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Abstract 
In this study, visible-light-active (Cu, N)-codoped TiO2 photocatalyst were synthesized via a sol–gel 
method using titanium tetraisopropoxide (TTIP) as the precursor. The structural, optical, morphological, 
and elemental characteristics of the synthesized photocatalysts were comprehensively analyzed using 
XRD, FT-IR, SEM-EDX, HR-TEM, and UV–Vis DRS techniques. MetanilYellow (MY), an azo dye, 
was selected as a model pollutant to evaluate the photocatalytic efficiency of the synthesized (Cu, N)-
codopedTiO2 photocatalyst under visible-light irradiation. The results revealed that the (Cu, N)-
codopedTiO2 photocatalyst (0.15g/100mL) completely degraded MY (20ppm) within 40 minutes under 
visible-light exposure. Furthermore, Chemical Oxygen Demand (COD) and Total Organic Carbon 
(TOC) analysis confirmed a 99% mineralization rate. The degradation reaction followed pseudo-first-
order kinetics with an apparent rate constant of 0.051×10-3 min⁻¹ (R² = 0.978). The photocatalyst 
exhibited excellent stability and reusability, maintaining high efficiency for up to five consecutive cycles 
without significant loss of activity. The enhanced photocatalytic performance of the (Cu, N)-
codopedTiO2 is attributed to the effective suppression of electron–hole recombination. The synthesized 
nanoparticles were stable, well-crystallized, and environmentally benign, making them suitable for the 
treatment of organic pollutants in industrial and agricultural wastewater under sunlight. Therefore, the 
fabricated (Cu, N)-codopedTiO₂ photocatalyst was found to be an efficient and cost-effective material 
as only a small amount of photocatalyst is required for environmental remediation applications. 
Keywords:CodopedTiO₂ Photocatalyst, Visible Light, Metanil Yellow, Pollutant, 
photodegradation,,Mineralisation 

Abbreviations  Nomenclatures 
AOPs Advanced Oxidation Processes  Al₂O₃ Aluminum oxide (or) Alumina 
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COD Chemical Oxygen Demand  V₂O₅ Vanadium pentoxide 
DRS Diffuse Reflectance Spectroscopic  WO₃ Tungsten trioxide 
EDX Energy Dispersive X-Ray  CO₂ Carbon dioxide 
FT-IR Fourier Transform Infrared  H₂O Water 

HR-TEM High-Resolution Transmission 
Electron Microscope 

 O₂ Oxygen 

IR Infrared  O₂•⁻ Superoxide radical anions 
JCPDS Joint Committee on Powder 

Diffraction Standards 
 ZnO Zinc Oxide 

MY Metanil Yellow  N Nitrogen 
SEM Scanning Electron Microscope  OH Hydroxyl 
TOC Total Organic Carbon  ZrO₂ Zirconium dioxide 
TTIP Titanium Tetraisopropoxide  Cu Copper 
UV Ultraviolet  CuO Cupric oxide 

XRD X-Ray Diffraction  TiO2 Titanium dioxide (or) Titania 
   SnO₂ Stannic oxide 
   NiO Nickel monoxide 
INTRODUCTION 

One of the key challenges in managing water utility in industries is the disposal of wastewater. 
The discharge of industrial wastewater can lead to severe environmental and health consequences [1]. 
Wastewater containing dyes is a significant environmental pollutant and poses serious risks to human 
health, as textiles generate large amounts of highly colored wastewater containing a diverse range of 
persistent pollutants [2]. Textile wastewater has been found to contain a wide range of toxic dyes and 
heavy metals, such as mercury, chromium, cadmium, lead, and arsenic, which are used in the production 
of textile dye color pigments, as well as aromatic compounds [3]. These toxic chemicals are transported 
over long distances together with wastewater and remain in the water and soil for long periods, posing 
serious health risks to living organisms, reducing soil fertility, and affecting the photosynthetic activity 
of aquatic plants, which can result in anoxic conditions for aquatic fauna and flora [4]. 

Hence, it is vital to remove such dyes from industrial wastewater before it is discharged into 
natural water bodies [5]. Conventional water treatment technologies, such as adsorption, coagulation, 
sedimentation, filtration, and chemical and membrane-based approaches, are often insufficient for 
complete dye degradation [6, 7]. Therefore, advanced oxidation processes (AOPs) are employed to 
remove soluble dyes. Among these, photocatalysis is a promising technique that uses light and catalysts 
to accelerate the degradation of organic pollutants [8]. Previous studies indicate that photocatalysis can 
remove 70–80% of pigments from industrial effluents. 

Semiconductor nanomaterials absorb energy greater than their bandgap, which excites electrons 
from the valence band to the conduction band, generating electron–hole pairs. When a metal oxide 
nanoparticle is exposed to UV–Vis radiation, electrons are excited to the conduction band and electron-
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hole pairs are created [9]. The valence band holes react with surface-bound H₂O to produce hydroxyl 
(•OH) radicals, while the electrons react with oxygen (O₂) molecules to produce superoxide radical 
anions (O₂•⁻) [10]. These reactive species oxidize organic dyes, degrading them into carbon 
dioxide(CO₂), water (H₂O), and other mineralized products [11]. 

