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Abstract Titanium dioxide-cadmium oxide (TiO,/CdO)
nanofibers were prepared by the electrospinning technique
followed by a single-step calcination from a solution of
titanium isopropoxide and cadmium acetate dihydrate.
Scanning electron microscopy, transmission electron
microscopy, and the Brunauer—-Emmett-Teller technique
were employed to characterize the as-spun nanofibers as
well as the calcined product. The specific surface area of
the calcined product was calculated to be 65.3067 m* g~ ".
X-ray powder diffractometry analysis was conducted on
the samples to study their chemical composition as well as
their crystallographic structure. The results obtained indi-
cated that the prepared nanostructure product can eliminate
all of the methyl orange dye within about 75 min, whereas
the pristine titanium dioxide nanofibers could not eliminate
more than 50% even after 180 min.
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Introduction

Titanium dioxide is known to be the most effective pho-
tocatalyst and has attracted a great deal of attention in
various fields due to its numerous technological applica-
tions [1, 2]. Titanium dioxide has proven to be an attractive
and promising catalyst in heterogeneous photocatalysis and
in advanced oxidation processes. Titanium dioxide has
been intensively investigated since Fujishima and Honda
discovered the photocatalytic splitting of water on titanium
dioxide electrodes [3]. Titanium dioxide can be produced
in various forms such as anatase, rutile, and brookite. The
anatase phase of titanium dioxide shows better photoac-
tivity than the rutile phase and is the most preferable
material for the photocatalytic process due to its high
photosensitivity, nontoxic nature, stability, and large band
gap [4-6]. Titanium dioxide is an n-type semiconductor
with a band gap of 3.2 eV. It is worth mentioning that
anatase titanium dioxide absorbs only wavelengths in the
near-UV region (4 < 390 nm), which constitutes about 3%
of the solar spectrum. Therefore, solar energy cannot be
utilized efficiently in real applications [7]. The coupling of
titanium dioxide with another semiconductor oxide with a
smaller band gap is a promising way to overcome this
limitation. The photocatalytic efficiency and functionality
can be improved by coupling a second semiconductor to
titanium dioxide [8]. For instance, the photocatalytic
properties of titanium dioxide were greatly enhanced by
coupling with ZnO and CdS [9, 10]. The coupling of tita-
nium dioxide with cadmium oxide (CdO) has not yet been
reported in the literature for the degradation of dye stuffs.
CdO is an n-type semiconductor with direct band gap of
2.5 eV, an indirect band gap of 1.98 eV and a melting point
of 1,500 °C [11-16]. CdO nanostructures have low ohmic
resistivity and high optical transmittance, with a moderate
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refractive index (2.49) [17-19], which offers excellent
properties for applications in optoelectric devices such as
transparent electrodes [20], photovoltaic cells [21], photo-
transistors [22], and photo-diodes [23].

Electrospinning offers a facile technique to create high
surface-to-volume area fibers where the fibers have diam-
eters an order of magnitude smaller than those produced by
conventional spinning techniques. Electrospinning is a
process by which fiber diameters ranging from tens nano-
meters to several micrometers can be formed [24-26].
Electrospun nanofibers can have approximately double the
surface area of continuous thin films [27].

In this work, the photocatalytic properties were
enhanced by a novel coupling of titanium dioxide with
CdO by the electrospinning technique and a single calci-
nation. The prepared nanostructures were utilized as a
photocatalyst to degrade methyl orange dye.

Experimental section
Materials

Cadmium acetate, methyl orange, and poly(vinyl acetate)
(PVAc, MW = 500,000 g/mol) were obtained from
Aldrich USA. N,N-dimethylformamide (DMF, 99.5 assay)
was obtained from Showa, Co. Japan. Titanium (1 V)
isopropoxide (Ti(Iso), 98.0 assay) was purchased from
Junsei Co. Ltd., Japan. These materials were used without
any further purification.

