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A B S T R A C T   

In this study, 3D BiOI nanoparticle (BOI NPs) modified MgCr2O4 nanoparticle (MCO NPs) was fabricated by 
simple sonochemical and coprecipitation method for the enhanced photocatalytic activity. The morphological 
structure of the MgCr2O4–BiOI nanocomposite (MCO-BOI NCs) was characterized by transmission electron mi
croscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), UV–visible diffuse reflectance 
spectroscopy (DRS), electron impedance spectroscopy (EIS) and photo luminescence (PL). The lower in the PL 
intensity and small arc in EIS for NCs shows the effective charge separation and lower in rate of recombination of 
charge carriers in NCs than the pure MCO and BOI NPs. The degradation efficiency of Rhodamine B (RhB) and 
malachite green (MG) by MCO-BOI NCs was found to be 99.5% and 98.2% receptivity. In addition, the photo
catalytic degradation of RhB and MG was studied under various environmental parameters (different pH, varying 
the concentration of NCs and dyes) and response surface (RSM) plot was performed. The complete mineralization 
of RhB and MG by MCO-BOI NCs was determined by TOC. In addition, the photocatalytic degradation pathway 
was elucidated based on GC-MS results and Fukui function. In addition, the toxicity of intermediate formed 
during the degradation of RhB and MG was predicted by ECOSAR. The present work highlights the application of 
MCO-BOI NCs in environmental remediation for toxic pollutant removal.   

1. Introduction 

Major contamination in the water bodies was due to the large 
discharge of organic pollutants including pharmaceuticals and dyes 
from industries (Zhang et al., 2019; Liu et al., 2012; Parasuraman et al., 
2011). Almost 15% of the environmental pollutant was due to the 
discharge of organic dye and their effluent discharge to Industrial water 
system annually (Liu et al., 2012; Parasuraman et al., 2011; Li et al., 
2017). Rhodamine B (RhB) is one of the major organic dye pollutants 
which have been used in the food industry and cosmetic and the higher 

in the accumulation in human body can leads to cancer (Guo et al., 
2011). Due to the higher toxic nature of RhB, its usage was banned, but 
still it is using in several dye industries (Guo et al., 2011; Wright et al., 
2010). In addition, malachite green (MG) is also one of the major 
organic dye pollutants, which has been widely used in leather, silk and 
paper industry (Srivastava et al., 2004). MG dye possesses low chemical 
oxygen demand (COD) equal to zero, which indicates that the pollutant 
does not undergo biodegradations (Srivastava et al., 2004). The alkaline 
aqueous medium enables the effective conversion of MG toMGleuco
carbinol, which also causes hazardous effect to living organism (Fischer 
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et al., 2011). MG discharge and its contamination in the water bodies 
can able to causes potential genotoxic, mutagenic, teratogenic and 
carcinogenic in many animal species, which damages the eco-system 
(Chen et al., 2010). Several reports show the conversion of MG to leu
cocarbinol malachite green (LMG) causes the accumulation in fish 
mucus for 10 days and even longer in fat and organs, which leads to 
cause cancer (Chen et al., 2010; Culp et al., 2002, 2006; Bergwerff et al., 
2003; Mittelstaedt et al., 2004). The higher in the toxic nature of MG, it 
was banned in USA and EU but still it is used fishery disinfection because 
of cost effective and high efficiency (Culp et al., 2006). Hence, the 
complete mineralization of organic pollutant is urgently needs for the 
environmental water treatment. The available literature shows that 
several techniques employed for the removal or complete degradation of 
organic pollutant such as adsorption, chemical coagulation separation, 
and photocatalysis (Wang et al., 2010; Bessekhouad et al., 2004; Chen 
et al., 2007; Malato et al., 2009; Natarajan et al., 2011; Ochiai et al., 
2012). Semiconductor nanomaterial-based material can be used for the 
complete mineralization due to enhanced optical, sensing and catalytic 
activity (Al-Qahtani et al., 2022; Balasurya et al., 2021a, 2021b, 2022). 
Few researches made efforts on the development of semiconductor 
based photocatalyst like ZnO, WO3, V2O5 and other metal oxide nano
catalyst for the generation of hydrogen under visible light. Mainly, 
WO3Nanoparticles (NPs) was non-toxic and it has wide application due 
to their optical, electrical and magnetic properties, which is cost effec
tive for the production and it is chemically stable (Lin et al., 2015; He 
et al., 2016; Wang et al., 2015; Rajamohan et al., 2017; Szilágyi et al., 
2012; Martinho et al., 2001). 

