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Abstract 

This study reports the fabrication of a novel series of photocatalysts based on reduced graphene oxide 

(rGO) intercalated into magnesium aluminum layered double hydroxides (MgAl-LDH), denoted as 

LDH/rGO(0.25), LDH/rGO(0.5), and LDH/rGO(0.75), where the numeric values represent the mass 

ratio of LDH to rGO. These nanocomposites were designed to address the escalating issue of organic 

dye pollution in wastewater. The incorporation of rGO into the LDH matrix significantly improved 

the electrical conductivity, surface area, and light-harvesting capacity of the hybrid material. 

Importantly, rGO intercalation led to a notable narrowing of the optical band gap of pristine MgAl-

LDH (initially 3.5 eV) to values ranging from 2.4 to 2.9 eV, depending on the rGO content. This 

reduction enhanced the absorption of visible light and promoted more efficient charge carrier 

separation and migration. The structural, morphological, and optical properties of the synthesized 

composites were systematically investigated using FTIR, TEM, and UV–Vis's spectroscopy. The 

photocatalytic performance was evaluated under both ultraviolet (UV) and visible light irradiation, 

focusing exclusively on the degradation of the Malachite Green (MG) dye as a representative organic 

pollutant. Among the composites, LDH/rGO(0.25) exhibited the highest degradation efficiency, 

achieving up to 93% removal of MG within 50 minutes under optimal conditions (pH=10, dye 

concentration of 10 ppm, and appropriate catalyst dosage). The improvement of photocatalytic 

activity is assigned to the synergistic interaction between the LDH layers and rGO nanosheets, as 

well as the optimized band structure induced by varying rGO content. These findings demonstrate 

the promising potential of LDH/rGO nanohybrids particularly LDH/rGO (0.25) and LDH/rGO (0.5) 

as efficient, visible-light-responsive photocatalysts for sustainable wastewater treatment 

applications. 
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1. Introduction 

Water contamination by synthetic dyes has become an urgent global challenge due to their high 

toxicity, chemical stability, and resistance to biodegradation. These pollutants commonly derived 

from textile, printing, and pharmaceutical industries persist in aquatic systems and pose severe 

ecological and health risks, including mutagenicity and carcinogenicity [1,2]. The complex aromatic 

structures and strong chromophoric bonds of dyes such as malachite green (MG), methyl orange 

(MO), and crystal violet (CV) hinder their natural decomposition, necessitating the development of 

advanced and sustainable remediation technologies [3]. Among the available methods, 
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photocatalytic degradation has emerged as a highly promising approach for wastewater purification. 

Unlike conventional treatments (e.g., adsorption, coagulation, or oxidation), photocatalysis directly 

decomposes organic pollutants into harmless by-products such as CO₂ and H₂O through redox 

reactions initiated by light irradiation [4]. This process offers multiple advantages low energy 

demand, environmental compatibility, reusability of catalysts, and the absence of secondary 

pollution—making it a green alternative for large-scale water treatment [5,6]. In recent years, Layered 

Double Hydroxides (LDHs) have gained considerable attention as efficient semiconductor 

photocatalysts due to their highly ordered brucite-like layers, adjustable metal cation composition, 

and interlayer anion-exchange capacity [7]. These structural features enable the tuning of electronic 

and surface properties, which directly influence charge transfer and pollutant adsorption during 

photocatalysis. Among LDHs, magnesium–aluminum variants (MgAl-LDHs) have been extensively 

studied for dye degradation because of their excellent chemical stability, abundance, and capability 

to form hybrid nanocomposites with functional materials [8]. However, pristine MgAl-LDHs suffer 

from intrinsic limitations such as a wide band gap (≈3.0–3.2 eV), rapid recombination of 

photogenerated electron–hole pairs, and weak visible-light response—that significantly restrict their 

catalytic efficiency [9–11]. 

