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Abstract: This contribution describes the preparation, coupled with detailed characterization, of
Nb2O5 nanofibers and their application in lithium–sulfur batteries for the improvement of electro-
chemical performance. The utilization of reactive needle-less electrospinning allowed us to obtain, in
a single step, amorphous pre-ceramic composite PAN/Nb2O5 fibers, which were transformed into
porous ceramic Nb2O5 nanofibers via calcination. Thermogravimetric studies defined that calcination
at 600 ◦C results in crystalline ceramic fibers without carbon residues. The fibrous morphology
and mean diameter (614 ± 100 nm) of the ceramic nanofibers were analyzed via scanning and
transmission electron microscopy. A surface area of 7.472 m2/g was determined through nitrogen
adsorption measurements, while a combination of X-ray diffraction and Raman spectroscopy was
used to show the crystallinity and composition of the fibers after calcination—single T-phase Nb2O5.
Its performance in the cathode of lithium–sulfur batteries was defined through electrochemical tests,
and the obtained results were compared to a similar blank electrode. The initial discharge capacity of
0.5 C reached a value of 570 mAh·g−1, while the reversible capacity of 406 mAh·g−1 was retained
after 200 cycles, representing a capacity retention of 71.3%. The presence of Nb2O5 nanofibers in the
carbon cathode inhibits the shuttle effect through polysulphide confinement, which originates from
porosity and chemical trapping.

Keywords: niobia; nanofibers; needle-less electrospinning; oxide ceramics; lithium–sulfur batteries

1. Introduction

The increasing demand for green and sustainable energy, driven by excessive fossil
fuel consumption, environmental concerns, and the rise of electric vehicles, has highlighted
the importance of rechargeable batteries. For years, batteries such as lead–acid, Ni-MH,
Ni-Cd, and lithium-ion have dominated the electronic markets. Since their commercial-
ization in the 1990s, lithium-ion batteries (LIBs) have become the preferred energy storage
equipment for hybrid electric vehicles, electric vehicles, and electric tools due to their
high energy density and long life cycle [1,2]. However, the energy density of traditional
lithium-ion batteries is no longer sufficient to meet the rapidly growing needs of portable
electronics. Along with issues with their short life cycle, recycling, and capacity, the wide
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application of LIBs also raises some safety concerns regarding the utilization of flammable,
toxic, and scarce materials [3,4]. As a result, researchers are now focused on exploring
new electrode materials that can offer higher safety, energy, and power densities, along
with lower costs and toxicity [1,3,5]. With more than three decades of development of
rechargeable lithium-ion batteries (LIBs), a variety of electrode active materials was tested:
oxide ceramics, carbon polymorphs, etc. Meanwhile, lithium–sulfur batteries (LSBs) are
seen as the most promising successors to rechargeable LIBs due to their superior theoretical
energy density of 2600 Wh kg−1 and theoretical capacity of 1675 mAh·g−1 [4,6,7]. Despite
the low cost, low toxicity, and wide natural abundance of sulfur, LSBs have their drawbacks
and face challenges such as the formation of polysulfides, the loss of active sulfur, its disso-
lution/diffusion in the electrolyte during the discharge cycle, the so-called shuttle effect,
and the volume expansion of the cathode containing S. In LSBs, the shuttle effect is one of
the main reasons for capacity decay and low charge efficiency [6–8]. Soluble long-chain
polysulfides migrate to the lithium anode and react irreversibly, and then they form shorter
polysulfides, which again flow back to the cathode. One of the accepted approaches to
eliminate or at least minimize this shuttle effect is to introduce cathode materials, which
have an affinity towards polysulfides and can adsorb or immobilize on their surfaces or
catalytically convert soluble polysulfides into shorter ones already in the cathode; thus,
they arrest the migration of polysulfides towards Li surfaces. The diffusion of polysulfides
into the electrolyte will result in capacity decay, a lowering of the Coulombic efficiency, and
the uncontrollable deposition of Li2S2, Li2S, and sulfur [6,7].

