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Abstract

In this work, a series of highly efficient Fe3* doped ZnO nanoparticles (NPs) were synthesized
using Coprecipitation. The structure and morphology of the NPs were characterized by various

methods, including X-ray diffraction, Field Emission Scanning Electron Microscopy (FESEM),
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Fourier Transform Infrared Spectroscopy, BET analysis and UV—Vis Spectroscopy. FESEM
reveals a strong correlation between Fe concentration and the morphology of NPs. Nano
flowerlike structure of ZnO changed to spherical NPs with Fe doping which is also evident
from the observed enhancement of surface area in BET analysis. Fe3* ions also caused the
lowering of the optical band gap of ZnO NPs. The photocatalytic testing of the nanocatalysts is
carried out using a high-intensity UV lamp (450 W) with cationic dyes [namely Malachite
Green (MG) and Crystal Violet (CV)]. Among the prepared samples, 5% Fe-doped ZnO
exhibited the highest photocatalytic degradation efficiency against MG dye (99.05%
degradation in 20 min) and CV dye (96.85% degradation in 20 min). The antibacterial test
demonstrated similar results with a dramatically improved bactericidal effect of 5% Fe: ZnO
NPs over pristine ZnO NPs.
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1Introduction

In recent decades, the rapid development of industries has caused a large amount of

2 of 38 18-06-2024, 13:59



Fe3+ doped ZnO nanostructures for improved photocatalytic degradatio... https://link.springer.com/article/10.1007/s10854-023-11689-9

generation of wastewater. This has led to severe worries for human life about water
contamination. Dyes, one of the major categories of water pollutants, are widely employed in
the production of textiles, ink and dyes for printing. Because they take a long time to break
down biologically and chemically, dyes can be harmful to human health even at low
concentrations [1, 2]. Malachite green (Fig. 1a) (listed in Pub CHEM as CID 11295) [3] and
Crystal Violet (Fig. 1b) (listed in Pub CHEM as CID 23424024 [4] are widely used in textiles
and paper industries and are highly toxic, carcinogenic, mutagenic etc. [5, 6]. Traditional
methods for treating wastewater include filtering, flocculation, sedimentation etc. [7], and

with increasing amounts of waste, these methods are not sufficient anymore.

Fig.1
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Chemical structures of a Malachite Green, b Crystal Violet

So, recently semiconductor photocatalysis has been an area of huge interest. This method has
shown promising results in the fields of photocatalysis [8, 9], optoelectronics [10, 11], gas
sensing etc. [12, 13]. Compared to commercial TiO, though, ZnO shows low photoactivity. So,
improving the activity and stability of ZnO nanoparticles is essential. Many methods have
been reported in the literature for improving the photocatalytic activity of metal oxide
nanocatalysts such as metal doping [14,15,16], non-metal doping (17, 18], making composites
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with other semiconductors [19, 20], polymer composite formation [21, 22], use of support
systems [23, 24] or some combination of above methods [25]. In recent times, properties of
ZnO nanoparticles doped with transition metals such as Ti [26, 27], Cr [28], Mn [29], Ag [30],
Coand Ni [31] etc. have been studied. Various researchers have also shown improved
photocatalytic activity of the ZnO nanoparticles after Iron doping. Reddy et al. synthesized Fe
doped ZnO using ball milling technique which required 5 h to degrade 98.7% of the Methyl
Orange dye under solar irradiation [32]. Liu et al. [33] synthesized ZnO nanofibers using
electro-spinning method with dopant concentrations 0.5, 1, 1.5, 2%. Best among these was
1.5% which needed 5 h for 90% degradation of Methylene Blue. Along with these, metal oxide
nanoparticles are synthesized via hydrothermal [34], solvothermal [35], sol—gel [36], gas
phase methods [37] etc. Even if these studies showed improvement in the photocatalytic
activity of ZnO after Fe doping, there are issues present in the synthesis methods such as long
reaction time, higher temperature and energy requirements or higher costs. The
Coprecipitation method is also one of the widely used methods that can be carried out at low
temperatures and at low costs [38]. It also is advantageous over other techniques for doping as
the reagents are mixed at the molecular level, thus providing better control over
stoichiometry, homogeneity and morphology [39]. Mittal et al. used coprecipitation for doping
Cu ions into the ZnO crystals for the degradation of Crystal Violet under UV and visible light
sources and found an increase in the photocatalytic activity to achieve the maximum
degradation of 96.5% in 3.5 h [40]. Anju Chanu et al. managed to degrade 99% of the
Methylene Blue dye in 120 min [29]. Roguai S. et al. used a simple Coprecipitation method for
synthesizing Fe doped ZnO and in fact, observed a decrease in photocatalytic activity [41]

