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The structural evolution and the temperature ranges of stabil-
ity for the d, e, and c phases of the lithium vanadium oxide bronze
LiV2O5 are evidenced by use of synchrotron X-ray powder dif-
fraction in the temperature range 100+2503C. It is shown that d-
LiV2O5 is stable below 1203C and that the complete transforma-
tion to the high temperature form c-LiV2O5 is achieved above
2203C. In the temperature range 120+2203C e-LiV2O5 is the
stable polymorph. The temperature dependence of the cell para-
meters for the phase d- and c-LiV2O5 are measured and the
crystal structure of e-LiV2O5 has been determined using the
Rietveld method. It crystallizes in the orthorhombic system and
at 1403C the cell parameters are a 5 11.3552(6) A_ , b 5
3.5732(2) A_ , and c 5 4.6548(3) A_ . Arguments supporting the
choice of the space group Pmmn, as for another bronze a@
NaV2O5, are given. ( 1999 Academic Press

INTRODUCTION

The suitability of the V
2
O

5
structure for insertion reac-

tions was recognized in the sixties when vanadium bronzes
were intensively studied. In particular, a lot of work was
devoted to the Li

x
V
2
O

5
system due to the possible applica-

tion as positive electrode materials for secondary batteries.
More recently the room temperature phase diagram of
Li

x
V
2
O

5
for 04x41 was reported by Murphy et al. (1)

and Dickens et al. (2). Three single-phase regions were
identi"ed: a Li

x
V
2
O

5
for 0(x(0.13, e Li

x
V
2
O

5
for

0.32(x(0.80, and d Li
x
V
2
O

5
for 0.88(x(1.00. Re-

cently, it has been shown that the e range is not single-
phased (3}5), but is composed of two kinds of incommensur-
ately modulated structures called e1 for 0.324x40.55 and
e2 for 0.554x40.80 (4). Furthermore a structural model
has been proposed for the incommensurate phase e1
Li

x
V
2
O

5
with x"0.4; the perturbation of the periodic

structure is a result of an incommensurate ordering of the
Li` ions (6).
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This study is focused on the highest value of x, corre-
sponding to the d Li

x
V
2
O

5
phase, i.e, x"1. The structure of

d LiV
2
O

5
determined by powder neutron di!raction tech-

niques by Cava et al. (7) and recently re"ned from X-ray
powder di!raction data by Rietveld analysis (8) shows an
atomic arrangement with [V

2
O

5
]
n
single layers alternatively

shifted by a/2 along the [100] direction (space group Cmcm).
The aim of this paper is to describe the structural evolution
of d LiV

2
O

5
upon heating. For this purpose, we performed

synchrotron X-ray powder di!raction analysis of the
dPePc LiV

2
O

5
phase transitions, c LiV

2
O

5
being the

high temperature form (9). In addition to the evolution of
the lattice parameter for the di!erent phases we report
a structure re"nement of the high lithium containing e phase
formed. Deramond (10) recorded powder X-ray di!raction
patterns after heating d LiV

2
O

5
under vacuum, but did not

obtain pure e LiV
2
O

5
; the c phase appeared after a thermal

treatment at a temperature as low as 1103C. The present
work allows us to propose a description of the phase dia-
gram of this interesting class of compounds.

EXPERIMENTAL

d Li
x
V
2
O

5
, with 0.954x41, was prepared by soft chem-

istry, V
2
O

5
being reduced with the appropriate amount of

lithium iodide in acetonitrile. The resulting mixture was
stirred for 24 h at room temperature under argon. The color
of the powder changed from orange to dark blue. The
compound isolated by "ltration was washed under argon
with "rst acetonitrile and then acetone and "nally dried
under vacuum for 24 h.

Synchrotron radiation powder di!raction data were col-
lected on the beam line BM 16 of the European Synchrotron
Radiation Facility (ESRF) situated in Grenoble. The pow-
der was sealed in a 1 mm diameter borosilicate glass capil-
lary mounted on a spinning holder on the axis of the
di!ractometer in order to minimize the e!ect of preferred
orientation. Data were collected using a Si(111) mono-
chromator and the detector consisted of a nine-channel
0022-4596/99 $30.00
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multianalyser stage (Ge(111)) with a separation of two de-
grees between each channel. The channel counts were sum-
med up and rebinned, taking into account the di!erent
detector e$ciencies and the decay of the beam current
during the scan, to produce the equivalent normalized step
scan. The capillaries were heated up by a stream of hot air.
Three kinds of measurement were performed at
a wavelength of 0.64667 A_ : (i) a study of the phase trans-
formations dPePc with increasing temperature, (ii) a pre-
cise recording of the di!ractogram of the e LiV

