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Calcination temperature is a crucial parameter that can be easily controlled to induce a change in mate-
rial properties. Herein, iron tungstate (FeWO,) was synthesized via a hydrothermal method using iron(1I)
sulfate heptahydrate and sodium tungstate dihydrate as precursors and calcined at the temperature between
300 °C and 700 °C. With increasing calcination temperature, the saturation magnetization of FeWO, na-
noparticles decreased from 6.6 emu/g for FeWO, to 0.4 emu/g for FeWO,_700, whereas their band gaps
increased from 1.95 eV for FeWO, to 2.20 eV for FeWO,_700. More crystallinity and crystal defects, and
morphological changes at higher calcination temperatures contributed to varying magneto-optical proper-

ties of FeWO, nanoparticles.

Keywords: Iron tungstate; Calcination temperature; Optical, Magnetic; Hydrothermal synthesis.

INTRODUCTION

Iron tungstate (FeWO,) is classified into ABO,-type
oxides, which possess a wolframite-type structure built
up by WO, octahedral units'. Recently, FeWO, has been
extensively applied to photocatalysis®, electrocatalysis®,
biosensing?, and memristive devices® owing to its low-
-cost production, strong chemical stability, and excellent
electro-magneto-optical properties®’. Therefore, several
methods, such as hydrothermal? solvothermal®, copre-
cipitation®, sol-gel process’, and chemical spray pyroly-
sis’, have been developed for the synthesis of FeWO,
nanoparticles. Among them, the hydrothermal method
provides a simple and environmentally friendly means
of preparing nanomaterials with controllable morpholo-
gies and phase structures, and desired physico-chemical
characteristics via adjusting operating parameters'’. In
addition, the environment in the hydrothermal process
facilitates the dissolution of reactant substances (i.e.,
even insoluble under normal conditions), resulting in
homogenous nucleation and growth of nanocrystals;
therefore, it has proven a particularly effective technique
for the synthesis of bimetallic oxides, such as FeWO,,
with high purity.

Controlling synthetic parameters is an effective strategy
for modifying the structural, morphological, and physi-
cochemical properties of materials. FeWO, prepared at
different pH exhibited different morphologies and band
gap (E,) values (i.e., hexagonal flakes and E, = 2.35
eV at pH 2, small nanoparticles and E, = 2.45 ¢V at
pH 7, thin nanorods and E, = 2.33 eV at pH 9, and
a mixture of flakes, particles, and rods and E, = 2.50
eV at pH 10)". Increasing the amount of NaOH ad-
ditive (0, 0.5, and 1 g) in the hydrothermal synthesis
of FeWO, nanomaterials changed their morphologies
from nanoparticles to nanorods to nanofibers with the
increased BET surface areas of 4.4, 19.5, and 28.8 m?/g,
and the decreased charge transfer resistance, respec-
tively’®. Cetyltrimethylammonium bromide induced the
formation of FeWO, nanowires with saturation magne-

tization (M) of 1.7 emu-g~"** while the combination

of ethylenediaminetetraacetic acid disodium salt and
hexamethylenetetramine directed the growth of flower-
like FeWO, microcrystal with Mg of 0.01 emu-g~'".
Calcination temperature significantly affects the opti-
cal and magnetic characteristics of nanomaterials'®, and
its effects are complex and various depending on the
intrinsic nature of the materials. Calcination at elevated
temperatures could induce crystal phase transformation,
resulting in a difference in the optical properties of
ZnO nanoparticles'’. Increasing calcination temperature
increased the crystallinity, reducing the band-gap values
of CuO nanospheres due to the quantum confinement
effect’®. Hoghoghifard S. et al. reported that saturation
magnetization of NiFe,O, nanorods increased with
increasing calcination temperature'®; however, Chenari
H.M. et al. showed an opposing result for Cu,Co,_,0,%.
These results could be attributed to the change of ma-
terial surface, such as cation rearrangement, a varying
amount of surface spins, and the formation of spin-glass
states according to calcination temperature®'. Therefore,
the change in the magneto-optical behavior of various
materials as a function of calcination temperature has
been extensively investigated. While the influence of
several synthetic parameters, such as pH and chemical
additives, on the properties of FeWO, was explored, that
of calcination temperature has not yet been reported.
In this work, we synthesized FeWO, nanoparticles via
a hydrothermal route and calcined them at different
temperatures. Crystal structure, morphology, surface
area, magnetic, and optical properties of as-prepared
FeWO, samples were entirely characterized using X-ray
diffraction technique, transmission electron microscopy,
gas sorption analyzer, vibrating sample magnetometer,
and UV-Vis diffuse reflectance spectroscopy, respectively.
The variation in saturation magnetization and band
gap of FeWO, nanoparticles depending on calcination
temperature was investigated and discussed in detail.



