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Photocatalytic reactions and their magnetic-field enhancement present significant potential for practical
applications
photocatalytic reaction by externally applied magnetic field and plasmonic enhancement in a micro

in green chemistry. This work presents the mutual enhancement of plasmonic

optofluidic chip reactor. The tiny gold (Au) nanoparticles of only a few atoms fixed on the surface of
titanium dioxide (TiO,) nanoparticles lead to mutually boosted enhancement photocatalytic reactions
under an external magnetic field and plasmonic effects. The dominant factor of adding green light to the
photocatalytic reaction leads to the understanding that it is a plasmonic effect. The positive results of
adding ethanol alcohol (EA) in the experiments further present that it is a hot electron dominant path
photocatalytic reaction that is positively enhanced by both the external magnetic field and plasmonic
effects. This work offers great potential for utilizing magnetic field enhancement in plasmonic

rsc.li/rsc-advances photocatalytic reactions.

Introduction

Surface plasmons'~ are the wave modes of light at the interface
between negative (metal) and positive (dielectric or semi-
conductor) permittivity materials. The induced plasmon energy
on a metal nanoparticle can be delivered elastically or inelas-
tically by transferring light energy to nearby materials.® Optical
scattering and trapping by metal nanoparticles to the nearby
photocatalysts can increase the photon flux flow through pho-
tocatalytic nanoparticles,**® thus enhancing the photocatalytic
reaction through the plasmon elastic decay path. On the other
hand, numerous inelastic decay paths, e.g., plasmon-induced
energy transformation (PIRET),*“** quantum hot-charge
carriers (QHCs),***® or simply plasmonic-heating, also
enhance photocatalytic reactions. The indirect or direct heating
by induced plasmons can increase the local temperature to
enhance the photocatalytic reactions, which the Arrhenius
equation can explain.*
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By a unique inelastic decay path, the generated plasmon can
be transformed into quantum hot-charge carriers (QHCs)
through Landau damping with intraband and interband elec-
tron transitions under the quantum confinement of a few
nanometer-sized metal particles.***** Plasmonic hot-carrier
collection over a tunable Schottky barrier enables additional
energy harvesting at a metal-semiconductor interface, while
gold produces holes hotter than electrons by 1-2 eV.*® The
additional harvested energy can compensate for the energy in
the photocatalytic reactions.” The decorated metal nano-
particles lead to highly efficient plasmonic photocatalytic
reactions through enhanced light energy harvesting and
conversion efficiency.

Various paths of energy transformation or mechanisms,
including chemical and physical models, are used to explain the
enhancement of plasmonic photocatalysis.® Different experi-
mental setups can selectively identify the mechanism of plas-
monic enhancement in photocatalytic reactions.'® However, the
plasmonic effects on photocatalysis are still an intriguing field
that can interfere with other physical phenomena and is not
easy to understand.

The enhancement by an externally applied magnetic field of
photocatalytic reactions'»*'*° is also a difficult-to-understand
research topic.””*" At the beginning of relative research works,
some composite photocatalysts containing magnetic nano-
materials have attracted considerable interest as they can be
easily collected and recycled after use. Wakasa's group later
discovered that the non-magnetic photocatalyst TiO, presents
improved processing efficiency under an external magnetic
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field.*® This important and environmentally beneficial method
is easy to continuously process by adding an external magnetic
field by magnets to enhance the photocatalytic reactions
without extra power consumption.>**

