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Abstract
The development of efficient and chemically stable photocatalysts with improved 
charge separation is critical for the remediation of dye-contaminated wastewater. 
In this study, graphene oxide–magnesium oxide (GO/MgO) nanocomposites with 
ultralow GO loadings (0–0.05 wt.%) were synthesized through a co-precipitation 
route and evaluated for ultraviolet (UV)-driven methylene blue (MB) degradation. 
X-ray diffraction (XRD) results were consistent with the retention of the cubic MgO 
phase (JCPDS 45-0946) with crystallite refinement from 20.26 to 13.26  nm, while 
the slight peak-position variations were more consistent with interfacial strain 
than definitive lattice substitution. UV–visible diffuse reflectance spectra revealed 
a red shift and bandgap reduction from 5.11 to 4.71 eV. Fourier transform infrared 
(FTIR) and Raman spectra showed GO-related functional signatures and a decrease 
in the ID/IG ratio (0.886 → 0.830), suggesting strengthened interfacial interactions 
with increasing GO loading. The optimized 0.05 wt.% GO/MgO sample achieved 
91.6% MB degradation within 180  min and exhibited a 5.24-fold enhancement 
in the apparent pseudo-first-order rate constant (k = 0.00290  min−1) relative to 
pristine MgO (0.01518  min−1). Photocatalytic efficiency was maximized at pH  7–9 
with a catalyst dosage of 0.75 g L−1, and post-reaction XRD/FTIR analysis indicated 
good structural stability. The enhancement is attributed to crystallite refinement 
and GO–MgO interfacial charge-transfer pathways inferred from consistent 
structural/optical–kinetic correlations.

Keywords: Graphene oxide; Magnesium oxide; Nanocomposites; Photocatalysis; Charge 
separation; Dye degradation

1. Introduction
The escalating discharge of synthetic organic dyes from textile, pharmaceutical, and 
food processing industries poses severe environmental and health hazards due to their 
recalcitrant nature and toxic degradation products.1,2 Methylene blue (MB), a cationic 
thiazine dye extensively used in textile manufacturing, exhibits high stability and 
persistence in aquatic ecosystems, necessitating the development of efficient remediation 
strategies. Among various treatment technologies, heterogeneous photocatalysis has 
emerged as a promising approach for mineralizing organic pollutants into harmless 
products, such as CO2 and H2O, under ambient conditions.3
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Metal oxide semiconductors, particularly TiO2 and 
ZnO, have dominated photocatalysis research over the 
past decades. Recently, magnesium oxide (MgO) has 
garnered considerable attention due to its exceptional 
chemical stability, low toxicity, abundance on Earth, 
and unique surface basicity. The wide band gap of MgO 
(~5.0–5.5 eV) primarily limits its photocatalytic activity 
to the Ultraviolet (UV) region, while rapid electron–hole 
(e−/h+) recombination further diminishes the quantum 
efficiency. Therefore, strategic band gap engineering and 
improved charge-carrier utilization are imperative to 
unlock the full potential of MgO-based photocatalysts.4,5

Graphene oxide (GO), a two-dimensional carbon 
nanomaterial decorated with oxygen-containing 
functional groups (hydroxyl, epoxy, carbonyl, and 
carboxyl), has emerged as an efficient interfacial 
modifier for semiconductor photocatalysts due to its 
conjugated π-electron system and electron-acceptor 
characteristics.6 The integration of GO with metal oxide 
semiconductors can enhance photocatalytic performance 
primarily by facilitating interfacial charge transfer and 
improving pollutant–catalyst contact, while also enabling 
modest tuning of optical absorption depending on 
the oxide system. Recent studies on GO-based binary 
composites with TiO2, ZnO, and SnO2 have reported 
substantial enhancements in photocatalytic activity. 
However, GO/MgO nanocomposites remain relatively 
underexplored despite their promising theoretical 
framework.7-10 Ikram et al.9 reported that GO-doped 
MgO nanostructures achieve rapid degradation of MB 
and ciprofloxacin under acidic conditions, demonstrating 
the potential of this system. Similarly, composite 
systems incorporating reduced GO with MgO have 
shown improved photocatalytic activity. Nevertheless, 
systematic investigations correlating GO content with 
structural, optical, and photocatalytic properties, coupled 
with mechanistic insights into interfacial charge-transfer 
behavior and optimization of operational parameters, 
remain limited.11,12

In this work, we present a comprehensive study on the 
synthesis, characterization, and photocatalytic evaluation 
of GO/MgO nanocomposites with systematically varied GO 
content (0, 0.01, 0.03, and 0.05 wt.%). We employed a facile 
co-precipitation method followed by thermal treatment to 
promote GO–MgO interfacial coupling. The structural, 
optical, and chemical properties were investigated using 
X-ray diffraction (XRD), UV–visible diffuse reflectance 
spectra (UV–vis DRS), Fourier transform infrared (FTIR), 
and Raman spectroscopy. The photocatalytic performance 
was evaluated through MB degradation under UV 

irradiation, with detailed kinetic analysis and parametric 
optimization (pH and catalyst dosage). Furthermore, post-
reaction characterization was conducted to assess catalyst 
stability and reusability potential. Our results demonstrate 
that ultralow GO loading induces bandgap tuning and 
improved photocatalytic kinetics, suggesting improved 
charge-carrier utilization through interfacial electron 
transfer in the GO/MgO system.

