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Nanostructured Fe,TiOs (pseudobrookite), a mixed metal oxide material holds significant promise for
utilization in energy and environmental applications. However, its full application is still hindered due to
the difficulty to synthesize monophasic Fe,TiOs with high crystallinity and a large specific surface area.
Herein, Fe,TiOs nanofibers were synthesized via a versatile and low-cost electrospinning method,
followed by a calcination process at different temperatures. We found a significant effect of the
calcination process and its duration on the crystalline phase in the form of either pseudobrookite or
pseudobrookite—hematite—rutile and the morphology of calcined nanofibers. The crystallite size
increased whereas the specific surface area decreased with an increase in calcination temperature. At

higher temperatures, the growth of Fe,TiOs nanoparticles and simultaneous coalescence of small

iicc::gtee?! 22813; glejgezr?]iir 2021 particles was noted. The highest specific surface area was obtained for the sample calcined at 500 °C for
6 h (Sger = 64.4 m? gfl). This work opens new opportunities in the synthesis of Fe,TiOs nanostructures

DOI: 10.1039/d1ra05748k using the electrospinning method and a subsequent optimized calcination process for energy-related
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Introduction

Nanostructured metal oxides (MO) play a very important role in
different technological areas such as photocatalysis, catalysis,
biotechnology, electronic devices, etc."* Their small particle size
and a large specific surface area to volume determine their
physical, chemical, and optical properties.>* Nanostructured
materials can be classified as zero (0D) - nanoparticles,
quantum dots, and nanospheres (1D) - nanotubes, nanowires,
and nanorods, (2D) - nanoplates, nanosheets, and nanodisks,
and (3D) - nanoflowers, nanocones, and nanoballs.® Thus,
different methods (physical, chemical, or biological) have been
used for the synthesis of nanostructures depending on the ex-
pected properties correlated with the application of the
material.*®

TiO, is one of the most investigated nanomaterials used in

different applications such as wastewater treatment,

“Institute for Multidisciplinary Research, University of Belgrade, Serbia. E-mail:
zorkav@imsi.rs

*Institute of Technical Sciences of the Serbian Academy of Sciences and Arts, Serbia
Jozef Stefan Institute, Slovenia

“Faculty of Technology and Metallurgy, Serbia

Faculty of Physics, University of Belgrade, Serbia

T Electronic  supplementary
10.1039/d1ra05748k

information  (ESI) available. See DOL

32358 | RSC Adv, 2021, 11, 32358-32368

photovoltaics, fillers in food packaging, etc. due to its superior
optical, electronic, and catalytic properties. However, its appli-
cation in industry is still limited due to its wide electronic band
gap (3.1 eV) and fast recombination rate between electrons and
holes. Recently, nanostructured Fe,TiOs (pseudobrookite, or
iron-titanate, with a band gap of 2.1 eV) has gained a lot of
attention due to its good charge separation and transport
properties, photochemical and electrochemical stability, non-
toxicity, and low-cost production.’™*! Different methods have
been used to obtain Fe,TiOs in powder or film form, pure or as
a nanocomposite to achieve efficient photoelectrochemical
performance for solar energy conversion, visible light
photocatalysis,"”® or gas sensing ability.'®**** Courtin et al.
reported on a multi-layer template-directed sol-gel technique
for the synthesis of mesoporous nanostructured Fe,~TiO, films
consisting of three phases: pseudobrookite, hematite, and
anatase.” A modified sol-gel method was used to obtain
Fe,TiOs nanoparticles that showed improved degradation effi-
ciency of methylene blue in an alkaline medium under natural
sunlight.” Bassi et al. used a hydrothermal method to synthe-
size pure phase of pseudobrookite and investigated its potential
use in photoelectrochemical water splitting."”” Gas sensing
properties of nanocomposite Fe,TiOs/Fe,O; prepared by
impregnating method using carbonaceous polysaccharide
microspheres as hard templates were reported by Yu et al.,*
while the simple solid-state synthesis method was used to
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obtain Fe,TiOs that showed promising humidity sensing prop-
erties.®** Also, porous TiO,/Fe,TiOs nanocomposites were
fabricated via a solvothermal method followed by a sintering
process and showed improved electrochemical capacity.”
Recently, Fe,TiOs has been used as a co-catalyst to improve the
photoelectrochemical water splitting performance of BivO,.° In
spite of its excellent properties, its full application is still
hindered due to the difficulty to synthesize monophasic pseu-
dobrookite with high crystallinity and a large specific surface
area.”® Formation of an interconnected web of nanofibers could
overcome these problems.

