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ABSTRACT

Efficient solar light harvesting is essential for high-performance photocatalysts. Here, Rigorous Coupled-
Wave Analysis (RCWA) computational method is used to investigate and optimize the optical absorption
of TiO,-BiVO, inverse opal (I0) structures under varying light incidence angles and pore-filling medium
(air or water). Simulations were validated against experimental reflectance data. They revealed that
small-pore 10s strongly absorb in the UV-C and UV-B regions due to the slow photon effect, making them
ideal for sterilization and water disinfection. Medium- and large-pore 10s benefit from additional slow
photon effect at the 2nd order photonic band gap, enhancing absorption across both UV and visible
regions. Medium-pore 10s are suited for indoor air treatment and water purification, while large-pore
10s with the highest photon flux enhancement enable solar-driven photocatalysis such as outdoor pollu-
tant removal and hydrogen production. For all tested 10 designs, the absorbed photon flux exceeds that of
equivalent planar slabs, highlighting the advantage of photonic structuring for sustainable photocatalytic
applications.
© 2025 The Authors. Published by Published by Elsevier B.V. and Science Press on behalf of Science Press
and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of efficient photocatalytic materials is crucial
for addressing global challenges in renewable energy and environ-
mental remediation [1,2]. Among these materials, titanium dioxide
(TiO,) has been widely studied as photocatalyst [3,4] due to its
strong oxidative capabilities, high chemical stability, and low cost
[5]. TiO, exists in anatase, rutile and brookite phases, among which
anatase is the most used in degrading a wide range of organic pol-
lutants and generating hydrogen under UV light [6]. However, its
wide electronic bandgap (~3.2 eV) limits the absorption of light
primarily to the ultraviolet (UV) region, which represents only a
small fraction of the solar spectrum, thereby restricting its effi-
ciency under natural sunlight [7]. Moreover, its photocatalytic
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activity is further hindered by the rapid recombination of photo-
generated electron-hole pairs, which significantly reduces overall
efficiency [8]. To overcome limitations, various strategies have
been employed to extend TiO, photo-response into the visible
region. Doping with metal and non-metal elements has been
shown to enhance light absorption in the visible region [9,10].
Additionally, coupling TiO, with narrow bandgap semiconductors,
such as bismuth vanadate (BiVO,), has been explored to improve
charge separation, thereby reducing electron-hole recombination,
and enhance photocatalytic activity under visible illumination
[11,12]. BiVOy4, with a bandgap of ~2.4 eV, can absorb visible light
efficiently, but performance of BiVO, catalysts is hindered by poor
electron mobility and short carrier diffusion lengths typically
around 70-100 nm which limit effective charge transport and
increase recombination [13]. Alongside its synergetic action with
TiO, in photocatalysis, bismuth vanadate has also been widely
used as photoanodes for photoelectrochemical (PEC) water split-
ting. For example, constructing hetero-interfacial hybrid photoan-
odes with FeOCl [14] or integrating BiVO, with metal-organic
frameworks [15] have led to substantial improvements in PEC
performance. Morphology control and interface engineering have
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contributed to produce highly efficient BiVO4-based photoanodes
[16]. These studies highlight BiVO, versatility as a visible-light-
responsive semiconductor for environmental remediation and
solar-driven chemical transformations, reinforcing its synergy with
TiO, for efficient photocatalysis.

In the literature, the band alignment between TiO, and BiVOy, is
facet-dependent and governs charge separation. TiO, (101)/BiVO,
(010) forms a Type I junction with negligible valence band offset,
confining carriers within BiVO,4 and favoring recombination [17].
In contrast, TiO, (101)/BiVO,4 (110) interface adopts a Type II align-
ment, driving electrons from the conduction band (CB) of BiVO,4 to
the CB of TiO, and vice versa for holes. This interface shows supe-
rior photocatalytic activity compared with the Type I BiVO,4 (010)-
TiO, system [18]. Although our XRD could not resolve the exposed
BiVO, facet [19], drawing on previous theoretical and experimental
studies [17,18,20,21] and our observed photocatalytic perfor-
mance, we infer that a type II heterojunction is the most plausible
mechanism for efficient charge separation and transfer (see Fig. S1,
Supplementary Information).

Long-term photostability of BiVO, is another crucial factor to
consider, besides interfacial band alignment. Although BiVO, is
prone to photocorrosion, in our TiO,-BiVO,4 IO composite system,
several synergistic factors act to suppress this undesirable process.
From a thermodynamic perspective, the valence band edge of
BiVO, lies at ~+2.4 V vs. NHE, positive enough to drive Bi** self-
oxidation. However, RhB and its degradation fragments possess
much lower oxidation potentials (<+1.2 V vs. NHE). Hence, hole-
driven oxidation of RhB is strongly favored over BiVO,4 oxidation,
ensuring that photogenerated holes preferentially degrade RhB
rather than attack the BiVO, lattice. Beyond thermodynamics, the
TiO,-BiVO4 heterojunction promotes efficient charge separation,
suppressing electron-hole recombination and reducing hole accu-
mulation in the BiVO, valence band [20]. This process is further
enhanced by strong interfacial interaction between the composite
and RhB, as evidenced by low contact angles reported in our earlier
study [22]. The I0 morphology of TiO,-BiVO, composite also con-
tributes significantly. Its interconnected porous framework pro-
vides high surface area and short carrier transport distances,
ensuring rapid transfer of photogenerated holes to RhB molecules
or, in water oxidation, to H,O. This minimizes localization of holes
at BiVO, lattice sites where photocorrosion could occur [23]
Finally, because RhB is present in large excess relative to BiVO,
active sites, it acts as an abundant sink for photogenerated holes,
further reducing the chance of self-oxidation. Together, these fac-
tors ensure that photogenerated holes are rapidly and preferen-
tially utilized in the oxidation of RhB (or water molecules in
water-splitting applications), thereby stabilizing BiVO, against
photocorrosion.

