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We report a facile method to topotactically synthesize Naj »5V3Og
nanowires with a novel hierarchical zigzag structure. The unique
morphology can provide an increased electrode—electrolyte contact
area and better strain accommodation; also the topotactic intercala-
tion method can improve structure integrity and robustness. The as-
synthesized material delivers a capacity of 172.5mAhg *at 100 mA g,
shows excellent cyclability with a capacity fading of only 0.0138% per
cycle at 1 A g~ for 1000 cycles, and high rate capability as a sodium-
ion battery cathode. We propose that the novel morphology as well
as intrinsically advantageous structural features can synergistically
facilitate the kinetics and stability, resulting in superior electro-
chemical performance.

With the increasing demand for portable electronic devices,
electrical vehicles and energy grid, the development of energy
storage systems with high power, good stability and safety, as
well as high efficiency and low cost is a critical need.*”” Lithium-
ion batteries play the dominant role in energy storage currently
because of their highest energy density among practical
rechargeable batteries. However, the high cost and the insuffi-
cient lithium resources will limit the application of lithium-ion
batteries in future, especially in large-scale energy storage
systems. Therefore, the search for an alternative to lithium-ion
batteries is significant and required.**> Sodium is located just
below lithium in the periodic table and shares many similarities
with lithium in many aspects. Due to the lower cost, improved
safety characteristics and similar intercalation chemistry
compared to lithium-based batteries, sodium-ion batteries
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Broader context

Sodium-ion batteries have been paid significant attention as an imme-
diate alternative to lithium-ion batteries because of their prospective
sustainability and cost-effectiveness. To satisfy their practical use,
sodium-ion battery electrodes should possess long lifespan, good rate
capability and high energy density. However, the intrinsic limitations of
sodium-ion batteries challenge their practical use, such as lower voltage,
smaller diffusion coefficient and more significant impact on the electrode
crystal structure during battery operation compared with lithium-ion
battery counterparts. To overcome these limitations, careful design and
optimization of the electrode materials is necessary. Here we successfully
synthesized hierarchical zigzag structured Na,,sV;Og nanowires via a
facile topotactic intercalation method. The as-synthesized Na;,5V;0g
nanowires exhibit excellent stability, rate capability and high capacity as
sodium-ion battery cathodes, which is very promising for their application
in sodium-ion batteries. The improved performance is due to: (1) the
unique morphology, which can provide increased electrode-electrolyte
contact area and better strain accommodation; and (2) the topotactic
intercalation method, which improves the structure integrity and
robustness. The concept that novel morphology and advantageous struc-
ture features can synergistically optimize the material performance
significantly is instructive for designing new materials for the energy field.

become the immediate and promising candidate for replace-
ment of lithium-ion batteries in the foreseeable future.*™*
Nevertheless, the intrinsic limitations of sodium-ion batteries
challenge the practical use, like the lower voltage, smaller
diffusion coefficient and more significant impact on the elec-
trode crystal structure during Na ion intercalation/dein-
tercalation.””™® It is imperative to find suitable sodium-ion
battery electrodes with high capacity, long lifespan and satis-
fying rate performance.

Similar to Li;4,V30g, which is an ideal material for lithium-
ion batteries and has been studied extensively, Na;.,V3Og is
considered to be a promising cathode material because of its
high-specific capacity due to the multiple oxidation states, good
structural stability, low cost and safety features. The Na;,,V;04
crystal structure is a layered structure composed of V;0g poly-
hedra layers, and the Na ions are located between the layers in
the octahedral sites predominantly. The Na ions situated at the
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octahedral sites act as pillar cations to stabilize the structure,
making this configuration very advantageous. During the
charge-discharge process, this stabilized structure can be
maintained and better cyclability can be achieved.*** Besides,
as Na ions have a larger radius than lithium ions, the interlayer
distance of Na,.,V30g is larger than that of Li;.,V;0g, which
results in the higher capacity and better ionic mobility in
Na;.,V30g. It is reported that Na,.V;O0g has better lithium
storage capability than its isostructure Li;.,V;0g.2*¢

