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ABSTRACT: A dye-sensitized photocatalytic (DSP) approach is g B Cubes (Wel]
considered as one of the promising approaches for developing e e @( \ ';10 o Spheres (Model)
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systems are still affected by significant drawbacks, such as low light g n.,,::;»ﬁg © 3o .

absorption efficiency. Recently, it has been demonstrated that the 3 [)),T:;Jmo 3,1 a oS
plasmonic metal nanostructures can be used to enhance the light h\‘/,vE\'A i val é‘ £.o =gt
absorption efficiency and the overall dye-sensitization rate of DSP P iectric sc & HE 3 :’:/ Sew
systems through the plasmonic Mie resonance-enhanced dye- 20

sensitization approach. In this contribution, we report an alternate 1°gan.j3%.z, (3,,0,?.) -

and novel approach, dielectric Mie resonance-enhanced dye

sensitization. Specifically, we demonstrate that the dielectric Mie resonances in cuprous oxide (Cu,O) spherical and cubical
nanostructures can be used to enhance the dye-sensitization rate of methylene blue dye. The Cu,O nanostructures exhibiting
dielectric Mie resonances exhibit up to 1 order of magnitude higher dye-sensitization rate as compared to Cu,O nanostructures not
exhibiting dielectric Mie resonances. Our model system developed from finite-difference time-domain simulation predicts a volcano-
type relationship between the dye-sensitization rate and the size of Cu,O nanostructures. The predicted structure—property—
performance relationship is experimentally verified, and the optimal size ranges of Cu,O nanospheres and nanocubes are identified.
Although we demonstrate the dielectric Mie resonance-enhanced dye-sensitization approach using Cu,O nanostructures, the
proposed approach can be used to design a wide range of DSP systems, including CeO,, a-Fe,0;, and TiO, nanostructure-based
DSP systems.
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1. INTRODUCTION the field, DSP systems are still affected by significant
drawbacks, such as low light absorption efficiency.' ™
Recently, it has been demonstrated that plasmonic Mie
resonances of metal nanostructures, such as silver (Ag) and
gold (Au) can be used to enhance the light absorption
efficiency of dye molecules in the DSP and photovoltaic
systems.””'” The plasmonic metal nanostructures (PMNs)

under Mie resonance conditions can exhibit very high

Dye-sensitized photocatalytic (DSP) systems have emerged as
a promising approach for a number of applications, including
renewable hydrogen (H,) production via photocatalytic water
splitting, photocatalytic conversion of carbon dioxide (CO,)
into value-added products, and pollution mitigation. In a
typical DSP system, a dye molecule is used as a photosensitizer
that is adsorbed on a semiconductor nanostructure. As shown
in Figure la, in the DSP system, the dye molecules absorb
incident light and inject the excited electrons into the
conduction band (CB) of the semiconductor. These excited

absorption cross-sectional values that are up to 5 orders of
magnitude higher than those of dye molecules.'*™*° Therefore,
a PMN (e.g, Ag and Au) can harvest a large fraction of the

electrons can be used to drive reduction reactions, such as the incident light and transfer the energy into the nearby dye
reduction of water for H, production. The regeneration of the molecules and enhance their light absorption efficiency via a
dye molecule for cyclic utilization can be accomplished using

the electron donor. In the last 2 decades, significant progress Received: February 17, 2022 it
has been made in the field, and studies have shown that by Accepted: April 29, 2022 .

appropriately selecting and matching the energy levels of dye Published: May 11, 2022
molecules and semiconductors, DSP systems can be designed
to cover the visible region and even the near-infrared region of
the solar spectrum. Despite these great successes achieved in

© 2022 American Chemical Society https://doi.org/10.1021/acsanm.2c00730
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Figure 1. Schematic diagram of (a) dye sensitization and electron transfer into the CB of the semiconductor (SC), (b) localized surface plasmon
resonance (LSPR)-enhanced dye sensitization, and (c) dielectric Mie resonance-enhanced dye sensitization.

number of pathways, including the nanoantenna effect and
plasmon-induced resonance energy transfer (Figure 1b).2 7%
These plasmonic Mie resonance-mediated effects are utilized
to enhance the rate of dye sensitization in DSP systems.
However, these PMN-based DSP systems also possess inherent
challenges, such as compatibility issues with conventional
semiconductor manufacturing, high material costs, and issues
of commercialization with increasing complexity due to the
need for both metals and semiconductors.

