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Anew photoelectrocatalytic water purification system was investigated by combining photocatalysis and
electrochemistry. This configuration achieves simultaneous removal of both organic compounds and
inorganic heavy metal ions from water by taking a carbon electrode as the working electrode and another
electrode coated with a photocatalyst as the counter electrode. A negative bias potential isimparted onto
the working electrode to induce the reduction of heavy metal ions, whereas the photocatalytic degradation
of organic pollutants on the counter electrode is amplified via the transfer of photoexcited electrons from
the counter electrode to the working electrode. Evaluations conducted in bulk solutions demonstrated that
photoelectrocatalysis surpassed photocatalysis by yielding an organic matter degradation efficiency 2.3
times higher, successfully degrading 98% of a 10 uM methylene blue solution within 2 h. Simultaneously,
the system realized the recovery of heavy metal ions, including copper, lead, and cadmium. This new
photoelectrocatalytic water purification system was further integrated with microchannels, and the testing
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data affirm the substantial potential for system miniaturization.

Introduction

Water scarcity and pollution are substantial global challenges
that have important implications for sustainable ecosystems.
Currently, over 2 billion people worldwide lack access to suf-
ficient clean water for their basic needs, such as drinking, cook-
ing, and sanitation, and the demand for clean water is expected
to increase by 50% by 2050 due to population growth and eco-
nomic development [1]. However, water pollution exacerbates
the situation. According to a global survey by the Food and
Agriculture Organization of the United Nations, over 80% of
wastewater is discharged into the environment without proper
treatment, leading to 800,000 premature deaths in 2012 [2].
Water pollution affects over 2 billion people worldwide, causing
arange of health problems such as diarrhea, cholera, and typhoid
fever [3,4]. Therefore, a low-cost and efficient water treatment
technology is of importance for the sustainable development
of water resources.

Polluted water contains various contaminants, including
suspended solids, organic matter, nutrients, pathogens, metals,
and inorganic dissolved matter [5]. Conventional technologies
for water purification, such as adsorption, coagulation, sedi-
mentation, chemical filtration, and membrane filtration, are
relatively inefficient and generate toxic secondary pollution
[6-8]. Photocatalytic water treatment based on photocatalysts
is a promising low-cost sustainable water treatment technology.
This technology uses electron-hole pairs generated by photo-
catalysts under light illumination to produce active radicals
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that degrade organic pollutants in water [9,10]. However, its
efficiency is limited by the recombination of photoexcited elec-
trons and holes, which reduces the lifetime of photogenerated
holes [11].

Numerous methods have been developed to prevent the
recombination of electrons and holes in photocatalysts. For
example, heterostructured photocatalysts prevent electron-hole
recombination by transferring photoexcited electrons from a
semiconductor with a higher conduct band minimum to one
with a lower conduct band minimum. The TiO,/CdS system was
the first heterostructured photocatalyst designed by Spanhel
etal. [12] in 1987. A large amount of research has attempted
to improve photocatalytic efficiency by doping metals [13,14],
metal oxides [15], nonmetals [16], or graphene [17-19] onto
photocatalysts to transfer photogenerated electrons. However,
these methods involve transferring electrons to a lower energy
level, leading to the release of a portion of the potential energy
of the transferred electrons and a reduced redox potential, which
limits the scope of photocatalysis applications.

Photoelectrocatalysis (PEC) is considered an effective method
to address the recombination of electron-hole pairs in photo-
catalysts. PEC applies a bias potential to a photocatalyst to induce
electron migration from the photocatalyst to another electrode,
thereby achieving the separation of electron-hole pairs and enhanc-
ing the efficiency of photocatalysis. Studies have reported that
applying a bias potential as low as 0.1 V can achieve 2.59 times
higher photodegradation efficiency [20]. Another important
benefit of PEC is the removal of heavy metal ions at the cathode
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due to the reduction ability of electrons in the counter electrode
[21-23]. However, the heavy metal ions that can be reduced at
the cathode are limited [24]. In a titanium dioxide (TiO,)-based
PEC system, although published works have shown that heavy
metal ions with a high redox potential, such as copper and
lead, can be reduced by photogenerated electrons. The poten-
tial of these electrons is generally considered insufficient to
reduce heavy metal ions with a lower redox potential, such as
cadmium [25].

