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Electrospun niobium oxide 1D nanostructures
and their applications in textile industry
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Abstract. The textile industry emits daily massive amounts of sewage rich in non-biodegradable organic compounds, especially in textile dyes.
Such contaminants are highly soluble in water, which makes their removal difficult. Other studies suggest their carcinogenicity, toxicity, and
mutagenicity. A promising chemical treatment of textile wastewater is the photodegradation of dye molecules in the process of photocatalysis
in the presence of a photocatalyst. One-dimensional nanostructures exhibit a high surface-to-volume ratio and a quantum confinement effect,
making them ideal candidates for nanophotocatalyst material. Nb,O5 is gaining popularity in optical applications among other metal oxides with
a wide band gap, and electrospun niobium oxide nanostructures, despite their ease and low cost, can increase the chemical removal of textile dyes
from wastewater. Facile synthesis of electrospun one-dimensional niobium oxide nanofibers is presented. The nanophotocatalysts morphology,
structure, chemical bonds and optical properties were examined. Based on photodegradation of aqueous solutions (ph = 6) of methylene blue
and rhodamine B, the photocatalytic activity was established. The photocatalytic efficiency after 180 minutes of ultraviolet irradiation in the
presence of Nb,O5 nanofibers was as follows: 84.9% and 31.8% for methylene blue and rhodamine B decolorization, respectively.
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1. INTRODUCTION
The growing problems with the pollution of the aquatic envi-
ronment encourage scientists to develop efficient methods for
wastewater treatment. Today, photocatalytic processes, which
are simple and economically advanced oxidation processes
(AOPs) that allow for the removal of organic pollutants from
water, are among the most important ones [1]. The key to effec-
tive photocatalysis is an appropriate photocatalyst, most often
semiconductor nanomaterials, among which the most widely
researched and used are TiO,, ZnO, CdS, BiOI [2-8]. Recently,
scientists’ attention has been focused on photocatalysts based
on Nb,Os nanostructures, as indicated by B. Hu er al. [9],
X. Cui et al. [10], A.K. Kulkarni [11] and C. Zhou [12].
Niobium oxide (V) is an n-type semiconductor with a wide
band gap depending on the crystal structure ranging from 3.1
to 4.0 eV [13]. Moreover, it is characterized by good chem-
ical and thermal stability, low cost, high corrosion resistance
and low toxicity [14, 15]. Additionally, a number of tech-
niques for producing Nb,Os nanostructures are available, in-
cluding the hydrothermal method [16], solvothermal [17], sol-
gel [18], and electrospinning [19]. The latter allows for ob-
taining one-dimensional Nb,Os nanostructures with a high de-
gree of crystallinity, high specific surface area and no tendency
to agglomerate, which are important advantages in the case
of photocatalysis. P. Viswanathamurthi ez al. [19] produced
Nb,Os nanofibers with a monoclinic structure using the elec-
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trospinning and calcination method at 500, 700°C. M.V. Reddy
et al. [20] obtained nanofibers from pseudo-hexagonal, or-
thorhombic (O), and monoclinic (M) Nb,Os phases using the
electrospinning method followed by calcination at 500, 800°C,
whose superior cycling performance can be used in lithium bat-
teries. Also, J.Y. Cheong et al. [21] indicated that the use of
electrospinning and calcination at 600°C allows for the pro-
duction of O-Nb,O5 mesoporous nanofibers, which exhibited
ultra-stable Li storage characteristics. On the other hand, P. Du
et al. [22] showed that TiO,/Nb,Os core-sheath nanofibers pro-
duced by coaxial electrospinning and calcination at 500°C, used
as an anode in DSSC, provide them with high efficiency of
5.8%. L. Wang et al. [23] showed that electrospun nanofibers
with the g—C3N4/Nb,Os heterojunction are characterized by
good photocatalytic activity in the degradation of Rhodamine B
(98.1% degradation after 120 min) and phenol (100% degrada-
tion after 120 min). L. Wang et al. [24] confirmed the high pho-
tocatalytic activity of Fe-doped Nb,Os electrospun nanofibers.
It was shown that Fe-Nb,Os nanostructures ensured 98.4%
degradation of Rhodamine B after 150 min of exposure to visi-
ble light.

The lack of extensive research on the photocatalytic activ-
ity of one-dimensional Nb,Os nanostructures obtained by the
electrospinning method with subsequent calcination prompted
the authors to prepare highly-crystalline Nb,Os nanofibers us-
ing the above-mentioned method, study their structure, optical
properties and efficiency in the photocatalytic decomposition of
methylene blue (MB) and rhodamine B (RhB) under the influ-
ence of UV light irradiation.

