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Abstract

In this study, a ternary Ni/Mg/g-C3N4 composite was synthesized via a controlled
precipitation–calcination route and evaluated for its visible-light-assisted degradation
of methylene blue (MB). The structural, morphological, and optical characteristics of the
composites were systematically investigated using XRD, FT-IR, FESEM, BET, and UV–Vis
analyses. The results confirmed the successful construction of Ni/Mg/g-C3N4 heterojunc-
tions with strong interfacial coupling and enhanced surface porosity. Among all samples,
the Ni/Mg/CN20 composite exhibited the highest activity, achieving 66% MB degradation
within 180 min under visible light. This superior performance was attributed to synergistic
effects arising from efficient interfacial charge transfer, broadened light absorption, and
abundant active sites. The composite also displayed excellent thermal stability. This work
demonstrates that the rational control of g-C3N4 loading plays a decisive role in tuning the
physicochemical and catalytic properties of Ni/Mg/g-C3N4 composites. The findings pro-
vide new insights into the design of cost-effective, thermally stable, and high-performance
photocatalysts for visible-light-driven wastewater treatment.
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1. Introduction
With the rapid advancement of global industrialization and urbanization, synthetic

dyes are increasingly used in textiles, printing and dyeing, papermaking, plastics, cosmet-
ics, food, and pharmaceuticals. According to statistics, the textile industry is the primary
consumer of dyes worldwide, accounting for more than half of total usage [1,2]. During
dyeing and printing processes, large amounts of dye-containing wastewater are discharged
without adequate treatment, resulting in severe water pollution. Synthetic dyes typically
have complex aromatic structures and excellent chemical stability [3–6]. While these prop-
erties endow them with excellent coloring properties, they also render them extremely
resistant to degradation in the natural environment [7,8]. Consequently, they accumulate
in water bodies over long periods of time, causing reduced light penetration, inhibition
of photosynthetic activity, and disruption of aquatic ecosystems. Methylene blue (MB)
is a common cationic dye widely used in textile printing [9,10] and dyeing [7], medical
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diagnostics [11,12], and biochemical analysis due to its vivid color [13], excellent stability,
and significant color development ability even at extremely low concentrations. However,
MB’s high chemical stability and poor biodegradability make it a typical persistent organic
pollutant, allowing it to remain in water and soil by adsorbing onto suspended particles or
sediments [14]. Moreover, research has shown that MB and its degradation intermediates
are toxic and mutagenic to aquatic organisms and even humans [15]. Consequently, devel-
oping efficient, economical, and environmentally friendly technology for MB removal has
become a critical and pressing issue in environmental remediation.

Photocatalysis has emerged as one of the most promising technologies for degrading
organic pollutants under mild conditions due to its high efficiency, low energy consump-
tion, and environmental friendliness [16,17]. In recent years, composite materials that
integrate multiple functional components have been widely developed to enhance the
photocatalytic degradation of organic pollutants, as their synergistic interfaces can facil-
itate charge transfer, increase active surface sites, and improve structural stability under
operational conditions [18]. For instance, g-C3N4/BiOI heterojunctions showed efficient
dye removal due to improved charge separation [19], while Ga2S3/g-C3N4 composites
exhibited enhanced activity by suppressing recombination [20]. Similarly, MOF-based
composites provided abundant active sites and superior photodegradation of wastewater
dyes [21].

Nickel-based materials, in particular, have attracted considerable attention due to
their excellent electronic structure tunability and diverse chemical states [22,23]. In photo-
catalytic systems, nickel-based compounds are typically considered co-catalysts. Despite
their low intrinsic photocatalytic activity, they can significantly enhance the photocatalytic
performance of primary catalysts (such as TiO2 or g-C3N4) by promoting the efficient
separation of photogenerated electrons and holes [24–27]. Interestingly, recent studies have
demonstrated that some nickel-based compounds can not only act as co-catalysts but also
directly drive photocatalytic reactions [28], either independently or as active components in
heterojunction structures [29]. Nickel oxide (NiO), a typical p-type transition metal oxide,
is widely used in energy conversion and pollution control due to its excellent chemical
stability, abundant oxygen vacancy structure, and high electrochemical activity. Its narrow
band gap (approximately 3.4 eV) endows the material with strong visible-light responsive-
ness, making NiO a promising standalone photocatalyst or electron acceptor component in
composite systems. NiO can effectively promote charge separation through heterojunction
formation [26,30,31], and its nanostructures (such as nanosheets [32], nanoflowers [33],
and hollow spheres [34]) provide abundant active sites for the reaction. Moreover, oxygen
vacancies in NiO can serve as free radical generation centers, promoting the production
of reactive species such as •OH and •O2

−, and further enhancing photocatalytic activ-
ity [35]. Notably, its excellent stability and recyclability [36,37] render NiO a promising and
sustainable photocatalyst for practical wastewater treatment applications.

Magnesium-based oxides, particularly MgO, have also drawn widespread attention
in recent years due to their low cost, environmental friendliness, and excellent physico-
chemical properties. MgO possesses a high specific surface area, tunable crystal structure,
and abundant surface oxygen vacancies, which endow it with excellent adsorption prop-
erties and active site density [38–40]. Compared with other metal oxide catalysts (such
as TiO2 [37,41], ZnO [42], and Fe2O3 [43]), MgO has a larger band gap (approximately
5.0–7.8 eV) and exhibits strong oxidizing ability under UV light or in composite systems.
The strong surface alkalinity of MgO helps in generating hydroxyl radicals (•OH) and
accelerating the degradation of pollutant molecules. Furthermore, its excellent thermal sta-
bility and chemical inertness prevent deactivation during prolonged reactions [44], and its
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non-toxic nature prevents secondary pollution [45]. Therefore, MgO serves as a promising
co-catalyst and structural stabilizer in composite photocatalytic systems.

Despite the advantages of nickel- and magnesium-based oxides, their practical appli-
cation remains constrained by intrinsic limitations. Ni-based compounds generally suffer
from narrow band gaps, limited light absorption ranges, and high recombination rates
of photogenerated carriers, resulting in low efficiency in the visible-light region. Further-
more, some Ni-based materials are prone to valence-state transitions (Ni2+/Ni3+) under
illumination or electrochemical conditions [46], resulting in decreased catalytic activity
and insufficient stability after long-term reactions. On the other hand, MgO’s wide band
gap (approximately 4.2–9 eV) and near-invisible light responsiveness limit its application
in solar-driven photocatalysis. Furthermore, MgO has low electron mobility, and surface
defects are easily occupied or passivated during the reaction, resulting in the rapid recom-
bination of photogenerated electron–hole pairs and reduced overall catalytic efficiency.
Recent breakthroughs in advanced oxidation processes (AOPs) have highlighted the signif-
icance of atomic-level structural engineering. For instance, Yang et al. [47] demonstrated
that superstructures with arranged perovskite and oxide layers can significantly enhance
non-free radical pathways, which are less susceptible to interference from background
electrolytes in wastewater. This underscores the critical importance of designing well-
defined heterostructures and interfacial environments to optimize catalytic performance
and selectivity. To address these challenges, constructing a heterojunction with visible-light-
responsive semiconductors has proven effective [48]. Graphitic carbon nitride (g-C3N4)
with a moderate band gap (approximately 2.7 eV) and excellent thermal and chemical
stability [49] has emerged as an ideal candidate. g-C3N4 possesses a two-dimensional
layered structure composed of triazine or triazineamide units [50–52], which provides
nitrogen sites for adsorption and electron transfer. However, pure g-C3N4 still exhibits
limited conductivity [53] and high recombination rates of photogenerated carriers.

