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A b s t r a c t  

The 6-phase of LiV2Os has been identified as an excellent candidate material for the positive electrode m a lithmm-ion battery. Transmission 
electron microscopy (TEM) has shown, on the atomic level, that no major chemical bond breakage or basic structural changes occur during 
the lithiation of V20 ~ through the formation of the 6-phase. The stability of the crystal lamce during lithiation is expected to lead to a secondary 
battery with a long cycle life and the performance characteristics of the lithium vanadium pentoxide in primary cells. These characteristics 
include its excellent ability to be discharged at relatively high rates and high temperature stability. © 1997 Elsevier Science S.A. 
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1. I n t r o d u c t i o n  

Vanadium pentoxide was identified in the 1960s as a useful 
positive electrode material for lithium electrochemical cells. 
Over the last three decades vanadium pentoxide has been 
studied extensively in the USA, Japan, France, and other 
countries as a useful positive electrode material for lithium 
batteries. An Li / V205 rechargeable battery was patented ( U S  

P a t e n t  No .  3 9 2 9 5 0 4 )  in 1975. 
In practice, Li /V205 secondary cells never found signifi- 

cant commercial use because of poor cycle life and safety 
issues, both associated with the poor cycling characteristics 
of lithium metal. 

The advent of lithium-ion technology in the early 1990s 
resolved the issue of lithium metal cycling at meaningful rates 
by incorporating lithium into carbons. Our ongoing work in 
this area indicates that suitable carbons are now available that 
can be cycled numerous times between appropriate voltage 
limits with minimal capacity loss and no observable dendritic 
growth. Once the problems associated with cycling of the 
negative electrode were resolved, attention was given to the 
identification of positive electrode materials. In principle, 
lithium-ion cell positives are made using a lithiated (dis- 
charged) form of the active material, in this case Li,V2Os. 
For best results one needs to determine the optimum x value 
and the method for making the lithiated material. Experimen- 
tal results and a review of the literature indicate that room 
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temperature synthesis of LiV,Os, where x =  1, is most 
desirable. 

Experimently, the behavior of  the open-circuit  voltage ver- 
sus depth-of-discharge (Fig. 1) indicates the formation of 
two new solid phases when up to 1 F of  lithium is inserted 
into the V205 positive electrode. An additional plateau at a 
significantly lower voltage is observed when x > 1. 

The phase diagram [ 1 ] explains the observed plateaus in 
Fig. 1, assuming that room temperature phases are formed 
during discharge. Such an assumption is supported by the 
work by Cava et al. [2].  Furthermore, the work by Cava et 
al. indicates that during discharge, up to x = 1, the basic lay- 
ered structure of  V205 is maintained up to and including the 
,5-phase. The retention of  the layered structure from x = 0 to 
x = 1 over a wide temperature range should allow for com- 
plete electrochemical reversibility, that is, regeneration of  the 
original c~-V205 structure upon charge within proper voltage 
limits. 
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Fig. 1. Open-circuit voltage ofa LIV2Os cell vs. depth-of-discharge. 
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Such is not the case when x > 1 and, as experimental work 
in Li/V2Os secondary cells indicates, the cycling perform- 
ance of electrodes that have been discharged beyond x = 1 
shows significant fading [3], This degradation is probably 
associated with Cava's report [2] that when cells are dis- 
charged to x >  1 a new potential plateau appears at about 2.4 
V, associated with a new phase of a different basic structure, 
( y-LiV20 ~). which is structurally irreversible. 

On reviewing this information it appears that &LiV205 
would be the most desirable material for a lithium-ion cell 
and we set out to prepare the material both electrochemically 
and chemically. 

2. Experimental 

6-LiV2Os was prepared electrochemically by passing cur- 
rent through a vanadium pentoxide electrode in a reactor cell. 
The negative electrode of the reactor cell was lithium metal 
and the solution was a stable, lithium-ion conducting, non- 
aqueous, electrolytic solution compatible with lithium metal 
and V205. The voltage of the reaction was not allowed to fall 
below 2.8 V, to avoid the formation of lithiated vanadium 
pentoxide phases that are thought to be less reversible than 
those formed above 2.8 V. After reaching 2.8 V the LiV205 
formed in this manner was removed from its current collector, 
washed, and dried. 

6-LiV205 was also prepared chemically using LiI accord- 
ing to the method described by Murphy et al. [4]. 

