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A B S T R A C T

The difficulty in treating organic effluents and increasing the resistance of microorganisms to conventional
treatments promotes the development of new materials for these applications. In this work, it was obtained ZnO
co-doped with Fe3+ and Pb2+ (ZnO:xFe:yPb, with x and y varying between 0, 1, 3 and 7mol%) by microwave-
assisted hydrothermal method with a reaction temperature of 140 °C for 30min. The powders were characterized
by X-ray diffraction (XRD), field-scanning electron microscopy (SEM), Brunauer-Emmett-Teller method (BET),
ultraviolet diffuse reflectance spectroscopy (DRS-UV), X-ray fluorescence analysis (XRF) and Fourier transform
infrared spectroscopy (FTIR). Photocatalytic properties were estimated by the degradation of the methylene blue
dye when subjected to UV radiation. The antimicrobial properties were investigated by the formation of in-
hibition halos against E. coli and S. aureus bacteria. The XRD patterns show that there was no formation of
secondary phases, obtaining only the ZnO phase, with hexagonal structure. Through the XRD, it can be seen that
the intensity of the characteristic peaks is also reduced as the dopant concentration increases, indicating the
appearance of defects in the crystalline lattice. SEM images show that an increase in the dopant concentration
promotes a loss in the morphology of ZnO nanoparticles, accompanied by a reduction in their mean size. The co-
doping reduces the photocatalytic activity of ZnO against the methylene blue dye, but increases the anti-
microbial activity against E. coli and S. aureus bacteria.

1. Introduction

According to reports from the World Health Organization (WHO),
infectious diseases are the third largest cause of mortality in the world.
Over the years, it has been reported an increase in the resistance of
bacterial pathogens to the conventional antimicrobial agents [1,2].
Bacteria such as Escherichia coli and Staphylococcus aureus are among
the pathogens that have most developed resistance to conventional
remedies [3]. Besides the increase in health risks due to the increase in
the resistance of pathogens to antibiotics, the expenses related to
medical care related to drug inefficiency are also increased [4]. The
best way to combat these increasingly strong pathogens is to develop
new classes of antimicrobial agents. However, such development takes
time and these new agents have limited time, since the pathogens will
acquire resistance over time [5,6]. Therefore, there is a need in the
development of low cost antimicrobial agents that do not allow bac-
terial evolution. Metals such as silver (Ag), copper (Cu), zinc (Zn) and

magnesium (Mg) are used to treat diseases before the revolution of
pharmaceutical antibiotics [7]. Studies report that ZnO exhibits good
antimicrobial activity and photochemical stability [8–10]. In addition,
its antimicrobial efficiency can be attributed to its hydrophobicity and
high oxidant power [11,12]. When ZnO is subjected to radiation with
sufficient energy to overcome the band gap (~ 3.2 eV), as UV radiation,
it generates electron/hole pairs (e-/h+) by exciting the electron of the
valence band to the conduction band, producing reactive oxygen spe-
cies (ROS), such as hydroxyl (•OH) and superoxide (O2•-) radicals,
leading to microbial death [13–15]. Doping of ZnO with materials such
as iron and lead causes defects in the crystalline lattice of the material,
thus generating more reactive oxygen species, increasing the anti-
microbial activity of the compound [16,17].

In parallel to the antimicrobial properties, the photocatalytic
property of semiconductor materials has also been deeply studied due
to the difficulty in the treatment of effluents, especially those from
textile industries, because they have -N=N- groups linked to aromatic

https://doi.org/10.1016/j.mssp.2018.12.034
Received 30 July 2018; Received in revised form 26 November 2018; Accepted 30 December 2018

⁎ Corresponding author.
E-mail address: netoandrade@ufrn.edu.br (N.F. Andrade Neto).

Materials Science in Semiconductor Processing 93 (2019) 123–133

1369-8001/ © 2018 Published by Elsevier Ltd.

