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Abstract: In the present work, core TiO, and ZnO oxide nanofibers were prepared by
electrospinning, then shell oxide (ZnO, TiO,) layers were deposited on them by atomic layer

deposition (ALD). The aim of preparing ZnO and TiO; nanofibers, as well as ZnO/TiO, and
2
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TiO,/ZnO nanocomposites is to study the interaction between the oxide materials when a
pure oxide fiber is covered with thin film of the other oxide, and explore the influence of
exchanging the core and shell materials on their photocatalytic and gas sensing properties.

The composition, structure and morphology of the pure and composite nanofibers were
studied by SEM-EDX, TEM, XRD, FTIR, UV-Vis and Raman. The photocatalytic activity
of the as-prepared materials was analyzed by UV-Vis spectroscopy through decomposing
aqueous methyl orange under UV irradiation. The gas sensing of the nanofibers was
investigated by detecting 100 ppm NHjs at 150 and 220 °C using interdigital electrode based

Sensors.

1. Introduction

Semiconductor oxides are one of the most widely studied materials, due to their remarkable
physical, optical and optoelectronic properties [1-2]. One approach to modify and improve
the performance of a semiconductor oxide as a photocatalyst and gas sensing material is
forming composite of it with other semiconductor oxides. Results from a number of previous
researches reveal that many composite semiconductor oxides have better gas sensitivity and
higher photocatalytic activity than a single semiconductor [3-5]. Another approach to
improve the gas sensing and photocatalytic activity of these materials is to produce a
nanostructured morphology to increase the surface area. Therefore, already various
techniques have been adopted to fabricate nanostructured oxide materials. Among the
reported nanostructures, nanofibers have received immense attention due to their high
surface-to-volume ratio, combined with their good mechanical and physical properties [6-7].
Although, there are other methods for producing core/shell fiber nanocomposites [8], the
technique including electrospinning of organic/inorganic fibers, consecutive calcination to
form the core oxide nanofibers, combined with depositing shell layers on them by atomic
layer deposition (ALD) is a powerful method to prepare composite oxide nanofibers with
easily controllable parameters for various applications [9]. In our previous studies we
already applied very thin ALD films for gas sensing [10-11], as well core/shell
nanocomposite fibers produced by electrospinning and ALD to be successfully used as
photocatalysts [12].

Electrospinning is one of the most widespread techniques for preparing metal oxide

3



nanofibers due to its simple set-up, high efficiency, low cost, reproducibility and good
control of the diameter, morphology, composition and structure of the obtained materials
[13-14]. It is a process by which fibers with diameters ranging from several nanometers to a
few micrometers can be produced by applying an electric field by electrostatic
charge-repulsion, stretching and thinning. In a typical process, a polymer solution or melt is
injected from a small nozzle or micro-syringe pump under the influence of an electric field
as strong as several kV/cm. The electrostatic charges on the surface of a liquid droplet
induce the formation of a jet, which is subsequently stretched to form a continuous ultrathin
fiber. In the continuous-feeding mode, numerous fibers can be formed within a very short
time, creating fast and effectively a nanostructured material on the substrate.

ALD is a vapor phase deposition technique based on successive, alternating surface
controlled and self-limiting reactions to produce highly conformal and uniform thin films
with thickness control of sub-nanometer precision. By now ALD is capable to produce thin
films of a large variety of materials. ALD also offers exceptional thin film conformality on
high-aspect ratio structures and tunable film composition [15-18]. All these advantages
make ALD a powerful tool for many industrial and research applications, and the method
has constantly growing usage worldwide [19]. ALD is one of the most appropriate
techniques for covering irregular surfaces and surface engineering high surface-area
nanostructures, such as nanofiber matrices [18, 20-21].

Both titanium oxide (TiO,) and zinc oxide (ZnO) are wide band gap n-type semiconductors,
their band gap energies are similar to each other (approximately 3.2-3.4 eV), and they both
possess good gas sensing and photocatalytic properties [1-3, 22-26]. Although, in the last
decades the gas sensing and photocatalytic properties of both TiO, and ZnO nanofibers and
thin films have been widely researched [3-5, 22-29], still there is a lack of knowledge about
the gas sensing of core/shell nanocomposites, very thin films with thicknesses of a few
nanometers and the influence of exchanging the core and shell materials on the gas sensing
and photocatalytic properties. The fabrication of TiO,/ZnO composite nanofibers and their
gas sensing, photocatalytic activity, bactericidal properties and application in Li-lon
batteries have been reported more often previously [30-33], while the studies on core/shell
composites of TiO, and ZnO are still quite limited [34-37].