Semiconductor based photocatalyst such as spinel oxide (AB2O4), 
chromated (XCr2O4 = Co, Mn and Zn), ferrites and several metal oxides 
have widely used in several applications such as sensor element, cata
lytic support, magnetic material, high temperature ceramic, combustion 
catalysts and photocatalyst (Kim et al., 1992, 2001; Drazic et al., 1989; 
Pingale et al., 1996; Finocchio et al., 1995; Abbasi et al., 2019). Chro
mate based photocatalyst possess extensive activity due to their high 
surface area with suitable morphology. MgCr2O4 nanomaterial have 
widely used in the photocatalytic activity for environmental water 
treatment due to their extensive property such as higher in thermal 
stability, melting point and mechanical strength, which can elevate 
temperatures and humidity-sensing properties (Nayak et al., 2002). 
Abbasi et al., (2019) synthesized MgCr2O4 and MgCr2O4/Ag nano
structures and studied the photocatalytic activity of the nanomaterial 
against RhB, methyl orange (MO) and methylene blue (MB). They found 
that the photocatalytic degradation was more effective by MgCr2O4/Ag 
NCs than MgCr2O4 NPs under visible light irradiation (400 W tungsten 
lamp). According to the previous literature, the narrow band gap energy 
of MCO was found to be in the range of 1.5–1.9 eV (Finocchio et al., 
1996; Andrade et al., 2006; Abbasi et al., 2017). Recently, bismuth 
oxyhalide (BiOX, X = F, Cl, Br, I) based nanomaterial has been widely 
used as photocatalyst for the environmental remediation which attrac
ted great attention (Di et al., 2017, 2018, 2019, 2020). Several re
searchers studied that photocatalytic activity is mainly due to its unique 
and novel optical, anisotropic layered structure, mechanical and elec
trical properties (Zhang et al., 2018; Pirhashemi et al., 2018), which 
restively possess band gap in the range of 1.9–2.7 eV (Pirhashemi et al., 
2018; Raza et al., 2021). The relative band gap of BiOI possesses the 
visible light activation for the optimistic degradation of organic dye 
pollutant removal (Raza et al., 2021). Here, the pure BiOI sustains lower 
in the separation and transfer of charge carrier, higher in the rate of 
recombination of the charge carriers (Raza et al., 2021), which 
hampered in the photocatalytic application of the pure nanomaterial 
(Wen et al., 2017). According to the available literature, BiOI possess 
high vacancy oxygen and it shows excellent photocatalytic activity on 
removal various environmental pollutant (Zhang et al., 2018; Pirha
shemi et al., 2018; Raza et al., 2021; Raza et al., 2021, 2021). As it 
possesses high oxygen vacancy it can be used for the treatment of 
various environmental pollutants (Raza et al., 2021). In order to solve 

the issues, p-type BiOI was decorated on n-type MCO for the relative 
higher photocatalytic activity. Here, 3D BiOI modified MCO NCs was 
developed for the complete mineralization of organic pollutant such as 
RhB and MG, which can be used for the treatment of environmental 
water pollution. 

2. Experiments 

2.1. Fabrication of nanomaterial 

2.1.1. Preparation of MgCr2O4 
The MCO NPs was fabricated by co-precipitation method and we 

have adopted Akhundi et al. (2017) method with a slight modification. 
Briefly, 0.1 M of MgSO4 and 0.1 M of CrNO3 were dissolved in 100 mL 
distilled H2O and the suspension was stirred for 120 min. Then, 5 M of 
NaOH was added dropwise to the reaction mixture until the suspension 
was reach to pH 10. Afterwards, the reaction mixture was transferred to 
250 mL round bottom flask and the reaction mixture was refluxed at 
96 ◦C for 3 h. The appearance of green precipitate indicates the for
mation of MCO NPs. the particle was collected by centrifugation and 
washed twice with water and ethanol. The collected particle was dried at 
80 ◦C for 2 h and the collected nanomaterial was calcinated at 520 ◦C for 
4 h. 