Apart from electronic interactions, structural designs play an
important role in influencing photocatalytic performance. A
promising strategy to enhance light absorption and photocatalytic
performance involves modifying the morphology of the photocata-
lyst into periodically ordered photonic structures, which exhibit
unique optical properties, including ‘photonic band gap’ and ‘slow
photon effect’ [24]. At the edges of the photonic band gap (PGB),
slow photons—light waves with vanishing group velocity—extend
the optical path length and strengthen light-matter interactions,
thereby increasing photon absorption. This enhanced light harvest-
ing promotes more efficient charge carrier generation, ultimately
improving photocatalytic activity [25,26]. Among different pho-
tonic structures, inverse opal (I0) photonic crystals have gained
significant interest due to their ease of fabrication, highly ordered
3D porous architecture and tunable photonic bandgaps [27].

Recent studies have demonstrated that TiO, inverse opals
coupled with visible-light-responsive semiconductors like BiVOy,
can significantly enhance photocatalytic activity under solar
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irradiation [19]. This enhancement is attributed to the synergistic
effects of light absorption, efficient charge separation, and the
unique photonic properties of the 10 structure. For instance,
Madanu et al. reported that the photocatalytic activity (degrada-
tion of Rhodamine B) of BiVO, in 10 TiO, structures, promoted by
the slow photon effect [19,22], exhibited up to a sevenfold
enhancement compared to non-structured films. Previously,
ordered macroporous TiO,/BiVO, nanocomposites were shown to
provide larger active surface areas and increased mass transfer,
leading to high photocatalytic activity under visible light irradia-
tion [11].

The slow photon effect relies on the ability to tune the PBGs of
these 10 structures by varying parameters such as the lattice spac-
ing constant (pore size), the volume filling fraction of the dielectric
medium and the light incidence angle. Since the first report on the
application of slow photon effect in photocatalysis in 2006 [28],
the optimization of slow photon frequencies to match the elec-
tronic bandgap of the photocatalyst has been actively pursued to
the present day [25,29,30].

Numerical simulations play an important role in the study of
the optical properties of IO structures. Unlike experimental
approaches, where absorptance measurement can be complicated
and subject to uncertainties, simulations enable accurate predic-
tion of this key parameter, which is directly correlated with photo-
catalytic performance. Moreover, they offer great flexibility by
allowing the investigation of how structural parameters, such as
sphere diameter, slab thickness, and volume filling fraction, influ-
ence the optical response of the material. While experimental
studies can only test a limited set of sphere diameters, simulations
can vary the diameter continuously, allowing the analysis of the
PBG position relative to the electronic band edge of the material,
thus optimizing the absorptance for photocatalysis. In this work,
we focus on three representative diameters corresponding to 10
samples that were fully characterized [22], enabling direct valida-
tion of our simulations. This choice ensures that our results are rel-
evant to real IO structures while capturing features that guide their
optimization. In addition, simulations can be used to analyze the
reflectance and absorptance spectra at different incidence angles
and azimuths, which is difficult to achieve experimentally. This
theoretical approach not only provides a better understanding of
photonic effects but also allows for the optimization of conditions
to maximize the absorptance in specific spectral ranges, suitable
for photocatalytic applications.

Different computational methods exist for full-vector three-
dimensional calculation of the electromagnetic field in inverse
opals. The Finite-Difference Time-Domain Method (FDTD) [31]
has been applied to modelling of inverse opals, where the unit cell
is discretized into voxels and periodic Bloch boundary conditions
are used [32]. The Finite-Element Method (FEM) has been recently
applied with same boundary conditions but using a tetrahedral
mesh for unit cell discretization [33]. For inverse opal structures,
especially those with a volume filling factor lower than close pack-
ing value (the present study), accurate discretization of the thin
material skeleton requires a high number of voxels per unit cell
(FDTD) or fine meshing (FEM), which burdens computational
effort.

While experimental studies and numerical methods have
advanced our understanding, accurate and efficient modeling of
[0 structures remains challenging. In this work, we used the Rigor-
ous Coupled-Wave Analysis (RCWA) electromagnetic method to
compute reflectance and absorptance spectra and deduce the har-
vested photons flux. First, we validate the accuracy of the method
by comparing the calculated reflectance spectra with experimental
results at different incidence angles. We then conduct a predictive
analysis of absorptance and harvested photon flux within the
inverse opal, investigating the influence of slow photon effect,
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through angular-dependent absorptance, on photocatalytic
performance. The specific advantage of this method is that the thin
material skeleton geometry is described by a Fourier series decom-
position in each layer. In our RCWA implementation (see Supple-
mentary Information), the Fourier coefficients of the islands are
calculated once for all and used in each iteration (wavelength or
angle), which makes the computation very efficient when calculat-
ing spectral quantities (reflectance, absorptance). The accuracy of
the material skeleton representation is determined by the number
of Fourier coefficients, for which a trade-off must be found with
computation time and memory.

Our findings provide new insights into the role of photonic
effects in optimizing light harvesting in inverse opal structures,
which is critical for improving efficiency in solar-driven photocat-
alytic applications.

2. Experimental
2.1. Composite inverse opals

The photonic structure under investigation is an inverse opal
photonic crystal composed of a TiO,-BiVO, composite. In previous
experimental works [19,22], BiVO4 was deposited as individual
nanoparticles (NPs) on the walls of a TiO, skeleton (see Fig. 3a-c
in [22]). However, these samples contained defects and imperfec-
tions. In contrast, the theoretical model employed here assumes
a perfect 10 slab, composed of an effective medium that approxi-
mates the actual TiO,-BiVO, composite. The voids (pores) of the
10 are modelled as filled with either air (refractive index: n = 1.0)
or water (refractive index: n = 1.33).

