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Abstract 

This paper reports on the multitasking potential of a silver/iron oxide/zinc oxide 

(Ag/Fe2O3/ZnO) heterostructure, which was used for the photocatalytic decomposition of 

ciprofloxacin (CPX) and bacterial disinfection. The Ag/Fe2O3/ZnO heterostructure was 

successfully prepared using a facile precipitation method, and characterization results showed 

interesting structural, morphological, compositional and luminescent properties. The 

morphological results of the prepared heterostructure confirmed the deposition of Ag 

nanoparticles onto the surface of ZnO nanoplates and Fe2O3 nanorods. Treatment studies 

showed that the Ag/Fe2O3/ZnO heterostructure had superior solar light driven photocatalytic 

activity towards CPX degradation(76.4%) compared to bare Fe2O3 nanorods (43.2%) and ZnO 

nanoplates (63.1%), Ag/Fe2O3 (28.2%) and Ag/ZnO (64.5%) under optimized conditions 

(initial CPX concentration: 10 mg/L; pH 4; catalyst loading: 0.3 g/L). Reactive species study 

confirmed the roles of e─, h+, •OH and •O2
─ in the photocatalytic degradation process. This 

photocatalytic behaviour of the Ag/Fe2O3/ZnO heterostructure could be attributed to the 

improved full solar spectrum harvesting capacity, separation of charge carriers and migration 

of e-/h+ across the heterostructure interface. In addition, the Ag/Fe2O3/ZnO heterostructure also 

showed good antibacterial activity against Escherichia coli (E. coli) under both dark and visible 

light conditions. This might be due to generation of reactive oxygen species during the reaction. 

To the best of our knowledge, this is the first study till date on the utilization of Ag/Fe2O3/ZnO 

heterostructure for the photocatalytic degradation of CPX and E. coli bacteria disinfection. 

Therefore, this work offers an attractive path to design ZnO-based ternary heterostructures for 

solar-driven applications in wastewater remediation.
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Highlights

 Ag/Fe2O3/ZnO heterostructure was prepared via precipitation method.

 76.4% CPX was degraded with Ag/Fe2O3/ZnO after 210 minutes of solar illumination.

 CPX degradation largely succeeded by defluorination, hydroxylation and cleavage of 

piperazine ring. 

 Heterostructure exhibited antibacterial characteristics against Escherichia coli.

1. Introduction

Fluoroquinolones have emerged as the third leading class of antibiotics and comprise 

around 17% of the worldwide antibiotics market [1]. Their presence in the aquatic environment 

has gained considerable attention due to their detrimental impacts on humans, animals and 

aquatic mammals through drinking water and food chain [2]. Ciprofloxacin (CPX), a second-

generation fluoroquinolone, has been most widely prescribed for the treatment of anthrax, 

tuberculosis, bladder infection, sexually communicable diseases and problems related to the 

gastrointestinal tract because of its broad range of antibacterial activity [1, 3-5]. It enters the 

aquatic environment such as wastewater, ground water, surface water and even in drinking 

water via runoff, un-metabolized excretion (>75% of administrated CPX) and inappropriate 

disposal of unused and expired drugs [6-10]. Drug manufacturing companies account for up to 

31000-50000 μg/L in sewage water while approximate concentrations of CPX in wastewater 

treatment plants is in the range of 209-405 ng/L [11, 12]. CPX has been regarded as amongst 

the top ten priority pharmaceutical drugs that are found in the water cycle and is a major target 

compound of concern for European Union projects [13, 14]. It has a stable nature and can 

propagate bacterial drug resistance even in minute concentrations, leading to significant 

concerns for human health and ecosystems [15]. The negative impacts of CPX on living 

creatures involve antibiotic resistance in bacteria, particularly in Escherichia coli (E. coli) [16]. 

Moreover, several reports confirm the presence of CPX residues in fish tissues because of the 

bio-accumulation tendencies of CPX [17, 18]. Thus, the removal of CPX from the aquatic 

environment has already become a matter of concern because of its ecotoxicological effects 
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and ability to encourage resistance in bacterial species [19]. There is an urgent need to develop 

effective treatment techniques for eliminating these drugs from the aqueous phase.

Semiconductor mediated heterogeneous photocatalysis is considered to be a green and 

sustainable technology for addressing some environmental pollution, and it has received much 

attention owing to its promising prospects in wastewater treatment using solar energy [20-24]. 

Numerous wide band gap semiconductors such as TiO2, ZnO, SnO2 and WO3 photocatalysts 

have gained significant research investigation globally [25-27]. Among these well-known 

metal oxides, ZnO, a group II-VI semiconducting material has been broadly employed in the 

field of gas and chemical sensing, solar cells, photodetectors, optoelectronic and catalysis 

owing to its exceptional piezoelectrical, optical and magnetic properties [28-30]. The 

outstanding features of ZnO include non-toxicity, cost effectiveness and easy fabrication into 

different morphologies, and these features make it suitable for a variety of applications. 

However, there are certain photochemical shortcomings associated with this semiconductor 

such as a low quantum efficiency, photo-corrosion and restricted light absorption capacity due 

to the rapid recombination of photo-induced charge carriers [31]. Thus, recent research has 

been concentrated on overcoming these limitations through doping with noble and transition 

metals, introduction of two or more metals ions as co-dopants, formation of heterostructures 

by combining with other band gap materials (for instance, Cu2O, WO3, CdS and Fe2O3) and 

by controlling the growth of ZnO materials in terms of shape, size and structure.

Hematite (α-Fe2O3) is mainly recognized as a capable visible light driven photocatalyst 

owing to its availability, non-toxicity and suitable band potential positions for redox reactions 

[32-34]. In addition, α-Fe2O3 is the highly thermodynamically-stable form of an n-type 

semiconducting iron oxide with a band gap of about 2.2 eV, and it has been extensively studied 

for prospective applications in gas sensing, batteries, heterogeneous catalysis and 

environmental purification [35-40]. Moreover, Fe2O3 nanoparticles have already been 

employed for food and medical purposes as approved by the FDA in the United States [41]. It 

has been gradually utilized in the field of photocatalysis because of its high absorption capacity 

in the visible region, which is around 43% of the full solar spectrum [42]. Unfortunately, a 

higher rate of recombination of photo-induced charge carriers has inhibited further growth and 

practical applications of α-Fe2O3 as an effective photocatalyst. Therefore, many researchers 

have fabricated heterostructures by uniting the merits of both Fe2O3 and ZnO, which has 

offered exceptional properties in the area of photocatalysis [43]. Xie et al.[44] reported the 

synthesis of α-Fe2O3/ZnO composite and carried out the effective photocatalytic 
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decomposition of pentachlorophenol under UV light. Another study reported the degradation 

of methyl orange over a spindle shaped α-Fe2O3/ZnO composite under ultraviolet light. The 

prepared composite achieved 70% decomposition of methyl orange under solar illumination 

which was 3.5 times more than bare Fe2O3 [45]. Alternatively, the combination of 

heterostructures with noble metal nanoparticles such as Cu, Co, Ag and Au etc. is a possible 

strategy that not only enhances the photocatalytic efficiency but also has a substantial effect on 

the morphology [46-48]. Furthermore, surface modification with Ag nanoparticles could 

improve the separation of photo-generated charge carriers owing to its outstanding conductivity 

and strong electron capturing ability [49].

