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Abstract. Given the importance of tungstate in industry and aiming to introduce new tungstate nanostructure with a
modern method, iron tungsten nanofibres were prepared for the first time by sol–gel followed by electrospinning and
calcination. First, poly(vinyl alcohol) (PVA) as a matrix polymer was mixed separately with tungstic acid (H2WO4) and
iron(III) nitrate (Fe(NO3)3). The controlled mixing of the two solutions followed by electrospinning led to the fabrication
of PVA/tungstic acid/iron(III) nitrate composite nanofibres. Finally, ceramic nanofibres of iron tungstate were obtained
from the calcination of polymeric nanofibres under thermal control conditions. The final product was analysed by
scanning electron microscopy, energy-dispersive X-ray spectroscope, Fourier transform infrared spectroscopy, X-ray
diffraction, vibrating sample magnetometer, Brunauer–Emmett–Teller surface area analysis and Barrett–Joyner–Halenda
pore size and volume analysis.
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Introduction

Ceramic nanostructures are interesting materials that
have potential applications in electronics, photonics,
sensors, electrodes, colours, pigments, catalyst supports
and drug delivery systems [1,2]. These materials are
typically hard, inert, thermally stable and superbly
resistant to corrosion and chemical erosion with good
mechanical properties [3]. Due to the importance of
nanoceramics, researchers are more interested in studying and fabricating novel nanoceramics with unique
properties. Ceramic nanofibres are a class of ceramic
nanostructures that have unique properties, including
superior mechanical roughness, higher luminescence
efficiency and enhancement of the thermoelectric merit
[4–6]. Enhanced magnetic moments, exchange-coupled
dynamics, quantization of spin waves and colossal
magneto-resistance are special properties that emerge as
a result of high length and the small diameter of magneto-ceramic nanofibres [7,8]. These new properties lead
to potential applications of ceramic nanofibres in permanent magnets, data storage devices, magnetic

resonance imaging, sensing devices, energy storage,
catalysis and targeted drug delivery [9–14].
Electrospinning is a widely used technique for the production of nanofibres and provides electrical power for
making fibres with a diameter from 2 nm to more
micrometres. This technique is a simple and comprehensive
technique which can produce one-dimensional nanostructures such as nanofibres on an industrial scale with controllable diameter and morphologies. Essentially, the
electrospinning system consists of three main parts: a high
voltage source that leads to the polarization of polymer and
throwing of polymer in the form of a Taylor funnel. A
syringe pump helps to inject polymer from a nozzle to a
collector connected to high voltage. During the electrospinning process, the evaporation of the solvent from the
injected polymer produces solid nanofibre mats on the
collector surface [15]. The combination of the electrospinning and sol–gel techniques followed by calcination provides a way to fabricate ceramic nanofibres of different
sizes, composition and morphologies [16]. For the preparation of mineral ceramic fibres, first, a sol–gel of metal or
the mixture of polymer with a metal salt or precursor
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polymer is electrospun; then, the calcination of the polymeric nanofibres under controlled conditions at high temperatures produces different types of ceramic nanofibres
depending on the heating rate and the atmosphere used in
heating process [17].
Tungstate is an interesting class of ceramic materials
that have very high melting point, very low vapour pressure and very high tensile strength, it is used mainly as a
catalyst electrode in electronic materials [18–20]. The
most important properties of tungstate are affected by the
size of their particles. For example, the catalytic activity of
these compounds is improved by shrinking the particle size
and ultimately reaching the nanoparticles, which increases
the surface-to-volume ratio of materials. Thus different
tungstate nanostructures have been synthesized by
researchers using various methods. There are different
methods for the synthesis of iron tungstate nanostructures
including citrate [21], chemical [22], template [23],
hydrothermal [24], sol–gel [25] and chemical methods
[26]. The different morphology of iron tungstate nanostructures has been provided by these methods such as
nanoparticles [27], nanosheets [24] and nanocrystals [28].
For example, Guo et al [29] synthesized monodisperse iron
tungstate nanoparticles with specific spindle-like morphology and demonstrated that the decomposition efficiency of spindle-like FeWO4 nanoparticles was more than
the effectiveness of the normal FeWO4 sample and TiO2
photocatalysts. Gao and Liu [30] also prepared FeWO4
nanorods through hydrothermal progress and showed that
FeWO4 nanorods had a higher photocatalytic activity for
the decomposition of methyl orange under ultraviolet–
visible light irradiation than that of ultraviolet light irradiation. Also, the value of Néel temperature for iron
tungstate nanorods is lower than that of bulk approving the
effect of the size and shape of the synthesized FeWO4 on
its properties. In another study, FeWO4 nanocatalyst was
prepared using the electrospinning method by a complicated method using Na10[Sb2W18Zn3O66(H2O)3]48H2O
with tetra-n-butyl ammonium bromide as a metal precursor
and polyacrylonitrile as a polymer in a patent [31]. Nevertheless, the high cost of materials, the complexity of
methods for solution preparation and the unknown morphology of nanocatalyst have been mentioned as the main
disadvantages of this method. Therefore, in this research,
we investigated the production of iron tungstate ceramic
nanofibres using the electrospinning method in the presence of iron nitrate and tungstic acid as a metal precursor
and poly(vinyl alcohol) (PVA) as a polymer. Some of the
advantages of this method include being a simple-solution
preparation method, using biodegradable, biocompatible,
cheap and affordable materials and being able to produce
on an industrial scale. The ceramic nanofibrous product
was characterized using X-ray diffraction (XRD), scanning
electron microscopy (SEM), Fourier transform infrared
(FT-IR) spectroscopy, vibrating sample magnetometer
(VSM) and Brunauer–Emmett–Teller (BET) analysis.
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2.
2.1

