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Abstract 

The primary focus of this research is to enhance the efficiency and effectiveness of the photoanode based of titania nanotubes in the 
photoelectrocatalytic process, which enables the simultaneous generation of hydrogen and degradation of ammonia. The modification process 
involved the incorporation of nitrogen dopant during anodization and sensitization of CuO through Successive Ionic Layer Adsorption 
Reaction (SILAR). The results of this study showed that the introduction of N dopant led to a significant enhancement in both the ammonia 
elimination and the hydrogen production, as evidenced by 3N-TiNTAs achieving 74.4% and 561 mmol/m2, respectively. Meanwhile, the 
highest hydrogen production was observed with 7CuO-TiNTAs at 910.14 mmol/m2. The study revealed that N-TiNTAs exhibited superior 
performance in ammonia degradation; while CuO-TiNTAs showed higher hydrogen production rates. Furthermore, the mechanistic aspects of 
the study were also thoroughly examined. 
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1. Introduction  

 Hydrogen is a highly promising environmentally friendly 

and clean alternative energy source. Its use as a fuel is 

particularly appealing considering that its combustion only 

produces water vapor, thereby reducing the number of 

pollutants released into the atmosphere. This then has made 

hydrogen an ideal choice for powering vehicles and fuel cells 

to generate electricity [1]. In addition, the energy output from 

the combustion of hydrogen surpasses that of other fuels such 

as methane, gasoline, and coal. Numerous countries, for this 

reason, have then witnessed a substantial surge in research 

endeavors focused on augmenting the hydrogen generation. 

However, to make hydrogen as a truly leading energy 

resource, it is deemed crucial to ascertain that it is generated 

efficiently and sustainably  [2] There are a number of methods 

in hydrogen production, including fossil fuels reform [3], 

water electrolysis, biological processes, thermal 

decomposition, and biomass gasification. It is crucial to 

highlight that the hydrogen production through methods such 

as reform, thermal decomposition, and biological processes 

frequently produces carbon dioxide (CO2) emission. 

Considering this, scientists worldwide have been actively 

working on advancing hydrogen production technology. 

Among the various methods, water splitting has emerged as 

the preferred technique for hydrogen production as it can 

produce no CO2 emissions [1]. Numerous approaches to water 

splitting have then been developed with recent studies focused 

on the decomposition of ammonia as a means of producing 

hydrogen. The use of ammonia as a raw material for hydrogen 

production is particularly intriguing as it does not produce 

CO2 and offers a solution for the waste problem[4]. Ammonia 

shows great potential as a viable source of hydrogen and may 

play a significant role in the future hydrogen economy. In 

comparison to methanol, ammonia in its liquid form contains 

a higher concentration of hydrogen with a weight percentage 

of 17.6% compared to 12.5% [5]. Additionally, the use of 

ammonia solution as an energy storage material for hydrogen 

production is highly attractive for its ability to be stored in 

smaller volumes and at lower pressures [6-8]. 

Various techniques have been employed to produce 

hydrogen from ammonia decomposition, such as electrolysis 

[9], catalyst utilization at elevated temperatures [10], and 

photocatalytic [6]. At this point, electrolysis requires a 

substantial amount of power to convert ammonia into 

hydrogen, highlighting a need to investigate more energy-

efficient alternatives. Photocatalytic, on the other hand, offers 

a straightforward and environmentally friendly method that 

utilizes a simple reactor without producing any additional 
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pollutants [11]. 

One limitation of this approach is the occurrence of 

recombination, which poses a challenge to its effectiveness. 

To address this issue, a potential solution involves the 

integration of photocatalytic and electrolysis, resulting in a 

hybrid process known as photoelectrocatalytic (PEC). A study 

conducted by Nemoto and colleagues in 2007 delved into the 

generation of hydrogen and nitrogen through the breakdown 

of an ammonia solution [6,12,13]. 

Titania nanotube arrays (TiNTAs) exhibit an excellent 

photocatalytic activity when utilized as a photoanode in the 

photoelectrocatalytic process. The efficient transportation of 

electrons to cathode is made possible by the substantial 

surface area and distinctive one-dimensional channel structure 

of the material. These characteristics contribute to its ability to 

effectively facilitate electron transport [14]. On the other 

hand, the titania nanotube exhibits a drawback in terms of a 

significant bandgap energy ranging from 3 to 3.2 eV, which 

limits its potential applications. It also suffers from a high rate 

of electron-hole recombination, later on hindering its 

efficiency in certain processes [15]. The photo response is 

restricted to the UV region, resulting in the diminished 

quantum efficiency of the photoelectrocatalytic reaction. This 

limitation hinders the overall effectiveness of the reaction 

process as the photons are utilized ineffectively beyond the 

UV range.  

The alteration through the introduction of non-metal atoms 

refers to a technique used to adjust the absorbance of titania 

nanotubes towards a higher wavelength, thereby enhancing 

the photoelectrochemical capabilities. Among the various 

types of non-metallic elements investigated for this purpose, 

nitrogen stands out as the most effective option, primarily in 

view of its structural similarities to oxygen, including 

characteristics such as electronegativity, coordination number, 

and ionic radius [16]. The hybridization of the O 2p and N 2p 

orbitals leads to the creation of a novel energy level 

positioned higher than the valence band. This phenomenon 

then causes a decrease in bandgap energy and an increase in 

the reactivity of titania nanotubes under visible light 

irradiation [17]. 

