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In this work, Fe-doped and mixed ZnO nanoparticles were synthesized via a modified sol-gel method
using water as unique solvent. The structural properties were analyzed by X-ray diffraction and the
results showed the existence of wurtzite ZnO structure. The XRD results also indicate a phase segregation
in the samples with more than 2 mol% of Fe. UV-Vis diffuse reflectance spectra showed that Fe-doped
ZnO exhibited a red-shift of the band-edge and a decrease in band gap energy, as compared to pure ZnO.
The surface area increased significantly with the iron addition, and TEM analysis revealed hexagonal

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Currently, semiconductor nanostructures have attracted great
attention due to their unique physical and chemical properties [1].
ZnO0 is a n-type semiconductor, with a wide band gap energy (E,
3.37 eV), and a large exciton binding energy, 60 meV. It has im-
portant properties such as chemical and thermal stability, low cost
and environmentally safe [2]. ZnO also have excellent optical and
electronic properties, which have many applications in photo-
catalysis, solar cells, gas sensors, and even in sunscreens [3-6].

Transition metal ions such as Cu®*, Co®>*, and Fe>** have been
used as dopants for ZnO, with the objective of modifying some of
their properties [7]. In particular, iron has been investigated in
order to improve electrical, optical and magnetic properties. Stu-
dies have reported the influence of iron doping in the structure of
ZnO, revealing significant improvements in results with the metal
addition, in applications such as photocatalysis and gas sensors
[8,9].

It is well known that the properties of nanoparticles are sen-
sitive to the conditions of their preparation. ZnO has been pre-
pared by a variety of techniques such as hydrothermal method
[10], combustion [11], co-precipitation [12], and sol-gel method
[13]. Among these, a modified sol-gel method [14] shows some
advantages over the other methods such as being simple, cost
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effective and uses only water as solvent. This method was used in
this work for ZnO and Fe doped ZnO synthesis. Their structural,
morphological and optical properties were characterized by XRD,
TEM, diffused reflectance spectroscopy and surface area
determination.

2. Material and methods

Aqueous diluted PVA (10% w/v) and saturated metal nitrate
solutions (Zn(NOs),-6H>0 and (Fe(NOs)s-9H,0) were prepared
separately and then mixed at certain metal:monomer unit ratios.
The main function of the polymer in the reaction is to provide a
polymeric network to hinder cations mobility, allowing local
stoichiometry to be maintained and minimizing precipitation of
unwanted phases [15].

The solution was maintained at room temperature under stir-
ring for 2 h and then heated to 300 °C under stirring until total
water evaporation and partial thermal degradation of the polymer.
This product was named as precursor powder. The nanostructured
materials were obtained after calcination of the precursor powders
under air atmosphere at 400 °C. In this way, Fe-doped ZnO na-
noparticles containing different concentrations of Fe>* ions (1, 2,
5, 7, 9 and 10 mol%) were prepared. These samples were called
Zn100 (ZnO) and Fe(X)Zn(100-X) (doped with X mol% of Fe3+
ions).

The crystalline phases were identified by XRD using a
Shimadzu XRD-7000 X-ray diffractometer with Cu radiation.
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UV-visible diffuse reflectance spectra of the samples were mea-
sured with a Perkin-Elmer Lamda 1050 spectrophotometer using
integrating sphere attachments. The specific surface area of the
particles was evaluated by the N, adsorption, using a Quanta
Chrome Nova 1000 series, based on the BET method. The mor-
phology of Fe doped ZnO nanopowders was analyzed by trans-
mission electron microscopy using a JEM-1400 JEOL (TEM)
instrument.

3. Results and discussion

Fig. 1(a) shows the XRD pattern of the ZnO and Fe-ZnO nano-
particles. All the diffraction peaks are indexed to hexagonal phase
ZnO of wurtzite structure (JCPDS 36-1451) [16]. A baseline shift is
observed in the 34-36° interval for the samples containing
>2mol% of Fe, indicating overlapping of peaks. On the other
hand, for the Fe10Zn90 sample also emerges a peak at 30°. Peaks
at 20=30° and 35°, are characteristic of maghemite phase of Fe,03
[15] and can explain the observed behavior. Fig. 1(b) shows a
magnification of the peak at 36.3° in Zn100 were a shift to lower
angle occurs specially in the Fe1Zn99 sample. This result suggests
a change in lattice parameters and cell volumes in the hexagonal
structure of ZnO [9], confirming that Fe>* is replacing Zn?~ in the
crystal structure of ZnO.