After this, many novel works have applied additional
magnetic fields to enhance photocatalytic reactions. A ferro-
magnetic ZnFe,0, (ZFO) photoelectrode with improved ferro-
magnetic property performance significant enhancement of
high-efficiency photoelectrochemical process that assigned to
electron spin polarization of the ferromagnetic ZFO photo-
electrode regulated by the magnetic field.>* The spin state loss
of excited electrons leads to numerous photoinduced electrons
in the same spin state as holes and unfavorable recombination
during light excitation. The chiral structure in zinc oxide (ZnO)
can induce the spin selectivity effect to promote photocatalytic
performance.®® The polarized carriers possess a prolonged
carrier lifetime and increase the triplet species instead of singlet
byproducts during the reactions, i.e., higher activity contami-
nant photodegradation than the achiral ZnO. The magnetic
field-derived spin polarization reduced the charge recombina-
tion in cadmium sulfide (CdS).** It improved the interface
transfer efficiency between CdS and molybdenum disulfide
(MoS,), which resulted in a 3.89-fold improvement of the pho-
tocatalytic hydrogen production under an external magnetic
field. The magnetic field-regulated spin polarization further
explains the coupling between the magnetic field and photo-
catalytic activity.>® The transition of the electron-spin state
contributes to charge transfer within the photocatalyst.*® At the
same time, spin polarization can promote the orbital interac-
tion between the catalyst and reactants/intermediates for
binding to the reactants, promoting the formation of reactive
oxygen species.>®

A magnetic field can also conduct the Lorentz force, which
effectively regulates the separation and transfer of photo-
generated carriers in the photocatalytic process.*”** Thus, the
lifetime of the hot charge carriers is prolonged to trigger more
photocatalytic reactions.

The plasmonic effect and the magnetic field enhancement
are separately demonstrated to enhance photocatalytic reac-
tions. However, are they able to combine to enhance the pho-
tocatalytic reactions? The applied magnetic field can modulate
the generated hot charge carriers or surface plasmon polar-
itons. However, the magnetic alignment of the intrinsic spin of
the holes or electrons can also be disturbed by plasmonic
heating on metal nanoparticles. What if and how were the
external magnetic field and the plasmonic effects involved in
the same experimental setup?

In this paper, we present an experimental setup for studying
the corporate effects of magnetic field and plasmonic
enhancement in a micro optofluidic chip reactor (MOFC)***°
that is beneficial in small size, low power consumption and
little waste in the modern framework of green chemistry. The
transparent glass substrate of the chip reactor allows ultraviolet
(UV) light to enter from beneath and can also be used as
a planner waveguide to supply optical energy of visible light.
Using waveguides to deliver energy can increase the harvest
efficiency of visible light for photocatalytic reactions.® The
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propagating visible light illuminates the deposited Au-TiO,
through numerous internal reflections inside the plane
waveguide.

Furthermore, in longtime experiments the small chip size of
several centimeters allows an easy setup of magnet pairs for
a stable magnetic field in a defined direction.'*** Based on
experimental results, we present the mutual enhancement of
the plasmonic effect and apply an external magnetic field to the
photocatalytic reactions on Au-TiO, nanoparticles.

Results and discussion

Material analysis

On the chip substrate of the MOFC reactor, the pre-deposited
P25 TiO, nanoparticles (Degussa, Sigma-Aldrich) were deco-
rated with Au (gold) nanoparticles by UV light-assisted reduc-
tion of Au" ions. The decorated Au nanoparticles mediated the
light energy harvest and conversion in some processes with the
illumination of UV light and selectively provided visible light of
various colors.

Fig. 1(a) presents the surface morphology and microstruc-
ture of photocatalysts by transmission electron microscope
(TEM). The granular particle size of the Au-TiO, nanoparticles
was primarily around 23 nm, resembling that from the
commercial data. The TEM image cannot identify the decorated
Au nanoparticles (NPs). The energy-dispersive X-ray spectros-
copy (EDS) measurement in Fig. 1(b) presents that the Au
existed but was lower than 0.5 weight percentage (wt%). This
means the Au NPs were unobservable tiny nanoparticles or just
fixed atoms on the surface of TiO, NPs. Therefore, it is chal-
lenging to find Au NPs even in TEM measurements.

