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A B S T R A C T

This study investigates the degradation of sulfamethoxazole (SMX), a persistent pharmaceutical contaminant, 
using a TiO2/BDD composite electrode combined with deep ultraviolet (DUV) light and electrolysis. The 
increasing presence of pharmaceutical residues in water poses environmental and health risks due to their 
chemical stability and resistance to conventional treatment. Advanced oxidation process (AOP) employs highly 
reactive species such as hydroxyl radicals and ozone to degrade contaminants, but improving efficiency and 
electrode stability remains challenging. To address these issues, a TiO2/BDD composite electrode was prepared 
via reactive sputtering, enabling simultaneous electrochemical oxidation and photocatalysis while maintaining 
strong adhesion. The experimental setup evaluated SMX degradation under four conditions: DUV light alone, 
electrolysis alone, the TiO2/BDD composite electrode with DUV light, and a fully integrated system combining all 
three components. Structural characterization confirmed the formation of a stable p-n heterojunction between 
TiO2 and BDD, enhancing charge separation and photocatalytic activity. Results showed that the integrated AOP 
system significantly improved SMX degradation, achieving a 50 % total organic carbon (TOC) removal rate, 
outperforming electrolysis alone. Raman spectroscopy indicated that oxidation of the TiO2 film contributed to 
the formation of highly crystalline anatase, enhancing long-term photocatalytic performance. Additionally, the 
TiO2 layer remained intact without delamination, demonstrating durability under reaction conditions. This study 
highlights the potential of TiO2/BDD composite electrodes as an efficient, scalable solution for pharmaceutical 
wastewater treatment, addressing environmental concerns associated with residual pharmaceuticals in aquatic 
systems.

1. Introduction

The increasing presence of pharmaceutical residues in aquatic en-
vironments presents a significant threat to both aquatic and terrestrial 
organisms, making it a pressing global concern that requires immediate 
attention [1,2]. Pharmaceuticals play a crucial role in modern medicine 
due to their extensive applications and beneficial effects in both human 
and animal healthcare. Among the various residual pharmaceuticals 
detected in the environment, sulfonamides, which are widely utilized as 
antibiotics in both human and veterinary medicine, have been 

frequently identified in surface water and groundwater [3]. In partic-
ular, sulfamethoxazole (SMX), a commonly prescribed sulfonamide 
antibiotic, is one of the most frequently detected pharmaceutical con-
taminants in water sources [4]. Conventional wastewater treatment 
processes have proven largely ineffective in removing these pharma-
ceutical residues, leading to their continuous discharge into the aquatic 
environment, where they persist and accumulate over extended periods 
of time [5]. This persistence is primarily due to their inherent chemical 
stability and strong resistance to biodegradation, enabling them to 
remain in the environment for prolonged durations [6]. Furthermore, 
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there is increasing concern that these residual pharmaceuticals may be 
bioaccumulated and biomagnified within aquatic and terrestrial food 
chains, potentially leading to adverse health effects in humans who 
consume contaminated water or food. By concerning the environmental 
and public health risks, it is imperative to advance research efforts 
aimed at developing and implementing effective methods for the 
degradation and removal of residual pharmaceuticals from wastewater 
systems.

In recent years, advanced oxidation process (AOP) have gained sig-
nificant attention for the degradation of residual pharmaceuticals and 
persistent organic pollutants in wastewater [7,8]. AOP utilize highly 
reactive species, such as hydroxyl radicals (•OH), ozone (O3), and 
hydrogen peroxide (H2O2), to oxidize and decompose these organic 
contaminants. Through AOP, organic compounds undergo oxidation, 
converting carbon and oxygen atoms in their molecular structures into 
carbon dioxide and water, respectively. AOP is considered a safe and 
environmentally friendly treatment method, as they effectively detoxify 
contaminants while minimizing the formation of intermediate byprod-
ucts. Common AOP primarily employ O3, H2O2, and ultraviolet (UV) 
light [9]. UV light not only directly cleaves the chemical bonds of re-
sidual pharmaceuticals but also facilitates the in situ generation of O3 
and H2O2 from water. Deep ultraviolet (DUV) light, with wavelengths 
ranging from 200 to 300 nm and photon energies between 4.1 and 6.2 
eV, is particularly effective at breaking the chemical bonds of a wide 
range of substances [10]. However, UV light alone generates only 
limited amounts of O3, the key oxidant in AOP, resulting in low 
decomposition efficiency. Additionally, previous studies have reported 
that UV irradiation can lead to the formation of optical isomers [11].

