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ARTICLE INFO ABSTRACT

Keywords: Coupling TiO2 nanofibers with other semiconductor metal oxides can effectively extend the light absorbability of

El.e‘Ctrosl?i“"i“'g : TiO, to the visible range of the electromagnetic spectrum. This study demonstrates the synthesis of TiO2-MoOs3

l\)111151b1e hglht :TIOZ—MQO;; nanofibers composite nanofibers via electrospinning using Ti and Mo water-soluble precursors. Aqueous solutions of these
otocatalysis

precursors were added to a PVP solution in N-N dimethylformamide. The mixture was electrospun, followed by
annealing in air at 600 °C obtaining oxide nanofibers. The fibers were characterized via thermogravimetry and
differential thermal analysis, X-ray photoelectron spectroscopy, scanning electron microscopy and energy-
dispersive X-ray spectroscopy, transmission electron microscopy, Fourier-transform infrared spectroscopy, X-
ray diffraction, and Raman spectroscopy. The diameter of the TiO2-MoOj fibers was between 90 and 110 nm
after annealing, Furthermore, methylene blue dye was used to investigate the photocatalytic activity of the fibers

in visible light. TiO2-MoOs fibers showed the best photocalaytic activity with a rate constant of 0.0018 min

-1

while pure TiO, and MoOs nanofibers had 0.0009 min~! and 0.0008 min " respectively.

1. Introduction

Several studies have been conducted on the application of semi-
conductor oxides to address the challenges of environmental pollution
caused by emissions of hazardous industrial wastes [1-4]. Reactions
involving the use of TiO,-based photocatalysts are some of the most
extensively investigated methods of controlling environmental pollu-
tion. This can be attributed to the high photoreactivity and low cost of
TiOy [5-8]. When TiO, absorbs ultraviolet (UV) light, electrons are
excited from the valence band to the conduction band, this leads to
formation of holes in the valence band (h;}) and electrons in the con-
duction band (eg). The photogenerated electron-hole pairs might
migrate to the surface and combine with air and water molecules to form
very reactive hydroxyl radicals (OH*) and superoxide anions (Oz).
These radicals and anions initiate redox processes that degrade organic
and inorganic compounds [9,10]. The mechanism for photocatalysis is
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shown in Fig. 1.

The major limitation of TiO; is that it absorbs only UV light and the
electron-hole pairs recombine quickly [12-14]. Conversely, the visible
light activation of TiO3 significantly improves its photocatalytic activity,
achieved by doping it with other semiconductor oxides, metals, and non
metals [15,16]. Studies have shown that composite semiconductor
nanostructures possess integrated multiple functionalities of their con-
stituent materials, making them attractive for application in many fields
[17]. Among the semiconductors that can be combined with TiO, is
MoOs, an n-type semiconductor with unique properties that enhance its
application in many fields, including photochromic and electrochromic
applications, energy storage, and photocatalysis [18]. Coupling TiO9
with MoOs can lead to visible light absorption and increase available
oxygen valencies as well as life span of the photoexcited electron-hole
pairs [19,20].

Elder et al. synthesized nanocrystalline TiO,—MoO3 core-shell
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Fig. 1. Mechanism for photocatalysis [11].

materials by co-nucleating metal oxide clusters on surfactant micelles
for solar energy conversion. The materials demonstrated a significant
decrease in energy bandgap to 2.60 eV [21]. Tatsuma et al. synthesized
TiO2-MoOs films via spin coating techniques. They reported that the
films could be used as energy storage photocatalysts and antibacterial
materials in humid conditions [22]. Kobayashi et al. fabricated TiOy/-
MoOs films using the Langmuir-Blodgett technique. The films photo-
catalytically decomposed stearic acid in visible light [23]. Shouli et al.
prepared composite TiO2/MoO3 by sol-gel method to improve the
phototcalytic performance of TiOy under visible light. They reported
that the composite substance degraded Rhodamine B dye faster than
pure TiOy invisible light [24]. They attributed the improved photo-
catalytic activity to the formation of heterostructures hence reduction in
the rate of charge recombination. Zhu et al. used hydrothermal synthesis
to prepare composite TiO, nanobelts/MoO3 nanosheets for enhanced
solar driven phototcatalysis. They used TiO,-MoS; as precursors.
TiO2/MoO3 composite heterostructures had better phototcatalytic ac-
tivity than the pure TiO; nanobelts and MoO3 nanosheets [25].

