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In this work, a-Fe2O3 nanobulk with high as pect ra tio were suc cess fully pre pared
via a fac ile bub ble electrospinning tech nique us ing polyvinylidene flu o ride and
iron chlo ride hexahydrate (FeCl3·6H2O) as a-Fe2O3 pre cur sor fol lowed by an neal -
ing in air at 600 °C. The prod ucts were char ac ter ized with field emis sion scan ning
elec tron mi cro scope, Fou rier trans form in fra red, X-ray pho to elec tron spec tros -
copy, and thermogravimetric anal y sis. The re sults showed that a-Fe2O3 nanobulk
has a hi er ar chi cal heterostructure which has an ex tremely broad ap pli ca tion pros -
pect in many ar eas.
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In tro duc tion

In re cent de cades, tran si tion metal ox ide nanostructures have at tracted con sid er able
at ten tion due to their widely ap pli ca tions. In par tic u lar, he ma tite (a-Fe2O3) is found to be prom -
is ing in a va ri ety of ap pli ca tions be cause of its high ther mal sta bil ity un der am bi ent con di tions,
en vi ron men tally friendly fea tures and low pro duc tion cost. Many a-Fe2O3 nanostructures, such
as hol low fi bers [1], nanotubes [2], and nanoporous [3], nanorods [4], and their var i ous ap pli ca -
tions, such as gas sen sors [5], cat a lysts [6], elec trode ma te ri als [7], and ad sorp tion ma te ri als [8]
have been re ported.

Com pared to other means, such as chem i cal va por de po si tion [9] and hy dro ther mal
growth [10], bub ble electrospinning [11-16] is the most ef fec tive and ver sa tile ap proach for fab -
ri ca tion of func tional nanomaterials, which us ing high volt age to pro duce ultrathin fi bers with
di am e ters rang ing from a few to sev eral hun dred nanometers. For ex am ple, Liu et al. [17] have
ob tained electrospun mem brane  with  superhydrophobic-supperpleophilic  per for mance.  Liu et 
al. [18] de vel oped a novel man u fac tur ing ap proach which is based on bub ble electrospinning
tech nol ogy to fab ri cate nanofiber yarns. Liu et al. [19] have pre sented a novel tech nique which
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called nee dle-disk electrospinning to en hance nanofibers through put and fab ri cate nanofibers
from var i ous ma te ri als with high qual ity.

In this re search, PVDF/ FeCl3·6H2O com pos ite nanofibers were pre pared us ing so lu -
tion mix tures of iron(III) chlo ride hexahydrate (FeCl3·6H2O) and polyvinylidene flu o ride
(PVDF) via bub ble electrospinning. Sub se quently, the as-spun com pos ite nanofibers were an -
nealed in air at high tem per a ture with an ap pro pri ate heat ing rate to form a-Fe2O3 nanobulk. The 
mor phol ogy, chem i cal, and ther mal prop er ties of the re sul tant a-Fe2O3 nanobulk were in ves ti -
gated through dif fer ent ap proaches.

Ex per i ment

In this work, 2.4g PVDF pow der was added into ac e tone and dimethylformamide
(DMF) mixed sol vent (weight ra tio = 1 : 1) and magnetically stirred for about 3 hours for 8 wt.%
PVDF so lu tion. Then dif fer ent amount of FeCl3·6H2O was added into the previusly pre pared
PVDF so lu tion with mag netic stir ring for 6 hours at room tem per a ture to form a ho mo ge neous
so lu tion. The con cen tra tion of FeCl3·6H2O (i. e., 2, 6, and 10 wt.%) in the mix ture was cal cu -
lated based on the weight of PVDF.

The bub ble electrospinning set-up used in this study can be found in our pre vi ous re -
port [11, 12]. In a typ i cal pro cess, the so lu tion was loaded into a U-shape groove with a stain less
steel cir cu lar ring with an in ner di am e ter of 1 cm. The cir cu lar ring which was charged by a high
di rect cur rent volt age power sup ply was used as the pos i tive elec trode. A volt age of 25 kV was
ap plied to the so lu tion via the stain less steel cir cu lar ring. A piece of alu mi num frame was
grounded and used as nanofiber col lec tor. The col lect ing dis tance be tween the cir cu lar ring and
alu mi num foil col lec tor was 16 cm. All spin ning pro cesses were con ducted at am bi ent tem per a -
ture with a rel a tively low hu mid ity.