These challenges have led researchers to explore composite systems where LDHs are coupled 

with conductive carbonaceous materials such as graphene oxide (GO) or reduced graphene oxide 

(rGO), thereby forming highly synergistic heterostructures [9]. Reduced graphene oxide (rGO), a 

two-dimensional sp²-hybridized carbon nanomaterial, provides outstanding electronic conductivity, 

high surface area, and a π-conjugated network that facilitates rapid electron mobility [12]. When 

integrated with LDHs, rGO functions as an electron sink—accepting photogenerated electrons from 

the LDH conduction band—thus suppressing charge recombination and extending the carrier 

lifetime [13,14]. This electron mediation enhances the generation of reactive oxygen species (ROS), 

such as hydroxyl (•OH) and superoxide (•O₂⁻) radicals, which play a pivotal role in oxidative dye 

degradation [15]. Furthermore, the π–π interactions between the aromatic rings of dyes and the 

conjugated structure of rGO promote efficient adsorption, providing intimate contact between the 

dye molecules and active catalytic sites. MgAl-LDH and its modified composites have been 

extensively studied for the photocatalytic degradation of methyl orange (MO) under various light 

irradiation conditions. While pristine MgAl-LDH exhibits moderate photocatalytic performance, its 

activity can be significantly enhanced through compositing with semiconducting materials such as 

TiO₂, g-C₃N₄, and graphene-based derivatives. These modifications improve light absorption 

capacity and facilitate more efficient separation of photogenerated electron–hole pairs, thereby 

enhancing overall photocatalytic efficiency. Photodegradation of MO using MgAl-LDH-based 

photocatalysts typically follows pseudo-first-order kinetics. The degradation efficiency is strongly 

influenced by the physicochemical properties of the LDH, including the nature of interlayer anions, 

surface area, band gap, pH of the solution, and the type of light source. Optimized composites have 

demonstrated remarkable removal efficiencies exceeding 90% within short irradiation periods, 

primarily due to the generation of reactive oxygen species such as hydroxyl (•OH) and superoxide 

(•O₂⁻) radicals. These findings underscore the potential of MgAl-LDH-based photocatalysts as 

effective materials for the treatment of dye-contaminated wastewater [14]. On the other hand, the 

photocatalytic degradation of Malachite Green (MG), a toxic cationic dye, was systematically 

investigated using reduced graphene oxide–zirconia (rGO-ZrO₂) nanocomposites under visible light 

irradiation. Among the synthesized materials, the nanocomposite containing 5 wt% rGO (denoted as 

ZG5MR) exhibited the highest photocatalytic performance, achieving a degradation efficiency of 

98.2% within 100 minutes. The enhanced photocatalytic activity of ZG5MR is primarily attributed to 

its reduced band gap energy (2.90 eV), which enables effective visible light absorption, and its high 

specific surface area (86 m²/g), providing abundant active sites for dye adsorption and reaction [15].  

Given these insights, the present work aims to systematically investigate the photocatalytic 

efficiency of MgAl–LDH/rGO nanocomposites toward the degradation of Malachite Green (MG) dye. 

The study seeks to elucidate the role of molecular structure and electronic interactions between the 
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catalyst and the MG chromophore in governing the degradation mechanism. Understanding this 

relationship is essential for the rational design of next generation photocatalysts for organic pollutant 

removal. 

2. Results and Discussion 

2.1. Physicochemical and Structural Characterization 

Detailed physicochemical and structural characterization results including XRD, FTIR, BET, and TEM 

analyses, are provided in the Supplementary Materials (Section S1, Figures S1–S4 and Table S1). 

2.2. Optical Properties 

In Figure 1 was an analysis of UV-Vis Absorbance data. The diffuse reflectance spectra of the 

samples (MgAl-LDH, GO, rGO, and LDH/rGO composites) reveal the absorbance properties of the 

materials across the UV and visible wavelength ranges. MgAl-LDH exhibits absorbance mainly in 

the UV range, corresponding to its wide bandgap semiconductor behavior. GO and rGO absorbance 

shifts toward the visible region due to the introduction of π→π* transitions from conjugated carbon 

networks and the reduction of oxygen functionalities in rGO [16,17]. Figure 1. LDH/rGO composites 

show intermediate behavior, where increasing rGO content (e.g., LDH/rGO 0.25 to 0.75) results in a 

noticeable redshift, enhancing absorption in the visible spectrum. 

In Figure 2 reflectance decreases significantly for composites with higher rGO content, reflecting 

better light absorption properties due to the incorporation of reduced graphene oxide. MgAl-LDH 

shows the highest reflectance, while rGO exhibits the lowest. The bandgap (Eg) values were 

calculated using the Kubelka-Munk function and Tauc plot for indirect bandgap materials (Figure 3). 