2.1.2. Preparation of MgCr2O4–BiOI 
The MOC-BOI NCs was fabricated by sonochemcial method. Briefly, 

10 mmol of fabricated MCO NPs was sonicated for 40 min under colling 
jacket to maintain the temperature at 10 ◦C and labeled as solution A. 
Then, BiNO3 (1, 2 and 3 mmol) dissolved in 1 mol of HNO3 was added 
separately and the suspension was stirred until the clear solution appear 
and labeled as solution B. Then, the reaction mixture solution B was 
added dropwise to solution A and stirred for 30 min. Then, 3 mM of KI 
was added dropwise to the suspension and the reaction mixture was 
stirred at 80 ◦C for 30 min. The prepared particles were collected by 
centrifugation at 10,000 rpm for 10 min and washed twice with water 
and ethanol. Similarly, pure BOI was fabricated in absence of MCO NPs. 
The fabricated nanomaterial was named as MCO-BOI-10% 
(MgCr2O4–BiOI-10%), MCO-BOI-20% (gCr2O4–BiOI-20%) and MCO- 
BOI-30% (MgCr2O4–BiOI-30%), MCO (MgCr2O4) and BOI (BiOI). The 
detailed description of the morphological and other characterization 
analysis of fabricated nanomaterial is provided in the Supplementary 
material Text S1. 

2.2. Photodegradation experiments 

The photodegradation experiment was performed at 20 mg/L of 
fabricated photocatalyst (BOI, MCO and MCO-BOI) to the targeted 
pollutant such as RhB (in presence of 1 mL H2O2) and MG, where C0 =

20 mg/L. Then, the reaction mixture was kept in shaker for 30 min under 
dark condition to obtain the absorption equilibrium. Thereafter, the 
reaction mixture was irradiated under visible light (halogen lamp 1000 
W). At specific time intervals 2 mL of the reaction mixture was collected 
and the UV–visible absorption spectra were recorded in the range of 
400–700 nm. In addition, the photodegradation of MCO-BOI NCs was 
studied at various pH parameters (pH 5 to 9). Further, the effect 
different NCs concentrations (5–25 mg/L) and different concentration of 
dyes (5–25 mg/L) on photodegradation also recorded. The reusability of 
the nanomaterial was determined by performing the six-cycle test and 
the stability of the NCs was determined by XRD and XPS after irradia
tion. Radical scavenging test was performed by addition of Ethyl
enediaminetetraacetic acid (EDTA - 1 mL, C = 1 mmol), AgNO3 (1 mL, C 
= 1 mmol), isopropyl alcohol (IPA – 1 mL) and Benzoquinone (BQ - 1 
mL). They were added to the reaction mixture separately in the exper
iment and the UV–visible absorption spectra were recorded. 
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2.3. RSM 

The experimental design of response surface methodology (RSM) 
was performed to study the influence of dye concentration, nanoparticle 
concentration and pH with the response on the degradation efficiency of 
RhB and MG. The central composite design on the photocatalytic 
degradation of RhB and MG was performed with three parameters with 
factorial point (24). The surface plot and histogram plot against dye 
concentration verses NCs concentration, dye concentration verses pH 
and NCs concentration verses pH was performed to determine the 
effective degradation of RhB and MG by MCO-BOI NCs. 

2.4. Computational analysis 

The density function theorem (DFT) analysis was performed for RhB 
and MG dye. The Fukui function was calculated by Dmol3 by optimized 
GGA parameter. DFT was performed to determine the HUMO, LUMO 
and electronic density of RhB and MG dye. Thus, the results predict the 
radical, electrophilic and nucleophilic attack. The toxicity of in
termediates was predicted by ECOSAR software, which provides the 
data of acute and chronic toxicity on fish, algae and daphnia (Wang 
et al., 2020a,b). 