Characterization

The surface morphology of the nanofibers was studied with
a JEOL JSM-5900 scanning electron microscope, JEOL
Ltd., Japan. The phase and crystallinity were characterized
by using a Rigaku X-ray diffractometer (Rigaku Co, Japan)
with Cu Ko (4 = 1.54056 A) radiation over a 20 range of
angles from 10 to 90°. High-resolution images and selected
area electron diffraction patterns were observed with a
JEOL JEM 2010 transmission electron microscope (TEM)
operating at 200 kV, JEOL Ltd., Japan. Thermal gravi-
metric analysis (TGA) was performed with a Pyrisl TGA
analyzer, Perkin Elmer Inc, USA. The concentration of the
dye during the photodegradation study was investigated by
spectroscopic analysis using an HP 8453 UV-Visible
spectroscopy system, Germany. The spectra obtained were
analyzed by the HP ChemStation software 5890 series.

Electrospinning setup

A sol-gel composed of Ti(Iso) and PVAc was prepared as
follows: 4 g of PVAc (14% wt, in DMF) solution and 6 g

of Ti(Iso) were mixed, and a few drops of acetic acid were
added until the solution became transparent. This sol-gel
was electrospun without adding cadmium acetate reagent
to obtain pure titanium dioxide nanofibers. To prepare the
Ti(Iso)/PVAc/CdAc nanofibers, the aforementioned solu-
tion was prepared, and 0.1 g of cadmium acetate was added
to it. Furthermore, this solution was homogeneously mixed
under stirred conditions for 10 min. A high-voltage power
supply (CPS-60 K02V1, Chungpa EMT Co., Republic of
Korea) was used as a source of the electric field. The sol—
gel was supplied through a plastic syringe attached to a
capillary tip. A copper wire originating as the positive
electrode (anode) was inserted into the sol-gel, and the
negative electrode (cathode) was attached to a metallic
collector covered with a polyethylene sheet. Both solutions
(Ti(Iso)/PVAc with and without cadmium acetate) were
briefly electrospun at 6 kV and a 15 cm working distance
(the distance between the needle tip and the collector). The
nanofiber mats formed were initially dried for 24 h at
80 °C under vacuum and then calcined in air at 500 °C for
1 h, with a heating rate of 5 °C/min.

The photocatalytic degradation of methyl orange dye in
the presence of pure titanium dioxide and (TiO,/CdO)
nanofibers was carried out in a simple photo-reactor. The
reactor was made of glass (1,000 mL capacity, 23 cm in
height, and 15 cm in diameter), covered with aluminum
foil and equipped with an ultra-violet lamp emitting source
at a wavelength of 365 nm. The initial dye solution and the
photocatalyst were placed in the reactor and continuously
stirred for complete mixing during the photocatalytic
reaction. Typically, 100 mL of dye solution (10 ppm
concentration) and 50 mg catalyst were used. At specific
time intervals, 2 mL samples were withdrawn from the
reactor and centrifuged to separate the residual catalyst,
and then the absorbance intensity was measured at the
corresponding wavelength.

Results and discussions
Characterization of pristine titanium dioxide nanofibers

Figure 1a shows the SEM image of the dried Ti(Iso)/PVAc
nanofibers [28]. It is clear from this figure that smooth and
continuous nanofibers were produced by the electrospin-
ning technique. Figure 1b shows the SEM image of the
Ti(Iso)/PVAc nanofibers after calcination at 500 °C. These
nanofibers have smaller diameters as compared to the dried
nanofibers due to elimination of the polymer content at
high temperature. These nanofibers still maintained their
one-dimensional texture, indicating that the removal of
PVAc and calcination at 500 °C did not damage the one-
dimensional morphologies. Figure 1c shows the XRD
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Fig. 1 SEM images before (a) Pt 2
[\

and after (b) calcinations; XRD
spectra and corresponding
SAED inset (¢). TEM image and
FFT pattern (d) of Ti(Iso)/PVAc
nanofibers after calcination at
500 °C for 1 h