Herein, we propose a solution to the aforementioned issues
through an alternate approach, dielectric Mie resonance-
enhanced dye sensitization, as shown schematically in Figure
lc. The Mie resonances can occur in plasmonic materials that
exhibit negative permittivity (& < 0) as well as dielectric (& > 0)
materials with moderate (2.5—3.5) and high refractive index
values (>3.5).”*7** The condition for the dielectric Mie
resonance to occur in the medium- and high-refractive-index
spherical particles is d = 2R ~ 1/n, where R is the radius of the
particle, A is the wavelength of light, and # is the refractive
index of the material.”” The dielectric Mie resonance-enhanced
dye sensitization proposed in Figure lc is, therefore, most
suitable for DSP systems built on metal oxide semiconductors
with moderate and high refractive index values. Such metal
oxide semiconductors include cerium(IV) oxide (CeO,),
cuprous oxide (Cu,O), hematite iron oxide (a-Fe,O;), and
titanium dioxide (TiO,).

Similar to the plasmonic Mie resonances of PMNs, the
dielectric Mie resonances of nanostructures of medium- and
high-refractive-index metal oxide semiconductors can transfer
the photonic energy into the adsorbed dye molecules via
pathways such as the nanoantenna effect, resonance energy
transfer, and Mie resonance-mediated intense scattering effect.
These dielectric Mie-resonance effects are expected to enhance
the light absorption efficiency of the dye molecules in the DSP
systems (Figure 1c). One major difference is that, unlike the
plasmonic Mie resonance-based system (Figure 1b), in a
dielectric Mie resonance-based system (Figure 1c), there is no
need for a separate light-enhancing material. Being a major
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advantage, this system solely requires a dielectric semi-
conductor nanostructure and a dye. Specifically, the dielectric
semiconductor nanostructure can play the role of a Mie
resonator for enhancing the light absorption efficiency of the
dye molecule as well as a source for harvesting excited
electrons from the dye molecules and facilitating the reduction
reaction (Figure 1c).

In this contribution, we demonstrate the dielectric Mie
resonance-enhanced dye-sensitization approach using methyl-
ene blue (MB) dye sensitization on Cu,O nanostructures as an
example. We have developed the structure—property—perform-
ance relationships of Cu,O nanostructures for MB dye
sensitization. Specifically, different sizes of Cu,O nanospheres
and nanocubes are synthesized, and the structure of these
Cu,O nanostructures is characterized using transmission
electron microscopy (TEM) and scanning electron microscopy
(SEM). The size-dependent optical properties of the Cu,O
nanospheres and nanocubes are predicted using finite-differ-
ence time-domain (FDTD) simulations. Based on these FDTD
simulation results, we predict a volcano-type relationship
between the size of Cu,O nanostructures and the enhancement
of the dye-sensitization rate by the respective nanostructures.
The predicted structure—property—performance relationships
of Cu,O nanospheres and nanocubes are experimentally
verified by measuring the rate of MB dye sensitization followed
by dye degradation (DSD).

2. EXPERIMENTAL SECTION

The procedures followed for FDTD simulations, syntheses (Scheme
la—c) and characterizations of Cu,O nanospheres and nano-
cubes,”***** and MB dye-sensitization and -degradation experiments
are(detailed in the Supporting Information. Briefly, Cu,O nanospheres
with average diameters of 37 and 145 nm and Cu,O nanocubes with
average edge lengths of 92, 165, and 325 nm were synthesized using
the synthesis protocols reported in our previous contributions.”*>***
The sizes and Cu,O phases of the nanostructures were confirmed
using TEM and SEM and X-ray diffraction patterns, respectively
(Figure Slab in Supporting Information). The performance of the
Cu,O nanostructures toward MB dye sensitization was evaluated