Pure TiO2 and MoOj3 nanofibers have been synthesized by electro-
spinning [26,27]. However, there are no reports on preparation of
TiO-MoO3 composite nanofibers by electrospinning using
water-soluble precursors. while ammonium molybdate tetrahydrate
(AMT) is water soluble, most TiOy precursors are insoluble in water.
Furthermore, AMT is insoluble in ethanol, a solvent commonly used to
dissolve most polymers used in electrospinning. The novelty of this work
is the development of a simple method for preparation of TiO,-MoOs3
composite nanofibers using a water-based electrospinning process. In
electrospinning, fibers are synthesized by drawing polymer solutions
from a needle tip using high voltage and then depositing them on a
grounded collector [28,29].

TiOo-MoO3 nanofibers were prepared in this study by electro-
spinning and annealing in air. Water-soluble titanium (IV) bis (ammo-
nium lactato) dihydroxide (TiBALDH) and AMT were used as precursors
for TiO, and MoOg3, respectively, while N-N dimethylformamide (DMF)
was used to prepare the polymer solution. The electrospun fibers were
annealed in air. The resulting fibers were investigated by thermog-
ravimetry and differential thermal analysis (TG/DTA), X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy and energy-
dispersive X-ray (SEM-EDX) spectroscopy, transmission electron mi-
croscopy (TEM), Fourier-transform infrared (FTIR) spectroscopy, X-ray
diffraction (XRD), Raman and UV-Vis spectroscopy. Moreover, methy-
lene blue dye was used to establish the photocatalytic activity of the
fibers in visible light.

2. Materials
Polyvinylpyrrolidone [PVP, (C¢HgNO),, K-90], TIBALDH, AMT, and

DMF were obtained from Sigma-Aldrich and used as received. The
percentage purity of the materials was 99.9% and the molecular weight

Materials Science in Semiconductor Processing 147 (2022) 106699
for PVP was 90,000.
2.1. Preparation of TiO2-MoOs nanofibers

An aqueous solution of AMT containing 1 g of AMT in 3 mL of
distilled water was mixed with different volumes of TiBALDH to obtain a
mixture with varying volume ratios of 100%, 50%, and 0%. Next, 2 mL
of this mixture was added to 2 mL of 20% PVP solution in DMF. The
mixture was stirred overnight at 25 °C before electrospinning using a
voltage of 20 kV and a flow rate of 1 mLh~’. The distance between the
needle tip and aluminum foil screen that was covered by a polyethylene
sheet was 12 cm.

2.2. Characterization of the nanofibers

The thermal properties of the electrospun fibers were determined in
an STD 2960 Simultaneous TG/DTA (TA Instruments Inc.) thermal
analyzer. The samples were heated in air at 10 °C min~! up to 600 °C.
The morphology and composition of the oxide fibers were investigated
using XPS, SEM-EDX, and TEM. XPS spectra were determined using a
SPECS XPS instrument fitted with an XR-50 dual anode X-ray source and
a Phoibos 150 energy analyzer. The powdered samples were pressed
onto an Indium (In) foil for mounting. The Al Ko X-ray source with 150
W (14 kV) was employed for the measurements. The survey spectra were
obtained with a step size of 1 eV and pass energy of 40 eV. High-
resolution spectra were acquired with a step size of 0.1 eV and a pass
energy of 20 eV with 25 scans. JEOL JSM-5500LV SEM was used to
perform the SEM-EDX analysis. The TEM images of the annealed fibers
were obtained using JEOL 200 FX-II TEM. The fibers were sonicated in
ethanol for 10 min after which the liquids containing the fibers were
dropped onto a TEM grid covered with carbon.

Attenuated total reflection FTIR (ATR-FTIR) measurements of elec-
trospun and annealed nanofibers were performed using a Bruker Tensor
37 fitted with a Specac Golden Gate ATR accessory.

A PANalytical X’pert Pro MPD XRD apparatus was used to determine
the XRD patterns of the annealed fibers by Cu K, irradiation. Raman
spectra were obtained from an Olympus BX41 microscope fitted Jobin
Yvon Labram Raman instrument within a range of 72-1560 cm ™.
UV-Vis diffuse reflectance spectra of the annealed fibers were obtained
measured using Avaspec 2048 with fibre optic spectrophotometer be-
tween 250 nm and 800 nm.