2. Materials and methods
2.1. Materials

Magnesium nitrate hexahydrate (Mg(NO3)2·6H2O, ≥99%), 
sodium hydroxide (NaOH, ≥98%), and MB (C16H18ClN3S, 
≥95%) were procured from Sigma-Aldrich (United States 
[US]). GO aqueous dispersion (4  mg/mL, single-layer 
content >95%) was purchased from Graphenea (Spain). 
All chemicals were used as received without further 
purification. Deionized water (resistivity 18.2 MΩ·cm) was 
used throughout all experiments.

2.2. Synthesis of GO/MgO nanocomposites

GO/MgO nanocomposites were synthesized through 
a co-precipitation method adapted from the literature 
with modifications.11 Briefly, appropriate volumes of GO 
dispersion were diluted in 50 mL of deionized water under 
vigorous stirring to achieve final GO concentrations of 0, 
0.01, 0.03, and 0.05 wt.% relative to MgO. Subsequently, 
0.1 M Mg(NO3)2·6H2O solution (100  mL) was added 
dropwise to the GO suspension under continuous stirring 
at 60°C. The pH was maintained at 11–12 by dropwise 
addition of 2 M NaOH solution to ensure complete 
precipitation of Mg(OH)2. The resulting suspension was 
aged for 2 h at 60°C with constant stirring, then cooled to 
room temperature and aged overnight. The precipitate was 
collected by centrifugation (8,000  rpm, 10  min; [Hettich 
EBA 20 centrifuge, Andreas Hettich GmbH, Germany]), 
washed thoroughly with deionized water and ethanol to 
remove residual ions, and dried at 80°C for 12 h. Finally, 
the dried powder was calcined at 550°C for 3 h in an air 
atmosphere (heating rate: 5°C/min) to obtain GO/MgO 
nanocomposites. The samples were designated as pure 
MgO, 0.01-GO/MgO, 0.03-GO/MgO, and 0.05-GO/MgO 
based on their GO content.

2.3. Characterization techniques

XRD patterns were recorded using a Bruker D8 Advance 
diffractometer (Germany) with Cu Kα radiation 
(λ = 1.54056 Å) operating at 40 kV and 40 mA. Diffraction 
data were collected over the range of 10–90° with a step 
size of 0.02° and a scan rate of 2°/min. The crystallite size 
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(D) was calculated from the most intense (200) reflection 
using the Scherrer equation:

D K
�

�
� �cos

� (1)

where K is the shape factor (0.9), λ is the X-ray 
wavelength, β is the full width at half maximum (FWHM) 
in radians, and θ is the Bragg diffraction angle. The 
interplanar spacing (d) was obtained using Bragg’s law:

d � �
�2sin

� (2)

The lattice parameter (a) of cubic MgO was then 
determined using:

a d h k l� � �2 2 2 � (3)

Microstrain (ε) was estimated using:

�
�
�

�
4tan

� (4)

and dislocation density (δ) was calculated as:

� �
1

2D
� (5)

UV–visible diffuse reflectance spectra were obtained 
using a Shimadzu UV-2600 spectrophotometer (Japan) 
over the wavelength range of 200–800  nm with BaSO4 
as a reference standard. The optical band gap (Eg) was 
determined using Tauc plots for direct transitions 
according to:

(αhν)2 = A(hν−Eg)� (6)

where α is the absorption coefficient, hν is the photon 
energy, and A is a constant. The band gap was estimated by 
extrapolating the linear region of (αhν)2 versus plots to the 
energy axis.

FTIR spectra were recorded on a PerkinElmer Spectrum 
Two spectrometer (US) in the range of 400–4,000 cm−1 
using the KBr pellet method (sample: KBr = 1:100). Each 
spectrum was acquired with 32 scans at 4 cm−1 resolution. 
Raman spectroscopy was performed using a LabRAM 
HR Evolution spectrometer (Japan) with 532  nm laser 
excitation (power: 5 mW) to minimize sample heating. 
Spectra were recorded in the range of 100–3,200 cm−1 with 
an acquisition time of 30 s and three accumulations.