MY isselected as a model test pollutant for the present study due to itstoxic nature and extensive 
application in several industrial sectors like textile, leather, shoe polish, wood stain, paper, food, and 
cosmetics [12]. Exposure to this dye can cause tumors, anemia, intestinal disorders, and contact 
dermatitis upon direct skin contact [13]. Therefore,it is necessary to treat industrial effluents before 
discharging into nearby freshwater streams [14].Many conventional treatment methods are used for 
treating industrial effluents including physical, chemical and biological processes. However these 
methods have several limitations. In contrast, semiconductor-mediated photocatalytic mineralisation of 
effluent serves as a promising technology, as complete mineralisation is possible at room temperature 
in the presence of very small amount of photocatalyst(Chong et al. 2010). 

ZnO [15], TiO₂ [16], CuO [17], WO₃ [18], V₂O₅ [19], ZrO₂ [20], Al₂O₃ [21], SnO₂ [22], and NiO 
[23] are among the metal oxide-based semiconductors recently used in photocatalysis. Among these, 
TiO2 is preferred due to its non-toxic nature,and excellent properties such as low resistivity, high thermal 
and chemical stability, high optical transmittance, and strong photocatalytic activity [24]. However, the 
photocatalytic efficiency of TiO2 is limited due to its wide bandgap (3.3eV), its UV-light-dependent 
excitation, and the highrecombination rate of electron-hole pairs (e⁻/h⁺)[25]. To overcome these 
limitations, co-doping of TiO2with metals and/or non-metals has been explored to enhance its solar-
light absorption andreduce electron-hole recombination. 

According to literature reported, non-metaldoping narrows the bandgap of TiO2,allowing it to 
absorb visible light instead of being restricted to the UV region which significantly improve its 
photocatalytic activity (Asahi et al. 2014). Shahid [26] reported that 1% Cu/Zr co-doped TiO₂ (CZTO) 
nanoparticles achieved 92% degradation of methylene blue within 120 minutes under visible light, with 
an apparent rate constant 4.6 times higher than that of pure TiO₂. Getye B Y et al. demonstrated that a 
TiO₂/CuO nanocomposite photocatalyst achieved 99% degradation of methylene blue within 90 minutes 
under visible light, following pseudo-first-order kinetics with good stability and reusability [27]. 
Sirivallopet al. showed that 5% N and Ag co-doped TiO₂ achieved 98.82% degradation of methylene 
blue under visible light in 6 hours, with a significant enhancement due to synergisticeffect of N and Ag 
doping [28]. Faustino E et al. reported that N- and Fe-codopedTiO₂ nanoparticles achieved 92% 
mineralization of 2,4-dimethylaniline under UV light within 180 minutes; optimal doping of 
Fe(0.0125% Fe)on TiO2 has reduced the bandgap to 2.82 eV and thus increased the surface area to 84.73 
m²/g, due to the synergistic effect of N and Fe doping [29].N-doped and Cu-doped TiO₂ have been 
reported for the photodegradation of various dyes,whereas limited research is available on Cu and N co-
doped TiO₂ on dye degradation, highlighting the novelty and significance of the present study.  

This study focuses on synthesizing undoped TiO₂ and (Cu,N)co-doped TiO₂ photocatalyst via  
sol-gel method to improve photocatalytic activity. Metal ions such as Cu²⁺, Ni²⁺, Co³⁺, and Fe³⁺ act as 
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charge carriers, while nitrogen doping introduces 2p states above the valence band, narrowing the 
bandgap for visible-light absorption. Cu serves as an electron trap, and N improves hole mobility, 
reducing electron-hole recombination. Co-doping also generates oxygen vacancies and enhances surface 
reactivity, resulting in superior photocatalytic activity compared to undoped TiO₂ [30]. 

The synthesized (Cu,N)-codopedTiO₂ photocatalyst was characterized using UV–DRS, TEM, 
SEM, XRD, and FT-IR analysis, confirming the successful incorporation of dopants into the TiO₂ lattice.  
Photocatalytic efficiency was evaluated via the degradation of MY under sunlight, and mineralization 
was confirmedthrough COD and TOC analysis. Furthermore, the quality and durability of the (Cu, N)-
codopedTiO₂ photocatalyst were confirmed by recycling it over five successive cycles, demonstrating 
its stability and reusability for environmental remediation applications. 

 
EXPERIMENTAL METHODS 
Materials    

The chemicals required for the present study includes: Titanium tetraisopropoxide, 
(TTIP)Ti[OCH(CH3)2]4,Urea (NH₂CONH₂), Copper (II) nitrate trihydrate (Cu(NO₃)₂.3H₂O), and 
absolute ethanol (C₂H₆O) (99%) purchased from Merck Specialties Pvt Ltd., Mumbai  and ISO-Chem 
Laboratories, Kochi respectively. These chemicals were procured for the fabrication of (Cu, N)-
codopedTiO₂ photocatalyst and are used in pristine form. Double-distilled water is used for all the 
experimental studies. The photocatalytic irradiation were carried out from 11:00 AM to 2:00 PM on 
sunny days. For this investigation, Metanil yellow (C₁₈H₁₄N₃NaO₃S) was chosen as the test pollutant. 
Table 1 shows the physicochemical properties of Metanilyellowdye. 

