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Abstract: Water is obligatory for sustaining life on Earth. About 71% of the Earth’s surface is covered 

in water. However, only one percent of the total water is drinkable. The presence of contaminants 

in wastewater, surface water, groundwater, and drinking water is a serious threat to human and 

environmental health. Their toxic effects and resistance towards conventional water treatment 

methods have compelled the scientific community to search for an environmentally friendly 

method that could efficiently degrade toxic contaminants. In this regard, visible light active photo-

catalysts have proved to be efficient in eliminating a wide variety of water toxins. A plethora of 

research activities have been carried out and significant amounts of funds are spent on the moni-

toring and removal of water contaminants, but relatively little attention has been paid to the degra-

dation of persistent water pollutants. In this regard, nanoparticles of doped ZnO are preferred op-

tions owing to their low recombination rate and excellent photocatalytic and antimicrobial activity 

under irradiation of solar light. The current article presents the roles of these nanomaterials for 

wastewater treatment from pollutants of emerging concern. 

Keywords: visible light active photocatalyst; doped ZnO; water contaminants; wastewater treat-

ment; antimicrobial activity 

 

1. Introduction 

Semiconducting nanomaterials have received the utmost attention of researchers ow-

ing to their applicability in electronic devices, solar energy harvesting devices, drug de-

livery, water purification, pharmaceutical industries, biosensors, and ceramics [1,2]. 

Among nanomaterials, ZnO is of special interest for researchers thanks to its environmen-

tally benign nature. Its band gap is 3.4 eV and it is commonly doped with elements of 

group I and V in an attempt to make p-type ZnO for use as a visible light active photo-

catalyst. The literature survey reveals that oxygen deficient sites, Zn centres, and hydro-

gen bond ability facilitate electron doping in ZnO [3–7]. Doped zinc oxides are used as 

visible light active photocatalysts for the degradation of emerging pollutants (EPs), which 

demand special attention owing to their health hazardous effects. 
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More than seven-hundred EPs have been reported so for. They are natural or syn-

thetic compounds that adversely affect the human health and environment. Emerging 

pollutants include fungicides, pharmaceuticals, personal care products, industrial supple-

ments, and so on. The fate and transit of developing pollutants in the environment, as well 

as their toxicological effects, are poorly understood [8,9]. Hence, further investigations are 

required for Eps’ elimination or their conversion to less harmful or nontoxic compounds. 

In this regard, photocatalysts are the subject of extensive investigations owing to their 

ability of degrading, detoxifying, or rendering the contaminants harmless. Semiconduct-

ing photocatalysts produce electron–hole pairs by the absorption of band gap matching 

photon. The resulting electron–hole pairs start a complex chain of reactions on the semi 

conductor’s surface that leads to the degradation of contaminants adsorbed on the surface 

of semiconductor [10,11]. 

Zinc oxide is photocactive and its photocactivity is further enhanced by doping. The 

empty octahedral sites in the hexagonal closed packed structure of zinc oxide generate 

interstitial gaps that are occupied by other atoms or defects. These imperfections add to 

zinc oxide’s photocatalytic activity [12]. A variety of methods such as sol–gel, hydrother-

mal, spray pyrolysis, microwave-assisted procedure, chemical vapour deposition, ultra-

sonic condition, and precipitation approaches are used for the synthesis of zinc oxide. 

Compared with chemical methods, biological methods of its synthesis are gaining more 

popularity because they are simpler, cheaper, and safer [13,14]. 

Doping of ZnO is done to lower its band gap so that it can absorb visible light, which 

constitutes 40–45% of sunlight. Doping also alters the electronic and optical characteristics 

of photocatalysts [15]. Hence, doped zinc oxide is used in various fields, from tyres to clay, 

medicines to agriculture, and paint to chemicals [16,17]. The resilience of ZnO to high 

energy radiations implies its entrenchment for space utilization, the tendency of ZnO to 

etch in acidic or basic solutions implying its suitability for manufacturing smaller devices, 

and its sensitivity to chemical species are additional appealing properties [18,19]. Moreo-

ver, ZnO has been proven as an effective photocatalyst for the degradation of various 

pollutants [20–22]. Its photocatalytic activity is further increased by quantum confinement 

effect by tuning the electron energy band gap. Although a few reviews on visible light 

active photocatalysts are available, a review of recent reports is always needed to update 

the readers about this research field. Moreover, in comparison with previous review arti-

cles focused on various pollutants, the present review is particularly dedicated to the re-

moval of highly hazardous pollutants of emerging concern using doped zinc oxides as 

potential photocatalysts. To the best of our knowledge, this is the first report on doped 

zinc oxides nanomaterials that target the elimination of extremely toxic dyes and patho-

gens from water, and thus hold promise for protecting ecological and human health. 

