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Abstract

Sodium-ion batteries (SIBs) have received great attention because of the abundance source and
low cost. To date, some Na+ storage materials have achieved great performance, but the larger
Na+ radius and more complex Na+ storage mechanism compared with Li+ still limit the energy
density and power density. This review systematically summarizes emerging synthetic
technologies of vanadium-based materials from simple nanowires to complicated modiﬁed/
optimized structures. In addition, vanadium-based nanowire materials are reviewed at both the
cathode and anode side, and advantages and drawbacks are proposed to explain the challenges
facing application of novel materials. Furthermore, a vanadium-based single-nanowire device is
reported to reveal the Na+ storage mechanism, which contributes to the understanding of the
reaction in SIBs. Finally, this review summarizes the current development challenges of SIBs
and looks forward to the future development prospects of vanadium-based nanowires, providing
a new direction for further applications of SIBs.
Keywords: vanadium, nanowires, sodium-ion batteries
(Some ﬁgures may appear in colour only in the online journal)
sodium-ion batteries (SIBs) hold the absolute edge in largescale production and application. In addition, because sodium
and lithium share the same main group in the periodic table,
they have lots of similarities in many aspects, such as a
similar charge storage mechanism [6]. Therefore, on the basis
of inheriting the excellent properties of lithium, SIBs have a
promising prospect in the future market application and have
already made a series of progressions in the energy storage
ﬁeld [4]. However, SIBs face inherent challenges in comparison to LIBs, such as lower voltage, poorer cycling
stability, and a smaller diffusion coefﬁcient [6]. Moreover,
because of the larger ionic size of Na+, the inﬂuence on the
electrode crystal structure during sodium-ion intercalation/
deintercalation leads to severe degradation of the electrodes
[5, 7]. In addition, the higher electrochemical potential
(∼0.3 V versus Li+/Li) and higher mass of sodium leads to

1. Introduction
With the rapid development of renewable energy, the shortage of energy resources and the environmental problems
brought by fossil energy have attracted people’s attention [1].
It is extremely important to develop new energy storage
materials [2]. Lithium-ion batteries (LIBs) have become a
popular renewable energy storage systems because of their
high energy density, and have been widely used [3]. However, due to the limited supply of lithium on earth, it has not
been able to meet the energy needs of people for a long time.
Compared to lithium, the sodium resource is widespread and
has also been applied in energy ﬁelds; the worldwide reserve
of sodium is far higher than that of lithium [4, 5]. Hence,
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the cycling of SIBs [19, 20]. A vanadium sulﬁde electrode
(such as VS4 [21] and V5S8 [22]) is conducive to the conveyance of electron/ionic charge carriers and the improvement of capacity and stability because it offers not only
electronic properties but also adequate space to host Na+
[21, 22]. Moreover, the vanadium-based phosphates (such as
Na3V2(PO4)3) can also improve the structure and cycling
stability, even at high charge states. Hence, vanadium-based
nanowires have promising prospects in SIBs [23].
Herein, we introduce the design and synthesis of vanadium-based nanowires from different structures, including
simple, porous, core–shell/coated, arrays, and network/
membrane structures. In addition, this review also summarizes the applications of vanadium-based nanowires in
SIBs according to different classiﬁcations, including cathode,
anode, and single-nanowire devices. Finally, based on the
present results of research, we put forward some views on the
development prospects of vanadium-based nanowires
in SIBs.

lower energy density of SIBs, which greatly limits their
development [8]. Therefore, the most vital task is to ﬁnd a
suitable electrode material, which contributes to the advancement of speciﬁc capacity and cycling stability.
Due to the joint efforts of researchers all over the world, a
series of high capacity electrode materials have been fabricated in the study of SIBs. However, they are still far from
industrial application due to the signiﬁcant collapse of
materials during cycling caused by the larger Na+ radius. To
solve this issue, researchers began to study the modiﬁcation
of electrode materials on the structures, while the types of
electrode materials have been studied almost completely.
According to recent research, one-dimensional (1D) nanostructures, especially nanowires, have special superiorities.
Firstly, nanowires provide a shorter ion diffusion length
because of the ∼100 nm width, which has the potential to
increase the rate performance [9]. Secondly, the high surface
area of nanowires offers more electrolyte–electrode contact
area and reduced charging/discharging time [3, 10]. Thirdly,
the interlaced structure constructed by nanowires can buffer
the external stress and promote the internal stress dispersion
[11], which can adjust to the volume expansion and restrain
the mechanical degradation to some extent. However, the
improvements in nanostructures cannot fundamentally solve
the problem of volume expansion [9]. Therefore, the intrinsic
electrochemical stability of the material is also critical to the
development of batteries. In terms of the electrode materials
in SIBs, phosphate-based compounds are the most promising
cathode materials due to the fast Na+ transmission rate, but
they possess low capacity. Hard carbon is widely used as an
anode material, however, poor cycling stability limits its
application [12]. The development of SIBs is constrained by
the mediocre performance of current electrode materials.
Vanadium-based materials have attracted more attention
because of the low price and abundant source, and have
already made a great contribution to SIBs due to the advantage of high speciﬁc capacity (the single-crystalline bilayered
V2O5 nanobelts can deliver a high capacity of 229 mA h g−1
at 80 mA g−1 as the cathode) [13]. In addition, they also have
good performance as anode materials; it has been reported
that V2O3 is one new selective insertion and multiphase
conversion type anode material with a high capacity of SIBs
(165 mA h g−1 at 20 A g−1) [14]. All the valence electrons of
the V atom can take part in bonding, thereby giving rise to a
multivalent V from V2+ to V5+, resulting in strong V–O bond
strength and various structures [8]. Furthermore, as for the
insertion-type vanadium-based electrode, the volume change
under low voltage would be less than that of the representative conversion-based materials, which means superior
cycling stability [15]. Recently, vanadium-based materials
have been widely used in energy storage systems, such as
SIBs [16], zinc-ion batteries [17], magnesium-based batteries
[18], etc. Therefore, to improve the electrode materials of
SIBs, more investigations have focused on vanadium-based
materials. For example, a vanadium oxide electrode (especially layered vanadium oxide, such as VO2 and V2O5),
which has been studied in LIBs and shows initial capacities
above 300 mA h g−1 [7], also exhibits great properties during

2. Design and synthesis
The structures and properties of nanowires could be regulated
by various synthesis strategies. Particularly, numerous studies
have demonstrated that the design and synthesis of nanowires
have a signiﬁcant inﬂuence on the electrochemical performance in energy storage applications. The design and synthesis
include nanowire growth mechanisms and controllable synthesis in terms of dimensions, morphology, composition, alignment, and their compounds. It is important to develop various
techniques to control the morphology, stable crystal structure,
uniform shape and size of 1D nanostructures [24]. Vanadiumbased nanowires are considered as promising materials due to
their high speciﬁc capacity and high energy density, and have
been widely employed in numerous energy storage applications. Nowadays, the rapid development of nanotechnology
has signiﬁcantly accelerated the energy storage ﬁeld to explore
novel stable materials with great electrochemistry performance.
Here, we focus on the vanadium-based nanowires, which could
be designed and synthesized to various structures, such as
simple nanowires, porous nanowires, core–shell/coated nanowires, nanowire arrays, and nanowire networks/membranes.
We introduce the great contribution of these unique structures
in energy storage systems and some of their achievements in
SIBs are highlighted to emphasize the importance of special
structures. In addition, their synthetic methods are reported in
detail. Some of the representative examples are listed in table 1.
2.1. Simple nanowires

As an emerging material applied in the energy ﬁeld, nanomaterial has received extensive attention from many scholars
[25]. With the aim of improving its physical and chemical
properties, various experimental methods have been summarized on surface modiﬁcation and structural regulation
[26]. Among these studies, the synthesis and application of
1D nanowire materials are undoubtedly promising research
2
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Table 1. Morphology/structure of nanowire electrodes for SIBs.