Municipal wastewater also contains different species of bacteria, other microbes, and 

pathogens which should be monitored and controlled during wastewater remediation [50-52]. 

In most cases, water and wastewater treatment criterion focus only on coliform organisms 

including E. coli. [53]. E. coli is a potentially pathogenic organism and exists in the aquatic 

environment which can cause waterborne diseases like diarrhoea, cystitis and peritonitis.[54, 

55]. Its presence in the aquatic environment can disturb ecological balance and poses a threat 

to human health even at smaller concentrations [56, 57].  About two million people are killed 

every year through bacterial infections throughout the world [58]. Therefore, the advancement 

of nanomaterials with antibacterial properties is also of considerable interest. Various metal 

oxides such as TiO2, ZnO, CuO and Fe2O3 are well known for effective inactivation of bacteria 

using photocatalyzed chemical reactions [59-62], however research in the area of hybrid-metal 

oxides still requires broad exploration. Tam et al. [64] prepared ZnO rods using a hydrothermal 

method and these exhibited a higher antibacterial activity against Bacillus atrophaeus as 

compared to Escherichia coli owing to its simple cell structure. Another study reported the 

photocatalytic decomposition of orange II dye and E.coli disinfection over ZnO under solar 

light [64]. However, there are no reports available in literature on the photocatalytic and 

antibacterial activity of a heterostructure like Ag/Fe2O3/ZnO.

With reference to the above considerations, the motive of this study was to fabricate 

Ag/Fe2O3/ZnO heterostructures through a simple precipitation technique and to characterize 

them using several analytical and spectrometric techniques. The prepared heterostructure was 

employed for the decomposition of an antibiotic drug, CPX, under natural solar illumination 

as well as to assess its antibacterial activity against E. coli under dark and light conditions. The 

prepared Ag/Fe2O3/ZnO heterostructure exhibited higher photocatalytic activity for the 

degradation of CPX than bare ZnO. Moreover, the function of reactive species in the 
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photocatalytic decomposition of ciprofloxacin and the antibacterial experiments was assessed 

through studies with radical scavengers. The probable photocatalytic mechanism of the as-

prepared Ag/Fe2O3/ZnO heterostructure was explored, followed by an assessment of its 

reusability.

2. Materials and Methods

2.1. Chemicals and reagents

All the analytical grade chemicals were used as supplied. Zinc acetate dihydrate 

((CH3COO)2Zn.2H2O; ≥ 98%), iron (III) nitrate nonahydrate (Fe(NO3)3.9H2O; ≥ 97%), sodium 

hydroxide (NaOH; > 97%), hydrochloric acid (HCl; 36.5-38%), silver nitrate (AgNO3; ≥ 99%), 

triethanolamine (TEOA; ≥ 97%), formic acid (FA; > 98%), p-benzoquinone (p-BQ; ≥ 98%) 

and sodium sulfate anhydrous ((Na2SO4; ≥ 99%) were procured from Merck, India. Ethanol 

(C2H5OH; > 99.9%) was purchased from Merck KGaA, Germany. Ethylenediamine 

tetraaceticacid disodium salt (EDTA.2Na; > 99.4%) and glutathione (GSH; > 98%) were 

purchased from Alfa Aesar and Sigma Aldrich Canada, respectively. Ciprofloxacin (CPX; ≥ 

98%), terephthalic acid (TA; 98%) and sodium carbonate ((CNa2O3); ≥ 99.5%) were purchased 

from Sigma Aldrich, USA. Sodium nitrate (NaNO3; 98%) was procured from Fisher Scientific, 

India. Double distilled water was used to prepare stock solutions for all experiments. The 

adjustment of the pH of drug solutions was performed with 0.01 M solutions of HCl and NaOH.

2.2. Preparation of Fe2O3 nanopowder

In the typical synthesis procedure, 3.6 g of Fe(NO3)3.9H2O was dispersed in 40 mL 

double distilled water under continuous stirring. After that 3M NaOH was added to the 

precursor solution until the pH reached 11. Further, this solution was given ultrasonic treatment 

for 10 minutes and stirring for 1hour. Afterwards, the whole suspension was poured into a 

Teflon-lined stainless steel autoclave and treated hydrothermally at 150°C for 14 hours. The 

obtained precipitates were centrifuged, collected and washed with ethanol and double distilled 

water and dried in an oven at 80°C. Subsequently, the resulting yellow powder was calcined at 

450°C for 2 hours.

2.3. Preparation of Ag/Fe2O3/ZnO heterostructure

The Ag/Fe2O3/ZnO heterostructure was synthesized via an ultrasonic-assisted 

hydrothermal method. In this method, 0.5 g Fe2O3 was suspended in 25 mL of distilled water 
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under ultrasonication to form “Solution A”. Simultaneously, 2.748 g of zinc acetate dihydrate 

and 0.094 g of silver nitrate was dissolved into 20 mL and 10 mL distilled water, respectively 

and mixed thoroughly. Afterwards, 1 M NaOH was added into aqueous solution to achieve  pH 

of 12 and this was designated as “Solution B”. Both solutions A and B were mixed and stirred 

for 1 h. The whole mixture was then transferred into the Teflon-lined autoclave and 

hydrothermally treated at 150 °C for 10 h. The collected precipitates were washed carefully 

with an ethanol-water mixture, dried at 70°C overnight in an oven, and then crushed into 

powder form and further calcined at 450°C for 2 h. The pure ZnO, was synthesized using the 

same method, except for the inclusion of silver nitrate and Fe2O3. The Ag/Fe2O3 and Ag/ZnO 

samples were also prepared using same procedure without the addition of zinc acetate dihydrate 

and Fe2O3, respectively.

