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A novel, template-free, low-temperature method has been developed to synthesize LiV3O8 cathode

material for high-power secondary lithium (Li) batteries. The LiV3O8 prepared using this new method

was characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and

transmission electron microscopy (TEM). The thermal decomposition process was investigated using

thermogravimetric (TG) and differential thermal analysis (DTA). LiV3O8 produced using the

conventional high-temperature fabrication method also was analyzed. The electrochemical

performances and the effects of synthesis temperature on our LiV3O8 and the conventionally

produced LiV3O8 were compared. The LiV3O8 produced using our new method has a nanorod

crystallite structure composed of uniform, well-separated particles with diameters ranging from 30 to

150 nm. The TEM work reveals the stacking defaults within the nanorod structures, which would

facilitate the electron transportation during the insertion and removal process of lithium ions. It

delivers specific discharge capacities of 320 mAh g�1 and 239 mAh g�1 at current densities of

100 mA g�1 and 1 A g�1, respectively. It also exhibits excellent capacity retention with only 0.23%

capacity fading per cycle. This excellent electrochemical performance can be attributed to the superior

structural characteristics of our material, and the results of our study demonstrate that LiV3O8

nanorod crystallites produced by this new thermal decomposition method are promising cathode

materials for high-power Li batteries.
1. Introduction

Rechargeable Li+-ion batteries are widely used in commercial

electronic devices, and because of their higher energy density and

longer life cycle, they also are being considered for high-power

applications such as electric vehicles.1 Although LiCoO2 is the

state-of-the-art cathode material for Li+-ion batteries used in

portable electronics, it has drawbacks, such as its high cost, the

relative toxicity of cobalt, and safety concerns arising from

overcharging of the material. Thus, other intercalation materials

such as Li metal phosphates are being studied extensively as

alternative cathode materials for Li+-ion batteries.2–5 During the

last 30 years, Li1+xV3O8 has been investigated extensively as

a cathode material because of its higher specific capacity, lower

cost, and better safety features.6–8 The monoclinic structure of

Li1+xV3O8
9 consists of (V3O8)� layers oriented along the a axis,

pinned together by Li+ ions at the octahedral sites in the interlayer.

The excess Li corresponding to the amount x involved in the

charge/discharge processes is accommodated at the tetrahedral
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sites in the interlayers.10,11 Li+ ions residing in octahedral sites

before Li insertion act as a ‘pin’ for the layers and do not hinder

the incoming Li+ ions from occupying empty tetrahedral sites.12

Li1+xV3O8 exhibits good structural reversibility during the

charge/discharge processes, and despite its structural advantages,

its electrochemical performance has been found to be influenced

by the method used to synthesize the material.7,10,13–17 Conven-

tional synthesis of Li1+xV3O8 by solid-state reaction of Li2CO3

and V2O5 at 680 �C for 10 h requires a large amount of thermal

energy and a long reaction time. In addition, it is difficult to

accurately control the Li : vanadium(V) ratio because the Li

sources evaporate. The specific capacity of Li1+xV3O8 prepared by

this method also is low.12 Many other methods such as a sol–gel

process,18–20 a hydrothermal process,21,22 freeze-drying,7,23 spray

drying,24,25 a rheological phase reaction method,26 an ultrasonic

method,27,28 a flame pyrolysis method,29 a low-heating solid-state

method,30 microwave sol–gel method,31,32 the (EDTA) sol–gel

method,33 and a surfactant-assisted polymer precursor method10

have been used to synthesize LiV3O8. However, the rate perfor-

mances of Li1+xV3O8 cathodes prepared by these methods are not

satisfactory.

As is well known, the kinetic diffusion of Li+ ions into LiV3O8

tetrahedral sites is of great importance to the electrochemical

performance of the material. Reducing the particle size would

shorten the Li+-ion diffusion distance and increase the surface

contact area between the electrode and electrolyte. Therefore,

reducing the particle size may lead to higher specific capacities

and better rate performances of these materials. In addition, the

free expansion of the nanoparticles during Li+-ion intercalation
J. Mater. Chem., 2011, 21, 1153–1161 | 1153
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would lower the kinetic barrier for Li+-ion diffusion. For prac-

tical applications, a facile, fast fabrication method that could be

carried out at low-temperatures would be preferred by manu-

facturers.

