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Hollow hematite (a-Fe;O3) fine fibers with multiwall structure were synthesized by utilizing a centrifugal
spinning technique. Aqueous solutions of polyvinyl pyrrolidone and iron (III) nitrate nonahydrate were prepared
and spun into fibers. The precursor fibers were heat treated at 650 °C to form iron oxide fibers. Scanning electron
micrographs revealed the formation of iron oxide hollow fibers with multiwall structure with average wall
thickness of 55 + 15nm and outer fiber diameter of 852 + 86 nm. The formation of a-Fe,O3 was confirmed by

X-ray diffraction analysis and the phase identification was verified by XRD pattern and transmission electron
microscopy analysis. These hollow structure a-Fe,O3 fibers have promising uses in important biological pro-
cesses and biomedical applications.

1. Introduction

Methods to synthesize different forms of iron oxide fibers have re-
cently gained interest due to the promising potential applications.
Among different structures for iron oxide fibers, hollow fibers structures
are of interest for applications in micro-reactors and microfiltration for
biological systems [1]. Hematite (a-Fe;O3) is the most stable form of
iron oxide [2] and its different structures (0-D as nanoparticles and 1-D
as nanowires, nanotubes, etc.) are sought for a wide range of applica-
tions including in electrochemical energy storage (batteries) [3-7],
catalysts [8,9], supercapacitors electrodes [10], water treatment
[11-14], biomedical and biological processes [15-20] and gas sensors
[21-24]. The sol-gel method for obtaining a-Fe,Os3 fibers is common
techniques to prepare different oxides and composite fibers [25]. For
example, Gong et al. [26], reported the application of the sol-gel
method for producing hollow a-Fe,O5 fibers using ferric alkoxide and
acetic acid as starting precursors and alcohol as a solvent. The process
of obtaining a sol for developing the fibers, which in their case includes
subjecting the system to three heating treatment steps, took more than
seven days, and resulted in a-Fe,Oj5 fibers with diameter between 4 and
10 um and wall thickness of 1-2 um [26].

The electrospinning technique has been broadly applied to produce
solid and hollow nanofibers [7,27-29]. To date, a growing number of
studies have reported the fabrication of iron oxide fibers [21,30,31],
however few reports have focused on the fabrication of iron oxide
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hollow fibers. Chaudhari and Srinivasan utilized the electrospinning
technique to fabricate a-Fe,O3 nanofibers with hollow-structures using
Fe(acac); and PVP solutions which after fiber formation were subjected
to a heat treatment at 450 °C [5]. Zhan et al., fabricated a-Fe,O3 hollow
fibers using a combined sol-gel and co-electrospinning method fol-
lowed by calcination at 600 °C for 6 h [32]. Guo et al., synthesized a-
Fe,03 hollow nanofibers via electrospinning using Fe(NO3)3/PVP and
dimethylformamide (DMF) as solvent, where the developed composite
fibers were calcined at 450 °C [7].

Given the vast number of potential applications of hollow fiber
structures, because of their higher surface area, pore size, volume, and
lightweight [33], there is a need to develop a cost-effective fabrication
process. This study presents an alternative to overcome this challenge.
Here we show that the Forcespinning® method, which through the use
of centrifugal force, has proven to mass produce fine fibers of a variety
of composite, polymeric, and ceramic nanofibers [25,34-36] can be
effectively applied to develop hematite hollow fibers.

2. Materials and methods
2.1. Materials and characterization techniques
Polyvinylpyrrolidone (PVP) with average molecular weight of

1,300,000 (99.5%) and ferric nitrate (99% (Fe(NO3)39H,0)) were
purchased from Fisher Scientific Co. and used without further
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modification.

The fibers were produced using a lab scale cyclone from Fiberio
Technology Corp. Scanning electron microscopy (SEM) images were
obtained using a Sigma VP Carl Zeiss SEM operated at 1 kV. The com-
posite samples were sputtered with gold utilizing a deposition system
(Denton's Desk V). The statistical analysis of the fiber diameters was
conducted using Image J software and Minitab® 17 software.
Thermogravimetric analysis (TGA) and differential thermogravimetric
analysis (DTG) were carried out using a SDT Q600 TA TGA in nitrogen
flow up to a temperature of 650 °C with a heating rate of 10 °C/min.
Conventional transmission electron microscopy (TEM) imaging and
scanning transmission electron microscopy (STEM) combined with en-
ergy dispersive X-ray spectroscopy (EDX) elemental mapping were
conducted on FEI Tecnai G2 F30 and FEI Titan STEMs. The STEM was
operated at beam energy of 100 keV. X-ray diffraction (XRD) patterns
from the fibers were recorded using a Bruker D8 Advanced X-ray dif-
fractometer in a 20 range of 10-80° at a scan rate of 1 °C/min. X-ray
photoelectron spectroscopy (XPS) analysis was performed using a
Thermoscientific Model K-a XPS which utilizes a micro-focused
monochromated Al K-a X-ray source with changeable spot size from 30
to 400 um.