2.4. Photocatalytic activity evaluation

Photocatalytic degradation experiments were conducted 
using MB as a model pollutant under UV irradiation. In a 
typical experiment, 50 mg of photocatalyst was dispersed in 

100 mL of MB aqueous solution (15 mg/L) in a cylindrical 
quartz reactor. Before irradiation, the suspension was 
magnetically stirred in the dark for 30  min to establish 
adsorption–desorption equilibrium. The reactor was 
then exposed to UV light (λ = 365  nm, 36 W mercury 
lamp positioned 10 cm above the solution surface) under 
continuous stirring. At predetermined time intervals (0, 15, 
30, 45, 60, 90, 120, 150, and 180 min), 3 mL aliquots were 
withdrawn, centrifuged (10,000  rpm, 5  min) to remove 
catalyst particles, and analyzed using UV–Vis spectroscopy 
(Shimadzu UV-1800) at λmax = 664  nm. The degradation 
efficiency was calculated using the following equation:

Degradation %( ) �
�

�
C C

C
t0

0

100 � (7)

Where C0 is the initial concentration and Ct is the 
concentration at time t after adsorption equilibrium. All 
experiments were performed in triplicate, and average 
values with standard deviations are reported. For kinetic 
analysis, the pseudo-first-order model was applied using:

ln( )
C
C

kt
t

0 = � (8)

where k is the apparent rate constant (min−1) and t is the 
irradiation time (min).

2.5. Effect of operational parameters

The influence of solution pH (3, 5, 7, 9, and 11) and catalyst 
dosage (0.2, 0.3, 0.5, 0.75, and 1.0 g/L) on photocatalytic 
performance was systematically investigated using the 
optimal 0.05-GO/MgO catalyst. pH adjustments were 
made using 0.1 M HCl or NaOH solutions before catalyst 
addition. All other experimental conditions remained 
constant as described above.

2.6. Catalyst stability assessment

To evaluate the structural and chemical stability, the 0.05-
GO/MgO catalyst was recovered after the photocatalytic 
reaction (180  min), thoroughly washed with deionized 
water and ethanol, dried at 80°C overnight, and then 
subjected to XRD and FTIR analysis. The pre- and post-
reaction characterization data were compared to assess 
any structural or compositional changes that may have 
occurred during the reaction.

3. Results and discussion
3.1. Structural analysis

3.1.1. XRD

Figure  1 presents the XRD patterns of pure MgO and 
GO/MgO nanocomposites. All samples exhibited 
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characteristic diffraction peaks at 2θ ≈ 37.0°, 43.0°, 62.5°, 
74.7°, and 78.8°, corresponding to the (111), (200), (220), 
(311), and (222) crystallographic planes of cubic MgO (space 
group: Fm3m , JCPDS card no. 45-0946). The absence of 
secondary phases confirms successful incorporation of GO 
into the MgO matrix without compromising phase purity. 
Notably, the characteristic GO (001) peak expected at 2θ ≈ 
10–11° appeared as a weak, broad feature in GO-containing 
samples, becoming more pronounced with increasing GO 
content, consistent with literature reports.13-15

A slight shift of the (200) peak to lower 2θ values was 
observed with increasing GO content (43.30° for pure 
MgO–42.94° for 0.05-GO/MgO). However, this shift was 
modest and did not provide conclusive evidence for carbon 
entering the MgO lattice. Considering the small magnitude 
of this change and the lack of a clearly systematic shift of 
comparable scale across other major MgO reflections, 

the observed variation is more reasonably attributed to 
interfacial strain and microstructural effects associated 
with GO–MgO coupling, along with crystallite-size-related 
broadening. Concurrently, progressive peak broadening 
was evident, suggesting crystallite size reduction.

Quantitative structural parameters extracted from 
XRD data are summarized in Table 1. The crystallite size, 
calculated using the Scherrer equation (Equation [1]) 
from the (200) reflection, decreased systematically from 
20.26 nm for pure MgO to 13.26 nm for 0.05-GO/MgO. This 
reduction is attributed to GO sheets acting as nucleation 
sites and physical barriers that restrict the growth of MgO 
crystals during the synthesis process. The lattice parameter 
increased marginally from 4.204 Å (pure MgO) to 4.209 Å 
(0.05-GO/MgO), corroborating the peak shift observations. 
Microstrain values increased from 1.711 × 10−3 (pure 
MgO) to 2.613 × 10−3 (0.05-GO/MgO), while dislocation 

Table 1. Structural parameters of GO/MgO nanocomposites derived from X‑ray diffraction analysis

Sample 2θ (200) 
(°)

FWHM 
(°)

d‑spacing 
(Å)

Crystallite size 
(nm)

Lattice 
parameter (Å)

Microstrain 
(× 10−3)

Dislocation 
density (× 1015 m−2)

Pure MgO 43.30 0.421 2.102 20.26 4.204 1.711 2.437

0.01‑GO/MgO 43.30 0.480 2.102 17.79 4.204 1.948 3.159

0.03‑GO/MgO 43.25 0.501 2.104 17.03 4.208 2.036 3.450

0.05‑GO/MgO 42.94 0.644 2.105 13.26 4.209 2.613 5.684

Abbreviation: FWHM: Full width at half maximum; GO/MgO: Graphene oxide–magnesium oxide.