As shown in Fig. 1(c), the X-ray diffraction (XRD) measure-
ments can only observe the original diffraction peaks of anatase
and rutile of commercial P25 TiO, that are denoted as “a” and
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Fig. 1 (a) Transmission image, (b) EDS in TEM measurements, and (c)
XRD measurements of Au-TiO, nanoparticles. The embedded
pictures provide details of Au's tiny peaks.
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“r,” respectively. The major anatase peaks (JCPDS 21-1272) can
be found at 25.281°, 36.946°, 37.8°, 38.575°, 48.049°, 53.89°,
55.06°, 62.688°, 68.76°, and 75.029°. The major rutile peaks
(JCPDS 21-1276) can be found at 27.446°, 36.085°, 54.322°,
64.038°, and 69.008°. No apparent Au peaks were found in the
XRD measurements due to a loading lower than 0.5 wt%, high
dispersion, or low crystallinity. Therefore, the photo-
synthesized decoration process of Au NPs makes little differ-
ence in the crystal structure of the TiO, NPs. Only the peaks of
TiO, were observed.

X-ray photoelectron spectroscopy (XPS) was performed
further to identify the chemical states of Au-TiO, NPs with
various binding energies (B.E.), as shown in Fig. 2. The survey
spectrum in Fig. 2(a) revealed the presence of Au 4f, Ti 2p, O 1s,
and C 1s. The other peaks are ascribed to different orbitals and
auger electrons from the above elements. The C 1s peak was
from the adventitious impurities. Fig. 5(b) shows that the
dominant peaks at binding energy 458.7 and 464.5 eV were Ti*"
2pss» and 2p,, from titanium dioxide,*® with a splitting width of
around 5.5 eV."!

In Fig. 2(c), the peaks at binding energy 83.1 and 86.8 eV
indicated the doublet of metallic Au, while the peaks at 83.5 and
88.5 eV were attributed to the doublet of Au™. The peaks of Au®*
were not identified in the result of the fitting date. The results
show that the Au®" ions were reduced to Au® or Au" and fixed on
the surface of the TiO, nanoparticles. The unreduced Au** ions
were flushed away by deionized (DI) water cleaning in the
sample preparation processes. The covered volume of the Au
peaks was much lower than that of Ti peaks and presented
a very low loaded wt% of Au. The results resemble that of EDS
measurements and XRD measurements. Only very tiny Au
particles or atoms are fixed on the surface of TiO, NPs.

Spectral measurements

UV-visible diffuse reflectance spectroscopy is used to measure
the optical absorbance of the photocatalysts, as shown in
Fig. 3(a). TiO, absorbed light from 300 nm to 400 nm, while
additional loading of Au NPs led to the slight enhancement of
visible light harvesting from 400 to 800 nm. As shown in
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Fig. 2 (a) Survey scan, (b) Ti peaks, and (c) Au peaks in XPS data.

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

View Article Online

RSC Advances

@3 (b) 00
—Ti0:

0.008

— Au-TiO:

0.006

Absorbance

0.004

Absorbance difference

0.002

0
400 450 500 550 600 650 700 750 800
Wavelength (nm)

200 300 400 500 600 700 800 900
Wavelength (nm)

(c)4s
4 —Ti0:

35 AWTO

seeeee fitting

3

$25

1/21y):

L5

1

25 27 29 3.1 35 3.7 39

33
hv (eV)

Fig. 3 (a) Absorbance spectrum, (b) difference in absorbance by “Au—
TiO,," and (c) Tauc plot of TiO, and Au-TiO, nanoparticles.

