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ABSTRACT:

In this work, ZnO/TiO; nanostructures were fabricated by an electrostatically modified
electrospinning technique using zinc acetate and commercially available TiO.-P25, polyvinyl
alcohol, and a solvent. The ZnO/TiO; nanostructures were fabricated on fluorine-doped tin oxide
(FTO) glass substrate by electrospinning of aqueous solution containing different amounts of zinc
acetate. The TiO2-P25 nanoparticles were immobilized within zinc acetate/PVA nanofibers. The
precursor nanofibers obtained were converted into polycrystalline ZnO and ZnO/TiO2 by
calcination at 600°C. The structure and morphology of the obtained nanostructures were
characterized by X-ray diffraction and field emission scanning electron microscopy, respectively.
It was found that the TiO2-P25 nanoparticles were attached to the ZnO nanostructures, and the
mean diameter of the nanoparticles forming the nanostructures ranged from 31 to 52 nm with
increasing the amount of zinc acetate. The incident photon-to-current efficiency (IPCE) spectra of
the fabricated nanostructures were measured in a three-electrode cell. The photocatalytic activities

of ZnO and ZnO/TiO- nanostructures were evaluated toward the decomposition of methyl orange.
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The obtained results evidenced that the coupling of TiO2 with ZnO enhanced the IPCE and
improved the photocatalytic activity of ZnO. Particularly, the ZnO/TiO2 nanostructures fabricated
with a zinc acetate-to-PVA ratio of 2:3 exhibited the highest IPCE and photocatalytic activity.

KEYWORDS: Zinc oxide; Titanium dioxide, Electrospinning; Nanostructures; Photocatalytic

activity



Introduction

Water pollution with organic dyes, detergents and pesticides has been an impetus for fundamental as
well as applied research in the area of environmental remediation [1,2]. Photocatalysis phenomenon
favors a green technique with great potential for the complete elimination of hazardous chemical
pollutants in contaminated water and air owing to its efficiency, broad applicability, and environmentally
friendliness [3]. So far, various metal oxides such as TiO2, ZnO, CuO, MgO, WOs3, etc. have been
demonstrated to be the promising photocatalytic materials [4,5], highlighting particularly ZnO and TiO>
due to their size-tunable physicochemical properties, high photocatalytic activities, and lower cost [6,7].
Currently, the key focus on improving the efficiency of photocatalysts is to inhibit the recombination of
photogenerated charge carriers (electron and holes). Thus, many researchers have explored various
approaches to improve efficiency, including doping with transition metals or non-metals [8-11], coupling
with other semiconductors to form composites [12-14], and morphological modification [15,16].
According to the studies dealing with the combination of different semiconductors, the coupling of ZnO
with TiOz improved the photocatalytic activity for the degradation of organic pollutant due to effective
charge separation [17]. Furthermore, the photocatalytic activity of the photocatalyst can also be improved
by enlarging its specific surface area [18]. Thus, nanofibers can be suitable because of their high surface
area-to-volume ratio, extremely long length, and small diameter. Several techniques such as template
synthesis, phase separation, self-assembly, and electrospinning have been applied to fabricate the
nanofibers [19]. Among them, electrospinning has been widely used to produce the nanofibers from
polymeric precursor solution by applying an electrical potential between the end of an injection needle
and a collector where the nanofibers are deposited [20,21]. Jin et al. [22] found that the electrospun
nanofibers can double the specific surface area of the traditional thin films. A number of reports have
previously demonstrated the formation of the ZnO/TiO, nanofibers by applying electrospinning
technique using precursors of ZnO and TiO; [23,24]. However, the fabrication of the ZnO/TiO;

nanofibers using TiO2-P25 nanopowders attached to ZnO was not reported yet. The aim of this work is
4



to enhance the photocatalytic activity of ZnO nanofibers by coupling with commercial TiO2-P25
nanopowders [25] through in situ adherence during the electrospinning process. Moreover, we
demonstrate the influence of TiO2 nanoparticles and zinc acetate content (zinc acetate-to-PVA mass
ratio) on the morphology, crystallinity, photoelectrochemical performance, and photocatalytic activity
for methyl orange degradation of ZnO/Ti0; nanostructures deposited on fluorine-doped tin oxide (FTO)
glass substrate by an electrostatically modified electrospinning technique. The crystallinity,
morphologies, and microstructures of the fabricated nanostructures were analyzed by X-ray diffraction
(XRD) and field emission scanning electron microscopy (FE-SEM), respectively. The incident photon-
to-current efficiency (IPCE) of the fabricated nanostructures was evaluated in a three-electrode cell using
a platinum wire and Ag/AgCl as a counter electrode and a reference electrode, respectively.
Materials and methods
Materials