The adsorption capacity of the photoanode is a crucial 

concern that requires attention. To ensure an efficient process 

of ammonia decomposition and hydrogen production, it is 

vital for the photoanode to possess an ability to effectively 

adsorb pollutants. Numerous research have focused on 

synthesizing metal oxides such as CuO, MgO, and ZnO as 

potential ammonia adsorbents [18]. Enhancing the adsorption 

capacity of the photoanode for ammonia and improving the 

performance of the photoelectrocatalytic can be achieved by 

incorporating CuO - a favorable option for doping TiO2 owing 

to its abundant availability, eco-friendliness, cost-

effectiveness, and remarkable electrical conductivity [19,20]. 

Furthermore, the limited bandgap exhibited by copper-based 

oxides with values around 2.0 eV for Cu2O and 1.7 eV for 

CuO renders them valuable for their potential application as 

sensitizers under visible light irradiation [21]. The 

incorporation of CuO effectively enhances the photocatalyst's 

sensitivity to visible light exposure [22]. The exploration of 

efficient hydrogen production systems by means of the PEC 

method and organic waste treatment has garnered a significant 

attention from researchers [20,23-25]. The phenomenon of 

electron trapping is commonly witnessed upon the 

introduction of Cu-based oxides into TiO2 substances, playing 

a vital role in preventing the recombination of electron-hole 

pairs [26-28]. 
The principal focus of this study is to compare the 

photoelectrocatalytic performance of nitrogen-doped and 

CuO-sensitized titania nanotube arrays. Both nitrogen doping 

and CuO sensitization have the potential to enhance photon 

absorption, thereby optimizing the electron excitation process 

and increasing the generation of OH radicals. For this, it is 

deemed necessary to compare the performance of these two 

modifications to determine the most effective titania nanotube 

modification. The comparative analysis will specifically focus 

on the hydrogen production through the ammonia 

degradation. The impact of loading urea as a nitrogen 

precursor and loading CuO as a sensitizer on 

photoelectrocatalytic hydrogen production will be thoroughly 

examined. Furthermore, this study provides evidence that 

nitrogen-doped titania exhibits a higher number of adsorbed 

water surfaces and hydroxyl groups, thereby enhancing its 

photocatalytic activity. It also demonstrates that the addition 

of CuO as a sensitizer can significantly increase the 

adsorption capacity of titania nanotubes for ammonia. 

2. Materials and Methods 

2.1. Nitrogen-doped titania nanotube (N-TiNTAs) synthesis  

The titania nanotubes were synthesized and modified 

through the addition of N dopant in situ during the 

anodization of Ti plates obtained from Baoji Jinsheng Metal 

Material Co. Ltd. To obtain N-TiNTAs, titanium foil was 

subjected to anodization in a 60 ml electrolyte solution, 

consisting of glycerol, 0.5%wt ammonium fluoride, 25%wt 

aqueous, and varied concentrations of urea (0.1%wt, 0.2%wt, 

0.3%wt, and 0.4%wt) [29-32]. The process was carried out for 

120 minutes under a voltage of 50 V[33], utilizing a DC 

power source. The experimental setup included a two-

electrode system using titanium foil as the anode and platinum 

foil as the cathode. Magnetic stirring was implemented to aid 

in the reaction progression. Following the anodization 

process, the sample underwent a 3-hour annealing process at 

500°C to induce the crystalline stage. Before undergoing 

annealing, the specimen underwent a washing process using 

distilled water, followed by exposure to N2 gas flowing at a 

rate of 60 mL/min. Subsequently, the temperature gradually 

decreased to room temperature. The method of synthesis and 

modification of titania nanotubes with N dopant can provide a 

controlled and systematic approach to enhance the properties 

of the nanotubes for various applications in nanotechnology 

and material science. 

2.2. CuO depositing on titania nanotube (CuO-TiNTAs) 

Copper (II) nitrate trihydrate served as the precursor for 

the synthesis of titanium dioxide nanotubes decorated with 

copper (CuO-TiNTAs). The introduction of copper into 

TiNTAs was achieved in situ using the Successive Ionic Layer 

Adsorption and Reaction (SILAR) technique. It began by 
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preparing a solution containing copper (II) nitrate at various 

concentrations (0.03 M, 0.04 M, 0.05 M, 0.07 M, and 0.10 M) 

in a 60 mL volume. The ultrasonic bath used for this purpose 

was the Telsonic TPC 015, operating at 200 W and 65 kHz. 

The amorphous TiNTAs were formed on both sides of the Ti 

foil by immersing it in the copper nitrate solution using the 

ultrasonic bath. Subsequently, the samples were rinsed for 10 

seconds and allowed to dry at room temperature for 1 minute. 

To ensure a fixed deposition of copper, this process was 

repeated 20 times, constituting one SILAR period. Finally, the 

Cu-deposited titanium dioxide nanotubes were annealed at 

500°C for three hours to enhance their structural and 

morphological properties. 