Fig. 3(b), the difference in absorbance between Au-TiO, and
TiO, samples in Fig. 3(a) is very small. However, the typical
plasmonic absorption peak at around 550 nm is identifiable in
Fig. 3(b), depicting the presence of decorated metal gold
nanoparticles. Due to the meager loading quantity of Au
nanoparticles, the enhancement of light absorbance is minimal
in the visible light region. However, the absorbance enhance-
ment of 300-350 nm UV light is much more significant than the
visible light band. This also shows that the decorated Au
nanoparticles are much more likely to be diverse tiny islands of
few atoms on the surface of TiO, nanoparticles. Decorated Au
nanoparticles of the Au-TiO, sample increase the light harvest
efficiency of wavelength from 300 nm to 350 nm compared to
that of pure TiO,. This is the plasmonic trapping/focusing effect
of Au nanoparticles. As shown in Fig. 3(c), the Tauc plot with
linear fitting converted from the absorbance spectrum indicates
that the bandgap of the TiO, or Au-TiO, nanoparticles is all
around 3.1 eV. Due to the limitation of the direct deposition
method, the deposited TiO, layers are thin and can be stably
fixed on glass. The absorbance spectrum is the mixed effects of
a thin TiO, porous layer and the glass substrate, with the fitting
value slightly smaller than typical P25 TiO, nanoparticles.*
However, the thin deposition thickness of the TiO, layer can
lead to an averaged chance of getting the diffused Au®" ions
from the HAuCl, solution in the Au nanoparticles decoration
process.

Magnetic hysteresis measurements

The magnetization of the TiO, and Au-TiO, in various magnetic
fields circulating two runs presents anti-ferromagnetic
responses in magnetic hysteresis (Fig. 4). No apparent magne-
tization hysteresis effect exists under a 12000 Oe external
magnetic field.

Photocatalytic reaction

The experimental results, see Fig. 5(a), presented the effective
photocatalytic degradation of methyl orange (MO, C, = 10 uM
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substrate have been removed.
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Fig. 5 (a) Four hours of photocatalytic degradation of MO under
various light illumination and with or without an external magnetic
field. (b) Statistical data on photocatalytic MO degradation under
different light illuminations and with or without an external magnetic
field. (c) Four hours of photocatalytic degradation of MO “"with EA”
under various light illumination and with or without an external
magnetic field. (d) Statistical data on photocatalytic MO degradation
“with EA" under different light illumination and with or without an
external magnetic field.

in origin) dissolved in water processed by 254 nm UV light
illumination on Au-TiO, nanoparticles. The experiments are
processed with a sequential circulation of the various arrange-
ments. The average and errors of experimental results for
various arrangements present a consistent performance of the
magnetic field-modulated plasmonic photocatalytic reactions.

With 4 hours of processes, the reserved MO concentration
ratio (C/C,) decreased to about 0.7-0.8. “UV” denotes that all the
experiments were processed with 254 nm UV light illumination.
The experiments processed “without” and “with” 360 Oe
external magnetic fields and are marked as solid and dashed
lines, respectively. Blue, green, and red colors mark the exper-
iments with the illuminations of additional visible light from
various color light emitting diodes (LEDs).

As shown in Fig. 5(b), the data from numerous experimental
runs presents the plasmonic enhancement of the photocatalytic
degradation of MO molecules in solution under additional
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illumination of red, green, and blue visible light. The addi-
tionally applied magnetic field can further strengthen the
plasmonic enhancement of photocatalytic reactions.

In the experiments of additional dissolved EA, as shown in
Fig. 5(c) and (d), the MO concentrations of various experiments
were also decreased with the increased processing time. With 4
hours of processes, the MO concentration ratio (C/C,) decreased
to about 0.65-0.75. “EA” denotes the experiments processed by
adding EA to the solution. In the experiments with EA but
without an external magnetic field, as shown in Fig. 5(b), the
additional illumination of visible light, on average, presents
little effect on the photocatalytic reactions. The extra blue light
illumination had a slightly better enhancement, but only 1%.

However, in the experiments of external magnetic field and
additional EA, the additional blue and green light led to a 3-4%
further enhancement of the plasmonic photocatalytic degra-
dation of MO. The numerous experimental data, on average,
presented that the external magnetic field, the dissolved EA,
and the additional visible-light-induced plasmonic effects
positively enhanced the photocatalytic degradation of MO in
combination.

The light scattering/trapping effect of decorated Au nano-
particles (0.5 nm in diameter), as shown in Fig. 6(a)-(h),
substantially enhanced field intensity around and in the TiO,
nanoparticles (22 nm in diameter).