T

http://www.sciencedirect.com/science/journal/13698001
https://www.elsevier.com/locate/mssp
https://doi.org/10.1016/j.mssp.2018.12.034
https://doi.org/10.1016/j.mssp.2018.12.034
mailto:netoandrade@ufrn.edu.br
https://doi.org/10.1016/j.mssp.2018.12.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mssp.2018.12.034&domain=pdf


rings, making conventional methods not effective [18]. The hetero-
geneous photocatalysis, which occurs in the presence of a semi-
conductor, usually in the solid state, is based on the same principle of
action of the antimicrobial activity, having its efficiency directly linked
to the generation of e-/h+ pairs and the impediment of their re-
combination [19,20]. The ZnO doping can be made with several ma-
terials aiming an increase for defects in the lattice and, consequently,
greater generation of e-/h+ pairs and reduction in its band gap energy
(Egap) [21,22]. Among these materials, the transition metals like Fe,
Co, Ni, Cu, Cd, Ag, Bi, Pb, stand out [22–26].

Fe and Pb have the ability to generate defects in the ZnO lattice even
in small concentrations, increasing its absorption range [27]. In addi-
tion, such transition metals exhibit high antimicrobial properties, de-
stroying the cytoplasmic membrane of bacteria [28]. The codoping with
Fe and Pb provides synergetic effect in the generation of defects, for
degradation of recalcitrant pollutants and antimicrobial action [29]. In
purpose to produce materials with high antimicrobial potential at a low
cost, it was studied the antimicrobial activity and photocatalytic
properties of ZnO:xFe3+:yPb2+ nanoparticles (with x and y ranging
from 0, 1, 3 and 7mol%) obtained by the microwave assisted hydro-
thermal method. The nanoparticles were characterized by X-ray dif-
fraction (XRD), Fourier transform infrared spectroscopy (FTIR), ultra-
violet diffuse reflectance spectroscopy (DRS-UV) and field emission
scanning electron microscopy (SEM). The photocatalytic activity was
estimated by the degradation of the methylene blue dye. The anti-
microbial activity was estimated against Escherichia coli (gram negative)
and Staphylococcus aureus (gram positive) bacteria.

2. Materials and methods

Zn(NO3)2·6H2O (Sigma-Aldrich, 98%), Fe(NO3)3·9H2O (Sigma-
Aldrich, 98%), Pb(NO3)2 (Sigma-Aldrich, 99%), NaOH (Synth, 98%)
and deionized water were used as precursor materials.

Co-doped zinc oxide powders were synthesized by the microwave
assisted hydrothermal method. Pure ZnO was prepared for comparison,
for this purpose, 0.0123mol of Zn(NO3)2·6H2O was dissolved in 70mL
of deionized water, the pH was set to 13 using NaOH. The mixture was
transferred to a Teflon autoclave that was sealed and the system was
heated under hydrothermal conditions using microwave radiation
(2.45 GHz and maximum power of 800W) at 140 °C for 30min. The
pressure inside the autoclave remained fixed at 3 atm. The product
obtained was centrifuged and washed with deionized water and dried at
100 °C.

It was used Pb(NO3)2 and Fe(NO3)3·9H2O for the preparation of the
co-doped samples. First, the Fe3+ ion concentration was fixed at 1mol
% and Pb2+ was varied at 0, 1, 3 and 7mol% (ZnO:1%Fe3+:yPb2+ with
y=0, 1, 3 and 7mol%). Subsequently, the Pb2+ concentration was set
at 1mol% and Fe3+ was varied at 0, 1, 3 and 7mol% (ZnO:1%
Pb2+:xFe3+ with x= 0, 1, 3 and 7mol%). Zn(NO3)2·6H2O was dis-
solved into 50mL of deionized water, obtaining solution 1. At the same,
Fe(NO3)3·9H2O and Pb(NO3)2 were dissolved into 20mL of deionized
water, obtaining solution 2. Then, solution 2 was poured into solution 1
and kept under stirring. NaOH was used to set its pH to 13. The mixture
followed the same procedure as the ZnO synthesis. Thus, it was ob-
tained the samples: ZnO:1%Fe (Z1F), ZnO:1%Fe:1%Pb (Z1F1P),
ZnO:1%Fe:3%Pb (Z1F3P), ZnO:1%Fe:7%Pb (Z1F7P), ZnO:1%Pb (Z1P),
ZnO:1%Pb:3%Fe (Z1P3F) and ZnO:1%Pb:7%Fe (Z1P7F).

