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A unique hollow Li3VO4/CNTs composite is synthesized via a 

facile method as  an anode material in lithium batteries. Our 

work opens up a promising material with high rate capability 

and good cycle stability due to its efficient Li + diffusion and 

relatively high structure stability. 

Introduction 

Rechargeable lithium-ion batteries (LIBs) have been one of the most 

important electrical-energy storage technologies for many years, due 

to their high energy density, low cost and low environment impact.1-4 
In 2013, five billion LIBs had been used to supply power-hungry 

laptops, cameras, mobile phones and electric cars.5 Tremendous 

effort has thus been devoted toward high-performance LIBs with 

both high-rate performance and high energy densities.6-14 However, 
graphite, commercial LIBs anode material, cannot meet this high 

demand of the extensive development of LIBs due to its low ion 

conductivity (limiting the development of high-rate performance), 

low safety (dendritic lithium growth at low potential) and thick solid 

electrolyte interphase (SEI) layer (decreasing the initial coulombic 
efficiency).15-19 It is urgent need to exploit a high-performance and 

safety anode material for the broader application of LIBs. 

As a promising anode material, Li4Ti5O12 has been studied as a 

candidate for LIBs with flat and safe potential (about 1.6 V vs. 

Li+/Li), and high reversibility upon Li+ insertion/extraction along 
with the negligible structure changes.20-22 But according to E=∆V×C 

(E is the energy density, ∆V is the operation voltage of the full cell,  

C is capacity), the estimated energy density of Li4Ti5O12 (regarding 

both potential and capacity) would be restricted by the relatively 

high potential (~1.6 V) and limited theoretical specific capacity 
(~160 mAh g-1) when packaged full cell.  Lately, TiNb2O7 with a 

high theoretical capacity (387 mAh g-1) was reported to be an anode. 

The performance of TiNb2O7 has been enhanced to a high level by 

Guo et al. which showed enormous potential to be the succedaneum 

of graphite.23 However its operation voltage is still high (about 1.2-
1.8 V vs. Li+/Li). Therefore, developing an anode material with both 

high capacity and moderate operation voltage would be significant. 

Recently, Li3VO4 has been investigated as a hopeful intercalation 

anode material.24-26 The potential of Li3VO4 during charge and 

discharge is between 0.5～1.0 V (vs. Li+/Li), lower than that of 

Li4Ti5O12 and TiNb2O7 but safer than that of graphite. A 

considerable theoretical capacity of 394 mAh g-1 for Li3VO4 is the 

highest among above mentioned intercalation anode materials. The 

Li3VO4 is built up of oxygen atoms in approximately hexagonal 
close packing, the cations occupy ordered tetrahedral sites.27 All the 

octahedral sites are empty and interconnected along the c axis, 

forming the fast transmission pathway for Li ions. (Figure S1) All 

these advantages make Li3VO4 a promising anode for the 

development of high-performance LIBs. However, its low electronic 
conductivity results in poor electrochemical performance especially 

poor rate performance, preventing it from being widely used. The 

common method to enhance electronic conductivity is to reduce the 

particle size or hybridize with electronically conductive materials.28-

32 Graphene has been used by Shi et al.  in the hollow Li3VO4/G 
composite,26 since the hollow structure shortens ion-diffusion length 

while the graphene enable effective electron transport. This 

composite shows good cycle performance and superior rate 

performance, but the synthesis process is tedious. Therefore, 

synthesizing Li3VO4 with more effective architecture for the high 
rate performance via a facile and large-scale method remains crucial 

and challenging.  

Herein, we present a unique hollow Li3VO4/carbon nanotubes  

(CNTs) composite synthesized by a simple, fast and high-yield 

hydrothermal method. The CNTs are connected to construct a three-
dimensional (3D) conducting network and bound the hollow Li3VO4  

(formed by water etching process) together. This kind of 3D hollow 

Li3VO4/CNTs composite is effective towards energy -storage 

materials which improve the electrical conductivity and facilitate the 

penetration of the electrolyte.33 Different from previous reports with 
solid-state method24-25 and long-term hydrothermal process26, the 

Li3VO4/CNTs composite was synthesized just in two hours, and the 

unique hollow structure could be easily controlled during washing 

sample process. As an anode for LIBs, this hollow Li3VO4/CNTs 

composite shows excellent cycle performance (81.7% retention of its 
2nd cycle capacity after 2000 cycles at 2 A g-1) and extremely high 
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rate performance (240 mAh g-1 at high current up to 16 A g-1). The 

low-cost raw materials, facile synthesis process and high-

performance make it suitable for mass production. 