To enhance the efficiency of advanced oxidation process (AOP), 
ozone (O3) generation and photocatalysis are often combined together. 
In the case of O3, water electrolysis is used to directly generate O3 from 
solution. Boron-doped diamond (BDD) and tin oxide (SnO2) are 
commonly employed as electrode materials, with BDD offering superior 
chemical resistance and durability due to its diamond crystal structure 
as compared to SnO2 [12,13]. Photocatalysts, typically composed of ti-
tanium oxide (TiO2), are widely used due to their affordability, chemical 
stability, and durability [14]. While AOP alone are often inefficient, 
integrating multiple oxidation mechanisms significantly enhances the 
oxidation and thereby the degradation of contaminants. However, a key 
challenge is that these methods are typically implemented separately 
within treatment systems, leading to increased equipment complexity 
and bulkiness. Therefore, the development of compact and integrated 
systems that efficiently combine these approaches is essential.

In our previous study, we successfully achieved complete decom-
position of SMX using AOP that integrate three mechanisms electrical, 
optical, and photocatalytic by employing mesoporous TiO2/BDD (MP- 
TiO2/BDD) and DUV ray lamp. However, this approach is unsuitable for 
electrode applications due to the low adhesion strength of MP-TiO2 in 
MP-TiO2/BDD, necessitating the use of an additional BDD electrode for 
O3 generation [15].

In this study, we prepared a TiO2/BDD composite electrode by 
depositing TiO2 onto BDD via reactive sputtering. Typically, metal oxide 
layers are prone to delamination due to bubble formation on the elec-
trode surface. To address this issue, we patterned the TiO2 to expose the 
underlying BDD, enabling O3 generation at the BDD regions while 
facilitating photocatalytic reactions at the TiO2 regions. This design al-
lows the composite electrode to function simultaneously as an electrode 
and a photocatalyst. Unlike conventional MP-TiO2/BDD electrodes that 
suffer from poor adhesion and structural instability during electro-
chemical operation, the present electrode demonstrates improved 
adhesion strength, electrochemical durability, and integrated function-
ality within a compact system. This work not only advances the elec-
trode design for pharmaceutical degradation but also contributes to the 
understanding of surface and interface engineering by showing that 
controlled micro-patterning can enhance both the mechanical stability 
and photocatalytic performance of p–n heterojunctions. Such 

improvements are critical for the development of scalable and long-term 
AOP systems. Finally, we applied various methods to decompose SMX 
and evaluated the durability of the composite electrode, confirming that 
the patterned TiO2 remained intact without delamination.

2. Experimental

2.1. Materials and chemicals

All chemicals and materials used in the fabrication of the TiO2/BDD 
composite electrode and the SMX degradation experiments were used as 
received without further purification. The TiO2/BDD composite elec-
trode was prepared using a single-crystal silicon substrate (Si, 111, 
Nilaco), a titanium metal target (Ti, 99.5 %, Nilaco), diamond powder 
(MICRON + CDA™, Element Six), acetone (C3H6O, 99.8 %, Wako), 
methanol (CH3OH, 99.8 %, Wako), boron oxide (B2O3, 95.0 %, Kanto 
Chemical), sulfuric acid (H2SO4, 95.0 %, Wako), positive photoresist 
(THMR-iP5700HP, Tokyo Ohka Kogyo), and resist stripper (TMAH 2.38 
%, Tokyo Ohka Kogyo). O2, Ar, and H2 (99.99995 vol%, Taiyo Nippon 
Sanso) were used as process gases during deposition. For comparison, 
the MP-TiO2/BDD electrode was synthesized using a diblock copolymer 
(PS(18000)-b-PEO(7500), Polymer Source), titanium chloride (TiCl4, 
99.0 %, Wako), concentrated hydrochloric acid (HCl, 37 wt%, Wako), 
tetrahydrofuran (THF, 99.5 %, Wako), and ethanol (C2H5OH, 99.5 %, 
Wako). The SMX degradation experiments utilized a platinum mesh 
(#80, 99.95 %, Nilaco), a proton exchange membrane (Nafion™ NRE- 
212, Sigma-Aldrich), UV-curing sealant (3035B, Three Bond), conduc-
tive silver paste (D-550, Fujikura Kasei), Teflon-coated copper wire 
(φ1.0 mm, Nilaco), phosphate buffer powder (pH 7.0, Wako), and sul-
famethoxazole (SMX, 98.0 %, Wako). All solutions were prepared using 
deionized water with a conductivity of approximately 18 MΩ cm.

