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ABSTRACT: Silver (Ag) doped zinc oxide (ZnO) nanofibers with 1 at.% and 3 at.% Ag content were
prepared using the electrospinning technique and their structural, morphological and photocatalytic
properties were investigated. Pure ZnO nanofibers were also prepared with the same procedure for
structure and property related comparison purposes. The photocatalytic activity of the Ag doped ZnO
nanofibers were determined as a function of Ag content by exploring the degradation behavior of
methylene blue under UV light irradiation. It was found that photocatalytic ability of fibers was
improved with Ag addition and higher Ag incorporation resulted higher methylene blue degradation
rate. For pure ZnO fibers, the degraded amount of dye was 52% of its initial amount after 270 min of UV
irradiation time. For the same irridation time, 60% and 67% decomposition ratios of the dye molecules
were achieved with the fibers containing 1 at.% Ag and 3 at.% Ag, respectively. The origin of the
improvement of photocatalytic activity in Ag doped ZnO nanofibers was attributed to the substitutional
incorporation of Ag ions into Zn sites within the ZnO crystal. The substitutional incorporation has been
proved with the positional shift of the XRD diffraction lines.
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Elektro Egirme Yontemi Kullanilarak Ag Asilanmis ZnO Nano Fiberlerin Sentezi ve Foto Katalitik
Aktivitelerinin Incelenmesi

OZ: %1 ve %3 giimiis (Ag) iceren Ag asilanmis ¢inko oksit (ZnO) nano fiberler elektro egirme yontemi
kullanilarak hazirlanmis ve yapisal, sekilsel ve foto katalitik ozellikleri incelenmistir. Saf ZnO nano
fiberler de yap1 ve Ozelliklerin karsilagtirilmasi amaci ile ayni yontemle sentezlenmislerdir, Ag asilanmus
Zn0O nano fiberlerin foto katalitik 6zellikleri UV 15181 altinda metilen mavisini bozma egiliminin Ag
miktarina bagl olarak degisiminin bir fonksiyonu olarak belirlenmistir. Ag asilama ile fiberlerin foto
katalitik aktivitelerinin gelistigi ve yiiksek miktarda Ag miktarinin eklenmesi ile metilen mavisinin
bozunum orammnin daha iyi oldugu bulunmustur. Saf ZnO fiberler ile 270 dakikalik UV 1simasindan
sonra boyanin bozunum miktarimin %52 oraninda oldugu tespit edilmistir. Ayni is1ma suresinde %1 Ag
iceren fiberlerde boya molekiillerinin bozunum orani %60 iken, %3 Ag iceren fiberlerde bu oran %77'dir.
Ag asilama ile ZnO fiberlerin foto katalitik aktivitelerinde gozlemlenen iyilesme ZnO kristal yapisinda
Zn bolgeleri igine Ag iyonlarinin yer alan atom olarak geg¢mesi ile agiklanabilir. Yer alan atom
pozisyonunda yerlesme XRD piklerinin pozisyonlarinda meydana gelen kayma ile dogrulanmustur.

Anahtar Kelimeler: Ag asilama, Elektro egirme yontemi, Foto katalitik 6zellik, ZnO nano fiberler.
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INTRODUCTION

During the last few decades, water and air pollution have created a driving force for the
fundamental and applied research in the waste stabilization and environmental remediation areas
(Sharma and Lewis 1994). The control of the optical properties of semiconductor materials have
increased the importance in the technological applications of the environmental remediation. In the
literature, studies related with optical properties of II-VI type semiconductor nanomaterials are mainly
focused on the CdSe and CdS nanoparticles containing hazardous elements to the environment (Costi et
al., 2008; Yan et al., 2009). However, as an environmentally friendly semiconductor, zinc oxide (ZnO)
nanostructures with wide band gap (3.37 eV) and large exciton binding energy (60 meV) show unique
optical properties, providing that ZnO nanoparticles are in the foreground material in the technological
applications in variety fields such as gas sensors, field emitters, solar cells and photocatalytic
applications (Lee et al., 2016).

