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A B S T R A C T   

Designing efficient catalysts that possess large number of active sites, high catalytic activity and selectivity while 
also exhibiting strong antimicrobial activity is a challenging task because of poor control over material fabri
cation. Therefore, developing new and innovative approaches for the synthesis of catalytic materials is crucial for 
addressing these challenges. Here, we report the controlled fabrication of GQDs/Y-doped MgO nanoparticles 
achieved by co doping of yttrium (Y) and graphene quantum dots (GQDs) in magnesium oxide (MgO) based 
nanostructures (NSs) using the co-precipitation method. The co-doping of GQDs and Y was controlled by 
manipulating the ratio of precursors where introduction of GQD resulted in higher surface area and enhanced 
conductivity while the doping of Y enhanced the number of active sites in the final product. The GQDs/Y-doped 
MgO exhibited an average particle size of ~50 nm and a bandgap of 3.6 eV. Owing to these excellent charac
teristics, the GQDs/Y-doped MgO was utilized as a catalyst for treatment of the organic pollutants from water as 
well as antibacterial activity. The modified GQDs/Y-doped MgO nanostructure exhibited excellent activity of 
over 99.9 % for dye removal and versatility in a broad range of pH which clearly indicated the application in a 
range of different environments. Furthermore, the GQDs/Y-doped MgO exhibited excellent antibacterial activity 
against Escherichia Coli (E. Coli) bacteria. To gain further insights into the origins of this excellent activity 
response, the molecular docking simulations (MDS) is utilized against DNA gyrase and FabI (two enzymes critical 
to nucleic acid and fatty acid biosynthesis, respectively), to uncover the mechanism behind the observed anti
bacterial effects. In summary, the modified catalyst provides a pathway to design highly efficient catalysts for all 
pH range water treatment as well as good activity against microbes.   
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1. Introduction 

Water is a naturally occurring substance and plays a crucial role in 
the Earth’s industrial and economic development. Despite the fact that 
water accounts for 71 % of the Earth’s surface, only a fraction of it, just 
0.03 %, is suitable for drinking, and this is typically derived from fresh 
groundwater, rivers, and lakes [1,2]. The environment has been signif
icantly polluted by the presence of heavy metals and organic pollutants 
due to rapid industrialization and expanding human activities. Simi
larly, excessive usage of organic precursors in textile and pharmaceu
tical industries is contributing to the endangerment of aquatic life by 
allowing toxic dyes to proliferate [3]. The organic compounds such as 
dyes are directly discharged into water sources and ecosystems, result
ing in severe environmental consequences by increasing the chemical 
oxygen demand for aquatic life [4]. The degradation of ecosystem leads 
to growth of microorganisms such as Escherichia coli (E. coli) in the water 
bodies which leads to proliferation of biological condition called 
mastitis. This is a prevalent production disease in dairy farms world
wide, resulting in chemical, physical, and bacteriological changes in 
milk due to mammary gland irritation [5,6]. Therefore, it is important to 
find ways to remove these pollutants from water to enable a sustainable 
environment. 

Conventional methods, including ion exchange, adsorption, and 
aerobic treatment, are used to remove organic dyes from water. How
ever, these methods have limitations and constraints, such as incomplete 
removal leading to dye transfer and secondary pollution, and high en
ergy consumption [7,8]. Therefore, researchers are now focusing on the 
use of nanomaterials (NMs) as catalysts to remove the pollutants from 
water due to their low cost, less toxicity, chemical stability and envi
ronmentally friendly nature [9]. Among various metal oxides MgO, ti
tanium dioxide (TiO2), iron oxide (Fe2O3), tungsten oxide (WO3), and 
zinc oxide (ZnO), MgO presents a very attractive material because of its 
ease of fabrication, non-toxicity and low-cost [10–12]. Over the years, 
several MgO nanostructures, such as nanoparticles, nanoflowers, and 
nanosheets have been designed and have shown promising activities for 
dye degradation, antibacterial properties, and adsorption capability 
[13]. MgO has been actively investigated among the known metal oxide 
nanoparticles due to its distinctive solid structure and novel applications 
in catalysis and antibacterial activity [14]. Research has shown that 
specific surface area and particle size are significant factors in the 
effectiveness of adsorption, where MgO has a surface area of 250–300 
m2/g and a zeta potential of approximately 29.89 mV [15]. Further
more, according to the US Food and Drug Administration, nontoxic MgO 
has remarkable organic antibacterial applications for bone regeneration 
and heartburn relief compared to other Mg compounds [16–18]. Despite 
all these attractive features, the MgO based nanostructures still suffer 
from poor catalytic activity that must be improved to utilize these 
promising materials in practical applications. 

