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Abstract

This study investigates the structural and photocatalytic roles of Ni and Zn dopants in mesoporous
silica—Cu catalysts for methylene blue degradation under light irradiation. The materials were
synthesized and systematically characterized using FTIR, XRD, BET, SEM—-EDS, and UV-DRS to
elucidate dopant-dependent structural, textural, and electronic modifications. XRD analysis
revealed that Zn doping enhances crystallinity to 90.80% with a crystallite size of 1.97 nm, whereas
Ni doping produces lower crystallinity (80.69%) and smaller crystallites (1.82 nm), indicating
defect-rich microstructures. BET analysis confirmed mesoporous characteristics in both systems,
with Zn incorporation generating broader pore distributions and higher adsorption capacity, while
Ni induces more confined pore structures. SEM results showed average particle sizes of 1.49 nm
for Zn-doped and 1.67 nm for Ni-doped catalysts. UV-DRS measurements demonstrated
pronounced electronic modulation, with Ni doping significantly narrowing the band gap to 1.02—
1.11 eV compared with 2.08-2.78 eV for Zn-doped materials. Photocatalytic evaluation at an initial
methylene blue concentration of 5 ppm showed superior performance for the Ni-doped catalyst,
achieving 79.59% removal efficiency and an adsorption capacity of 19.89 mg g !, compared with
50.98% removal and 12.74 mg g for the Zn-doped system. Kinetic analysis followed pseudo-first-
order behavior, with a higher rate constant for Ni doping (0.01675 min) than Zn doping (0.00706
min'). These findings demonstrate that Ni primarily enhances photocatalytic activity through
electronic defect formation and band gap narrowing, while Zn mainly improves structural ordering

and pore accessibility. The study highlights the critical role of dopant selection in tailoring
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structure—activity relationships in mesoporous silica—Cu photocatalysts.
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Introduction

The increasing discharge of synthetic dyes into aquatic environments has become a major
global environmental concern, particularly due to their persistence, toxicity, and resistance to
conventional treatment methods [1, 2]. Among these pollutants, methylene blue is widely used in
textile, printing, and biomedical industries and is frequently detected in industrial wastewater [3-
5]. Its stable aromatic structure and resistance to biodegradation make effective removal

challenging, thereby necessitating the development of advanced treatment technologies [6-9].



Photocatalysis has emerged as a promising and sustainable approach for dye degradation because
it enables the mineralization of organic contaminants into harmless end products using light
energy, without generating secondary pollutants [9-10]. Mesoporous silica—based materials have
attracted considerable attention as photocatalyst supports due to their high surface area, tunable
pore structure, chemical stability, and excellent adsorption capacity [12-15]. When combined with
transition metals such as copper, these materials exhibit enhanced catalytic properties resulting
from improved charge separation and increased active sites [16, 17]. However, the photocatalytic
performance of mesoporous silica—Cu systems is still limited by rapid electron—hole recombination
and suboptimal light absorption efficiency [18, 19]. To overcome these limitations, the incorporation
of secondary metal dopants has been widely explored as an effective strategy to modify structural,

electronic, and surface properties [20, 21].

Transition metal dopants such as nickel (N1) and zinc (Zn) are particularly attractive because
of their distinct physicochemical characteristics and catalytic functionalities [22, 23]. Ni is known
for its ability to introduce defect states and narrow band gap energy, thereby improving visible-
light absorption and promoting charge carrier mobility [24-26]. These electronic modifications can
enhance the generation of reactive oxygen species, which are essential for photocatalytic
degradation [27, 28]. In contrast, Zn is often associated with improved crystallinity, structural
stability, and enhanced adsorption behavior due to its ability to regulate particle growth and pore
organization [29-31]. As a result, Ni and Zn dopants may influence photocatalytic performance
through fundamentally different mechanisms, involving both electronic and structural modulation
[32, 33]. Understanding how these dopants interact with mesoporous silica—Cu frameworks is
therefore crucial for optimizing catalyst design. The incorporation of dopant species can alter
crystallite size, pore distribution, surface morphology, and optical properties, all of which directly
affect photocatalytic efficiency [34-36]. Furthermore, dopant-induced defect formation, band
structure modification, and improved interfacial charge transfer can significantly enhance reaction

kinetics during dye degradation [37, 38]. Despite growing interest in dopant engineering,



comparative studies examining the distinct roles of Ni and Zn within the same mesoporous silica—

Cu system remain limited.