2.2. Preparation of TiO2/BDD composite electrodes

The preparation process of the TiO2/BDD composite electrode was 
illustrated in Fig. 1. The deposition of BDD and TiO2 followed the 
method developed by Terashima et al. [16]. First, 15 × 15 mm 
single-crystal silicon substrate was mechanically seeded with diamond 
powder by rubbing for 20 min. The substrate was then ultrasonically 
cleaned in acetone, methanol, and deionized water for 10 min each. BDD 
film deposition was performed using a microwave plasma chemical 
vapor deposition (MP-CVD) system (AX6500, ASTex) under the 
following conditions: H2 flow rate of 500 sccm, chamber pressure of 90 
Torr, plenum pressure of 70 Torr, microwave power of 5500 W, and H2 
bubbling gas at 0.5 sccm. The precursor solution consisted of acetone: 
methanol (9 : 1) with B2O3 dissolved to achieve a boron-to-carbon ratio 
of 10,000 ppm. The deposition was carried out for 4 h. Photoresist layer 
was then spin-coated onto the BDD surface using a spin coater 
(MS-A200, MIKASA) at 3000 rpm for 10 s, followed by baking at 90 ◦C 
for 90 s. Mask with a 100 μm line/space pattern was placed over the 
photoresist and exposed to Xe lamp irradiation (UV•7, U-VIX) at 250 
mW/cm2 (at 365 nm) for 1s, followed by baking at 110 ◦C for 90 s. The 
uncured photoresist was removed using a resist stripper and deionized 
water. TiO2 film deposition was carried out using a high-frequency 
sputtering system (VTR-150M/SRF, ULVAC) with a Ti target. The 
deposition conditions were as follows: pressure of 1.0 Pa, Ar and O2 flow 
rates of 30 sccm each, RF power of 250 W, and substrate heating at 
200 ◦C for 90 min. Following TiO2 deposition, the cured resist was 
removed with acetone, and anodization cleaning was performed in a 0.5 
M H2SO4 aqueous solution for 10 min at a current of 10 mA. The 
resulting substrate was used as the TiO2/BDD composite electrode.

The surface morphology of the prepared TiO2/BDD composite elec-
trode was analyzed using laser microscope (VK-X200, KEYENCE) and 
field-emission scanning electron microscopy (FE-SEM, JSM-7600F, 
JEOL). Elemental mapping of the TiO2/BDD composite electrode was 
performed using energy-dispersive X-ray spectroscopy (EDS). 
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Additionally, the BDD and TiO2 films were characterized using laser 
Raman microscopy (NRS-5100, JASCO) with a 532 nm excitation 
wavelength.

The photo-responsiveness of the TiO2/BDD composite electrode was 
evaluated using a three-electrode single-cell (Fig. 1S). Working elec-
trode was made by adhering Teflon-coated Cu wire to the single-crystal 
silicon substrate using conductive silver paste, and coating the back 
surface and surrounding area with UV-cured resin. The working elec-
trode was positioned 2 mm from a quartz tube containing DUV light 
lamp (excimer UV lamp, 222 nm, ORC Manufacturing). Reference 
electrode, counter electrode, and electrolyte were Ag/AgCl (RE-1B, 
BAS), platinum mesh (#80, 99.5 %, Nilaco, 15 × 15 mm), and 0.5 M- 
Na2SO4 aqueous solution, respectively. The illuminance of the DUV light 
lamp was measured using laser power/energy meter (VEGA, OPHIR) 
and was determined to be 1.2 mW/cm2 (at 222 nm) at the tube wall. 
Prior to photo-response measurements, the solution was purged with N2 
for 30 min to remove dissolved oxygen. Chronoamperometry was per-
formed using potentio/galvanostat (VersaSTAT 4, AMETEK) at a con-
stant potential of 0 V (vs. Ag/AgCl). Once the current stabilized, the 
DUV light lamp was switched on and off at 20 s intervals to assess the 
electrode’s photo-response.

