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In this study, BiVO4 and MnCo2O4 were synthesized 
successfully using hydrothermal and co-precipitation 
methods. Nanocomposites of BiVO4/MnCo2O4 of varying 
composition were made by calcination. All the synthe-
sized compounds were well-characterized using PXRD, 
SEM, EDS and DRS. Powder XRD analysis confirmed 
the formation of BiVO4, MnCo2O4 and their respective 
well-defined composites. The band gaps of the materials 
were in the visible range (1.16–2.36 eV), making them 
suitable for visible light-driven antibacterial applications 
to inactivate the Gram-negative bacterium Escherichia 
coli. The as-prepared composites exhibited superior 
antibacterial activity (maximum of ~80%) than the par-
ent compounds, possibly due to the synergistic effect. 
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INFECTIOUS microorganisms present in waterbodies can spread 

harmful diseases, so disinfection is inevitable to maintain 

safety and well-being of the society1. The need for clean 

water demands effective disinfection methods and agents. 

The chemical disinfecting agents have certain limitations such 

as instability, formation of harmful by-products2,3 and induc-

ing bacterial resistance4,5. Hence, non-toxic and potential 

antibacterial agents are necessary for effective disinfection 

which can ensure the control of pathogenic microorgan-

isms. Recently, nanomaterials have attracted attention due 

to their potential antimicrobial properties6,7. Semiconducting 

photocatalytic nanomaterials in particular exhibit appreciable 

antibacterial activity under light irradiation with immense 

possibilities to achieve effective disinfection. 

 Recently, antibacterial properties of many nanomaterials 

such as TiO2, BiVO4, Bi2WO6 and Bi2O3 have been studied8. 

Among them, TiO2 has been reported to exhibit potential 

activity under ultraviolet irradiation9. However, in the visible 

region, the activity is not impressive. Thus, there is a need 

to develop materials which can show potential activity in 

the visible region. High photocatalytic efficiency can be 

achieved by various methods such as modification of band 

structures, doping or heterojunctioning10. Heterojunction-

ing or composite formation can provide potential antibacte-

rial activity to semiconducting nanomaterials towards the 

inactivation of microorganisms by decreasing their rate of 

recombination of charges. Also, composites possess many ad-

vantages such as stability, recyclability and high efficien-

cy11,12. In recent times, monoclinic scheelite BiVO4 has 

attracted attention due to its ease of preparation, thermal/ 

photochemical stability, tunable band gap and potential 

antibacterial activity13,14. BiVO4 has been analysed for the 

degradation of organic pollutants, and further research on 

antibacterial applications can give new insights into this field 

of study. MnCo2O4 exhibits thermal/photochemical stability, 

desired band gap and photocatalytic property15. However, 

only a few studies have been carried out on the antibacterial 

activities of MnCo2O4. Nanocomposites of hydrothermally 

prepared BiVO4 and MnCo2O4 prepared by the co-preci-

pitation method are yet to be studied for their antibacterial 

properties. Hence, the present study analyses the preparation 

of BiVO4 and MnCo2O4 as well as their composites and 

their antibacterial properties. 

Experimental method 

Materials used 

Bi(NO3)35H2O (99.9%) and NH4VO3 (99.9%) were purcha-

sed as analytical-grade reagents from Sigma-Aldrich, USA. 

NaOH (99.5%), MnCl24H2O (99.5%) and CoCl26H2O 

(99.5%) were purchased from SD Fine-Chem. Ltd, India. For 

culture growth, Luria–Bertani (LB) broth (Accumix-India) 

and for the preparation of Petri plates, agar-agar type-I 

(HIMEDIA-India) were used. Escherichia coli culture was 

used from ATCC bacterial cultures (Sigma-Aldrich). For the 

colony count method, solid medium agar plates were prepared 

from LB media and 2% agar powder (Accumix-India and 

HIMEDIA-India). All solutions were prepared in double-

distilled water. 

Preparation of BiVO4, MnCo2O4 and  
BiVO4/MnCo2O4 composites 

Bi(NO3)35H2O and NH4VO3 were taken in stoichiometric 

amounts and employing the hydrothermal method BiVO4 
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was prepared as reported elsewhere16. MnCl24H2O and 

CoCl26H2O were taken along with NaOH and ascorbic 

acid to prepare MnCo2O4 as explained elsewhere17. Three 

different composites were prepared by calcining the mixtures 

of BiVO4 and MnCo2O4 (sample codes: BiVO4–BVO; 

MnCo2O4–MCO; 25 wt% BiVO4 + 75 wt% MnCo2O4 – 

composite 1; 50 wt% BiVO4 + 50 wt% MnCo2O4 – compo-

site 2; 75 wt% BiVO4 + 25 wt% MnCo2O4 – composite 3). 