One of the important application area of ZnO nanostructures is the photocatalytic applications. In
this application field, the aim is to destroy unwanted organisms in the air, water and various surfaces
with a chemical reaction using a common and inexpensive energy source such as light energy (Serpone
and Pelizzetti 1989). The working mechanism of photocatalytic devices is based on the principle of
accelerating the photo reaction of a semiconductor material with wide band gap under solar energy. For
the photocatalytic reactions, although solar energy is harmless and the most common source of the
energy, UV radiation is found to be more effective to degrate dye molecules. The photocatalytic activities
of semiconductor materials are classified according to their tendency to form electron-hole pairs under
the photoluminescence. When semiconductor nanoparticles are exposed to UV radiation with more
energy than their band-energy, they will form hole in the valence band and electrons in the conduction
band (O'Neil et al., 1990). The photocatalytic reaction will occur when these electron-hole pairs reach the
surface of the material. As a catalyst material, ZnO nanostructures have been observed to be highly
effective in visible and near-infrared regions because they require high-energy UV radiation to act as
catalysts. In addition, rapid recombination of the resulting electron-hole pairs is another limitting for
ZnO. Various methods have been tried to solve these problems, such as semiconductor junction (Chen et
al. 2008), transition metal doping (Litter, 1999) and noble metal doping (Li et al. 2011). Among these
techniques, it has been observed that the photocatalytic activity can be effectively improved with noble
metal addition. It has been observed that the addition of palladium, gold and silver as an advanced
metal addition enhances photocatalytic activity (Ligiang et al., 2004, Wu and Tseng 2006; Seery et al.,
2007).

The development of the photocatalytic activities of ZnO nanoparticles by Ag doping has been
particularly attractive (Yildirim et al., 2013; Patil et al., 2016). It was reported that the surface
modifications in terms of size and morphology of the Ag doped ZnO particles significantly affect the
photocatalytic properties of the ZnO nanoparticles (Yildirim et al, 2013). L. Wang reported that
morphologically smooth ZnO nanoparticles exhibit better photocatalytic properties than according to a
non-homogeneous morphology (Wang, L. et al., 2008). In addition, Y. Wang observed that the nano
flower structure has better photocatalytic activity than rod structure (Wang, Y. et al., 2008). Because of
the different working requirements in its applications, the synthesis of Ag doped ZnO nanostructures
with well-controlled size and morphology have been also attracted a great attention (Wang et al., 2004).
These special morphologies of Ag doped ZnO nanostructures such as nanorods (Hsu and Chang, 2014),
nanofilms (Wang et al., 2006), nanoellipsoids (Kumar et al., 2015) and nanoparticles (Yildirim et al., 2013)
have been synthesized using methods ranging from gas phase processes to solution routes.

Although ZnO nanoparticles in a few nanometers size scale have been reported a superior
photocatalytic activity due to their large surface to volume ratios, in a practical photocatalytic
applications, separation of these particles from the solution could be a problem. Furthermore,
agglomeration of the particles in the catalyst solution is another common problem causing to reduce
photocatalytic activity. For these aspects, nanofiber catalyst can be proper candidate because of their
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unique properties originated from well-defined geometry, ordered structure, flexibility of form, three-
dimensional open structure, large specific surface area, easy scale-up, and easily separation from the
solution. The electrospining method is favorable to synthesize Ag doped ZnO fibers due to higher
efficiency. In this study, it was aimed to synthesize Ag doped ZnO fibers via electrospinning technique
and to determine effect of the Ag addition on the photocatalytic property of ZnO fibers. For this
purpose, ZnO fibers were synthesized with different Ag content and in the studied dopant content
range, the optimum amount of Ag required for the best photocatalytic property was determined.

