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Abstract A novel magnetically separable composite
photocatalyst—(La-doped TiO,)/CoFe,0, nanofiber—was
prepared by a two-spinneret electrospinning method com-
bined with sol-gel method. The nanofibers were charac-
terized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscope
(TEM), Energy dispersive X-ray spectroscopy (EDS),
X-ray photoelectron spectroscopy (XPS), and vibrating
sample magnetometer (VSM). It was shown that the
diameter of (1.0% La-doped TiO,)/CoFe,0,4 nanofibers
was 100-150 nm after calcination at 600 °C for 2 h. EDS
and XPS measurements on the photocatalytic material
indicated the existence of La®" oxidation states in (1.0%
La-doped TiO,)/CoFe,0, nanofibers. The photocatalytic
activity of as-prepared nanofibers was evaluated using
methylene blue (MB) as a model organic compound and
the result revealed that the (1.0% La-doped TiO,)/CoFe,0,
nanofibers have an efficient photocatalytic property, and
the degradation rate of MB could reach 93% in 150 min.
Moreover, the magnetic property of the nanofibers has also
been characterized, and the nanofibers show a good mag-
netic response, which indicates that the possibility of the
magnetic nanofibers’ potential recycling property.
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Introduction

Titanium dioxide (TiO,) semiconductor photocatalysts
have attracted much attention in heterogeneous photoca-
talysis and in advanced oxidation processes because of its
strong oxidizing power, nontoxicity, thermal and chemical
stability, low-cost, and insolubility [1-4]. It is proved that
by UV light irradiation of TiO,, electrons in the valence
band will jump to the conduction band, and an electron—
hole pair (e /hM)is generated [5, 6]. The e /h" will act as
strong oxidizing agents that can easily attack any organic
molecules adsorbed on, or those located close to the sur-
face of the catalyst, thus, it could achieve rapid and com-
plete degradation to inorganic products [7]. However,
Anatase TiO, with a band gap of 3.2 eV can be photoex-
cited under irradiation of UV light (4 < 387 nm), which is
only about 2-5% of sunlight [8, 9].

To enhance the efficiency of TiO, photocatalytic
activity, several strategies have been involved, including
surface sensitization [10-12], metal ion doping [13-15],
non-metal ion doping [16, 17], and noble metal loading
[18, 19]. Among different modification methods, doping
with rare earth ions is an effective method [20]. Lantha-
nide-ions are known for their ability to form complexes
with various Lewis bases (e.g., acids, amines, alcohols,
aldehydes, thiols, etc.) in the interaction of these functional
groups with f-orbital of the lanthanides [6, 21]. The
incorporation of La** into a TiO, matrix could provide a
means to concentrate the organic pollutant at the semi-
conductor surface [22]. Cao et al. [8] demonstrated that the
high specific surface area resulting from La doping could
enhance the ability of MB to be adsorbed onto TiO,, which
also caused the enhancement of adsorption capacity of
TiO,. Ranjit et al. [15] reported that doping of TiO, with
rare earth ions could lead to red shift of absorption edge,

@ Springer



466

J Mater Sci (2012) 47:465-472

which was one of the important ways to improve the
photocatalytic activity of TiO,. In addition, it could
improve the photochemical properties by increasing the
separation of e /h™ under UV light [23].

Meanwhile, another main drawback of TiO, is that the
separation of nanosized photocatalysts from wastewater
and their recycling are difficult and uneconomical. There-
fore, a magnetic photocatalyst is developed to solve this
problem. The magnetic photocatalyst can allow easy sep-
aration by applying an external magnetic field, without the
need for further downstream treatment processes [24, 25].

Herein, we prepared (La-doped TiO,)/CoFe,O,4 photo-
catalytic nanofibers by a novel two-spinneret electrospin-
ning technique [26] and sol-gel method, which offered
considerably higher photocatalytic efficiency, and the
nanofibers were easy to be separated from the treated water
under the application of an external magnetic field.