 The detailed procedure is discussed in the Supplementary 

Material. 

Characterization techniques 

Powder X-ray diffraction (XRD) patterns were recorded 

using PANalytical X-ray diffractometer equipped with 

Cu-K radiation. Scanning electron microscopy (SEM) 

studies were carried out (Tescan-Mira 3 LMH) and the 

compounds were analysed using energy-dispersive X-ray 

spectroscopy (EDS; Bruker Quantax 200). Diffuse reflec-

tance spectra (DRS) were recorded using a spectropho-

tometer (Shimadzu UV-260). 

Antibacterial studies 

Bacterial medium preparation and culture growth: All 

glassware were autoclaved for 15 min at 121C at 15 psi 

pressure. Standard E. coli culture (ATCC bacterial cul-

tures, Sigma-Aldrich) was used for growth. Luria broth 

(LB) solution of 250 ml was prepared and 1 ml of stand-

ard E. coli was added. The culture was grown overnight in 

a bacteriological incubator at 37C. It was then centri-

fuged at 3500 rpm for 15 min, separated from the medium 

and resuspended in 250 ml of sterile deionized water. The 

antibacterial activity was analysed using the standard colony 

count method. For all the antibacterial studies, the solutions 

were prepared identically by taking 100 l of bacterial so-

lution and making it up to 100 ml in volume with saline 

solution (dilution factor = 10–3). The initial cell concentra-

tion was adjusted to be 1  107 colony forming units 

(CFUs)/ml for all the experiments18,19. For each experi-

ment, 100 ml of bacterial solution was taken and a known 

amount of the compound (0.05 g/100 ml) was added and 

stirred for 1 min. This mixture was used for antibacterial 

studies under visible light irradiation in a homemade reac-

tor, the details of which are explained elsewhere11. 

 

Colony count analysis: For colony count analysis, solid 

medium agar plates were prepared from LB medium and 

2% agar powder solution. For analysis, 10 l of the reacted 

sample (without serial dilution) was collected at regular 

intervals and spread on the agar plate using a sterile glass 

rod. The plates for different time intervals (0, 30, 60, 90 

and 120 min) were incubated overnight and visible colonies 

were counted. The viable cells on each plate at different 

time intervals were plotted as a function of time. Equations 

(1) and (2) were used to calculate CFUs/ml and dilution 

factor20,21. 

 

 Colony forming units/ml  

 

  
Number of colonies  dilution factor

.
Volume of sample taken on petri plate


   (1) 

 

 
Volume of stock solution taken

Dilution factor = .
Total volume (stock + diluent)

 (2) 

Results and discussion 

Powder XRD analysis 

Figure 1 shows the powder XRD patterns of BiVO4, MnCo2O4 

and three composites. The formation of monoclinic scheelite 

BiVO4 was confirmed from the powder XRD pattern. The 

characteristic peaks (19, 28.8, 30.5, 34.5, 35.1, 39.8, 

42.5, 46, 46.7, 47.4, 50.0, 53.3, 58.4 and 59.6) of 

monoclinic BiVO4 were observed and matched well with 

the JCPDS file no. 14–688 having space group I2/a (ref. 16). 

However, the hydrothermally prepared compound contained 

a small amount of tetragonal BiVO4 as a secondary phase, 

which was evident from the observed characteristic peaks 

of the tetragonal phase at 24.4 and 32.7 (ref. 22). Forma-

tion of MnCo2O4 by co-precipitation was confirmed from 

the characteristic peaks of the phase at 18.9, 31.2, 36.8, 

38.4, 44.6, 55.5, 59.1 and 65.1. The observed peaks 

matched with the JCPDS file no. 23-1237 having a space 

group fd3m (ref. 17). The powder XRD patterns of the com-

posites exhibited peaks from both BiVO4 and MnCo2O4  

 

 
 

Figure 1. Powder XRD patterns of as-prepared BiVO4, MnCo2O4 and 
their composites (* indicates peaks from secondary tetragonal BiVO4 
phase). 

https://www.currentscience.ac.in/Volumes/124/02/0183-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/02/0183-suppl.pdf
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Figure 2. Tauc plots to determine band gaps of all the as-prepared compounds estimated using absorption data from diffuse reflectance spectra. 
 

