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Electrospun tungsten trioxide nanofibers
decorated with palladium oxide nanoparticles
exhibiting enhanced photocatalytic activityy

Hoik Lee,® Myungwoong Kim,? Daewon Sohn,® Seong Hun Kim,® Seong-Geun Oh,®
Seung Soon Im*" and Ick Soo Kim*@

Tungsten trioxide (WOs) based nanofibers have many advantages as photocatalysts due to its band gap
which fits with readily accessible light sources. We successfully fabricated novel palladium oxide (PdO)
particles decorated WOs3 nanofibers by electrospinning combined with chemical deposition processes,
leading to improved photocatalytic efficiency for organic dye degradation up to 86.4%. Morphologies,
elemental compositions and structural analyses confirmed the successful uniform decoration of PdO
particles along WOz nanofibers. Photodegradation of methylene blue as a model pollutant in water
media was performed under UV and visible light in the presence of fabricated nanofibers as
a photocatalyst. As a result, improved photocatalytic activity by PdO decoration was observed compared
to commercially available WOz NFs without PdO, attributed to its ability to hold excited electrons and
increase surface area of NFs. This fibrous hybrid catalytic materials platform will open up a new and
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Introduction

In the past decades, photocatalysis has been considered as
a “green” process as a variety of organic and toxic water
pollutants can be decomposed and eliminated by light or UV
irradiation.™* For this purpose, semiconducting nanostructured
metal oxides have become a promising photocatalyst platform
in environmental remediation due to their availability, nontoxic
nature and biological/chemical stability.>* The semiconducting
metal oxides such as TiO,, WO3;, ZnO and Fe,O; have been
explored as photocatalytic nanomaterials.>® Among those metal
oxides, much effort has been devoted to TiO, based photo-
catalysts due to its excellent photoactivity and high stability,”*
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practical route and stimulate further research to improve photocatalytic performance.

however, its wide bandgap (3.2 eV) limits its applicability as the
catalytic activity can be activated by only UV light.® In addition,
easy recombination of photogenerated electron-hole pairs in
TiO, results in a low quantum efficiency.’®"* Therefore, the
focus has moved to find an alternative to TiO, for more efficient
excitation of electrons to trigger photocatalytic processes.
Another type of promising metal oxide is tungsten trioxide
(WO3), which has been widely used for catalytically active
materials and electrochromic devices,"** as it has a wide range
of band gap from 2.4 eV to 2.8 eV which ensures considerable
photocatalytic activity with visible light.** For example, it was
reported that composite photocatalysts such as CuBi,0,/WO;
and CuO/WO; efficiently catalyzed an oxidation of acetaldehyde
with visible light illumination.*

There have been much efforts to improve the photocatalytic
activity of WO; by fabricating metal-supported WO;. In order for
improving photocatalytic efficiency of WO3, metal such as Pt
and Pd (generally Pd due to high cost of Pt), which can act as
electron acceptors to effectively separate generated hole/
electron pair for interfacial charge-transfer, can be incorpo-
rated to WO;.">*® Several reports have shown the improvement
of charge separation of the excited electrons by deposited metal
on WO;."* A number of holes are available due to the hydrogen
peroxide generated on the support metal site, which can
improve charge segregation efficiency of the excited elec-
trons.'*?*** Arai et al. reported mechanically mixed PAO/WO;
nanoparticles showing seven times higher photocatalytic
activity than that of nitrogen doped TiO, under visible light.*®
The enhancement in photocatalytic performance is partially

This journal is © The Royal Society of Chemistry 2017
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due to the alteration of the band gap of the semiconductor upon
doping in accordance to Moss-Burstein effect.”>* Furthermore,
PdO incorporation has been utilized for a variety of applications
such as gas sensing,>*® hydrogen production through water
splitting,*” catalytic conversion of methane into methanol,*®
and the removal of phenol and dyes from wastewater.”*?*"
Recently, the ability of Pd-loaded WO; nanoparticles was
highlighted for sensitive and selective hydrogen detection,**
and for photocatalysis to oxidize alcohols.**