2
O

5
phase at

1403C, and (iii) dynamic measurements with a temperature
ramp of 0.53C/min applied to the sample from 100 to 2403C.
The acquisition time was 3 min per pattern with a dead time
of 7 min between two successive measurements. This en-
abled the recording of di!ractogram over 233 in 2h every
53C with a temperature variation of only 1.53C during each
measurement. The detector assembly was scanned from 5 to
233 in 2h at 0.833/min. For the static measurement, data
were collected in a number of successive scans between
5 and 503 in 2h at a rate of 0.253/min. The number of scans
was increased between 30 and 503 in 2h in order to improve
the statistics and compensate for the normal fall-o! of the
scattering power at higher angles. The recording conditions
are summarized in Table 1.
TABLE 1
Experimental Conditions for the Structural Determination

of e LiV2O5

Data collection
Beam line BM 16
Instrument geometry Transmission
Monochromator Si(1 1 1)
Detector nine-channel multianalyser stage

(Ge(1 1 1))
Wavelength (As ) 0.64667
2h range (3) 5}50
Scan rate 0.253 2h/min
(sin h)/jmax (As ~1) 0.65
Maximum counts 37500
Average background 400
Temperture (3C) 140 (2)

Re"nement
Re"nement on weighting scheme S"+wi(>Oi!>Ci)2

w"1/p2(I)
Analytical function for pro"le Pseudo-Voigt
Asymmetry correction 4 parameters
Absorption correction (kR) 0.8

R-factors Rwp"S
+wi(>oi!>ci)2

+wi(>oi)2
RBragg"

+DIo!IcD
+Io

Rexp"S
(No!P)

+wi(>oi)2
Computer program XND 1.12 (BeH rar)
RESULTS

The structural evolutions of the X-ray powder patterns of
d LiV

2
O

5
on heating are summarized in Fig. 1. For clarity,

the main peaks of the d, e, and c phases are indexed. As can
be seen, the starting compound consists mainly of the
d phase and a small amount of e Li

x
V
2
O

5
. The temperature

evolution of the intensity of the main peak of each phase is
presented in Fig. 2. This allows identi"cation of the temper-
ature range where the phases are stable upon heating. The
transformation dPe begins around 1103C and ends at
around 1303C. The ePc transformation takes place be-
tween 175 and 2203C and it is necessary to heat above
2353C to obtain a complete transformation of e into
c Li

x
V
2
O

5
. Once formed, c Li

x
V
2
O

5
is stable. The unit cell

parameters of the three phases were least squares re"ned
and the results are reported in Fig. 3. The cell parameters of
the starting and the "nal compounds, d Li

x
V
2
O

5
(space

group Amam) and c Li
x
V
2
O

5
(space group Pnma) are, re-

spectively, ad"11.2577(7) A_ , bd"3.6061(3) A_ , and cd"

9.942(1) A_ at 1003C and ac"10.714(3) A_ , bc"

3.615(1) A_ , and cc"9.727(2) A_ at 2203C. The cell parameter
evolution clearly shows the temperature range where the
e phase is stable and the two phase regions. It is worth
mentioning that in these regions the two phases are simulta-
neously present in the same particle and that their cell
parameters have to adjust. This is highlighted by the notice-
able change of slope of the cell parameter evolutions and the
e.s.d.'s increase relative to at least the parameters of the
minority phase. It is clear that kinetics play a major role in
these tranformations and that a slower heating rate could
decrease the temperature range for the two phase regions.

STRUCTURAL DESCRIPTION OF e LiV2O5

The Rietveld structural determination of e at 1403C from
powder X-ray data for 1 Li per V

2
O

5
has been performed

using the XND program (12). The observed and di!erence
pro"les are plotted in Fig. 4. The lattice parameters are
a"11.3552(6) A_ , b"3.5732(2) A_ , and c"4.6548(3) A_ . The
structure of e LiV

2
O

5
at 1403C is closely related to that of

V
2
O

5
(13). It is formed by layers built of VO

5
pyramids

sharing edges along [010] and corners along [100], the
layers being stacked along [001]. Lithium ions intercalation
in V

2
O

5
leads to the increase of the c parameter and the

decrease of a as a result of the puckering e!ect. The possibil-
ity of a monoclinic distortion, occurring in the e2 phase, has
been tested, but we did not observe any splitting or widen-
ing of the peaks concerned. Therefore, three orthorhombic
space groups have been considered, Pmmn, P2