This study aims to systematically investigate the role of Ni and Zn dopants in modulating
the structural characteristics and photocatalytic activity of mesoporous silica—Cu catalysts for
methylene blue degradation. By correlating physicochemical properties with photocatalytic
performance, this work seeks to clarify the mechanisms through which different dopants influence
adsorption behavior, light absorption, and charge carrier dynamics. The findings are expected to
provide deeper insight into dopant-dependent structure—activity relationships and offer design
guidelines for developing highly efficient mesoporous photocatalysts for wastewater treatment
applications.

Experimental Section
Materials

Materials used for the synthesis of the mesoporous SiCuNi photocatalyst comprised silica
precursors, metal dopant sources, structure-directing agents, and auxiliary reagents for synthesis
and photocatalytic evaluation. Tetraethyl orthosilicate (TEOS, Mr 208.33 g mol™!, Sigma-Aldrich
Merck KGaA) was employed as the primary silica source for framework formation. Commercial
gelatin (average molecular weight = 90,000 g mol*, Gelita) functioned as an organic template and
structure-directing agent to promote mesoporous organization [39]. Mesoporous silica SPG-20
served as a hard template to regulate pore architecture and structural ordering. The active metal
components consisted of copper and nickel precursors introduced to form the bimetallic catalytic
system. Copper(I) nitrate trihydrate (Cu(NOs). -3H.0O, Sigma-Aldrich Merck KGaA) was used as
the copper source, while nickel(Il) nitrate hexahydrate (Ni(NOs). 6H.O, Sigma-Aldrich Merck
KGaA) served as the nickel precursor. These metal salts were selected due to their high solubility
and ability to generate well-dispersed metal oxide species within the silica framework after thermal
treatment. Hydrochloric acid (37% HCI, Mr 36.5 g mol?, Sigma-Aldrich Merck KGaA) was used to
catalyze hydrolysis and condensation reactions during silica network formation and to regulate

solution acidity. Sodium hydroxide solution (1-2 M NaOH, Mr 39.997 g mol*, Sigma-Aldrich Merck



KGaA) was applied for alkaline extraction of the hard silica template following thermal processing.
Deionized water was used as the solvent throughout all synthesis stages.For photocatalytic
performance evaluation, methylene blue (Mr 319.85 g mol !, Sigma-Aldrich Merck KGaA) was used
as the model organic pollutant. Photocatalytic experiments were conducted using a visible-light
photoreactor equipped with a mechanical shaker, and concentration changes were monitored using
UV-Vis spectrophotometry at a wavelength of 665 nm.
Synthesis of SiCuNi Mesoporous Photocatalyst

Gelatin-modified SPG-20 mesoporous silica was first prepared and subsequently used as the
hard template for SiCuNi synthesis. Pluronic P123 (4 g) and gelatin (0.8 g) were dissolved and
homogenized at 40°C under continuous stirring. A hydrochloric acid solution (prepared by diluting
19.5 mL of 37% HCI in 127 mL deionized water) was added dropwise to promote micelle formation
and regulate the acidic environment. Tetraethyl orthosilicate (TEOS) was then introduced
gradually, and the mixture was stirred for 24 h to allow hydrolysis and condensation. The resulting
gel underwent hydrothermal aging at 90 °C for 24 h, followed by filtration, washing, sequential
drying at 70 °C and 100 °C, and final calcination at 550 °C for 5 h to remove organic templates and
obtain gelatin-modified SPG-20 mesoporous silica. For SiCuNi synthesis, 1.25 g of the prepared
SPG-20 was used as the hard template. Copper and nickel precursors were dissolved separately in
deionized water and combined under magnetic stirring for 1 h to form a homogeneous Cu—Ni
bimetallic solution. Gelatin was dissolved in deionized water to produce a viscous solution, into
which the Cu—Ni solution was incorporated with continuous stirring. TEOS was then added
dropwise as the silica precursor, followed by gradual addition of an acid catalyst to accelerate
hydrolysis and condensation. The mixture was maintained at approximately 70 °C for 1 h to
promote network formation and partial solvent removal, then dried at 100 °C for 24 h to obtain a
solid precursor.

