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Abstract: The density of states and band structures ofα2V2O5 and L i2intercalated V2O5 (L ixV2O5 , x = 0. 5 and

1. 0) have been studied using a first2p rincip les calculation based on density function theory with the local density

app roximation. The results indicate that V2O5 is an indirect2gap sem iconductor; the intercalation of L iwill not change

its way of electron transition. W hile, the intercalation of L i lowers the energy of conduction band, and then narrows

the band gap. A t the same time, due to the intercalation of L i, the sp lit2off in the conduction band of V2O5 disap2
pears because of the sp lit of conduction band. The Ferm i level of L ixV2O5 increases dramatically due to the electron

transfer from L i 2 s to the V2O5 host, which is p robably the main reason why the op tical band2gap augmentswith the L i

intercalation.
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1　 Introduction

Recently, a lot of studies have been focused on

the vanadium pentoxide (V2O5 ) , because it is a

kind of very important inorganic material. Due to its

special crystal and electronic structure, V2O5 has

been used widely as cathode material for intercala2
tion batteries

[ 1 ]
, oxidation catalyst in industry

[ 2 ]
, as

well as gas sensors and electrode for electrochrom ic

devices
[ 3～5 ]

. A s using in electrochrom ic devices,

V2 O5 can be intercalated and de2intercalated by L i

and thus could be defined as both a cathodically and

an anodically coloring materials[ 6～9 ] . Generally,

V2 O5 is yellow, but the color will change to green

and then blue with the intercalation of L i. During

the de2intercalation of L i, its color will reversibly

change back from blue to green and then yellow.

Experimental results have showed that the transm ission

in the near2ultraviolet region changes strongly and

the transm ission in the near2infrared region has a

slight variation with the increase of the amount of

intercalated lithium; while the op tical absorp tion

edge moves to the shorter wavelength
[ 6～10 ]

. It was

also found that the absorp tion tail in the low photonic

energy region increases with the intercalation of L i.

It has been considered that the intercalated L i will

donate its 2 s electron to the host, and leading to the

reduction of partial V5 + to V4 + [ 11 ] . The reaction can

be showed as:

V5 +
2 O5 + xe + xL i+ →L i+

x V4 +
x V5 +

1 - x O5 (1)

The reduced V4 + may p lay an important role in

increasing the absorp tion tail in the low photonic

energy region[ 12 ] . So far, the mechanism of change

of op tical p roperties of V2O5 due to the intercalation /

de2intercalation of L i is still not clear. L ittle work

has been done in the study of the influence on the
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op tical p roperties of V2 O5 with L i intercalation /de2
intercalation by theoretical calculation. It is well

known that the band2to2band transition of electron is

the most important part of op tical absorp tion in the

sem iconductors. There are two transition ways:

direct2gap and indirect2gap transition. Close to the

absorp tion edge, the absorp tion coefficientα ( hν)

and the energy of incident photon ( hν) can be

exp ressed as,

α( hν) = B ( hν - Eg ) m
/ hν (2)

where B is transition p robability, Eg is width of band

gap. For the direct2gap transition, m = 1 /2, and

m = 2 for the indirect2gap transition. Therefore, the

absorp tion coefficient has close relationship with the

band structures of sem iconductors. In p resent work,

we use a first2p rincip les calculation based on density

function theory (DFT) with the local density ap2
p roximation (LDA ) to calculate the density of states

(DOSs) and band structures ofα2V2 O5 and L i2inter2
calated V2 O5. The purpose of this study is to under2
stand, from theoretical view, the influence of inter2
calation of L i on the op tical p roperties of V2 O5.

2　Calculation and Crystal Structure

V ienna ab2in itio Simulation Package (VASP) ,

which has been well tested in solid2state physics
[13～15 ]

,

is used in our study. VASP is a comp lex package for

perform ing ab2in itio quantum2mechanical molecular

dynam ic simulations with p lane wave basis sets and

ultra2soft Vanderbilt p seudopotentials.

α2V2 O5 form s an orthorhombic ( Pmm n ) layer

crystal ( see Fig. 1 ) with the lattice constants of

a = 1. 151 0, b = 0. 356 3 and c = 0. 436 9 nm [ 16 ] .

The layers w ith norm al d irection a long [ 001 ] a re

Fig. 1　The layered structure ofα2V2O5.

Fig. 2　The five2fold co2ordination of V by O in V2O5 : one

double vanadyl bond oxygen O ( 1 ) , one bridging

oxygen O (2) , and three trip le bonding oxygens O (3).

composed of distorter VO6 octahedral ( see Fig. 2 )

sharing edges or corners. There are three different

oxygen atom s in V2 O5 : one vanadyl oxygen O ( 1) ,

one bridging oxygen O (2) , and three trip le bonding

oxygens O ( 3). The unit cell in this study contains

14 atom s, four vanadium and ten oxygen atom s.

