
photocatalysts were fabricated by the three-phase convective
evaporation-induced co-assembly of sacrificial colloidal spheres
with a water-soluble Ti precursor and an aqueous dispersion of
MoS2 nanosheets, which enabled their integration into the
nanocrystalline TiO2 inverse opal skeletal walls by a facile, one-
pot method. Liquid cascade centrifugation was applied to
narrow down the polydispersity of MoS2 nanosheets, which
were incorporated at variable loading amounts in the co-
assembly mixture in combination with polymer-templating
microspheres of different diameters. This allowed composi-

Figure 7. (a) EIS Nyquist, (b) Mott−Schottky plots for 0.3 MoS2-PC425 and PC425 photoelectrodes under visible light, and (c) PL spectra of
MoS2−TiO2 PC425 films compared to pristine PC425.
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tional and PBG engineering of the MoS2−TiO2 PC films,
whose optimization was carried out by performance screening
on SA photocatalytic degradation under visible light. The
incorporation of low amounts of MoS2 nanosheets in the
inverse opal framework preserved the integrity and photonic
properties of the periodic macroporous structure while
enhancing the available surface area, leading to highly efficient
photocatalytic films validated on the VLA degradation of TC
and CIP broad-spectrum antibiotics, far beyond the perform-
ance of bare PC or benchmark P25 TiO2 films. The
combination of broadband MoS2 visible light absorption and
photonic-assisted light trapping together with enhanced charge
separation and ROS formation stemming from the intimate
assembly between MoS2 nanosheets and TiO2 nanoparticles in
the inverse opal walls, is concluded as a promising approach to
fabricating efficient immobilized PC photocatalysts for the
degradation of pharmaceutical emerging contaminants in
water.
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