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Abstract 
The rapid expansion of industrial activities has resulted in the discharge of persistent organic pollutants, such as 
phenol, into aquatic environments. Nowadays, developing visible-light-responsive photocatalysts for the efficient 
degradation of such pollutants remains a major environmental challenge. In this study, nickel–nitrogen co-doped 
titania immobilized on zirconia (Ni,N–TiO₂/ZrO₂) nanocomposites with varying nickel loadings were synthesized and 
evaluated for phenol photodegradation under visible-light irradiation. Nickel incorporation significantly modified the 
optical and photocatalytic properties of the materials. The 5% Ni,N–TiO₂/ZrO₂ catalyst exhibited the lowest band gap 
energy (2.69 eV) compared with N–TiO₂/ZrO₂ (3.03 eV), leading to improved visible-light absorption and enhanced 
charge transfer. Under the experimental conditions (initial phenol concentration = 10 mg.L⁻¹, catalyst dosage = 100 
mg, irradiation time = 120 min), it achieved a phenol removal efficiency of 85.36% with an apparent rate constant of 
0.0229 min⁻¹, outperforming N–TiO₂/ZrO₂ (40.72%, 0.0042 min⁻¹). These results confirm that a 5 wt% nickel loading 
provides the most effective modification, demonstrating a strong synergistic interaction between nickel and nitrogen 
that enhances photocatalytic activity. The developed Ni,N–TiO₂/ZrO₂ catalyst, therefore, holds significant promise for 
future applications in water purification and environmental remediation. 
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1. Introduction  
Water pollution has become one of the most 

critical global environmental challenges, driven 
by rapid population growth, industrial expansion, 
and urbanization, which together increase both 
water demand and pollutant discharge [1]. Among 
various organic pollutants, phenolic compounds 
are of particular concern due to their widespread 
industrial use and high toxicity. Each year, more 
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than 10 million tons of phenolic compounds are 
released into the environment from 
petrochemical, pharmaceutical, textile, and 
agrochemical industries [2,3]. Even at low 
concentrations (10–24 mg.L⁻¹), phenol can irritate 
the skin, eyes, and mucous membranes, while 
prolonged exposure may lead to neurological and 
systemic disorders [4,5]. Therefore, developing 
efficient methods for phenol removal from 
wastewater is essential. However, conventional 
treatment techniques such as distillation, 
membrane filtration, adsorption, and biological 
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degradation often face limitations including high 
operational costs, incomplete mineralization, and 
poor scalability [6–8]. 

In recent years, photocatalysis has emerged 
as a highly effective and sustainable method for 
degrading recalcitrant organic pollutants. This 
process relies on the generation of reactive oxygen 
species (ROS) under light irradiation, leading to 
the complete mineralization of contaminants into 
harmless products [9,10]. Titanium dioxide (TiO₂) 
remains one of the most studied photocatalysts 
owing to its low cost, high stability, and 
environmental compatibility [11,12]. However, its 
photocatalytic activity is primarily restricted to 
the ultraviolet (UV) region due to its wide band 
gap (~3.2 eV for anatase), while UV light accounts 
for only about 4–5% of the solar spectrum [13]. 

To address this limitation, zirconium dioxide 
(ZrO₂) has been introduced as a support material 
for TiO₂. The ZrO₂ offers high thermal and 
chemical stability and strong electron-trapping 
capability, which together enhance charge-carrier 
separation and improve photocatalytic 
performance. Moreover, ZrO₂ effectively inhibits 
the anatase-to-rutile phase transformation of 
TiO₂ during synthesis and operation, thereby 
preserving the highly active anatase phase [14–
17]. The integration of TiO₂ with ZrO₂ thus 
provides a robust and stable platform for further 
surface and electronic modifications aimed at 
improving visible-light photocatalytic efficiency. 

Band gap engineering through doping has 
proven to be an effective strategy for extending 
TiO₂ activity into the visible region. Nitrogen 
doping introduces localized energy states near the 
valence band, allowing visible-light absorption 
and enhancing electron mobility while minimizing 
lattice distortion due to the comparable atomic 
sizes of nitrogen and oxygen [18,19]. Transition 
metal dopants such as Ni²⁺ can further tailor the 
electronic structure, promote charge transfer, and 
suppress electron–hole recombination, resulting 
in improved photocatalytic efficiency under 
visible-light irradiation [20,21]. 