MATERIALS AND METHOD

Zinc acetate dehydrate (CiHeOsZn-2H20, %99.5, Fluka), polyvinyl alcohol (PVA, (C2HsO)n, MA
~55000, Aldrich), silver acetate (C2H3AgOz, %99.99, Aldrich), ethonol (C2HsO, %99, Merck) were used as
raw materials for the production of ZnO and Ag doped ZnO fibers. All materials were of analytical
grade and used without further purification.

Production of Ag-Doped ZnO Nanofibers

Synthesis of ZnO nanofibers was carried out by dissolving of 1.54 g PVA in 10 ml distilled water and
mixing of the solution at 70 ° C for 4 hours using a magnetic stirrer. 1 g of zinc acetate dihydrate was
added to PVA solution and mixing was continued for 1 hour to obtain homogeneous solution. The zinc
acetate dehydrate solution was then added drop by drop to the PVA solution. At the end of the dripping
process, final solution was stirred further 2 hours to achieve complete homogeneity. Then, the solution
was inserted into a disposable sterile syringe having a needle pin inner diameter of 0.8 mm and
connected to an automatic syringe pump to spray at a 0.3 mL per hour rate. Aluminum foil was used to
collect the fibers. During production of the fibers, the distance between the syringe tip and foil was set to
15 cm and applied voltage was set to 15 kV in the electrospining unit.

In order to fabricate Ag doped ZnO nanofibers, silver acetate was added in the PVA-ZnO stock
solution. For this purpose, silver salt was added to the stock solution at amounts equivalent to 1 and 3
at.% Ag ion. Subsequently, they were mixed at room temperature with a magnetic stirrer for 1.5 hours in
order to homogeneously distribute the ions in the solution. The silver containing solution was added to
the main solution and stirred at room temperature for approximately 1 day. After mixing, the stock
solution containing Ag was taken into a single-use sterile syringe and spraying was performed using the
same parameters as the production of ZnO fibers with an automatic syringe pump.

After the end of the electrospinning process of the all ZnO and Ag doped ZnO fibers, aluminum
foils were put into a vacuum dryer at 70 °C for 8 hours. In order to remove PVA and organic pollution
from the ZnO structure and to increase the crystallinity of the ZnO fiber structure, the fibers were
subjected to a heat treatment at 400 °C for 5 hours.

Characterization

The phase distributions of the nanofibers were determined by X-ray diffraction (XRD). The size and
morphology of the nanofibers were investigated by scanning electron microscopy (SEM). For the
measurement of the photocatalytic activities of ZnO fibers, the degradation rate of methylene blue (MB)
dye under UV irradiation were determined by UV-Vis spectrometry. Photocatalytic measurements were
firstly carried out in a dark region. Then, 100 W UV lamp was used to observe degradation of the
organic dye under UV light. To investigate the photocatalytic ability, 50 mg of MB was dissolved in 50
mL of deionized water to prepare a stock solution. In order to measure the photocatalytic activity of the
ZnO nanofibers, 50 mg fiber was added to the dye solution and the solution was then subjected to
continuous stirring in a dark box. In order to measure the degree of degradation in the dark media, the
absorption spectrum between 300-600 nm was examined by UV-Vis spectroscopy. After the exposure
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with the 100 W of UV light, measurements were periodically carried out each 0.5 h by examining
degradation of the 4 mL of the solution. Photocatalytic activities of the 1 and 3. at.% Ag doped ZnO
fibers were also investigated with the same procedure.

RESULTS and DISCUSSIONS

Figure 1 (a) shows x-ray diffractograms of ZnO and Ag-doped ZnO fibers synthesized via
electrospinning technique. According to the X-ray diffractograms, fibers are highly crystalline ZnO with
the hexagonal wurtzite structure (JCPDS card number: 36-1451). No other crystalline phases were
detected from the ZnO fibers. Peak intensities are in agreement with standard peak intensities in the
JCPDS card data. For 1 and 3 at.% Ag addition, low-intensity peaks located at 20 = 38.37° and 46.40°
were observed. These diffraction lines corresponds to the metallic silvers (Subhan et al. 2014). The
intensity of these metallic Ag peaks increases with an increase in the dopant silver content.
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Figure 1. a) XRD diffractogram and b) enlarged XRD diffractogram between 20 = 30.5-37.5° of ZnO,
1% and 3% Ag-doped ZnO nanofibers