https://doi.org/10.1021/acsanm.2c00730
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Scheme 1. Schematic Representation of Nanoparticle’s Synthesis Using a (a) Microemulsion Technique for Obtaining Quasi-
Spherical Cu,0 Nanoparticles of 37 nm Diameter, (b) Chemical Reduction Method to Obtain Cu,O Nanocubes, and (c)
Chemical Reduction Method to Obtain Quasi-Spherical Cu,O Nanoparticles of 145 nm Diameter
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through the measurement of the rate of MB degradation that occurs
in the MB dye-sensitization region. The MB degradation was carried
out in the solution phase using dimethylformamide (DMF) as a
solvent. To quantify the extent of MB degradation, the concentration
of MB in the reaction mixture was quantified as a function of
irradiation time. The MB absorption value at its peak absorption
wavelength (i.e, 665 nm) in the ultraviolet—visible (UV—vis)
absorption spectrum was used to quantify the concentration of MB.

3. RESULTS AND DISCUSSION

Figure 2a—d shows the representative TEM and SEM images
of quasi-spherical Cu,O nanoparticles with an average
diameter of 37 and 145 nm and Cu,O nanocubes with an
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average edge length of 165 and 325 nm, respectively. Figure
2e,f shows the experimentally measured UV—vis—near-IR
extinction spectra of these Cu,O nanostructures. The
representative SEM image and UV—vis—near-IR extinction
spectra of Cu,O nanocubes of 92 nm average edge length are
also provided in Figure S1d,e in Supporting Information. The
extinction spectra shown in Figure 2e,f are consistent with the
extinction features predicted from the FDTD simulations
(Figure S2a—d in Supporting Information). Specifically, as
seen from Figure 2e, Cu,O nanospheres of 37 nm average
diameter exhibit extinction features similar to the bulk Cu,0,
which is a semiconductor with a band gap of 2.1 eV.** For

https://doi.org/10.1021/acsanm.2c00730
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https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00730/suppl_file/an2c00730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00730/suppl_file/an2c00730_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00730?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00730?fig=sch1&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

(a)

06 ] Cu,0 Quasi-Spheres
— 3716nm
0.5 —— 145+ 41 nm
3 04
s
5 03
£
[7} 4q
£
% 0.2
w
0.1

0 T T T T T T T
300 400 500 600 700 800 900 1000
Wavelength (nm)

(b)

(d)

3 04

3

[

©0.35 4

°

£

% 034

w ; Cu,0 Cubes
0.25 A v —— 165%26 nm

(i 4 —— 325%37nm
02 T T T T T

T T
300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2. (a—d) Representative TEM and SEM images of (a) quasi-spherical Cu,0 nanoparticles of 37 + 6 nm diameter, (b) quasi-spherical Cu,O
nanoparticles of 145 + 41 nm diameter, (c) Cu,O nanocubes of 165 + 26 nm edge length, and (d) Cu,O nanocubes of 325 + 37 nm edge length.
UV—vis—near-IR extinction spectra of (e) quasi-spherical Cu,O nanoparticles of 37 + 6 and 145 + 41 nm diameters, and (f) Cu,O nanocubes of

165 =+ 26 and 325 + 37 nm edge lengths, dispersed in DMF.

these 37 nm Cu,O nanospheres, the dielectric Mie resonances
are absent in the UV—vis—near-IR regions. In contrast, Cu,O
nanospheres and nanocubes of sizes larger than 90 nm exhibit
strong dielectric Mie resonances in the UV—vis—near-IR
regions, as shown in Figure 2e,f (also see Figures Sle and S2a—
d in Supporting Information). The lowest Mie resonance peak
in the UV—vis—near IR extinction spectrum corresponds to
the combination of the electric dipole and magnetic dipole
(Figure S2e in Supporting Information).”* Similarly, the
second-lowest energy peak and higher-order peaks correspond
to the combination of the electric quadrupole and magnetic
quadrupole and the combination of higher-order electric and
magnetic modes, respectively (Figure S2f in Supporting
Information).>*