In this paper, we describe a novel, low-temperature, cost-

effective method to synthesize LiV3O8 nanorods using thermal

co-decomposition of V and Li precursor mixtures at various

temperatures in air for 2 hours, where the precursor mixtures are

produced by a liquid method. The morphology, crystal structure,

and electrochemical properties of the synthesized LiV3O8 nano-

rods synthesized at different temperatures are evaluated by

various methods. The high capacities, good capacity retentions,

and power performances of our novel synthesized LiV3O8 elec-

trodes are documented in this paper.
2. Experimental

All chemicals used in our study were analytical grade and were

used as received without further purification. V2O5, CH3COO-

Li$2H2O, and oxalic acid (H2C2O4) were used to prepare the

precursor solution; the oxalic acid was used as both a chelating

and a reducing agent. First, V2O5 and oxalic acid in a stoichio-

metric ratio of 1 : 3 were dissolved in actively stirred deionized

water at room temperature until a clear blue solution was

formed. Next, a stoichiometric amount of CH3COOLi$2H2O

was added, and the mixture was vigorously stirred for one hour,

and the resulting solution was heated overnight in an oven at

80 �C. The as-obtained material was calcined at 350 �C, 400 �C,

and 500 �C in air for 2 h, and the samples obtained were desig-

nated LT350, LT400, and LT500. For comparison, LiV3O8 was

also prepared using the conventional solid-state method. V2O5

powder and solid Li2CO3 were the starting reagents, and the

mixture was calcined at 680 �C for 10 h (this sample was desig-

nated HT680).

The crystalline structures of the prepared samples were

determined by X-ray diffraction (XRD) using a Scintag

XDS2000 q–q powder diffractometer equipped with a Ge (Li)

solid-state detector and a Cu-Ka sealed tube (l ¼ 1.54178 �A).

The sample was scanned in a range between 10� to 70� (2q), with

a step size of 0.02� and an exposure time of 10 s. An SEM (FEI

Helios 600 Nanolab FIB-SEM, 3 KV) was used to determine the

particle morphology.

The TEM analysis was carried out on a Jeol JEM 2010

microscope fitted with a LaB6 filament and an acceleration

voltage of 200 kV. A combined differential scanning calorimetry/

TGA instrument (Mettler-Toledo, TGA/DSC STAR system)

was used to study the decomposition and reaction of the

precursors.

A description of the method used to prepare the cathode

follows. LiV3O8, Super P conductive carbon, and poly(vinylidene

fluoride) (PVDF) binder were mixed at a weight ratio of

70 : 20 : 10, respectively, and then dispersed in a N-methyl-

pyrrolidone (NMP) solution to make a slurry. The slurry was

coated on aluminium foil and dried in a vacuum oven at 100 �C

overnight prior to coin-cell assembly. The Li/LiV3O8 cells (2325

type coin cells, National Research Council, Canada) were

assembled in a glove box (Mbraun, Inc.) filled with ultra-high-

purity argon using polypropylene membrane (3501, Celgard,

Inc.) as the separator, Li metal as the anode, and 1-M LiPF6 in
1154 | J. Mater. Chem., 2011, 21, 1153–1161
ethyl carbonate/dimethyl carbonate (EC/DMC) (1 : 1

EC : DMC v/v) as the electrolyte. The charge/discharge perfor-

mance of the electrodes and galvanostatic intermittent titration

technique (GITT) were evaluated at room temperature using an

Arbin Battery Tester BT-2000 (Arbin Instruments, College

Station, Texas), For GITT test, the cells discharge or charge

10 min followed by a rest of 40 min in order to obtain the open

circuit potentials. The cyclic voltammetry (CV) curves and elec-

trochemical impedance spectroscopy (EIS) were obtained using

a CH Instruments Electrochemical Station (CH Instruments,

Austin, Texas). The EIS are deducted at 3.5 V vs. Li/Li+.
3. Results and discussion

3.1 Characterization of the thermal co-decomposition process

After commercial V2O5 powder was added to the oxalic acid

solution in a stoichiometric ratio of 1 : 3, the color of the liquid

changed from yellow to blue, which indicated that the valence

had changed from V5+ to V4+ and that the vanadium precursor,

vanadyl oxalate hydrate (VOC2O4$nH2O), had been formed.

