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ABSTRACT
tensively studied as anode materials for lithium ion batteries

Niobium pentoxide (Nb,O;) has been ex-

(LIBs) due to its good rate performance and safety advantages.
However, the intrinsic low electronic conductivity has largely
restricted its practical application. In this work, we report the
construction of mesoporous T-Nb,O; nanofibers by electro-
spinning followed by heat treatment in air. The inter-
connected mesoporous structure ensures a high surface area
with easy electrolyte penetration. When used as anodes for
LIBs, the mesoporous Nb,O; electrode delivers a high re-
versible specific capacity of 238 mA h g™ after 1,000 cycles at a
current density of 1 A g”' within a voltage range of 0.01-3.0 V.
Even at a higher discharge cut-off voltage window of
1.0-3.0 V, it still possesses a high reversible capacity of
166 mA h g_1 after 200 cycles. Moreover, the porous Nb,O;
electrode also exhibits excellent rate capability. The enhanced
electrochemical performances are attributed to the synergistic
effects of porous nanofiber structure and unique crystal
structure of T-Nb,O;, which has endowed this material a large
electrode-electrolyte contact area with improved electronic
conductivity.

Keywords: T-Nb,O;, interconnected-mesoporous nanofibers,
electrospinning, lithium ion batteries

INTRODUCTION

Lithium-ion batteries (LIBs) are considered to be one of
the most promising power sources for electronic devices
because of their high energy density, no memory effect,
little self-discharge and environmental benignity [1-3].
As a low-cost material, graphite is the most widely used
anode so far due to its good conductivity and stable

physical properties. Unfortunately, its immanent draw-
backs, such as low energy and power density, poor rate
capacity, limited cycle life, and safety issues, have largely
restricted its future utilization in LIBs [4-6]. Thus, it is
imperative to develop alternative anode materials to ad-
dress the above issues for next-generation high-perfor-
mance LIBs.

Recently, some metal oxides MO, (M=Co, Ni, Mn, Cu,
Fe, Sn) have attracted intensive attentions for LIBs be-
cause of their high theoretical capacity, abundant sources
and environmental benignity [7-9]. However, the MO,
electrodes usually suffer from a huge volume expansion
during the insertion and extraction of lithium ions (Li"),
resulting in a severe irreversible capacity loss and poor
cycling capability, which is unfavorable to their large-
scale commercialization [10-14]. Among these, niobium
pentoxide (Nb,Os) has been widely studied because of its
slight volume changes upon cycling and high lithiation
potential (1.0-2.0V ws. Li/Li’). The unique lithiation
potential which is higher than that of the formation
voltage of solid electrolyte interface (SEI) can suppress
lithium dendrite deposition on the electrode surface,
thereby relieving electrode pulverization and improving
safety and cycling capability [15,16]. As reported, Nb,O;
has a class of polymorphic forms, including amorphous
(a-Nb,0Os), orthorhombic (T-Nb,Os), pseudo hexagonal
(TT-Nb,O;) and monoclinic (M-Nb,Os) [17-19]. The
previous electrochemical results have suggested that T-
Nb,O; possesses a good battery performance owing to its
unique properties such as layered structure, high chemi-
cal stability and open intrinsic framework [20]. None-
theless, the poor intrinsic electrical conductivity
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(3x10 °S cm ) results in a sluggish Li* diffusivity, lead-
ing to the poor cycling stability and rate capacity [21].