However, there are limited reports on Na,,,V3;0g used as
sodium-ion battery electrodes, and the performances are not
satisfactory to meet the standards of practical applica-
tion.”****” To become a good candidate electrode for
rechargeable batteries, an electrode material should possess a
suitable intrinsic crystal structure which can provide good ion
transport pathways and avoid structural degradation during
cycling effectively. And the morphology of the material should
be carefully designed to facilitate efficient electrochemical
reactions, to improve morphology integrity and robustness as
well as to avoid self-aggregation during cycling.®* Herein, we
proposed a facile route to synthesize hierarchical Na; ,5V;0g
(NVO) nanowires with a zigzag shape via a facile topotactic
intercalation method. The topotactic intercalation can
improve the crystal structure robustness effectively without
damaging the morphology.** Concurrently, by using a suitable
additive CTAB, we are able to fabricate the hierarchical zigzag
Na; ,5V30g nanowires with good uniformity. The hierarchical
zigzag nanowire structure can shorten Na ion diffusion path-
ways, increase electrode-electrolyte contact area, and provide
better strain accommodation and morphology integrity to
eliminate the degradation and self-aggregation. During Na
ion intercalation/deintercalation, the structural degradation
and self-aggregation can be significantly alleviated (Fig. 1).
With the synergistic effect of the suitable structure and
morphology, our as-synthesized hierarchical Na; ,5V;04
nanowires exhibit unprecedentedly excellent capacity and rate
capability when investigated as a cathode material in sodium-
ion batteries.

View Article Online

Communication

Intensity (a.u.)

Nvo-C1

*
J NVO-C2
AN A
l ki

| NVO

10 20 60 70

302 Thetd (degré)

Fig. 2 lllustration of NVO crystal structure (a) and XRD patterns of
simple NVO, NVO-C1, NVO-C2 and NVO-C3 (b).

Results

The NVO crystal structure is generally composed of layers of
V;0g polyhedra, as shown in Fig. 2a. The chains of VOq octa-
hedra and those of VO5 pyramids extending along the axis are
linked by corner-shared oxygen atoms to form a continuous
V305 framework. The Na ions are located predominantly in the
octahedral sites with a full occupancy and the excess Na ions are
located in the tetrahedral sites with some probability. During
discharge, the Na ions can be accommodated in the sites
between the layers, providing high theoretical capacity. Fig. 2b
shows the X-ray diffraction (XRD) patterns of the NVO hierar-
chical nanowires with different CTAB amounts used during the
synthesis. The samples are labelled as NVO-C1, NVO-C2, NVO-
C3 and simple NVO nanowires for the 0.05, 0.1, 0.2 g and no
CTAB amount in the synthesis. It can be seen that all the
characteristic peaks for each sample are identical, indicating
that the addition of CTAB has no influence on the phase
structure of NVO. All the diffraction peaks of the patterns with
different CTAB amounts can be readily indexed to a monoclinic
phase of Na; ,5V30g (JCPDS no. 24-1156). There are a few weak
peaks from Na,;V3;0,9 (JCPDS no. 45-0498) marked with
asterisks, which should be attributed to the deficiencies during
calcination.”*
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Fig.1 Schematic illustration of the electrochemical process for the non-topotactically synthesized simple nanowire structure and topotactically
synthesized hierarchical zigzag nanowire structure of Na; »5V3Og. In the non-topotactically synthesized simple nanowire structure (upper), the
crystal structure is not stable and the strain could not completely and promptly release, and the nanowires tend to aggregate and the structure is
damaged during cycles, leading to poor cycling performance. The topotactically synthesized hierarchical zigzag nanowire structure (lower)
provides good structural integrity, facile strain relaxation for swelling during cycling as well as effective electrode—electrolyte contact area.
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The hierarchical zigzag NVO nanostructures were fabricated
by using as-synthesized H,V;05 nanowires as the precursor and
template. The XRD pattern of H,V;0g can be indexed to a
pure orthorhombic phase (JCPDS no. 85-2401) as shown in
Fig. S1a.7* The H,V;04 has a uniform nanowire morphology
with a diameter of 100-200 nm and the surface is very smooth,
as shown in the field-emission scanning electron microscopy
(FESEM) image in Fig. Sib.f The morphologies of the NVO
nanowires with different CTAB amounts during synthesis are
shown in the FESEM images in Fig. S2a-d,} respectively.
Without CTAB addition, the morphology of simple NVO is a
typical nanowire structure, with a diameter around 200 nm and
smooth surface (Fig. S2at). This is in good correspondence with
the morphology of the H,V;05 nanowire precursor. For the
morphology of NVO-C1 (Fig. S2bt), the nanowire structure is
maintained, but the surface becomes much rougher compared
to the H,V;05 nanowire precursor morphology. The NVO-C2
has a 1D nanowire structure which is composed of many short
nanorods and voids in between intermittently, exhibiting a
hierarchical nanowire structure (Fig. S2¢}). For NVO-C3, it can
be seen that the nanowires are composed of short nanorods
similar to NVO-C2, but no significant voids in the structure are
observed (Fig. S2df). Energy dispersive X-ray spectrometric
(EDS) mapping analyses of different samples for NVO-C1,
NVO-C2 and NVO-C3 (Fig. S3a-dt) confirm that all the samples
display a homogeneous distribution of Na, V and O of the
nanowires, with no other elements detected.