Experimental
Materials

Cobalt(Il) nitrate hexahydrate [Co(NOj3),-6H,0, 99.0%,
A.R. Tientsin Fuchen Chemical Reagents Co.] and
Ferric(IIl) nitrate nonahydrate [Fe(NO;3);-9H,0, 98.5%,
A.R. Tientsin Fuchen Chemical Reagents Co.) were used
as precursors. Citric acid monohydrate (CgHgO--H,0,
99.5%, Tientsin Fuchen Chemical Reagents Co.) was used
as a chelating agent. Ammonia water (NH3-H,0, 25%,
A.R. Tientsin Fuchen Chemical Reagents Co.) was used to
adjust pH of the solution. Poly(vinyl pyrrolidone) (PVP,
M, = 10,000, A.R. Tientsin Fuchen Chemical Reagents
Co.), Acetic acid (CH3;COOH, HAc, 99.5%, A.R. Beijing
Chemical Works), and Anhydrous ethanol (CH;CH,OH,
EtOH, A.R. Beijing Chemical Works) were used as a
spinning aid. For the preparation of the TiO, precursor,
Tetrabutyl titanate (Ti[O(CH,);CHsly, A.R. Beijing
Chemical Works) was chosen as Ti resource. Lantha-
num(III) acetate (La(Ac)s, 0.5 mol Lfl) was dropped into
the TiO, precursor solution. Methylene blue (MB) was
obtained from Beijing Zhongxiyuanda Corporation to act
as an organic pollutant in waste water. Degussa P25 (with
80% anatase and 20% rutile) was produced by Degussa AG
Company in Germany.

Synthesis of (La-doped TiO,)/CoFe,0, photocatalysts
Preparation of CoFe,0, sol
The precursor solution for CoFe,O, was prepared by dis-

solving 1.00 g cobalt(Il) nitrate hexahydrate, 2.78 g Fer-
ric(Ill) nitrate nonahydrate, and 1.98 g citric acid
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monohydrate in 30 mL deionized water. The molar ratio
between cobalt and iron was 1:2. Adjust the pH value to
5-6 utilize the pH analyzer under the magnetic stirring.
Subsequently, the mixture was heated at 60 °C with con-
stant stirring to allow evaporation to form wet gel. A metal
precursor/PVP solution was prepared by dissolving 3 mL
gel into 22 wt% PVP/HAc solution and stirred for 12 h.

Preparation of La-doped TiO, precursor

La-doped TiO, precursor was prepared by the following
procedures: An aid spun agent was made by adding 4 g
PVP to 15 mL ethanol in a small quartz conical flask.
Then, the solution was sonicated for 30 min to allow PVP
to disperse well. The precursor solution was made in
another conical flask by stirring 1 mL Ti[O(CH,);CH3],
and 1 mL glacial acetic acid. The precursor solution was
poured into the PVP/EtOH solution slowly and stirred for
2 h. Then, 0.05 mL La(Ac); was added slowly into the
above mixed solution. After being stirred for 2 h, La-doped
TiO, precursor was obtained. The sample had a nominal
mass ratio (La/Ti) of 1.0%, which was named as 1.0%
La-doped TiO, in this study. The other La-doped TiO,
samples containing different rare earth ion contents were
prepared using the same procedure with different contents
of La(Ac)s, and the obtained catalysts were named as 1.5%
La-doped TiO, and 2.0% La-doped TiO,, respectively.

Preparation of (La-doped TiO;)/CoFe,0, nanofibers

The electrospinning process was carried out using a self-
made apparatus. Figure 1 shows the scheme of the hybrid
electrospinning apparatus to fabricate (La-doped TiO,)/
CoFe,0O, nanofibers. The spinneret containing the La-
doped TiO, precursor solution had an inner diameter of
about 1.0 mm, the other was 0.5 mm. After electrospin-
ning, these precursor nanofibers were dried in air atmo-
sphere at 60 °C for 12 h, and then calcined at different

A

CoFe;0,

o

La-doped TiO,

Fig. 1 Scheme of the hybrid electrospinning process
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temperatures (550, 600, and 650 °C) with the heating rate
of 150 °C h™' to obtain the composite nanofibers.

Characterization of (La-doped TiO,)/CoFe,0,
nanofibers

The (La-doped TiO,)/CoFe,0, composite photocatalysts
were examined by X-ray diffraction (XRD, 40 kV,
200 mA, D/MAX-IIIA, Rigaku, Tokyo, Japan) using a
CuKo radiation with 4 = 0.154056 nm. Scanning electron
microscopy (SEM, JSM-6360LV, Tokyo, Japan) and
transmission electron microscope (TEM, Tecnai G* 20
S-TWIN) were employed to investigate their morphology.
Energy dispersive X-ray spectroscopy (EDS, accessory in
SEM) and X-ray photoelectron spectroscopy (XPS,
ESCALAB 250) were used for composition analysis. The
vibrating sample magnetometer (VSM, Lake shore 7410,
Lake Shore Cryotronics) was utilized to examine the
magnetic properties.