Nanofibers are one-dimensional (1D) nanostructures,
mostly prepared by the electrospinning technique. Electro-
spinning is a simple, low cost and versatile method to generate
1D continuous nanomaterial from different materials such as
polymers, metal oxides, etc. under a high electric field at an
industrial scale.”®*® Electrospun nanofibers and their mats
have a large specific surface area, small and uniform diameter
from less than 10 nm to 500 nm, interconnected nanopores,
and improved mechanical and electronic properties. More-
over, the nanofiber surface can be modified and functional-
ized for the growth of secondary nanostructures.”” All these
properties make nanofibers multifunctional, especially in the
case of polymer-inorganic composite nanofibrous structures,
since they have remarkable properties, which combine the
properties of polymers such as flexibility and lightweight with
the properties of inorganic structures as excellent electronic
and optical properties, high mechanical and thermal stability,
etc.”® They have found use in fields such as biomedicine and
healthcare,*>' energy storage,**** membranes,* environ-
mental protection.***

An electrospinning setup usually consists of a spinneret
(plastic syringe with a metallic needle) containing a viscous
solution, injection pump, fiber collector, and high voltage
supply. The electrospinning process starts after the viscous
solution emerges from the nozzle tip into an electric field
developed between the collector and nozzle tip. Under the
electrostatic forces, a liquid drop deforms into a Taylor cone.
When the electrostatic force overcomes the surface tension of
the solution, a liquid jet will be ejected from the bottom of the
Taylor cone. During elongation of the jet in an electric field, the
solvent evaporates and fibers are formed and deposited with
a reduced diameter on the collector.*

Herein we report on the synthesis of Fe,TiOs, pseudo-
brookite (PSB) nanostructures via the simple electrospinning
technique and followed by calcination (heat treatment) at
different temperatures. Polyvinylpyrrolidone (PVP) was used as
a mesoporous template for the synthesis of Fe,TiOs nanofibers.
We have focused on analyzing the influence of heat treatment
temperature (500-750 °C) and its duration on the morphology,
structural and optical properties of as-synthesized nanofibers.
In this regard, this study will contribute to a better under-
standing of Fe,TiOs nanofiber development and utilization in
applications such as chemical sensors, photoelectrochemical
water splitting, photocatalysis in which the specific surface area
of nanofibers is of great importance.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Experimental

Materials

Iron(m) nonahydrate (Fe(NOs);-9H,0, ACS reagent, =98%),
titanium isopropoxide (Ti[OCH(CH;),], purity 98%), N,N-
dimethylformamide (DMF, puriss, ACS reagent, =99.8%),
absolute ethanol (ACS reagent) and polyvinylpyrrolidone (PVP,
M,, = 1300 000) were purchased from Merck (Sigma Aldrich)
and used as received.

Synthesis of Fe,TiO; (PSB) nanofibers

PSB NFs were prepared by the electrospinning technique as
follows. In a typical procedure, 0.808 g Fe(NO3);-9H,0, 0.284 ¢
Ti[OCH(CH3),]4 and 0.937 g of PVP were dissolved in a mixture
of DMF and ethanol. The solution was continuously magneti-
cally stirred for 24 h at room temperature to provide a viscous
precursor sol-gel solution. Next, the prepared solution was
transferred into a 10 ml plastic syringe equipped with a stain-
less steel nozzle (0.8 mm inner diameter). A high voltage power
supply (20 kV) was applied between the rotating drum collector
(cathode) and needle tip (anode) with a distance of 15 cm. The
solution flow rate of 1 ml h™" was maintained using the syringe
pump equipment. The PVP-PSB nanofibers were deposited on
a baking paper collector during the electrospinning process.
The as-spun fibers were then calcined in a chamber furnace
(Elektron, ELP-06, Banja Koviljaca, Serbia), in air, at different
temperatures to remove the polymer carrier and also to convert
the precursors to pseudobrookite, without decomposition of
fibers. In order to investigate the effect of calcination temper-
ature and duration taking into account TG/DTA measurements,
nanofibers mats were calcined at five different temperatures of
500, 550, 600, 650, 700, and 750 °C for 3 h, 550 °C with the
holding time of 4 h and 500 °C with the holding time of 6 h.

