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Photonic approaches can improve the efficiencies of photo-electrochemical devices towards CO,
reduction and fossil fuel-free societies. In a system consisting of stacked dielectric slabs having periodic
holes with each slab coated by photocatalyst layers at both sides, immersed in water, we show that an
incident electromagnetic field is effectively confined in the photocatalyst layers, resulting in the
enhancement of the photocatalytic activities. In addition, the antireflection effect was engineered by

adjusting the distances between the photonic crystal slabs. Numerical results reveal an enhancement
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Accepted 30th December 2023 factor of 3 for the absorption of electromagnetic fields at the operation frequency in the 3rd band of the

dispersion diagram, compared to the bulk photocatalyst. Our system has the feature of periodic holes
allowing the movement of reaction products. An analytical model is developed using the revised plane
wave method and perturbation theory, which captures the trends observed in numerical results.
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Introduction

Carbon-neutral energy cycles, which produce fuel from large
amounts of CO, generated by fossil fuel consumption, are one
of the hottest topics as a powerful way to solve serious envi-
ronmental problems and global warming."® The key to the
energy cycles is the effective use of renewable energy, especially,
sunlight being the most promising energy source. Photo-
electrochemical devices, such as systems that combine photo-
voltaic and hydrogen production equipment and artificial
photosynthesis, have been developed, and their efficiencies
continuously improve.*® The conversion efficiencies of current
devices are not high enough to reconvert all the currently
emitted CO, into fuel.

Light manipulation can improve efficiencies of photo-
electrochemical devices, towards CO, reduction and fossil
fuel-free societies.®?® In particular, the photonic approach
through the use of dielectric materials allows control and
confinement of an incident light on desired spots in photo-
electrochemical devices with negligible intrinsic loss.
Photonic crystals are widely-used periodic structures consisting
of alternative dielectric ~materials having different
permittivities.*>* Therefore, there is an example of previous
research in which a photocatalyst itself forms a photonic crystal
(for example, an inverse opal structure>!). However, only simple
composition material systems can construct such structures,
and a more universal solution is required. Combining photonic
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Fig.1 Schematic illustration of a photonic approach for efficient CO,

Toyota Central R&D Labs., Inc., Nagakute, Aichi 480 1192, Japan. E-mail: t-ikeda@
mosk.tytlabs.co.jp; hitzuka@mosk.tytlabs.co. jp
DOIL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ra07601f

(ES)

© 2024 The Author(s). Published by the Royal Society of Chemistry

conversion enabled by the confinement of electromagnetic fields in
photocatalyst layers. Photocatalytic activity in the reduction of CO,
with H,O to fuel, such as CHy, is accelerated.
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crystals with photo-electrochemical devices and artificial
photosynthesis systems currently under development can
accelerate photocatalytic activities, due to the unique features of
photonic crystals such as slow light>?® and field confine-
ment,*>*" i.e., electromagnetic fields can be effectively confined
in photocatalyst. This makes it possible to effectively capture
a wider range of wavelengths of light and use expensive cata-
lysts®* at maximum efficiency.

In this paper, we present a photonic approach to accelerate
photocatalytic activities in a photo-electrochemical device, as
shown in Fig. 1. The device consists of stacked dielectric slabs
having periodic holes with each slab coated by photocatalyst
layers at both sides, immersed in water. When photocatalytic
reaction occurs, products are generated on the surface of the
catalyst, and the reaction proceeds continuously by collecting
those products. From that perspective, a 3D structure contain-
ing channels makes more sense than a two-dimensional (2D)
structure. Numerical results reveal an enhancement factor of 3
compared to the bulk photocatalyst when the system operates
in the 3rd band of the dispersion diagram. An analytical model
is developed using the revised plane wave method and the
perturbation theory, which captures the behaviors observed in
numerical results.

Methods

Geometry

We consider a system consisting of stacked KTaO; photonic
crystal slabs with each labeled by j = 1 to N immersed in water,
as shown in Fig. 2(a). The unit cell for photonic crystal slabs
fromj =2 to N — 1 and the end cell j = 1 are shown in Fig. 2(b)
and (c), respectively, where slab j = N is mirror-symmetric with
respect to the xy plane. All of the photonic crystal slabs have
square lattices with a lattice constant a = 224 nm and periodic
holes with a radius of R = 0.45a [Fig. 2(b)]. They have a thickness
of tx = 0.375a except for slabs j = 1 and N which have the half
thickness /2 [Fig. 2(c)]. Thin photocatalyst layers with a thick-
ness of t. = 0.1a are coated on both sides of each slab fromj = 2
to N — 1 [Fig. 2(b)], and a photocatalyst layer is coated on one
side of each of slabs j = 1 and N [Fig. 2(c)]. The regions outside
of the stacked KTaO; photonic crystal slabs consist of infinite
SiO, substrates for containing water in the structure.