Here, we utilize the concept of dual doping to improve the catalytic 
activity of the MgO nanostructures. The dual doping is achieved by 
introducing GQDs and the Y species. Carbon quantum dots (CQDs) have 
emerged in recent years as a potential class of carbon-based nano
materials due to their excellent photo stability, water solubility, bio- 
compatibility, and low toxicity [19]. The GQDs provide suitable sub
strates for anchoring of the MgO nanostructures resulting in higher 
surface area which eventually improves the contact area with the 
reacting species [20]. It has been demonstrated that the honeycomb 
sp2-hybridized carbon structure of GQDs possesses excellent in vitro/
vivo biosecurity [21]. Since their initial discovery in 2004, GQDs have 
gained prominence ascribed to their adaptable structures, adjustable 
characteristics, superior water dispersibility, and remarkable compati
bility with biological systems, rendering them highly suitable for 
numerous applications within the realm of biology [22,23]. The main 
advantage of Y doping is that it reduces the energy band gap. Surface 
enrichment of Y3+ inhibits crystallite development, while surface 
segregation of Y3+ promotes the formation of oxygen vacancies. Owing 

to the reasons above, Y doping is expected to boost degrading efficiency 
[24]. The Y doping introduces active sites with suitable binding energies 
for efficient catalytic response. The GQDs/Y-doped MgO is applied as a 
catalyst for removing organic dyes and as an antibacterial agent against 
E. coli bacteria [25]. The material was synthesized via the 
co-precipitation approach, and a range of characterizations were con
ducted to determine the impact of the dopant on the material’s prop
erties. The designed catalyst exhibits excellent antibacterial activity 
against E. coli as well as its efficacy in dye degradation. This study 
further highlights the potential of GQDs/Y-doped MgO as an inexpen
sive and environmentally friendly material for various applications, 
including wastewater treatment and medical uses. 

2. Experimental Section 

2.1. Materials 

Magnesium chloride hexahydrate (MgCl2⋅6H2O, 99.0 %), yttrium 
nitrate hexahydrate (YN3O9.6H2O, 99.9 %), sodium hydroxide (NaOH, 
98 %), glucose-D (C6H12O6 99.5 %), ammonia solution (NH3, 33 %), and 
hydrochloric acid (HCl 37 %), were attained from Sigma Aldrich. 

2.2. Synthesis of GQDs 

GQDs were synthesized by 4g of glucose heated at 260 ◦C for 20 min 
until it was liquefied and yellow color turned orange. NH3 solution 
(12.5 %) was incorporated dropwise to liquefied orange glucose and for 
3 h vigorous stirring at 70 ◦C to eliminate ammonia odor. For neutral pH, 
HCl was incorporated. The obtained GQDs were stirred for 12 h at 
150 ◦C and then ground into a very fine powder. 

2.3. Synthesis of MgO and Y/GQDs-doped MgO 

MgO and Y/GQDs nanostructures (NSs) were synthesized by the co- 
precipitation method. 0.25 M of MgCl2.6H2O was stirred constantly at 
80 ◦C for 1 h to synthesize MgO. Afterwards, YN3O9.6H2O (2, 4 wt %) as 
a source of Y and GQDs (2 %) were added in stirred solution, respec
tively. The pH was maintained at 12 by using 1 M of NaOH solution then 
precipitates were obtained. The solution was centrifuged two times with 
DI water to remove impurities at 15 ◦C, 7000 rpm for 7 min. Crystalloid 
solution was heated and stirred for 12 h at 80 ◦C, grinding the material 
into fine powder to obtain Y/GQDs doped MgO. 