Intensity (cps)

50

pattern of Ti(Iso)/PVAc nanofibers after calcination at
500 °C. As shown in this spectra, the existence of strong
diffraction peaks at 20 values of 25.02, 37.68, 38.43, 47.90,
53.66, 54.82, 62.11, 68.78, 70.30, and 75.02 correspond to
the crystal planes (101), (004), (112), (200), (105), (211),
(204), (220), (220), and (215), respectively, indicating the
formation of the anatase titanium dioxide [JCPDS card no
21-1272]. The inset in Fig. 1c shows the SAED pattern of
the titanium dioxide nanofibers. There are no dislocations
or stacking faults observed in the lattice planes, which
confirms the good crystallinity of the synthesized nanofi-
bers. The d spacing at 3.52, 2.37, 2.33, and 1.90 A can be
indexed to the (101), (004), (112), and (200) planes, which
are close to the XRD results. Figure 1d shows the low-
magnification TEM observation of titanium dioxide
nanofibers after calcination at 500 °C and reveals an exact,
fiber shaped, and smooth morphology. The inset in Fig. 1d
shows the inverse fast Fourier transformation (FFT) image,
which also confirms the good crystallinity in accordance
with the SAED patterns.

Characterization of (TiO,/CdO) nanofibers

Figure 2a and b shows SEM images of the dried Ti(Iso)/
PVAc/CdAc nanofibers at low and high magnifications. As
can be clearly seen, nanofibers with good morphologies are
produced by the electrospinning of the prepared sol. It is
clear from these figures that the addition of cadmium
acetate did not affect the morphologies of the nanofibers; at
regular shape and absence of beads was observed. Thus,
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these SEM images indicate that the electrospinning was
performed properly.

In order to estimate the appropriate calcination tem-
perature, the thermal behavior of Ti(Iso)/CdAc/PVAc
composite fibers was investigated by TGA. Figure 2c
shows the TGA results, and the first derivative curve was
plotted to extract the useful information precisely, as
shown in this figure. There are three exothermic peaks
observed in the first derivative plot. The first peak at 60 °C
might be explained as the evaporation of the moisture in
the sample. According to thermal properties of CdAc and
Ti(Iso) the peak at 278 °C can simultaneously be the
decomposition of CdAc to CdO and Ti(Iso) to titanium
dioxide, and the last peak at 490 °C corresponds to the
elimination of PVAc polymer. Thus, the calcination tem-
perature should be more than 490 °C, as there is no change
in sample weight indicating the formation of pure inorganic
oxide.

Figure 3 depicts the SEM images of Ti(Iso)/PVAc/
CdAc after calcination at 500 °C for 1 h. Figure 3a and b
shows the resultant SEM images at low and high magni-
fication, respectively. As can be seen, the calcination of the
nanofiber mats resulted in a decrease of the average
diameter of the nanofibers as compared to the dried ones.
Decreasing the nanofiber diameter can be explained by the
removal of the polymer by calcination at high temperature.
To practically investigate the effect of the addition of
cadmium acetate, the surface area of both fibers (pristine
titanium dioxide and TiO,/CdO) was measured using the
Brunauer—-Emmett-Teller (BET) technique (ASAP 2010
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Fig. 2 SEM images of dried
nanofibers at low and high
magnifications (a and b); TGA
results in oxygen atmosphere (c)
of the Ti(Iso)/PVAc/CdAc after
calcination at 500 °C for 1 h

Weight Loss (%)
S
|

50 T T

First derivative (a.u)

micromeritics, USA). The results support the SEM images:
the average surface area of the cadmium acetate-free
nanofibers was about 21.3102 £ 0.1351 m2/g, while it was
65.3067 £ 0.4677 m*/g for the nanofibers obtained from
the calcination of Ti(Iso)/PVAc/CdAc electrospun nanofi-
ber mats. As can be concluded from these results, the
surface area of the CdO containing nanofibers is more than
three times that of the pure titanium dioxide nanofibers,
which strongly enhance the photocatalytic activity.