Therefore, this study presents a new configuration of a
3-electrode PEC water purification system that is distinct from
the existing setups. This approach achieves the reduction of all
heavy metal ions and the efficiency enhancement of photocata-
lytic organic degradation.

Results

Characterization and optimization of

photocatalyst electrodes

The structural and chemical properties of the photocatalyst
electrodes before and after annealing at 500 °C were character-
ized using x-ray diffraction, Raman spectroscopy, and x-ray
photoelectron spectroscopy, as shown in Fig. 1.

X-ray diffraction analysis (Fig. 1A) reveals that the TiO,
layer primarily exists in the anatase phase. The characteristic
peaks of anatase TiO, are weak, likely due to the thin layer of
TiO, deposited via the layer-by-layer (LBL) self-assembly pro-
cess, causing the signal to be overshadowed by the strong peaks
from the fluorine-doped tin oxide (FTO) substrate. Notably,
there is no observable transformation to the rutile phase after
annealing at 500 °C, as no new rutile-specific diffraction peaks
emerge. This observation aligns with literature reports that
indicate that the anatase-to-rutile phase transition typically
occurs at temperatures between 600 and 700 °C [26].

Further confirmation of the anatase phase was obtained
from Raman spectroscopy (Fig. 1B). The Raman spectra display
4 characteristic anatase peaks at 144, 393, 517, and 638 cm™.
These peaks remain nearly unchanged after annealing, reinforc-
ing the conclusion that the crystal phase of TiO, did not transi-
tion to rutile within the experimental temperature range.

The decomposition of the polyelectrolyte layers during anneal-
ing was verified using x-ray photoelectron spectroscopy (Fig. 1C).
The reduction in the carbon content from 30.9% before anneal-
ing to 11.9% after annealing indicates the decomposition of
poly(sodium 4-styrenesulfonate) (PSS). Additionally, the reduction
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of nitrogen and sulfur signals suggests the removal of the poly-
electrolyte layers, leading to a more compact TiO, nanoparticle
network.

The morphology of immobilized photocatalysts before and
after annealing was observed by scanning electron microscopy
(SEM). Figure 2A and B shows the SEM images of 8 PSS/TiO,
bilayers on an FTO glass before annealing with different resolu-
tions, while Fig. 2C and D shows the SEM images of the same
sample after 500 °C annealing. The TiO, nanoparticles can be
clearly seen in the high-resolution image, and the size of the
nanoparticles are about 25 nm in diameter. By comparing the
SEM images before and after annealing, it can be clearly seen
that the pores in the porous structure formed by TiO, nanopar-
ticles are reduced after annealing, indicating that the particles
become closer to each other. This is due to the decomposition
of poly(diallyl dimethyl ammonium chloride) (PDDA) and
PSS layers and the reorganization of the arrangement of TiO,
nanoparticles at high temperatures. The benefit of this change is
that the binding between TiO, and the substrate becomes tighter,
and the electron transfer between titanium dioxide nanoparticles
and the substrate is faster. Therefore, a higher photocurrent and
more efficient electron transfer can be expected in the PEC.

This consumption can be confirmed by measuring the pho-
tocurrent in photoelectrochemistry. Figure 3A illustrates the
photoelectrochemical response of the photocatalyst electrodes
prepared at different annealing temperatures. All of the pho-
tocatalyst electrodes were coated with 8 bilayers of PSS/TiO,
via the LBL self-assembly process prior to annealing. The poten-
tial difference between the photocatalytic electrode and the ref-
erence electrode was maintained at 0 V. The photocatalytic
electrodes were first stabilized in the dark for 20 s. Upon open-
ing the solar light simulator, all of the electrodes exhibited a
photocurrent, which rapidly dropped to the background cur-
rent when turning off the light. A comparison, as shown in Fig.
3B, reveals that the photocurrent density increases with increas-
ing annealing temperatures. Specifically, the electrode annealed
at 500 °C for 5 h exhibited a photocurrent 82 times higher than
that of the nonannealed electrode, reaching 65.7 pA/cm’. This
improvement can be attributed to the decomposition of PDDA
and PSS and the rearrangement of TiO, nanoparticles at high
temperatures.

