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Abstract

Undoped and Mg doped ZnO nanofibers with different doping concentrations were successfully synthesized using the electrospinning
technique. The nanofiber structures were calcined at 300 °C, 400 °C, 500 °C, and 600 °C respectively. It was observed that the nanofibers turned
into a nanoparticular structure at the calcining temperature of 400 °C. The nanoceramic mats were characterized by the Fourier transform infrared-
attenuated total reflectance spectroscopy and by the scanning electron microscopy. The electronic band transitions of as-deposited and calcined
films were identified by the evaluation of the photoluminescence measurements at room temperature. It was observed that the exitonic transition
energy of the ZnO nanostructure blue-shifted to a high energy value with an increasing Mg doping ratio. In order to estimate the decomposition
temperature of the nanofibers turning into a nanoparticular structure, the nanofiber structure was calcined at temperatures between 300 °C and
400 °C, the temperature ramp being 20 °C. The evaluation of the emission spectra of the calcined structures show that the decomposition of
electrospun nanofibers started at 320 °C. In addition, band gap energies of the samples were determined by the transmittance measurement of the
samples and by the UV-VIS spectrophotometer at the room temperature.
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1. Introduction

Zinc oxide (ZnO) structures have excellent electronic and
optical properties such as a large exciton binding energy (i.e.
60 meV), and a large band gap energy (3.37 eV at room
temperature) with a variety of applications including catalysts,
gas sensors, thin film-based electronic and electro-optic
devices, and varistors [1-6]. Metal acetates such as zinc
acetate and magnesium acetate are useful reagents in the
organic synthesis of metal oxide nanostructures [7,8,10-12]. A
small amount of dopant metal oxide materials such as MgO,
Bi,03, Co304, MnO, Sb,03, Cr,0O5 and so on are the main tools
to produce ZnO alloys with a higher band-gap for possible
quantum well structures [13,14]. Mg has been chosen as a
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dopant because a large number of reports indicate the
enhancement of the band gap of the ZnO by doping it with
different concentrations of Mg [7]. Currently, there are many
methods used to prepare ZnO nanomaterials and nanofibers
such as electrospinning [10,15], sol-gel [8,9,16], sputtering
[17,18], and chemical vapour deposition [19]. The electro-
spinning technique has been preferred because of its simplicity
and low cost [10].

In this study, the synthesis of Mg doped zinc oxide
nanoparticles has been carried out using the electrospinning
technique. ZnO samples were calcined at different tempera-
tures by conventional thermal annealing (CTA) in air atmo-
sphere. The surface morphology of the films depending on the
calcination temperature was characterized by scanning electron
microscopy (SEM) measurements. Chemical bonding struc-
tures in the samples were investigated using a Fourier transform
infrared-attenuated total reflectance spectroscopy (FTIR-ATR)
The effect of the Mg content on the electronic band transitions
in the prepared structures were investigated by photolumines-
cence (PL) spectra at room temperature. In addition, the band
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gap of the samples was determined by the transmittance
measurement of the samples by an UV-VIS spectrophotometer
at room temperature.

2. Experimental
2.1. Materials and method

In the experiments, PVA (average M,, of 85,000-124,000)
was obtained from Sigma Aldrich, zinc acetate and magnesium
acetate were obtained from Merck and ultrapure deionized
water was used as a solvent.

The experimental procedure of this study consists of three
major steps: (i) the preparation of the metal acetate composite
precursor polymeric solution. (ii) The electrospinning of the
composite precursor polymeric solution to generate composite
nanofibers consisting of matrix polymer and precursor (zinc
acetate, magnesium acetate and PVA). The spinning experi-
ments are usually performed at room temperature. (iii) The
calcination or the chemical conversion of the precursor
polymeric nanofibers into the desired ceramic at an elevated
temperature, with concomitant removal of all organic
components from the precursor nanofibers.

2.2. Preparation of the composite precursor polymeric
solution

The aqueous PVA solution (10%) was first prepared by
dissolving the PVA powder in ultra pure distilled water and
heating it to 80 °C, stirring it for 3 h and then cooling it to room
temperature while continuously stirring it for 2 more hours.
Four hybrid polymer solutions were prepared as follows: 2 g of
zinc acetate and 0.04 g of magnesium acetate were added drop
by drop into a 40 g aqueous PVA at 60 °C separately, and each
hybrid polymer solutions were stirred vigorously using a
magnetic stirring bar for 3 h at this temperature. As a final
product, viscous gels of the PVA/Zn-Mg acetate hybrid
polymer solutions were obtained.