XRD is a reliable technique for investigating the nature
of any crystalline material. Figure 3c represents the XRD
pattern of the nanofibers obtained after the calcination of
Ti(Iso)/PVAc/CdAc mats. As shown in this spectrum, the
results confirm formation of pure anatase titanium dioxide;
the existence of strong diffraction peaks at 20 values of
25.09, 47.10, 54.02, 62.73, 70.34, and 75.16 correspond to
the crystal planes of (101), (200), (105), (204), (220), and
(215), respectively, indicating the formation of anatase

I ¥ 1 L 1
300 450 600 750 900
Temperature ("C)

titanium dioxide [JCPDS card no. 21-1272]. However, in
addition to these titanium dioxide peaks, the extra peaks at
20 values of 37.99, 55.10, 68.803, and 82.793 correspond
to the crystal planes (200), (220), (222), and (400), indi-
cating the presence of the CdO [JCPDS card no. 05-0640].
To make it easy, in Fig. 3, we have marked the peaks
corresponding to titanium dioxide and CdO as T and C,
respectively. Overall, results confirm the formation of
TiO,/CdO nanofibers.

Figure 4 shows the X-ray photoelectron spectroscopy
(XPS) results of the calcined nanofibers, and the binding
energy was calibrated using the C 1s signal (284 eV) from
the coating surface. The presence of a peak for the carbon
1s region is generally believed to be due to the presence of
organic residue in the sample [29]. As shown in this figure,
the Cd 3d region in CdO consists of the main 3ds, and
3d;,, spin—orbit components at binding energies of 403 and
410 eV, respectively. In addition to 3d, we also observed
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Fig. 3 SEM images at low and
high magnifications (a and b);
XRD spectra for the nanofibers
obtained after calcination of
Ti(Iso)/PVAc/CdAc nanofibers
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T (Anatase titanium dioxide)
C (Cadmium oxide)

C(111)

T (200)

C (220)

3p spin—orbit components for Cd at the binding energy of
617 eV. Similarly, the Ti 2p region in titanium dioxide
consists of Ti 2p3,, and Ti 2p;,, spin—orbit components at
binding energies of 457 and 465 eV, respectively. In
addition to Ti 2p, we also observed 2s spin components for
Ti at a binding energy of 565 eV. O 1s for oxygen is easily
identified at a binding energy of 529 eV [29, 30].
Transmission electron microscopy (TEM) analysis can
be used to differentiate between the crystalline and amor-
phous material structures. Structural characterization of the
as-prepared (TiO,/CdO) nanofibers is shown in Fig. 5.
Figure 5a shows the low-magnification TEM observation
of an exact fiber shape and smooth morphology, as proven
by SEM analysis in density and dimensions. Figure 5b

@ Springer
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shows the high-resolution TEM image of the marked por-
tion, which indicates that the distance between two con-
secutive planes is the same and that the atomic planes are
uniformly arranged in parallel, which indicates good
crystallinity. Moreover, different types of crystal planes
with different distances between the successive planes can
be observed in the figure, which might refer to the two
oxides. It is noteworthy to mention that the inverse FFT
image in the bottom inset of Fig. 5b also confirms good
crystallinity, in accordance with HRTEM. The inset in
Fig. 5b shows the SAED pattern of the same marked area.
The d spacings of 3.52, 2.71, 2.35, and 1.90 A can be
indexed to the (101), (111), (200), and (200) planes, close
to the XRD results. There are no dislocations or
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Fig. 4 The XPS spectrum confirming different cadmium and tita-
nium states in addition to oxygen and carbon

imperfections observed in the lattice planes, which con-
firms the good crystallinity of the synthesized nanofibers.

