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Degradation of Mordant Blue 9 by BDD/TiO2 photoelectrode  
using 3D printed photoreactor 
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This work investigates boron-doped diamond (BDD) / TiO2 heterostructure photoelectrodes for the degradation of the organic 
dye Mordant Blue 9. The combination of BDD and TiO2 enables enhanced photoelectrocatalytic activity under UV irradiation. 
The electrodes were characterized using scanning electron microscopy and Raman spectroscopy. Electrochemical behavior was 
studied using linear sweep voltammetry under UV illumination. The degradation efficiency was evaluated with and without 
applied bias voltage. Results demonstrate successful degradation of Mordant Blue 9 and a significant improvement  
in degradation rate when both UV irradiation and external potential are applied. The study confirms the suitability of BDD/TiO2 
structures for advanced water treatment applications. 
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1 Introduction 

Water contamination by organic dyes represents  
a serious environmental problem due to their toxicity, 
persistence, and resistance to conventional treatment 
methods. Advanced oxidation processes, particularly 
photoelectrocatalysis, have gained attention as effective 
methods for degrading such pollutants. In addition to dye 
contaminants, many emerging micropollutants exhibit 
high chemical stability and poor biodegradability, which 
limits the efficiency of conventional biological and 
physicochemical treatment approaches [1-3]. Boron-
doped diamond (BDD) is a p-type semiconductor mate-
rial with a wide electrochemical window, high chemical 
stability, and excellent charge transport properties, 
making it suitable for electrochemical and photo-
electrochemical applications [4]. The compact diamond 
structure renders the n-type doping process challenging. 
Consequently, various materials, including ZnO and 
TiO2 are employed to establish heterostructure p-n 
junctions with BDD [5, 6].  

Titanium dioxide (TiO2) is a well-known n-type 
semiconductor photocatalyst characterized by strong 
oxidizing ability, chemical stability, and efficient photo-
generation of electron-hole pairs under UV irradiation 
[7]. The integration of p-type BDD with n-type TiO2 
leads to the formation of a p-n heterojunction, which 
promotes efficient separation of photogenerated charge 
carriers and suppresses electron-hole recombination, 

thereby enhancing the generation of reactive oxygen 
species and improving photoelectrocatalytic perfor-
mance. The performance of the heterojunction can be 
further enhanced by structuring the BDD layer, which 
increases the local electric field intensity at the hetero-
junction interface [8]. Therefore, the development of 
BDD/TiO2 heterostructure photoelectrodes represents  
a promising approach for enhancing the degradation 
efficiency of organic dyes such as Mordant Blue 9 under 
UV irradiation [9]. In this study, the performance of 
novel BDD/TiO2 heterostructure photoelectrodes with 
nanostructured interface and anatase TiO2 deposited by 
pulsed laser deposition was investigated for the 
degradation of Mordant blue 9 dye. 

 

2 Experimental 

2.1 Sample preparation 

The deposition of BDD film was performed in a sur-
face wave plasma system, the Linear Antenna Micro-
wave Chemical Vapor Deposition Reactor (Scia cube 
300, Germany). N-type (100) silicon substrates 
(1×1 cm2) were used for BDD deposition. Prior to the 
BDD deposition, substrates were seeded in an ultrasonic 
bath in a suspension of 50 mg nanodiamond powder in 
1 L of demineralized water for 40 min. The BDD film 
was deposited for 60 h in a CH4/H2 gas mixture with 
trimethylboron added. The concentration of CH4 in H2 
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was set to 2%, and the B/C ratio in the gas phase was set 
to 10 000 ppm to achieve semiconducting BDD. The 
power of the microwave generator was set to 6 kW. The 
substrate temperature was maintained at 700 °C during 
the growth process, and the process gas pressure was 
25 Pa. The nano-structuring of BDD was achieved by dry 
etching in radiofrequency plasma generated in an oxygen 
atmosphere for a duration of 30 min at a pressure of 6 Pa 
and an applied power of 100 W [10]. The TiO2 thin film 
was deposited on the nanostructured BDD layer by 
pulsed laser deposition using a sintered undoped TiO2 
target in an oxygen atmosphere at a pressure of 3 Pa [11]. 
The substrate temperature during the deposition was 
maintained at 400 °C. An excimer laser (ComPex Pro 
205, 248 nm) was used as the ablation source. The laser 
pulse energy measured behind the 10×20 mm aperture 
was 206 mJ, corresponding to a laser fluence of approxi-
mately 2.8 J·cm⁻². The pulse repetition rate was set to 
50 Hz. For the preparation of the 100 nm thick TiO2 
layer, 7500 laser pulses were applied, corresponding to  
a deposition time of 2.5 min. The sample was analyzed 
by scanning electron microscopy (JEOL 7500f equipped 
with a cold cathode) and Raman spectroscopy with  
a He-Ne laser (633 nm).  