2.3. Titania nanotube characterization 

The morphological analysis of TiNTAs, N-TiNTAs, and 

CuO-TiNTAs was conducted using two different field 

emission scanning electron microscopes or FESEM (FEI 

Inspect F50 and JEOL JIB-4610F) as well as a transmission 

electron microscope (FEI Tecnai G2 20 S-Twin). To 

determine the composition of the samples, an energy-

dispersive X-ray spectrometer (EDX) with Oxford's XMAX 

50 detector was used. Additionally, the CuO content on the 

titania nanotubes was determined using X-ray fluorescence 

(XRF) with a Rigaku Supermini200 instrument and a 

scintillation counter (SC) for a wavelength range of 0.01 – 0.3 

nm. For the measurement of the optical absorption spectra of 

the photoanodes in the 300–800 nm wavelength range, UV-

DRS (Agilent Technologies Cary 40) was utilized. The 

estimation of the bandgap was achieved by calculating the 

Kubelka-Munk function to interpret the obtained spectra. To 

perform the crystallography analysis of the titanium dioxide 

nanotubes, X-ray diffraction (XRD) was carried out by means 

of a Shimadzu 7000 Maxima-X instrument operating at 40 kV 

and 30 mA with a scan rate of 2° min-1 over a scan range of 

10–80°. The light source used for this analysis was Cu Kα 

(λ=0.15406 nm). Finally, the atomic sensitivity factors were 

used to estimate the O atom in a hydroxyl group through the 

elemental peak areas obtained from X-ray photoelectron 

spectroscopy (XPS) using the ULVAC-PHI Quantera II 

instrument. 

2.4. Hydrogen productions and ammonia degradation 

The process of hydrogen production via 

photoelectrocatalytic was carried out utilizing a PEC cell 

system, consisting of a number of essential components such 

as a thermocouple, a mercury lamp (Philips HPL-N 250 

W/542 E40), and continuous stirring. To ensure optimal 

conditions for the reaction, the photoreactor was positioned 

within a box featuring reflective walls. The PEC system 

enabled the direct flow of argon gas (99.99%) to the Gas 

Chromatography (GC, Shimadzu GC 2014) column for 

analysis. The actual hydrogen production took place in a 225 

ml solution of ammonia with a concentration of 500 mg/L 

with the photoanode being situated flat inside the 

photoreactor. 

Throughout the experiment, the photoelectrocatalytic 

reaction was continuously conducted within 2 hours with 

samples being collected at 30-minute intervals to quantify the 

amount of H2 generated. The UV-Vis Spectrophotometer was 

used to assess the remaining ammonia content in the system 

using the Nessler method. Furthermore, the levels of ammonia 

were periodically analyzed in batches to monitor any changes 

over time. During the experiment, to ensure the stability of the 

reaction environment, a pH meter (Horiba, PH110-KN) was 

utilized to measure both the pH level and oxidation-reduction 

potential (ORP) every half hour. 

3. Results and Discussion 

3.1. Analysis of titania nanotubes properties 

The positioning of nanotubes on the surface of the titanium 

substrate is dependent upon the competitive reaction between 

the formation of an oxidation layer and chemical dissolution 

[34]. To verify that the structure of titania in the form of 

nanotubes remained unchanged with the introduction of urea 

as a nitrogen precursor, FESEM characterization was 

conducted. The morphology of nitrogen-doped TiNTAs was 

compared to that of undoped TiNTAs, as shown in Fig. 1, in 

which no alterations in morphology were observed. This 

indicates that the nanotubular structure can withstand the 

effects of doping and thermal treatment, even when a layer of 

nitrogen is present on the surface of the N-TiNTAs. The 

average inner diameter of TiNTAs was in the range of 96 to 

160 nm, while that of N-TiNTAs was in the range of 72 to 

153 nm. The inner diameter of N-TiNTAs was found to be 

smaller than that of TiNTAs, consistent with previous 

research [35]. The detection of the N signal occurred when N 

was introduced into the TiNTA matrix through anodization. 

The N element was derived from urea. Table 1 demonstrates 

an increase in the N content on the photoanode as the 

concentration of the N precursor, urea, increased. The higher 

the amount of urea added, the greater the amount of N 

deposited on the nanotube structure of titania. 

Table 1. EDX N-TiNTAs results 

 TiNTAs 1N-TiNTAs 2N-TiNTAs 3N-TiNTAs 4N-TiNTAs 

Ti 67.78% 70.29% 70.17% 69.60% 66.58% 

O 32.22% 26.27% 26.23% 26.66% 29.31% 

N 0% 3.44% 3.60% 3.75% 4.11% 

 

Fig. 1. FESEM images of (a) TiNTAs, (b) 1N-TiNTAs, (c) 2N-TiNTAs, 

(d) 3N-TiNTAs, and (e) 4N-TiNTAs 
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Fig. 2 shows the examination of the microstructures of 

CuO-TiNTAs, revealing that after the SILAR deposition 

process, CuO nanoparticles covered the surface of TiNTAs. 

The concentration of the precursor was found to have a 

significant impact on both the quantity and growth of the CuO 

deposited on the TiNTAs. This, as illustrated in Fig. 3, 

resulted in the sensitization of CuO on the TiNTAs surface 

where CuO nanoparticles were observed to be scattered across 

the surface. Moreover, an increase in precursor concentration 

led to a thickening of the tube wall, attributed to the higher 

amount of CuO attached on the TiNTAs surface, resulting in a 

uniform distribution of CuO nanoparticles on the nanotube 

surface. The SEM analysis further supported these findings by 

demonstrating that the tube wall thickness increased with the 

increasing concentration of the precursor. The EDX results 

also provided insights into the atomic concentration within the 

titania nanotubes at various concentrations of CuO precursors, 

as presented in Table 2. It was observed that a higher 

concentration of CuO precursor corresponded to a greater 

presence of Cu atoms in the titania nanotubes, reinforcing the 

relationship between the tube thickness and the increased 

amount of bound CuO. These results collectively underscore 

the influence of precursor concentration on the microstructure 

of CuO-TiNTAs, shedding light on the sensitization process 

and the distribution of CuO nanoparticles on the nanotube 

surface. 