Numerous TiO₂-based photocatalysts have 
been explored for phenol degradation under UV 
and visible lights. For example, Fuentes et al. [22] 
reported 50% phenol degradation after 120 min 
using Fe/TiO₂–SiO₂ under a 150 W halogen lamp 
(50 mg.L⁻¹ phenol, 1 g.L⁻¹ catalyst). Zhang et al. 
[23] achieved 70.0% degradation within 150 min 
using 5% carbon-doped TiO₂ under UV irradiation 
from a 300 W mercury lamp, outperforming pure 
TiO₂ (53.0%) under similar conditions. Li et al. 
[24] demonstrated 89.8% degradation using a 30% 
TiO₂/montmorillonite composite (10 mg.L⁻¹ 
phenol, pH of 6) after 240 min of UV exposure. 
Although these studies highlight the potential of 
TiO₂-based photocatalysts, most systems still 
depend on UV light, which limits their practical 
use under natural sunlight. 

Despite these advancements, limited 
attention has been given to nickel–nitrogen co-
doped titania immobilized on zirconia (Ni,N–
TiO₂/ZrO₂) for visible-light-driven photocatalysis. 
The synergistic interaction between nickel and 
nitrogen dopants, combined with the structural 
stabilization provided by ZrO₂, is expected to 
enhance charge separation, extend visible-light 
absorption, and prevent the anatase-to-rutile 
phase transition. Therefore, this study 
investigates the effect of nickel incorporation into 
nitrogen-doped TiO₂/ZrO₂ nanocomposites for 
phenol photodegradation under visible-light 
irradiation. The findings provide new insights into 
designing structurally stable and solar-responsive 
photocatalysts, offering a promising pathway 
toward sustainable water purification 
technologies. 

  
2. Materials and Method 
2.1 Materials 

The materials used in this study included 
commercial zirconia nanopowder (ZrO₂, Smart 
Lab), urea (CH₄N₂O, Merck), nickel(II) sulfate 
hexahydrate (NiSO₄·6H₂O, Merck), titanium(IV) 
tetraisopropoxide (TTIP, Sigma-Aldrich), ethanol 
(C₂H₅OH, Merck), deionized water (CV Bima 
Aksara Nusa), and phenol (C₆H₅OH, Merck). All 
chemicals were of analytical grade and were used 
as received without further purification.  

 
2.2. Synthesis of the Photocatalysts  

Nickel–nitrogen co-doped titania/zirconia 
(Ni,N–TiO₂/ZrO₂) photocatalysts were 
synthesized via a sol–gel method. In a typical 
preparation, 25 mL of absolute ethanol was mixed 
with 2.5 mL of titanium(IV) isopropoxide (TTIP) 
under magnetic stirring of 450 rpm for 20 min at 
room temperature to obtain a homogeneous 
titanium precursor solution. 

Separately, an aqueous solution containing 
nickel precursor salts (0, 1, 3, 5, and 7 wt% Ni 
relative to Ti), urea (10 wt% relative to Ti), and 
commercial ZrO₂ powder (1 g) was dispersed in 25 
mL of deionized water. The aqueous suspension 
was added dropwise (1 mL.min⁻¹) to the Ti 
precursor solution under continuous stirring to 
initiate hydrolysis and condensation of TTIP in 
the presence of the dispersed ZrO₂ particles. The 
initial pH of the mixed sol was approximately 6–
7, and no additional pH adjustment was applied. 
Gelation occurred gradually within 30 min, as 
indicated by a marked increase in viscosity and 
formation of a homogeneous gel. During this 
process, TiO₂ species nucleated and grew around 
the ZrO₂ particles, enabling intimate interfacial 
contact and uniform dispersion of ZrO₂ 
throughout the TiO₂ matrix rather than simple 
post-synthesis physical mixing. 
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After complete gelation, the mixture was 
stirred for an additional 30 min to ensure 
homogeneity, followed by centrifugation at 3000 
rpm for 30 min. The recovered gel was air-dried at 
room temperature for 24 h with intermittent 
grinding to obtain a fine powder and subsequently 
heated at 80 °C for 24 h to remove residual 
solvents. Finally, the dried materials were 
calcined at 500 °C for 4 h in a muffle furnace with 
a heating rate of 10 °C.min⁻¹ to induce 
crystallization, remove residual organics, and 
facilitate dopant incorporation, where urea 
decomposition generates reactive nitrogen species 
for N-doping and nickel precursors are converted 
into Ni–O species that integrate into the TiO₂ 
framework. The obtained samples were denoted 
as N–TiO₂/ZrO₂, 1% Ni–N–TiO₂/ZrO₂, 3% Ni–N–
TiO₂/ZrO₂, 5% Ni–N–TiO₂/ZrO₂, and 7% Ni–N–
TiO₂/ZrO₂, corresponding to their respective 
nickel loadings. A schematic illustration of the 
synthesis process is shown in Figure 1. 