The phases obtained for the ZnO:xFe3+:yPb2+ powders (with x and
y varying between 0, 1, 3 and 7mol%) were investigated using the
Shimadzu diffractometer (XRD-6000) using CuKα radiation (1.5418 Å)
with 2theta varying from 20° to 80°, step of 0.02° and a speed of 1°/min.
For a better verification of the changes promoted by doping, the
Rietveld refinement was performed using the General Structure
Analysis System (GSAS) program with graphic interface EXPGUI [30].
SEM was performed in the Supra 35 (Zeiss) microscope to observe the
morphology of the particles. Specific surface areas of the powders were

calculated by BET (Brunauer-Emmett-Teller) method from the adsorp-
tion isotherms in Belsorp II equipment (Bel Japan, INC). FTIR technique
was performed using the Shimadzu IRTracer-100 equipment, with
scanning from 500 to 4000 cm-1. UV–vis spectroscopy was performed
on the Shimadzu equipment (UV-2550), with a wavelength range be-
tween 200 and 900 nm and programmed for the diffuse reflectance
mode, reflectance data were converted to absorbance by the Kubelka-
Munk function [31] and the Wood and Tauc [32] equation was used to
estimate Egap. Elemental X-ray fluorescence analysis (XRF) was per-
formed on the Shimadzu EDX-720 spectrometer to analyze the chemical
stability of the compounds.

The photocatalytic properties of the pure and doped ZnO powders,
as a catalyst, were estimated by the degradation of the methylene blue
(MB) dye of molecular formula [C16H18ClN3S] (99.5% purity,
Mallinckrodt), at pH 5 with maximum absorption in 650 nm, illumi-
nated by UV lamps, in aqueous solution. It was put 50mL of the MB
solution (1×10-5 mol/L concentration) and 0.05 g of the material to be
tested in a quartz beaker. This mixture was kept under controlled
temperature (25 °C) and illuminated by six UVC lamps (15W TUV
Philips, with maximum intensity of 254 nm=4.9 eV). The sample was
kept under stirring for 15min, with the lights off, to disregard possible
adsorption events. With the lamps on, samples were taken at 15min
intervals to monitor the variation of the absorption band of MB in the
Shimadzu spectrophotometer (model UV-2600). The percentage of
mineralization was estimated by the total amount of organic carbon
obtained through the TOC analyzer Shimadzu 500. Mineralization de-
grees (%) were evaluated by the TOC values upon 90min of illumina-
tion.

The antimicrobial properties of the powders were evaluated by in
vitro tests, using agar diffusion method, against E. coli (ATCC-25922)
and S. aureus (ATCC-25923) bacteria, following standard procedures
stipulated by the Institute of Clinical and Laboratory Standards (CLSI),
similar to the study by Araújo et al. [33]. The inoculum was prepared
by direct suspension of the colonies in phosphate-buffered saline (PBS)
on a water plate for 24 h at 35 °C. The turbidity of the solution was then
adjusted according to the McFarland scale (bacterial density of 1.108

CFU/mL). The test was performed using the well diffusion technique
with 6mm wells and adding 50 µL aliquots of the samples. For stan-
dard, antibiotics Gentamicin (10mg/mL) and Vancomycin (30mg/mL)
were used for E. coli and S. aureus, respectively.

3. Results and discussions

The X-ray diffraction technique was used for crystallographic
characterization and composition of ZnO:xFe3+:yPb2+ powders (with x
and y ranging from 0, 1, 3 and 7mol%). Fig. 1 shows the XRD patterns
obtained for the samples synthesized in this study. In all samples, the
presence of the diffraction peaks at 2θ= 31.79, 34.44, 36.28, 47.57,
56.65, 62.91, 66.44, 68.01, 69.15, 72.62 and 77.03°, refer to the
characteristic planes (010), (002), (011), (012), (110), (013), (020),
(112), (021), (004) and (022), respectively. The ZnO phases have a
hexagonal system with space group P63mc (No. 186), characterized by
ICSD 94004. Through the analysis of these patterns, it was concluded
that co-doping occurred successfully, where there was no formation of
secondary phases. Bazazi et al. [34] obtained ZnO without the presence
of secondary phases via the hydrothermal method using NaOH and
KOH to regulate the pH of the environment. Fig. 1 shows the reduction
in the intensity of the ZnO characteristic peaks as the concentration of
the doping cations increases, indicating an increase in the structural
disorder. Guendouz et al. [35] observed that ZnO samples doped with
2% of Al3+ and co-doped with 5% of Sn4+ present a decrease in
crystallinity due to the tensions caused in the crystalline lattice caused
by the different ionic rays.

