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Abstract

Research is being conducted on photocatalyst-based organic compound treatment processes for water purification
to decompose wastewater efficiently. An optofluidic reactor based on TiO, photocatalysis and nanoelectrokinetics
was presented recently to improve the efficacy of photocatalytic water purification. However, inefficient absorption
of visible light by TiO, materials hinders the effective utilization of solar energy. To address this issue, the uniform
formation and characterization of Au/TiO, nanoparticles for a plasmonic photocatalytic-based optofluidic platform
are studied to improve photocatalytic reactivity in visible light. The present study uses UV irradiation and spray spray-
ing for producing Au/TiO, NPs uniformly on microporous carbon fabric. Energy dispersive X-ray analysis (EDX), X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), scanning electron microscopy (SEM),
and X-ray diffraction (XRD) were used to assess the quality of the Au/TiO, NP-coated carbon fabric. Au NPs were uni-
formly obtained on the surface and inside the TiO, coating layer by UV irradiation-based photo-reduction, according
to SEM and TEM investigation. The interaction of Au NPs, TiO, NPs, and carbon fabric (CF) to improve electron trans-
port and charge separation on the photocatalyst surface is supported by XPS spectra. TEM and XRD analyses revealed
that all TiO, components in the Au/TiO, coating layer consisted of anatase having high photocatalytic activity. After
comparing the photocatalytic activity of TiO, and Au/TiO,-coated samples under solar-simulated light and a voltage
of 3V, it was found that the surface coated with Au NPs had a superior photocatalytic effect than the surface coated
with only TiO,.
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Introduction purify water by decomposing toxic organic pollutants

Photocatalysis has received a lot of attention because
it can not only convert CO, (the main cause of global
warming) into useful hydrocarbons like methane and
methanol [1, 2], but it can also produce oxygen and
hydrogen through water-splitting reactions [3, 4] and
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[5, 6] and microplastics [7, 8]. Regarding photocata-
lytic performance, reactor designs play a crucial role in
photocatalytic efficiency. Compared to the traditional
photocatalytic reactors, photocatalytic optofluidic micro-
reactors are a promising technique that brings together
the advantages of microfluidics with photocatalysis, pro-
viding high surface-to-volume ratio, short molecular dif-
fusion length, and high reaction efficiency [9]. Recently,
research has been conducted to increase the efficiency of
optofluidic-based wastewater treatment technology by
enhancing photocatalysis using a nonlinear electric field
in a microchannel [10]. UV light can induce the hetero-
geneous photocatalysis of titanium dioxide (TiO,), which
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can then oxidize organic molecules adsorbing on the sur-
face of the material into non-toxic compounds like CO,
and H,O [11, 12]. However, the ineffective absorption
of visible light by pure TiO, materials restricts the effec-
tive use of solar energy [13, 14]. For photocatalytic water
purification technology to be easily applied in an outdoor
setting, photocatalytic reactions must be able to occur
actively even by sunlight sources.

In this study, a plasmonic photocatalytic-based opto-
fluidic platform is developed through the simple and
uniform formation of Au/TiO, nanoparticles (NPs) on
porous carbon fabric to overcome existing limitations.
Au/TiO, NPs serve as plasmonic materials and enhance
photocatalytic activity in visible light. Combining Au
nanoparticles and TiO, is an effective strategy to enhance
the spectral responsiveness of photocatalysts to the vis-
ible light spectrum. In addition, it can also leverage pho-
tothermal effects to accelerate the degradation process
for organic compounds. The use of Au/TiO, NP photo-
catalysts in combination with porous carbon fabric can
enhance catalyst reactivity, efficiency, and sustainability
due to their high surface-to-volume ratio. This combi-
nation can also improve charge carrier separation and
decrease charge transfer resistance between TiO, and
carbon.

Materials and methods

Optofluidic reactor fabrication and Au/TiO, NPs synthesis
The components of the optofluidic microreactor include
a PMMA plate, a carbon fabric (CF) coated with Au/TiO,
NPs, a silicone rubber spacer with a microchannel pat-
tern, and a Nafion-coated indium-tin-oxide (ITO)-coated
glass (Omniscience, Korea) from bottom to top.