 
2.3. Characterization of the Photocatalysts  

The crystalline phases of the synthesized 
photocatalysts were analyzed using an X-ray 
diffractometer (XRD, D8 Advance, Bruker) 
equipped with Cu-Kα radiation (λ = 1.54 Å). The 
average crystallite size (D) was calculated using 
the Scherrer equation (Equation (1)), where k = 
0.94, λ = 0.154 nm, β is the full width at half 
maximum (FWHM) in radians, and θ is the Bragg 
angle. 
 
𝐷𝐷 = 𝑘𝑘 𝜆𝜆

β cosθ
     (1) 

 
The functional groups of the samples were 

identified by Fourier transform infrared 
spectroscopy (FTIR, Shimadzu Prestige-21) using 
the KBr pellet method. Optical properties were 

evaluated with a diffuse reflectance UV–visible 
spectrophotometer (DRUV–Vis, Jasco V-760). 
Surface morphology and elemental composition 
were examined using a scanning electron 
microscope equipped with an energy-dispersive X-
ray spectrometer (SEM–EDX, JEOL JED-2300). 

 
2.4. Photocatalytic Activity Tests  

The photocatalytic performance of the 
synthesized materials was evaluated by phenol 
degradation under visible-light irradiation. In 
each experiment, 100 mg of photocatalyst was 
dispersed in 100 mL of a 10 mg.L⁻¹ phenol 
solution. The suspension was magnetically 
stirred, and visible-light irradiation was applied 
for 15, 30, 45, 60, 75, 90, 105, and 120 min using a 
Philips TL-D 30W/54–765 fluorescent lamp as the 
light source, under continuous stirring. 

Adsorption experiments in the dark were not 
performed, as the objective of this work was to 
evaluate the overall photocatalytic activity of the 
nanocomposites under visible-light irradiation, 
during which adsorption and photocatalytic 
degradation occur simultaneously. After 
irradiation, the photocatalyst was separated by 
centrifugation at 3000 rpm for 30 min, and the 
residual phenol concentration was determined 
using a UV–Vis spectrophotometer at 269 nm. The 
photocatalytic degradation kinetics were analyzed 
using the Langmuir–Hinshelwood (L–H) model 
(Equation (2)), where kᵣ is the surface reaction 
rate constant. At low reactant concentrations, the 
equation simplifies to Equation (3), where kobs is 
the apparent rate constant, C is the phenol 
concentration at time t, and C₀ is the initial phenol 
concentration. The phenol removal efficiency (%) 
was calculated using Equation (4), where Cᵢ and 
Cf represent the initial and final phenol 
concentrations, respectively.  

Figure 1. Schematic diagram of the photocatalyst synthesis procedure used in this study. 
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Photocatalyst Crystal phase hkl 2θ (°) FWHM (°) D (nm) 

N–TiO₂/ZrO₂ Tetragonal  101 30.06 0.2745 29.97 
Anatase 101 25.44 0.3334 24.43 

1% Ni,N–
TiO₂/ZrO₂ 

Tetragonal  101 30.07 0.2770 29.70 
Anatase 101 25.82 0.3400 23.97 

3% Ni,N–
TiO₂/ZrO₂ 

Tetragonal  101 30.00 0.2799 29.38 
Anatase 101 25.30 0.5510 14.78 

5% Ni,N–
TiO₂/ZrO₂ 

Tetragonal  101 30.06 0.2821 29.16 
Anatase 101 25.06 0.7334 11.10 

7% Ni,N–
TiO₂/ZrO₂ 

Tetragonal  101 30.09 0.2751 29.90 
Anatase 101 25.20 0.5956 13.67 

𝑟𝑟 = 𝑘𝑘r 𝐾𝐾L𝐶𝐶
1+ 𝐾𝐾L𝐶𝐶

     (2) 

ln 𝐶𝐶
𝐶𝐶0

= −𝑘𝑘r𝐾𝐾L𝑡𝑡 =  −𝑘𝑘obs𝑡𝑡    (3) 

𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (%) = 𝐶𝐶i−𝐶𝐶f
𝐶𝐶𝑖𝑖

× 100% (4) 
 

3. Results and Discussion  
3.1. X-ray Diffraction Analysis 

Figure 2 shows the XRD patterns of the 
photocatalysts with varying Ni co-dopant 
concentrations. The characteristic diffraction 
peaks of anatase TiO₂ appear at 2θ values of 
25.44° and 54.99°, consistent with JCPDS No. 01-
073-1764 [25], while peaks at 30.07° and 50.22° 
correspond to the tetragonal ZrO₂ phase (JCPDS 
No. 01-079-1767). The absence of peak shifts in 
the tetragonal ZrO₂ phase with increasing Ni 
loading indicates that the ZrO₂ lattice remains 
structurally and chemically stable. This stability 
is advantageous because it suppresses the 
anatase-to-rutile phase transformation in TiO₂, 
thereby preserving the photocatalytically active 
anatase phase within the nanocomposite. 