In this study, we demonstrated the preparation of TiO, and ZnO, as well as TiO,/ZnO and
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ZnO/TiO, core/shell composite nanofibers by electrospinning and ALD and their possible
application for gas sensing and photocatalysis. The as-obtained nanomaterials were
characterized by SEM-EDX, TEM, XRD, FTIR, UV-Vis and Raman. The gas sensing was
investigated by detecting 100 ppm NHj; at 150 and 220 °C, while the photocatalytic
properties were investigated by UV-Vis spectroscopy through decomposing aqueous methyl

orange under UV irradiation.

2. Experimental methods

PVP/oxide organic/inorganic nanofibers were prepared through electrospinning using a
home-made set-up. As feeding solution for the Ti-containing fibers a mixture containing
polyvinylpyrrolidone [PVP, (C¢HgNO),, K-90 by Merck], titanium tetraisopropoxide (TTIP,
Ti(O'Pr)s by Sigma Aldrich), acetic acid (CH;COOH, AcOH), and ethanol was used. 1 g
TTIP was dissolved in 1 mL AcOH and 1 mL ethanol, stirred for 15 min, then added to 3 mL
ethanol solution of 0.5 g PVP, and the whole mixture was stirred for 1 h before the
electrospinning. For the Zn-containing fibers a mixture containing zinc acetate
(Zn(0O,CCHy3),, Strem), PVP, ethanol and water was used. The 0.6 g ZnAc and 0.6 g PVP
were dissolved in 2 mL distilled water and 3 mL ethanol, and then stirred for 1 h until a
homogenous solution for the electrospinning process was obtained. The electrospinning was
done at a characteristic distance of approximately 25 cm and the as-spun fibers were
collected on an Al foil screen covered by a polyethylene foil. For the Ti-fibers 25 kV voltage
and a feeding rate of 4 ml/h were used, while for the Zn ones the applied voltage was 20 kV
and the feeding rate was 1 ml/h. In order to obtain pure TiO, and ZnO nanofibers, the
as-prepared PVP/oxide fibers were heated to 550 °C in air with a rate of 1 °C min™*, and held
there isothermally for 1 h.

The covering of the fibers with thin films was accomplished using ALD deposition
performed in a Picosun SUNALE R-100 reactor. The ZnO films were deposited at 200 °C
using diethylzinc [Zn(C,Hs),, DEZ] and H,O as precursors. The TiO; films were deposited
at 300 °C using TTIP and H,0 as precursors. The TTIP precursor was heated at 70 °C in
order to reach sufficient partial pressure of its vapor. The overall pressure in the reactor
chamber was ~10 mbar during both ZnO and TiO, depositions, and nitrogen was used as
carrier gas. The precursor pulse times were 1 s for all of DEZ, TTIP and H,0. The purge time
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was 30 s after every precursor pulse. ZnO thin films were deposited in 25 ALD cycles, while
for the TiO, films more time was needed to achieve a comparably homogenous layer over
the fibers therefore 130 ALD cycles were used.

The film morphology was investigated by scanning electron microscopy (SEM) and the
composition was studied by energy dispersive X-ray analysis (EDX) in a JEOL
JSM-5500LV scanning electron microscope. Higher magnification SEM images were
recorded by an FEI Inspect S50 SEM device. TEM images were taken by a FEI Morgagni
268 TEM microscope. FTIR spectra were measured between 400-4000 cm™ by an Excalibur
Series FTS 3000 (Biorad) FTIR spectrophotometer in KBr pellets. The XRD patterns were
recorded by a PANalytical X’pert Pro MPD X-ray diffractometer using Cu Ka irradiation.
Raman spectra were measured by a LabRAM system (Horiba Jobin-Yvon, Lyon, France)
coupled with an external 532 nm Nd-YAG laser source (Sacher Lasertechnik, Marburg,
Germany) and an Olympus BX-40 optical microscope (Olympus, Hamburg, Germany). An
objective of 50xmagnification was used for spectrum acquisition. UV-Vis reflection spectra
were recorded by an Avaspec-2048 spectrophotometer.