Morphology/
structure

Material

Synthesis strategy

Applications

α-V2O5
VO2
β-Na0.33V2O5
Na1.25V3O8

Liquid
Liquid
Liquid
Liquid

methods
methods
methods
methods

Cathode
Cathode
Cathode
Cathode

NaxV2O5
Na3V2(PO4)3

Liquid phase methods
Liquid phase methods

Cathode
Cathode

Porous nanowires

Graphene–FePO4
CuO

Liquid phase methods
Liquid phase methods

Cathode
Anode

Core–shell/coated
nanowires

Na3V2O2(PO4)2F/RuO2

Liquid phase methods

VO2/C
NaV3(PO4)3/C
Na3(VO)2(PO4)2F
Na2Ti2O5-VS2
V2O5/C
V2O3/CNTs

Simple nanowires

Nanowire arrays

Nanowire networks/
membranes

Typical performance
−1

Ref
−1

[27]
[107]
[27]
[6]

Cathode

30 mAh g at 20 mA g
55 mA h g−1
90 mA h g−1 at 20 mA g−1
69.3 mA h g−1 at
200 mA g−1
365 mA h g−1 at 20 mA g−1
19.1 mA h g−1 after 50
cycles at 1 C
124.2 mA h g−1 at 0.5 C
303 mA h g−1 after 50 cycles
at 50 mA g−1
95 mA h g−1 at 20 C

Cathode
Anode
Cathode
Cathode
Cathode
Cathode

328 mA h g−1 at 0.3 C
118 mA h g−1 at 1 C
130 mA h g−1 at 0.5 C
203 mA h g−1 at 1 C
93 mA h g−1 at 1 A g−1
612 mA h g−1 at 0.1 A g−1

[49]
[65]
[56]
[57]
[58]
[59]

V2O5·nH2O

Liquid phase methods
Electrospinning methods
Liquid phase methods
Liquid phase methods
Liquid phase methods
Liquid phase methods/
chemical deposit methods
Liquid phase methods

Cathode

96 mA h g−1 at 1.0 A g−1

[20]

Na3V2(PO4)3
H2V3O8
V2O5/CNT

Template-assisted methods
Liquid phase methods
Liquid phase methods

Cathode
Cathode
Anode

[65]
[19]
[66]

V2O3⊂C-NTs⊂rGO

Liquid phase methods

Anode

94 mA h g−1 at 100 C
168 mA h g−1 at 10 mA g−1
80% of the initial capacity
after 900 cycles at 60 C
165 mA h g−1 at 20 A g−1

phase
phase
phase
phase

directions in the ﬁeld of nanomaterials [9]. In fact, vanadium
oxides are used in various applications because of their versatile redox-dependent properties [3]. The 1D morphology is
useful for many applications and therefore a variety of
methods are fabricated, such as hydrothermal/solvothermal
synthesis, electrospinning, and surfactant-assisted solution to
synthesize 1D vanadium nanostructures [24, 27–29]. Ultralong H2V3O8 nanowires were synthesized by Mai’s group
with excellent electrochemical properties [18, 30, 31]. Firstly,
The V2O5 powder was melted at high temperature and added
to deionized water to form a sol [32]. Then, ultralong H2V3O8
nanowires based on the V2O5 sol were achieved by a
hydrothermal method. At the beginning of the reaction,
polyethylene glycol-4000 (PEG-4000) has an inductive effect
that causes the electron cloud to move toward the oxygen
atoms in the PEG-4000 based on the theory of electronegativity. Therefore, the V2O5 sol would wrap around the
PEG-4000 by an electrostatic effect. As the reaction proceeded, oxidation–reduction of vanadium pentoxide with
aniline and PEG-4000 took place and generated polyaniline.
The redox reaction was described as follows.

[28]
[29]
[43]
[44]
[48]

[14]

system energy. Finally, ultralong H2V3O8 nanowires were
obtained. With a unique 1D structure, this material displays
high speciﬁc reversible capacity and excellent cycling stability (ﬁgures 1(a), (b)). Modiﬁed 1D vanadium-based nanowires have also been studied. Silver vanadium oxide
nanowires were obtained by Xiong et al via a hydrothermal
method [33], and were applied in electrochromic devices and
showed excellent performance. On the other hand, electrospinning is a special ﬁber manufacturing approach in which a
polymer solution or melt is sprayed in a strong electric ﬁeld,
and which has also been applied in the synthesis of nanowires
by Mai et al [34]. Under the effect of the electric ﬁeld, the
droplets at the needle will change from a spherical shape to a
conical shape, and the ﬁber ﬁlaments will be extended from
the conical tip. And in the ultralong nanowire structures
prepared by electrospinning technology, nanorods will be
attached to ultralong nanowires. In addition to the above two
main methods, some other methods are also applied in the
synthesis of nanowires. The chemical vapor deposition
(CVD) method was used by Peng et al to obtain single-crystal
VO2 nanowires [35]. The V2O5 was selected as the only
precursor and was decomposed in a tube furnace, and the
nanowires grew on the quartz substrates (ﬁgures 1(c), (d)). At
the same time, it was found that the partial pressure of oxygen
during the growth process will affect the type and amount of
carriers inside the materials. Many different kinds of

12V2 O5 + - CH2 CH2 OCH2 CH2 O8V3O 7 + - CH2 COOH + - OCH2 COOH + H2 O

By the electrostatic repulsion of polyoxovanadate clusters,
polymer clusters were arranged in parallel to reduce the
3
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Figure 1. (a) A schematic illustration of the formation of bunched H2V3O8 nanowires. (b) Scanning electron microscopy (SEM) images of the
bunched H2V3O8 nanowires. Reproduced from [31] with permission of The Royal Society of Chemistry. (c) A schematic drawing of the
CVD setup. (d) An SEM image of the VO2 nanowires on an unpolished quartz substrate. Scale bar: 4 μm. Inset: an optical microscope image
of the same substrate showing free-standing nanowires. Reproduced ﬁgure with permission from [35]. Copyright 2016 by the American
Physical Society.

vanadium-based nanowires have been synthesized by the
above methods, such as H2V3O8 nanowires, VO2 nanowires,
silver vanadium oxide nanowires, and so on. The ideal 1D
nanostructures need to have properties of the same shape,
uniform size, perfect crystal structure, no morphological
defects, and uniform composition.

treatment, which made the NH4V3O8 nanowires break
down and begin to produce N2. As the pressure increased,
the unique open pore structure began to form. Finally, the
mesoporous VO2 nanowires were achieved. The composite
structure of nanowires and mesopores offers more active sites,
which may improve the electrochemical performance
(ﬁgures 2(a)–(c)). The top-down method is applied in the
regulation of pore structure in nanowires, which provides
the material with excellent rate capability and stable capacity
[38]. The hydrothermal method is widely used because of its
simple operation. To improve the electrochemical stability of
vanadium nitride (VN), which is a highly valuable electrode
material for asymmetric supercapacitors, Lu et al synthesized
vanadium oxide (VOx) nanowires by the hydrothermal
method [39]. Also, VN nanowires were obtained by annealing
the as-prepared VOx nanowires. The asymmetric supercapacitors based on the VN nanowire anode and the VOx
nanowire cathode displayed excellent electrochemical performance. In addition, some scholars are also exploring the
application of porous vanadium-based nanowires in ﬂexible
all-solid-state supercapacitors. Mesoporous VN nanowires
(MVNNs) were fabricated by Xiao et al via hydrothermal
synthesis and subsequent thermal nitridation under an NH3
atmosphere [40]. And they were used to assemble MVNN/
carbon nanotube (CNT) hybrid electrodes whose unique pore
structure accelerates the ion diffusion rate and electron conduction rate in ﬂexible all-solid-state supercapacitors. On the
other hand, porous nanowires have also been obtained by
electrospinning technology. Li et al successfully applied
electrospinning technology and annealing to achieve porous
vanadium pentoxide 1D material [41]. By controlling an
appropriate annealing time and temperature, the partial
organic functional group will be retained, which will improve