Figure 1. X-ray diffraction patterns of pure magnesium oxide (MgO) and graphene oxide (GO)/MgO nanocomposites with ultralow GO loadings (0.01, 
0.03, and 0.05 wt.%). All samples exhibit the characteristic reflections of cubic MgO, confirming phase retention across the series. The respective patterns 
are labeled according to GO loading to highlight the loading-dependent evolution of diffraction profiles. Any GO-related reflection is weak or not clearly 
resolved at these ultralow contents, consistent with composite formation dominated by interfacial coupling rather than the emergence of additional 
crystalline phases.
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density rose from 2.437 × 1015 m−2 to 5.684 × 1015 m−2, 
indicating enhanced lattice distortions and defect density 
with GO incorporation. These structural defects can 
potentially serve as charge-trapping sites, influencing the 
photocatalytic performance.

3.1.2. UV–visible diffuse reflectance spectroscopy

Figure  2A displays the UV–vis DRS absorption spectra 
of all samples. Pure MgO exhibited a sharp absorption 
edge at ~243  nm, characteristic of its wide band gap. 
GO incorporation induced a systematic red shift of the 
absorption edge and enhanced visible light absorption, 
particularly evident in the 0.05-GO/MgO sample. This 
extended absorption can be attributed to: (i) charge transfer 
transitions between MgO and GO, (ii) introduction of 
defect states within the band gap, and (iii) light scattering 
effects from the GO–MgO heterojunction.16

Band gap energies determined from Tauc plots 
(Figure 2B) are presented in Table 2. Pure MgO exhibited 
a band gap of 5.11 eV, consistent with literature values. 
Progressive GO loading resulted in substantial band gap 
narrowing: 5.01 eV (0.01-GO/MgO), 4.76 eV (0.03-GO/
MgO), and 4.71 eV (0.05-GO/MgO)—a total reduction 
of 0.40 eV (7.8%). This narrowing is attributed to the 
formation of intermediate energy states arising from GO’s 
oxygen-containing functional groups and the π-conjugated 
carbon network, both of which create electronic coupling 
with MgO. The red shift of 20.46  nm for 0.05-GO/MgO 
corresponds to improved visible light harvesting capacity, 
potentially enhancing photocatalytic activity under solar 
irradiation.17

3.2. Chemical bonding and surface analysis

3.2.1. FTIR spectroscopy

The FTIR spectra (Figure 3) provided crucial insights into 
the chemical structure and bonding environment of GO/
MgO nanocomposites. All samples displayed characteristic 
Mg–O stretching vibrations at 443 cm−1 and 594 cm−1, 
confirming the formation of MgO. Surface hydroxyl 
groups were evident from the sharp peak at 3,699 cm−1 
and the broad band centered at 3,340 cm−1, attributed 
to Mg–OH stretching and adsorbed water molecules, 
respectively. The intensity of these peaks decreased with 
increasing GO content, suggesting that GO sheets wrap 
around MgO nanoparticles, thereby reducing the exposed 
MgO surface area, which is consistent with XRD crystallite 
size observations.18,19

GO-specific functional groups emerged 
progressively with increasing GO content. The peaks 
at 1,727 cm−1 (C=O stretching of carbonyl/carboxyl 
groups), 1,623 cm−1 (C=C stretching of aromatic sp2 

carbon), 1,398 cm−1 (C–OH deformation), 1,132 cm−1 
(C–O stretching of epoxy groups), and the band near 
964 cm−1 (C–O–C-related vibrations) indicate the 
retention of oxygen-rich functionalities associated with 
GO after thermal treatment at 550°C. The appearance 
and gradual intensification of the ~964 cm−1 feature with 
increasing GO loading is consistent with strengthened 
interfacial interactions between GO functional groups 
and MgO surface sites. However, in the absence of the 
FTIR spectrum of pristine GO and without XPS analysis, 
this assignment should be regarded as suggestive rather 
than definitive evidence of a specific covalent bonding 
motif. Such interfacial contact is expected to promote 
more efficient electron transfer across the heterojunction 
interface, contributing to the enhanced photocatalytic 
performance.20 Carbonate-related peaks at 1,450 cm−1 
(C–O asymmetric stretching) and 865 cm−1 (O–C–O 
bending) were observed in all samples, arising from 
atmospheric CO2 adsorption on the basic MgO surface. 
Interestingly, these peaks diminished with the increase in 
GO loading, indicating that GO sheets may partially shield 
the MgO surface and reduce carbonate formation.