To overcome these shortcomings, this study proposes the use of transition metal oxides
to construct heterojunctions to achieve the synergistic effect of energy band matching and
interface charge separation. The composite of g-C3N4 with metal oxides such as NiO [54,55]
and MgO [56] can not only form a stable p-n junction structure at the interface but also
utilize the energy band gap between the two to promote the directional migration of
photogenerated electrons and holes, significantly reduce the probability of recombination,
and improve photocatalytic efficiency. The Ni-based component acts as an electron capture
center to enhance electron conduction, while the alkaline surface and abundant oxygen
vacancies of MgO are conducive to the adsorption and activation of pollutant molecules.
Through this ROS synergistic mechanism, this composite strategy not only effectively
makes up for the shortcomings of the performance of a single material but also provides
a new design method for constructing an efficient, stable, and environmentally friendly
photocatalytic degradation system.

2. Materials and Methods
2.1. Catalyst Synthesis

All chemical reagents used in this study were of analytical grade and used without
further purification. Magnesium sulfate heptahydrate (MgSO4·7H2O, 99%), nickel sulfate
hexahydrate (NiSO4·6H2O, 99 wt%), sodium carbonate (Na2CO3, 10 wt%), and urea were
purchased from R&M Chemicals (Subang Jaya, Malaysia). Methylene blue (MB) was
supplied by Sigma Aldrich (Petaling Jaya, Malaysia). Deionized water (Milli-Q Advantage
A10 Ultrapure Water Purification System, resistivity of 18.2 MΩ·cm, Millipore, Burlington,
MA, USA) was used throughout the experiments.
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A mixed solution of nickel sulfate hexahydrate (NiSO4·6H2O) and magnesium sulfate
heptahydrate (MgSO4·7H2O) with a molar ratio of 3:1 was prepared and heated to 50 ◦C
under continuous stirring. Sodium carbonate (Na2CO3, 10 wt%) was then added dropwise,
and the reaction was allowed to proceed for 30 min. The pH of the suspension was
subsequently adjusted and maintained during stirring for an additional 30 min to ensure
complete precipitation.

The resulting precipitate was collected by filtration, repeatedly washed with deionized
water to remove residual ions, and dried in an oven at 100 ◦C for 5 h. The dried powder
was finally calcined in a muffle furnace at 400 ◦C for 4 h to obtain the catalyst precursor.
Separately, urea powder was distributed evenly within a 50 mL alumina crucible, covered,
and placed within the muffle furnace. The heating program was set to raise the temperature
from room temperature to 550 ◦C at a rate of 5 ◦C/min and then maintained at this
temperature for 2 h. Once the muffle furnace had cooled to room temperature, the sample
was removed from the crucible. Graphite-like layered g-C3N4 was then formed, with the
system’s color gradually changing from white to pale yellow, ultimately yielding a block-
like solid. Carbon nitride and the nickel–magnesium complex obtained after the reaction
were rinsed in deionized water. Following ultrasonication, the resulting suspension was
transferred to an oven and reacted at 100 ◦C for 12 h. The final dried product, after grinding,
yielded the target compound. For the composite products, the mixed metal salt precursors
and respective 10, 20, and 30 wt% of graphitic carbon nitride were dissolved in deionized
water. The mixture was ultrasonically stirred and subsequently treated in a similar manner
to those used in the absence of g-C3N4 and then dried at 120 ◦C for 8 h to obtain the target
composites of Ni/Mg/CN10, Ni/Mg/CN20, and Ni/Mg/CN30.

2.2. Experimental Procedure

An appropriate quantity of MB solid was weighed to prepare a stock solution (e.g.,
100 mg/L), which was diluted to obtain a working solution of the target concentration (e.g.,
10 mg/L). Each reaction flask in this experiment holds 150 mL of liquid. Then, 0.075 g
(75 mg) of the catalyst was added to each 150 mL bottle of MB solution at a dosage of
0.5 g/L and mixed thoroughly using magnetic stirring.

The suspension was stirred for 30 min under light-protected conditions to achieve
adsorption–desorption equilibrium between the catalyst and MB. After sampling and
filtration (or centrifugation), the initial absorbance (or concentration C0) at 664 nm was
determined using UV-Vis spectroscopy. The reaction system was exposed to visible light
under a light source maintained at a fixed distance (e.g., 15 cm) above the liquid surface,
with continuous stirring throughout. At fixed intervals (e.g., 15 min), a sample was col-
lected via filtration, and the absorbance at 664 nm (Ct) was determined. For comparisons,
blank experiments were also performed under identical conditions: in the dark (adsorp-
tion control). These control tests confirmed that MB degradation was negligible without
both light and the catalyst, demonstrating that the observed activity originated from the
photocatalytic process.

2.3. Methylene Blue Degradation

The photocatalytic degradation efficiency of MB was quantitatively evaluated using
UV-visible spectroscopy (UV-vis, Perkin Elmer Lambda 35, Perkin Elmer, Waltham, MA,
USA) based on the changes in absorbance at a single-point wavelength of 664 nm mea-
sured at defined time intervals. The degradation rate was calculated according to the
following equation:

Degradation rate(%) = (1 − Ct/C0)× 100%
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where C0 represents the initial concentration of the MB solution after adsorption–desorption
equilibrium in the dark, and Ct denotes the concentration at time t during photocatalytic
illumination. For normalization, the degradation efficiency was also expressed as C/C0,
providing a relative comparison across different catalysts.

To further analyze the photocatalytic kinetics, the experimental data were fitted to a
pseudo-first-order kinetic model, which is widely employed in heterogeneous photocataly-
sis due to its reliability in dilute pollutant systems. The model is expressed as follows:

ln(C0/Ct) = kt

where k is the apparent first-order reaction rate constant (min−1). By plotting ln(C0/Ct)
against reaction time, the slope of the linear fit was used to determine k. Higher values of k
indicate faster degradation rates and superior catalytic performance.

In addition to the pseudo-first-order model, alternative kinetic models such as the
Langmuir–Hinshelwood (L–H) model were considered to account for surface adsorption
effects, especially in the initial stages of the reaction. The L–H model assumes that the
reaction rate is proportional to the fraction of pollutant molecules adsorbed on the catalyst
surface and can be represented as follows:

r =
kKC

1 ± KC

where r is the reaction rate, k is the intrinsic reaction constant, K is the adsorption equilib-
rium constant, and C is the pollutant concentration. This model allows for a more accurate
description of the catalytic process when adsorption plays a dominant role.