Table1. Physicochemical properties of MY 
Table1. Physicochemical properties of MY dye 

Property Description 
UPAC name I sodium 3-[(E)-(4-

anilinophenyl)diazenyl]benzenesulfonate 
Molecular formula C₁₈H₁₄N₃NaO₃S 

Structure 

 
Molecular weight 375.38 g/mol 

Physical state Solid and powder 
Melting point greater than 250°C 

Water solubility soluble in Water 
Number of azo bonds one 
Maximum absorption 

wavelength 
439 nm 
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Synthesis of undoped TiO2 and (Cu,N)-codopedTiO2photocatalysts 
Synthesis of undoped TiO₂ 
To synthesize undoped TiO₂, 10 mL of titanium isopropoxide (TTIP) was mixed with 40 mL of ethanol 
under constant stirring.5 mL of deionized water  was mixed with 20 mL of ethanol in a separate 
container, andfew drops ofnitric acid is added to control the pH. The ethanol-water mixturewas added 
dropwise into the TTIP solution undercontinuousstirring to form a white gel.The gel is allowed to stand 
at room temperaturefor agingto about 24 hours. After aging, the gels dried in an hot air oven at 80-100°C 
to remove the solvents. Finally, the dried material isheated in a muffle furnace at around 450–500°C for 
2–4 hours to obtain crystalline TiO₂ in the anatase phase. Fig 1a represents the undoped TiO₂ synthesised 
by the above method 
 Synthesis of (Cu,N)-codopedTiO₂ photocatalyst 

Fig 1b represents the synthesized (Cu,N)-codopedTiO₂ photocatalyst  for the present 
mineralistion of metanil yellow dye.  

 8.9 mL of Titanium (IV) isopropoxide (TTIP) was dissolved in 140 mL of absolute alcohol and 
continuously stirred for 15 min. About 2 mL of distilled water was added.The suspension was stirred 
for 45 min and 1 M HCl was added to adjust the pH to 3. To this solution, desired amount of urea and 
copper (II) nitrate trhydrate was added, and the solution was allowed for aging for about 24 hours to 
form a gel. The collected gel was dried at 105°C for about 24 hours, and calcined at500°C to about 2 h 
in a muffle furnace, to form Cu–N co-doped TiO₂ photocatalyst[31].  
 

 
Fig. 1. Synthesized samples of (a) undoped TiO2 and (b) (Cu,N)-codoped TiO2 photocatalysts 

Characterization techniques 
Structural and crystalline phases of the synthesized nanophotocatalyst were characterized using 

an X-ray diffractometer (XRD, Bruker D8 Advance diffractometer) with Cu Kα radiation (λ = 0.154 
nm), operated at 40 kV and 100 mA over a diffraction range (2θ) of 20°–80°. The structural analysis 
was performed using an FT-IR spectrometer (Thermo Nicolet 380) in the range of 400–4000 cm⁻¹. The 
surface morphology and elemental composition were examined using a scanning electron microscope 
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(SEM, JEOL 5800LV) and energy-dispersive X-ray spectrometry (EDS, JSM-100F), respectively. The 
transmission electron microscopy (TEM) images of the nanophotocatalyst were analyzed using a high-
resolution transmission electron microscope (HR-TEM, JEOL 2100). Moreover, the UV-Vis diffuse 
reflectance absorption spectra (UV-Vis/DRS) were recorded in the range of 190–1100 nm using a 
Thermo Fisher Evolution 220 spectrophotometer equipped with an integrating sphere (BaSO₄ as the 
reference, 99% reflectance). 
Photocatalytic degradation experiment 

The photocatalytic degradation experiment was carried out using a photocatalytic reactor, as 
shown in Fig. 2. The stock solution for degradation studies was prepared by dissolving a known amount 
of MY dye in 100 mL of double-distilled water. A measured quantity of the synthesized undoped TiO2 
was added to the dye solution and its photocatalytic activity was analyzed. Parallel experiments were 
also conducted using the (Cu, N)-codopedTiO2 photocatalyst.Initially, the dye–photocatalyst suspension 
was magnetically stirred in the dark for approximately 30 minutes to establish adsorption–desorption 
equilibrium. The suspension was then exposed to direct sunlight under continuous stirring. The 
photocatalytic performance of (Cu, N)-codopedTiO₂ was evaluated at regular intervals usingUV–Vis 
spectrophotometer by measuring the absorbance at λmax = 427 nm corresponding to the maximum 
absorbance of MYdye under study. 

The degradation efficiency was calculated using Equation (1). 
 

𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛	(%) = (𝐶! − 𝐶")
𝐶! × 1004     (1) 

             Here, 𝐶! refers to the initial concentration of the dye solution with adsorption–desorption 
equilibrium and𝐶" denotes the concentration of the dye solution after photocatalytic degradation under 
sunlight. Fig 2 represents the photocatalytic setup for the experimental study. 
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Fig. 2. Photocatalytic experimental setup 

RESULTS AND DISCUSSION 
 XRD Analysis 

The phase structure, composition, and average crystallite size of the synthesized undoped 
TiO2 and (Cu, N)-codopedTiO2 photocatalysts were analyzed using XRD, as shown in Fig. 3. 
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Fig.3. X-ray diffraction (XRD) patterns of undoped TiO2 and (Cu,N)-codopedTiO2 