3. Results and discussion 

3.1. Characterization 

3.1.1. TEM and SEM 
The morphological characteristics of the synthesized MCO, BOI and 

MCO-BOI NCs were determined by transmission electron microscopy 
(TEM) and scanning electron microscopy (SEM) analysis (Fig. 1). SEM 
image of the MCO NPs illustrate that the particle is spherical in shape 
and the SEM imaging of BOI illustrate the formation 3D nanosheets 
cluster to form nanoflower (Fig. 1a). SEM elemental mapping of MCO- 
BOI NCs further confirms the presence of Mg, Cr, O, Bi and I (Fig. 1b). 
TEM image of MCO-BOI indicates the formation of both flower and 
spheres (Fig. 1c). In Fig. 1c, the low magnification TEM image indicates 
the faces of the 3D nanoflower and nanosphere. In the other hand, co- 
facet with two coexist lattice spacings at 3.14 nm indicate the forma
tion of BOI with hkl plane of (102) and 3.42 nm nm indicate the for
mation of MCO with corresponding hkl plane of (220) (Fig. 1c2). The 
formation of two lattice crystal structure confirms the formation of 
nano-heterojunction of MCO-BOI. Further the crystalline structure of the 
NCs was determined by the selected area electron diffraction (SAED) 
pattern. Insert of Fig. 1c1, indicate the crystalline structure formation. 
Energy dispersive X-ray analysis (EDAX) shows the presence of Mg, Cr, 

Fig. 1. SEM image of (a1) MgCr2O4, (a2) BiOI, (a3) MgCr2O4–BiOI, (b) elemental mapping of MgCr2O4–BiOI and (c) TEM image of MgCr2O4–BiOI.  
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O, Bi, O and I. Further, the weight percentage ratio of Bi, Mg, Cr, I and O 
was observed to be 16.5%, 14.46%, 32.46%, 35.49% and 1% respec
tively (Supplementary material Fig. S1a). 

3.1.2. XRD 
The XRD crystalline pattern of MCO, BOI and MCO-BOI are displayed 

in Fig. 2a. The XRD pattern of MCO showed sharp peaks at 2θ of 18.8, 
35.8, 43.8 and 63.3 with corresponding hkl planes of (111), (311), (440) 
and (440) (JCPDS card no: 00-010-0351). Further, the XRD pattern of 
BOI showed sharp peaks at 2θ of 27.5, 31.2, 44.8, 45.9, 53.3, 54.9 and 
56.72 with corresponding hkl plane of (101), (110), (103), (200), (104), 

(114), (212) and (213) (JCPDS card no: 00-010-0351). Thus, the XRD 
pattern confirms the formation of pure MCO and BOI. In addition, the 
XRD pattern of MCO-BOI indicate the crystalline phase of both MCO and 
BOI and thus the result conclude the effective formation of nano 
heterojunction. 

3.1.3. FTIR 
The functional group present in MCO-BOI NCs was determined by 

FTIR analysis and it is displayed in Fig. 2b. The peak stretching at 3570 
cm− 1 corresponds to OH group stretching present in the nanomaterials 
(Li et al., 2017). The FTIR peak stretching at 1630, 1385 and 1122.58 

Fig. 2. (a) XRD, (b) FTIR, (c) UV–visible DRS, (d) PL, (e) EIS and (f) ESR of MgCr2O4, BiOI and MgCr2O4–BiOI NCs.  
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cm− 1 corresponds to the Cr–O and I–O respectively (Finocchio et al., 
1995). The peak stretching in the range of 600 to 400 cm− 1indicates the 
metal oxide frame work (Li et al., 2017). 

3.1.4. UV–visible DRS 
UV–visible diffuse reflectance spectra (DRS) of MCO, BOI and MCO- 

BOI were analyzed to determine the band gap energy of the nano
material. The Kubalka Munk plot was used to determine the band gap 
energy of the nanomaterial and it is calculated as follow: 

F(R)hv2 =A
(
hv − Eg

)
(1) 

where A, ν, h, F, and Eg, were a constant light, frequency, Planck’s 
constant, Kubelka-Munk function and band gap energy respectively. The 
band gap energy of the pure MCO and pure BOI was calculated to be 
1.78 and 2.41 eV (Fig. 2c). Here, the modification of pure MCO by BOI 
causes the increase in the band gap energy of the composite which 
causes the red shift (Wen et al., 2017). Thus, the results show the change 
in the narrow band gap of MCO to visible range leads to effective pho
tocatalytic activity of NCs. The band gap energy shifted from 1.78eV to 
2.12 eV, 2.23 eV and 2.38 eV which corresponds to MCO-BOI-10, 
MCO-BOI-20 and MCO-BOI-30 (Fig. 2c). The shift in the band gap 
causes the effective charge transfer of the h+ and e− separation under 
visible light irradiation. 

