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Nanocrystalline Zn;_,Fe,O (where x=0,0.01 and 0.02) powders were successfully synthesized by a precip-
itation method from citrate-modified zinc nitrate solution. X-ray powder diffraction, Fourier transformed
infrared spectroscopy, field emission scanning electron microscopy, transmission electron microscopy
and energy dispersive spectroscopy were used to study the structural properties. The optical properties
were determined by UV-vis spectrophotometer and luminescent spectrometer. In this study, the optical
band gap of nanocrystalline ZnO powder increased from 3.170 eV to 3.214 eV when the Fe concentration
in the solution was increased up to 2 mol. %.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recently, there has been a surge of interest in nanomaterials or
nanostructured materials particularly metal oxide nanoparticles. To
date, ZnO is an important wide band gap semiconductor and it has
a prospect of widespread application in many fields owing to its
outstanding optical and electronic properties. It is well known that
the optical band gap of ZnO nanoparticles can be improved if its
particle size decreased. Interestingly, there are two general routes
to diminish a particle size of ZnO by a precipitation method. Firstly,
the use of surfactant to modify the zinc precursor solution such as
polyethylene glycol [1], diethanolamine (DEA) [2], triethanolamine
(TEA) and cetyltrimethylammonium bromide (CTAB) [3] and sec-
ondly, the use of transition metal ions to substitute at Zn sites in
the ZnO structure such as Al [4], Co [5], Mn [6] and Fe [7]. Nowa-
days, the preparation of nanocrystalline Fe-doped ZnO powders
has been interesting because of its multifunctional material. Many
studies had focused on its magnetic properties, whereas a few
reports had concentrated on its optical properties. In this study,
we report the influence of Fe concentration on the structural and
optical properties of nanocrystalline Zn,_xFexO (x=0,0.01 and 0.02)
powders prepared from a citrate-modified zinc nitrate solution. The
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trisodium citrate dihydrate was chosen in this study because it can
adsorb strongly on the surface of particle and significantly change
the surface properties [8]. This study is the first attempt for using
the trisodium citrate dihydrate to modify and stabilize nanocrys-
talline Zn;_4FexO (x=0, 0.01 and 0.02) powders prepared from a
precipitation method at 70°C.

2. Experimental
2.1. Materials

Zinc nitrate hexahydrate (Zn(NOs),-6H;0, Fluka), trisodium citrate dihydrate
(Na3CgHs507-2H,0, RDH), iron (III) chloride hexahydrate (FeCl;-6H,O, RDH) and
sodium hydroxide (NaOH, Carlo Erba) are analytical grade and were used without
further purification.

2.2. Synthesis of nanocrystalline ZnO powders

Nanocrystalline ZnO powders were precipitated from Zn(NOs),-6H;0 solution
in the presence of Na3C¢Hs07-2H, 0 acting as a surface modifying agent or stabilizer.
Typically, 0.04 mol Zn(NOs ),-6H,0 was first dissolved in 100 mL of distilled water
at room temperature. 0.04 mol Na3;CgHs507-2H,0 was then added into the above
solution with continuous stirring until clear solution was obtained. Then, the citrate-
modified Zn(NOs );-6H, 0 solution was stirred at 70 °C and finally 0.08 mol NaOH that
was dissolved in 100 mL of distilled water was dropped slowly into the previous
solution. The white precipitates were obtained and they were still stirred vigorously
at 70°C for 1h. After being cooled to room temperature, these precipitates were
filtered, rinsed with distilled water several times and ethanol, then collected and
dried at 80°C for 1h, and finally calcined at 500°C in air for 1h. The calcination
temperature was chosen at 500 °C because it is the lowest temperature to get rid of
an impurity phase when considering from TGA analysis (it does not show here).
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Table 1

The detail of elemental analysis, crystallite size and lattice parameter of calcined ZnO powders at various Fe doping concentrations.

Mol. % Fe in solution Elemental analysis (at. %)

Crystallite size (nm) Lattice parameter

Zn Fe (0] a C
0 55.81 - 43.69 30 0.3250 0.5207
0.01 52.90 0.71 46.39 27 0.3249 0.5206
0.02 57.24 1.10 41.67 25 0.3248 0.5204

2.3. Synthesis of nanocrystalline Zn;_yFexO (x=0, 0.01 and 0.02) powders

0.4mmol and 0.8 mmol FeCl;3-6H,0 were added into the citrate-modified
Zn(NOs ),-6H,0 solution so as to obtain 1 mol. % and 2 mol. % Fe in solution before
stirring at 70°C and adding NaOH solution. The other processes were followed as in
preparing nanocrystalline ZnO powders.