3　Results and D iscussion

3. 1　The Electron ic Structures ofα2V2O5

The total energy of cell has been calculated

with varying lattice constants, and it exhibits a m i2
nimum at lattice constants of a =1. 149 7, b = 0. 357 5

and c = 0. 435 5 nm. It is only about 0. 3% relative

error comparing with those lattice constantsmeasured

from experimental study[ 16 ] . The good agreement

suggests that this theoretical calculation method is

suitable in this study.

The total DOSs, the partial DOSs of V and O ,

and the energy band structure of V2O5 are calculated

by using the op tim ized lattice constants.

The total DOSs ( Fig. 3) show that the electron

states mainly distribute in the two energy regions,

one is in - 5. 12～0 eV corresponding to the va2
lence band (VB ) and the other is in 1. 61～4. 03

eV where the conduction band ( CB ) appears. A

narrow sp lit2off with width of 0. 605 eV in CB is

found, which has also been reported in experimental

study
[ 10 ]

. Fig. 4 shows the partialDOSs of V and O.

It is obvious that the O 2p state mostly locates in the

VB and the CB is almost constructed by V 3d

orbital[ 17 ] . It is interesting to see that O ( 3 ) con2
tributes very little in the CB , and the contribution of
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Fig. 3　The total DOSs of V2O5.

Fig. 4　The DOSs of V 3d and O 2p in V2O5 ∶O (1) vanadyl

oxygen, O ( 2 ) bridging oxygen, and O ( 3 ) trip le

bonding oxygen.

Fig. 5　The band structure of V2O5.

O (1) in the CB locates in higher energy band than

that of O (2). These results suggest that different O

have different bonding p roperties with V.

The band structures ( Fig. 5) show that there is

a band gap of 1. 61 eV between the bottom of the CB

atΓ(0, 0, 0) point and the top of the VB at U (0,

π,π ) point, which indicates that the V2O5 is an

indirect2gap sem iconductor. The band gap is smaller

than the experimental results, which are usually

between 1. 90 and 2. 46 eV1 This is reasonable for

using LDA
[ 13 ]

.

3. 2　The Electron ic Structures of L i0. 5 V2 O5

W e introduce one L i atom on the line of vanadyl

oxygen and vanadium without changing the lattice

constants of V2O5
[18 ]

as shown in Fig. 6. The chemical

formulation thus can be written as L i0. 5 V2 O5.

Fig. 6　The location of L i in the cell of V2O5.

During the calculation L i is relaxed along c

axis. W hen the total energy of the system reaches a

m inimum, the location of L i shifts a little bit to

vanadyl O ion. Then, the DOSs and the band struc2
tures of L i0. 5V2 O5 have been calculated. Fig. 7 shows

the comparison of the total DOSs of L i0. 5 V2 O5 and

V2 O5. It is obvious to notice that the narrow sp lit2off

in the CB of V2 O5 disappears in that of L i0. 5 V2 O5.

The width of VB region of L i0. 5 V2 O5 is - 6. 17～0

eV, which is about 1. 02 eV wider than that of

V2 O5. CB moves to the higher energy compared with

that of V 3d in V2 O5 ; while the DOSs of VB 3d

in CB.

Fig. 7 　 The comparison of the total DOSs of V2O5 and

L i0. 5V2O5.

Fig. 8 disp lays the DOSs of V 3d states. The

locations of VA and VB are indicated in Fig. 6. There

are strong differences between the DOSs of VA 3d

and VB 3d states due to the different influences from

intercalated L i. The DOSs m inimum of VA 3d in the
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Fig. 8　The DOSs of V: ( a) the V of V2O5 ; ( b) VA and

( c) VB of L i0. 5V2O5 as shown in Fig. 6.

CB moves to the higher energy compared with that of

V 3d in V2 O5 ; while the DOSs of VB 3d in CB shifts

to lower energy. The DOSs of VA 3d in the VB be2
comes broader and moves to lower energy, at the

same time, it decreases in the higher energy region

of VB. The CB of VB 3d does not show obvious

change, excep t for a little bit broadening. Fig. 9

shows that, compared with these of O in V2O5 , the

DOSs of the nearest vanadyl oxygen OA 2p also shifts

to lower energy and increases in higher energy region

in the VB due to the effect of intercalated L i. Corre2
spondingly, little influence is found for OB 2p state,

which is farer away from the intercalated L i atom.

Experimental data have reported that the intercalated

L i will transfer its 2 s electron to V ion and then

leads to the reduction of V
5 +

to V
4 + [ 11 ]

. The strong

effects on the DOSs of VA 3d and OA 2p found in our

calculation results somewhat support the experi2
mental data.