3. Results and discussion 

Both materials were analyzed by X-ray powder diffraction 
and found to be identical with the g-form of LiV205 previ- 
ously reported. 

The &materials, prepared electrochemically as well as 
chemically, and the V2Os from which they were made were 
submitted to Michigan Technological University for analysis 
by transmission electron microscopy (TEM). Figs. 2 and 3 
show the TEM pictures for V205 and chemically prepared 
LiV_,Os, respectively, magnified × 6.5 × 10 ~. The TEM study 
of the Tracor samples reveals [6] planar facets on the o~- 
phase powders that are parallel to the c~(001 )-planes and 
remain planar (luring lithiation: thus, it is possible to use this 
feature to observe the relevant changes in the planes with 
specific orientation relationships with respect to the planar 
facets. 

The lithiation-induced expansion of the lattice spacing for 
the planes parallel to the planar facets can be directly related 
to the crystal structures proposed for the V,Os c~- and 8- 
phases. The symmetry and interplanar spacings indicated by 
the high resolution images and the corresponding convergent 
beam electron-diffraction patterns are consistent with the pla- 
nar facets of the V20~ being parallel to the (001) crystallo- 
graphic planes• This indexing is based on the results of 
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Fig. 2. Transmission electron microscopy picture of V2Os ( × 6.5 × 10 ~' ). 
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Fig. 3. Transmission electron microscopy picture of LiV20~ ( × 6 5 × 10 ~' ) 

Enjalbert and Galy [ 5 ]. Upon chemical lithiation, X-ray dif- 
fraction shows that the &phase has been produced. TEM 
analysis of the &phase reveals that the lattice spacing of the 
planes parallel to the facets, observed by direct lattice imaging 
and convergent beam electron diffraction, expands from 
~4.4 to ~ 4.9 ,~. This lattice spacing corresponds to the 
spacing of the (010) planes based on the crystallographic 
indexing proposed by Murphy et al. [4]. 

Based on the observed lithiation behavior of the lattice 
planes parallel to the crystallite facets, it is proposed that the 
( 010 ) &phase planes are topotactic with the ( 001 ) planes of 
the V205. The lattice images show that lhe transition from the 
c~-phase to the &phase during chemical lithiation occurs with- 
out large changes in crystallite size and morphology. The 
TEM result~ clearly reveal directly that, for this orientation, 
there is only a small expansion along the c-axis when the 8- 
phase is formed and that there is no disruption to the lattice 
structure. This is believed to be the first direct demonstration 
of this aspect of atomic level structural beha,~ior of vanadium 
pentoxide (or any other oxide) during lithiation, according 
to Hackney [7]. Convergent beam electron diffraction 
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Charge Rest Dtscharge 

mAH ~n mAH out 
Cycle #1 37.90 37.90 

Cycle #2 37.86 37 48 

Cycle #3 37 44 36,90 

Electrodes 
Negattve LJ metal 
Positive: ~-LiV205 (unoptlmlzed) 

Electrode Area: 6 cm 2 

Eleetrolyle" 1M LiAsFc'propylene carbonate 

Charge Current. 0.25 mA/cm 2 

Dtscharge Current 0.50 mA/cm 2 
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Fig 4 Initial charge/discharge cycles for a cell having a 6-LIVzO~ posiUve electrode 
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( CBED ) photographs of the material are shown on the TEM 
photographs to provide additional information on the lattice 
structure. 

Testing has been initiated in laboratory ceils containing 
both chemically prepared and electrochemically prepared ~5- 
LiV2Os. The initial cycles have provided identical perform- 
ance data for the 6-LiV~O5 made by either the chemical or 
electrochemical method. The first three cycles from such tests 
are shown in Fig. 4. 

4. Conclusions 

It has been reported in the literature that cell reversibility 
is optimized when no chemical bonds are broken during dis- 
charge, that is, where ternary phases are formed by an inter- 
calation reaction [8], The cycling behavior of VzO5 up to 
LiV20~ meets this criterion. Consequently, ~-LiV2Os should 
be an ideal material to provide long cell cycle life in lithiumi- 
ion batteries. Furthermore, the excellent high temperature 
thermodynamic stability (up to 75 °C) and high rate capa- 

bility of this material have been well documented in the 
literature [ 3 ]. 

It has been demonstrated that other battery systems can 
give higher single cell voltages and higher energy densities 
for a significant number of cycles, but when long cycle life, 
power density, or high temperature stability are important, a 
cell using 6-LiV205 may be the best choice. 
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