The optimization of the number of PSS/TiO, bilayers coated
on the photocatalyst electrode via the LBL self-assembly process
was also evaluated through photoelectrochemical testing. As
shown in Fig. 3C, the photocurrent density increases as the
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Fig. 1. Characterization of the photocatalyst electrode before and after annealing at 500 °C: (A) x-ray diffraction (XRD) patterns, (B) Raman spectra, and (C) x-ray photoelectron

spectroscopy (XPS) spectral analysis.
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Fig. 2. Scanning electron microscopy (SEM) images of photocatalyst before and after 500 °C annealing: (A) 8 poly(sodium 4-styrenesulfonate) (PSS)/TiO, bilayers on a glass
substrate before annealing, at low resolution; (B) 8 PSS/TiO, bilayers on a glass substrate before annealing, at high resolution; (C) 8 PSS/TiO, bilayers on a glass substrate
after annealing, at low resolution; (D) 8 PSS/TiO, bilayers on a glass substrate after annealing, at high resolution.

number of PSS/TiO, bilayers gradually increases from 2 to 8.
This is attributed to the larger coverage of TiO, on the electrode
surface, resulting in the generation of more photoexcited elec-
trons. However, when the number of PSS/TiO, bilayers exceeds
8, the photocurrent density tends to saturate and even exhibit
a decrease. This phenomenon can be explained by the results,
as shown in Fig. 3D, demonstrating the transparency of the
prepared photocatalytic electrodes under 365-nm ultraviolet
(UV) light. A higher number of PSS/TiO, bilayers leads to lower
transparency, indicating the reduction in the light intensity
received by the underlying layers of the photocatalyst. In addi-
tion, the electrons generated by the surface-layer photocatalyst
require a longer pathway to reach the FTO surface. Therefore,
a decrease in photocurrent density is observed when the num-
ber of PSS/TiO, bilayers exceeds 8. Ultimately, 8 PSS/TiO,
bilayers were selected as the optimized configuration for the
photocatalyst electrode.

PEC water purification system

In traditional PEC water treatment systems, a photocatalyst elec-
trode is typically used as the anode to degrade organic pollutants
by using photogenerated holes. Another metal electrode serves
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as the cathode, where the transferred photon-excited electrons
are utilized to reduce heavy metal ions. The ultimate purpose
of PEC is to separate the electron-hole pairs. Therefore, when
combining a photocatalyst electrode with an electrochemical
3-electrode system, there are 2 different configurations. One
commonly used configuration, as mentioned earlier regarding
photoelectrochemical testing, involves using the photocatalyst
electrode as the working electrode, where oxidation reactions
occur to remove organic pollutants from water. The other elec-
trode (in this work, a graphite rod) is used as the counter elec-
trode, where photogenerated electrons are transferred to undergo
reduction reactions, reducing heavy metal ions from the water.
The roles of the photocatalyst electrode and carbon rod are
reversed in the second configuration; a negative potential is
applied on the graphite rod working electrode to reduce heavy
metal ions. The photocatalyst electrode works as the counter
electrode, still generating oxidation reactions through photogen-
erated holes. Both configurations enable the transfer of photo-
generated electrons from the photocatalyst electrode to the
graphite rod electrode. The following experiments compare the
difference between the 2 configurations in terms of organic pol-
lutant degradation and heavy metal ion reduction.
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Fig. 3. (A) Comparison of the photoelectrochemical response of photocatalyst electrodes at different annealing temperatures. (B) Comparison of the photocurrent generated
by photocatalyst electrodes at different annealing temperatures. (C) Comparison of the photocurrent generated by photocatalyst electrodes with different bilayers of PSS/
TiO,. (D) Transmittance of 365-nm ultraviolet light through photocatalyst electrodes with different bilayers of PSS/TiO,.