The XRD pattern of undoped TiO₂ exhibited peaks at 25.29°, 38.57°, 48.04°, 53.89°, 55.07°, 
63.04°, 69.01°, 70.4°, and 75.2° corresponding to the anatase crystal planes (101), (121), (004), (200), 
(105), (211), (204), (116), (220), and (215) crystalline planes of anatase TiO₂ [32]. Similarly, the XRD 
pattern of synthesized (Cu, N)-codopedTiO₂ exhibited diffraction peaks at 25.30°, 39.01°, 44.24°, 
48.04°, 53.92°, 55.92°, 55.09°, 58.06°, and 63.06°, corresponding to the crystal planes of (101), (121), 
(004), (200), (105), (211), (204), (116), (220), and (215) planes of the anatase phase, respectively. 
Among these, the (101) peak at 25.30° is the strongest, indicating that this plane has the dominant 
crystallographic orientation in the TiO₂ lattice. Moreover, these diffraction patterns agreed with 
(JCPDS) Card No. 21-1272.These results indicate that the anatase crystal structure of TiO₂ is preserved 
after co-doping with Cu and N. Slight shifts or broadening of peaks may occur due to lattice distortions 
caused by the incorporation of dopants, but no additional peaks corresponding to CuO or Cu2O are 
observed, confirming the absence of separate copper oxide phases [33]. 

 Electronegativity values of Ti⁴⁺ and Cu²⁺ are 1.5 and 1.9 respectively. Moreover, the ionic radius 
of Ti⁴⁺ is 0.745 Å, and Cu²⁺ is 0.870 Å [34].  The ionic radius of Cu²⁺ is higher than that of Ti⁴⁺ ions. 
Hence, Cu2+ ions are located in the interstitial positions in the lattice site of TiO2 rather than directly in 
Ti4+ sites due to the relatively large size of the Cu2+ ions [35, 36]. The crystalline size of the synthesized 
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(Cu,N)-codopedTiO₂ photocatalyst was estimated by using the Debye-Scherrer formula as given in 
Equation (2) [37]. 

 
𝐷 = #$

% &'()
        (2) 

Where,𝐷 is the average crystalline size, 𝐾 is a constant equal to 0.90, 𝜆 is the wavelength in 
angstroms (Å), 𝛽 represents the full width at half maximum in radians and	𝜃	represents the diffraction 
angle in degrees. 

 Using the above Equation (2), the average crystal sizes of undoped TiO2 and (Cu, N)-
codopedTiO2 nanoparticles were calculated to be 22 nm and 11.2 nm, respectively.  This small size is 
advantageous because it provides a high surface-to-volume ratio, enhancing the material’s reactivity and 
adsorption properties. The sharp and well-defined peaks indicate that the TiO2 particles are highly 
crystalline. The absence of extra peaks also confirms that no impurity or secondary phases (like rutile 
or brookite) are present. Such crystallinity is essential for reproducible photocatalytic activity and 
structural stability during reactions [38]. 
FT-IR Analysis 

 FT-IR spectra of the synthesized undoped TiO2 and (Cu,N)-codoped TiO2 photocatalysts is 
shown in Fig. 4. The absorption peak observed around 3400 cm⁻¹ in undoped TiO₂ is attributed to the 
stretching vibrations of surface hydroxyl groups and adsorbed water molecules. Specifically, 
thecharacteristic bands at 3485 cm⁻¹ and 3500 cm⁻¹ confirms  the presence of  -OH groups within the 
sample structure, arising from surface-adsorbed water and hydroxylating agents [39]. Thepeak at 
~1631 cm⁻¹ inCu and N co-doped TiO₂ corresponds to O–H bending of adsorbed water. It confirms 
surface hydroxyl groups, which act as active sitescrucial for enhancing photocatalytic activityof TiO₂ 
[40, 41]. 

The FT-IR bands around 1480 cm⁻¹ and 1255 cm⁻¹ in TiO₂ are indicative of specific vibrational 
modes within the material. The band near 1480 cm⁻¹ is commonly associated with the bending and 
stretching vibrations of O-Ti-O linkages within the TiO₂ lattice structure [42]. The peak around 1255 
cm⁻¹ is generally related to the lattice vibrations. A clear absorption band observed at 400–800 cm⁻¹ 
region corresponds to the characteristic Ti–O–Ti stretching vibrations of the TiO₂ lattice. Upon Cu–N 
co-doping, additional bands appeared at approximately 1470 cm⁻¹ and 1250 cm⁻¹, which are attributed 
to Ti–N vibrations, while a new band below 1000 cm⁻¹ corresponds to Cu–O vibrations. These spectral 
features confirm the successful incorporation of both Cu and N ions into the TiO₂ structure [43, 44]. 
 



Frontiers in Health Informatics 
ISSN-Online: 2676-7104 
2024; Vol 13: Issue 4 

 www.healthinformaticsjournal.com 

Open Access 

 
 
 
 
 
 
 
 
 

2161 
 
 

 
Fig.4. FT-IR Spectra for undoped TiO2 and (Cu, N)-codoped TiO2 photocatalysts. 