More detailed structural information of the NVO samples
was collected by transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM).
For simple NVO nanowires with no CTAB involved in the reac-
tion, they show straight and uniform nanowire morphologies
with a diameter of around 200 nm as indicated in Fig. 3a and
the inset, without any kinked or hierarchical morphology.
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Significantly, Fig. 3b and the inset indicate that NVO-C1 has an
obvious kinked nanowire structure, but some stackings and
dislocations can be observed, indicating the nonuniformity to
some extent. For the TEM image of NVO-C2 shown in Fig. 3c
and the inset, the kinked nanowire structure can be obviously
observed and the structure is uniform. It can be recognized that
the kinked nanowire is composed of many repeated small
interconnected nanorods, with a diameter of 200 nm and a
length of around 600 nm for every single nanorod. Each two
nanorods are connected with each other orientally, and this
unit repeats to form the long zigzag nanowire, indicating
excellent periodicity. This is a typical interior hierarchical
structure.***” For NVO-C3 in Fig. 3d and the inset, the nanowire
structure constructed from short nanorods can still be
observed, but is ambiguous as the nanorods are stacked with
each other with almost no orientation or tendency. The HRTEM
images of simple NVO, NVO-C1, NVO-C2 and NVO-C3 are shown
in Fig. 3e-h, respectively. All HRTEM images show clear lattice
fringes, indicating the high crystallinity of the samples. The
addition of CTAB does not influence the crystal structure of
the samples. The lattice fringes confirm the pure crystalline
phase of the samples. The corresponding selected area electron
diffraction (SAED) patterns of the insets in Fig. 3e-h indicate
the single crystallinity of NVO. The detailed structures of the
junctions for the NVO-C1, NVO-C2 and NVO-C3 hierarchical
zigzag nanowires are shown in the HRTEM image of Fig. S4a-c,T
respectively. The boundaries between two individual short
nanorods can be seen in the HRTEM images, and the Moiré
fringes indicate that the two individual nanorods are stacking
together. To better understand the crystal orientation of the as-
synthesized samples, further evidence of the corresponding
SAED patterns for NVO-C1, NVO-C2 and NVO-C3 junctions is
shown in Fig. S4d-f,} respectively. Two identical crystal lattices
can be observed for NVO-C1, and after determination of the

Fig. 3 Morphologies of products synthesized with different amounts of CTAB. TEM images of simple NVO (a), NVO-C1 (b), NVO-C2 (c) and
NVO-C3 (d), and the insets in (a—d) show the morphologies in different scales (scale bar for a inset: 200 nm; for b—d insets: 1 pm). HRTEM images
of simple NVO (e), NVO-C1 (f), NVO-C2 (g) and NVO-C3 (h), and the corresponding SAED patterns are shown in the insets of (e—h) with zone axis

indicated.
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crystal lattice we can see that they are sharing the same zone
axis, indicating that the two short nanorods have the same
crystal orientation. This phenomenon can also be observed in
NVO-C2 and NVO-C3, showing that the crystal orientations of
the different samples are the same. Therefore, the possible
mechanism can be proposed for the formation of hierarchical
zigzag nanowires: when NaOH and CTAB are added into H,V;0g
nanowires dispersed in ethanol and stirred, H,V;05 and NaOH
will closely contact with each other. Meanwhile, CTAB will
adhere on the H,V3;0g nanowires uniformly because of its
property as a cationic surfactant. During the following calcina-
tion, the Na ions will diffuse into the H,V;0g nanowires because
of the concentration gradient and the principle of minimum
energy, and occupy the octahedral and tetrahedral sites after-
wards. As the crystal structure of H,V;0g and Na, ,5V;05 are very
similar (both composed of V;04 layers consisting of VO4 octa-
hedra and VOj trigonal bipyramids), there is a definite crystal-
lographic relationship between the precursor and the product,
and therefore the topotactic intercalation process will lead to a
minimal change in the structure and morphology. Concur-
rently, the gasification of CTAB will change the surface orien-
tation which will cause the morphology to break into nanorods.
Due to the high temperature during annealing, the nanorods
will attach with each other because of the self-assembly and
oriented attachment process. The spontaneous self-organiza-
tion of adjacent nanorods which share a common crystallo-
graphic orientation is due to the tendency to reduce the overall
surface energy.**** The short nanorods link with each other
together with specific orientation and form the hierarchical
zigzag nanowires.