Experimental
Materials and apparatus

All chemicals were purchased from Merck Chemicals Co.
The electrospinning process was done using Electroris
(FNM Ltd., Iran, http://www.fnm.ir) as an electrospinning
device. This device has controllable components, such as
high voltage, syringe pump, drum and nozzle. The calcination process was conducted by the Exciton furnace (Exciton Co. Ltd., Iran, http://www.exciton.ir) that can provide
heating rate control up to 1800°C.

2.2

Characterization

The obtained products were characterized by SEM, energydispersive X-ray spectroscopy (EDX), XRD, FT-IR, VSM
and BET. SEM images were observed using SEM (Philips
XL 30 and S-4160) with gold coating, equipped with EDX.
Powder XRD spectrum was recorded at room temperature
by a Philips X’pert XL 30 diffractometer using Cu-Ka
(a = 1.54056 Å) in Bragg–Brentano geometry (h–2h). FTIR spectra were obtained over the region 400–4000 cm-1
with Shimadzu 8400s, Japan and spectroscopic grade KBr.
The magnetic properties of the catalyst were obtained by
vibrating sample magnetometer/alternating gradient force
magnetometer (VSM/AGFM, MDK Co., Iran, www.mdkmagnetics.com). BET surface area analysis, Barrett–Joyner–Halenda (BJH) pore size and the volume analysis of
nanofibres were done by the Micromeritics TriStar II plus
model device. The conductometer of the AZ instrument
crop, Taiwan, was used for conductivity measurement. As
for the viscosity measurement, viscometer from Brookfield,
USA was used.

2.3

Preparation of electrospinnable solution

First, 5 g of PVA (72,000 g mol-1) was dissolved in
50 cm3 deionized water at 50°C for 15 min (10% W/W)
and stirred at room temperature for 1 h. Then, 10 g of PVA
solution was mixed with 0.362 g of Fe(NO3)3 (1.49 mmol)
without heat for an hour to obtain the solution A. The
amount of 0.374 g of tungstic acid (1.49 mmol) was also
dissolved in 1 cm3 of ammonia in room temperature and
was mixed with 10 g of PVA to prepare the solution B.
Finally, the droplet mixture of the solutions A and B in the
presence of 0.8 g Tween 80 produced the precursorcontaining polymeric solution.