Polyvinyl alcohol (Mw = 61,000 g-mol?, Sigma-Aldrich), zinc acetate dehydrate
(Zn(CH3CO0)2:2H20, Merck), and commercially available TiO2-P25 nanopowders (Degussa) were used
as starting materials.
Fabrication

The precursor nanofibers were fabricated by the following procedure: an aqueous solution of PVA
(14 wt%) was first prepared by dissolving 7.0 g of PVA powder in 43g of warm deionized water. Then
different amounts of zinc acetate (ZnAc) were slowly added to 10g of the PV A solution in order to obtain
diverse spinning solutions with different ZnAc-to-PVA mass ratios (3:2, 1:1, 2:3 and 1:2). The spinning
solution was homogenized by stirring at 60°C for 3 h. The electrospinning parameters were optimized
after running a series of experiments. The obtained spinning solution was immediately transferred into a
plastic syringe equipped with a blunt-ended 23-gauge stainless steel needle, which was connected to a
high-voltage power supply. The electrical potential applied was 62 kV. The fabrication and deposition

of the precursor nanofibers were conducted by a homemade electrospinning apparatus under ambient
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conditions using fluorine-doped tin oxide (FTO) glass as a rotating collector substrate that was placed 10
cm away from the tip of the needle. The feeding rate of the electrospinning solution (2 ml-h™1) was
controlled with a syringe pump, and the deposition time was 2 h. The adhesion of TiO2-P25 nanoparticles
within the PVA-zinc acetate nanofibers was achieved in situ during the electrospinning process by
electrostatic induction, as shown in Fig. 1. During 2 h of electrospinning, 25 mg of TiO2-P25
nanoparticles was distributed every 30 min on a metal plate at a distance of 1.5 cm from the collector
substrate. In order to remove the polymer after the electrospinning process and to obtain ZnO and
ZnO/TiOz nanostructures, the deposited precursor nanofibers were initially dried at 120°C for 6 h and
then calcined at 600°C for 3 h.
Characterization

The obtained nanostructures were characterized by X-ray diffraction (XRD) using a Philips X’PERT
MPD with Cu Ka radiation (1 = 1.5418 A) in the 26 scan range from 20 to 80°. The morphologies and
microstructures of the as-spun precursor nanofibers as well as ZnO and ZnO/Ti0O; nanostructures were
observed by using a Supra 40VP field emission scanning electron microscope (ZEISS) equipped with an
energy dispersive X-ray spectrometer (EDX). The incident photon-to-current efficiency (IPCE) spectra
of the ZnO and ZnO/TiO2 nanostructures were measured by using a PG580 potentiostat/galvanostat
(Uniscan Instruments) in a three-electrode cell using the fabricated nanostructures as a working electrode,
a platinum wire as a counter electrode, Ag/AgCl electrode immersed in 0.1M KClI solution as a reference
electrode, 0.1N NaOH as an electrolytic solution, and a 400-1000W Xe lamp coupled with an Oriel
Cornerstone 130 monochromator (Oriel Instruments) as a light source. The light intensity was in the
range of 0.10 - 2.10 mW-cm=. The photocatalytic activities of the fabricated nanostructures were
evaluated by the degradation of methyl orange (MQO) under UV light irradiation. The applied light source
was a 220W OSRAM Ultravitalux lamp with a measured radiation intensity of 70 W-m~2in the UV-A
range. Prior to irradiation, 3.0 mg of the fabricated nanostructures was dispersed in 50 mL aqueous

solution of methyl orange with an initial concentration of 3 ppm under magnetic stirring for 30 min to
6



ensure an adsorption-desorption equilibrium. During the irradiation, 3 mL of the suspension was taken
out every 1 h for the subsequent analysis of methyl orange concentration by a Lambda 25 UV-vis
spectrophotometer (PerkinElmer) at 462 nm. The photocatalytic activities of the ZnO and ZnO/TiO;

nanostructures fabricated with different ZnAc-to-PVA ratios in the spinning solutions were compared.
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Fig. 1. Schematic diagram of an electrostatically modified electrospinning process applied to produce

the precursor nanofibers of ZnO/Ti0O, nanostructures.