EXPERIMENTAL

Chemicals

Chemicals used in this study include: iron(II) sulfate
heptahydrate (FeSO, - 7H,0, =99%, Xilong), sodium
tungstate dihydrate (Na,WO, - 2H,0, =299%, Acros),
sodium hydroxide (NaOH, =96%, Xilong), barium
sulfate (BaSO,, 299%, Xilong). Deionized water was
produced by a water still (WSC/4D, Hamilton Labora-
tory Glass LTD., UK).

Synthetic procedure of FeWO, nanoparticles

FeWO, nanoparticles were fabricated via a hydrother-
mal method using Na,WO, - 2H,0 and FeSO, - 7H,O
as precursors of W and Fe, respectively (Fig. 1)'%. 35
mL of Na,WO, solution (5 mmol, 1.6493 g) was pipet-
ted dropwise into a 100 mL-beaker containing 35 mL
of FeSO, solution (5 mmol, 1.3901 g) under vigorous
stirring at 700 rpm. The mixture was adjusted to pH
8 before being transferred to a 100 mL-sealed teflon
vessel autoclave and heated at 200 °C for 12 h in an
oven (UN10, Memmert, Germany). The precipitate was
separated via centrifugation and washed several times
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with D.I. H,O before being dried at 80 °C for 12 h. The
mass of the obtained product and the synthetic yield were
0.918 = 0.017 g and 60.43 * 1.15 %, respectively. Finally,
the samples were calcined at different temperatures for
3 h to compare their properties. FeWO,, FeWO,_300,
FewWO,_500, and FeWO,_700 denote the sample without
calcination and samples calcined at 300, 500, and 700°C,
respectively (Fig. 2).

Characterization methods

Crystal structures of the prepared materials were
determined using an X-ray diffractometer (Empyrean,
PANalytical). XRD patterns were recorded at the voltage
of 45 kV and current of 40 mA using Cu anode (Ko
= 1.54 A) in the 20 range of 5—80° with a scanning
rate of 1.6°min. Morphologies of FeWO, samples were
observed on a transmission electron microscope (JEM
1400 flash, JEOL) operating at 120 kV. The existence
of chemical elements on the surface of FeWO, samples
was identified using a scanning electron microscope
(S4800, Hitachi) coupled with an energy-dispersive X-ray
(EDX) spectroscopy (H-7593, HORIBA). The particle
size analysis was performed on a nanopartical series

FeWO,‘
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Figure 1. Scheme for synthetic procedure of FeWO, nanoparticles
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Figure 2. Pictures of (a) FeWO,, (b) FeWO,_300, (c) FeWO,_500, and (d) FeWO,_700 samples
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instrument (SZ-100, HORIBA). The chemical bonds
in FeWO, samples were determined using a Fourier-
transform infrared spectroscopy (FT-IR) (NICOLET
6700, Thermo). Nitrogen sorption isotherms of FeWO,
samples were measured using a gas sorption analyzer
(Nova 4000e, Quantachrome Instruments) and employed
to calculate surface area values and pore size distribution
based on Brunauer-Emmett-Teller (BET) and Barrett-
Joyner-Halenda (BJH) methods, respectively. Magneti-
zation curves of FeWO, samples were measured using
a vibrating sample magnetometer (Institute of Materials
Science, Vietnam). The diffuse reflectance UV-Vis ab-
sorption spectra of FeWO, samples were recorded on
a UV-Vis spectrophotometer (UV-2600, Shimadzu) using
BaSO, as the reference. The optical band gap energies
were estimated by extrapolating the linear segment of
the Tauc plot to the x-axis.

RESULTS AND DISCUSSION

The XRD pattern of FeWO, exhibits the diffraction
peaks at 20 = 18.8, 23.7, 24.4, 30.4, 36.2, 36.3, 38.1,
41.1, 51.8, 53.5, 61.5, and 64.1, which are attributed
to (100), (011), (110), (111), (002), (021), (200), (121),
(130), (202), (113), and (132) crystal planes of mono-
clinic FeWO, (JCPDS 74-1130), respectively (Fig. 3)".
When calcined at 300—700 °C, the above characteristic
peaks became sharper, particularly for FeWO,_700,
without additional impurity peaks, indicating that the
calcination process did not change the structural phase,
but increased the crystallinity. In addition, a slight shift
of the crystalline peaks to higher angles was observed
with increasing calcination temperature, which implies
a decrease in lattice spacing and distortion in the crystal
structure, possibly because of the formation of lattice
defects and/or oxygen vacancies at high temperatures.
High temperature during calcination could rupture and
rearrange the bonding in the lattice or on the surface
and increase the growth rate of particles, which induced
to generate crystal defects™,