2.4. Analytical methods

The general morphologies and structure of as-prepared materials were investigated via 

transmission electron microscopy (TEM; JEOL-JEM-2100F) and field emission scanning 

electron microscopy (FESEM; HITACHI, SU8010) equipped with an energy dispersive 

spectroscope (EDS) at an accelerating voltage of 10 kV. The interaction between the 

heterostructure and E. coli was captured using a Philips CM10 microscope. The structure and 

crystalline properties of samples were obtained with X-ray diffraction (XRD; 

PANanalyticalXpert Pro.), measured with Cu-Kα (λ= 1.54056 Å) at 45 kV and 40 mA. The 

presence of surface functional groups was assessed using Fourier transform infrared (FTIR) 

spectrophotometer (Perkin Elmer spectrum 400-FTIR/FT-FIR) using KBr as a standard 

material. The elemental composition and state of prepared samples was confirmed using an X-

ray photoelectron spectrophotometer (Thermal Scientific K-alpha).The specific surface area 

and pore volume were determined using nitrogen adsorption analyzer (NOVA 2000e series, 

Quantachrome Instruments).The ultraviolet–visible diffuse reflectance spectra of samples were 

acquired on UV–vis DRS (Shimadzu UV-2600) using barium sulphate as a reference material. 

Photoluminescence (PL) spectra of samples were collected using fluorescence 

spectrophotometer (Hitachi F-7000; 5J1-004 model). The UV–vis absorption studies were 

carried out by recording absorbance spectra on Systronics-2202 spectrophotometer.  The zeta 

potential of prepared catalyst at different pH values was determined using zetasizer (Nano-

ZS90, Malvern Instruments Ltd, UK). The valence band potentials of prepared samples were 

determined using ultraviolet photoelectron spectroscopy (UPS, AXIS Supra, Kratos Analytical, 

UK).The reaction transformation products for the decomposition of CPX over Ag/Fe2O3/ZnO 
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heterostructure was analyzed using ultra performance liquid chromatography (UPLC) with a 

Waters mass spectrometer (XEVO G2XS QTOF) for analysis of the mass spectra. The 

separation was carried out in an Acquity BEH C18 column (2.1* 100 mm i.d., 1.7 μm). 

Chromatographic separation was carried out with a mobile phase containing 0.1% formic acid 

in deionised water and 100% acetonitrile passed through the column with a sample injection 

volume of 1 μL and syringe pump flow rate of 0.3 mL/min. The positive electron ionization 

mode was used to obtain the mass spectra with scanning range of 100-1000 m/z under the 

following conditions: capillary voltage 2.5 kV; cone voltage 30V; source temperature 120°C; 

desolvation temperature 400 °C. 

2.5. Photocatalytic measurements

The extent of photocatalytic activity of Ag/Fe2O3/ZnO heterostructures was examined 

by monitoring the decomposition of CPX in a double wall reaction vessel covered with 

parafilm under solar illumination between 10:30 am to 2:30 pm with average intensities of 65-

70 Klux measured using a CHY-332 digital light meter (Longitude 760 46’ 14” E and Latitude 

300 45’ 34” N). Briefly, a certain amount of photocatalyst, i.e. Ag/Fe2O3/ZnO with a dose 

varying from 0.1 g/L to 0.4 g/L, was suspended in 100 mL of CPX (10 mg/L) aqueous solution. 

Prior to illumination, the suspension was stirred in the dark for 30 minutes to attain adsorption-

desorption equilibrium. Subsequently, the investigation of photocatalytic activity was 

commenced by irradiating the set up under solar light. Samples of CPX solution were extracted 

at specific time spans and filtered to obtain a photocatalyst-free drug solution. The 

concentration of CPX solution was determined at an absorption wavelength of 270 nm using 

Systronics-2202 UV-vis spectrophotometer. The process parameters (pH of drug solution, 

catalyst dose and initial CPX concentration) were examined by varying the reaction conditions. 

The degradation extent (%) was calculated by formula given below:

Degradation extent (%) = 
Co - Ct

Co
 ×  100

where C0 is the concentration of CPX before solar illumination and Ct is the concentration of 

CPX at time t of solar light illumination.

Furthermore, scavenger experiments were performed to determine the reactive species 

accountable for degradation, using distinct scavengers such as formic acid (FA; HCOOH), 

triethanolamine (TA; C6H15NO3) and p-benzoquinone (p-BQ; C6H4O2) for trapping of e─, h+ 

and •O2
─, respectively. Before the addition of photocatalyst, scavengers (0.01 M) were added 

into the CPX solution, and the previously described solar procedure was followed. 
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2.6. Assay for antibacterial activity measurements

Ag/Fe2O3/ZnO heterostructure suspensions were sterilised and investigated for their 

antibacterial activity toward the Gram-negative bacteria E. coli, which was grown for 17 h in 

Lauryl Tryptose broth (LTB) in an incubator shaker with a shaking speed of 150 rpm at 37°C. 

After incubation, bacterial suspension was centrifuged in 1.5 mL tube and the bacterial pellet 

was recovered by discarding the supernatant. The obtained pellet was washed three times with 

10 mM phosphate buffered saline (PBS). Then, this washed pellet was re-suspended in PBS 

and the optical density of this stock solution of bacteria was adjusted to 0.2 at 600 nm using 

PBS. The bacterial concentration was also confirmed by plate counting of serial dilutions and 

the initial concentration was found to be approximately 3×107 colony forming units per 

millilitre (CFU/mL). All glassware and microtips were sterilized by autoclave prior to each 

experiment.

Different concentrations of Ag/Fe2O3/ZnO heterostructure (0-2000 μg/mL) were 

prepared in sterile deionised water. Then, 900 μL of the samples containing different 

concentrations of Ag/Fe2O3/ZnO heterostructure was added to 100 μL of inoculum of E.coli 

(3×107 CFU/mL). The prepared suspensions were incubated on a shaker at 37°C with a 

rotational speed of 150 rpm for incubation times of 30, 60 and 120 minutes under dark and 

visible light conditions (fluorescent lamps model F328/XL/SPX35/HL/ECO (430-630 nm; 

2915 lumens). After the specified exposure time, a sample was serially diluted and 100μL was 

added to plate count agar plates and spread homogenously over the plate with help of a sterile 

spreader. The plates were incubated at 37°C for 24 h, and the numbers of bacteria colonies 

were counted. Control experiments were carried out in the same manner without the addition 

of Ag/Fe2O3/ZnO heterostructure.

3. Results and discussion

3.1 Characterization of prepared Ag/Fe2O3/ZnO sample

The phase and structural properties of as-prepared ZnO and Ag/Fe2O3/ZnO were 

investigated by XRD analysis (Figure 1a). The diffraction peaks obtained at 2θ = 31.85°, 

34.62°, 36.37°, 47.63°, 56.56°, 62.85°, 66.51°, 68.01°, 69.15°and 77.01°corresponded to (100), 

(002), (101), (102), (110), (103), (200), (112), (201) and (202) lattice planes of the standard 

pattern of the wurtzite hexagonal phase of ZnO (JCPDS 36-1451), respectively [65, 66]. 