2.2. Porous nanowires

Generally speaking, the structures of simple nanowires cannot
meet the electrochemical requirements. Among them, some
materials need further modiﬁcation to overcome the original
drawbacks, including poor conductivity and serious volume
expansion during the cycling. We introduce some typical
methods to modify the morphology of nanowires and obtain
excellent properties [9]. Compared to simple nanowires, the
structures of porous nanowires are more diverse. Porous
nanowires create interior void spaces, which provide a large
speciﬁc surface area and more reactive sites. After many years
of research and exploration, porous nanowires with adjustable
pore sizes, variable composition, and different pore structures
have been synthesized. Owing to this unique structure, the
battery has a longer cycle life, a larger speciﬁc capacitance,
and a higher efﬁciency of charge and discharge. At the same
time, the excellent pore structure makes the ion diffusion rate
and electron conduction rate increase. A variety of 1D porous
nanowire structures have been constructed by combining the
advantages of 1D nanoarchitectures and porous structures,
which would be widely used in the energy storage ﬁeld [36].
Zhang et al utilized an NH4VO3 acidic solution as the
vanadium precursor to obtain NH4V3O8 nanowires via a
hydrothermal method [37]. The NH4V3O8 nanowires possessed interconnected pore networks via an annealing
4
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Figure 2. (a) Schematic illustration of the fabrication steps and proposed formation mechanism of the mesoporous nanowires and

mesoporous nanowires offering high contact area, more active sites, and excellent structural stability during lithium insertion/deinsertion.
(b) A transmission electron microscopy (TEM) image of mesoporous VO2 nanowires. (c) An SEM image of mesoporous VO2 nanowires.
Reproduced from [37] with permission of The Royal Society of Chemistry. (d) Electrospinning preparation of porous V2O5 1D material:
electrospinning process; annealing process. (e) SEM images of nanostructures of V2O5. Reprinted from [41], Copyright 2015, with
permission from Elsevier.

nanowires demonstrate great performance in LIBs and
supercapacitors, and this porous structure also provides good
improvement in SIBs [43, 44]. Hence, porous vanadiumbased nanowires could become promising electrode materials
for SIBs.

the electronic conductivity of the material. These porous
vanadium pentoxide nanowires with residual organic ligands
possess superior electrochemical stability and high rate performance in LIBs (ﬁgures 2(d), (e)). In summary, obtaining
precursors of porous vanadium-based nanowires by the
hydrothermal method is the ﬁrst step in the synthetic pathway.
Annealing or calcination is then performed to form a porous
structure. The hydrothermal method has been widely used in
the synthesis of nanowires, and it is easy to operate. But it is
hard to precisely control the nanowire structure. Moreover,
electrospinning technology is also used for obtaining porous
vanadium-based nanowires. It is conducive to the regulation
of the nanowire structure, which gives the materials the
advantages of small pore size and high porosity. Each method
has its own advantages and disadvantages and needs to be
selected according to speciﬁc conditions. In short, since
the pores at the surface provide high contact area between
the electrode materials and electrolyte, excellent ion transport capability is achieved [42]. Porous vanadium-based

2.3. Core–shell/coated nanowires

Although the porous structures can increase the lithium-ion
transmission rate, the poor electrical conductivity of some
materials has still not been solved. In addition, only one
material cannot completely solve the problem of volume
expansion during the cycling [11]. Effective surface modiﬁcation and bonding of different materials can signiﬁcantly
inhibit structural degradation caused by volume expansion.
The surface structures provide a buffer for electrode material
change [45]. Moreover, the speciﬁc surface area of the electrode material can be increased by designing its structure to
accelerate the ion transfer rate and increase the reaction sites
5
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[46]. Hence, tremendous efforts have been devoted to investigating new types of coating structures. Typical examples of
these strategies are introduced in this section, including CVD,
physical vapor deposition (PVD), sol-gel, self-assembly, electrodeposition, etc. Novel cucumber-like heterostructure nanowires were synthesized by Mai et al. The V2O5 nanowires were
coated with PEDOT with enriched MnO2 nanoparticles; this
heterostructure delivers mechanical integrity and inhibits
excessive volume expansion after cycling, which effectively
enhances the electrochemical performance [47]. Peng et al used
ruthenium oxide to coat vanadium ﬂuorophosphate nanowires
and obtained excellent performance[48]. The reaction mechanism of Na3V2O2(PO4)2F with diameters of several tens of
nanometers was investigated and the poor electrochemical
properties of Na3V2O2(PO4)2F, because of the large particles
and low intrinsic conductivity, were solved (ﬁgures 3(d)–(h)).
The preparation process is as follows: anhydrous RuCl3
was dissolved in deionized water to form a stable black
solution; then, the black RuCl3 solution was added to the
Na3V2O2(PO4)2F suspension at a steady uniform rate. The
black suspensions were ﬁltered into black powder and washed
with anhydrous ethanol and deionized water several times.
Finally, the black suspensions were dried at 150 °C for 20 h.
The reversible capacitance of this material can reach 120 mA h
g−1 at 1 C and 95 mA h g−1 at 20 C after 1000 cycles.
Just like Peng, Balogun et al also used a hydrothermal
method to fabricate a novel method of coated VO2 interleaved
nanowires with carbon quantum dots (C-VOCQDs) [49],
which solved the complexity of nanometer-modiﬁed VO2
based electrodes (ﬁgures 3(a)–(c)). They grew C-VOX on a
three-dimensional (3D) exposed carbon cloth by a hydrothermal method (VOX nanowires with diameters between
hundreds of nanometers uniformly coated on carbon cloth
(C-VO)). The C-VOCQD was obtained by soaking the C-VO
sample in carbon quantum dot (CQD) solution for 6 h. The
synthesized material has great ﬂexibility and can improve the
storage capacity of sodium ions, which delivers a high initial
capacity (173 mA h g−1) at 60 C, and the initial capacity of
80% can still be obtained by circulating 200 cycles. The
special triaxial silver vanadium oxides/polyaniline (SVO/
PANI) nanowires were successfully synthesized via in situ
chemical oxidation polymerization and interfacial redox
reaction by the Mai group [50]. Firstly, after adding an aniline
monomer into a AgVO3 solution, the monomer was uniformly dispersed on the surface of AgVO3 nanowires. Then,
part of the Ag+ on the nanowires was dissolved and oxidized
with aniline monomer to form an intermediate layer. Finally,
triaxial nanowires were obtained by adding ammonium persulfate to form a PANI layer (ﬁgure 4).
A previous study once reported a carambola-shaped VO2
nanostructure as a binder-free electrode for aqueous Na-air
batteries, which shows high cycle efﬁciency and cycling
stability up to 50 cycles. This VO2 nanostructure was also
used for the ﬁrst time as an electrochemical catalyst for metalair batteries, and exhibited high theoretical capacity, rapid
ion diffusion rate, and low cost as an electrode material for

metal-ion batteries. In addition, the synthesis of carambolashaped VO2 nanostructures on reduced graphene oxide (rGO)
coated carbon paper was achieved via a simple hydrothermal
method, but it efﬁciently avoided hindering the ion/electron
transport and corroding the carbon electrode, caused by
adding binder to the slurry. Hence, this 3D carambola-shaped
VO2 nanostructure is a promising catalytic material instead
of the binder [51]. In general, compared with other structures, nanocomposite coatings have excellent stability and
electrochemical performance, and the preparation method is
relatively simple. It is believed that the application of nanosurface coatings will be widespread in many ﬁelds due to the
continuous progress in the preparation and synthesis of
nanomaterials.
2.4. Nanowire arrays