2.4

Electrospinning

The obtained solution was loaded into a plastic syringe with
the inner diameter of a pinhead (0.80 mm). The syringe was
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connected to the nozzle of the electrospinning device
connected to a syringe pump. In this device, the rotating
drum was used as a collector that was wrapped by an aluminium foil. A typical PVA electrospinning condition was
used [32]. The voltage, nozzle-to-drum distance and injection rate were 20 kV, 15 cm and 1 ml h-1, respectively.
After electrospinning 10 ml of the solution, the polymeric
nanofibres were peeled off from the foil and placed in an
oven to remove the remaining solvent residues. Finally,
polymer nanofibres were calcinated at 500°C temperatures
raised at a rate of 1°C min-1 for 3 h in the air.

3.
3.1

Results and discussion
Electrospinning

Considering the ceramic nanofibres fabrication method, it
was observed that ceramic nanofibres primarily needed to
be made by electrospinning the solution of the polymer
containing a metal precursor. Sodium tungstate (Na2WO4)
and WO3, as the precursors of W and Mohr’s salt
((NH4)2Fe(SO4)2), ammonium iron alum (NH4Fe(SO4)2),
iron sulphate (FeSO4) and ferric chloride (FeCl3) as ironcontaining additives have been used in different iron tungstate nanostructure syntheses [21–31]. The most common
method for synthesizing FeWO4 is by using Na2WO4 and
FeCl3 [33]. However, the presence of Na? and Cl- anion
required that FeWO4 be washed several times by distilled
water which could not be done on polymer mixture or
polymeric mat during the electrospinning process. Also, the
presence of NaCl could affect the electrospinning process
and nanofibre morphology [34]. Na10[Sb2W18Zn3O66
(H2O)3]48H2O with tetra-n-butyl ammonium bromide has
been used previously as a metal precursor to prepare
FeWO4 nanocatalyst using the electrospinning method [31].
To introduce a simple method and materials, we decided
to use iron nitrate and tungstic acid as precursors of Fe and
W. In a study carried out by Wang et al [35], mesoporous
tungsten oxide was synthesized by the sol–gel process from
tungstic acid precursor. Moreover, tungstic acid has been
used in the synthesis of bismuth tungstate [36]. Tungstic
acid, which is a kind of transition metal hydroxide, is
expected to be used as a good precursor in the electrospinning method because of its gelling ability and viscoelastic behaviour [37]. For this purpose, the tungstic acid
was dissolved in ammonia as a solvent knowing that the
nitrate anion and ammonia could be eliminated during the
calcination of polymeric nanofibres. For controlling the
solution viscosity and electrospinning process, PVA was
used as a polymer to be mixed with metal ions. PVA is used
in various industries, such as membrane, coatings, textile
sizing, adhesive and medical devices, because of its biocompatibility, good chemical resistance, availability and
good physical properties. Besides, it is a water-soluble,
inexpensive and non-toxic polymer with the ability to

Page 3 of 8

204

immobilize metals in ceramic nanofibre production [38].
Moreover, the organic structure of PVA can be completely
removed during the calcination process. Hence, the PVA
solution was separately mixed with iron(III) nitrate and
tungstic acid. Then, these two solutions were mixed drop by
drop in the presence of Tween 80 as a surfactant. The
electrical conductivity of PVA/iron(III) nitrate/tungstic acid
solution measured by the conductometer was 10.40 lS m-1
that was higher than the deionized water with a conductivity
of about 5.5 lS m-1 at 25°C. Therefore, the solution has
good viscosity with sufficient entanglement and high conductivity necessary for fibre formation during the electrospinning process [34]. The prepared solution was loaded
into a syringe that was connected to the Electroris device
and electrospun under a controlled condition. Finally, the
electrospinning of the solution followed by calcination
under a controlled condition led to the fabrication of ceramic nanofibres.