2. Structure and Properties of ZnO 

Crystallized ZnO in wurtzite hexagonal lattice form possesses oxygen ions in the 

tightest hexagonal packing. The tetrahedral locations are occupied by zinc ions (Figure 1). 

On the hexagonal side, or c axis, the spacing between close neighbours is slightly smaller 

than the other three. Although the interaction is polar according to the c axis, there is a 

homopolar component of binding between zinc and oxygen ions [23]. 
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Figure 1. The wurtzite lattice of zinc oxide reproduced from [23], with permission from Elsevier, 

1959. 

3. Visible Light Active (VLA) ZnO Photocatalysts 

The development of VLA photocatalysts to challenge water contamination is attract-

ing the attention of researchers, because visible light makes up a significant fraction of the 

solar spectrum. Accordingly, many new photocatalytic materials have been recently de-

veloped to disinfect water. ZnO NPs is one of these materials, thanks to its excellent quan-

tum efficiency and electrical structure that prevents the chances of recombination of elec-

trons/charge in the electrolyte. Accordingly, many new doped ZnO-based photocatalytic 

materials have been developed for disinfecting water. The band width of ZnO is altered 

with defects like doping with non-metals and metals [24]. Figure 2 indicates the general 

characteristics of dopants to increase the photoactivity of ZnO nanoparticles in the pres-

ence of visible-light. 

 

Figure 2. General properties of dopants for increasing the visible-light photocatalytics of ZnO re-

produced from [24], with permission from Elsevier, 2016. 

The objective of reducing the band gap of ZnO is to make the device work in the 

visible light range. There can be a decrease in the band width and activation under visible 

light by producing new energy levels within the band gap. By combining components, 

the band gap can be narrowed and, within the band gap, structural inadequacies lead to 

new levels of energy [25]. This has been depicted in Figure 3 by a simplified illustration 

https://www.sciencedirect.com/science/article/pii/S2589299118301691#f0020
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where donor levels are introduced owing to the hydrogenation of zinc oxide microstruc-

tures within the gap between bands. 

 

Figure 3. Diagram indicating the introduction of new energy levels inside the band gap of ZnO 

dapted from [25], with permission from KeAi Publishing, 2019. 

ZnO NPs doped with non-metals have emerged as excellent materials owing to 

greater photocatalytic activity under solar light and a low recombination rate [26]. By in-

corporating additional components such as S, F, and N, it is possible to minimize the band 

gap in ZnO [27,28]. Figure 4a shows the valence band (VB) of pure zinc oxide, which gen-

erally consists of O 2s, O 2p, and Zn 3p states, whereas O 2p, Zn 4s, and Zn 3s states 

dominate the conduction band. The fermi levels set to zero are shown by the dotted line. 

Figure 4b demonstrates the direct band gap of zinc oxide, where the CB minima and VB 

maxima are both located at the same symmetric gamma G point. The CB minima and VB 

maxima are placed at the equivalent symmetric gamma G point, which show direct 

bandgap properties of ZnO. Furthermore, these non-metallic dopants of C and P have 

little impact on the lattice constant (6.58 A°) of ZnO, which changes to 6.60 in the case of 

C doping and 6.62 in the case of P doping. The conduction band changes to a lower energy 

in comparison with pure ZnO [29]. Incorporation of B and F in ZnO has been reported to 

increase the electrical properties [30]. 
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Figure 4. (a) Total density of state and (b) electronic band structure of pure ZnO reproduced from 

[29], with permission from MDPI, 2019. 

Nitrogen is considered as the most effective dopant for p-type ZnO. However, ob-

taining consistent and stable p-type doping poses significant difficulties. For instance, 

there is no way to compensate the indigenous handicap caused by the usage of n-type 

doping. Research on doping N and N2 in ZnO has revealed that N2 at the Zn site acts as a 

shallow recipient, and at the O-site, it acts as a donor, while N acts as a deep recipient [31–

34]. A number of methods such as molecular beam epitaxy, active sputtering, chemical 

fumes, and ZnO ammonolysis at low temperatures are used for producing nitrogen-

doped ZnO. Using the proper nitrogen supply and promoting nitrogen introduction into 

oxide using a solution combustion method is a simple, yet promising method of nitrogen 

fixation in oxide [35]. N-doping in ZnO causes narrowing of the band gap in ZnO and 

increases the absorption of visible light [36,37]. The photocatalytic activity of ZnO towards 

the breakdown of organic dyes is increased by enhanced VL absorption, which is ascribed 

to the formation of localized states of N 2p in the bandgap [38]. 