2.3. The electrospinning of the solution and calcinations of
the samples

The hybrid polymer solutions were poured in syringes, the
needle (18 gauge) being connected to the positive terminal of a
high-voltage supply (Gamma High Voltage Research) which
was able to generate DC voltages up to 40 kV. The suspension
was delivered to the needle by a syringe pump (New Era Pump
Systems Inc., USA). The distance between the tip of the needle

and the aluminum collector (glass slides) was fixed at 21 cm.
The following operative parameters were chosen: a flow rate of
0.4 ml/h and an applied voltage of 25 kV. Thus the glass slides
were coated with magnesium doped zinc nanofibers. The fibers
formed as a result were dried in vacuum for 12 h at 80 °C.

One part of the glass slides containing nanofibers was
calcined for 3 h at four different temperatures, 300 °C, 400 °C,
500 °C, and 600 °C at atmospheric conditions to obtain the
magnesium doped zinc oxide nanostructure. In addition, the
nanofiber structure was calcined at different temperatures
between 300 °C and 400 °C with a rump of 20 °C with the aim
of determining the decomposition temperature of the nanofibers
to the nanoparticle structure. The entire calcining process was
performed by conventional furnace in air. Heating and cooling
rate for all calcinations process was fixed at 8 °C/min.

2.4. Measurement and characterization

The pH and electrical conductivity of the hybrid polymer
solutions were measured using the Wissenschaftlich-Tech-
nische-Werkstitten WTW and the 315i/SET apparatus. The
viscosity of the hybrid polymer solutions was measured using
an AND SV-10 viscometer.

Fiber morphology, average fiber diameter and distribution
were determined by a scanning electron microscopy (JEOL
JSM 7000 F Field Emission) on samples sputtered with gold
and observed at an accelerating voltage of 10 kV. Fiber
diameter was measured by the image processing software
called ImageJ (Image Pro-Express, Version 5.0.1.26, and Media
Cybernetics Inc.). Image] is a public domain Java image
processing program [20]. Also, the topographic changes of the
ZnO samples depending on calcination temperature were
characterized by SEM measurements. In addition, the PL
measurements were performed by using the Jobin Yuvon
Florog-550 system with a 50 mW He-Cd laser (A = 325 nm) as
an excitation light source at room temperature. The transmit-
tance measurements were examined with a Perkin Elmer 45
UV-VIS spectrophotometer, the wavelength ranging from
200 nm to 1100 nm. The absorbance spectra were recorded by
using a Bruker-880 FTIR-ATR spectrometer.

3. Results and discussion

The pH, the viscosity and the electrical conductivity of the
PVA, zinc and magnesium acetate composite precursor
polymeric solution was measured before the electrospinning
experiment. The obtained parameters are given in Table 1. The
undoped and the Mg doped ZnO nanofibers with the ratio of

Table 1

Physical properties of the polymer solutions.

Polymer solution Solution # Electrical conductivity (mS/cm) Viscosity (Pa s) pH
PVA/Zn acetate 1 7.370 0.471 3.26
PVA/(Zn-%?2 Mg) acetate 2 7.740 0.605 3.98
PVA/(Zn-%4 Mg) acetate 3 7.780 0.665 3.98
PVA/(Zn—%6 Mg) acetate 4 8.020 0.672 391
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Fig. 1. FTIR-ATR absorbency spectra of the electrospun fibers of PVA/Zinc
acetate magnesium acetate nanofibers and calcined undoped and Mg doped
ZnO samples at 600 °C.