2.4. Catalyst Characterisation
2.4.1. X-Ray Powder Diffraction (XRD)

The structure and microstructure of the samples were evaluated using a Bruker D6
Phaser X-ray diffractometer (Billerica, MA, USA) (Cu-Kλ radiation; 1.5406 Å). The measure-
ment and evaluation software used was Diffrac.Eva (Karlsruhe, Germany), respectively.
The measurement step size was 0.03◦, and the time/step was 0.5 s. The samples were
analyzed as pellets pressed on a laboratory press. XRD spectra were acquired over the 2θ
range of 5◦ to 70◦.

2.4.2. Field Emission Scanning Electron Microscopy (FE-SEM)

The surface morphology of the samples was characterized using a scanning electron
microscope (SEM, FEI Quanta 400F, Hillsboro, OR, USA). The dried powder sample was
evenly dispersed on a conductive adhesive and then sputtered with a gold film approxi-
mately 5 nm thick to enhance conductivity. The test was conducted under high-vacuum
conditions with an accelerating voltage set between 5 and 15 kV to obtain microstructural
images of the samples at various magnifications. SEM images reveal information such as
particle morphology, size distribution, and surface roughness, enabling analyses of the
microstructural characteristics and the morphological differences in the samples.

2.4.3. Energy Dispersive X-Ray (EDX) Analysis

To further confirm the elemental composition and distribution of the samples, elemen-
tal analysis was performed using an energy-dispersive X-ray spectrometer (EDS, supplied
with a SEM, Model INCA 400, Oxford Instruments, Abingdon, UK). The analysis was
conducted under high-vacuum conditions, using an accelerating voltage of 15 kV and an
acquisition time of approximately 60 s. EDS spectra can be used to determine the identity
and relative content of the main elements in the samples. Elemental mapping images can
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also be used to analyze the spatial uniformity of the elements on the material surface. The
results show that the elements in the prepared samples are uniformly distributed, with no
apparent agglomeration or segregation, further verifying the successful construction of the
composite material.

2.4.4. Brunauer–Emmett–Teller (BET) Analysis

The specific surface area and pore structure characteristics of the samples were de-
termined via nitrogen adsorption–desorption experiments using the Micromeritics ASAP
2020 surface area analyzer (Norcross, GA, USA). Prior to testing, the samples were vacuum-
degassed at 150 ◦C for 6 h to remove adsorbed water and impurities on the surface and
within the pores. The tests were conducted at liquid nitrogen temperature (77 K). The
specific surface area was calculated using the Brunauer–Emmett–Teller (BET) equation,
and the pore size distribution curve was obtained using the Barrett–Joyner–Halenda (BJH)
method. These results can be used to analyze the specific surface area, pore structure type,
and distribution characteristics of the materials, providing important structural evidence
for their photocatalytic performance.

2.4.5. Fourier Transform Infrared Spectroscopy (FT-IR)

The chemical bonding characteristics and functional group composition of the samples
were characterized using Fourier transform infrared spectroscopy (FTIR, Perkin Elmer Fron-
tier FTIR, Shelton, CT, USA). The measurement range was 4000–400 cm−1, and the samples
were prepared using the KBr pellet method. Analysis of the characteristic absorption peaks
in the spectrum reveals the primary chemical bonding types on the material surface and the
interactions between the different components. This further verifies the successful bonding
of the components in the composite system and their chemical structure.

2.4.6. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA/DSC
thermogravimetric analyzer (Greifensee, Switzerland). A 1–2 mg sample was placed in a
platinum pan. Under a nitrogen flow rate of 25 mL/min, the sample was heated from 200
to 1000 ◦C at a heating rate of 25 ◦C/min, and weight loss was recorded. Weight curves
were plotted using Origin software (Version 2024, Boston, MA, USA).

3. Results
3.1. XRD Analysis

Figure 1 presents the X-ray diffraction (XRD) pattern of the Ni/Mg/g-C3N4 composite.
Characteristic diffraction peaks for each component within the composite material are
clearly discernible, providing a direct reflection of the crystalline structure and dispersion
state of each phase. The XRD pattern of the composite catalyst reveals characteristic NiO
diffraction peaks at approximately 2θ = 37.2◦ and 43.3◦, corresponding to the (111) and
(200) crystal planes of NiO, respectively [57]. Characteristic diffraction peaks for MgO
appear at approximately 2θ = 42.9◦ and 62.3◦, corresponding to the (200) and (220) crystal
planes of MgO [58]. To further investigate the effect of Ni doping on the lattice structure,
an enlarged view of the 2θ = 19◦peak is provided in Figure 1b. A subtle shift towards
higher 2θ angles is observed in the Ni-doped samples compared to pure MgO (ICDD card
#01-077-2364) and NiO (ICDD card #01-073-1523). Concurrently, characteristic diffraction
peaks of g-C3N4 were observed at approximately 12.9◦ and 27.6◦ 2θ, corresponding to its
(100) and (002) crystal planes, respectively [59]. This indicates that the composite catalyst
still retains some of the (002) crystalline structure.
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Figure 1. (a) XRD diffractogram of the samples and (b) magnified XRD diffractogram of characteristic
peaks at 2θ from 10 to 30 degrees.

XRD patterns show that the intensities of the characteristic diffraction peaks of NiO
and MgO vary with the Ni and Mg content or preparation conditions. Ni/Mg precursors
doped with different weight percentages of carbon nitride (10 wt%, 20 wt%, and 30 wt%),
hereinafter referred to as Ni/Mg/CN10, Ni/Mg/CN20, and Ni/Mg/CN30, exhibit sharp
and intense NiO and MgO diffraction peaks when the Ni and Mg content reaches an
optimal balance at 10 wt%, indicating good crystallinity. While there was no observable
shift in NiO or MgO peaks upon the addition of g-C3N4, with reference to Figure 1b, a small
apparent peak at ~19.5◦ becomes gradually more visible as CN content increases, which
may be attributed to the incomplete crystallization of Ni/Mg oxides and the presence
of residual hydroxide phases such as Ni(OH)2 or Mg(OH)2 [60]. In addition, a slight
increase in the intensity of the g-C3N4 (002) reflection at ~27.6◦ is observed with higher CN
loading, confirming the progressive incorporation of CN into the composite framework [61].
However, the results revealed that excessively high g-C3N4 content resulted in broadened
diffraction peaks and diminished peak intensities. This suggests that the incorporation of
g-C3N4 into the Ni-Mg matrix does not scale linearly with its loading. The phenomenon is
likely attributed to saturation of active binding sites, agglomeration of g-C3N4 particles,
and poor dispersion at elevated concentrations. Once the surface capacity of the Ni-Mg
substrate is exceeded, surplus g-C3N4 may remain unbound or form aggregates, which
are less likely to integrate effectively into the composite structure. This behavior has been
documented in prior studies, where excessive g-C3N4 loading was shown to hinder uniform
distribution and reduce functional performance due to particle clustering and limited
interfacial interaction [62–64]. Furthermore, the characteristic peaks of g-C3N4 persist
within the composite. Although only the (002) diffraction of g-C3N4 showed prominent
peaks in the composite XRD, FT-IR results later confirmed the presence of g-C3N4 and
its bonding environment, indicating that g-C3N4 exists as poorly crystalline or exfoliated
layers dispersed on NiO/MgO. These layers coexist with those of NiO and MgO, therefore
confirming the successful incorporation of all three phases within the composite without
significant chemical reactions forming new phases. This composite structure facilitates
synergistic effects among the components during photocatalytic and other reactions.