4. Use of ZnO for the Breakdown of Dyes 

Zinc oxide is extensively used for the breakdown of potentially harmful water pollu-

tants. The majority of commonly used water treatment methods such as chemical treat-

ment, adsorption, and membrane filtration are useful, but inadequate for complete re-

moval of pollutants from wastewater [39]. Additionally, these approaches produce by-

products such as sludge as solid waste and toxic gases that need further treatment. There-

fore, for effective water clean-up, visible light active zinc-oxide-based photocatalysis is 
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receiving special attention. Photocatalysis uses photoexcited charge carriers for the break-

down of organic contaminants. The photoactivity of ZnO is utilized for destroying such 

water toxins [40]. 

Shinde et al. [41] investigated two methods of dye degradation. In one method, the 

transport of electron into CB of photocatalyst occurs by photon having energy equal to or 

greater than the band gap of nanoparticles. The excited electrons result in the formation 

of holes in valence band. The generated electrons and holes leads to free radical formation 

[42]. The oxidation of pigments is triggered by the holes present in the valence band. 

h+VB + dye → dye * → dye degradation  

The second method involves dye sensitization, where dye on the water surface ab-

sorbs visible radiation. The absorbed photon excites electrons of dye molecules from 

HOMO to LUMO. The electron present in LUMO shifts to the conduction band of ZnO. 

On reaction with O2, this electron yields O2−, which causes the breakdown of pollutants 

present in water. The schematics of both methods can be seen in Figure 5. 

 

Figure 5. Schematics of the photoexcitation of the dye followed by its photocatalytic degradation 

under solar irradiation. 

T. Bora et al. [43] reported the potential antibacterial activity of ZnO nanorods and 

their photocatalytic activity towards the breakdown of methylene blue and phenol (Figure 

6). The rate constant for photocatalytic breakdown of methylene blue dye and phenol was 

found to be 0.032 and 0.094 min−1, respectively, at 250 °C. Similarly, ZnO doped with Ag 

degrades organic dyes by the prevention of hole and electron recombination, which en-

hances the photocatalytic activity, as expected [44]. The degradation efficiency of ZnO 

doped with silver was found to be 99.64% against rhodamine B. 

 

Figure 6. Mechanism of antibacterial and photocatalytic activity of ZnO nanorods reproduced 

from [43], with permission from Elsevier, 2017. 
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Kumar et al. [45] also discovered that the photocatalytic activity of ZnO is increased 

on doping with Ag. Nanoparticles of Ag-ZnO developed with 0.02, 0.04, and 0.06 percent 

of Ag showed 3.03 eV, 3.01 eV, and 2.96 eV band gaps, respectively. As discussed earlier, 

doping lowers the energy required to shift an electron from valence band to conduction 

band [46]. William et al. [47] used Ag-doped ZnO thin film for the degradation of meth-

ylene blue. The results of their experiments revealed that silver-doped ZnO degrades dye 

more effectively (45.1%) than a pure ZnO (2.7%) film under irradiation of VL. In the same 

area of study, Sabry et al. [48] carried out some modification in Ag-doped ZnO nanostruc-

ture by introducing stearic acid for the breakdown of methylene blue and achieved 93% 

breakdown efficiency after 80 min exposure to visible light. Liu et al. [49] also used doped 

Ag-ZnO and found it to be effective for the degradation of Congo Red. Figure 7 presents 

the optical properties of doped ZnO by photoluminescence and UV/Vis absorption spec-

troscopy. Using the W Xe lamp, Congo Red, Methyl Orange, and Methylene Blue were 

photocatalytically broken down. A 0.25 M Ag-doped ZnO showed maximum photocata-

lytic activity of 91.9% in 120 min under a solar light simulator. 

 

 

Figure 7. (a) Room temperature PL spectra of samples synthesized by electrolytes containing differ-

ent concentrations of Ag+. (b) UV/Vis absorption spectra of bare ZnO and Ag-ZnO submicrometer 

rods reproduced from [49], with permission from ACS, 2019. 