compared to pristine ZnO.

This work attempts to utilize the Fe3* ions to introduce defects in the ZnO crystals for the
degradation of Malachite Green and Crystal Violet. Quantitative analysis of the rate kinetics of
these dyes under UV irradiation is carried out. Using the Coprecipitation method at room
temperature, synthesis of Fe-doped ZnO photocatalysts with varying percentages of Fe (0%,
1%, 2.5%, 5%, 7.5%) has been carried out. Further, investigations have been carried out to
study the influences of Fe doping on the structural parameters, morphology and
photocatalytic performance. Remarkable shifts in the photocatalytic degradation rate constant
were seen after doping. Correlations of these shifts with crystalline size, morphology, specific
surface area and optical properties have been studied.
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2 Materials and methods

2.1 Materials

Aqueous Coprecipitation method was used for synthesis of pristine ZnO as well as Fe doped
ZnO nanoparticles. Zinc Nitrate Hexahydrate Zn(NOs3),6H,0 (AR Grade, Purity > 99.00%),
Ferrous Nitrate Heptahydrate FeNOs7H,0 (AR Grade, Purity > 99.00%), Malachite Green (AR
Grade), Crystal Violet (AR Grade) and Sodium Hydroxide NaOH (LR Grade) were purchased as

starting materials and used without further purification.

2.2 Preparation of Fe/ZnO nanoparticles
For the preparation of pristine ZnO nanoparticles, Zn(NO3),6H,0 was added into 100 ml of

deionized water to form 0.1 M of solution and stirred for 30 min to form the precursor
solution. 1 M NaOH was prepared separately in 125 ml deionized water and was added drop
wise into the precursor solution at the rate of 5 ml/min under vigorous stirring to form a white
precipitate. The precipitate was washed several times with deionized water and ethanol to
remove impurities followed by drying on a hot plate to obtain ZnO NPs. For improving
crystalline ordering, the remaining powder was annealed in a muffle furnace at 400 °C for 2 h.
Annealing ZnO at temperatures in the range of 400-500 °C is often used to improve the
crystallinity of the material and stabilize the wurtzite phase, which is the most common
phase for ZnO. This temperature range is suitable for reducing defects and promoting well-
defined crystalline structures. If annealing is performed at higher temperatures (above

700 °C), the hexagonal grains disappear significantly [42].

For the synthesis of Fe doped ZnO nanocomposites, 0.1 M Zn(NO3),6H,0 and predetermined
amount (X=0.001 M, 0.0025 M, 0.005 M and 0.0075 M) of FeSO,7H,0 were dissolved in
100 ml of deionized water to form the precursor solution. Remaining procedure was followed

similar to that of synthesis of pristine ZnO nanoparticles.

2.3 Characterization

The structural parameters of the synthesized nanoparticles were characterized using Bruker’s
D2 PHASER Diffractometer with Cu target plate with X-ray wavelength 1.5404 A in the scan
range 20—70°. Surface Morphology was further analysed by Field Emission Scanning Electron
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Microscopy (FESEM) using Carl Zeiss Supra 55. Elemental analysis was carried out using EDS.

The Fourier Transform Infrared Spectrometer (FTIR) spectrum in the range 400—4000 cm™!
was evaluated by Bruker’s Alpha IT spectrometer. The absorbance property was evaluated
using UV-Vis spectrophotometer in the range 196—1100 nm. The pore size, volume and the
specific surface areas of the synthesized samples was studied by Nitrogen Absorption based on
Brunauer—Emmett—Teller (BET) technique.