This reaction can be expressed as follows:

V2O5 + 3H2C2O4 / VOC2O4 + 3H2O + 2CO2

The stoichiometric amount of CH3COOLi$2H2O then was

added to the blue precursor solution, and the precursor mixture

was obtained after drying the liquid overnight in air at 80 �C.

Fig. 1 shows the TG and DTA results of each individual

precursor of VOC2O4 and CH3COOLi$2H2O, and the precursor

mixture under flowing air with a temperature increase rate of

5 �C min�1.

The TG/DTA analysis data of CH3COOLi$2H2O (Fig. 1a)

show that, in the temperature range of 30 �C to 100 �C, 5%

percent of the mass loss occurs (equivalent to 0.28 water mole-

cule) and an endothermic peak at 57 �C on the DTA curve

appear. This result is attributed to desorption of crystallization

water that had condensed on the sample surface. Next, a signifi-

cant mass loss of the sample (30%) is observed between 110 �C

and 150 �C (see the TG curve in Fig. 1a). This mass loss, which is

related to the dehydration of the remaining 1.72 crystallization

water molecules, yields an amorphous CH3COOLi. This is

corroborated by the peak shown at 126 �C on the DTA curve

between 120 �C and 280 �C. Further temperature increases from

150 �C to 360 �C) do not result in any mass losses (see the TG

curve). The endothermic peak at 285 �C appears on the DTA

curve can be attributed to a phase transition. In the temperature

range 360 �C to 450 �C, a mass loss caused by thermal decom-

position of the amorphous CH3COOLi is observed. This loss is

confirmed by the presence of two exothermic peaks on the DTA

curve at 417 �C and 440 �C, respectively. The first loss is related

to carbon combustion at 417 �C after the thermal dissociation of

CH3COOLi at 385 �C, and the second loss is a major exothermic

peak at 440 �C corresponding to the phase transition of highly

reactive Li2O, which reacts with CO2 present in the atmosphere

of the thermo-analytical furnace. This reaction leads to the

formation of Li2CO3, which is confirmed by the XRD experi-

ment and also manifested by the weight change on the TG curve.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 TG and DTA results for molar ratio (a) CH3COOLi$2H2O, (b)

VOC2O4, and (c) VOC2O4 : CH3COOLi ¼ 3 : 1.

Fig. 2 XRD patterns of LiV3O8 synthesized using the low-temperature

thermal co-decomposition method at various temperatures (350 �C,

400 �C, and 500 �C) in air for 2 h (designated samples LT350, LT400, and

LT500, respectively) and LiV3O8 synthesized using the conventional

high-temperature method (at 680 �C for 10 h; designated sample HT680).
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Fig. 1b shows the TG and DTA analysis of VOC2O4 produced

by reacting vanadium pentoxide with oxalic acid in a molar ratio

of 1 : 3, followed by drying in air at 120 �C. There is not much

weight loss in the temperature range between 30 �C to 267 �C on

the TG curve. However, a sharp mass loss follows as the

temperature is increased further, and reaches a minimum mass of

49% at 321 �C. This loss is attributed to the decomposition of

VOC2O4 to V2O4 and the accompanying oxidation of V4+. This

conclusion is supported by an exothermic peak that occurs at

317 �C. Above 317 �C, the decomposition process is complete;

however, oxidation of V4+ continues, and a slight weight increase

is observed on TG curve. According to the TG results, the

composition at the bottom of the curve is composed of V2O4/

V2O5 in a ratio of 1 : 4.

Fig. 1c shows the TG and DTA results for the precursor

mixture of VOC2O4 and CH3COOLi in a molar ratio of 3 : 1,

respectively. In the temperature range between 30 �C and 240 �C,

the gradual weight loss is attributed to the water bonded physi-

cally and/or chemically to the precursor mixture. A drastic mass

loss shown on the TG curve follows as the temperature is further
This journal is ª The Royal Society of Chemistry 2011
increased, and a much broader peak at 268 �C and a smaller

exothermal peak at 338 �C on DTA curve are observed.