Saffari et al. [50] prepared pure ZnO and P-containing ZnO for Rhodamine B degra-

dation. Using a halogen lamp, visible light in the wavelength range of 375–1000 nm was 

employed. A lowering in the electrons and holes recombination rate in the sample con-

taining 1.8% of phosphorus resulted in complete breakdown of RhB dye in 180 min. Ku-

riakose et al. [51] applied Cu-doped ZnO for the degradation of methyl orange and 
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methylene blue dyes. Furthermore, 5% Cu doping in ZnO led to 92% and 80% degradation 

of methylene blue and methyl orange, respectively, in 30 min. Vaiano et al. [52] used ZnO 

doped with Cu for photocatalytic oxidation of As (III) to As (V). Here, 52% photocatalysis 

was observed after VL exposure of 180 min for ZnO doped with 1.08% of Cu. Similarly, 

Kamlesh et al. [53] employed Cu-doped ZnO nanoparticles for methyl green degradation 

and, under irradiation of VL, noticed a 3.5-fold enhancement in photocatalytic activity 

against methyl green as compared with undoped ZnO. 

Vinodkumar et al. [54] studied the impact of Mg doping on the photocatalytic per-

formance of ZnO. Compared with ZnO, 0.1% MgZnO showed a twofold higher photo-

catalytic efficiency. Adam et al. [55] also synthesized Mg-doped ZnO nanoparticles and 

investigated their role for the degradation of methylene blue. ZnO on doping with 0, 3, 5, 

and 7% of Mg resulted in approximately 55, 65, 77, and 96% decolouration of MB dye, 

respectively. The improved photocatalytic performance by Mg-doped ZnO can be at-

tributed to the role of Mg in the ZnO lattice that enhances the hydroxyl ions’ absorption 

at the nanoparticle surface and works as trap sites to increase the photodegradation as 

well as to lower the electron–hole pair recombination. Adeel et al. [56] investigated ZnO 

doped with Co to remove methyl orange from wastewater. Figure 8 shows that ZnO 

doped with 10% Co causes 93% methyl orange degradation. The authors ascribed the in-

crease in photocatalysis to the prevention of electron–hole recombination. 

 

Figure 8. Photodegradation of methyl orange with pure ZnO and doped ZnO with 5% Co, 10% Co, 

and 15% Co reproduced from [56], with permission from ACS, 2019. 

Hernandez et al. [57] compared the photocatalytic efficiency of undoped and Eu 

doped ZnO. A 99.3% breakdown of methylene blue dye was achieved with doped nano-

particles. Similary, Tb- and Eu-doped ZnO NPs showed 100% photodegradation of meth-

ylene blue and facilitated reduction of CO2 and production of H2 [58]. Petronela et al. [59] 

synthesized Ni-Co codoped ZnO NPs to check their efficiency towards the removal of 

Rhodamine B dye from contaminated water in the presence of visible light, which was 

found to be 42% for 0.69% of both of the dopants. Similarly, Shanmugam et al. [60] probed 

the photocatalysis of ZnO/Cu/Sn nanoparticles and found these to have much better pho-

tocatalytic activity towards methylene blue, which was completely degraded in 180 min 

under visible light irradiation. 

Qin et al. [61] observed the ability of ZnO-graphene nanocomposites for the removal 

of methylene blue from wastewater. High absorptivity of the dye and charge separation 

process led to enhanced photocatalytic degradation efficiency of the nanocomposites. 

Ruhullah et al. [62] prepared Mn-doped ZnO and found these to be effective for the break-

down of basic aniline dye and methylene blue dye. In another study, carbon nanotubes 

supported Mn-doped ZnO NPs efficiently photodegraded >95% malachite green in water 

under irradation of VL [63]. Similarly, Labhne et al. reported photodegradation of rhoda-

mine B (99% in 140 min) and congo red (100% in 160 min) using Mn-doped ZnO supported 
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with reduced graphene [64]. Maline Ghosh et al. [65] used a bimetallic photocatalyst, 

which resulted in 90% breakdown of caffeine with a rate constant of 0.024 min−1. Subhan 

et al. [66] prepared a trimetallic oxide nanocomposite ZnO.CuO.CeO2, which exhibited 

97% photocatalytic dye degradation activity. ZnO nanorods doped with Nd and Gd were 

also reported for methylene blue degradation under illumination of VL. A 1.5% Nd-Gd 

codoped ZnO resulted in 93% photocatalytic breakdown of MB in 180 min [67]. The pho-

tocatalytic efficiency of other doped zinc oxides for the degradation of various dyes can 

be seen in Table 1 [68–77]. Thus, it can be concluded that doping increases the photocata-

lytic characteristics of ZnO nanostructures. 