To improve the stability of the TiO, suspension, sodium
hexametaphosphate (SHMP; 96%, Sigma-Aldrich, Korea)
was added as an inorganic stabilizer. The carbon fabric
was made of microporous layer (MPL) coated with 30%
PTFE waterproofing on its underside (410-um thick,
W1S1011, NARA Cell-Tech, Korea). The MPL was
employed to prevent significant water flooding in the
carbon fabric and to provide adequate O, exchange. An
ultrasonic bath (DAIHAN Scientific, Korea) was used to
sonicate a 100 ml TiO, nanoparticle suspension compris-
ing 25 mg/ml TiO, NPs (Aeroxide P25, Sigma-Aldrich,
Korea) and 1 mg/ml SHMP for 10 min. 400 ml of isopro-
pyl alcohol (IPA) was mixed with the suspension before
being sprayed onto carbon fabric (10 cm x 10 cm). The
samples were baked for 5 min at 220 °C after being dried
at 80 °C. After washing with water, transfer the specimen
to a 1mM gold (III) chloride trihydrate (HAuCl,-3H,O,
Sigma-Aldrich, Korea) solution and irradiate 500 W UV
(365 nm UV LED, MERHOLE, China) for 4 h to form Au
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NPs on TiO,. Then wash with ethanol and dry at room
temperature.

A cutting device (Portrait 3, Silhouette Inc.) was used
to define the microchannel pattern in the silicone rub-
ber sheet. The width and length of the flow channel were
fixed at 2 and 190 mm, respectively. The microchannel
height was fixed at 200 um by the thickness of the silicon
spacer. A Nafion solution (600 uL, 5% w/w in water and
1-propanol, D-521, Alfa Aesar) was uniformly applied
to the electrically conductive side of the ITO glass
(6.5x3 cm) and baked at 80 °C for 1 h to remove the sol-
vent and form a thin Nafion membrane with an average
thickness of 10 um. The TiO,-nanoparticle-coated car-
bon fabric, silicone rubber spacer with a microchannel
pattern, and ITO glass with a Nafion coating were then
adhered layer by layer and sealed with silicone adhesive
(3140 RTV Coating, DOWSIL"™). In order to make the
optofluidic reactor easier to handle and connect with
tubing, poly methyl methacrylate (PMMA) plates were
laser-cut into the required pattern and assembled with
the device.

Characterizations

TEM and SEM imaging

The particle morphologies of the TiO, and Au NPs of the
CE/Au/TiO, samples were examined using a high resolu-
tion-transmission electron microscope (HR-TEM, JEOL
2100 E, JEOL, Japan) at 200 kV. The elemental analyses
of the Au/TiO, samples were conducted using an energy
dispersive X-ray spectroscope (EDX) equipped in the
HR-TEM.

The surface morphologies of the CF/Au/TiO, samples
were examined using a field-emission scanning electron
microscope (FE-SEM, JSM-7100 E, JEOL, Japan). The
elemental analyses of the CF/Au/TiO, samples were con-
ducted using an energy dispersive X-ray spectroscope
(EDX) equipped in the FE-SEM after coating the samples
with platinum.

XPS and XRD measurements

X-ray Photoelectron spectra (XPS, PHI 5000 VersaP-
robe, Ulvac-PHI, Japan) of CF/Au/TiO, samples were
measured with an XPS equipment of the advanced analy-
sis center of Korea Institute of Science and Technology
(KIST). The chemical states of the component element
of CF/Au/TiO,/ were analyzed by XPS. X-ray diffraction
(XRD) measurements were conducted using an X-ray
diffractometer (Dmax2500/PC, 2theta scan, GIXRD for
thin-film XRD) of the advanced analysis center of KIST.

Photocatalytic degradation
Photocatalytic degradation of rhodamine 6G (R6G,
Sigma-Aldrich, Korea) was carried out in the optofluidic
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reactor using a solar simulator at room temperature. A
50 uM concentration of R6G solution was injected into
the prepared optofluidic reactor using a syringe pump
(NE-1000, New Era Pump Systems Inc., Farmingdale,
NY, USA). The photocatalytic reaction was performed
in a standard AM-1.5 solar simulated light of the same
wavelength and intensity (1 sun=1000 W/m?) using a
solar simulator (PEC-L01, Peccell Technologies, Japan).
A microplate reader (BKMPR-1011, Konvision Inc.
Korea) was used to measure the absorption spectra after
the degraded R6G solution was collected from the out-
let. Using a picoammeter/voltage source (6487, Keithley
Instrument), a potential bias was applied between the
carbon fabric and ITO glass. Using the LabVIEW pro-
gram, a computer linked to the picoammeter/voltage
source via a GPIB card (PCI-GPIB, National Instruments)
captured the voltage and current signals.

The absorption spectra of the R6G solution that was
collected from optofluidic reactor were measured using
a microplate reader. The degradation percentage of R6G
(14¢¢) was calculated using the following equation:

Ip—1
x 100%

Ndeg =

where I, and I are the absorbances of the R6G solution
before and after the photocatalytic reaction, respectively.
The degradation percentage was evaluated by monitor-
ing the absorbance change of the R6G solution at a wave-
length of 492 nm.