According to the mass change, the broad peak is characteristic of

thermal co-decomposition of VOC2O4 and CH3COOLi. The

second small exothermal peak is attributed to the further

oxidation of V4+ to V5+ in air. As shown in Fig. 1, the decom-

position temperature for CH3COOLi in the composite precursor

is lower than that for the pure CH3COOLi (Fig. 1a). There could

be two possible explanations for this thermal co-decomposition.

One possible explanation is the large heat energy supplied by the

thermal decomposition of another precursor, VOC2O4, in the

mixture precursor, which can decompose at a lower temperature.

Another possible explanation for the lower temperature

decomposition of CH3COOLi is the reaction between

CH3COOLi and V2O5, which is produced by in situ decompo-

sition of VOC2O4. The absence of further peaks on the DTA

curve and the constant weight mass on the TG curve (see Fig. 1c)

indicate that no further phase transitions and reactions occur.
3.2 Structural characterization

The material obtained by heating the precursor mixture in air at

350 �C for 2 h was brown in color, which is the typical color for

LiV3O8. The XRD patterns for the samples produced using both

our thermal co-decomposition method at constant temperature

and the conventional high-temperature method are shown in

Fig. 2. No differences in peak positions are observed for the

samples fabricated at low temperatures (designated as samples

LT350, LT400 and LT500). However, the peak intensity, which

indicates the high crystallinity of LiV3O8 in these samples,

increases with increasing annealing temperatures. This result

corresponds well with the TG and DTA results (see Fig. 1a),

which indicate that no further phase transitions and reactions

occur above 350 �C. The XRD peak positions for the samples are

consistent with the known layered-type LiV3O8 (JCPDS 72-

1193),28,34 meaning that these LiV3O8 samples have a monoclinic

crystalline structure and belong to the P21/m space group. It is

composed of two basic structural units, VO6 octahedron and
J. Mater. Chem., 2011, 21, 1153–1161 | 1155
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VO5 distorted trigonal bi-pyramids. For all three samples

fabricated at low temperature, a Li0.3V2O5 impurity phase was

detected. This Li0.3V2O5 impurity phase has also been observed

in LiV3O8 produced by other methods.10,32,35 Because the amount

of Li0.3V2O5 is small and it is an intercalation material, it would

not have a significant effect on the performance of a LiV3O8

electrode. The XRD pattern of HT680 (as shown in Fig. 2)

exhibits much sharper peaks, which suggests a higher degree of

crystallinity. Furthermore, the relative intensities of the XRD

peaks in these samples are different. The (001) peak is the

strongest peak for sample HT680, but the (�111) peak is the

strongest peak for samples produced using the low-temperature

thermal co-decomposition method (LT350, LT400, and LT500).

This difference is attributed to the preferred orientation of the

LiV3O8 produced using our low-temperature thermal co-

decomposition method, which has nanorod structure.

Fig. 3 shows the morphologies of the LiV3O8 materials

prepared using the conventional method (a) and our low

temperature thermal co-decomposition method at 350 �C (b–c).

As shown in Fig. 3a, the particles in the LiV3O8 prepared using

the conventional fabrication method are micro-sized. No space

voids are present in the bulk grain particles, although some

particles with rod structures appear on the surface of the bulk

material. The formation of large particles can be attributed to

more kinetically favorable conditions for spontaneous growth of

small particles at high temperatures to reduce the surface energy.

Fig. 3b and 3c show SEM images of two different magnifications

for the nanorod-shaped particles produced by our thermal co-

decomposition method at 350 �C. As shown in Fig. 3b, the

morphologies of the nanorods are very uniform, and the length

of the particles can be as long as several micrometres. The

diameters of these nanorods range from 30 nm to 150 nm.

Furthermore, the nanorods are well separated, and the space

between particles is ample. This kind of structure and particle

spacing is advantageous for electrolyte penetration and fast Li+-

ion diffusion because of the nanoscale diffusion distance within
Fig. 3 SEM images of LiV3O8 prepared using the conventional method

(a) and our thermal co-decomposition method at 350 �C in air for 2 h at

low (b) and high magnification (c).