Compared with 1D simple nanowire structures, nanowire
arrays improve the nonadjustable speciﬁc surface area and
porosity of 1D structures because of the following properties
[52]: (1) there is a gap between each nanowire of the nanowire arrays. These spaces can provide a direct channel
between the electrode and electrolyte so that every singlenanowire can participate in the reaction; (2) there are larger
contact areas between the electrode and electrolyte, which
means more reaction points; (3) the nanowire arrays can grow
directly on the collector, and the short ion transport distance
reduces the transport resistance of ions in the solid; and (4)
the gap between the arrays allows the change in the electrode
volume during the intercalation of the ions, which ensures
the stability of the cell. This special structure can improve the
storage capacity, rate capacity and power density of the
electrode, and prolong the cycle life of the electrode. In
addition, the use of additives is another advantage that
enables the preparation process to be simpliﬁed [53–55]. Two
main basic strategies were used to synthesize nanowire arrays:
top-down and bottom-up approaches. In the top-down
approach, the desired structure could be constructed by
transforming the crystal using traditional lithography, cutting,
grinding, etching, etc. The bottom-up approach constructs a
complicated crystal structure by individual atom and molecule self-assembly, which relies on the chemical properties of
the material. Chao et al prepared Na3(VO)2(PO4)2F (NVOPF)
arrays on a graphene foam skeleton by a two-step solvothermal method [56]. This kind of 3D electrode structure is
very helpful to shorten ion transport channels, enhancing
energy density and cycle life. In this paper, the authors ﬁrst
deposited the seed layer of VO2 nanoparticles on a 3D graphene foam skeleton during the ﬁrst step of the solvothermal
process. In the second step, the nanoparticles were transformed into NVOPF nanorods. As the reaction proceeds, a
rectangular NVOPF array grows vertically on a hollow graphene skeleton. The working rate and energy density of the
assembled Na+ mixed energy storage device can reach 20 C
and 215 W h kg−1 (ﬁgure 5).
Liao et al [57] synthesized nanowire arrays of Na2Ti2O5
(NTO) coated with VS2 nanosheets by a hydrothermal
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Figure 3. (a) SEM images of the C-VOCQD. (b) A TEM image of a single C-VOCQD nanowire. (c) Rate capability of the C-VO and

C-VOCQD electrodes. (Inset is the Nyquist plots at fully charged stage). Reprinted with permission from [49], Copyright 2016 American
Chemical Society. (d) SEM images of Na3V2O2(PO4)2F nanowires with space groupI4/mmm at low magniﬁcation (X10000). (e) A high
resolution TEM (HRTEM) image of the Na3V2O2(PO4)2F nanowires. (f) A HRTEM image of the RuO2-coated Na3V2O2(PO4)2F nanowires
with a 6 nm RuO2 layer. (g) Charge and discharge proﬁles of RuO2-coated Na3V2O2(PO4)2F nanowires at a current density of 0.1 C in the
voltage range of 2.5–4.3 V versus Na+/Na. (h) Long-term cycling performance of the RuO2-coated Na3V2O2(PO4)2F nanowires at a current
density of 20 C. [48] John Wiley & Sons. © 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.

method. This type of structure can solve the problem of the
low capacity of sodium titanate in SIBs due to the large
interlayer spacing of VS2 (ﬁgures 6(a)–(d)). Firstly, titanium
foils coated with the Na2Ti2O5·H2O nanowires were soaked
in HCl for 3 h to form H2Ti2O5·H2O nanowire arrays, and
the titanium foil was removed from the HCl solution. After

the nanowire arrays were immersed in NaOH, the nanowire
arrays were calcined at 600 °C for 3 h to obtain the Na2Ti2O5
nanowire arrays. Finally, the nanowire arrays were coated
with VS2 to obtain the NTO-VS2 arrays. After 100 cycles at
1 C, the capacity of the NTO-VS2 remains at 203 mA h g−1.
Wang et al [58] synthesized various shapes of V2O5,
7
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Figure 4. (a)–(d) A schematic illustration of the formation of SVO/PANI triaxial nanowire. (e) Field emission scanning electron microscope

(FESEM) images of β-AgVO3 nanowires and triaxial nanowires. (f) TEM images of SVO/PANI triaxial nanowires. Reprinted with
permission from [50]. Copyright 2011 American Chemical Society.

Figure 5. The synthesis strategy and microstructure of the graphene foam (GF) supported NVOPF nano-array. (a), (b) Cross-section FESEM

images for the GF-VO2 nanosheet seed layer precursor and GF-NVOPF array electrode. (c) Galvanostatic charge/discharge proﬁles from 1 to
20 C between 1 and 4 V (1 C is deﬁned as 130 mA g−1). The inset is the ﬂexibility demonstration of the assembled soft-packed pouch cell.
Reprinted with permission from [56]. John Wiley & Sons. © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 6. (a) SEM images of NTO. (b) SEM images of NTO-VS2 nanowires. (c) Cycling performance comparison of NTO and NTO-VS2

electrodes at C/10 rates and (d) 1 C rates. Reprinted from [57]. Copyright 2015, with permission from Elsevier. (e) Side-view SEM images of
V2O5 arrays on Ti foil at the reaction time of 1.5 h. (f) Cycling of V2O5 at a current of 0.25 A g−1 at different reaction times. Reprinted from
[58], Copyright 2015, with permission from Elsevier. Schematics of the CNT-bridged core/branch arrays electrode structure. (g) CVD
growth of interwoven CNT branches on the surface of preformed metal oxide arrays (e.g. nanotubes, nanowires, nanoﬂakes, microrods). [59]
John Wiley & Sons. © 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.

including V2O5 arrays on conductive titanium foil, by using a
simple hydrothermal method (ﬁgures 6(e), (f)). By tightly
joining the prepared materials to the substrate without the use
of adhesives, a strong bond relationship was established
between the two, which solved the adverse effect of electron
transport between electrode and collector during charge and
discharge. The general synthetic process is as follows: mixing
NH4VO3 and H2C2O4·2H2O in deionized water. Then,
magnetic stirring for 15 min to obtain a yellowish green
solution, calcined in the reactor. The samples were washed
and dried with distilled water several times. Finally, the V2O5
nanowire arrays were obtained by sintering at 500 °C in air.
Among all shapes, the V2O5 arrays have the best cycling
performance (95 mA h g−1 after 500 cycles). Xia et al studied
the branching synthesis of CNTs on different metal oxide
arrays and proposed a general synthetic method of CNTbridged metal oxide core/branch arrays [59]. Metal oxide
nanoarrays were prepared on different substrates by simple
hydrothermal, CVD, or other solution methods (ﬁgure 6(g)).
Then, CNTs were grown on the surface at 600 °C. The core/
branched electrode with CNTs has the following advantages:
(1) a comprehensive conductive network structure with horizontal and vertical conduction paths; (2) a high porosity and
large speciﬁc surface area; and (3) a stable nanostructure.
VO2 is a material with high capacity but poor stability. Chao
et al designed a novel non-adhesive cathode for high-performance batteries [55]. VO2 arrays grew directly on a graphene network by the bottom-up type. In addition, fast ion
diffusion caused by VO2 nanobelts and the coated graphene
quantum dots can signiﬁcantly improve the cycling stability.
Therefore, the modiﬁcation of a nanostructured surface
ensures excellent electrochemical performance.

In summary, nanowire arrays are synthesized from
monomers by chemical polymerization or other methods and
the formation of synthesized nanowire arrays can be controlled by kinetics. Several methods of synthesizing nanowire
arrays have been introduced, and it has been proved that the
composition and the geometry of the nanowire arrays can be
tuned at high resolution for different energy storage applications. Hence, the above-mentioned nanowire arrays are considered as an ideal structure for electrode materials in energy
storage systems.
2.5. Nanowire networks/membranes

Compared with the low-dimensional structures, the 3D network or membrane structures based on 1D nanowires have a
highly speciﬁc surface area, which can provide a larger
interface for the reaction of the material [60]. Moreover, the
3D network/membrane structures are more stable, which can
effectively prevent aggregation and pulverization of the
nanomaterials [61]. Three-dimensional reticular structures are
usually characterized by disordered macroporous structures
and laminated two-dimensional (2D) structures, which have
speciﬁc properties in different length sizes, such as light
weight, large speciﬁc surface area and high porosity. These
structures have been widely used in 2D systems: the most
typical feature is the porous network of graphene and its
derivatives. Moreover, the interpenetrating network nanowire
structures have a stable layered structure, fast ion channels,
and 3D electron transport networks; they can also avoid the
agglomeration of nanowire structures in charge and discharge.
Thus, these network structures have great potential in electrochemical energy storage devices [19]. Recently, considerable efforts have been devoted to fabricating new types of 3D
9
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Figure 7. (a) A TEM image of the V2O5·nH2O xerogel. (b) The rate performance of the V2O5·nH2O cathode. (c) Cycling performance at
the current density of 0.1 A g−1. Reproduced from [20]. with permission of The Royal Society of Chemistry. (d-m) Schematic illustrations of
the time-dependent solvothermal reaction: the self-sacriﬁced evolution mechanism from microsphere to nanoﬁber network. (n) Rate
capability of the Na3V2(PO4)3/C nanoﬁber network (NVP-F) and Na3V2(PO4)3/C microﬂower (NVP-M) electrodes. Reprinted from [65].
Copyright 2016, with permission from Elsevier.