We assume that an electromagnetic wave is illuminated on
the system along the z axis at the design wavelength of 44 =
400 nm (the design frequency of f3 = 749.5 THz). At the interface
of the SiO, substrate and the stacked KTaO; photonic crystal
slabs, reflection would occur due to the impedance mismatch if
neighboring photonic crystals have the same distance in the
whole system. Here, in our system, the stacked KTaO; photonic
crystal slabs are regarded as the host region with the antire-
flection regions at both sides to avoid such impedance
mismatch,*® where the center-to-center distances Dy, = 1.5a and
D, = 1.29a between neighboring photonic crystal slabs in the
host and antireflection regions are slightly different. The cor-
responding analytic model of the system of Fig. 2(a) is shown in
Fig. 2(d). It consists of the host region with the antireflection
regions backed by the semi-infinite SiO, substrates at both
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sides. The underlying mechanism is that the interfaces of the
antireflection region with the host region and the semi-infinite
SiO, substrate are selected such that the transverse impedance
has a real value, ie., transverse impedances Z, and Z, of
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Fig. 2 (a) Configuration of a system consisting of stacked KTaOs
photonic crystal slabs in water. Each of photonic crystal slabs labeled
fromj =2 toj =N — 1 has thin photocatalyst layers on both sides, and
each of photonic crystal slabs labeled by j = 1 and j = N has a thin
photocatalyst layer on one side. The photonic crystal slabs are
regarded as the host region with the antireflection regions at both
sides. (b) Unit cell of the jth photonic crystalslab (2 =j = N — 1). (c) End
cell of photonic crystal j = 1. (Photonic crystal slab j = N is mirror-
symmetric with respect to the xy plane.) Parameters are a = 224 nm, R
=0.45a,ty=0.375a,t.=0.1a, D,=15a, D,=129, N=12and n, = 2.
(d) Analytic model for calculating the reflection and transmission
coefficients of the system of (a). Z,,, Z, and Zs are transverse imped-
ances of the host and antireflection regions and SiO, substrate, k5,
k.2 and k, s are wavevector components along the z-axis of the host
and antireflection regions and SiO, substrate. £7 and E7 are the electric
fields in the 1st medium (SiO, substrate) and EZ is the electric field in
the 5th medium (SiO, substrate), where the superscripts + and —
denote the forward and backward directions along the z axis.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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photonic crystals in the host and antireflection regions as well
as impedance Zg of the SiO, substrates are real in Fig. 2(d). We
select a number of n, = 2 for the photonic crystal slabs in the
antireflection region throughout the paper. The detailed
discussion on the design of the antireflection region is found in
ESI: Section S1.7 It should be emphasized that in the system of
Fig. 2, chemical reaction products around the photocatalyst
layers can move through periodic holes between neighboring
water regions. Therefore, our system is suitable for sunlight
harvesting and artificial photosynthesis.

Theory

In this section, we present the theory for calculating absorption
of the normal incident wave in the system of Fig. 2, i.e., eigen-
vectors and eigenvalues for the original lossless system are
obtained by the revised plane wave method, which correspond
to the electromagnetic fields and the wavevectors of electro-
magnetic modes, respectively. Using the perturbation theory
with the electromagnetic fields and wavevectors above, the
imaginary part of the wavevector, which represents the decay

View Article Online
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where r = (x,),2) is the position vector in the coordinate system,
k = (ky, ky, k;) is the wavevector, g = (g, g, &) is the reciprocal
lattice vector, Z, = \/uo/¢o is the free space characteristic
impedance with ¢, and u, being the free space permittivity and
permeability, and £ is the Fourier coefficient of the permittivity
(The detailed form of the Fourier coefficient of the permittivity
for the photonic crystal slab coated with photocatalyst layers is
found in ESI: Section S21). e, = (exg€ygeze) and hy =
(Px,gshy gyh17 o) are the electric and magnetic fields, respectively.
Substituting eqn (2)-(4) into Maxwell's equations, in the case of
the normal incidence (ky, k,) = (0, 0) we consider throughout the
paper, the wave equation is written as

—ko G- o G.£'G, ~(G &G — ko'l .

1 ) el G,E'G, — k'l —G,£'G, e, e,
= =k ] (5)

ko -G.G, —(k3€ - G.G,) %G o h h

h, h,

k€ — G,G, G,G, o koG- Y ,

rate of the electromagnetic mode, is obtained. Using the T-
matrix method with the transverse impedance, which is calcu-
lated from the electromagnetic fields, and the complex wave-
vector in each region, the reflection, transmission, and
absorption of the system are obtained.