The dried material was thermally treated at 250 °C for 5 h to stabilize the inorganic
framework and partially remove organics. The hard template was subsequently removed by
alkaline extraction in 100 mL of 1 M NaOH at 90 °C for 10 h. The product was washed repeatedly

with deionized water until neutral pH and dried overnight at 60 °C, yielding the mesoporous



SiCuNi photocatalyst. The SiCuZn catalyst was synthesized following the same preparation
procedure, with the only difference being the substitution of the nickel precursor with an
appropriate zinc precursor during the bimetallic solution preparation stage.
Photodegradation of Methylene Blue

The photocatalytic performance of the synthesized materials was evaluated through the
degradation of methylene blue under visible-light irradiation. A 200 mL aqueous solution of
methylene blue with an initial concentration of 5 ppm was transferred into a photocatalytic reactor,
followed by the addition of 50 mg of the SiCulNi photocatalyst. The suspension was magnetically
stirred in the dark for 30 minutes to establish adsorption—desorption equilibrium between the dye
molecules and the catalyst surface. After equilibration, the reaction mixture was distributed into
twelve dark glass vials, each containing 10 mL of suspension. One vial was designated as the initial
concentration reference (Co), while the remaining vials were placed in the photocatalytic reactor
equipped with a mechanical shaker and a visible-light source. During irradiation, aliquots were
collected at regular intervals, every 5 minutes up to 20 minutes, followed by sampling every 10
minutes until 90 minutes of reaction time. Each collected sample was immediately sealed and
stored in dark conditions to prevent further photoreaction. The residual concentration of methylene
blue was determined by measuring the absorbance of each sample using a UV-Vis
spectrophotometer at a wavelength of 665 nm, allowing quantitative monitoring of dye degradation
throughout the photocatalytic process.
Result and Discussion
FTIR

The FTIR spectra of the mesoporous silica—Cu catalysts doped with Ni and Zn reveal distinct
structural modifications induced by the dopants. The broad absorption band around 3400 cm™!
corresponds to the stretching vibrations of surface —OH groups and adsorbed water molecules,
indicative of hydroxylated silica surfaces [40, 41]. Notably, the intensity of this band decreases upon
Ni doping, suggesting partial condensation of silanol groups and a potential alteration of surface

hydrophilicity.
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Figure 1. FTIR spectra of SiCuNi and SiCuZn mesoporous silica—Cu photocatalysts

The prominent bands in the region of 1000-1200 cm™ are characteristic of Si—O-Si
asymmetric stretching vibrations, reflecting the mesoporous silica framework [42, 43]. The Zn-
doped mesoporous silica—Cu catalyst exhibits a higher transmittance in this region compared to
the Ni-doped mesoporous silica—Cu catalyst, implying that Zn incorporation preserves the silica
network more effectively, whereas Ni dopants introduce subtle distortions or defects within the
silica matrix [44]. Additionally, the lower wavenumber bands (~450—800 cm™) correspond to M—O
(M = Cu, Ni, Zn) vibrations, signifying successful incorporation of metal dopants into the silica
framework or formation of metal oxide clusters [45]. The differences in these bands between the
Ni- and Zn-doped catalysts indicate that the two dopants influence the local coordination
environment and bonding interactions differently. Collectively, these structural modulations, as
revealed by FTIR, correlate with the observed photocatalytic performance in Methylene Blue
degradation. Ni doping likely enhances electron—hole separation due to defect-induced electronic
states, while Zn doping maintains framework integrity and optimizes active site accessibility [46,