2.3. Decomposition of residual pharmaceuticals

A schematic diagram of the SMX decomposition experiment is shown 
in Fig. 2. TiO2/BDD composite electrode and platinum mesh were used 
as working and counter electrodes, respectively, in an H-type cell. Pro-
ton exchange membrane was used to separate the solution compart-
ments. As in the photo-response evaluation, the working electrode was 
positioned 2 mm from quartz tube containing a deep DUV light lamp. 
Electrolyte solution in both compartment (working and counter elec-
trodes) was a 0.25 M-phosphate buffer solution, with 50 ppm SMX 
dissolved only in working electrode compartment. The solution was 
continuously stirred throughout the experiment. SMX degradation was 
examined under four conditions based on the configurations shown in 
Fig. 2. The patterns were as follows: 1. DUV light lamp only (DUV), 2. 
Electrolysis using only the TiO2/BDD composite electrode (Electrolysis), 
3. DUV light lamp + TiO2/BDD composite electrode (DUV + TiO2/BDD), 
4. DUV light lamp + TiO2/BDD composite electrode + electrolysis (DUV 
+ TiO2/BDD + Electrolysis). Electrolysis was performed using a poten-
tiostat/galvanostat (HABF5001, MEIDEN HOKUTO) equipped with a 

power booster (HABF5001-B10, MEIDEN HOKUTO), maintaining a 
constant current of 75 mA. SMX concentrations were measured at 90 and 
180 min using high-performance liquid chromatography (HPLC, LC- 
2010, Shimadzu) with a Waters Xterra MS C18 column. The HPLC de-
tector was set at wavelength of 270 nm, the column temperature was 
maintained at 25 ◦C, and the mobile phase consisted of a 0.25 M -acetic 
acid: acetonitrile solution (7:3) at a flow rate of 0.5 mL/min. After 180 
min of SMX degradation, total organic carbon (TOC) concentrations 
were analyzed using a TOC analyzer (TOC-VCSH, Shimadzu). MP-TiO2/ 
BDD was prepared using the procedure reported previously for com-
parison [17]. As shown in Fig. S2, MP-TiO2/BDD had a mesoporous 
structure with a pore size of approximately 20 nm. MP-TiO2/BDD was 
evaluated under the same conditions as the DUV + MP-TiO2/BDD +
Electrolysis configuration. The evaluation of MP-TiO2/BDD was based 
solely on TOC concentration. Since the MP-TiO2 film on the BDD 
delaminated immediately during electrolysis, a new BDD electrode was 
installed and used as shown in Fig. S3.

Fig. 1. Preparation process for TiO2/BDD composite electrode.

Fig. 2. Schematic diagram of SMX decomposition using DUV light lamp and 
TiO2/BDD composite electrode.
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3. Results and discussion

3.1. Morphological and structural characterizations

Laser microscopic images illustrating each step of the TiO2/BDD 
composite electrode preparation process, along with an SEM image and 
elemental mapping of the TiO2/BDD electrode, are shown in Fig. 3. 
Following BDD film deposition, crystalline structures with random 
particle sizes of up to 5 μm were observed on the single-crystal silicon 
substrate [18]. The crystals exhibited an irregular polycrystalline 
morphology. After photoresist patterning, lines with widths of 85 μm 
and 115 μm were formed in the photoresist and BDD layers, respectively, 
with a photoresist thickness of 2.00 μm. The mask was designed with a 
line/space pattern of 100 μm; however, the actual photoresist width was 
slightly narrower than intended. This discrepancy is likely due to 
overexposure caused by incomplete parallel light irradiation. Minute 
gaps between the photoresist and the mask may have allowed light 
leakage, further affecting the pattern dimensions. Following TiO2 film 
deposition, a green film was observed in the regions where the photo-
resist lines were absent. It has been reported that titanium can produce 
various colors when oxidized, suggesting that a titanium oxide film was 
formed. [19]. The film exhibited a width of 115 μm and a thickness of 
0.40 μm. SEM imaging and elemental mapping confirmed the presence 
of Ti and O in the green film, with Ti and O content ratios of 37.5 % and 
62.5 %, respectively. Cross-sectional SEM analysis (Fig. S4) revealed a 
TiO2 film thickness of 0.38 μm, consistent with the laser microscopy 
measurements. The BDD layer had a thickness of 6 μm on the Si sub-
strate. A small gap was observed between the TiO2 film and the BDD 
layer, likely caused by delamination during sample preparation. This 
inference is supported by the absence of a gap on the left side of the 
cross-sectional SEM image.