2%, 4% and 6% are named with No: 1, 2, 3 and 4, respectively.
The addition of metal acetates increased the pH, viscosity and
the electrical conductivity of the precursor polymeric solution
as expected. The pH increased due to composition of the acetate
buffer. If metal acetates are added to the solution, hydronium
(H30") ions react with acetate (CH;COO™) ions and pH of the
solution increase. However, the total amount of particles
(atoms, ions, and molecules) increases. When the amount of
solute increases, the interactions between solute particles and
solvent particles increase. This causes the increase in the fluid’s
internal resistance to flow, which is identified as viscosity of the
solution. If metal acetates are added to the solution, the total
amount of electrolyte increases. The increase in amount of

IProbe= 254

electrolyte causes an increase in electrical conductivity of the
solution up to a certain value.

Fig. 1 exhibits a comparison between the FTIR-ATR
absorbance spectra of the electrospun fibers of the PVA/Zn and
the calcined undoped, Mg doped ZnO samples at 600 °C. O-H
stretching appears as a broad band between 3600 and
3200 cm ™' while the bending appears at 1500 cm™'. The
existence of these bands indicated the existence of absorbed
water on the surface of the electrospun nanofibers.

The intensity of the symmetry stretching at the 2920 cm™
mode and the asymmetry stretching at the 2850 cm ™' mode of
the CH, groups of the PVA can also be observed very clearly. A
sharp band at 1090 cm™" is responsible for C~O-C stretching
of acetyl group present in the PVA backbone. These bands had
been previously characterized by several researchers [21,22].
The 1360 cm ™' band and the 1440 cm ™' band associated with
MgO [23-26] were also observed on the Mg doped ZnO
samples. After the calcination, all these strong features
disappeared. No sign of absorbed water or hydroxyl, carbonate,
or hydrocarbon impurity could be observed.

The new peaks formed after the calcinations of the PVA/
Zinc and the magnesium acetate composite electrospun fibers at
600 °C. A broad peak appeared around 605 cm ™' representing
the M-O stretching of the MgO in the PVA backbone and the
Mg doped calcined samples. The intensity of this peak went up
with an increase in the Mg doping concentration. This
confirmed the Mg doping of the nano ZnO composite
formation.

SEM micrographs of Mg acetate loaded PVA/Zn acetate
nanofibers differing in their percentage by weight are shown in
Fig. 2(a—d). The average fiber diameters of the undoped PVA/
Zn acetate and the Mg acetate loaded PVA/Zn acetate
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Fig. 2. SEM micrographs of the electrospun nanofibers (a) PVA/Zn acetate, (b) PVA/(Zn—%2 Mg) acetate, (c) PVA/(Zn—-%4 Mg) acetate, (d) PVA/(Zn—-%6 Mg)

acetate nanofibers.
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Fig. 3. SEM micrographs calcined nanoceramic mats of the PVA/(Zn-%?2 Mg) Mg doped ZnO nanostructures at 600 °C.

electrospun nanofibers weighting 2%, 4% and 6% respectively
were calculated for each electrospun nanofiber sample by
averaging 50 fibers from the SEM images using Imagel
software as 223 nm, 213 nm, 205 nm and 176 nm, respectively.

ImagelJ is a Java-based public domain program which contains
basic digital image processing tools and includes numerous tools
that facilitate quantitative measurements which was originally
developed at the National Institutes of Health (NIH) [20]. It could
be seen that all the electrospun nanofibers were linear, smooth and
uniform. Moreover, the distributions of nanofibers were fairly
random with no beading and distinct alignment.

Fig. 3(a) and (b) shows the calcined nanoceramic mats of the
PVA/(Zn—%?2 Mg) acetate nanofibers with different magnifica-
tion at 600 °C. It can be seen from the SEM image that the
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nanofiber morphology of the electrospun fibers after the
removal of the PVA component from the fibers and the
conversion of metal acetates to metal oxides at 600 °C changed
so that the fibers appear to consist of homogeneously
distributed and perfectly linked particles or crystallites.

Fig. 4 shows the PL spectra of the undoped and the Mg
doped as-synthesis PVA-ZnO composite nanofiber and the
ZnO nanoparticle at room temperature. In this figure, No: 1,2, 3
and 4 represent the undoped and the Mg doped ZnO nanofibers
with the ratio of 2%, 4% and 6%, respectively. In addition,
every curve in the boxes corresponds to the undoped and
calcined structures at 300 °C, 400 °C, 500 °C and 600 °C
respectively. As it can be seen in these figures, the ZnO
nanoparticle structure was obtained after 400 °C.
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Fig. 4. The PL spectra of undoped (No-1) and Mg-doped ZnO nanofiber films with as-synthesis which was calcined at different temperatures. 2%, 4% and 6% Mg-

doping by weight is shown in No-2, No-3 and No-4.
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Fig. 5. The PL spectra of the undoped and Mg doped ZnO nanofibers at the same temperature.