Further, the average crystallite size (D) of the prepared ZnO was computed at peak (101) using 
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Debye- Scherrer equation and calculated to be 41.7 nm. Figure 1b represents the XRD pattern 

of the prepared Fe2O3 and it possessed a rhombohedral structure along with space group of R-

3c. The diffraction peaks observed at 2θ = 24.28°, 33.28°, 35.75°, 40.97°, 49.53°, 54.16°, 57.52°, 

62.57°, 64.12° and 71.82° corresponded to (012), (104), (110), (113), (024), (116), (122), (214), 

(300) and (1010) planes of α-Fe2O3 (JPCDS No. 33-0664), respectively [67-69] and the 

crystallite size at plane (110) was determined to be 21.57 nm. In addition, two diffraction peaks 

at 38.01° and 44.15°were related to (111) and (200) planes of Ag, respectively [70], confirming 

the formation of a ternary composite Ag/Fe2O3/ZnO (Figure 1c). The crystallite size (D) of 

ZnO (101) of the prepared Ag/Fe2O3/ZnO heterostructure was computed from the Debye-

Scherrer equation and calculated to be ~100 nm. As shown in Figure 1d and e, the XRD 

patterns of the as-prepared Ag/Fe2O3 and Ag/ZnO nanocomposites contain the peaks of both 

Ag, α-Fe2O3 and Ag, ZnO, respectively. Other than the composites, no diffraction peak 

associated with another crystal phase was observed, confirming the high purity of the 

synthesized samples.

Figure 1. XRD diffraction patterns of (a) bare ZnO, (b) bare Fe2O3 (c) Ag/Fe2O3/ZnO 

heterostructure (d) Ag/Fe2O3 (e) Ag/ZnO and (f) FTIR spectra of ZnO and Ag/Fe2O3/ZnO
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Information regarding the surface chemistry of the prepared samples was obtained from 

FTIR patterns (Figure 1f). From the spectrum of pure ZnO, the characteristic bands at 443 cm-1 

and 582 cm-1 corresponded to the stretching vibrations of oxygen-metal-oxygen (O-M-O) and 

metal-oxygen (M-O), respectively [71]. Notably, two extra peaks were obtained in the prepared 

heterostructure at 523 cm-1 and 651 cm-1, which corresponded to metal-oxide (Fe-O) vibrations 

[72]. A peak observed at 910 cm-1can be due to the bending modes of a carbonate group [73]. 

A small band at 1349cm-1 represents C-H bending [74]. The peak at 1505 cm-1corresponds to 

symmetrical vibrations of a C=O group [75]. The band at 1633 cm-1 and 3450 cm-1 is attributed 

to the bending and stretching vibrations of an O-H group [76, 77].

The morphology and structure of as-synthesized Ag/Fe2O3/ZnO heterostructure, bare 

ZnO and α-Fe2O3was studied using FESEM analysis. Figure 2a and b indicate that the pure 

ZnO sample is composed of many nanosheets with a thickness of 20-50 nm. These nanosheets 

are highly aggregated and grown in more dense form. It can be seen that the α-Fe2O3 material 

shows a rod-like structure (Figure 2c and d)) with a diameter of 30-100 nm and length in the 

range of 0.4-0.65μm.

Figure 2. FESEM images of (a), (b) ZnO at different magnification, (c) and (d) Fe2O3 at 

different magnifications
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Figure 3(a-c) shows FESEM micrographs of the synthesized Ag/Fe2O3/ZnO 

heterostructure. A high resolution FESEM micrograph (Figure 3b) indicates that ZnO 

nanoplates and α-Fe2O3 nanorods are assembled to form a heterostructure, while Ag 

nanoparticles are non-uniformly distributed on the surface of this heterostructure. Figure 3d 

and 3e exhibit the TEM images of the as prepared heterostructure which confirmed the obtained 

FESEM results with respect to the structure and dimensions of the prepared sample. In order 

to verify the crystalline phases which were identified via XRD analysis using interplanar 

spacing, an HRTEM investigation was carried out on the prepared Ag/Fe2O3/ZnO sample. The 

different lattice fringes (Fig 3f) noted at 0.25 nm and 0.27 nm are consistent with ZnO (101) 

and the hexagonal phase of α-Fe2O3 (104) facets respectively [78-80]. The lattice fringe was 

measured to be 0.24 nm and this corresponded to the (111) plane of the cubic phase of Ag [81-

82]. In addition, element mapping (Figure 3(g-j)) of selected areas showed the uniform 

interspersion between the Ag, Fe2O3 nanorods and ZnO sheets. The EDS analysis (Figure 3k) 

of the ternary Ag/Fe2O3/ZnO heterostructure also validated the existence and weight 

percentage of the relative components (Zn, Fe, O and Ag) in the heterostructure.
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Figure 3.(a-c) FESEM micrographs, (d-e) TEM images at different magnifications, (f) 

HRTEM image, (g-j) Element mapping; Zn, O, Fe, Ag and (k) EDS analysis of prepared 

Ag/Fe2O3/ZnO heterostructure

XPS analysis was carried out to investigate the elemental composition and electronic 

state of the Ag/Fe2O3/ZnO heterostructure (Figure 4). Figure 4a exemplifies the XPS survey 

spectrum of the prepared heterostructure, which confirmed that the sample Ag/Fe2O3/ZnO 

heterostructure was comprised of Ag, Zn, Fe and O elements, as found in the aforementioned 

TEM, EDX and XRD results. Figure 4(b-e) displays the high-resolution spectrum for Zn, Fe, 
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Ag and O elements. Because of high spin-orbit pairing, the Zn 2p peak breaks up into Zn 2p3/2 

and Zn 2p1/2 peaks centred at 1021.3 eV and 1044.3 eV, respectively. Results showed that the 

chemical state of Zn remains the same i.e. Zn2+ in the composite [83, 84]. As illustrated in 

Figure 4c, for the Fe 2p XPS spectrogram, two peaks located at binding energy positions of 

710.3 eV, 723.8 eV can be ascribed to Fe 2p3/2 and Fe 2p1/2, respectively [85]. The small peak 

positioned at 718.3 eV is associated with a satellite peak of Fe 2p3/2. Another lower intensity 

peak at 732.6 eV may be related to a satellite peak of Fe 2p1/2 [86]. These satellite peaks confirm 

the presence of Fe3+ in the hematite phase of Fe2O3 and indicate that Fe2+ is missing [87, 88]. 