To evaluate the performance of the Cu,O nanostructures
toward the MB DSD, we have selected red LEDs as the
illumination source. The intensity of the light, when measured
at the surface of the photoreactor, was 7.49 mW/ cm?, and it
was kept constant for all dye-sensitization experiments
reported in this contribution. In Figure 3a, we show the
spectrum of red LEDs and UV—vis absorption spectrum of MB
dye. As seen from Figure 3a, there is a significant overlap
between the spectrum of red LEDs and the absorption
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spectrum of MB in the 590—670 nm region. It has been
previously shown that in this region (590—670 nm), MB
molecules can undergo dye sensitization and inject the excited
electrons into the CB of the semiconductor (Figure 3b).>>*° In
the presence of dissolved oxygen (O,), these electrons can
form superoxide (O,”), which can attack and cause the
degradation of excited MB molecules (Figures 3b and S5).>>*
We also confirmed the role of superoxide using the
experiments in the presence of a superoxide quencher in the
system. In our study, the quenching experiments were
performed in the presence of benzoquinone, which is a well-
known superoxide quencher. No significant MB degradation

was observed in these experiments (Figure S6).(These results)

Also, since the
band gap of Cu,O is 2.1 eV (~590 nm),””” the rate of MB
degradation via direct photocatalysis by Cu,O nanostructures
is expected to be minimal in this MB dye-sensitization region
(590—670 nm) investigated in this study.

To illustrate the role of dielectric Mie resonances in the MB
dye sensitization, we carried out the experiments to quantify
the rate of MB DSD using quasi-spherical Cu,O nanoparticles
with an average diameter of 145 nm and Cu,O nanocubes with

https://doi.org/10.1021/acsanm.2c00730
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Figure 3. (a) Absorption spectrum of MB (left ordinate) and the spectrum of the red LED light source used for MB dye sensitization (right
ordinate). (b) Schematic diagram illustrating the MB DSD via superoxide (O,”) intermediate species.38’39 (c) Plot of C/C, vs irradiation time for
MB DSD in DMF using quasi-spherical Cu,O nanoparticles of 37 + 6 nm diameter (blue circles), quasi-spherical Cu,O nanoparticles of 145 + 41
nm diameter (black circles), Cu,0 nanocubes of 92 + 13 nm edge length (maroon diamonds), Cu,O nanocubes of 165 + 26 nm edge length
(orange squares), Cu,O nanocubes of 325 + 37 nm edge length (green squares), and under blank conditions in the absence of the photocatalyst

(red triangles).

an average edge length of 92, 165, and 325 nm. These Cu,0
nanostructures exhibit dielectric Mie resonances in the MB
dye-sensitization region (590—670 nm), as seen from Figure
2e,f. We also carried out the same experiments using quasi-
spherical Cu,O nanoparticles with an average diameter of 37
nm, in which the dielectric Mie resonances are absent in the
MB dye-sensitization region (Figure 2e). In these dye-
sensitization experiments performed with different sizes of
Cu,0 nanospheres and nanocubes, the weight load of the
Cu,O nanostructures in the reaction mixture was kept
constant. Before exposing the reaction mixture to the red-
light illumination, the MB dye molecules were stirred with
Cu,0 nanostructures dispersed in DMF for 3 h to reach the
adsorption equilibrium. Also, the reaction mixture was sparged
with air for 30 min to start all experiments with the same level
of dissolved oxygen. Figure 3c shows the extent of MB
degradation (C/C,) under the red-light illumination (590—670
nm) conditions in the presence of different sizes of Cu,O
nanospheres and nanocubes and also in the absence of Cu,O
nanostructures.