Evaluation of photocatalytic property

The photocatalytic activity of (La-doped TiO,)/CoFe,0,
nanofibers was measured by the photodegradation of MB
aqueous solution, and Fig. 2 shows the schematic repre-
sentation of the photoreactor [27]. The dosage of photocat-
alyst was constant in our experiments (30 mg samples in
400 mL solution) for an easy comparison. The initial con-
centration of MB solution was 25 mg/L. In photocatalytic
experiments, an aqueous solution of MB containing the
photocatalyst was stirred in the dark to permit the adsorp-
tion/desorption equilibrium until the concentration of MB
solution was constant. After a definite irradiation time
(30 min), 3 mL of dispersion was centrifuged to separate the
photocatalyst. The supernatant solution was analyzed by an
UV-Vis spectrophotometer (Beijing Purkinje General
Instrument Co., Ltd) at the wavelength of 666 nm.

UV Light
Dark Box
Water inlet
%}ampling
W‘atrar outlet Water bath
Quartz E
Reactor Tube I:I

]

| - J

. .
Magnetic stirrer

Fig. 2 Schematic representation of the photoreactor

Results and discussions
X-ray diffraction analysis

Figure 3 shows XRD patterns of (1.5% La-doped TiO)/
CoFe,0, calcined from 550 to 650 °C for 2 h. There are a
sharp and strong peak of spinel CoFe,O4 (20 = 30.1°,
35.4°, 43.0°, 53.4°, 74.0°), a clear peak of anatase
(20 = 25.2°,37.8°,48.0°, 54.2°, 62.6°), and small amounts
of the rutile (20 = 27.4°, 36.0°, 56.7°) in the XRD pat-
terns. The content of anatase TiO, in each sample can be
calculated by the following equation: w(A) = 100%/
(1 + 1.265Ix/1), where I5 and Ig are the highest peak
intensity of anatase phase (101) and the rutile phase (110),
respectively [28]. The results are listed in Table 1. The
optimal calcination temperature was 600 °C, with anatase
to rutile ratio of 84:16. For most photocatalytic reaction
systems, it is generally accepted that anatase demonstrates
a higher activity than rutile [29], and a mixture of anatase
and rutile has higher activity than pure anatase or rutile
[30]. In addition, Degussa P25 titania catalyst, which is
also a mixture consisting of 80% anatase and 20% rutile,
has been extensively used as a photocatalyst [31]. These
results show that introducing some rutile may enhance the
photocatalytic properties of anatase. Fig. 3 also shows that

wAntase
eRutile

aCoFeQ,

Intensity/a.u.

10 20 30 40 5 60 70 80 90
20/°

Fig. 3 XRD patterns of (1.5% La-doped TiO,)/CoFe,0O,4 nanofibers
sintered at different temperatures for 2 h

Table 1 The effect of calcination temperature on the content of
anatase TiO,

Sample Calcination Relative phase
temperatures/°C content/%
Anatase Rutile
(1.5% La-doped TiO,)/ 550 62 38
CoFe>04 600 84 16
650 73 27
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when the calcination temperature increases from 550 to
650 °C, the peak intensities of anatase increase at first and
then decrease, indicating that the best crystallinity is
obtained at 600 °C.

Figure 4 shows the XRD patterns of (La-doped TiO,)/
CoFe,0, nanofibers with different contents of La (1.0, 1.5,
and 2.0%), which were calcined at 600 °C for 2 h.
According to the XRD patterns, the composite nanofibers
have formed a mixed phase of spinel CoFe,0, and anatase/
rutile TiO,. The phase structures are hardly affected by La
doping. In addition to this, the La phase cannot be observed
in the patterns. The main reasons for this are as follows:
(1) the lower amount of doped La is thoroughly dispersed
within the Ti—O-Ti network during the dissolving process;
and (2) the ionic radius of La®>* (1.06 A) is larger than Ti**
(0.605 A) [32, 33], which inhibit the ion from embedding
into the lattice of TiO,.

SEM/TEM analysis

Figure 5 shows the morphological and structural details of
the (1.0% La-doped TiO,)/CoFe,0, nanofibers obtained

] = Antase
» Rutile
aCoFe O,

Intensity/a.u.