2.4 Photocatalytic studies

Photocatalytic activities of ZnO nanoparticles were evaluated by monitoring the degradation
rate of the Malachite Green (MG) and crystal violet (CV) dye. The experiments were conducted
in a 3-jacketed photoreactor vessel [35]. The innermost jacket of the reactor contained the UV
radiation source (450 W, 365 nm). The middle jacket surrounding the lamp was used for
circulating water in order to control the temperature of the lamp. 100 ml aqueous solutions
containing the dyes MG or CV (concentration 10 PPM) and the Fe doped ZnO catalysts
(concentration 200 mg/l) were placed in the outermost jacket, which was placed on a
magnetic stirrer. The solutions were stirred in the dark for 30 min before turning the UV
source on, to achieve adsorption—desorption equilibrium. After regular intervals (5 min), the
slurry containing the dye and the nanoparticles was extracted and was centrifuged at 5000
RPM. The supernatants were analysed using UV-Vis spectrometer at the characteristic
wavelengths of the MG (Amax =617 nm) and CV (Amax = 589 nm) dyes.

2.5 Antibacterial studies

Antibacterial activity of pristine and doped ZnO nanoparticles were tested against gram
positive bacterial strain Staphylococcus Aureus (NCIM 2071) and gram-negative bacterial strain
Escherichia Coli (MTCC 1687). Disk diffusion method [43] was used for investigation of
antibacterial activity. Filter discs (6 mm) loaded with 1 mg/ml concentration sample were
loaded on the nutrient agar media containing petri plates and incubated at 37 °C for 24 h.

Zones of inhibitions were recorded in millimetres on a Vernier Calliper after 24 h.

3 Results and discussion

3.1 Structural studies
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The X-ray diffraction spectra of the samples are given in Fig. 2. Diffraction peaks
corresponding to the (100), (002), (101), (102), (110), (103), (112), (201) planes were obtained
confirming the presence of hexagonal Wurtzite structure of the ZnO crystal lattice[44]

(Fig. 2). The data was found to be consistent with the standard ZnO lattice with space group
P63mc (JCPDS Card No. 36-1451).
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XRD spectra of a 0%, b 1%, ¢ 2.5%, d 5%, e 7.5% Fe doped ZnO

Crystalline sizes of the samples were calculated using Scherrer’s formula for the sharpest peak
(101). Scherrer’s formula [45] for crystalline size is mentioned below:

SS\mathrm{Crystalline Size D}=\frac{0.9\uplambda }{\mathrm{\beta cos\theta }}S$

7 of 38 18-06-2024, 13:59



Fe3+ doped ZnO nanostructures for improved photocatalytic degradatio... https://link.springer.com/article/10.1007/s10854-023-11689-9

(1)

where 7 is the wavelength of the incident radiation (k, radiation of Cu source peaking at

1.54 A), \(\upbeta)) is the Full Width at Half Maximum (FWHM) corresponding to the peak
(here FWHM for the sharpest (101) peak has been used) and \(\theta)) is the diffraction angle
(20 is the angle between incident and diffracted x-rays). Lattice parameters and the cell
volume of the crystalline samples were calculated using the following formulae [46, 47] as the

crystal lattice is Hexagonal Wurtzite in nature.

SS\frac{13{{{\text{d}}}_{{\text{hkl}}}A{2}3=\left[\frac{{{\text{h}}}A{2}+{\text{hk}}+
{{\text{l}}}M23H{{\text{a}}3A {2} N\right]+\frac{{{\text{1}}}A {2} }{ {{\text{c}}}M {2}}SS

(2)

SSV=\frac{\sqrt{3}}{2Ha}r{2}cSS
(3)

where a, b, c are the lattice parameters (a =b for hexagonal Wurtzite structures), Vis the unit
cell volume, h, k, 1 are the Miller indices of the present peaks.