Nitrogen sorption isotherms were generated to investigate
the Brunauer-Emmet-Teller (BET) surface area. The nitrogen
adsorption-desorption isotherms of NVO samples with
different CTAB addition contents are given in Fig. S5a-d,f
respectively. It can be seen that the samples synthesized with
CTAB have much higher surface area than simple NVO. The BET
surface area for simple NVO is only 7.8 m* g, while for NVO-
C1, NVO-C2 and NVO-C3, the BET surface areas are 35.8, 40.8
and 31.6 m> g, respectively. The increase in surface area
results from the novel hierarchical zigzag nanowire structure
of NVO. The NVO-C2 has the largest surface area, and this may
be attributed to the moderate amount of CTAB used in the
synthesis: when the amount of CTAB is insufficient, the struc-
ture cannot be formed effectively and completely; when CATB is
excessive, the reaction is too fast and the structure is destroyed,
also there can be stacking during the reaction because of the
large amount of CTAB. This is in good correspondence with
TEM images in Fig. 3. Remarkably, the structure can effectively
increase the reaction sites and facilitate the charge transfer
and has a great potential in improving the electrochemical
properties.

The electrochemical performances of simple NVO, NVO-C1,
NVO-C2 and NVO-C3 were characterized by using CR2025 coin
cells with sodium metal as the counter electrode. The redox
couple properties of the samples are demonstrated by cyclic
voltammetric (CV) curves in Fig. 4a for the initial cycle at a scan
rate of 0.1 mV s~ in a voltage range of 1.5 to 4.0 V vs. Na'/Na. It
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can be identified that the NVO-C2 has a larger curve area and
higher redox peak current than other samples, indicating the
highest capacity and the fastest kinetics for Na ion insertion/
extraction of NVO-C2. Two oxidation (Na" extraction) peaks can
be observed near 2.6 and 3.5 V, respectively, with the corre-
sponding reduction (Na' insertion) peaks located around 2.3
and 3.3 V accordingly. The NVO-C1, NVO-C3 and simple NVO
have oxidation/reduction peak shifts compared to NVO-C2, and
the difference between the peaks are increasing in order, which
should be attributed to the electrode polarization during cycling
because of the lower kinetics. The charge-discharge profiles of
simple NVO, NVO-C1, NVO-C2 and NVO-C3 at a current density
of 100 mA g~ ' over a potential window of 1.5 to 4.0 V are pre-
sented in Fig. 4b. All the samples exhibit clear charge-discharge
voltage plateaus, corresponding well with the oxidation/reduc-
tion peaks in the CV curve. The specific discharge capacity of
NVO-C2 is 171.9 mA h g%, significantly higher than those of
154.3 and 126.6 mA h g~ for NVO-C1 and NVO-C3, respectively,
and about two times the value of the discharge capacity of
simple NVO, which is only 83.5 mA h g~'. The coulombic effi-
ciencies of the samples all exceed 97%, indicating the good
reversibility of NVO.

The detailed reaction kinetics of the electrode materials were
investigated using electrochemical impedance spectroscopy
(EIS) in the frequency range from 100 kHz to 0.01 Hz as shown
in Fig. 4c. In the equivalent circuit (inset of Fig. 4c), R. repre-
sents the equivalent series resistance that includes all Ohmic
resistance due to the electrolyte and other parts of the cell. CPEs
refers to constant phase elements, revealing the non-ideal
capacitance due to the surface roughness, while R . and R¢ stand
for the charge transfer resistance through the electrode/elec-
trolyte interface and the contacts in between nanowires,
respectively. All the Nyquist plots are composed of a semicircle
in the high frequency region, combined with a slanted curve in
the low-frequency region. The semicircle is ascribed to the Na
ion migration through the interface between the surface layer of
the electrode and the electrolyte. It can be clearly seen that the
charge-transfer resistance R.. of NVO-C2 is the lowest, followed
by NVO-C1 and NVO-C3, and simple NVO has the highest R,.
The slanted line is attributed to the diffusion of sodium ions in
the bulk of the electrode material, and the diffusion coefficient
value (D) of the sodium ions can be calculated using the equa-
tion D = 0.5(RT/AF*a,,C)*, where R is the gas constant, T is the
temperature, A is the area of the electrode surface, F is Faraday's
constant, o, is the Warburg factor, and C is the molar
concentration of Na ions.* The calculated Na ion diffusion
coefficient values for simple NVO, NVO-C1, NVO-C2 and NVO-
C3 are 1.6 x 1073, 0.8 x 1072, 2.2 x 107** and 1.0 x 10~ *?
em? s~ !, respectively, indicating the best diffusion ability of Na
ions in NVO-C2.

