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ABSTRACT

Electrode materials structures hold the key to enhance the performance. Based
on the time-dependent growth process of niobium precursor, single-crystal
Na;Nb,Og-nH,O nanowires and NaNbO; nanocubes were successfully syn-
thesized through a facile and friendly hydrothermal route at 180 °C under
different reaction times. NaNbO3; nanowires were derived by calcination treat-
ment of Na,Nb,OgnH,O nanowires which was employed as self-sacrificing
templates. By comparing the electrochemical behavior of these niobium-based
anodes, NaNbO; nanocubes show a discharge capacity of about 115 mA h g~'
over 1000 cycles at 1000 mA g~', exhibiting higher reversible capacity and
superior rate performance than NaNbO; nanowires. The superior cell perfor-
mance could be interpreted in terms of the different morphologies of NaNbQOs,
which results in the better Li-ion diffusion abilities and higher pseudo-capaci-
tance of the as-fabricated NaNbOj; nanocubes electrode. This work provides
fundamental insights into the morphology—property relationship of both
NaNbO; nanowires and NaNbOj; nanocubes, providing a solid guide for
developing anode materials for Li-ion battery.
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Introduction

Nowadays, lithium-ion batteries (LIBs) are the most
widely used energy storage devices for powering
portable devices and electrical vehicles [1-3]. How-
ever, due to their high-rate poor security and dete-
riorated cycling performance limited by the rate
performance of commercial graphite anodes, tradi-
tional lithium-ion batteries cannot achieve the rapidly
increasing high power energy storage requirements
[4, 5]. Exploring safe and high-performance anode
materials for LIB has been the focus of much
research. Niobium-based materials are demonstrated
to be promising anode candidates for high-rate
energy storage applications, because they have fast
kinetics of the electrochemical ion insertion and
extraction. To date, a number of niobium-based
materials, especially niobium-based oxides with
multiple redox couples (Nb°*/Nb*' and Nb*'/
Nb>"), have attracted much attention because of their
high specific capacities. As the most studied molecule
of the niobium-based oxides, Nb,Os featured with
high working voltage and a large practical capacity
have drawn ever-increasing attention as anode
materials for LIBs. But its poor electronic conductiv-
ity and capacity retention that resulting in insufficient
rate capability and shortened cycling life greatly
restrict its applicability [6-10]. To obtain more out-
standing niobium-based oxide anodes, various
strategies, such as introducing other metal elements
into Nb,Os, have been adopted [11, 12]. As a result,
intercalation-type M-Nb-O anode materials have
been studied worldwide due to their safe operating
potentials, high specific capacities, high cycling sta-
bility, and significant intercalation pseudocapacitive
behavior.

M-Nb-O compounds based on transition metals
and alkaline earth metal including Ti-Nb-O [13-15],
Fe-Nb-O [16-18], Ga-Nb-O [19, 20], Cr-Nb-O [21],
Zr-Nb-O [22, 23], W-Nb-O [24, 25], Mg-Nb-O [26],
Ba—Nb-O [27] are reported to be fabricated and used
as anode materials for LIBs. However, the synthetic
route of the above M-Nb-O materials always
involves complicated processes and high calcination
temperatures. NaNbOj3, as a new member of M-Nb-
O materials based on alkali metal, has attracted par-
ticular research attention in recent years due to its
simple green synthesis route and excellent photo-
physical and chemical properties. While NaNbOj has
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been widely used as piezoelectric materials, ferro-
electric materials, biological detection reagents and
photocatalytic materials, the application of NaNbO3
for LIBs has not been explored until Yan et al.
reported NaNbO; micro-/nano-crystals as anode for
Li-ion storage, and then revealing its pseudocapaci-
tive intercalation mechanism [28]. It is well known
that the performance of an electrochemical perfor-
mance of an electrode material greatly depends on its
morphology and microstructure because different
structures can afford different effective surface areas
and electroactive sites as well as conductive networks
[29-36]. However, to date, comparative investigating
the effect of morphologies of NaNbO; on the per-
formance for LIBs is still lacking.