SEM Analysis 
The morphological and structural dimensions of undoped TiO2 and (Cu, N)-codopedTiO2 

photocatalysts were investigated using scanning electron microscopy (SEM), as shown in Fig. 5(a) and 
Fig. 5(b), respectively. The SEM images revealthe undoped and (Cu, N)-codopedTiO2 photocatalysts 
consist of nearly uniform nanoparticles exhibiting noticeable agglomeration. In the (Cu, N)-
codopedTiO2 sample (Fig. 5(b)), Cu and N atoms are uniformly distributed on the TiO2 surface, 
indicating homogeneous doping without significant phase separation. Such agglomeration behavior is 
commonly observed in metal oxide nanoparticles and is primarily driven by the minimization of surface 
free energy during nanoparticlesynthesis and dryingprocesses [45, 46]. 
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Fig. 5. SEM images of (a) undoped TiO2 and (b)(Cu,N)-codopedTiO2 photocatalysts 

Energy Dispersive X-ray (EDX) spectroscopy analysis 
Energy Dispersive X-ray (EDX) spectroscopy was performed to verify the chemical composition 

of the undoped TiO2 and (Cu, N)-codopedTiO2 photocatalysts, as shown in Fig. 6(a) and Fig. 6(b) 
respectively. The EDX spectra confirm the successful synthesis of undoped TiO2 and (Cu, N)-
codopedTiO2 photocatalysts, with additional Cu and N peaks indicating successful co-doping.  
Quantitative analysis (Ti: 80.79 wt%, O: 13.29 wt%, Cu: 5.43 wt%, N: 0.49 wt %) demonstrates 
controlled doping without secondary phases. The absence of additional impurity peaks further confirms 
the high purity of the undoped TiO2 and (Cu, N)-codopedTiO2 photocatalysts [32, 33]. The substitution 
of Cu²⁺ for Ti⁴⁺ and N³⁻ into O²⁻ sites induces lattice distortion and band gap narrowing, enhancing 
visible-light photocatalytic activity [44]. 
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Fig.6. EDX pattern of (a) undoped TiO2 and (b) (Cu, N)-codoped TiO2 photocatalysts. 

TEM Analysis 
To investigate and characterize the morphology of undoped TiO2 and (Cu, N)-codopedTiO2 

photocatalysts, TEM images are presented in Fig. 7(a) and Fig. 7(b). The observed lattice fringes 
correspond to the crystalline planes of TiO2, confirming the well-defined crystalline nature of the 
materials. The TEM images of undopedTiO2 and (Cu, N)-codopedTiO2 photocatalysts reveal that the 
nanoparticles exhibit a predominantly spherical morphology with slight aggregation. The particle sizes 
are distributed in the range of 10–30 nm.  
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Fig.7. HR-TEM images of (a) undoped TiO2and (b) (Cu,N)-codopedTiO2photocatalysts 
The particle size distribution histograms, obtained using Gaussian fitting, are shown in Fig. 8(a) 

and Fig. 8(b) respectively.From these images theaverage particle sizefor undoped TiO₂ and(Cu, 
N)codopedTiO₂ were calculated to be approximately 22 nm and 11.2 nm respectively. These findings 
are in good agreement with the results calculated from XRD pattern. The size of the photocatalysts in 
nanoscales crucial for enhancing their electronic, optical, and catalytic properties, leading to improved 
photocatalytic performance. 

 
Fig.8. Particle size distribution of (a) undoped TiO2 and (b) (Cu,N)-codoped TiO2 photocatalysts 

Diffuse Reflectance  Spectroscopic(DRS) Analysis 
The optical properties of undoped TiO2 photocatalysts and (Cu, N)-codopedTiO2 photocatalysts 

were investigated using a UV-Vis spectrometer in the wavelength range of 200–800 nm, as shown in 
Fig. 9(a) and Fig. 9(b), respectively. TheTauc relation, Equation (3) was used to calculate the optical 
energy band gap [47]. 

(𝛼ℎ𝜈) = 𝐴?ℎ𝜈 − 𝐸*A
+       (3) 

Where,𝛼	is the absorption coefficient,	ℎ𝜈 is the photon energy, 𝐴 is a constant, 𝐸* is the optical 
band gap, and 𝑛denotes the transition type. The band gap was calculated by plotting (𝛼ℎ𝜈),	versus ℎ𝜈, 
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and the linear portion of the absorption edge was extrapolated to the energy axis to determine the band 
gap value. 

 
Fig.9. (a) UV-Visible absorption spectra and (b) Tauc plot for undoped TiO2and (Cu, N)-

codoped TiO2 photocatalysts  
The UV–visible absorption spectrum of undoped TiO2 typically shows an absorption edge near 

380 nm, corresponding to a band gap of about 3.2 eV [48], which limits its optical activity to the UV 
region. In contrast, the (Cu, N)-codopedTiO2 sample exhibits a distinct redshift of the absorption edge 
toward the visible region (up to ~440 nm), indicating a reduction in the optical band gap to 
approximately 2.82 eV [49].This redshift is attributed to the introduction of localized energy levels 
within the band structure due to the hybridization ofCu 3d and N 2porbitals with TiO2. The incorporation 
of these dopants effectively narrows the band gap, enabling visible-light absorption and improving 
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photocatalytic efficiency under solar irradiation. Thus, the observed spectral behavior confirms the 
successful codoping of Cu and N into the TiO2 lattice and its enhanced optical response in the visible 
region [50]. 