2.3. Photocatalysis

Methylene blue indicator was used to investigate the photocatalytic
activity of the fibers in visible light. First, 1.0 mg of the annealed fibers
was added to a 3-ml aqueous solution of methylene blue dye at a con-
centration of 0.0126 g/L in a quartz cuvette. The samples were left in a
dark room for 12 h to establish adsorption equilibrium and then exposed
to visible light lamps. The decomposition of the methylene blue was
assessed by measuring its absorbance at 664 nm every half hour with a
Jasco V-550 UV-VIS spectroscope for 4 h [30].

3. Results and discussion

The TG/DTA curves obtained during the annealing of the fibers in air
are shown in Fig. 2 a-c. Based on the curves, the decomposition of the
fibers was continuous and showed similar patterns. The small loss in
mass, about 7% before reaching a temperature of 100 °C, can be
attributed to the loss of adsorbed water particles from the fibers. The
change in mass between 300 °C and 550 °C accompanied by the
exothermic peaks in the DTA can be attributed to the combustion of the
polymer component of the fibers and the decomposition of the pre-
cursors, resulting in the formation of the corresponding oxides. The peak
around 310 °C in the DTA corresponds to the combustion process of the
polymer. In the decomposition step between 400 °C and 550 °C, the salt
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Fig. 2. TG/DTA curves (a) TiO3 (b) TiO2-MoO3 and (c) MoOs.

precursors decomposed and PVP carbon residues were combusted.
Similar decomposition phenomena have been reported in other studies
[31,32]. No change was observed in the fibers beyond 600 °C from the
TG curves. Therefore, the fibers were annealed in the furnace until
600 °C.

Figs. 3 and 4 show the XPS spectra of the fibers after annealing in air.
Fig. 3 shows the survey spectra of the fibers. Pure TiO3 demonstrated O
1s, Ti 2p, and C 1s peaks, with O 1s and Ti 2p being the most intense,
while MoOg exhibited O 1s, Mo 3d, and C 1s peaks. The composite fibers
showed peaks for TiO, and MoOs. The presence of C 1s peaks was
attributed to the presence of adventitious carbon on the fiber surface.
The presence of In in the spectrum is explained by the In foil that was
used in the measurements.

Fig. 4 shows the Ti 2p XPS spectra for pure and composite fibers. The
Ti 2p; 2 peak was observed at 464.2 eV, whereas the Ti 2p3/» peak was
observed at 458.6 eV. This was consistent with Ti*" in TiO5 lattice. In
the composite fibers, the Tizps 2 peak at 457.0 eV was assigned to Ti®+
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Fig. 3. XPS survey spectra of TiO,, MoO3, and TiO>-MoO3 fibers.

[33]. The deconvoluted Mo 3d spectra indicated that the fibers con-
tained Mo®" and Mo®". Mo 3ds/, and Mo 3ds/, peaks at 233.0 and
236.1 eV, respectively, are consistent with Mo®". Peaks at 231.8 and
234.9 eV were assigned to Mo>" 3ds/, and Mo>* 3dss, respectively
[34]. A small shift of 0.5 eV was observed in the binding energy asso-
ciated with Mo®™.

The morphologies of TiO;, MoO3 and TiO>-MoOs3 fibers are
demonstrated by SEM and TEM images in Fig. 5, while Table 1 shows the
fiber diameter and results of EDX analysis of the annealed fibers. The
analysis revealed that the samples were fibrous and exhibited smooth
surfaces and long lengths. Due to the degradation of the polymer
component of the fibers and decomposition of the precursors, the
diameter of the samples decreased after annealing. The EDX analysis of
the annealed fibers confirmed the presence of Ti and Mo in the com-
posite fibers, where the ratio of TiO2 to MoO3 exceeded 1:1, which can
be attributed to the higher solubility of TIBALDH in water than in AMT.