Materials characterization

The thermal stability of electrospun nanofibers was evaluated
by TG/DTA analysis on a SETSYS Evolution 24000 Setaram
Instrumentation device up to 1000 °C with a heating rate of
5° min~' in air. The fiber morphology was investigated using
transmission electron microscopy (TEM) and field emission
scanning electron microscopy (FESEM) on JEM-2100 200 kV
(Japan) and TESCAN MIRA3 XM (Czech Republic) devices,
respectively. The mean fiber diameter was determined using
Gatan Micrograph® software. Fourier transform infrared spec-
troscopy (FT-IR) spectra of as-spun and calcined fibers were
recorded on a FT-IR Nicolet 6700 ATR device (Thermo Fisher,
UK) in the range 400-4000 cm ' in order to confirm the
formation of pseudobrookite.

The crystal structure and phase identification were investi-
gated by X-ray diffraction (XRD) analysis using Ni-filtered Cu Ko
radiation with the wavelength of 1.542 A, in the range of 26 =
10-90°, with the step of 0.05° and acquisition rate of 1 step
per min (for phase identification) and on selected samples with
the step of 0.02° and acquisition rate of 0.25 step per min (for
structural analysis) on a Rigaku Ultima IV diffractometer
(Japan). Structural refinement was performed using the Rietveld
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method and the GSAS II software package.* X-ray photoelectron
spectra XPS were recorded on a PHI-TFA XPS spectrometer
(Physical Electronics Inc., USA) equipped with an Al-
monochromatic X-ray source to determine the elemental
composition and chemical state of the elements that exist in
calcined nanofibers. The analyzed area was 0.4 mm in diameter
and the analyzed depth was about 3-5 nm. The accuracy of
binding energies was about £0.7 eV. A low-energy electron gun
was used for charge compensation and C 1s spectrum due to
surface contamination was aligned to 284.8 eV. XPS spectra
were fitted with Gauss-Lorentz functions and the Shirley func-
tion was used for background removal. UV-vis spectroscopy was
used to determine the band gap from diffuse reflection spectra
recorded on a Shimadzu UV-2600 device with an ISR2600 Plus
Integrating sphere attachment (Japan) in the measuring range
200-1400 nm. The photoluminescence (PL) spectra of the
analyzed samples were recorded using a FL3-221 spectrofluo-
rimeter (Jobin Yvon Horiba, Paris, France), equipped with
a 450 W Xe lamp and a photomultiplier tube, and FluorEssence
3.5 software (Horiba Scientific, Kyoto, Japan). The spectra were
measured at room temperature in the front-face configuration
of the measuring cavity. To reduce Rayleigh scattering which is
a limiting factor to the measurement's sensitivity and accuracy,
Rayleigh masking was applied. The fluorescence emission
spectra were recorded in the range from 380 to 550 nm, with
a1 nm increment. The excitation wavelength was set to 360 nm.
A spectral bandwidth of 3 nm was used for both the excitation
and the emission slits.

Texture parameters of the prepared PSB nanostructures were
determined based on N, adsorption-desorption isotherms
measured at 77 K using a Micromeritics ASAP 2020 instrument
(USA). Before measurement samples were prepared by degass-
ing at 150 °C for 10 h under reduced pressure. The specific
surface area (Sggr) of samples was calculated according to the
Brunauer, Emmett, Teller (BET) method from the linear part of
the nitrogen adsorption isotherm. The volume of the mesopores
(Vimeso) was calculated according to the Barrett, Joyner, and
Halenda method from the desorption branch of the isotherm.
The volume of micropores (Viicro) Was calculated from the
alpha-S plot.

Results and discussion
As-spun fibers

FESEM images of as-spun fibers are presented in Fig. 1a. Fibers
were smooth, straight, beadless, and uniform forming
a nonwoven fibrous mat, with an average diameter of ca.
205 nm. As mentioned above, TG/DTA analysis was performed
on as-spun fibers (Fig. 1b) to evaluate thermal stability. The
total mass loss was =87%. It started with volatilization of the
residual solvents present in fibers (DMF, ethanol) and loss of
moisture/desorption of water (H,0),"** corresponding to the
initial minor mass loss of =7% and endothermic peak at
=70 °C. Two distinct sharp exothermic peaks can be noted at
~259.4 and 328.3 °C, with corresponding significant mass loss
of a further =49.4 and 28%, respectively. This can be attributed
to the process of degradation of PVP** and decomposition/
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oxidation of the Fe(NO;);-9H,0 and Ti[OCH(CHz3),)s,
involving dehydration on the polymer side chain and burning
out of the organic composites.”»** Formation of anatase,
accompanied by the formation of pseudobrookite (Fe,TiO5) and
the phase transformation of anatase to rutile also occurred in
this temperature interval according to.***” There was no mass
loss after =410 °C, though heat absorption continued slightly
longer until =470 °C indicating a continuation of the phase
change and solid-phase reaction.** The crystal structure and
phase composition of the as-synthesized fibers were investi-
gated by XRD analysis. The measured XRD pattern of as spun is
given in Fig. 2a. Only a broad peak centered at about 23° is
observed indicating the amorphous (semi-crystalline) nature of
the polymer PVP in the fibers.***