Photocatalytic properties

Dye degradation is a well-known strategy to check the
photocatalytic activity. In this study, we used methyl
orange (MO), often used in titrations because of its clear
color changes. The UV absorbance spectra for differ-
ent concentrations of dye solutions (starting from 0.05 to
4 mg/L) were measured within the range of 325-575 nm.
Figure 6a shows the results. Figure 6b represents the
relationship between the dye concentration and the mea-
sured absorbance at 464 nm. The maximum measured
intensities increase linearly with increasing dye concen-
tration and for which the absorbance curves have a maxi-
mum value at 464 nm. Statistical analyses of this curve

Fig. 5 TEM image (a) and
high-resolution TEM (HRTEM)
images (b) for the calcined
nanofibers. The inset in (b)
shows the SAED pattern of the
marked areas in TiO,—CdO
main nanofibers

325 350 375 400 425 450 475 500 525 550 575
wavelength (nm)

(b) 3.0

2.5

2.0

1.5 H

Absorbance

¥ T ¥ T . T ¥ ¥
0 1 z 3 4 5
Concentration (mg/L)

Fig. 6 Absorbance intensities for methyl orange dye solutions (a)
and the relationship between the absorbance intensity and concentra-
tion of the dye at the optimum wavelength (b)

indicated the high accuracy of the linear model since the
coefficient of determination R? of this model was 0.997,
which reveals the good precision and reproducibility of this
calibration curve. Consequently, during the photocatalytic
activity investigation experiments, the concentration of the
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dye in any unknown sample was estimated by measuring
the absorbance intensity at 464 nm and applying it to
Fig. 6b.

To investigate the photocatalytic activity of the synthe-
sized pure titanium dioxide and TiO,/CdO nanostructures,
these products were used individually as photocatalysts.
The degradation of the utilized dye was carried out, and the
results are presented in Fig. 7. It is clear from this figure that
less than 50% of the MO dye was removed using pure
titanium dioxide nanofibers, even after 180 min. However,
in the case of TiO,/CdO nanofibers, which show very good
catalytic activity compared to pure titanium dioxide nanof-
ibers, all the dye was oxidized within 75 min, as shown in
Fig. 7.

The proposed mechanism for the enhanced photocata-
lytic activity of the TiO,/CdO nanostructure photocatalyst
is attributed mainly to the coupling effect of titanium
dioxide and CdO. Figure 8 shows the mechanistic scheme
for charge separation and the photocatalytic reaction of
(TiO,/CdO). The photo-generated electrons enter the con-
duction band of titanium dioxide from that of the excited
conduction band of CdO. Similarly, the photo-generated
holes are also transferred from the valence band of titanium

110

] —m—TiO,
100 - —e— CdO-TiO,
90
80
70 - \'1-""‘-\_-
?.“? 60 -} \‘\'1--..
= -3 -"-.\_-
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Fig. 7 Effect of pristine titanium dioxide nanofibers (TiO,) and
TiO,—~CdO nanofibers on the photocatalytic degradation of methyl
orange dye

hv 25eV 33 eV hv

h* w

TiO,

Fig. 8 A schematic diagram illustrating the principle of charge
separation and photocatalytic activity for the TiO,—CdO system

@ Springer

dioxide to the valence band of CdO. This excellent charge
separation enhances the lifetime of the charge carriers and
enhances the efficiency of the interfacial charge transfer to
the adsorbed substrates. Thus, the photocatalytic properties
are enhanced because the possibilities of recombination
between photo-generated electrons and holes are reduced
by facilitating their separation [9].

Conclusion

In this work, the preparation of titanium dioxide coupled to
CdO by electrospinning was reported. TGA can be used to
find the optimum temperature for the calcination process.
The pristine nanofibers were sintered at 500 °C, resulting
in complete elimination of the polymer and the production
of (TiO,/CdO) nanofibers with a specific surface area of
65.3067 m*/g. The new nanostructure shows very good
performance in the degradation of dye stuff compared to
pure titanium dioxide nanofibers.
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