The Rietveld refinement was used to analyze possible differences in
the structural arrangements induced by the addition of Fe3+ and Pb2+

in the ZnO lattice [36]. The ICSD 94004 was used for refinement. The
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parameters used for refining were: scale factor and phase fraction;
background, which was modeled using a displaced Chebyshev poly-
nomial function; peak shape, which was modeled using Thomson-Cox-
Hasting pseudo-Voigt; change in lattice constants; fractional atomic
coordinates; and isotropic thermal parameters. The results of the Riet-
veld refinement are shown in Fig. 2 and Table 1.

Due a small difference obtained between the curves observed (obs)
and theoretically calculated (calc), it is concluded that the diffraction
patterns of the samples are well adapted to the ICSD 94004. The quality

of the refinement was measured through the reliability parameters χ2,
Rwp and Rp, which relate the differences between the observed (obs)
and calculated (calc) curves. Reliability parameters with low values
indicate good structural refinement quality. These data confirm that the
samples are isostructural, being the crystals well adapted to the hex-
agonal structure with the P63mc spatial group (No. 186). The values
obtained from the occupation of the Zn2+, Fe3+ and Pb2+ cations in the
unit cell are close to the synthesis stoichiometric, confirming that
doping was successful.

Fig. 1. XRD patterns obtained for samples of pure ZnO and co-doped with Fe3+ and Pb2+.

Fig. 2. Rietveld refinement for ZnO, Z1F, Z1F1P, Z1F3P, Z1F7P, Z1P, Z1P3F and Z1P7F samples.
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Table 1 shows the volume variation of the unit cell of the samples. It
is possible to observe a reduction in their volume with the addition of
the Fe3+ dopant and an increase in the volume as the amount of Pb2+

increases. This fact occurs due to the substitution of Zn2+ cations by
Fe3+ and Pb2+, which have ionic radii of 0.74, 0.645 and 1.19 Å, re-
spectively. The increase for dopant promotes an increase in the number
of defects in the crystalline lattice of the ZnO, thus generating smaller

crystallite sizes. Such behavior is in agreement with Vegard's law, in
which, for solid metal solutions, the dimensions of the unit cell tend to
decrease as the dopant concentration increases [37,38].

There were no changes in the x, y and z positions occupied by the
Zn2+/Fe3+/Pb2+ cations in the unit cell, being x=0.3333, y=0.6667
and z= 0.3812. The anions O2- maintained their positions in the x and
y axes, being 0.3333 and 0.6667, respectively. The position in the z axis

Table 1
Rietveld refined structural parameters for the ZnO:xFe3+:yPb2+.

Sample ZnO Z1F Z1F1P Z1F3P Z1F7P Z1P Z1P3F Z1P7F

a (Å) 3.2515 3.2519 3.2522 3.2527 3.2525 3.2522 3.252 3.2465
c (Å) 5.2081 5.2065 5.2072 5.2075 5.209 5.2089 5.2067 5.203
Cell Volume (Å3) 55.0614 55.058 55.0755 55.0956 55.1047 55.0935 55.0365 54.8384
Crystallite size (nm) 31.08 28.55 24.64 24.42 22.07 26.38 23.79 19.75
Microstrain (× 103) 0.2534 0.8033 0.2375 0.2187 1.2536 0.1049 0.1931 0.2455
χ2 1.347 1.450 1.231 1.335 1.269 1.350 1.507 1.391
Rwp 0.2149 0.2272 0.2053 0.2350 0.2189 0.2103 0.2414 0.2416
Rp 0.1440 0.1646 0.1473 0.1674 0.1582 0.1438 0.1737 0.1736
Occ Zn2+ 1 0.0845 0.9712 0.9611 0.9206 0.9879 0.9565 0.9086

Fe+3 0 0.0155 0.0144 0.0097 0.0099 0 0.0294 0.0763
Pb2+ 0 0 0.0144 0.0292 0.0695 0.0121 0.0141 0.0152

Fig. 3. Model of hexagonal structure for ZnO, Z1F, Z1F1P, Z1F3P, Z1F7P, Z1P, Z1P3F and Z1P7F samples.
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varied, where the positions were -0.004493, -0.004725, -0.001014,
-0.010936, -0.014434, -0.004623, -0.008282 and -0.008912 for the
samples ZnO, Z1F1P, Z1F3P, Z1F7P, Z1P, Z1P3F and Z1P7F, respec-
tively. It can be seen that the increase in the dopant concentration
causes a displacement in the direction of the z-axis, being this growth
more accentuated for the cations of Pb2+. In the compact hexagonal
structure each atom of a given layer is directly below or above the in-
terstices formed between the adjacent layers, where each atom tangents
three atoms of the layer above, six atoms in their own plane and three
atoms in the layer below their plane. Fig. 3 shows the unit cells of the
samples, obtained from the Rietveld refinement data.

