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Abstract

Titanium dioxide (TiO2) is one of the most common photocatalysts. In this study, TiO2-vermiculite composite

nanofibers with a mesh structure and a diameter of approximately 300 nm were prepared via sol–gel approach

combined with electrospinning technique. The samples were characterized by X-ray diffraction, scanning electron

microscopy, ultraviolet–visible spectroscopy, etc. The photocatalytic property was also evaluated. The TiO2-vermiculite

composite nanofibers annealed at 550 °C for 3 h exhibited the best absorption and photo-degradation ability for the

treatment of methylene blue. The results implied that the combination of mineral vermiculite powders with TiO2

enhanced the absorption-degradation performance of the as-prepared photocatalytic materials, consequently promoting

the materials’ ability to degrade methylene blue.
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Background

Titanium dioxide (TiO2) is one of the most common
photocatalytic materials due to its unique energy band
structure and non-toxicity. Several methods have been
reported to synthesize TiO2 nanoparticles, nanowires,
nanotubes, nanofibers, etc. However, most of the photo-
catalytic materials currently used consist of nanoparti-
cles [1]. But the photodegradation rate of photocatalytic
materials is rather low because the powders easily ag-
glomerate. Moreover, the band gap of TiO2 is 3.2 eV,
which is an intrinsic property of the material. Decreasing
the energy band would allow for the activity of TiO2 by
UV light, which accounts for 5 % of the whole spectrum
of sunlight. Therefore, broadening the responding spec-
tral region of TiO2 is an effective method to increase the
photocatalytic property of such materials [2, 3].
Electrospinning is a novel way to obtain one-dimensional

inorganic nanofibers, such as TiO2, ZnO, Al2O3, SnO2, and
BaTiO3. The electrospinning equipment consists of a high-
voltage power supply, a spinneret, a syringe pump, and a
collector. The precursor solution is jetted by the high-
voltage power supply via the spinneret and the syringe
pump, and nanofibers can then be obtained on the

collector. By controlling the viscosity of the precursor, the
high-voltage strength, and the distance between the spin-
neret and the collector, which could all affect the diameter
and morphology of the nanofibers, we were able to obtain
TiO2 polymers and amorphous TiO2 by annealing the
nanofibers prepared via the electrospinning process [4, 5].
Vermiculite is a low cost and abundant layered silicate
mineral raw material. It features a large surface area and
specific absorption property. The nanofiber photocatalytic
material used in this study was obtained by combing ver-
miculite and TiO2 nanofibers, which increases the volume
surface area of the composites fibers and promotes the fi-
bers’ ability to decompose chemical wastes materials [6, 7].
In this study, vermiculite and TiO2 composite nanofi-

bers were synthesized by combining the sol–gel process
with the electrospinning technique. The photocatalytic
ability of the nanofiber composites was assessed by
studying the degradation of methylene blue (MB) under
irradiation with UV light. The results showed that the
utilization of TiO2 composite nanofibers containing
2 wt.% of vermiculite resulted in a remarkable absorption
and an enhanced degradation of MB.

Methods
Synthesis of the TiO2-Vermiculite Composite Nanofibers

The initial step in the synthesis of the TiO2-vermiculite
composite nanofibers was the preparation of a precursor
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via the sol–gel process. To fabricate the precursor, 1.5 g
of polyvinyl pyrrolidone (PVP, Mc = 1,300,000, Alfa
Aesar), 20 ml of ethanol, 5 ml of acetic acid, and 5 ml of
tetrabutyltitanate were mixed with different amounts of
vermiculite powders and stirred for 2 h to ensure a
homogeneous mixture. The obtained precursors were
then transferred into the electrospinning instrument to
fabricate the vermiculite/PVP/Ti(OCH(CH3)2)4 nanofibers.
An electrical potential of 15 kV was applied between the
nozzle and the collector in order to eject the sol–gel pre-
cursor to the collection board which was installed a dis-
tance of 15 cm to the nozzle. In order to obtain nanofibers
with a homogenous size distribution, the propulsion speed
was set to 2 ml/h. After a thermal treatment for 3 h at
550 °C, the vermiculite/PVP/Ti(OCH(CH3)2)4 fibers were
transformed into TiO2-vermiculite composite nanofibers.

Characterization

The vermiculite/PVP/Ti(OCH(CH3)2)4 fibers were char-
acterized by the simultaneous application of thermogra-
vimetry and differential scanning calorimetry (TG-DSC).
The phase composition of the TiO2-vermiculite compos-
ite nanofibers was studied by D/max-rA X-ray diffrac-
tion (XRD, Rigaku Corporation, Japan, Cu Kα radiation,
λ = 1.5406 Å). The microstructures and nanostructures of
the nanofibers were characterized by scanning electron mi-
croscopy (SEM, JEOL JSM6700F, Japan) and transmission
electron microscopy (TEM, 300 kV, FEI-tecnai-G3-F20,
Philips, Netherlands). The nanofibers were ultrasonically
dispersed in ethanol and then dropped onto carbon-coated
copper grids prior to the TEM investigations. Diffuse re-
flectance ultraviolet–visible (UV–vis) absorption spectra
were recorded using a Carry 5000 UV–vis-NIR spectro-
photometer with an integrating sphere attachment.
The photocatalytic property of the nanofibers was