The gas sensing properties of the nanofibers were investigated using a home-made setup. It
contains a sandwich structured SiO,/SisN4 membrane with embedded Pt heater and gold
interdigital electrodes on the top of the membrane. The Pt heater and the Au electrodes were
positioned in the middle of the membrane. The membrane was prepared by deep reactive ion
etching (DRIE) of Si underneath [38]. The tested nanofibers were dispersed in a mixture of
ethylene glycol-water—ethanol and transferred onto the membrane of the sensor chip by
drop coating. The as-transferred droplets were annealed at 200 °C for 10 min to remove the
solvent. The sensors with the sensing nanofiber layers were tested in a flow-through
chamber fed by mass flow controlled gases. All metal components, used in the
electro-polished inner surfaces, were grounded in order to eliminate false signals. The
sensors were tested with 100 ppm NHjs in synthetic air at 220 °C and 150 °C operating
temperatures. The sensor test was based on the measurement of the resistance change during
the adsorption/desorption processes.

The photocatalytic activity of the samples was tested in the aqueous phase by decomposing
methyl orange (MO). For this, 1 mg fiber sample was put into 3 mL aqueous 0.01 mM MO
solution, kept in the dark for 1 h to adsorb dye, then illuminated by two parallel UV
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backlights (Osram, 18 W). The UV-Vis spectra of the MO solutions were measured regularly
during the photocatalytical reactions by a Jasco V-550 UV-VIS spectrophotometer. The
absorbance values, which were proportional to the MO concentrations (according to the
Lambert-Beer law), were determined at the MO absorption peak (463 nm). To have a correct
comparison for each sample, relative absorbance A/A, values were calculated, where Ay is
the absorbance at the beginning of the photocatalysis reaction and A is the actual absorbance

at the certain measurement point.

3. Results and discussion

The elaborated electrospinning process proved to be capable of high-speed quality
production of Ti and Zn containing organic/inorganic PVP/TTIP and PVP/ZnAc fiber mats
(Fig. 1a,b). After optimization of the electrospinning conditions, the obtained fibers were
without nodes and defects. The electrospinning of ZnAc/PVP was more sensitive and needed
longer tuning of the electrospinning conditions in order to obtain high-quality fibers. If the
conditions (e.g. amount of ZnAc between 0.2-0.5 g, amount of EtOH between 0-2 mL, etc.)
varied from the optimal ones, the fibers tend to form nodes (Fig. 1c) or aggregate (Fig. 1d).
The size of the as-spun fibers in diameter was of about 300 nanometers (Fig. 1e), both for the
Ti and Zn containing ones.

These organic/inorganic fibers were then calcined using a low heating rate of 1 °C min™. The
very slow heating was needed to maintain the fibrous structure of the electrospun oxide
materials, since it has been shown previously that the annealing of polymer/inorganic
electrospun fibers at high heating rates leads to disintegration of the oxide fibers into
particles [39]. The annealing of the PVVP/inorganic fibers at 550 °C lead to formation of pure
TiO and ZnO fibers, which was proved by EDX, FTIR and Raman analysis. The fiber mats
kept their shape and quality after the calcination process (Fig. 1f), and typical to electrospun
oxide fibers they were composed of oxide nanoparticles [12]. The TiO; fibers (Fig. 2a)
seemed to have smoother surface after the annealing, while the ZnO ones (Fig. 2b) had a
rougher surface and were built up by larger particles. Both the TiO, and ZnO fibers shrunk
during the calcination and were typically between 100 and 200 nm in diameter.

The FTIR analysis performed on the as-spun and calcined fibers showed (Fig. 3) that the
polymer was effectively removed by annealing and was not present in the spectra of the
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calcined fibers. The FTIR spectra of PVP/TTIP and PVP/ZnAc samples (Fig. 3a,c) were
dominated by the bands of PVP. The broad peak at 3200-3600 cm™ is the stretching vibration
of the OH groups. The band at 2955 cm™ can be explained by the CH stretching vibration of
CH and CH.. The highest intensity peak was the one at 1665 cm™ which belongs to the C=0
stretching vibration. The 1424 cm™ band is the CH, bending vibration and the peak at 1290
cm is the stretching vibrations of the C-O bonds [39]. The peak at 850 cm™ can be assigned
to the rocking vibration of the CH3 groups in TTIP (Fig. 3a) [x1] and ZnAc (Fig 3c) [x2].
After annealing, the large peaks below 1000 cm™ are typical lattice vibrations of the oxides
(Fig. 3b,d).