Metal oxides are the most promising inorganic compounds to anchor polysulfides in
LSBs [8]. Especially in a nanostructured form, they have many advantages, among which
are their high specific surface area and strong adsorption ability based on both physical
and chemisorption [2,9]. A high surface area, along with often high conductivity, results in
an increased contact area between the electrode and the electrolyte, which can inhibit the
dissolution of the discharge products into the electrolyte, lower the internal resistance, and
allow the cells to operate at higher current densities. Thanks to the oxidation state of O2−

metal oxides provide a strong polar surface, which efficiently traps hydrophilic lithium
polysulfides and improves the utilization of elemental sulfur, while the covalent nature
of the metal–oxygen bond guarantees high chemical stability and insolubility in most
organic solvents [9]. Moreover, the volumetric energy density of LSBs can be enhanced by
fabricating composite cathodes based on nanostructured metal oxides and sulfur, resulting
in a cathode that is capable of trapping the discharge products inside or in the vicinity of
the cathode, which can promote a conversion reaction between polysulfide intermediates
and Li2S2/Li2S [4,9]. It was found that polar metal oxides can absorb sulfur species due
to their intrinsic hydrophilic surfaces, and the surface acidity can sufficiently enhance the
chemisorption ability of the metal oxides: the stronger the surface acidity of the metal
oxide host, the higher the capability of polysulfide chemisorption [9–11]. Combining the
high surface area with a chemical binding ability may heavily enhance the potential of
metal oxide-based composite cathodes; this is why, recently, compounds of transition
metals (especially of groups 4 and 5) have received great attention for their potential
applications in renewable energy generation and storage; these include photocatalysis
for water decontamination or splitting, electrodes in lithium–sulfur (LSBs), lithium (LIBs),
sodium, and other ion batteries, and even supercapacitors [12–20]. Metal oxides, such
as MnO2, Al2O3, MgO, SiO2, Nb2O5, and TiO2, as well as Magnéli phases like Ti4O7,
have been widely investigated due to their intense chemical binding energy with lithium
polysulfides, which can suppress their irreversible dissolution within the electrolyte during
the charge/discharge processes [1,6,8–10,21,22].

Niobium (V) oxide—Nb2O5 or also known as niobia, is a white, optically transparent
(due to its large band gap), air-stable, water-insoluble solid [23,24]. It is one of the most im-
portant transition metal oxides. While niobia can be described as amphoteric, it is typically
a chemically inert substance. Its structure is notably complex, temperature-dependent, and
shows a wide range of polymorphism, necessitating a thorough combination of characteri-
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zation techniques to determine the precise phase composition [17,18,23,25]. It is an n-type
semiconductor with a bandgap, dependent on an oxygen stoichiometry, ranging between
3.2 to 4 eV. Stoichiometric Nb2O5 is an insulator with the conductivity of σ ~3 × 10−6 Scm−1

and becomes semiconducting with a decrease in oxygen stoichiometry to Nb2O4.8, reaching
the conductivity of σ ~3 × 10−3 Scm−1 [18,26]. It is mainly used in the production of
niobium metal; however, it has special applications in electronics, as the dielectric layer
in capacitors in particular [27], thanks to its high dielectric constant. Also, it has a high
refractive index, shows an electro-optic effect, and thus is often used in optoelectronics,
optical glasses, photoelectrodes in dye-sensitized solar cells, and sensors [18,24,28]. Its
unique properties paved the way for Nb2O5 in catalysis, where it is used for dehydration (of
alcohols and esters), oxidation, reduction, hydrolysis, and polymerization [13,23,24,29,30].

Niobium oxide is considered a potential material for the negative electrodes in LIBs
thanks to its rich redox chemistry (Nb5+ to Nb+), tunable acidity, chemical stability, and the
presence of numerous stable and metastable polymorphs [9,10,17,18,25,26,31]. However, in
the age of post-lithium batteries, such as lithium-sulfur LSBs, the application of Nb2O5 may
help improve not only the overall performance of the battery but also solve some essential
problems of limited lifetime and the so-called shuttle effect [1,9,10,21,26].

All bulk forms of Nb2O5 suffer poor electronic conductivity, along with sluggish Li+

diffusion [1,15,21]. To solve these issues, a large amount of efforts have been conducted
recently. Generally, the fast charging/discharging performance of electrode materials is
closely related to three key factors: kinetics of ion transport, electronic conductivity, and
kinetics of interfacial and Faradaic reactions. In other words, the Li storage kinetics of
Nb2O5 depend on charge and mass transfers near the reaction interfacial regions. Based
on this concept, various optimizing strategies have been proposed. They can be summa-
rized in the following two main directions [1,17,21,26]: (1) designing unique structures or
morphologies, such as nanobelts, nanoplates, nanosheets, nanofibers, etc., to increase the
specific surface area of the materials and shorten the path of charge transfer; (2) compositing
with high conductive materials (such as metal NPs and carbon materials) [26].