The efficiency of PEC systems for the degradation of organic
compounds was evaluated through the degradation of methy-
lene blue (MB) solutions. The MB degradation was tested at
different electrode potentials in 2 configurations, and the con-
centration change is shown in Fig. 4A and D. The concentration
of MB continuously decreases with increasing illumination
time. The lower the MB concentration, the slower the concen-
tration change rate, and the photodegradation kinetics of MB
can be described by a first-order kinetic equation [27]:

In(C/C,) = —kt (1)

where C and C; are the MB concentrations at the beginning
and during light illumination, respectively; ¢ is time; and k is
the reaction rate constant, which can be used to represent the
photodegradation efficiency. Therefore, the slopes in Fig. 4B
and E indicate the photodegradation efficiency corresponding
to the 2 configurations.

Pure photocatalysis was tested for comparison to demon-
strate the enhancement of the photodegradation efficiency
of organic compounds using the 2 different PEC systems.
When the photocatalyst electrode serves as the working elec-
trode, as shown in Fig. 4A and B, the PEC system displays a
2-fold increase in photodegradation efficiency, compared to pure
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photocatalysis at a working electrode potential of 1.0 V. When
the graphite rod serves as the working electrode, as shown in
Fig. 4D and E, the PEC system exhibits a maximum photodeg-
radation efficiency 2.3 times higher than that of pure photoca-
talysis. When the photocatalyst electrode serves as the working
electrode, a marked improvement in photocatalytic degrada-
tion efficiency can be achieved even at a relatively low voltage,
whereas in the other configuration, the enhancement of photo-
catalytic efficiency is clearly dependent on the working electrode
potential. This is due to the different variations in the current
magnitude with respect to the working electrode potential in
different configurations, as shown in Fig. 4C and E When the
photocatalyst electrode serves as the working electrode, the cur-
rent in the system originates from the photocurrent and the
redox current at the working electrode. Since the photocurrent
is much larger than the redox current and not affected by the
electrode potential, substantial currents can be generated at low
electrode potentials, enabling the efficient separation of photon-
excited electron-hole pairs, leading to a notable improvement
in photocatalytic degradation efficiency. On the other hand,
when the graphite rod serves as the working electrode, the cur-
rent in the PEC system is determined mainly by the heavy metal
ions’ reduction current on the graphite rod electrode. This cur-
rent magnitude is dependent on the electrode potential. When
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the electrode potential becomes more negative (larger in abso-
lute values), the reduction reaction on the electrode becomes
more vigorous, resulting in a larger current. When the consump-
tion rate of electrons on the working electrode is lower than the
rate of photogenerated electron production on the photocatalyst
electrode, only a partial separation of photon-excited electron-
hole pairs occurs, leading to a smaller improvement in photo-
catalytic degradation efficiency. However, when the potential
on the working electrode becomes negative enough to generate
an electron consumption rate exceeding the number of photo-
generated electrons, the counter electrode potential rapidly
increases to facilitate additional electrochemical degradation of
organic compounds, generating sufficient electrons. Therefore,

a higher enhancement in photocatalytic degradation rates can
be observed compared to that of the previous configuration.
The 2 different configurations of the PEC system exhibit more
notable differences in the reduction of heavy metal ions. Figure
5A records the reduction of copper ions (Cu®") in the 2 PEC
system configurations when the absolute value of the working
electrode potential is 1.0 V. In the new PEC system with the
graphite rod as the working electrode, the concentration of Cu**
rapidly decreases and is completely recovered within 1 h. In con-
trast, when the photocatalyst electrode serves as the working
electrode, only 72% of Cu’" is recovered within 2 h. This phe-
nomenon can also be explained by the current changes in Fig.
4C and E When the absolute value of the working electrode
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Fig. 4. Relative methylene blue (MB) concentration versus irradiation time at different bias potentials in the (A) traditional photoelectrocatalysis (PEC) configuration and
(D) new PEC configuration. MB degradation kinetics at different bias potentials in the (B) traditional PEC configuration and (E) new PEC configuration. Relationship between
photodegradation constant k, current density, and bias potential in the (C) traditional PEC configuration and (F) new PEC configuration. PC, photocatalysis.
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potential is 1.0 V, the current density in the new PEC system with
the graphite rod as the working electrode is much higher than
the current density when the photocatalyst electrode serves as
the working electrode, and a higher current density implies a
faster reduction of heavy metal ions.