3.2

Scanning electron microscopy (SEM)

The SEM analysis was applied to investigate the morphology of polymeric composite nanofibres (figure 1a). This
image illustrates the formation of a nanofibrous structure
with a smooth surface showing a successful electrospinning
process. However, a type of adhesion among nanofibres can
be seen on the porous mat of formed polymeric composite
nanofibres. Also, some drops were seen at a low magnification that can be caused by drops being thrown during the
disconnection and connection of the device in 10 h of
electrospinning operation.
The histogram of size distribution was drawn by measurement and Origin software, as shown in figure 1b. As
can be seen, the size of nanofibres ranges from 0–50 to
350–400 nm with an average diameter of 171 nm. The size
of the diameter of 15 nm measured nanofibres is shown in
supplementary table S2.
Polymer nanofibres under different temperature conditions were calcified to produce ceramic nanofibres by
removing organic matrix and polymer. Figure 2 shows the
SEM images of nanofibres after calcination at 500°C with a
temperature rate of 1°C min-1. As shown in figure 2,
ceramic nanofibres were successfully formed with a porous
structure, rough on the surface and nanofibrous morphology. Some dots can be seen at a low magnification that can
be created by the crumpling of the polymeric mat during the
calcinations and elimination of organic materials, as well as,
can be formed from calcinations of some polymeric drop
[39]. The size of nanofibres ranges from 0–20 to
120–140 nm with an average diameter of 68 nm (figure 3).
The size of the diameter of 15 nm measured ceramic
nanofibres is shown in supplementary table S2.
The SEM device was equipped with an EDX. The EDX
analysis was performed on ceramic nanofibres to determine
the elemental composition. The Fe, O and W pattern
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Figure 1.
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(a) SEM image and (b) histogram of size distribution of polymeric PVA/tungstic acid/iron(III) nitrate.

confirmed the main elements in the quantitative analysis
(figure 4). Other elements could be created by the impurity
of water or foil during the solution preparation or peeling of
the nanofibres from foil.

3.3

Fourier transform infrared (FT-IR) spectroscopy

The structure of FeWO4 (space group: P2/c) can be
described in terms of the infinite zig-zag chains of FeO6 and
WO6 octahedral groups; every metal atom surrounded by
six oxygen atoms was aligned along the c axis [40]. Iron,
tungsten and oxygen atoms occupied the 2f, 2e and 4g sites,
respectively. The existence of two non-equivalent positions
for oxygen atoms is the characteristic of the structure of
FeWO4. There were two tungsten atoms and one iron atom
in the nearest arrangement of the O1 atoms, while one
tungsten atom and two iron atoms neighboured the O2
atoms [41–43]. So, according to the crystal structure of
FeWO4, it was expected that the characteristic peaks of W–
O and Fe–O in FT-IR spectroscopy of iron tungstate
nanostructures appear. Previous studies indicate that the FTIR of FeWO4 has six characteristic peaks under 1000 cm-1
referred to as Fe–O, W–O and Fe–O–W stretching and