© 2023 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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2. MATERIALS AND METHODS

The following materials were wused in this paper:
ammonium niobate (V) oxalate hydrate (NbO,A,
NH4[NbO(H,0)2(C204)2] x xH20, purity 99.9%, Pol-Aura),
ethanol (EtOH, CH3CH,OH, purity 99.8%, Sigma Aldrich),
N,N- dimethylformamide (DMF, purity 99-99.9%, Avantor
Performance Materials Poland S.A.), poly(vinylpyrrolidone)
(PVP, Mw = 1500000 g/mol, Sigma Aldrich), methylene blue
(MB, pure, certified, ACROS ORGANICS) and rhodamine B
(RhB, pure, certified, ACROS ORGANICS).

As the first step, two solutions of PVP/EtOH and
NbOxA/DMF were prepared. The measured amount of
poly(vinylpyrrolidone) was added to 7.813 ml of ethanol, to
obtain a 10%(wt.) polymer solution. At the same time, 0.5 g
of ammonium niobate oxalate hydrate was added to N,N-
dimethylformamide. Both solutions were subjected to mechani-
cal stirring on magnetic stirrers. After 24 hours, PVP/EtOH and
NbOxA/DMF solutions were combined and left for mechanical
mixing for further 24 hours (Fig. 1).
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Fig. 1. Scheme of niobium oxide one-dimensional nanostructures
preparation method

The final spinning solution PVP/EtOH/NBOxA/DMF was
subjected to an electrospinning process on a DOXA Microflu-
idics Electrospinning Startup Machine device, with the use
of the following parameters: the spinning solution flow rate
through the nozzle was 0.3 ml/h, the voltage between the noz-
zle and the collector was set to 18 kV and the distance from the
nozzle to the flat collector was 15 cm. Directly after electro-
spinning, fibrous composite mats were dried overnight at room
temperature.

In the last step of NbyOs 1D nanostructures producing
method, composite nanofibers were placed in chamber furnace
by a Czylok manufacturer, with a heating rate of 5°/minute and
final calcination at 500° for 3 hours.

One-dimensional niobium oxide nanostructures were char-
acterized by the studies of morphology using a scanning elec-
tron microscope (SEM, Zeiss Supra 25) and structure stud-
ies using a transmission electron microscope (TEM, TITAN
80-300, FEI). The microscopes were equipped with a detec-
tor facilitating X-ray microanalysis of the elemental compo-
sition of electrospun materials (EDX, EDAX). Crystal struc-
ture of ceramic nanofibers was performed using a Rigaku Mini-
Flex 600 (XRD) X-ray diffractometer equipped with a Cu Ka
copper tube (k = 0.15406 nm) and a D/teX Ultra silicon strip

detector. The analysis of the data was made using the Rigaku
PDXL software suite. In addition, diffraction patterns of se-
lected micro-areas of samples (SAED) were registered. Struc-
tural studies of one-dimensional nanomaterials determining the
types of intermolecular interactions and chemical bonds were
carried out employing Fourier transform infrared spectroscopy
(FTIR, Nicolet ™jS50 by Thermo Scientific ™) in the ATR
mode for a wavenumber range of 4000 to 400 cm™~! and Ra-
man spectroscopy (Renishaw’s Raman in Via Reflex spectrom-
eter) equipped with Leica Research Grade confocal microscope
with excitation line of an Ar+ laser source with a wavelength
of A = 514 nm. The absorbance characteristics in the function
of the wavelength of the ceramic one-dimensional niobium ox-
ide were tested using a UV/Vis spectrophotometer (UV/Vis,
UV-Vis Evolution 220 by Thermo-Scientific). The study of the
specific surface area by nitrogen (N;) adsorption-desorption
method and the analysis of the pore size distribution of cal-
cined nanofibers were carried out on the Gemini VII 5.02 de-
vice (Brunauer-Emmett-Teller (BET) method and the Barrett-
Joyner-Halenda (BJH) model).