It can be concluded from the above electrochemical analyses
that the NVO-C2 has the best electrochemical performance, and
this is subsequently verified. Fig. 4d exhibits the cyclic perfor-
mance of simple NVO, NVO-C1, NVO-C2 and NVO-C3 at a
moderate current density of 200 mA g~ *. Obviously the NVO-C2
has the highest initial capacity, which is 158.7 mA h g~ *, higher
than 134.8, 110.7 and 69.3 mA h g~' for NVO-C1, NVO-C3 and

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Electrochemical performances of NVO-C1, NVO-C2, NVO-C3 and simple NVO as the cathode in sodium ion batteries. (a) Cyclic vol-
tammograms at a scan rate of 0.1 mV st in a voltage range of 1.5-4.0 V; (b) galvanostatic charge—discharge curves of different samples at a
current density of 100 mA g~ %; (c) alternating-current impedance plots of the samples from 0.01 Hz to 100 kHz; (d) cycling performance of the
samples cycled at 200 mA gt in 1.5-4.0 V for 200 cycles; (e) rate performance at various current rates from 100 mA g~* to 2000 mA g~%; (f)
Ragone plots of samples as sodium ion battery cathodes; (g) charge—discharge cycling test of the NVO-C2 nanowire cathode at high current
densities of 1000 mA g~ for 1000 cycles.
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simple NVO, respectively, corresponding well with the charge-
discharge curve in Fig. 4b. All the samples exhibit excellent cycling
stability, the capacity retentions are all around 95% after 200 cycles
for the samples, indicating the excellent stability due to the top-
otactic synthetic route of NVO. The cycling stability of NVO
compares well with the commercial lithium-ion batteries and
exceeds most of the other rechargeable batteries. For further
evaluation of the electrochemical behaviour, rate performance at
progressively increased current densities (ranging from 100 to
2000 mA g~ ') was measured as shown in Fig. 4e. All the samples
exhibit a reasonably good cycling response at various current rates.
Remarkably, even at a high current density of 2000 mA g™ *, the
capacity of NVO-C2 can still reach 79.1 mA h g~ *, about half of the
initial capacity at 100 mA g~ " while the current density is 20 times
higher. For NVO-C1 and NVO-C3, the capacities at 2000 mA g " are
56.6 and 36.7 mA h g~ ', much lower than that of NVO-C2. For
simple NVO, the rate capability is inferior with a capacity of only
15.8 mA h ¢~ " at 2000 mA g~ '. The charge-discharge profiles of
NVO-C2 at different current densities are shown in Fig. S6.7 The
plateaus can be clearly distinguished under each current density,
and the potential difference is insignificant, indicating good
reversible redox reactions during charge-discharge. Even suffering
from rapid changes of the current densities, the NVO nanowire
electrodes exhibit stable capacity at each current. When the
current is turned back to 100 mA g ', the NVO-C2 is able to
maintain a high capacity of 165.0 mA h g~ " again, about 95% of
the initial capacity at 100 mA g~ before high rate measurement.
To our knowledge, this is the best performance of NVO in sodium-
ion batteries ever reported, both in cycling stability and rate
capability. Also the sodium-ion battery performance of our sample
exceeds that of most other sodium-ion battery cathodes,***** and
is even comparable to the electrode materials used in lithium-ion
batteries.****