The common strategies to address the abovementioned
issues are to enhance intrinsic electronic/ionic con-
ductivity and reduce the diffusion length for ions/elec-
trons within the electrode. Carbon coating is an efficient
way to improve the conductivity of electrode materials,
which has been previously reported in LIBs. For
examples, Kim et al. [22] has prepared Nb,Os/carbon
electrode, which exhibits a stable cycle life and out-
standing rate capability. However, the specific capacity is
not satisfactory. Construction of nanostructured materi-
als can also enhance the electrochemical performances.
Through downsizing the particle size to nanoscale, ma-
terials could show higher surface area, which can improve
the interface between the electrode and electrolyte so as to
shorten the diffusion pathway of electrons and ions. To
date, various Nb,Os nanostructures have been synthe-
sized, such as nanobelts [23], nanotrees [24], nanosheets
[25] and nanowires [26,27]. Particularly, 1D nanomater-
ials with the merits of short ion diffusion distance, facile
electron transportation channel and quick electrolyte in-
filtration have received more research attentions [28]. For
example, Liu and co-workers [29] synthesized 1D Nb,O,
nanobelts, which exhibit a reversible capacity of
95.8 mA h g ' after 200 cyclesat 1 A g ' in a voltage range
of 1.0-3.0 V. However, the long-term cycling stability and
rate capability of these simplex nanostructures are still far
from satisfaction for the industrial use [30,31]. Fabrica-
tion of nanomaterials with porous structure could further
provide more active sites, decrease the diffusion length
and facilitate electrolyte penetration. Meanwhile, the void
space in the porous structure can buffer the volume
change upon cycling, which is helpful to keep the struc-
tural integrity of electrodes during cycling [32,33]. Sa-
sidharan et al. [34] synthesized Nb,O; hollow
nanospheres with a high capacity of 172mAh g ' after
250 cycles at 0.2 A g '. Rahman et al. [5] designed vein-
like nanoporous network of Nb,O; electrodes, which
exhibited greatly improved rate performance. Till now,
Nb,O5 with 1D porous structure has rarely been reported
yet.

In this work, we reported interconnected-mesoporous
T-Nb,Os nanofibers via electrospinning followed by cal-
cination process. The obtained nanofibers are of high
porosity and the mesopores are interconnected with one
another. When used as anodes for LIBs, this material
exhibited excellent electrochemical performances in the
voltage ranges of 0.01-3.0V and 1.0-3.0 V, including
good rate capabilities and long-term cycling stabilities.
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EXPERIMENTAL SECTION

Synthesis of Nb,O; porous nanofibers

All the solvents and chemicals were of analytical grade
and used without further purification. A solution was
prepared by dissolving 0.025 mmol niobium hydroxide
oxide (H;Nb;O,y) and 0.225 mmol oxalic acid dehydrate
(H,C,0,-2H,0) in 1 mL of deionized water under mag-
netic stirring at 80°C for 10 min. Then the above solution
was added into 9 mL of N,N-dimethylformamide (DMF),
followed by the addition of 1 g of polyvinylpyrrolidone
(PVP) under magnetic stirring at room temperature to
form a homogeneous transparent viscous solution. Sub-
sequently, the well-mixed electrospinning solution was
transferred into a 10 mL plastic syringe with a 20-gauge
stainless steel needle positioned 15cm away from the
collector. During the process, the applied direct current
(DC) voltage was 12 kV and the solution flow rate was
kept constant (0.4 mL h"). The as-synthesized precursors
were collected on the aluminum foil wrapped around the
rotating drum. After that, the porous Nb,O; nanofibers
were obtained by annealing the precursors at 600°C in air
for 2 h with a heating rate of 2°C min .

Materials characterization

The crystal structure of the samples was confirmed by
powder X-ray diffraction (XRD) measurements using the
Rigaku D/max 2500 X-ray diffractometer (Cu Ka radia-
tion, A=1.54178 A). The thermal behavior of the obtained
precursors was conducted from ambient temperature to
800°C at a heating rate of 10°C min ' in air on a com-
bined thermogravimetric (TG) and differential scanning
calorimetry (DSC) analysis instrument (Netzsch STA
449C, Germany). The morphologies and structures of the
samples were characterized by field-emission scanning
electron microscopy (FESEM, FEI Nova NanoSEM 230)
and high-resolution transmission electron microscope
(HRTEM, FEI Tecnai G2 F20). Nitrogen adsorption-
desorption isotherm measurements were performed on a
Micromeritics ASAP 2460 to study the specific surface
area and pore-size distribution of the samples.