47]. Hence, the choice of dopant critically governs both the physicochemical structure and



photocatalytic efficiency of mesoporous silica—Cu catalysts. The FTIR spectrum of the SiCuZn
sample exhibits an absorption band above 3500 cm™, indicating the presence of specific hydroxyl
species on the surface. The shoulder observed above 3500 cm ™! in the FTIR spectrum of SiCuZn can
be attributed to the stretching vibrations of hydroxyl (-OH) groups, particularly those that are
isolated or weakly hydrogen-bonded. In contrast to the broad band typically found around 3200—
3400 cm™?, which is associated with strongly hydrogen-bonded —OH groups (such as adsorbed water
or interacting silanol groups), the presence of a shoulder at higher wavenumbers indicates the
existence of free silanol (Si—~OH) groups on the silica surface. This feature suggests a heterogeneous
hydroxyl environment, likely influenced by Zn incorporation, which modifies the surface structure
and reduces the extent of hydrogen bonding among hydroxyl groups [64]. In the mid-infrared
region, several characteristic absorption bands provide insight into the presence of surface
functional groups and adsorbed species. The band around 1630 cm™ is associated with the H-O-H
bending vibration of adsorbed water, while the bands at 1400-1500 cm™ originate from the

vibrations of —OH (silanol) groups or residual organic groups from the synthesis process.

XRD

The XRD patterns of the mesoporous silica—Cu catalysts doped with Ni and Zn exhibit
distinct differences in crystallographic features, confirming the structural influence of each dopant.
Both samples display diffraction features associated with the amorphous—mesoporous silica matrix,
typically observed as broad reflections at low diffraction angles, indicating that the mesoporous
framework is retained after metal incorporation. However, differences in peak sharpness and
intensity clearly distinguish the two doped systems. The Zn-doped mesoporous silica—Cu catalyst
exhibits sharper and more intense diffraction lines compared to the Ni-doped counterpart,
indicating a higher degree of structural ordering and crystallinity. This observation is
quantitatively supported by the crystallinity values, where the Zn-doped sample reaches 90.80%,
significantly higher than the Ni-doped sample at 80.69%. The enhanced crystallinity suggests that
Zn incorporation promotes more ordered crystal growth or stabilizes crystalline domains within the

silica—Cu matrix.In contrast, the Ni-doped catalyst shows relatively broader peaks and slightly



reduced intensity, reflecting smaller coherent crystalline domains and increased structural
disorder. This is consistent with the calculated crystallite size, where the Ni-doped sample exhibits
a smaller crystallite size (1.82 nm) compared to the Zn-doped sample (1.97 nm). The reduced
crystallite size and lower crystallinity indicate that Ni incorporation induces lattice distortion or
defect formation, which may originate from differences in ionic radius, coordination preference, or
interaction strength with the silica framework.The reference diffraction lines confirm the presence
of Cu, Ni, Zn, and Si0: phases, suggesting successful incorporation of the metal components within
the mesoporous silica matrix without complete phase segregation. The relative peak distribution
further indicates that Zn promotes more stable crystalline arrangements, whereas Ni contributes
to defect-rich microstructures.These structural differences are highly relevant to photocatalytic
behavior. The higher crystallinity and slightly larger crystallite size in the Zn-doped catalyst
suggest improved structural stability and preserved framework integrity, which may enhance
active site accessibility and facilitate charge transport along ordered domains [23, 48]. Conversely,
the smaller crystallite size and increased structural defects introduced by Ni doping may generate
localized electronic states that improve electron—hole separation, potentially enhancing
photocatalytic reactivity despite the lower crystallinity [26, 49]. Overall, the XRD analysis
demonstrates that Zn acts primarily as a crystallinity-enhancing dopant that stabilizes the
mesoporous silica—Cu framework, while Ni functions as a defect-inducing dopant that modifies the
microstructure and electronic properties [44, 50]. These contrasting structural roles directly
support the dopant-dependent modulation of photocatalytic performance in Methylene Blue

degradation.
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Figure 2. XRD patterns of SiCulNi and SiCuZn mesoporous silica—Cu photocatalysts with

corresponding standard diffraction references (JCPDS) of Zn, Cu, SiO-, and Ni.