The performed TEM imaging revealed that the TiO; fibers consisted of nanograins with size
of about some nanometers (Fig. 4a), while the ZnO ones were built up by much larger
nanoparticles with size of about tenths of nanometers (Fig. 4b). Such structures are both
beneficial for photocatalysis and gas sensing, as the open structure of the fibers means higher
specific surface area. It is hard only from the TEM images to conclude whether the TiO, or
ZnO fibers have higher specific surface, but the nanostructured TiO; surface, which looked
smoother on the lower resolution SEM images, was revealed to possess probably higher
degree of roughness, while the ruffed-looking on the SEM images ZnO fibers seemed to
have smoother surface.

Based on TEM images (Fig. 4c,d), after the ALD depositions constant oxide layers covered
the fibers, thus successful preparation of core/shell nanocomposites was proved. It was
observed that the ALD deposited ZnO thin film over the TiO, fibers was much thicker (Fig.
4c) than the ALD deposited TiO, film over the ZnO fibers (Fig. 4d). The thickness of the
ZnO shell film is ~8 nm in average, while the TiO; shell is ~2 nm thick. From the images it
was concluded that the ALD deposition of the ZnO film smoothened in high degree the
surface of the core TiO; fibers, thus decreasing the specific surface area of the TiO,/ZnO
nanocomposite fibers. This smoothening effect was observed, but to a much smaller degree,
when the thinner TiO, films grew over the ZnO fibers. This decreasing of the specific
surface after the ALD deposition is supposed to influence negatively the photocatalytic and
gas sensing properties of the nanocomposites, since the surface area is of high importance
for both applications.

The EDX results, presented in Table I, confirmed the formation of the shell layers. From the
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EDX results as well, it can be concluded that the ZnO shell over the TiO, fibers is
considerably thicker than the TiO, shell on the ZnO fibers. Signals of carbon or nitrogen
originating possibly from PVP impurities were not observed, which also proved the
formation of pure inorganic fibers after the calcination process.

The XRD study (Fig. 5) showed that the calcined fibers were polycrystalline and in line with
the literature. The TiO, fibers (Fig. 5a) crystallized as anatase, mainly in the (101)
crystallographic orientation (PDF 00-021-1272). All typical peaks for crystalline ZnO were
observed (Fig. 5c), corresponding to PDF 01-074-9940. The ZnO fibers also tended to
crystallize preferentially in the (101) orientation. After investigating the TiO,/ZnO
composite fibers (Fig. 5b), besides reflections of TiO, we also found typical ZnO peaks,
detected from the very thin ALD film, at 31.9° (100) and 56.9° (110). Also, the shelling
effect was observed, as the intensity of the TiO, peaks decreased. For the ZnO/TiO, fibers
(Fig. 5d) we could not find peaks from the ultra-thin TiO, film; however, it was already
observed that in the case of core/shell fibers the shell oxide layers are hard to detect if they
are thinner than 8-10 nm [12].

Raman investigations were also performed on both bare and composite nanofibers and
their spectra were compared (Fig. 6). In the spectra of the clean TiO, fibers peaks can be
observed at 395, 513 and 636 cm™, which can be assigned to the Big, A1q or Byg and Eg
modes of the anatase phase [12], while the 446 cm™ peak is the Eg mode of rutile TiO, [x3].
Though in XRD rutile could not be well detected besides anatase, Raman confirmed its
presence. ZnO peaks from the shell layer of the TiO,/ZnO fibers were hard to be detected,
which was expected, as it was previously observed that very thin shell oxide films below 10
nm are hardly visible by Raman [12]. Nevertheless, it could be observed that the intensity
and the position of the shoulder of the TiO, peak at 395 cm™ changed, and based on this it
could be identified as the most typical ZnO peak (437 cm™). The origin of the peak at 480
cm™ cannot be clearly identified. Such peak was observed in epitaxially grown ZnO with
nitrogen inclusions [40]. However, in our research nitrogen was only present as a constituent
of PVP, and also as a purge gas during ALD reactions. The appearance of this peak is a
surface effect, since it appears on the ZnO surfaces of both the bare ZnO and composite
TiO,/ZnO fibers (Fig. 6b,c). Such a peak is not observed on the spectra of TiO, and

ZnO/TiO,. This proves the presence of a continuous TiO; shell on ZnO core fibers, and that
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this peak was an effect on the ZnO surface only, but not in the bulk. In the spectra of the
clean ZnO fibers the peaks at 379, 437 and 577 cm™ are the Ay(TO), E,(high) and the
A1(LO) modes of crystalline ZnO [x4]. For the ZnO/TiO, fibers it was also difficult to find
peaks from the ultra-thin TiO, shell; however, its presence could be assumed from the
decreasing intensity of the ZnO signals and also from the small peak that appeared at 513
cm™ (Fig. 6d).