2.2. Fabrication of composite PVP/Iron nitrate and Iron oxide fibers

Composite fibers of PVP/Iron nitrate were fabricated applying a
centrifugal spinning method. First a polymer solution of PVP (2.8 g) in
6 g water was prepared and placed under magnetic stirring for at least
3 h. In the meantime, a solution of 1.95 g iron nitrate in 2 g water was
prepared. Both solutions were then mixed at room temperature (weight
ratio of iron precursor/polymer = 0.7) and stirred for 2 h. The prepared
solutions were spun using the cyclone system, the spinneret was fed
with 2 ml of solution and fibers spun at a relative humidity between 50
and 60% and an angular velocity of 7000-7500 rpm. The composite
fibers were collected as a mat (shinny yellow color). The collected fibers
were then subjected to calcination at 650 °C for 2 h with heating rate of
3°C/min to eliminate the organic compounds and attain iron oxide fi-
bers samples (brown-red color). The fabrication process is shown in
Fig. 1.

3. Results and discussions

SEM image in Fig. 2a shows the surface morphology of the devel-
oped composite fibers. No particle is seen on the fibers, which indicates
a homogenous distribution of the iron nitrate within the sacrificial PVP.
The solid structure of the fibers is evident from cross-section also shown
in Fig. 2a (upper-right inset). The histogram of diameters of these
composite fibers gives an average value of 1243 + 210nm (Fig. 2b).

SEM images in Fig. 2c—f show the calcined fibers at different
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magnifications. Hollow fibers with multiwall structures can be seen.
The formation of hollow fibers might be explained by the increase in
pressure inside the fibers due to the decomposition of the sacrificial
polymer and higher rate of gas evolution (H,O and CO, gases) within
the fibers compared to the gas diffusion rate through the fibers resulted
in swelling of the fibers to form the hollow structure, which is ad-
justable based on the heating rate [1,5]. As can be seen from Fig. 2¢c-f, a
uniform hollow multiwall structure is obtained at a heating rate of 3 °C/
min at 650 °C. Higher magnification images of these iron oxide fibers
depicted the nano-sized multiwall hollow fibers with a coarse surface.
Fig. 2e shows a split iron oxide fiber (identified with the red arrow)
which exhibits the multiwall continuous hollow canal. The short fibers
show hollow structure with an open end which provides a high surface
area. Fig. 2f shows that some of iron oxide fibers are double-wall. The
analysis indicates that the wall thickness of these fibers are
55 = 15nm and a mean outer diameter of 852 = 86 nm.

TGA and DTG data from pure PVP and PVP/Iron nitrate fibers are
shown in Fig. 3a. They represent two steps weight losses at different
ranges. The first region of weight loss in the vicinity of 100 °C is at-
tributed to the removal of adsorbed water. The second weight loss peak
at 265 °C corresponds to a combined contribution of polymer decom-
position and iron precursor. The phase transformation of iron oxide is
ascribed to this step, which continues up to the temperature of 400 °C
where it becomes stable. In comparison, pure PVP fibers have the de-
gradation temperature above 400 °C (Fig. 1a). Adding the iron salt to
the polymer clearly decreased the degradation temperature. The main
reason of this behavior was attributed to the interactions of polymer
and Fe*? in the spinning process of the developed fibers [1]. For the
composite sample, above the temperature of 450 °C, the polymer is
burned off and the residual weight of the sample, around 27%, corre-
sponds to the formation of a stable iron oxide phase. The confirmation
of the iron oxide phase is provided by X-ray diffraction measurements
(Fig. 3b), where presence of peaks 23.8, 33.3, 35.5, 40.9, 49.4, 53.9,
57.5, 62.2, 63.9, 71.9° indicates the formation of a-Fe,O3 phase [37].

Fig. 4a shows the XPS spectra for composite PVP/Iron nitrate and
iron oxide fibers. As can be seen the peaks correspond to C 1s, O 1s, N
1s, and Fe 2p. For the iron oxide hollow fibers the N 1s peak is negli-
gible which indicates the absence of C—N group. Compared to the
composite sample, in iron oxide fibers the relative contents of Fe and O
were increased while the carbon content decreased. Fig. 4b, c and d
show the deconvolution of Fe 2p, C 1s and O 1s peaks from the com-
posite iron oxide fibers. The peak at binding energy, 710.3 eV is as-
signed to Fe 2p>? while the peak at 723.1 eV corresponds to Fe 2p*/2
These peaks are accompanied by satellite peaks corresponding to Fe,O5
[37]. As reported in different Fe,O3 studies, the presence of the satellite
peak between 2p*? and 2p'/? with 715.3 eV binding energy (Fig. 4b)
confirms the formation of the for a-Fe,O3 phase [38] [39]. The de-
convolution of C 1s spectrum resulted in two peaks at binding energies