3.2. FESEM Analysis

Figure 2 presents the field-emission scanning electron micrograph (FESEM) of the
composites, where Figure 2a–c represent the morphologies of NiO, MgO, and g-C3N4,
respectively, followed by Ni/Mg with different g-C3N4 doping amounts of 10 wt%, 20 wt%,
and 30 wt% in Figure 2d–f. Based on Figure 2c, it can be observed that carbon nitride (g-
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C3N4) exhibited a characteristic porous layered or foamy surface structure with numerous
pores and folds. This aligned with the thermal polymerization synthesis process, wherein
the layered structure facilitates light absorption and charge separation [65–67]. Functioning
as a carrier or primary catalyst, g-C3N4 provided a high specific surface area and visible-
light responsiveness.

Figure 2. (a) FESEM image of NiO, (b) FESEM image of MgO, (c) FESEM image of g-C3N4, (d) FESEM
image of Ni/Mg/CN10, (e) FESEM image of Ni/Mg/CN20, and (f) FESEM image of Ni/Mg/CN30.

Figure 2d–f depicts a nickel–magnesium composite with varying carbon nitride con-
tents. The overall trend showed that as carbon nitride contents increased, the composite
morphology transitioned from particle agglomeration (Figure 2d) towards a more uniform
supported structure (Figure 2e,f). Figure 2d exhibited low amounts of needle-like structures,
suggesting the low doping level of carbon nitride. On the other hand, Figure 2e shows that
the sample started to exhibit a more significant amount of needle-like structures, suggesting
a higher percentage of carbon nitride in the sample. However, it can also be observed that
these structures were still centralized around a particular area, suggesting that agglomera-
tion is still occurring within the sample. Extending from this, Figure 2f shows the higher
dispersion of carbon nitride, whereby the needle-like structure representing the formation
of carbon nitride seemed to be more dispersed across the Ni/Mg composite. Despite earlier
XRD results showing the poor presence of crystallite g-C3N4 in samples containing 20 and
30 wt% of g-C3N4, the FESEM images clearly showed otherwise, signifying the probable
occurrence of amorphous g-C3N4 as loading increased.

3.3. EDX Analysis

The mapping in Figure 3 confirms the elements present in the SEM images, whereby
the needle-like structures highly correlate with carbon and nitrogen, while the spherical
or round agglomerates represent the composites of Ni, Mg, and O. This distinctive com-
parison highlights the successful integration of g-C3N4 within the Ni–Mg matrix, where
the elongated carbon–nitrogen features suggest well-dispersed g-C3N4 domains, and the
rounded clusters correspond to the oxide phases of Ni and Mg. The coexistence of these
morphologies indicates a heterogeneous distribution, yet with clear elemental segregation
that supports the proposed composite structure. Similar needle-like morphologies of g-
C3N4 have been reported in the literature, attributed to supramolecular self-assembly and
thermal polycondensation processes, which promote anisotropic growth and enhance sur-
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face activity [62,68,69]. Such mappings not only validate the XRD findings but also provide
direct evidence of the synergistic interaction between the g-C3N4 framework and Ni–Mg
oxide particles. The observed microstructural contrast further implies that g-C3N4 acts as a
scaffold, promoting the dispersion of metallic oxides while simultaneously contributing to
enhanced surface activity and the stability of the composite.

 
Figure 3. Elemental mapping of (a) carbon, (b) nitrogen, (c) magnesium, (d) nickel, and (e) oxygen
for the FESEM image of Ni/Mg/CN20, (f) FESEM image of Ni/Mg/CN20.

3.4. BET Analysis

The BET surface area and pore structure analysis summarized in Table 1 highlight
the influence of g-C3N4 loading on the Ni/Mg composite. The pristine Ni/Mg composite
shows a moderate surface area (67.9 m2/g) with a relatively large average pore width
(62.193 Å), characteristic of mesoporous materials. When 10 wt% g-C3N4 is introduced
(Ni/Mg/CN10), the surface area decreases to 51.8 m2/g, while the pore width expands
significantly (85.551 Å). This suggests that at low loading, g-C3N4 particles partially block
pores and create irregular voids, reducing the accessible surface area but enlarging average
pore sizes. Similar pore-blocking effects at low g-C3N4 incorporation have been reported
by Durmus, et al. [70], who observed narrowed pore diameters and altered pore volumes
in Ce-MOF/g-C3N4 composites.

Table 1. Structural properties and physical absorption of the catalyst.

Catalyst BET Surface Area (m2/g) BJH Desorption Average Pore Width (Å)

Ni/Mg 67.9238 62.193

Ni/Mg/CN10 51.7538 85.551

Ni/Mg/CN20 91.6530 61.186

Ni/Mg/CN30 112.0394 51.527

At 20 wt% loading (Ni/Mg/CN20), the surface area increases sharply to 91.7 m2/g,
with a balanced pore width (61.186 Å). This indicates the more effective dispersion of
g-C3N4 within the Ni/Mg matrix, generating additional mesopores and preventing dense
particle packing. The Ni/Mg/CN20 sample thus achieves the optimal compromise between
surface area and pore accessibility, which explains its superior catalytic performance.
Comparable BET values have been reported for porous g-C3N4 prepared by thermal
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polymerization, where Yang, et al. [71] achieved surface areas up to 120 m2/g with pore
widths in the range of 70–100 nm. The similarity in pore size distribution confirms that
Ni/Mg/CN20 falls within the optimal mesoporous regime.

At higher loading (Ni/Mg/CN30), the surface area further increases (112.0 m2/g),
but the average pore width decreases (51.527 Å), implying that excess g-C3N4 begins to
narrow the pores, potentially limiting diffusion despite the larger surface area. This trend
is consistent with reports by Dong, Yang, ullah, irshad and Xue [68], who showed that
morphological changes in g-C3N4 alter pore distribution and accessibility, emphasizing
that excessive loading can compromise pore uniformity.

Overall, this nonlinear trend demonstrates that pore size distribution and accessibil-
ity are as critical as surface area in determining catalytic efficiency. The Ni/Mg/CN20
sample provides sufficient surface area with well-distributed mesopores, facilitating mass
transfer and exposure of active sites, in agreement with the mesoporous ranges reported in
the literature.

The pore size distribution profiles in Figure 4, together with the BET data in Table 1,
highlight the effect of g-C3N4 loading on the Ni/Mg composites. In general, all samples
exhibited dominant mesopores in the 50–100 Å range, consistent with values reported for
g-C3N4-based composites [71]. The Ni/Mg/CN20 sample exhibited a slightly shifted distri-
bution, with its peak centered around 80–150 Å. This shift suggests that at 20 wt% loading,
g-C3N4 is more effectively dispersed within the Ni/Mg matrix, generating mesopores
that are both accessible and well-connected. Reports in the literature indicate that meso-
pores in the 80–150 Å range are particularly favorable for photocatalytic and adsorption
processes, as they provide sufficient space for reactant diffusion while maintaining close
proximity to active sites [63,70]. Therefore, the data probably suggests that Ni/Mg/CN20
achieves a pore size distribution that is more conducive to catalytic activity compared to
the other samples.