Results and discussion

Fig. 2 shows the FE-SEM images of the as-spun precursor fibers of ZnO fabricated using the spinning
solution with a zinc acetate-to-PVA ratio of 2:3 before and after calcination at 600°C. As shown, the
diameters of the precursor fibers fabricated using the spinning solutions with a ZnAc-to-PVA ratio of 2:3
were approximately 134 nm (Fig. 2a). After calcination, the diameters of the ZnO nanostructures became
smaller compared to that of the precursor fibers due to the decomposition of PVA and the crystallization
of ZnO during calcination [26, 27]. Fig. 3 shows the FE-SEM images of the precursor fibers of the
TiO2/ZnAc/PVA, indicating that the relatively smooth and rounded fibers were obtained. The FE-SEM
image shows that, as indicated by white dashed circles, the TiO2-P25 nanoparticles were attached to all
fibers fabricated by electrospinning using the spinning solutions with different ZnAc-to-PVA ratios. The
precursor fibers of ZnO/TiO2 nanostructures fabricated with ZnAc-to-PVA ratios of 1:2 and 2:3 (Figs.

3a and b) do not clearly show the presence of the TiO2 nanoparticles. Possibly, the TiO2 nanoparticles
;



may be located among the fibers or completely coated by the polymer. In Figs. 3c and d, the precursor
fibers of the ZnO/Ti0, nanostructures fabricated with ZnAc-to-PVA ratios of 1:1 and 3:2 show that the
TiO2 nanoparticles were not only coated by the polymer but also adhered at the fibers in the form of
agglomerates. This phenomenon may be associated with the increment of electrostatic attraction between
the particles and the fibers as the conductivity of the fibers precursor solution increases. The conductivity
of the solution increased with the concentration of ZnAc [28], leading to higher attraction between the
TiO, particles and the spinning solutions with ZnAc-to-PVA ratios of 1:1 and 3:2. Thus, it will attract a
higher amount of TiO> nanoparticles. Moreover, with increasing the amount of zinc acetate in the
spinning solution, the diameters of the precursor fibers enlarged from 85 to 228 nm. It should be noted
that as the amount of zinc acetate increases the diameter of the precursor fibers also increases and the
distribution becomes broader. This is the result of the increment in the viscosity of the spinning solution
as zinc acetate increases due to the gelation of zinc acetate (658 cP for 1:2 < 690 cP for 2:3 < 722 cP for
1:1 <752 cP for 3:2). The increment in the viscosity can lead to non-uniform ejection of the jet [27,29],
which in turn produces a broad distribution of the diameters of the precursor fibers.

On the other hand, comparing the precursor fibers of ZnO with the precursor fibers of the
TiO2/ZnAc/PVA fabricated with a ZnAc-to-PVA ratio of 2:3, a decrease in the fiber diameters was noted.
This can be due to the presence of the collector/plate system (shown in Fig. 1). According to previous
reports [30,31], the introduction of new objects and the use of different collectors directly influence the
size and morphology of the fabricated fibers. Therefore, this new system collector/plate generates a slight
distortion in the field electric lines thereby causing further stretching of the polymer jet which reduced

the fiber diameters [32].
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Fig. 2. FE-SEM images of the precursor fibers fabricated using the spinning solution with a ZnAc-to-
PVA ratio of 2:3 before (a) and after (b) calcination at 600°C. The diameter distributions with
corresponding standard deviations (SD) of the fabricated precursor fibers (a) and the mean diameter of