As seen from Figure 3¢, the slowest rate of MB degradation
is observed for the dye-only conditions carried out in the
absence of Cu,O nanostructures. For the experiments
performed in the presence of different sizes of Cu,O
nanospheres and nanocubes, the Cu,O nanostructures with
dielectric Mie resonances exhibit a higher rate of MB
degradation than the 37 nm quasi-spherical Cu,O nano-
particles that exhibit no Mie resonance in the dye-sensitization
region. Specifically, the increasing rate of MB degradation is
observed in the following order: 165 nm Cu,O nanocubes >92
nm Cu,O nanocubes >145 nm quasi-spherical Cu,O nano-
particles >325 nm Cu,O nanocubes >37 nm quasi-spherical
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Cu,O nanoparticles (also see Table S1 in Supporting
Information). To investigate the possible role of the light-
induced heating effect on MB degradation, we measured the
light-induced increase in the temperature of the reaction
mixture. We found that the temperature of the reaction
mixture increased from ~20 to ~30 °C under MB dye-
sensitization conditions (Figure S3a—e in Supporting In-
formation). This increase in the temperature was uniform for
all experiments performed in the presence of different sizes of
Cu,O nanospheres and nanocubes as well as for the
experiments performed in the absence of Cu,O nanostructures
(Figure S3a—e in Supporting Information). We also performed
heating experiments at an elevated temperature of 60 °C. No
significant degradation was observed in these heating experi-
ments performed under dark conditions in the absence of red-
light irradiation (Figure S3f in Supporting Information). These
results confirm that the difference in the rate of MB
degradation observed in the presence of Cu,O nanospheres
and nanocubes of different sizes is not due to the light-induced
heating effect. Therefore, we attribute the higher rate of MB
degradation observed with the Cu,O nanostructures with
dielectric Mie resonances (e.g., 165 nm Cu,O nanocubes) in
Figure 3¢ to the dielectric Mie resonance-enhanced MB dye
sensitization.

For the dye-only conditions, in the absence of Cu,O
nanostructures, the MB degradation can occur via the
absorption of the incident photons by the dye molecules,
followed by the photoexcited electron transfer from the excited
MB molecules into the dissolved oxygen to form superoxide
radicals (O,). The superoxide radicals can then attack and
degrade the excited MB molecules (Figure S4a in Supporting
Information).”® The Cu,O nanostructures can enhance the
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light absorption efficiency of the dye molecules via a number of
pathways, including the electromagnetic near-field or nano-
antenna effect and Mie resonance-induced resonance energy
transfer (MIRET). The Cu,O nanostructures can also facilitate
and enhance the electron transfer between adsorbed MB and
O, molecules and the subsequent degradation of the excited
MB molecules. In this contribution, to develop the structure—
property—performance relationships of Cu,O nanostructures
for MB DSD, we propose the following simple approximation
shown in eq 1 (see the Supporting Information for more
details). This equation relates the rate of MB DSD that occurs
via the dye-sensitization pathway in the presence of Cu,O
nanostructures and the optical and geometrical properties of
the respective Cu,O nanostructures.

r o f To(2)Absyp()Ec, o(A)dA X % N

where r is the rate of DSD per unit mass of the Cu,O
nanostructures, Extc, o is the volume-normalized extinction