In a specific polarization, E,, the 254 nm background light of
1V m™ " in origin propagation in the positive z-direction can be
enlarged to 2 Vm™ ' even by a 0.5 nm tiny Au nanoparticle at the
adjacent area; see Fig. 6(b). Furthermore, the 518 nm light can
be trapped on the decorated Au nanoparticles and introduce
plasmonic energy transformation for plasmonic photocatalytic
reactions. The calculated loss spectra of Au and TiO, nano-
particles, as shown in Fig. 6(i), present their selective utilization
of visible and UV light, respectively. In our experience, the larger
or more TiO, nanoparticles will have a similar energy loss
spectrum resembling the absorbance spectrum in Fig. 3(a).

The photocatalytic degradation of MO proceeds in the
following steps:

TiO; + hv — TiO, (hVB™) + TiO, (eCB™)
TiO, (hVB") + H,0 — TiO, + H" + OH~
TiO, (hVB") + OH™ — TiO, + *OH
Dye + *OH — degradation products
TiO, (eCB™) + O, — TiO, + *O*~
*0?" + H" — *HO*"
Dye + *HO?>~ — degradation products.
Adding EA to the solution positively enhances the plasmonic
photocatalytic reactions in this work. EA is typically the hot hole

scavenger in photocatalytic reactions by TiO, nanoparticles.
The prohibition of the hot hole reaction path usually leads to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Finite element numerical calculation of scattering electric field
intensity of 254 nm incident light that incident at z (a), (c) and x (b), (d)
direction, and 512 nm incident light that incident at z (e), (g) and x (f), (h)
direction. (a), (b), (e) and (f) are the zoom-in pictures of the red rect-
angular area marked in (c), (d), (g) and (h), respectively. (i) Calculated
energy loss spectra of the Au and TiO, nanoparticles.

a decreased photocatalytic processing efficiency. This can be
seen in the previous works by pure TiO, nanoparticles in the
same system.>*

However, adding EA positively enhances the plasmonic
photocatalytic reactions processed with Au-decorated TiO,
nanoparticles. The fixed tiny Au nanoparticles alter the photo-
catalytic reaction path from the hot hole path dominant process
for pure TiO, nanoparticles to the hot electron path dominant
process for Au-TiO, nanoparticles. As shown in Fig. 3, the
absorbance spectrum of tiny Au nanoparticles presents the
potential to generate more and trap the UV light-induced hot
electrons and enhance the photocatalytic degradation of methyl
orange in solution. The spectral measurements in Fig. 3 present
the extra absorption of UV light at 300-350 nm, thus also
leading to an enhanced photocatalytic reaction by Au-TiO,
nanoparticles. The addition of EA further reduces the generated
hot holes in the TiO, side and reduces the recombination and
attraction with the hot electrons.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the photocatalytic processing efficiency
reached a maximum average value with the additional green
LED illumination among all the experiments in this work. The
application of red and blue light did not present a meaningful
enhancement. Greenlight is the typical plasma frequency of Au.
This means that even though the size of the decorated Au
nanoparticles is too small to be identified in material charac-
terization results, they also have a low but meaningful optical
response. This can also be observed in spectral measurements
in Fig. 3 and numerical calculations in Fig. 6(i).

The photocatalyst used in this work is mostly TiO,. There-
fore, UV light is crucial in triggering the photocatalytic reaction.
However, this work demonstrates that additional visible light
illuminations can further boost the photocatalytic reaction,
even with decorated gold nanoparticles lower than 0.5 wt%.
This means that the photocatalyst of Au-TiO, composites will
be more efficient than pure TiO, under sunlight illuminations
of visible light. The 0.5 wt% decoration of gold will only add
a little cost to the fabrication processes of the photocatalyst but
introduces a potential possibility to enhance photocatalytic
reactions.