1156 | J. Mater. Chem., 2011, 21, 1153–1161
the solid state particles. Thus, more active material can be

utilized at a high discharge/charge rate, and a high specific

capacity can be expected.

The detailed structural features of the nanorods were analyzed

using TEM imaging and selected area electron diffraction. Each

nanorod is a single crystal as evidenced by the selected area

electron diffraction patter shown in Fig. 4(c). In addition, the

TEM images shown in Fig. 4(a) and 4(b) reveal that the nanorod

is also populated by stacking fault on the (001) planes, which is

also confirmed by the formation of the streaks in the electron

diffraction pattern. The nanorod grows approximately along the

[-111] direction. It would be expected that the stacking faults

could serve as a fast channel for the Li ion diffusion, thus

partially accounting for the experimentally better rate capability.

Fig. 5 shows the morphologies of the LiV3O8 particles

prepared by our new method at different temperatures. At

350 �C, the nanoparticles are well separated and the morphol-

ogies are quite uniform. When synthesized at 400 �C, the nano-

rod shapes are preserved; however, the particles grow larger, and

some of them merge to form a new shape of nanoplate. For the

nanoparticles synthesized at 500 �C, the particles grew even

larger. This result corresponds well with the XRD results (Fig. 2),

which demonstrate higher crystallinity and larger particle sizes at

higher temperatures as indicated by its peak intensity and width.
3.3. Electrochemical performance

Fig. 6 shows the first cycle CV curves for the HT680 and LT350

LiV3O8 electrodes. During the cathodic scan of sample LT350,

the peak at�2.71 V corresponds to the initial Li+-ion insertion in

the tetrahedral site, and the peak at �2.41 V is related to further

Li+-ion intercalation into tetrahedral sites with a two-phase

transition from Li3V3O8 to Li4V3O8. We attribute the last step,

which occurs at �2.24 V, to the slower kinetic insertion process
Fig. 4 TEM images and electron diffraction show the detailed structural

nature of the nanorod. (a) Bright field image, (b) dark field image, (c)

selected area electron diffraction pattern, (d) calculated electron

diffraction pattern with the cystallographic data taken from references 36

and 37.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 SEM images of LiV3O8 nanorods prepared using our thermal co-

decomposition method at constant temperatures of 350 �C (a), 400 �C

(b), and 500 �C (c) for 2 h.

Fig. 6 The first-cycle CV curves for HT680 and LT350 electrodes.

Fig. 7 Charge-discharge curves (a) and cycling performance (b) of the

LT350 and HT680 LiV3O8 electrodes.
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where the single-phase transition corresponding to the Li4V3O8

phase takes place.10 As shown in the CV curves of the two elec-

trodes obtained using a different method, a similar current
This journal is ª The Royal Society of Chemistry 2011
intensity at a cathodic peak 2.71 V was detected. We believe that

this is due to the fast Li+-ion diffusion efficiency in LiV3O8 for the

initial intercalation. In the earlier intercalation stage, many Li+-

ion diffusion paths and empty tetrahedral sites are available for

Li+-ion occupation between the layers. Even for micro-sized

particles, the first Li+-ion intercalation can proceed efficiently. A

similar phenomenon was observed by J. Kawatita et al.11,38 at

different current densities and different temperatures for the first

single-phase transition. However, for the two-phase transition,

the peak current density of the LT350 electrode is much higher

than that for the HT680 electrode. It has been reported that the

diffusion coefficient is much lower for the two-phase transition

stage;38 a possible reason for this difference in diffusion coeffi-

cients is that intercalation for the HT680 electrode becomes

kinetics limited. However, for the electrode containing LiV3O8

nanorods prepared using our low-temperature method (shown in

Fig. 3), the diameter of the nanorods is <150 nm, so the required

Li+-ion diffusion distance is effectively shortened. Furthermore,

the existence of large spaces between the nanoparticles can allow

easy accommodation of Li+ ions during the intercalation process,

thus lowering the energy barrier for the diffusion process. This

also explains the difference in current density at 2.24 V during the

cathodic scan. During the anodic scan, similar behavior is

observed. These results demonstrate that Li+-ion diffusion in

nanorod-structured LiV3O8 is more kinetically favorable than

diffusion in micro-sized particles.