The following trends were observed: MgAl-LDH: 3.5 eV (wide bandgap, UV active). GO: 3.5 eV 

(similar to LDH due to its oxidized structure). rGO: 2.3 eV (narrowed due to restored conjugated 

structure). LDH/rGO Composites: LDH/rGO (0.25): 2.4 eV, LDH/rGO (0.5): 2.8 eV, and LDH/rGO 

(0.75): 2.9 eV in Table 1. The narrowing bandgap with increasing rGO content reflects the improved 

ability to absorb visible light, which is essential for photocatalytic applications. The composites 

exhibit enhanced visible-light activity, which is directly correlated to the introduction of rGO and the 

narrowing of the bandgap. The interaction between MgAl-LDH and rGO in the composites leads to 

better light-harvesting capabilities, making them suitable candidates for photocatalytic or light-

assisted degradation processes [18]. Optimization of LDH/rGO (0.5) shows an optimal balance 

between light absorption and bandgap energy, making it a promising material for further studies. 

Finally, the UV-DRS analysis demonstrates that the integration of rGO into the MgAl-LDH structure 

significantly enhances the optical properties by reducing the bandgap and improving visible-light 

absorption. These findings validate the composites' potential for photocatalytic applications, such as 

degradation of pollutants or solar energy harvesting. 
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Figure 1. UV–Vis Absorption Spectra of MgAl-LDH, GO, rGO, and LDH/rGO Composites. 

 

Figure 2. Diffuse Reflectance Spectra (DRS), of MgAl-LDH, GO, rGO, and LDH/rGO Composites. 
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Figure 3. Tauc Plot for Band Gap Estimation of MgAl-LDH, GO, rGO, and LDH/rGO Composites. 

Table 1. Comparison of the band gap values of the prepared samples. 

N# Samples Band Gap, Eg [eV] for the Prepared Samples 

a MgAl-LDH 3.5eV 

b GO 3.5eV 

c rGO 2.3eV 

d LDH/rGO[0.25] 2.4eV 

e LDH/rGO[0.5] 2.8eV 

f LDH/rGO[0.75] 2.9eV 

Figure 4 displays PL intensity across a range of wavelengths, highlighting the emission 

characteristics of each material. Variations in intensity and peak positions can indicate differences in 

electronic structures and interactions within the materials [19]. MgAl-LDH exhibits specific emission 

peaks, reflecting its inherent electronic properties. Graphene Oxide (GO) displays higher PL intensity 

compared to MgAl-LDH, attributed to defects and oxygen-containing functional groups that enhance 

recombination of electron-hole pairs. Reduced Graphene Oxide (rGO) shows reduced PL intensity 

compared to GO, indicating fewer oxygen groups and a decrease in electron-hole recombination due 

to better conductivity. Composites of LDH/rGO with varying rGO content (0.25, 0.5, and 0.75) likely 

exhibit PL intensities that correlate with the amount of rGO incorporated, influencing the overall 

emission characteristics. A trend of varying PL intensities is observed as the rGO content increases. 

The composite with 0.75 weight percentage rGO likely has the lowest PL intensity (LDH/rGO(0.25)), 

suggesting enhanced charge separation and suppression of electron-hole recombination. This trend 

indicates that integrating rGO into the LDH structure improves charge transport properties and 

reduces recombination, which is crucial for photocatalytic and optoelectronic applications. 
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Figure 4. Photoluminescence [PL] spectra of [a] MgAl-LDH, [b] GO, [c] rGO, and LDH/rGO composites with 

varying rGO content [d]0.25, [e]0.5, and [f] 0.75]. 

2.3. Electrochemical Analysis 

To enhance the understanding of the electrical charge transport kinetics in the heterostructure 

material, Electrochemical Impedance Spectroscopy (EIS) measurements were conducted to elucidate 

the charge transfer resistance (Rct) at the electrode/electrolyte interface. The diameter of the arc radius 

in the semicircle within the high-frequency region of the electrode material serves as an indicator of 

the charge transfer resistance (Rct) across the electrode/electrolyte interface [20,21]. 

Electrochemical impedance spectroscopy (EIS) results are presented in the form of Bode plots 

for both phase angle and impedance magnitude [20]. The comparative Bode phase plot shown in 