3.1.5. Photoluminescence 
The charge separation of the fabricated nanomaterial was further 

determined by photoluminescence analysis. Fig. 2d shows the emission 
peaks at 615 and 530 nm for MCO and BOI NPs and the observed peaks 
correspond to the existed vacancies of chromate and bismuthate of near- 
band edge emission. The emission peak was due to the possible struc
tural defects on various oxidation states of Cr and Bi. The defect struc
ture causes the electrical balance due to the insertion of the lattice O2

−

from environmental O2 or the occurrence of oxygen vacancies (Xia et al., 
2021). Here, after the modification of MCO and BOI causes the lower in 
the PL intensity of the NCs, which was due to the occupation of the 
lattice vacancies of both the nanomaterial. The lower in the PL intensity 
results in the lower in the rate of recombination of h+ and e− . Thus, the 
results show that the enhanced photocatalytic activity of MCO-BOI NCs 
than pure MCO and BOI NPs. 

3.1.6. EIS 
The electrochemical impedance spectroscopy (EIS) was further 

analyzed to determine the charge transport and separation of charge 
carriers in the nanomaterial (Fig. 2e). The EIS spectra show higher in the 
frequency of pure MCO and pure BOI than MCO-BOI NCs. The higher in 
the frequency of impedance spectra shows the higher in the recombi
nation rate in the nanomaterial (Xia et al., 2021). The lower in the 
impedance spectra of MCO-BOI NCs shows effective charge separation 
and charge transfer than pure MCO and BOI. Thus, the results also 
conclude the effective photocatalytic activity of MCO-BOI NCs than pure 
MCO and BOI NPs. 

3.1.7. BET surface area analysis 
The surface area of the particle plays a major role in the degradation 

of organic pollutant. Higher in the surface area of nanocatalyst can 
interact and adsorb the dye effectively for the effective removal. The 
BET surface area method was used by several researchers to determine 
the surface area of the nanocatalyst. The BET plot of adsorption and 
desorption isotherm of MCO, BOI and MCO-BOI NCs are shown in 
Supplementary material Fig. S2. Here, the N2 adsorption and desorption 
illustrate that the nanocatalyst follows Type – IV isotherm with H3 
hysteresis loop structure, which indicated that the fabricated nano
material possess mesoporous structure (Phan et al., 2018). The surface 
area of MCO-BOI NCs (8.74 m2/g) was higher than the pure MCO and 
BOI NPs (Table 1). The corresponding pore size (diameter) and pore 

volume of MCO-BOI NCs was found to be 4.7 nm and 0.010 cm3/g 
respectively. The higher in the surface area of the MCO-BOI NCs offers 
higher interaction with dyes which enhanced the photocatalytic 
degradation process compared to individual particles. 

3.1.8. ESR 
The ESR spectra of MCO and MCO-BOI NCs are shown in Fig. 2f. The 

reactive species involving in photocatalytic degradation process were 
identified further by using ESR (electron spin resonance) analysis. The 
spectra represent a broad resonance peak which can be considered due 
to overlapping of signals that aren’t to be separated with confidence as 
its too close. The signal intensity of MCO-BOI for trapping hydroxyl 
radical (•OH) is stronger than MCO and BOI. The results also suggest 
that the amount of holes present in the system of MCO-BOI NCs is higher 
than that of MCO and BOI. 

3.1.9. XPS 
The XPS analysis of MCO-BOI NCs was determined which is used to 

determine the chemical state and surface composition of the materials 
(Fig. 3). The presence of Mg, Cr, Bi, I and O were confirmed in the XPS 
analysis. The presence of O was confirmed by sharp peak at 528.5 eV 
with corresponding orbital spin of 1S. The XPS spectra of O 1S showed 
the fitting peak at 528.5 and 538.3 eV which corresponds to the metal 
oxygen and surface oxygen adsorbed to the nanomaterial (Finocchio 
et al., 1996; Zhang et al., 2018). The XPS spectra of Bi showed strong 
peak at 157.6 and 163.1 eV which corresponds to the orbital spin of 4f7/2 
and 4f5/2 respectively (Zhang et al., 2018). The sharp peaks at 575.3 
584.6 eV corresponds to Cr 2p3/2 and 2p½ ((Finocchio et al., 1996). XPS 
spectra of I showed sharp peaks at 617.8  and 634.8 eV which corre
sponds to the spin orbital of 3d5/2 and 3d3/2. The peaks at 662.6 and 
634.6 eV were due to the satellite peak of I (Zhang et al., 2018). The 
sharp peak at 1303.2 eV corresponds to Mg with its corresponding spin 
of 2p (Finocchio et al., 1996). The XPS spectra of MCO-BOI NCs showed 
both MCO and BOI peaks, which indicates the effective formation of 
nano heterojunctions. 