Fig. 6 shows the FTIR spectra of as-spun and annealed fibers. The as-
spun fibers showed peaks attributed to the functional groups in the
polymers and precursors. The broad peaks around 3500 cm ! can be
attributed to the O-H stretching vibrations, while peaks around 3150
em ™! were due to NHY stretching vibrations. Furthermore, C=0 and
C-OH stretching vibrations were observed around 1650 cm ™! and 1200
cm ™, respectively. The annealing process decomposed the polymer and
degraded the precursors resulting in the absence of peaks in the
annealed fibers. Mo—O stretching vibrations were observed around
1060 cm’l, while the band around 820 cm ™~ is associated with vibra-
tions of O atoms in MoOs lattice [35,36]. The peak around 600 cm ! was
assigned to Ti-O vibrations [37]. The FTIR spectra demonstrated that
the annealing process successfully decomposed the polymer component
of the fibers and degraded the precursors to form TiO5, TiOo-MoOs, and
MoOs fibers.

Fig. 7 shows the XRD patterns of the annealed fibers. MoO3 exhibited
diffraction peaks characteristic of orthorhombic MoOj3 at 12.7°, 23.5°,
26.0°, 27.4°, 33.8°, 34.0°, 39.1°, 46.2°, 46.5°, and 49.5° assigned
respectively to (020), (110), (040), (021), (101), (111), (060) (200),
(210), and (002) planes [38]. The patterns were indexed to ICDD
01-075-0912. TiO, fibers had strong diffraction peaks for anatase TiO5
at 25.5°, 38.1°, 48.4°, 54.0°, 55.2°, and 62.9° corresponding to (101),
(004), (200), (105), (211), and (204) planes [39]. The diffraction pat-
terns were indexed to ICDD 04-016-2837. TiO;—MoOs3 fibers showed



V.0. Odhiambo et al. Materials Science in Semiconductor Processing 147 (2022) 106699

Intensity (a.u.)

Intensity (a.u.)

[——Intensity 458.6eV -
—Ti(IV) 312 — Intensity 233 0eV MoO,
—Ti(IV) 172 — Mo(V1) 5/2 234 9¢V
——added peak 460.6eV ; ——Mo(VI) 3/2 236.1eV !
I— — Background - ——Mo(V) 5/2 i i
Envelope 464'33\/ > Mo(V) 3/2 i
@ — — Background
! o] Envelope i
- : =
TiO, i ‘ i I
T T T T T T T
l—— I ntensity —— Intensit: i -
Ti() 32 458.6eV —~ —l\:I];QAS) 52 235.08 (il T10,:Mo0,
—Ti(1V) 3/2 = ——Mo(V1) 372
—Ti(l) 1/2 461.eV 8 [——Mo(v) 32
—Ti(IV) 122 ——Mo(V) 172
I— — Background 437.0eV % (— — Background
c Envelope
2
i ! =
Ti0,:MoO, i 5 b
T T T T
475 470 465 460 455 245 240 235 230 225
Binding Energy (eV) Binding Energy (eV)
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Table 1
Fiber diameter and elemental composition of the annealed fiber.

Fiber diameter (nm) Elemental composition (at

wt%)
Before annealing  After annealing  Ti Mo (0]
TiO, 600-800 90-200 341 - 65.9
TiO-MoO3  400-650 70-110 195 131 674
MoO3 150-300 20-50 29.2 70.8

peaks belonging to both anatase TiO; and orthorhombic MoOs.

Raman spectra of the annealed fibers are shown in Fig. 8. The TiOy
fibers exhibited Raman active modes, 2E, (144 cm ! and 640 cm 1) and
B1g (400 cm’l) and Az (509 cm’l) characteristic of anatase TiO5 [40].
MoOs3 exhibited Raman active modes characteristic of the orthorhombic
form of MoOs. The peaks at 288 and 666 cm ™! are associated with the
Mo=0 bending vibration modes, while the peaks at 817 and 994 cm ™!
are attributed to Mo-O stretching vibrations [41]. Raman active modes
of anatase TiO; and orthorhombic MoOgs were observed in the composite
fiber.

The optical property of the fibers was investigated using UV-Vis
spectroscopy. Fig. 9 presents the diffuse reflectance UV-Vis spectra. The
spectra shows that light absorption edge of MoOs fibers is above 550 nm.
Combining TiOy with MoOs shifts the light absorption range of the fibers
to the visible region of the electromagmetic spectrum. This improves the
phototcatalytic activity of TiOs.