cross section of the Cu,O nanostructure, Absyy is the
absorbance of MB, I is the intensity of the incident light,
is the wavelength of the incident light, and S and V are the
surface area and volume of the Cu,O nanostructure,
respectively. Equation 1 predicts that the optimal overlap
between the extinction spectrum of Cu,O nanostructures, the
absorption spectrum of dye molecules, and the incident light
spectrum will result in the optimal rate of dye sensitization.
To predict the structure—property—performance relation-
ships of Cu,O nanostructures using eq 1, we performed FDTD
simulations of Cu,O nanospheres and nanocubes of different
sizes (25—400 nm) and simulated the extinction cross section
of the respective nanostructures as a function of incident light
wavelength. The representative FDTD-simulated extinction
spectra of these Cu,O nanocubes are provided in Figure 4a
(also see Figure S4b—e in Supporting Information). Based on
eq 1, in Figure 4a, the extinction cross-sectional values are
normalized to the fourth power of the edge length. These
FDTD-simulated values are used in eq 1 to predict the
performance of Cu,O nanospheres and nanocubes of different
sizes in the range of 25—400 nm. Figure 4b shows the rate of
MB degradation that can occur in the dye-sensitization region
(590—670 nm) in the presence of these Cu,O nanostructures.
In Figure 4b, the rate values in the y-axis are normalized with
respect to the Cu,O nanosphere of 37 nm diameter. As seen
from Figure 4b, our model that is based on eq 1 and FDTD-
simulated extinction cross-sectional values predicts a volcano-
type relationship between the rate of DSD and the size of
Cu,O nanostructures. The volcano-type relation between the
DSD rate and particle size in Figure 4b originates from the
spectral shift of dielectric Mie modes (resonances) with size.
From the kinetic data collected from the experiments
performed with quasi-spherical Cu,O nanoparticles of 37 and
145 nm average diameters and Cu,O nanocubes of 92, 165,
and 325 nm edge lengths (Figure 3c), we calculated the
relative rate of DSD for these Cu,O nanostructures (see Figure
S4v—z and Table S1 in Supporting Information for more
details). As seen from Figure 4b, the experimentally measured
values are in well agreement with the predicted values. The
optimum sizes of Cu,O nanospheres and nanocubes in the
volcano plot shown in Figure 4b are in the range of 165—200
nm for the MB molecules-based DSP system. The main reason
for these Cu,O nanostructures to appear in the optimum range
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Figure 4. (a) FDTD-simulated normalized-extinction (normalized-
Opy) cross section of Cu,O nanocubes of different edge lengths in the
range of 100—400 nm as a function of incident light wavelength.
Normalized-oy,, = ratio of extinction cross section (og,) of the
nanocube to the fourth power of its edge length (A*). (b) Volcano
plot showing the predicted and experimentally measured relative rates
of MB DSD as a function of size of Cu,O nanospheres and
nanocubes. Black circles and red squares represent predicted relative
rates for Cu,O nanospheres and nanocubes, respectively. Green
circles and green squares represent experimentally measured relative
rates on quasi-spherical Cu,O nanoparticles of 37 + 6 nm diameter,
quasi-spherical Cu,O nanoparticles of 145 + 41 nm diameter, Cu,O
nanocubes of 92 & 13 nm edge length, Cu,O nanocubes of 165 + 26
nm edge length, and Cu,O nanocubes of 325 + 37 nm edge length,
respectively. The rate of MB DSD on quasi-spherical Cu,O
nanoparticles of 37 + 6 nm diameter is used as a reference.

is their high extinction cross-sectional values in the MB dye-
sensitization region (i.e, 590—670 nm), as seen from Figure
4a. Moreover, the dielectric Mie resonance-enhanced dye
sensitization causes the 165 nm nanocubes to exhibit
approximately 1 order of magnitude (~9 times) higher dye-
sensitization rate as compared to 37 nm nanospheres, in which
the Mie resonance is absent (see Figure 4b and Table S1 in
Supporting Information).

The structure—property—performance relationships devel-
oped in this contribution can be used for designing a wide
range of other DSP systems. For example, when the Cu,O
nanostructures are used for DSP system consisting of a dye
that absorbs in the shorter wavelength region (e.g., 460—500
nm), our model shown in eq 1 predicts that optimum sizes of
Cu,O nanostructures move toward smaller sizes (e.g., 120—
150 nm Cu,O nanocubes in Figure 4a). Similarly, for dyes that
can absorb in the near-IR wavelength region (e.g, 800—900
nm), the optimum sizes are predicted to move toward larger
sizes (e.g, 240—270 nm Cu,O nanocubes in Figure 4a). The
approach demonstrated in this study can also be used to design
DSP systems that can involve a wide range of combinations of

https://doi.org/10.1021/acsanm.2c00730
ACS Appl. Nano Mater. 2022, 5, 6699—6707


https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00730/suppl_file/an2c00730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00730/suppl_file/an2c00730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00730/suppl_file/an2c00730_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00730/suppl_file/an2c00730_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00730?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00730?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00730?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00730?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c00730?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

medium- and high-refractive-index semiconductors and dye
molecules. Our FDTD simulation results shown in Figure S4f—
u in the Supporting Information predict that such combina-
tions can include semiconductors such as CeO,, CuO, a-
Fe,0;, and TiO, and appropriate dye molecules that can
absorb anywhere in the visible and near-IR wavelength regions.
The energy levels of these dye molecules need to be in
alignment with the conduction bandedge of the semi-
conductors so that the excited electrons can be transferred
from the dye molecules into the semiconductor.