Crystallite sizes were estimated using the 
Scherrer equation based on the full width at half 
maximum (FWHM) of the most intense diffraction 
peak of each phase, namely the anatase TiO₂ (101) 
and tetragonal ZrO₂ (101) reflections, to ensure 
consistent and reliable comparison among all 
samples (Table 1). For the anatase (101) plane, the 
undoped N–TiO₂/ZrO₂ sample exhibits an average 
crystallite size of 24.43 nm, which progressively 
decreases with increasing Ni incorporation, 
reaching a minimum of 11.10 nm at 5 wt% Ni. 
This reduction can be attributed to lattice 
distortion induced by the partial substitution of 
Ti⁴⁺ with Ni²⁺ ions and the formation of Ni–O–Ti 
linkages, which hinder crystal growth and 
suppress grain coalescence [26,27]. The smaller 
crystallite size is expected to increase the specific 
surface area and the density of exposed active 
sites, thereby favoring enhanced photocatalytic 
activity. However, at higher Ni loading (7 wt%), 
the crystallite size slightly increases to 13.67 nm, 

suggesting that excessive dopant concentration 
may promote particle agglomeration or the 
formation of Ni-rich segregated domains, 
partially offsetting the grain growth inhibition 
effect. 

In contrast, the crystallite size of tetragonal 
ZrO₂ calculated from the (101) reflection remains 
nearly constant (29.16–29.97 nm) across all Ni 
concentrations, indicating that the ZrO₂ phase is 
structurally stable and largely unaffected by Ni 
doping. This invariance suggests that ZrO₂ 
primarily acts as a robust support phase that 
maintains the structural integrity of the 
composite while facilitating interfacial charge 
transfer, which is beneficial for improved visible-
light photocatalytic performance [28].  

 
3.2. Fourier Transform Infrared Spectroscopy 

The FTIR spectra (Figure 3) further confirm 
the structural modifications induced by Ni and N 
dopants. The broad absorption bands at 
approximately 3440 cm⁻¹ and 1620 cm⁻¹ 
correspond to O–H stretching and bending 

Figure 2. X-ray diffractograms of the synthesized 
photocatalysts. 

Table 1. Crystallite size of the crystal phases in the synthesized photocatalysts. 
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Photocatalyst Bandgap energy (eV) 
N–TiO₂/ZrO₂ 3.03 
1% Ni,N–TiO₂/ZrO₂ 2.99 
3% Ni,N–TiO₂/ZrO₂ 2.86 
5% Ni,N–TiO₂/ZrO₂ 2.69 
7% Ni,N–TiO₂/ZrO₂ 2.78 

vibrations, indicating the presence of surface 
hydroxyl groups and adsorbed water molecules. 
Urea served as the nitrogen precursor for doping. 
Upon calcination, urea thermally decomposes into 
NH₃ and isocyanic acid species, which 
subsequently generate reactive nitrogen 
intermediates capable of diffusing into the TiO₂ 
lattice. These intermediates favor substitutional 
or interstitial nitrogen incorporation, primarily 
forming Ti–O–N linkages rather than direct Ti–N 
bonds. The absorption band observed near 1111 
cm⁻¹ is therefore assigned to Ti–O–N stretching 
vibrations, which provides evidence for nitrogen 
incorporation into the TiO₂ framework and 
confirms successful N-doping [29]. 

A distinct band around 550 cm⁻¹, observed in 
all samples, is attributed to Zr–O or Ti–O 
stretching vibrations, characteristic of the TiO₂ 
and ZrO₂ frameworks. Ti–O–Ni vibrations are 
expected within the 400–750 cm⁻¹ region, where 
they overlap with the intrinsic Ti–O and Zr–O 
modes. With increasing Ni concentration, the 
absorption bands in this region exhibit noticeable 
shifts and broadening, indicating enhanced lattice 
distortion, reduced crystallite size, and the 
formation of Ni–O–Ti linkages, which are 
consistent with the XRD results. At higher Ni 
loadings, these spectral changes become less 
distinct, likely due to Ni agglomeration or 
saturation of substitutional and interstitial sites 
within the TiO₂ lattice. 

 
3.3. Optical Properties 

The optical absorption properties (Figure 4) 
reveal a strong correlation between structural and 
electronic modifications induced by Ni–N co-
doping. Analysis of the diffuse reflectance spectra 
shows that the absorption edge progressively 
shifts toward longer wavelengths (red shift) with 
increasing Ni content, reaching approximately 

463 nm for the 5 wt% Ni sample. The bandgap 
energies were estimated by linear extrapolation 
of the absorption edge using a two-line 
intersection method, yielding a minimum value of 
2.69 eV (Table 2). This reduction indicates 
significantly enhanced visible-light absorption. 