the final ZnO skeleton nanostructures (b) are shown as insets.
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Fig. 3. FE-SEM images of the precursor fibers of TiO2/ZnAc/PVA fabricated using the spinning
solutions with different ZnAc-to-PVA ratios: (a) 1:2, (b) 2:3, (¢) 1:1, and (d) 3:2. The diameter
distributions with corresponding standard deviations (SD) of the fabricated precursor fibers are shown

as insets.
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The FE-SEM images of the ZnO/TiO2 nanostructures obtained by calcination of the fabricated
precursor fibers at 600°C are shown in Fig. 4. It is clear that although the PVA was completely
decomposed, the formation of the ZnO/TiO2 nanostructures was mainly governed by the amount of zinc
acetate in the spinning solution. The mean diameter of the nanoparticles forming the ZnO/TiO;
nanostructures increases with increasing the amount of zinc acetate in the following order: 31 nm for 1:2
< 36 nm for 2:3 < 45 nm for 1:1 <52 nm for 3:2. The obtained results suggest that the dispersed zinc
acetate clusters in the PVA matrix of the precursor fibers can act as nucleation sites upon calcination
[33], resulting in the growth of ZnO nanocrystals on the fibers. According to Muangban and Jaroenapibal
[34], the ZnO nanostructures can also be obtained with a lower concentration (1:2) because the ZnO
nuclei are well separated from each other, thus unable to form primary particles during the calcination
process, leading to the formation of nanofibers with a large area of ordered atomic arrangement (Fig. 4a).
In contrast, the higher precursor concentrations lead to the formation of nanofibers with larger
nanoparticles connected along the fiber axis. This is due to the formation of primary particles during the
calcination process prior to the complete decomposition of the polymer matrix (Fig. 4d). Further, the
mean diameter of the nanoparticles from the ZnO/TiO2 nanostructures is smaller than that of the
nanoparticles from the ZnO nanostructures despite the fact that both of them were fabricated using the
same spinning solution with a zinc acetate-to-PVA ratio of 2:3. This is related to the decrease in the fiber
diameter due to the use of the plate, where the TiO2 nanoparticles were placed for in situ adhesion on the
precursor fibers of ZnO during the electrospinning process. The EDS spectra of the ZnO/TiO;
nanostructures shown in Fig. 4 confirm the complete decomposition of the PVA, the crystallization of
ZnO after calcination of the precursor fibers, and the adhesion of the TiO2 nanoparticles. The peaks
associated with zinc, titanium, and oxygen can be seen in the EDS spectra. The atomic and weight
percentages of titanium in the selectively analyzed area increased with increasing the amount of zinc
acetate in the following order for atomic percentage: 0.44% for 1:2 < 0.86% for 2:3 < 1.78% for 1:1 <

1.94% for 3:2 and for weight percentage: 0.55% for 1:2 < 1.10% for 2:3 < 2.09% for 1:1 < 2.85% for
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3:2. These results suggest that a higher amount of the precursor salt (zinc acetate) in the spinning solution
increases its conductivity [35,36] and therefore attracts a higher amount of the TiO. nanoparticles that

were in situ deposited on the precursor fibers of zinc acetate/PV A during the electrospinning process.
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Fig. 4. FE-SEM images (left sides) and EDS spectra (right side) of the ZnO/Ti0O2 nanostructures obtained
by calcination of the precursor fibers prepared using the spinning solutions with different ZnAc-to-PVA
ratios: (a) 1:2, (b) 2:3, (c) 1:1, and (d) 3:2. The nanoparticle distributions with corresponding standard

deviations (SD) are shown as insets.
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Fig. 5. XRD patterns of the ZnO/TiO, nanostructures fabricated using the spinning solutions with various

ZnAc-to-PVA ratios (1:2, 2:3, 1:1 and 3:2). The (101) diffraction peak of ZnO is comparatively shown

in the inset.