Herein, the electrochemical performances of con-
trollable NaNbO; nanowires and NaNbO3 nanocubes
were explored for LIB. NaNbO; with tunable mor-
phology was prepared combined a facile and friendly
hydrothermal route. The NaNbO; nanowires were
obtained after hydrothermal time of 2 h and a heat-
treat at 500 °C for 12 h, while NaNbO; nanocubes
were easy prepared by the hydrothermal treatment
time of 3 h. Their electrochemical performances as
anodes for LIBs were investigated. Meanwhile, the
effects of NaNbO; morphology on Li-ion diffusion
abilities and storage were intensively studied. Mor-
phological control can result in the increase of Li-ion
diffusion kinetics and Li storage of NaNbO; nano-
cubes, which deliver a higher discharge capacity of
about 115 mA h g~ over 1000 cycles at 1000 mA g~
and exhibit higher rate capability than those of
NaNbO; nanowires prepared in this work.

Materials and methods
Materials synthesis

All materials were analytical reagents, which were
used without any purification. Nb,Os (purity, 99.5%)
and sodium hydroxide (purity, 99%) were obtained
from Sinopharm Chemical Reagent Co., Ltd. NaNbO3
nanowires were synthesized though the combination
of a hydrothermal method and calcination following
a time-dependent growth process. In a typical syn-
thetic process, Nb,Os (1.00 g, 3.76 mmol) was added
into a solution of NaOH (10 M, 60 mL) and then
transferred into Teflon-lined stainless-steel autoclave.
The autoclave was held at 180 °C for 2 h. After the
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reaction, the autoclave was naturally cooled to room
temperature. The obtained white solids were washed
with ethanol and deionized water several times to
remove the impurities. Then, the as-prepared prod-
ucts were placed in a vacuum drying oven at 100 °C
for 24 h, and niobium precursors of Na,Nb,Og-nH,O
nanowires were obtained. Subsequently, Na;Nb,Og.
nH,0 nanowires were calcined at 500 °C for 12 hin a
muffle and converted into NaNbO; nanowires.
NaNbO; nanocubes were synthesized through the
same hydrothermal procedure with a reaction time
increasing to 3 h.

Material characterizations

XRD characterization was performed on a Bruker D8
Focus X-ray diffractometer using Cu Ko radiation
(. = 1.5406 A) in the 20 range from10 to 60°. SEM
characterization was performed on a Hitachi SU-70
SEM instrument. TEM characterization was per-
formed on a JEOL JEM-2100 TEM instrument.

Electrochemical measurements

The electrochemical performance was evaluated by
using CR2016-type coin cells that were assembled in
a glove box filled with highly pure Ar gas (< 1 ppm
of oxygen and water). The working electrodes were
prepared by using N-methylpyrrolidone (NMP)-
based slurry containing active materials (NaNbO;
nanowires or nanocubes), conductive carbon black
(Super P), and binder (PVDF) in a mass ratio of
65:25:10. The loading mass of active materials in the
final working electrode is around 1 ~ 1.5 mg cm 2.
Metallic Li plates were used as counter electrodes.
The electrolyte was made up of 1 M LiPF; in the
mixture of ethylene carbonate (EC), diethylene car-
bonate (DEC) and dimethyl carbonate (DMC) (EC/
DEC/DMC = 1:1:1, volume ratio). Galvanostatic
charge/discharge performances were carried out
using a CT2001 automatic battery tester (LAND,
China). Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) tests were performed
on a VMP-3 electrochemical workstation (Bio-Logic,
France).
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Results and discussion