The Fourier Transform Infrared (FTIR) technique was used to de-
termine the functional groups on the surface of the material. The FTIR
spectrum was studied in the region of 4000–400 cm-1. Fig. 4 shows the
FTIR spectra obtained for the samples of pure ZnO and doped with Fe3+

and Pb2+. It is a general perception that bands appearing below
1000 cm-1 are associated with the bonds among inorganic elements.
Fig. 4 shows bands at 450, 460, 486 and 563 cm-1 in all samples, such
bands refer to the main stretching bands of Zn-O [39–42]. Fig. 4c shows
the band intensity reduction at 450 and 460 cm-1 for samples Z1F3P
and Z1F7P, respectively, indicating the introduction of Pb2+ cations
into the ZnO lattice [21]. Fig. 4d shows the presence of a weak band at
500 cm-1, such a band is associated with the elongation of Fe-O bond
[43]. The addition of Fe3+ and Pb2+ in the ZnO lattice promotes the
appearance of a weak band at 1100 cm-1 [44]. The bands present in all
samples at 1440 and 1640 cm-1 are due to the mode of vibration of the
OH group relative to H2O adsorbed on the surface of ZnO [45]. As the
bandwidth around 3300 cm-1 is associated with the vibration of free
water molecules and OH groups adsorbed on the surface of the oxide
[46,47]. The absorption bands around 2343 cm-1, present in all sam-
ples, are associated with the O-C-O molecules present in the atmosphere
[39,40].

Field emission scanning electron microscopy (SEM) was used to

observe possible changes in the ZnO morphology promoted by the ad-
dition of the Fe3+ and Pb2+ atoms. Fig. 5 shows the micrographs ob-
tained by SEM for all study samples. The size of the ZnO nanoparticles
was determined by the mean of their two largest dimensions, Fig. 6
shows the graphs the histograms of the nanoparticles size distribution
of ZnO, Z1P7F and Z1F7P, respectively. Fig. 5a indicates that the mi-
crowave-assisted hydrothermal method favors the formation of nano-
particles of ZnO with nanoplates morphology with varying sizes. De-
spite the great variation in the dimensions of the nanoplates, the
thickness remains with approximately 20 nm. Through the micrographs
visual analysis, it can be seen that the increase of the dopant materials
generates a loss of conformity in the morphology of the nanoparticles,
accompanied by a reduction of their size, as shown in Fig. 6. The loss of
morphological compliance and particle size reduction are more evident
in samples Z1P3F and Z1P7F, as shown in Fig. 5e and g, respectively.
Kumar et al. [23] observed that the addition of Fe atoms promotes a
change in the morphology of ZnO nanoparticles, leaving their surface
with a rough appearance. Feng et al. [48] showed that the doping with
Fe generates a reduction of approximately 10× in the size of the par-
ticles of WO3 and a loss of their rectangular morphology for irregular
morphologies. The minor alteration with the increase of the Pb amount
is due to the fact of having the same valence, however, different ionic
rays, which generate deformations in the lattice. Moreover, the increase
of the Pb2+ concentration generates a reduction of the free surface
energy of the planes (100) and (002) and favors the growth of the
planes (022) and (101), resulting in the morphological alteration of the
nanoparticles [49]. The concentration of dopants is related to mor-
phological changes, due to the appearance of defects in the crystalline
lattice of the base compound, however, doping will not always result in
a morphological alteration. Veerathangam et al. [50] reported that the
addition of 2% Pb does not promote changes in the morphology of CdS
thin films.

X-ray spectroscopy was performed by energy dispersion (EDX) to

Fig. 4. FTIR spectra obtained for ZnO, Z1F, Z1F1P, Z1F3P, Z1F7P, Z1P, Z1P3F and Z1P7F samples.
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confirm the presence of the dopants and mapping was performed to
analyze the distribution of the atoms in the particles. Fig. 7a and b
shows the areas used for EDX analysis and mapping (c and d), Fig. 7e
and f shows the EDX spectra for ZnO and Z1P1F samples, respectively.
The EDX spectra show the zinc and oxygen peaks for the ZnO sample,
and the zinc, oxygen, iron and lead peaks for the Z1P1F sample. The
silicon peak was disregarded for the analysis. The mappings show that
the compounds appear uniformly distributed throughout all the parti-
cles.

