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a b s t r a c t

The structural behaviour of the sol–gel chromium–vanadium mixed oxide Cr0.11V2O5.16 is investigated
as electrochemical lithium insertion proceeds. Electrochemically reduced electrodes are examined by
XRD over the large Li composition range 0 < x ≤ 2 in LixCr0.11V2O5.16. New fingerprints of lithiated phases
are obtained in comparison with available data in the Li–V2O5 system. It is shown that lithiation pro-
duces an �-related phase over a wide composition range 0.18 ≤ x ≤ 2 whose interlayer distance linearly
eywords:
hromium–vanadium mixed oxide
echargeable cathode
i batteries
ingle phase behaviour

increases with x which strongly contrasts with the successive appearance of the (�/�), (�/�), and (�/�)
wide biphasic regions for the LixV2O5 system. The existence of shorts chains of CrO6 octahedra perpen-
dicular to V2O5 layers increases the three-dimensional character of the host lattice impeding then too
strong deformations to occur. These limited structural changes resulting in a single phase behaviour are
discussed in relation with the original and promising electrochemical properties of the sol–gel mixed

oxide Cr0.11V2O5.16.

. Introduction

While V2O5 was one of the earliest oxides studied as lithium
ntercalation compounds [1], vanadium pentoxide is still the objec-
ive of many works as positive electrode material in secondary
ithium batteries. Its open structure (orthorhombic symmetry)
ombined with a theoretical high specific capacity of 450 mAh g−1

as prompted a great effort to consider closely related forms like
2O5 xerogel [2,3] and high surface area aerogels [4,5] either to
odify the discharge–charge profile, or to enhance the lithium

nsertion capacity and to improve the rate capability. Nanosizing
ffect has been also evaluated by many groups to optimize the
lectrochemical properties especially by shortening the lithium
iffusion pathway [6–8]. Another way can be applied by using
erivative forms of the orthorhombic V2O5. For instance, diva-

ent cations were incorporated in the V2O5 framework to give
0.16V2O5 mixed oxides with M = Ni2+, Cu2+, Co2+ [9,10] and Ba2+

11] respectively prepared by a solution technique and a sol–gel
rocess. These cathode materials were evaluated without any

mprovement in comparison with that known for the V2O5 par-
nt oxide. Ten years ago, our group reported the sol–gel chemistry

ffers a new approach to get new orthorhombic M0.11V2O5.16 mixed
xides where M is a trivalent metallic ion (M = Al3+, Fe3+, Cr3+)
12–14] with a structure very close to that of the parent oxide but
haracterized by original and improved electrochemical properties.

∗ Corresponding author. Tel.: +33 1 49 78 12 79; fax: +33 1 49 78 11 95.
E-mail address: pereira@icmpe.cnrs.fr (J.P. Pereira-Ramos).
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© 2010 Elsevier B.V. All rights reserved.

Among them, the chromium–vanadium mixed oxide was reported
to be the most attractive electrode material with a specific capacity
of 260 mAh g−1 stable over 20 cycles at C/10 in the 3.8–2 V potential
range. This corresponds to a gain in the range 10–15% in com-
parison with the pristine oxide. However the most striking result
consisted in the significant modification of the discharge–charge
profile compared to that of the V2O5 parent oxide. In fact, the
voltage–composition curve of V2O5 is well-known to account for
the LixV2O5 phase diagram reported in [15–18]. Depending on
the amount of Li ions (x) intercalated in V2O5 according to the
electrochemical reaction: V2O5 + x + xLi+ ⇔ LixV2O5, several struc-
tural modifications take place for the bulk material. The �-, �-,
and �-LixV2O5 phases were identified from the above reaction
in the 0 < x ≤ 1 composition range. The �-LixV2O5 phase occurs
with x < 0.1. The �-LixV2O5 phase exists in the range 0.3 < x < 0.7
and the �-LixV2O5 phase appears with x between 0.9 and 1. The
lithium content corresponding to the limiting composition of the
three solid solutions differs slightly from one report to another.
All these phase transitions are fully reversible in this composition
range and the structure of the pristine V2O5 phase is recovered
upon deintercalation. But, if more than 1 lithium ion is accommo-
dated, then significant permanent structural changes occur giving
the � phase leading to a new metastable �′ variety of V2O5 after
Li deintercalation [17,18]. The voltage plateaus at 3.4 V, 3.2 V and

2.3 V of the equilibrium potential curve E vs. x are ascribed to
the successive (�/�), (�/�), and (�/�) biphasic regions respectively
[17,18].