The reduction effects of different heavy metal ions were
compared in the 2 different configurations of PEC systems. In
addition to Cu®*, the reduction of lead (Pb**) and cadmium
(Cd*") ions was also tested. Figure 5B and C shows the con-
centrations of heavy metal ions in the solution operation of the
PEC systems for 2 h. The traditional configuration of the PEC
system cannot reduce Cd*", and its reduction efficiency for
Cu®* and Pb*" is also low, with no marked changes observed
with increasing electrode potential. This is because the number
of photogenerated electrons is limited, and the absolute value
of the photogenerated electron potential is much lower than
the redox potential of Cd**. In the new PEC system, reduction
of all 3 heavy metal ions can be observed, and the efficiency of
heavy metal ion reduction increases with a more negative elec-
trode potential. More importantly, reduction of Cd*" can be
observed when the working electrode potential is lower than
the redox potential of Cd*", which cannot be achieved with the
traditional configuration of the PEC system.

Overall, compared to the traditional PEC configuration, the new
system with the graphite rod as the working electrode demonstrates
notable advantages in both organic pollutant degradation and heavy
metal ion reduction. In terms of pollutant degradation, this con-
figuration enhances the separation of photogenerated electron-hole
pairs by utilizing the working electrode potential to regulate elec-
tron consumption, thereby improving photocatalytic efficiency. In
contrast, the traditional system relies primarily on photocurrent,
limiting its ability to further enhance performance through poten-
tial control. Regarding heavy metal ion reduction and recovery, the
new PEC configuration optimizes electron utilization by transfer-
ring photogenerated electrons to the graphite rod, creating a dedi-
cated reduction zone. This ensures a more sufficient electron supply
and enables the application of more negative potentials, facilitating
the efficient reduction of a broader range of heavy metal ions,
including those with lower reduction potentials.

PEC microfluidic water purification system
Finally, the proposed PEC configuration was integrated with a
microfluidic system to form a miniaturized, on-chip, efficient
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PEC water treatment system. The proposed new PEC configu-
ration was implemented during testing, where the photocatalyst
electrode served as the counter electrode and the Cu electrode
served as the working electrode. A mixed solution containing
the organic compound MB and inorganic heavy metal ions was
passed through the microchannel at flow rates of 5, 7.5, and
10 ml/h. The concentrations of MB and heavy metal ions at
the outlet were collected and measured. To prevent MB reduc-
tion at the working electrode and ensure accurate assessment
of photocatalytic degradation efficiency, the solution was stirred
overnight to oxidize reduced MB.

Figure 6A illustrates the efficiency of the microfluidic PEC
system in degrading the organic compound MB at different flow
rates when the potential of the working electrode decreases
from 0 to —0.8 V. The results indicate an inverse relationship
between the removal rate of MB and the flow rate. This phe-
nomenon can be attributed to the shorter residence time of the
solution in the microchannel at higher flow rates, leading to a
shorter duration of the degradation reaction. Additionally, as
the potential of the working electrode decreases, the removal
rate of the organic compound increases. This can be explained
by the acceleration of the reduction reaction on the working
electrode at lower potentials, which enhances the electron trans-
fer rate and facilitates efficient charge separation of photon-
excited electrons and holes. Similarly, Fig. 6B demonstrates the
efficiency of the microfluidic PEC system in recovering heavy
metal ions. The effect of the flow rate on the reduction efficiency
is similar to that of organic compound degradation. However,
the working electrode potential has a more important influence
on the efficiency of heavy metal ion recovery. Potentials higher
than —0.2 V are insufficient for the reduction of Cd**, whereas
a decrease in potential below —0.4 V leads to a rapid increase
in recovery efficiency. When the potential of the working elec-
trode is set at —0.8 V, the system achieves over 95% degradation
of 10 pM MB solution and over 90% degradation of a Cd ion
solution with a concentration of 1 ppm at a flow rate of 5 ml/h.