 

2.2 Photoelectrochemical measurements 

The photoelectrochemical measurement was per-
formed using Autolab PGSTAT 204 – Metrohm with 
linear sweep voltammetry at a scan rate of 5 mV/s in the 
range of −0.4 V to 0.8 V vs Ag/AgCl in 5 mL of 0.5 M 
Na2SO4 electrolyte. The photoelectrochemical degrada-
tion of 5 mL 20 µM Mordant Blue 9 prepared in 0.5 M 
Na2SO4 was performed using chronoamperometry at 0 V 
and 0.8 V vs Ag/AgCl. The three-electrode system with 
Pt serving as a counter electrode, Ag/AgCl serving as  
a reference electrode, and the BDD serving as the 
working electrode was used. UV LED with emission 
maxima at 365 nm and radiant power at the electrode 
surface of 1 mW/cm2 was used for both linear sweep 
voltammetry (LSV) and degradation measurement. 

 

2.3 3D printed photoreactor 

The photoelectrochemical flow cell (PECell) was 
designed using Autodesk Inventor Professional 2025 and 
fabricated by stereolithography (SLA) 3D printing using 
a Prusa SL1S printer and an ABS-like photo-polymer 
resin (V2.0, ELEGOO Inc.) (Fig. 1). The UV exposure 
time for each 50 µm layer was optimized to 9 s. After 
printing, the parts were washed in isopropanol and post-
cured under UV irradiation for 30 minutes.  

 
Fig. 1. Cross-sectional view of the 3D printed photo-
reactor consisting of 1) LED module, 2) Opening for 
reference electrode, 3) Opening for counter electrode,  
4) Sample seating 5) Magnet based fitting 

 

The PECell consists of three parts that are joined by 
magnetic force, enabling fast assembly and disassembly. 
The bottom part contains a banana connector for the 
electrical connection and an opening for the working 
electrode (sample) with dimensions of 1×1 cm. The 
middle part contains a 5 mL electrolyte chamber and an 
O-ring seal that defines the circular active area of the 
working electrode with a diameter of 5.5 mm. The top 
part contains openings for the reference electrode, 
counter electrode, and an interchangeable LED module 
designed for 5 mm through-hole LEDs. The threaded 
mounting of the LED module enables precise adjustment 
of the distance between the LED and the working 
electrode. In addition, the modular design allows easy 
replacement of LED modules equipped with LEDs of 
different wavelengths. 

 

3 Results and discussion 

SEM analysis (Fig. 2) confirms the successful fabri-
cation of nanostructured boron-doped diamond (BDD) 
film and sub-micro grain size of subsequently deposited 
TiO2. The coexistence of both materials suggests the 
formation of a heterojunction, which plays a crucial role 
in the charge separation process [8].  

 

https://www.sciencedirect.com/topics/engineering/cold-cathode
https://www.sciencedirect.com/topics/physics-and-astronomy/raman-spectroscopy
https://www.sciencedirect.com/topics/materials-science/cyclic-voltammetry
https://www.sciencedirect.com/topics/engineering/hydrogen-electrode
https://www.sciencedirect.com/topics/engineering/hydrogen-electrode
https://www.sciencedirect.com/topics/engineering/pt-electrode
https://www.sciencedirect.com/topics/engineering/radiant-power
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Fig. 2. SEM images of nanostructured BDD (a) and TiO₂-
coated (b) electrode 

 