Electrochemical measurement

The electrochemical measurements were carried out in
CR2016 type coin cells. The electrode materials were
mixed with super-P and sodium carboxymethyl cellulose
(CMC) at the weight ratio of 80:10:10 in distilled water to
form slurry, which was coated on copper foil followed by
drying in a vacuum oven at 80°C for 12 h. The mass
loading of the active material was around 1 mg cm ~. All
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Figure 1 The illustration of the formation process of porous Nb,O; nanofibers (a); SEM (b, c), elemental mapping (d) and TEM (e-g) images of the

porous Nb,O; nanofibers after heat treatment.

the half-cells were assembled into 2016-type coin cells in
a glovebox filled with ultrahigh purity argon using
lithium metal as counter and reference electrodes, and
1mol L' LiPF, in ethylene carbonate/dimethyl carbo-
nate/ethylmethyl carbonate (EC/DMC/EMC) (1:1:1,
vol%) as the electrolyte. The galvanostatic charge/dis-
charge tests were carried out on a Land battery tester
(Land CT 2001A, Wuhan, China). The cyclic voltam-
metry (CV) measurement was tested on an electro-
chemical workstation (CHI660C, China) at a scan rate of
0.1mVs ' in the potential range of 0.01-3.0V and
1.0-3.0 V (vs. Li'/Li). The electrochemical impedance
spectrometry (EIS) was performed on an AUTOLAB
electrochemical station (Metrohm, Netherlands) in the
frequency range of 100 kHz to 10 mHz. All the electro-
chemical tests were performed at room temperature.

RESULTS AND DISCUSSION

The overall fabrication process of the interconnected-
mesoporous Nb,Os nanofibers is illustrated in Fig. la.
Briefly, a homogeneous solution of niobium hydroxide
oxide, oxalic acid and PVP was electrospun into nanofi-
ber precursors. Then, the precursors were thermally

April 2019 | Vol.62 No.4

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2018

treated at 600°C in air for 2 h to obtain mesoporous
Nb,Os nanofibers. During the calcination process, the
niobium oxalates were in-situ transformed into Nb,Oq,
whereas interconnected-mesoporous were formed as a
result of the pyrolysis of polymer. The morphology and
nanostructure of the porous nanofibers were character-
ized by SEM and TEM. SEM images in Fig. S1 shows the
morphology of the as-spun precursors. The precursor
nanofibers are highly uniform with a diameter of
~100 nm and show a smooth surface. Fig. 1b shows the
SEM image of the as-synthesized Nb,O; nanofibers
derived from the as-spun fiber precursor. It reveals that
the nanofiber structure is well preserved with the dia-
meters unaltered, suggesting the structural robustness of
these 1D nanostructures. A higher magnification (Fig. 1¢)
further reveals that a rough surface of the fibers and
numerous pores can be observed clearly, which could be
ascribed to the oxidation or decomposition of the poly-
mers and niobium oxalates during the calcination pro-
cess. Fig. 1d shows the elemental mapping of the
mesoporous Nb,O; nanofibers, where Nb and O are
homogeneously distributed along the 1D structure. The
further TEM images (Fig. le-g) have further reflected the
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Figure 2 TG and DSC results of the Nb,Os nanofiber precursors from room temperature to 800°C in air with a temperature ramping rate of
10°C min ' (a) and the XRD pattern of the Nb,O5 nanofiber after heat treatment (b).

details of the unique porous nanofiber structure. As
shown in Fig. le, the bright spots on the Nb,O; nanofi-
bers confirm the existence of mesopores, which is con-
sistent with the SEM results. Additionally, a higher
magnification image (Fig. 1f) shows that the mesoporous
features are throughout the nanofiber and connected with
one another. The HR-TEM image of a nanofiber (Fig. 1g)
reveals the lattice fringes with d-spacing of 0.245 nm, in
agreement with the (181) interplanar distance of the or-
thorhombic structure of Nb,Os;. As a comparison, the
SEM images of commercial Nb,Os are shown in Fig. S2a,
b. The commercial Nb,Os is composed of bulk particles,
with a diameter of around 3 pum.

