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In thiswork, a-Fe;Oz nanobulk with high aspect ratio were successfully prepared
via a facile bubble electrospinning technique using polyvinylidene fluoride and
iron chloride hexahydrate (FeCl;-6H,0) asa-Fe,O3 precursor followed by anneal -
inginair at 600 °C. The products were characterized with field emission scanning
electron microscope, Fourier transform infrared, X-ray photoelectron spectros-
copy, and thermogravimetric analysis. The results showed that «-Fe,O3; nanobulk
has a hierarchical heterostructure which has an extremely broad application pros-
pect in many areas.
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Introduction

In recent decades, transition metal oxide nanostructures have attracted considerable
attention due to their widely applications. In particular, hematite («-Fe,O,) isfound to be prom-
ising in avariety of applications because of its high thermal stability under ambient conditions,
environmentally friendly features and low production cost. Many «-Fe,O5 nanostructures, such
ashollow fibers[1], nanotubes[2], and nanoporous 3], nanorods[4], and their various applica
tions, such as gas sensors[5], catalysts[6], electrode materials[7], and adsorption materials[8]
have been reported.

Compared to other means, such as chemical vapor deposition [9] and hydrothermal
growth [10], bubble el ectrospinning [ 11-16] isthe most effective and versatile approach for fab-
rication of functional nanomaterials, which using high voltage to produce ultrathin fibers with
diametersranging from afew to several hundred nanometers. For example, Liu et al. [17] have
obtained el ectrospun membrane with superhydrophobic-supperpleophilic performance. Liu et
al. [18] developed a novel manufacturing approach which is based on bubble electrospinning
technology to fabricate nanofiber yarns. Liu et al. [19] have presented a novel technique which
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called needle-disk electrospinning to enhance nanofibers throughput and fabricate nanofibers
from various materials with high quality.

In this research, PVDF/ FeCl;-6H,0O composite nanofibers were prepared using solu-
tion mixtures of iron(l11) chloride hexahydrate (FeCl;-6H,0) and polyvinylidene fluoride
(PVDF) via bubble electrospinning. Subsequently, the as-spun composite nanofibers were an-
nealedinair at high temperature with an appropriate heating rate to formea.-Fe,O; nanobulk. The
morphology, chemical, and thermal properties of the resultant o-Fe,O5; nanobulk were investi-
gated through different approaches.

Experiment

In this work, 2.4g PVDF powder was added into acetone and dimethylformamide
(DMF) mixed solvent (weight ratio=1: 1) and magnetically stirred for about 3 hoursfor 8 wt.%
PVDF solution. Then different amount of FeCl;-6H,0 was added into the previusly prepared
PVDF solution with magnetic stirring for 6 hours at room temperature to form a homogeneous
solution. The concentration of FeCl;-6H,0 (i. e., 2, 6, and 10 wt.%) in the mixture was calcu-
lated based on the weight of PVDF.

The bubble el ectrospinning set-up used in this study can be found in our previous re-
port[11, 12]. Inatypical process, the solution wasloaded into aU-shape groove with astainless
steel circular ring with aninner diameter of 1 cm. The circular ring which was charged by ahigh
direct current voltage power supply was used as the positive electrode. A voltage of 25 kV was
applied to the solution via the stainless steel circular ring. A piece of auminum frame was
grounded and used as nanofiber collector. The collecting distance between the circular ring and
aluminum foil collector was 16 cm. All spinning processes were conducted at ambient tempera-
ture with arelatively low humidity.

The as-spun PVDF/FeCl,;-6H,0 composite nanofibers obtained with 2 wt.%
FeCl;-6H,0 were calcined in air at 600 °C for 3 hours with arising rate of 10 °C per min to re-
move all organic residuals. After cooling to the room temperature, dark red o-Fe,O; nanobulk
wereyield.

Results and discussion

The field emission scanning electron microscopy (FESEM) images and diameter dis-
tribution curves of as-spun FeCl;-6H,0O/PV DF composite nanofibers with different contents (O,
2, 6, and 10 wt.%) are shown in fig. 1. It can be seen that pure PV DF nanofibers have a beaded
morphology as show in fig. 1(a). Figure 1(b) shows that the as-spun pure PV DF nanofibers are
basically smooth and relatively uniform apart from the beads.

In contrast with pure PVDF nanofibers, the composite nanofibers with different con-
tents of FeCl;-6H,0 are all beadsfree, asshowninfig. 1(c, e, g). Thisisdueto the enhanced so-
lution conductivity contributed by the presence of iron(l11) ion. However, it is clearly observed
in the fig. 1(d, f, h) that as the FeCl;-6H,O content increases, the surface roughness of FeCl,-
-6H,0O/PV DF composite nanofibersincreases. Figure 1(g) displays an interesting structure with
interconnected branch-like junction.