The incorporation of Ni introduces localized 
3d electronic states within the TiO₂ band 
structure, while nitrogen doping generates 
additional defect or O–Ti–N states near the 
valence band. The synergistic interaction of these 
dopants forms intermediate energy levels that 
effectively narrow the bandgap and facilitate 
electronic excitation under visible-light 
irradiation. These optical changes are consistent 
with the lattice distortion and new metal–
oxygen/nitrogen bonding evidenced by the XRD 
and FTIR analyses. 

For comparison, the pristine TiO₂/ZrO₂ 
composite prepared in this study exhibits a 
bandgap energy of 3.14 eV, slightly lower than 
the 3.25 eV reported for TiO₂/ZrO₂ systems by 
Shao et al. [30], suggesting effective interfacial 
interaction between TiO₂ and ZrO₂. Zhang et al. 
[31] reported a bandgap energy of 2.29 eV for 
Ni,N co-doped TiO₂ (N(x)Ni(y)TiO₂), 
demonstrating that simultaneous metal–
nonmetal co-doping can substantially enhance 
visible-light absorption. The bandgap energy 
obtained in the present work (2.69 eV) is 

Figure 3. FTIR spectra of the synthesized 
photocatalysts. 

Figure 4. DRUV–Vis spectra of the synthesized 
photocatalysts. 

Table 2. Bandgap energy of the synthesized 
photocatalysts. 
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This microstructural uniformity supports the 
XRD findings, which showed a single-phase 
crystalline structure with no additional peaks 
associated with Ni or N impurities. It is also 
consistent with the FTIR results, where subtle 
shifts in vibrational bands confirmed successful 
dopant substitution and lattice distortion. 
Furthermore, the homogeneous dispersion of the 
co-dopants is consistent with the DRUV–Vis 
findings, where bandgap narrowing and a red 
shift of the absorption edge were observed, 
suggesting synergistic electronic effects arising 
from the well-integrated Ni and N dopants. 
Collectively, these results confirm that Ni and N 
were effectively incorporated into the TiO₂/ZrO₂ 
framework, modifying its structural and 
electronic characteristics to enhance visible-light 
absorption and photocatalytic performance [34]. 

 
3.5. Photocatalytic Performance Evaluation of the 
Synthesized Photocatalysts 

The photocatalytic activity of the synthesized 
Ni,N–TiO₂/ZrO₂ photocatalysts with varying Ni 
concentrations was systematically evaluated for 
phenol degradation under visible-light irradiation 
(Figure 6). All samples exhibited a continuous 
increase in phenol degradation efficiency with 
prolonged irradiation time. The degradation 
kinetics were analyzed using the Langmuir–
Hinshelwood (L–H) model (Figure 7), which is 
commonly applied to heterogeneous 
photocatalytic reactions occurring on 
semiconductor surfaces, where the process 
involves adsorption of pollutant molecules 
followed by surface reaction [35,36]. Under the 

comparable to those reported Ni,N-doped 
systems, confirming that Ni–N co-doping 
effectively tailors the electronic structure and 
extends light harvesting into the visible region 
while maintaining the structural stability of the 
TiO₂/ZrO₂ composite. 

However, when the Ni content exceeds 5 wt%, 
the absorption edge shifts slightly toward shorter 
wavelengths (blue shift), and the bandgap energy 
increases to 2.78 eV at 7 wt%. This reversal is 
likely caused by excessive Ni promoting the 
formation of secondary phases or localized NiO 
clusters, which alter charge-carrier dynamics and 
partially counteract the beneficial bandgap-
narrowing effect [32,33]. Altogether, the XRD, 
FTIR, and DRUV–Vis results demonstrate that 
moderate Ni co-doping (5 wt%) optimally modifies 
the structural, chemical, and optical properties of 
N–TiO₂/ZrO₂, enhancing visible-light absorption 
and photocatalytic potential without 
compromising crystallinity or phase stability. 

 
3.4. Morphological and Surface Elemental 
Composition Analysis 

The SEM micrograph of the 5% Ni,N–
TiO₂/ZrO₂ photocatalyst (Figure 5) shows densely 
packed agglomerates consisting of nearly 
spherical nanoparticles, indicating uniform 
particle morphology. The EDX spectrum and 
elemental mapping confirm the even spatial 
distribution of Zr, Ti, O, N, and Ni throughout the 
sample, demonstrating homogeneous 
incorporation of the dopants within the TiO₂/ZrO₂ 
matrix without forming dopant-rich secondary 
phases. 