2.4. Catalytic activity 

In catalytic activity, the oxidizing agent MB was degraded using 
sodium borohydride NaBH4 and the previously synthesized NSs as cat
alysts. All reagents like NaBH4 and MB have been utilized instantly after 
being prepared in order to preserve the experimental purity. Firstly, the 
MB solution was fabricated using 0.005 g of MB over 1000 mL of water 
and continuously stirred in the dark for 30 min. Utilizing a quartz cell, 
freshly synthesized 400 μL of 0.1 M solution of NaBH4 was mixed with 
MB aqueous solution (3 mL). To prepare the nanocatalyst solution, 
0.003 g of control and Y/GQDs doped MgO samples were dissolved in 3 
mL of DI water and then 400 μL of this solution were added and well 
integrated with the solution. The progress was observed in the absorp
tion reaction using a UV–Vis spectrophotometer at a specific time at 
normal temperature, in order to evaluate the rate at which MB dye 
degraded. When NaBH4 was introduced, MB changed to its leuco form 
(LMB), exhibiting dye degradation. 

2.5. Isolation and identification of MDR E. coli 

2.5.1. Sample collection 
Into sterile glassware, by direct milking, samples of raw milk were 

collected from lactating cows marketed at different vet clinics, markets 
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and dairy forms. After collection at 4 ◦C, raw milk was immediately 
transported to the laboratory. On MacConkey agar, coliforms in raw 
milk were numerated. For 48 h at 37 ◦C, all plates were incubated. 

2.5.2. Identification and characterization of the bacterial isolates 
Based on colonial morphology, E. coli was identified using the Gram 

stain and numerous biochemical assays in agreement with Bergey’s 
Manual of Determinative Bacteriology [26]. 

2.5.3. Antibiotic susceptibility 
The disc diffusion technique of Bauer et al. was used to conduct an 

antibiotics susceptibility test using Mueller Hinton agar (MHA) [27]. 
The test was carried out to explore antibiotic resistance of E. coli: 
Gentamicin (Gm) 10 μg (Aminoglycosides), Tetracycline (Te) 30 μg 
(Tetracyclines), Azithromycin (Azm) 15 μg (Macrolides), Ciprofloxacin 
(Cip) 5 μg (Quinolones), Amoxycillin (A) 30 μg (Penicillins), Ceftriaxone 
(Cro) 30 μg (Cephalosporins), and Imipenem (Imi) 10 μg (Carbapenem) 
[28]. E. coli purified cultures Growing and adjusting to the turbidity of 
0.5 MacFarland. To avoid the inhibition zones from overlapping, the 
antibiotic discs were placed away from the surface of the inoculation 
plate on Muller Hinton Agar (MHA) (Oxoid Limited, Basingstoke, UK). 
The data was interpreted according to Laboratory and Clinical Standard 
Institute after incubating on plates for 24 h at 37 ◦C [29]. MDR was 
assigned to bacteria that were shown to be resistant to a minimum of 
three antibiotics [30]. 

2.5.4. Antimicrobial activity 
Y/GQDs-doped MgO NSs were tested for antibacterial potential 

against germ strains derived from bovine and caprine mastitis. The po
tential in vitro antimicrobial activity of pure and Y/GQDs-doped MgO 
was examined using an agar well diffusion technique against ten chosen 
MDR E. coli isolates obtained from mastitic milk. A Petri dish containing 
Macconkey agar was swabbed with 1.5 × 108 CFU/mL (0.5 McFarland 
standard) MDR E. coli, and a sterilized cork borer was used to create 6 
mm-diameter wells. The nanomaterials were used in various concen
trations, including (1.0 mg/50 μL) and (0.5 mg/50 μL). For controls, the 
ciprofloxacin (0.005 mg/50 μL) was employed as the positive control, 
while DI water (50 μL) served as the negative control [31]. 

The Statistical analysis of inhibitory zone sizes, using SPSS 20, by 
one-way analysis of variance (ANOVA)and the bactericidal efficiency 
was estimated based on the size of the inhibitory zone (mm) [32]. 