 

phases. The intensity of the peaks corresponding to BiVO4 

phase increased from composite 1 to composite 3 as the 

BiVO4 content increases in the overall composition. Simi-

larly, the intensity of peaks corresponding to MnCo2O4 

phase decreased from composite 1 to composite 3 as the 

MnCo2O4 content decreased in the overall composition. 

This observation confirms the formation of well-defined 

composites between the two phases. The peaks of the sec-

ondary tetragonal BiVO4 phase were more intense in compo-

site 1, but suppressed in composites 2 and 3. This indicates 

the presence of a relatively more monoclinic BiVO4 phase 

than the tetragonal BiVO4 phase in composites 2 and 3. 

Band-gap studies 

Band gaps of all the as-prepared compounds were estimated 

by Tauc plots using the absorbance data obtained from dif-

fuse reflectance spectra (Figure 2). Hydrothermally prepared 

BiVO4 exhibited a band gap of 2.23 eV, which was compa-

rable to the values reported in the literature23,24. MnCo2O4 

prepared using the co-precipitation method exhibited a 

band gap of 1.16 eV and that both band-gap values were 

within the visible region. Composite 1, composite 2 and 

composite 3 showed band gaps of 1.18, 1.54 and 2.36 eV 

respectively. The band-gap values of the composites increa-

sed as the BiVO4 phase increased or the MnCo2O4 phase 

decreased in the overall composition. This observation 

confirms the formation of well-defined composites bet-

ween the BiVO4 and MnCo2O4 phases. Since these com-

posites exhibit band gaps in the visible region, this study 

further examined their applications under visible light irradi-

ation. 

Morphology and elemental analysis 

Morphology of all the as-prepared powders was studied 

using SEM (Figure 3). The samples consisted of spherical, 

irregular and elongated plate-like particles. The average 

particle size of BiVO4 was 148 nm (ref. 11) and relatively 

larger than the MnCo2O4 particles and the composites. The 

average particle size of MnCo2O4 was found to be 83 nm. 

Both large and small particles were visible in composite 1, 

composite 2 and composite 3 with average particle sizes 

of 85, 99 and 125 nm respectively. Apart from the smaller 

and slightly larger particles, an agglomeration of particles was 

also observed leading to larger aggregations in MnCo2O4 

and the composites. As the content of BiVO4 phase increased 

in the composites, the average particle size also increased. 

Elemental analysis of all the compounds was done using 

their EDS spectra by choosing random spots on each of the 

as-prepared powder samples. The respective elements were 

observed in the EDS spectra and the compounds were found 

to be free from any impurities from the container (alumina) 

material. The corresponding EDS spectra of all samples 

are shown in Supplementary Figure 1. 

Antibacterial studies 

Antibacterial studies were performed on the Gram-negative 

bacteria E. coli (100 ml bacterial solution) with an initial 

https://www.currentscience.ac.in/Volumes/124/02/0183-suppl.pdf
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Figure 3. SEM images of as-prepared BiVO4, MnCo2O4 and their composites. (a) BiVO4, (b) composite 
1, (c) composite 2, (d) composite 3 and (e) MnCo2O4. 

 

 
 

Figure 4. Images of bacterial colonies before (0 min) and after (120 min) the visible light-driven experiments for the 
study of antibacterial activity on Escherichia coli. 
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Figure 5. Plot of viable cell count vs time indicating the inactivation of E. coli as a function of 
time: (a) as-prepared compounds, (b) photolysis (with light and without composite) and (c) dark 
experiment (without light and with composite). 

 

 

cell concentration of 1  107 CFUs/ml for all the as-prepared 

compounds. The concentration of the compounds was 0.05 g/ 

100 ml for all samples. Figure 4 shows the bacterial colo-

nies before and after antibacterial studies. After counting the 

colonies at different time intervals using eqs (1) and (2), the 

viable cells were counted and plotted. Figure 5 shows the vi-

able cell counts as a function of time for E. coli under visi-

ble-light irradiation for all compounds. The antibacterial 

activity can be estimated by the decrease in viable cell count, 

which indicates the inactivation of microorganisms. As 

shown in Figure 5 a, BiVO4 shows ~34% inactivation of E. 