3.2.2. Raman spectroscopy

Raman spectroscopy was employed to probe the 
carbon structure and graphitic quality of GO in the 
nanocomposites (Figure  4A). Pure MgO exhibited weak 
features at ~275 cm−1 and ~447 cm−1, corresponding to 
MgO transverse optical and longitudinal optical phonon 
modes, respectively. These peaks were largely obscured in 
GO-containing samples due to the strong Raman scattering 
from GO.21

GO-doped samples displayed two prominent bands: The 
D band at ~1,338 cm−1 (A1g breathing mode of sp3 carbon 
atoms and structural defects) and the G band at ~1,598 
cm−1 (E2g phonon of sp2 carbon networks). The D-band 
intensity increased with the GO content, confirming 
GO incorporation. The ID/IG ratio is a critical parameter 
for assessing graphitic disorder and crystalline quality. 
As shown in Figure 4B, our results (Table  3) revealed a 
decreasing trend: 0.886  (0.01-GO/MgO) → 0.866  (0.03-
GO/MgO) → 0.830 (0.05-GO/MgO). This 6.3% reduction 
indicates improved ordering of sp2 carbon domains at 
higher GO concentrations, suggesting that GO sheets 
self-organize more effectively when present at sufficient 
loading, facilitating better π-electron delocalization. This 
enhanced electronic structure is favorable for electron 
transport and charge separation in photocatalysis.22-24

The slight upshift of the G band position (1606.5 
→ 1611.5 cm−1) with increasing GO content suggests 
compressive strain arising from GO–MgO interfacial 
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Table 2. Optical properties correlated with X‑ray diffraction‑derived structural parameters of GO/MgO nanocomposites

Sample GO loading 
(wt.%)

Absorption 
edge (nm)

Red shift 
(nm)

Band gap 
(eV)

Band gap 
reduction (eV)

Crystallite 
size (nm)

Lattice 
parameter (Å)

Microstrain 
(× 10−3)

Dislocation density 
(× 1015 m−2)

Pure MgO 0 243 0.00 5.109 0.000 20.26 4.204 1.711 2.437

0.01‑GO/MgO 0.01 247 4.69 5.012 0.097 17.79 4.204 1.948 3.159

0.03‑GO/MgO 0.03 261 17.90 4.758 0.351 17.03 4.208 2.036 3.450

0.05‑GO/MgO 0.05 263 20.46 4.711 0.397 13.26 4.209 2.613 5.684

Figure 2. Optical properties of graphene oxide (GO)–magnesium oxide nanocomposites. (A) Ultraviolet–visible diffuse reflectance spectra showing a red 
shift with GO loading. (B) Tauc plots for band gap determination using the direct transition model.

B

A
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interactions, corroborating XRD findings of lattice 
expansion and increased microstrain.

The formation of GO/MgO nanocomposites in this study 
is inferred from the designed co-precipitation route and the 
consistent, loading-dependent convergence of structural, 
optical, and vibrational signatures. XRD confirms retention 
of the cubic MgO phase with systematic microstructural 
evolution on GO loading, while FTIR and Raman spectra 
reveal GO-related functional and graphitic features that 
evolve progressively with composition. The accompanying 
red shift and bandgap reduction, together with the 
monotonic enhancement in the apparent rate constant across 
the GO series, further support the presence of an interfacially 
coupled GO–MgO system rather than a simple physical 
mixture. In the absence of direct morphological imaging, 
these multi-technique correlations provide coherent evidence 
for composite formation dominated by interfacial coupling.

3.3. Photocatalytic performance

3.3.1. MB degradation kinetics

The photocatalytic activity of GO/MgO nanocomposites 
was evaluated through MB degradation under UV 

irradiation. Figure 5A presents the temporal evolution of 
relative MB concentration (C/C0) for all samples. Pure MgO 
achieved only 44.3% degradation after 180 min, reflecting 
its wide band gap and high charge recombination rate. 
GO incorporation dramatically enhanced photocatalytic 
performance: 61.8% (0.01-GO/MgO), 82.5% (0.03-
GO/MgO), and 91.6% (0.05-GO/MgO). The 0.05-GO/
MgO catalyst demonstrated a 2.07-fold improvement in 
degradation efficiency compared to pure MgO.