The diffuse reflectance spectroscopy technique in the visible ultra-
violet region was used to estimate the band gap (Egap) of pure and
doped ZnO powders. The Kubelka-Munk function (Eq. (1)) [31] was
used to convert the reflectance data to the absorbance data. The method
of Wood and Tauc (Eq. (2)) [32] was used to estimate the value of the
optical gap band (Egap).

= =R
R

K
S

F(R) (1 )
2

2

(1)

where: F(R) is the absorbance, R is the absolute reflectance, K is the
absorption coefficient, and S is the scattering coefficient.

F(R)h (h Egap)k (2)

where: h is the Planck constant, ʋ is the frequency, F(R) is the absor-
bance and k is indicated for the different transitions (k= 1/2, 2, 3/2 or
3 for permissible direct, permissible indirect, direct prohibited and in-
direct prohibited, respectively). For the powders of pure and doped
ZnO, k=½ was allowed, that is, direct allowed. The graphs of the [F
(R)hʋ]2 versus photon energy (hʋ) were plotted, extrapolating the
curve linear portion to zero absorption to estimate the Egap. Fig. 8
shows the graphs obtained for the pure ZnO, indicating how to obtain
the values of Egap.

Fig. 5. Micrographies obtained by SEM for (a) ZnO, (b) Z1P, (c) Z1F, (d) Z1P1F, (e) Z1P3F, (f) Z1F3P, (g) Z1P7F and (h) Z1F7P samples.
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The direct Egap value found for ZnO was 3.15 eV, being in agree-
ment with that reported in other studies. [51,52]. The gap energy of
semiconductor materials is associated with the presence of defects in
the crystalline lattice where they allow the formation of localized states
in the forbidden band. The addition of electron-donor materials creates
states near the conduction band, whereas electron-receiving materials
create levels near the valence band [53]. Generally, the addition of
large amounts of dopant occupy states near the conduction band and
shift it to higher energies due to the Burstein-Moss effect. [54]. It was
observed that the addition of Fe3+ and Pb2+ in the proportion of 8%
reduces to Egap, indicating that there was creation of intermediate le-
vels in the prohibited range without exceeding the concentration of
charge carriers. The Z1P sample does not change the gap energy of ZnO.

The addition of Fe3+ ions promotes the reduction of Egap in all sam-
ples, where it remained practically constant, around 3.06 eV. Normally,
the reduction in crystallite size is expected to generate larger Egap, a
fact opposite to that observed. Thus, the reduction in Egap is related to
the electronic structure, with the decrease in the maximum valence
band and the minimum conduction band, through the reduction of the
conduction range Zn-s in relation to the vacuum level [55].

The photocatalytic activity of ZnO samples doped with Fe3+ and
Pb2+ was estimated against the methylene blue dye (MB) discoloration
under UV radiation, with a total test time of 90min, being an aliquot of
it withdrawn every 15min Fig. 9a shows the variation of the absor-
bance of the MB when in contact with the Z1F sample under UV ra-
diation. By the absorbance spectra obtained for all samples, the

Fig. 6. Histogram of the nanoparticle length distributions for (a) ZnO, (b) Z1F7P and (c) Z1P7F samples.

Fig. 7. Areas used for EDS analysis (a) and (b), mapping components (c) and (d) and EDS spectra (e) and (f) for ZnO and Z1P1F samples, respectively.
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concentration change curves were plotted by the test time. The varia-
tion of the dye concentration, with and without the presence of the
catalyst, illuminated under UV radiation allows us to estimate the ef-
ficiency of its degradation. Fig. 9b and c show the variation of MB
concentration by the test time. Fig. 9d shows the degraded percentage
of the MB dye, in the period of 90min, for all samples obtained in this
work. The MB curves, shown in Fig. 9b and c, relate to photolysis of the
methylene blue dye.

The reactions that describe the photocatalytic activity are shown in
Eqs. (3)–(13). It is possible to observe that the e-/h+ pairs generated by
the incidence of UV radiation provide the formation of ROS, which act
to transform the dye into mineral acids, CO2 and H2O (Eqs. (11)–(13))
[56].