Furthermore, the correlation between the precursor 

concentration and the quantity of CuO bound was further 

confirmed through the XRF findings, in addition to the EDX 

outcomes. As presented in Table 3, an increase in the 

precursor concentration led to a corresponding rise in the 

weight percentage of CuO present within the titania 

nanotubes. Since Copper (II) nitrate trihydrate precursor was 

oxidized to CuO during the calcination process, the CuO 

content in TiNTAs was capable of representing the amount of 

Cu contained in TiNTAs. 

 

Fig. 2. Imaging of FESEM for (a) TiNTAs, (b) 3CuO-TiNTAs, (c) 4CuO-

TiNTAs, (d) 5CuO-TiNTAs, (e) 7CuO-TiNTAs, and (f) 10CuO-TiNTAs 

The uniformity of CuO particle distribution on the surface 

of the titania nanotubes was evident, as it extended 

consistently from the tube opening to the tube wall. This 

finding aligns with the findings from our previous research 

utilizing TEM analysis where a d-spacing value of 0.352 nm 

was linked to the d-spacing of TiO2, specifically the crystal 

orientation of anatase (101) [36]. These results are consistent 

with the outcomes reported by Dandan et al [37]. Furthermore, 

the confirmation of CuO nanoparticles' presence is supported 

by a d-spacing value of 0.228 nm, particularly associated with 

the crystal orientation of CuO (002) nanoparticles. The crystal 

orientation (002) is characterized by a 2θ value of 35.63°, 

corresponding to the monoclinic CuO phase (JCPDS No. 02-

1225) [38]. Fig. 3 presents the TEM images illustrating these 

findings, showcasing the distribution and crystal orientation of 

CuO particles on the titania nanotubes. 

 

Fig. 3. (a) TEM and (b) HRTEM imaging for CuO-TiNTAs 

Table 2. EDX results of CuO-TiNTAs 

Table 3. XRF results of CuO-TiNTAs 

 TiNTAs 
3CuO 

TiNTAs 

4CuO 

TiNTAs 

5CuO 

TiNTAs 

7CuO 

TiNTAs 

10CuO 

TiNTAs 

TiO2 100% 99.923% 99.921% 99.889% 99.864% 99.852% 

CuO 0% 0.077% 0.079% 0.111% 0.136% 0.148% 

The analysis of the crystal structure of titania nanotubes 

aimed to explore the impact of incorporating N and CuO on 

the inherent crystal properties of titania. It was executed using 

XRD (X-ray diffraction) technique. Fig. 4(a) presents the 

XRD pattern of N-TiNTAs and CuO-TiNTAs samples that 

underwent calcination at 500°C. The diffraction pattern 

revealed the presence of six signals at specific angles (2θ = 

25.3°, 37.9°, 48.4°, 54.04°, 70.65°, and 76.20°), which 

corresponded to the crystal orientations of anatase phase, 

specifically (101), (004), (200), (105), (220), and (215) 

orientations, respectively. These orientations were identified 

based on the JCPDS No.21-1272 reference [39,40]. 

Interestingly, as shown in Fig. 2, the N atoms were uniformly 

distributed and only minimally dispersed within the TiNTAs 

matrix, resulting in the absence of a distinct diffraction peak 

for N [41]. The author can also do a deeper analysis based on 

the shifting of diffraction angle due to the effect of N doping. 

This analysis can provide more prove toward the successfully 

of N doping.  

Fig. 4(b) demonstrates that the crystal structure of the 

titania nanotubes remained unchanged even after the 

 TiNTAs 
3CuO  

TiNTAs 

4CuO 

TiNTAs   

5CuO  

TiNTAs 

7CuO  

TiNTAs 

10CuO  

TiNTAs 

Ti 67.78% 63.84% 74.12% 66.55% 68.32% 86.69% 

O 32.22% 34.87% 24.47% 31.30% 29.45% 10.99% 

Cu 0% 1.29% 1.41% 2.15% 2.22% 2.32% 
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deposition of CuO. The XRD device was unable to detect the 

small quantity of CuO present on the surface of the titania 

nanotubes, resulting in the absence of a prominent signal from 

CuO crystals. This observation aligned with the results 

obtained from XRF and EDX analyses, confirming the 

minimal weight percentage of CuO and the highest 

concentration of elemental Cu. These findings collectively 

support the notion that the presence of CuO has no significant 

impact on the crystal structure of the titania nanotubes. 