DSC and TG analysis were carried out to investigate the
decomposition of precursors during the calcination pro-
cess, and the results are shown in Fig. 2a. The mass loss
mainly results from the elimination of remaining moist-
ure and DMF before 300°C, which adds up to about
20.55%. Between 300 and 560°C, a large mass loss of
65.55% can be observed, which can be ascribed to the
decomposition of polymer and niobium oxalates. The
DSC curve shows strong peaks at approximately 520°C
and 430°C, confirming the decomposition reactions. The
weight is stabilized after 600°C, implying that the de-
composition is completed. Therefore, 600°C is the opti-
mal annealing temperature for the formation of T-Nb,O,
nanofibers. Fig. 2b shows the XRD pattern of the ob-
tained Nb,Os nanofibers after annealing in air at 600°C
for 2 h. All the diffraction peaks can be indexed to or-
thorhombic Nb,O; (space group: Pbam (55), JPCDS No.
30-0873). No other residual peaks are detected, indicating
a high purity of the obtained Nb,Os nanofibers. More-
over, the high intensity of the diffraction peaks manifests
good crystallinity of this Nb,O; product. Fig. S3 shows
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the XRD pattern of the commercial Nb,O; samples,
which has the same type of crystal structure of the as-
synthesized mesoporous Nb,Os nanofibers. However, the
peak intensity is much higher, suggesting much larger
crystallite size.

To characterize the porosity of the Nb,O; porous na-
nofibers, N, adsorption-desorption measurements at 77 K
were conducted. The adsorption/desorption isotherm
curves (Fig. 3a) display type-IV isotherm with type-H3
hysteresis loop at the relative pressure (P/P,) ranging
from 0.5-1.0, demonstrating the mesoporous texture of
the nanofibers [35]. According to the Brunauer-Emmelt-
Teller (BET) method, the specific surface area of these
mesoporous Nb,O; nanofibers is calculated to be
31.03m’g ', which is higher than that of commercial
Nb,O; (3.4804 m” g ', Fig. $4). The high surface area of
Nb,O5 nanofibers can be attributed to its mesoporous 1D
structure. Fig. 3b displays the pore-size distribution cal-
culated by the Barrett-Joyner-Halenda (BJH) method,
which shows the pores are mainly in the range of
2-30 nm. The unique interconnected-mesoporous struc-
ture could shorten diffusion length of charged ions,
provide more active sites, and enlarge the contact area of
active materials and electrolyte during the electro-
chemical reactions.

The interconnected-mesoporous Nb,Os; nanofibers
were further assembled into 2016 coin cells to investigate
their lithium storage properties. Fig. 4a depicts the first
three successive CV curves of T-Nb,O; electrode in the
voltage range of 0.01 to 3.0 V (vs. Li/Li") at a scan rate of
0.1 mV s . For the initial cycle, an evident reduction peak
is observed at around 0.85 V and disappears in the sub-
sequent cycles, which can be ascribed to the irreversible
phase transformation and the formation of SEI film.

April 2019 | Vol.62 No.4
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Figure 3 N, adsorption/desorption isotherms (a) and Barrett-Joyner-
Halenda (BJH) pore size distribution curve (b) of the obtained porous
Nb,O; nanofibers.

Another two small reduction peaks located at about 1.84
and 1.50 V could be attributed to the conversion from
Nb’* to Nb** and Nb** to Nb™*, respectively [36]. The
broad oxidation peak at around 2.12 V is corresponding
to delithiation process of Li,Nb,Os. For the second cycle,
there is only a broad reduction peak appearing at about
1.68 V, which can be attributed to the lithiation process of
Nb,Os;. Meanwhile, the corresponding oxidation peak is
observed to shift to 1.85V, demonstrating a more effi-
cient lithium-ion extraction process. The almost overlap
curves after initial cycle indicates the good electro-
chemical reversibility of the mesoporous Nb,Oj; electrode.
The detail electrochemical oxidation/reduction reactions
can be characterized by the redox reaction as follows: xLi"
+xe +Nb,O;<Li,Nb,O;, where x represents the degree of
lithium insertion and x varies from 0 to 2 [37,38].