Table 1. Percentage degradation of various dyes using doped ZnO photocatalysts. 

Sr. No. Doped ZnO Pollutants  % Degradation Light Source References 

1. Sn/ZnO Methyl blue dye 81 150 W Xe lamp [68] 

2. La/ZnO Methyl orange dye 85.86 Visible light [69] 

3. Ir/ZnO Malachite green >90 9 W fluorescent visible lamp [70] 

4. Sr/ZnO Methylene blue 50 500 W Xe lamp [71] 

5. V/ZnO Malachite green >99 Osram Lumilux daylight lamp [72] 

6. Co/ZnO Methylene blue 98 % 500 W halogen lamp [73] 

7. Cu/ZnO Direct blue 15 dye 70 Visible light [74] 

8. Ag/ZnO Cibacron brilliant yellow 3G-B 65 400 mW·cm−2 Xe lamp [75] 

9. Al/ZnO Naphthol green B 100 25 W·cm−2 sunlight [76] 

10. Nd/ZnO Congo red 93.7 Visible light [77] 

5. Water Disinfection with Visible Light Active ZnO-Based Photocatalysts 

Booming industrialization has led to water quality deterioration. Chlorination and ozo-

nization methods are frequently used for disinfecting water. However, these methods are 

not free from limitations; for example, various carcinogenic by-products are produced dur-

ing chlorination and ozonization [78–80]. Photocatalysts hold great promise for effectively 

treating contaminated water. Among the photocatalysts, ZnO has received enormous atten-

tion as a disinfectant thanks to its stable nature under severe processing environments [81]. 

Moreover, it does not cause secondary pollution. Its phase composition, particle size distri-

bution, defective surface, and specific surface area play their role in antibacterial/antimicro-

bial activity. ZnO nanoparticles adopt different ways for their antimicrobial activity, such 

as release of oxygen species and Zn2+, which can kill microorganisms by damaging their 

DNA and cell membrane. ZnO also exerts antimicrobial activity when it comes in direct 

contact with the cell membrane of microbes [81–84]. Gancheva and colleagues [85] utilized 

zinc oxide powder for disinfecting water. The azo dye of Malachite Green was removed 

from water in 180 min using ZnO powder in the presence of visible light during the disin-

fection procedure. Mahamuni et al. [86] found that ZnO particles had varying degrees of 

antibiofilm and antibacterial action against Gram-negative and Gram-positive Staphylococ-

cus and Proteus vulagaris. The antibacterial and antibiofilm activity of ZnO nanoparticles 

was found to vary inversely with particle size. At a concentration of about 50 μg/mL, it in-

hibited 32.67 percent of Staphylococcus aureus and 22.38 percent of Proteus vulgaris, re-

spectively. The greatest biofilm resistance against Staphylococcus aureus and Proteus was 

67.3 percent and 58.18 percent, respectively, for 250 μg/mL concentration of ZnO. In one 

particular study, Haque et al. [87] reported that ZnO prepared by the biological method 

degraded methylene blue dye up to 80% in 20 min, compared with 68 percent by ZnO pro-

duced by the sol–gel approach. So, according to this study, ZnO prepared by the biosyn-

thetic approach outperforms ZnO prepared via the sol–gel method in terms of water disin-

fection. Working in this area, Ogunyemi, et al. [88] found the maximum antibacterial activity 

of ZnO NPs produced via using olive leaves compared with chamomile flower and red to-

mato fruit (Figure 9). Olea europaea ZnONPs had the maximum inhibitory zone of 2.2 cm 

at 16.0 μg/mL. The authors attributed this excellent activity to the small crystallite size of 

ZnO NPs. 
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Figure 9. XRD spectra of synthesized zinc oxide nanoparticles using (A) olive leaves, (B) chamomile 

flower, and (C) red tomato fruit [88]. 

Similarly, J. Suresh et al. [89] also synthesized zinc oxide NPs in combination with 

Costus Pictus D. leaf extracts. Biosynthesized zinc oxide nanoparticles showed greater an-

timicrobial activity against fungal and bacterial species. The zone of inhibition for B. sub-

tilis, S. aureus, S. paratyphi, and E. coli was found to be 17, 10, 12, and 10 mm, respectively. 