Presence of sharp and intense peaks confirmed presence of good crystalline nature of the
nanoparticles. With increase in dopant concentration, Full Width at Half Maximum (FWHM)
of the peaks increased and so, according to the Scherrer formula (Eq. 1), the crystalline size
decreased (Fig. 3a). Lattice parameter a (Fig. 3b) for the pristine sample was calculated to be
3.2482 nm which decreased with the doping of the Iron and was the least for 5% doping
(3.2454 nm). The lattice parameter c (Fig. 3b) also followed similar trend and was maximum
for pristine ZnO (¢ =5.2026 nm) and was minimum for 5% Fe doped ZnO (¢ =5.1985 nm). The
decrease in lattice parameters indicated the incorporation of the Fe2* ions in the hexagonal
ZnO lattice. Volume of the unit cell on the other hand decreased uniformly with the increase in
dopant concentration (Table 1). Table 2 shows the peak positions for different planes along
with relative intensity and d-spacing. It can be observed that the centres of sharpest

diffraction peaks are slightly shifted toward the higher angles.
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Fig.3
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Variation of a Crystalline Size by Scherrer’s Formula, b lattice parameters of the ZnO samples with the
dopant concentration

Table 1 Variation of lattice parameters and unit cell volume with dopant concentration

Table 2 Variation of peak positions, peak intensities and d-spacing between the present
planes

Previous studies have shown that replacement of Zn2+ (0.74 A) ions by larger Fe?* (0.77 A)ions
produces significant enlargement of atomic spacing resulting in higher lattice parameters and
shifting of X-ray diffraction peaks to lower angles [41, 48,49,50]. Contrary to this,

replacement of Zn2* by Fe3* (0.67 A) causes shrinking of lattice parameters and shifting of

peak positions to larger angles [51,52,53,54]. Therefore, Fe: ZnO synthesized in current study

shows strong presence of Fe3* ions in the ZnO crystal lattice while presence of Fe2* ions is
weak. Also, lattice parameters and peak positions showed reversed trend while increasing
dopant concentration from 5 to 7.5% indicating inefficient doping or increment in presence of

Fe2* jons in ZnO crystals.

3.2 FTIR studies

FTIR technique can be used to study the bond stretching and the functional groups present in
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the sample. Figure 4 shows the FTIR spectra of the Fe doped samples with varying fractions of
Fe present. A sharp peak obtained between the 400—550 cm™! (at ~ 406 cm™1) wavenumber
range is attributed to Zn—O stretching [55]. Also, blue shift observed with increased Fe
proportion can be caused by the replacement of certain Zn?* sites with Fe3* ions. Most blue
shift was observed for 5% Fe doped ZnO indicating the maximum formation of Zn—0O—Fe
bond. All the characteristic peaks for oxides of iron [36, 56] were absent from the spectra. The
cause of disappearance of peaks of dopant oxide could be explained by the presence of strong
intermolecular interaction between dopant and ZnO [55]. The peak at around 1365 cm™! could
be ascribed to the formation of Zn—O—Fe bond as the peak is not found in pristine ZnO sample
or any iron oxide sample. Absence of any other notable peak (including that of the —OH
stretching of the absorbed moisture) suggests high purity of the synthesized crystalline Fe
doped ZnO samples.

Fig. 4

Transmittance

= 40698 cm’

| ' | ' | ' | ' | ' | ' | '
500 1000 1500 2000 2500 3000 3500 4000

11 of 38 18-06-2024, 13:59



Fe3+ doped ZnO nanostructures for improved photocatalytic degradatio... https://link.springer.com/article/10.1007/s10854-023-11689-9
=1
v(cm™)