A typical schematic illustration for the synthesis of
NaNbO; nanowires and NaNbOs; nanocubes is
illustrated in Scheme 1. The niobium and sodium
sources were provided by niobium pentoxide and
sodium hydroxide, respectively. Using a hydrother-
mal reaction, we first fabricated white solid precursor
of Na;Nb,OgnH,O nanowires from niobium pen-
toxide and sodium hydroxide at 180 °C for 2 h.
Subsequently, niobium precursor of Na;Nb,Og-nH,O
nanowires was calcined at 500 °C for 12 h affording
NaNbO; nanowires, which essentially retained the
corresponding morphologies of niobium precursor.
Considering the higher thermodynamic stability of
NaNbO; nanocubes and the characteristics of Nay.
Nb,OgnH,O nanowires’ metastable phase, it is
anticipated that the longer hydrothermal reaction
time will promote the transformation of NayNb,Og.
nH,O nanowires to NalNbO; nanocubes. Upon pro-
long the hydrothermal reaction time to 3 h, the
precursor of Na,Nb,Og-nH,O nanowires was con-
verted gradually into single-crystal NaNbO; nano-
cubes. It is noted that this synthetic route is able to
provide a low-cost, facile and potential scale-up
technology for obtaining high-quality NaNbO;
nanocubes and nanowires in high yield, easily in the
gram scale for one batch experiment.

The X-ray diffraction (XRD) patterns of the as-
prepared NaNbO; nanocubes and nanowires are
presented in Fig. 1a, in which the sharp diffraction
peaks imply the good crystalline of the products.
Similarly, to previously reported ones, the single-
crystal NaNbO; obtained in this work exhibits the
characteristic XRD peaks, which are in good agree-
ment with the values given in the standard card of
the orthorhombic phase (JCPDS 33-1270). The posi-
tions of the main diffraction peaks for NaNbOj;
appear at around 22.7, 22.9, 32.1, and 32.5° , which
correspond to the (101), (040), (200), (002), (141)
crystal faces, respectively. No peaks of impurity are
observed in the XRD pattern, indicating the high
purity of obtained NaNbOj; samples. The crystal
structure of orthorhombic NaNbO; is shown in
Fig. 1b and is similar to a typical perovskite structure,
in which NbOg octahedron as an elementary com-
ponent and all NbOg octahedrons are connected at
the corners forming the 3D framework with Na™ ions
incorporated in between the sheets. Such stable in-
terconnected microchannel structure is significantly
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Scheme 1 Schematic diagram for the fabrication of NaNbO3; nanocubes and nanowires.
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in favor of the rapid Li* ion transportation and high
cycling stability. The lattice parameters and unit-cell
volumes calculated from the XRD data show that for
NaNbO; nanocubes, these values become larger
compared to that of NaNbO; nanowires (Table S1). It
is well known that the increased unit volume can
expand the transmission path of Li* in its lattice [37],
which is beneficial to significantly improve the ionic
conductivity and electrochemistry of NaNbO; nano-
cubes as anode material for Li-ion battery [38, 39].
The morphology and structure of NaNbOj; prod-
ucts were examined by scanning electron microscope
(SEM) and transmission electron microscope (TEM).
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Figure 2a and e depicts the SEM images of the
NaNbO; nanowires and nanocubes, respectively. It
could be seen that 1D wire-like crystals with average
dimensions of 200 nm in diameter and tens of
micrometers in length were successfully synthesized
by the feasible hydrothermal synthesis, which con-
sistent with the results of the TEM images (Fig. 2a
and b). While NaNbO; nanocubes were prepared
with size ranges from 0.5 to 1.5 um (Fig. 2e and f).
The high-resolution TEM (HRTEM) images demon-
strated the NaNbOj3; nanowires and nanocubes were
well crystallized, as evidenced by the clear and
orderly lattice fringes (Fig. 2c and g). Meanwhile, the
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Figure 2 a, b, ¢ SEM, HRTEM and SAED images of NaNbO;
nanowires. e, f, g SEM, HRTEM and SAED images of NaNbO;
nanocubes. d, h TEM and corresponding EDS elemental mapping

lattice spacing in the HRTEM images is 0.27 nm and
0.41 nm (Fig. 2c and g), matching to the (200) and
(101) crystallographic planes of NaNbOj. Addition-
ally, the SAED patterns perfectly match with the
orthorhombic structure (P2/m space group), indi-
cating its single-crystalline character. These HRTEM
and SAED results are in good agreement with the
XRD analyses. The X-ray energy-dispersive spectra
(EDS) elemental mapping images (Fig. 2d and h)
show the presence of O, Na and Nb elements and
uniform distribution of these elements in the
NaNbO; products.