The distinctive bonds of FeWO, were observed in their
FT-IR spectra (Fig. 4). The peaks at 3420 and 1622 cm™
belong to the —OH stretching and bending vibration of
water molecules, respectively’. The bands located at 871
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Figure 4. FT-IR spectra of FeWO, nanoparticles
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Figure 3. XRD patterns of various FeWO, nanoparticles

and 825 cm™ can be attributed to the symmetrical stretch-
ing modes of Fe—O—W?¢, The W—0 bond stretching in
WO, octahedral appeared at a wavenumber of 705 cm™'%,
The peak shifts toward higher wavenumbers in the FT-IR
spectra of FeWO,_300, FeWO,_500, and FeWO,_700
were noticed, suggesting a progressive reduction in bond
lengths with calcination temperature increment?’, which
is in good agreement with the XRD results.

TEM images in Figure 5 display the morphologies
of FeWO, samples treated at different calcination
temperatures. FeWO, samples synthesized with and
without calcination comprise the mixture of nanosphere
(i.e., diameter ~ 13—70 nm) and nanorod (i.e., width
~ 6—50 nm and length ~ 45—400 nm). The nanorod
lengths of FeWQO,_700 shortened compared with those
of other FeWO, because higher calcination temperature
may accelerate the chaotic state of particles, which
inhibits a crystal orientation along to a specific plane
and reduces the length of nanorods' ?. Figure 6 shows
SEM micrographs and EDX analyses of various FeWO,
samples. Several large aggregation of rod and sphere
particles was observed on the surface of all FeWO,
samples. The presence of iron, tungsten, and oxygen in
all FeWO, samples was verified by the EDX spectra,
confirming the formation of FeWO, without impurities.
Figure 7 shows the particle size distribution of FeWO,
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Figure 5. TEM images of (a) FeWO,, (b) FeWO,

Figure 6. SEM images and EDX analyses of (a) and (b) FeWO,, (c) and (d) FeWO,_300, (e) and (f) FeWO,_500, and (g) and (h)
FewO,_700
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Figure 7. Particle size distribution of (a) FeWO,, (b) FeWO,_300, (c) FeWO,_500, and (d) FeWO,_700

samples measured by using dynamic light scattering
technique. Their particle size distributed in the range
of 72.9—247.0 nm with average diameters calculated as
121.6, 119.9, 140.8, and 138.8 nm for FeWO,, FeWO,_300,
FeWO,_500, and FeWO,_700, respectively.

N, sorption curves of all FeWOQO, samples in Figure 8a
are identical to the type IV isotherm associated with the
H3 hysteresis loop based on the IUPAC recommenda-
tion?, suggesting the existence of mesoporosity in their
structures®. The Brunauer-Emmett-Teller (BET) surface
area and Barrett-Joyner-Halenda (BJH) pore volume
values were calculated to be 34.8 m%g and 0.223 cm’/g
for FeWO,, 30.5 m%*g and 0.201 cm®/g for FeWO,_300,
27.4 m*/g and 0.192 cm*/g for FeWO,_500, and 10.8 m%/g
and 0.045 cm®/g for FeWO,_700, respectively (Table 1).
The decrease in surface areas and pore volumes with
increasing calcination temperature is due to disruption
and obstruction of the pore structure at high tempera-
tures®’. The pore size distribution of FeWO, materials
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was derived from the adsorption isotherm based on the
BJH method (Fig. 8b). The narrow peaks at 2.181 nm
for FeWQO,, 2.207 nm for FeWO, 300, 2.571 nm for
FewO,_500, and 0.996 nm for FeWO,_700 can be at-
tributed to intraparticle pores, while the broad peaks at
33.454 nm for FeWO,, 34.464 nm for FeWO,_300, and
34.160 nm for FeWO,_500 can be assigned to interparticle
voids®>¥, The broad peak in the pore size distribution of
FeWQO,_700 disappeared due to the formation of large
aggregates at high temperatures.

Table 1. BET surface area, BJH pore volume, and pore diameter
values of various FeWO, samples

Pore
Sample BET surfzace BJH pore diameter
area (m°/g) volume (cm™/g) (nm)
FeWO, 34.811 0.223 2.181
FeWO,_300 30.464 0.201 2.207
FeWO,_500 27.381 0.192 2.571
FeWO,_700 10.766 0.045 0.996
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Figure 8. (a) Nitrogen sorption isotherms and (b) pore size distribution of various FeWO, samples
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The effects of calcination temperatures on the magnetic
properties of FeWO, nanoparticles were investigated
(Fig. 9). FeWO, materials showed similar hysteresis
loops when the external magnetic field was applied and
removed, indicating their ferromagnetic property under
room temperature. The saturation magnetization, coer-
civity, and retentivity of FeWO, materials were derived
from their hysteresis loops and presented in Table 2. All
three above parameters of FeWO, samples decreased with
an increase in calcination temperature, suggesting that
calcination had a negative impact on their magnetic flux
density and retentivity. These results could be attributed
to the defect formation and morphological changes of
FeWO, samples observed in the XRD patterns and TEM
images depending on calcination temperatures. In addi-
tion, low specific surface area caused by severe aggrega-
tion at high calcination temperature reduced the amount
of surface spins®, which negatively affected the magnetic
properties of FeWO, materials. FeWO, nanoparticles with
higher saturation magnetization may be more appealing
to applications in catalysis and biomedicine.