deformation vibrations [25]. The absorption between 480
and 786 cm-1 corresponds to the stretching vibration and
bending mode of O–W–O in WO3 and FeWO4 nanoparticles [33,44]. However, the above bands can be attributed to
the stretching vibration of Fe–O–W due to the introduction
of Fe3? cations [45]. The distinguished FT-IR peaks of
FeWO4 particles prepared by a simple co-precipitation
method indicated peaks at 633 and 710 cm-1 for W–O
stretching vibration and peaks at 834 and 877 cm-1 for Fe–
O–W vibration, respectively [33,46].
The FT-IR spectra of prepared FeWO4 nanofibres are
shown in figure 5. The main absorption peaks of FeWO4
nanofibres appeared in the range of 450–1000 cm-1. In the
case of nanofibres, the vibration, which is attributed to the
stretching of Fe–O–W, shifts to 954 cm-1. It could be due to a
stronger interaction between Fe element and WO3 in the new
nanofibrous structure because the Fe3? cations and amount of
its interaction with other elements had a significant effect on
the morphology of synthesized products [45]. Simultaneously, the W–O peaks (834, 710 and 633 cm-1 for Fe–O–W
and O–W–O) shifted towards lower frequencies and appeared
at 795, 706 and 593 cm-1, respectively. According to the redshift description in FT-IR spectroscopy, it seems that the
Mulliken electronegativity of W and O makes the electrons of
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Figure 2. SEM image of electrospun PVA/tungstic acid/iron(III) nitrate after calcination at 500°C with a rate of 1°C
min-1 with different magnification.

symmetric and asymmetric deformation modes of Fe–O [33].
The characteristic peak in 2358 cm-1 corresponds to the
overtone band of FeWO4. The stretching band of O–H of
adsorbed water appeared in 3437 cm-1.

3.4

Figure 3. Histogram of size distribution of electrospun PVA/
tungstic acid/iron(III) nitrate after calcination at 500°C with a rate
of 1°C min-1.

Fe shift to the W–O band and thus leads to a red-shift of W–O
[45]. The absorption bands at 465 and 532 cm-1 (appear as
the shoulder of 593 cm-1 peak) could be assigned to the

X-ray diffraction

FeWO4 is an isostructural compound crystallized in a monoclinic structure belonging to the P2/a space group, with unit
cell parameters a = 4.753 Å, b = 5.720 Å, c = 4.968 Å,
b = 90.17° and a = c = 90° in accordance with the crystallography data determined for the compounds in [42,43].
The structure of the iron tungstate nanofibres was
investigated by the XRD analysis. Typical XRD patterns of
the sample, prepared by the present method, are shown in
figure 6. Also the table of XRD peak list was added in
supplementary table S1. Diffraction peaks at around 15.51,
18.03, 23.81, 30.02, 31.31, 36.33, 40.72, 44.11, 48.71,
52.39, 61.56, 64.71 and 68.30° are recognizable from the
XRD pattern that can be indexed to (010), (100), (011),
(-111), (020), (002), (210), (-112), (022), (130), (113),
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Figure 4.
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EDX of FeWO4 nanofibres.

Figure 5.

FT-IR of FeWO4.

Figure 6. XRD of ceramic nanofibres produced by the calcination of polymeric nanofibre containing
iron(III) nitrate/tungstic acid/PVA.

(-131) and (041) planes of monoclinic primitive structure,
respectively. These values are close to those previously
reported FeWO4 crystal structures. Previously, Rajagopal
et al [19] synthesized FeWO4 nanoparticles with electrical

properties by the hydrothermal method and explained their
crystal nature. Similarly, Liu et al [47] developed uniform
monodispersed FeWO4 nanorods by a hydrothermalassisted reverse microemulsion method and characterized
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nanorods with XRD which agreed well with iron tungstate
nanofibre pattern, probably as a result of the same onedimensional nanostructure. The observed diffraction peaks
are in complete agreement with the structure of iron tungsten oxide (iron tungstate, FeWO4) that is referenced in Jade
ASCII code no. 01-085-1354 and tabulated by Joint Committee on Powder Diffraction Standards (JCPDS) file no.
71-2391. There is no other phase observed in the XRD
pattern.

3.5

Brunauer–Emmett–Teller (BET) surface area analysis
Figure 7. VSM analysis of FeWO4 nanofibres.