Experimental Section 

Sample preparation 

First, 4 mmol NH4VO3 and 70 mmol LiOH dissolved in 60 ml 

deionized water. Then 70 mg hydroxylated carbon nanotubes (CNTs) 

were dispersed in above solution by magnetic stirring and ultrasonic. 
The resultant mixture was then transferred to a 100 mL Teflon lined 

autoclave and kept in an oven at 180 oC for 2 h. The product was 

washed with deionized water, anhydrous ethanol two times 

respectively and dried at 70 oC in a vacuum oven to get the hollow 

Li3VO4/CNTs composite. For comparison, the solid Li3VO4/CNTs 
composite was prepared using the same procedure but washed it just 

with anhydrous ethanol. And Li3VO4 was also prepared using the 

same procedure without hydroxylated CNTs. The Li3VO4/CNTs 

mechanical mixture was prepared by grinding Li3VO4 particles and 

hydroxylated CNTs. The mass ratio between Li3VO4 particles and 
hydroxylated CNTs is the same with the hollow Li3VO4/CNTs 

composite. 

Material characterization 

X-ray diffraction (XRD) data of samples were collected with a D8 

Advance X-ray diffractometer, using Cu Kα radiation (λ = 1.5418 Å) 
in a 2θ range from 10° to 80° at room temperature. 
Thermogravimetry/differential scanning calorimetry (TG/DSC) was 

performed using a Netzsch STA 449C simultaneous thermal 

analyzer at a heating rate of 10 oC/min in air. Field emission 

scanning electron microscopy (FESEM) images were collected with 
a JEOL-7100F microscopy. Transmission electron microscopy 

(TEM) and high-resolution TEM (HRTEM) images were recorded 

by using a JEM-2100F STEM/EDS microscope. Raman spectra were 

obtained using a Renishaw INVIA micro-Raman spectroscopy 

system. 

Measurement of Electrochemical Performance 

The electrochemical properties were evaluated by assembly of 2016 
coin cells in a glove box filled with pure argon gas. The working 

electrode was prepared by mixing the as-synthesized materials, 

acetylene black and carboxyl methyl cellulose (CMC) at a weight 
ratio of 75: 20: 5. The slurry was casted onto Cu foil and dried under 

a vacuum oven at 150 oC for 2 h. The loading of active materials was  

1.2-1.5 mg cm-2. Lithium pellets were used as the anode. The 

electrolyte was composed of 1 M LiPF6 dissolved in ethylene 

carbonate (EC)/dimethyl carbonate (DMC) with a volume ratio of 
1:1. For the Li3VO4-LiFePO4 full-cell, the anode is limited and the 

weight ratio of the cathode and the anode is 6.3: 1. The capacity of 

full-cell was calculated based on the mass of the Li3VO4 electrode. 

Galvanostatic charge/discharge measurement was performed by a 

multichannel battery testing system (LAND CT2001A), 
electrochemical impedance spectroscopy (EIS) were tested with an 

Autolab Potentiostat Galvanostat. All the measurements were carried 

out at room temperature. 

Results and discussion 

Figure 1 illustrates the synthesis process of the Li3VO4/CNTs 
composite, ammonium metavanadate (NH4VO3) and lithium 

hydroxide (LiOH) were dissolved in deionized water as precursors. 

The connection between V and O in solution relates to the pH value. 

The vanadium exists in V4O12
4- tetramer in a neutral solution. 

Figure 1. Schematic of the formation of Li3VO4/CNTs composite.  

 

Figure 2. (a) SEM image of hollow Li3VO4/CNTs composite. (b) 

SEM image of solid Li3VO4/CNTs composite. (c) Schematic of 
water etching process from solid Li3VO4 particle to hollow Li3VO4  

particle. (d) Li3VO4 particle without hydroxylated CNTs during 

synthetic process. 