3. RESULTS AND DISCUSSION
3.1. 1D niobium oxide photocatalyst morphology

and structure
The analysis of the morphology of ceramic nanofibers was
performed using scanning electron microscopy, which demon-
strated the highly porous nature of nanostructures, caused by
the presence of single crystals building one-dimensional struc-
ture in the form of a nanowire (Figs. 2a, b). In addition, uniform
diameters of nanofibers were observed along the entire length
of the nanostructures, which is a characteristic property of elec-
trospun materials. Based on the scanning electron microscopy
(SEM) images, the diameters of the nanostructures were mea-
sured and a histogram was drawn showing the distribution of
the obtained values. The random measurement of 50 diame-
ters of the fibrous material showed that the material obtained
in a three-stage production process had diameters ranging from
125 to approx. 300 nm. The mean value of nanofiber diameters
was 190 nm (Fig. 2c¢).

In order to study the morphology and structure of electrospun
niobium oxide nanofibers, analysis was also conducted with the
use of transmission electron microscopy in the TEM and high-
resolution transmission electron microscopy (HRTEM) modes
and the selected area electron diffraction (SAED) micro-area
analysis was performed (Figs. 2d.e). The analysis of TEM and
HRTEM images confirmed the results obtained on the basis of
SEM images — the porous nature of nanofibers, caused by the
presence of individual crystals building nanowires. The SAED
micro-area analysis showed the monocrystalline nature of indi-
vidual niobium oxide nanoparticle having T-Nb,Os orthorhom-
bic (Pbam) crystal structure, of which the nanofibers were made
(Fig. 2e) [25].

Figure 3 shows the diffraction pattern of the obtained one-
dimensional niobium oxide nanostructures. X-Ray diffraction
(XRD) analysis revealed the highly crystalline, polycrystalline
nature of the nanofibers and the presence of well-defined Miller
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Fig. 2. a) and b) SEM images of Nb,Os calcined nanofibers; ¢) his-

togram showing the distribution of 1D nanostructures; d) TEM and

HRTEM images of niobium oxide nanofiber; €) SAED of single crys-
tal of electrospun Nb,O5 nanofibers
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Fig. 3. XRD pattern of 1D niobium oxide nanostructures
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indices: (001), (180), (181), (002), (132), (202), (222), (2.14, 1),
(2, 15, 1), (491) which correspond to the orthorhombic (Pbam)
structure of Nb,Os (according to PDF card no. 01-071-0336).
The orthorhombic Nb,Os phase begins to crystallize at 500°C.
At this temperature, there may be defects related to atomic dif-
fusion, plane displacements and octahedral distortions of NbOg,
which was also confirmed in subsequent studies using Raman
spectroscopy [26].

Moreover, with the use of the Halder—Wagner method, the
average size of ceramic crystallites of niobium oxide nanofibers
was determined by using the following formulas [27]:

() =56+

Bt — (FWHM) cos 6
A’ )
2sin 6
d =
A’ b)

where: A is the X-ray wavelength, 6 is the diffraction angle,
FWHM is full width at half peak maximum, € is the internal
stress, and D corresponds to mean crystalline size. Given that
the Lorentzian and Gaussian components of the §* function
correspond to the mean crystallite size and stresses, the function
takes the form:

tan 6 D tanfsin@ ' \2

(FWHM)2 KA FWHM (8)2
in which K is constant.

Based on the dependence (FWHM/tan8)> vs.
FWHM/tanOsin 6 the mean crystallite size was deter-
mined, taking into account the internal stresses of the niobium
oxide crystal lattice, the obtained value was 18.6 nm, and the
stress was equal to 0.01.

Niobium (V) oxide has Au and Eu modes visible only in
the Fourier-Transform Infrared (FTIR) spectrum and Ag, B,
E, modes which are inactive in infrared but active in Ra-
man. Figure 4 shows the FTIR spectrum recorded for the ob-
tained Nby;Os nanofibers. The intense and wide band located
at 496 cm™! is assigned to the Aru mode, which is related to
the Nb—O-Nb scissor vibrations of Nb,Os [28,29]. The sec-
ond band present in 801 cm~! comes from the E, mode as-
sociated with the O-NbQOy stretching vibration in the NbyOs
molecule. Moreover, nanofibers do not adsorb water from the
air, which is confirmed by the absence of stretching vibration
of H,O molecules in the spectrum.

The Raman spectrum of Nb,Os nanofibers presented in
Fig. 4 (inset) is consistent with the one analyzed so far for
Nb,Os nanoparticles [30]. The spectrum is dominated by
a band around 700 cm~!, which can be attributed to the A,
mode, and it suggests the presence of slightly distorted octahe-
dral NbOg species [30]. Less intense bands centered at 120, 230
and 313 cm™! can be attributed to the vibrations of the octahe-
drons and tetrahedra that build the structure of Nb,O5 [31,32].
The spectroscopic analyses confirmed the SAED results, and
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Fig. 4. FTIR and Raman (inset) spectra of one-dimensional niobium
oxide nanofibers

the orthorhombic Nb,O5 nanofibers produced were devoid of
impurities and other phases..