The peak intensities and positions of ZnO diffractions were examined to investigate the effect of the
Ag addition on the crystal structure of ZnO fibers. Figure 1 (b) shows the enlarged XRD diagrams
between 20=31.5-37.5° region. It was observed that lat.% Ag addition considerably decrease the peak
intensity of ZnO but in 3at.% Ag doped ZnO fibers, Ag ions have less effect on the peak intensity.
According to peak intensities, Ag addition diminished the crystallinity of ZnO fibers. The crystal
structure of ZnO is composed of a zinc rich catalytic active top surface and an oxygen rich catalytic inert
bottom surface. These two surfaces are also different in terms of energy. This difference ensures that
ZnO has a polar structure. With the effect of this polarity, the particles in the solution medium are
willing to enlarge low energy surface areas. The chemical structures present in the synthesis medium
allow the particles to grow in the desired direction as a result of interaction with the ZnO core structure
(Kolodziejczak-Radzimska and Jesionowski 2014). The formation of a second phase with Ag addition
prevented the growth of ZnO crystals through the preferential growth direction. Due to this reason,
XRD peak intensity and crystallite of ZnO decrease with Ag addition.

Figure 1 (b) also shows a slight shift in the peak positions of Ag-doped ZnO fibers. The 20 values as
a function of the Ag content are listed in Table 1. For pure ZnO fibers, the highest intense peak of
hexagonal wurtzite structure appeared at 20 = 36.30°, however, the positions change to 20 = 36.28° and
20 = 36.25° for 1% and 3% Ag doped ZnO fibers, respectively. This peak shift caused by Ag addition
shows some of the Ag ions are substitutionally incorporated into ZnO crystal structure (Yildirim et al.
2013). Substitutional incorporation of Ag ions can be also proved from the lattice parameters of ZnO.
The c-axis lattice constant calculated from the (0002) plane are also listed in the Table I. As observed in



Synthesis of Ag-Doped ZnO Nanofibers Using Electrospinning Method and Their Photocatalytic Activities 637

Table I, lattice parameters indicate an enlargement of the lattice from 5.175 to 5.194 A as the Ag content
increased from 0 to 3 at.% because of bigger ionic size of Ag than that of the Zn (Ag*:1.26 A and Zn?"
0.74 A). According to peak shift in the XRD results and lattice parameter change, the Ag ions are
substitutionally incorporated into the ZnO crystal by sitting in the Zn?* sites.

Table 1. (002) peak position and lattice parameters for the undoped ZnO and Ag-doped ZnO fibers
with different Ag contents

Ag:Zn ratio | (002) Peak Position Lattice ]
(at.%) (degree of 20) Parameter (c, A)
36.30 5.175
34.28 5.178
3 34.25 5.194

Figure 2 shows low and high magnification SEM micrographs of as-prepared ZnO and 1 at.% and 3
at.% Ag doped ZnO fibers.As can be seen from the images, fibers with a smooth surface are
approximately 40 um in length and 400 nm in diameter. The addition of Ag did not cause a significant
change in the morphology of the as-prepared fibers.
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Figure 2. Low and high magnification SEM images of as-prepared ZnO, 1 at.% and 3 at.% Ag-doped
ZnO fibers.

Figure 3 shows low and high magnification SEM images of ZnO, 1% and 3% Ag-doped ZnO
nanofibers obtained after heat treatment at 400 °C for 5 hours. With the removal of the polymer by the
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effect of heat treatment of the fibers, it can be seen that the diameters of the fibers reduce to nearly 80
nm. After the heat treatment of the fibers, it can be also seen that fibers are formed by the particles which
are 30 nm in diameter.
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Figure 3. Low and high magnification SEM images of ZnO, 1 at.% and 3 at.% Ag-doped ZnO
nanofibers heat treated at 400 °C for 5 hours.