4. Photocatalytic degradation of RhB and MG 

The photocatalytic efficiency of MCO-BIO NCs was evaluated by the 
photocatalytic degradation of RhB and MG under visible light. The 
degradation efficiency of MCO-BOI NCs was studied as 10%, 20% and 
30% (mol ratio) decoration of BOI on the surface of MCO. The results 
indicate that 30% decoration of BIO on MCO showed effective degra
dation of RhB and MG. Here, Fig. 4 a1 and b1 illustrate the UV–visible 
absorption spectra of the photocatalytic degradation of RhB and MG. 
The loss in the characteristic peak intensity at 556 nm for RhB and 626 
nm for MG observed under visible light irradiation. The complete 
disappearance of the peak intensity of RhB and MG was found to be 40 
and 80 min by MCO-BOI NCs respectively (Fig. 4a1 and b1). The 
degradation efficiency of NCs on RhB and MG was calculated to be 99.5 
and 98.2% respectively (Fig. 4a2 and b2). In addition, the efficiency of 
the photocatalytic activity of pure MCO and BIO were determined to be 
93% and 53% on RhB and 9.8 and 51% on MG respectively. Thus, the 
results conclude that the degradation efficiency was higher in MCO-BIO 
NCs than pure MCO and BIO NPs (Fig. 4a and b). From the results it was 
understood that the formation of heterojunction shows effective 

Table 1 
BET surface area, pore volume and pore size values of the prepared 
nanomaterials.  

Sample Specific surface area 
(m2/g) 

Average pore 
diameter (nm) 

Pore volume 
(cm3/g) 

MgCr2O4 5.05 4.13 0.005 
BiOI 4.85 3.48 0.004 
MgCr2O4–BiOI 8.74 4.77 0.010  
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degradation under visible light and the rate kinetic and order of the 
reaction was evaluated by Equ. 2. 

ln
(ct

co

)
= kt ln

(ct
co

)
= kt (2) 

Here, C0 is the absorbance of the solution at time t = 0 and Ct is the 
absorbance at time ‘t’. Here, the rate constant for the photocatalytic 
degradation of RhB and MG by MCO-BIO NCs was found to be 0.025 and 
0.0092 min− 1 which was higher than pure MCO and BIO NPs. In 

addition, the experimental profile observed in the photodegradation 
kinetics, and considering that the active sites have a constant number. 
The increase in the surface area of the NCs shows the effective adsorp
tion of RhB and MG than the pure MCO and BOI NPs. In addition, the 
regression co-efficient on the photocatalytic degradation of RhB and MG 
was >0.95 and the reaction is expected to follow first-order kinetics. 
Table 2 illustrate the comparison of photodegradation of the present 
work with the available literature. According to the previous literature 
the effective degradation of RhB and MG achieved was in 70–94% and 

Fig. 3. XPS of MgCr2O4–BiOI NCs.  

Fig. 4. UV–visible absorption spectra, C/C0 and ln(C/C0) plot on the degradation of (a1, a2 and a3) RhB and (b1, b2 and b3) MG.  
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72–92% respectively. Here, MCO-BOI NCs was found to be an effective 
nanomaterial for the complete mineralization of pollutants such as RhB 
and MG. 

5. Effects of environmental parameters on photodegradation of 
RhB and MG 

The effect of parameters such as NCs concentration, dye concentra
tion and pH on photodegradation was investigated. The photocatalytic 
degradation of RhB and MG under different pH 5 to 9 is provided Sup
plementary material Fig. S2a and S3a respectively. The photocatalytic 
degradation of RhB by MCO-BIO NCs shows that the degradation was 
effective at pH 5 and for MG the degradation was effective at pH 6. In 
addition, the complete degradation of the MG was also observed on pH 8 
and pH 9. Here, the photolysis of MG takes place under alkaline pH 
hence complete degradation observed in absence of NCs. Further, the 
photocatalytic degradation experiment was performed by varying the 
concentration of NCs and the results conclude that the rate of degra
dation increased with increase in concentration of NCs (Supplementary 
material Fig. S2b and S3b). The higher in the concentration of NCs 
possess higher in the surface area of the NCs which can provide more 
surface to interact with organic molecules, thus shows the higher the 
degradation of RhB and MG at higher concentration of NCs. In addition, 
the similar experiment was performed by varying the concentration of 
RhB and MG and the results showed that the complete mineralization 
was observed from 5 to 20 mg/L (Supplementary material Fig. S2 and 
S3). 