The incorporation of Cu²⁺ and N³⁻ ions into the TiO2 crystal lattice results in a narrowing of the 
band gap, enabling enhanced visible-light photocatalytic activity. Cu²⁺ ions introduce localized energy 
levels within the band gap, whereas N³⁻ ions form mid-gap states, collectively improving light 
absorption and facilitating efficient charge separation. This codoping strategy extends the photocatalytic 
response of TiO2 into the visible spectrum, thereby enhancing the degradation efficiency of organic 
pollutants under visible-light irradiation [51, 52]. 
Photocatalytic investigation 

 The degradation of MY dye under solar lightirradiation was investigated using the synthesized 
undoped TiO₂ and (Cu, N)-codopedTiO₂ photocatalysts.  The UV-Vis absorption spectra for the 
degradation of   MY dye in the presence of (Cu, N)-codopedTiO2 is displayed in Fig.10(a). The 
degradation process was assessed by monitoring the characteristicabsorption peak of MYdye at 425nm, 
which progressively diminished over time and disappeared completely after 40 minutes ofexposure. 

To evaluate photolysis, the MYdye solution was exposed to sunlight for 40 minutes in the 
absence of a photocatalyst, as shown in Fig. 10(b). The results indicate that the dye exhibits minimal 
photolytic degradation. An additional experiment was conducted in the dark to assess dye removal due 
to adsorption on the photocatalyst surface. The degradation efficiency of MYin the dark was 8% and 
39% for undoped and (Cu, N)-codopedTiOphotocatalysts,respectively. 

Photocatalytic degradation reactions under direct solar irradiation using 0.15 g of photocatalyst 
in 100 mL of dye solution showed that after 40 minutes, the degradation efficiencies for undoped and 
(Cu, N)-codopedTiO2 were 28% and 100%, respectively. Compared to undoped TiO2, (Cu, N)-
codopedTiO2photocatalyst exhibited a significant enhancement in dye degradation efficiency. This 
improvement is attributed to the incorporation of Cu and N ions into the TiO2 lattice, which induces 
structural defects, reduces crystal size (as confirmed by XRD), and enhances photocatalytic activity[52]. 
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Fig.10. (a) Time dependent photocatalytic degradation of MY dye under solar light irradiation 

and (b) Comparative plot of degradation tendency of MY  dye solution under different conditions.  
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UV–DRS analysis of (Cu, N)-codopedTiO₂photocatalyst showed a reduction in band gap energy, 
which enhances visible-light absorption and improves charge separation, resulting in superior 
photocatalytic performance. The effect of photocatalyst dosage revealed that increasing the amount of 
(Cu, N)-codopedTiO₂ increases the degradation efficiency of MY dye up to an optimal level, beyond 
which no significant improvement occurs due to light scattering and active site saturation. Under direct 
solar irradiation, (Cu, N)-codopedTiO₂ achieves almost complete dye degradation, than undoped TiO₂. 
These results confirm that (Cu, N)-codopedTiO₂ is an effective photocatalyst forthe complete 
mineralization ofMY dye from aqueous solution. 

 
Effect of photocatalyst dosage 
The effect of variation on amount of (Cu,N)-codopedTiO₂ photocatalyst on MY dye degradation 

was investigated at pH=7 for 40 minutes of solar light irradiation. The above investigation is done since 
insufficient use of photocatalyst leads to low rates of degradation due to a shortage of active sites. On 
the other hand, excessive use can result in light dispersion and clustering, which lowers efficiencyof dye 
degradation. Thus, the ideal amount strikes a balance between providing enough active sites and 
ensuring effective light absorption and interaction with the dye molecules [53].  

The percentage of MY dye degradation (20ppm)was analyzed by varying the catalyst dosages, 
ranging from 0.5 to 0.2g/100 mL and is displayed in Fig.11. The percentagedegradation increased from 
71% to 100% when the photocatalytic dosage was increased from 0.5 to 1.5g/100 mL. However, when 
the amount of catalyst was increased to 0.2g/100 mL, the degradation efficiency decreased to 79%. 
Thisreduction in degradation efficiency with increase in catalyst concentrations ascribeddue to the 
turbidity caused by excess catalyst in the test solution, which may block the penetration of visible light 
necessary to activate the reaction suspension [54]. Hence, the optimum dosage for the photocatalytic 
degradation of MY dye (20 ppm) by (Cu,N)-codopedTiO₂ was found to be 0.15 g/100 mL. 
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Fig.11. Effect of variation in the amount of (Cu, N)-codopedTiO₂photocatalyston % of degradation of 

MY dye  
Effect of initial MY dye concentration 
The effect of the initial dye concentration on the photocatalytic degradation process was studied 

by varying the initial concentration of dye solution with constant loading of (Cu, N)-
codopedTiO₂photocatalyst(O.I5g/100mL)shown in Fig. 12. Degradation efficiency has increased from 
86% to 100% as the concentration of dye was varied from 10 to 20 ppm. However, the percentage   
decreased from 100% to 89% as the concentration of dye solution was increased further above 20 ppm. 
The reason is, that the dye molecules competes for the active sites on the photocatalytic surface leading 
to overcrowding and thus decrease in degradation efficiency. Ahmad et al. observed that degradation 
efficiency initially increases with higher dye concentrations, likely because a greater number of dye 
molecules enhances the probability of interactions between the dye molecules and the photocatalyst, 
leading to a more efficient generation of reactive species, such as hydroxyl radicals. However, as the 
dye concentration continues to increase, the degradation efficiency decreases due to the saturation of 
active sites and the limited availability of reactive species. Thus, excessive dye concentrations hinder 
the photocatalytic process [55]. 
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Fig. 12. Variation of initial dye concentration on the photocatalytic degradation of MY dye using 

20ppm (Cu, N)-codopedTiO₂. 
Effect of pH 

 The photocatalytic degradation of MY dye (20 ppm) using (Cu,N)-codopedTiO2, 0.15g/100mL 
photocatalystis significantly influenced by pH. This study examined how changes in pH affected the 
rate of degradation when exposed to solar light. The pH range of 2–10 was used to examine the influence 
of pH on the MY dye degradation. At pH 6, the degradation efficiency dramatically increased, reaching 
100% for 40 minutes of irradiation, as seen in Fig. 13. 