structures [62–64]. Herein, we will introduce several methods
of synthesizing network/membrane structure electrode
materials.
Recently, Wei et al synthesized a needle-like nanowire
network V2O5·nH2O gel by a freeze-drying method [20],
and the application of large-scale double-layer V2O5·nH2O
to sodium storage in an organic electrolyte system was
explored (ﬁgures 7(a)–(c)). They ﬁrst thawed the V2O5
powder at 800 °C to form a melt. Next, the liquid was poured
into distilled water during the stirring process to obtain a
suspension. Then, the suspension was heated and cooled to
obtain the sol, and then the sol was frozen to remove extra
water. Finally, the sol was dried for 5 h in 120 °C air. The
network structure V2O5·nH2O gel was used as a cathode for
SIBs. It was found that an initial capacitance of 338 mA h g−1
at 0.05 A g−1 and a high rate capacity of 96 mA h g−1 at
1.0 A g−1 was obtained. However, the above method requires
extremely high temperatures, and researchers are trying to
ﬁnd other simpler methods. For example, Ren et al [65]
proposed a simple self-sacriﬁcial template method to successfully fabricate a Na3V2(PO4)3 (NVP) 3D nanoﬁber network structure material to improve the electronic conductivity
of the classical Na3V2(PO4)3 material, which obtained a good
cycle stability (96.9% capacity retention over 300 cycles at
5 C) and excellent rate capacity (80 mA h g−1 at 50 C). The
reaction was carried out under N, N-dimethylformamide
antisolvent heat treatment. The NVP was rapidly nucleated
and crystal growth occurred during the ﬁrst 0.5 h of heat
treatment to form a 3–5 micron microsphere. With an increase
in the solvent heat treatment time to 3 h, the surface of the

microspheres gradually changed into the shape of the
microﬂowers assembled by the nanosheets. Under the inﬂuence of the nucleophilic and electrophilic properties of the
N-dimethylformamide, the surface nanosheets acted as selfsacriﬁcing templates to dissolve and recrystallize to form
nanoﬁbers. Until the ﬁnal solvent heat treatment for 20 h, the
nanosheets disappeared completely, and a 3D network
structure NVP was formed. The formation of 3D network
structures provides faster transport channels for sodium ions,
a larger contact area for the electrode–electrolyte, and possesses an excellent strain adaptability and structural integrity.
Meanwhile, another simple hydrothermal method has been
proposed. Mai’s group successfully synthesized ﬂexible and
additive-free H2V3O8 nanowire ﬁlms by a simple hydrothermal
method [19]. They added deionized water and PEG to V2O5 to
synthesize pure ultralong H2V3O8 nanowires. Hyper acoustic
treatment for an hour before ﬁltration was carried out with a
vinylidene ﬂuoride membrane. Then, the membrane was
removed and dried at room temperature for a few hours to
remove the moisture contained within. Finally, H2V3O8 thin
ﬁlms with a length of several hundred microns, a width of about
100 nanometers, and a thickness of about 35 microns were
obtained. In a test of a SIB with H2V3O8 nanowire ﬁlm as
the cathode, it was found that it showed a high sodium storage
capacity (with a high speciﬁc capacity of 168 mA h g−1 at the
current density of 10 mA g−1). Chen et al synthesized a similar
interpenetrating network structure composed of layered V2O5
nanowires and CNTs by a hydrothermal method [66]. The
ultralong CNT arrays were synthesized by CVD and then dispersed in the V2O5 nanowire precursor (ﬁgure 8). Owing to the
10
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Figure 8. (a) A schematic illustration for the formation of the ﬂexible additive-free H2V3O8 nanowire membrane using a hydrothermal
reaction followed by a suction ﬁltration method. (b) HRTEM images of the H2V3O8 nanowire membrane. (c) Cycling performance of
the H2V3O8 membrane at the current density of 10 mA g−1. Reproduced from [19] with permission of The Royal Society of Chemistry.
(d) A high-magniﬁcation SEM image of the nanocomposites etched by 1 wt% HF. The image corresponds to the selected area in panel B. A
schematic of (e) a nanocomposite consisting of interpenetrating networks of V2O5 nanowires and CNTs, (f) intimate contacts between the
V2O5 nanowire and CNTs facilitating charge transport, and (g) Na+ intercalation within the V2O5 layer structure. (h) Cycling performance of
a V2O5/CNT-AC sodium-ion device for 900 cycles at a charge/discharge rate of 60 C. Reprinted with permission from [66]. Copyright 2012
American Chemical Society.

strong interaction between −OH and −COOH on the surfaces
of nanotubes and nanowires, the in situ hydrothermal reaction
resulted in the formation of intermediates of the 3D nanostructures. Most importantly, the ﬁnal composite network structure was obtained by ﬁltration and concentration. The
CNTs/V2O5 synthesized by this method had good electrochemical performance (80% of the initial capacity was retained
after 900 cycles at a charge/discharge rate of 60 C), and it is
proved that the sodium-ion asymmetric capacitor shows good
energy and power density in organic electrolytes.
Tan et al put forward a new idea [14] in which they
successfully prepared a V2O3⊂C-NTs⊂rGO multidimensional cooperative nanowire structure, which solved the
problem that 2D graphene and its 3D structure cannot limit
the self-agglomeration of nanoparticles very well. The theory

of selective insertion and transformation of V2O3 in sodiumion storage was also studied. To simplify the precursor of
VOX nanotubes, VOX-NTs were synthesized by cetylamineassisted self-scrolling method. The precursor was dispersed in
ethanol and graphene oxide nanoparticles were added to the
ethanol. The cationic active agent CTAB was added to realize
the self-assembly of VOX-NTS⊂GO by electrostatic action.
After centrifugation, the VOX-NTS⊂GO was frozen rapidly
in liquid nitrogen and annealed in a reducing atmosphere. The
V2O3⊂C-NTs were embedded deeply in the rGO network
and the structure was clearly observed by in situ electron
microscopy. This special network structure leads to a good
synergy between V2O3 ⊂C-NTs⊂rGO (ﬁgure 9).
In conclusion, the networked nanowire structures have
stable layered skeleton structures, fast ion diffusion channels,
11
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Figure 9. Synthesis and characterization of V2O3⊂C-NTs⊂rGO. (a) A schematic of the synthesis of V2O3⊂C-NTs⊂rGO. SEM images
of (b) the VOx-NTs, (c) VOx-NTs⊂GO, and (d) V2O3⊂C-NTs⊂rGO. (e) Cycling performance and corresponding coulombic efﬁciency
of V2O3⊂C-NTs⊂rGO, V2O3⊂C-NTs, and V2O3-NPs at a high rate of 5.0 A g−1 (initially activated at 0.1 A g−1 for three cycles). [14]
John Wiley & Sons. © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.

of low power density like LIBs. It is therefore necessary to
develop electrode materials with suitable voltage windows,
high reversible capacity, and electrochemical stablilty to
improve the application of SIBs [8]. Vanadium-based materials possess high capacity, high energy density, and abundant
resources, and therefore they are regarded as one of the most
prospective electrode materials for advanced batteries. A large
number of 1D vanadium-based materials have been fabricated
and possess extremely high speciﬁcity, which aims to
enhance the electrochemical properties of current materials
[67]. In this section, promising cathode/anode materials will
be brieﬂy summarized, the effect of the material structure on
battery performance will also be discussed, and the contribution of vanadium-based nanowire materials in SIB development will be highlighted to provide a new vision for SIBs.
The key electrode materials are summarized in table 2 to
provide a more intuitive understanding of the current status
of SIBs.

and 3D electron transport networks, and have a strong potential
for energy storage. This structure can be interpenetrating with
the same nanowires, or intertwined with different nanowires, or
even nanomaterials embedded in 3D nanowires. Network
structures inherit most of the advantages of multiple nanowires,
and researchers can also design different network structures to
achieve the desired performance. Similarly, the membrane
structures are usually more ﬂexible, it is not easy to deform
during charge and discharge, and the synthetic method is brief.
Thus, the new 3D network structures or membrane structures
can effectively improve the performance of the electrode.