Nanofibers (NFs) are featured with very small diameter,
extremely long length, large surface area per unit mass and
small pore size providing a high surface-to-volume ratio.*® Their
physical and chemical properties make them versatile for
various applications, e.g. solar energy harvesting,**** sensors,*
catalysis,”” optoelectronics.*® Electrospinning is an effective,
straightforward, and facile method to fabricate NFs and also,
semiconducting metal oxide NFs.*»*° It has been reported that
electrospun metal oxide NFs have high photocatalytic activities
due to their one dimensional nanostructure properties with
high specific surface area. Furthermore, NFs can be easily
collected and recycled with various methods, maximizing its
potential for practical and economic photocatalytic applica-
tions. Herein, we demonstrate the PdO nanoparticle decorated
WO; (PAO/WO3) NFs prepared by electrospinning to enhance
photocatalytic efficiency to degrade methylene blue (MB) upon
both UV and visible light illuminations. The PdO/WO; NFs
exhibited excellent photocatalytic activity compared to WO;
NFs, suggesting that PdO enhances photocatalytic activity of
WO; by preventing exciton recombination and increasing the
efficiency of charge separation. Typically, Au, Pt and Pd type
metals are loaded on the semiconductor surface for such
purpose.***> Complexing two kind of metal oxides, PdO and
WO;, was found to be effective for enhancing photocatalytic
property for degradation of organic dyes. To fabricate the NFs,
poly(vinyl alcohol) (PVA) was used as a template, which can be
easily decomposed through annealing at high temperature (500
°C), resulting in successful formation of WO; NFs. Pd precursor
was deposited on pre-thermal-treated PVA/WO; NFs at 200 °C.
Further calcination at 500 °C allowed to form PdO particles on
WO; NFs, confirmed with various characterizations. Resulting
PdO/WO; exhibited enhanced catalytic efficiency for MB
degradation with UV or visible light illumination compared to
WO; NFs without PdO particles. Also, visible light was more
effective for the catalysis than UV light. The results suggest that
it can be useful to efficiently degrade other types of harmful
organic pollutants such as acetaldehyde and azo-dyes, and also
other types of inorganic salts, possibly.

Experimental

Materials

Ammonium metatungstate hydrate (AMT, (NH,)s[HyW12040]
nH,0, molecular weight = 2956 g mol '), PVA (M,, = 75 000 g
mol ') were purchased from Sigma Aldrich (USA), and palla-
dium(n) chloride (PdCl,), ethanol, sodium hydroxide (NaOH),
hydrochloric acid (HCl), methylene blue (98.5%, MB, C;cH;s-
N3SCl-3H,0) were obtained from Wako Pure Chemical
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Industries (Japan). All reagents were used without further
purification. Deionized water (DI water) was obtained using
Milli-Q system.

Preparation of nanofibers

10 wt% PVA aqueous solution (10 mL) was prepared by vigor-
ously stirring the solution at 60 °C for 6 hours, then stored at
room temperature. Then, AMT (1 g, 0.33 mmol) was added to
the solution, followed by further stirring for 6 h. To fabricate
NFs, the AMT/PVA solution was supplied to an electrospinning
apparatus through a plastic syringe and a capillary tip with an
inner diameter of 0.6 mm. A high-voltage power supply (Har-
100*12, Matsusada Co., Tokyo, Japan), which is capable of
generating voltages up to 100 kV, was used as the source of the
electric field. A copper wire connected to a positive electrode
(anode) was attached to an ejection needle with an inner
diameter of 0.8 mm, and a negative electrode (cathode) was
linked to a metallic drum (collector). The voltage was fixed at 10
kv, and the distance between the capillary tip and the metal
collector was 10 cm under ambient condition with the humidity
of about 40%. The resulting NF sheet was tied up with alumina
frame at the edge of sheet to prevent the thermal shrinking of
nanofiber. Since the fiber structure can be easily deformed
when the fibers are directly heated at elevated temperature, the
fiber sheet was stabilized at 200 °C for one hour in an electric
furnace, resulting in stabilized AMT/PVA nanofiber (ST AMT/
PVA NF) sheet. Direct elevation of temperature up to 500 °C
without stabilization step can induce the fast decomposition of
PVA before WO; structure formation, resulting in mechanically
unstable nanofibers mat. However, by annealing at 200 °C prior
to temperature elevation for oxidation of tungsten, we found
that the fiber structure is preserved during decomposition of
PVA at high temperature. Fabricated ST AMT/PVA NFs were
subjected to calcination process in air at 500 °C for 3 h using
electric furnace (NHV-1515D, Motoyama, Co., heating rate =
3°C min "), to form WO; NFs. In order to obtain PdO decorated
WO; nanofibers (PdO/WO; NFs), ST AMT/PVA NFs was
immersed in the mixture of DI water and ethanol (2/1 v/v), fol-
lowed by adding 5 mM PdCl, aqueous solution (PdCl, solution/
mixed DI water and ethanol, 1/9 v/v). The pH of resulting
solution was adjusted to 3.8-4.2 using NaOH solution, then it
was heated with 90 °C oil bath for 6 h. Resulting sample was
washed copiously with water and ethanol for 4-5 times,