Fig. 4b shows the first three successive CV curves of
mesoporous T-Nb,Os electrode in the voltage range of 1.0
to 3.0 V (vs. Li/Li") at a scan rate of 0.1 mV s . Similar to
0.01-3V, the two reduction peaks (1.83 and 1.52V)
result from the Li" intercalation, while one oxidation peak
(1.82 V) can be ascribed to Li" de-intercalation. However,
for the initial CV curve in 1.0-3.0 V, the sharp peak be-
low 1.0 V disappeared, suggesting no irreversible phase
transformation and formation of SEI film. Besides a slight
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decrease of reduction peak intensity, no obvious change
occurs in the later cycles. It indicates that when the cut-
off voltage is operated above 1.0 V, there is almost no SEI
film formation upon cycling, which results in a low ir-
reversible capacity loss and high cycling stability.
The galvanostatic charge-discharge profiles for 1%, 2
. 50", and 100" cycle and the cycling performance

nd
bl

37,50
curves at the current density of 0.1 Ag ' are shown in
Fig. 4c and d. When the cut-off was set to 0.01-3.0 V, the
discharge-charge profiles (Fig. 4c) are well defined and
located at around 1.85 and 1.68 V (except for the first
cycle), in agreement with the CV peaks (Fig. 4a). The
initial discharge and charge specific capacities are 478 and
336 mA hg ' respectively, indicating an initial coulombic
efficiency of 70.3% (Fig. 4e). The large irreversible capa-
city loss is mainly attributed to the decomposition of
electrolyte and the formation of SEI films. After 120
cycles, the reversible specific capacity can still remain
326 mAhg ' (a capacity retention of 68.2%), demon-
strating a good cycling stability and high reversible
capacity (Fig. 4e). When the cut-off voltage was set to
1.0-3.0 V, the initial discharge and charge specific capa-
city are 215 and 180 mA h g ', respectively, indicating an
initial cycle coulombic efficiency of 84% (Fig. 4d). Higher
coulombic efficiency than that in 0.01-3V could be
ascribed to the absence of irreversible phase transforma-
tion and formation of SEI film, which consumed extra
Li". Thereafter, the coulombic efficiency rises to around
99% and is observed to be stable. After 120 cycles, the
reversible discharge specific capacity is 184 mAhg ' (a
capacity retention of 87%), demonstrating a high cycling
stability and good capacity retention in the voltage range
of 1.0-3.0 V. Fig. 4f shows the rate capabilities of meso-
porous Nb,O; nanofibers and commercial Nb,Os. For
mesoporous Nb,O; nanofibers, capacities of 286, 252,
208, 183, 155, and 95mA hg ' can be achieved at the
current densities of 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g |,
respectively, with the voltage range of 0.01-3.0 V. When
the current was reset to 0.1 A g ', the electrode can reach
a stable capacity of 280 mA h g '. By contrast, the com-
mercial Nb,Oj; electrode only shows specific capacities of
90, 60, 35, 22, 12, and 5mA h g ' at the current densities
of 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 A g ' in the same voltage
range, which are much lower than those of mesoporous
Nb,Os electrode. Moreover, when the cut-off voltage was
set to 1.0-3.0V, the porous Nb,O; fibers electrode
delivers discharge specific capacities of 204, 203, 192, 172,
139, and 65 mA h g ' at the current densities of 0.1, 0.2,
0.5, 1.0, 2.0, and 5.0 A g ', respectively. While the current
density was reset to 0.1 A g ', the electrode can recover its
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Figure 4 The initial three CV curves of the Nb,Os nanofibers at a scan of 0.1 mV s ' with the voltage ranges of (a) 0.01-3.0 V; (b) 1.0-3.0 V vs. Li/Li".
Galvanostatic charge-discharge profiles of the Nb,O5 nanofibers at a current density of 0.1 Ag ' with the voltage ranges of (c) 0.01-3.0 V, (d)
1.0-3.0 V vs. Li/Li%; (e) cycle performance of the Nb,O; nanofibers at a current density of 0.1 A g '; (f) rate performances of the Nb,Os nanofibers and
commercial Nb,O;, and Coulombic efficiency of Nb,Os nanofibers at different rates.

capacity, even a little higher than the capacity before rate
test. These results demonstrate that the mesoporous
Nb,Os nanofiber electrode possesses a remarkable rate
capability and cycling stability in both 0.01-3.0 V and
1.0-3.0 V.