Figure 4. Pore size distribution of the composite.

In contrast, Ni/Mg/CN30, despite exhibiting the largest BET surface area (112.0 m2/g),
shows a broad but weak peak around 800 Å, indicative of macropores. While macropores
contribute to overall surface area, they are less effective for photocatalysis because they
reduce the probability of reactant molecules interacting with active sites. Dong, Yang,
ullah, irshad and Xue [68] similarly reported that excessive g-C3N4 loading can lead to
structural irregularities and macropore formation, which compromise pore uniformity and
catalytic efficiency. Ni/Mg/CN10, on the other hand, suffers from reduced surface area
and irregular pore widening, likely due to partial pore blockage at low CN loading.
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3.5. FT-IR Analysis

Understanding the characteristic absorption peaks of nickel oxide–magnesium oxide
composites and carbon nitride in FT-IR analysis is crucial for identifying their structures.
Figure 5 presents the FT-IR analysis of the composite nickel oxide (NiO) and magnesium
oxide (MgO), which are both metal oxides with infrared characteristic peaks that pri-
marily originate from the stretching vibrations of metal–oxygen bonds (M–O). The Ni–O
stretching vibration typically exhibits a broad or intense absorption peak in the range
of 500–700 cm−1 [72,73], constituting the primary characteristic peak of NiO. Its precise
position and shape are influenced by nanoparticle size, crystallinity, and the method of com-
plexation with magnesium oxide. On the other hand, the absorption peak for Mg-O bond
stretching typically appears below 870 cm−1, and it may even occur below 500 cm−1 [74].
Because of its relatively low intensity and overlap with the Ni–O peak, this band is often dif-
ficult to resolve individually in composite materials, frequently appearing as part of a broad
composite peak. In addition, the composite surface readily adsorbs water or generates
hydroxyl groups, which gives rise to a broad and intense O–H stretching vibration observed
in the ~3700–3200 cm−1 region [75]. In addition to the broad O–H stretching vibration
observed in the ~3700–3200 cm−1 region, a bending vibration peak for H–O–H may also
appear near ~1630 cm−1, which is typically attributed to adsorbed water molecules. When
exposed to air, the material surface can readily adsorb CO2, resulting in the formation of
carbonate species. These are often detected as smaller peaks in the ~1500–1300 cm−1 region,
corresponding to C–O stretching vibrations, and in the ~1000–800 cm−1 region, associated
with carbonate bending modes. Such features are commonly reported in the FTIR spectra
of oxide-based and g-C3N4 composites, where surface hydroxyls and adsorbed carbonates
contribute to broad, overlapping bands that complicate spectral resolution [63,68].

Figure 5. Fourier transform infrared absorption spectroscopy of the catalyst.

A series of sharp or split multiple absorption peaks typically appear within the
1200–1700 cm−1 region, which are characteristic of the aromatic C–N heterocyclic skeleton
of g-C3N4. For example, common peak positions include ~1640 cm−1 (C=N stretching),
~1560 cm−1, ~1460 cm−1, ~1410 cm−1, and ~1320 cm−1, all of which correspond to the
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stretching vibrations of the conjugated C–N framework. The out-of-plane breathing vi-
brations of the triazine ring typically exhibit a strong, sharp characteristic peak near
800–890 cm−1 (commonly ~805 cm−1) [76], representing one of the most distinctive signa-
tures of g-C3N4. Due to incomplete condensation during synthesis, g-C3N4 edges often
retain -NH2 or =NH groups, manifesting as weak to moderate peaks in the 3000–3300 cm−1

region [77]. In certain carbon nitride materials or at defect sites, a sharp peak may appear
near ~2170 cm−1. This is typically attributed to the stretching vibration of the cyano group
(C≡N) [78].

In pure g-C3N4, the characteristic C–N and C=N stretching vibrations between 1200
and 1700 cm−1 and the distinct triazine ring breathing mode near 805 cm−1 appear to
be sharp and intense [76], indicating a well-preserved conjugated framework. After the
introduction of NiO [74] and MgO, these characteristic bands become weaker and slightly
shift toward higher wavenumbers, implying that the electronic density around the nitrogen
sites is altered through coordination or electrostatic interaction with Ni2+ and Mg2+ cations.
Meanwhile, the broad O–H stretching vibration (3700–3200 cm−1) and H–O–H bending
mode (~1630 cm−1) are more pronounced in the composites than in the individual oxides,
suggesting increased surface hydroxylation or adsorbed moisture associated with the oxide
support. In addition, the Mg–O stretching region (500–700 cm−1) becomes broader and less
symmetric in the composite, indicating overlapping contributions from Ni–O and Mg–O
vibrations and possible lattice distortion at the interface. To more intuitively compare the
structural characteristics and interactions of the various materials, Table 2 lists the FTIR
characteristic peak assignments of the composite materials.

Table 2. Comparison of FT-IR characteristic absorption peaks of the catalyst.

Catalyst Wavenumbers (cm−1) Vibrational

g-C3N4

~805 (800–890) Triazine ring out-of-plane breathing

1200–1700 Aromatic C–N/C=N stretching

3000–3300 Stretching of terminal –NH2 or =NH

~2170 C≡N stretching

Ni/Mg
500–700 Ni–O, Mg–O stretching

<500 Mg–O bond stretching

Composites

3200–3700 O–H stretching

~1630 H–O–H bending

1300–1500, 800–1000 C–O stretching/bending (Carbonates)

Taken together, these spectral variations collectively confirm that the components are
not merely physically mixed but are chemically coupled through N–metal coordination
and hydrogen bonding. The modified vibration features provide solid evidence for the
successful formation of the Ni–Mg/g-C3N4 heterojunction and the establishment of strong
interfacial interactions that facilitate charge transfer during photocatalysis, consistent with
previous reports on g-C3N4-based composites [63,68,79,80].

3.6. TGA Analysis

As shown in Figure 6, thermogravimetric analysis (TGA) shows that increasing the
wt% of g-C3N4 in the Ni–Mg composites results in greater weight dissipation at ~550 ◦C,
which reflects the progressive thermal decomposition of the g-C3N4 framework. A sharp
decrease in weight loss is also observed for all CN-incorporated samples at ~200–220 ◦C,
dropping by ~5 wt%, a feature commonly attributed to the removal of adsorbed water
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and volatile surface groups such as hydroxyls and carbonates. This behavior is consistent
with reports on g-C3N4 and Ni/Mg oxide composites, where early mass loss corresponds
to dehydration and degassing rather than structural effects [63,79,80]. In contrast, pure
NiO and pure MgO typically exhibit negligible weight loss below 800 ◦C, reflecting their
high thermal stability and the absence of organic moieties; only minor mass changes are
observed due to surface hydroxyl removal or oxygen vacancy adjustments [81,82].

Figure 6. Thermogravimetric analysis (TGA) of the catalyst.