Fig. 7 shows the discharge/charge curves and cycling perfor-

mance of the HT680 and LT350 electrodes. As shown in Fig. 7a,

a rapid voltage decrease during discharge and a quick voltage

increase during charge were observed in the voltage range

between 4 V and 2.7 V for the HT680 electrode, followed by

a short plateau. Then, a negligible capacity was obtained in this
J. Mater. Chem., 2011, 21, 1153–1161 | 1157
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Fig. 8 Kinetic characterization of LT350 and HT680: (a) Nyquist plot

of LiV3O8 at 3.5 V vs. Li/Li+; (b) GITT curves during the 11 cycle as

a function of time in the voltage range of 1.5–4 V; (c) The Li+ diffusion

coefficients calculated from the GITT curves for both samples as

a function of cell voltage during both discharge and charge process.
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voltage range, and the overall specific discharge capacity was

only about 109 mAh g�1 at a current density of 100 mA g�1.

However, as shown in Fig. 7a, the nanorod electrode (LT350) has

more obvious plateaus and higher specific discharge capacity.

During the second cycle, it delivers a specific discharge capacity

of 320 mAh g�1, which is almost two times more than the

capacity of the HT680 electrode and also is superior to the best

specific discharge capacity result for LiV3O8 prepared using

conventional methods (180 mAh g�1). Kawakita et al.38 reported

that the particle size and shape greatly influence the insertion rate

of the crystalline Li1+xV3O8. In our case, the uniform nanorod-

structured LiV3O8 electrode is characterized by smaller particle

size (<150 nm) and good void space between the particles (shown

in Fig. 3b and 3c). This template-free and low temperature

synthesized LiV3O8 exhibits both higher capacity and better

utilization of the active material.

Fig. 7b shows the cycling performance of the LT350 and

HT680 electrodes at a current density of 100 mA g�1. The

nanorod LT350 LiV3O8 electrode delivers an initial specific

discharge capacity of 300 mA h g�1, and its capacity reaches 320

mAh g�1 during the second cycle, which is equivalent to 3.45 mol

Li per mol of LiV3O8. The specific discharge capacity decreases

to 282 mA h g�1 during the tenth cycle and then becomes quite

stable in subsequent cycles (i.e., 0.23% capacity fading per cycle

between cycles 11 and 100). This capacity fading is a common

phenomenon for LiV3O8 electrodes. Guyomard et al.39,40 attrib-

uted the capacity fading of LiV3O8 to local damage of the crystal

structure caused by the abrupt structural change over the two-

phase boundary (occurring around 2.6 V to 2.4 V). In addition,

a loss of contact between some grains and the conductive carbon

caused by the strong local volume change also is responsible for

the capacity fading. In addition, the capacity fading possibly

results from the structural change that accompanies reformation

of the solid electrolyte interface layer after each cycle. For our

electrode, the sample retains a high specific discharge capacity of

256 mAh g�1 even after 50 cycles. However, the bulk HT680

LiV3O8 electrode exhibited a slight capacity increase during the

cycling test. It delivered a relatively low initial discharge capacity

of 116 mA h g�1, but the discharge capacity steadily increased to

123 mA h g�1 at cycle 50. Such behavior can be explained by the

slight fragmentation of the grains caused by electrochemical

grinding during cycling. Because no extra space accompanies the

volume change, smaller particles are formed, thus shortening the

Li+-ion diffusion distance. This behavior also has been reported

in the literature;40 however, the capacity of the HT680 electrode

after 50 cycles is still very low compared to the capacity of our

sample synthesized at low temperature.

To further understand the improved electrochemical perfor-

mance, electrochemical impedance spectroscopy and GITT

measurements of both samples were performed and the results

are shown in Fig. 8. Fig. 8(a) shows the Nyquist plots of LT350

and HT680 materials at 3.5 V. As the electrolyte and electrode

fabrication are the same or very similar between the two elec-

trodes, the high frequency semicircle should relate to the resis-

tance of electrode. The resistance of LT350 cells, 50 U, is much

smaller than 200 U for HT680. This result indicates the charge

transfer is much improved by our method when comparing to the

conventional method of fabricating the material. The nanoscaled

materials shortening the electron transportation distance and the
1158 | J. Mater. Chem., 2011, 21, 1153–1161
stacking defaults as shown in Fig. 4 are the two possible reasons