2.4. Characterization

The structural identification of calcined powders was carried out using a powder
X-ray diffractometer (XRD, Bruker D8 ADVANCE). The Fourier transformed infrared
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Fig. 1. XRD patterns of (a) as-prepared ZnO powder and (b) calcined powders; A:
ZnO, B: zl]()_gg FeO_()]O and C: Zl’lg,gg FEo_gzo.
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Fig. 2. Elemental analysis of nanocrystalline (a) ZnO and (b) Zng gsFe(020.

(FTIR) spectrum of calcined powders was recorded on a FTIR spectrophotometer
(Elmer FTIR Spectrometer Spectrum 2000). The shape and size of powders were
evaluated with a field emission scanning electron microscopy (FESEM, Hitachi,
S-4700) and a transmission electron microscopy (TEM, JEOL 2010). The chemi-
cal analysis was determined by an energy dispersive X-ray spectrometer (EDS,
DMAX). The absorbance was measured in the range of 200-800 nm by a UV-vis
spectrophotometer (UV-vis 2450, Shimadzu) and the room temperature photolu-
minescence (PL) spectra were recorded on a luminescence spectrometer (LS/55,
PerkinElmer).
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Fig. 3. FTIR spectrum of nanocrystalline Zng 9gFep 0,0 powder.
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Fig. 4. FESEM images of nanocrystalline (a) ZnO, (b) Zng g9 Fep.01 0 and (c) Zng ogFep 020 powders as well as TEM images of nanocrystalline (d) Zng g9 Fep 01O and (e) Zng 9gFep 020

powders.

3. Results and discussion
3.1. XRD analysis

The XRD patterns of undoped and Fe-doped ZnO powders are
presented in Fig. 1. In this study, it had been observed that all
samples exhibited a hexagonal or wurtzite structure in accor-
dance with the JCPDS database of card number 36-1451 except
the as-prepared ZnO powder showed an impurity phase in its X-
ray diffraction pattern as seen in Fig. 1 (a). In this investigation,
the XRD patterns of calcined ZnO powders showed only diffrac-
tion peaks of pure ZnO without any secondary phases such as
ZnFe,0,4 and Fe,03 as presented in Fig. 1 (b). Moreover, the peak
positions shifted slightly to lower angle as a function of Fe con-
centrations. This evidence is similar to the effect of a few mol.% Al

doped ZnO nanoparticles as reported in [4]. The data refinement
showed that the lattice parameter a and c decreased slightly as
the Fe concentration was increased because of the smaller ionic
radius of Fe3* jon (0.055nm) comparing to ionic radius of Zn2*
ion (0.074 nm), resulting in a contraction of the lattice parameters.
From this point of view, it is noteworthy that the Fe ions can sub-
stitute for the Zn sites in the wurtzite ZnO structure [9] and the
powders are in the form of Zn;_,FexO (where x=0, 0.01 and 0.02)
compound.

In order to study the effect of Fe concentrations on a reduction of
crystallite size, the crystallite size was evaluated by the Scherrer’s
formula

kA
~ Bcosh
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where D is the average crystallite size, A is the wavelength of Cu
Ka, B is the full width at half maximum, K is the constant and 6 is
the diffraction angle. The calculated crystallite size was presented
in Table 1.

It is obvious that the crystallite size decreased as Fe concentra-
tion was increased. To prevent a particle growth, the motion of a
grain boundary must be impeded [10]. In this study, we can explain
the obstruction on a movement of the grain boundaries by Zener
pinning. When the moving boundaries attached the zinc intersti-
tial and the substituted Fe ions, they will give a retarding force
on the boundaries. If the retarding force was generated more than
the driving force for grain growth, the particles cannot grow any
longer.

3.2. Composition analysis

Fig. 2 shows the spectra of chemical composition of nanocrys-
talline ZnO and ZngggFe 020 powders. It is clearly seen that the
chemical composition of nanocrystalline ZngggFegg,O powders
mainly consisted of Zn, O and a trace amount of Fe. The detail of
an elemental analysis of all samples was presented in Table 1.

The characteristic FTIR spectrum of nanocrystalline
ZngggFego20 powders prepared from the citrate-modified
Zn(NOs3);-6H,0 solutions was depicted in Fig. 3. It is evident
that the absorption band at 3427 cm~! is due to the hydroxyl
stretching mode v(OH). The absorption peak at 2337cm! is
because of an existence of CO, molecule in air. The absorption peak
at 1515cm~! is ascribed to v(C=0) and at about 1327 cm~! can be
assigned to v(COO). The absorption peak at 996 cm~! is ascribed
to citrate precursor [11] and other two absorption peaks at about
642cm~! and 432cm! are assigned to v(Fe—0) and v(Zn—0),
respectively [12,13]. In this study, a trace amount of precursor such
as citrate ions could strongly adsorb on the ZnO surface, so its
adsorption peak was detected by FTIR, while the C-element could
not be detected by EDS due to the limitation of this equipment.