The boosting mechanism of the photocatalytic reaction is
crucial in this work. We are going to discuss it in several
viewpoints.

Typically, the decorated Au metal nanoparticles with low
potential energy can be a reservoir of the induced hot electrons
generated on the contacted TiO, nanoparticles under 254 nm
UV light illumination. The generated plasmons on decorated Au
nanoparticles can enhance plasmonic photocatalysis in various
energy transformation paths.’ The additional light energy may
not be able to induce the photocatalytic reaction directly but can
compensate for the required chemical energy.® As shown in
Fig. 7, in Au-TiO, systems of the TiO, nanoparticles with the
decorated few-atoms Au nanoparticles, the hot electron path is
the dominant process that can be strengthened by applying
plasmonic electromagnetic energy. The added EA can attract
and reduce the UV light-generated hot holes. The hot electrons
are more likely to be reserved for the reaction's dominant path
on “Au-TiO, nanoparticles”. The additional green visible light
can compensate for the insufficient chemical energy and
enhance the plasmonic photocatalytic reactions through a hot
electron path on decorated Au nanoparticles.

Fig.7 Schematics presents the proposed mechanism of the magnetic
field-affected plasmonic photocatalytic reaction.
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The experimental data also presents observable magnetic
field enhancement of plasmonic photocatalytic reactions, ie.,
the experiments of both additional visible light and external
magnetic field offer the best photocatalysis efficiency. The
experimental results show that the externally applied magnetic
field can strengthen the dominant plasmonic enhancement
paths in photocatalytic reactions in the Au-TiO, hybrid nano-
particles in this work. From a typical viewpoint, applying
additional visible light can create localized surface plasmons on
the decorated Au nanoparticles through plasmonic heating.'®*
The increased local temperature can limit the magnetic field
effect. However, this did not happen in the photocatalytic
reactions in this work.

By a special inelastic decay path, the generated plasmon can
be transformed into quantum hot-charge carriers (QHCs)
through Landau damping with intraband and interband elec-
tron transitions under the quantum confinement of a few
nanometer-sized metal particles.***™* The effects of the singlet-
triplet intersystem crossing of radicals and the Lorentz force
further suppressing the recombination of photogenerated
electrons and holes can enhance the photocatalytic reactions
when introducing an external magnetic field.” Plasmonic hot-
carrier collection over a tunable Schottky barrier enables addi-
tional energy harvesting at a metal-semiconductor interface,
while gold produces holes hotter than electrons by 1-2 eV.** The
additional harvested energy can compensate for the energy in
the photocatalytic reactions.” The decorated metal nano-
particles lead to highly efficient plasmonic photocatalytic
reactions through enhanced light energy harvesting and
conversion efficiency.

By applying an external magnetic field, the spin polarization
can also promote the orbital interaction between the catalyst
and reactants/intermediates for binding to the reactants,
promote the formation of reactive oxygen species,*® and
increase the triplet species instead of singlet byproducts®* for
higher activity contaminant photodegradation. The tiny-sized
Au nanoparticles can be quantum wells for plasmon conver-
sion to high-energy quantum hot charge carriers that compen-
sate for the energy needed to break through the chemical
potentials of the photocatalytic reactions.'®**** Applying an
external magnetic field can also introduce the induced spin
selectivity that can enhance the photocatalytic reactions by
prolonging the generated hot charge-carrier lifetime by
reducing the charge recombination process.**-** The transition
of the electron-spin state contributes to charge transfer within
the photocatalyst conducting the Lorentz force.®>*% It
improves the interface transfer efficiency,*® which allows more
polarized charge traveling between TiO, and decorated Au
nanoparticles. The quantum hot electrons aligned by the
external magnetic field thus further enhance the photocatalytic
reactions by the energy of visible light.