The XRD patterns of the ZnO/TiO, nanostructures fabricated by calcination of the precursor fibers
at 600°C are shown in Fig. 5. The XRD patterns of the fabricated nanostructures contain six main
diffraction peaks corresponding to the (100), (002), (101), (102), (110), and (103) crystallographic planes
of hexagonal wurtzite structure of ZnO (ICDD PDF# 36-1451) and one main diffraction peak
corresponding to the (101) crystallographic plane of anatase TiO, (ICDD PDF# 21-1276). Other
diffraction peaks of anatase TiO2-P25 were not observed possibly because of its small amount leading to
a low intensity in the diffraction patterns. Similar intensity of the diffraction peaks indicates no
preferential growth direction in the particles of ZnO present in the ZnO/TiO> nanostructures. Moreover,
comparing the diffraction peaks of the ZnO/TiO> nanostructures with those of the ZnO nanostructures
(for example the (101) diffraction peak showed in the inset of Figure 5), there was an increment in the

Full Width at Half Maximum (FWHM) and reduction in the intensity in the case with TiO2. This result
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is due the decrease in particle size (Figure 4) compared to those obtained for the ZnO nanostructures,
indicating that the presence of TiO; nanoparticles hindered the growing of ZnO cristalites. This
phenomenon is a clear indication of the strong interaction between TiO2 nanoparticles and ZnO precursor
fibers.

The incident photon-to-current conversion efficiency (IPCE) spectra of the ZnO and ZnO/TiO-
nanostructures are plotted in Figs. 6a and b as a function of wavelength. As shown, the ZnO and
ZnO/TiOz nanostructures fabricated using the spinning solution with a zinc acetate-to-PVA mass ratio
of 2:3 exhibited the highest IPCE value in the wavelength range from 330 to 420 nm compared with
other nanostructures fabricated using the spinning solution with zinc acetate-to-PVA mass ratios of 1:2,
1:1and 3:2. Although the ZnO and ZnO/Ti0O, nanostructures fabricated with a zinc acetate-to-PVA mass
ratio of 3:2 contained the highest amount of zinc acetate, they showed the lowest IPCE values in the
wavelength range from 330 to 420 nm. Depending on zinc acetate-to-PV A mass ratio, the IPCE values
of the ZnO and ZnO/TiO nanostructures increased in the following order: 4% for 3:2 < 7% for 1:2 <
28% for 1:1 < 31% for 2:3 for ZnO and 7% for 3:2 < 9% for 1:2 < 31% for 1:1 < 43% for 2:3 for ZnO/TiO>
at about 350 nm. The results also show an increase in the IPCE values of the ZnO/TiO2 nanostructures
compared with the IPCE values obtained for the ZnO nanostructures. This can be due to the in situ
adhesion of TiO2-P25 nanoparticles within the ZnO nanostructures during the electrospinning process.
According to previous studies [37,38], this can assist to improve the efficiency of light absorption,
electron injection, and efficiency of collection, thus enhancing the IPCE value. Furthermore, the main
difference in the IPCE values of all the fabricated nanostructures is presumably attributed to the enhanced
light absorption, electron transfer rate, and delayed charge recombination [39,40], which depend on the
morphology, adhesion of TiO.-P25 nanoparticles to the substrates, and specific surface area of the
fabricated nanostructures [41]. In the case of the ZnO and ZnO/TiO2 nanostructures fabricated with zinc

acetate-to-PVA mass ratios of 3:2, 1:1 and 2:3, the number of nanofibers was increased as the amount of
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zinc acetate in the spinning solution was decreased, covering the surface of FTO glass (Fig. 4). It is
thought that the reasons for the highest efficiency of the nanostructures fabricated with a zinc acetate-to-
PVA mass ratio of 2:3 are good adhesion of TiO2-P25 nanoparticles, the presence of a number of
nanofibers, small crystal size resulting in a large specific surface area, and enhanced light absorption
[40,42]. In contrast, the nanostructures fabricated with a zinc acetate-to-PVA mass ratio of 3:2 showed

the lowest efficiency due to large crystal size and the presence of a few nanofibers (Fig. 4d).
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Fig. 6. IPCE curves of (a) ZnO and (b) ZnO/TiO2 nanostructures fabricated using the spinning solutions
with different ZnAc-to-PVA ratios (1:2, 2:3, 1:1 and 3:2).