Although in liquid phase photocatalytic experiments, the pores
are filled with the analyte solution (e.g., 1.5 M RhB solution in
[22]), we choose air-filled pores for some simulations because it
provides the strongest refractive index contrast between the skele-
ton material and the pore medium (i.e., air), thereby representing
the most challenging case for assessing the accuracy of RCWA pre-
dictions. In addition, those simulations helped us to determine
light harvesting and photocatalytic potential in air medium, as in
the case of air remediation. Therefore, we compare the simulated
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reflectance spectra with those measured in pristine samples having
pores filled with air (Fig. 1). In previous experiments [19,22], the
volume filling fraction of TiO,-BiVO, was estimated to be
f=0.12, which is lower than the close-packing value for an inverse
opal (f = 0.26). As a result, the walls of the skeleton have open cir-
cular windows that interconnect adjacent pores (e.g., see Fig. 1a-c
in [22]). For this study, we selected three TiO,-BiVO, inverse opal
(ITB) slabs with different spherical void diameters (D): 220 nm
(ITB-220), 310 nm (ITB-310), and 340 nm (ITB-340), based on pre-
vious experimental works [19,22]. For efficient photoreactions, an
open macroporous network (interconnected pores) is required,
which is obtained by considering f = 0.12, as in experimental
works.

Our theoretical analysis begins by considering a stack of inverse
opal unit cells (Fig. S2, Supplementary Information) placed on a
semi-infinite glass substrate (refractive index: ngass = 1.50). The
10 (face-centered cubic lattice) is assumed to be oriented such that
the (111) crystallographic direction is perpendicular to the slab
surface, as in [19]. Each IO unit cell contains three spherical voids
(Fig. 1, inset). The slab consists of three 10 unit cells (N, = 3 ) and
the upper and lower unit cells are truncated so that the slab is ter-
minated by full spheres, as in samples fabricated by self-assembly
of templating spheres [19,22]. This corresponds to a total of eight
(instead of nine) spheres per slab thickness (see Fig. S2, Supple-
mentary Information). The experimental sample thicknesses are
comparable to the theoretical ones (see Table S1, Supplementary
Information).

The material absorption is accounted for by the imaginary part
of the complex refractive index, i.e., the extinction coefficient k.
The refractive index of the composite material was determined
as Nmat = XNrio, + (1 — X)Ngivo,, Where nrio, and ngivo, are the refrac-
tive indices of microporous TiO, and BiVQy,, respectively, while x
and (1 - x) denote the corresponding volume fractions (see [22]
for details about microporosity of TiO,). The value of x = 0.88,
determined previously [22], is assumed in this work. At
A =500 nm, the real parts of the refractive indices of the individual
components were derived as nirjo, = 1.836 and ngyvo, = 2.764 [22],
based on calculations of the wavelength-dependent complex
refractive index using data from dense TiO, [34] and BiVO,4 [35]

Reflectance

400 500 600 700

Wavelength (nm)

300 800

Fig. 1. Reflectance spectrum of ITB-220 slab at different polar angles 6. Simulated spectra (a), measured spectra (reproduced with permission from Ref. [22]. Copyright 2023,
Elsevier) (b). Simulation parameters: Ny = 3, N = 61, Ny = 81. For 6 = 45, averaging over the azimuth angle ¢ was performed in the simulation. Inset in (a): a single IO unit
cell (for simulations, spheres are discretized into cylindrical layers; those highlighted in cyan are where adjacent spheres interpenetrate due to their dense packing).
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films. Based on the wavelength dependence of k of the TiO,-BiVO,
composite material (Fig. S3, Supplementary Information), the elec-
tronic absorption band edge of the TiO,-BiVO, composite was esti-
mated to lie in the range 500-600 nm (from the spectral
dependence of the extinction coefficient, Fig. S3, Supplmentray
Information) in accordance to reported electronic band edge value
of 512.4 nm (2.42 eV) [36,37].

2.2. Numerical simulation

The rigorous coupled wave analysis (RCWA) method (see details
below) approximates the actual 3D structures by a layered laterally
periodic medium [38]. The accuracy of this geometrical representa-
tion (Fig. S2, Supplementary Information) improves with the num-
ber of layers. For numerical simulations, each unit cell was divided
into 61 layers, with each subdivided into 8 identical computational
slices. The thickness of each slice was kept below c.a. 4/10 to
ensure good numerical convergence. This layer arrangement was
preferred because the reflectance spectra varied substantially for
fewer number of layers, while no significant change occurred
beyond 61 layers, i.e., numerical convergence was achieved
(Fig. S4, Supplementary Information).

The reflectance and absorptance spectra of 10 slabs were calcu-
lated using the RCWA method [39]. This method is a fully vectorial,
three-dimensional, electromagnetic computational technique that
is well suited to simulations of the optical response of inverse opals
[40,41]. Spectra were calculated at various incident polar angles
(0), assuming a fixed incident azimuthal angle (¢ = 0) and non-
polarized light. The calculations accounted for contributions of all
diffraction orders and evanescent waves [38]. The RCWA relies
on the Fourier series expansion of the permittivity in the lateral
directions (x and y axis) [38]. The numerical convergence was ver-
ified with respect to the number of Fourier coefficients, defined as
Ng =P x Q (where P and Q are the numbers of coefficients along
the x and y axis, respectively). Due to inverse opal symmetry,
P =Q was chosen. N, also corresponds to the number of plane
waves in the electric and magnetic field expansions [38]. It was
determined that N; = 9 x 9 plane waves were sufficient to obtain
satisfactory convergence. Specifically, comparing reflectance spec-
tra for Ny =9 x 9 and Ny = 11 x 11 revealed that the maximum
difference between the two spectra was approximately 5 % of the
average spectrum at § = 0" and about 2 % at § = 45 (Fig. S5, Sup-
plementary Information).

In the RCWA code that we used (TMAT, developed at the
University of Namur, Belgium), Fourier expansion of the geometri-
cal features of the layered medium is performed analytically,
assuming simple geometrical islands such as cylinders, parallelo-
grams, etc. to describe layers of the 10. When the voids (pores)
interpenetrate, cylindrical islands can no more be used to describe
the structure. Instead, a mesh of small parallelograms was used to
describe the material skeleton (see Fig. S2, Supplementary Infor-
mation) and the size of the mesh elements was chosen to ensure
good convergence.