FTIR spectra of the ZnO Nanopowders with varying percentages of Fe

3.3 Morphological and elemental composition

Morphological studies of the prepared catalysts were carried out by analysing FESEM images
as shown in Figs. 5 and 6. Using these images, average grain size was estimated by plotting
histograms using the IMAGE] software. The FESEM image of pristine ZnO reveals a 3D flower-
like morphology with the average dimensions of 1.426 um (Fig. 5), which is assembled from
various thin 2D nanosheets. The morphology after 1% doping was a highly irregular blend of
quasi-spherical and flake-like particles. However, for 2.5 and 5% Fe doped ZnO NPs, spherical
shaped nanoparticles were found having average size of 20.70 and 19.65 nm respectively.
Further doping to 7.5% concentration, again lead to flake like morphology with significant
agglomeration with highly irregular sizes. The results all together indicate the strong
influence of dopant concentration on morphology of pristine ZnO, which are in good

agreement with previous reports [57,58,59].
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a Flower-like structure of Zinc Oxide nanostructure along with the particle size distribution (FESEM),

b Enlarged FESEM image of Pristine Zinc Oxide nanostructures
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Figure 7a—e represents the EDS spectra of the Fe doped ZnO nanopowders. Peaks
corresponding to Fe, Zn and O in the EDS spectra confirm the ZnO phase formation. Table 3
shows the atomic content of different elements in the nanocatalysts. Also, the stoichiometric
proportions of Fe in the Fe,Zn;_,O nanostructures are represented using ratio of quantities of
Fe detected to the quantities of Zn detected (Fe/Zn).

Fig.7
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Table 3 The optical band gap obtained from the Tauc Plots, BET specific surface area, pore
volume and the pore size of the samples along with elemental composition obtained from
EDS

3.4 Optical properties

Figure 8a shows the UV—Vis optical absorbance spectra of Fe3* doped ZnO nanoparticles. It can
be seen from the absorbance spectra that the absorption in UV range increased dramatically
on Fe3* doping providing the foundation for higher optical activity in presence of UV region.
The optical band gaps of the Fe doped ZnO nanocatalysts were further calculated using the
Diffuse Reflectance UV absorbance spectra. The Tauc plot equation [60] given below was used
to determine the band gap of the 0%, 1%, 2.5%, 5% and 7.5% Fe doped ZnO samples.

$S{\left(\alpha h\nu \right)}A{2}=A(h\nu -{E}_{g})S$
(4)

here, « is the absorption constant, h is the Plank’s constant, v is the frequency, E, is the energy
band gap and A is a characteristic constant of the material also known as the optical band gap.
The band gaps are calculated by plotting graphs between («hv)? and (hv) for all the samples.
The optical band gap for undoped ZnO was found to be 3.44 eV which decreased with 1% Fe
doping to 3.09 eV, 2.5% doping to 3.00 eV, 5% doping to 2.94 eV and with 7.5% doping to
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273 eV (Fig. 8b—f). So, with increasing Fe%, a red-shift was found in the forbidden band
energy of the ZnO samples. Earlier works also found the red-shift in the optical band gaps [58,
59]. This shift can mainly be attributed to exchange interactions between localized d electrons
of the Fe2* ions and the band electrons [58]. A negative and positive correction to conduction
and valence band edges respectively could be produced due to s—d and p—d exchange
interactions. This ultimately leads to the narrowing of the band gap. Also, visible light
responsiveness of the ZnO catalysts improved with doping due to lowering of the band gaps.
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a UV-VIS absorbance spectra of Fe doped ZnO samples separated by an offset b Tauc plots for Fe: ZnO
samples (0%, 1%, 2.5%, 5%, 7.5%)

3.5 BET studies

The surface area of the samples was calculated using the Brunauer—Emmett—Teller (BET)
technique, while the pore size and the pore volume were analysed using the Barrett—Joyner—
Halenda (BJH) method. Figure 9a demonstrates that the 1%, 2.5%, 5% and 7.5% Fe doped ZnO
as well as the pristine ZnO all exhibit a typical type IV N, adsorption—desorption isotherm.
Presence of the developed mesopores was indicated by the significant openings found in all
the hysteresis loops. 2.5% and 5% Fe doped ZnO catalysts showed sharp increase in the
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adsorption amount in the P/Py range of 0.8—1.0 showing presence of well-developed

mesopores indicating strong multiplayer adsorption.
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Table 3 shows the surface area, pore volume and pore size of the samples. It is apparent that
with integration of Fe ions in the ZnO crystals significantly enhanced the surface area. Again,
2.5 and 5% Fe doped ZnO catalysts showed the most specific surface area indicating high
adsorption capacity (Fig. 9b). The same specimens exhibited high pore size indicating higher
surface area per unit volume compared to the other samples (Table 3). This indicates the low
surface energy of the 2.5 and 5% Fe doped samples predicting their higher photostability.