Kinetic analysis (Figure  5B) revealed excellent 
adherence to pseudo-first-order kinetics (R2 > 0.98), as 
evidenced by the linear relationship between ln (C0/Ct) and 
irradiation time. The apparent rate constants (k) increased 
systematically with GO content (Table  4): 0.00290  min−1 
(pure MgO), 0.00527  min−1  (0.01-GO/MgO), 
0.00910 min−1 (0.03-GO/MgO), and 0.01518 min−1 (0.05-
GO/MgO). The 0.05-GO/MgO catalyst exhibited a 
remarkable 5.24-fold enhancement in rate constant relative 
to pure MgO, corresponding to a half-life reduction from 
239.1 min to 45.7 min.

These results surpass several recent reports on metal 
oxide-graphene composites. For example, GO/ZnO 

Table 3. Raman spectroscopy analysis of GO/MgO nanocomposites

Sample D‑band position (cm−1) G‑band position (cm−1) ID/IG ratio FWHMD (cm−1) FWHMG (cm−1)

0.01‑GO/MgO 1,330.4 1,606.5 0.886 77.8 71.2

0.03‑GO/MgO 1,343.4 1,608.5 0.866 83.3 71.4

0.05‑GO/MgO 1,345.4 1,611.5 0.830 84.1 69.5

Abbreviations: GO/MgO: Graphene oxide–magnesium oxide; FWHM: Full width at half maximum.

Figure 3. Fourier-transform infrared spectra of graphene oxide–magnesium oxide nanocomposites highlighting key functional groups

https://dx.doi.org/10.36922/EER025480080
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Figure 4. Raman spectroscopic analysis of graphene oxide (GO)/magnesium oxide nanocomposites. (A) Raman spectra showing D and G bands for 
GO-containing samples. (B) Variation of the ID/IG ratio as a function of GO content, demonstrating improved sp2 ordering.

B

A

Table 4. Kinetic parameters for methylene blue photodegradation

Sample Rate constant k (min−1) Half‑life t1/2 (min) Degradation at 180 min (%) R2 Enhancement factor

Pure MgO 0.00290 239.1 44.3 0.9909 1.00

0.01‑GO/MgO 0.00527 131.6 61.8 0.9951 1.82

0.03‑GO/MgO 0.00910 76.2 82.5 0.9874 3.14

0.05‑GO/MgO 0.01518 45.7 91.6 0.9845 5.24

Abbreviation: GO/MgO: Graphene oxide–magnesium oxide.
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nanocomposites achieved 3.2-fold enhancement in 
rhodamine B degradation, while GO/TiO2 showed 4.1-
fold improvement in methyl orange removal.9,25 Our 
5.24-fold enhancement in the apparent rate constant 

positions GO/MgO among the most effective graphene-
metal oxide photocatalysts reported to date. The 
superior performance can be attributed to the synergistic 
combination of: (i) narrowed band gap enabling enhanced 

Figure  5. Photocatalytic degradation kinetics of methylene blue over graphene oxide–magnesium oxide nanocomposites. (A) Degradation curves 
(C/C0 vs. time) for methylene blue photocatalysis. (B) Pseudo-first-order kinetic plots, ln(C₀/Ct) versus irradiation time, with linear fits and corresponding 
rate constants.
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photon absorption (Figure 2), (ii) reduced crystallite size 
potentially increasing the density of accessible reactive 
sites (Table  1), (iii) efficient electron scavenging by GO 
sheets minimizing recombination, and (iv) intimate 
interfacial contact/interactions facilitating rapid charge 
transfer (suggested by FTIR features including the band 
near 964 cm−1).

3.3.2. Effect of solution pH

Solution pH has a critical influence on photocatalytic 
processes through multiple mechanisms: catalyst surface 
charge, pollutant speciation, and reactive species generation. 
Figure 6 illustrates the pH dependence of MB degradation 
over 0.05-GO/MgO. Optimal performance was observed 
in the pH range of 7–9, achieving 94.9–95.8% degradation 
with rate constants of 0.01669–0.01965 min−1. Degradation 
efficiency decreased at both acidic (pH  3:  83.4%) and 
strongly alkaline (pH 11: 91.2%) conditions.

The pH-dependent behavior can be rationalized as 
follows. At acidic pH, the MgO surface becomes protonated 
(Mg–OH2

+), generating electrostatic repulsion with 
cationic MB molecules (pKa ≈ 3.8), hindering adsorption. 
In addition, reduced hydroxyl radical (–OH) generation 
occurs due to lower OH− availability. At neutral-to-
slightly alkaline pH (7–9), the surface carries a moderate 
negative charge (Mg–O−), facilitating MB adsorption 
while maintaining efficient –OH production. At a strongly 
alkaline pH (≥11), excessive OH− ions compete for active 
sites and may deactivate photogenerated holes through 
direct reaction, diminishing oxidative potential. Our results 
align with reports on MgO-based photocatalysts, where 
near-neutral pH typically yields optimal performance.26,27

3.3.3. Effect of catalyst dosage

Catalyst dosage optimization balances active site 
availability with light penetration (Figure 7). Degradation 
efficiency increased progressively with catalyst dosage: 
47.1% (0.2 g/L), 61.9% (0.3 g/L), 79.4% (0.5 g/L), reaching 
a maximum at 0.75 g/L (94.4%). Further increase to 1.0 g/L 
caused a slight decline to 92.9%.