Analysis of the measured FT-IR transmittance of the as-spun
fibers (Fig. 2b) confirmed the above results and showed the
presence of bands originating from functional groups pre-
sented in PVP, DMF, and the Fe(NO;3);-9H,0 and Ti
[OCH(CH3;),], precursors as observed before for as-spun fibers
with PVP, DMF, and metal nitrates or Ti[OCH(CH3),],.*>***° The
wideband in the region 3500-3000 cm ' represents stretching
vibrations of the OH group associated with absorbed moisture
(water). Water molecules are also strongly bonded inside the
iron nitrate precursor.”® The marked band at ~2954 cm '
represents C-H stretching vibrations of CH,.*>** The strongly
marked band at =1641 cm™" represents the C=O stretching
vibration, while the band at =1421 cm ' represents the
bending vibration of the CH, group.**® IR active anti-
symmetric stretching vibration of the iron nitrate precursor
salt can be expected in the region 1450-1270 cm™ ", and the
band at =1374 cm ' can be attributed to this.® The strong
band at =1291 cm™" represents the C-N stretching vibrations
of PVP.**° The bands at ~1071 and =1022 cm ™' correspond to
symmetric stretching vibrations of the nitrate group.*»** The
band at =826 cm™ ' can be attributed to out-of-plane defor-
mation of vibrational modes of the nitrate group, while the
band at =691 cm™ " can be assigned to Fe-OH groups in the
iron nitrate precursor salt and also T-O-Ti vibrations of the
titanium isopropoxide precursor that have been noted at 820
and 700 cm™ "% The two bands at ~648 and 576 cm™ ' can be
associated with metal-oxygen bonds, Ti-O and Fe-O bonds,
respectively.*>**

Calcined nanofibers

Morphological and structural analysis. Optimizing the
calcination temperature of electrospun nanofibers (NFs) was
investigated through morphology changes by FESEM (Fig. 3).
Since the phase transformation and solid-phase reaction
continued until =470 °C (Fig. 1b), the lowest applied calcina-
tion temperature was 500 °C. Fig. 3a shows NFs calcined at
500 °C for 3 hours revealing that the fibrous morphology is still
maintained with an increased diameter of ca. 227 nm, which
might be due to the expansion of the polymer during heat
treatment.> Fibers were dense, and consist of nanoparticles.
The fiber surface after calcination at 550 °C was no longer
smooth, and this could be attributed to the formation of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FESEM image (a) and TG/DTA curves (b) of as-spun PVP/PSB nanofibers.

crystalline nanoparticles.” A slight shrinkage of fiber diameter
(157 nm) occurred due to the complete degradation of PVP and
simultaneous growth of Fe,TiOs; nanoparticles during the
calcination process. After calcination at 650 °C, the nanofiber
diameter decreased further to 147 nm. However, at higher
temperatures, fibers were slightly thicker, but still had a smaller
diameter than the as-spun fibers. This can be attributed to the
growth of Fe,TiOs nanoparticles and the simultaneous coales-
cence of small particles. The calculated average diameter for
NFs calcined at 700 °C was 190 nm. A high magnification
FESEM image revealed that fibers obtained after calcination at
750 °C had a necklace-like morphology structure composed of
interconnected rhombohedral particles, of ca. 10 nm in diam-
eter (Fig. 3f). Longer duration of the calcination times such as
500 °C_6 h and 550 °C_4 h resulted in fibers with an average
thickness of 183 and 187 nm, respectively. Their surface was not
smooth, indicating the formation of small crystalline nano-
particles. These results indicate that the morphology of ob-
tained NFs was directly affected by the calcination temperature.