This work is focused on the preparation and detailed characterization of the crys-
talline ceramic Nb2O5 nanofibers as a new potential additive in the cathode material for
application in lithium-sulfur batteries.

2. Results and Discussion

In this work, the preparation sequence of the ceramic Nb2O5 nanofibers can be divided
into three basic steps:

(I) The blending of the precursor solution containing the mandatory support polymer
and the ceramic precursor.

(II) Electrospinning itself. The precursor fibers were electrospun by the needleless reactive
approach in which the ceramic component is synthesized in situ during the fibers
formation and collection. Here, reactive electrospinning includes the initial transfor-
mation reaction of the ceramic precursor—hydrolysis of NbCl5 by the air moisture to
amorphous hydrated Nb2O5 trapped inside the PAN polymer fibers, thus resulting in
amorphous pre-ceramic/polymer composite precursor fibers marked as PAN/Nb2O5:

2 NbCl5 + 5 H2O (air moisture)→ Nb2O5 + 10 HCl (gas).

Scheme 1 below describes the reactive nature of the electrospinning approach used in
this work. The 3D model of the wire frame electrospinning electrode and a bath containing
the polymer solution (part of the chamber of the Nanospider NSLab200) was modeled by
Tinkercad 3D modeling software.

(III) The last one is the preparation of the ceramic nanofibers by heat treatment of the
composite precursor PAN/Nb2O5 fibers, resulting in the final crystalline Nb2O5
nanofibers (Nb2O5 NFs).
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Scheme 1. Description of the reactive electrospinning approach used in this work.

2.1. Structural Characterization

Thermal analysis. DTA/TG analysis was carried out to explore the calcination process
and define the phase transitions occurring in the precursor fibers. A small amount of
the precursor fibers was put into a dedicated corundum crucible and calcined with a
heating rate of 10 ◦C/min. The DTA/TG curves presented in Figure 1 show that there
are three decomposition stages corresponding to the cyclization of PAN, decomposition–
carbonization, and thermo-oxidation of carbon residues, separated by two exothermic
peaks at 271 and 480 ◦C [32–34], corresponding to the gradual decomposition of PAN
and crystallization of Nb2O5. The TG signals showed a mass loss accompanying the DTA
signal in the temperature intervals from 40 ◦C to 271 ◦C and from 271 ◦C to approximately
590 ◦C [33,34]. The first mass loss event, in the vicinity of 50 ◦C, is caused by an onset
of the evolution of physisorbed water and trapped HCl gas. Water is absorbed by the
formed hydrated niobium pentoxide, which is formed by the hydrolysis of the niobium
pentachloride with air moisture, resulting in the formation of the particles of amorphous
Nb2O5 and HCl gas, which can be trapped inside the polymer and in porous amorphous
ceramics. This hydrolysis takes place in situ during the electrospinning process at the
moment of the fiber formation and is accelerated by the increased contact area of the
ceramic precursor with the moisture in the air (see Scheme 1).

The first stage of the polymer degradation corresponds to the main crosslinking
reaction, which is responsible for building up the polymeric network inside the fibers and
usually emerges in the temperature range around 250–300 ◦C, but often depends on the
purity of PAN; the treatment atmosphere (inert or oxidative) and presence of various other
additives [32,35,36]. A lot of volatile by-products evolved during this stage [37], such as
HCN and NH3 [38].

The second stage in the literature ranged from about 320–360 ◦C to 440–480 ◦C and
was defined to be a decomposition-carbonization process of cyclic structure with the
volatilization of H2 [36]. Here, the formed organic network begins to decompose in the
temperature range from 271 ◦C to 590 ◦C, causing a partial weight loss of about 45.7%.
A sharp exothermic peak appears at 480 ◦C at the end of this stage, which corresponds
to the combustion of the organic and carbon residuals. The right shoulder of the peak,
which causes its broadening, can be ascribed to the signal from the crystallization of Nb2O5
from the amorphous part of the precursor fibers. In this study, the third stage is short and



Inorganics 2023, 11, 456 5 of 15

is presented in the temperature range of 590–610 ◦C, where the trace residues of carbon
are oxidized and finally removed from the system. The total weight loss of the sample is
detected to be up to 66.10%. As the temperature is raised over 600 ◦C, the weight of the
products tends to be stable, and no further peaks are detected; this meant that all volatile
or combustible residues had been fully removed from the sample, and only the ceramic
component was presented.
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Figure 1. TG-DSC curves of the precursor fibers in air atmosphere.

