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Among all the known electrode materials, vanadium pentoxide (V,Os) has high reversible capacity. It is a very
valuable material for research of the complexity, rich structure and morphology. However, it also has some disadvantages,
such as poor cycle stability, low discharge voltage, low conductivity and Li™ diffusion coefficient. In this regard, researchers
have carried out a lot of research, such as using various methods to improve the nanostructures, introducing heterostructures,
introducing point defects or cation doping in the crystal structure, etc. The electrochemical performance of V,05 has
been significantly improved in reversible capacity, high-rate capacity and long-term cycle stability. In this paper, V205
based nanostructure with different chemical composition are briefly introduced, and it covers V,05 nanomaterials with
different morphology, including 1D nanorods, nanobelts, nanotubes, 2D leaf like nanosheets and other nanosheets, and 3D
hollow structures, porous nanostructures, porous eggshell microsphere structures. The composite nanomaterials of V,0s5
and different carbonaceous supports are also introduced. Finally, the V,0s5 composite materials doped with cations are
discussed. The electrochemical performance of V,Os based electrode can be improved effectively by obtaining appropriate

nanostructure and optimized chemical composition.

Keywords: lithium ion battery, V,O5 nanostructures, electrochemical properties, nanotubes and nanowires

PACS: 82.47.Aa, 79.60.Jv, 65.40.gk

1. Introduction

In recent years, due to the shortage of traditional fossil
energy and concerns about greenhouse gas emissions, it has
become extremely important to make more effective use of
energy and save limited energy in the world. At present, sci-
entists and engineers are looking for renewable and more ef-
ficient strategies to create and store energy, so as to reduce or
even avoid the impact on the environment, such as energy col-
lected from solar heating,[!! photovoltaic power generation, !
nuclear fission and fusion,®! wind power generation,* hy-
dropower generation,®! and tidal fluctuation.!®! Biomass and
geothermal energy!’! are favorable alternatives to traditional
fossil fuel combustion.[®! More and more reports of scientific
breakthroughs and technological innovation are given. The
development of advanced energy storage technology is very
important to solve the energy problem. Therefore, it is urgent
to need long-life, low-cost and environmental protection reli-
able batteries to meet the key energy storage needs of modern
society. Since Sony firstly commercialized lithium ion battery
(LIB) in 1991, because of its high energy density and high
safety, it has been widely used in consumer electronics and
many other fields. In more than a quarter of a century, LIB has
become a popular, portable and rechargeable secondary bat-
tery, and it has a wide range of applications, such as personal
electronic devices, electric vehicles, hybrid electric vehicles
and smart grid 1 However, the electrochemical performance
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of LIBs still needs to be improved. The preparation of new re-
liable electrode materials plays an important role in the further
development of LIBs.

The lithium ion battery consists of positive electrode, neg-
ative electrode, separator, electrolyte and battery shell. In the
process of charging and discharging, lithium ions are insertion
and extraction between the two electrodes: during charging,
lithium ions are deintercalated from the positive electrode and
embedded into the negative electrode through the electrolyte,
and the negative electrode is in a lithium rich state; the op-
posite is true when discharging.!'%! Its working principle is
shown in Fig. 1. In general, the working principle of LIB
depends on the movement of lithium ions between the posi-
tive and negative electrodes. In lithium ion battery, the inser-
tion/extraction process of lithium ion between cathode layers
is a diffusion process, so it is very important in the design of
its structure. Larger grain size and anisotropic crystallization
are not conducive to the intercalation process, while smaller
grain size and spherical shape are beneficial to shorten the dif-
fusion distance of lithium ion in the host, thus increasing the
diffusion rate of lithium ion.

As an important part of lithium ion batteries, cathode ma-
terials directly affect the performance of lithium ion batter-
ies. The common cathode materials for LIBs mainly include
LiCo0,," LiNiO,, ! LiMn, 04/LiMnO,, 314! LiFeOy, 1]
Li(NiCoMn)O,,!"® etc., and the comparison of several kinds
of cathode materials for LIBs is shown in Table 1. Their theo-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

038203-1


http://dx.doi.org/10.1088/1674-1056/ac21be
yuanbaohe@ncwu.edu.cn
mailto:chenlulu@ncwu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 038203 (2022)

retical capacity is low, the cost of LiCoO; and LiNiO is high,
and especially the preparation conditions of LiNiO, are quite
harsh. Although a new layered manganese oxide (LiMnO;)
has been developed in recent years, it still has the problem of
structural instability in the process of charging and discharg-
ing. The voltage platform of Li(NiCoMn)O; battery is high,
and its safety performance is poor. Therefore, the research on
cheap and high-performance cathode materials has become the
focus of LIB industry.

Vanadium is a very common transition metal, which has
four oxidation states of V2T, V3t V4t V>t and vanadium
is one of the most abundant elements in the earth.['”! V5,05 is
the most common vanadium oxide and the most stable form
in the vanadium oxide family. Among all known cathode ma-
terials, V,Os has very high reversible capacity. Its complex-
ity, rich structure and morphology make it an amazing mate-
rial for LIB. The theoretical specific capacity of V,0s with
twice lithium ion deintercalation is about 294 mAh/g, while
that of V,0s5 with three times lithium ion deintercalation is
about 441 mAh/g, this is much higher than the capacity of
commonly used cathode materials. V,0Os is a typical inter-
laminar compound, each layer is combined by van der Waals
force. Due to the weak van der Waals force between adja-
cent layers, V,0Os is prone to various phase transitions, such
as a, €, 0, 7, and @ phase, and the specific phase depends on

the degree of lithium ion intercalation. In the actual lithium
ion insertion process, that is, during the discharge process of
LIB, the reaction from o phase to @ phase is related to the
potential drop of Li/Li*.!"/l On the other hand, the reverse re-
action process from 7y phase to o phase occurs when lithium
ions are delaminated from Li, V,Os and a rising voltage is ap-
plied, and sometimes the formation of ®-Li,V,0s phase is
irreversible.!!”)

—> Load
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Anode 1] Cathode
[ — [

oo Y
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/
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Fig. 1. Schematic diagram of charging and discharging process of LIB.