The optical band gap energies, which were derived from
the Tauc plots of FeWO,, FeWO,_300, FeWO,_500, and
FewWO,_700 (Fig. 10a), are 1.95, 2.00, 2.05, and 2.20 eV,
respectively. All FeWO, samples can absorb visible light
region (A > 420 nm) (Fig. 10b); however, FeWO,_700
exhibits a larger band gap than the others, which may
decelerate the recombination of photo-generated elec-
trons and holes for enhancing photocatalysis efficiency®”.
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Table 2. Magnetic properties of various FeWO, nanoparticles

= Saturation Coercivity’ | Retentivity®
ype magnetization (Oe) (emulg)
(emu/g)
FeWO, 6.6 257.5 1.63
FewO,_300 4.8 38.0 0.41
FeWO,_500 3.3 20.7 0.14
FeWwO,_700 0.4 n.d.’ 0.04

@ Magnetization value at the highest magnetic field.

b Magnetic field at the intersection point between the hysteresis
loop and negative x-axis.

° Magnetization value at the intersection point between the
hysteresis loop and positive y-axis.

4 Not determined due to many intersection points caused by
noise.

More crystallinity and oxygen vacancy content in FeWO,
nanoparticles at higher calcination temperatures could be
responsible for the increase in their band gap values®.

Table 3 shows a comparison of morphology, BET
surface areas, band-gap, and saturation magnetization of
FeWO, prepared in this study with other works. Among
synthetic methods, hydrothermal was employed for the
synthesis of FeWO, the most, and allowed producing
the FeWO, materials with various morphologies. BET,
band-gap, and saturation magnetization values of FeWO,
prepared in previous studies varied in the range of
3.33—-33.35, 1.54—3.17, and 0.03—14.7, respectively, which
are almost comparable to those of FeWO, prepared in
this study. This result suggests that changing calcination
temperatures effectively controlled the physical properties
of the FeWO, material. In addition, this study provided
information on both magnetic and optical properties and
their relationship with calcination temperature, which
was absent from other studies.

CONCLUSION

FeWO, nanoparticles were successfully synthesized via
a hydrothermal reaction of Na,WO, and FeSO, at 200 °C
for 12 h. The calcination process increased crystallinity,
distorted the lattice spacing, facilitated the defects forma-
tion, and hindered the anisotropic crystal growth, which
altered the properties of FeWO, nanoparticles, including
surface areas, magnetism, and band gap energies. When
increasing calcination temperature, the optical band gap
of FeWO, samples broadened from 1.95 eV to 2.20 eV,
but their saturation magnetization values reduced from
6.6 emu/g to 0.4 emu/g. Manipulating calcination tem-
perature is a facile and effective way, enabling FeWO,

Table 3. Physical properties of FeWO, in this study compared with previous publications

No. | Synthetic method Morphology BET value (m%g) Optical band-gap (eV) Magnetization (emu/g) Ref.
1 solvothermal platelike n.d.? n.d. 0.5 at 100 K 37
2 hydrothermal nanoparticle 2217 1.54 0.51 38
3 hydrothermal nanorod 23.30 1.98 n.d. 39
4 hydrothermal quadrilateral disk 15.00 1.98 n.d. 40
5 hydrothermal nanorod 33.35 2.50 n.d. 41
6 hydrothermal nanoparticle 21.75 1.95 n.d. 42
7 hydrothermal nanorod n.d. 2.16 0.03 at 100 K 43
8 hydrothermal irregular block 3.33 2.79 n.d. 44
9 hydrothermal sphere n.d. n.d. 14.7 45
10 solvothermal flowerlike 30.77 1.70 n.d. 46
11 co-precipitation rod 17.76 1.95 n.d. 47
12 hydrothermal nanowire n.d. n.d. 1.7 4
13 hydrothermal nanocrystal n.d. n.d. 1.0 at 100 K 48
14 sol-gel irregular block 36.58 3.17 n.d. °
15 hydrothermal nanosphere + nanorod 10.77-34.81 1.95-2.20 0.4-6.6 This study

@ Not determined
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Figure 10. (a) Tauc plots and (b) UV-visible absorption spectra of
various FeWO, nanoparticles

nanoparticles with various physicochemical properties to
be applicable to a wide range of practical fields.
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