2.6. Molecular docking analysis 

Previously, it was believed that key enzymes in nucleic acid synthesis 
(i.e., Rifampicin’s target) and fatty acid biosynthesis pathway were 
viable targets for the creation of antibiotics [33]. Antibiotics perform 
their function by targeting metabolic processes essential for bacterial 
survival and proliferation [34]. It is extensively reported that different 
metal-doped QDs possess bactericidal properties [35–37]. In this 
investigation, we utilized molecular docking (MD) to predict how DNA 
gyrase (i.e., the enzyme targeted by ciprofloxacin) and 
Enoyl-[acyl-carrier-protein] reductase (FabI) from the nucleic acid 
biosynthesis route and fatty acid metabolic pathway would react [38]. 
Accession codes 6KZV (Resolution: 2.4) and 4D46 (Resolution: 2.0) were 
obtained from the protein data bank to obtain the 3D crystal structures 
of the MDR E. coli target proteins, DNA gyrase and 
Enoyl-[acyl-carrier-protein] reductase (FabI), respectively [39,40]. We 
utilized the SYBYL-X 2.0 program to conduct docking investigations and 
evaluate the binding interactions between QDs and active site residues 
of the selected proteins, using the same methodology as in our prior 
research [41,42]. 

3. Results and discussion 

The synthesis of GQDs using glucose as precursor material is shown 

in Fig. 1a. The growth of GQDs was done via a two-step methodology 
where the glucose was melted firstly followed by addition of ammonia 
solution to convert glucose into GQDs. The growth of GQDs was 
controlled by carefully controlling the addition of ammonia solution in 
glucose solution as well as maintaining the pH of the solution. The MgO 
nanostructures were pre-synthesized by co-precipitation method. The Y/ 
GQD-doped MgO was synthesized by maintaining the concentration of 
GQD to a constant value and varying the Y concentration 2 and 4 wt. %. 
The synthesis methodology is summarized in Fig. 1. 

XRD analysis was performed to examine the phase purity and 
structural properties of both pristine and doped MgO. The analysis was 
conducted over a range of 2θ values ranging from 10 to 80◦ and the 
results are presented in Fig. 2 (a). The diffraction peaks observed at 
18.7◦, 38.0◦, 51.2◦, 59.0◦, and 62.5◦ along miller planes (001), (002), 
(012), (110), and (111), respectively, were in agreement with the hex
agonal structure of MgO (h-MgO), as represented in Fig. 2a. The addition 
of GQDs led to a slight shift towards lower angles and broadening of the 
peaks, which could be attributed to the small dimensions of GQDs (less 
than 20 nm in diameter) and their high specific surface area [43]. 
Additionally, peak was observed at 32.0◦ (111), revealing the cubic 
structure of MgO (c-MgO) and peak at 27◦ (20 2) indicating monoclinic 
phase (m-MgCO3), (JCPDS card no. 00-020-0669). The doping of Y into 
GQDs-MgO exhibited no new diffraction peaks clearly indicating that Y 
is doped in the crystal and no new phase was formed. However, rela
tively lower intensities show decreased crystal development and struc
tural deformation caused by Y3+ ion exchange for the ion of the pure 
sample, which could result in oxygen vacancies [44]. The JCPDS card 
numbers 01-076-1363, 00-045-0946, 01-075-1525, and 96-901-3256 
were used to match the patterns. A noticeable decrease in intensity at 
a higher Y percentage suggested a loss of crystallinity and a reduction in 
Y/GQDs-doped MgO NPs size [45]. 

The FTIR spectroscopy was used to identify functional groups and 
chemical compositions of modified materials. The results of the FTIR 
analysis of the MgO and Y/GQDs-doped MgO samples showed charac
teristic bands that corresponded to specific functional groups. The 
stretching vibration of H–O–H was detected at 3279 cm− 1, while the 
C––O stretching vibration was observed at 1381 cm− 1. The bands at 854 
and 829 cm− 1 were attributed to the vibration of Mg–O bonds [46,47]. 
The broadening of the bands in the doped samples was likely due to 
overlapping IR lines from both MgO and the dopant phase. Furthermore, 
the Selected-area electron diffraction (SAED) in Fig. 2c-f was used to 
obtain diffraction patterns for the modified samples to determine their 
crystal structures. The SAED analysis of the MgO and Y/GQDs-doped 
MgO samples showed discrete diffraction rings that were consistent 
with the planes (001), (200), (110), (111), (211), and (002) of MgO, 
confirming the XRD results. 