Anatase

: e TiO,
A e (101)
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Results and discussion

TEM analyses of Au/TiO, NPs

The three processes that led to the successful fabrication
of the CF/Au/TiO, composite were TiO, spray coating
and thermal reaction, and photo-reduction of Au NPs by
UV light (Fig. 1A).

The morphology and element analysis of TiO, or Au
NPs were studied by HR-TEM and EDX analyses, respec-
tively. An enlarged observation (Fig. 1C) of the TiO,
coated parts of the TEM image (Fig. 1B) shows that the
anatase particles are connected to each other and formed
in cotton balls on the carbon fibers by thermal reaction
when spray coating and drying are repeatedly carried out
on a hot plate at 80 °C and then baked at 220 °C. Lattice
fringes (d-spacing) of approximately 0.33 and 0.35 nm
are observed in the matching HR-TEM image (Fig. 1C),
which can be indexed as the (101) plane of anatase TiO,.
The ternary composite “CF/Au/TiO,” is created by load-
ing Au NPs using the photo-reduction technique by UV
light after the CF/TiO, has been prepared. Figure 1D
and E show EDX elemental mapping image and the EDX
analyses of the CF/Au/TiO,, respectively. As shown in
Fig. 1D, Au NPs are evenly distributed on the surface and
inside of the TiO, cotton balls.

SEM analyses of Au/TiO, NPs

The components of the optofluidic microreactor include
a PMMA plate, a CF/Au/TiO, composite, a silicone rub-
ber spacer with a microchannel pattern, and a Nafion-
coated indium-tin-oxide (ITO)-coated glass from bottom

80°C dry
220°C bake

_Tféz sprﬁy
" coating *

Au 4285wt %
Total: 100.00 wt.%

Fig. 1 A Diagrammatic representation of the experimental techniques used for coating the Au/TiO, on carbon fabric. B, CTEM images of TiO,
in low- and high-resolution (HR). D, ETEM image and EDX elemental (Ti, Au) mappings of the Au/TiO, NPs on carbon fabric (CF)
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to top (Fig. 2A, B). The surface of the TiO, photocatalyst
coating needs to be coated with Au NPs to have a pho-
tocatalytic reaction using visible light energy. In this
study, the morphology and element analysis of CF/Au/
TiO, after coating and synthesis of TiO, and Au NPs
were studied by SEM and EDX analyses, respectively.
Figure 2C shows a schematically illustration about the
CF/Au/TiO,’s photocatalytic reaction mechanism when
exposed to visible light. As shown in Fig. 2D-G, the syn-
thesized Au NPs on the TiO, coated carbon fabric are
evenly dispersed on the surface in the form of single NPs.
Figure 2H shows EDX patterns of an Au/TiO2 NPs coat-
ing samples. Additional confirmation of the interaction
among Au NPs, TiO, NPs, and CF can be obtained using
XPS and XRD analysis.

XPS analysis of Au/TiO, NPs

In order to study the electrical structure, oxidation state,
chemical composition and interaction among TiO, NPs,
Au NPs and CF, XPS analysis was used. Figure 3A-D
show the high resolution XPS spectra of the CF/Au/TiO,
to characterize the valance states and the chemical envi-
ronment of atoms of main elements (C, O, Ti, and Au)
on the prepared composite surface. The XPS spectrum

A
Nafion-coated ITO
glass
Silicon spacer
Carbon Wl 1102 S AUNP R R ..
fabrics
PMMA plate * Outlet
Inlet

B Side view

M

Waste water Air exchange
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Purified water
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of C 1 s can be fitted to two peaks. The peak with the
binding energy of 284.6 eV is attributed to C-C and
C=C bond from CF (Fig. 3A). The peak with the bind-
ing energy of 291.8 eV is attributed to C-F, bond from
CF and waterproof coating (Fig. 3A). The O 1 s spectrum
displays a peak at 531.0, which are ascribed to lattice oxy-
gen of TiO, (Fig. 3B). The peaks located at binding ener-
gies of 465.5 and 459.8 eV are designated to the Ti 2p;,
and Ti 2p,,, spin—orbital splitting photoelectrons in the
Ti*Toxidation state, respectively, slightly shifting toward
higher binding energy, compared with those of the pure
bulk anatase. This shifting can be attributed to the trans-
fer of conduction band electron of TiO, to the CF and/or
Au NPs. The spin-orbital splitting between Ti 2ps,, and
Ti 2p,,, (5.7 eV) is accordance with the chemical state of
Ti** in the anatase TiO, (Fig. 3C). The peaks of Au 4f,,
and Au 4f;, are located at 84.3 and 88.0 eV respectively,
with the splitting of 3.7 eV, indicating loading Au NPs
on TiO, (Fig. 3D). Overall, the XPS spectra support the
interaction among Au NPs, TiO, NPs, and CE, which
could enhance electron transport and charge separation
on the photocatalyst surface. Additional confirmation of
this can be obtained using TEM, SEM, and XRD analysis
[15].