Table 1. Comparison of several kinds of cathode materials for LIBs.

Cathode materials Lithium manganate oxide

Lithium cobaltite

Lithium nickel Ferrous lithium Lithium nickel cobalt

oxide oxide phosphate manganese oxide
Main components LiMn, 04" LiMnO,"3!  LiCo0, ! LiNiO, %) LiFeQ, (14 Li(NiCoMn)O, (13
Theoretical capacity (mAh/g) 148 286 274 274 170 280
Actual capacity (mAh/g) 100-120 200 135-145 190-210 130-140 > 150
Operating voltage (V) 3.1-3.9 34-43 2.5-4.1 2.5-4.1 3.2-3.7 2.5-44
Cycle performance > 500t poor > 300t poor > 2000 > 8ooth
Safety good good poor poor good poor

Although V;,0s5 is considered to be a promising cath-
ode material for LIBs, it also has some disadvantages, such
as poor cycle stability, low discharge voltage, low conduc-
tivity and lithium ion diffusion coefficient. In the past few
decades, researchers have carried out many results, such as
relying on the preparation and doping of nanomaterials, the
introduction of heterostructures and point defects in crystal
structure. ['81 The introduction of structural defects has a great
influence on the electrochemical performance of V,0s, such
as electrochemical capacity, reactivity, conductivity and alkali
ion transport.['”] These structural defects can be used as nu-
cleation centers in the process of insertion/extraction, thus in-
creasing the cycle performance. However, how to accurately
adjust the defect location and stabilize the long-term cycle
structure remains to be solved. The structure of nanomateri-
als can shorten the diffusion path length of ions and electrons,
and increase the surface area of insertion/extraction reaction

effectively, while heterostructures and cation doping can re-
duce electrode polarization, significantly improve conductiv-

7] The key of these methods is to en-

ity and cycle stability.
hance the ionic and electronic conductivity and structural sta-
bility of V,05. Therefore, when V,0Os5 is used as electrode
material, the reversible capacity, high-rate capacity and long-
term cycle stability are significantly improved.

This paper introduces the synthesis methods of V,0Os
based nanomaterials with different structures and chemical
compositions, which covers V,0s nanomaterials with dif-
ferent morphology, including 1D nanorods, nanobelts, nan-
otubes, 2D leaf like nanosheets and other nanosheets, and 3D
hollow structures, porous nanostructures, porous eggshell mi-
crosphere structures. The composite nanomaterials of V,0s
and different carbonaceous supports (such as graphene, car-
bon nanotubes and reticular porous carbon matrix) are also in-
troduced. Finally, the V,05 composite materials doped with
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cations are discussed. This paper is to provide a more in-depth
and reasonable understanding of how to effectively improve
the electrochemical performance of V,0s based electrode by
obtaining appropriate nanostructures and optimized chemical

composition.

2. Nanostructured V,0s5

The preparation of nanomaterial has great influence on

the electrochemical performance of V,0Os. It is generally con-

sidered that reducing the particle size is one of the most in-
fluence for the electrochemical performance of materials. The
unique properties of nanomaterials lie in their large specific
surface area and good structural properties. The transmission
length of electrons and lithium ions will be shortened in nano-
materials, the contact area between electrode and electrolyte
will be increased, and it can adapt to the strain of Li* in-
sertion/extraction in nanomaterials. Table 2 summarizes the
electrochemical properties of V,05 as a cathode material for

various 1D, 2D and 3D nanostructures.

Table 2. Electrochemical performance of 1D, 2D, 3D nanostructured V,0Os for LIB cathode materials.

Precursor material Nano structures Initial capacity  Current density C.ycles Capacity References
(mAbh/g) (mA/g) (times)  (mAh/g)

V05 powder Nanorod 274 14.7 30 213 [19]
NH4VO; Nanobelt 240 294 100 211 [20]
NH4VO; Nanorod 212 294 100 163 [21]

V05 powder Nanobelt 142 50 100 137 [22]
NH4VO; Nanobelt 155 1470 300 102 [25]

V205 powder Nanosheet 237 500 100 203 [27]
NH4 VO3 Nanosheet 259 100 200 209 [28]

V205 powder Nanosheet 291 59 50 276 [29]

V205 powder Nanosheet 330 100 50 240 [30]

Ammonia metavanadate Nanobelt membrane 293 500 50 237 [31]
NH4VO3 Hollow porous structure 285 100 60 213 [32]
NH4 VO3 Hollow microspheres 449 1000 100 406 [35]

V,0s powder Porous hierarchical microspheres 147 147 30 136 [36]
NH4VO3 Porous microspheres 287.2 50 50 225.7 [37]
NH4VO; Hollow spheres 273 58.8 50 189 [38]

2.1. The 1D nanostructure

Pan et al. prepared V,05 nanorods by the simple thermal
decomposition method.!'”! The specific discharge capacity of
V,05 nanorods electrode is 270 mAh/g at a current density of
0.5 C, the cycle stability is good, and the cycle decay rate is
only 0.32%. Even at a high current density of 4 C, the specific
discharge capacity is 198 mAh/g. More oxalic acid was used
to against aggregation and obtain more V,0Os nanoparticles.
The shape of V,0s5 nanoparticles shows a nanorod like struc-
ture with a width of 20-100 nm. This particle size is smaller
than that of commercial. High porosity can improve specific
capacity of LIB.

Hierarchical V,05 nanobelts by chemical solid-state re-
action, as shown in Fig. 2.02°1 The structure can reduce the
contact resistance between ions and materials, improve the
volume change problem, and reduce the pressure of strong de-
formation during the charge/discharge process. It shows high
specific capacity and excellent cycle stability. Specific capac-
ity is 240 mAh/g at a current density of 1 C, and specific capac-
ity is 174 mAh/g at a high current density of 8 C. In addition,
after 100 cycles at a current density of 1 C, the capacity can
maintain 91% of its initial capacity.

The 1D rod-shaped V,05 was prepared with polyphenol
grafted collagen fiber as a unique biological template.>!! This

novel 1D rod-shaped structure has short the electron and ion
transfer path. In addition, the oxygen vacancies are beneficial
to the diffusion of lithium ions. Therefore, 1D rod like V,05
has high specific capacity and excellent rate performance, with
specific capacity of 255 mAh/g and 100 mAh/g at current den-
sities of 0.1 C and 10 C.