The shapes of the TG and DTA curves, along with observed events, are in good
agreement with the literature sources [32,34,36,38].

Phase analysis—X-ray diffraction. XRD pattern of the Nb2O5 NFs obtained from the
precursor PAN/Nb2O5 composite fibers by calcination at 600 ◦C is shown in Figure 2a. It
exhibits the characteristic diffraction peaks corresponding to the orthorhombic T-phase
Nb2O5 (T-Nb2O5, JCPDS No. 00-030-0873) [21,39]. It is in good agreement with the liter-
ature sources where a similar pattern was observed for the samples heat treated below
800 ◦C [18,21,23,40].
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Raman microscopy. The Raman spectrum of Nb2O5 calcined at 600 ◦C is shown
in Figure 2b. The peaks characteristic for the T-Nb2O5 centered at 122, 227, 300, and
689 cm−1 are in good agreement with the published reference literature [15]. The peaks at
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180–350 and 580–740 cm−1 are attributed to the Nb–O–Nb angle deformation and bridging
bond of distorted NbO6 clusters [41]. The recorded pattern confirms the results of the
XRD measurements.

Electron microscopy. Morphologies of the fibrous samples were studied by SEM in
combination with EDX analysis. Results of the morphological studies of the precursor
and ceramic fibers, obtained by calcination at 600 ◦C, are depicted in Figure 3. As can be
seen from the micrographs in Figure 3a,b, the electrospun fibers are formed by continuous
randomly aligned fibers with a mean diameter of 877 ± 320 nm. The formation mechanism
is similar to the one described in the authors’ previous works focused on the electrospun
TiO2 fibers [42]. Similarly to the mentioned works, the ceramic precursor reacts with the
air moisture, forming the pre-ceramic/polymer composite fibers. However, the slightly
lower reactivity of the NbCl5 (compared to the titanium tetraisopropoxide [42]) results in
the prolonged reaction, and thus the formation of the porous internal skeleton of the fibers,
instead of the tubular structures, typical for the TiO2 precursors. Formation of the skeleton
and increased porosity are also assisted by the non-solvent-induced phase separation of
PAN and hydrolysis products of the NbCl5. Calcined fibers are depicted in Figure 3c,d.
Although thin ceramic fibers possess some flexibility, high porosity brings brittleness into
the system, which is visible in Figure 3. The obtained ceramic fibers have a mean diameter
of 614 ± 100 nm. The surface of the ceramic Nb2O5 NFs is rough due to the polycrystalline
nature and high porosity.
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Figure 3. SEM images of (a,b) precursor PAN/NbCl5 fibers and (c,d) final ceramic Nb2O5 NFs.

For a more detailed study of the prepared ceramic fibers, TEM analysis was performed.
The corresponding selected-area electron diffraction (SAED) pattern confirms the poly-
crystalline character of the sample and corresponds with the results of XRD and Raman
microscopy. As depicted in Figure 4a,c, single fibers are made up of grains of 10 to 40 nm
in size. EDX maps in Figure 4c showed that distributions of Nb and O were uniform, and
the atomic analysis results in 17.92 at.% of Nb and 82.08 at.% of O.

Nitrogen absorption surface area analysis by BET isotherms. Figure 5 depicts the results
of the BET analysis of the ceramic Nb2O5 NFs calcined at 600 ◦C. The value of the total
surface area was obtained as only 12.8 m2/g. However, the plot analysis reveals some
anomalies; the specific shape of the isotherms presented in Figure 5 confirms the presence
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of micropores; this is why the directly obtained SBET value is not fully reliable for this type
of sample. To analyze the pores’ nature, size distribution, and real surface area, the t-plot
method was used. While the results of the surface area analyses are gathered in Table 1,
Figure 6 shows the pore size distribution obtained for Nb2O5 NFs. As can be seen from the
graph, the material is characterized by the dominating large meso- and macropores and the
mean pore size is about 22.5 nm. From the point of view of gas absorption, such material
has a low surface area. However, for the application of battery electrodes and absorption
of liquid electrolytes, these kinds of fibers should provide good fluid mobility and open
volume for sulfur immobilization.
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Figure 4. (a) TEM micrograph of Nb2O5 fibers with electron beam diffractogram as an inset and
(b) HRTEM image (detail) of the fiber from the selected area; (c) TEM/EDX elemental mapping of
the fiber grains.
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Table 1. Results of the BET isotherm analysis of Nb2O5 NFs.