2.3. Light harvesting enhancement

To fairly evaluate the enhancement of light harvesting in 10
slabs due to slow photon effect, a reference slab was required.
The choice of this reference must ensure that the same amount
of material (TiO,-BiVO,) is exposed in both the IO slab and the
reference slab. Therefore, the latter was defined as an equivalent
homogeneous planar slab of thickness (d.), such that: dys =

~1
3 .

dio x f, where dip = Ny x a. is the 10 thickness, a. = D<%> is
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the lattice constant along (111) direction, and f the material vol-
ume filling fraction.

Based on this reference, the enhancement factor was defined as
the ratio of the absorbed photon flux in the inverse opal to that in

the reference slab: EF(%) = §4. The absorbed photon flux (units:

1/(s x m?)) is given by ®(1) = 344 dJ [42], where S(2) is the
solar irradiance (W m™2), A(4) is the absorptance spectrum, i.e.,
the fraction of solar irradiance absorbed by the material at a given
wavelength, and E(1) = I is the photon energy (J) at a given wave-
length /4 (h: Planck’s constant, c: speed of light).

3. Results and discussion
3.1. Assessment of the inverse opal model

In this section, we first assess the ability of the I0 model to rep-
resent the optical response of TiO,-BiVO, inverse opal samples. For
this purpose, we examine the optical response of three TiO,-BiVO,4
inverse opal slabs: ITB-220, ITB-310, and ITB-340. The comparative
analysis between simulations and experiments focuses on reflec-
tance spectra, with particular attention to the photonic band gap
properties. The simulated reflectance spectra were compared with
experimental results obtained by Madanu et al. [22], and the geo-
metrical parameters of the IO slabs were taken from the same ref-
erence. To begin, we examined the reflectance spectrum of ITB-220
at various incidence angles (Fig. S6, Supplementary Information).
At 0=0°,0=15° and 0 = 30° the simulated spectrum exhibits a sin-
gle peak which shifts to shorter . as observed in experiments.
However, at 0 = 45°, the spectrum no longer exhibits a clear peak.
This behavior was highly dependent on the azimuthal angle .

For this reason, we averaged the spectrum over azimuthal
angles. In reflectance measurements, the exact position of the
plane of incidence with respect to the inverse opal geometry is
not known, which means that the azimuth angle is random, con-
trary to the polar angle that is precisely controlled [22]. This justi-
fies the averaging over the azimuth angle in simulations. Since
minimal differences were observed at # = 30° when varying o,
we concluded that azimuthal averaging was unnecessary for
0 = 0°, 15°, and 30°. Consequently, azimuthal averaging was per-
formed only at 0 = 45° for all slabs (Fig. 1a). Finally, we compared
the simulated and experimental optical responses and the PBG
properties for the ITB-220 slab, as detailed in Fig. 1, as well as in
Fig. S7 and Table S2 (Supplementary Information).

Analysis of the spectra shows that the simulated and measured
maximum reflectance values (Rnax) are in close agreement for all
incidence angles. Although deviations exist, the absolute differ-
ences are lower than 0.16, up to 0 = 30°. This suggests that the the-
oretical model reproduces quite well the level of reflectance. The
larger discrepancy observed at 45° probably originates from struc-
tural imperfections of the 10 sample, which do not enable to repro-
duce fine details of the spectra at oblique incidence, as expected for
a perfect 10 structure. For § = 0°, 15°, and 30°, both simulated and
experimental values of the peak amplitude A, i.e., distance between
the top and the bottom of the peak, see Fig. 1, are relatively close,
with absolute differences not exceeding 0.05 up to 0 = 30". More
importantly, the simulated and measured peak positions (Apeak)
are well aligned for all angles. At low angles (0° and 15°), devia-
tions are particularly small (~4-5 nm), indicating that the theoret-
ical model effectively captures the angular dependence of the
reflectance peak position. However, a larger deviation (18 nm) is
observed at 45°, which again may be attributed to increased scat-
tering at oblique incidence, sample’s structural imperfections, and
experimental limitations in reflectance measurement at more
grazing angles. The full width at half maximum (FWHM) values
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also exhibit good agreement between theory and experiment,
though with some discrepancies, particularly at 15° and 45°. These
discrepancies may again arise from structural imperfections. Over-
all, the simulated and measured reflectance properties are highly
consistent, especially at polar angles not too far from normal inci-
dence. This agreement validates the reliability of the theoretical
model in predicting the optical response of the TiO,-BiVO, inverse
opal structure. The same conclusion was reached when comparing
the simulated and measured reflectance spectra of ITB-310 and
ITB-340 slabs (see Figs. S8, S9, and S10, Tables S3 and S4, Supple-
mentary Information). For both slabs, the simulated peak wave-
length matches well the measured peak wavelength, with
deviation lower than 16 nm. For ITB-310, the theoretical FWHM
is slightly larger than the experimental value, whereas for ITB-
340, it is consistently smaller. The simulated (Asim,) and experimen-
tal (Aexp) Peak amplitude values show good agreement for both ITB
310 and ITB 340 slabs, as the absolute differences (JAA|) remain
small. The deviations are within reasonable margins, not exceeding
0.22, and fall within expected experimental uncertainties, indicat-
ing that the theoretical model accurately captures the experimen-
tal trends.

3.2. Prediction of the absorbed photon flux

Photocatalysis can occur in both gaseous and liquid media. In
photonic crystals, the slow photon effect is stronger when the
refractive index contrast is higher, leading to enhanced light-
matter interactions. Experimentally, this corresponds to gas-
phase photocatalysis, where the incident medium is air
(ninc = 1.0), and the pores of the inverse opal structure are filled
with air (npee = 1.0). In liquid-phase photocatalysis, the pores
become filled with water (1 = 1.33), as analytes such as rho-
damine B are typically dissolved in aqueous solutions, which
reduces the refractive index contrast between the pores and the
skeleton. Additionally, the incident medium is also water
(ninc = 1.33). As a result, the slow photon effect weakens, leading
to a lower overall enhancement factor. By first simulating the 10
system in air, we captured the strongest photonic effects before
evaluating how they are modified in water.