Figure 5. SEM–EDX mapping results of the 5% Ni,N–TiO₂/ZrO₂ photocatalyst (EDX results show the 
elemental composition in weight percentage). 
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Photocatalyst Phenol removal efficiency 
(%) 

Rate constant  
(min⁻¹) R2 

N–TiO₂/ZrO₂ 40.72 0.0042 0.9692 
1% Ni,N–TiO₂/ZrO₂ 41.98 0.0062 0.8596 
3% Ni,N–TiO₂/ZrO₂ 71.02 0.0136 0.9907 
5% Ni,N–TiO₂/ZrO₂ 85.36 0.0229 0.9992 
7% Ni,N–TiO₂/ZrO₂ 62.16 0.0102 0.9617 

relatively low initial phenol concentration used in 
this study (10 mg.L⁻¹), the L–H rate equation can 
be simplified to a pseudo-first-order form, 
expressed as ln (C₀/C) = kt. Therefore, the 
apparent rate constants (k) were obtained from 
the linear plots of ln (C₀/C) versus irradiation 
time. 

As summarized in Table 3, the kinetic plots 
generally exhibited good linearity, with 
correlation coefficients (R²) ranging from 0.86 to 
0.999, supporting the applicability of the pseudo-
first-order approximation. Slightly lower linearity 
observed for the low-activity sample (1 wt% Ni,N–
TiO₂/ZrO₂, R² = 0.8596) is attributed to the limited 
phenol conversion and greater experimental 
fluctuations at small concentration changes. Both 
the apparent rate constant and degradation 
efficiency increased with Ni loading up to 5 wt%, 
at which the photocatalyst demonstrated the 
highest activity, achieving 85.36% removal and 
the largest rate constant (0.0229 min⁻¹, R² = 
0.9992). Further increasing the Ni content to 7 
wt% led to a decrease in activity, likely due to 
excessive dopant coverage and increased charge 
recombination, which reduced the number of 
accessible active sites. 

The enhancement in photocatalytic 
performance at moderate Ni concentrations can be 

attributed to the synergistic effects of Ni and N 
dopants on the structural and electronic 
properties of the nanocomposite. As evidenced by 
the DRUV–Vis analysis, the incorporation of Ni 
introduced intermediate energy states within the 
TiO₂ band structure and effectively narrowed the 
bandgap, extending optical absorption into the 
visible-light region. This bandgap modification 
enables the photocatalyst to harness a greater 
portion of the solar spectrum, thereby increasing 
photon utilization efficiency. Furthermore, Ni²⁺ 
species can act as shallow electron traps that 
facilitate charge carrier separation and delay 
recombination, while nitrogen incorporation 
contributes to valence band modification through 
the mixing of N 2p and O 2p orbitals. These 
combined effects enhance the generation of 
reactive oxygen species (ROS), such as •OH and 
•O₂⁻ radicals, which are the dominant oxidizing 
agents responsible for phenol degradation [37]. 

At higher Ni loadings (7 wt%), however, a 
noticeable decline in photocatalytic activity was 
observed. This deterioration is primarily 
attributed to the adverse effects of excessive 
dopant incorporation. As supported by XRD and 
FTIR analyses, excess Ni promotes lattice 
distortion and the possible formation of Ni-rich 
clusters, which can act as charge recombination 

Table 3. Photocatalyst activity results for phenol degradation. 

Figure 6. Phenol photodegradation results using 
the synthesized photocatalysts. Experimental 
conditions: initial phenol concentration = 10 
mg.L⁻¹ and photocatalyst mass = 100 mg. 

Figure 7. Langmuir–Hinshelwood kinetic model 
plots for phenol photodegradation using the 
synthesized photocatalysts. Experimental 
conditions: initial phenol concentration = 10 mg.L⁻¹ 
and photocatalyst dosage = 100 mg. 
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centers that hinder electron–hole migration. The 
SEM–EDX mapping further indicated that, while 
Ni and N were homogeneously distributed at the 
optimal loading, excessive Ni may lead to partial 
aggregation and compositional inhomogeneity. 
Such agglomeration can limit light absorption 
uniformity and impede active site accessibility. 
Moreover, an excessive dopant concentration may 
induce electronic saturation within the TiO₂ 
lattice, disrupting the delicate balance between 
charge separation and recombination dynamics. 

Comparable trends have been reported for 
other transition metal–doped oxide 
photocatalysts, where moderate dopant 
incorporation enhances photoactivity, but 
excessive doping results in recombination-
dominated processes and reduced efficiency 
[38,39]. Overall, the findings suggest that an 
optimal Ni co-doping level of 5 wt% achieves a 
balance between structural stability, efficient 
charge separation, and extended visible-light 
response, leading to superior photocatalytic 
degradation performance of phenol. 