The final residual weights of ~90+% for Ni/Mg/CN10, ~85 wt% for Ni/Mg/CN20,
and ~82.5 wt% for Ni/Mg/CN30 indicate that higher CN loading reduces the relative
thermal stability of the composite, leaving less inorganic residue after heating. This trend
suggests that while Ni–Mg oxides contribute to structural stability, increasing CN con-
tent introduces more organic polymeric material that decomposes upon heating. Similar
reductions in residual mass with higher CN incorporation have been reported in other
g-C3N4-based composites, where the balance between inorganic oxides and organic CN
determines the char yield and influences material robustness [71,83]. The TGA curves
reflect the surface cleanliness and structural stability of the material. Weight loss below
200 ◦C ensures the exposure of active sites, while stability below 500 ◦C guarantees the
skeletal integrity of the composite material under actual operating conditions, which is
a prerequisite for maintaining high catalytic activity [82]. Specifically, thermal stability
ensures the durability of the heterojunction interface between g-C3N4 and NiO/MgO [84],
thereby achieving the continuous and efficient separation of photogenerated carriers [85].
In this context, the composite with Ni/Mg/CN30 exhibited more pronounced decompo-
sition at ca. 500 ◦C compared to Ni/Mg/CN20, suggesting lower skeletal integrity. By
contrast, the enhanced thermal stability of Ni/Mg/CN20 preserves the g-C3N4/NiO/MgO
heterojunction and active-site architecture [84], thereby promoting more efficient charge
separation and ultimately resulting in superior catalytic performance [85].

3.7. Analysis of Photocatalytic Performance

Compared to studies using pure g-C3N4 as a photocatalyst [86], which typically suffer
from limited visible-light absorption and rapid electron–hole recombination, the introduc-
tion of transition metal species (e.g., Ni) or metal oxides has been widely demonstrated
to enhance activity by improving charge separation and introducing additional active
sites [87,88]. Pure g-C3N4, as a baseline material, generally exhibits moderate degradation
of organic dyes under visible-light irradiation, but the reaction rate constant is significantly
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increased after metal doping or coupling. Ni-containing modifications (Ni doping, Ni
clusters, or NiO hybrids) primarily accelerate charge transfer by acting as electron traps or
forming heterojunctions, thereby improving photocatalytic performance; this mechanism
is generally attributed to the following: enhanced separation of photogenerated carriers
through nickel-related states or metal-semiconductor contacts [89] and increased reaction
sites on the surface of nickel species. Meanwhile, MgO modifications of g-C3N4 offer
complementary advantages [90]: MgO can enhance the adsorption capacity of both alkaline
and acidic pollutants on the surface [91,92], inhibit recombination through the formation of
heterojunctions, and sometimes improve the dispersion/exfoliation of the g-C3N4 layer,
thereby increasing its activity in pollutant degradation [56]. However, MgO itself has
relatively low visible light activity; thus, its effects are mainly manifested in structural and
interfacial aspects rather than adding new photoexcitation pathways.

Figure 7 shows the changes in the photocatalytic degradation efficiency of all catalysts
over time. To begin, a control experiment showed that there was an insignificant reduction
in the MB degradation in the absence of any composites. The photodegradation of MB by
g-C3N4 proceeds through two complementary processes: adsorption in the dark phase and
photocatalysis under visible-light irradiation. During the initial dark phase, ~11% of MB
was removed, which can be attributed to the high specific surface area and porous structure
of g-C3N4, as well as its abundant nitrogen functionalities (–NH2 and –OH) that promote
dye adsorption. This adsorption step is crucial because it concentrates dye molecules at
the catalyst surface, enhancing their accessibility for subsequent photocatalytic reactions.
For context, the literature reports bandgap values of ~3.6–4.0 eV for NiO, ~7.8 eV for
MgO, and ~2.7 eV for g-C3N4, indicating that the incorporation of CN into Ni/Mg oxides
effectively narrows the overall bandgap and extends visible-light absorption [93,94]. The
photogenerated electrons in the conduction band reduce O2 to superoxide radicals (•O2

−),
while holes in the valence band oxidize water or hydroxyl groups to produce hydroxyl
radicals (•OH). These reactive oxygen species attack the aromatic rings and chromophoric
groups of MB, resulting in decolorization and eventual mineralization. Similar two-step
behavior, whereby the adsorption was followed by photocatalytic degradation, has been
widely reported in g-C3N4-based composites, where adsorption enhances dye–catalyst
contact and heterojunction formation with metals such as Ni or Mg, further improving
charge separation and photocatalytic efficiency [63,68,79,80]. Thus, the observed 11%
adsorption efficiency in the dark phase and subsequent photocatalytic degradation under
visible light confirm the dual role of g-C3N4 as both an adsorbent and a photocatalyst.

Figure 7. Photocatalytic performance result of composite percentage removal.
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In contrast, Ni/Mg-O alone showed weak adsorption and limited photocatalytic ac-
tivity, confirming that dye removal in the absence of light is primarily attributed to the
CN framework rather than the oxide. Notably, varying CN loadings produced different
outcomes, with Ni/Mg/CN20 exhibiting the highest degradation (~66% at 180 min). This
optimum performance can be explained by the characterization results: FTIR confirmed
N–metal coordination and hydrogen bonding indicative of heterojunction formation, TGA
revealed a balanced organic/inorganic composition, and pore size distribution showed
that CN20 possessed mesopores in the 80–150 Å range, which the literature identifies
as particularly favourable for photocatalysis [71,83]. By comparison, CN10 lacked suf-
ficient CN to establish effective heterojunctions, while CN30 introduced excess CN that
disrupted oxide dispersion and shifted porosity toward macropores, resulting in higher
charge recombination.

Similar patterns—low performance of single components and enhanced activity in
g-C3N4–oxide composites—are reported for the g-C3N4/NiCuFe2O4 and g-C3N4/ZnO
systems, where coupling improves charge separation and drives higher MB degradation
than either constituent alone [95,96]. The superior performance of Ni/Mg/CN20, therefore,
highlights the significance of optimizing CN incorporation to balance adsorption, charge
transfer, and pore structure, a principle broadly recognized in g-C3N4-based heterojunctions
for environmental remediation [63,79,80].

4. Further Discussion
To elucidate the reaction mechanism, Figure 8 demonstrates that the photocatalytic

degradation of methylene blue (MB) over the Ni/Mg/g-C3N4 composite follows a direct
Z-scheme charge transfer mechanism. Under visible-light irradiation, both g-C3N4 and
NiO–MgO are photoexcited to generate electron–hole pairs. At the heterojunction interface,
the photogenerated electrons in the conduction band (CB) of NiO–MgO recombine with
holes in the valence band (VB) of g-C3N4. This recombination pathway preserves the
spatial separation of the more energetic charge carriers: electrons in the CB of g-C3N4 and
holes in the VB of NiO–MgO. Such separation maintains strong redox potentials, enabling
efficient photocatalysis [97–99].

Figure 8. Schematic diagram of reaction mechanism.