In order to elucidate the effect of coupling of TiO.-P25 nanoparticles with ZnO nanostructures, the
photocatalytic activities of the ZnO and ZnO/TiO2 nanostructures were evaluated by the
photodegradation of methyl orange in aqueous solution under UV-A irradiation, and the results are
plotted in Fig. 7. Blank experiment (i.e., only light irradiation without catalysts) showed that MO was
hardly degraded under the control experimental conditions, corroborating the degradation reaction was
truly driven by a photocatalytic process. Figs. 7a and b show the change in the methyl orange
concentration in aqueous solution containing the ZnO and ZnO/TiO; nanostructures fabricated by
calcination of the precursor fibers obtained using the spinning solutions with different zinc acetate-to-

PV A ratios. The results indicate that the ZnO nanostructures fabricated with a zinc acetate-to-PVA mass
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ratio of 2:3 show the highest photocatalytic activity compared with other ZnO nanostructures fabricated
with zinc acetate-to-PVA mass ratios of 1:2, 1:1 and 3:2. It is known that the photocatalytic activity of
one-dimensional nanostructures generally depends on crystallinity [43] and specific surface area that in
turn relies on particle size [44]. It is suggested that the reason why the ZnO nanostructures fabricated
with a zinc acetate-to-PVA mass ratio of 2:3 have the highest photocatalytic activity because its particle
size (~ 47 nm) is smaller than that of the ZnO nanostructures fabricated with zinc acetate-to-PVA mass
ratios of 3:2 and 1:1; therefore, the sample has a larger specific surface area. As shown, methyl orange
molecules were not completely decomposed during 6 h of photocatalytic reaction. This extended time
was applied because of a less amount of photocatalyst used (approximately 0.06 g/L). As reported by
Singh et al. [45], the photodegradation time was increased with decreasing the load of the ZnO
nanostructures. Fig. 7a shows that depending on zinc acetate-to-PVA mass ratio, the methyl orange
degradation rate constant of the ZnO nanostructures increases in the following order: 0.095 h~* for 3:2 <
0.181 h™* for 1:2 < 0.257 h™* for 1:1 < 0.284 h~* for 2:3. It can be inferred that the photocatalytic activity
of the ZnO nanostructures is greatly improved by the TiO2-P25 nanoparticles in situ adhered to the ZnO
nanostructures during the electrospinning process. The highest photocatalytic activity was obtained for
the ZnO/TiO2 nanostructures fabricated with a zinc acetate-to-PVA mass ratio of 2:3, and the methyl
orange degradation rate constant of the ZnO/TiOz nanostructures increases in the following order: 0.106
h=! for 3:2 < 0.198 h™* for 1:2 < 0.430 h™* for 1:1 < 0.762 h™* for 2:3. The results of the photocatalytic
activity test of the ZnO and ZnO/TiO; nanostructures are in good agreement with their IPCE data (Fig.

6).
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Fig. 7. Change in the MO concentration and rate constants of the photodegradation of MO over (a) ZnO
and (b) ZnO/TiO2 nanostructures fabricated using the spinning solutions with different ZnAc-to-PVA
ratio (1:2, 2:3, 1:1 and 3:2).

The improvement of photocatalytic activity of the ZnO/TiO. nanostructures is related to the role of
TiO2-P25 nanoparticles adhered to the ZnO nanostructures. Fig. 8 shows the mechanisms of charge
separation and photocatalytic reaction for the ZnO/TiO2 nanostructures. As illustrated in the scheme,
when the nanostructure is irradiated with UV light with a photon energy greater than or equal to the band
gap of ZnO and TiOg, the electrons (¢") in the valence band (VB) are excited to the conduction band (CB)
with generation simultaneous of the same number of holes (h*) in the VB (Eq. (1)). The electron transfer
occurs from the CB of light-activated ZnO to the CB of light-activated TiO2, and conversely, the hole
transfer takes place from the VB of TiO; to that of ZnO (Eq. (2)) [39,46]. The photogenerated electrons
and holes in the ZnO/TiO- photocatalysts could inject into reaction medium and participate in chemical
reactions, in which electrons reduced the dissolved molecular oxygen to produceO;~ (O, +e — 037),