Figure 5a offers valuable insights into the frequency-dependent electrochemical behavior of the 

samples of pristine MgAl-LDH, reduced graphene oxide (rGO), and their hybrid composites at 

different ratios LDH/rGO(0.25), LDH/rGO(0.5), and LDH/rGO(0.75). The phase angle variation across 

the frequency spectrum reflects the interplay between resistive and capacitive properties and 

highlights the impact of composition on the interfacial dynamics and charge transport efficiency. At 

low frequencies (1–10 Hz), all samples exhibit relatively low phase angles, indicating significant 

charge transfer resistance and limited capacitive response. Among them, MgAl-LDH shows the 

lowest initial phase angle (~5°), confirming its poor electronic conductivity and sluggish ion 

transport. Conversely, rGO and LDH/rGO composites demonstrate improved low-frequency 

responses, with LDH/rGO(0.75) achieving the highest phase value (~18°), suggesting enhanced 

interfacial polarization and lower resistance due to the synergistic effect of conductive rGO and 

electroactive LDH domains. In the intermediate frequency range (~10²–10³ Hz), distinct differences 

emerge in the peak phase angles. LDH/rGO(0.25) shows the highest maximum (~60°), reflecting 

optimal capacitive performance due to an effective balance between rGO conductivity and LDH 

redox activity. LDH/rGO(0.75) also exhibits a high phase angle (~59°), indicating strong 

pseudocapacitive behavior, though the broader peak may suggest slower relaxation dynamics and 

increased structural heterogeneity. LDH/rGO(0.5) and rGO show moderate maxima (~50–52°), while 

MgAl-LDH remains the lowest, consistent with its minimal contribution to capacitive storage. At 

high frequencies (>10³ Hz), all samples display a downward trend in phase angle, transitioning to 

resistive behavior as double-layer formation becomes ineffective at rapid perturbation rates. The rate 

and degree of this decline offer further contrast: rGO and LDH/rGO(0.25) retain higher phase values 

over a broader range, reflecting better frequency response and faster polarization-depolarization 

kinetics. In contrast, MgAl-LDH and LDH/rGO(0.75) exhibit more pronounced drops, implying 
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lower responsiveness under dynamic conditions. Taken together, the analysis reveals that 

LDH/rGO(0.25) outperforms other compositions in terms of both maximum phase angle and 

retention across frequencies, suggesting superior charge separation, interfacial capacitance, and 

electronic pathways. The observed trend highlights the importance of compositional tuning in LDH-

based hybrids: Excessive LDH content (as in LDH/rGO(0.75)) may introduce diffusion limitations 

and hinder conductivity. Insufficient LDH content (pure rGO) may lack sufficient electroactive sites 

for pseudocapacitive storage. Intermediate composition (LDH/rGO(0.25)) appears to offer the most 

favorable electrochemical performance. 

Figure 5b displays the Bode impedance (|Z|) plot for pristine MgAl-LDH, reduced graphene 

oxide (rGO), and a series of LDH/rGO composites with varying LDH-to-rGO weight ratios (0.25, 0.5, 

and 0.75). The frequency range spans from 0.1 Hz to 100 kHz [22]. At low frequencies, where 

interfacial polarization dominates, all samples exhibit increasing impedance with decreasing 

frequency characteristic of capacitive behavior [21,22]. Among the composites, the LDH/rGO[0.75] 

sample (i.e., high LDH content) demonstrates the highest impedance values, indicating more resistive 

behavior due to the intrinsically insulating nature of LDH. Conversely, the LDH/rGO[0.25] 

composite (i.e., low LDH and high rGO content) exhibits the lowest impedance across the frequency 

range, highlighting the significant enhancement in electrical conductivity imparted by the rGO 

network. The trend clearly shows that increasing the rGO content (decreasing the LDH/rGO ratio) 

effectively lowers the charge transfer resistance, facilitating faster electron transport. This 

improvement can be attributed to the superior electrical conductivity of rGO, which serves as an 

efficient pathway for charge carriers and suppresses the recombination of electrons and holes. The 

pristine rGO sample, as expected, shows low impedance due to its delocalized π-electron system, 

while the MgAl-LDH sample presents the highest impedance, consistent with its poor electronic 

conductivity. 

Notably, the LDH/rGO[0.5] composite demonstrates intermediate impedance, suggesting a 

well-balanced structure where the conductive pathways of rGO are maintained while still preserving 

the functional properties of LDH (e.g., active sites, ion exchange). In summary, the electrochemical 

impedance results confirm that the integration of rGO into LDH significantly enhances the electrical 

conductivity of the composites. The LDH/rGO(0.25) composite, with the highest rGO content, 

emerges as the most conductive material, which is advantageous for applications such as 

electrocatalysis, sensors, or energy storage systems.  