We assume that the permittivity e.(w) of photocatalyst is
given by the single-pole Lorentz model

2
Wp

), 1

+w02—w2+1wf) (1)

where, w, v, wo, € and I represent the angular frequency, the
plasma frequency, the resonant frequency, the infinite permit-
tivity, and the damping rate. We use parameters of w, = 1.09 x
10" rad s, wy =7.12 x 10" rad s %, e, = 1.73 and I' = 7.89 x
10" rad s taken from the permittivity of TiO, in ref. 34. On the
other hand, constant permittivities of ex = 6, &, = 1.78 and ¢5 =
2.1 are assumed for KTaOs, water and SiO,, respectively.
Firstly, we investigate fundamental electromagnetic proper-
ties of the infinite periodic structure of the stacked KTaO;
photonic crystal slabs corresponding the host region for the
normal incidence of electromagnetic waves, i.e., the unit cell
analysis. The permittivity ¢(r), the electric field E(r), and the
magnetic field H(r) in the first Brillouin zone are given by*

o) =e. 1

© 2024 The Author(s). Published by the Royal Society of Chemistry

where k, is the free space wavenumber, G,, G,, and G, are
diagonal matrices which have diagonal components of g, g,
and g, respectively, £ is the matrix form of £(g — g'), O is the
zero matrix, and I is the identity matrix. ey, e,, h,, and h, are
vectors with each having the gth component of e, 4, €, ¢, Ay 4, and
hy ¢, respectively. The equation is solved for obtaining eigen-
values k,, which allows us to treat dispersive materials in the
periodic structure.®® The x and y components of the electro-
magnetic fields are calculated from eqn (5) as eigenvectors and
the z component is calculated from

e,\‘
el 1] 0o o0 €'G, €'G.||e ©)
h| k|-G G. O o hye |’

h

where e, and h, are vectors with each having the gth component
of e, sand h;,, respectively. The derivations of eqn (5) and (6) are
found in ESI: Section S3.}

Here we use the perturbation theory.***” The perturbation
theory allows us to treat small nonlinearities and material
absorption by solving linear Hermitian eigenequations, and has
been widely used to evaluate the effect of small changes in
permittivities on eigenmodes and eigenvalues. The original
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lossless system, which is the eigenequation of eqn (5) with I' =
0, is described by
Aoxo = kzoxo

(7)

where k,, is eigenvalues of the original lossless system and

—%0G. o
PR o k0 G.
‘" k| -GG, —k'&-G.G,)
k’E — G,G, G,G,
ex
x= [ (9)
h

where &, has the matrix form of £(g — g) for the lossless case.
In the presence of a perturbation in the periodic structure with
A=A,+A,and € = &, + &, the electromagnetic fields and the
longitudinal wavevector component become x = x, +x; and k, =
k.o + k;1, respectively. Thus, we have

(Ao + A1) (xo + x1) = (koo + k21)(xo + X)), (10)

where
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Results & discussion

Fig. 3(a) and (b) show the dispersion diagrams of the infinite
periodic structure of the photonic crystal slabs corresponding to
the host region for the real and imaginary parts of the wave-
vector component along the z axis. The dispersion diagrams are
obtained by the revised plane wave method,** where the wave

G.&£'G, —~(G.& 7' G, — k')
G,&'G, — k'l -G,&'G, ®)
koG- o ’
o koG-

equation eqn (5) is solved at each w for obtaining k,. The
dispersion diagram is largely varied by the dimensions of the
system, allowing the excitation of an appropriate electromag-
netic mode at the design frequency. The dimensions a =
224 nm, R = 0.45a, tx = 0.375a, t. = 0.1a, and Dy, = 1.5a in the
caption of Fig. 2 have been selected so that an electromagnetic
mode with the electromagnetic fields confined in the photo-
catalyst layers can be excited at the design frequency of fg =
749.5 THz around the top edge of the 3rd band [horizontal
dashed line in Fig. 3(a)]. The imaginary part of the z component
of the wavevector Im(k,), which corresponds to absorption in
the thin photocatalyst layers, is significantly increased around
Ja=749.5 THz [Fig. 3(b)]. This behavior can be understood from
the electric field distribution of Fig. 3(k), where electric fields
are confined in the two photocatalyst layers and are suppressed
in the water region. It is noted that there are strong electric