Table 1. Crystallite Size and Degree of Crystallinity of Mesoporous SiCulNi and SiCuZn

Photocatalysts
Sample D (nm) Crystallinity (%)
SiCuNi 1.82 80.69
SiCuZn 1.97 90.80

The nitrogen adsorption—desorption isotherms of the Ni- and Zn-doped mesoporous silica—Cu

catalysts exhibit typical type IV isotherm characteristics with a clear hysteresis loop, confirming
the presence of mesoporous structures [51]. This behavior indicates that both materials retain well-
developed mesoporosity after metal incorporation, which is essential for effective mass transport
and catalytic accessibility [52]. Notably, significant differences are observed in the adsorption
capacity and pore structure between the two doped systems. The Zn-doped mesoporous silica—Cu

catalyst shows substantially higher nitrogen uptake across the entire relative pressure range,

10



particularly at high P/Po values. This suggests a larger total pore volume and a more developed
mesoporous network compared to the Ni-doped catalyst. The sharper increase in adsorption at
higher relative pressure also indicates enhanced capillary condensation, reflecting the presence of

wider or more accessible mesopores [53, 54].
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Figure 3. Nitrogen Adsorption—Desorption Isotherms and Pore Size Distribution of Mesoporous

SiCuNi and SiCuZn Photocatalysts

By comparison, the Ni-doped catalyst exhibits lower adsorption capacity and a more gradual
adsorption profile, suggesting a relatively reduced pore volume and possible partial pore blocking
or structural contraction. This behavior implies that Ni incorporation may introduce framework
distortion or promote partial collapse or narrowing of pore channels, consistent with its defect-

inducing structural role observed in crystallographic analysis. The pore size distribution further

11



supports these observations. The Ni-doped sample displays a narrow distribution dominated by
smaller mesopores, indicating more confined pore structures and lower pore accessibility. In
contrast to this behavior, the Zn-doped catalyst shows a broader pore size distribution extending
toward larger mesopore diameters, suggesting a more open and interconnected pore network. The
presence of wider mesopores in the Zn-containing material enhances molecular diffusion and
improves accessibility to active sites. These textural differences have direct implications for
photocatalytic performance. The higher pore volume and broader mesopore distribution of the Zn-
doped catalyst favor improved mass transfer, enhanced adsorption of methylene blue molecules,
and greater exposure of catalytic active sites [55]. At the same time, the smaller and more confined
pores in the Ni-doped system may limit diffusion but can enhance surface interactions and charge
separation through defect-rich structures [56]. Taken together, the adsorption—desorption analysis
demonstrates that Zn doping primarily enhances textural development by preserving and
expanding the mesoporous framework, whereas Ni doping tends to compact or distort the pore
structure. This complementary structural modulation highlights the dopant-dependent control of

surface area, pore architecture, and catalytic accessibility in mesoporous silica—Cu systems.

The morphological characteristics of the Ni- and Zn-doped mesoporous silica—Cu catalysts
reveal aggregated granular structures with irregular particle shapes, indicating the formation of
clustered nanostructured domains [567]. Both samples exhibit relatively uniform particle
assemblies, suggesting that metal incorporation does not disrupt the overall particle formation
mechanism but influences particle growth and packing behavior. Quantitative particle size
analysis shows slight differences between the two doped systems. The Ni-doped mesoporous silica—
Cu catalyst exhibits an average particle diameter of 1.67 nm, while the Zn-doped sample shows a
slightly smaller average particle diameter of 1.49 nm. The histogram distributions indicate
relatively narrow particle size distributions for both materials, reflecting controlled nucleation and
growth during synthesis. The smaller particle size observed in the Zn-doped catalyst suggests that
Zn incorporation may inhibit particle coalescence or limit crystal growth, leading to more finely

dispersed domains. In contrast, the slightly larger particle size in the Ni-doped sample may be