To investigate the stability of Cu,O nanoparticles under the
investigated DSD conditions, Raman spectroscopy of the
quasi-spherical Cu,O nanoparticles of 145 + 41 nm diameter
was performed with a WITec alpha300 R confocal Raman
microscope, equipped with a 532 nm laser. Ensemble-averaged
acquisitions were sampled from Cu,O aggregates after aliquots
of 0.1 mL were directly spotted from colloidal suspensions on
microscope slides and left to dry. For single-particle
acquisitions, the colloids were diluted 100X in ethanol before
spotting and drying. The single particles were located from
their strong Mie scattering images (diffraction-limited).
Spectra of aggregates were collected using a 20X objective
lens of 0.40 numerical aperture (NA). Spectra of single
nanospheres were acquired using a 100X objective lens of 0.90
NA. We employed a 600 lines/mm grating and 100 pm
confocal aperture (fiber diameter). The laser spot diameters
were adjusted to 25 and S um, respectively. The signal was
integrated for 100 s. The laser power was optimized
(maximized) to the onset of spectral shifting, caused by laser
heating.

Representative Raman spectra of ensembles (aggregates)
and single particles are shown in Figure 5a,b, respectively, for
the following three cases: the as-prepared fresh Cu,O
nanoparticles; Cu,O nanoparticles after equilibrating with
MB and before exposing to light illumination (f = 0 h); and
Cu, O nanoparticles exposed to 4 h of light illumination under
DSD conditions (t = 4 h). In Figure Sa,b, the strongest Raman
peak at 215 cm™ is a second-order overtone 2I'},—, which is
characteristic of crystalline Cu,0.** The second strongest peak
at 630 cm™! is assigned to the infrared-allowed I';;~ (TO)
mode in Cu,O crystals.”* The third strongest peak at 415 cm™
is attributed to the overtone of four phonons, 3I'}, + I'y;, in
crystalline Cu,0.”* On the other hand, the strongest
characteristic peaks of CuO, being at 298, 330, and 602
cm”), are not detected.”* Therefore, all spectra are character-
istic of Cu,O, and the CuO phase is not detectable. These
results confirm that Cu,O nanoparticles are stable and do not
undergo oxidation under the DSD conditions investigated in
this study.

4. CONCLUSIONS

In conclusion, we have demonstrated that the rate of dye
sensitization can be enhanced in the presence of semi-
conductor nanostructures with dielectric Mie resonances.
Using FDTD simulation results, we have developed the
structure—property—performance relationship for the dielectric
Mie resonance-enhanced dye sensitization. The predicted
volcano-type relationship between the rate of MB dye
sensitization and the size of Cu,O nanostructures is
experimentally verified using the rate measurements of MB
DSD in the presence of Cu,O nanospheres and nanocubes of
different sizes. The flexibility of tuning the dielectric Mie
resonance peaks across the visible and near-IR regions by
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Figure S. Representative Raman spectra of quasi-spherical Cu,O
nanoparticles of 145 + 41 nm diameter samples for the three cases:
fresh; t = 0; and t = 4 h. The spectra shown in (a,b) are measured
from ensembles (aggregates) and single particles, respectively. Fresh
samples are the as-prepared Cu,O samples. The T = 0 h sample
represents Cu,O particles after equilibrating with MB and before
exposing them to light illumination. The T = 4 h sample represents
after 4 h of light illumination under DSD conditions.

controlling the size of the dielectric nanostructures marks their
applicability to a wide range of DSP systems. Specifically, the
findings of this contribution open a novel approach to design
efficient DSP systems that can involve semiconductors such as
CeO,, CuO, Cu,0, a-Fe,0;, and TiO, and a wide range of
visible- and near-IR-responsive dye molecules.
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