1
mn and

Pm2
1
n. The comparison of the agreement factors and the

number of parameters used in the re"nement are given in
Table 2 for each space group. For the Pmmn and Pm2

1
n

space groups there is only one crystallographic site for



FIG. 1. X-ray powder patterns evolution of LiV
2
O

5
versus temperature (representation using the program Relief (11)).
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vanadium whereas for the P2
1
mn space group, the sup-

pression of the mirror plane normal to a leads to the
di!erentiation of two crystallographic sites for the
vanadium atoms which could permit a separation of
V4` and V5`. The comparison of the "nal atomic para-
meters for the two most plausible space groups Pmmn and
P2

1
mn are presented in Table 3. The vanadium atoms, in

both cases, are located in a square pyramid (SP). The in-
teratomic distances are reported in Table 4. The value of the
average V}O distance in the Pmmn space group is 1.85 A_ ;
the same mean value is obtained in the case of d LiV

2
O

5

FIG. 2. Intensity variation of the main peak of the phases d, e, and
c LiV

2
O

5
.

where no electronic localization occurs (8). In the case of the
space group P2

1
mn the average V}O distances are 1.904 and

1.802 A_ , in agreement with, respectively, [V4`O
5
] and

[V5`O
5
] square pyramids of widely di!erent sizes (8). How-

ever, it is worth mentioning that this di!erentiation could be
the result of an artefact of the re"nement as it has already
been observed in the case of a similar compound a@ NaV

2
O

5
(14) where recent results indicate that the space group was in
fact the centrosymmetric Pmmn (15) as for the a Li

x
V
2
O

5
structure type phase (16). In addition, taking into account
the higher number of parameters, the slightly lower R values
obtained in the noncentrosymmetric space group lead us to
assume that this structure is probably centrosymmetric. The
Li atom is surrounded by eight oxygen atoms forming
a distorted bicaped trigonal prism. This is the same environ-
ment encountered for Na in a@ NaV

2
O

5
; the smaller ionic

radius of Li leads to a decrease of the c parameter (4.655 A_
compared to 4.797 A_ in a@ NaV

2
O

5
) and a higher puckering

angle of the vanadium-oxygen layer (puckering angle
k"7.13 for e LiV

2
O

5
and k"3.23 for a@ NaV

2
O

5
).

DISCUSSION AND CONCLUSION

To our knowledge the dPe and ePc transitions have
never been clearly identi"ed in Li

x
V
2
O

5
for x close to 1. The

Li
x
V
2
O

5
system has been thouroughly reinvestigated by

Rozier et al. (5). In the 04x41 composition range, they
showed that the homogeneity domain of the e phase corres-



FIG. 3. Unit cell parameters evolution of the phases d, e, and c LiV
2
O

5
versus temperature (for clarity c/2 is plotted for the phases d and c LiV

2
O

5
).

The estimated standard deviations are reported by bars.

TABLE 2
Comparison of the Agreement Factors and the Number of

Parameters for the Space Groups Pmmn, Pm21n, and P21mn for
e LiV2O5 (T 5 1403C)

Pmmn Pm2
1
n P2

1
mn

Rwp% 8.98 8.91 8.89
R

B3!''
(%) 5.18 4.96 4.71

R
%91

(%) 2.6 2.6 2.6
Structural parameters 13 17 21
Total parameters 46 50 54

TABLE 3
Comparison of the Final Atomic Parameters in the Space

Groups Pmmn and P21mn for e LiV2O5 (T51403C)

Space group Pmmn P2
1
mn

V1 V1 V2
x 0.4002(1) 0.5999(1) 0.4004(1)
y 1/4 3/4 1/4
z !0.1068(2) 0.1131(8) !0.1002(8)
Biso (As 2) 0.76(2) 0.75(2) 0.75(2)

O1 O1 O2
x 0.1193(3) 0.621(1) 0.383(1)
y 1/4 3/4 1/4
z 0.5510(7) 0.466(3) !0.432(3)
Biso (As 2) 2.39(9) 2.3(1) 2.3(1)

O2 O4 O5
x 0.5733(3) 0.424(1) 0.571(1)
y 1/4 3/4 1/4
z !0.0221(6) 0.000(2) !0.445(2)
Biso (As 2) 0.83(8) 0.49(8) 0.49(8)

O3 O3
x 1/4 0.254(2)
y 1/4 1/4
z 0.0293(9) 0.0285(9)
Biso (As 2) 1.0(1) 0.8(1)