The electrochemical performances of as-obtained
NaNbO; nanocubes and nanowires as anode for LIB
were then evaluated using 2016-type coin cell. Cyclic
voltammetry (CV) profiles in Fig. 3a and b show the
first five CV curves of the NaNbOs5 anode for the Li/
NaNbOQOj; cell, which was measured between 0.005
and 3V (vs. Li/Li") at a scan rate of 0.2 mV s~ ".
Clearly, the current density was noticeably reduced
after the first cycle in the low voltage range due to the
capacity loss and then remained almost unchanged
for the following cycles. This is a typical behavior of
niobium-based anode materials due to irreversible
electrochemical reaction and formation of solid elec-
trolyte interface. The cathodic peaks at 1.32 and
0.75 V can be attributed to Li" intercalate into crys-
talline NaNbO; to form Li,NaNbs,Os;, and these
redox peaks correspond to the valence variations of

images of Na, Nb, O elements in NaNbO; nanowires and NaNbO;
nanocubes.

Nb>*/Nb** and Nb**/Nb’*. Notably, as shown in
Fig. 3c and its inset, the NaNbO3; nanocubes electrode
showed narrower potential hysteresis (0.017 V) and
higher peak currents and area, representing higher Li
storage ability [15, 27]. This could be attributed to
improved electronic conductivity of NaNbO; nano-
cubes due to its unique morphology. Figure 3d and
Figure Sla showed the discharge/charge voltage
profiles of the Li/ NaNbO3 nanocubes and nanowires
cell at different current densities (50, 100, 200, 300,
400, 500, 600, 700, 800, 900 and 1000 mA g~ ') in the
potential range of 0.005-3.0 V. The discharge profiles
of all current densities were characterized by fea-
tureless plateaus of a typical dominated surface-
controlled kinetics (i.e., pseudocapacitive properties),
which were in good agreement with the small redox
peaks in the CV plots.

Next, NaNbOj3; nanocubes were evaluated by gal-
vanostatic discharge/charge at various current rates.
As shown in Fig. 3e and Figure S1b, NaNbOj3 nano-
cubes exhibited excellent rate performance. The ini-
tial specific capacity of NaNbO; nanocubes was
~161.8 mAh g~ ! at a current density of 100 mA g~
When the current density was changed to
1000 mA g™, a specific capacity of ~124.7 mAh g™
was retained and finally recovered to ~178.7 mAh
g ! at a current density of 100 mA g~ '. In contrast,
NaNbO; nanowires showed obviously lower specific
capacity at each rate stages that only 104.3 mAh g™

@ Springer
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Figure 3 a,b Cyclic voltammograms for the first 5 cycles at a
scan rate of 0.2 mV sfl, ¢ comparison of cyclic voltammograms,
d initial charge/discharge curves, e rate performances of NaNbO3

at a current density of 100 mA g~ ' and 64.8 mAh g™
at a current density of 1000 mA g, indicating the
cube morphology advantage of Li storage during
charge/discharge.

In addition, good capacity retention over long
cycles is crucial for the practical implementation of an
electrode material. Therefore, long-term cycling per-
formances of the NaNbO3 nanocubes and nanowires
were investigated. As shown in Fig. 3f, NaNbO;
nanocubes displayed a higher reversible capacity
retention than NaNbOj; nanowires. At a current
density of 1000 mA g~ ', an initial specific capacity of
69.5 mAh g~! was achieved. After 1000 cycles, the
capacity increased above 114.8 mAh g~ !, corre-
sponding to a capacity retention of 165%. The excel-
lent long-term cycling stability and the 100%
coulombic efficiency indicated the high electro-
chemical stability and reversibility of NaNbOj;
nanocubes. The characteristic of gradually increased
specific capacity of the NaNbO; nanocubes may be
due to the persistent activation process during
cycling indicating a new anode candidate bearing
superior kinetics and stability for Li-ion storage.
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nanocubes and NaNbO; nanowires. f The long-term cycling
performance of NaNbOj3 nanocubes and NaNbO; nanowires tested
at a high current density of 1000 mA g~ '.