The optical properties of the pristine and Y/GQDs-doped MgO were 
investigated using ultraviolet–visible (UV–vis) spectroscopy, as shown 
in Fig. 3a. The absorption band of MgO was observed at 250 nm asso
ciated with n-σ* transition [48] and pure GQDs showed absorption in 
the range of ~260–320 nm [49], inset in Fig. 3a. Upon doping with Y 
and GQDs, the intensity of the peak was enhanced, indicating an in
crease in absorption of the incident light indicating higher concentration 
of oxygen vacancies [50]. Tauc’s equation was used to calculate the Eg 
that was decreased from (4.9–3.6 eV) for MgO and Y/GQDs doped MgO, 
respectively (Fig. 3b) and the band gap of GQDs 3.5 eV [51], inset in 
Fig. 3b. It is assumed that the value of Eg decreased because of an 
introduction of energy levels below and above the conduction band (CB) 
and valence band (VB), respectively, and increased oxygen vacancy 
concentration may be the source of the redshift [14]. Overall, the UV–vis 
spectroscopy results indicated that the Y/GQDs-doped MgO has 
improved optical properties compared to pristine MgO. 
Energy-dispersive X-ray spectroscopy (EDS) analysis was conducted to 
confirm the chemical composition of Y/GQDs doped MgO NSs, as shown 
in Fig. S1(a-d). The presence of O and Mg peaks confirmed the existence 
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of MgO, while the Y peak confirmed the doping of Y in the samples. The 
identified elements in Figs. S1e–j were uniformly distributed throughout 
the specimen levels, with varying elemental concentrations indicated by 
distinctive colors. 

TEM micrographs (Fig. 4a–d) were used to analyze the structural and 
morphological characteristics of the synthesized MgO and Y/GQDs- 
doped MgO NSs. Fig. 4a shows multiple structures of MgO nano
particles (NPs) with randomly oriented hexagonal and cubic-like struc
tures. It can be seen that the average particle size of the MgO 
nanostructures is ~70–80 nm. Incorporation of GQDs on MgO NPs 
resulted in decrease of the particle size with overall small-sized 
agglomerated structures due to the two-dimensional QDs controlling 
the size of MgO (Fig. 4b). This reduction in particle size led to an in
crease in surface area, which enhanced the catalytic activity. The doping 
of 2 wt. % Y did not affect the particle size much as can be seen in Fig. 4c. 
However, increasing the dopant (Y) concentration to 4 wt. % resulted in 
random nanostructure with most of the particles having small particle 
size (Fig. 4d). The HR-TEM micrographs in Figs. S2a–d provided further 
morphological and structural information on the synthesized NSs. The 
calculated inter-layer spacing of MgO was found to be 0.14 nm, which 
was consistent with the XRD results (Fig. S2a). With the incorporation of 
Y and GQDs, the d-spacing value slightly increased to 0.17 and 0.23 nm, 
respectively, which agreed with the XRD results as the peaks shifted 
towards lower angles (Figs. S2b–d). 

The catalytic reduction mechanism depicted in Fig. S3 involves the 
use of a reductant (NaBH4) and is preferred for its recyclability, ease of 
use, and simplicity. The reactants (NaBH4 and MB dye) adsorb onto the 
surface of the nanocatalyst, causing NaBH4 to split into ionic species, 
with BH4 acting as an H+ and e− donor species. In the catalytic reduction 
mechanism, NaBH4 donates e− and MB accepts electrons, resulting in 
the degradation of organic dye. The addition of a reducing agent without 
a nanocatalyst resulted in a prolonged reaction. The nanocatalyst ac
celerates the process by lowering the activation energy [52]. BH4‾ do
nates H+ and e− to MB dye, which breaks the double bond between 
aromatic rings and electrons. This results in conjugation, and the 
double-bonded N atom of the colorant molecule binds to the H atom, 
while the positively charged N accepts e− . The nanocatalyst acts as an 
e− -transfer source between the reactants, allowing es− to flow from the 
donor BH4 atom and reducing MB to LMB. The presence of nanocatalysts 
accelerates the degradation efficiency. 