3. Applications in SIBs
In recent years, the intelligent design and nanoarchitecture of
LIB electrode materials with brilliant properties have been
applied to the ﬁeld of SIBs. However, SIBs suffer from issues
12

System

Materials

Speciﬁc capacity

Cycling stability

V-based nanowire
materials

Na3V2(PO4)3 nanoﬁber network

94 mA h g−1 at 100 C

Zigzag Na1.25V3O8

172.5 mA h g−1 at 100 mA g−1

K3V2(PO4)3/C

119 mA h g−1 at 100 mA g−1

CQD-coated VO2

328 mA h g−1 at 0.3 C

Cu3V2O7(OH)2·2H2O

287.4 mA h g−1 at 0.5 A g−1

VO2/rGO
CaV4O9
O3-Na[Li0.05(Ni0.25Fe0.25Mn0.5)0.95]O2

160 mA h g−1 at 160 mA g−1
300 mA h g−1 at 5000 mA g−1
180.1 mA h g−1g−1 at 0.1 C

95.9% capacity retention over
1000 cycles at 10 C
Capacity fading 0.0138% per cycle at
1 A g−1 for 1000 cycles
96.0% capacity retention after
2000 cycles at 2000 mA g−1
70% capacity retention at 10 C After
200 cycles
206.5 mA h g−1 after 50 cycles at
5 A g−1
200 mA h g−1 over 200 cycles
161.5 mA h g−1 after 1000 cycles
76% capacity retention over 200 cycles

P2-Na2/3[Mg0.28Mn0.72]O2
Na3V2(PO4)3
Na4Co3(PO4)2P2O7
FeFe(CN)6
Na2MnFe(CN)6

220 mA h g−1 at 10 mA g−1
66.3 mA h g−1 at 0.2 C
95 mA h g−1 at 0.1 C
120 mA h g−1 at 20 C
120 mA h g−1 at 20 C

Hollow carbon nanowires

250.9 mA h g−1 at 50 mA g−1

3D porous carbon frameworks
TiO2/C
Co3O4

113.9 mA h g−1 at 5 A g−1
277.5 and 153.9 mA h g−1 at 50 and
5000 mA g−1,
153.8 mA h g−1 at 5 A g−1

Metal sulﬁdes

Sb2S3

582 mA h g−1 at 200 mA g−1

Alloys

Sn-Sb

603 mA h g−1 at 100 mA g−1

Layered oxide
materials
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Polyanionic materials
Prussian blue material

Carbon-based
materials
Metal oxides

50% capacity retention after 200 cycles
89% capacity retention after 200 cycles
83% capacity retention after 100 cycles
87% capacity retention over 500 cycles
75% capacity retention after 500 cycles
at 0.7 C
82.2% capacity retention after 400 cycles
99.8 mA h g−1 after 10 000 cycles
100% capacity retention over 14,000
cycles at 5000 mA g−1
1045.3 mA h g−1 after 100 cycles at
200 mA g−1
384 mA h g−1 at 200 mA g−1 after
50 cycles
451.3 mA h g−1 at 500 mA g−1 after
150 cycles

Working voltage (V)

Applications

Ref.

2.3–3.9

Cathode

[65]

1.5–4.0

Cathode

[6]

1.5–4.0

Cathode

[4]

1.5–3.5

Cathode

[49]

0.01–3

Anode

[103]

0.25–3
0.01–3
1.7–4.4

Anode
Anode
Cathode

[107]
[15]
[73]

1.5–4.4
1.0–3.0
3.0–4.7
2.0–3.8
0.01–3

Cathode
Cathode
Cathode
Cathode
Cathode

[72]
[68]
[69]
[70]
[71]

0.01–1.2

Anode

[91]

0.01–3
0.01–3

Anode
Anode

[92]
[93]

0.005–2.9

Anode

[94]

0.01–2

Anode

[95]

0.01–2

Anode

[96]
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also been proven to successfully solve this issue. Ren et al
ﬁrst put forward a facile self-sacriﬁced route to synthesize a
3D NVP nanoﬁber network [65]; after a time-dependent
experiment, a continuous outside-in 3D network was raised.
The 3D electrochemical and mechanical properties of the
NVP network structure material enhanced the high current
performance, which exhibited outstanding cycle stability
(95.9% capacity retention over 1000 cycles at 10 C) and high
rate performance (94 mA h g−1 at 100 C). Liu reported a 1D
nanostructure material using Na3V2(PO4)3 as the cathode
material [23], which shows superior cycling stability, even at
high current rates, because of its short ion diffusion length
and suitable access of the organic electrolyte. In addition,
compared to premier preparation through solid-state and
solution reactions, a simple versatile electrospinning method
to fabricate a Na3V2(PO4)3/carbon nanoﬁber electrode was
reported [23], and this method handled the traditional problem of poor performance far away from the theoretical
capacity. However, this structure shows defects compared
with the Na3V2(PO4)3 porous nanoparticle; its rate capability
is lower, which may relate to its long annealing treatment and
high content of carbon.
With regards to traditional electrode materials, including
polymeric binders, conductive additives, and current collectors, the conductive additives and current collectors can be
used to ensure material mechanical performance security and
increase the electrical contact between active materials and
current collectors. However, the existence of the polymer will
hinder the electrical conductivity, occupying about 20%–40%
of the electrode material’s quality [84, 85]. In addition, the
active material can easily fall off the conductive metal foil.
Wang et al synthesized a novel additive-free electrode composed of an ultralong H2V3O8 nanowire membrane
(ﬁgures 10(a)–(c)) [19], which provided a steady structure and
high speciﬁc capacity. Dong et al synthesized hierarchical
zigzag structured Na1.25V3O8 nanowires via a facile topotactic intercalation method (ﬁgures 10(d)–(h)) [6]. The material obtained good electrochemical performance. This
speciﬁc structure has better adaptability strain and promotes
the contact area between the electrode and the integrity and
stability of the structure. Wang et al designed a novel
K3V2(PO4)3/C bundled nanowire structure by using a facile
organic acid-assisted method to improve the poor cycling
stability and low diffusion coefﬁcient [4]. With the nanoporous structure, the battery shows excellent electrochemical
performance. Besides changing the structure of the electrode
material, metal-doped materials are also a concept for
improving the performance. Mai’s group doped alkali metal
ions (Li+, Na+, K+, Rb+) into vanadium oxide nanowires
[86]. After the electrochemical test, it was found that the
appropriate alkali metal-ion intercalation in the admissible
layered structure can avoid structure collapse, resulting in
enhanced cycling stability [11]. Furthermore, carbon material
doping is also a valuable method. Balogun et al designed a
new type of free-standing CQD-coated VO2 interwoven
nanowire through a simple fabrication process [49]. CQDs