3.6 Photocatalytic studies

Assuming first order kinetics, degradation efficiency of the synthesized nanocatalysts can be
obtained using Beer—Lambert’s law, which states that the absorbance of radiation by a solute

is directly proportional to its concentration.

$S\%D=\frac{{C}_{0}- {C3_{t3}{{C}_{0}}*100= \frac{{A} {0}- {A}_{t}}{{A}_{03}}*100SS
(5)

where, D is the degradation percentage of the dye, Cy is the concentration before irradiation, C;
is the concentration of the dye in the aqueous medium after t time, A is the absorbance before
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irradiation and 4; is the absorbance after irradiation.

Pseudo first order rate kinetics for the dye degradation was considered, where rate constant

was calculated using the following equation:

SSk=\frac{1}{t}{ \text{In}}[\frac{{C} {0}}H{C} _{t}}ISS
(6)

The degradation of Malachite Green and Crystal Violet can be seen in Fig. 10a—d. In presence
of synthesized ZnO catalysts, the concentration of the dyes can be seen degrading
significantly. After 20 min, 81.55% of the Malachite Green and 58.41% of the Crystal Violet
were degraded. On doping of ZnO matrix with the Fe3* ions, this rate of degradation also
changed dramatically [Table 4]. Percentage degradation of the Malachite Green in 20 min
improved to 93.88% on 1% doping, 97.29% on 2.5% doping, 99.05% on 5% doping, and
97.69% on 7.5% doping. Similar trend was found in case of Crystal Violet degradation

verifying the superiority of 5% Fe doped ZnO catalyst over the others. It degraded 96.85% of

Crystal Violet in 20 min.
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In(C,/C,)

20 4

Time (Min) - Time (Min)

Degradation of Malachite Green: a Dye percentage (C/Cp*100) vs. irradiation time and b Rate kinetics
of degradation, Degradation of Crystal Violet: ¢ Dye percentage (C/Cy*100) vs. irradiation time and d
Rate kinetics of degradation (Color figure online)

Table 4 Rate constant and % degradation of the dyes after 120 min of irradiation, zone of
inhibition obtained in antibacterial testing by a disk diffusion assay

These results can be correlated with the adsorption capacity and the pore volume of the
synthesized catalysts. 5% Fe doped showed the highest capacity of adsorption in BET studies
and also showed highest Specific Surface Area (SSA) among others. Morphological studies
using FESEM also showed the isotropic nature of synthesized 5% Fe doped ZnO suggesting
higher availability of adsorption sites. Table 5 compares the results of this study with the
results from the recent studies on transition metal doped ZnO nanoparticles.

Table 5 Comparison of photocatalytic activities in current and reported studies of various
studies of ZnO based catalysts

Also, the photocatalytic efficiency of 5% Fe doped ZnO NPs was tested in 3 cycles to
investigate their recyclability and stability. The degradation percentages of MG in 20 min after
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each cycle are shown in Fig. 11, which shows the degradation % to be 99.05%, 98.36% and
97.12%. Moreover, the degradation percentages of CV in the same time interval were 96.85%,
93.05% and 89.6% after first three cycles. These results show good recyclability and stability
of the 5% Fe doped ZnO NPs. The decrease in the degradation after recycling might be the

reduction in surface active sites and some loss of catalysts during the recycling test [35].