The BET analysis provides a precise, specific surface area
evaluation of materials by nitrogen multilayer adsorption
that is measured as a function of relative pressure with the
help of a fully automated analyser. The BET analysis of the
iron tungstate nanofibres showed a single-point surface
area, BET surface area, Langmuir surface area and t-plot
external surface area at p/p0 = 0.30 in the amounts of
2.8641, 20.8857, 12.7165 and 8.7469 m2 g-1, respectively.
Adsorption average pore diameter and desorption average
pore diameter were calculated by BET as about 2.89611 and
2.91058 nm, respectively. The single-point adsorption and
single-point desorption total pore volume of pores, which
were less than 40/3122 nm width at p/p0 = 0.950000000
and obtained from BET, were 0.015122 and 0.015197 cm3 g-1,
respectively.

3.6 Barrett–Joyner–Halenda (BJH) pore size and volume
analysis
The BJH analysis can also be employed to determine the
pore area and specific pore volume by adsorption and desorption techniques. This technique characterizes pore size
distribution regardless of the external area based on the
particle size of the sample. The cumulative surface area of
pores was between 1.7000 and 300.0000 nm widths and
gained from BJH adsorption, BJH desorption, D–H
adsorption and D–H desorption in 10.777, 10.0890, 11.436
and 10.7283 m2 g-1, respectively. The BJH adsorption
cumulative volume of pores and BJH desorption cumulative
volume of pores were 0.016415 and 0.016442 cm3 g-1,
respectively. Likewise, BJH adsorption average pore width,
BJH desorption average pore width, D–H adsorption average pore width and D–H desorption average pore width
were calculated as 6.0927, 6.5186, 6.8565 and 7.2013 nm,
respectively.

3.7

Magnetic properties

The magnetic hysteresis measurements of the nanofibres
were done in an applied magnetic field at room temperature,
with the field sweeping from -15,000 to ?15,000 Oe.

These nanofibres showed slow permeability in magnetization (figure 7). The figure presented the coercivity values
and did not show any changes in the magnetization curve.
The reversibility in the graph approved super paramagnetic
properties for FeWO4 nanofibres, whereas the saturation
magnetization value of iron vanadate was 2.5 emu g-1. The
graph showed that new ceramic nanofibres did not aggregate after the removal of the magnet device. Therefore,
these new magnetic nanofibres can be used in various
magnetic-based applications, such as magnetic resonance
imaging, targeted drug delivery and catalyst, without
changing in magnetic properties.

4.

Conclusion

The ceramic nanofibres made of iron(II) tungstate were
prepared by a combination of the electrospinning process
and the sol–gel method for the first time. The electrospinning of polymeric solution, containing iron nitrate and
tungstic acid as a metal precursor and PVA as a polymer,
respectively, was done followed by controlled calcination.
To name some of the advantages of this method, we can
mention its ability to prepare based on a simple solution,
use biodegradable, biocompatible, cheap and affordable
materials and produce on an industrial scale. The morphology of nanofibres characterized by the SEM demonstrated the formation of ceramic iron(II) tungstate from the
calcination of PVA/tungstic acid/iron nitrate polymeric
composite nanofibres at 500°C with the rate of 10°C
min-1. SEM images showed porous structures, rough on
the surface and nanofibrous morphology for iron tungstate
nanofibres. The presence of W, O and Fe elements proved
the appropriateness of the EDX analysis. The observed
diffraction peaks of XRD approved the monoclinic structure of iron(II) tungstate for calcinated nanofibres that are
close to the FeWO4 crystal structures reported in previous
research. The FT-IR spectroscopy of nanofibres agreed
well with the characteristic peaks of W–O, Fe–O and
Fe–O–W.
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[20] Kendrick E, Świa˛tek A and Barker J 2009 J. Power Sources
189 611

Bull Mater Sci (2020)43:204
[21] Ryu J H, Yoon J W and Lim C S 2005 Ceram. Int. 31 883
[22] Sieber K, Leiva H, Kourtakis K, Kershaw R, Dwight K and
Wold A 1983 J. Solid State Chem. 47 361
[23] Zawawi S M, Yahya R, Hassan A, Mahmud H N M E and
Daud M N 2013 Chem. Cent. J. 7 80
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