From the UV-Vis spectra of the pure and composite nanofibers presented in Fig. 7 the
absorption edges were determined, and based on them the band gap energies (Eg) were
successfully calculated. E4 for the pure TiO, fibers was calculated as ~3.3 eV and for the
ZnO ones it was ~3.13 eV. The UV-Vis spectra of the composites are close to the spectra of
the core materials and shifted a bit towards the spectra of the shell material. This shift was
well expressed for the TiO/ZnO composite, where E4 was determined as ~3.2 eV. For the
ZnO/TiO, composite the shift from the bare ZnO fibers was minimal (differences in Eq
~0.01-0.02 eV), showing the rather small effect of the ultra-thin TiO, shell film on the Eg of
ZnO.

The gas sensing properties of the nanocomposite fibers were studied by employing chips
with interdigital electrodes on them (Fig. 8). Applying this method, we could study the gas
sensing abilities of the nanofibers, which were deposited as a thin film on the testing
electrodes by drop coating. In this coating method the amount of the deposited material on
the electrodes cannot be precisely controlled; therefore, the gas sensing test is only
qualitative and could give just approximate information how good the sensitivity of the
material is towards the tested gas in certain temperature. For both the TiO,/ZnO and
ZnO/TiO, composite nanofibers we observed sensing response towards NH3 at both 220 and
150 °C and absorption/desorption cycles with typical negative/positive changes. The
TiO,/ZnO fibers had larger response, which can be explained by that ZnO is considered to be
a better gas sensing material than TiO,. However, we found that the ZnO/TiO, composite
fibers showed much faster response of only a few seconds, possibly due to that the TiO, film
was much thinner than the ZnO shell in the case of the TiO,/ZnO composite.

The results from the photocatalytic study, presented in Fig. 9, showed that the pure TiO,
fibers possess the highest photocatalytic activity towards MO, followed by the pure ZnO
fibers. This is according to what expected, since TiO, is considered to be a better
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photocatalyst than ZnO. In contrast, the photocatalytic activity of both composite nanofibers
decreased, compared to the pure fibers. Such results cannot be easily explained, but only
taking the surface roughness and specific surface area of the catalysts into consideration.
The voids between the particles of the oxides fibers were filled up to some extent by the
ALD layers, and this decreased their specific surface. TiO, fibers seemed to possess the
highest specific surface area due to their highly rough surface. But these nano-sized pores
and cracks are easily filled up by the comparably thick ALD shell layer and the surface of the
TiO,/ZnO nanocomposite was much smoother, which led to lower specific surface area and
considerable decrease in the photocatalytic ability, compared to the pure TiO, fibers. In the
case of the ZnO fibers, the smoothening effect from the thinner ALD TiO, film was much
smaller. Thus, the decrease of the specific surface of the ZnO/TiO, catalyst was weaker, and
consequently a lower decrease in the photocatalytic activity was observed, compared to pure
ZnO. It can be concluded that in the case of a nano-rough surface of an electrospun oxide
fiber, the ALD grown shell layer should be ultra-thin, around 1 nm, in order the smoothening
effect to be avoided or highly minimized, which was also observed in previous similar
studies with core/shell nanocomposites [12].

Previously, it was shown that if the ALD shell layer is grown on an electrospun
polymer/inorganic fiber, and the annealing comes only after that, then the photocatalytic
activity of TiO,/ZnO0 is also better than ZnO/TiO, core/shell nanofibers [36]. This fact was
tried to be explained by Kayaci et al theoretically by electron-hole interactions between the
core and the shell, while differences in the specific area of the materials were not taken into
account. Now we have changed the preparation order to electrospinning/annealing/ALD,
and received similar results. Since in [36] the photocatalytic activity of pure TiO, and ZnO
fibers was not studied and comparison between bare and composite core/shell
nanocomposites was not yet performed even by other authors, it is hard to conclude whether
the electron-hole interactions between the core and the shell materials or the specific surface
has stronger effect on the photocatalytic properties of TiO,/ZnO and ZnO/TiO, core/shell
nanocomposite fibers. But the negative smoothening effect of the ALD shell layers, which
fill the voids between the particles in the fibers and thus reduce the photocatalytic activity,
certainly have to be taken into account when highly effective photocatalysts are aimed to be

prepared.