while holes oxidized H20 molecular to yield « OH (h* + H,0 —»« OH + H*). Because of the separation
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of the photogenerated electrons and holes, more O3~ radicals and holes were produced, improving the
photocatalytic activity. The hydroxyl radical (¢ OH) is an extremely strong oxidation for the partial or
complete mineralization of organic chemicals. This efficient charge separation increases the lifetime of
the photogenerated charge carriers and reduces the recombination of the hole—electron pairs in the
composite nanostructures. Therefore, increases the photocatalytic activity of ZnO/TiO2 nanostructures

obtained in this research.
h
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Fig. 8. A schematic diagram illustrating the principle of charge separation and photocatalytic activity of

the ZnO/TiO, composite nanostructures system.

4. Conclusions

The ZnO/TiO. nanostructures were fabricated by an electrostatically modified electrospinning
technique and their photoelectrochemical performance and photocatalytic activities for the
photodegradation of methyl orange in aqueous solution were studied. The zinc acetate-to-PVA mass ratio
and adhered TiO,-P25 nanoparticles were found to play an important role on morphology tailoring,

photoelectrochemical performance, and photocatalytic activity of the ZnO/TiO, nanostructures. The
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mean diameter of the nanoparticles of the ZnO/TiO2 nanostructures ranged from 31 to 52 nm and was
increased as the amount of zinc acetate was further increased. The ZnO/TiO- nanostructures fabricated
using the spinning solution with a zinc acetate-to-PVA ratio of 2:3 exhibited the highest IPCE value and
the highest photocatalytic activity for the photodegradation of methyl orange in aqueous solution. The
enhancement in the photoelectrochemical performance and photocatalytic activity of the ZnO/TiO2
nanostructures is attributed to the high efficiency in both light utilization and separation of
photogenerated charge carriers. The electrostatically modified electrospinning technique demonstrated
here can be extended further for fabricating other semiconductor-based composite nanostructures that
can be effectively applied for environmental remediation and energy conversion.
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Figure captions

Fig. 1. Schematic diagram of an electrostatically modified electrospinning process applied to produce
the precursor nanofibers of ZnO/Ti02 nanostructures.

Fig. 2. FE-SEM images of the precursor fibers fabricated using the spinning solution with a ZnAc-to-
PVA ratio of 2:3 before (a) and after (b) calcination at 600°C. The diameter distributions with
corresponding standard deviations (SD) of the fabricated precursor fibers (a) and the nanoparticles
forming the ZnO nanostructures (b) are shown as insets.

Fig. 3. FE-SEM images of the precursor fibers of TiO2/ZnAc/PVA fabricated using the spinning
solutions with different ZnAc-to-PVA ratios: (a) 1:2, (b) 2:3, (c) 1:1, and (d) 3:2. The diameter
distributions with corresponding standard deviations (SD) of the fabricated precursor fibers are shown
as insets.

Fig. 4. FE-SEM images (left sides) and EDS spectra (right side) of the ZnO/TiO nanostructures obtained
by calcination of the precursor fibers prepared using the spinning solutions with different ZnAc-to-PVA
ratios: (a) 1:2, (b) 2:3, (c) 1:1, and (d) 3:2. The nanoparticle distributions with corresponding standard
deviations (SD) are shown as insets.

Fig. 5. XRD patterns of the ZnO/TiO2 nanostructures fabricated using the spinning solutions with various
ZnAc-to-PVA ratios (1:2, 2:3, 1:1 and 3:2). The (101) diffraction peak of ZnO is comparatively shown
in the inset.

Fig. 6. IPCE curves of (a) ZnO and (b) ZnO/TiO2 nanostructures fabricated using the spinning solutions
with different ZnAc-to-PVA ratios (1:2, 2:3, 1:1 and 3:2).

Fig. 7. Change in the MO concentration and rate constants of the photodegradation of MO over (a) ZnO
and (b) ZnO/TiO2 nanostructures fabricated using the spinning solutions with different ZnAc-to-PVA
ratio (1:2, 2:3, 1:1 and 3:2).

Fig. 8. A schematic diagram illustrating the principle of charge separation and photocatalytic activity of

the ZnO/TiO, composite nanostructures system.
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