Sample SBET,
m2/g

t-Plot Analysis

Vmicro, m3/g S micro, m2/g Sext, m2/g Mean Pore Size, nm

Nb2O5@600 ◦C 12.8 0.003 6.989 7.472 22.5
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2.2. Electrochemical Characterization

Figure 7 depicts SEM micrographs with point EDX analyses of the as-prepared “fresh”
electrodes with the addition of Nb2O5 NFs and after the electrochemical testing of the
last. As can be seen, Nb2O5 NFs are perfectly preserved after the electrode preparation
and deposition on the aluminum foil collector. Also, there are no visible changes in the
morphology of Nb2O5 NFs after the electrochemical cycling of the electrode. The only
difference visible is the lower content of sulfur, which can be described by the discharged
state of the tested and disassembled battery.

The electrochemical properties of the S/Nb2O5 cathode in Li-S batteries were eval-
uated in detail. The cyclic voltammogram (CV) curves at a scan rate of 0.1 mV s−1 (see
Figure 8a) and exhibits two reduction peaks at 2.3 V and 2.0 V. The first reduction corre-
sponds to the reaction of elemental sulfur with lithium, resulting in higher polysulfides
(Li2Sx, x = 4 − 8), and the second peak may be described by a further reduction to lower
polysulfides (Li2S3, Li2S2) and discharge product (Li2S), respectively [43]. In the subse-
quent anodic scan, one can see two oxidation peaks, and the reverse reactions proceed. The
current density decreases in the first three scans, although the third and fourth cycles are
well overlapped, indicating good stability of the system. The charge capacitances obtained
from the integrated area of the current-time representation of the cyclic voltammetry for
the anodic and cathodic reactions are almost the same, which means the electrochemical
reaction is reversible.

To explore the rate performance of the S/Nb2O5 electrode, Li-S battery cells were
galvanostically charged and discharged at different current densities of 0.2 C, 0.5 C, 1 C,
and 2 C (see Figure 8b). The discharge capacity in the first cycle at each C-rate was 574, 525,
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477, and 368 mAh·g−1, respectively. The discharge capacity of 680 mAh·g−1 is acquired
when the C-rate is shifted back to 0.2 C. The Coulombic efficiency, despite multi-current
cycling, reached the value of 91.6%. The change of charge/discharge profiles at different
current densities is demonstrated in Figure 8c. Both plateaus are visible at all C-rates,
corresponding to peaks observed in CV. However, plateaus are suppressed for high current
density due to limited charge transferability. Charge/discharge curves, despite cycling at
0.2 C, are depicted in Figure 8d. One can see that the plateaus are suppressed in the first
cycle, and capacity increases with the number of cycles, demonstrating the reduced impact
of the polysulfide shuttle. Here, the high reversibility of the electrochemical reaction is
assumed to be provided by the combination of factors. First, the specific porosity of the
added Nb2O5 fibers, surface area, and chemisorption of the discharge products originated
from the chemical nature of the additive.
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Figure 7. SEM micrographs of the prepared electrodes, depicting Nb2O5 fibers embedded in the
battery electrode: (a) before the electrochemical tests (marked as “fresh”) with EDX analysis results
in the insets; and (b) after the performed electrochemical tests—5 cycles of charging/discharging
(marked as “tested”) with EDX analysis results in the insets.
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To further demonstrate the positive effect of the Nb2O5 fibers, the cycling stability
of the Li-S battery with the S/Nb2O5 cathode was evaluated during long-term cycling
at 0.5 C (see Figure 9a). Capacity increases up to the 50th cycle, then decreases slightly
up to the 130th cycle, and with increasing battery degradation, the capacity decrease is
more significant. The initial discharge capacity of 0.5 C reached the value of 571 mAh·g−1.
A reversible capacity of 407 mAh·g−1 is retained after 200 cycles. The capacity retention
was 71.3%, representing the capacity fading rate per cycle of 0.144%. The average value
of Coulombic efficiency, despite long-term cycling at 0.5 C, was 90.0% and declined dur-
ing cycling due to the increased influence of the polysulfide shuttle. The galvanostatic
charge/discharge profiles during cycling at 0.5 C showed two plateaus corresponding to
CV curves. The voltage of the high and low voltage plateau decreases with the degradation
of the battery. The obtained results are comparable with results published by the authors
for the application of MOFs in LSBs [7].
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Figure 9. (a) Galvanostatic cycling of the S/Nb2O5 electrode at 0.5 C for 200 cycles, (b) selected
charge/discharge profiles during cycling at 0.5 C.