The as-spun PVDF/FeCl3·6H2O com pos ite nanofibers ob tained with 2 wt.%
FeCl3·6H2O were cal cined in air at 600 °C for 3 hours with a ris ing rate of 10 °C per min to re -
move all or ganic re sid u als. Af ter cool ing to the room tem per a ture, dark red a-Fe2O3 nanobulk
were yield.

Re sults and dis cus sion

The field emis sion scan ning elec tron mi cros copy (FESEM) im ages and di am e ter dis -
tri bu tion curves of as-spun FeCl3·6H2O/PVDF com pos ite nanofibers with dif fer ent con tents (0,
2, 6, and 10 wt.%) are shown in fig. 1. It can be seen that pure PVDF nanofibers have a beaded
mor phol ogy as show in fig. 1(a). Fig ure 1(b) shows that the as-spun pure PVDF nanofibers are
ba si cally smooth and rel a tively uni form apart from the beads.

In con trast with pure PVDF nanofibers, the com pos ite nanofibers with dif fer ent con -
tents of FeCl3·6H2O are all beads free, as shown in fig. 1(c, e, g). This is due to the en hanced so -
lu tion con duc tiv ity con trib uted by the pres ence of iron(III) ion. How ever, it is clearly ob served
in the fig. 1(d, f, h) that as the FeCl3·6H2O con tent in creases, the sur face rough ness of FeCl3×
×6H2O/PVDF com pos ite nanofibers in creases. Fig ure 1(g) dis plays an in ter est ing struc ture with
in ter con nected branch-like junc tion.

Fig ure 1(A)-(D) shows the di am e ter dis tri bu tion curves of as-spun nanofibers. The av -
er age di am e ters of pure PVDF nanofibers and com pos ite nanofibers with dif fer ent con tent of
FeCl3·6H2O (2, 6, and 10 wt.%) are around 119.8 ± 23.9, 64.3 ± 11.8, 152.1 ± 27.1, and 215.9 ±
39.3 nm, re spec tively. With 2 wt.% ad di tion of FeCl3·6H2O, the fi bers di am e ter de creases.
Smaller fi ber di am e ter is de sir able as it pro vides higher sur face to vol ume ra tio. How ever, the
av er age di am e ter of the com pos ite nanofibers dra mat i cally in creased as the con cen tra tion of
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FeCl3·6H2O in creased to 6 wt.% and 10 wt.%. This may be due to the in creased so lu tion vis cos -
ity caused by the high pro por tion of FeCl3·6H2O which weak ened the spinnability of the so lu -
tion. Among all the com pos ite nanofibers, the com pos ite nanofibers with 2 wt.% FeCl3·6H2O
ex hib ited the small est av er age di am e ter and nar row est scope of di am e ter dis tri bu tion.

Fig ure 2 shows FESEM im ages of the a-Fe2O3 nanobulk with 2 wt.% FeCl3·6H2O ob -
tained af ter ther mal treat ment in am bi ent air at 600 °C for 3 hours. It is clearly ob served that the
nanobulk is com posed of large amounts of nanoparticles about 30 nm and nanoflakes with dif -
fer ent high as pect ra tios.
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Figure 1. The FESEM images and diameter distribution of FeCl3·6H2O/PVDF composite nanofibers with
different FeCl3·6H2O contents: (a, b, A) 0 wt.%, (c, d, B) 2 wt.%, (e, f, C) 6 wt.%, and (g, h, D) 10 wt.%



The X-ray pho to elec tron spec tros copy (XPS) spec tra was car ried out to in ves ti gate the 
el e men tal com po si tion and sur face va lence states of the a-Fe2O3 nanobulk, and the re sults are
showed in fig. 3. The sur vey XPS curves in fig. 3(a) re veal that the sam ple is com posed of Fe and O 
el e ments. Fig ure 3(b) ex hib its the spec trum of Fe 2p re gion, in which the dou ble in di vid ual peaks at

711.2 and 724.5 eV cor re spond to Fe 2p3/2 and Fe
2p1/2, re spec tively [1]. As shown in fig. 3(c), the
char ac ter is tic peak of O1s with strong pho to elec -
tron sig nal at 531.6 eV, can be as signed to the
Fe-O-Fe bonds. This re sult fur ther proves
a-Fe2O3 nanobulk was suc cess fully syn the sized.