The complete mineralization of RhB and MG was determined by total 
organic carbon (TOC) analysis. TOC in pollutant before and after 
degradation was estimated by walkey-black method. Here, the results 
showed that the TOC removal after degradation of RhB and MG was 
calculated to be 92 and 94%. Thus the results shows that the complete 
mineralization of RhB and MG under visible light. 

6. Radical scavenging, stability and reusability 

The reusability of MCO-BIO NCs is essential for the photocatalytic 
degradation of RhB and MG, and its reusability efficiency was deter
mined by six cycle tests (Supplementary material Fig. S4a1 and b1). The 
result concludes that the reusability efficiency on the degradation of RhB 
and MG was calculated to be 100% and 95.2% respectively. The dif
ference in the degradation efficiency of the first and sixth cycle on RhB 

was found to be negligible (equal to zero) and in the case of MG was 
4.6%. The effect of different quencher on the capture of •OH, •O2, h+

and e− was determined by the addition of IPA, BQ, EDTA and AgNO3 to 
the reaction mixture respectively. The quencher factors on the degra
dation of RhB and MG was illustrated in Supplementary material 
Fig. S4a2 and b2. The radical quenching experiment concluded that the 
formation of •OH leads to the effective degradation of RhB and MG. The 
stability of MCO-BIO NCs was analyzed by performing XRD and FIR after 
the irradiation of NCs under visible light. XRD pattern of MCO-BIO NCs 
showed similar peaks position and intensity before and after the irra
diation under visible light (Supplementary material Fig. S4c). FTIR 
spectra after the irradiation of MCO-BIO NCs showed addition peaks at 
3592.5 and 1685 cm− 1corresponds to the OH group (Supplementary 
material Fig. S4d) (Finocchio et al., 1995). 

7. Parameter optimization 

RSM was performed on the photocatalytic degradation of RhB and 
MG by MCO-BIO NCs and the result was displayed in Supplementary 
material Fig. S5. RSM plot was performed by varying the parameter (pH, 
different concentration of NPs and different concentration of NPs) with 
the response on the degradation of RhB and MG. The result concludes 
that the surface plot on the degradation of RhB indicate the effective 
degradation at 8 of pH, 20 mg/L NCs concentration and 15 mg/L of 
concentration RhB and the degradation was effective at 9 of pH, 20 mg/ 
L NCs concentration and 10 mg/L of concentration MG. 

8. Photocatalytic mechanism of MCO-BIO NCs 

Fig. 5 shows that the schematic representation of photocatalytic 
mechanism of MCO-BIO NCs. The VB and CB values of the MCO-BOI NCs 
were calculated by the empirical equation: 

ECB =X − EC −
1
2
Eg (3)  

EVB =EVB + Eg (4)  

Where X, Ec and Eg indicates absolute electronegativity, energy of free 
electrons and band gap energy of the corresponding material respec
tively. The VB and CB of MCO were determined to be 0.42 eV and 1.98 
eV respectively. The VB and CB of BIO were 1.78 eV and 4.20 eV 
respectively. The electron will be exiting from VB to CB when it is 
irradiated under visible light. The band gap energy of MCO-BIO NCs 
(2.16 eV) confirm its visible light excitation efficiency. Here, MCO-BIO 
NCs follow Z scheme. The PL spectra of MCO-BIO NCs confirm the 
effective charge separation than the pure MCO and BIO NPs. The EIS and 
PL results also confirms the effective charge transfer and lower in the 
rate recombination of MCO-BIO NCs, which enhance the photocatalytic 
property of nanohybrid. The CB of MCO was less negative than − 0.33 eV 
(O2

− /O2− . Vs NHE), this shows that the electron does not efficiency to 
convert O2

− to•O2 radical (Feng et al., 2021). The EVB of BOI was high 
positive than 2.34 eV (OH− /OH. vs NHE), thus hydroxyl ions interact 
with holes to form OH. radicals (Feng et al., 2021). Here, the scavenging 
results also shows that the formation of OH• radical played the major 
role in photocatalytic reaction (Cao et al., 2017). In addition, the 
computational analysis by gaussian DFT proves that ΔEabs of H2Owas 
higher than pure MCO-BIO NCs. This causes the increase in the forma
tion of h+ for the effective formation of OH• from adsorbed O2 and H2O 
for effective photocatalytic degradation of RhB and MG. 