Carbon

Iight fabrics
: |

Fig.2 AThe optofluidic reactor consists of Nafion-coated ITO glass, silicon spacer, TiO, and Au nanoparticle-coated carbon fabrics (CFs), and PMMA
plate. B Cross sectional view of the optofluidic reactor. C Principle of the CF/Au/TiO,'s photocatalytic reaction when exposed to visible light. D SEM
images of the Au/TiO, NPs coating sample. E-G EDX elemental mapping images of Ti and Au for the CF/Au/TiO,. H EDX pattern of the Au/TiO, NPs

coating sample
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Fig. 3 High resolution XPS spectra of C 1s (A), O 1s (B), Ti 2p (C) and Au 4f (D) of the CF/Au/TiO,

XRD analysis of Au/TiO, NPs

The crystal structure of Au/TiO, was investigated by
XRD analysis (Fig. 4). XRD graph shows that rutile is
absent and all of the TiO,-coated surfaces produced in
this experiment are anatase phase, which is expected to
show high photocatalytic activity [16]. This is supported
not only by the XRD pattern of the material, but also by
the TiO, crystal structure shown in the HR-TEM image
(Fig. 1C). This may be due to synthesis of TiO, or Au/
TiO, was carried out at lower temperature. Another pos-
sibility may be that rutile particles that are not connected
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to the anatase were removed during the washing process.
The XRD data of the prepared a CF/Au/TiO, are used to
identify the crystallographic phases of the product, along
with three groups of data including TiO,, Au NPs and CF.
The peak at 20=17" is identified as a typical carbon peak
for CF. The obtained CF/Au/TiO,’s XRD spectrum dem-
onstrates that the dominant crystallographic phase of the
TiO, generated in the CF/Au/TiO, composite is anatase
TiO,. TiO, in anatase crystal form has a high electron
mobility, low mass density, and low dielectric constant.
Furthermore, the featured peaks are indexed to the metal
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Fig. 4 XRD pattern of the CF/Au/TiO,
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Au phase’s (111), (200), (220), (311) and (222) crystal
planes, indicating that metallic Au is formed in the CF/
Au/TiO, composite. The effective synthesis of a number
of composites containing Au and anatase TiO, crystals
shows that the composites have strong photocatalytic
activity when exposed to visible light.

Comparison of photocatalytic degradation efficiency

In preliminary test, we observed the degradation effi-
ciency by the photocatalytic effect while increasing the
voltage. As a result, when 3 V was applied, the degrada-
tion efficiency was the best. When a voltage above that
was applied, the degradation efficiency tended to be simi-
lar or rather decreased from 3 V. Therefore, the photocat-
alytic effect according to the flow rate was compared by
applying 3 V, which has the best degradation efficiency.
Comparing the photocatalytic activity of CF/TiO, and
CF/Au/TiO, samples under solar simulated light, the
photocatalytic degradation efficiency of R6G is improved
at a slower flow rate. In addition, the surface coated with
Au NPs has a better photocatalytic degradation effect
than the surface coated with TiO, only (Fig. 5).

Conclusions

Using spray and UV irradiation-based synthesis, the Au/
TiO, NPs were uniformly coated on the microporous
layer of carbon fabric to leverage photocatalytic effects in
the visible range. Comprehensive SEM, TEM, EDX, XPS,
and XRD crystal structure, elemental, electrical, chemical
state, interaction, and morphological analysis of the CF/
Au/TiO, samples demonstrated and strongly supported
the uniform formation of Au/TiO, NPs, the improvement
of electron transport and charge separation, and the high
photocatalytic activity of TiO, anatase crystal structures.

100
TiO, + Au

90 -,

80 £
Tio, "

.

70 :

Degradation (%)

" !
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40
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Fig. 5 A graph comparing the photocatalytic degradation
of Rhodamine 6G(R6G) under the influence of applied voltage (3 V)
and solar simulated light (1Sun) on CF/TiO, or CF/Au/TiO,.
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Using an optofluidic microreactor with a CF/Au/TiO,
structure and solar-simulated light, higher organic deg-
radation performance of Au/TiO, NPs was demonstrated
as anticipated.
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