3.1. Vanadium-based nanowire cathode in SIBs

Up to now, various cathode materials have been reported due
to the rapid development of LIBs. With regards to SIB systems, four types of cathode materials have achieved meaningful advancement. Firstly, polyanionic cathode materials
can provide excellent stability and rate capability, and are
mainly phosphate-based compounds [68, 69]. Secondly, the
Prussian blue analogue has many advantages, such as low
cost and long cycle life, but it has an inferior speciﬁc capacity,
which restricts mass production [70, 71]. And then, a series of
P2-type layered transition metal oxides have been proposed in
full-cell SIBs, which possess high rechargeable capacity and
great cycling stability [72]. Nonetheless, the actual manufacture will be impeded because of the sodium deﬁciency of
the P2-type layered cathode. Finally, O3-type layered transition metal compounds are considered as promising cathode
materials because of their high energy density, high speciﬁc
capacity, high initial coulombic efﬁciency, and good compatibility with anodes [73]. Most important of all, the preparative technique of SIB materials can be simply applied to
industrial production. However, it is easy for them to deteriorate during storage [74].
Over the past few decades, vanadium-based materials
have attracted considerable attention as promising cathode
materials for batteries. However, there are some problems
with these materials, such as unsatisfactory diffusion coefﬁcients and structural degradation. Thus, increasing crystal
structure stability and extending the ion diffusion channels of
present cathode materials are the two main methods used for
improving the material properties. Based on these principles,
various important optimization strategies have been developed, including stable ion diffusion channels, crystal phase
control, and ion doping, to achieve high-performance battery
materials [75].
As a typical NA super ion conductor (NASICON)-based
electrode material, Na3V2(PO4)3 (NVP) received wide attention because of the highly covalent 3D frameworks [76–78],
which lead to high ionic conductivity and large interspaces.
Song et al studied the ion occupancy change to explain the
ion migration mechanism of Na3V2(PO4)3 at the ﬁrst time.
They found that two pathways along the x and y directions
and one possible curved route for ion migration are beneﬁcial
for a 3D transport characteristic [79]. However, the phosphate
components mean that NVP has low electronic conductivity
[80, 81]. To address this situation, most researchers adopt the
method of carbon coating. Shen et al fabricated a nitrogendoped carbon-coated Na3V2(PO4)3 hybridized with multiwalled CNT composite. Nitrogen doping can improve the
migration speed of Na ions through the carbon coating, and
the 3D CNT network can signiﬁcantly accelerate the electron
transfer between multiple Na3V2(PO4)3 particles [82]. Similarly, Na3V2(PO4)3@C core–shell nanocomposites were
synthesized by Duan et al, which delivered an initial capacity
of 104.3 mA h g−1 at 0.5 C and 94.9 mA h g−1 at 5 C with a
capacity retention of 96.1% after 700 cycles [83]. Other
methods such as changing the conﬁguration of materials have
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Figure 10. Front (a) and (b) and side (c) SEM images of the H2V3O8 nanowire membrane. Reproduced from [19] with permission of The
Royal Society of Chemistry. (d) A schematic illustration of the electrochemical process for the non-topotactically synthesized simple
nanowire structure and topotactically synthesized hierarchical zigzag nanowire structure of Na1.25V3O8. (e)–(i) Morphologies of products
synthesized with different amounts of CTAB. (e) TEM images of simple NVO, (f) NVO-C1, (g) NVO-C2, and (h) NVO-C3. Reproduced
from [6] with permission of The Royal Society of Chemistry.

can effectively protect the surface of the nanowires due to
good ﬂexibility, which makes a great contribution to the
diffusion of the electrons. Carbon materials coat the internal
and external surfaces of the VO2 nanowires, and this unique
structure effectively improves the capacity of the electrode
materials. Chen et al designed an interpenetrating porous
network structure material which was composed of CNTs and
V2O5 nanowires [66]. This structure makes electron transfer
easily, improves the kinetics and cycle stability, and enables
the fabrication of high-performance Na-ion pseudocapacitors.
Mallory et al studied the structural changes in sodium preintercalated vanadium oxides [28]. The pre-intercalation for
the speciﬁc structure of the electrode material is a crucial
synthetic method. With the carrier of the V2O5 embedded with a
number of Na ions, a highly crystalline nanowire structure was
obtained with the speciﬁc capacity of 365 mA h g−1. The work

shows that improvement in the structure of electrode materials
and suitable materials with certain metal elements can fundamentally increase the properties of the material. It has a great
potential to develop the energy density of the electrode materials
and power density. as well as internal ion diffusion. The Yu
group developed an effective interlayer engineering strategy to
improve sodium-ion transport in 2D VOPO4 nanosheets via
controlled organic intercalation. The interlayer distance of
VOPO4 nanosheets can be easily adjusted by embedding organic
molecules with different interlayer distances. The VOPO4
nanosheets showed improved sodium-ion transport kinetics,
remarkable rate capacity, and cycling stability of sodium-ion
storage [87]. A sodium-ion full battery based on this cathode has
also been fabricated, showing outstanding rate capability
(∼74 mA h g−1 at 2 C rate) and excellent cycling stability
(92.4% capacity retention after 100 cycles) [88].
15

Nanotechnology 30 (2019) 192001

Topical Review

[100, 101]. Due to this higher 1D nanostructure’s current
transmission efﬁciency, it can improve teh performance of the
electrode materials. Since the radius of the sodium ion is
larger than that of lithium, there are many issues with ﬁnding
a suitable electrode material to allow reversible, rapid
Na-ion insertion and extraction at high rates [102, 103]. To
solve this problem, Liang et al synthesized intertwined
Cu3V2O7(OH)2·2H2O nanowire/carbon ﬁber composite as an
anode material [104], which offered a wider potential window. Vanadium-based materials with sufﬁcient layer spacing
are greatly beneﬁcial for Na+ insertion/extraction. In addition, the 1D nanowire structure provides assistance for
reducing the Na-ion diffusion length. Meanwhile, numerous
interconnected pore channels created by the intertwined network facilitate the access of electrolytes and electrode,
thereby improving the accessibility of the cell at high rates
[105, 106]. This material has good electrochemical performance, showing a highly reversible Na-ion storage capacity
of 287.4 mA h g−1 after 50 cycles at a large current density of
0.5 A g−1. For easier preparation of VO2, He et al developed
a solution-based strategy to prepare VO2 by reducing aqueous
vanadate ions in KOH medium [107], which was applied in
LIBs and SIBs with good electrochemical performance and
cycle performance. Even under low voltage, the anode
materials maintained high cycle performance and structure
stability. Short ion diffusion pathways and effective electron
transport capability are considered to be some of the most
ideal properties for the application of the energy storage
system architecture, especially for 1D nanostructure material
directional arrangement [108]. Ke et al designed and constructed an aligned NaV3(PO4)3/C hybrid nanoﬁber as an
anode in SIBs with a steady skeleton, resulting in an excellent
long cycle and high rate performance, which makes it a
promising anode for SIBs [109]. Xu et al fabricated CaV4O9
nanowires with a speciﬁc Na+ storage mechanism beyond the
typical intercalation or conversion reaction and which
exhibited multiple positive electrochemical properties [15].
The nanoscale CaO can lead to a ‘spectator effect’ to restrain
the volume change in the electrode and can inhibit the
aggregation of active nanoparticles. Compared with the
cathode materials, the amount of vanadium-based anode
material in sodium electricity is rare, and the capacity makes
it difﬁcult to meet the requirements. More attention should be
placed on the anode materials to create new high-performance
materials.