3.2.1. Absorption enhancement at normal incidence

The added value of simulations is their ability to predict the
absorptance, a quantity of interest which evaluates the light har-
vesting potential for photocatalysis but is challenging to measure
in practice. To compare the performances of TiO,-BiVO, inverse
opal (ITB) slabs with those of reference TiO,-BiVO, thin films
(TB), in terms of absorbed photon fluxes, we calculated reflectance
and absorptance spectra of each of them at normal incidence, with
air as both incidence medium and pore medium (Fig. 2 shows the
case of ITB-220). The purpose of calculating the reflectance spec-
trum was to enable the identification of the photonic band gap
edges (vertical dashed lines in Fig. 2). For a fair comparison, it is
essential to ensure that the same amount of TiO,-BiVOQ, is present
in both ITB and TB models. As already explained (Materials and
Methods), this equivalence can be achieved by choosing the thick-
ness of TB model such that: dgm = dio X fri0, sivo, Where diiim, dio
and frio, pvo, are respectively the thickness of the thin film, the
thickness of the 10 slab and the volume filling fraction of TiO,-
BiVO, in the IO slab.

The reflectance of ITB-220 (Fig. 2a) shows a pronounced PBG
peak with blue edge (BE) and red edge (RE) easily identified on
both sides, respectively at Az = 361 nm and /gg = 444 nm. The ref-
erence TB exhibits a lower reflectance with typical thin film oscil-
lations. Around the BE, light trapping occurs due to the slow
photon effect, which leads to enhanced light-material interaction
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in both TiO, skeleton and BiVO, particles attached to it, since both
materials absorb in the region. The RE is also associated with the
slow photon effect, but the enhanced interaction concerns BiVO,
only since it absorbs visible light whereas TiO, absorption is lim-
ited to UV light. The thin film (TB) lacks the PBG and thus has lower
optical performance in these regions. These considerations are sup-
ported by the absorptance spectra (Fig. 2b). The simulation results
show that the absorptance of ITB-220 is higher than that of the
equivalent homogeneous film TB in the different regions of the
spectrum. In fact, in the region where the intrinsic absorption of
both TiO, and BiVOy is high (4 < 350 nm) (see Fig. S3 supplemen-
tary information), light is efficiently absorbed before it can signif-
icantly interact with the photonic structure. As a result, slow
photon effects cannot develop because light does not penetrate
deep enough to experience PBG edge enhancements.

Moreover, ITB-220 exhibits higher absorptance than the planar
reference of the same volume of material due to the anti-reflection
effect that is provided by the pores shown on the surface, which
form an index-matching corrugation. Thanks to their surface corru-
gation, the incident light penetrates more efficiently in the 10 than
in the reference slab with a flat surface. In the region where the
intrinsic absorption of TiO, is small, i.e. around 350 nm (near the
electronic band edge of TiO,), resonantly enhanced absorption
can occur due to the slow photon effect, if one of the PBG edges
is properly tuned to this wavelength [24]. This is the case observed
here (Fig. 2b), where a small peak shows up on top on the absorp-
tance spectrum of ITB-220, which is absent in the TB slab. This
peak is due to the BE of the PBG that is tuned to this wavelength.

The slow photon effect could enhance the absorptance in BiVO4
but it is less significant since BiVO, exhibits strong intrinsic
absorption at 350 nm. Indeed, photons at 350 nm hardly penetrate
in BiVO, particles that are deeper in the 10 structure. The absence
of this peak at 350 nm in TB confirms that the enhancement orig-
inates from the structural properties of ITB-220 rather than intrin-
sic material absorption. Between 350 and 450 nm, a dip is observed
in the absorptance of ITB-220. This reduced absorption is caused by
the PBG and is responsible for lower light harvesting in this region,
compared with the TB thin film.

In the region where only BiVO4 has intrinsic absorption (350-
550 nm), the slow photon effect can also enhance the absorptance.
This is the case around 450 nm, where the strong peak is due to the
RE of the PBG that is tuned around this wavelength. This extended
absorption into the visible range is essential for efficient photo-
catalysis using solar light. In contrast, the TB thin film again lacks
this photonic enhancement, resulting in comparatively weaker
absorptance. Finally, two other absorptance enhancement peaks
are observed at 500 and 578 nm above the RE of the PBG. They cor-
respond to minima in the reflectance spectrum (Fig. 2a). These
minima are likely associated with Fabry-Perot interference across
the slab thickness. At these wavelengths, light is trapped in the
cavity formed by the front and rear interfaces, forming standing
waves. The multiple passage of light due to reflections at both
interfaces increases its interaction with the materials, hence the
absorptance. This effect can be interpreted as a coherent scattering
effect in the effective Bragg reflector to which, near normal inci-
dence, the IO structure can be assimilated [19]. The predicted
absorption enhancement at normal incidence in ITB-220 will turn
into enhanced photocatalytic efficiency (see section 3.2.4), which is
beneficial for sterilization, air and water disinfection applications
(see section 3.2.3).

3.2.2. Effect of the angle of incidence

In real photocatalytic applications, the angle of incidence of
solar light varies due to the position of the sun in the sky. In pho-
tocatalytic activity tests, the orientation of the photonic crystals in
the reactor determines light incidence conditions. To investigate
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Fig. 2. Reflectance (a) and absorptance (b) spectra of ITB-220 slab and reference TB thin film at normal incidence (0 = 0). The incidence medium and pore medium is air. The
dashed vertical lines indicate the position of the PBG edges (blue and red edges). Simulation parameters: Ny. = 3, N = 61, Ny = 81.

the impact of the incidence angle on the optical response of the
photocatalyst, we calculated reflectance and absorptance spectra
of ITB-220 slab at different angles (0°, 15°, 30°, and 45°) (Fig. 3).
These values were selected to match angles used in reflectance
measurements reported in [22], enabling direct comparison
between our simulations and experimental data. The spectra pro-
vide insights into how the photonic bandgap and slow photon
effects evolve with the angle, highlighting shifts in resonance con-
ditions and variations in absorption efficiency.