3.3. Morphological study

As obviously mentioned in the previous part, the crystallite size
of samples decreased as Fe concentrations in the solution or Fe con-
tents in the ZnO structure were increased. In addition, the FESEM
and TEM images were performed in Fig. 4 so as to confirm the result
from XRD data. It was found that the particle size reduced signifi-
cantly, the reason was given in a part of XRD analysis. Furthermore,
a spherical shape of nanocrystalline ZnO powder was altered to an
agglomerated hexagonal-like shape when doping ZnO with Fe ions
as clearly seen in Fig. 4 (d) and (e).

3.4. Energy band gap of nanocrystalline Zn;_yFexO (x=0, 0.01
and 0.02) powders

Fig. 5 (a) shows the absorption spectra of nanocrystalline ZnO as
well as Zng ggFeg 91 0 and Zng ggFeg g2 O powders. It is obvious thatall
powders performed in a highly transparent mode in visible region.
Based on the absorption spectra, we can estimate the band gap of
all powders from the relationship

(ahv)? = Ep(hv — Eg)

where « is the optical absorption coefficient, hv is the photon
energy, E; is the direct band gap and Ep, is the constant. The optical
absorption coefficient could be evaluated by the following equation
[4]
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Fig. 5. (a) Absorbance spectra of calcined powders; A: ZnO, B: ZngggFep 010 and C:
ZnggsFep 020, and (b) evolution of the (ahv)? vs. hv curves of calcined powders; A:
Zn0O, B: Zl’lg_gg FEo_mO and C: Zno_ggFEo_gzo.

where A is the measured absorbance and dg is the thickness of
sample in UV-vis cell.

The linear portion of the graph of (ahv)? versus hv when extrap-
olating to the zero is a direct band gap (Eg) value as presented in
Fig. 5 (b). It was noteworthy that the Eg value of nanocrystalline ZnO
powders is about 3.170 eV as well as the Eg values of nanocrystalline
Zngg9Fepp10 and ZngggFeg 20 powders are about 3.195eV and
3.214 eV, respectively. Although a few researchers [ 14-16] reported
the effect of Fe concentration on the optical band gap of ZnO pow-
ders, almost present results manifested that the optical band gap
decreased as the Fe concentration was increased. Fortunately, in
this study, we were successful in improving the optical band gap of
Fe doped ZnO powders by a precipitation method from the citrate-
modified Zn(NO3),-6H,0 solution. We found that the blue-shift
occurred when the Fe concentration was increased. This blue-shift
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Fig. 6. Room temperature photoluminescence spectra of calcined powders; A: ZnO,
B: ZHQ_ggFEo_m OandC: Zno_gg FEU_()zO.

behavior can in principle be explained by the Moss-Burstein band
filling effect as reported in [4,17]. Based on the Moss-Burstein the-
ory, ZnO, ZngggFeg 10 and ZngggFeg 92O powders are an n-type
semiconductor, the Fermi level will be inside of the conduction
band. Since electrons occupy the states below the Fermi level in
the conduction band, so the absorption edge should shift to the
higher energy or blue-shift.

3.5. Photoluminescence characteristic

Fig. 6 shows the PL spectra at room temperature of nanocrys-
talline ZnO as well as ZngggFep 010 and ZngggFe( 2O powders. It
is obviously seen that two bands appeared in the photolumines-
cent spectra, i.e. the near band edge emission that centered at the
wavelength below 400 nm originated from the recombination of
free excitons through an exciton-exciton collision process. The UV
emission slightly shifted to lower wavelength or higher energy with
increasing of the Fe concentrations. This shift is in agreement with
the results in Fig. 5. Besides, the visible emission (yellow-emission)
that centered at about 640 nm is due to the oxygen interstitial (O} ).
Moreover, it was observed that the PL intensity decreased as Fe
concentration was increased. In this study, we could say that a
reduction of UV emission intensity of nanocrystalline Zng ggFeg ;0
and ZngggFeg 92,0 powders is due to their poor crystallinity com-
paring to nanocrystalline ZnO powders [18].

4. Conclusion

In present work, nanocrystalline Zn;_yFexO (where x=0, 0.01
and 0.02) powders were successfully prepared from the citrate-
modified Zn(NO3 ),-6H, 0 solution. All synthetic powders that were
calcined at 500°C for 1 h exhibited the wurtzite structure without
the secondary phases. The crystallite and particle size of calcined
powders decreased as the Fe concentration was increased. The mor-
phology of the ZnO powder was changed from a spherical shape to
a hexagonal-like shape when doping with Fe. For optical studies,
the dependence of Fe concentrations on the optical band gap and
PL characteristic was elucidated. We found that the optical band
gap increased as a function of Fe concentrations because of the
Moss-Burstein effect. Moreover, the room temperature photolumi-
nescence of calcined powders showed the UV emission peaks that
centered at lower 400 nm and about 640 nm. These UV emission
peaks shifted slightly to lower wavelength in concordance with an
increase of the optical band gap.
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