evaluated as follow: the nanofiber samples were sus-
pended into the MB solution (10 mg/L) and the solution
was stirred for 30 min under exclusion of light. The ad-
sorption equilibrium of the solution was reached when
the methylene blue concentration remained in balance.
Then, the solution was stirred by magnetic stirring and
irradiated with UV light using a 500 W high-pressure
mercury lamp performance in order to evaluate the
photocatalytic property. A 3 ml of the pollutant solution
was sampled every 20 min and centrifuged for the separ-
ation of the upper clear solution. The concentration of
MB was analyzed using a UV–vis spectrophotometer
(L5, INESA) at the characteristic wavelength of 664 nm.

Results and Discussion

The results of TG-DSC analyses of the PVP/
Ti(OCH(CH3)2)4 composite nanofibers are shown in
Fig. 1. The TG curves feature four distinct stages of weight
loss: a weight loss of 5 % was observed when the

temperature was increased from room temperature to
220 °C, a loss of 19 % occurred when the temperature was
increased from 220 to 300 °C, another loss of 36 % oc-
curred when the temperature was further increased from
300 to 525 °C, where no weight loss was detected for tem-
peratures above 525 °C. The first weight loss was
attributed to the evaporation of ethanol and water in the
sample. The second weight loss, corresponding to the
sharp peak in the DSC curve, was attributed to the de-
composition of PVP side chain [8, 9]. Three exothermic
peaks were observed during the third weight loss period
in the temperature range from 300 to 430 °C, which were
linked to the degradation of the PVP main chain and
Ti(OCH(CH3)2)4. The formation of the anatase phase of
TiO2 began at a temperature of 475 °C. The phase trans-
formation from the anatase phase to the rutile phase was
completed for temperatures above 525 °C [10, 11].
Figure 2 shows the XRD spectra obtained for the TiO2-

vermiculite composite nanofibers calcined at 550 °C for
3 h. The samples were mainly consist of anatase and rutile
TiO2. The Anatase and rutile TiO2 are the main phases in
pure TiO2 with more rutile TiO2 observed than anatase
TiO2. After calcination of the composite nanofibers at
temperatures of up to 550 °C, the anatase phase was the
major phase in the pure TiO2, and only a small trace of
the rutile phase remained. With the increase of the ver-
miculite mass fraction, the intensity of the peak of corre-
sponding to the rulite phase increased compared to the
corresponding peak observed for the pure TiO2 nanofi-
bers. Interestingly, the anatase phase was only detected
when at least 2 wt.% of vermiculite or more was added to
the TiO2. Both the anatase and the rutile phase were
found in the composite nanofibers after calcination, with
the fraction of the anatase phase being higher than the
fraction of the rutile phase. With the increase of the ver-
miculite mass fraction, the fraction of the rutile phase in
the TiO2-vermiculite composite nanofibers significantly

Fig. 1 TG-DSC curve obtained for the PVP/Ti(OCH(CH3)2)4 composite

nanofibers in air
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increased. Evidently, the addition of vermiculite had an
effect on the phase composition of the TiO2 nanofibers.
Figure 3a shows SEM micrographs of the TiO2-

vermiculite composite nanofibers with 2 wt.% vermiculite.
It can be clearly seen that the samples contained smooth
and continuous nanofibers with a diameter between 250
and 300 nm. In Fig. 3b, vermiculite particle was found
among the TiO2 nanofibers. Such particles can adsorb the
pollutant and increase the concentration of the reactants
thereby promoting the degradation reaction. However,
when the number of vermiculite particles in the composites
increases, the available amount of the TiO2 catalyst de-
creases and the photocatalytic property is reduced.
Both the anatase and the rutile phase were found in the

composite nanofibers exposed to the thermal treatment at
550 °C (Fig. 3c). In addition, the electron diffraction

pattern obtained for the TiO2-vermiculite composite
nanofibers also revealed that the nanofibers are polycrys-
talline. As demonstrated in literature, the coexistence of
the anatase and the rutile phase may enhance the photo-
catalytic property [12, 13]. Therefore, for a suitable TiO2

nanofibers to vermiculite particle ratio (here, 2 wt.% of
vermiculite particles), the TiO2-vermiculite composite
nanofibers show an optimized photocatalytic property.
Figure 4a shows the photocatalytic degradation behavior

of TiO2-vermiculite composite nanofibers for the degrad-
ation of MBin a solution with an MB concentration of
10 mg/L. As shown in Fig. 4a, the initial MB concentra-
tion is lower than 100 % after stirring for 30 min under ex-
clusion of light. Furthermore, the MB concentration is
lower when the amount of vermiculite in the nanofibers is
higher. In this adsorption process, the vermiculite acts as
an adsorbing material. Under irradiation with UV light,
the composite nanofibers degrade the MB in the solution,
which is a photodegradation process. Therefore, in the
experiments, an adsorption-photodegradation process oc-
curred. As a result, the samples containing 2 wt.% ver-
miculite showed the best adsorption and photocatalytic
behavior. Compared with the pure TiO2 nanofibers, for
the TiO2 composite nanofibers containing 2 wt.% ver-
miculite, the reaction equilibrium is reached earlier.
The photodegradation rate is an important factor for the