Fig. 4 presents the Raman spectra of BDD, the TiO2/BDD composite 
electrode after TiO2 film deposition, after anodization, and ST-01. ST-01 
consists of more than 99 % anatase phase. The spectral intensity of all 
samples, except for ST-01, was relatively weak and was therefore 
amplified by a factor of 20 for clarity. The Raman spectrum of ST-01 
exhibited characteristic anatase peaks, including three symmetric 
stretching vibration (Eg) peaks at 144, 194, and 639 cm− 1, two lattice 
rotational vibration (B1g) peaks at 397 and 517 cm− 1, and one stretching 
vibration (A1g) peak at 517 cm− 1 [20,21]. The B1g and A1g peaks near 
517 cm− 1 overlap, as their peak positions are nearly identical. In the 

BDD film, peaks corresponding to the maximum values of the phonon 
density of states (PDOS), boron dimers and clustered boron (B-B), and 
zone-center phonon states (ZCP) were observed at 497, 1228, and 1322 
cm− 1, respectively [22-24]. Before anodization, the Raman spectrum of 
the TiO2/BDD composite electrode exhibited a small peak attributed to 
the anatase phase. Reactive RF sputtering enables low-temperature film 
deposition. TiO2 predominantly forms the anatase phase at lower tem-
peratures and transitions to the rutile phase at higher temperatures. 
Consequently, the TiO2/BDD composite electrode contained anatase, 
which is known for its high photocatalytic activity [25,26]. After 
anodization, the intensity of the anatase-related peak increased. Previ-
ous studies have reported that anodization promotes the formation of 
both anatase and rutile phases in titanium-based materials [27,28]. 
Therefore, it is likely that the anatase phase in the TiO2/BDD composite 

Fig. 3. Laser microscope images of BDD (A), after patterning (B), and after TiO2 patterning (C) and SEM image (D) and elemental maps (E, F) of the TiO2/BDD 
composite electrode.

Fig. 4. Raman spectra of ST-01, BDD, TiO2/BDD and TiO2/BDD after 
anodization.
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electrode underwent further crystallization and growth during the 
anodization process.

The photo-response of BDD and TiO2/BDD under on-off switching of 
the DUV light lamp is shown in Fig. 5. The BDD electrode exhibited a 
photocurrent of approximately − 5 μA. When doped with boron, BDD 
behaves as a p-type semiconductor with a bandgap of approximately 5.1 
eV [29,30]. DUV light at wavelength of 222 nm corresponds to an en-
ergy of 5.6 eV, which is sufficient to excite BDD, leading to electron 
emission into the solution [31]. In contrast, TiO2/BDD composite elec-
trode exhibited a photocurrent of approximately 20 μA. This increase is 
attributed to the heterojunction formation between the n-type TiO2 and 
p-type BDD, where hole accumulation in the TiO2 layer resulted in a 
positive photocurrent response [32]. While bare BDD without a TiO2 
layer is expected to exhibit photoactivity, the absence of a detectable 
photo-response suggests that surface termination influences electron 
transfer [33]. Anodization likely led to oxygen termination of the BDD 
surface, which suppressed photoexcitation under light exposure. This 
modification may have altered the electronic properties of BDD, pre-
venting significant charge carrier generation.

3.2. Decomposition of residual pharmaceuticals

The chromatograms of the solution after 90 min in SMX decompo-
sition experiments using each method, as well as the time-dependent 
changes in SMX concentration, are shown in Figs. 6 and 7, respec-
tively. In the blank sample (before SMX degradation), a prominent peak 
corresponding to SMX was detected at 12.5 min, along with a smaller 
peak at 4.5 min, attributed to electrolyte components. During electrol-
ysis, bubble formation was observed exclusively on the BDD surface of 
the TiO2/BDD composite electrode. After 90 min of electrolysis, a sig-
nificant SMX peak remained, indicating limited degradation. In contrast, 
in all other treatment methods, the SMX peak disappeared, suggesting 
complete or near-complete degradation. In HPLC analysis, compounds 
with lower molecular weights typically exhibit shorter retention times. 
Additionally, the C18 reverse-phase column used in this study retains 
more hydrophobic compounds for longer durations. Based on these 
principles, it is inferred that AOP oxidized SMX into lower-molecular- 
weight, more hydrophilic compounds, likely containing functional 