 

 

Fig. 4. XRD pattern for (a) N-TiNTAs and (b) CuO-TiNTAs 

Fig. 5(a) informs the impact of nitrogen doped on the light 

absorption of TiNT. In the figure, the reflectance spectrum of 

N-TiNTAs displays a clear movement towards longer 

wavelengths. This suggests that nitrogen atoms can permeate 

the structure of TiNTAs and form N-Ti-O bonds. Previous 

studies have indicated that the choice of annealing gas has a 

significant impact on the formation of N-Ti-O bonds, leading 

to a reduction in the bandgap [42]. Annealing TiNTAs with N2 

gas resulted in a greater decrease in the energy of the band 

gap. Nitrogen gas can reduce the availability of oxygen in the 

calcination atmosphere, thereby reducing any unwanted 

oxidation reactions on the TiO2 surface. This helps to keep the 

TiO2 crystal structure stable and prevent unwanted phase 

changes. Nitrogen gas can help to remove any organic 

residues that may still exist on the TiO2 surface after the 

calcination process. This is important to improve the quality 

and photocatalytic activity of TiO2. As a result, the energy 

level in the valence band increases and the energy of the band 

gap decreases. The spectral range of 300 – 600 nm was 

investigated for optical absorption of the samples through the 

application of UV-Vis Diffuse Reflectance Spectroscopy 

(UV-Vis DRS). Fig. 5(a) and 5(b) illustrate the impact of N-

doping on the optical absorption, revealing a shift in N-doping 

absorbance towards visible light. The band gap of the 

photoanode sample was determined using the Kubelka-Munk 

function and Tauc plot [43], and the results are presented in 

Table 4. The data indicated that 3N-TiNTAs exhibited the 

smallest bandgap energy, suggesting that 3N-TiNTAs require 

less energy to excite electrons from the valence band to the 

conduction band. Moreover, the low energy of the band gap 

enhances the efficiency of visible-light absorption. It is 

predicted that an increase in urea concentration correlates with 

an increase in molecular size, resulting in a reduced diffusion 

rate. This diminished diffusion rate subsequently led to a 

decrease in the quantity of nitrogen permeating the TiNTAs 

matrix, causing an accumulation of impurities on the surface, 

which in turn influenced the light irradiation process. 

Table 4. N-TiNTAs bandgap energy calculation results 

Photoanode Bandgap energy (eV) 

TiNTAs 3.17 

1N- TiNTAs 3.07 

2N- TiNTAs 2.99 

3N- TiNTAs 2.95 

4N- TiNTAs 3.02 

The DRS UV-Vis characterization technique allowed for 

the measurement of the photon absorption spectra of TiNTAs 

and CuO-TiNTAs. Fig. 5(c) reveals that TiNTAs had an 

ability to absorb light with a wavelength below 400 nm, which 

could be attributed to their wide band gap. Upon CuO 

sensitization, the range of visible light that could be absorbed 

by CuO-TiNTAs expanded, encompassing the entire visible 

spectrum. The absorption intensity was observed to increase 

as the concentration of CuO precursor increased. However, at 

a concentration of 0.10 M, the absorption intensity decreased 

that could be attributed to the shielding effect, wherein 

multiple CuO particles hindered the incoming photons from 

reaching the photo-active site of the photocatalyst [44].  

Fig. 5(b) and 5(d) illustrate the calculation of the bandgap 

energy through the utilization of the Kubelka-Munk plot 

[45,46]. The bandgap energy of TiNTAs was estimated to be 

around 3.17 eV, which aligned closely with the reference 

value of 3.20 eV for anatase. Table 5 presents the complete 

value for the bandgap energy. An essential characteristic of 

the CuO-TiNTAs bandgap is its capability to absorb photons 

with low energy and facilitate electron excitation at smaller 

energies. This property contributes to the advantageous 

thermodynamic properties required for efficient 

photoelectrocatalytic hydrogen production [24]. 

Table 5. CuO-TiNTAs bandgap energy calculation results 

Photoanode Bandgap energy (eV) 

3CuO-TiNTAs 2.44 

4CuO-TiNTAs 2.19 

5CuO-TiNTAs 2.13 

7CuO-TiNTAs 2.11 

10CuO-TiNTAs 2.78 
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Fig. 5. (a, c) UV-Vis DRS spectrum reflectance and (b, d) Kubelka Munk 

plot 

Based on the XPS characterization results as depicted in 

Fig. 6, it was possible to discern a rise in the quantity of 

hydroxyl groups. The characterization revealed the presence 

of surface hydroxyl groups and adsorbed oxygen from water 

molecules at 531 and 532 eV [45]. The comparison between 

the N-TiNTAs and CuO-TiNTAs demonstrated a disparity in 

the intensities of the hydroxyl groups formed. Notably, the 

intensity of the O atoms within the hydroxyl group of the N-

TiNTAs surpassed that of the CuO-TiNTAs. This finding 

provides evidence that the incorporation of a nitrogen dopant 

can lead to an augmentation in the number of hydroxyl 

groups. The XPS measurements further indicated that the 

concentrations of O atoms within the hydroxyl groups of 

CuO-TiNTAs and N-TiNTAs were 20.47% and 60.60%, 

respectively. 