Fig. 5a shows the long-term cycling performance of the
mesoporous Nb,O; nanofibers and the commercial
Nb,O; electrode at a current density of 1 A gﬁl. Both of
them have a gradual capacity decrease in the initial sev-
eral cycles, due to the drastic structural reorganization
accompanied by the decomposition and reformation of
the electrolyte, which has been described in many pre-
vious reports [25,38,39]. For the porous Nb,O5; nanofibers
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at 0.01-3.0 V, the discharge capacity begins to increase in
the subsequent cycles. Even after 1,000 cycles, the dis-
charge capacity of porous Nb,O; electrode can still sta-
bilize at ~238 mA h g '. The increasing discharge capacity
can be attributed to the activation processes upon cycling
[40,41]. After repeated cycling, the porous structure can
be effectively restructured and the SEI layers can be op-
timized as well. Furthermore, the interconnected meso-
porous nanofibers expose many active sites, leading to the
increment of capacity in the subsequent cycles [42]. For
comparison, the commercial Nb,O; electrode only de-
livers a stable discharge specific capacity of 40 mAh g .
Besides, when the voltage range was set to 1.0-3.0 V, the

April 2019 | Vol.62 No.4
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Figure 5 (a) Cycle performances at a current density of 1 A gfl; (b) Nyquist plots of the Nb,O5 nanofibers and commercial Nb,Os electrodes,

respectively.
Table 1 Comparison of several Nb,Os anode materials used in lithium-ion batteries
Materials Spig&f ﬁagg?)c ity Cur(r;x}{ gglr)lsity Cycles (n) Voltage (V) Ref.
Nb,O; nanofibers 238 1000 1000 0.01-3.0 This work
166 1000 200 1.0-3.0
Nb,O; nanobelts 150 100 50 1.0-3.0 [38]
Nb,O5 hollow spheres 172 100 250 1.0-3.0 [34]
Nb,0,/C 130 200 300 1.0-3.0 [43]
Nb,O5 nanosheets 83 1000 200 1.0-3.0 [39]
Nb,Os/C nanotube 185 5000 200 0.01-3.0 [36]

capacity fading of porous Nb,O; electrode is detected for
the first 80 cycles. Thereafter, the capacity starts to in-
crease and reaches a peak value of 166 mA h g ' before
stabilized. After 1,000 cycles, it still delivers a capacity of
118 mAhgfl. Moreover, the porous Nb,Os; nanofibers
electrode has a much smaller equivalent resistance than
the commercial Nb,Oj electrode (Fig. 5b). These results
demonstrate that the interconnected-mesoporous struc-
ture of the obtained Nb,Os nanofibers accelerates the li-
thium-ion and electrons diffusions and leads to excellent
electrochemical performances.

A comparison on electrochemical performances of this
work and other previous reported Nb,Os anode materials
for LIBs is shown in Table 1. The as-synthesized porous
Nb,Os nanofibers deliver higher electrochemical perfor-
mances than those of previous studies, in terms of both
specific capacity and cycling stability.

CONCLUSIONS
In summary, porous Nb,Os nanofibers were successfully
fabricated via a facile electrospinning method followed by

April 2019 | Vol.62 No.4
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heat treatment. The obtained nanofibers are of high
porosity with a diameter of approximately 100 nm. The
abundant interconnected mesopores can create well-de-
fined channels for the diffusion of ions and electrons,
provide more active sites and facilitate the electrolyte
penetration. When used as anode materials for LIBs, the
as-synthesized porous Nb,O; nanofibers deliver excellent
electrochemical performances at two different voltage
ranges (0.01-3.0 V and 1.0-3.0 V), including rate cap-
ability and cycling stabilities. These results demonstrate
that design of Nb,Os; nanofibers with interconnected
mesopores is an efficient way to improve the lithium
storage properties of Nb,Os; materials.
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