Inhibition and cell survival were found to increase with the increasing concentration of 

ZnO nanoparticles. Working in this area, Panchal et al. [90] mixed seed extract from Oci-

mum tenuiflorum to Ag/ZnO NPs and observed improved antimicrobial activity in com-

parison with pure NPs and Ag/ZnO. In 15 min, bacteria with a density of 1 × 108 cfu were 

killed by 1.0% Ag/ZnO nanocomposite. 

Weiwei He et al. studied the antibacterial activity of Au/ZnO hybrid nanostructures 

[91] and found that deposition of gold nanoparticles in the molar ratio of 0.2% on ZnO 

surface significantly increased the antibacterial activity of ZnO. ZnO/Au nanostructures 

were found to be nearly three times more efficient than pure ZnO nanoparticles at killing 

E. coli. Similarly, doping ZnO with other nanoparticles such as Ag, Sn TiO2, and Cu also 

show improved properties. For instance, Shanmugam et al. [60] developed an Sn/Cu-

doped ZnO photocatalyst and found that it completely removes methylene blue in 180 

min under visible light. They found an increase in the photodegradation rate of doped 
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ZnO in contrast to undoped ZnO by a factor of 2.6, and the photocatalyst showed good 

antibacterial activity against the pathogens E. coli and S. aureus (G+). 

Qamar et al. [92] discovered the antimicrobial properties of hybrid g-C3N4/Cr-ZnO 

nanocomposite. These nanocomposites were found to cause 93% removal of methylene 

blue in 90 min. The enhancement in photocatalysis of hybrid composite was due to good 

separation of electron and hole pairs and absorption. Good antibacterial activity of com-

posites was observed against Gram-positive (Bacillus subtilis, Staphylococcus aureus, and 

Streptococcus salivarius) and Gram-negative (Escherichia coli) bacteria. The inhibition zone 

was found to be approximately 18, 19, 17, and 15 mm for B. subtilis, S. aureus, S. salivarius, 

and E. coli, respectively. Munawar et al. [93] synthesized heterostructured nanocomposite 

ZnO-Er2O3-Yb2O3, which demonstrated enhanced antibacterial activity against E. coli 

(Esherichia coli). The Fe/ZnO nanoparticles prepared by Das et al. photocatalytically disin-

fected multidrug-resistant E. Coli in true samples from a municipal tap, river, and pond. 

Fe/ZnO nanoparticles were found to disinfect E. Coli completely in 90 min [94]. Li-doped 

ZnO NPs proved to be promising against E. faecalis, S. tyjimurium, and Esherichia coli [95]. 

Darwish and his group [96] reported the potential of Sm/Ag/ZnO/cuttlefish bone nano-

rods in destroying S. mansoni worms. The percentage inhibition was documented to be 20 

and 47% for P. aeruginosa and S. aureua, respectively. These literature findings depict that 

doped ZnO NPs endowed with photocatalytic and antimicrobial activity are ideal nano-

materials for water treatment and disinfection applications. 

6. Conclusions 

The presence of water toxins, especially dyes and pathogens, is challenging scientists 

to search for highly effective, cost affordable, and environmentally friendly methods for 

water purification. This driving force has led to remarkable scientific research in 

wastewater treatment. One of the environmentally friendly technologies for water treat-

ment is the use of visible light active photocatalysts. In this regard, ZnO has been given 

special attention as it is nontoxic and its band gap is switched by earth abundant elements 

of group I and V, making doped zinc oxides cost-effective and suitable for working under 

visible light, which is a major (45%) portion of sunlight. The results presented in this doc-

ument reveal the competency of doped zinc oxide for disinfecting water under visible 

light irradiation. Doping reduces the chances of electron and hole pairs’ recombination 

and, consequently, their availability initiates free-radical-based degradation of water pol-

lutants. The results reveal that the photocatalytic performance of doped ZnO depends on 

various factors such as the concentration of the dopant, their energy states within the ZnO 

lattice, localized states of dopants in the bandgap of ZnO, dopants sites’ distribution, elec-

tron hole pair recombination, and the intensity of incident light. ZnO nanomaterials have 

the ability to remove microbes and organic dyes from wastewater. The commercial appli-

cation of doped ZnO nanoparticles can be anticipated in the near future owing to their 

nontoxic, low-cost, improved photocatalytic, and antimicrobial activity. The presented 

work targets the elimination of extremely toxic dyes and pathogens with the potential to 

remove them from water, thus protecting ecological and human health. However, highly 

efficient photocatalytic degradation and antimicrobial activity still demand more research 

to design more effective doped ZnO NPs and ZnO-based nanocomposites. Future endeav-

ors will be focused on beating the challenge of synthesizing doped ZnOs with a suitable 

bandgap. The selection of materials remains a vital consideration for achieving this future 

targeted objective. 
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Enhanced visible-light photocatalytic activity of strontium-doped zinc oxide nanoparticles. Mater. Sci. Semicond. Processing 2015, 

32, 152–159. 