Z1P1F + hν → e− (CB) + h+ (VB) (3)

O2 + e− → O2•- (4)

Fe3+ + e− → Fe2+ (5)

Fe2+ + O2 (ads) → Fe3+ + O2•- (6)

h+ + H2O → H+ + •OH (7)

O2+ 2H+ +2e- → H2O2 (8)

H2O2 + e- → •OH + OH- (9)

h+ + OH- → •OH (10)

+ + +OMB CO H O mineral acids2
•

2 2 (11)

+ + ++hMB CO H O mineral acids2 2 (12)

+ + +MB OH CO H O mineral acids•
2 2 (13)

Fig. 9 shows that the pure ZnO exhibits the best photocatalytic ac-
tivity, completely degrading the MB after 90min. The addition of Fe3+

and Pb2+ considerably reduces the photocatalytic capacity of ZnO.
Z1P3F and Z1F7P samples presented the worst results, reducing the
concentration of the MB solution in only 30.4% and 31.5%, respec-
tively. Le et al. [57] showed that the addition of Fe3+ atoms in the ZnO
lattice suppresses its photocatalytic activity, making it a good material
to be used in sunscreens. The photocatalytic activity of semiconductor
materials is directly related to the impedance of the electron/hole pair
(e-/h+) recombination, since they act in the generation of hydroxyl
radicals (•OH) which are strong oxidizing agents of organic materials,
such as dyes [58,59].

The addition of Fe3+ atoms promotes the generation of defects in
the ZnO lattice. These defects may act as the recombination center of
the e-/h+ pairs, decreasing the photocatalytic activity of these com-
pounds [57]. However, by varying the concentration of Fe3+, it was
observed that by increasing the concentration of 3% Fe (Z1P3F) to 7%
(Z1P7F) there was an increase in the photocatalytic activity. Which
may be related to the increase in the number of defects, where they stop
acting as the recombination center of the e-/h+ pairs and act to prevent
their recombination. In addition, the Fe3+ ions can be reduced to Fe2+

and reoxidized in Fe3+ by the O2 molecules in the environment, thus

Fig. 8. Graphical representation of modified Kubelka-Munk function for determination of direct Egap of the ZnO samples.
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allowing the transmission of e-. Therefore, a greater amount of Fe3+

benefits the separation of the e-/h+ [60]. Eshaghi et al. [44] observed
an increase in Fe3+ concentration doping TiO2 promotes a reduction in
its photoluminescence intensity and an increase in its photocatalytic
activity, indicating an increase in the rate of recombination of the e-/h+

pairs. The increase of the Pb concentration, from 1% to 3% and 7%,
promotes an increase in the number of defects [21] and a reduction in
the photocatalytic activity, indicating that these defects act as e-/h+

centers of recombination.
For more information on MB dye degradation, the final miner-

alization (after 90min of photocatalytic test) was calculated from the
TOC measurements for ZnO, Z1P3F, Z1F7P and MB (photolysis) sam-
ples. The methodology applied in this work was similar to the work

done by Liu et al. [61]. The results indicate that the ZnO sample, which
presented the best results, mineralized approximately 95%, whereas the
Z1P3F and Z1F7P samples mineralized about 39% and 40%, respec-
tively, presenting the worst results for the tested powders. The curves
traced only under UV radiation, referring to photolysis, mineralized
only 2%. Fig. S1 shows the histograms obtained from the final TOC
values.

Due to the high toxicity of Pb, it is essential that it is not released in
the medium after the photocatalytic application. For more information
about the chemical stability of the compounds, XRF analysis was per-
formed before and after the photocatalytic test in the Z1F3P sample.
According to Fig. S2, XRF analyzes before and after the photocatalytic
test show the peaks related to Fe-kα, Fe-kβ, Zn-kα, Zn-kβ, Pb-Lα, Pb-

Fig. 9. (a) Variation of the absorbance of MB for Z1F sample, (b) and (c) concentration variation by time when fixed the Fe3+ and Pb2+ ratios, respectively, and (d)
percent degradation for all samples.

Fig. 10. Inhibition halos formed by all samples in this study against (a) E. coli and (b) S. aureus bacteria.
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Lβ1 and Pb-Lγ1 transitions. The percentages obtained are close to
theoretical, indicating that good ion incorporation during doping. The
small variation between the percentages before and after the photo-
catalytic test indicates that there was no loss during the test, where the
difference is associated to the equipment error.