This miniaturized microfluidic PEC system not only demon-
strates high water treatment efficiency but also offers advantages
such as integration, portability, and scalability, making it highly
promising for on-site rapid water quality monitoring, portable
water purification devices, and small-scale pollutant removal
studies in laboratories. Furthermore, the design concept of
this system can be extended for the modular development of
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Fig. 6. Performance of a microfluidic PEC system with different mass flow rates under different applied potentials on (A) MB removal and (B) heavy metal ions’ removal (Cd®*).
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Fig. 8. Testing setup of the photoelectrocatalytic water purification system.

large-scale PEC water treatment systems, enabling adaptable
solutions for various water pollution treatment scenarios.

Conclusion

This study presents a comprehensive investigation into the enhance-
ment of water treatment efficiency through PEC compared to
photocatalysis. Compared to existing PEC water treatment con-
figurations, the new PEC system enables the simultaneous removal
of organic compounds and most heavy metal ions. Both PEC
system configurations demonstrate substantial improvements in
terms of organic compound degradation and heavy metal ion
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recovery efficiency compared to photocatalysis. Notably, the pro-
posed new configuration achieves an enhancement of 2.3 times in
the degradation rate of organic compounds at a voltage of —1.0 V.
Both configurations exhibit the recovery of Cu** and Pb** ions,
but the proposed new configuration exhibits markedly higher
recovery efficiency and is the only one capable of recovering all
Cu’*, Pb**, and Cd** ions. Furthermore, this study demonstrates
the successful integration of the proposed PEC configuration into
a miniaturized microfluidic system, achieving over 95% degrada-
tion of organic pollutants and more than 90% removal of heavy
metal ions. This microfluidic PEC system not only provides an
efficient and compact water treatment solution but also offers inte-
gration, portability, and scalability, making it highly suitable for
on-site rapid water quality monitoring, portable water purification
devices, and small-scale pollutant removal applications in labora-
tories. Additionally, the design concept of this system can be
extended for the modular development of large-scale PEC water
treatment systems, enabling adaptable solutions for various water
pollution treatment scenarios. Overall, this study provides a theo-
retical foundation and model validation for both miniaturized PEC
systems and high-efficiency large-scale PEC water treatment plat-
forms, paving the way for future advancements in sustainable and
effective water purification technologies.

Materials and Methods

Materials and reagents
Hydrochloric acid (HCl); sodium sulfate (Na,SO,); MB; Cu, Pb,
and Cd standard solutions; PSS (Mw = 70,000); PDDA (20 wt%

~
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in water); and TiO, nanoparticles (P25, 30% rutile and 70%
anatase phases) were obtained from Sigma-Aldrich (St. Louis,
MO, United States). All solutions were prepared with deionized
water from an AmeriWater silex deionization system (Dayton,
OH, United States).

Device fabrication

Two types of devices were designed and fabricated for different
experiments. One of them used LBL self-assembly to deposit
TiO, ona 2 cm X 2 cm FTO glass as the photocatalyst electrode.
As described in another paper [28], 1 g of TiO, was dissolved
in 100 ml of HCl solution with pH of 3 to form a stable suspen-
sion. Then, the cleaned FTO glass was immersed in a solution
containing positively charged conductive polyelectrolyte PDDA
to change its surface charges. The FTO glass with a positively
charged surface was then alternately immersed in PSS and TiO,
solutions for 10 min each, followed by rinsing with deionized
water to remove unbound molecules after each deposition.
Photocatalyst electrodes with different PSS/TiO, bilayers were
prepared by controlling the number of LBL self-assembly
cycles. The electrode with the deposited photocatalyst was then
placed in a furnace (MTI OTF-1200X-5L) and annealed at dif-
ferent temperatures. The heating rate was 2 °C/min, and the
final annealing temperature was maintained for 5 h.