The specific energy and specific power of simple NVO, NVO-
C1, NVO-C2 and NVO-C3 are shown in the Ragone plot in Fig. 4f.
The NVO-C2 exhibits the highest energy density at 100 mA g~ ',
which is 524.8 W h kg™ . Also it can significantly deliver a power
density of about 4700 W kg~ . This shows that our as-synthesized
material is a promising candidate for energy storage systems with
both high-power and high-energy densities. Fig. 4g displays the
long-life performance of the NVO-C2 electrode under a high
current density of 1000 mA g~ . The initial specific discharge
capacity is 105.9 mA h g%, and after 500 cycles, the capacity is
97.5 mA h ¢, with a capacity retention of 92.0%; after 1000
cycles, the capacity can still maintain 92.2 mA h g™, and the
capacity retention is 87.0%, corresponding to a capacity fading of
0.0138% per cycle. The coulombic efficiency can reach up to 99%
in the overall battery operation, indicating good reversibility. This
is the long-life stability of NVO in sodium-ion batteries ever
reported, and this optimum performance demonstrates the
successful synergistic effect of our sample. It should be noted
that the superior performance is achieved without carbon
content in the material, which can be proved by the Raman
analysis in Fig. S77 that no existence of D or G characteristic
peaks of carbon can be observed. The cycling stability after 1000
cycles is better than other sodium-ion battery materials***® and
even better than many of the as-reported materials in lithium-ion
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batteries.”** The coin-cell type full sodium-ion batteries con-
sisting of the NVO-C2 positive and commercial carbon nanofiber
negative electrodes (NVO-C2/CNF full cell) are also fabricated and
the electrochemical performances are shown in Fig. S8.7 It can be
seen in Fig. S8at that the initial capacity is about 143.8 mAh g™,
followed by 35.0 mA h g~ * capacity drop for the second cycle. The
relatively fast capacity decrease for the initial cycles should be
attributed to the formation of the solid electrolyte interface (SEI)
layer at the anode surface and the irreversible sodium absorption
onto the CNF, which is a common phenomenon for the carbon-
based anode for sodium-ion batteries.”>** And a voltage plateau
for the NVO-C2/CNF full cell can be observed around 2.3 V.
Fig. S8bt is the cycling performance for the NVO-C2/CNF full cell
cycled under 100, 200 and 500 mA g . It can be seen that after
the initial several cycles, the discharge capacity is stabilized. For
the performance cycled at 100 mA g ', after 200 cycles, the
capacity is 78.5 mA h g™, corresponding to the capacity retention
of about 82% from the 10™ to 100" cycle, and 75% from the 10
to 200™ cycle. For 200 mA g™, the capacity retention from the
10™ to 200™ cycle is 77%. For 500 mA g™ *, the initial capacity is
88.7 mA h g™, and the capacity retention can reach up to 68%
from the 10™ to 200 cycle. Taking the limitations caused by the
quality of the commercial carbon nanofiber anode, the suitability
of the electrolyte system for both the electrodes, and other factors
into consideration, the Na-ion full cell performance can be
further improved if a more suitable sodium-ion anode is devel-
oped. The excellent cycling stability should be attributed to the
good Na ion insertion/deinsertion reversibility during cycling. To
verify this, we further investigate the electrochemical Na ion
insertion/extraction process via in situ XRD for the NVO-C2
sample as shown in Fig. S9.1 The as-prepared NVO-C2 in situ cell
was discharged to 1.5 V and then charged to 4.0 V using a
constant current of 100 mA g~ * at 25 °C and was never removed
from the diffractometer. The peak evolution can be clearly
observed, indicating the typical intercalation mechanism as well
as structure change during charge-discharge. The initial XRD
pattern is the same as the XRD pattern at the very end, indicating
the good reversibility of the crystal structure. For the character-
istic peaks at different charge-discharge states, a peak shift to left
during discharge and followed by a shift to right during charge
can be clearly observed, which is due to the fact that during
discharge Na ions are intercalated into the layers and cause the
layer expansion (shift to lower angle), and when the Na ions are
deintercalated during charge, the layers shrink and the peaks
shift to a higher angle. The in situ XRD diffraction pattern clearly
proves the good reversibility and the intercalation mechanism of
the NVO. However, as the Na ions located in the tetrahedral sites
are hard to characterize during charge-discharge, the accurate
phases for charge-discharge plateaus are difficult to define.
Nevertheless we can tell undoubtedly that the layered structure is
well maintained during the charge-discharge process.