AMT/PVA NF STAMT/PVANF . WO; NF
Annealing T . Annealing
200 °C J/ 500 °C
Pd deposition
2
- »—"'{-"‘,
» — ; P
Annealing “‘"";‘ﬁ-..\‘__
500 °C /
/
PdO/WO, NF

Fig. 1 Schematic illustration depicting nanofiber fabrication process
via electrospinning, chemical deposition and thermal annealing.
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followed by drying under vacuum. The PdCl, treated NF sheet
sample was subjected to the calcination process to produce
PdO/WOj; NFs with the same procedure for WO; NF samples.
The scheme for whole process is presented in Fig. 1.

Characterization

The morphologies of fabricated nanofibers were observed with
field emission scanning electron microscopy (FE-SEM, S-5000,
Hitachi, Japan). The average diameter values were extracted
from the SEM micrographs using image analysis software
(Image]). Fifty points in a single SEM image was randomly
selected and analyzed to obtain a diameter distribution and its
average value. Thermogravimetric analysis (TGA) was carried
out using a thermogravimetric analyzer controlled by Rigaku
Thermoplus TG 8120 (Rigaku Co., Japan) in the range of 25-
700 °C (heating rate: 10 °C min~") with the pyrolysis condition
of high purity nitrogen as the carrier gas with flow rate of 3.5 L
min~'. Wide-angle X-ray diffraction (XRD) experiments were
conducted at room temperature using a Rotaflex RTP300 X-ray
diffractometer (Rigaku Co., Japan) operating at 50 kV and 200
mA. Nickel-filtered CuKa radiation was used as X-ray source,
and diffracted X-ray was detected with an angular range of 10°
to 80°. X-ray photoelectron spectroscopy (XPS) was carried out
on Shimadzu-Kratos AXIS-ULTRA HAS SV (Shimadzu Co., Ltd.)
using Al X-ray source to study chemical compositions of
prepared nanofibers. The binding energy for the C(1s) peak at
284.6 eV was used as the reference for spectrum calibration. To
study photocatalytic behaviors of NFs, a commercial haloline
visible light lamp (500 W, Osram) and UV lamp (100 V, 60 Hz,
0.7 A, XX-15NF/], Spectroline, USA) were used. The NF samples
were suspended in MB solution (3.75 x 10~> mM) in a batch
reactor with the concentration of 0.3 mg mL™', then sequen-
tially exposed to UV light (345 nm) for 24 h and visible light
(450-700 nm) for 12 h, then stored in dark for 24 h. The change
in MB concentration was studied using UV/vis absorption
spectrometry (Lambda 35 UV-vis spectrophotometer, Perki-
nElmer, USA).

Results and discussion

Morphologies of AMT/PVA, ST AMT/PVA, WO; and PdO/WO;
NFs were examined using FE-SEM (Fig. 2) and the average
diameter of the nanofibers extracted from the SEM images was
plotted in Fig. S1c.t Low magnification images of PVA and AMT/
PVA nanofibers were presented in Fig. S1a and b.} As-spun PVA
nanofibers exhibit a typical fibrous structure: randomly
oriented, bead-free, and smooth surfaces. AMT addition makes
the average diameter of nanofibers smaller: fabricated PVA
nanofiber diameter was 337 + 72 nm, while it decreased by
adding AMT precursor to 264 £ 74 nm. It is due to high
conductivity of AMT which leads to the reduction of an elec-
trostatic potential that typically makes a fiber thinner in elec-
trospinning process. Then, calcination was conducted to
decompose PVA and oxidize AMT simultaneously to form WO,
alloy structure. Upon this process, the colour of AMT/PVA NF
sheet changed from white to yellow (Fig. S21). As shown in
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Fig. 2 SEM micrographs of (a) AMT/PVA NFs, (b) ST AMT/PVA NFs, (c)
WO3 NFs, and (d) PdAO/WOs3 NFs. Insets are zoomed SEM images (scale
bar =200 nm).