0 0 —G.&'LD'+U&E'L)'UE'G, G.&'L(D" +UE L) UE™G,
- ] _ -1 . . O _ ~1 _
A, = ki o 0 —G&'LD'+UE'L) UET'G, GE'L(ID'+UE'L) UE G, (11)
'l 0 k'€ o o
k€ O o o

&, = LDU, with L, D, and U being the lower triangular matrix,

the diagonal matrix, and the upper triangular matrix. On the

other hand, we consider left eigenvector z, as

ZOAO = k_—()Z0~ (12)

For the original lossless system, we have z, = x§,. From eqn

(10) with the 1st-order terms being considered and Hermitian
eigenequation of eqn (7), we have

ngle

k'l = 1_ .
Xy X0

z

(13)
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fields in the KTaO; region as well in Fig. 3(k), implying that
there is room for further improvement of the absorption char-
acteristic. For other frequencies in the 3rd band, we see finite
values of Im(k,) [Fig. 3(b)] since there are electric fields in the
photocatalyst layers in Fig. 3(i) and (j). However, there are also
electric fields in the water region in Fig. 3(i), and the water and
KTaO; regions in Fig. 3(j) as well, resulting in smaller absorp-
tion. In the 2nd band, electric fields are strong in the water
region between neighboring KTaO; substrates in Fig. 3(f)-(h),
which is consistent with ref. 23. In the 1st band, electric fields
are strong in the water region of the cylindrical hole in
Fig. 3(c)-(e). Thus there are negligible Im(k,) for the 1st and 2nd
bands. As a reference, the dispersion curve (gray solid line) of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Real part and (b) imaginary part of the dispersion diagram
with (c)—(k) electric field distributions for the infinite periodic structure
of the photonic crystal slabs corresponding to the host region, ob-
tained by the revised plane wave method [egn (5) and (6)] and the
perturbation theory [eqn (13)]. The inset in (a) represents the 1st Bril-
louin zone of a photonic crystal slab with a square lattice, where T, X,
M, Z, R and A are the points in the 1st Brillouin zone.*® by, b,, and bs
represent reciprocal lattice vectors. The gray solid line in (b) represents
the dispersion curve of the bulk photocatalyst, which is given by
[Im(k.c)|/ko = Im(/2c ) as a reference, with k. being the wavevector
component along the z-axis in the bulk photocatalyst.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Spectra of (a) reflection, (b) transmission, and (c) absorption of
the system of Fig. 2. Blue solid lines and pink dotted lines represent
numerical results obtained by using CST Studio and analytical results
from the model of Fig. 2(d), respectively. The shaded areas with gray
and yellow represent bandgaps of the photonic crystals in the host
region and the antireflection region, respectively. The vertical black
dashed line represents the design frequency fy = 749.5 THz. The inset
in (c) represents the magnified view of absorption in the range of 650
to 750 THz. (d) Electric field distribution in the photonic crystal slabs at
fq = 749.5 THz obtained by using CST Studio.

the bulk photocatalyst [eqn (1)] is plotted in Fig. 3(b). It is
emphasized that Im(k,) in our system with a volume of photo-
catalyst less than 5%, is comparable to that of the bulk
photocatalyst.

The transmission 7, reflection R, and absorption A (=1 — T —
R) for the system of Fig. 2 are numerically obtained by using the
finite-integration based simulator CST Studio,*® and are plotted
by blue lines in Fig. 4(a)-(c), respectively. We observe that near-
unity absorption is achieved at the design frequency of f4 =

RSC Adv, 2024, 14, 2277-2284 | 2281
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Fig. 5 (a) Absorption enhancement ratio of the system of Fig. 2 to the
equivalent medium of photocatalyst with the absorption expressed as
1 — e at fy = 749.5 THz. Black circles and the black line with
crosses represent the numerical and the analytical results, respectively.
The inset shows absorption of the numerical (red circles) and the
analytical (red line with crosses) results of photonic crystal slabs, and
the equivalent medium of photocatalyst expressed as 1 — g2 (green
line with crosses). (b) Absorption spectra for various numbers N of the
photonic crystal slabs obtained by using CST Studio. (c) Absorption
spectra of the equivalent medium of photocatalyst expressed as 1 —
e~2% for the corresponding amount of photocatalyst. Dashed lines in
(b) and (c) represent fq = 749.5 THz and their profiles are plotted in the
inset of (a). Absorption spectra for various N of the photonic crystal
slabs obtained from the analytic model is found in ESI: Section S5.F