The initial enhancement stems from increased 
availability of active sites and photon absorption. However, 
excessive catalyst loading (>0.75  g/L) increases solution 
turbidity, reducing photon penetration depth and 
creating light-screening effects that limit photocatalytic 
efficiency—a well-documented phenomenon. The optimal 
dosage of 0.75  g/L represents a practical compromise 
between catalytic activity and economic considerations.28,29

3.4. Photocatalytic mechanism

Figure  8 schematically illustrates the proposed charge 
transfer mechanism in GO/MgO nanocomposites. Under 

UV irradiation (hν ≥ Eg), photons are absorbed by MgO, 
promoting electrons from the valence band (VB) to the 
conduction band (CB), leaving behind holes:

MgO � � �� �h e hCB VB�

In pure MgO, rapid e−/h+ recombination limits 
photocatalytic efficiency. GO introduction provides 
an efficient electron sink due to its work function 
(~4.9 eV) being lower than MgO’s CB position (~−2.3 eV 
vs. normal hydrogen electrode). Photogenerated electrons 
spontaneously transfer from MgO CB to GO sheets, driven 
by this energetic gradient:30

e GOCB MgO( )
� �

This charge separation is potentially facilitated by 
interfacial contact between MgO and GO. The FTIR 
evolution of the band near 964 cm−1 is consistent with 
such interactions, although direct identification of 

Figure 7. Effects of catalyst dosage on methylene blue photodegradation 
efficiency and rate constant. Dual-axis plot showing optimization at 
0.75 g/L.

Figure 6. Effect of solution pH on photocatalytic degradation efficiency 
and rate constant for 0.05-graphene oxide–magnesium oxide catalyst
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specific bonding motifs would require XPS or related 
surface-sensitive analysis. The trapped electrons on GO 
subsequently reduce molecular oxygen to form superoxide 
radicals:

GO e O GO O( )� �� � �2 2

Simultaneously, photogenerated holes in MgO VB 
oxidize water or hydroxyl ions to generate hydroxyl 
radicals:

h H O H OHVB
� �� � �2

h OH OHVB
� �� �

These reactive oxygen species (–OH and –O2
−) are 

powerful oxidants that react with MB molecules, cleaving 
chromophoric bonds and ultimately mineralizing the dye:

MB + (OH, O2
−, h+)→Intermediates→ CO2 + 

H2O + mineral acids

The synergistic enhancements observed in our study, 
narrowed band gap (UV–vis DRS), reduced crystallite 
size (XRD), interfacial bonding (FTIR), and improved sp2 
ordering (Raman spectrometry), collectively contribute to 
the exceptional 5.24-fold rate enhancement by: (i) Increasing 
photon absorption efficiency, (ii) potentially increasing 

the density of accessible reactive sites, (iii) accelerating 
interfacial electron transfer, and (iv) likely suppressing 
charge recombination through interfacial electron transfer 
to GO. This mechanism is consistent with electron 
paramagnetic resonance studies on similar GO-metal 
oxide systems, which confirmed –OH and –O2

− as primary 
reactive species.31 Although XRD indicates crystallite 
refinement with GO incorporation, direct visualization 
and quantitative surface area analysis (scanning electron 
microscopy [SEM]/transmission electron microscopy 
[TEM] and Brunauer–Emmett–Teller [BET] method) 
were not available in the present study; therefore, claims 
related to surface-area-driven active-site enhancement 
are stated as potential inferences based on crystallite-size 
trends. In addition, direct verification of charge-separation 
behavior through photoluminescence (PL), transient 
photocurrent, or electrochemical impedance spectroscopy 
(EIS) was not performed in the present study; therefore, 
the recombination–suppression mechanism is presented 
as a supported inference based on kinetic enhancement 
and interfacial/optical trends.