At short wavelengths (/. < 350 nm), the absorptance of ITB-220
remains almost unchanged up to § = 30 and is still higher than the
TB absorptance at all incident angles. This is because, in this region,
the intrinsic absorption of both TiO, and BiVOQy, is strong, meaning
that light is absorbed before it can interact significantly with the
photonic structure. In this case, the 10 structure does not play a sig-
nificant role in modifying the absorptance at different angles in
this region. At every angle, the 10 slab absorbs light more effi-
ciently than the TB thin film due to its antireflective surface corru-
gation as already mentioned above. Near the TiO, electronic band
edge (A~350 nm), the small peak attributed to the BE of the PBG
shifts to shorter wavelengths and weakens as the incident angle
increases. This shift results from the angle-dependent modification
of the PBG, where a larger angle effectively reduces the periodicity
of the inverse opal structure, shifting the PBG to shorter wave-
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lengths [19]. The shift of the PBG is also evident when observing
the brood absorptance dip associated with the strong PGB reflec-
tion of the IO (around 400 nm at normal incidence). The weakening
of the peak suggests that the slow photon effect is the strongest at
normal incidence and becomes less effective at larger angles, as the
interaction between the incident light and the photonic structure
diminishes, thereby reducing the absorptance enhancement. A
similar behavior is observed in the BiVO4-related absorption region
(400-500 nm), where the absorptance remains strong at different
angles. The resonant peak around 450 nm, due to the RE of the
PBG, also shifts towards shorter wavelengths as the angle
increases. This shift is explained in the same way as before: an
increase of the incidence angle reduces the effective periodicity
of the IO structure, shifting the RE to shorter wavelengths [19].
The simulations confirm that the inverse opal periodic structure
plays a crucial role in modulating the absorptance behavior of both
TiO, and BiVO,, beyond their intrinsic material properties. Two
other absorptance enhancement peaks are observed at 500 nm
and 578 nm, which correspond to minima in the reflectance spec-
trum. These minima are associated with Fabry-Perot interference
across the slab thickness. As previously explained, these peaks
are due to the finite thickness of the IO slab. These results clearly
demonstrate that the inverse opal structure significantly enhances
light absorptance across a wide range of wavelengths and incident
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angles, not only through the intrinsic absorption of TiO, and BiVOy,,
but also through photonic effects—such as photonic bandgap
formation, slow photon enhancement, Fabry-Perot interference,
and antireflective surface corrugation that intensify light-matter
interactions. As shown in Fig. 3, the absorption enhancement in
ITB-220 is maintained over a large range of incidence angles. This
angular robustness is found in photocatalytic efficiency as well
(see Section 3.2.4), which is beneficial for applications of this 10
structure.

3.2.3. Influence of the pore diameter

In this section, we investigate the influence of pore diameter on
the optical properties of the ITB structure under both normal and
oblique incidences. By analyzing how changes in pore size affect
reflectance, absorptance, and PBG behavior, we aim to better
understand the role of structural parameters in tuning the optical
response of the inverse opal.

Reflectance and absorptance spectra were calculated for differ-
ent pore diameters (ITB-220, ITB-310, and ITB-340), at normal inci-
dence (Fig. 4). As the pore diameter increases, the PBG shifts
toward longer wavelengths, as expected [19,22]. Interestingly, for
ITB-310 and ITB-340, a second order PBG appears around 230
and 300 nm, respectively. The appearance of the second order
Bragg peak was confirmed by analyzing the reflectance spectra
without absorption, i.e., by setting the extinction coefficient (k)
to zero (Fig. S11, Supplementary Information). This analysis
allowed us to locate the edges of the 2nd order PBG (dotted vertical
lines in Fig. 4 for the RE). Indeed, in the presence of absorption, it is
difficult to estimate the peak wavelength of the 2nd order PBG
from either reflectance or absorptance spectra (Fig. 4). At the red
edges of the second order PBG (350.0 and 377.7 nm), enhanced
absorption occurs due to the slow photon effect. Similarly, it takes
place at both the blue and red edges of the first PBG, increasing
absorptance in these regions (Fig. 4b). The exploitation of higher-
order PBG for slow photons was already pointed out in [43]. Our
study shows an example of such a strategy based on models of real
samples.

The studied inverse opal structures with varying pore diameters
exhibit distinct advantages for photocatalytic applications
(Fig. 4b). The 10 structure with the small pore diameter (ITB-220)
exhibits strong absorption in the 250-330 nm range, covering both
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UV-C and UV-B regions. UV-C light (200-280 nm) is well known for
its germicidal properties, as it can effectively destroy the DNA and
RNA of microorganisms, including bacteria, viruses, and fungi, ren-
dering them inactive [44].

When the photocatalyst absorbs UV light within this range, it
generates reactive oxygen species (ROS), which enhance its ability
to kill pathogens in air, water, and on surfaces [45]. This makes
photocatalysts such as ITB-220 (with the smallest pore size) an
excellent candidate for sterilization and disinfection applications
[46].

Additionally, it facilitates the photocatalytic degradation of
volatile organic compounds (VOC) and other air pollutants. The
ROS generated upon UV absorption break down organic pollutants
into less harmful substances, such as CO, and H,0 [47]. The slow
photon effect further enhances light harvesting, thereby boosting
pollutant degradation and rendering it effective for air purification
[48].

The IO structure with the intermediate pore diameter (ITB-310)
exhibits strong absorptance in both UV-A (333-400 nm) and visi-
ble spectrum (400-700 nm). Its dual PBG, i.e., first and second
PBGs, facilitates the generation of ROS [49], under low-intensity,
broad-spectrum indoor lighting (e.g., LEDs, fluorescent lamps).
The slow photon effect near the photonic band edges enhances
light-matter interaction, increasing ROS production and facilitating
the continuous degradation of indoor VOCs (e.g., toluene, benzene)
[48]. This makes a photocatalysts such as ITB-310 an effective pho-
tocatalyst for indoor air remediation [48].