The V4O12
4- tetramer will transform to VO4

3- tetrahedron with the 
rise of pH value.34 This process can be shown as following equation: 

V4O12
4- + 4OH- → 2V2O7

4- + 2H2O (13≥pH≥9)               (1) 

V2O7
4-

   + 2OH- → 2VO4
3- + H2O (pH≥13)                   (2) 

Excess LiOH was added to make sure that the vanadium is existed in 
VO4

3- tetrahedron. The hydroxylated CNTs were dispersed in the 

precursor along with ultrasonic treatment after the above substances 

completely dissolved. Then, the VO4
3- tetrahedrons co-precipitated 

with Li ions to form the Li3VO4 particles under hydrothermal 

treatment. This hydrothermal reaction led to the formation of 
Li3VO4/CNTs composite with an interpenetrating network structure.  

A representative SEM image of the hollow Li3VO4/CNTs 

composite is shown in Figure 2a, which exhibits hollow Li3VO4  

particles fettered by the CNTs network. An open, screw-cap-like 

hollow structure can be clearly recognized in the composite. The 
average size of the hollow Li3VO4 particle is around 800 nm in 

length, 400 nm in width. Its wall thickness is around 50~80 nm. The 

solid Li3VO4/CNTs particles (Figure 2b) were washed with water to 

form the hollow Li3VO4/CNTs particles, which indicates that water 

plays crucial role in this process. Figure 2c illustrates this etching 
process, that the water etches the Li3VO4 particle from one side to 

the opposite side to form this screw-cap-like hollow structure. This 

etching process can be ascribed to selective etching process.35 The 

wall thickness of the hollow Li3VO4 particles can be controlled by 

adjusting the times of washing sample as shown as Figure S3. This  
hollow structure is homogeneous and stable, even after the 

preparation of the electrode (Figure S4). The solid Li3VO4/CNTs 

particles were washed two times by water to get the hollow 
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Figure 3. TEM images further confirm the etching process. (a, c) 

TEM and HRTEM images of solid Li3VO4/CNTs particle. (b, d) 

TEM and HRTEM images of hollow Li3VO4/CNTs particle. 

 

Figure 4. (a) XRD patterns of the hollow Li3VO4/CNTs composite 

and Li3VO4. (b) Raman spectra of the hollow Li3VO4/CNTs 

composite, Li3VO4 and CNTs. 

Li3VO4/CNTs composite for considering both electrochemical 

performances and product production. Without the CNTs, the 

Li3VO4 particle is much bigger than the Li3VO4/CNTs particle, 

which consists of many small particles (Figure 2d). This indicates  
the hydroxylated CNTs not only improve the electronic conductivity 

but also prevent the aggregation of Li3VO4 particles. TEM and 

HRTEM were conducted to analyze the Li3VO4/CNTs composite 

shown in Figure 3a (before water etching) and Figure 3b (after water 

etching). The side wall thickness of the hollow Li3VO4 particle is  
about 60 nm (Figure 3b). HRTEM images (Figure 3c and 3d) taken 

from the front end of the particles show the clear lattice fringes with 

spacing of 3.91 Å, which are in agreement with the (011) plane of 

Li3VO4 (JCPDS card No. 38-1247). 

Figure 4a shows the XRD patterns of Li3VO4 and the hollow 
Li3VO4/CNTs composite. The diffraction peaks can be well indexed 

to an orthorhombic Li3VO4 phase (JCPDS card No. 38-1247) with 

the lattice parameters of a = 5.447 Å, b = 6.327 Å, c = 4.948 Å, α = 

β = γ = 90°, consistent to a β polymorph with space group Pnm21.  

Diffraction peaks which might appear for the CNTs are absent, most 
likely the CNTs peaks are eclipsed by that of the Li3VO4. Raman 

spectra (Figure 4b) indicate the existence of Li3VO4 and CNTs in the 

composite. The range of 280−475 cm−1 and 750−935 cm−1 represent 

the Li3VO4 bands, and the bands in the range of 1200−1460 cm−1 

and 1470−1730 cm−1 are attributed to the D-band (K-point phonons 
of A1g symmetry) and G-band (E2g phonons of C sp2 atoms) of CNTs, 

which confirm the existence of CNTs in the composite. The peak 

intensity ratio between the 1333 and 1592 cm−1 peaks (ID/IG) 

generally provides a useful index about the degree of crystallinity of 

various carbon materials, that is, the smaller the ID/IG ratio, the 
higher the degree of ordering in the carbon material.36 The ID/IG 

value of the hydroxylated CNTs and hollow Li3VO4/CNTs 

composite is 1.375 and 1.233, respectively, indicating the 

enhancement of the degree of graphitization. The amount of CNTs in 

the hollow Li3VO4/CNTs composite was estimated to be 
approximately 13.76 wt% from the thermogravimetric analysis 