Figure 1(A)-(D) showsthe diameter distribution curves of as-spun nanofibers. The av-
erage diameters of pure PVDF nanofibers and composite nanofibers with different content of
FeCl;-6H,0 (2, 6, and 10 wt.%) arearound 119.8 + 23.9, 64.3+ 11.8,152.1 + 27.1, and 2159 +
39.3 nm, respectively. With 2 wt.% addition of FeCl;-6H,0, the fibers diameter decreases.
Smaller fiber diameter is desirable as it provides higher surface to volume ratio. However, the
average diameter of the composite nanofibers dramatically increased as the concentration of
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Figurel. TheFESEM imagesand diameter distribution of FeCls-6H,0O/PVDF composite nanofiberswith
different FeCl;-6H,0 contents: (a, b, A) 0wt.%, (c, d, B) 2wt.%, (g, f, C) 6 wt.%, and (g, h, D) 10 wt.%

FeCl;-6H,0 increased to 6 wt.% and 10 wt.%. This may be due to the increased solution viscos-
ity caused by the high proportion of FeCl;-6H,0 which weakened the spinnability of the solu-
tion. Among all the composite nanofibers, the composite nanofibers with 2 wt.% FeCl;-6H,0
exhibited the smallest average diameter and narrowest scope of diameter distribution.

Figure 2 shows FESEM images of the o-Fe,O; nanobulk with 2 wt.% FeCl;-6H,0 ob-
tained after thermal treatment in ambient air at 600 °C for 3 hours. It is clearly observed that the
nanobulk is composed of large amounts of nanoparticles about 30 nm and nanoflakes with dif-
ferent high aspect ratios.
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(a)
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Figure 2. The FESEM images of as-calcined a-Fe,03 nanobulk with 2 wt.% FeClz-6H,0

The X-ray photoel ectron spectroscopy (XPS) spectrawas carried out to investigate the

elemental composition and surface valence states of the a-Fe,O5 nanobulk, and the results are
showedinfig. 3. Thesurvey XPScurvesinfig. 3(a) reveal that the sampleiscomposed of Feand O
elements. Figure 3(b) exhibits the spectrum of Fe 2p region, in which the double individual peaks at
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Figure 3. The XPS spectra of a-Fe,O3 (a) survey spectrum; (b) Fe 2p spectrum; (c) O 1sspectrum
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Figure4. The FTIR spectra of
FeCl3-6H,0/PVDF composite fibers (a) and
a-Fe,0O3 nanobulk (b)

711.2 and 724.5 €V correspond to Fe 2p,, and Fe
2p,5, respectively [1]. As shown in fig. 3(c), the
characteristic peak of Ols with strong photoel ec-
tron signal at 531.6 eV, can be assigned to the
Fe-O-Fe bonds. This result further proves
a-Fe,05 nanobulk was successfully synthesized.
To further verify the formation of a-Fe,0O;
structure, Fourier transform infrared (FTIR)
analysiswas employed. Figure 4 showsthe FTIR
spectra of FeCl;-6H,0/PVDF composite fibers
and o-Fe,0; nanobulk calcined at 600 °C. A
broad peak at about 3440 cnm! corresponds to
H-OH stretchisclearly observedinfig. 4(a) [8].
The characteristic peaks of CH symmetric
and CH, asymmetric vibration, CF, deforma-
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tion and stretching vibrations corresponding to
PVDF appeared at 2940 and 2850, 1400, 1180,
and 883 cm?, respectively [20]. Those charac-
teristic peaks disappeared and some new char-
acteristic peaksappeard in a-Fe,O5 nanobulk as
showninfig. 4(b). The two sharp peaks appear- 70+
ing at 478 and 573 cm! are assigned to the
Fe-O vibration of the a-Fe,0; nanobulk [7]. i

In order to elucidate the a-Fe,O; nanobulk 504
formation process, thermogravimetric analysis
(TGA) analysis was carried out on the as-spun 404
FeCl;:6H,0/PVDF  precursor  composite 0 100 200 300 _400 500 _ 600
nanofibers. Figure 5 shows TGA curves of the Temperature [*C]
as-spun FeCl;-6H,0/PVDF precursor composite  Figure 5, The TGA curves of
nanofibersin thetemperaturerangeof 50-600°C.  FeCl,-6H,0/PVDF composite nanofibers
It is clear that the first weight loss of 12.8% oc-
curred at around 50-250 °C resulting from the
evaporation of absorbed water, residual DMF, acetone and the removal of crystal water molecules
of the chlorides, which is an endothermic reaction. The second significant weight loss of approxi-
mately 31.7% from 250 °C to 360 °C can be ascribed to the partially decomposition of iron chloride
and the degradation of the side chain of PV DF. These processes are accompanied by exothermic re-
action. Thethird weight loss of 12.7% happened in the range of 360-600 °C , which could be attrib-
uted to the oxidative decomposition of the main chains of PV DF and the complete decomposition
of iron chloride.

Finally, thetotal weight lossamountsto 57.2%, led to significant volume decrease and

the formation of a-Fe,O; nanobulk.
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Conclusions

The PVDF/FeCl;-6H,0 composite nanofibers with different content of FeCl;-6H,0
(0, 2, 6, and 10 wt.%) were successfully manufactured by bubble el ectrospinning technique us-
ing PVDF and FeCl;:6H,0. The composite fibers of PVDF/FeCl;-6H,0 with 2 wt.%
FeCl;-6H,0 was calcined at 600 C° to form the o-Fe,O; nanobulk.

The SEM images indicates composite nanofibers with 2 wt.% FeCl;-6H,0 exhibited
smallest average diameter and the narrowest scope of diameter distribution. The formation of
a-Fe,0; was confirmed by FTIR, XPS, and TGA analysis. This a-Fe,O; nanobulk can be
widely used for many applications, such as gas sensors, catalysts, electrode materials, and ab-
sorption materials. This technique is applicable to preparation of other mulitfunctional
nanomaterials as well.
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