Fig. 10 shows the photocatalytic decay of methylene blue by the
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fibers in visible light. In the blank set up, there was no degradation of
methylene blue within the first 2 h unlike the set ups that contained the
fibres and P25 TiO,. After 4 h the percentage dye degradation was 33,
23, 19 and 17% respectively in TiO2-MoOs, P25 TiO,, TiO2 and MoOs
nanofibers. This shows that coupling TiO, with MoOj3 significantly in-
creases its phototcatlytic activity. In this study, a p-type semiconductor,
TiOy, is coupled with an n-type semiconductor oxide, MoOs, by elec-
trospinning. This creates a p-n junction, which promotes the direct
transfer of photoexcited electrons from the valence band of TiO to the
conduction band of MoOj3, In addition the heterostructure of comoposite
nanofibre promotes separation of the active charge carriers leading to
improved photocatalytic activity [42]. Furthermore the reusability of
the TiO,-MoOg3 was investigated by carrying out three successive cycles
of the degradation process. After each cycle, the composite fibers were
washed, fresh MB dye added and the absorbance of the mixture
measured at 664 nm every half hour. The activity of the fibres decreased
by just 3% after the third cycle, this confirmed the reusability of the
composite fibres in phototcatalysis.

The photocatalytic activity follows a pseudo first order kinetic model
and the gradient of plot of -In(relative absorbance) against irradiation
time gave the reaction rate constant [43,44]. Table 2 shows the rate
constants of the catalytic reactions. The table shows that the activity of
TiO2-MoOs is twice that of pure TiO, and MoOs. Similarly, Kobayashi
et al. reported that the TiO,-MoOs films synthesized using the Lang-
muir-Blodgett technique photocatalytically degraded stearic acid at a
higher rate than pure TiO, films [23].

The rate constant of the photocatalytic reaction of TiO,-MoOj3

(b)

TiO,-MoOQ, fibres

As-spun TiOi,-Mc:O3 fibres

820
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Fig. 6. FTIR spectra of as-spun and annealed fibers: a) TiO,, b)TiO,-MoO3 and ¢) MoOs.
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nanofibers prepared by electrospinning was compared with other TiO2/
MoOs heterostructures synthesized by different methods as shown in
Table 3. The results show that the rate of phototcatalytic activity of the
composite TiOo-MoOs nanofibers prepared by electrospinning is lower
than for nanosheets prepared by hydrothermal synthesis but closer to
composite heterostructures prepared by sol-gel synthesis.
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Fig. 9. UV-Vis diffuse reflectance spectra of the annealed fibers.

4. Conclusions

Composite TiOo—MoO3 nanofibers were successfully synthesized via
a simple and versatile process. Using a water-soluble TiO; precursor and
DMF as the polymer solvent provided a route for preparing TiO-MoOs3
nanofibers via electrospinning for various applications. The character-
ization of the annealed fibers using XPS, XRD, and Raman techniques
confirmed the presence of anatase TiO, and orthorhombic MoO3. DRS
UV-Vis spectroscopy showed that light absorption range of TiO, was
increased by combining it with MoOj3. The composite fibers significantly
outperformed the pure fibers and P25 TiO, in terms of photocatalytic
activity during methylene blue degradation in visible light. Coupling
TiO5 with MoOgs decreases the rate of recombination of charge carriers
during photocatalysis. This improves the photocatalytic activity of TiOx.
The synthesis route employed in this study allows for the fabrication of
TiO2-MoOs-based nanofibers for various applications.
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Table 2

Rate constant and r? values for the photocatalytic activity of the fibers in visible

light.
Sample Kapp (min 1) ?
TiOy 0.0009 0.986
TiO»-M0O3 0.0018 0.988
MoO3 0.0008 0.954
P25 0.0008 0.954
Bare methylene blue 0.0003 0.896

Table 3
Rate constant and r? values for photocatalytic activity of different TiO,-MoO3
composite heterostructures in visible light.

Photocatalyst Method of Kapp 2 authors
preparation (min™1)
TiO,-MoO3 Electrospinning 0.0018 0.988
nanofibers
TiO2/MoO3 sol-gel 0.0027 0.955 Shouli et al.
[24]
TiO2/MoO3 Hydrothermal 0.00985 0.99 Zhou et al.
nanosheets [25]

the work reported in this paper.
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