 
3.6. Plausible Photocatalytic Mechanism, 
Comparison with Previous Studies, and Future 
Outlook  

The plausible mechanism for phenol 
degradation over the Ni,N–TiO₂/ZrO₂ 
photocatalyst under visible-light irradiation is 
illustrated in Figure 8. When exposed to photons 
with energy equal to or greater than the narrowed 
bandgap (2.69 eV for 5 wt% Ni co-doping), 
electrons (e⁻) are excited from the valence band 
(VB) to the conduction band (CB), generating 
electron–hole (h⁺) pairs, as expressed in Equation 
(5): 

Ni,N–TiO₂/ZrO₂+ ℎ𝜈𝜈 → 𝑒𝑒𝐶𝐶𝐶𝐶− + ℎ𝑉𝑉𝑉𝑉+  (5) 
 
The synergistic co-doping of Ni and N introduces 
intermediate energy levels between the VB and 
CB, as supported by the DRUV–Vis, XRD, and 
FTIR results. These localized states extend the 
optical absorption of TiO₂ into the visible region 
while acting as shallow traps that inhibit the 
rapid recombination of photoexcited e⁻–h⁺ pairs. 

The photogenerated electrons in the CB of 
Ni,N–TiO₂, are efficiently transferred to the CB of 
ZrO₂ due to the favorable band alignment between 
the two semiconductors, forming a heterojunction 
that promotes directional charge migration. The 
transferred electrons subsequently react with 
dissolved oxygen molecules to produce superoxide 
radicals (•O₂⁻), as shown in Equation (6): 
 

O₂ + 𝑒𝑒𝐶𝐶𝐶𝐶− →∙O₂−    (6) 
 
These reactive •O₂⁻ radicals can further undergo 
redox reactions, generating hydroxyl radicals 
(•OH), either through the reduction of water 
molecules or hydroxide ions, as represented in 
Equations (7) and (8): 
 

H₂O + ℎ𝑉𝑉𝑉𝑉+ →∙OH + H+   (7) 
OH− + ℎ𝑉𝑉𝑉𝑉+ →∙OH    (8) 

 
Both •O₂⁻ and •OH radicals possess high 
oxidative potential and play dominant roles in the 
photocatalytic degradation of phenol. These 
species attack phenol molecules adsorbed on the 
photocatalyst surface, initiating a sequence of 
oxidative reactions that break the aromatic ring 
and eventually mineralize the intermediates into 
CO₂ and H₂O, as described in Equation (9): 
 

Figure 8. Proposed schematic mechanism for phenol degradation using the 5% Ni,N–TiO₂/ZrO₂ 
photocatalyst under visible-light irradiation. 
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Photocatalyst Operational conditions Phenol removal 
efficiency (%) Ref. 

30%TiO2/MMT Phenol concentration = 10 mg.L⁻¹, solution 
volume = 100 mL, irradiation time = 240 min, 
photocatalyst dosage = 0.2 g, pH = 6, light 
source = UV lamp 

89.80 [24] 

5% Ni,N–TiO₂/ZrO₂ Phenol concentration = 10 mg.L⁻¹, solution 
volume = 100 mL, irradiation time = 2 h, 
photocatalyst dosage = 100 mg, light source = 
visible lamp 

85.36 Present 
work 

Fe3O4@SiO2 
mediated by silane 
agent 

Phenol concentration = 50 mg.L⁻¹, solution 
volume = 350 mL, irradiation time = 9 h, 
photocatalyst dosage = 0.2 g, light source = UV 
lamp 

84.00 [42] 

SnO2–TiO2 (Sn/Ti = 
1:2) 

Phenol concentration = 10 mg.L⁻¹, solution 
volume = 25 mL, irradiation time = 2 h, 
photocatalyst dosage = 25 mg, light source = 
visible lamp 

82.30 [43] 

Fe3O4/RGO Phenol concentration = 10 mg.L⁻¹, solution 
volume = 50 mL, irradiation time = 2 h, 
photocatalyst dosage = 50 mg, light source = 
visible lamp 

76.00 [44] 

5%C/TiO2 Phenol concentration = 10 mg.L⁻¹, solution 
volume = 100 mL, irradiation time = 150 min, 
photocatalyst dosage = 0.2 g, light source = UV 
lamp 

70.00 [23] 

Fe/TiO₂–SiO₂ Phenol concentration = 50 mg.L⁻¹, solution 
volume = 50 mL, irradiation time = 2 h, 
photocatalyst dosage = 1 g.L-1, pH = ~6.7, light 
source = UV lamp 

~50.00 [22] 