evaluation of photocatalytic materials. Figure 4b compares
the degradation rate of the samples. In Fig. 4b, the slope of
the line corresponds to the reaction rate of the photodegra-
dation process. The degradation rate of the TiO2 nanofibers
with 2 wt.% vermiculite nanoparticles is the highest among
all samples. This can be explained as follows: The degrad-
ation process is caused by the TiO2. With an increasing
amount of vermiculite and a decreasing amount of the
catalyst (TiO2), the absorbability is enhanced, whereas the
catalytic ability is reduced at the same time. Therefore,
the TiO2 nanofibers with 2 wt.% vermiculite nanoparti-
cles show stronger capabilities (including adsorption
and photocatalysis) to treat chemical pollutions.
The UV–vis absorption spectra of the TiO2 composite

nanofibers with different vermiculite mass fraction are
compared in Fig. 5a, displaying the absorption spectra
for each sample for an excitation wavelength of approxi-
mately 400 nm (3.10 eV). The band gap energy (Eg) for
each sample was obtained by plugging the absorption
data into the direct transition equation:

αhυ ¼ ED hυ − Eg

� �1=2

α - optical absorption coefficient;

υ - photon energy;

Eg - direct band gap;

h and ED - a constant.

Fig. 3 a, b Microtopography of the TiO2-vermiculite composite

nanofibers with 2 wt.% vermiculite, c HRTEM micrograph of the

TiO2-vermiculite composite nanofibers with 2 wt.% vermiculite,

d electron diffraction pattern obtained for the composite nanofibers

Fig. 2 XRD patterns obtained for TiO2 nanofibers with a different

vermiculite mass fraction(2 wt.%, 4 wt.% and 10 wt.%, 50 wt.%) and

pure TiO2 nanofibers prepared at 550 °C for 3 h
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The tangent to the curves (Fig. 5b) at the point of inter-
section with the x-axis corresponds to the direct band gap
energy (Eg) of the samples, which are 3.05, 3.14, 3.08, 3.17,
and 3.18 eV for a vermiculite mass fraction of 0, 2, 4, 10,
and 50 wt.%, respectively [Additional files 1, 2, 3, 4 and 5].
The band gap energy increases with the amount of ver-
miculite in the nanofibers (Fig. 5b). The band gap energy
of pure TiO2 nanofibers is 3.05 eV due to the band align-
ment of the rutile and anatase TiO2 phase. Moreover, the
addition of a small amount of vermiculite to the TiO2

nanofibers significantly changed the band gap energy.
However, adding a larger amount of vermiculite to the
nanofibers had negative effect on the band gap. In this
paper, the composite nanofibers with 2 wt.% vermiculite

showed the most suitable direct band gap and the highest
photocatalytic activity.

Conclusions

TiO2-vermiculite nanofiber composites were synthesized
by combining a sol–gel process with the electrospinning
technique. The TiO2-vermiculite nanofiber composites
were obtained after thermal treatment at 550 °C for 3 h.
The results of the phase composition analysis indicate
that the main phase of the prepared samples was the
anatase phase, and a small amount of the rutile phase
could also be detected. The analysis of the structure of
the composite nanofibers revealed a smooth surface and
diameter of approximately 300 nm. The photodegradation

Fig. 4 Comparison of the photocatalytic degradation of methylene blue by TiO2 nanofibers with different vermiculite mass fraction prepared at

550 °C for 3 h (a degradation curve, b kinetic curve)

Fig. 5 a Comparison of the UV–vis absorption spectra obtained for TiO2 nanofibers with different vermiculite mass fractions calcined in air at

550 °C for 3 h and b (αhυ)2 plotted as a function of the photon energy, Eg, for the different TiO2-vermiculite composite nanofibers
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of methylene blue by the as-prepared TiO2-vermiculite
composite nanofibers was performed under irradiation
lights. In this study, the addition of the mineral powder to
the TiO2 nanofibers was demonstrated to enhance the
adsorption-photocatalytic performance of the photocata-
lytic material.

Additional files

Additional file 1: (αhυ)2 plotted as a function of the photon energy,

Eg, for pure TiO2 nanofibers.

Additional file 2: (αhυ)2 plotted as a function of the photon energy,

Eg, for composite nanofibers with 2 wt.% vermiculite.

Additional file 3: (αhυ)2 plotted as a function of the photon energy,

Eg, for composite nanofibers with 4 wt.% vermiculite.

Additional file 4: (αhυ)2 plotted as a function of the photon energy,

Eg, for composite nanofibers with 10 wt.% vermiculite.

Additional file 5: (αhυ)2 plotted as a function of the photon energy,

Eg, for composite nanofibers with 50 wt.% vermiculite.
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