The phase composition of calcined NFs was further deter-
mined by XRD analysis. As shown in Fig. 4, calcination at 500 °C

(a)

Intensity (counts)

10 20 30 40 50 60 70 80 90
26 (degree)

for 3 h resulted in the start of noticeable pseudobrookite
formation, with wide crystalline peaks corresponding to
Fe,TiO5 (JCPDS 76-1158): 25.5° (110) and 32.6° (023) with an
orthorhombic Cmcm crystalline lattice structure. The presence
of hematite according to JCPDS 89-8104 is at =33.2° (104) fol-
lowed by the next highest peak intensity at =35.7° (110). The
sample calcined at 550 °C for 3 h showed more crystalline peaks
of hematite and Fe,TiO; in the diffractogram. An increase in
calcination temperature to 600 °C, leads to enhancement of
Fe,TiOs formation, resulting in an almost pure phase with
traces of hematite. An increase in calcination temperature (650,
700, and 750 °C), while maintaining the duration at 3 h, resulted
again in a mixed structure with a noticeable presence of
hematite and traces of rutile (space group P4,/mnm, JCPDS 89-
4920). An increase in the calcination duration at temperatures
lower than 600 °C, namely 550 °C for 4 h and 500 °C for 6 h
resulted in phase-pure Fe,TiOs, showing that the duration of
the calcination process, besides the temperature, had a direct
influence on phase formation.

The average crystallite size was determined from the XRD
pattern using Scherrer's equation.®® The crystallite size of

(b)

100

90

b,

3 S 8

™~ & =]

S

53

5] 80

i~

E

E &

z g 25
st w

£ 704 L

i_.

1641

60

1291

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber (cm™)

Fig. 2 XRD diffractogram (a) and FT-IR spectrum (b) of as-spun Fe,TiOs fibers.
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Fig. 3 Electrospun PSB nanofibers after calcination at 500 °C_3 h (a),
550 °C_3 h (b), 600 °C_3 h (c), 650 °C_3 h (d), 700 °C_3 h (e), 750
°C_3h(f), 550 °C_4 h (g), 500 °C_6 h (h).
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Fig. 4 XRD diffractograms of Fe,TiOs fibers calcined at 500-750 °C,
peaks marked as P — Fe,TiOs and H — hematite, R — rutile red. Pink
lines denote 25.5° and 32.5° peaks of Fe,TiOs, while green and blue
lines denote 33.2 and 35.7°peaks of hematite (a-Fe,O3).
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samples calcined at 600, 650, 700, and 750 °C was 24, 25, 30, and
33 nm, respectively, showing that an increase in calcination
temperature leads to an increase in crystallite size. Increasing
the calcination duration at lower temperatures showed that
small crystallites of 24 nm were obtained with calcination at
500 °C for 6 h, while calcination at 550 °C for 4 h resulted in
slightly larger 30 nm crystallites. We determined the lattice
parameters (Table 1), atomic positions, and ion occupancy by
Rietveld refinement (Fig. S1 and Table S17), for fibers calcined
at 500 °C for 6 h, 550 °C for 4 h and 600 °C for 3 h. We used the
values previously determined for Fe,TiOs nanocrystalline
powder obtained by a modified sol-gel method, as starting cell
unit parameters for Fe,TiOs."

The lattice parameters varied slightly with calcination
temperature and duration and were in agreement with values
previously obtained for Fe,TiOs.'" Refinement of ion occu-
pancy showed that in Fe,TiO5 nanofibers the preference of iron
ions for 4c sites was 80%, while 60% iron ions are on 8f sites.
This is higher than the value of 75% noted by Rodriguez et al.,””
and 72% for Fe,TiOs obtained using a modified sol-gel
method" or the fully disordered structure for Fe,TiO5 obtained
by solid-state synthesis.*®

In FT-IR spectra of calcined NFs (Fig. 5) bands originating
from metal-oxygen vibrations at =430, 615 and 800 cm ™" are
noted, in accordance with literature data,'>*® representing
vibrations of Fe-O, Ti—O and Fe-O-Ti bonds in Fe,TiOs. In the
case of powders calcined at 650-750 °C the vibration band at
~515 cm ' is noted that can also be associated with Fe-O
bonds,* due to both Fe,TiOs and hematite present in the
samples, which is in accordance with XRD analysis (Fig. 4).