The catalytic activity of the Y/GQDs-doped MgO NSs was found to be 
pH-dependent. The highest degradation rates were observed in the basic 
medium for all catalysts, with Y/GQDs-doped MgO NSs displaying the 
maximum catalytic activity. As shown in Fig. 5 (a-c), degradation rates 
of Y/GQDs in the acidic medium were 26, 95.74, 99.9, and 95.74 %; in 
the basic medium 13.6, 89.85, 99.9, and 99.9 %; and in the neutral 
medium 11.9, 63.36, 72.52, and 86.26 %, correspondingly, in 10 min. 
This is attributed to the cationic properties of MB, which promotes its 

Fig. 1. Preparation of (a) GQDs (b) Y/GQDs doped MgO NSs, represented schematically.  
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adsorption on the catalytic surface [53]. The research results revealed 
that the pH of the solution reaction constituted a vital role in dye 
degradation. But if the doping of Y3+ were increasing, Mg2+ concen
tration would surpass its optimal level and become the recombination 
center of electron-hole pairs, reducing catalytic activity [54]. The 4 % 
doping exhibited excellent activity in alkaline and neutral media owing 
to a larger number of active sites than undoped or 2 wt. % doped 

Y/GQDs doped MgO NSs. However, the 4 wt. % doped Y/GQDs doped 
MgO NSs seemed to have lower activity in acidic media in comparison to 
2 wt. % doped Y/GQDs doped MgO NSs. It can be assumed that Y/GQDs 
doped MgO NSs with higher doping of Y may have degraded upon 
exposure to a highly corrosive acidic solution. The integration of GQDs 
in MgO NSs was found to enhance the degradation rate, attributed to the 
minimal size of the crystal and the extensive surface area of GQDs [43]. 

Fig. 2. (a) Diffraction pattern, (b) FTIR analysis, and (c–f) SAED pattern of MgO, GQDs-doped MgO, and Y (2 and 4 %) GQDs-doped MgO.  

Fig. 3. (a) UV–Vis spectra and (b) Eg for MgO, GQDs-doped MgO, and Y (2 and 4 %) GQDs-doped MgO.  
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Fig. 4. TEM micrographs of (a) MgO, (b) GQDs-doped MgO, (c) 2 wt. %Y/GQDs doped MgO, (d) 4 wt. %Y/GQDs-doped MgO NSs.  

Fig. 5. Dye degradation of MgO, GQDs-doped MgO, and Y (2 and 4 wt. %) GQDs-doped MgO in (a) acidic, (b) basic, and (c) neutral media.  
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The Y doping further improved the catalytic activity due to the smaller 
crystallite size and effective dispersing of GQDs-doped MgO after Y 
doping, both of which contribute to the quantum-size effect [55]. 

The antibacterial activity of MgO and Y/GQDs-doped MgO NPs was 
investigated against E. coli, and the results are presented in Table 1. The 
inhibitory diameters in E. coli were found to be in the range of 1.55–2.85 
mm to 2.05–4.95 mm at low and high doses, respectively. Pristine MgO 
showed lower activity against E. coli compared to Y/GQDs-doped MgO 
NPs, indicating that doping enhances antibacterial activity. The 
increased antibacterial activity of Y/GQDs-doped MgO NPs can be 
attributed to the smaller particle size and larger surface area, which 
allows for greater penetration into bacteria and destruction of their in
ternal structures. In addition to particle size and surface area, the anti
bacterial activity was also affected by the cell surface charge density and 
the generation of free radicals and ROS (reactive oxygen species). The 
accumulation of NPs on the bacterial surface damages the cell mem
branes, leading to cell death by interfering with the reserve of NPs in
terruptions. The release of metal ions and ROS from NPs creates 
inhibitory zones that target the bacteria’s DNA and proteins, denaturing 
their activity and ultimately leading to cell death (Fig. 6) [61]. Cipro
floxacin was used as a positive control, and its inhibitory diameter 
against E. coli was determined to be 8.65 mm, corresponding to 0 mm for 
DI water. This indicates that Y/GQDs-doped MgO NPs have comparable 
antibacterial activity to ciprofloxacin and can potentially be used as an 
alternative antibacterial agent (see Table 2). 