 

 

Fig. 6. Peak areas of XPS O 1s for (a) N-TiNTAs and (b) CuO-TiNTAs 

3.2. Performance of photoanode to ammonia degradation by 

photoelectrocatalytic 

Fig. 7(a) illustrates the degradation of ammonia over time 

and presents an analysis of the efficiency of different 

photoanode samples, such as TiNTAs and N-TiNTAs with 

varying levels of urea loading. Within a 120-minute 

timeframe, it was observed that 3N-TiNTAs exhibited the 

highest removal rate for ammonia at 74.4%, surpassing the 

removal rates of 31.1%, 35.1%, 55.8%, and 40.7% achieved 

by TiNTAs, 1N-TiNTAs, 2N-TiNTAs, and 4N-TiNTAs, 

respectively. The experimental results indicated that the 

performance of the photoanode specimens, particularly in 

terms of ammonia removal, was determined by the urea 

loading levels. The findings suggested that 3N-TiNTAs 

exhibited superior efficiency in removing ammonia compared 

to other specimens with different urea loadings. Moreover, the 

data revealed that, while higher urea loading generally led to 

increased ammonia removal rates, there were instances, such 

as in the case of 4N-TiNTAs where this trend was 

inconsistent. The findings highlighted the significance of 

considering the influence of urea loading on the efficiency of 
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photoanode materials in applications related to ammonia 

degradation. 

The results obtained in this study align with the 

characterization of the samples in terms of their physical 

structure, crystal structure, and optical properties, which were 

previously discussed in the subsection. The findings in the 

analysis of the Energy Dispersive X-ray Spectroscopy (EDX) 

revealed that the samples of 3N-TiNTAs exhibited a higher 

nitrogen (N) content in contrast to the remaining samples. 

Furthermore, the determination of the bandgap energy using 

the Kubelka-Munk function equation demonstrated that the 

3N-TiNTAs sample possessed the lowest bandgap energy 

among all the samples. Consequently, this sample exhibited a 

greater ability to absorb photon energy and generated a more 

efficient electron excitation. Moreover, the presence of 

hydroxyl groups in the N-TiNTAs material facilitated the 

capture of electron vacancies, resulting in the formation of 

hydroxyl radicals [47]. The accumulation of hydroxyl radicals 

was particularly advantageous in the process of ammonia 

degradation since hydroxyl radicals (•OH) served as the 

primary oxidizing agents during this degradation process. The 

reported reaction rate constant for the degradation of ammonia 

by hydroxyl radicals (•OH) is 1 x 108 M-1 sec-1 [48]. 

Therefore, the increased formation of hydroxyl radicals in the 

N-TiNTAs material enhances its potential for efficient 

ammonia degradation. 

Fig. 7(b) depicts the degradation of ammonia through 

photoelectrocatalytic means over a specific timeframe, 

showing the performance of various photoanode samples such 

as TiNTAs, 3CuO-TiNTAs, 4CuO-TiNTAs, 5CuO-TiNTAs, 

7CuO-TiNTAs, and 10CuO-TiNTAs. Of these samples, 

3CuO-TiNTAs was observed to have the highest degradation 

of ammonia with at 50.1% within 120 minutes, exceeding the 

results obtained with TiNTAs, 4CuO-TiNTAs, 5CuO-

TiNTAs, 7CuO-TiNTAs, and 10CuO-TiNTAs, which yielded 

the degradation percentages of 31.1%, 45.29%, 43.51%, 

41.33%, and 30.11% respectively. The presence of CuO 

nanoparticles on the surface of titania nanotubes could 

enhance the absorption of visible light due to the fact that the 

conduction band (CB) of CuO with a value of -0.8 eV is more 

negative compared to the CB of TiO2, which stands at -0.4 

eV. When exposed to light, electrons are generated in the CB 

of CuO and then transferred to the CB of TiO2. Conversely, 

the energy level of the valence band (VB) of CuO, which is 

+0.9 eV, is higher than that of TiO2, which is +2.8 eV, 

allowing the holes produced in TiO2 to accumulate in the VB 

of CuO. This accumulation of holes in the VB of CuO 

facilitates the oxidation process, as indicated by previous 

studies [24]. It is apparent that incorporating copper (Cu) into 

the titania nanotubes (TiNTAs) surfaces results in the 

increased adsorption of ammonia, thus improving the 

efficiency of ammonia photodegradation [49]. The presence 

of 3CuO-TiNTAs, 4CuO-TiNTAs, 5CuO-TiNTAs, and 

7CuO-TiNTAs results in a higher percentage of ammonia 

removal compared to TiNTAs, confirming this observation. 

However, the percentage of ammonia removal is lower in 

10CuO-TiNTAs when compared to TiNTAs. This can be 

attributed to the photoanode of 10CuO-TiNTAs, which 

exhibits a shielding effect and hampers the absorption of 

visible light, thereby reducing its effectiveness. 

 

 

Fig. 7. NH3 photoelectrocatalytic degradation using various photoanodes (a) 

N-TiNTAs and (b) CuO-TiNTAs 

The degradation of ammonia in all CuO-TiNTAs 

photoanodes exhibited a decrease in yield, which was found to 

be inversely proportional to the loading of CuO. The presence 

of a higher amount of CuO on the surface of the titania 

nanotube hindered the entry of ammonia onto the surface, thus 

resulting in a reduced degradation efficiency. The loss of 

ammonia can be attributed to a combined effect of adsorption 

and degradation processes, working synergistically to remove 

the ammonia from the system [50]. 

3.3. Effect of loading urea and CuO on hydrogen production 

by photoelectrocatalytic 

The experiment aimed to determine the 

photoelectrocatalytic performance of ammonia degradation to 

H2. This evaluation was conducted by utilizing an ammonia 

solution and subjecting it to the illumination of a 250W 

Mercury Lamp (320 – 700 nm). As a benchmark, the 

performance of TiNTAs was also evaluated in which its 

outcomes are presented in Fig. 8, depicting the impact of 

illumination time on the quantity of H2 generated. 