9. Photocatalytic degradation pathway of RhB and MG 

The photocatalytic degradation of RhB and MG by MCO-BIO NCs was 
determined by GC-MS and it is illustrated in Supplementary material 
Fig. 6. DFT was performed for both RhB and MG and the Fukui theorem 

Table 2 
Comparision of previous work on the degradation of RhB and MG with the 
present work.  

Particle Dye Degradation 
efficiency (%) 

Author 

CdS QDs/npg-C3N4 RhB 71.1 Fan et al. 
(2016) 

Ag3PO4 RhB 77.5 Wang et al. 
(2014) 

rGO/SrTi0.95Fe0.05O3− δ RhB 90 Dong et al. 
(2017) 

BiOCl and BiOBr RhB 94.4 Chang et al. 
(2012) 

Bi2WO6 MG 87.4 Chen et al. 
(2012) 

(POMs) 
(NH4)3[PW12O40] 

MG 72 Liu et al. (2016) 

Ag/CdS MG 78 Mandal et al. 
(2019) 

ZnO MG 93 Saikia et al. 
(2015) 

Fe3O4@mesoporous SBA- 
15 

MG 79 Aliyan et al. 
(2013) 

MgCr2O4–BiOI NCs RhB and 
MG 

99.5 and 98.2 Present work  
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performed by Material studio (Wang et al., 2020a,b). Here, •OH 
attacked at N1, C3 and cleaves the organic compound, further oxides for 
the complete mineralization of RhB. The degradation pathway shows 
that the radical attack with the formation of intermediate and further 
oxidize to form CO2 and H2O (Supplementary materials Fig. S6a) 
(Natarajan et al., 2011). In addition, the MG degradation pathway shows 
that •OH attacked at C6 cleaves the organic compound, further oxides 
for the complete mineralization of the MG. Here, the degradation 
pathway shows that the radical attach with the formation of interme
diate as and further oxidize to form CO2 and H2O (Supplementary ma
terials Fig. S6a) (Diao et al., 2013). TOC results also good agreed with 
the complete mineralization of RhB and MG by MCO-BOI NCs. 

10. Toxicology prediction 

The acute and chronic toxicity of the intermediate and degraded 
product prediction of RhB and MG by MCO-BOI NCs was by ECOSAR 
program (Wang et al., 2020a,b). The toxicity prediction on the in
termediates and degraded product of RhB and MG was illustrated in 
Supplementary material Fig. S7. Here, RhB and MG show non harmful 
effect on fish, daphnia and algae. Nevertheless, the photolysis of RhB 
and MG leads to the formation of intermediate which is toxic and causes 
hazardous effect on the environmental living organism (Wright et al., 
2010; Culp et al., 2006). In addition, the higher the concentration of dye 
causes the COD (chemical oxygen demand) in the water, which damage 
in the pond eco system (Culp et al., 2006). Here, photocatalytic degra
dation of RhB and MG by MCO-BOI NCs shows complete mineralization 
of the organic pollutant, which was also confirmed by TOC analysis. 
Thus, the results shows that the complete mineralization of RhB and MG 
by MCO-BOI NCs did not show any toxic effect on the environmental 
living organism (Supplementary material Fig. S7). 

11. Conclusion 

To sum up, the 3D BOI nanoflower modified MCO NCs was synthe
sized by simple co-precipitation method and it showed enhanced pho
tocatalytic activity against RhB and MG dye. The NCs was successfully 
characterized by TEM, XRD and XPS. PL and EIS results show that MCO- 
BOI NCs shows effective charge separation and lower in the rate of 
recombination than pure MCO and BOI NPs. The photocatalytic activity 
of NCs against RhB and MG shows complete mineralization of dyes. The 

scavenging results shows the formation of •OH play a major role in the 
degradation of RhB and MG. In addition, the prediction of degradation 
pathway of RhB and MG was performed by Fukui theorem and their 
toxicology of intermediate was studied by ECOSAR program. The study 
suggests the practical application of MCO-BOI NCs in environmental 
remediation for the removal of toxic pollutants. 
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