Therefore, light-generated hot electrons tend to move to
decorated low-potential Au nanoparticles for advanced
enhancement of photocatalytic reactions. The QHC generation
under a magnetic field is believed to be converted to polarized
charges of additional compensated energies. Applying an
external magnetic field thus further enhances the plasmonic
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photocatalytic reactions. Introducing ethanol alcohol as the
hole scavenger quickly reduces the light-generated holes and
the recombination of high-activity hot electrons. Therefore,
light-generated hot electrons are the dominant path and can be
enhanced by additional visible-light-driven plasmonic and
magnetic field-driven spin-polarization effects.

Experimental

Synthesis of material

A blank glass slide was used as the substrate of the MOFC
reactor. The 0.1 g P25 TiO, NPs were homogenously dispensed
in the 100 mL DI water and stirred to a homogeneously sus-
pended gel solution. The P25 gel solution of suitable volume
(~0.5 mL) was carefully dropped to the area (15 x 25 mm?®) on
the glass slide of no tape protection and dried in ambient
condition with a cover of a plastic Petri dish for several days.
The protection tape was later removed when the TiO, layer was
dehydrated.

The homogeneously deposited layer of P25 TiO, nano-
particles was then decorated with Au nanoparticles by UV light-
assisted reduction of Au" ions. The samples of the TiO, layer
were illuminated with 254 nm UV light from a 4 W mercury tube
lamp for 20 min. When the 254 nm UV light was turned off,
a suitable volume of HAuCl, solution was then dropped on the
activated TiO, layer and kept static with a plastic Petri dish
cover in ambient condition for another 20 min. The Au' ions
can get the light-generated hot electrons on the TiO, NPs to
fabricate tiny decorated Au NPs.*> After that, the sample glass
substrate with Au-TiO, deposited layer was cleaned with dilute
ion water, dried at 60 °C, baked on a hot plate in the air, and
ready to fabricate the MOFC reactor.

The Au decorated TiO, (Au-TiO,) samples were characterized
by the material analysis tools, transmission electron micro-
scope (TEM, Hitachi S-4800), X-ray diffraction (XRD, Rigaku
SmartLab SE), X-ray photoelectron spectroscopy (XPS, Thermo
Scientific). The TEM inspection provides details of material
structures and energy-dispersive X-ray spectroscopy (EDS)
analysis to allocate the decorated Au NPs. The XRD analysis
helps to characterize the crystal of the synthesized nano-
particles with Cu Ko irradiation in the range of 10° to 80°. The
XPS measurement provides details of the surface elemental
composition of photocatalysts on the theta probe. The optical
responses of the fabricated samples were also characterized by
a UV-visible light spectrometer (Agilent Carry 300).

Photocatalytic reaction

This work introduced a dual-light source MOFC reactor to
process magnetic field-modulated plasmonic photocatalytic
reactions, as shown in Fig. 8. Using a high-efficiency MOFC
reactor aims to set up a thin micro-planar flow under light
illumination and the application of the magnetic field. This
makes it capable of revealing the effects of a magnetic field in
a specific direction and the plasmonic effects.

The closed-loop MOFC** was constructed with a substrate of
a typical glass slide and a plastic cape with sunken structures to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematics of (a) chip fabrication process, (b) experimental
setup of photocatalytic reaction, (c) light illumination and magnetic
field arrangement inside the MOFC reactor. (d) Picture of the experi-
mental facilities. (e) Intensity spectra of various light sources, including
those from the Hg tube lamp and the blue, green, and red LEDs. (f) It is
the same MOFC reactor that turns on different LEDs.

define the rectangular fluidic channel. The plastic cap was
fabricated by UV-cured glue (the UV-curable Norland Optical
Adhesive; NOA81) on a pre-structured polydimethylsiloxane
(PDMS) mold. The system's design includes a MOFC, magnets
for supplying a static magnetic field, a UV light source to
provide energy for photocatalytic reactions, a micro-fluidic
circulation pump, and a recording system to read out the real-
time concentration of methyl orange.