In order to quantitatively analyze the pseudo-ca-
pacitance behavior in NaNbOj; nanocubes and
NaNbO; nanowires, the CV experiments were fur-
ther implemented at a scan rate of 0.2 to 1 mv s~
(Figs. 4a and d). The electrodes used for comparison
were selected with the same quality of active mate-
rial. Similar peak shapes could be observed during
the anode and cathode processes, in which the redox
peak current increased with the increasing scan rate.
Obviously, the peak current of the NaNbO; nano-
cubes at each scan rate was greater than that of the
NaNbO; nanowires, indicating that the NaNbOj;
nanocubes had the electrochemical activity of Li
storage. The pseudocapacitive contributions behavior
can be calculated according to Eq. (1) [40]:

(V) = av + bo°° (1)

where I and v refer to the current response at a
given potential and scanning speed, a and b are
adjustable parameters, and av and bv° represent the
pseudo-capacitance contribution and the diffusion
control contribution, respectively. At 0.2, 0.4, 0.6, 0.8
and 1.0 mV s™', the pseudo-capacitance contribu-
tions of NaNbOj3 nanocubes could be reached to 57.3,
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Figure 4 a, d The cyclic voltammograms of NaNbO3 nanocubes
and NaNbO; nanowires recorded at different scan rates.
Percentages of pseudocapacitive contributions at different sweep

64.4, 69.8, 749 and 79.5%, respectively (Fig. 4b),
demonstrating its significant pseudo-capacitance
behavior between the slow and fast electrochemical
reactions. Meanwhile, by contrast with NaNbOj;
nanocubes, the corresponding percentages of
NaNbOQO; nanowires were decreased to 49.5, 59.9, 67.5,
72.7 and 76.3%, respectively (Fig. 4e). For a better
understanding, the detailed pseudo-capacitance
contribution in the potential range of 0.2 to 1.0 mv s~'
was shown in the CV curve of 1.0 mV s~ (Fig. 4c, f
and Figure S2). Therefore, it is confirmed that the
NaNbO; nanocubes exhibited a more significant
pseudo-capacitance effect at all scanning speeds.
The diffusion behaviors of lithium ions in NaNbO;
nanocubes and NaNbO; nanowires were obtained
through the CVs collected at different scanning rates
of 0.2 ~ 1 mV s~". The linear relationship between
the redox peak current (Ip) and the square root of the
scan rate (V*?) is shown in Fig. 5a and b [41]. By
deriving the classic Randles-Sevcik equation
(Eq. (2)), the apparent Li diffusion coefficient D of
NaNbO; nanocubes and NaNbO; nanowires for
lithiation and delithiation can be calculated [42, 43]:

0.6

Scan speed (mV s™)

1.0 1.5 2.0 25 3.0

Potential (V vs LilLi*)

0.8 00 05
rates, and CV curves with detailed pseudocapacitive contributions
at 1.0 mV s~! for b, e NaNbO; nanocubes and ¢, f NaNbO;
nanowires.

I, = 2.69 x 10° x n'->CSD’° V95 (2)

where 1, C and S are the number of charge trans-
fers (Eq. (2)), the molar concentration of Lit in the
electrolyte (0.001 mol cm™>), and the geometric area
of the electrode (1.54 cm?). It could be found that the
Dy, values of NaNbO; nanocubes were 4.78 x 107"
cm? s™! for anode process and 4.09 x 107" cm? s~
for cathode process. For comparison, the Dy, values
of NaNbO; nanowires were 4.03 x 107> cm? s~! for
anode process and 3.38 x 107"° cm® s~ for cathode
process. Apparently, the Dy;; value of NaNbO;
nanocubes was greatly larger than NaNbO; nano-
wires, which could be explained by the larger unit
volume of NaNbO; nanocubes (confirmed by the
results of XRD) [37-39].