Fig. 11
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Plot of % of degradation after 20 min of a Malachite Green b Crystal Violet (in presence of 5% Fe
doped ZnO) versus the number of cycles (Color figure online)

3.7 Photocatalytic mechanism

The proposed mechanism of photocatalytic dye degradation using Fe3* doped Zinc oxide
nanoparticles is given in Fig. 12. Typically, when semiconductor metal oxide photocatalysts are
irradiated by light with energy higher than the band gap, electrons (e™) from the valence band
are excited to the conduction band leaving holes (h*) in the valence band. The generated
electron—hole pair takes part in redox reactions with O, from the atmosphere and H,O from
the solution to form active radicals ‘O, ~ and ‘OH. These in turn react with the dyes/organic
pollutants to convert them into harmless products such as H,0, CO, [61,62,63] etc. This
process is called as Photocatalysis or Photosensitization. Most of the electrons recombine with

the respective holes after very short intervals. This recombination process though can be
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slowed down by metal doping [64, 65]. In Fe3* doped ZnO NPs, Fe3* ions act as electron
reservoir and participate in charge transfer with the ZnO NPs. This process slows down the

recombination rate of electron hole pairs leading to increased photocatalytic activity of ZnO
NPs.

- ----i—rﬂ--‘-*

Electron
Traps ——

OH"

Proposed photocatalytic mechanism of Fe3* doped ZnO NPs

3.8 Antibacterial studies

Antibacterial activity is evaluated by using the disk diffusion method against two bacterial
strains. It is observed that pristine ZnO nanoflower as well as various concentrations Fe doped
ZnO nanoflower show significant antibacterial activity against tested bacterial strains. Images
of Petri plates showing inhibition zone after a 24 h incubation period are shown in Fig. 13a for
Staphylococcus Aureus and b for Escherichia coli. Obtained result measurements are represented
in Table 4 and demonstrate that pristine ZnO as well as Fe-doped ZnO show better
antibacterial activity against Staphylococcus Aureus (Gram positive bacteria) as compared to

Escherichia Coli (Gram negative bacteria) (Fig. 14), which is in agreement with previous reports
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[66]. This is due to the extra outer membrane on the cell walls of gram negative bacteria
consisting of lipopolysaccharide and peptidoglycan, which helps them reduce the resistance
by ZnO nanoparticles [67].

S. Aureus E. Coli

. 2.5%

® %

Disk diffusion assay using a S. aureus, b E. coli bacteria

Fig. 14
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Zone of inhibition for S. aureus and E. coli using Fe: ZnO nanoparticles

Also, Fe-doped ZnO nanostructure exhibited better antibacterial activity compared to pristine
ZnO against both bacterial strains. It can be seen clearly that 5% Fe-doped ZnO (5ZF)
displayed significantly improved antibacterial activity among all tested samples. The observed
antibacterial activity is attributed to morphology with a higher surface area to volume ratio
along with the optical properties of Fe-doped ZnO nanoparticles. Theoretically, ZnO produces
reactive species (Zn2* ions, superoxide radicals, hydroxyl radicals etc.) in solvents that actively
oppose the growth of bacterial cells. These species interrupt the permeability of bacterial cell

walls, hampering the protein synthesis and DNA replication process [68].

4 Conclusions

In this paper, Wurtzite Fe-doped ZnO nano catalysts were synthesized with varying dopant
concentrations. With increasing dopant concentration up to 5%, crystalline size decreased,
the adsorption capacity of the nanoparticles increased, optical band gap decreased. Also,
significant changes in the morphology of the samples were observed after doping. Instead of
the nanoflowered pristine ZnO nanoparticles, uniformly spherical nanoparticles with larger

surface area and smaller size were obtained after 5% doping. These measured parameters
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correlate perfectly with the observed photocatalytic ability of the samples towards Malachite
Green and Crystal Violet dyes. On 5% Fe doping, photocatalytic degradation of the dyes (after
120 min) improved from 73.35 to 98.07% in the case of Malachite Green and from 56.06 to
94.79% in the case of Crystal Violet. Antibacterial activity of the ZnO nanoparticles towards S.
Aureus and E. Coli also improved significantly on Fe doping and 5% Fe doped ZnO proved to be

the most effective antibacterial agent.

Data availability

We have provided all the data in the manuscript. However, additional data will be made

available on reasonable request.
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