(Figure S5a). Our synthetic process is simple and can be easily 

scaled up. As a demonstration, we performed the reaction in a 500 

mL autoclave with 360 mL precursor and yielded as much as ~ 3.5 g 

of product (Figure S5b). 
Coin cells with lithium as counter electrode were used to evaluate 

the electrochemical performance of the as-synthesized materials. All 

cells were cycled between 0.2 and 3.0 V. Figure 5a shows the 

galvanostatic discharge (Li insertion)/charge (Li extraction) profiles  

for the hollow Li3VO4/CNTs at a low current rate of 0.1 A g-1. The 
initial discharge capacity is 453 mAh g-1 (based on the total weight  

of the composite), higher than the theoretical capacity, because of 

the formation of SEI layer. A reversible capacity of 376 mAh g-1 can 

be obtained in the second discharge cycle, 83% of the initial capacity. 

For practical applications (in full-cell configuration), high current  
delivery on demand (high rate) is very important. To evaluate the 

advantage of the hollow and 3D conductive structure, rate 

performance at progressively increased current density (ranging 

from 0.1 to 16 A g-1 ) was measured (Figure 5b, c). It can be seen 

that the specific capacity of the hollow Li3VO4/CNTs composite 
anode are as high as 355, 273 and 265 mAh g-1 at 0.1, 4 and 8 A g-1 

respectively. Even at a high rate of 16 A g-1, the specific capacity is 

as high as 240 mAh g-1, which are much higher than that of the 

Li3VO4/CNTs mechanical mixture anode (223 mAh g-1 at 0.1 A g-1, 

146 mAh g-1 at 4 A g-1, 130 mAh g-1 at 8 A g-1 and 110 mAh g-1 at 
16 A g-1). The comparison of rate performance with previous work 

has been shown in Figure S10 and Table S1. For the solid 

Li3VO4/CNTs composite anode, when the current density is lower 

than 0.4 A g-1, its capacity is approximately the same with that of the 

hollow Li3VO4/CNTs composite. But with the current density

Page 3 of 6 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



COMMUNICATION  Journal Name 

This journal is ©  The Royal Society of Chemistry 2013 J.  Nam e. ,  2013,  00,  1 -3  | 4 

 

Figure 5. (a) Typical discharge/charge curves of the hollow Li3VO4/CNTs composite anode at a current density of 0.1 A g-1. (b) Rate 
performance of the hollow Li3VO4/CNTs composite anode, the solid Li3VO4/CNTs composite anode, and the Li3VO4/CNTs mechanical 

mixture anode. (c) Discharge/charge curves of the hollow Li3VO4/CNTs composite anode at different  current density. (d) Cycle 

performance of the hollow Li3VO4/CNTs composite at 2 A g-1. (e, f) Cycle performance and typical discharge/charge curves for the 

LiFePO4-Li3VO4/CNTs full cell at 2 A g-1 with capacity limited by Li3VO4/CNTs cycled between 1 and 3.5 V. 

going up, the capacity gap becomes obvious. The capacity of the 
solid Li3VO4/CNTs particle is 140 mAh g-1 at 16 A g-1, 100 mAh g-1  

lower than that of the hollow Li3VO4/CNTs. At 0.1 A g-1, the 

capacity of the hollow Li3VO4/CNTs is a little lower than that of the 

solid Li3VO4/CNTs composite anode, due to the decreased mass  

ratio of the Li3VO4 in the composite during the etching process. To 
explore the capacity contribution of CNTs in the composite, coin  

cells with metallic lithium as anode were assembled. The rate 

performance of the hydroxylated CNTs was measured at the same 

current density range from 0.1 to 8 A g-1. (Figure S6) The specific 

capacities of the CNTs anode are 200 mAh g-1 at 0.1 A g-1, 70 
mAhg-1 at 8 A g-1. Consequently, the actual capacities contribution 