Zeta potential of the ZnO, Z1P, Z1F, Z1P7F and Z1F7P samples in
saline solution (pH 5) was estimated to obtain more information about
the surface charger in the photocatalytic properties, obtaining values of
-0.03, 3.67, 0.01, 3.91 and 6.62mV, respectively. By means of the
obtained values, it can be seen that the doping with Fe3+ and Pb2+

provides the increase of the zeta potential, indicating that the doped
samples have isoelectric point above pH 5 [62]. MB dye has a cationic
charge [63], so the positive potential on the surface of the nanoparticles
of ZnO repulsively act the dye chains, damaging the photocatalytic
activity.

The antimicrobial activity of the pure and doped ZnO samples
doped with Fe3+ and Zn2+ was evaluated regarding E. coli (gram ne-
gative) and S. aureus (gram positive) by measuring the inhibition halo
formed. For greater reliability of the inhibition halo values, all tests
were performed in triplicate and the medium average was used.
Vancomycin (S. aureus) and gentamicin (E. coli) antibiotics were used
for comparison. The well diffusion technique was used and the dia-
meters of the inhibition halos formed around the wells were measured.
Fig. 10 shows the shape of the inhibition halos formed for the ZnO,
Z1P7F and Z1F7P samples regarding E. coli (Fig. 9a) and S. aureus
(Fig. 9b). Table 2 shows the mean diameters of inhibition halos for all
samples in this study.

Through values of the diameters of inhibition halos shown in
Table 2, it can be seen that the increase in the dopant concentration acts
positively on the antimicrobial activity regarding E. coli and S. aureus
bacteria. As previously seen, the addition of Fe3+ and Pb2+ generates a
reduction in the size of the ZnO nanoparticles, promoting an increase in
their surface area. According to the values presented in the adsorption
curves (Fig. S3), Z1P7F sample present the largest surface area of
24.09m2 g-1, followed by Z1F7P (14.04m2 g-1) and ZnO (8.49m2 g-1)
samples. The surface area is an important variable in the antimicrobial
activity of semiconductor materials, where its increase generates a
greater area of direct contact with the bacteria, increasing its efficiency.
Zare et al. [64] obtained ZnO nanoparticles of different sizes and con-
cluded that the smaller nanoparticles had the best antimicrobial ac-
tivities regarding E. coli and S. aureus bacteria.

In addition, performing doping and co-doping alters the generation
and recombination of e-/h+ pairs, changing the properties dependent
on this recombination. Nanoparticles of metal oxides meet bacteria to
neutralize their high surface potential, generating e-/h+ pairs that act in
the generation of ROS and the release of metal ions, which are highly
toxic to bacteria [65]. The ZnO nanoparticles main mechanism of ac-
tion is still unknown, however, the literature reports that direct or

electrostatic interaction between the nanoparticles and the cell surface,
the production of reactive oxygen species (ROS) and the cellular in-
ternalization of ZnO nanoparticles are their main mechanisms [66–68].
ROS and metal ions act by deforming the cytoplasmic membrane of
bacteria, leading to the leakage of intracellular substances and, conse-
quently, the death of the bacteria [69,70]. Ma et al. [71] showed that
increase of Fe concentration doping ZnO increases the ZnO anti-
microbial efficiency against C. albicans and A. flavus bacteria, due to a
higher generation of ROS.

4. Conclusion

The XRD patterns show that the hydrothermal method assisted by
microwave is effective in obtaining ZnO nanoparticles co-doped with
Fe3+ and Pb2+, without the formation of secondary phases. The in-
crease in dopant concentration leads to a reduction in the intensity of
diffraction peaks, indicating that there is a decrease in the organization
in the ZnO crystalline lattice. The FTIR curves confirm the success of the
doping, with the appearance of bands respective to the doping mate-
rials. The morphology of nanoplates was observed for ZnO samples,
with a reduction in their average size as the dopant concentration in-
creases, being this reduction more evident with the addition of Fe3+,
varying from 279.8 to 139.4 nm, for the ZnO and Z1P7F samples, re-
spectively. The addition of Fe3+ and Pb2+ atoms leads to a reduction in
the photocatalytic activity of the ZnO nanoparticles against the me-
thylene blue dye. However, it increases the antimicrobial activity re-
lated to the E. coli and S. aureus bacteria.
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