The current–voltage (I–V) response of the synthesized materials MgAl-LDH, rGO, and the 

LDH/rGO composites with varying ratios (0.25,0.5,0.75) was examined under identical experimental 

conditions to evaluate their electrocatalytic performance. As depicted in Figure 5c, all samples exhibit 

typical diode-like behavior with a clear cathodic current increase at negative potentials, indicating 

efficient charge transfer and catalytic activity. Among all tested materials, the LDH/rGO(0.5) 

composite displayed the highest current density, suggesting superior charge carrier mobility and 

enhanced electron transport. This enhancement is attributed to the synergistic effect between the 

conductive reduced graphene oxide (rGO) and the catalytically active LDH framework. The high 

surface area of rGO provides efficient pathways for charge transfer, while LDH contributes to 

catalytic active sites. Notably, the pristine MgAl-LDH and rGO electrodes showed lower current 

densities compared to the LDH/rGO hybrids, confirming the significance of interfacial contact and 

electronic coupling in the composites [23]. The improved performance of LDH/rGO(0.5) over 

LDH/rGO(0.25) and LDH/rGO(0.75) further suggests that an optimal rGO content is essential to 

balance conductivity and active site availability. These findings are consistent with previous 

electrochemical impedance spectroscopy (EIS) and Bode plot analyses, reinforcing the conclusion that 

the LDH/rGO(0.5) composite exhibits superior electrochemical behavior, making it a promising 

candidate for applications in electrocatalysis and energy conversion devices. 

In general, the Mott–Schottky (M–S) analysis is fundamentally based on the formation of a 

Schottky barrier at the interface between the semiconductor electrode and the electrolyte solution 

[20]. This interfacial behavior enables the determination of key semiconductor properties, 
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particularly the carrier density. Therefore, the semiconductor properties of MgAl-LDH, rGO, 

LDH/rGO(0.25), LDH/rGO(0.5), and LDH/rGO(0.75) were further investigated by M-S plot analysis 

as shown in Figure 5d. The analysis of MS plots serves as a powerful tool for identifying the type of 

semiconductor. A positive slope in the M–S plot is indicative of n-type semiconductor behavior, 

whereas a negative slope corresponds to p-type characteristics, with the direction of inclination 

relative to the X-axis revealing the dominant charge carrier type. In the present study, the MS plots 

of the as-prepared electrodes exhibited positive slopes, confirming their n-type semiconductor 

nature. As shown in Figure 5e, the extrapolated intercept of the linear region of the 1/C² versus 

potential (E) plot on the potential axis (where 1/C² = 0) represents the flat band potential (Vfb). For n-

type semiconductors, the flat band potential is approximately equal to the conduction band potential 

(ECB), while for p-type semiconductors, it approximates the valence band potential (EVB). The flat-

band potentials (Efb) of MgAl-LDH, rGO, LDH/rGO(0.25), LDH/rGO(0.5), and LDH/rGO(0.75) were 

calculated to be −0.38, −0.25, −0.36, −0.34, and −0.33 V vs. Ag/AgCl, respectively. Therefore, the ECB 

potentials of MgAl-LDH, rGO, LDH/rGO (0.25), LDH/rGO (0.5), and LDH/rGO (0.75) were estimated 

to be -0.58, -0.45, -0.56, -0.54, and -0.53 V vs. Ag/AgCl, respectively. The cathodic shifting of the Efb of 

LDH/rGO as compared to rGO and MgAl-LDH strengthened the band bending at the LDH/rGO 

electrolyte interface, which effectively decreases the carrier recombination close to the Efb. The ECB 

measured against the Ag/AgCl reference electrode can be converted to the normal hydrogen 

electrode (NHE) scale using the Nernst equation, as follows: 

ECB[NHE] = ECB [Ag/AgCl] + E0Ag/AgCl + 0.059 pH  [20]  

At 25°C, the standard electrode potential of the Ag/AgCl reference electrode is E⁰Ag/AgCl = 0.197 

V. The conduction band potential obtained experimentally is referenced against this Ag/AgCl 

electrode. The electrolyte used, 0.5 mol L⁻¹ Na₂SO₄, exhibited a measured pH of approximately 6.5. 