Fig. 2. SEM images of graded V,05 nanobelts. 2!

The formation of V;0Os nanobelts may be related
to the partial dissolution and recrystallization of V,Os
precursors.[?2] Metastable VO,(B) ultrathin nanobelts arrays
were synthesized by template free hydrothermal method, and
the porous V,0s nanobelts arrays were obtained by sinter-
ing in air.?? Porous nanobelts can provide high conductiv-
ity along the X—Y plane,?¥ lithium ion diffusion and reduce
electron transport distance. Electrolyte penetration and vol-
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ume change is improve. When it is used as electrode material
of LIB, it can provide 142 mAh/g initial specific capacity at
50 mA/g current density, and there is almost no capacity decay
after 100 cycles. The ultra-thin porous structure of nanobelts
determines its excellent electrochemical performance.
Hierarchical sisal like V,0s microstructure!?
synthesized by method
polyoxyethylene-20-hexadecyl ether as surface control agent.

The microstructure is composed of primary 1D nanobelts with

was

simple hydrothermal using

[001] oriented growth and oxygen vacancies. For V,0s, the
surface energy of [001] surface is 0.22 J/m2, which is the
most stable surface of V,0Os. The stable surface [001] can
reduce reaction between electrode and electrolyte interface.
1D nanostructure can enhance the transport of electrons and
ions.[20! In addition, the low valence vanadium can produce
oxygen vacancies, which benefits the diffusion of lithium ions.
The sisal like V,05 microstructure provides high specific ca-
pacity of 297 mAh/g at 0.1 C current density.

In conclusion, the 1D V,0s nanostructure is prepared by
different methods. V,0s nanorods (prepared by thermal de-
composition method) exhibits the highest initial capacity, the
porous nanobelts array have the highest capacity retention rate,
and the hierarchical sisal like microstructure not only has high
initial capacity, but also shows stable capacity retention.

2.2. The 2D nanostructure

The 2D leaf like V,05 nanosheets were synthesized by a
novel and green method, and the preparation process is shown
in Fig. 3.1%71 Tts excellent high-speed performance comes
from its unique structure, and mainly refers to the hierarchi-
cal porous structure and large specific surface area. It has
good lithium storage performance in LIB, including high re-
versible capacity and high capacity retention. When the cur-
rent density is 50 mA/g, 200 mA/g, 500 mA/g, 1000 mA/g
and 2000 mA/g, the specific capacities are 303 mAh/g,
273 mAh/g, 251 mAh/g, 219 mAh/g and 160 mAh/g, respec-
tively. Even at a very high current density of 5000 mA/g, it can
still provide a specific capacity of 104 mAh/g. Due to the use
of low-cost raw materials and simple experimental procedures,
the method applies for industrial production.

by~ Hltrasonie—— Freez

< _Angealin
tment < _Aryi i

Reagent [VO(O,)(OHa)s)* V205 gel V505 cryogel V305 nanosheet

Fig. 3. Schematic diagram of the synthesis route of 2D leaf V,0s
nanoplates. >7]
The 2D V;,0s nanosheets with oxygen vacancies were
prepared by hydrogenating V,Os at relatively low tempera-
ture, which has good lithium storage performance.?®! Due to

the large amount of oxygen vacancies, V,Os nanosheets show
high conductivity, fast lithium ion diffusion and high stabil-
ity of lithium ion insertion/extraction structure, which gives
it high capacity, rate capacity and cycle stability. The ini-
tial discharge specific capacity can reach 259 mAh/g when it
is used as electrode material of LIB. When the current den-
sity increases from 0.1 A/g to 2 A/g, the initial discharge ca-
pacity decreases to 138 mAh/g at a current density of 2 A/g
and the capacity retention rate is 55%. In addition, the V,0s5
nanosheets have stable discharge capacity, and the discharge
capacity attenuation of each cycle is less than 0.05%.

Multilayer V,0Os nanosheets with a thickness of 2.1-
3.8 nm were prepared by directly stripping large V,05 crys-
tals in formamide solvent.[?! The ultra-thin thickness of V,0s
nanosheets provides a short diffusion path, and the unique
nanostructure, which could improve the lithium ion and elec-
tron transfer rate, and receive high lithium insertion capacity
and good cycle stability. The reversible specific capacity of the
multilayer V,05 nanosheets remains about 274 mAh/g after
the 50th cycle at a current density of 0.2 C, which is equivalent
to 93.8% of the initial capacity. Even at a current density of as
high as 50 C, it still shows a specific capacity of 117 mAh/g
after 200 cycles.

Xu Maowen et al. used a simple solvothermal method to
synthesize V,0Os with a novel nested layered porous structure.
The nested structure is about 1.5 um in diameter, and consists
of interconnected nanosheets with porous structures. >’ The
electrode of V05 nanosheets shows excellent electrochemi-
cal performance. It can provide an initial discharge specific
capacity of 330 mAh/g at a current density of 100 mA/g and
maintains a stable discharge specific capacity of 240 mAh/g
after 50 cycles. The excellent electrochemical performance
is attributed to its layered porous structure, which can effec-
tively buffer the local volume change and shorten the diffu-
sion distance of lithium ions. Self-assembled V,05 nanobelt
films were prepared by Wang et al.l®'l Nanobelt films of
V;,05-xH>0 come from capsule self-assembly. When V,0s5
nanobelt films were used as electrode materials for LIB, they
showed excellent electrochemical performance and cycling
stability.

In order to study the relationship between material size
and capacity, the relationship of the specific capacity and
nanomaterial sizes is showed in Fig. 4. It can be seen from
Figs. 4(a) and 4(b) that the specific capacity increases quickly
at first and then decreases with the increase of particle size,
and the highest specific capacity appears at 90 nm of particle
size. The relationship of particle size and capacity retention
rate after 30 charge discharge cycles are given in Figs. 4(c) and
4(d). And the V,05 nanobelts show low initial discharge ca-
pacity, they have a very high capacity retention rate and almost
no capacity decay after 100 cycles. In addition, although the
nano materials show high discharge capacity when the parti-
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cle size is about 90 nm, the capacity retention rate is relatively
low. Therefore, high capacity and capacity retention rate can
be achieved by appropriate particle size of V,0Os nanomateri-
als.