Photocatalytic activities of the nanofiber structures were investigated by the degradation profile of
methylene blue under UV light. Figure 4 shows the degradation profile of all ZnO nanofibers. For the
comparison purpose, degradation profile of the methylene blue solution without catalyst was also
exposed to the UV-light under the same experimental conditions and showed a trace of change with
respect to time. A diagram of the reaction of the methylene blue under the influence of light is shown in
the Figure 4. It was observed that the methylene blue solution exposed to UV light for 4 hours
underwent very little decomposition.

The maximum absorption band at 664 nm was used to degrade the methylene blue. As can be seen
from the Figure 4, ZnO began to deteriorate from the 30 minutes and it was observed that the amount of
deterioration increased with time due to the effect of UV light. The nanofibers added at 1 and 3 at.% Ag
were found to have more efficient for methylene blue dye degradation than that of the bare ZnO fibers.
The methylene blue decay according to Figure 4 increases over time in all fiber structures. This
degradation in the methylene blue shows the effect of addition of Ag on the photocatalytic properties of
ZnO (Chen et al., 2008).
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Figure 4. Real-time UV-vis absorption spectra of the photodegradation of methylene blue solutions
containing the undoped and 1 at.% and 3 at.% Ag-doped ZnO nanofibers.

Figure 5 exhibits the UV-light degradation of the dye molecules. After the 270 minutes UV
irradiation, approximately 70% decomposition was observed in dye molecules without catalyst addition.
For the same irradiation time, ZnO fiber catalyst addition to methylene blue solution resulted in an
exponentially decrease with respect to time and 48% decomposition was achieved. According to Figure
5, Ag addition increases the dye decomposition. 60% degradation rate was observed with 1% Ag doped
ZnO nanofiber. Furthermore, with an increase in the Ag dopant amount to 3 at.%, degratation rate
further increased to 67%. Therefore, it has been observed that Ag addition improves the photocatalytic
activities of ZnO nanofibers. This increase can be attributed to the change in the electronic structure of
the ZnO by the silver ions sitting into Zn site of the crystal. The photocatalytic activity of semiconductor
materials can usually be improved by providing the separation of excited electron-hole pairs (Liu et al.
2011). By employing substitutional incorporation of Ag ions into ZnO crystal structure, the photoexcited
electron-hole pairs could be efficiency separated by an extra inner field. Based on the above

experimental results, the improved photocatalytic efficiency could be due to substitutionally sitting of
Ag ions into ZnO crystal.
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Figure 5. Time-dependent degradation profiles of ZnO and 1 at.% and 3 at.% Ag-doped ZnO
nanofibers

CONCLUSIONS

In this study, Ag added ZnO nanofibers with approximately 40 um in length and 80 nm in diameter
were fabricated by the electrospinning technique. The effects of the Ag addition on the structural,
morphological and photocatalytic abilities of the ZnO nanofibers were investigated. According to XRD
results, the addition of Ag to the ZnO crystal structure led to a shift in diffraction line position and a
decrease in the peak intensities of the ZnO peaks. This shift in the peak positions indicates that the
added Ag ions are substitutionally incorporated into the ZnO crystal structure. In addition, some of the
added Ag ions has formed a separate phase as metallic Ag. The photocatalytic properties of the
produced fibers were investigated by examining methylene blue dye degradation under UV light
irradiation. It was found that the photocatalytic properties of ZnO nanofibers showing 48% degradation
as a result of exposure to 270 minutes of UV irradiation were improved with 1 and 3 at.% Ag addition to
60% and 67 % degradation rates, respectively. These results show that Ag addition to ZnO fiber
structure gives an opportunity to use nanofibers in the large-scale utilization of photocatalysts using UV
light to overcome organic and/or water pollution.
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