12



associated with stronger metal-framework interactions or localized structural distortion that
promotes particle aggregation. This behavior is consistent with previous structural analyses
indicating that Ni tends to induce defect formation and microstructural distortion within the silica—
Cu matrix [58]. Elemental composition analysis further confirms successful incorporation of metal
dopants into the mesoporous silica framework. The Ni-doped catalyst shows significant Ni content
alongside Cu, O, C, and Si, indicating effective metal loading and integration within the host
matrix. The Zn-doped catalyst similarly demonstrates the presence of Zn and Cu with comparable

oxygen and silica content, confirming the formation of a multicomponent metal—silica system.
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Tablel 2. Synthesis Ratio, Particle Size, and Post-Characterization Elemental Distribution of

SiCuNi and SiCuZn
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Elemental Elemental Composition Analysis (%)
Elemental Ratio

Ratio Diameter
Sample After
During (nm) Ni Cu Zn C (0] Si
Characterization
Synthesis
Ni:Cu= Ni:Cu=3.625:
S1CuN1 1.67 41.15 11.35 — 5.69 33.60 8.20
2:1 1
Cu:Zn=
SiCuZn 1.49 - 24.62 19.68 599 3331 1067 Cu:Zn=1.25:1
1:1

Comparison between the synthesis ratio and post-characterization elemental ratio reveals
changes in relative metal distribution, suggesting that metal incorporation efficiency and
dispersion differ between the two dopants. The Ni-containing sample exhibits a higher relative Ni-
to-Cu ratio after characterization, indicating preferential stabilization or stronger retention of Ni
within the structure. Meanwhile, the Zn-containing catalyst shows a more balanced Cu—Zn
distribution, which may reflect more homogeneous metal dispersion within the mesoporous
framework.

These morphological and compositional differences have important implications for catalytic
behavior. The smaller particle size and more uniform dispersion in the Zn-doped system may
enhance surface accessibility and active site exposure, supporting efficient adsorption and diffusion
processes [46]. Conversely, the slightly larger particle size and higher defect density in the Ni-
doped catalyst may promote localized electronic interactions that improve charge separation
efficiency [59]. Taken together, the morphological, particle size, and compositional analyses confirm
that both dopants are successfully incorporated into the mesoporous silica—Cu structure but
influence particle growth, dispersion, and elemental distribution in distinct ways. Zn doping favors
finer particle dispersion and more homogeneous metal distribution, whereas Ni doping promotes
defect-rich structures with slightly larger aggregated domains. These differences further support
the dopant-dependent modulation of structural and catalytic properties in mesoporous silica—Cu

systems.
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The optical properties of the Ni- and Zn-doped mesoporous silica—Cu catalysts were
investigated using UV—Vis diffuse reflectance spectroscopy (UV-DRS), and the band gap energies
were estimated using Tauc plot analysis. The absorption behavior of both materials indicates strong
light interaction across the visible region, confirming that metal incorporation significantly
modifies the electronic structure of the silica—Cu framework.The Ni-doped mesoporous silica—Cu
catalyst exhibits relatively low band gap energies, estimated at approximately 1.11 eV and 1.02 eV
from the corresponding Tauc plots. These narrow band gap values indicate the presence of defect-
induced electronic states or intermediate energy levels within the band structure [60]. The
incorporation of Ni likely introduces localized electronic states that facilitate electron excitation at
lower photon energies, thereby enhancing visible-light absorption capability [61]. This band gap
narrowing is consistent with the structural distortion and defect formation previously observed in
crystallographic and textural analyses [62]. In comparison, the Zn-doped mesoporous silica—Cu
catalyst shows significantly higher band gap energies, estimated at approximately 2.78 eV and 2.08
eV. These values suggest that Zn incorporation preserves a more ordered electronic structure with
fewer defect-related states compared to Ni doping. The wider band gap indicates that the Zn-
containing material requires higher photon energy for electronic excitation, reflecting reduced
electronic disorder and stronger structural integrity of the mesoporous framework. Despite the
wider band gap, Zn doping still enhances optical absorption relative to undoped systems by
modifying the electronic environment of Cu and silica. The presence of Zn may influence metal—
oxygen bonding and electronic coupling within the framework, leading to improved charge mobility
while maintaining structural stability. The distinct band gap differences between the two doped
systems have important implications for photocatalytic performance. The narrower band gap of the
Ni-doped catalyst promotes efficient visible-light harvesting and facilitates electron excitation,
which can enhance charge carrier generation. Meanwhile, the wider band gap of the Zn-doped
catalyst may suppress excessive recombination by maintaining a more stable electronic structure
and better charge transport pathways. Overall, UV-DRS analysis demonstrates that Ni and Zn
dopants modulate the electronic structure of mesoporous silica—Cu catalysts in fundamentally

different ways. Ni doping strongly reduces band gap energy through defect-induced states and