350 330
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Fig. 4. (a) The relationship between the capacity and the size of 1D
V05 nanomaterials. (b) The relationship between the capacity and the
size of 2D V,0s5 nanomaterials. (c) Relationship between capacity re-
tention and nano size of 1D V,05 nanomaterials after 30 cycles at 0.5 C
current density. (d) Relationship between capacity retention and nano
size of 2D V05 nanomaterials after 30 cycles at 0.5 C current density.

2.3. The 3D nanostructure

The 3D hollow porous quasi microspheres of V,0s was
successfully prepared by solvothermal method and annealing
at 450 °C in air.®?! 3D nanostructures with internal vacan-
cies can buffer volume expansion, reduce the stress and strain
caused by insertion/extraction of lithium ions, >3 and pro-
vide shorter Li™ diffusion distance. The quasi microspheres
have good lithium storage performance, cycling performance,
high specific capacity and good rate performance. The specific
capacity of 173 mAh/g is obtained at a high current density of
2000 mA/g.

Hollow microspheres with multi shell/cavity of V,0Os
were synthesized by catalytic burned process to remove carbon
microsphere template.>> Due to its unique structural charac-
teristics, the thin three shell V,Os hollow microspheres show
extremely high specific capacity and excellent cycle stability
at a current density of 1000 mA/g. The specific capacity the
initial and after 100th cycle is 447.9 mAh/g and 402.4 mAh/g,
respectively. Even when the current density is as high as
2000 mA/g, the specific capacity of 331.8 mAh/g can be ob-
tained in Fig. 5.0% The electrode composed of thin three
shell V505 hollow microspheres has better electrochemical
performance than other hollow structure or V,Os nanoplates.
The main reason is that three shell microspheres have a large
specific surface area and pore volume, thus providing higher
lithium storage location and increasing the channel of elec-
trolyte penetration, which leads to a high specific capacity. In
addition, the thin multi shell reduces the diffusion path, and

thus shortens the diffusion time of lithium ion, as can be seen
below:

t=1L1?/D, )]

where ¢, L and D are diffusion time, diffusion length and dif-
fusion constant, respectively.
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Fig. 5. Discharge curves of thin three shell V,Os hollow microspheres
and V,Os nanosheets at different current densities. 3%

The 3D porous V;,0s hierarchical microspheres were syn-
thesized by solvent heat method without additive and subse-
quent calcination.*®! The 3D porous V,0s hierarchical micro-
spheres are composed of porous nanofibers, which are aligned
in a directional manner, thus forming a highly porous hierar-
chical structure. These V,05 microspheres obtained an ini-
tial discharge specific capacity of 148 mAh/g at a current den-
sity of 0.5 C, and showed a stable capacity retention rate of
130 mAh/g in 100 cycles, and a capacity retention rate of
105 mAh/g even at a high current density of 30 C. The ex-
cellent electrochemical performance indicates that this unique
V,05 material is expected to be a cathode material for LIBs.

Porous V,0s5 eggshell microspheres were prepared by the
hydrothermal/solvothermal method.*”! Porous V,05 eggshell
microspheres help to provide high specific surface area and
shorten the diffusion distance of lithium ions, thus speeding
up the kinetic process of ion diffusion. The initial specific
capacity of V205 eggshell microspheres is 287.2 mAh/g, and
the specific capacity remains 225.7 mAh/g after 50 cycles at
a current density of 50 mA/g. Even at the current density of
1000 mA/g, porous V,05 eggshell microspheres can produce
117.5 mAh/g discharge capacity after 1000 cycles.

3D V;,0s hollow microspheres were synthesized by
combining solvent heat treatment with subsequent annealing
strategy. 38! Because the hollow structure can provide fast
electrolyte transport and capacity adjustment, V,0Os micro-
spheres electrode shows excellent rate performance and cycle
stability. When it is used as electrode material of LIB, the
initial discharge specific capacity of 273 mAh/g is achieved
at current density of 0.2 C, and the specific capacity of
114 mAh/g is obtained even at a high current density of 8 C.
The excellent lithium ion storage performance indicates that
this unique V705 hollow material has a great prospect as an
electrode for high-performance LIBs.
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In order to obtain the relationship between the size and ca-
pacity of 3D materials, the relationship of the specific capac-
ity and the capacity retention rate (after 30 charge discharge
cycles) with the diameter of microspheres are shown in Fig. 6.
From Fig. 6(a), we can see that the highest initial discharge ca-
pacity is achieved when the diameter of microspheres is about
1 um. The capacity gradually decreases with the increasing
of size. The capacity drops to 148 mAh/g when the diame-
ter of the microspheres increases to about 12 pm. As shown
in Figs. 6(a) and 6(b), the initial discharge capacity decreases
with the increase of microsphere diameter, but the capacity re-
tention rate decreases at first and then increases. Therefore, in
the design of microsphere structure, it is also necessary to se-
lect the appropriate diameter of microsphere to make the elec-
trochemical performance of nano materials better.
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Fig. 6. Relationship of the capacity (a) and capacity retention (b) with
the diameter of microspheres.
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In order to analyze the performance of various V;Os
nanomaterials as electrode materials for LIBs, we normalize
the initial discharge capacity and capacity retention rate, as
shown in Eq. (2). In 1D, 2D and 3D nanostructure materials,
the highest initial discharge capacity and the highest capac-

ity retention rate are taken as 1, and the remaining initial dis-
charge capacity and capacity retention rate are divided by the
highest initial discharge capacity and capacity retention rate,
and then multiplied by 60% and 40% respectively and summed
to get the index of battery quality, as shown in Fig. 7. Due to
the large size of 3D nanomaterials, they are represented sepa-
rately from 1D and 2D nanomaterials. The initial discharge ca-
pacity accounts for 60% of the battery mass, and the capacity
retention rate accounts for 40% of the battery mass. The high-
est battery quality of 1D and 2D nanomaterial appears about
100 nm. The three-shell V,0s5 hollow microspheres with a di-
ameter of 1 um show the highest battery quality in Fig. 7(b),
and it has very high initial discharge capacity and excellent
capacity retention rate. When the nano size is too large or too
small, the battery quality is low

= G x 0.6+ G

Cl max rmax

x 0.4. 2)

3. Composite nanostructured of V,05

This part mainly discusses the composite nanomateri-
als composed of V,0s5 and different carbon carriers (such as
graphene, carbon nanotubes and reticular porous carbon ma-
trix), as shown in Table 3. Through different experimental
strategies, the materials show different electrochemical prop-
erties.