To fur ther ver ify the for ma tion of a-Fe2O3

struc ture, Fou rier trans form in fra red (FTIR)
anal y sis was em ployed. Fig ure 4 shows the FTIR 
spec tra of FeCl3·6H2O/PVDF com pos ite fi bers
and a-Fe2O3 nanobulk cal cined at 600 °C. A
broad peak at about 3440 cm–1 cor re sponds to
H-OH stretch is clearly ob served in fig. 4(a) [8].

The char ac ter is tic peaks of CH sym met ric
and CH2 asym met ric vi bra tion, CF2 de for ma -
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Figure 2. The FESEM images of as-calcined a-Fe2O3 nanobulk with 2 wt.% FeCl3·6H2O

Figure 3. The XPS spectra of a-Fe2O3 (a) survey spectrum; (b) Fe 2p spectrum; (c) O 1s spectrum

Figure 4. The FTIR spectra of
FeCl3·6H2O/PVDF composite fibers (a) and
a-Fe2O3 nanobulk (b)



tion and stretch ing vi bra tions cor re spond ing to
PVDF ap peared at 2940 and 2850, 1400, 1180,
and 883 cm–1, re spec tively [20]. Those char ac -
ter is tic peaks dis ap peared and some new char -
ac ter is tic peaks appeard in a-Fe2O3 nanobulk as 
shown in fig. 4(b). The two sharp peaks ap pear -
ing at 478 and 573 cm–1 are as signed to the
Fe-O vi bra tion of the a-Fe2O3 nanobulk [7].

In or der to elu ci date the a-Fe2O3 nanobulk
for ma tion pro cess, thermogravimetric anal y sis
(TGA) anal y sis was car ried out on the as-spun
FeCl3·6H2O/PVDF pre cur sor com pos ite
nanofibers. Fig ure 5 shows TGA curves of the
as-spun FeCl3·6H2O/PVDF pre cur sor com pos ite
nanofibers in the tem per a ture range of 50-600 °C. 
It is clear that the first weight loss of 12.8% oc -
curred at around 50-250  °C re sult ing from the
evap o ra tion of ab sorbed wa ter, residual DMF, ac e tone and the re moval of crys tal wa ter mol e cules
of the chlo rides, which is an en do ther mic re ac tion. The sec ond sig nif i cant weight loss of ap prox i -
mately 31.7% from 250 °C to 360 °C can be as cribed to the par tially de com po si tion of iron chlo ride 
and the deg ra da tion of the side chain of PVDF. These pro cesses are ac com pa nied by exo ther mic re -
ac tion. The third weight loss of 12.7% hap pened in the range of 360-600 °C , which could be at trib -
uted to the ox i da tive de com po si tion of the main chains of PVDF and the com plete de com po si tion
of iron chlo ride.

Fi nally, the to tal weight loss amounts to 57.2%, led to sig nif i cant vol ume de crease and 
the for ma tion of a-Fe2O3 nanobulk.

Con clu sions

The PVDF/FeCl3·6H2O com pos ite nanofibers with dif fer ent con tent of FeCl3·6H2O
(0, 2, 6, and 10 wt.%) were suc cess fully man u fac tured by bub ble electrospinning tech nique us -
ing PVDF and FeCl3·6H2O. The com pos ite fi bers of PVDF/FeCl3·6H2O with 2 wt.%
FeCl3·6H2O was cal cined at 600 C° to form the a-Fe2O3 nanobulk.

The SEM im ages in di cates com pos ite nanofibers with 2 wt.% FeCl3·6H2O ex hib ited
small est av er age di am e ter and the nar row est scope of di am e ter dis tri bu tion. The for ma tion of
a-Fe2O3 was con firmed by FTIR, XPS, and TGA anal y sis. This a-Fe2O3 nanobulk can be
widely used for many ap pli ca tions, such as gas sen sors, cat a lysts, elec trode ma te ri als, and ab -
sorp tion ma te ri als. This tech nique is ap pli ca ble to prep a ra tion of other mulitfunctional
nanomaterials as well.
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Figure 5. The TGA curves of
FeCl3·6H2O/PVDF composite nanofibers
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