In contrast, the 10 structure with the large pore diameter (ITB-
340) also demonstrates high absorption in the UV-A region but has
superior absorption in the visible light range, particularly between
400-550 nm. This enhanced light harvesting, due to dual PBG and
related slow photon effects, makes this structure highly effective
for solar-light-driven photocatalysis [25]. These properties are
advantageous in outdoor environments, where natural sunlight
can be utilized to efficiently oxidize airborne pollutants such as
NO,, SO,, and low-concentration VOCs [50,51]. This makes photo-
catalysts such as ITB-340 promising for outdoor air remediation
applications [51]. Overall, our findings highlight the tunability of
optical properties through sphere size tuning, which can be lever-
aged to optimize photocatalytic performance across specific spec-
tral regions.
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The original 10 structures were optimized for high harvesting at
normal incidence [22]. We also investigated the influence of the
pore diameter on absorptance spectra at oblique incidence (15°,
30°, and 45°) for the three models (Fig. 5). At oblique incidence,
the absorptance spectra of those structures exhibit noticeable
angular dependence due to the interplay between intrinsic mate-
rial absorption and photonic effects. In the UV region
(4 < 400 nm), where both TiO, and BiVO,4 absorb strongly, the
absorptance remains relatively stable when the incident angle var-
ies, confirming that intrinsic absorption dominates in this spectral
range. However, in the UV-A region (315-400 nm), the
intermediate-pore and large-pore structures show a slight shift
of their second PBG edges towards shorter wavelengths as the inci-
dent angle increases, a direct consequence of the reduced effective
periodicity of the inverse opal structure. This shift weakens the
slow photon effect, due to a detuning from ideal band edges posi-
tions, while it leads to a gradual decrease in absorptance enhance-
ment. In the visible range (400-550 nm), a similar trend is
observed, particularly around 450 nm, where the RE of the 1st
order PBG in the small-pore structure also blue shifts, leading to
detuning from optimal position. Despite the angular shift, the
intermediate and large-pore structures maintain strong absorp-
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tance in this region, demonstrating their robustness for photocat-
alytic applications under visible light. In contrast, the small-pore
structure, which lacks a second order PBG, experiences a more pro-
nounced reduction in absorptance at oblique incidence, indicating
a greater sensitivity to angular variations. Overall, these results
demonstrate that, while slow effects are pronounced at normal
incidence because original structure parameters were optimized
accordingly [22], they persist at oblique angles, particularly in
the intermediate-pore and large-pore inverse opals, making these
structures more effective for photocatalytic applications under
real-world solar illumination. The impact of predicted absorption
enhancement in IO structures with different sphere diameters on
specific applications is justified hereafter by the evaluation of pho-
tocatalytic performance (see next section 3.2.4).

3.2.4. Photocatalytic efficiency

To further evaluate the impact of the photonic structure on light
absorption and photocatalytic performance, we now compare the
absorbed photon flux enhancement factors of the three models
under different incidence angles. The goal of this comparison is
to identify the highest absorbed photon flux enhancement
achievable among the three models and to correlate it with the
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best photocatalytic efficiency measured in corresponding ITB sam-
ples [22] at different angles (Fig. 6). The enhancement factor, i.e.,
the ratio between the absorbed photon flux in ITB models to that
in the corresponding reference slabs, quantifies how much light
is more efficiently captured by the photonic structures. The values
of the absorbed photon flux for ITB and reference slabs are reported
in Fig. S12 (Supplementary Information). All ITB structures investi-
gated here exhibit enhancement factors greater than unity (1.4 to
1.7), confirming that these inverse opal structures enhance light
absorption compared to the reference slab. The enhancement fac-
tor increases with the incidence angle, indicating that multiple
scattering and extended optical path lengths improve light-
trapping efficiency under oblique illumination. Although absorp-
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Fig. 6. Enhancement factors (o /®ys) of the absorbed photon flux ® for the small-
pore, intermediate-pore, and large-pore IOs at different incidence angles.
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tance spectra change markedly at higher angles (Fig. 5), the studied
inverse opal structures still outperform the reference slab in terms
of overall photon flux enhancement.

Among the three structures, ITB-220 shows the lowest enhance-
ment factor (1.47 at normal incidence), due to its limited visible
light response, leading to weaker absorbed photon flux. ITB-310
exhibits a slightly higher enhancement factor than ITB-220, espe-
cially at 30° and 45°, thanks to enhanced visible light absorption
and cumulated photonic band edge effects. ITB-340 demonstrates
the highest enhancement factor, particularly at 30° and 45°, mak-
ing it the most efficient photocatalyst model for capturing light and
the best candidate for solar light-driven photocatalysis. The contin-
uous increase of the enhancement factor at larger angles suggests
that photon-matter interaction within the periodic structure is bet-
ter utilized under tilted light incidence, reinforcing the advantages
of the inverse opal design.

3.2.5. Influence of the slab thickness

In the previous sections, all analyses were conducted using ITB
slabs with a fixed thickness of three 10 unit cells. Since ITB-340
exhibited the highest performance among the three models, we
also investigated how its optical response, specifically absorptance
and photon flux, evolves with the slab thickness at normal inci-
dence (Fig. 7). Absorptance spectra were calculated (Fig. S13, Sup-
plementary Information) by varying the number of unit cells
(Nyc € [2,6]), where each unit cell corresponds to a vertical stack
of three spheres in the inverse opal lattice. It was checked that
the slab thickness scales linearly with the number of spheres in
the 10 (Fig. S14, Supplementary Information).

Increasing the number of unit cells enhances the absorptance at
the RE (Fig. 7b) of both the 1st and 2nd order PBGs. Notably, the
absorptance at the 2nd order PBG (~380 nm, UV range) remains
at a nearly fixed wavelength (377 nm) for all thicknesses and
reaches near-unity value (for Ny > 3), highlighting efficient pho-
ton confinement in relatively thin structures. In the visible range,
the absorptance at the 1st order PBG gradually shifts toward
shorter wavelengths as the number of unit cells increases and it
increases more gradually, reflecting enhanced light trapping as
the structure becomes thicker.