3.5. Catalyst stability and reusability

Long-term stability is paramount for practical 
photocatalytic applications. We assessed the structural 

Figure 8. Proposed photocatalytic mechanism of the 0.05-GO/MgO nanocomposite for methylene blue (MB) degradation under ultraviolet (UV) irradiation. 
The MgO band-edge positions (estimated vs. NHE; ECB = −1.18 V and EVB = +3.54 V) are shown alongside key redox potentials (O2/•O2

− = −0.33 V and 
H2O/•OH = +2.38 V) using the measured optical band gap (Eg = 4.71 eV). Upon UV excitation, electrons are promoted from the VB to the CB, generating e−/h+ 
pairs (MgO + hν → e−

(CB) + h+
(VB)). GO is proposed to act as an electron acceptor, facilitating interfacial charge transfer (e−

(MgO) → e−
(GO)) and suppressing charge 

recombination. The transferred electrons reduce dissolved oxygen to superoxide radicals (O2 + e− → •O2
−), while VB holes oxidize surface H2O/OH− to 

hydroxyl radicals (H2O/OH− + h+ → •OH). The resulting reactive oxygen species (•O2
−/•OH) subsequently oxidize MB to degradation products.

Abbreviations: CB: Conduction band; NHE: Normal hydrogen electrode; VB: Valence band; GO: Graphene oxide; MgO: Magnesium oxide.
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and chemical integrity of 0.05-GO/MgO after 180 min of 
photocatalytic reaction through comparative XRD and 
FTIR analysis (Figure 9).

The XRD patterns (Figure  9A) of the post-reaction 
catalyst exhibited no new crystalline phases, confirming 
the cubic MgO structure remained intact. Peak positions 
were unchanged, indicating no phase transformation 
or chemical degradation occurred. A  marginal FWHM 
increase (~8%) was observed for the (200) reflection, 

suggesting minor surface amorphization attributable 
to prolonged UV exposure and interaction with the 
aqueous environment, a common phenomenon that is not 
detrimental to photocatalytic activity. The crystallite size 
decreased slightly to ~12.2 nm (from 13.26 nm), within the 
experimental variation. FTIR analysis (Figure 9B) revealed 
that characteristic Mg–O vibrations (443 and 594 cm−1) 
and GO functional groups (1,727, 1,623, 1,132, and 
964 cm−1) were preserved at >96% intensity, confirming 

Figure 9. Comparative characterization of the optimized 0.05-GO/MgO catalyst before and after photocatalytic reaction. (A) X-ray diffraction patterns 
indicate the retention of the cubic MgO phase. (B) Fourier-transform infrared spectra show no significant loss of the main functional-group features. These 
results suggest excellent structural and chemical stability of the catalyst under the applied reaction conditions.
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the GO–MgO heterojunction remained stable. A  slight 
increase (12–15%) in hydroxyl peak intensity (3,699 and 
3,340 cm−1) was attributed to enhanced water adsorption 
during aqueous reaction. Carbonate peaks showed 8–10% 
reduction, potentially due to surface cleaning effects 
during photocatalytic processes. These results demonstrate 
excellent structural and chemical stability of GO/MgO 
nanocomposites under operational conditions, suggesting 
potential for multiple reuse cycles without significant 
performance degradation. While comprehensive 
recyclability studies involving multiple degradation cycles 
are beyond the current scope, our stability assessment 
indicates promising reusability characteristics—a 
critical advantage for sustainable wastewater treatment 
applications.

4. Conclusion
GO–MgO nanocomposites with ultralow GO loadings 
(0–0.05 wt.%) were successfully synthesized through 
a co-precipitation route and evaluated for UV-driven 
MB degradation. XRD confirmed the retention of the 
cubic MgO phase across the series, while crystallite size 
decreased progressively from 20.26 nm for pristine MgO 
to 13.26  nm for 0.05-GO/MgO, indicating GO-assisted 
microstructural refinement. UV–vis DRS revealed a clear 
red shift and bandgap reduction from 5.109 eV to 4.711 eV 
with increasing GO content, suggesting an improved light-
harvesting capability. FTIR and Raman spectra showed 
GO-related functional and graphitic signatures, indicating 
interfacial interactions that evolve systematically with 
GO loading. Photocatalytic experiments demonstrated a 
substantial loading-dependent enhancement in activity, 
with the optimized 0.05-GO/MgO sample achieving 
91.6% MB degradation within 180  min. Kinetic analysis 
confirmed pseudo-first-order behavior, and the apparent 
rate constant increased from 0.00290 min−1 (pure MgO) to 
0.01518 min−1 (0.05-GO/MgO), corresponding to a 5.24-
fold enhancement. Performance was maximized at pH 7–9 
with a catalyst dosage of 0.75  g/L, and post-reaction 
XRD/FTIR analysis indicated excellent structural stability 
of the optimized catalyst. Overall, the enhancement is 
attributed to the combined effects of crystallite refinement, 
bandgap tuning, and GO–MgO interfacial charge-transfer 
pathways, as inferred from consistent structural/optical–
kinetic correlations. Direct morphological visualization 
and advanced charge-transport measurements (e.g., SEM/
TEM, BET, and PL/EIS) will be pursued in future work to 
further refine the mechanistic understanding.
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