In addition to their ability to bind with bacterial cells and disrupt cell 
membrane permeability, metal-doped QDs are also capable of inter
fering with important metabolic pathways [62]. Microbe toxicity of QDs 
is thus examined in more depth. Antibiotics may be able to battle bac
terial infections by blocking enzymes that play a crucial role in bacterial 
survival, which is the infection’s primary virulence factor [63]. On the 
basis of the good bactericidal activity (in vitro) of GQDs doped MgO and 
GQDs/Y- doped MgO against MDR E. coli, DNA gyrase and FabI enzymes 
of MDR E. coli were chosen as potential targets for molecular docking 
investigations (Fig. 7a and Fig. S4a). The optimal docked conformation 
of MgO doped with GQDs against DNA gyrase indicated an H-bonding 
interaction with Arg76 and a binding score of 1.49. (Fig. 7b). Fig. 7c 
shows that GQDs/Y-doped MgO had H-bonding interactions with Arg76 
and Arg136 and a binding score of 3.37. 

In the instance of FabI, the highest-scoring docked complex for MgO 
doped with GQDs demonstrated H-bonding interactions between Ala21 
and Ser91 with a binding score of 3.36, as shown in Fig. S4b. Fig. S4c 
demonstrates that the GQDs/Y-doped MgO exhibited a binding score of 
4.01 with H-bonding interactions with Ile20, Ala21, and Gly93. 

4. Conclusions 

In conclusion, this study demonstrates the successful synthesis of Y/ 
GQDs doped-MgO NSs using a simple and environmentally friendly co- 
precipitation method. The material’s structural and optical properties 
were characterized using various techniques, including TEM, FTIR, 
HRTEM, SAED, and UV–Vis spectroscopy. FTIR displayed Mg–O 

vibrations at 854 and 829 cm− 1, and the elemental composition of as- 
prepared samples was analyzed by EDS mapping. D-spacing for Y/ 
GQDs-doped MgO was investigated by HRTEM (0.14, 0.17 and 0.23 
nm), respectively and crystalline behavior determined by SAED analysis. 
A UV–Vis spectrophotometer examined optical characteristics and a 
significant reduction in Eg (4.9–3.6 eV) attributed to doping. The results 
showed that the doping process reduced the bandgap of MgO, resulting 
in improved catalytic activity and bactericidal effectiveness against 
MDR E. coli. The in silico molecular docking simulations suggested the 
inhibition of DNA gyrase and FabI as the possible mechanism behind the 
material’s biocidal activity. Overall, this study provides a promising 
approach for the development of efficient and sustainable antibacterial 
materials. 
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Table 1 
Comparative study about MB degradation of CSs/PAA-doped Al2O3 with previous literature.  

Material Synthesis route Degradation method MB degradation References 

Ag-Doped MgO Nanoparticles Sol-gel Photodegradation under UV irradiation 75 % in 180 min [56] 
Sn–MgO Nanoparticles hydrothermal process Photodegradation (UV light) 96 % in 200 min [57] 
MgO nanoparticles co-precipitation method with 

annealing 
Photodegradation under UV irradiation 79.05 % after 120 min [58] 

Cu-doped MgO nanoparticles Sol–gel technique Photodegradation (UV light) 90 % in 150 min along with 
cycling 

[59] 

MgO-0.6cc OA nanostructures ultrasound-assisted method Photodegradation under visible light at optimum 
pH value 

99 % in 25 min [60] 

GQDs/Y-doped MgO 
nanostructures 

co-precipitation method Catalytic degradation in the absence of light 99.99 % in 10 min (present 
work)  

Table 2 
Antibacterial efficacy of MgO and (2, 4 wt. %) Y/GQDs-doped MgO NSs.  

Samples Inhibition areas (mm)   

0.5 mg/50 μL 1.0 mg/50 μL 
MgO 1.55 2.05 
GQDs-MgO 1.75 2.75 
2 % Y 2.35 3.45 
4 % Y 2.85 4.95 
Ciprofloxacin 8.65 8.65 
DI water 0 0  
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