Raman spectra (Fig. 3) show the characteristic 
diamond-related band (ZPCD) at 1320 cm⁻¹ confirming 
the formation of the BDD film. Broad bands observed 
near 1150 and 1450 cm⁻¹ are associated with trans-
polyacetylene (t-PA) species typically present in 
nanocrystalline diamond films [4]. Raman peaks 
assigned to TiO2, particularly the anatase modes at 
147 cm⁻¹, 398 cm⁻¹, and 618 cm⁻¹, further confirm the 
successful formation of the anatase phase of TiO2 [8]. 
Due to the low doping level of BDD, the typical boron 
related maxima at approximately 500 and 1200 cm-1 are 
not present in the spectra. However, the red-shift of the 
ZPCD maximum from its original position at 1332 cm–1 
suggests the occurrence of a mild Fano effect, indicating 
the achievement of the metal-insulator transition 
threshold [12]. 

 

 
Fig. 3. Raman spectra of BDD and BDD/TiO2 electrodes 

LSV measurements of the BDD/TiO2 photoelectrode 
under different LED intensities showed a significant 
increase in photocurrent with increasing illumination 
(Fig. 4). The sharp current rise near 0 V vs. Ag/AgCl 
confirms efficient photoinduced charge generation and 
separation in the TiO2 layer, while the quasi-plateau 
region observed at higher potentials indicates saturation 
of charge carrier transport and electrochemical reactions. 

 

 
Fig. 4. LSV curves recorded under different intensity of 
UV irradiation 

 

Figure 5 illustrates the evolution of the photocurrent 
density as a function of LED intensity at 0 V and at  
a bias potential of 0.8 V vs Ag/AgCl. The application of 
external anodic bias potential significantly enhanced the 
photocurrent and linearized the photoresponse across the 
investigated light intensity range. This improvement is 
attributed to the enhanced separation efficiency of 
photogenerated charge carriers within the hetero-
structure [13]. However, the linear behavior of the curve 
is constrained at higher illumination levels, which 
generate more charge carriers, suggesting that the charge 
separation could be further improved by increasing the 
applied voltage. 
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Fig. 5. Influence of irradiation intensity on the photo-
current 

 

Figures 6 and 7 show the evolution of the mea-sured 
transmittance spectrum during the photo-electrochemical 
degradation of MB9 at 0 and 0.8 V vs. Ag/AgCl, 
measured by the photodiode field based photo-spectro-
meter. The measured transmittance minimum at 520 nm, 
maximum at 680 nm, and the overall shape of the 
spectrum correspond with the absorbance spectrum of 
MB9 [14]. Over the course of the degradation process, 
the entire spectrum steadily shifts toward 100% trans-
mittance, visually demonstrating the successful puri-
fication of the solution across the visible light range. 
While the unbiased system at 0 V shows a gradual 
uniform progression towards transparency across all 
recorded wavelengths, requiring 60 hours, the 0.8 V bias 
potential induces a flattening of the transmission over the 
entire spectrum after 20 hours, confirming highly 
accelerated decolorization dynamics. 

 

 
Fig. 6. Measured transmittance spectra evolution during 
degradation of MB9 at 0 V (vs. Ag/AgCl) 

 
Fig. 7. Measured transmittance spectra evolution during 
degradation of MB9 at 0.8 V (vs. Ag/AgCl) 

 

Figure 8 shows the time evolution of transmittance 
during degradation of MB9 with and without applied 
0.8 V bias potential. Wavelength 515 nm corresponds to 
the characteristic absorbance maximum of Mordant Blue 
9, associated with the azo chromophore structure of the 
dye molecule. In contrast, the absorption band observed 
at 590 nm is attributed to intermediate degradation 
products formed during the photoelectrocatalytic 
decomposition of MB9. The appearance and increase of 
this band during degradation indicates the formation of 
partially oxidized aromatic species and conjugated 
intermediates generated during the cleavage and 
subsequent transformation of the azo structure [14]. 
Applying bias voltage of 0.8 V significantly accelerated 
the degradation of Mordant Blue 9, a phenomenon 
attributable to the improved separation of photo-
generated charge carriers and the suppression of  
 
 

 
Fig. 8. Degradation of Mordant Blue 9 without and with 
applied bias voltage (Ref. is Ag/AgCl) 
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electron-hole recombination. This promoted the forma-
tion of reactive oxygen species, with hydroxyl radicals 
considered the primary contributor to the oxidative 
degradation of organic pollutants [15]. The observed 
synergistic effects highlight the advantage of the photo-
electrocatalytic system in comparison to purely photo-
catalytic or electrochemical processes [16]. 