For the sake of comparison and emphasizing the effect of Nb2O5 nanofibers in addition
to the cathode material, the same cathode was prepared without ceramic additives and
tested similarly. The results of the electrochemical tests are generalized in Figure 10 below.

As can be seen from Figure 10, pure electrodes without ceramic nanofibers addition
show lower performance and stability. Figure 10a shows cyclic voltammogram CV curves
at a scan rate of 0.1 mV s−1, which exhibit two reduction peaks at 2.3 V and 2.0 V. Similarly,
the first reduction corresponds to the interaction of sulfur with lithium, resulting in higher
polysulfides. In comparison, the second peak may be ascribed to the further reduction of
lower polysulfides and Li2S discharge product. In the subsequent anodic scan, one can
see two oxidation peaks, and the reverse reactions proceed. However, the reversibility
of the electrochemical reaction is much lower compared to the first case. The long-term
cyclization pointed out that, in the case of the pure carbon electrode, the capacity retention
after 200 cycles is only 35%, which is in good agreement with the literature regarding
similar composition [44].
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at different C-rate values, and (c) galvanostatic cycling of the S/C pure cathode at 0.5 C for 200 cycles.

3. Materials and Methods

The fabrication of the ceramic niobium pentoxide fibers consists of three basic steps:
preparation of the electrospinning solution, electrospinning of the composite precursor
PAN/Nb2O5, and its further calcination in air.

The electrospinning solution for the needle-less design was prepared by separately
dissolving polyacrylonitrile (PAN, Mw = 150 kDa, Aldrich, now Merck, Darmstadt, Ger-
many) and niobium pentachloride—NbCl5 (99.8%, Acros Organics, Geel, Belgium) in N,N-
dimethylformamide (DMF, Supelco, Merck, Darmstadt, Germany) till full dissolution and
then mixed to obtain a solution with a ratio PAN/NbCl5/DMF 8/10/82. The as-prepared
blend was electrospun by reactive needle-less electrospinning technology at IMR SAS
Kosice on the Nanospider NSLab200 machine by Elmarco Co (Liberec, Czechia) using the
following parameters: wireframe electrode, electrode-to-collector distance 150 ± 10 mm,
10 rpm of the spinning rate, applied voltage 72 kV, ambient temperature 25 ◦C, and rel-
ative humidity 50%. Here, “reactive” means that simultaneously to the electrospinning
process (during the formation and elongation of the fiber, when the surface area rapidly
increases), the NbCl5 reacts with the air moisture, hydrolyses resulting in the formation of
the pre-ceramic/polymer composite fibers. For the completion of the hydrolysis process,
the as-spun fibers were left overnight in the lab. Removal of the organic component of the
precursor fibers was performed by conventional calcination in alumina crucibles in a lab
furnace at 600 ◦C in air and 10 ◦C/min heating rate.

The thermal decomposition and crystallization of the samples were analyzed by ther-
mogravimetric analysis (TGA, JUPITER STA 449-F1, NETZSCH, Selb, Gebrüder-Netzsch-
Straße, Germany) followed by phase composition analysis using X-ray diffraction (XRD,
Philips X’PertPro, Amsterdam, Netherlands, with CuKα radiation). Thermogravimetric
measurements were performed from room temperature up to 1000 ◦C under synthetic air
flow (50 mL/min) with a heating rate of 10 ◦C/min using common Al2O3 crucibles. TGA
measurements with empty Al2O3 crucibles were performed to obtain the baselines.

For the detailed chemical composition and phase analysis, a Raman study of the tested
fibrous specimens was carried out using a Raman microscope XploRA ONE by HORIBA
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Jobin Yvon (Palaiseau, France). A laser with a wavelength of λ = 532 nm was used, and a
spectrum in the range of 100 to 3000 cm−1 was recorded.