Fig. 9　The DOSs of O ( 1) 2p: ( a) the O ( 1) of V2O5 ,

( b) OA and ( c) OB of L i0. 5V2O5 as shown in Fig. 6.

　　Fig. 10 shows the band structures and Ferm i

levels ( EF ) of V2 O5 and L i0. 5 V2O5. The band2gap

of L i0. 5 V2 O5 is about 1. 33 eV , which is about

0. 231 eV smaller than that of V2 O5. Since the

bottom of CB and the top of VB still locate onΓ(0,

0, 0) and U (0,π,π ) respectively, the p roperties

of electron transition of L i0. 5 V2 O5 do not change.

The band structures also suggest that there is not any

impurity level caused by intercalated L i, but the

symmetrical characteristic of system is reduced. The

energy bands that are degenerated sp lit off move to

the low energy region. The intercalation of L i lowers

the energy of conduction band and narrows the band

gap. But why dose the op tical absorp tion edge move

to the shorter wave with L i intercalation as reported

by experimental measurements
[ 10 ]

? During the cal2
culation, we found that the Ferm i level of L i0. 5V2 O5

increases to 1. 85 eV owing to the electron transfer

from L i 2 s to the V2 O5 host, which already locates in

the CB region and is about 0. 52 eV higher than the

bottom of CB. A s it is known that the energy bands

below the Ferm i level would be filled up by elec2
trons, so the electron from VB only can transfer to

CB above the Ferm i level, which practically increases

the op tical band2gap because of the intercalation of

L i. This m ight be the main reason why the absorp2
tion edge moves to shorter wave after the intercala2
tion of L i p roved by the experimental measurements.

Fig. 10　The band structures of V2O5 and L i0. 5V2O5.

3. 3　The Electron ic Structures of L iV2O5

U sing the same model, we continue to intro2
duce another L i into the L i0. 5 V2O5 cell. The location

of L i is close to OB atom in Fig. 6. The chem ical for2
mulation is thus L iV2 O5 , its band structure com2
pared with V2 O5 and L i0. 5 V2 O5 , and the EF is shown

in Fig. 11.
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Fig. 11　The band structures of L i0. 5V2O5 and L iV2O5.

The band2gap of L iV2 O5 is about 0. 24 eV nar2
rower than that of V2O5. The broadening of VB is

more evident, but the bands on the bottom of CB de2
generate again, and make the band2gap of L iV2 O5 a

little larger than that of L i0. 5 V2 O5. More amount of

L i intercalation still does not change the positions of

the bottom of CB and the top of VB. In addition,

the Ferm i level increases to 1. 91 eV , which is about

0. 06 eV higher than that of L i0. 5 V2 O5 and 0. 52 eV

higher than the bottom of CB. Therefore, it makes

the op tical band2gap ever bigger. This result agrees

well with that the op tical absorp tion edge move to the

shorter wave with the more amount of L i inter2
calation.

4　Conclusion

By using DFT calculation with LDA , the equi2
librium lattice constants, DOSs and energy band

structures of V2 O5 , L i0. 5 V2 O5 and L iV2 O5 have been

investigated. W e found that the electron transfer

p roperty of V2 O5 , which is indirect band gap, does

not change with the increase intercalation amount of

L i, but the Ferm i level of host increases with the

increase amount of intercalated L i. That m ight be

the main reason for the op tical absorp tion edge of

L i0. 5 V2 O5 and L iV2 O5 moving to the shorter wave

region, as the electron can only transfer from VB to

CB above the Ferm i level.
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L i嵌入对 V2 O5 电子结构及光学性质的影响

李志阳 , 周昌杰 , 林　伟 , 吴启辉 3 , 康俊勇
(厦门大学 物理系 /半导体光子学研究中心 , 福建 厦门　361005)

摘要 : 采用第一性原理局域密度近似法计算了 V2O5 的电子态密度和能带结构以及 L i嵌入后对其电子结构

和光学性质的影响。计算结果表明 , V2O5 是间接带隙半导体 , L i的嵌入并没有改变其电子的跃迁方式。但 L i

的嵌入使得 V2O5 导带能量下移 ,禁带宽度减小 ,导带中原有的劈裂被分裂的能级填满 ;同时致使价带出现展

宽。电子态密度计算结果表明 L i的嵌入对临近的 O和 V的电子结构有较大的影响。L i 2 s电子的注入提高

了 V2O5 的费米能级并导致其进入导带。由于价带中的电子只能跃迁到费米能级以上的导带空能级 ,这致使

体系实际的光学带隙增大。同时随着 L i注入量的进一步增加 ,价带的展宽更为明显 ,费米能级亦呈升高的趋

势 ,使得光学带隙随着 L i注入量的增加而增大。

关 　键 　词 : 第一性原理 ; V2O5 ; L i嵌入 ; 电子结构 ; 光学性质
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