for this phenomenon. Fig. 8(b) shows the galvanostatic inter-

mittent titration technique (GITT) curves for both samples after

10 cycles of discharge/charge processes. Both samples were set to

discharge (or charge) for 10 min followed by a rest of 40 min in

order to obtain the open circuit potential (OCP). It is clearly

observed that LT350 experiences more steps than HT680, which

is associated with its high capacity. For the calculation of the

diffusion coefficients, we adopt the following equation which is

also used to determine the Li+ diffusion coefficients in LixMO2

(M ¼ (Ni, Co), (Ni, Mn), (Ni, Mn, Co)) and Li3V2(PO4)3
41–43 as

shown below:

DLiþ ¼
4

p

�
mBVM

MBA

�2�
DES

sðdEs=d
ffiffiffi
s
p
�2
This journal is ª The Royal Society of Chemistry 2011
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Where VM is the molar volume of the compound, MB and mB are

the molar weight and mass of the host oxide, respectively, A is

the surface area between the electrode and the electrolyte, s is the

titration time, and DES the difference of two consequent stabi-

lized open circuit potentials. Fig. 8(c) shows the calculated

diffusion coefficiencies during the discharge and charge processes

for both samples. Generally the diffusion coefficient of LT350 is

slightly higher than that of HT680 sample. The diffusion coef-

ficient (DLi+) of LT350 sample reaches minima value at the

voltage around 2.6 V which corresponds to the discharge and

charge plateaus voltages (as shown in Fig. 7(a)). This is related to

the two-phase reaction between 1.5 < x < 3 of Li1+xV3O8. The

change in lattice parameters is larger in Li4V3O8 than in the

LiV3O8 phase during the lithium ions interaction, and would be

the reason for the sharp drops in diffusion coefficient curves. The

diffusion coefficient of LT350 sample is lower than that of

HT680 sample at �2.6 V. It is probably related to the formation

of more Li4V3O8 phase in LT350 sample than in HT680 sample

as shown by the fact that the discharge capacity of LT350 is two

times higher than that of HT680. Even though the diffusion

coefficient of LT350 is shown to be lower than that of HT680

sample, it still has higher discharge and charge capacities than

those of HT680. According to Fick’s law: s¼ L2/D, where s is the

required diffusion time, L is the required diffusion distance of Li+

ions and D is the diffusion coefficient of Li+ ions in the host

materials, the required diffusion distance in our case has changed

significantly from several micrometre to about 150 nm, thus

would be of great advantage to achieve higher power capability.

Fig. 9 shows the electrochemical performance of LiV3O8

nanoparticles synthesized at three different temperatures. The

highest discharge capacities for LiV3O8 electrodes synthesized at

350 �C, 400 �C, and 500 �C are 320 mAh g�1, 267 mAh g�1 and

193 mAh g�1, respectively. Between cycles 2 and 100, their

capacities fade by 0.23%, 0.27%, and 0.09%, respectively. The

specific capacity decreases as the synthesis temperature increases.

The particle size and their separation are the reasons for the

capacity differences. As shown in Fig. 4, the nanorods are

separated very well at relatively low temperature (350 �C), and

this structure allows good accessibility of the electrolyte to the

active material. At 400 �C, the nanorods begin to merge, leading

to a decrease in the void space available for electrolyte diffusion.
Fig. 9 Cycling performance of nanorod LiV3O8 synthesized at various

temperatures.

This journal is ª The Royal Society of Chemistry 2011
When synthesized at 500 �C, the particles grow even larger.

Because capacity is controlled by the interfacial surface area

between the electrolyte and the electrode, the electrode synthe-

sized at 350 �C has a structure more suitable for allowing the

nanocrystalline LiV3O8 particles to expand freely, thus lowering

the energy barrier for Li+-ion diffusion. Dunn et al.44 recently

reported a similar contribution to the superior electrochemical

performance of iso-oriented MoO3 nanoparticles. In our recent

publication,45 well-separated V2O5 also demonstrated superior

lithium ion intercalation capability. This also explains why the

electrode synthesized at 350 �C has better capacity retention than

the electrode synthesized at 400 �C. However, the electrode

synthesized at 500 �C has the best capacity retention with

a fading rate of only 0.09% per cycle for the initial 100 cycles.