Fig. 4 XRD patterns of (La-doped TiO,)/CoFe,O4 nanofibers
obtained at 600 °C for 2 h with different amounts of La

after heating for 2 h. Figure 5a shows the SEM micrograph
of (1.0% La-doped TiO,)/CoFe,O4 nanofibers. The
nanofibers appear with an agglomerate phenomenon, which
is probably attributed to that the solvent cannot evaporate
entirely in the calcination process. And the diameter of the
nanofibers is 100—150 nm. The TEM image (Fig. 5b) also
shows that the diameter of the obtained composite nano-
fiber is about 100 nm. And the corresponding SAED pat-
tern of the nanofiber presents spotty rings which can be
indexed to the polycrystalline structure of spinel CoFe,Oy4
and anatase/rutile-phase TiO,.

EDS analysis

Figure 6 shows the EDS spectra of (1.0% La-doped TiO,)/
CoFe,0, nanofibers. It should be mentioned that in our
experiment, it can be concluded from the EDS results that
the nanofibers consisted of Ti, O, Fe, Co, and La elements.
It testifies that La is indeed doped in the nanofibers.
Meanwhile, the Au element observed in the EDS is asso-
ciated with the coating (gold) used to avoid charging of the
sample.

XPS analysis

The elemental composition and chemical state of (1.0%
La-doped TiO,)/CoFe,O, nanofibers were characterized
using XPS (Fig. 7). It can be seen that the surface of (1.0%
La-doped TiO,)/CoFe,O, nanofibers is composed of
Ti, O, Co, Fe, and La elements, which is consistent with the
result of EDS. Meanwhile, Fig. 7f shows the XPS pattern
of La 3d, and the multiple peaks around 830-840 and
850-860 eV indicated the existence of La®" oxidation
states in (1.0% La-doped TiO,)/CoFe,O, nanofibers.
However, the diffraction peaks of La>" were not observed
from the XRD pattern in Figs. 3 and 4, probably indicating
that the La>" compound had a very low content. Therefore,
EDS and XPS measurements on the photocatalytic material
reveal the presence and oxidation state of the Lanthanum
ions.

Fig. 5 a SEM and b TEM images of as-synthesized (1.0% La-doped TiO,)/CoFe,0,4 nanofibers ¢ corresponding SAED pattern from the region

in (b)
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Fig. 6 EDS spectra of

(1.0% La-doped TiO,)/
CoFe,0O,4 nanofibers

Counts

La Fe

UV-Vis spectroscopic analysis

Figure 8 presents the UV—Vis absorption spectra of dif-
ferent samples. Degussa P25 titania as a standard photo-
catalyst was also applied in the photocatalytic experiments
in order to compare photoactivity of the as-prepared
composite fibers. From the spectra, we can see that all of
the samples have absorption in the whole ultraviolet light
and visible light region. Moreover, the intensity of this
absorption is found to increase with decreasing of La
doping content in the whole region (190-800 nm). The
result indicates that their photocatalytic activity gradually
increases as the content of La is on decrease.

Photocatalytic experiments of (La-doped TiO,)/
CoFe,0O,4 nanofibers

Photocatalytic properties of composite nanofibers
with different amounts of La

The photocatalytic properties of the prepared (La-doped
TiO,)/CoFe,0, nanofibers with different contents of La
(1.0, 1.5, and 2.0%) for photodegradation of MB under UV
irradiation are shown in Fig. 9. The degradation rate of MB
monotonically decreases from 93 to 85% as the content of
La rises, which is consistent with the UV—-Vis reflectance
spectra in Fig. 8. Xu et al. [34] reported that there existed
an optimum doping content of rare earth ions in TiO,
particles for the most efficient separation of photoinduced
electron—hole pairs. When La®" adulterant proportion
(mass ratio) is high, the space charge region becomes very
narrow, and the depth of penetration of light into TiO,
greatly exceeds the space charge layer. Therefore, the
recombination of the photoinduced electron—hole pairs
becomes easier. Consequently, the photocatalytic activity
begins to decrease [35, 36].

9.00 10.00

Furthermore, the experimental results obtained from
Fig. 9 show that all of the samples have lower photocata-
lytic activities than P25, which is known as the best pho-
tocatalyst commercially available. But after irradiation for
150 min the photoactivities of (1.0% La-doped TiO,)/
CoFe,0, is near to that of P25.