Fig. 2c, calcination significantly altered the surface morphol-
ogies of the PVA nanofibers. The diameters of pre-thermal-
treated AMT/PVA nanofibers at 200 °C (ST AMT/PVA NFs) and
WO; NFs were 228 + 72 nm and 153 + 42 nm, respectively
(Fig. Sict). It is worth noting that the fibrous structure
preserved upon the calcination process while the diameter
abruptly decreased, indicating successful decomposition of PVA
nanofibers. Also, the morphology and structure of WO; nano-
fiber were closely examined using TEM as presented in Fig. S3.7
However, in case of PdO/WO; NFs, the formation of PdO
nanoparticles formed by Pd precursor deposition and subse-
quent calcination process occurred along the fiber orientation.
As a result, the surface of nanofibers became rougher than that
of AMT/PVA NFs, with fairly small PdO particles (approximately
20-30 nm) without severe agglomeration, resulting in increase
of the diameter of nanofibers to 232 + 98 nm. We note that the
calcination condition was optimized using TGA results of AMT/
PVA NFs, presented in Fig. S4.f In TGA graphs, first weight
decrease at up to ~100 °C is attributed to the removal of
residual solvent and water. Then, the decompositions of PVA
and ATM were observed at 300 °C and 500 °C, respectively.
The chemical compositions of NFs at each stage of the
fabrication process were studied using XPS analysis, shown in
Fig. 3a. In the survey spectra, W, Pd, O and C peaks were
observed in the step wisely prepared NFs. The emergence of the
peaks at ~35 eV assigned to W(4f) and at ~340 eV assigned to
Pd(3d) confirms successful fabrication of WO3; and PAO/WOj;. In
a multiplex spectrum of AMT/PVA sample (Fig. 3a), the weak
photoelectron emissions at 34.1 eV (W(4f;;,)) and 36.2 eV
(W(4fs/,)) were both up-shifted to 35.7 eV and 37.8 eV after
calcination process, respectively.** The results suggest that the
WO; nanofibers are successfully formed after calcination
process. The initial peaks of both W(4f,,) and W(4fs,,) are
typically found in W°* ions in materials, in this case AMT,*
which also typically upshift to higher binding energy when W**
is converted to oxidized tungsten, WO;.** Also, in the multiplex
spectra of PAO/WO; NFs (Fig. S5bt), two intense peaks at

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) XPS spectra and (b) XRD profiles of AMT/PVA, ST AMT/PVA, WOz and PdO/WO3 NFs.

342.7 eV (Pd(3ds),)) and 337 eV (Pd(3d;,,)) are observed, which
are assigned to doublet peaks typically observed from PdO.*® As
the formation of nanoparticles was clear in morphological
studies, the emergence of the peaks confirms the formation of
PdO particles and hence, PdAO/WO; NFs.

We further investigated the crystal structures of metal oxides
on fabricated NFs using XRD. XRD profiles of the PVA, AMT/
PVA, ST AMT/PVA, WO; and PdO/WO; NFs also are presented
in Fig. 3b, showing the metallization of WO; and PdO. As pre-
dicted, AMT/PVA and ST AMT/PVA NFs show non-crystalline
structures in materials. After calcination process, the metal
crystalline peaks were observed, strongly suggesting that the
WO; and PdO/WO; NFs were successfully produced. It is worth
noting that although pre-thermal-treatment at 200 °C does not
convert the AMT precursors to tungsten oxide, and it helps to
avoid the collapse of nanofiber during Pd deposition process.
The diffraction peaks for the WO; and PdO were clearly pre-
sented in XRD profiles. The results suggest that all WO; and
PdO/WO; nanofibers are highly crystalline, and both XRD
spectra indicate monoclinic WO; phase having dominant
planes at (020), (200) and (220).*” Also, the XRD peaks at 40°, 46°
and 68° in Fig. 3b are assigned to (111), (200) and (220)
diffraction of palladium, respectively.*® It indicates that PdO
particles are deposited on the WO; NFs, which were confirmed
with the SEM (Fig. 2d) and XPS studies. The SEM images of
PdO-WO; NFs prepared at 200 °C and 500 °C are presented in
Fig. S6a and b,{ respectively. The size of PdO particles of
resulting samples obtained at 500 °C is typically larger than that
of the particles fabricated at 200 °C, underscoring the impor-
tance of temperature as an essential parameter for successful
synthesis of PAO/WO; NFs.