groups such as hydroxyl (-OH) and nitro (-NO2) groups. Various inter-
mediate products may form during SMX degradation; however, their 
identification has already been reported in previous studies [15]. Based 
on the detector settings at 270 nm, the detectable substances likely 
include aromatic compounds, conjugated systems, and other organic 
molecules with significant UV absorption at this wavelength. In contrast, 
electrolysis alone led to a 70 % reduction in SMX concentration over 
180 min, bringing it down to 15 mg/L. The primary oxidants in elec-
trolysis, O3 (ozone) and •OH (hydroxyl radicals), exhibit high oxidation 
capacity, contributing to the degradation process [34,35]. BDD can 
generate O3 (ozone) and •OH (hydroxyl radicals) with high efficiency 
due to its wide potential window and superior chemical stability 
compared to SnO2 and PbO2 [36]. However, the efficiency of O3 (ozone) Fig. 5. The photo-response of BDD and TiO2/BDD under on-off switching of 

DUV light lamp.

Fig. 6. Chromatograms of solution after 90 min in SMX decomposition ex-
periments using each method.

Fig. 7. Time dependence of SMX concentration in SMX decomposition exper-
iments using each method.
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and •OH (hydroxyl radical) production is low for untreated plate-form 
BDD due to its large surface crystal size and small specific surface area 
[37]. Therefore, the decrease in the SMX removal rate during electrol-
ysis is likely due to the limited efficiency of O3 and •OH generation. 
Additionally, the slower degradation rate observed in electrolysis sug-
gests that O3 alone is less effective for SMX degradation compared to 
AOP incorporating H2O2, where synergistic oxidation enhances overall 
efficiency.

Fig. 8 presents the TOC removal rates in SMX decomposition ex-
periments using various methods. The TOC removal rate was calculated 
by dividing the TOC concentration obtained from the TOC analyzer by 
the initial carbon concentration (23.7 mg/L), which corresponds to 50 
mg/L SMX. In the electrolysis, DUV, and DUV + TiO2/BDD processes, 
the TOC removal rate remained below 10 %, indicating that most in-
termediate SMX degradation products persisted in the solution. While 
SMX degraded rapidly due to the absence of pre-existing intermediates, 
its decomposition primarily resulted in the formation of stable byprod-
ucts, leading to minimal TOC removal. In contrast, the DUV + TiO2/ 
BDD + Electrolysis method significantly improved the TOC removal rate 
to 50 %. The integration of all three oxidation mechanisms demon-
strated strong oxidative capabilities, effectively breaking down inter-
mediate products despite their high abundance. The DUV + MP-TiO2/ 
BDD + Electrolysis method, used for comparison, achieved a TOC 
removal rate exceeding 95 %. However, as described in the experimental 
section, the MP-TiO2 layer delaminated almost immediately upon elec-
trolysis, with peeling observed across the entire BDD surface. While MP- 
TiO2 membranes enhance AOP efficiency, their instability remains a 
challenge for system miniaturization. Suzuki et al. [15] achieved almost 
complete SMX degradation and TOC reduction to below 0.5 mg/L after 
8 h using a MP-TiO2/BDD photocatalyst and a separate BDD electrode 
under DUV irradiation (222 nm, 1.2 mW/cm2) and electrochemical 
oxidation at 75 mA. However, their system suffered from significant 
delamination of the TiO2 layer during electrochemical operation. In this 
study, using the same DUV conditions and current, SMX degradation 
with the TiO2/BDD composite electrode reached approximately 50 % 
TOC removal after 3 h without any electrode delamination. While the 
degree of mineralization was lower, our sputtered single-electrode 
design offers superior mechanical stability and simpler system config-
uration, making it more practical for long-term use. Zeng et al. [38], 

synthesized a reduced TiO2 nanotube arrays-based titanium membrane 
(RTNA/TM) was fabricated by a facile electrochemical method and 
studied the electrochemical oxidation of sulfamethoxazole (SMX) with 
the removal rate of 86.1 % and electrical efficiency per order of 0.55 
kWh/m3. Zhang et al. [39], prepared TiO2@Fe2O3@g-C3N4 (MFTC) 
photocatalyst using molecularly imprinted method and studied the 
photocatalytic degradation of sulfamethoxazole (SMX) degradation 
under the solar light illumination and found that 96.8 % degradation 
efficiency.