749.5 THz [Fig. 4(c)]. The reflection R is sufficiently suppressed
at the interface of the semi-infinite SiO, substrate and the
stacked KTaO; photonic crystal structure due to the properly
designed antireflection regions [Fig. 4(a)]. The transmission T'is
near-zero through N = 12 photonic crystal slabs due to the
operation mode of Fig. 3(k) [Fig. 4(b)], where sufficient
absorption occurs in the photocatalyst layers. The analytical
results obtained from the analytical model of Fig. 2(d) are
overlayed by the pink dotted lines in Fig. 4, which excellently
agree with the numerical results (blue solid lines) for the system
of Fig. 2(a) (The detailed discussion on the T-matrix method*
calculations is found in ESI: Section S4%). Discrepancy of the
analytical results (pink dashed lines) from the numerical results
(blue solid lines) may come from the assumption of infinite
number of photonic crystal slabs (periodic structure) for
obtaining transverse impedances in the host and the anti-
reflection regions in the analytic model while the system of
Fig. 2 has a finite number of N = 12 for the photonic crystal
slabs. Fig. 4(d) shows the electric field distribution in the
photonic crystal slabs at fy = 749.5 THz. We observe that the
fields decay along the z axis due to absorption in the photo-
catalyst layers.

2282 | RSC Adv, 2024, 14, 2277-2284
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We have selected the number N = 12 of the photonic crystal
slabs above for the observation of the absorption spectrum.
Here, we vary the number of the photonic crystal slabs in the
host region with the photonic crystal slabs in the anti-reflection
region being fixed, and calculate the absorption at fq4 = 749.5
THz, as shown in the inset of Fig. 5(a). The numerical results
(red circles) obtained using CST Studio show that the absorp-
tion of the system of Fig. 2 is higher than 80% when N = 5. The
absorption steeply decreases with smaller number of N due to
non-zero transmission in the opposite side of the semi-infinite
SiO, substrate. For comparison, we assume an equivalent bulk
medium having the same amount of photocatalyst, ie., the
medium has the thickness of ¢, = 2(N — 1){1 — ©(R/a)’}t.. The
absorption of the equivalent medium is expressed by the
thickness ¢, and the decay rate « = koIm(,/z. ) for the electro-
magnetic field as 1 — e >*», and is plotted in the inset by the
green line with crosses. Fig. 5(a) shows the ratio of the
absorption of the system of Fig. 2 to that of the equivalent
medium, which is defined as the absorption enhancement
ratio. We see that the absorption enhancement ratio exceeds
a factor of 3. Therefore, our results reveal that the incident light
can be efficiently absorbed in small number of photonic crystal
slabs, i.e., less amount of expensive photocatalyst materials.
Numerical results (circles) obtained by using CST Studio agree
with the analytical results (crosses with the line) obtained from
the model of Fig. 2(d). Absorption spectra for various numbers
N of the photonic crystal slabs are obtained in a frequency range
from 650 THz to 750 THz by using CST Studio, and plotted in
Fig. 5(b). With the increase of N, the absorption increases, as we
expected, and is higher than 0.7 in the frequency range when N
= 14. The enhancement in the frequency range is clearly
observed by comparing with the absorption spectra of the
equivalent medium of photocatalyst in Fig. 5(c).

The rate of photocatalytic reactions is generally given by R, =
a¢l, with «, ¢, and I being the absorption coefficient, the
quantum yield (the ratio of the number of product molecules to
the number of absorbed photons), and the intensity of the
illuminated light, respectively.** Ry is proportional to ol for
small I regime, and v/l with the increase of I. In our system, the
enhancement factor of 3 corresponds to a range from /3 to 3
for photocatalytic reactions. It would be interesting to develop
a sophisticated model system including catalytic reactions with
precious metals.

We have used the operation frequency around the top edge
of the 3rd band. Above the frequency, e.g., 750.5 < w < 800 THz,
there are some modes having large Im(k,), as shown in Fig. 3(a)
and (b), where |Im(k,)| > 0.2k,. However, those modes were not
able to be excited by the normal incident light in the system of
Fig. 2. It would be interesting to explore the excitation of those
modes for higher efficiency absorption.

Conclusions

We have presented a photonic approach to enhance chemical
reaction in a system consisting of stacked KTaO; photonic
crystal slabs with each having photocatalyst layers, immersed in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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water. Using the revised plane wave method and the perturba-
tion theory, we have shown that electromagnetic fields are
effectively confined in the photocatalyst layers at the operation
in the 3rd band in the dispersion diagram. The antireflection
effect was engineered by adjusting the distances between the
photonic crystal slabs. As a result, an absorption enhancement
of 3 was obtained compared with the bulk photocatalyst. Our
photonic approach with the periodic structure, where chemical
reaction products can move through holes, is a promising
candidate for energy harvesting from sun and environment.
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