3.2. The specific surface area of Nb,Os nanofibrous mats
One of the key properties of efficient photocatalysts is their spe-
cific surface area, which ensures the greatest possible number
of catalytically active centers on the surface of the material, ac-
cessible to contaminant particles, e.g. dye molecules.

The study of the surface properties of the obtained Nb,Os
nanofibers was carried out by analyzing the adsorption-
desorption isotherms of nitrogen molecules (N;) at a constant
temperature of 77 K. Figure 5 presents the measurement re-
sults on the basis of which it can be concluded that the one-
dimensional niobium oxide nanostructures were characterized
by a mesoporous nature, as evidenced by the presence of a hys-
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Fig. 5. BET-specific surface area and BJH pore-size distribution
(inset) of electrospun niobium oxide nanofibers

teresis loop on the graph in the range of relative pressure val-
ues from 0.6 to 0.9. Moreover, based on the IUPAC classifica-
tion of porous materials, the shape of the adsorption-desorption
curve obtained for niobium oxide nanofibers can be assigned
as type IV [33]. The obtained Brunauer-Emmett-Teller (BET)
specific surface area of 1D nanostructures of niobium ox-
ide value was 38.54 cmZ/g, which is within the range of val-
ues obtained in other studies on electrospun one-dimensional
nanomaterials based on niobium oxide [26, 34, 35], and is
also significantly higher than the BET value of commercial
Nb,Os (3.4804 cm?/g). Figure 5 (inset) shows pore-size distri-
bution calculated using Barret-Joyner-Halenda (BJH) method.
As demonstrated by the pore size distribution graph, most pores
were in the range between 5 and 30 nm, and the average value
was 7.4 nm. The characteristic mesoporous structure, single
crystals building a one-dimensional nanomaterial and a huge
specific surface make electrospun fibrous materials an ideal ma-
terial in photocatalysis processes.

3.3. Optical properties of Nb,Os-based nanophotocatalyst
The optical properties and energy band gap of the Nb,Os
nanofibers were determined based on the graphs of absorp-
tion as a function of the wavelength incident on the radiation
sample (Fig. 6). The range of electromagnetic radiation absorp-
tion for wavelengths from 200 to 800 nm determined for 1D
nanostructures showed that this material has a characteristic
curve for Nb,Os nanoparticles with an absorption maximum
for a wavelength of approx. 210 nm. Using the Tauc depen-
dency, the width of the energy gap of fibrous niobium oxide
nanostructures was also determined, i.e. 3.85 eV, which is in
line with the Eg Nb,O5 (3.1 to 4 eV) range and is also in agree-
ment with other works [26]. The results of the analysis of the
optical properties of the photocatalyst in the form of 1D nio-
bium oxide nanostructures indicate a potential application in
photocatalysis processes with the use of ultraviolet light.
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Fig. 6. Dependence of absorbance vs. wavelength and (cthv)? in the

function of photon energy (inset) of electrospun Nb,O5-based photo-

catalyst
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3.4. Photocatalytic activity studies

The analysis of the photocatalytic activity of one-dimensional
niobium oxide nanostructures was performed based on the ob-
servations of the photodegradation kinetics of the two most
used dyes — methylene blue (MB) and rhodamine B (RhB)
under the influence of ultraviolet (UV) radiation with a wave-
length of 254 nm. The dyes selected for the study are charac-
terized by good solubility in water and the almost linear depen-
dence of concentration on absorption at their absorption max-
ima. In order to select the appropriate concentration of dyes in
aqueous solutions, in the first stage, the concentration of both
dyes — MB and RhB was calibrated. Figure 7 shows the cali-
bration curves of both dyes, on the basis of which the optimal
concentrations were selected — 4 ppm for MB and 5 ppm for
RhB, which presented the linear dependence of concentration
on absorption (Beer—Lambert law).
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Fig. 7. Calibration curves for aqueous solutions of methylene blue and
rhodamine B

Figure 8 shows the decolorization absorption curves of dyes
— MB and RhB in their absorption maxima, decreasing as
a function of the time of the photodegradation process in the
presence of a nanophotocatalyst under the influence of UV ra-
diation and the C/Cy relationship as a function of photocatal-
ysis time. Based on the measurements conducted for 3 hours,
the presence of niobium oxide nanostructures allowed for the
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Fig. 8. Decolorization curves of MB and RhB aqueous solutions (pH
= 6) in the presence of Nb,Os-based nanophotocatalyst
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decolorization of 84.9% of the initial MB concentration and
31.8% of the RhB concentration. After 30 minutes of dark ad-
sorption, a decrease in MB concentration by 28.5% and RhB
concentration by 10% was noted. The significant difference in
the degree of decolorization of both dyes is probably due to
the chemical nature of MB and RhB particles, which was not
affected by the structure of the photocatalyst material.