In Figure 4d, the peaks obtained at 368.4 eV and 374.5 eV corresponded to Ag 3d5/2 and Ag 

3d3/2 respectively, which confirms the presence of Ag0 on the surface of the prepared composite 

[73, 83, 89-90]. The peaks related to Ag+ cations were not obtained in the XPS spectrogram. 

The peak located at 531.5 eV (Figure 4e) is attributed to the adsorbed oxygen molecule on the 

surface of Ag/Fe2O3/ZnO heterostructure [91].
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Figure 4. (a) XPS spectra of the Ag/Fe2O3/ZnO heterostructure, (a) survey scan, (b) Zn 2p, (c) 

Fe 2p, (d) Ag 3d and (e) O 1s
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The optical absorption characteristics of the prepared samples are related to electronic 

arrangements, which play a crucial role in determining its photocatalytic activity [92]. The 

energy band gaps (Eg) were calculated from the plot of (αhν)2 versus hν (Figure 5a). The energy 

band gap was determined by drawing a linear slope according to the following empirical 

formula:

(αhν)n = A (hν-Eg)

where α, hν, Eg, A corresponded to the coefficient of absorption, photonic energy, band 

gap energy and proportionality constant, respectively. The value of n is dependent on the direct 

optical transmission of the material and was assumed to be 2. The band gap of the prepared 

samples was found to be 3.18 eV, 2.93 eV and 2.07 eV for ZnO nanoplates, Ag/Fe2O3/ZnO 

heterostructure and Fe2O3 nanorods, respectively. Hence, it can be deduced that the inclusion 

of Ag/Fe2O3 into ZnO nanoplates can improve the light absorption and catalytic activity for the 

removal of organic contaminants under the full solar spectrum [93]. The improved light 

absorbing capacity of the ternary composite makes it appropriate for solar light-based 

applications.

The Photoluminescence (PL) technique was used to study the transfer, capture and 

separation of photo-induced electron hole pairs in prepared catalysts. PL spectrograms of the 

prepared Ag/Fe2O3/ZnO heterostructure and pristine ZnO nanoplates are shown in Figure 5b. 

They both follow similar trends but distinct PL intensities, which confirm the existence of ZnO 

matrix in the prepared Ag/Fe2O3/ZnO heterostructure. The emission spectra for the 

Ag/Fe2O3/ZnO heterostructure and the ZnO nanoplates were recorded by exciting both samples 

at the 325 nm wavelength. The emission peaks formed at 403 nm and 471 nm can be attributed 

to zinc vacancies and interface radiation imperfections, respectively [94, 95]. Moreover, the 

blue emission range (470-550 nm) was generally related to oxygen interstitials [96]. The 

Ag/Fe2O3/ZnO heterostructure exhibited significantly decreased PL intensity as compared to 

bare ZnO nanoplates, indicating that the recombination rate of photoexcited e─-h+ pairs can be 

effectively inhibited and therefore extending the lifespan of charge carriers. This behaviour can 

be a favourable factor for enhancing its photocatalytic properties.

The large specific surface area of the composite offers more availability of active sites, 

improves the charge movement and thereby can be responsible for enhanced photocatalytic 

activity [97]. Figure 5c and d exhibits the nitrogen adsorption-desorption isotherm and pore 

size distribution curve of the prepared Ag/Fe2O3/ZnO heterostructure. The specific surface area 
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and pore volume for the Ag/Fe2O3/ZnO heterostructure was determined to be 33.440 m2/g and 

0.038 cm3/g, respectively. The DFT distribution plot exhibited in Figure 5d shows that the 

pore radius distribution peak was centred at 13.59 Å.

Figure 5. (a) Plot of (αhν)2 versus hν(b) photoluminescence spectra at 325 nm excitation (c) 

BET adsorption-desorption isotherm and (d) Density functional theory (DFT) analysis of as-

prepared Ag/Fe2O3/ZnO

3.2 Photocatalytic decomposition of CPX over Ag/Fe2O3/ZnO heterostructure under 

solar illumination

The photocatalytic activity of the prepared materials was investigated by the 

decomposition of CPX under different conditions. The effects of various parameters such as 

initial pH, Ag/Fe2O3/ZnO loading, and initial CPX concentration were investigated. Moreover, 

photocatalyst reuse experiments were carried out to examine the performance of the prepared 

material for realistic purposes. 
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The solution pH plays very complex role in a photocatalytic decomposition system. It 

affects various factors such as the ionization state of the substrate and the surface charge on the 

photocatalyst. The influence of pH on the extent of photo-degradation of CPX (10 mg/L) was 

explored by altering the pH from 4 to 9 with 0.1 g/L of catalyst under solar illumination and 

the results are shown in Figure 6a. The percentage removal of CPX was found to be 69.7%, 

63.6% and 66.8% at pH 4, pH 6 and pH 9 respectively. The maximum degradation efficiency 

for CPX over Ag/Fe2O3/ZnO heterostructure was noted to be at pH 4, although the differences 

were not very large.  CPX exists in a zwitterion form between pH values from 6.09-8.74, and 

CPX appeared to be slightly more sensitive under basic conditions. According to the 

pharmaceutical point of view, stability in acidic conditions is imperative because the 

formulation and use of oral pharmaceutical drugs is carried out in the range of pH 3.5 to 5.5 

[98].The point of zero charge (PZC) for Ag/Fe2O3/ZnO was calculated to be 3.78 (Figure 6b). 

At pH< 3.78, the surface of Ag/Fe2O3/ZnO turned positively charged and negatively charged 

at pH > 3.78. At pH 4, CPX carries a net positive charge and Ag/Fe2O3/ZnO behaves in an 

anionic way, which results in electrostatic attraction between them, thereby increasing the 

efficiency of the photocatalytic reaction at this lower pH.

Figure 6c describes the impact of catalyst loading towards the decomposition of CPX 

at pH 4 and 10 mg/L of CPX concentration. It was noticed that the extent of decomposition 

was increased from 69.7% to 76.4% with the increment in catalyst loading from 0.1 g/L to 0.3 

g/L. The decomposition efficiency then decreased to 68.4% with the increment in catalyst 

loading up to 0.4 g/L. Increasing the amount of catalyst decreases solution transparency, which 

decreases penetration of photons in the more turbid solution and thus decreases photocatalytic 

performance. The influence of initial CPX concentration (Figure 6d) on degradation efficiency 

was also examined at pH 4 and a catalyst loading of 0.3 g/L. The extent of decomposition 

decreased with the rise in CPX initial concentration in the sequence: 84.6% >76.4 % > 

68.0%.However, beyond the optimum drug concentration, the degradation efficiency decreases 

because of reduced availability of active sites for the higher drug concentrations.