Additionally, Fig. 8(a) showcases a comparison between the 

H2 production results of N-TiNTAs and TiNTAs. Notably, the 

maximum H2 production yield of 561 mmol/m2 was achieved 

by 3N-TiNTAs, exhibiting a four-fold increase in activity 

compared to TiNTAs (127 mmol/m2). Conversely, the activity 

of 4N-TiNTAs decreased to 240 mmol/m2. The significant 

enhancement in the activity of nitrogen-doped titania 

nanotubes (N-TiNTAs) can be attributed to the augmented 
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absorption resulting from nitrogen doping and the heightened 

charge transfer within the N-TiNTAs. 

The enhanced photocatalytic performance of the titania 

synthesized using this method can be attributed to its 

increasing sensitivity to visible light. The UV-DRS spectra 

analysis revealed that the N-TiNTA photoanodes displayed 

enhanced absorption within the visible light spectrum when 

compared to the undoped titania nanotubes. This indicates that 

the introduction of nitrogen doping leads to a reduction in the 

band gap of the titania nanotubes, resulting in the formation of 

impurity levels. Consequently, the photoanode is capable of 

efficiently absorbing a significant portion of the solar 

spectrum, enabling excitation by low-energy photons for 

ammonia degradation. In addition to the improved absorption, 

the enhanced activity of the N-TiNTAs sample can be 

attributed to the formation of multiple phases, which 

significantly reduces the recombination of hole-electron pairs. 

In the photoelectrochemical response test, Reddy et al. (2017) 

conducted a study on N-doped TiO2 photocatalysis and 

observed a comparable phenomenon [51]. The findings 

revealed that the presence of an optimal quantity of nitrogen 

facilitates charge transfer. However, an excessive amount of 

nitrogen leads to a shielding effect, wherein numerous 

nitrogen particles hinder the photon from reaching the photo-

active site of the photocatalyst. Furthermore, an excessive 

concentration of nitrogen precursors results in the coverage of 

the tube surface, thereby obstructing the incoming light. 

Fig. 8(b) depicts the utilization of TiNTAs as control 

samples and CuO-TiNTAs photoanodes illustrating the 

process of hydrogen production. The results indicated that the 

presence of CuO on the titania nanotubes enhanced the 

activity of hydrogen production. This enhancement was 

attributed to the improved charge transfer and separation 

efficiency facilitated by the deposition of CuO, leading to an 

increase in the amount of hydrogen generated at the cathode. 

Also, as depicted in Fig. 8(b), the 7CuO-TiNTAs samples 

exhibited a greater hydrogen production in comparison to the 

remaining samples. The hydrogen production reached a 

maximum value of 910.14 mmol/m2 within 120 minutes. This 

finding highlights the significant influence of the photoanodic 

characteristics of CuO loading on titania nanotubes in the 

hydrogen production. As the CuO loading increases, the 

number of electrons donated to the conduction band of the 

titania nanotubes increases as well. This is crucial for the 

cathode to receive adequate electrons to effectively reduce all 

the H+ ions produced through either water hydrolysis or 

ammonia breakdown. Additionally, the 7CuO-TiNTAs 

samples exhibited a lower bandgap energy, resulting in an 

excellent response to photons. This then led to the excitation 

of a greater number of electrons from the valence band. On 

the other hand, the 10CuO-TiNTAs photoanodes 

demonstrated a distinct trend. The excessive loading of 0.10 

M CuO precursor led to a wall thickness exceeding the 

maximum limit. Consequently, the accumulation of CuO 

particles then created a shielding effect, where the particles 

essentially covered one another, resulting in suboptimal light 

absorption. 

The photocatalytic process is hindered by a significant 

chance of hole-electron recombination, resulting in reduced 

efficiency. However, this drawback can be addressed by 

employing a photoelectrocatalytic process, enabling more 

efficient charge transfer. As a result, the degradation process 

and hydrogen production can be enhanced, as supported by 

references [48,52,53]. 

Another aim of this study is to demonstrate that the 

inclusion of CuO as a sensitizer has a significant impact on 

enhancing the adsorption capability of titania nanotubes 

towards ammonia. This heightened adsorption capacity 

facilitates a more efficient degradation process of ammonia on 

the surface of the photocatalyst. As a result, an increased 

amount of ammonia is adsorbed onto the photocatalyst's 

surface, thereby providing a greater opportunity for it to react 

with OH• and undergo decomposition, ultimately releasing 

H+. 

 

 

Fig. 8. Photoelectrocatalytic hydrogen production using various photoanodes 

(a) N-TiNTAs and (b) CuO-TiNTAs 

The experiment involved conducting an ammonia 

adsorption test using CuO-TiNTAs in a PEC reactor, which 

was the similar reactor used for the ammonia degradation 

process. However, unlike the degradation process, no light 

was utilized in this stage. The initial concentration of 

ammonia used in the test was 500 mg/L. Fig. 9 illustrates that 

the addition of CuO sensitizer to titania nanotubes could 

enhance the adsorption capacity for ammonia. When 

compared to TiNTAs, the five samples of CuO-TiNTAs 

exhibited higher adsorption capacities. Notably, the 3CuO-

TiNTAs photoanode demonstrated the highest maximum 
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adsorption capacity among the samples. This can be attributed 

to the fact that a higher concentration of CuO results in a 

thicker CuO layer on the surface of the titania nanotubes, 

which in turn covers the pores and hinders the entry of 

ammonia molecules onto the surface. 