3.2. Vanadium-based nanowire anode in SIBs

To acquire the valuable characteristics of LIBs, a considerable
amount of effort has been made in SIBs, and some lithium-ion
intercalation materials with typical layered materials can also
be used for SIBs. A larger ionic radius (Na+ 0.102 nm, Li+
0.076 nm) leads to slow reaction kinetics, often leading to
reduced capacity, poor rate capability, poor cycle stability,
and even no electrochemical activity. After years of hard
work, signiﬁcant progress has also been made in cathode
materials for SIBs [74]. However, the limited electrochemical
properties of anode materials signiﬁcantly inﬂuence the progression of SIBs. In the case of graphite, it is the most
commonly used anode material in LIBs. However, due to the
limited insertion of sodium-ions into graphite, graphite is not
an ideal anode for SIBs, and calculations show that the higher
formation energy of graphite and sodium ions leads to thermodynamic instability, which greatly hinders the sodium–
graphite reaction [89]. By using an ether solvent (DEGDME),
a complex will be formed between the sodium-ion and the
ether group to change the afﬁnity of the Na–C bond via a cointercalation reaction [90].
Hard carbon is probably the most widely studied anode
material of SIBs, because the hard carbon layer spacing is
large, which facilitates the storage of Na+. However, the
initial coulombic efﬁciency and cycle life issues are still
unsatisfactory. The manufacture of hollow carbon nanowires
and hollow carbon nanospheres provides new ideas for the
development of carbon materials [91, 92]. The unique shape
can effectively explain that sodium is bound to the thin layer
of carbon, which also relaxes the volume expansion during
the deintercalation process while locking the sodium.
Other anode materials (e.g. TiO2, Co3O4, and Sb2S3)
based on the conversion or alloying reaction can provide high
initial capacity, but large volume changes that are unavoidable during the cycle result in pulverization of the electrode
and subsequent severe capacity decay [93–96]. Vanadium has
multiple valence states, and it can achieve electron transfer at
a low potential. Moreover, the high V–O bonding strength
determines that vanadium cannot be reduced to metallic V at
low potential, which means a smaller volume expansion
during the cycle. The above advantages provide the vanadium
material with a high capacity and cycling stability [15, 97].
A novel a-CrPO4-type NaV3(PO4)3 was synthesized by
Wang et al as a promising anode material for SIBs. They also
studied the electrochemical reaction mechanism, structural
evolution, and ion diffusion of NaV3(PO4)3 by ﬁrst-principles
calculation. These works are of great signiﬁcance and provide
guidance to understand the 3D characteristics for ion transport
by exploration of the internal diffusion systems [98]. Deng
et al designed a novel 1D nanostructure material for aqueous
SIBs [99]. As an important department of vanadium oxide,
Na2V6O16·nH2O shows a typical lamellar structure, with
sodium hydrate existing in the V3O8 layer. It provides enough
layer spacing for the Na+ intercalation. Furthermore, the
atomically anisotropic arrangement in the crystal lattice
results in an inﬁnite chain structure, which has the potential to
grow into a 1D nanostructure with a unique direction

3.3. Single-nanowire devices used in SIBs

A large number of materials have been fabricated and
improved for energy storage, and the complex reaction
mechanisms are still the bottleneck of development. Although
some studies have reported the properties of numerous
nanomaterials, most of the research is based on the macroscopic properties of nanowire powders, which will be affected
by grain boundaries and material disorder, and therefore
cannot truly reﬂect the intrinsic properties of the materials.
The construction of single-nanowire devices is more likely to
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Figure 11. The contact of nanowire and Au (1, 2, 3 and 4) is used for electric and electrochemical tests. (a) Conﬁguration 1: the H2V3O8

nanowire was fully immersed in the electrolyte. (b) Conﬁguration 2: only one end of the H2V3O8 nanowire was immersed in the electrolyte
and the other area was covered by the photoresist. (c) A schematic illustration of the diffusion for Li/Na ions and (d) their conductance
changes in conﬁguration 1. (e) A schematic illustration of the diffusion for Li/Na ions and (f) their conductance changes in conﬁguration 2.
Reprinted with permission from [114]. Copyright 2015 American Chemical Society.

directly reﬂect the intrinsic mechanism of materials in electrochemical processes [110].
Since nanowires are usually micrometer-scale in length
and nanometer-scale in diameter, the conductivity of electrons
and intercalation/deintercalation of ions along these 1D
materials tremendously inﬂuences their electrochemical performance in Li+/Na+ batteries. On account of this, our group
fabricated single-nanowire devices to detect their degradation
mechanism during electrochemical reactions [32, 111–114].
In our works, the single nanowires were connected with the
Au current collector by lithography-based techniques in different conﬁgurations, and electrochemical tests were conducted in situ to investigate the mechanism relevant to the
migration of ions and degradation of electrochemical
performance.
To thoroughly investigate the transport properties of Na+
in nanoscale electrodes, Xu et al fabricated two types of
single-nanowire devices (ﬁgures 11(a), (b)) [114]. In both
conﬁgurations, four contacts were designed. Contact 1 was
employed to conduct the electrochemical tests and the others
were used to test the electric conductivity. In conﬁguration 1,
the H2V3O8 nanowire was exposed to the electrolyte, whereas
in conﬁguration 2, only one end was exposed to the electrolyte and the other area was covered by a photoresist. The
electric conductivity of sections 1–4 in conﬁgurations 1 and 2
were tested respectively. For conﬁguration 1, the sections
with the shorter distance from contact 1 exhibited more severe
degradation in electric conductivity, which indicates that
the longer distance made the electron transport more
difﬁcult and intercalation of Na+ chose the shortest
pathway (ﬁgures 11(c), (d)). For conﬁguration 2, the electric

conductivity decreases more sharply with the longer distance
from contact 1, indicating that the electrochemical reaction
can only be realized when the electrons and ions are both
accessible (ﬁgures 11(e), (f)). This research was signiﬁcant in
that it revealed the transport mechanism of Na+ in the
nanoelectrode and will pave the way for choosing suitable
electrode materials for Na+ batteries.

4. Conclusion and perspectives
This review has reported diverse nanostructures of vanadiumbased nanowires and has highlighted the signiﬁcance of
constructing various nanostructures to obtain excellent electrochemical performance. Firstly, four popular nanowirebased nanostructures and various synthetic methods have
been introduced. Conﬁguring adequate pore size can deliver
more reactive sites and shorten the Na+ diffusion pathway.
Considering the intrinsic poor electronic conductivity of
electrode materials, core–shell structures coated with appropriate materials can enhance the electronic transmission and
also alleviate the volume expansion of electrode materials
during charge and discharge. Nanowire arrays and networks/
membranes construct a stable 3D framework to provide
multiple reaction areas and more spare room to buffer the
volume change. Other heterostructure materials combine the
advantages of different materials to build a more stable system. Secondly, the application of vanadium-based nanowires
in the cathode and anode of SIBs has been summarized. With
regards to the cathode, vanadium-based phosphate materials
(NASICON) play an important role in the application of SIBs.
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However, the exposed problem of low capacity also urgently
needs to be solved. In terms of vanadium-based anode
materials, the application is far behind that of the cathode.
According to the contrast between current mainstream materials, we can ﬁnd both the breakthroughs and challenges of
vanadium-based materials. In particular, a single-nanowire
device based on vanadium-based nanowires has been introduced, which excludes the inﬂuence of grain boundaries and
disordering of materials, providing a direct approach to
explore the capacity decay mechanism of materials in depth.
Single-nanowire devices can make more contributions to the
intrinsic properties research of nanowire materials.
Although researchers have made great efforts to accelerate the development of SIBs, they are still far from expectations. On the one hand, for the current materials, they
should be widely extended to improve electrochemical performance and increase application. The unique structures of
nanowire materials need to be created to meet the urgent
demands of improvement, and many nanowire structures with
great progress in LIBs have not been used in SIBs. For
example, pre-embedding of materials can help solve the
problem of low initial coulombic efﬁciency and poor cycle
stability [86]. Coating MnO2 nanowires with porous graphene
can improve the conductivity of materials without hindering
ion conduction [111]. The new pea-like nanotubes synthesized by a gradient electrospinning and controlled pyrolysis
method exhibit superior cycling stability [115]. In addition,
there is an urgent demand to further develop new high-efﬁciency sodium storage materials, such as CaV4O9. On the
other hand, it is necessary to strengthen the understanding of
the Na+ storage mechanism, theoretically guiding the
improvement of SIBs. Although Na+ shares a similar storage
mechanism with Li+, most of the traditional materials used in
LIBs still do not work well in SIBs. Therefore, the application
of mechanism research, such as the application of a singlenanowire device, will play a key role in the progress of energy
storage. Last but not least, for vanadium-based nanowires,
they can be used in more ﬁelds due to their sufﬁcient length
and strength. The free-standing nanowire networks/membranes described above are expected to perform well in
ﬂexible batteries, and can be used in combination with solid
electrolytes and many other devices.
We hope that SIBs can stand at the forefront of the
energy storage era as soon as possible. There are more scientiﬁc methods to improve the properties of current materials,
novel high-efﬁciency materials to improve the overall performance of SIBs, and more advanced technology to explore
the mechanism of sodium-ion storage. Furthermore, vanadium-based nanowire materials can be used in more ﬁelds
with better properties.
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