Photocatalytic activity of composite nanofibers
at different calcination temperatures

Figure 10 shows the photocatalytic activity of the prepared
(1.0% La-doped TiO,)/CoFe,0, at different calcination
temperatures. The sample calcined at 600 °C displays the
highest degradation of MB under UV irradiation, and 93%
of MB in solution is removed after 150 min reaction. The
results clearly demonstrate that the degradation rate
increases with the increase of calcination temperature of
(1.0% La-doped TiO,)/CoFe,0, up to 600 °C, but further
increasing calcination temperature (up to 650 °C) leads to
an obvious decrease in degradation. This feature indicates
that the calcination temperature has an important influence
on photoactivity of (1.0% La-doped TiO,)/CoFe,0,
nanofibers.

Effect of initial concentration of MB

Figure 11 shows the results of the photocatalytic degra-
dation of MB under UV light irradiation, using 30 mg of
(1.0% La-doped TiO,)/CoFe,0, nanofibers as a photocat-
alyst. And the results show that the degradation rate
decreases with the MB concentration increasing, and this
result is in accordance with the reported literature [37]. It
could be due to the fact that higher concentration of MB
means that the capacity of light penetrating solution
decreases, and the photon number participating in photo-
catalysis also decreases. So with the MB concentration
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Fig. 7 XPS patterns of (1.0% La-doped TiO,)/CoFe,O,4 nanofibers. a The whole survey, b high-resolution spectra of O Ls, ¢ high-resolution
spectra of Fe 2p, d high-resolution spectra of Co 2p, e high-resolution spectra of Ti 2p, f high-resolution spectra of La 3d

increasing, the photodegradation ratio of MB decreases
[38].

Magnetic properties of composite nanofibers
Figure 12 shows the magnetic properties of (1.0% La-
doped TiO,)/CoFe,0, and pure CoFe,O, nanofibers. Both

of them show typical ferromagnetic hysteresis. The satu-
ration magnetization (M) of CoFe,O, and (1.0% La-doped
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TiO,)/CoFe,0, nanofibers are found to be 49.007 and
8.8880 A m” kg~', respectively. The differences of M,
between the nanofibers are based on the weight of CoFe,Oy,
in the composite nanofibers. And the coercivity (H.) of
(1.0% La-doped TiO,)/CoFe,0, nanofibers does not show
any change. Coercivity represents the magnetic properties
of material, so it is believed that these (1.0% La-doped
TiO,)/CoFe,0,4 nanofibers will allow the use of a magnet
or a magnetic field for an easy solid/liquid separation.
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Fig. 8 UV-Vis absorption spectra of different samples. a 1.0%,
b 1.5%, ¢ (2.0% La-dopedTiO,)/CoFe,0y,, and d P25
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Fig. 9 Photocatalytic activity of (La-doped TiO,)/CoFe,0, nanofi-
bers obtained at 600 °C for 2 h with different amounts of La and P25
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Fig. 10 Photocatalytic activity of the prepared (1.0% La-doped
TiO,)/CoFe,0, nanofibers at different calcination temperatures

Conclusions

A magnetic-semiconductor photocatalyst made of TiO,/
CoFe,04 composite fibers doped with La has been pre-
pared via sol—gel and electrospinning method. The nanof-
ibers have proved to be an excellent photocatalyst, and the

1.0
—a-125mgL’
—e—25mglL’
0.5 —a-375mgL’
0.6 it
o T~
U \
0.4 4 "
HH
0.2 1
00 T T T T T
0 30 60 90 120 150 180

t/min

Fig. 11 Effect of initial concentration of MB on the degradation of
MB over (1.0% La-doped TiO,)/CoFe,O, nanofibers calcined at
600 °C
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2Ikg.|
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-1500 -1000 -500 0 500 1000 1500
HCIkA-m'1

Fig. 12 Magnetic properties of CoFe,0O,4 nanofiber (a) and (1.0%
La-doped TiO,)/CoFe,0, nanofibers (b) in the applied field at room
temperature

photodegradation ratio of MB by (1.0% La-doped TiO)/
CoFe,0O, composite nanofibers was up to 93%. The coer-
civity of the nanofibers is similar to that of CoFe,O4
nanofiber, which indicates the possibility of its potential
recycling property. So it is believed that these nanofibers
may serve as a new generation of high efficiency photo-
catalyst, and can be recycled to avoid secondly pollution.
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