It is well known that the inorganic salts are present in actual wastewater and many 

researchers reported the significant impact of inorganic salts on photocatalytic removal 

efficiency of the target contaminants [99]. Therefore, taking this factor into account, the impact 

of different inorganic salts (NO3
─, CO3

2─, SO4
2─) in water on the photocatalytic degradation of 

CPX using Ag/Fe2O3/ZnO heterostructure was studied. Figure 6e exhibits the results of CPX 

degradation in the presence of inorganic salts at a concentration of 0.02 M. As shown in Fig. 
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6e, no obvious difference was observed in the degradation curves of the solution containing 

NaNO3 and Na2SO4.The photocatalytic efficiency for CPX declined to some extend with the 

introduction of Na2CO3. The reason for this may be that carbonate can also act as a radical 

scavenger, which can decompose some active radicals formed at the surface of photocatalyst, 

resulting in reduction of active radicals to combine with the CPX molecules, so that the 

photocatalytic degradation of CPX was impeded significantly. Similar results were reported in 

literature on the photocatalytic degradation of CPX by Wen et al. [100].
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Figure 6. Effect of (a) pH (b) pH on zeta potential (c) catalyst amount and (d) initial CPX 

concentration on the removal efficiency of CPX under solar light using Ag/Fe2O3/ZnO 

heterostructure (error bars based on repeated experiments) and (e) Effect of inorganic salts on 

CPX degradation in the presence of Ag/Fe2O3/ZnO heterostructure.

The UV-vis absorbance spectra for the decomposition of CPX with respect to time over 

the Ag/Fe2O3/ZnO heterostructure under solar light are illustrated in Figure 7a. The 

characteristic peak of CPX at 271 nm decreased progressively with the increase in 

photocatalytic reaction time. About 76.4% decomposition of CPX was accomplished over the 

Ag/Fe2O3/ZnO heterostructure after 210 minutes of reaction. Furthermore, adsorption and 

photolysis studies were carried out to determine the impact of solar light and catalyst on CPX 

disappearance. It was found that about 33.1% of CPX was adsorbed on the surface of 

Ag/Fe2O3/ZnO heterostructure. During a photolytic process in the absence of the 

heterostructure material, only 11% decomposition of CPX was attained after 210 minutes of 

solar illumination (Figure 7b). Moreover, only 43.2%, 63.1%, 28.2% and 64.5% of CPX was 

degraded over pristine Fe2O3, ZnO, Ag/Fe2O3 and Ag/ZnO respectively, under solar light 

which demonstrated lower decomposition efficiency as compared to the Ag/Fe2O3/ZnO 

heterostructure (Figure 7c). Di et al. [101] synthesized nitrogen-doped carbon quantum dots 

(N-CQDs)/BiOBr using solvothermal method and utilized for the photocatalytic degradation 

of CPX (10 mg/L, 100 mL). The degradation efficiency of 88% was obtained after 120 minutes 

of visible illumination. In another study, N-CQDs/BiPO4 composite showed maximum 

removal of CPX (10 mg/L) i.e. 87.5% as compared to bare BiPO4 (64.4%) after 120 minutes 

of UV illumination [102]. This enhancement in degradation efficiency of CPX was due to the 

generation of more O2
•─ species with N-CQDs/BiPO4 photocatalytic system. 

The mineralization of CPX (pH 4, 10 mg/L) was analyzed using TOC analysis and 

photocatalytic experiments were performed under optimized conditions. The initial TOC 

concentration of CPX was obtained as 7.355 mg/L which reduced to 5.371 mg/L after 210 

minutes of photocatalytic reaction. About 27% TOC reduction of CPX (10 mg/L, pH 4) was 

obtained with Ag/Fe2O3/ZnO composite (0.3 g/L) after 210 minutes of solar illumination. It 

was found that the TOC values reduced with increase in reaction time.

The kinetics of the decomposition reaction was studied by application of a pseudo-first 

order kinetic model [103]. The plot of lnC0/C versus reaction time (Figure 7d) suggested that 

the photocatalytic decomposition of CPX followed a pseudo-1st–order model, and the values 
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of the apparent rate constants are shown in Table 1. The rate constant for the Ag/Fe2O3/ZnO 

heterostructure was found to be 5 times higher than that of bare Fe2O3.

Table 1: Apparent photocatalytic rate constants for three photocatalysts, and correlation 

coefficient for pseudo-first order model fit.

Photocatalyst R2 Apparent rate constant (hr-1)

Ag/Fe2O3/ZnO 0.98326 0.3036

Fe2O3 0.96979 0.0596

ZnO 0.97618 0.2802
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Figure 7. (a) Time dependent UV-visible absorbance spectra of CPX in the presence of 

Ag/Fe2O3/ZnO heterostructure under optimized conditions (pH 4, catalyst loading 0.3 g/L, 

initial CPX concentration 10 mg/L), (b) comparison between photolysis, adsorption and 

photocatalysis with bare ZnO, Fe2O3, Ag/Fe2O3, Ag/ZnO and Ag/Fe2O3/ZnO heterostructure 

(c) comparison of extent of degradation of CPX using bare Fe2O3, bare ZnO and Ag/Fe2O3/ZnO 

heterostructure under solar illumination.

3.3 Scavenger study and probable mechanism for the decomposition of CPX using 

Ag/Fe2O3/ZnO heterostructure

In order to study the degradation mechanism, role of reactive oxidative species in 

decomposition reaction was identified using different scavenging agents under the optimized 

reaction conditions. The decomposition efficiency of CPX (Figure 8a) was determined to be 

45.5%, 19.5% and 47.3% for TEOA, FA and p-BQ, respectively. It was observed that the 

decomposition efficiency of CPX considerably decreased with the addition of FA (formic acid), 

suggesting that electrons are the foremost reactive species for the removal of CPX. It was noted 

that the decomposition efficiency of CPX diminished to 45.5% and 47.3% with TEOA and BQ, 
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respectively, suggesting that holes (h+) and superoxide (•O2
─) are also engaged in the 

decomposition of CPX to some extent. The non-fluorescent terephthalic acid (TA) directly 

combines with •OH to generate the highly fluorescent 2-hydroxy terephthalic acid (HTA) 

which has maximum fluorescence emission intensity around 427 nm [104]. Therefore, the 

analysis of •OH radical formation was analyzed using this TA probe method (Figure 8b). The 

enhancement in peak intensity at 427 nm with the increase in reaction time under solar light 

signified the formation of •OH radicals. Hence, it was inferred that •OH radicals, electrons, 

holes and reactive oxygen species played an important function towards the decomposition of 

CPX using Ag/Fe2O3/ZnO heterostructure.