of the hollow Li3VO4 can be calculated to be 393.4 mAh g-1 (very 

closed to its theoretical capacity) at 0.1 A g-1 and 306.8 mAh g-1 at 8 

A g-1, respectively. The detailed capacity contribution ratio of each 

component in the composite is shown in Figure S7. Besides  
excellent rate capability, the hollow Li3VO4/CNTs composite has 

superior long cycle performance at high current density. The hollow 

Li3VO4/CNTs composite shows a very good stability at 2 A g-1, and 

250 mAh g-1 is still obtained even after 2000 cycles (81.7% retention 

of its 2nd cycle capacity). (Figure 5d) 
The electrochemical impedance spectrum (EIS) was used to 

provide further insights (Figure S8). The EIS spectrum shows two 

compressed semicircles in the high to medium frequency range of 

each spectrum, which describe the charge transfer resistance ( Rct) for 

these electrodes, and an approximately 45° inclined line in the low-
frequency range, which could be considered as Warburg impedance 

(ZW). After simulating the second compressed semicircle for both 

samples, the values of Rct for the Li3VO4 and the hollow 

Li3VO4/CNTs electrodes after 30th cycles were calculated to be 

354.5 and 24.04 Ω, respectively. This result suggests that the hollow 
Li3VO4/CNTs composite has faster kinetics for Li ions 

insertion/extraction.37-39 

The high rate capability, excellent cycling stability observed for 
the hollow Li3VO4/CNTs composite can be ascribed to the 

interconnected 3D conductive framework and the unique hollow 

structure as above mentioned. First, the CNTs prevent the 

agglomeration of the Li3VO4 particles to reduce the particle size 

which increases the contact area between Li3VO4 and electrolyte.31 
Li3VO4 particles are wrapped by CNTs and the CNTs connect 

together to form a 3D conductive structure at the same time, which 

greatly improve the conductivity.40-42 These promote the 

electrochemical performance comprehensively. Second, the unique 

open hollow structures provide more sites for the Li ions 
transportation, reduce the diffusion distance for Li ions and buffer 

the local volume change during Li+ insertion/extraction, leading to 

high stability and good charge/discharge performance at large 

current density.43 The above favorable properties clearly show that 

the hollow Li3VO4/CNTs composite is a very promising candidate 
for practical applications in LIBs. 

Full-cells combining the commercial LiFePO4 cathode with our 

hollow Li3VO4/CNTs anode have been assembled. Figure 5e shows 

charge/discharge curves for the Li3VO4/CNTs- LiFePO4 full cell at 2 

A g-1 (7 min full charge or discharge). According to their respective 
voltage, the full cell gives an operating voltage around 2.5 V. Its 

capacity is above 300 mAh g-1 at the first few cycles, and 185 mAh 

g-1 after 500 cycles (Figure 5f). The capacity fading of full cell is  

45 % after 500 cycles, very closed to that of the commercial 

LiFePO4 (42 %) (Figure S9). And the capacity fading of LiFePO4 

and the hollow Li3VO4/CNTs is 0.107 % and 0.0275 % per cycle, 

respectively, which indicate the capacity fading of full cell is limited 

by the commercial LiFePO4. 

Conclusions 
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The Li3VO4/CNTs composite is synthesized via a facile, low cost 

and rapid hydrothermal method. The Li3VO4 nanoparticle could be 

further etched by water, resulting in the hollow structure. The hollow 

Li3VO4/CNTs composite exhibited extremely high rate performance 
and long cycle life, which is demonstrated by over 2000 cycles with 

capacity of 250 mAh g-1 at 2 A g-1. Even at 16 A g-1, 240 mAh g-1  

can still be obtained. These excellent electrochemical performances  

are attributed to the connected CNTs 3D conductive framework and 

the hollow structure. Meanwhile, this time-saving and easy-to-
operate approach can be easily put into mass production. 

Furthermore, a 2.5 V full cell couple with commercial LiFePO4  

cathode has been assembled with good high rate performance which 

demonstrates its application prospect on rapid charge/discharge LIBs. 

Therefore, it is shown that this hollow Li3VO4/CNTs composite can 
be a promising anode material for high-performance and low-cost 

LIBs. 
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