The average crystallite size (d) was calculated for all samples by
Debye-Scherrer’s equation,

0. 91

- (B cos ) M

where 1 is the wavelength, B the full width at half maximum of the
peak (FWHM), and 6 the Bragg angle. The results are shown in
Table 1. It is observed that d decreases (from 25 nm to 11 nm) with
the increase of Fe concentration until 9 mol%. This probably occurs
due to the difference in ionic radius between the metals (approxi-
mately 0.68 A for Fe3* and 0.74 A for Zn*?2) [17] which causes a
distortion in the crystal lattice, resulting in greater tension and
consequently affecting the crystals growth.

Fig. 2 shows representative TEM images taken from pure ZnO
(Fig. 2a) and Fe7Zn93 (Fig. 2b). In general, all samples show similar
morphologies. The images of the ZnO sample revealed that it
presents tendency to hexagonal morphology, but Fe7Zn93 sample
does not have a definite shape. It is clear that iron addition
changes the morphology of the particles.
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Table 1
Average crystallite size (d), band gap energy (Eg) and surface area (A) of nanos-
tructured oxides.

Sample d (nm) E; (eV) Am2g-1), 6=112
ZnO 25 31 18.0
Fe1Zn99 19 3.0 26.7
Fe2Zn98 15 2.9 375
Fe5Zn95 13 2.8 55.8
Fe7Zn93 12 2.7 494
Fe9Zn91 11 2.6 45.6
Fe10Zn90 16 23 521

The diffuse reflectance spectra are presented in Fig. 3. A red-
shift of the band gap with the incorporation of Fe into ZnO has
been observed and interpreted as mainly due to the sp—d exchange
interactions between the band electrons and the localized d
electrons of the Fe** ions substituting Zn?* ions [18].

The diffuse reflectance spectra were analyzed by Kubelka-
Munk equation:

(1-R?
2R

. @)
where R is the absolute reflectance of the sampled and F(R) is
Kubelka-Munk function [19]. The optical band gap energy E; of
the samples were determined using Tauc’s relation:

(hoa)' ™ = A(au - Eg) 3)

which can be rewritten as for the diffused reflectance calculations:

(FR)'" = A (h - Ey) @)
where h is the Planck’s constant, » the photon frequency, A is an
energy-independent constant, n is 1/2 for direct semiconductors
and E, is the optical band gap [20]. The optical band gap of the
samples was determined from the plots of (hoF(R))> versus ho
(Fig. 3 inset). An extrapolation of the linear region of the graph to
the energy axis when (hv)?>= 0 gives the band gap values (Table 1).
It can be observed that the pure ZnO band gap is 3.1 eV, and with
the increase in iron doping concentrations until 10 mol%, the band
gap decreases. This can be explained considering that with the
incorporation of transition metal ions in the crystal lattice of ZnO,
more energy levels are added, which creates more defects [21].
Furthermore, the specific surface area of the ZnO is about
18.0m? g~ ! (Table 1) and increase in iron dopant content causes
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Fig. 1. XRD patterns of the synthesized zinc oxide and Fe doped zinc oxide.
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Fig. 2. TEM images of (a) Z100 and (b) Fe7Zn93 nanoparticles.
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Fig. 3. Diffuse reflectance versus wavelength of nanostructured oxides.

an increase in the surface area, reaching 55.8m?g~! in the
Fe5Zn95 sample. This is due to the decrease in crystallite size of
the nanoparticles.

4. Conclusion

It was possible to synthesize nanostructured zinc oxide and
iron doped zinc oxide by a simple modified sol-gel method. The
ZnO could be doped with 1 mol% of Fe ions. Results indicate that,
most probably, with more than 2 mol% of Fe, a Fe,03 phase seg-
regation occurs. The average crystallite size of the samples de-
creased with an increase in the Fe doping amount. The nano-
particles showed a near hexagonal shape. A decrease in the band
gap energy was observed from 3.1 eV (ZnO) to 2.3 eV (Fe10Zn90),
and the surface area increased from 18 (Zn100) to 55m?g~!
(Fe5Zn95).
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