72. Khezami, L.; Taha, K.K.; Ghiloufi, I.; El Mir, L. Adsorption and photocatalytic degradation of malachite green by vanadium 

doped zinc oxide nanoparticles. Water Sci. Technol. 2016, 73, 881–889. 

73. Goswami, M. Enhancement of photocatalytic activity of synthesized Cobalt doped Zinc Oxide nanoparticles under visible light 

irradiation. Opt. Mater. 2020, 109, 110400. 

74. Ebrahimi, R.; Hossienzadeh, K.; Maleki, A.; Ghanbari, R.; Rezaee, R.; Safari, M.; Shahmoradi, B.; Daraei, H.; Jafari, A.; 

Yetilmezsoy, K. Effects of doping zinc oxide nanoparticles with transition metals (Ag, Cu, Mn) on photocatalytic degradation 

of Direct Blue 15 dye under UV and visible light irradiation. J. Environ. Health Sci. Eng. 2019, 17, 479–492. 

75. Alshamsi, H.A.H.; Hussein, B.S. Hydrothermal Preparation of Silver Doping Zinc Oxide Nanoparticles: Study the Characteri-

zation and Photocatalytic Activity. Orient. J. Chem. 2018, 34, 1898. 

76. Saber, O.; El-Brolossy, T.A.; Al Jaafari, A.A. Improvement of photocatalytic degradation of naphthol green B under solar light 

using aluminum doping of zinc oxide nanoparticles. Water Air Soil Pollut. 2012, 223, 4615–4626. 

77. Zhang, J.; Deng, S.; Liu, S.; Chen, J.; Han, B.; Wang, Y.; Wang, Y. Preparation and photocatalytic activity of Nd doped ZnO 

nanoparticles. Mater. Technol. 2014, 29, 262–268. 

78. Ibrahim, M.M.; Asal, S. Physicochemical and photocatalytic studies of Ln3+-ZnO for water disinfection and wastewater treat-

ment applications. J. Mol. Struct. 2017, 1149, 404–413. 

79. Yi, G.; Yuan, Y.; Li, X.; Zhang, Y. ZnO Nanopillar Coated Surfaces with Substrate-Dependent Superbactericidal Property. Small 

2018, 14, 1703159. 

80. Rahman, A.H.; Misra, A.J.; Das, S.; Das, B.; Jayabalan, R.; Suar, M.; Mishra, A.; Tamhankar, A.J.; Lundborg, C.S.; Tripathy, S.K. 

Mechanistic insight into the disinfection of Salmonella sp. by sun-light assisted sonophotocatalysis using doped ZnO nanopar-

ticles. Chem. Eng. J. 2018, 336, 476–488. 



Nanomaterials 2022, 12, 486 15 of 15 
 

 

81. Dimapilis, E.A.S.; Hsu, C.-S.; Mendoza, R.M.O.; Lu, M.-C. Zinc oxide nanoparticles for water disinfection. Sustain. Environ. Res. 

2018, 28, 47–56. 

82. Sultana, K.A.; Islam, M.T.; Silva, J.A.; Turley, R.S.; Hernandez-Viezcas, J.A.; Gardea-Torresdey, J.L.; Noveron, J.C. Sustainable 

synthesis of zinc oxide nanoparticles for photocatalytic degradation of organic pollutant and generation of hydroxyl radical. J. 

Mol. Liq. 2020, 307, 112931. 

83. Rambabu, K.; Bharath, G.; Banat, F.; Show, P.L. Green synthesis of zinc oxide nanoparticles using Phoenix dactylifera waste as biore-

ductant for effective dye degradation and antibacterial performance in wastewater treatment. J. Hazard. Mater. 2021, 402, 123560. 