3.1. V,0s/graphene composite material

Graphene nanobelts (GNRs) have been used as support
materials for metal oxide composites in anode of LIBs.[3]
A method of embedding nanocrystalline V,0s in the 3D
open framework of GNRs array to improve the conductiv-
ity of electrode is proposed, and V,0Os5/GNRs composites are
obtained.[*”! As a conductive network, the composites do not
need any other carbon additives, and can be used as a platform
to support V,0s5 on its surface. By adjusting the mass ratio
of GNRs to V,05 nanoparticles, the high specific capacity is
278 mAh/g at 0.1 C current density, the capacity retention rate
is more than 78% after 100 cycles, and specific capacity is
165 mAh/g at 2 C current density.

V;,05/GNS composites include ultra-long-ordered single-
crystal V,05 nanowires and large-scale continuous graphene
nanosheets (GNS). The ultra-long V,0Os
nanowires are supported on transparent GNS substrate, and

single-crystal

their SEM is shown in Fig. 8.[*!] When the composites are
used as electrode materials for LIBs, they exhibit high lithium
ion storage performance, meanwhile high discharge capacity
and stable rate performance are gained. At a low current den-
sity of 50 mA/g, V,05/GNS composites can provide an ini-
tial discharge capacity of 412 mAh/g, even when the current
density reaches 1600 mA/g, they can still achieve a specific
capacity of 316 mAh/g.
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Table 3. Electrochemical performance of carbonaceous materials used with V,0Os electrodes for LIB cathode materials.

Precursor material Nanocomposites Initial capacity  Current density C.ycles Capacity References
(mAbh/g) (mA/g) (times) (mAbh/g)

VCly Graphene 278 29.4 100 217 [40]
V;,05 powder Graphene 277 294 50 179 [41]
Graphene 300 147 245 203 [42]
V,0s powder Graphene 225 2940 600 224 [43]
NH4 VO3 Reduced graphene oxide 268 100 100 182 [44]
Ammonium metavanadate MWCNT 265 29.4 100 187 [46]
V,0s powder CNT 240 1470 300 170.4 [47]
Vanadium oxytriisopropoxide CNTs 158 5880 400 137 [48]
- Networked porous carbon matrix 183 2940 5000 185 [49]
N, N-dimethylformamide CNF 298 100 100 278 [50]
N, N-dimethylformamide Carbon nanotubes 302 100 50 237 [51]
V,05 powder Mesoporous carbon 282 500 100 163 [52]

eafﬁz

Fig. 8. SEM image of V,0s/GNS composites. [*]

Sandwich like ultra-thin V,0Os @GNS are prepared by a
simple method.!*?! V,05 nanosheets exhibit excellent high re-
versible capacity, cycle stability and high-rate performance as
electrode materials for LIBs, which come from the rapid ion
transport of ultra-thin V,05 nanosheets and the excellent con-
ductive platform of GNS. The initial reversible specific capac-
ity of 300 mAh/g was achieved at a current density of 0.5 C.
After 245 cycles, the specific capacity of 203 mAh/g was still
maintained. Even at a high current density of 10 C, the specific
capacity was 165 mAh/g.

Single-layer V,0s nanobelts/graphene heterostructures
were obtained by a simple and novel bottom-up method. The
thickness of single-layer V,0Os nanobelts is 800 pm and the
width is 80 nm, and they are connected with graphene as
sandwich heterostructures by layer-by-layer assembly. 43! The
V;,05 nanobelts/graphene heterostructures can significantly
shorten the diffusion path of Li™ and improve the conductiv-
ity of the electrode. When it is used as electrode materials for
LIBs, it shows excellent reversible capacity and stable cycling
performance, and has the rate characteristics similar to super-
capacitor. At a current density of 10 C, the electrode has a high
initial discharge specific capacity of 225 mAh/g and a capacity
retention rate of 94.7% after 200 charge discharge cycles.

Surface modification was used to prepare V,05 - nH,O
/reduced graphene oxide composites.**! Due to the synergis-
tic effect between 1D V,0s5 - nH,O nanoribbons and 2D rGO
nanoplates, they provided short transport path and enhanced

conductivity, and showed excellent electrochemical perfor-
mance. When they are used as an electrode material, the re-
versible capacities of 268 mAh/g and 196 mAh/g are achieved
at 100 mA/g and 1000 mA/g current density, respectively. And
the capacity of 129 mAh/g is still maintained even at high cur-
rent density of 2000 mA/g.

The relationship between capacity and capacity retention
rate with nano size of V,0Os/graphene composites are shown
in Fig. 9. From Fig. 9(a), it can be seen that it has the high-
est initial discharge capacity and 91% capacity retention after
cycling when the nano size of the composite is about 15 nm.
With the increase of nano size to about 200 nm, the discharge
capacity decreases to 225 mAh/g, and the capacity retention
rate is 89%. By comparing Figs. 9(a) and 9(b), it can be found
that when the initial capacity of the composite is high, its ca-
pacity retention rate is relatively low. Therefore, we should
hardly study to improve the initial capacity and capacity re-
tention rate.

325 — - 100
I (a) = Initial capacity > (b) = Capacity retention
= 300F = = Capacity o .
Tomsl . d g %
2 . g . -
-, 250 < 90} .
= = - pr
g 2251 . | oo
2, = 85f
< 200} " 3 .
° 2
175L— + . L L L L L " .
0 50 100 150 200 © 80 0 50 100 150 200
Size (nm) Size (nm)
Fig. 9. (a) The relationship between the capacity and nano size of

V,0s/graphene composites. (b) Relationship between capacity reten-
tion and nano size of V,Os/graphene composites after 30 cycles at 0.5 C
current density.