One possibility for this phenomenon is its relatively low

discharge capacity. Because of the limited Li+-ion intercalation

into the electrode, the nanosized LiV3O8 can accommodate

structural changes that occur during the discharge/charge

process, although the particle sizes in this electrode are larger

than those in the electrodes synthesized at lower temperatures.

Fig. 10 shows the cycling stability of the LT350 electrode at

various current densities (i.e., 100 mA g�1, 300 mA g�1, and 1000

mA g�1). The specific discharge capacities of the LT350 elec-

trodes at current densities of 100 and 300 mA g�1 slightly increase

from the first cycle to the second cycle, and reach a maximum

during the second cycle. The initial capacity increase is probably

related to the wetting of samples during the first cycle. The

maximum specific discharge capacities of the LT350 electrodes

are 320 mAh g�1, 296 mAh g�1, and 239 mAh g�1 for current

densities of 100 mAh g�1, 300 mAh g�1, and 1000 mAh g�1,

respectively. After 10 cycles, the degree of capacity fading

decreases somewhat at various current densities; the capacity

fading is 0.23%, 0.30%, and 0.34% per cycle for specific discharge

capacities of 100 mA g�1, 300 mA g�1, and 1000 mA g�1 between

cycles 2 and 100.

The specific discharge capacities of the nanorod LiV3O8

samples prepared at low temperatures are much higher than

those of the LiV3O8-polypyrrole composite34 (i.e., 184 mAh g�1

at a low current density of 40 mA g�1 for), although the capacity

retention of the LiV3O8-polypyrrole composite was found to be

good. LiV3O8 prepared using the spray-drying technique was
Fig. 10 Cycling stability of the LT350 electrode at various current

densities.
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reported to have a high discharge capacity, but it showed a more

rapid capacity fading (>2% per cycle) between 2.0 V and 3.7 V.25

It also demonstrated that our nanorod LiV3O8 performed better

than other nanorod LiV3O8 recently reported,10 which were

synthesized using a surfactant-assisted polymer precursor

method. The rods synthesized by Sakunthala et al.10 showed

good cycle stability and moderate specific discharge capacities of

230 mAh g�1, 180 mAh g�1,152 mAh g�1, and 75 mAh g�1 at

discharge current densities of 30 mA g�1, 120 mA g�1, 240 mA

g�1, and 740 mA g�1, respectively. Our nanorod LiV3O8 electrode

delivers a high initial discharge capacity of 250 mAh g�1 and still

retains a specific discharge capacity of 158 mAh g�1 after 100

cycles at a high current density of 1000 mA g�1. The superior

performance of the nanorods in our work is firstly due to the

much smaller rod diameters ranging from 30 to 150 nm when

compared to the almost 1 mm diameter of the samples reported

by Sakunthala et al. Furthermore, the staking defaults as

revealed by the TEM images also facilitate the electrolyte pene-

tration and electron transportation, thus would result in better

performance. To the best of our knowledge, this is also the best

rate performance ever reported for LiV3O8-based cathode

materials, which demonstrates that our nanorod LiV3O8 mate-

rial is a very promising cathode material for high-rate,

secondary-Li-battery applications.
4. Conclusions

We have demonstrated a novel, template-free, low-temperature

thermal co-decomposition method for fabricating a nanorod

LiV3O8 material. The morphology of the nanorods synthesized

at 350 �C is very uniform, exhibiting diameters ranging from 30

to 150 nm and lengths of several micrometres, as well as the

defects within the nanorods. Our nanostructured LiV3O8 elec-

trode also exhibits extremely high discharge capacity and excel-

lent capacity retention. A capacity of 320 mAh g�1 can be

achieved at 100 mA g�1 with only 0.23% capacity fading per

cycle. A specific discharge capacity of 158 mAh g�1 after 100

cycles can be obtained even at a high current density of 1 A g�1.

These results suggest that the as-synthesized LiV3O8 nanorods

are very promising as a cathode material for high-rate secondary

lithium batteries.
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