In the PL spectra of these structures two emission peaks
were observed. The main peak, located at 395 nm (3.14 eV), is
attributed to the near band edge emissions (NBE) of the ZnO.
Intensities of the NBE peak for the undoped structure had a
maximum value at the calcining temperature of 400 °C while at
the other temperatures they had approximately the same
intensity. The intensity of the NBE peak of the 2% Mg-doped
sample also had a maximum value at 400 °C while the intensity
was decreased when the calcining temperature was increased.
Contrary to this, the NBE peak intensity for the samples with
the Mg-doped 4% and 6% had a maximum at 600 °C. The
second broad emission peak corresponded to the defect level
emission in the band gap region (deep-level transitions) which
was observed in the blue—green—yellow regions. The broad
deep-level emissions in the undoped ZnO nanostructure were
due to the oxygen and zinc vacancy and also their interstitial
related defect levels [27,28]. Related emissions with these types
of defects were dominant in the case of sample 3 and sample 4.
When the Mg substituted in the nanostructure, the deep-level
transition peak intensity was increased by increasing the Mg
doping ratio. As seen in Fig. 4(c), in the case of 6% doping ratio,
deep-level emission had the highest intensity. However, the
weak defect emission intensity was observed for the ZnO
nanostructure with 2% Mg doping concentration at all the
calcination temperatures as seen in Fig. 4(b).

The PL spectra of the nanostructure ZnO with a different
doping amount of the Mg was given in same figure (Fig. 5) with
the same calcination temperature for comparison. Fig. 5(a)

shows that the as-synthesis ZnO nanocomposite fiber with 6%
Mg-doping had a higher defect level than the others. The
undoped and the 2% Mg doped composite fiber structures had
nearly the same deep-level defect states. As it can be seen in
Fig. 5(a—d), the PL emission peak of doped-ZnO nanostructure
blue-shifted to a higher energy compared to the pure ZnO (No:
1) film. In other words the NBE peak position of the ZnO
nanostructure can be slightly changed with the Mg doping ratio.
For example, the shifting value of the NBE emission peak
position for the undoped and the Mg(6%)-doped ZnO structure
was 5 nm (4 meV). This can be explained by the modulation of
the band-gap by the Mg substitution [10]. As a result of the
evaluation of the PL emission of the samples, it can be said that
the Mg-doped ZnO nanostructure with the doping concentra-
tion of 2% has the lowest deep-level defect center at all
temperature. However, the structure with a doping concentra-
tion of 6% (No. 4) has the highest NBE emission at 600 °C and
the higher defect center compared to the other samples.

The schematic representation of the energy transition
mechanism from the exitonic and the defect states in the
undoped and the Mg doped ZnO nanostructures is shown in
Fig. 6. It is known that the undoped ZnO has an n-type doping
profile. When the structure was doped with Mg, the exitonic
transition energy blue-shifted to a high energy value. During the
formation of the Mg:ZnO structure, Mg2+ ions were substituted
for the Zn** ions without changing the ZnO structure. However,
Mg doping in the ZnO acts as donor and the band gap energy of
the structure increases. This increasing or the shifting is known
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Fig. 6. The schematic representation of the energy transition mechanism in the
undoped and the Mg doped ZnO nanostructures.

as Burstein Moss (BM) shift. The blue-shifting of the emission
for the present samples may be explained with BM effect
[29,30].

In addition, Mg(2%) doped ZnO electrospun nanofiber
samples were calcined in between 300 °C and 400 °C by 20 °C
steps. In order to evaluate their decomposition temperature, the
emission spectra of each sample is presented in Fig. 7. The
behavior of the emission spectra of the sample calcined at
300 °C is different from that of the others and has a main peak at
550 nm. The emission spectra of all the other samples have the
same form and have an approximate main peak at 400 nm. This
change in the behavior of the emission spectra shows that the
decomposition of electrospun nanofibers starts at 320 °C.