3.2. V,0s/carbon nanotube composite

In order to further reduce the electron transport distance,
V;,05 can be directly deposited on the surface of carbon nan-
otubes. Commercial carbon nanotubes (CNT) were coated
with 4-5 nm V;,05 by solution hydrolysis method, creating
an interpenetrating network of CNT and V,05 nanowires. 3]

However, the mass content of V,05 achieved by this method
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was limited, resulting in poor cycling performance of the ma-
terials.

Ethylene glycol was used as a green solvent to assem-
ble V,0s5 nanosheets onto multi walled carbon nanotubes
(MWCNT) by one-step solvothermal method.*®! The in-situ
formation of vanadium carbonate from ammonium metavana-
date (NH4VO3) is an important step in the formation of
V,05/MWCNT composites, and then V,05 and MWCNT
self-assembly is driven by electrostatic interaction. 265 mAh/g
high discharge capacity is achieved at 0.1 C current density.
After 200 cycles, the discharge capacity is 133 mAh/g at 1 C
current density, and the capacity retention rate is 78%, which
shows long-term cycle stability and power capacity.

Ice template method was used to integrate banded V,0s5
nanoparticles and CNT into 2D porous flake V,05-CNT
nanocomposites, and the SEM images are shown in Fig. 10.47]
The nanocomposites have unique structural characteristics, in-
cluding 2D porous structure, large specific surface area and
internal conductive network, and the excellent electrochem-
ical performance in cycle stability and rate capacity is en-
sured when it is used. The discharge specific capacities of
V,05-CNT nanocomposites are 240 mAh/g, 180 mAh/g and
160 mAh/g at high current densities of 5 C, 10 C and 20 C,
respectively. In addition, after 300 cycles at a high current
density of 5 C, 71% of the initial discharge capacity is still
retained and only 0.097% is lost per cycle.

Fig. 10. SEM image of V,05-CNT nanocomposites. 4]

Highly interconnected framework of V,0s nanosheets
and CNT were success- fully prepared by simple hydrothermal
treatment and subsequent calcination process.!*®! Sufficient
space for the volume change during Lit insertion/extraction
was provided by CNT and 2D V,0s5 nanosheets, which can
accelerate the kinetic process of ion diffusion, and gain high
conductivity and structural stability. Due to the unique struc-
tural characteristic of CNT@V,0s, it shows excellent elec-
trochemical properties. At a high current density of 20 C, it
has a capacity of 137 mAh/g after 400 cycles. When the cur-
rent density increases to 30 C, it still maintains a capacity of
116 mAh/g. The excellent electrochemical properties show

that it has a broad prospect as a cathode material for LIBs.

3.3. V,0s/carbon matrix composite

A carbon fiber containing V,Os nanoparticles encapsu-
lated on a 3D mesh porous carbon matrix (V,05/3DC-CFS)
was reported by Zou et al.'** In this design, the electrolyte
is only in contact with the carbon skeleton, and can not con-
tact with the internal V,QOs particles, which can reduce the
formation of solid electrolyte interface (SEI) on the surface of
V,0s nanoparticles. In addition, 3D mesh porous carbon can
effectively load V,0O5 nanoparticles and provide a wide range
of reaction sites. The special material composition and struc-
ture design make it in the voltage range of 4.0-2.0 V, and it
still has a reversible specific capacity of about 183 mAh/g at a
high current density of 10 C.

Core-shell structure composite of CNF-V,05 was pre-
pared by pulse electrodeposition from V,0s sol solution and
coating thin V,Os layer on carbon nanofibers (CNF).’% The
uniform V05 shell with thickness of 30-50 nm formed a
close interface with CNF core. The V,0s5 shell in the com-
posite has reversible 2Li"/V,0s insertion/extraction, and the
specific capacity of 291 mAh/g in the votage range of 4.0—
2.0V, which is close to its theoretical specific capacity. There
is almost no capacity decay after 100 cycles, and it also has
excellent stability at high rate. In addition, when the poten-
tial range is extended to 4.0-1.5 V, it corresponds to reversible
3Li*/V,0s5 insertion/extraction, resulting in a high specific ca-
pacity of 429 mAh/g and a capacity retention rate of 70% after
100 cycles.

Carbon supported V,0s hollow nanotube was prepared
by solvothermal reaction and calcination using carbon fiber
(CNF) as template.’!! By optimizing the reaction tempera-
ture, a clear nanotube morphology was synthesized. After an-
nealing, both C and V4 exist in the hollow nanotubes, which
is beneficial to improve the conductivity. In addition, V,05
nanotubes have high specific surface area, which is helpful
to enlarge the contact area between electrolyte and electrode.
When V,05 nanotubes were used as cathode materials, the
specific capacities of 237 mAh/g and 109.6 mAh/g were ob-
tained at the current densities of 100 mA/g and 5000 mA/g in
the voltage range of 2.0-4.0 V after 50 cycles, respectively.

Mohamed et al.
then prepared V,Os/mesoporous carbon composite by ultra-

prepared mesoporous carbon, and

sonic assisted sintering method.!>?! The preparation method
of mesoporous carbon is similar to that reported by Xue Jiafu
et al.,’3 and ultrasonic treatment can effectively inhibit the
aggregation of V,0Os particles. Because the mesoporous struc-
ture of V,0Os/mesoporous carbon composite helps the elec-
trolyte to diffuse into the main body of electrode materials,
it can provide a fast channel for lithium ion transport, and the
V,0s/mesoporous carbon composite has good electrochemi-

cal performance. At a current density of 500 mA/g, its capac-
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ity is about 163 mAh/g after 100 cycles, and it has a higher
charge discharge capacity than V,0s nanoparticles.