Li Li
x 1/4 0.218(2)
y 3/4 3/4
z 0.284(5) 0.280(4)
Biso (As 2) 6.7(8) 4.1(7)
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ponds in fact to two successive phases, e1 and e2, both with
lithium intercalating into V

2
O

5
type structure with orthor-

hombic and monoclinic symmetries, respectively, and both
incommensurate. This fact was clearly established from the
evolution of the cell parameter a versus the lithium content
x (Fig. 5a), by a change in slope around x"0.55. Interest-
ingly, placing on this curve the values of a (d LiV

2
O

5
) and

a (e LiV
2
O

5
) found in this study, we observe that a (e

LiV
2
O

5
) lies on the straight line corresponding to the evolu-

tion of the cell parameter of a (e1 Li
x
V
2
O

5
) which means

that the e phase described in this work is of the e1 type.
However, it is di$cult to compare our structural results in
the absence of a precise structural determination of the
incommensurate phases e1 Li
x
V
2
O

5
. We can only conclude

that the basic structure is retained. Looking at the interlayer
distance c (Fig. 5b), c (e LiV

2
O

5
) lies again on the straight

line corresponding to c (e1 and e2 Li
x
V
2
O

5
) 0.34x40.65,

c/2 of d LiV
2
O

5
being much bigger. Such a variation means

that e2 can be seen as the early beginning of the phase
transformation from e to d LiV

2
O

5
. The fact that a (d

LiV
2
O

5
) lies on the line corresponding to a (e2 Li

x
V
2
O

5
)

con"rms this observation. These cell parameter evolutions



FIG. 4. Observed and di!erence X-ray powder pattern of e LiV
2
O

5
at 1403C. Space group Pmmn.

FIG. 5. Room temperture evolution of the a (a) and c (b) parameters of
the e phase as a function of the lithium content x from Ref. (5). The square
are the values of a and c obtained in this work for e LiV

2
O

5
at 1403C and

for d LiV
2
O

5
at room temperature.
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are related to the structural modi"cations taking place when
the lithium content and/or the temperature increases. Fig-
ure 6 sketches the idealized projection of the structures d, e,
and c viewed down the b-axis. At room temperature, in-
creasing the lithium content from x"0.3 up to a limit of
x close to 0.7 leads to a decrease of a (a"11.358 A_ ) which
corresponds to the maximum of puckering for an e type
structure. Then to accomodate a higher lithium content,
a displacement of b/2 of the vanadium-oxygen layer occurs
leading to an interlayer distance of 4.958 A_ for d LiV

2
O

5
. It

is worth mentioning that the lithium oxygen coordinating
polyhedron changes from a trigonal prism to a tetrahedron
during this transformation. Heating d LiV

2
O

5
leads to the
TABLE 4
Selected Interatomic Distances in Pmmn and P21mn

Space Groups

Space group Pmmn P2
1
mn

V}O1 1.608(3) V1}O1 1.661(15) V2}O2 1.558(16)
O2(]2) 1.909(1) O5(]2) 1.960(5) O4(]2) 1.865(4)
O2 2.005(4) O4 2.070(15) O5 1.955(14)
O3 1.819(2) O3 1.869(26) O3 1.767(26)

Mean SV}OT 1.850 1.904 1.802

Li}O1(]4) 2.634(11) Li}O1(]2) 2.408(18)
O2(]2) 2.348(13) O2(]2) 2.914(21)
O3(]2) 2.144(13) O4 2.674(25)

O5 1.998(24)
O3(]2) 2.176(13)



FIG. 6. Idealized projection of the d, e, and c LiV
2
O

5
structures viewed down the b-axis. For comparison, d LiV

2
O

5
is described in the

nonconventional space group Amam.
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opposite transformation (dPe) with the reverse b/2 shift of
the vanadium-oxygen layer. Concerning the ePc trans-
formation mechanism, it occurs at 2203C and can be ex-
plained by a structural mechanism already reported by Galy
(17) which involves rotation of blocks of two square pyr-
amids in order to accommodate the high value of the
puckering angle observed in this structure (k"623). As
a result of this transformation the lithium atom is octahed-
rally coordinated by oxygen atoms.

Synchrotron X-ray powder experiments carried out at
di!erent temperatures show the existence of the dPePc
LiV

2
O

5
transition and allow determination of the temper-

ature range where the e phase is stable: 130}1753C. A struc-
tural determination of the pure e phase obtained at 1403C
shows that this compound displays the e1 Li

x
V
2
O

5
basic

framework and that it is in fact isostructural with a@
NaV

2
O

5
.
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