After SMX decomposition, no significant delamination of the TiO2/ 
BDD composite electrode was observed, indicating that the TiO2 layer 
exhibited sufficient adhesion strength to withstand electrolysis without 
peeling. Notably, some regions of the TiO2 layer changed from green to a 
mottled white and pink appearance (Fig. 9A). Raman microscopy 
analysis of the white areas confirmed the presence of highly crystalline 
anatase phases with high purity (Fig. 9B). Based on the SMX decom-
position experiment, it is inferred that oxidation of the TiO2 film 
occurred during the reaction, leading to the formation and growth of 
trace amounts of anatase [40]. These findings suggest that the TiO2/BDD 
composite electrode may undergo gradual structural modifications, 
enhancing its photocatalytic activity over time and potentially leading 
to long-term performance improvements.

The functions of the TiO2/BDD composite electrodes developed in 
this study are as follows: On the BDD surface, O3 is electrochemically 
generated. At this stage, even under DUV light irradiation, photoexci-
tation does not occur, as the surface is sufficiently oxidized. Upon DUV 
light irradiation, both the TiO2 layer and BDD undergo excitation, 
leading to hole generation. The formation of a p-n heterojunction allows 
electrons excited in the TiO2 layer to be captured by holes in BDD, 
thereby enhancing photocatalytic activity. The high-purity anatase 
phase is stabilized by the surrounding low-crystallinity TiO2 layer, 
ensuring structural integrity. This arrangement ensures that even with 
bubble formation on the BDD surface, the low-adhesion anatase phase 
remains intact, contributing to the high durability of the electrode. This 
structural and functional synergy reinforces the electrode’s efficiency 
and stability for long-term applications.

However, it should be noted that the present study was conducted 
using a model solution containing SMX in a controlled phosphate buffer. 
In actual wastewater, the presence of diverse organic and inorganic 
species, surfactants, and potential fouling agents may significantly 
impact the degradation efficiency and electrode stability [34,35]. These 
matrix effects must be considered when extrapolating the current find-
ings to practical applications. Additionally, while the TiO2/BDD com-
posite electrode maintained its structural integrity throughout a single 
degradation cycle, its long-term operational stability, resistance to 
fouling, and performance under continuous flow conditions remain 
unverified. Furthermore, this study did not investigate the formation 
and toxicity of intermediate degradation byproducts in detail. Future 
work should include comprehensive byproduct analysis using advanced 
techniques such as LC–MS to ensure environmental safety and complete 
mineralization. This omission limits the ability to assess the environ-
mental safety of the treated water and the completeness of mineraliza-
tion. Therefore, while the results demonstrate promising catalytic 
performance, they should be interpreted within the context of these 
experimental constraints.

4. Conclusions

This study successfully developed a TiO2/BDD composite electrode 
via reactive sputtering for the efficient degradation of residual phar-
maceuticals, specifically SMX. By integrating DUV light irradiation, 
electrolysis, and photocatalysis, a highly effective AOP was achieved. 
The TiO2/BDD composite electrode demonstrated significant advan-
tages over the conventional MP-TiO2/BDD by maintaining structural 
integrity and ensuring high durability during electrolysis. Experimental 
results showed that the combination of DUV light, TiO2/BDD 

Fig. 8. TOC removal rates in SMX decomposition experiments using 
each method.

K. Takagi et al.                                                                                                                                                                                                                                  Ceramics International xxx (xxxx) xxx 

6 



photocatalysis, and electrochemical oxidation synergistically enhanced 
SMX degradation and TOC removal. While electrolysis alone resulted in 
limited SMX decomposition, the integrated AOP system exhibited su-
perior efficiency, achieving a 50 % TOC removal rate. Additionally, the 
TiO2/BDD composite electrode exhibited excellent adhesion properties, 
preventing delamination—a key issue observed in MP-TiO2/BDD. 
Structural and photoelectrochemical analyses confirmed the formation 
of a p-n heterojunction between TiO2 and BDD, leading to enhanced 
photocatalytic activity. Furthermore, Raman spectroscopy indicated 
that the oxidation of the TiO2 film during electrolysis contributed to the 
formation of highly crystalline anatase, potentially improving long-term 
photocatalytic performance. Overall, this study highlights the potential 
of the TiO2/BDD composite electrode as a durable and efficient solution 
for pharmaceutical wastewater treatment. The findings pave the way for 
the development of compact and scalable AOP systems capable of 
addressing the environmental challenges posed by pharmaceutical 
contaminants in water sources.
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