After 30 cycles at a current density of 0.5 C, the rela-
tionship of the capacity and the relationship between the ca-
pacity retention rate with the nano size of V,Os/CNT and
V;,0s/carbon matrix composite are shown in Fig. 11. When
the nano size of the composite is about 4 nm, it shows an ini-
tial discharge capacity of 275 mAh/g, but its capacity retention
rate is relatively low. When the nano size increases to about
500 nm, it can be seen from Fig. 11(b) that the capacity re-
tention rate decreases significantly. Therefore, when the nano
size is about 80 nm, it shows high initial discharge capacity

and excellent capacity retention.
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Fig. 11. (a) The relationship between the capacity and the nano size of
V;,05/CNT and V,0s/carbon matrix composite. (b) The relationship
between the capacity retention and the nano size of V,0s/CNTs and
V;,0s/carbon matrix composite.

The initial discharge capacity and capacity retention rate
of V,0s/graphene, V,Os/carbon nanotube and V,Os/carbon
matrix composite were normalized. The highest initial dis-
charge capacity and capacity retention rate were 331 mAh/g
and 98%, respectively, as shown in Fig. 12. The battery qual-
ity can be obtained by Eq. (2). When the nano size of the
composite is less than 100 nm, the battery quality is high, es-
pecially the V,05/3DC-CFS composite, which achieves a high
discharge capacity of 331 mAh/g at a current density of 0.5 C.
When the nano size is 100 nm, the battery quality of V,Os-
CNT nanocomposites are better than that of V,0s - nHyO

nanobelts/rGO composites. In addition, when the nano size
is about 200 nm, the battery quality of the composite material

decreases.
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Fig. 12. Relationship between battery mass and nano size of three V,0s5
Composites.

4. Cation doped V,05

It is one of the common strategies to improve the elec-
trochemical performance of V,Os by doping. Table 4 sum-
marizes the electrochemical properties of the cation doped
V;,05 samples. Doping M element has the following differ-
ent characteristics:9*! (1) Cation doping causes the formation
of low valence V cations (V4 and V3T) to improve the elec-
tronic conductivity. (2) The addition of metal ions can form
[MOg] octahedral unit structure, which can stabilize the lay-
ered structure of V,05 when Li" is insertion/extraction, and
make it have better structural stability in the process of elec-
trochemical cycling. (3) The local structural defects caused
by external metal cations can be used as the nucleation center
of the phase transition caused by the Li™ insertion/extraction
process, thus improving the electrochemical cycle stability of
V,0s electrode. In addition, these structural defects can pro-
vide more paths for the diffusion of Li*. (4) The doping of
cations reduces the charge transfer resistance and accelerates

the kinetic process of Faraday reaction.

Table 4. The electrochemical properties of the cation doped V,05 samples.

Precursor material Doped metal Initial capacity Current density Cycles Capacity References
(mAh/g) (mA/g) (times) (mAh/g)

V,05 powder Ce 280.7 147 200 193.7 [57]
NH4 VO3 Cu 289 294 50 254 [58]
NH4VO3 Co 281 500 100 264 [62]

V205 powder Y 223 200 100 199 [67]

V;,05 powder Ag 301 294 200 282 [68]
NH4VO3 Fe 257 58.8 50 188 [69]

V205 powder Al 218 150 50 183 [70]

Cerium (Ce) is one of the most abundant rare earth el-
ements, which has relatively large ionic radius and affinity
for oxygen. It is usually selected as a structural stabilizer
to improve the ionic conductivity.[>>! Ce doped V,05 mi-

crospheres were prepared by one-step solvothermal process

and annealing. The results show that Ce doping can sig-
nificantly improve the electrochemical performance of V,0s5
microspheres.[57] Ce.1 V205 microspheres have high initial
reversible specific capacity of 280.7 mAh/g at 0.5 C and ex-
cellent specific capacity of 163.1 mAh/g at 10 C. The dis-
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charge specific capacity of Ceg V05 microspheres can be
maintained as high as 193.7 mAh/g. Even after 200 cycles,
the capacity retention rate is still about 88.93%, showing good
cycle stability. The reason for the improvement of the elec-
trochemical performance of Ce doped V,05 microspheres is
that the lattice expansion of Ce doped V,05 microspheres can
enhance the Li™ diffusion coefficient of the electrode.

Rod like copper Cu doped V,0s5 was synthesized by a
simple solid-state chemical route.[® The solid-state synthe-
sis route has the characteristics of solvent-free and mild ex-
perimental conditions for the synthesis of inorganic nano-

[59-611 Cy doping not only increases the cell vol-

materials.
ume, but also introduces a large number of oxygen vacancies
in V,0s lattice, which is conducive to the rapid migration of
electrons and ions in the process of charging and discharg-
ing. In addition, it can inhibit the crystal growth, so that the
length of Cu doped rod is reduced, which is beneficial to the
full contact between electrode and electrolyte, and further im-
prove the electrochemical performance. It shows a high dis-
charge capacity of 293.1 mAh/g at 1 C, it is much higher than
235.5 mAh/g of undoped V,05 and almost reaches the theo-
retical capacity of 294 mAh/g.

150 250 350
7 (@)

150 250 350
7 ()
Fig. 13. Nyquist plots of the (a) pure V,0s and (b) Y-doped V,0s5
electrodes after various discharge/charge cycles.[6”)

Cobalt Co doped V,0s5 nanowire arrays were prepared
by a simple hydrothermal method by controlling the appropri-
ate molar ratio of cobalt acetate and ammonium vanadate. [0}
When Co doped V,05 nanowire arrays are used as electrode
materials, they show high electrochemical lithium storage ca-
pacity. The initial discharge capacity of 624.64 mAh/g is ob-
tained in the voltage range of 24 V at a current density of
30 mA/g. The good electrochemical performance can be at-
tributed to the following factors: Co doped V,0Os nanowire
arrays have higher electronic conductivity, which reduce the

strain of Li™ insertion/extraction and slow down the structural
degradation.[6%%4 Deep charging and discharging depth and
dissolution of active substances in electrolyte are considered
to be the main reasons for capacity degradation of vanadium
oxide. ]