The crystal structure and morphology of the PSB 500 °C_6 h,
PSB 550 °C_4 h and PSB 600 °C_3 h NFs were further analyzed
by TEM and HRTEM, as shown in Fig. 6. The investigation
further revealed the average particle size distribution similar to
the crystallite size determined by Scherrer's equation. Smaller
single-crystalline rhombohedral-shaped particles form long
fibers. Small residuals in the vicinity of the fibers arose as
a consequence of the TEM sample preparation technique which
includes ultra-sonication. Small particles are stacked on top of
each other making structural determination a bit difficult
especially by selected area diffraction (SAED). At the edge of the
fiber HRTEM and the corresponding FFT plot of PSB 500 °C_6 h
and PSB 550 °C_4 h shows the lattice spacing of 0.49 nm (Fig. 6b
and d), which corresponds to the (020) crystalline plane of an

Table 1 Unit cell parameters and crystallite size of calcined PSB
nanofibers

Sample Fe,TiO;
Crystallite size
Calc. temp  a (A) b (A) c(A) (nm)
500 °C_6h  3.7322(4) 9.8052(17)  9.9690(13) 24
550 °C_4h  3.73330(23) 9.7893(11) 9.9607(9) 30
600°C_3h 3.73490(31) 9.7987(16) 9.9618(11) 24

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TEM images (a, c and e) and HRTEM images (b, d and f) of PSB
500°C_6h, PSB 550 °C_4 hand PSB 600 °C_3 h. The insets of HRTEM
images (b, d and f) show FFT images.

orthorhombic Cmcm (Fe,TiOs) nanostructure (JCPDS 76-1158)
and is in accordance with XRD analysis (Fig. S1 and Table S17).
This particular structure can also be identified and resolved in
the sample PSB 600 °C where selected area diffraction reveals
a particle oriented along the 111 direction (Fig. 6f).

The surface chemical composition was further investigated
by the XPS technique. The XPS spectra of samples 500 °C_6 h

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and 550 °C_4 h are presented in Fig. 7. The elements Fe, Ti, O,
and C were identified in these spectra. Sample 500 °C_6 h
consists of 54.8 at% of O, 20.9 at% of Fe, 15.7 at% of C, and 8.6
at% of Ti. Similar surface composition was found on sample
550 °C_4 h, i.e. 52.5 at% of O, 20.3 at% of Fe, 18.4 at% of C, and
8.8 at% of Ti. One can observe that the ratio of Fe/Ti cations on
the surface of both samples is roughly 2, which reflects the ex-
pected stoichiometry. The carbon signal and part of the oxygen
signal detected by XPS on the sample surface may be due to
surface contamination. High energy resolution XPS spectra
were recorded to get more details about the oxidation states of
elements on the surface.

Ti 2p, Fe 2p, and O 1s spectra from both samples are shown
in Fig. 8. All the spectra are very similar indicating that the same
oxidation states of Ti, Fe, and O atoms are present on both types
of samples. The Ti 2p spectrum consists of the Ti 2p;/, peak at
458.5 eV and Ti 2p,,, peak at 464.2 eV, which is assigned to the
Ti'" oxidation state, as expected for the Fe,TiOs composition.*
No other oxidation state of Ti was identified. The Fe 2p spec-
trum consists of the Fe 2p;,, peak at 711.1 eV, Fe 2p;,, peak at
713.6 eV, and a plasmon peak at 719.3 eV. Corresponding peaks
for the Fe 2p,/, orbital are also present as Fe 2p,,, peak at
724.6 eV, Fe 2p,,, peak at 728.1 eV, and a plasmon peak at
733.0 eV. The binding energy of the main Fe 2p;,, peak and the
plasmonic peak indicates that Fe on the surface of both samples
is in the Fe®" oxidation state.*®> The O 1s spectrum was
deconvoluted into two peaks: the larger peak at 530.0 eV can be
attributed to lattice oxygen (0>~ ions of Fe-O and Ti-O) and
a smaller peak at 531.5 eV is related with OH and other C-O
based groups possibly adsorbed on the surface.®®*** Together
with XRD analysis, these results confirmed the formation of
Fe,TiO5 nanostructures.

Nitrogen adsorption-desorption isotherms. Nitrogen
adsorption-desorption measurements were carried out to
investigate the textural properties of Fe,TiOs nanofibers. Mes-
oporous materials with a high specific surface area are of great

interest because of their applications in catalysis,*
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Fig.7 XPS survey spectra from samples 500 °C_6 h (a) and 550°C_4 h
(b).
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Fig. 8 XPS high energy resolution spectra Ti 2p (a and d), Fe 2p (b and e) and O 1s (c and f) from samples 500 °C_6 h (a—c) and 550 °C_4 h (d-f).

photocatalysis,” electrochemical water splitting,®® super-
capacitors,®” adsorption of heavy metals,*® drug delivery,* etc.
As shown in Fig. 9a samples PSB 550 °C_4 h and PSB_600°C_3 h
exhibited type IV nitrogen isotherms with a type-H3 indicating
a slit-shaped mesoporous structure.”””* Sample 500 °C_6 h
showed a combined type II and IV nitrogen isotherm, showing
besides macropores the presence of interparticle voids. Samples
calcined in the temperature range from 550 to 750 °C (Fig. S27)
exhibited type II nitrogen isotherms.