At 320 °C and 340 °C, it can be observed that the PL peak
intensity around 400 nm increases whereas the peak intensity at
550 nm drops. This situation shows that although the metal
acetate structure of the electrospun nanofibers decomposes, it
does not decompose completely. Calcination temperatures
higher than 360 °C caused a drop in the peak at 550 nm to the
lowest intensity and increased peak intensity around 400 nm.
This situation can be regarded as an indication of the removal of
all organic components from the electrospun nanofibers and the
transformation of the structure into the Mg—ZnO form resulting
from the calcination made at 360 °C. The highest peak intensity

at 400 nm belongs to the sample calcined at 400 °C, therefore it
can be said that it has a lower defect level.
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Fig. 7. The PL emission spectra of the as-synthesis ZnO nanocomposite and the
Mg(2%) doped ZnO nanostructure at the calcination temperature from 300 °C
to 400 °C.

S.S. Cetin et al./Ceramics International 38 (2012) 4201-4208

100

T (%)

Photon Energy (eV)

Fig. 8. The transmittance spectra of the undoped and the doped ZnO nanos-
tructures calcined at 600 °C.

For understanding the band gap energy of the semiconductor
structures, the evaluation of the optical absorption spectra is an
efficient method. As known, the relationship between the
optical absorption coefficient () and band gap (E,) is shown as
ahv=B(hv — E,)". B is a constant, hv is the incident photon
energy, and n takes on different values such as n = 1/2 and 2 for
direct allowed transition and indirect transition, respectively
[31]. Due to ZnO is a semiconductor with a direct band gap
[32], n is 1/2 and (ochv)2 = B(hv — E) [33]. The optical band
gap can determined by linear fitting to linear region of the plots
of (ahv)? versus hv. In this method, when (ahv)? = 0, the point
that intersects the /v axis corresponds to band gap energy. The
transmittance spectra of our samples are presented in Fig. 8.
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35
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Fig. 9. The UV-VIS absorption spectra ((ahv)® vs photon energy hv) for the
undoped and Mg doped ZnO nanostructures calcined at 600 °C.
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The transmission in the visible range of the Mg doped ZnO
nanostructure is about 80-90%. In addition, the UV-VIS
absorbency properties of the samples are presented in Fig. 9.
The strong UV absorption was observed in all the samples. The
band gap transitions (E,) of the ZnO nanostructures were
calculated by linear fitting to the linear region of the absorption
spectra in Fig. 9. The values of E, for the undoped ZnO acetate
fiber and the Mg doped ZnO nanostructure with the ratios of
2%, 4% and 6% calcined at 600 °C were obtained as 3.03 eV,
3.12 eV, 3.13 eVand 3.15 eV, respectively. Resembling the UV
emission in the PL spectra, the value of E, for the samples was
blue-shifted by increasing the Mg content in the structure as it
can be seen in Fig. 9.

Also, the new electronic states were revealed between the
valence band and the conduction band of the ZnO when the Mg
ion was incorporated into the ZnO lattice as it can be seen in
Fig. 6. Due to these defect states, the ZnO structure was able to
absorb visible light. In our samples, the visible range emissions
appeared in blue together with green and yellow regions from
the PL spectra in Fig. 5 and the UV-VIS absorption spectra in
Fig. 9. The ZnO nanostructures with 4% and 6% Mg doping
have different colors due to the fact that they have more visible
PL emission than the ones with 2% Mg-doping.

4. Conclusion

Mg doped ZnO acetate nanofibers with different doping
concentrations were synthesized using the electrospinning
technique. The SEM measurements indicate that Mg doping
causes a slight decrease in the diameter of the ZnO nanofibers.
The room temperature PL spectrum of all the samples included
two emission peaks: a strong ultraviolet emission and a weak
blue emission. The ultraviolet emission peaks blue-shifted with
an increase in the Mg doping concentration. Resembling the
UV emission in the PL spectra, the value of E, for the samples
blue-shifted with an increase of the Mg content in the structure.
In addition, the decomposition temperature of the ZnO
electrospun nanofibers into the ZnO nanoparticle structure
was determined by the evaluation of the emission spectra of the
samples as 320 °C.
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