 When the pH was increased further from 6 to 10, nosignificant change in degradation efficiency 
was observed.At pH 10, the alkaline conditions showed the lowestdegradation efficiency (69%).  
According to these findings, dye degradation is considerably more effective in acidic media while being 
less effective in neutral and basic media. This enhancement is attributed to the formation of superoxide 
anions (O₂•⁻) and the subsequent generation of hydroxyl radicals (•OH), which are crucial for 
photocatalytic degradation of contaminants [56]. Based on the above studies, it can be concluded that 
20 ppm, MY dye, can be completely degraded using 0.15g/100mL, (Cu,N)-codopedTiO2,photocatalyst 
at an acidic pH  6 under 40 minutes of irradiation. 
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Fig. 13.  Effect onvariation of pH on the photocatalytic degradation of MY dye using (Cu, N)-

codopedTiO2 
Kinetics 

The Langmuir–Hinshelwood kinetic model was used to describe the kinetics of photocatalytic 
reactions. The rate of the reaction is expressed in Equation (4). 

𝑟 = ./
."
= 𝐾 0/

"
+ 𝑘𝑐        (4) 

Where𝑟, is the rate of the reaction, 𝑡 is the time taken, 𝑘 is the rate constant of the reaction, 𝑐 is 
the concentration of the reactant and𝐾 is the adsorption coefficient of the reactant. When the 
concentration 𝑐 is small, the Equation (4)simplifies to a reliable first-order equation as given in Equation 
(5). 

ln /!
/"
= 𝑘𝑡         (5) 

The linear plots shown in Fig. 14 indicate that the reaction followed pseudo-first-order kinetics 
[57-59]. The rate constant (𝑘) for (Cu, N)-codopedTiO2 photocatalysts toward the degradation of 
MYdye wascalculated as 0.051×10-3 min⁻¹  with a regression value of 0.978. 
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Fig .14.  Kinetics of the photocatalytic degradation of MY dye 20ppm using 0.15g/100mL (Cu, N)-

codopedTiO2 photocatalyst  
Photodegradation mechanism 
The photomineralization process using (Cu, N)-codoped TiO2 photocatalyst under sunlight irradiation 
generally involves photoexcitation, surface oxidation, reduction reactions, charge migration, which 
collectively contribute to the photooxidation of organic matter [60]. The photocatalyst is excited, 
resulting in the production of reactive species such as𝑂,•		2,•OH and		ℎ3. These reactive species are 
responsible for the degradation of MYdye when exposed to sunlight in the presence of the  (Cu, N)-
codopedTiO2 photocatalyst. 

(𝐶𝑢, 𝑁) − 𝑇𝑖𝑂, + sunlight  ⟶ (𝐶𝑢, 𝑁) − 𝑇𝑖𝑂,(𝑒452 ) + (𝐶𝑢,𝑁)𝑇𝑖𝑂,(ℎ653 ) (6) 
(𝐶𝑢, 𝑁) − 𝑇𝑖𝑂,(ℎ653 ) + 𝐻,𝑂	 ⟶	(𝐶𝑢, 𝑁) − 𝑇𝑖𝑂, + •𝑂𝐻 + 𝐻3    (7) 
(𝐶𝑢, 𝑁) − 𝑇𝑖𝑂,(𝑒452 ) + 𝑂, 	⟶ 	 (𝐶𝑢, 𝑁) − 𝑇𝑖𝑂, + 𝑂,•2     (8) 

(𝐶𝑢, 𝑁) − 𝑇𝑖𝑂,(𝑒452 ) + 𝑂,•2 + 2𝐻3 	⟶ 	 (𝐶𝑢, 𝑁) − 𝑇𝑖𝑂, + 𝐻,𝑂,2   (9) 
(𝐶𝑢, 𝑁) − 𝑇𝑖𝑂,(𝑒452 ) + 𝐻,𝑂, 	⟶ 	 (𝐶𝑢, 𝑁) − 𝑇𝑖𝑂, + •𝑂𝐻 + 𝑂𝐻2   

 (10) 
•𝑂𝐻 𝑂,•2⁄ 	+ 	Metanil yellow	 ⟶ 	Intermediates	 + 	Degraded product(𝐶𝑂, + 𝐻,𝑂 +⋯)

 (11) 
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Oxygen molecules (𝑂,) can be reduced by the electrons generated on the doped photocatalyst to 
superoxide anion radicals (𝑂,•2), which play a crucial role in scavenging organic molecules and 
converting them into hydrogen peroxide or organic peroxides. Furthermore, the production of hydroxyl 
radical species ( •𝑂𝐻), which drive the mineralization of MY, is largely caused by the conduction band 
electrons [61]. Fig. 15 sschematic representation of dye degradation mechanism for the (Cu, N)-
codopedTiO₂ photocatalyst. 