Figure 8. (a) Photocatalytic decomposition of CPX over Ag/Fe2O3/ZnO heterostructure in 

presence of distinct scavengers and (b) Photoluminescence emission spectra of TA over 

Ag/Fe2O3/ZnO heterostructure under solar illumination

To understand the energy band structure of the Ag/Fe2O3/ZnO heterostructure, the 

actual energy band potentials of ZnO nanosheets and Fe2O3 nanorods were determined using 

valence band ultraviolet photoelectron spectroscopy (VB-UPS) and results are shown in Figure 

9. 
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Figure 9 UPS spectra of ZnO nanoplates and α-Fe2O3 nanorods

The valence band maximum (EVB) was determined to be 3.40 eV and 2.85 eV for ZnO and 

Fe2O3, respectively. The band gap energies (Eg) of ZnO and Fe2O3 were acquired from Tauc 

plot and found to be 3.18 and 2.07 eV, respectively. The conduction band minimum (ECB) was 

found to be 0.22 eV and 0.78 eV for ZnO and Fe2O3, respectively using the relation [105-107], 

ECB = EVB – Eg. Figure 10 exhibits a graphical depiction of the photocatalytic decomposition 

process using the Ag/Fe2O3/ZnO heterostructure. Under solar illumination, both Fe2O3 and 

ZnO could be stimulated to produce e-/h+ pairs. Since the conduction band edge of Fe2O3 (0.78 

eV) is more positive than ZnO (0.22 eV), the photo-excited e─ of ZnO can transfer from the 

conduction band of ZnO to Fe2O3. The photo-induced e─ from the conduction edge of ZnO can 

be trapped by Ag nanoparticles because of its high conductivity and electron trapping capacity 

[108]. This could help in decreasing the e─-h+ recombination of charge carriers by improving 

charge separation. The electrons in Ag nanoparticles could be entrapped by an oxygen 

molecule (O2) to form superoxide anions (•O2
─), which further react with CPX [109]. In 

reverse, the h+ may be transferred from the valance band of ZnO to Fe2O3. The h+ on the valence 

band of Fe2O3 and the Ag nanoparticles could be used for the decomposition of CPX [110, 

111]. Meanwhile, the h+ may combine with water to form hydroxyl radicals because the valence 

band potential of Fe2O3 (2.85 eV) is higher than the standard potential of ─OH/•OH (1.99 eV) 

[112]. As a result, e─, h+, •O2
─, and •OH play an important function towards the decomposition 

of CPX using Ag/Fe2O3/ZnO heterostructures under solar irradiation as also verified from the 

reactive species results. Therefore, the photocatalytic activity of the Ag/Fe2O3/ZnO 

heterostructure is noticeably improved over that of the ZnO and Fe2O3 components.

https://www.sciencedirect.com/science/article/pii/S0926337318311962#fig0110
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Figure 10 Pictorial illustration of the mechanism for the photocatalytic degradation over the 

Ag/Fe2O3/ZnO heterostructure under solar illumination 

3.4 Transformation products and CPX degradation pathway

To study the decomposition intermediates during the photocatalytic reaction, LCMS 

analysis was carried out. In this study, the transformation products and structural information 

of the antibiotic drug CPX was found based on the molecular ion peaks [M+H]+. The parent 

ion peak of CPX emerged at m/z 332 with the molecular formula (C17H18FN3O3) and molecular 

weight (M = 331.13 g/mol). The related mass spectra of drug solutions after photocatalytic 

reaction of various time periods are presented in supplementary information (Figure S1). Based 

on the MS data findings, a probable degradation pathway (Scheme 1) was proposed. 

Defluorinated product CPX 1 (m/z 330) is mainly formed after the substitution of an OH group 

in place of the fluorine [113-115]. The formation of the intermediate (m/z 362) can be due to 

the stepwise decomposition of the piperazine side chain opening by an •OH group, which is 

also in accordance with the oxidation capacity of the functional groups. The intermediate 
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product with m/z 334 could be formed from m/z 362 by losing one aldehyde group [116]. The 

elimination of a second formaldehyde group from the piperazine substituent (m/z 334) would 

result in the formation of product CPX 3 (m/z 306) or generate CPX 2 with m/z 316 via 

defluorination. The products CPX 2 and CPX 3 can be further defluorinated to generate product 

CPX 4 (m/z 288) [117].

Scheme 1 Probable degradation pathway for the decomposition of CPX over Ag/Fe2O3/ZnO 

heterostructure under solar illumination

3.5 Reusability of prepared Ag/Fe2O3/ZnO heterostructure
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To investigate the potential for a real application, CPX decomposition was studied over 

the Ag/Fe2O3/ZnO heterostructure for three continual cycles (Figure 11). The removal 

efficiency of CPX was slightly decreased as the number of runs increased. After two and three 

repeated runs, the CPX removal decreased from 76.4 % to 73.9 % and 64.2 %, respectively. 

The minor reduction in catalytic activity might be due to the leaching of zinc and silver ions 

and the loss of active sites during the degradation process. The prepared heterostructure 

exhibited reasonable catalytic stability and relatively small decreases in catalytic activity for 

CPX decomposition. Hence, the Ag/Fe2O3/ZnO heterostructure shows promise as a stable and 

efficient photocatalyst, which may be beneficial for realistic applications in the future, although 

more extensive stability studies are required.

Figure 11 Recyclability of the Ag/Fe2O3/ZnO towards the decomposition of CPX under 

solar illumination over three cycles

3.6 Antibacterial activity of Ag/Fe2O3/ZnO heterostructure towards E.coli

3.6.1 Effect of exposure time

The impact of irradiation time on the antibacterial activity of the Ag/Fe2O3/ZnO 

heterostructure was studied by varying the exposure time under visible light for 30, 60 and 120 

minutes. In Figure 12a, survival of bacterial in the absence of Ag/Fe2O3/ZnO heterostructure 

was used as control. Negligible photo-deactivation of E. coli was observed under visible light 

only. Figure 12a exhibits the photo-inhibition profile against E. coli catalyzed by the 

Ag/Fe2O3/ZnO heterostructure under visible illumination. The inhibition of E. coli increased 

with an increase in irradiation time. Almost complete (>90%) inactivation of E. coli was 

observed with 18.75 μg/mL and 2.34 μg/mL concentrations of Ag/Fe2O3/ZnO heterostructure 

after 60 minutes (optimized time) and 120 minutes of visible illumination (fluorescent lamps), 
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respectively. For comparison (Figure 12b), antibacterial experiments were carried out with the 

Ag/Fe2O3/ZnO heterostructure sample under dark environments, where E. coli survival 

decreased slowly with time. There was a noticeable difference between the photo-induced and 

non-irradiated (dark) antibacterial effects against E. coli observed at a lower catalyst loading 

(0.01 -75 μg/mL) after 30 and 60 minutes of contact time. As seen from Figure 12, the prepared 

catalyst showed very good antimicrobial activity, as almost all E.coli was inactivated after 1 

hour with a concentration of 18.75 μg/mL under visible illumination, whereas a concentration 

of 500 μg/mL was required for a similar antimicrobial effect under the dark conditions (Figure 

12b). Since, both Zn and Ag are known for their antimicrobial properties. The chemical 

interactions between the metal ions and E.coli are a probable mechanism of Ag/Fe2O3/ZnO 

against E. coli under dark conditions [118].