Discussion

This superior performance should be attributed to the unique
morphology and the optimized crystal structure. First, the
hierarchical structure provides much larger surface area of the
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nanowires as shown in the BET measurements, which facilitates
electrochemical reactions and ensures efficient penetration of
the electrolyte into the active materials, endowing the hierar-
chical NVO nanowires with a reduced Na ion diffusion length,
thus resulting in improved electrochemical kinetics. Also the
hierarchical zigzag structure can effectively alleviate the self-
aggregation and volume change during cycling. For simple
nanowires, after several cycles the nanowires are easy to stack
together, which decreases the effective electrolyte-electrode
contact area and limits ion diffusion. And the volume change is
severe for the simple nanowire structure during ion insertion/
deinsertion, resulting in structural degradation. The hierar-
chical zigzag structure creates more space and voids between
the nanowires. During cycling, the interconnected voids can
effectively buffer self-aggregation, providing consistent ion
pathways and reaction sites. Moreover, the hierarchical struc-
ture is more robust because of the junctions which can release
the stress and strain. Therefore the morphology can be well
maintained after charge-discharge for many cycles, without
hampering the electrochemical performance. This can be veri-
fied in Fig. S10,T which shows the morphologies of simple NVO
and hierarchical NVO-C2 nanowires after 100 cycles under a
current density of 100 mA g '. The NVO-C2 maintains the
hierarchical nanowire morphology very well, while for the
simple NVO nanowire, the structure is completely damaged. It
can also be testified from the difference of cycling performances
under high current densities for simple NVO and hierarchical
zigzag NVO nanowires. Fig. S111 shows the cycling performance
of simple NVO under 1000 mA g~ ' current density, and the
capacity fades from 54.9 mA h g~' in the initial cycle to only
23.6 mA h g~ after 80 cycles, much worse than that of NVO-C2.

In addition, the topotactic synthesis also contributes to the
improved performance. Using the topotactic synthesis route,
the crystal structure change between the precursor and the final
product can be minimized. Here, there are definite crystallo-
graphic relationships between the H,V;0g and Naj; ,5V;Og,
whose crystal structures are both made up of V;04 layers con-
sisting of VO, octahedra and VOj5 distorted trigonal bipyramids
interconnected with each other. Due to the similar crystal
structure, during synthesis the structure change is minimal and
the defects, aggregates and ruptures during synthesis can be
avoided to the uttermost, and the crystallinity of the electrode
material is also much better. Compared with our uniform
and ultralong topotactically synthesized Na, ,5V;0g using the
H,V;05 precursor in our experiment, the Na; ,5V;05 nanowires
in other reports where V,05 or other vanadium sources were
used as the precursor that always contains ruptured short
segments and cleavages, and the length is also significantly
shorter. To verify the advantage using the topotactic method
consistently, we performed a comparison experiment where we
used V,05 nanowires as the precursor (SEM image shown in
Fig. S12at) to synthesize Na;,5;V3;O0g nanowires in the same
experimental parameter. The XRD patterns (Fig. S12b¥) indicate
that the sample prepared by the V,05 precursor is Na; ,5V30g
with a monoclinic structure, the same as the Na;,5V;Og
prepared by H,V;0g. But the SEM image shows that the nano-
wires are not uniform and the surface is not smooth, also there
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are some ruptured short segments that exist as shown in
Fig. S12c¢.t Compared with the precursor V,05 nanowires, the
Na, ,5V;04 cannot maintain the nanowire structure well, which
should be attributed to the structure change during the Na ion
diffusion process during calcination. We also tested the elec-
trochemical performance of the Na, ,5V30g nanowires prepared
from V,0s, and the behaviour is much worse than that of the
Na; ,5V30s nanowires prepared by topotactic intercalation:
under a current density of 200 mA g™, the initial discharge
capacity is only 49.2 mA h g™’ even lower than that of
69.3 mA h g~' for simple NVO. And the capacity retention of
non-topotactically synthesized NVO is also inferior, which is
only 73.2% compared with 98.3% of topotactically synthesized
simple NVO after 100 cycles (Fig. S12d+t). This indicates that the
topotactically synthesized Na;,5;V;0s nanowires with fairly
good structural integrity endows the better ionic transport and
electron conductivity, resulting in excellent electrochemical
performance.

Conclusions

We fabricated novel hierarchical Na, ,5;V;0g nanowires via a
topotactically synthetic method. The monoclinic Na; ,5V30g
nanowires consist of small nanorods linked repeatedly and have
a uniform zigzag shape, exhibiting excellent performance of
high capacity (158.7 mA h g~ ' at 200 mA g~ '), cycling stability
(capacity fading of 0.0138% per cycle at 1 A g~ * for 1000 cycles)
as well as rate capability (79.1 mA h g ' at 2 A g7') as sodium-
ion battery cathodes, which is among the best performance for
all the reported cathode materials for sodium-ion batteries.
This demonstrates the successful synergistic effect between the
crystal structure modification and morphology optimization.
We believe that the rational synthetic strategy presented here
can provide new thoughts for fabricating electrode materials in
energy storage devices, and the cathode materials that we
synthesized with high specific energy and power will speed up
the exploration and development of sodium-ion batteries as
well as other next-generation rechargeable batteries for the
application in large scale energy storage and utility.