The potential electrochemical impedance spec-
troscopy (PEIS) diagram of NaNbO; nanocubes and
NaNbO; nanowires is shown in Fig. 5c. Each plot
consists of two recessed semicircles and a slope [44].
According to previous studies, the semicircle
observed in the high-frequency region refers to the
desolubilization, electron transfer and adsorption of
Li* ions, which is represented as R2/Q2 pairs in the
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Figure 5 a, b The linear (a) (b)0.25
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equivalent circuit (Fig. 5c inset). The slope observed
in the low-frequency region corresponds to the
Warburg resistance (Q3), which represents the dif-
fusion of Li* ions in the lattice of NaNbO3; nanocubes
and NaNbOj; nanowires. R1 in the equivalent circuit
reflects the ohmic resistance of the battery, which is
mainly due to the electrolyte. The fitting R2 values of
the NaNbO; nanocubes and NaNbO; nanowires
were 180.7 and 223.3 Q, respectively. Therefore, the
NaNbOj; nanocubes showed faster Lit ion desolubi-
lization, electron transfer, adsorption and Li" jon
insertion on the surface of active particles than
NaNbO; nanowires, indicating its better electro-
chemical kinetics.

In addition, based on the EIS results, the Warburg
factor and apparent Li* ion diffusion coefficient of
NaNbO; nanocubes and NaNbO; nanowires can be
calculated using Eq. (3) [45]:

D = R’T?2A’n*F*C*o? (3)

where D refers to the Li" ion diffusion coefficient,
R is the gas constant, T is the absolute temperature, C
is the molar concentration of Li in the electrolyte, F is
the Faraday constant, and S is the geometric area of
the electrode, and ¢ embodies the Warburg factor
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that can be obtained through Fig. 5d and Eq. (4)
[46-48]:

Z' =Ry + Ry + o ?? (4)

where Z' and o represent the real impedance and
the angular frequency, respectively. The calculated
Li" ion diffusion coefficients of NaNbO3; nanocubes
and NaNbO; nanowires were 4.88 x 107> cm? s~}
and 291 x 10" cm?s™!, respectively. It further
proved that NaNbO; nanocubes have the ability to
quickly migrate lithium ions, which was beneficial to
the maintenance of charge and discharge under high
current density.

Based on the aforementioned discussions, the
optimal rate capability of NaNbO3; nanocubes could
be ascribed to several factors: (i) the better thermo-
dynamic stability of NaNbO; nanocubes facilitated
Li* transportation and higher cycling stability; (ii) the
superior electrochemical kinetics of NaNbO; nano-
cubes was beneficial for electron transfer, adsorption
and Li" insertion on the surface of active sites; (iii)
NaNbOj; nanocubes exhibited larger Li™ ion diffusion
coefficient and significant pseudo-capacitance
behavior. The combined effects of these three factors
have significantly improved the rate capability.
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Conclusions

In summary, NaNbO; nanocubes and NaNbOj;
nanowires were made by a simple hydrothermal
reaction and were used as anode materials for M-
Nb"-O embedded with Li-ion batteries. Comparative
studies were explored to figure out the influence of
morphology on the performance of Li-ion batteries.
Experimental proves that NaNbO; nanocubes and
NaNbO; nanowires have shared angle of NbOg
octahedron forms a three-dimensional framework
crystal structure, which leads to their large Lit ion
diffusion coefficient. The unpaired 4d electrons in the
Nb** ion led to its conductor characteristics and high
conductivity. In particular, a significant pseudo-ca-
pacitance contribution is achieved in both slow and
fast electrochemical reactions. Therefore, NaNbO;
nanocubes and NaNbO; nanowires show excellent
electrochemical ~ performance. At 100 mA g/,
NaNbO; nanocubes and NaNbOs; nanowires can
provide a high reversible capacity of 161.8/104.3
mAh g~'. At 1000 mA g~', NaNbO; nanocubes and
NaNbOj; nanowires can still provide a high capacity
of 124.7/64.8 mAh g~'. Obviously, NaNbO; nano-
cubes exhibit better electrochemical performance
than NaNbOj3 nanowires, which can be attributed to
the better Li-ion diffusion abilities and higher
pseudo-capacitance of NaNbO; nanocubes. Hence,
this work provided a guide for the design of practical
anode materials in the research community of high-
performance Li-ion batteries.
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