Figure 12. Percentage survival of E. coli after treatment with Ag/Fe2O3/ZnOat various 

concentrations as a function of time under (a) visible irradiation and (b) dark environment

3.6.2 Antimicrobial effect of Ag/Fe2O3/ZnO loading

The impact of Ag/Fe2O3/ZnO loading was explored by the incubation of E. coli (with 

a concentration of ~ 3×107 CFU/mL) for 60 minutes (optimized time) in the presence of 

different concentrations of Ag/Fe2O3/ZnO (0-2000 μg/mL) under dark and visible light, with 

the outcomes quantified in Figure 13. The E. coli survival decreased with an increase in 

catalyst concentration under both conditions.  The Ag/Fe2O3/ZnO heterostructure (0.01 μg/mL) 

exhibited a minimal antibacterial activity (10%) towards E. coli in the dark, while 42% 

inactivation of E. coli was achieved after 60 minutes of visible illumination. On further 

increasing the catalyst loading to 18.75 μg/mL, almost complete photo-inactivation of E. coli 
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was achieved. On the other hand, 80% E. coli was deactivated under the dark conditions with 

the same high catalyst loading. 

The greater deactivation of E. coli under visible illumination can be attributed to the 

generation of reactive oxygen species (ROS) on the surface of the Ag/Fe2O3/ZnO 

heterostructure under visible illumination. As with the photocatalytic CPX degradation, the 

ROS were formed by the separation of e─ and h+, whose functions were evaluated by the 

addition of chemical scavengers such glutathione (GSH) (a ROS scavenger for species such as 
•OH, H2O2, O2

•─) and EDTA (a scavenger for h+) [119-121]. Figure 13c exhibits the plot of E. 

coli inactivation (%) in the presence of the two different scavengers. The extent of inactivation 

of E. coli decreased to 69.34% and 46.9% with the addition of GSH (0.05 mM) and EDTA (0.3 

mM), respectively. The reduction in antibacterial activity confirms the role of •OH and h+ in 

bacterial inactivation under visible illumination. This can be expected, since Ag acts to capture 

electrons whereas holes decrease the hydroxyl ion on the surface of Ag/Fe2O3/ZnO 

heterostructure to generate •OH and further encourages the inhibition of bacteria [117, 122]. 

From Figure 13b, it can be noted that after 60 minutes of contact and overnight growth, the 

number of colonies of bacteria decreased with the increase in catalyst loading. On the other 

hand, the constant E. coli inactivation at higher catalyst loadings (Figure 13a) could be due to 

the screening effect causing a reduction in visible light reaching the photocatalysis and E. coli 

cell interface because of a higher concentration of Ag/Fe2O3/ZnO particles in the aqueous 

medium [123].
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Figure 13 (a) Effect of Ag/Fe2O3/ZnO loading on the E. coli inactivation under dark and visible 

light for 60 minutes, (b) Antibacterial activity of Ag/Fe2O3/ZnO heterostructure evaluated for 

E. coli after 60 minutes of visible illumination. The concentrations of antibacterial agent are 

shown on the top of each plate at the same dilution, showing the growth of E. coli colonies (c) 

Photocatalytic inhibition efficiency against E. coli (3×107 CFU/mL) with different scavengers; 

GSH and EDTA in the presence of Ag/Fe2O3/ZnO heterostructure under visible illumination. 

In order to examine the nature of the antibacterial interactions, TEM imaging of the 

Ag/Fe2O3/ZnO heterostructure treated E. coli was carried out. Generally, E. coli have a smooth 

surface with elliptical rod-shaped morphology [124]. From TEM images (Figure 14a and b), 

it was observed that the catalyst was attached to the E. coli surface and the bacteria showed 

some effects with the 18.34 μg/mL of Ag/Fe2O3/ZnO after 30 minutes of contact time (Figure 

14a and b). The prepared Ag/Fe2O3/ZnO can apparently penetrate the wall of bacterial cell. 
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After 30 minutes, the centre portion of the E. coli was yet undamaged but the structure of wall 

seemed unclear, showing initial destruction to the cell wall (Figure 14b).

Figure 14. (a) TEM images of E.coli mixed with Ag/Fe2O3/ZnO heterostructure (b) 

Ag/Fe2O3/ZnO heterostructure anchored on the surface of E. coli

4. Conclusions

This study offered a new approach of fabricating ternary photocatalysts which were 

applied to pharmaceutical wastewater treatment and bacterial disinfection. Ag/Fe2O3/ZnO 

heterostructure was successfully fabricated using a surfactant-free precipitation method and 

this was employed as a photocatalyst for the effective solar-light driven decomposition of CPX 

in aqueous phase. The materials characterization techniques confirmed the formation of the 

Ag/Fe2O3/ZnO heterostructure. Morphological studies revealed that Ag nanoparticles are well 

dispersed on the surface of ZnO nanoplates and Fe2O3 nanorods. Further, the prepared 

heterostructure showed enhanced photocatalytic activity for CPX degradation (76.4%) 

compared to pristine Fe2O3 nanorods (43.2%), ZnO nanoplates (63.1%), Ag/Fe2O3 (28.2% ) 

and Ag/ZnO (64.5%) under solar illumination. This superior photocatalytic performance can 

be due to the separation and transfer efficiency of charge carriers. Based on reactive species 

trapping experiments, a plausible photocatalytic mechanism and intermediate study for the 

decomposition of CPX was proposed. Preliminary recyclability experiments clearly exhibited 

the stability of the Ag/Fe2O3/ZnO heterostructure for potential reuse. Antibacterial studies 

revealed that the Ag/Fe2O3/ZnO heterostructure promoted faster E. coli deactivation under 
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visible light as compared to a dark environment. The generation of ROS species appears to be 

a key factor in the enhanced activity under visible light. Thus, Ag/Fe2O3/ZnO can be potentially 

explored as a superb antibacterial agent and solar light responsive photocatalytic material in 

terms of environmental remediation.
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