Therefore, the CB potential of MgAl-LDH, rGO, LDH/rGO(0.25), LDH/rGO(0.5), and LDH/rGO(0.75) 

were estimated to be -0.388, -0.253, -0.36, -0.34, and -0.33 V vs. NHE, respectively. The Scheme 1 study 

presents a comprehensive analysis of the band edge positions (relative to the Normal Hydrogen 

Electrode, NHE), bandgap energies, and photocatalytic redox potentials for reduced graphene oxide 

(rGO), pristine MgAl-layered double hydroxide (LDH), and LDH/rGO composites with varying LDH 

content (25%, 50%, and 75%). The CB potentials of all samples were found to be more negative than 

the O₂/•O₂⁻ potential (−0.33 V vs. NHE), facilitating the generation of superoxide radicals. The VB 

positions exceeded the oxidation potential threshold for H₂O/•OH, thereby enabling hydroxyl 

radical formation. Notably, as the LDH content increased, the bandgap exhibited a widening trend, 

ranging from 2.4 to 2.9 eV. The interfacial synergy and photocatalytic efficiency reached a peak at the 

LDH/rGO (0.5) composite, which demonstrated an optimal balance between active surface sites and 

charge carrier mobility. The band structures of rGO, MgAl-LDH, and various LDH/rGO composites 

with different LDH ratios were systematically analyzed to elucidate their photocatalytic behavior.  

As illustrated in Scheme 1a, the pristine rGO displayed a narrow bandgap of 2.3 eV; however, 

its photocatalytic activity was constrained by inadequate oxidative potential and rapid 

recombination. Conversely, MgAl-LDH exhibited a wider bandgap of 3.5 eV along with favorable 

redox potentials, yet it was limited by poor visible light absorption. Following the formation of 

composites, the bandgap of LDH/rGO narrowed in accordance with the LDH content: 2.4 eV for 

LDH/rGO (0.25), 2.8 eV for LDH/rGO (0.5), and 2.9 eV for LDH/rGO (0.75) in Scheme 1b. All 

composites-maintained conduction band positions more negative than −0.33 V, thus supporting •O₂⁻ 

generation, while their valence bands were sufficiently positive to facilitate •OH formation. 
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Figure 5. (a) Electrochemical impedance spectra (Bode phase plots (b) Bode Z plots, (c) Photocurrent density 

plots, and (d,e) Mott-Schottky plot of MgAl-LDH, rGO, and LDH/rGO (0.25, 0.5, 0.75). 
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Scheme 1. The representation of band edge alignment and photocatalytic mechanism of modified MgAl-LDH 

nanocomposites (a): band gap calculated for pure MgAl-LDH before the intercalation with rGO, (b): band gap 

calculated after intercalation of MgAl-LDH with rGO composites with varying LDH Content (0.25,0.5, &0.75). 

2.4. Photocatalytic Activity Assessment 

The photocatalytic performance of the synthesized materials was systematically investigated 

through the degradation of Malachite Green (MG) dye, initially prepared at a concentration of 10 

ppm. Experiments were carried out under optimized alkaline conditions (pH = 10) to achieve 

maximum degradation efficiency. The photocatalysts examined included pristine MgAl–LDH, pure 

rGO, and a series of rGO-intercalated MgAl–LDH nanocomposites synthesized at different LDH/rGO 

mass ratios (0.25, 0.5, and 0.75), enabling a comprehensive comparison of their photocatalytic 

behaviors. The study highlights how the molecular structure and cationic nature of Malachite Green 

influence its adsorption and subsequent degradation pathway on the catalyst surface, providing 

deeper insight into the relationship between composite composition and photocatalytic activity. 

2.4.1. Influence of dye structure and charge on degradation behavior. 

Figure 6 shows the Malachite Green dye, which studied the photocatalytic system, has an 

extended π-conjugated structure with delocalized π-electrons and is cationic [15,24]. Its degradation 

activity is to some extent related to the mass ratio of LDH to rGO in the composite. Especially, the 

degradable efficiency of pure rGO was ∼98%, and the LDH/rGO composites also own the high 

performance when the ratio of LDH/rGO is 0.25 and 0.5 (∼93%). However, the efficiency declines 

drastically at a higher LDH to rGO ratio of 0.75, reaching only ~24%. This behavior can be explained 

by the strong π–π stacking interactions between the aromatic rings of the target dye (e.g., malachite 

green) and the graphene sheets, which enhance adsorption onto the rGO surface. Additionally, under 

alkaline conditions (pH 10), the increased OH⁻ ion concentration facilitates the generation of hydroxyl 

radicals (·OH), which are highly reactive and promote effective dye degradation. Nevertheless, a 

higher proportion of LDH (as in the 0.75 ratio) may lead to reduced photocatalytic activity due to 

excessive coverage of rGO surfaces, limiting light absorption or promoting particle agglomeration, 

which in turn suppresses active site accessibility and overall performance. The degradation efficiency 

(%) can be calculated using the following formula: 

𝑫𝒆𝒈𝒓𝒂𝒅𝒂𝒕𝒊𝒐 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%) = [
𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏−𝑭𝒊𝒏𝒂𝒍 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏

𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝑪𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏
] ∗ 𝟏𝟎𝟎   [15]  

2.4.2. Role of pH in Dye Degradation 

The role of pH in dye degradation processes is closely related to the nature of the dye itself. This 

influence stems mainly from three interrelated aspects: the surface charge of the catalyst, which shifts 
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depending on the pH of the medium; the ionization behavior of the dye molecules; and the ability of 

the system to generate reactive radicals effectively at different pH levels, as seen in Table 2 for each 

dye. 