15



enhanced visible-light absorption, whereas Zn doping maintains a wider band gap associated with
structural stability and controlled electronic transitions. These contrasting electronic modifications

contribute to the dopant-dependent photocatalytic behavior observed in methylene blue

degradation.
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Figure 5. UV-Vis DRS Profiles and Direct—Indirect Optical Band Gap Analysis of SiCuNi and

SiCuZn

The comparative results clearly show that both Ni- and Zn-doped mesoporous silica—Cu

catalysts exhibit photocatalytic activity toward methylene blue degradation, yet their performance

differs substantially. At an initial concentration of 5 ppm, the Ni-doped catalyst achieves a removal

efficiency of 79.59% with an experimental adsorption capacity of 19.89 mg g, whereas the Zn-

16



doped material shows a lower removal efficiency of 50.98% and ge of 12.74 mg g*. These differences
indicate that Ni incorporation significantly improves the overall degradation performance. Kinetic
evaluation further supports this trend. The pseudo-first-order model provides a good description of
the reaction behavior for both catalysts, with comparable correlation coefficients (R? = 0.867 for
SiCuNi and 0.859 for SiCuZn). However, the reaction rate constant for the Ni-doped system (ki =
0.01675 min) is more than twice that of the Zn-doped catalyst (ki = 0.00706 min), indicating
substantially faster degradation kinetics. This suggests that Ni incorporation enhances reactive

species generation and improves the interaction between the catalyst surface and methylene blue

molecules.
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Figure 6. Photodegradation of Methylene Blue (a). and Kinetic Analysis Based on Pseudo-Zero-
(b), First- (c), and Second (d)-Order Models over SiCuNi and SiCuZn

Tabel 3. Rate Constants and Model Fitting Results for Pseudo-Zero, First, and Second-Order

Kinetics
Sample Co Qe Removal Pseudo Zero Order Pseudo First Order Pseudo Second Order
(ppm) Exp Efficiency, qe Cal K R2 qe Cal K, R2 qe. Cal K: (g.mg-1. R2
(mg/g) % (mg/g)  (min (mg/g)  (min?) (mg/g) min-)
1)
SiCuNi 10 19.89 79.59 0.97933 0.2041 0.87456 0.01675 0.8674 -0.0161 0.00165 0.81535
0.06026
SiCuZn 10 12.74 50.98 1.6713  0.121  0.85333 0.05088 0.00706 0.85888 7.35852E- 4.26061E-4 0.85483

4

The adsorption—reaction characteristics are also consistent with the higher activity of the Ni-
doped material. Its higher experimental adsorption capacity indicates more effective pollutant
capture prior to photodegradation, which can facilitate subsequent oxidative reactions. In contrast,
the lower ge value of the Zn-doped catalyst suggests weaker adsorption interaction, which may
limit degradation efficiency despite its structurally stable framework.Model comparison shows that
the pseudo-zero-order model produces relatively high R? values for both materials (0.875 for SiCuNi
and 0.853 for SiCuZn), but the pseudo-first-order model better reflects the photocatalytic
mechanism involving surface-mediated reactions and concentration-dependent kinetics. The
pseudo-second-order model yields lower correlation values, indicating that chemisorption is not the
dominant rate-controlling step under the studied conditions. From a structure—activity perspective,
the superior performance of the Ni-doped catalyst can be associated with enhanced electronic
properties that promote charge carrier generation and separation, leading to faster reaction
kinetics. Meanwhile, Zn incorporation appears to provide moderate photocatalytic activity, possibly
linked to improved structural organization or pore characteristics, but without sufficiently
enhancing electronic activation for efficient photodegradation. Overall, the experimental data
consistently demonstrate that Ni incorporation produces stronger improvements in photocatalytic

efficiency, reaction kinetics, and adsorption capacity compared to Zn doping. These findings

18



highlight the dominant role of electronic modification in governing photocatalytic degradation
performance, while structural or textural improvements alone are insufficient to achieve
comparable activity under the same operating conditions.