The corresponding Barrett-Joyner-Halenda (BJH) pore size
distribution plots for samples 500 °C_6 h, 550 °C_4 h and 600
°C_3 h are given in Fig. 9b whilst textural properties of calcined
NFs are given in Table 2. PSB 600 °C_3 h exhibited a heteroge-
neous wide pore size distribution centered at 14.1 nm and
34.5 nm. For sample 500 °C_6 h pores 6-8 nm (with a mean size
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of 8.2 nm) were noted, with a small maximum at about 30 nm,
to some extent similar to PSB 600 °C_3 h, but less expressed. For
sample 550 °C_4 h only pores having a mean size of 11.2 nm

Table 2 Textural properties of the PSB nanofibers calcined at different
temperatures

Sample Spy > 7" Vinesoy €M’ g7 Vinicro, €M’ 7' Dy, NIM
550°C_3h 55.5 0.164 0.017 8.6
550°C_4h 388 0.169 0.013 11.2
600°C_3h 33.2 0.132 0.010 14.1
650°C_3h 23.8 0.130 0.007 18.2-43.8
700°C_3h 12.5 0.085 0.006 22.8
750°C_3h 9.1 0.030 0.003 29.0-37.0
500°C_6h 64.4 0.180 0.095 8.3

(b)
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Fig. 9 N, adsorption—desorption isotherms (a) and pore size distributions (b) for samples 500 °C_6 h, 550 °C_4 h and 600 °C_3 h.
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were seen. Sggr of 500 °C_6 h, 550 °C_4 h and 600 °C_3 h
samples were estimated to be 64.4, 38.8, and 33.2 m®> g,
respectively. As depicted in Table 2, Sggr was reduced with an
increase in calcination temperature from 550 to 750 °C, while
the corresponding pore size diameter increased. These may be
attributed to the growth of Fe,TiOs crystallites at higher
temperatures.

Optical properties of calcined PSB NFs. The optical behavior
of nanofibers synthesized at different temperatures was evalu-
ated by diffuse reflectance spectroscopy (DRS) and photo-
luminescence (PL) spectroscopy (Fig. 10). The optical
absorption was calculated by Kubelka-Munk transformation™
of reflectance data using UV-Probe software and it is presented
in Fig. 10a. All samples exhibited a broad light absorption
including the visible part of the solar spectrum, up to 650 nm.
The excitation band of PSB_500 °C_6 h is observed at wave-
length 572 nm (Fig. S4f). This blue shift towards a lower
wavelength is attributed to the increase in the energy band gap.
The optical band gaps (Fig. 11 and S5t) were calculated using
the Tauc plot (eqn (1)):"

(eqn 1) ahy = A(hv — E,)" (1)

where « is the absorption coefficient equivalent to the calcu-
lated Kubelka-Munk function, Av is the absorbed photon
energy, A is a constant related to the density of electronic states
above and below the bandgap and E, is the band gap of the
sample. The parameter m is 1 or 2 depending on if transitions
from the valence to conduction band are direct or indirect. Eg is
determined by extrapolating the straight-line portion of the
spectrum to aav = 0. The values obtained for direct and indirect
transitions are given in Table 3. The differences in band gap
energy can be attributed to the difference in crystallite size and
phase composition, which is in accordance with previous
results.” The band gap energy value changed from 2.3 to 2.17 eV
(550-750 °C) thus it narrowed with increasing calcination
temperature. On the other hand, the value of band gap energy
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for samples 550 °C_4 h and 500 °C_6 h were similar to previous
data obtained for Fe,TiO5.*