84. Phan, D.-N.; Rebia, R.A.; Saito, Y.; Kharaghani, D.; Khatri, M.; Tanaka, T.; Lee, H.; Kim, I.-S. Zinc oxide nanoparticles attached 

to polyacrylonitrile nanofibers with hinokitiol as gluing agent for synergistic antibacterial activities and effective dye removal. 

J. Ind. Eng. Chem. 2020, 85, 258–268. 

85. Gancheva, M.; Markova-Velichkova, M.; Atanasova, G.; Kovacheva, D.; Uzunov, I.; Cukeva, R. Design and photocatalytic ac-

tivity of nanosized zinc oxides. Appl. Surf. Sci. 2016, 368, 258–266. 

86. Mahamuni, P.P.; Patil, P.M.; Dhanavade, M.J.; Badiger, M.V.; Shadija, P.G.; Lokhande, A.C.; Bohara, R.A. Synthesis and char-

acterization of zinc oxide nanoparticles by using polyol chemistry for their antimicrobial and antibiofilm activity. Biochem. Bio-

phys. Rep. 2019, 17, 71–80. 

87. Haque, M.J.; Bellah, M.M.; Hassan, M.R.; Rahman, S. Synthesis of ZnO nanoparticles by two different methods & comparison 

of their structural, antibacterial, photocatalytic and optical properties. Nano Express 2020, 1, 010007. 

88. Ogunyemi, S.O.; Abdallah, Y.; Zhang, M.; Fouad, H.; Hong, X.; Ibrahim, E.; Masum, M.M.I.; Hossain, A.; Mo, J.; Li, B. Green 

synthesis of zinc oxide nanoparticles using different plant extracts and their antibacterial activity against Xanthomonas oryzae 

pv. oryzae, Artificial cells. Nanomed. Biotechnol. 2019, 47, 341–352. 

89. Suresh, J.; Pradheesh, G.; Alexramani, V.; Sundrarajan, M.; Hong, S.I. Green synthesis and characterization of zinc oxide nano-

particle using insulin plant (Costus pictus D. Don) and investigation of its antimicrobial as well as anticancer activities. Adv. Nat. 

Sci. Nanosci. Nanotechnol. 2018, 9, 015008. 

90. Panchal, P.; Paul, D.R.; Sharma, A.; Choudhary, P.; Meena, P.; Nehra, S. Biogenic mediated Ag/ZnO nanocomposites for pho-

tocatalytic and antibacterial activities towards disinfection of water. J. Colloid Interface Sci. 2020, 563, 370–380. 

91. He, W.; Kim, H.-K.; Wamer, W.G.; Melka, D.; Callahan, J.H.; Yin, J.-J. Photogenerated charge carriers and reactive oxygen species 

in ZnO/Au hybrid nanostructures with enhanced photocatalytic and antibacterial activity. J. Am. Chem. Soc. 2014, 136, 750–757. 

92. Qamar, M.A.; Shahid, S.; Javed, M.; Iqbal, S.; Sher, M.; Akbar, M.B. Highly efficient g-C3N4/Cr-ZnO nanocomposites with su-

perior photocatalytic and antibacterial activity. J. Photochem. Photobiol. A Chem. 2020, 401, 112776. 

93. Munawar, T.; Yasmeen, S.; Hussain, A.; Akram, M.; Iqbal, F. Novel direct dual-Z-scheme ZnO-Er2O3-Yb2O3 heterostructured 

nanocomposite with superior photocatalytic and antibacterial activity. Mater. Lett. 2020, 264, 127357. 

94. Das, S.; Sinha, S.; Das, B.; Jayabalan, R.; Suar, M.; Mishra, A.; Tamhankar, A.J.; Lundborg, C.S.; Tripathy, S.K. Disinfection of 

multidrug resistant Escherichia coli by solar-photocatalysis using Fe-doped ZnO nanoparticles. Sci. Rep. 2017, 7, 1–14. 

95. Oquendo-Cruz, A.; Perales-Pérez, O. Synthesis, characterization and bactericide properties of pure and Li doped ZnO nano-

particles for alternative water disinfection methods. J. Electron. Mater. 2018, 47, 6260–6265. 

96. Darwish, A.S.; Bayaumy, F.E.; Ismail, H.M. Photoactivated water-disinfecting, and biological properties of Ag NPs@ Sm-doped 

ZnO nanorods/cuttlefish bone composite: In-vitro bactericidal, cercaricidal and schistosomicidal studies. Mater. Sci. Eng. C 2018, 

93, 996–1011. 