coli in 2 h under visible-light irradiation. MnCo2O4 shows 

slightly higher inactivation efficiency under the same 

conditions, which is ~56%. All three composites exhibit 

better activity compared to BiVO4 and MnCo2O4. Composite 

2 shows the lowest efficiency in the inactivation, which is 

~69% in 2 h. Composites 1 and 3 show the highest and 

almost similar efficiencies in the inactivation of microor-

ganisms, which is ~80% in 2 h under visible-light irradia-

tion. This indicates that the composites exhibit superior 

antibacterial properties compared to the individual BiVO4 

and MnCo2O4 compounds due to the synergistic effect of 

composite formation. Photolysis experiment was performed 

in order to examine the inactivation of microorganisms by 

light (with light and without any composite/compound) 

(Figure 5 b). The experiment was also performed in dark 

conditions (without light and with composite 3 or compo-

site 1) to analyse the efficiency of the composite without 

light (Figure 5 c). Photolysis for 2 h led to ~7% inactivation 

of E. coli. Composite 3 or composite 1 in dark conditions 

(without light) exhibited ~20% inactivation against E. coli 

in 2 h. Both experiments showed a small decrease in the 

viable count. Thus it is clear that the composites are effective 

only in visible light. These findings confirm that composites 

1 and 3 are potential antibacterial materials under visible-

light irradiation, which can be used for in vitro antibacterial 

applications. The viable cell counts at different time inter-

vals for the experiments under visible-light irradiation and 

photolysis/dark conditions are given in the Supplementary 

Tables 1 and 2 respectively. 

 Based on the results obtained, a possible mechanism is 

proposed to explain the enhanced visible light-driven anti-

bacterial activity of the composites compared to the parent 

compounds (Figure 6)25–27. Figure 6 explains the transfer 

of photogenerated charge carriers and the separation of 

electrons and holes in the composites. The valance and 

conduction band edge potential of BiVO4 was 1.90 eV and 

–0.33 eV respectively. Similarly, the valance and conduction 

band edge potential of MnCo2O4 was 1.11 and –0.05 eV 

respectively, which were calculated using the Butler–Ginley 

equation28–31. The electrons were transferred from the 

conduction band of BiVO4 to the conduction band of 

MnCo2O4. Similarly, the holes were transferred from the 

valance band of BiVO4 to the valence band of MnCo2O4. 

Thus, the charges were effectively separated and their re-

combination became less effective. This led to enhanced 

activity of the composites towards the inactivation of E. 

coli under visible-light irradiation. Further, the electrons 

and holes can react with the medium and produce reactive 

species that can in turn react with the microorganisms and 

damage them. Hydroxyl radicals, hydrogen peroxide and 

superoxide radicals are the possible reactive species which 

can be generated by this process. According to the literature, 

hydroxyl and superoxide radicals play a crucial role in the 

https://www.currentscience.ac.in/Volumes/124/02/0183-suppl.pdf
https://www.currentscience.ac.in/Volumes/124/02/0183-suppl.pdf
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Figure 6. Visible light-induced charge carrier transport and proposed mechanism for the inacti-
vation of E. coli27–32. NHE, Normal hydrogen electrode. 

 

 

inactivation process28–31. The reactions are explained in 

eqs (3)–(6). The interaction with these active species and 

E. coli can lead to the following effects such as damage to 

the cell membrane, interruption of electron transport, DNA 

damage and oxidation of cell components, which can even-

tually result in the inactivation of the microorganism32,33. 

Hence, the nanocomposites can effectively inactivate the 

microorganisms and they can be considered as potential 

candidates for disinfection in the near future. A detailed 

comparison of the light-induced photocatalytic activity in 

the present study and photocatalysts from the literature is 

given in the Supplementary Table 3. 

 

 2 2O + e   O ,   (3) 

 

 + •
2 ,H O/OH  + h   OH   (4) 

 

 • •
2 2 ,OH + OH   H O  (5) 

 

 • •
2 2  2 2H O + OH   O + H O.  (6) 

Conclusion 

BiVO4, MnCo2O4 and their respective nanocomposites were 

successfully synthesized in this study. Powder XRD revealed 

the formation of well-defined composites of BiVO4 and 

MnCo2O4 phases. Average particle size of the composites 

was close to 100 nm and their size increased as the BiVO4 

phase increased in the overall composition. Estimated band 

gaps of as-prepared compounds were in the visible range 

and so visible light-driven bacterial inactivation studies were 

carried out against E. coli. Composites 1 and 3 showed the 

highest inactivation efficiency (~80%) against E. coli. Thus, 

this study showcases promising materials with potential 

activity for disinfection or antibacterial applications. 
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