Photographic analysis (Fig. 9) visually confirms the 
enhanced degradation efficiency under combined UV 
irradiation and applied bias compared to UV irradiation 
alone. While both samples exhibit gradual decolori-
zation over time, the solution treated at 0.8 V vs. 
Ag/AgCl becomes visibly transparent approximately 
40 hours earlier, indicating a significantly faster 
decomposition of the dye molecules. The visual observa-
tions are in good agreement with the transmittance mea-
surements presented in Figs. 6 and 7 and further demon-
strate the beneficial effect of the external bias on the 
photoelectrochemical degradation process. 

Table 1 summarizes selected studies performed under 
operating conditions comparable to those employed in 
this work. The degradation times reported in the literature 
are typically one or two orders shorter and the volumes 
of the dye-contained solutions are one or two orders 
higher. On the other side, photoelectrode surfaces are 
typically one or two orders larger and irradiation is one 
order higher. Therefore, the results obtained using 
BDD/TiO2 photoelectrodes demonstrate the comparable 
capability of photocatalytic degradation of azo dye 
contaminated solutions with state-of-the-art results. 

 

 

 

 

 

 

 
 

Fig. 9. Photographic comparison of dye degradation over 
time without applied potential and with applied bias 
potential of 0.8 V vs. Ag/AgCl 

 

Table 1. Comparison of PEC experiments for removal of Azo dyes under similar operational conditions 

Photoelectrode Azo dye Volume UV Irradiance Bias Surface Degradation time 
BDD/TiO2 *  20 µM MB9 5 mL 1 mW/cm2 0 vs Ag/AgCl 0.2 cm2 20h (65%), 60h (100%) 
BDD/TiO2 *  20 µM MB9 5 mL 1 mW/cm2 0.8 vs Ag/AgCl 0.2 cm2 20h (90%), 60h (100%) 
Cu/S-TiO2 [17] 156 µM BB9 125 mL 2 mW/cm2 1 mA cm⁻² 10 cm2 1h (49%) 
Porous TiO2 [18]  47 µM RO9 30 mL 50 mW/cm2 0.8 vs SCE 8 cm2 0.5h (100%) 
TiO2 NTs [19]  31 µM BB 100 mL 10 mW/cm2  0.6 vs Ag/AgCl 2 cm2 1.75h (93.85%) 
TiO2/SrTiO3 [19]   31 µM BB 100 mL 10 mW/cm2  0.6 vs Ag/AgCl 2 cm2 0.33h (100%) 

*This work 
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4 Conclusion 

BDD/TiO2 photoelectrodes demonstrated ability of 
photoelectrocatalytic degradation of Mordant Blue 9 
under UV irradiation. SEM and Raman analyses con-
firmed the successful fabrication of the BDD/TiO₂ 
heterostructure, while LSV measurements revealed 
enhanced photocurrent generation with increasing UV 
intensity, indicating efficient photogeneration and 
separation of charge carriers in the heterostructure. The 
application of an external anodic bias of 0.8 V vs. 
Ag/AgCl further increased the photocurrent response 
and improved the linearity of the photoresponse by 
promoting charge carrier separation and suppressing 
electron-hole recombination. Complete degradation of 
Mordant Blue 9 was achieved within 60 h even without 
an applied bias voltage, while the application of 0.8 V 
vs. Ag/AgCl significantly accelerated the degradation 
process. The developed 3D-printed photoreactor proved 
measurement repeatability and operational stability 
while providing simple handling, rapid assembly, and 
reproducible positioning of the electrodes and UV light 
source. The obtained results confirm the potential of 
BDD/TiO2 heterostructures for advanced wastewater 
treatment applications. 
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