 

 

 

Figure 6. Photocatalytic degradation for MG with varying LDH Content (0.25, 0.5, & 0.75). 

Table 2. Comparison of mechanistic effect for the three organic dyes. 
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Dye Optimal pH Mechanistic Effect Ref 

MG 10 (alkaline) 
Favors ·OH generation, dye deprotonation, better 

rGO interaction. 
[25] 

 

Figure 7. Photocatalytic degradation performance and kinetic behavior of Malachite Green (MG) dye under UV–

visible light irradiation using rGO-intercalated MgAl–LDH composites. 

2.4.3. Proposed Mechanistic Pathways 

The photocatalytic degradation of organic dye such as Malachite Green (MG), using layered 

double hydroxide/reduced graphene oxide (LDH/rGO) nanocomposites operates via a synergistic 

mechanism involving light-induced charge separation and the subsequent formation of reactive 

oxygen species (ROS) [26]. Upon exposure to ultraviolet or visible light, electrons in the valence band 

(VB) of LDH are excited to the conduction band (CB), leaving behind holes in the VB. The reduced 

graphene oxide component plays a pivotal role in facilitating efficient charge transfer by acting as an 

electron acceptor and transporter, thereby suppressing the recombination of electron–hole pairs and 

prolonging the lifetime of photogenerated charges [27]. These charge carriers trigger a series of 

surface redox reactions: conduction band electrons reduce dissolved oxygen molecules to generate 

superoxide radicals (•O₂⁻), while valence band holes oxidize water or hydroxide ions to produce 

hydroxyl radicals (•OH). These ROS are the key oxidative species responsible for dye degradation. 

In the case of malachite green, degradation is initiated by stepwise N-demethylation of the 

dimethylamino groups, followed by cleavage of the central chromophore structure and aromatic ring 

opening [28]. This process leads to the formation of smaller intermediate compounds, including 

carbinolamines and phenolic derivatives, which are subsequently oxidized into low-molecular-

weight carboxylic acids. Complete mineralization ultimately yields CO₂, H₂O, and inorganic nitrogen 

species, as illustrated in Scheme 2. 
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Scheme 2. Mechanism of photodegradation of MG using LDH/rGO nano-catalys. 

The photocatalytic degradation of Malachite Green (MG) was found to be the most efficient 

among all tested systems, reflecting the strong interaction between the dye molecules and the 

LDH/rGO composite surface. The rGO and LDH/rGO photocatalysts with moderate rGO loadings 

(0.25 and 0.5) exhibited superior activity compared to pristine LDH, indicating a synergistic effect 

between the layered double hydroxide matrix and the conductive graphene sheets. 

This enhanced performance can be attributed to several factors: (i) improved charge separation 

and electron mobility facilitated by the rGO network, (ii) increased surface area providing more 

accessible active sites for dye adsorption, and (iii) favorable electrostatic interaction under alkaline 

conditions, which promotes the generation of reactive oxygen species (•OH and O₂•⁻) responsible 

for dye oxidation. 

Overall, the remarkable degradation efficiency of MG under UV–visible illumination confirms 

that the photocatalytic activity of LDH/rGO composites is strongly dependent on the rGO content 

and the solution pH. The moderate incorporation of rGO not only enhances light absorption and 

electron transport but also preserves sufficient hydroxide layers for pollutant interaction, resulting in 

an optimal balance between adsorption and photodegradation processes. 

3. Materials and Methods 

3.1. Materials 

All chemicals used in this study were of analytical grade and used without further purification. 

Graphene oxide (GO), magnesium nitrate hexahydrate [Mg(NO₃)₂·6H₂O, 99%], aluminum nitrate 

nonahydrate [Al(NO₃)₃·9H₂O, 98%], potassium hydroxide (KOH, 99%), potassium bicarbonate 

(KHCO₃, 99%), and hexadecyltrimethylammonium bromide (CTAB) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Hydrazine hydrate (99%) was obtained from Fluka AG (Buchs, 

Switzerland). Ammonia solution (NH₃) and absolute ethanol were procured from BDH (Poole, UK). 