 
Fig: 15.Schematic diagram for the photocatalytic degradation mechanism of  MY dye using(Cu, N)-

codoped TiO2. 
Chemical Oxygen Demand (COD) Analysis 

The synthesized (Cu, N)-codoped TiO2 photocatalysthasshownexcellent potential for wastewater 
treatment by successfully reducing thechemical oxygen demand (COD) of My dye solution[62]. In this 
present study, COD of My dye solution was measuredbefore and after the photocatalytic degradation. 
Initially,the COD was approximately 14,458 mg/L. After treatment with  (Cu,N)-codoped 
TiO2photocatalyst under sunlight irradiation for 40 minutes, the COD was drastically reduced to 
35mg/L, indicating nearly complete mineralization of the dye molecules and effective removal of color 
from the solution. These findings demonstrate the excellent degradation efficiency of organic 
contaminants by the synthesized (Cu, N)-codopedTiO2 photocatalyst, indicating a possible solution for 
wastewater treatment. 
Total Organic Carbon Analysis 

To evaluate the mineralization of organic pollutants and their  degradation products during the 
photocatalytic process, total organic carbon (TOC) analysis was analyzedbefore and after the 
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photocatalytic degradationofthe MY dye solution. The organic carbon content was significantly, 
indicating the effective breakdown of the organic componentsshowing 99.76 % removal efficiency. 
These results confirm that the synthesized(Cu, N)-codoped TiO2photocatalystis highly effective in 
rapidly degrading the toxic organic pollutants in water. 
Turnover frequency of the catalyst 

Fig. 16 shows the photostability and recycling capacityof the synthesized (Cu, N)-
codopedTiO2photocatalyst.The photocatalyst was collected by centrifugation after each experiment run, 
rinsed several times, dried overnight, and reused for the consecutive cycles.The catalyst retained its 
activity for five cycles showing   100%  removal efficiency and then showing 95 % in the sixth cycle, 
indicating good reusability and stability of the photocatalyst. These results confirm that the synthesized 
(Cu, N)-codoped TiO2 photocatalystremoves organic pollutants from aqueous solutions. Finally, the 
results from this study were statistically compared with other reported photocatalysts as shown in Table 
2. 

 
 

 

 
Fig.16.Recycling ability of synthesized (Cu, N)-cooped TiO2photo catalyst. 

Table2. Comparison of (Cu, N)-cooped TiO2MY dye removal performance with other existing 
photocatalysts 

Photocatalyst Pollutant Light Source Time (min) Degradation 
rate (%) Reference 

(Cu, N)-cooped 
TiO2 

Metanil 
Yellow Visible light 40 100 This study 

TiO2-β- Metanil UV light 60 Enhanced Sangari[63] 
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cyclodextrin 
(TiO2/β-CD) 

Yellow decolouration 
efficiency 

compared to 
undoped TiO2 

Polypyrrole 
based CuO-ZnO 
nanocomposite 

(PpCZ) 

Metanil 
Yellow Visible light Not specified ~90 Biju et al. [64] 

ZnO 
nanocrystals 

(green-
synthesized) 

Metanil 
Yellow UV light 100 97 Priyadharshini 

et al. [65] 

 
CONCLUSION 
In the present study, undoped TiO2 and (Cu,N)-codopedTiO2 photocatalysts were successfully 
synthesized and characterized using various spectroscopic techniques. The XRD analysis confirmed that 
(Cu,N)-codopedTiO₂ has retained the intrinsic tetragonal anatase structure of TiO₂ without the formation 
of any secondary phases. Further, structural on the morphological studiesusing SEM analysis confirmed 
that, incorporation of Cu, N ions maintained a uniform distribution of particles with slight 
agglomeration, indicating a homogeneous dopant distribution on the TiO₂ surface.Energy dispersive X-
ray(EDX) analysis confirmed the successful incorporation of Cu and N into the TiO₂ lattice without 
impurity phases, verifying controlled co-doping and high sample purity.TEM analysis revealed that both 
undoped and (Cu, N)-codopedTiO₂ nanoparticles exhibit predominantly spherical morphology 
withaggregation and well-defined crystallinity, supporting enhanced photocatalytic performance.UV–
visible analysis revealed that the band gap of TiO2has decreased from 3.2 eV to 2.82 eV with Cu, N 
codoping, enhancing visible-light absorption and photocatalytic activity.Undoped TiO₂ and (Cu, N)-
codopedTiO₂ (0.15 mg/100 mL) photocatalysts removed 28% and 100% of Metanil Yellow (20 ppm) 
under sunlight within 40 minutes of sunlight irradiationrespectively, demonstrating superior dye 
degradationperformance for the codoped sample.Kinetic analysis using theLangmuir-Hinshelwood 
model indicated pseudo-first-order behavior. Completemineralization of MetanilYellow was further 
confirmed byreductions in COD and TOCmeasurements.The (Cu, N)-codopedTiO₂ nanophotocatalyst 
exhibited excellent stability and reusability over five successive cycles without loss of photocatalytic 
activity. These results confirm that Cu and N codoping is an effective strategy to enhance the visible-
light photocatalytic performance of TiO2 for environmental remediation. 
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