Fig. 1(a) shows that a silicon-based first mold was produced
via ICP deep dry-etching to fabricate the chip reactor after a SiO,
hard mask was prepared. The mold was heated to 75 °C for
20 min to solidify the covered thick polydimethylsiloxane
(PDMS) layer as the second mold.

The NOAS81 polymer cap was fabricated using the PDMS
mold under UV light illumination. The NOA81 polymer cap
layer was quickly stripped from the PDMS mold, fixed on a glass
slide of pre-deposited Au-TiO, layer for further UV light illu-
mination, and solidified. Next, two holes were drilled into the
NOAS81-capped layer, where micro-tips were glued using NOA81
for the test solution to flow in and out of the micro reaction
area.

On the chip substrate, the pre-deposited P25 TiO, nano-
particles were decorated with Au nanoparticles by UV light-
assisted reduction of Au’ ions before fixing the fabricated
NOA81 cap. The decorated Au nanoparticles mediated the light
energy harvest and conversion in some processes selectively

© 2024 The Author(s). Published by the Royal Society of Chemistry
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illuminated with UV light and additional visible light of various
colors.

Fig. 8(b) and (d) presents the schematics and a picture of the
experimental setup. A 4 W low-pressure mercury tube lamp
beneath the chip substrate provides 254 nm UV light to trigger
the TiO, nanoparticles’ photocatalytic reaction directly. The
selective addition of visible lights from red, green, and blue
LEDs, as shown in Fig. 8(c), (e) and (f), triggers plasmonic
heating or energy compensation to enhance the photocatalytic
reactions further. The glass substrate of the chip reactor can
also be used as a planner waveguide to supply optical energy.
The visible lights were guided inside the plane chip substrate to
reduce the absorptions by the target pollutes of methyl orange
dissolved in the test solution. In the various preliminary tests,
the direct illumination of visible light can lead to quick decay of
the low-pressure mercury lamp. Therefore, the UV and visible
lights were arranged for delivery in two different paths. The
experimental setup of the dual light sources presents plasmonic
effects under UV light with or without various additional visible
lights.

As shown in Fig. 8(b), the methyl orange (MO) test solution
was circulated in a closed fluid system consisting of tubing
(TYGON E-3603 tubing, Saint-Gobain Performance Plastics,
USA) and a 25 mL glass bottle reservoir. A peristaltic pump
propelled the four-hour flow circulation processes of the pho-
tocatalytic reaction per experiment by turning on various light
sources. The transmission of 465 nm blue light through the
glass reservoir measured the reserved concentration of the
methyl orange molecules every minute.

For an advanced understanding of the effects of hot charge
carriers by plasmonic enhancements and magnetic field effect
on the photocatalytic reaction, additional experiments were
conducted with another 0.16 mL extra absolute ethanol alcohol
(EA) in the 20 mL test solution. EA is the scavenger of the UV
light-generated hot holes (hVB") in TiO,. In these experiments,
adding ethanol alcohol eliminates chemical process steps
(2)-(4). On the other hand, the recombination of the hot charge
pairs is also eliminated due to the removal of the generated hot
holes. More hot electrons (eCB™) can be used in the photo-
catalytic reactions.

Fig. 8(b) shows four pairs of neodymium magnets supplying
an external magnetic field of about 360 Oe parallel to the chip
substrate surface and perpendicular to the fluid direction. An
additional magnetic field modulated the plasmonic effects on
Au nanoparticle’s photocatalytic reactions triggered by sepa-
rately applied visible lights.

Conclusions

The material characterization presented that only a few Au
atoms fixed and formed tiny nanoparticles on the surface of the
TiO, nanoparticles. The tiny Au nanoparticles lead to mutually
enhanced photocatalytic reactions under an external magnetic
field and plasmonic effects. The dominant enhancement by
adding green light to the photocatalytic reaction leads to the
understanding that it is a plasmonic effect. The positive results
of adding EA in the experiments further present that it is a hot
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electron dominant path photocatalytic reaction that is positively
enhanced by both the external magnetic field and plasmonic
effects.
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