3.2. Synthesis of Mg–Al LDH and LDH/rGO Nanocomposites via Ultrasonic-Assisted Co-Precipitation and 

CTAB-Templated Hydrothermal Methods. 
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MgAl-layered double hydroxide (LDH) samples with a molar Mg/Al ratio of 3:1 was synthesized 

via a conventional co-precipitation method under ultrasonic irradiation. Aqueous solution A was 

prepared by dissolving stoichiometric amounts of magnesium nitrate and aluminum nitrate in 

deionized water. Solution B consisted of a mixture of 1 M KOH and 0.5 M KHCO₃, which was allowed 

to equilibrate for 72 h. The detailed synthesis procedures, including reaction conditions and 

schematic representations (S1-S3). 

3.3. Characterization Techniques 

A range of characterization techniques was employed to analyze the synthesized bare and 

LDH/rGO samples, as detailed in the supplementary materials. 

3.4. Photocatalytic Study 

The photocatalytic degradation performance of MgAl-Layered Double Hydroxide and its 

composites with reduced graphene oxide (LDH/rGO) was evaluated against various organic dyes, 

including Malachite Green (MG). The experimental procedure was divided into three main steps: 

Step 1: Sample Preparation 

Aqueous dye solution (20 mL) was prepared with an initial concentration of 10 ppm. 

Optimization degradation includes variations in pH at a range (1, 3, 5, 7, and 10). Three composite 

catalysts with varying LDH/rGO weight ratios (0.25, 0.5, and 0.75) were utilized to examine the 

influence of rGO content on photocatalytic efficiency. For each reaction, 5 mg of catalyst was added 

to the dye solution. 

Step 2: Adsorption–Desorption Equilibrium (Dark Reaction) 

Prior to light irradiation, the dye-catalyst suspensions were stirred in the dark for 30 minutes to 

establish adsorption-desorption equilibrium between the dye molecules and the catalyst surface. This 

step ensures that any subsequent dye removal is due to photocatalytic activity rather than simple 

adsorption. 

Step 3: Photocatalytic Reaction under Visible Light 

The suspensions were then exposed to visible light to initiate the photocatalytic degradation. At 

specific time intervals, aliquots were withdrawn and centrifuged to remove the catalyst. 10, 20, 30, 

40, 50, 60, 70, 80, 90, 100, 110, and 120 minutes. Degradation is carried out using UV light. The 

supernatants were analyzed using a UV-Vis spectrophotometer to monitor the degradation of dye 

molecules by measuring the decrease in absorbance at the dye's characteristic wavelength at Figure 

8. 
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Figure 8. Experimental workflow of photocatalytic dye degradation using LDH/rGO composites under UV-

visible light. 

4. Conclusions 

In this study, MgAl–LDH intercalated with reduced graphene oxide (rGO) was successfully 

synthesized and systematically characterized to evaluate its structural, surface, and photocatalytic 

properties toward the degradation of Malachite Green (MG) under UV–visible illumination. The 

integration of rGO within the LDH matrix profoundly enhanced the physicochemical performance 

of the composite by improving electrical conductivity, increasing surface area, and facilitating 

efficient charge separation between photoinduced electrons and holes. 

Among the prepared series, the LDH/rGO composites containing moderate rGO ratios (0.25–0.5) 

exhibited superior photocatalytic activity, demonstrating the critical role of interfacial synergy 

between LDH layers and graphene domains. This balanced composition effectively combined high 

surface reactivity with optimal light-harvesting ability, leading to rapid MG degradation under 

alkaline conditions. The process followed a pseudo-first-order kinetic behavior, highlighting the 

dominant influence of surface adsorption and reactive oxygen species generation (•OH and O₂•⁻) in 

the overall degradation mechanism. 

The findings confirm that rGO not only acts as an electron mediator but also contributes to 

enhancing active site accessibility and dye adsorption, resulting in an integrated adsorption–

photocatalysis mechanism. This work provides valuable insight into the design of hybrid LDH–

carbon nanostructures with tailored interfaces for sustainable water purification applications. Future 

investigations may focus on extending this approach to other organic contaminants, exploring 

visible-light-driven modifications, and assessing catalyst stability under continuous irradiation for 

practical environmental deployment. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. 
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