In this configuration, the conduction band (CB) electrons of g-C3N4 reduce adsorbed
O2 to superoxide radicals (•O2

−), while the VB holes of NiO–MgO oxidize surface H2O or
OH− to hydroxyl radicals (•OH). These reactive oxygen species act synergistically to attack
and mineralize MB molecules into CO2 and H2O. The presence of MgO enhances electron
transfer and interfacial contact, improving charge mobility and junction stability [82]. NiO
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contributes to visible-light absorption and facilitates charge separation by red-shifting the
absorption edge of g-C3N4 and promoting carrier migration [84]. Together, the Ni/Mg/g-
C3N4 heterostructure effectively suppresses charge recombination and promotes a robust
oxidation–reduction cycle, resulting in markedly improved degradation efficiency com-
pared to the individual components. This Z-scheme mechanism has been widely validated
in similar systems, including g-C3N4/NiO/ZnO and g-C3N4/MgO composites, where
the spatial separation of charge carriers and strong redox potentials were key to enhanced
photocatalytic performance [85].

Similar Z-scheme behavior has been widely reported in g-C3N4-based composites.
Oxygen-doped g-C3N4/NiS systems demonstrated enhanced dye degradation due to effi-
cient charge separation and ROS generation [79]. g-C3N4/ZnO nanocomposites showed
superior MB removal under visible light, attributed to Z-scheme electron transfer that
preserved strong redox potentials [96]. NiCuFe2O4/g-C3N4 composites also exhibited
improved MB degradation efficiency compared to single components, confirming that het-
erojunction formation is critical for suppressing recombination and enhancing ROS produc-
tion [95]. Likewise, Mg–Al LDH@g-C3N4 composites performed significantly better than
LDH alone, further validating the role of CN interfaces in boosting photocatalysis [100,101].

Thus, the Ni/Mg/g-C3N4 composite not only demonstrates the classical advantages
of Z-scheme heterojunctions, which possess strong redox ability and suppressed recom-
bination, but also highlights the synergistic contributions of MgO (electron transfer and
interfacial contact) and NiO (visible-light absorption and charge separation). This outcome
is significant because it establishes Ni/Mg/g-C3N4 as a promising photocatalyst for en-
vironmental remediation, aligning with broader trends in g-C3N4-based heterostructures
where optimized interfaces drive superior pollutant degradation.

The optimum performance observed for Ni/Mg/CN20 can be explained by a combina-
tion of structural, electronic, and interfacial factors. At ~20 wt% CN, the composite achieves
a critical balance: CN domains are sufficiently abundant for forming continuous electron
pathways across the NiO–MgO surface yet not so excessive as to cause agglomeration or
block oxide active sites. This “percolation threshold” ensures maximum heterojunction
density and efficient charge transfer [102,103]. At lower loadings (CN10), CN coverage
is too sparse to establish continuous junctions, while higher loadings (CN30) lead to CN
stacking, which reduces accessible surface area and creates “self-shielding” effects that
hinder photon penetration.

The pore structure plays a decisive role in this balance. Ni/Mg/CN20 maintains
mesopores in the 80–150 Å range, which are widely recognized as optimal for photocatalysis
because they provide high surface area while allowing the rapid diffusion of dye molecules
and reactive oxygen species [61]. Ni/Mg/CN30, however, shifts toward macropores, which
reduces adsorption efficiency and slows diffusion kinetics. The hierarchical porosity of NiO–
MgO combined with CN layers at 20 wt% creates a synergistic architecture: micropores
trap MB molecules, mesopores accelerate transport, and surface roughness increases active
site exposure.

The composite synergy further enhances photocatalysis. NiO contributes visible-light
absorption, MgO improves electron mobility and interfacial contact, and CN acts as a
mediator bridging both oxides. At 20% CN, this tri-component interaction is maximized,
reinforcing the direct Z-scheme mechanism and ensuring the simultaneous generation of
superoxide (•O2

−) and hydroxyl radicals (•OH). This dual ROS production is less efficient
in CN10 (weak heterojunction formation) and CN30 (blocked diffusion and recombina-
tion) [61,85,87].

From a mechanistic perspective, the formation of p–n or n–n heterojunctions between
semiconducting components provides an internal electric field that drives the directional
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migration of charge carriers. At the NiO–MgO/g-C3N4 interface, photogenerated elec-
trons in the CB of NiO–MgO recombine with holes in the VB of g-C3N4, while the more
energetic carriers (CB electrons in g-C3N4 and VB holes in NiO–MgO) are preserved. This
spatial separation maintains strong redox potentials, enabling efficient ROS generation and
MB mineralization. Such mechanisms align with previous studies on multi-component
heterostructures, where rational band alignment optimized charge separation and light
absorption [97–99].

Other studies support these findings. For example, g-C3N4/ZnO nanocomposites
showed maximum MB degradation at ~20 wt% CN, attributed to a balanced heterojunction
density and mesoporous structure [96]. NiCuFe2O4/g-C3N4 composites also demonstrated
enhanced MB degradation compared to single components, confirming that CN interfaces
are critical for suppressing recombination [95]. Similarly, Mg–Al LDH@g-C3N4 composites
outperformed LDH alone, validating the role of CN in boosting [100]. Reviews by Zhang,
Lian, Hao, Zhang, Yang, Jiang, Zhang, Liao and Qin [101] and Ahmed, Mahmoud and
Mohamed [64] further emphasize that CN modification strategies—including doping, exfo-
liation, and heterojunction formation—are key to maximizing photocatalytic efficiency. On
the other hand, similar observations were also observed on perovskite composites, where
interface engineering was shown to dramatically enhance charge transfer and catalytic
activity [104].

Although the Ni/Mg/g-C3N4 composite demonstrates efficient photocatalytic degra-
dation of MB via a direct Z-scheme mechanism, the absolute degradation rate is not
markedly superior to those reported in prior studies. This outcome can be rationalized
by several structural and mechanistic factors. First, while the incorporation of g-C3N4

enhances heterojunction formation, the BET surface area and pore architecture of the com-
posite remain within the typical range of g-C3N4/oxide systems, meaning that the density
of accessible active sites is not dramatically increased [82]. Second, although the Z-scheme
interface facilitates charge separation, the suppression of electron–hole recombination may
be moderate compared to systems incorporating additional dopants or co-catalysts, which
have been shown to further accelerate carrier migration [84]. Third, the optical absorp-
tion edge of the composite remains close to that of pristine g-C3N4, limiting visible-light
harvesting and thereby constraining photocatalytic efficiency [85]. Finally, our experimen-
tal conditions were optimized to highlight reproducibility and structural stability rather
than maximize absolute degradation rates, which may explain the modest improvement
observed. Importantly, the enhanced stability of Ni/Mg/CN20 ensures skeletal integrity
and heterojunction durability, enabling sustained catalytic activity and reusability, which
recent reviews emphasize as equally critical to practical photocatalytic applications [85].
Thus, while the rate enhancement is moderate, the Ni/Mg/CN system provides a valu-
able balance of activity, durability, and mechanistic clarity, positioning it as a promising
candidate for long-term environmental remediation.