Photoluminescence (PL) spectroscopy was used to evaluate
the recombination of minority carriers (the photo-generated
electron and hole pairs in a photochemical process), after an
excitation (A = 360 nm) at room temperature. The PL spectra of
the PSB nanofibers after calcination at different temperatures
(500 °Cto 750 °C_3 h and 550 °C_4 h and 500 °C_6 h) are shown
in Fig. 10b. A broad luminescence band ranging from 380 nm to
520 nm was observed in all the samples. Two small shoulders at
around 420 nm and 440 nm were observed in the PL spectrum
for the PSB nanofibers calcined at different temperatures with
variations in the intensity of PL emission, which is mainly
consistent with the XRD analysis and the occurrence of
secondary phases such as hematite and rutile. Additionally, the
PL emission spectra have changed over the prolonged duration
of the calcination process (500 °C_6 h and 550 °C_4 h) in
agreement with the XRD analysis where a pure Fe,TiO5 ortho-
rhombic phase was obtained. The PL intensities of PSB_550
°C_4 h and of PSB_750 °C_3 h were the smallest. A lower PL
intensity indicates a lower recombination rate of the photoex-
cited electron-hole pairs and higher photocatalytic activities are
to be expected."”*

It is known that besides crystallite size, other properties of
nanofibers (such as surface area, phase structure, and compo-
sition, surface and lattice defects, etc.) also influence the PL
spectra.”®> The photoluminescence is generally a surface
phenomenon, and the observed differences in the PL intensity
could be explained by differences in the surface properties of
nanofibers at various calcination temperatures. Literature data
have shown that the PL intensity of TiO, samples changed with
increasing calcination temperatures, and also in the case when
composites with Fe,O; formed.”®”® According to Bhoi et al. the
PL intensity decreases in order from TiO,, a-Fe,O; to Fe,TiOs.”®
It has been reported that the PL intensity of anatase samples
increased with a rise of the specific surface specific area, which
could be explained by the enhanced formation of surface
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Fig. 10 Optical absorbance (a) and photoluminescence spectra (b) of PSB NFs synthesized at different temperatures.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 32358-32368 | 32365


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05748k

Open Access Article. Published on 01 October 2021. Downloaded on 2/24/2026 10:54:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
() (b) (©)
50 - 3 30 -
——550°C_4h
40 4 —500°C_6h ——600°C_3h
2 20 -
s 904 o w
£ £ £
€ 20 £y L 10 4
10 4
0 0
0 4
15 20 25 30 15 20 25 3.0 15 20 25 3.0
hv (eV) hv (eV) hv (eV)

Fig. 11 Plots of [F(R)hw]? versus photon energy (hv) for samples 550 °C_4 h (a), 500 °C_6 h (b) and 600 °C_3 h (c).

Table 3 Optical band gap analysis for direct and indirect transitions

Direct band Indirect band

Sample gap (eV) gap (eV)
500 °C_3 h 2.30 1.80
550 °C_3 h 2.20 1.93
600 °C_3 h 2.25 1.94
650 °C_3 h 2.20 1.94
700 °C_3 h 2.23 1.94
750°C_3 h 2.16 1.90

defects and oxygen vacancies in the TiO, structures.” The same
authors reported that the PL intensity of rutile TiO, samples
showed a more complicated behavior compared to anatase. The
phase transformation of anatase and brookite to rutile favors
higher calcination temperatures. The anatase to rutile phase
transformation does not have a set temperature but occurs in
the temperature interval 400-1000 °C. Previous research has
shown that the presence of Fe (or hematite) accelerates the
anatase to rutile transformation, so it completed at 850 °C,
compared to 950 °C needed for pure powder and was accom-
panied with the formation of orthorhombic PSB.*°

Conclusion

In summary, we report on the synthesis of Fe,TiOs nanofibers
via the simple electrospinning technique, followed by calcina-
tion (heat treatment) at different temperatures. The effect of
calcination temperature (500-750 °C) and its duration on the
morphology, structural, textural, and optical properties of as-
synthesized nanofibers was evaluated. It was shown that the
morphology was greatly affected by the calcination temperature.
FESEM and TEM analysis revealed highly porous nanofibers
with an orthorhombic structure. XRD and XPS analysis
confirmed the formation of pure phase Fe,TiO5 at 500 °C_6 h
and 550 °C_4 h whilst small traces of hematite were found in
sample 600 °C_3 h. FTIR analysis showed complete degradation
of PVP via the calcination step. All samples exhibited a slit-
shaped mesoporous structure. Although sample PSB_500
°C_6 h exhibited a mesoporous structure, the presence of
interparticle voids was noted. The superior specific surface area

32366 | RSC Adv, 2021, 11, 32358-32368

64.4 m*> g~ ' was obtained for the fibers calcined at 500 °C for 6 h
and the surface area values of other calcined nanofibers
decreased when the calcination temperature was increased.
Further research will be focused on investigating the applica-
tion of PSB nanofibers in chemical sensors, photo-
electrochemical water splitting, or photocatalysis.
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