Table 1
Comparison of different niobium oxide photocatalytic activity
performance
Catalyst | Dye type / _ Efficiency
Material | loading | Dye concen- Irratd1a:on [%]/ kinetic | Ref.
[mg/L] |tration [ppm] yp rate [min~!]
T-NbyOs5 UV lamp | 37% in 180
nanofibers 1000 MO /20 (300W) minutes [36]
TT-Nb,05 .
hollow | 200 ic/s0 | UV lamp | ~98%in80 | ;)
(100W) minutes
spheres
TENb2Os| oy | mB M | YV A 0.0074 | [38]
nanorods lamp
T-Nb, 05 .
submicron| 100 | MB/s0 | Solar |398%in60} 5o
. simulator minutes
particles
TT-Nb,O5 UV lamp ~90% in
powders 250 MB /20 (150W) | 150 minutes [40]
H-Nb,0s5 ~65% in
powders 1000 MB /50 UV lamp 150 minutes [41]
22.39% in
Nb, 05 1000 BD/ 10 UV lamp 24 hours [42]
84.9% in .
ii%zbce)ss 10 MB /4 U?gf;;’p 180 minutes 30‘;;
/0.00949
31.8% in .
r;I;rl;I)tlilzbOe:S 10 RhB /5 U?;i;r)np 180 minutes ;gﬁ(
/0,00163

NM - not mentioned, MO — methyl orange, IC — indigo carmin,
MB — methylene blue, RhB — rhodamine B, BD — blue dispersatyl,
TT - pseudohexagonal, T — orthorhombic

Similar observations were made in another study [26].
Methylene blue does not possess the -COOH group, which is
why it is characterized by a strictly cationic molecular struc-
ture, in contrast to rhodamine B. This phenomenon is prob-
ably responsible for the different results of photodegradation
of both dyes because at the alkaline pH there was a different
distribution of the charges of both dyes. The obtained results
of photocatalytic activity correspond to the results of other re-
search groups and prove an extremely important thing in the
field of photocatalysis — the chemical nature of organic dyes
plays a huge role in the observation of the mechanisms of pho-
todegradation reactions of aqueous dye solutions (Table 1). Ta-
ble 2 shows the first-order kinetic rates of decolorization under
the influence of UV radiation in the presence of the nanophoto-
catalyst of two aqueous solutions MB and RhB. The presence
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of one-dimensional niobium oxide nanostructures in the aque-
ous solution of methylene blue was able to degrade pollutant
particles almost 83% faster, compared to the dye particles of
rhodamine B solution (pH = 6).

Table 2
First-order kinetic constant of decolorization of MB and RhB aqueous
solutions in the presence of Nb,O5-based nanophotocatalyst

MB solution RhB solution

9.49 x 1073 1.63x 1073

Kinetics rate [min~!]

4. CONCLUSIONS

The economical and repeatable electrospinning method from
PVP/EtOH/NBOxA/DMF solution was used to prepare highly
crystalline niobium oxide nanofibers with an orthorhom-
bic crystal structure confirmed by XRD and FTIR. One-
dimensional Nb,Os nanostructures with diameters ranging
from 125 to 300 nm of high porosity were tested for the specific
surface area using the molecular nitrogen adsorption-desorption
isotherms and the obtained value was 38.54 cm?/g and the av-
erage pore size was 7.44 nm. The optical properties of the
nanophotocatalyst based on electrospun Nb,Os facilitated the
use of UV radiation with a wavelength of 254 nm in the pro-
cess of photodegradation of dyes — methylene blue and rho-
damine B in the presence of a photocatalyst. The obtained re-
sults of the dye decolorization degree, MB and RhB respec-
tively, were 84.9% and 31.8%. The conducted research and
analysis of the produced nanomaterial confirms the potential
use of one-dimensional niobium oxide nanostructures in the
processes of water purification from textile dyes. Further re-
search should be done on dye solution conditions (e.g. solution
pH), which affect photodegradation kinetic constants.
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