In a broader context, this study provides a feasible strategy for designing efficient,
low-cost, and environmentally benign photocatalysts for dye degradation and other reme-
diation applications. Future research may focus on finetuning the Ni/Mg ratio to optimize
band alignment, controlling calcination conditions to tailor porosity and crystallinity, and
evaluating performance under natural sunlight or in real wastewater systems. Moreover,
coupling this heterostructure with plasmonic nanoparticles (Ag, Au) or carbon-based ma-
terials (graphene and CNTs) could further expand light absorption, accelerate electron
transport, and improve stability. Such strategies open new avenues for scalable photocat-
alytic technologies, positioning CN-based heterostructures as promising candidates for
sustainable wastewater treatment and environmental remediation.
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5. Conclusions
This study successfully demonstrates the incorporation of ternary Ni/Mg/g-C3N4

composites, which enhance photocatalytic performance through synergistic structural and
electronic interactions. The integration of NiO, MgO, and g-C3N4 establishes effective
heterojunctions, improves charge separation, and reinforces Z-scheme pathways, resulting
in the efficient generation of reactive oxygen species. Among all samples, Ni/Mg/CN20
exhibited the highest activity, achieving 66% MB degradation within 180 min under visible
light, a performance attributed to broadened light absorption, efficient interfacial charge
transfer, and abundant active sites. The composite also displayed excellent thermal stability,
with TGA confirming that the rational control of g-C3N4 loading directly influences porosity,
skeletal integrity, and char yield.

The novelty of this work lies in identifying the optimum CN incorporation that maxi-
mizes heterojunction density while maintaining mesoporous architecture, a mechanistic
insight not previously reported in the literature. This achievement offers a new design prin-
ciple for g-C3N4-based composites, demonstrating that the rational tuning of component
ratios and pore structures can significantly boost photocatalytic efficiency while preserving
structural robustness.

Overall, the successful construction of Ni/Mg/CN20 highlights a scalable and en-
vironmentally benign strategy for advanced photocatalytic applications. Beyond dye
degradation, the insights gained here provide a foundation for extending Ni/Mg/g-C3N4

composites to hydrogen evolution, carbon dioxide reduction, and real wastewater treat-
ment, thereby advancing the development of cost-effective and durable photocatalysts for
sustainable environmental remediation.
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95. Eskalen, H.; Yaşar, D.; Kavgacı, M.; Yaykaşlı, H. Enhanced Photocatalytic Degradation of Methylene Blue Using g-C3N44/
NiCuFe2O4 Nanocomposites Under Visible Light Irradiation: A Study of Structural and Optical Characteristics. J. Inorg.
Organomet. Polym. Mater. 2025. [CrossRef]

96. Pantoja-Espinoza, J.C.; DelaCruz-Alderete, G.A.; Paraguay-Delgado, F. Photocatalytic Degradation of Methylene Blue Dye with
g-C3N4/ZnO Nanocomposite Materials Using Visible Light. Catalysts 2025, 15, 851. [CrossRef]

97. Zhou, D.; Li, D.; Chen, Z. Recent advances in ternary Z-scheme photocatalysis on graphitic carbon nitride based photocatalysts.
Front. Chem. 2024, 12, 1359895. [CrossRef]

98. Banu, A.; Sikdar, S.; Sinha, B. Design a promising nickel oxide embedded graphitic carbon nitride photocatalyst using for fast
degradation of Indigo carmine dye. Res. Chem. Intermed. 2026, 52, 105–127. [CrossRef]

99. Fernández-Catalá, J.; Greco, R.; Navlani-García, M.; Cao, W.; Berenguer-Murcia, Á.; Cazorla-Amorós, D. g-C3N4-Based Direct
Z-Scheme Photocatalysts for Environmental Applications. Catalysts 2022, 12, 1137. [CrossRef]

100. Salehi, G.; Bagherzadeh, M.; Abazari, R.; Hajilo, M.; Taherinia, D. Visible Light-Driven Photocatalytic Degradation of Methylene
Blue Dye Using a Highly Efficient Mg–Al LDH@g-C3N4@Ag3PO4 Nanocomposite. ACS Omega 2024, 9, 4581–4593. [CrossRef]

101. Zhang, Y.; Lian, P.; Hao, X.; Zhang, L.; Yang, L.; Jiang, L.; Zhang, K.; Liao, L.; Qin, A. Modification Strategies of g-C3N4-Based
Materials for Enhanced Photoelectrocatalytic Degradation of Pollutants: A Review. Inorganics 2025, 13, 225. [CrossRef]

102. Saafie, N.; Sufian, S.; Mufti, N.; Samsudin, M.F.R. The role of g-C3N4 loadings in MXene for photocatalytic degradation of
methylene blue. J. Mater. Sci. Mater. Electron. 2025, 36, 389. [CrossRef]

103. Kumari, S.; sharma, S.; Kumari, M.; Singh, M.K.; Prasad, R.K.; Lee, K.-g.; Singh, D.K. Carbon Nitride: Physical properties and
Applications. arXiv 2025, arXiv:2506.20140. [CrossRef]

104. Xu, X.; Pan, Y.; Ge, L.; Chen, Y.; Mao, X.; Guan, D.; Li, M.; Zhong, Y.; Hu, Z.; Peterson, V.K.; et al. High-Performance Perovskite
Composite Electrocatalysts Enabled by Controllable Interface Engineering. Small 2021, 17, 2101573. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcs10010045

https://doi.org/10.1134/S1990793125700563
https://doi.org/10.3390/nano12010121
https://doi.org/10.1039/D4CP03673E
https://doi.org/10.3390/nano12020294
https://doi.org/10.1007/s12210-025-01371-z
https://doi.org/10.1039/C6CS00629A
https://www.ncbi.nlm.nih.gov/pubmed/28101543
https://doi.org/10.1002/anie.201303971
https://www.ncbi.nlm.nih.gov/pubmed/24382683
https://doi.org/10.1039/D5TA01066G
https://doi.org/10.1016/0378-5963(84)90049-7
https://doi.org/10.1016/j.jallcom.2016.03.118
https://doi.org/10.1021/je100274e
https://doi.org/10.1557/s43580-023-00669-0
https://doi.org/10.1007/s11581-025-06844-7
https://doi.org/10.1007/s10904-025-03963-6
https://doi.org/10.3390/catal15090851
https://doi.org/10.3389/fchem.2024.1359895
https://doi.org/10.1007/s11164-025-05814-y
https://doi.org/10.3390/catal12101137
https://doi.org/10.1021/acsomega.3c07326
https://doi.org/10.3390/inorganics13070225
https://doi.org/10.1007/s10854-025-14395-w
https://doi.org/10.48550/arXiv.2506.20140
https://doi.org/10.1002/smll.202101573
https://www.ncbi.nlm.nih.gov/pubmed/34137160
https://doi.org/10.3390/jcs10010045

	Introduction 
	Materials and Methods 
	Catalyst Synthesis 
	Experimental Procedure 
	Methylene Blue Degradation 
	Catalyst Characterisation 
	X-Ray Powder Diffraction (XRD) 
	Field Emission Scanning Electron Microscopy (FE-SEM) 
	Energy Dispersive X-Ray (EDX) Analysis 
	Brunauer–Emmett–Teller (BET) Analysis 
	Fourier Transform Infrared Spectroscopy (FT-IR) 
	Thermogravimetric Analysis (TGA) 


	Results 
	XRD Analysis 
	FESEM Analysis 
	EDX Analysis 
	BET Analysis 
	FT-IR Analysis 
	TGA Analysis 
	Analysis of Photocatalytic Performance 

	Further Discussion 
	Conclusions 
	References