11



Probably, performing the calcination as a last step, preceded by the formation of the shell by
ALD would benefit the final specific surface area of the fibers. But the annealing could have
unpredictable impact over an ultra-thin ALD shell layer, e.g. formation of cracks can happen,
and can practically cancel it as a continuous shell layer. On the other hand, depositing a
thicker ALD film, which remains unaffected by the annealing as reported in [36], might
decrease significantly the specific surface area and the photocatalytic activity as reported in
[12], and also was found in the present research. Since such comparison studies with
calcination both as middle and last steps were never performed previously, this could be a

promising follow up of the present research.

4. Conclusions

Pure ZnO and TiO, nanofibers were obtained by electrospinning and annealing.
Consecutively, by ALD several nanometer thick films from the other oxide were deposited
on them, thus forming core-shell nanocomposite fibers. The properties of these
nanocomposites were characterized by various methods (SEM-EDX, TEM, FTIR, Raman,
UV-Vis), in order to study the formation of ultra-thin shells and their influence on the gas
sensing and photocatalytic properties of the core material. The successful preparation of the
pure and core/shell fibers was proved by SEM-EDX and FTIR. The formation of continuous
shell layers over the fibers was observed by TEM and confirmed further by Raman
spectroscopy. The crystalline nature of the pure fibers was shown by XRD, while the shift of
the band gap of the nanocomposites caused by the shell layer grown on the core materials
was determined by UV-Vis. The studied nanofiber composites were proved to be applicable
for gas sensing and photocatalytic purposes. The TiO2/ZnO composite had better gas sensing
response, compared to ZnO/TiO,; however, the influence of the thickness of the shell layer
on response time was also observed. The electrospun oxide fibers were composed of a few
nm particles, and the voids between them were partially filled by the shell ALD layers. This
smoothening effect of the ultra-thin ALD shell was investigated, and its high importance on
the specific surface area of the nanocomposites and consequently its strong influence on the
photocatalytic properties were observed. It was shown that preparing nanocomposites by
depositing shell ALD layers on electrospun oxide fibers decreased the photocatalytic
activity due to reducing the active surface. Hence, deposition of as thin as possible shell
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films is desired, in order not to reduce the specific surface area of the core fibers, and to

obtain photocatalysts with optimal properties.
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Table I. EDX study of TiO,/ZnO and ZnO/TiO, composite nanofibers.

Element TiO2/ZnO ZnO[TiO,
Atomic% Weight% Atomic% Weight%
o 61.0 30.9 57.2 25.0
Ti 21.1 32.0 40.0 71.3
Zn 17.9 37.1 2.8 3.7
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Figure Captions

Fig. 1. SEM images of electrospun nanofibers: a) TTIP/PVP fibers; b) ZnAc/PVP fibers; c)
Node formation in ZnAc/PVP fibers; d) Aggregations in ZnAc/PVP fiber mats; e)
Diameter measurement of ZnAc/PVP fibers; f) ZnAc/PVP fiber mats after annealing.

Fig. 2. High resolution SEM images of electrospun nanofibers after calcination: a) TiO;
fibers; b) ZnO fibers.

Fig. 3. FTIR spectra of as-spun and calcined nanofibers: a) PVP/TTIP fibers; b) TiO; fibers
obtained by annealing PVP/TTIP; c¢) PVP/ZnAc fibers; d) ZnO fibers obtained by
annealing PVP/ZnAc.

Fig. 4. TEM images of bare and composite nanofibers: a) TiO, fiber; b) ZnO fiber, c)
TiO,/ZnO fiber; d) ZnO/TiO; fiber.

Fig. 5. XRD patterns of bare and composite nanofibers: a) TiO, fibers; b) TiO,/ZnO fibers;
¢) ZnO fibers; d) ZnO/TiO; fibers.

Fig. 6. Raman spectra of bare and composite fibers: a) TiO; b) TiO,/Zn0O; ¢) ZnO; d)
ZnO/TiO, nanofibers.

Fig. 7. UV-Vis spectra of bare and composite TiO,; TiO,/ZnO; ZnO and ZnO/TiO,

nanofibers.
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Fig. 8. Gas sensing tests of the composite nanofibers towards 100 ppm NH3:
a) Gas sensing of TiO,/ZnO fibers at 220 °C; b) Gas sensing of ZnO/TiO; fibers at 220 °C;
c) Gas sensing of ZnO/TiO; fibers at 150 °C.

Fig. 9. Photocatalytic activity of the bare and composite TiO,; TiO,/ZnO; ZnO and
ZnO/TiO; nanofibers.
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