The pure and Sn-doped V,0s5 films were prepared by us-
ing the sol-gel method, followed by annealing at 450 °C for
2 hin air.!%! The Sn-doped V,0s film electrode exhibits much
enhanced electrochemical performances than the pure V,05
counterpart. In particular, the Sn-doped V,0Os5 film shows
much better cycle stability than the pure V,0s film. Simi-
larly, Y-doped V,0O5 was prepared by the sol-gel method com-
bined with the freeze drying technique followed by annealing
in air.!%”! Figure 14 gives the Nyquist plots of the pure V,05
and Y-doped V;,0j5 electrodes after every ten discharge/charge
cycles at the current density of 200 mA/g, respectively.[%”! The
R of the pure V,05 electrode increases rapidly with cycling,
while that of the Y-doped electrode increases very slowly. The
lower increase of impedance during cycling means smaller po-
larization and faster kinetics. When used as cathode material
for LIBs, the Y-doped V,0s exhibited much enhanced rate ca-

pability and cycling stability as compared to the pure V,0s5

counterpart.
s 350 (a) X 96l (P) = Capacity retention
50
= 300 g . "
< - 2 92
£ 250 ) E
~— -
z 200} : e .
3 > . .
g 1s0F " Initial. capacity g 84}
(‘3 = Capacity 3,
100 g
Ce CuCo Y Ag Fe Al © Ce Cu Co Y Ag Fe Al
Cation Cation

Fig. 14. (a) Capacity comparison of V,05 nanomaterials doped with
different cations. (b) Capacity retention of V,05 nanomaterials doped
with different cations after 50 cycles at 1 C current density. [37-58:62.67-70]
Ag@V;,05 nanosheet composites were prepared by a
green liquid phase peeling (LPE) method.!®8! The 2D ultra-
thin V,0s5 nanosheets shorten the diffusion distance of Li*
and realize face-to-face contact with the collector. The
Ag@V,05 nanosheets electrode exhibits high specific capac-
ity of 301 mAh/g at a current density of 1 C. In addition, it also
has excellent crystallinity and flexibility. When the Ag@V,0Os
nanosheets electrode is bent at 180° for 100 times, and after
the 200" cycle, its specific capacity can still be maintained at
233 mAh/g.
Carbon-free

and binder-free V,05 and

Fe(.1 V205,15 thin films have been prepared by the electro-

porous

static spray deposition technique.[%”) The Feq;V,0s 15 film
shows much better capacity retention than the V,Os5 film. The
highly porous 3D structure can allow the electrolyte soaking
well into the active material and facilitate the kinetics of Li™
transport. After introducing Fe3T into the V,05 structure,
the stability of the layered structure can be improved, lead-

ing to an improved cycling performance. After 48 cycles,
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the Feg 1 V205 15 electrode can still deliver a specific capacity
of 195 mAh/g, which is 80% of the second-cycle discharge
capacity.

V105 and Aly,V,0s nanoparticles were prepared by an
oxalic acid assisted soft-chemical method.!”®! The cohesion
between the V,0s slabs was strengthened by AI’* doping.
This would be good for the electrochemical performance of the
material from the structural point of view. The initial discharge
capacity of the V,0s nanoparticles was ~260 mAh/g. The
material showed continuous capacity fading, which dropped
below 140 mAh/g after 50 cycles. The Alyg,V,Os nanoparti-
cles exhibited a smaller discharge capacity of ~220 mAh/g in
the first cycle. The discharge capacity was 180 mAh/g after 50
cycles, which exhibited almost no capacity fading with respect
to the third cycle.

The above cationic doped V,0s5 nanomaterials are sum-
marized as shown in Fig. 14. At a current density of 1 C, the
prepared Ag@V,05 nanosheet composites not only achieve
the highest initial capacity, but also show an extremely high
capacity retention rate after 50 cycles. In comparison, Y-doped
V,05 also have stable capacity retention, however the initial
capacity is low. In the report of preparing Co doped V;,Os5
nanowire arrays, the highest current density is 500 mA/g when
the electrochemical performance is tested. Therefore, it can
be concluded that the composite electrode has no satisfactory
electrochemical performance at high current density.
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Fig. 15. Battery quality comparison of different cations doped V,0s
nanomaterials.

In order to study the performance of doped V,0O5 nano-
materials for LIBs, the initial discharge capacity and capac-
ity retention rate were also normalized by Eq. (2). Figure 15
shows the initial discharge capacity and capacity retention rate
of cationic doped V,05 nanomaterials. The highest initial dis-
charge capacity and capacity retention rate are 302 mAh/g and
94%, respectively. Ag@V,05 nanosheet composites exhibit
the highest battery quality, the 2D ultra-thin V,Osnanosheets
shorten the diffusion distance of Li* and realize face-to-face
contact with the collector. Due to the additional AI3* cations,
which may occupy partial of the crystallographic sites that
originally belong to Li™, it makes Aly,V»Os nanoparticles in
low initial capacity and then causes it in low battery quality.

5. Conclusion

Among all the known electrode materials, V,05 has the
high reversible capacity, which is generally considered as a
promising electrode material of LIB. Therefore, through the
preparation and doping of V05 nanomaterials, the introduc-
tion of point defects in heterostructure crystal structure and the
doping of cations, the electrochemical performance of V,05
has been significantly improved in reversible capacity, high-
rate capacity and long-term cycle stability, and the application
prospect of V205 has become more extensive.

Nanostructures can greatly promote the electrochemical
performance of V,05 electrode materials. This paper mainly
introduces the synthesis of V,05 based nanomaterials with
Different
structures include 1D, 2D and 3D nanostructures, while dif-

different structures and chemical compositions.

ferent chemical compositions include V,Os/graphene com-
posite, V,Os/carbon nanotube composite and V,Os/carbon
matrix composite. Among them, 1D nanostructures include
nanorods and nanobelts, 2D nanostructures include leaf like
nanosheets, multilayer V,0s nanosheets and highly porous in-
terconnection nanosheets, and 3D nanostructures include hol-
low structures, porous nanostructures, porous eggshell micro-
sphere structures, etc. Finally, the V,05 electrode materials
doped with cations are discussed, including Ce, Cu, Co, Y,
and other metal cations, which improve the performance of
V,0s electrode materials in different degrees. Through the ob-
servation and comparison of V,0s5 based nanomaterials with
different structures and chemical compositions, the appropri-
ate nanostructures and optimized chemical compositions are
obtained.
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