The integrated microfluidic PEC system was fabricated on a
5 cm X 5 cm FTO glass. The design and fabrication process of
the proposed PEC system are illustrated in Fig. 7A and B, respec-
tively. Firstly, the FTO glass was etched into the desired shape of
the 3 electrodes using zinc and HCI [29]. The photocatalyst with
the microchannel shape was deposited on the photocatalyst elec-
trode using a liftoft process. Initially, a positive photoresist was
used to pattern the microchannels on the FTO glass, and TiO,
was deposited using the LBL self-assembly method as described
earlier. The photoresist was then removed by immersing the FTO
glass in acetone followed by annealing in a furnace. The electrode
for heavy metal ion reduction was deposited with a copper film
100 nm thick by sputtering to enhance the binding strength with
the reduced heavy metal. A silver/silver chloride reference elec-
trode was fabricated by screen printing of silver/silver chloride
paste on the designed area. Figure 7C shows an optical image of
the fabricated electrodes on FTO glass.

The microchannels were fabricated based on polydimethylsi-
loxane (PDMS) soft lithography [30]. The microchannel struc-
tures were first patterned with photolithography on a silicon
wafer using negative photoresist SU-8 (100 pm thick). Next, a
mold was created by pouring PDMS onto the silicon-based
mold and curing it. The UV-curing glue (NOA81) was then
applied on the PDMS mold with matching structures and cov-
ered by a UV-transparent polystyrene polymer film. After par-
tially curing the glue under UV illumination, the PDMS mold
was replaced with the FTO glass, and more UV illumination
was applied to fully cure the glue.

Measurement and characterization
The surface morphology of the photocatalyst electrode was
observed using a field emission gun scanning electron microscope
(Hitachi SU8230). Iridium (2.5 nm thick) was deposited on each
sample to increase conductivity. The morphology of the deposited
TiO, was mainly compared before and after annealing.

The photoelectrochemical response of the fabricated photo-
catalyst electrode was evaluated by measuring the photocurrent
produced in 0.1 M sodium sulfate solution. A solar simulator was
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used as the light source, and an electrochemical workstation was
used to measure the photocurrent. The 2 cm X 2 cm photocatalyst
electrode coated with TiO, was used as the working electrode, a
graphite rod electrode was used as the counter electrode, and an
Ag/AgCl electrode was used as the reference electrode.

The efficiency of photoelectrocatalytic organic degradation
and heavy metal ion reduction in the proposed new PEC system
was evaluated by degrading MB and reducing different types of
heavy metal ions. The experimental setup is shown in Fig. 8.
The 2 beakers of an H-type electrochemical cell contained 50
ml of 0.1 M sodium sulfate solutions with 10 uM MB and 1 ppm
of different heavy metal ions, respectively. The 2 reaction cham-
bers were separated by a proton-exchange membrane (Nafion
117, Dupont) [31]. The 2 cm X 2 cm photocatalyst electrode
and an Ag/AgCl reference electrode were placed in the MB solu-
tion, while a carbon rod was placed in the heavy metal ion solu-
tion. Every 30 min, 100 pl of solution was taken out from the
tube and the concentration of MB was measured using a UV/
visible spectrophotometer (model SP-UV1100, DLAB Scientific
Co., Ltd) at a wavelength of 664 nm. The concentration of heavy
metal ions was measured by inductively coupled plasma mass
spectrometry.

The performance of the highly integrated microfluidic PEC
system was also evaluated by degrading MB and reducing dif-
ferent types of heavy metal ions. A 0.1 M sodium sulfate solution
containing both 10 pM MB and 1 ppm of different heavy metal
ions was injected into the microchannel at different velocities,
passing through the photocatalyst electrode, the reference elec-
trode, and the heavy metal ion reduction electrode in sequence.
The solution at the outlet was collected, followed by concentra-
tion measurements of MB and heavy metal ions.
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