This absorption enhancement is further supported by the pho-
ton flux analysis (Fig. 7a), which exhibits a saturation trend:
although the photon flux increases with thickness, the gain
becomes less significant beyond Ny, = 3. For three-unit cells
(thickness ~2178 nm), the photon flux already reaches

4.45 x 10%* (s"m~2), which corresponds to more than 70 % of
the maximum value obtained for six-unit cells. This saturation
behavior indicates that most of the incident photons are already
being absorbed before reaching the bottom of the slab. Further
increases in thickness contribute less to the enhancement due to
reflection, interference, and intrinsic material losses. Overall, a slab
of three IO unit cells emerges as an optimal configuration, offering
a balance between strong photonic enhancement, efficient absorp-
tion, and practical film thickness for fabrication.

3.3. Pores filled with water

In liquid-phase photocatalysis, the incident medium is a water
solution (nj,c = 1.33) containing the analyte, and the porous net-
work is infiltrated with that solution (nperes = 1.33). In practice,
diluting aqueous analyte solutions used in photocatalytic experi-
ments (e.g., 1.5 M RhB solution in [22]) have refractive indices
close to that of pure water and are therefore expected to have neg-
ligible impact on light propagation. Nevertheless, more concen-
trated solutions could induce optical absorption at specific
wavelengths, influencing light propagation in the IO structure. In
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these cases, more realistic simulations could be done using an
effective complex refractive index for the pore filing medium,
which is straightforward in our RCWA code.

The reflectance and absorptance spectra as well as the enhance-
ment factor were calculated for the three ITB structures at both
normal and oblique incidences accordingly. The reflectance and
absorptance spectra (Fig. 8) shift to longer wavelengths due to
the reduced refractive index contrast between the 10 structure
and its surroundings.

However, photonic effects remain prominent. Even in the water
phase, all ITB structures exhibit absorptance higher than the TB
absorptance at all incident angles (Fig. S15, Supplementary Infor-
mation), and thus photon flux enhancement factors are greater
than unity (Fig. 9), confirming their ability to outperform the refer-
ence slab in terms of light absorption. This indicates that the
inverse opal architectures retain effective light-trapping capabili-
ties despite the lower refractive index contrast in water. Although
the overall enhancement is slightly reduced compared to the air
phase, primarily due to the higher optical density of water, the
consistent increase in photon flux with increasing incident angle
underscores the robustness and efficiency of these nanostructures.
The predicted absorbed photon fluxes (Fig. S12) can be compared
with photocatalytic RhB degradation efficiency data reported in
[22] (Fig. 6). Trends in simulation and experimental data agree,
confirming the superior performance of ITBs (samples and models)
with respect to reference slabs.

The 10 structure with the small pore diameter exhibits signifi-
cant absorptance in the UV-C and UV-B regions, like in the air
phase. The produced ROS can effectively inactivate bacteria and
viruses by damaging their cellular components, making this struc-
ture ideal for water disinfection and pathogen inactivation [52].
Furthermore, the efficient UV absorption boosts photocatalytic
activity, enabling the breakdown of persistent organic pollutants,
including pharmaceutical residues and emerging contaminants,
positioning this structure as a promising candidate for wastewater
treatment [53]. The 10 structure with the intermediate pore diam-
eter demonstrates strong absorptance in both the UV-A (333-
400 nm) and the visible spectrum (400-550 nm) due to its dual
PBG. This makes it effective for water purification and pollutant
degradation [54]. The dual PBG also makes photocatalysts such
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as ITB-310 effective for degrading organic contaminants and dyes
[55]. Previous studies have demonstrated the effectiveness of
Ti0,-BiVO4 composites in degrading organic pollutants, reinforcing
its suitability for water treatment applications [12,56]. The 10
structure with the largest pore diameter has superior absorption
in the visible range, making it highly effective for visible-light-
driven photocatalysis. The presence of dual PBG and slow photon
effects further improve light harvesting, as noticed before. This
structure is well-suited for environmental and energy applications,
such as hydrogen production and organic pollutant degradation.

Building on previous studies demonstrating the visible-light-
driven hydrogen evolution capabilities of TiO,-BiVO, composites
[57,58], ITB-340 offers compelling potential for efficient solar
hydrogen production.

4. Conclusions

We presented a detailed computational analysis of light har-
vesting properties and photocatalytic potential of TiO,-BiVO4
inverse opal structures, in air and in aqueous medium, at varying
incidence angles. The theoretical I0 model was proven to be con-
sistent with previously reported experimental results. Among
investigated structures, the small-pore 10 exhibited strong absorp-
tion in UV-C and UV-B regions but showed limited visible-light
response, making it better suited for UV-driven applications such
as sterilization, air and water disinfection. The medium-pore 10
demonstrated a balanced absorption between UV and visible
regions, benefiting from slow photon effects at the edges of the
1st and 2nd order PBGs (dual photonic band edge enhancement),
making it an excellent candidate for photocatalysis under both
UV and visible light, particularly for indoor air remediation and
water purification, including the degradation of organic pollutants.
The large-pore 10, which exhibited the highest photon flux
enhancement, particularly at oblique angles, proved to be the most
efficient for solar-driven photocatalysis. Its excellent performance
under visible light highlights its potential for applications such as
outdoor air remediation, hydrogen production and environmental
remediation of water. All IO structures outperformed the planar
reference slabs in terms of overall photon flux enhancement,
emphasizing the role of slow photon effects in improving light-
matter interactions. We believe these findings will contribute to
more efficient optimization of inverse opals for sustainable energy
and environmental applications. Still, some issues must be
acknowledged in practice. Defects in the periodic structure may
affect the slow photon effect, hence the efficiency of light harvest-
ing enhancement. Though already good photocatalytic perfor-
mances were obtained on TiO,-BiVO, I0s presenting some
defects (such as cracks), it would be interesting to account for
the presence of defects in optical simulations. This is entirely pos-
sible with RCWA using a super-cell approach [59] in which the 10
unit cell is extended to accommodate for defects. The size of the
super-cell will set the computation burden for a desired accuracy.
Large-scale fabrication of 10 structures remains challenging, espe-
cially for controlling pore geometry and defect level. For composite
10s, the control of the heterojunction is an additional challenge for
charge transfer.
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