 

Fig. 9. Adsorption capacity of various photoanodes 

3.4. Analysis of reaction mechanisms 

Upon dissolution in water, the ammonium ions undergo a 

reaction pathway known as reaction path 1, which determines 

the balance. Under alkaline conditions, the equilibrium shifts 

towards the right, resulting in the formation of NH3. 

Conversely, at low pH levels, the majority of ammonia exists 

in the form of ionized ammonium ions (NH4
+) [54]. In the 

context of the degradation of ammonia through 

photoelectrocatalysis, the experiment was conducted at an 

alkaline pH of approximately 11. Over the course of the 2-

hour reaction period, the pH of the solution decreased to 

around 10, leading to the dominance of the non-ionic form of 

ammonia. It is worth noting that NH4
+ in its ionized form was 

considered inactive in compartment 1 of this study, as there 

were no available electrons to facilitate its reduction. 

   (1) 

The process of ammonia degradation results in the 

production of H+ ions, which are formed by splitting of the 

ammonia structure. Numerous scientists have discovered that 

various active species, such as h+ and OH•, act as the 

oxidizing agents during the photoelectrocatalytic ammonia 

degradation process [55,56]. 

The utilization of CuO as a sensitizer has been found to 

enhance the efficiency of the ammonia oxidation process by 

augmenting the adsorption capacity of ammonia. 

Consequently, this leads to an overall improvement in the 

efficiency of photodegradation, as highlighted in a previous 

study [49]. To provide a comprehensive overview, the 

subsequent discussion outlines the potential mechanisms 

involved in the photodegradation of ammonia [49]: 

 (2) 

 (3) 

 

 

 (4) 

 (5) 

 

Fig. 10. NO3
- concentration along the reaction 

The identification of intermediate compounds occurred 

during the ammonia degradation revealed the presence of 

NO3
- ions. The analysis of these intermediate compounds was 

conducted at 30 minutes intervals during the degradation 

process, resulting in the observation of a decreasing profile of 

NO3
- ions in solution, as depicted in Fig. 10. The decrease in 

the concentration of NO3
- ions after 60 minutes of reaction 

time indicates that NO3
- serves as an intermediate compound 

that will undergo further degradation into other compounds. 

During the degradation process of ammonia, if the 

presence of NO2
- or NO3

-ion species was detected, it was 

observed that NH2OH could serve as an alternative 

intermediate. Furthermore, it is suggested that reactions 6 – 9 

might be involved in certain reaction pathways. 

 (6) 

 (7) 

 (8) 

 (9) 

Yamazoe et al (2007) stated that the presence of NO3
- 

species on the surface of TiO2 can undergo a reaction with 

NH2 radicals, which are generated through the NH3 

degradation by OH radicals or h+, resulting in the production 

of N2. This phenomenon was observed through a 

spectrophotometric analysis where the concentration of NO3
- 

was found to decrease over time until the reaction completed. 

The proposed mechanism by Yamazoe et al (2007) suggests 

that the formation of N2 can continue through a series of steps 

[57]. 

  (10) 
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Under the experimental conditions employed in this study, 

it is possible to propose a mechanism for the ammonia 

degradation through photoelectrocatalysis, as depicted in 

reactions 2 – 10. 

The introduction of dopant N has a capability to enhance 

the concentration of OH- ions, thereby leading to a greater 

likelihood of ammonia structure breakdown, primarily driven 

by the oxidizing agent OH-. It is worth noting that the rate 

constant for the degradation of NH3 by OH- is higher 

compared to that of h+ with a value of approximately 1 x 108 

M-1 sec-1 [48]. 

4. Conclusion 

The synthesis of N-TiNTAs photoanodes was successfully 

achieved through an in-situ method during the anodization 

process. The characterization results indicated that the 

resulting N-TiNTAs displayed superior photoelectrochemical 

properties and responses. Meanwhile, the 

photoelectrocatalysis tests for ammonia degradation and 

hydrogen production demonstrated that 3N-TiNTAs had the 

highest percentage of ammonia removal at 74.4% and 

hydrogen production at 561.12 mmol/m2. This highlighted the 

efficiency of 3N-TiNTAs in these processes. By varying the 

CuO precursor loading using the SILAR method, CuO-

TiNTAs were tailored to achieve optimal CuO loading with 

enhanced characteristics and performance. The 

characterization of the photoanodes revealed that 7CuO-

TiNTAs exhibited superior characteristics compared to other 

variations. Performance tests further confirmed the unique 

properties of CuO-TiNTAs with 3CuO-TiNTAs showing the 

highest adsorption capacity at 28.25% and 50.1% ammonia 

removal. Notably, 7CuO-TiNTAs demonstrated the highest 

hydrogen production at 910.14 mmol/m2, underscoring their 

efficiency in this aspect. The findings of this investigation 

revealed that titania nanotubes doped with nitrogen and 

sensitized with CuO exhibited superior performance 

compared to unaltered titania nanotubes.  
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