Iron oxide fibers after
calcination at 650° C

Composite structure of
PVP/ferric nitrate

Fig. 1. Schematic representation of fabrication process for a-Fe,O5 fibers. Three main steps: solution preparation, spinning, and calcination. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)

553



M. Akia, et al. Materials Science & Engineering C 102 (2019) 552-557

Mean 1243
N 100

600 800 1000 1200 1400 1600 1800 2000
Fiber diameter (nm)

Fig. 2. (a) SEM images of the as prepared PVP/Iron nitrate composite fibers along with its cross section shown in the upper-right inset. (b) The histogram of fiber
diameters of these composite fibers. (¢, d) SEM images of the fibers calcined at 650 °C obtained at different magnifications. (e, f) Images of split fibers showing
uniform hollow structure along the length of the fiber and nano-sized walls of the fabricated iron oxide fibers.
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Fig. 3. (a) TGA and DTG data from pure PVP and composite PVP/Iron nitrate fibers and (b) XRD pattern of the fibers calcined at 650 °C.
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Fig. 4. XPS spectrum for composite and iron oxide fibers samples (a), deconvoluted high resolution XPS spectra of iron oxide fibers for Fe 2p (b), C 1s (c) and O1s (d).

Table 1
Composition of elements in both composite and iron oxide fibers based on the
XPS data.

Carbon Oxygen Iron Nitrogen

(at.%) (at.%) (at.%) (at.%)
Composite PVP/Iron nitrate fibers 68.27 20.12 2.52 8.82
Iron oxide fibers 6.27 39.35 53.38 0.28

of 284.9 eV and 288.9 eV attributed to C—C sp? and O-C=0 bonds re-
spectively. The O 1s peak can also be deconvoluted into two peaks
(529.3 and 530.7 eV) and are ascribed to Fe—O, C=0 groups [30]. The
elemental compositions for the composite sample and iron oxide fibers,
based on these XPS data, are reported in Table 1. These results reveal
almost 96.5 wt% reduction in the carbon content of the fibers after
calcination at 650 °C.

Additional analysis of the crystalline structure and elemental dis-
tribution of iron oxide fibers were carried out using analytical STEM
(Fig. 5). Fig. 5a shows the high-angle annular dark-field STEM (HAADF-
STEM) image and EDX maps of individual Fe, C, and O elementals
within the fiber. The EDX maps reveal the presence of Fe and O on the
fibers while the EDX elemental analysis at selected points indicates a
carbon atomic percentage of 4.5 * 1.5% within the sample. This result
shows the formation of iron oxide fibers and is consistent with XPS
elemental composition analysis. HR-TEM image of the fibers (Fig. 5b)
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shows that fibers are indeed crystalline. The periodic fringes seen in the
Fig. 5c matches with (104) plane d-spacing of 0.26 nm in a-Fe,O3 lat-
tice. Fast Fourier transform (FFT) obtained from Fig. 5S¢ shows spacings
of 2.6 A and 3.7 f\, which corresponds to d-spacings of (104) and (012)
planes respectively (Fig. 5d). These observations agree with the XRD
results and further confirm the formation of crystalline a-Fe,O3 fibers.

4. Conclusions

Multiwall a-Fe,O3 hollow fibers with average wall thickness and
fiber diameter of about 55 nm and 850 nm, respectively were fabricated
via a simple, flexible, and scalable technique. The precursor fibers with
shinny yellow color obtained by centrifugal spinning of an aqueous
solution with iron precursor/polymer of 70% w/w were collected as a
mat. These initial fibers with diameter of about 1240 nm were PVP/Fe
(NOg3); fibers. The calcination of the fibers at 650 °C resulted in 32%
shrinkage in fibers diameter and a roughening of the surface. The sur-
face morphology of the fabricated multiwall hollow a-Fe,Oj5 fibers with
nano-sized wall thickness were studied by SEM. The removal of organic
compounds and formation of a stable phase of iron oxide fibers was
demonstrated by thermogravimetric analysis. XRD and TEM results
confirmed a high purity and crystallinity of the a-Fe,O3 hollow fibers.
This facile method to fabricate nanolayered multiwall a-Fe,O3 hollow
fibers renders promising potential for catalysts, biological processes and
biomedical applications such as drug delivery carriers.
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Fig. 5. (a) HAADF-STEM image and a set of EDX elemental maps of an iron oxide fiber obtained from the region indicated in HAADF image by dotted box. (b, ¢) High-
resolution conventional TEM images of the iron oxide fibers showing d-spacing between periodic fringes, and (d) the FFT obtained from the image.
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