Morphologies and substructure of the prepared fibrous samples were observed by
scanning electron microscopy (SEM/FIB, ZEISS AURIGA Compact, Carl Zeiss, Oberkochen,
Germany) and transmission electron microscopy (TEM, JEOL 2100F, Akishima, Tokyo,
Japan) both coupled with EDX systems (Oxford Instruments, Abingdon, UK). The image
analysis was performed by ImageJ software (v. 1.51j8).

To obtain the value of the specific surface area SBET of the studied material, along with
the pores’ size distribution, the experimental nitrogen gas adsorption data were processed
by the Brunauer-Emmett-Teller (BET) isotherms by Quantachrome NOVA 1200 apparatus
(Quantachrome Instruments, Boynton Beach, FL, USA).

Electrochemical characterization of the obtained Nb2O5 polycrystalline fibers was
performed based on their suitability to be used in LSB. Sulfur (Merck, Darmstadt, Germany),
carbon Super P (Timcal, Imerys, Paris, France), and electrospun polycrystalline Nb2O5
fibers were ground in a mortar with a pestle to prepare the cathode material. The electrode
slurry was prepared by dissolution of polyvinylidene fluoride (PVDF, Aldrich, Merck,
Darmstadt, Germany) in N-methyl-2-pyrrolidone (NMP, Merck, Darmstadt, Germany)
and the mixture of the electrode material was added. The resulting mass ratio of sulfur,
carbon Super P, Nb2O5 fibers, and PVDF was 60/15/15/10. To prepare electrodes, the
homogenous slurry mixed for 24 h was coated on Al foil with carbon surface modification
and dried in the oven at 60 ◦C for 24 h, then uniformly dispersed on the carbon-coated
aluminum current collector using a coating bar with 200 µm thickness of the wet film.
The weight of sulfur per area was controlled at about 2.7 mg·cm−2. The electrodes with a
diameter of 18 mm were pressed with a pressure of 315 kg·cm−2. The El-Cells® (EL-Cell,
Hamburg, Germany) were assembled with S/Nb2O5 as a working electrode, lithium metal
foil as both counter and reference electrode, and a glass fibers separator. The electrolyte
was 0.7 M bis-(trifluoromethane) sulfonimide lithium salt (Li-TFSI, Merck, Darmstadt,
Germany) dissolved in 1,2-dimethoxyethane (DME, Merck, Darmstadt, Germany) and
1,3-dioxolane (DOL, Merck, Darmstadt, Germany) (2:1 volume ratio) with 0.25 M LiNO3
(Merck, Darmstadt, Germany) as an additive. The assembly of the electrochemical test cells
was carried out in a Jacomex (Dagneux, France) glove box. The electrochemical properties
of the prepared electrode material were investigated by both cycling voltammetry (CV)
and galvanostatic cycling measurements using Autolab Multi M204 (Metrohm Autolab BV,
Utrecht, Netherlands). The CV was measured in the potential window 1.8–3.0 V vs. Li/Li+

with a scan rate of 0.1 mV s−1. Galvanostatic cycling was carried out within the voltage
range between 1.8 V and 2.8 V vs. Li/Li+.

4. Conclusions

In this work, we reported the detailed preparation and characterization of crystalline
ceramic flexible 3D structures based on Nb2O5 nanofibers obtained by the reactive needle-
less electrospinning combined with calcination. The post-spinning treatment conditions
applied on the prepared fibrous mats were calcination in air at 600 ◦C at a heating rate of
10 ◦C per minute. As a result, ceramic nanofibers with a macroporosity were prepared.
The electrochemical properties of the prepared fibrous materials were studied based on
their suitability for application in LSBs. Li-S battery cells were galvanostically charged
and discharged at different current densities of 0.2 C, 0.5 C, 1 C, and 2 C, respectively. The
discharge capacity in the first cycle at each C-rate was 574, 525, 477, and 368 mAh·g−1,
respectively. The discharge capacity of 679.5 mAh·g−1 is acquired when the C-rate is
shifted back to 0.2 C. Long-term charge–discharge experiments based on the LSBs with
Nb2O5 nanofibers as electrode material was performed; this allowed us to study the
degradation rate of such a battery. The initial discharge capacity of 0.5 C reached the value
of 571 mAh·g−1. A reversible capacity of 407 mAh·g−1 is retained after 200 cycles. The
capacity retention was 71.3%, representing the capacity fading rate per cycle of 0.144%.
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