Photocatalytic activities of prepared NFs were evaluated by
measuring their performances for degradation of MB in an
aqueous solution. Fig. 4 shows the results of MB degradation
studies using WO; NFs and PdO/WO; NFs upon UV light and
visible light illuminations. As a control, the blank solution
(without NF catalysts) were measured simultaneously. The
degradation efficiency was given by the equation of n (%) = [(C
— G;)/C] x 100, where 7 is a degradation efficiency, C; is an
initial concentration of MB solution, C is a concentration of MB
solution after light illumination obtained using the equation
extracted from linear fitting of absorbance at 665 nm (Aay) as

This journal is © The Royal Society of Chemistry 2017

a function of MB concentration (Fig. S71). Since WOj; is known
to absorb UV light in wavelength range less than 443 nm due to
its band gap (~2.8 eV),"**>*" leading to quite high degradation
efficiency (62.4%) upon UV degradation at 12 h as presented in
Fig. 4a. On the other hand, the degradation efficiency sharply
decreased with visible light illumination to 36.1% and 47.5%
with illumination for 12 and 24 h, respectively, which are less
efficient compared to degradation under UV light. Typically, dye
degradation efficiency becomes higher when light with
absorbable wavelength range is illuminated intensively, which
leads to high hole/electron pair generation efficiency.>* Conse-
quently, UV light results in the higher degradation efficiency in
WO; NFs than visible light. PdAO/WO; NFs show ~10% higher
efficiency when visible light is utilized for degradation rather
than UV light (Fig. 4b and c¢). More importantly, the efficiency of
PdO/WO; NFs was measured to be two times higher than WO,
NFs (Fig. 4d). In addition, the degradation efficiency of PdO/
WO; NFs was 86.4%, which is much improved compared to
commercially available WO; nanofibers (Fuji Pigment, ~55%
efficiency under visible light for 24 h). These results are mean-
ingful as it shows a potential for further efficiency enhancement
of catalytic nanofibers by introducing Pd metals on them. And
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Fig. 4 UV/vis spectra from MB aqueous solutions with WOz and PdO/
WO NFs with different irradiation time and sources, (a) UV light for
12 h, (b) visible light for 12 h, (c) visible light for 24 h, and (d) extracted
degradation efficiencies.
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Fig. 5 Schematic illustration of photocatalytic process of Pd/WO-
NFs.

note that all WO; based NFs retained their structure after
photodegradation, indicating their high stability upon
photocatalysis.

From these results, it is clear that PdO particles enhance the
photocatalytic activity of WO; support. It has been widely
accepted that metal oxide particles can act as an electron
acceptor in the metal photocatalytic system.'®** Particularly,
PdO particle is known to have an ability to capture electrons
during photocatalytic process and as a result, recombination of
electron-hole pair can be minimized.** When WOj; absorbs the
light having energy equal to or greater than the band gap of the
material, electron-hole pairs are generated in WO;. Then the
photogenerated hole/electron pairs migrate to the surface of the
Pd, allowing reaction with adsorbed chemical species. In this
system, adsorbed oxygen scavenges generated electron, leading
to H,0,, followed by generation of hydroxyl radicals. The active
hydroxyl radicals are responsible for the degradation of the MB.
The photocatalyst mechanism is illustrated in Fig. 5. For an
effective photocatalysis, more electrons in conduction band
should be used for the catalytic activity to avoid recombining
with holes in the valance band. Note that the combination of
nanofibers with nanoparticles significantly enhances an active
surface area, leading to enhanced catalytic activities to react
with target molecules.* The combination of nanoparticle and
nanofiber would greatly enhance their surface area. Therefore,
when PdO particles are presented on the surface of WO;
nanofiber, higher catalytic activity is expected as the Pd particles
are able to hold excited electrons, followed by transfer of the
electrons to MB molecules, and are able to increase the total
surface area by decorating PdO particles.

Conclusions

PdO decorated WO; nanofibers exhibiting a high photocatalytic
performance were fabricated via combination of electro-
spinning and annealing processes. The morphologies of nano-
fibers at each fabrication step were observed by FE-SEM, and
resulting nanofibers showed the PdO particles distributed over
the surface of WO; nanofiber, further confirmed by XPS and
XRD. The photocatalytic activity of WO; nanofibers was
enhanced when PdO particles were loaded on the surface of
nanofibers due to increased charge separation efficiency and
total surface area, leading higher photocatalytic activities for
degradation of MB wupon both visible and UV light
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illuminations. The degradation efficiency of PdAO/WO; NFs was
improved about two times compared to WO; NFs without PdO.
Furthermore, generally, one-dimensional nanofibers have
a high sedimentation rate, leading to high possibility for recy-
cling after catalytic reaction. Therefore, this fibrous hybrid
catalytic materials platform with enhanced photocatalytic
activities will open the feasibility toward a number of industrial
applications to eliminate organic pollutants from wastewater.
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