Experimental section
Synthesis

For a typical synthesis, V,05, H,0,, NaOH, polyethylene glycol
(PEG) and cetyltrimethyl ammonium bromide (CTAB) were
analytical grade reagents, purchased from Sinopharm Chemical
Reagent Co. Ltd., Shanghai, China. All chemicals were used as
received without further treatment. The H,V;05 nanowires were
prepared in two steps by the modified method of our previous
work.*® First, 1.3 mmol V,05 (0.237 g) and 0.04 g PEG-10K were
added slowly in 15 mL 30% H,O,. The as-obtained orange
solution was mixed thoroughly and stirred continuously, then
transferred into a Teflon-lined stainless steel autoclave and kept
at 180 °C for 2 days. The products were collected and washed
with deionized water and ethanol repeatedly, and finally dried
at 70 °C in air to obtain the ultralong H,V;04 nanowire bundles.
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To obtain the Na,,;V;0g, first, H,V;0g nanowires were
dispersed in 20 mL ethanol and stirred for 10 min, and then
NaOH with 1:1.3 m/m ratio was added into the dispersed
solution and stirred. Then, CTAB (0.1 g) was added into the
mixed solution and stirred for another 30 min. Then the solu-
tion was kept in a water bath at 70 °C for 5 h and then dried at
70 °C for 12 h to allow alcohol evaporation. Finally the solid was
annealed at 450 °C for 5 h in air with a temperature ramping
rate of 10 °C min~" and cooled down to room temperature to
obtain a red brown powder. For comparison, different masses of
CTAB (0, 0.05, 0.2 g) were used while all other procedures
remain the same.

Characterization

X-ray diffraction (XRD) measurements were performed to inves-
tigate the crystallographic information using a Bruker D8
Advance X-ray diffractometer with a non-monochromated Cu Ka
X-ray source. Scanning electron microscopy (SEM) images and
energy dispersive X-ray spectra (EDS) were collected with a JEOL
JSM-7100F SEM/EDS microscope at an acceleration voltage of
15 kV. Transmission electron microscopy (TEM) and high reso-
lution transmission electron microscopy (HRTEM) images were
recorded with a JEOL JEM-2100F STEM/EDS microscope. Brura-
uer-Emmerr-Teller surface area was measured using a Tristar 1I
3020 instrument by adsorption of nitrogen at 77 K. Raman
spectra were acquired using a Renishaw RM-1000 laser Raman
microscopy system.

Electrochemical measurements

The electrochemical properties were measured with 2025 coin
cells assembled in a glove box filled with pure argon gas. In
sodium half cells, sodium metal was used as the anode, a 1 M
solution of NaClO, in ethylene carbon (EC)-dimethyl carbonate
(DMC) (1 : 2 w/w) was used as the electrolyte, and a Whatman
Glass Microfibre Filter (Grade GF/F) was used as the separator.
The cathode electrodes were produced with a 70% NVO active
material, 20% carbon black and 10% poly(tetrafluoroethylene),
and the active material content in the electrode was around
3.0 mg. The NVO/CNF full cell was fabricated using as-synthe-
sized NVO as the cathode, a commercial carbon nanofiber
(Sigma-Aldrich Co.) as the anode and was cathode-limited with
the same separator and electrolyte as half-cell. Galvanostatic
charge-discharge measurement was performed in the potential
range of 1.5 to 4.0 V vs. Na'/Na with a multi-channel battery
testing system (LAND CT2001A). Cyclic voltammetry curves (CV)
and electrochemical impedance spectra (EIS) were recorded
with an electrochemical workstation (Autolab PGSTAT 302 and
CHI 760D). The Na; ,5V30g/Na cell for in situ XRD measure-
ments was assembled in a glovebox filled with Ar, and then
galvanostatic charge-discharge cycling was studied in a poten-
tial range of 1.5-4.0 V versus Na'/Na with the multichannel
battery testing system. The sample was placed right behind an
X-ray-transparent beryllium window, which also acts as a
current collector. The in situ XRD patterns were collected, using
a Bruker D8 Discover Diffractometer with Cu-Ka radiation over
the 260 range (11-31°) in a still mode with each data acquisition
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taking 3 min. The specific energy E (W h kg ~*) can be calculated
L
1, . . . .
by E = J 2y (t)dt, where t is the discharge time, I, (A) is the
om
constant current, m (kg) is the mass of the active material, and

V(t) is the time-dependent voltage in the dimension of V. The
specific power P (W kg™ ') can be calculated by P = Ejt.
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