ZnO–TiO2/NCP Phenol concentration = not determined 
(wastewater containing phenol was used in this 
work), solution volume = 20 mL of 100-fold 
diluted wastewater, irradiation time = 300 min, 
photocatalyst dosage = 0.1 g.L-1, pH = 3, light 
source = visible lamp 

~20.00 [45] 

𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 +  (∙ 𝑂𝑂𝑂𝑂,∙ 𝑂𝑂2−)  → 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 →
𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂     (9) 
 

The overall process involves the synergistic 
participation of Ni and N dopants, which enhance 
visible-light harvesting, improve charge 
separation, and facilitate radical generation. Ni²⁺ 
species act as electron traps that prolong the 
lifetime of charge carriers, while nitrogen doping 
contributes to valence band modification via N 
2p–O 2p orbital hybridization. These effects 
collectively enhance photocatalytic efficiency by 
promoting efficient reactive oxygen species (ROS) 
formation and suppressing electron–hole 
recombination [40,41]. 

As summarized in Table 4, the 5% Ni,N–
TiO₂/ZrO₂ photocatalyst achieved 85.36% phenol 
degradation under visible-light irradiation. This 

performance surpasses that of several reported 
visible-light photocatalysts, including Fe₃O₄/RGO 
(76.00%) under visible lamp irradiation, 
5%C/TiO₂ (70.00%) under UV lamp irradiation, 
Fe/TiO₂–SiO₂ (~50.00%) under UV lamp 
irradiation, and ZnO–TiO₂/NCP (~20.00%) under 
visible lamp irradiation, and is comparable to 
Fe₃O₄@SiO₂ modified with silane agents (84.00%) 
under UV lamp irradiation. Although its 
efficiency is slightly lower than that of 30% TiO₂–
montmorillonite (89.80%) under UV illumination, 
the present catalyst operates exclusively under 
visible light, representing a significant advantage 
for solar-driven applications. 

The superior performance of the 5% Ni,N–
TiO₂/ZrO₂ photocatalyst can be attributed to the 
synergistic effects of Ni and N dopants, which 
induce bandgap narrowing, enhance visible-light 

Table 4. Comparison with other relevant studies conducted in recent years. 
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absorption, and improve charge carrier separation 
[46]. Additionally, the incorporation of ZrO₂ 
contributes to stabilizing the anatase phase of 
TiO₂, preventing the anatase-to-rutile 
transformation and ensuring structural 
robustness during photocatalytic operation [47]. 

From a broader perspective, this study 
demonstrates the potential of Ni,N–TiO₂/ZrO₂ 
nanocomposites as efficient and sustainable 
visible-light-active photocatalysts for wastewater 
treatment. Nevertheless, the present work did not 
include the optimization of key operational 
parameters such as the initial phenol 
concentration, photocatalyst loading, and solution 
pH, all of which can significantly influence 
photocatalytic efficiency. These parameters will 
be systematically optimized in future studies to 
achieve a more comprehensive understanding of 
the catalytic behavior and reaction kinetics. 
Furthermore, detailed identification of 
degradation intermediates using a Liquid 
Chromatography–Mass Spectrometer (LC–MS) 
and other advanced spectroscopic techniques will 
be conducted to elucidate the phenol degradation 
pathway. Future efforts will also focus on refining 
synthesis parameters, tailoring surface 
morphology, and integrating the optimized 
photocatalyst into scalable photoreactor systems 
to enhance performance and enable real-world 
environmental remediation applications. 

 
4. Conclusion 

Nickel-modified nitrogen-doped 
titania/zirconia (Ni,N–TiO₂/ZrO₂) nanocomposites 
were successfully synthesized and demonstrated 
enhanced photocatalytic activity toward visible 
light-driven phenol degradation. The optimal 
composition containing 5 wt% Ni exhibited the 
highest performance, achieving 85.36% phenol 
removal with an apparent rate constant of 0.0229 
min⁻¹ after 120 min of irradiation. This enhanced 
activity is attributed to the synergistic interaction 
between Ni and N dopants, which effectively 
narrowed the band gap to 2.69 eV, improved 
charge carrier separation, and stabilized the 
anatase phase of TiO₂ against rutile 
transformation. 

Taken together, this study confirms that dual 
metal–nonmetal doping serves as an efficient 
strategy to tailor the electronic structure and 
photocatalytic response of TiO₂/ZrO₂-based 
materials under visible light. Future 
investigations will focus on optimizing key 
operational parameters such as solution pH, 
catalyst dosage, and initial phenol concentration, 
as well as conducting radical scavenging tests, 
recyclability assessments, and long-term stability 
evaluations. The outcomes will provide a deeper 
understanding of the photocatalytic mechanism 

 

and facilitate the development of durable, visible-
light-responsive photocatalysts for sustainable 
water purification applications. 
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