Under light irradiation, the photocatalytic process begins with photon absorption by the
doped mesoporous silica—Cu system, leading to the excitation of electrons from the valence band to
the conduction band and the formation of electron—hole pairs. In the Ni-doped catalyst, the presence
of Ni-related electronic states facilitates more efficient charge separation by acting as trapping
centers that suppress rapid electron—hole recombination. The photogenerated electrons are
transferred to surface-adsorbed oxygen molecules, producing superoxide radicals (*O2"), while the
photogenerated holes react with surface hydroxyl groups or water molecules to form hydroxyl
radicals (+OH). These highly reactive oxygen species are primarily responsible for oxidative
degradation of methylene blue molecules adsorbed on the catalyst surface, proceeding through

progressive breakdown into smaller intermediate organic species, with potential further
mineralization toward CO. and H:.O. In contrast, the Zn-doped system follows the same

fundamental photocatalytic pathway but with lower efficiency in charge carrier utilization. The
wider effective band gap and weaker electron trapping capability reduce visible-light absorption
and increase the likelihood of electron—hole recombination before reactive species can form [63].
Although Zn incorporation may enhance pore accessibility and improve diffusion of reactants to
active sites, the generation rate of reactive oxygen species remains comparatively limited.

In addition to structural and optical properties, the oxidation state of copper significantly
influences the photocatalytic mechanism. The valence state of Cu in the catalyst is predominantly
present as Cu?" and/or Cu' species, which play a crucial role in the photocatalytic mechanism. Cu?*
acts as an electron trapping center by capturing photogenerated electrons to form Cu", thereby
suppressing rapid electron—hole recombination. Subsequently, Cu® can transfer the trapped
electrons to adsorbed oxygen molecules, regenerating Cu?* and producing reactive oxygen species
such as superoxide radicals (* O2"). This Cu?*/Cu’ redox cycle effectively enhances charge separation
and promotes the formation of reactive species responsible for pollutant degradation [65]. However,

the formation and transformation of intermediate species were not directly analyzed in this study.
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As a result, fewer oxidative radicals participate in dye decomposition, leading to comparatively
slower reaction kinetics and reduced overall degradation efficiency.These differences indicate that
photocatalytic performance is governed not only by surface accessibility but also, more critically,
by the effectiveness of electronic modulation in promoting charge separation and reactive species
formation.

Conclusions

This study demonstrates that Ni and Zn dopants modulate the structure and photocatalytic
behavior of mesoporous silica—Cu catalysts through fundamentally different mechanisms. Zn
incorporation primarily enhances structural ordering and textural development, as reflected by
higher crystallinity (90.80%) and slightly larger crystallite size (1.97 nm) compared to the Ni-doped
sample (80.69% and 1.82 nm). It also produces smaller and more uniformly dispersed particles (1.49
nm vs 1.67 nm), broader mesopore distribution, and higher pore accessibility. In contrast, Ni
incorporation induces defect-rich microstructures, significantly narrows the band gap (=1.02—-1.11
eV compared to 2.08-2.78 eV for Zn doping), and promotes more efficient charge separation,
indicating stronger electronic activation. These structural and electronic differences are directly
reflected in photocatalytic performance. The Ni-doped catalyst achieves substantially higher
methylene blue removal efficiency (79.59%) and adsorption capacity (19.89 mg g') than the Zn-
doped catalyst (50.98% and 12.74 mg g™*), along with faster pseudo-first-order kinetics (k: =0.01675
min! vs 0.00706 min?). These results indicate that electronic structure modulation plays a more
dominant role than textural improvement in determining photocatalytic efficiency. Ni doping
therefore provides stronger activity enhancement through defect-mediated charge separation,
while Zn doping mainly contributes to structural stabilization and improved pore organization.
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