Therefore in a first approach, the sloped discharge curves
observed for the LixCr0.11V2O5.16 system in the same potential
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Fig. 1. XRD pattern of the chromium intercalated xerogel Cr0.11V2O5.16, 2.34H2O
(�Co K� = 1.7889 Å).

ues for inter-atomic distances and angles can be found in [20]. V2O5
has an orthorhombic layered structure built up from square pyra-
mids [VO5] sharing edges and corners, leading to V2O5 sheets linked
together via weak vanadium–oxygen interactions parallel to the c
direction (Fig. 3). The vanadium atom (4f sites) located within the
J.P. Pereira-Ramos et al. / Journal o

ange 3.8–2 V can suggest more limited structural changes which
ould explain the better cycle life of the mixed oxide [14].

In the present paper, we report a detailed view of the electro-
hemical behaviour of this electrode material and investigate the
tructural effect of electrochemical Li insertion on the host lattice
f the sol–gel mixed oxide Cr0.11V2O5.16 over the potential range
.8–2 V in liquid electrolyte. This approach should provide use-
ul information to understand the new electrochemical behaviour
ound for this chromium oxide-doped V2O5 material and to answer
he question of fundamental importance on how to modify the
hase diagram of a host lattice upon Li insertion.

. Experimental

The basic material, the V2O5 gel with formula V2O5, nH2O, is pre-
ared by spontaneous polycondensation of decavanadic acid [19].
he sol–gel process is based on the acidification of a metavana-
ate solution by passing through an ion exchange resin. Gelation is
bserved when the vanadium concentration is higher than 0.1 M.
he red viscous gel deposited on a glass plate loses most of
ts water readily at room temperature, leading to a thin film of
2O5, xerogel (VXG) with the following schematic formula [2]:

V2O5.16)0.33−0.33H3O+xH2O (x ≈ 1.3). VXG is made of negatively
harged ribbons between which are located hydronium ions (ca.
.33 per mole of oxide). The latter ensure the global electroneu-
rality and constitute the ionic exchange capacity of the xerogel.
he 0.33H3O+ ions contained per mole of VXG are quantitatively
xchanged with Cr3+ ions by soaking the film in a 0.1 M Cr(NO3)3
queous solution. A further heat treatment of the exchanged VXG
t 520 ◦C for 2 h in air gives rise to the formation of platelets of
few micrometers thick of the mixed oxide Cr0.11V2O5.16. The

nal material consists of thin platelets which are ground for XRD
nd electrochemical experiments. The cation contents have been
etermined by atomic emission spectroscopy (induced coupled
lasma). The oxidation states of vanadium and chromium have
een deduced from chemical redox titration. The results lead to
he formula Cr0.11V2O5.16 in which the oxidation states of vanadium
nd chromium are 5 and 3 respectively.

The X-ray powder diffraction experiments were performed with
Siemens D5000 diffractometer equipped with Co K� radiation

� = 1.7889 Å) and a back graphite monochromator, or with a Inel
iffractometer using the Cu K� radiation (� = 1.5406 Å).

High purity propylene carbonate (PC) was obtained from Fluka
nd used as received. Anhydrous lithium perchlorate was dried
nder vacuum at 200 ◦C for 12 h. The electrolyte (1 M LiClO4/PC)
as prepared under a purified argon atmosphere. We used conven-

ional three electrode cells under argon atmosphere. The composite
orking electrode consists of a mixture of oxide (80% by weight)
ith a binder agent (PTFE, 5%), graphite (7.5%) and acetylene black

7.5%) as electronic conductors pressed under 5 × 103 kg cm−2 on a
tainless steel grid. Reference and counter electrodes were made of
ithium wires in separate compartments filled up with electrolyte.
lectrochemical measurements were made with a potentiostat PAR
73 A coupled with an IBM 386 computer. Electrochemical lithia-
ion of electrodes was performed at C/20 rate and equilibrium was
onsidered to be reached when the open circuit voltage remained
table (±1 mV) for 12 h.

. Results and discussion
The X-ray diffraction pattern in reflection geometry of the
hromium intercalated xerogel is shown in Fig. 1. This compound
xhibits a highly preferred 00l orientation corresponding to the
tacking of the ribbons along the c direction. The corresponding
nter-ribbons distance is 14.27 Å with two water layers as deduced
Fig. 2. XRD pattern of the previously ground mixed oxide Cr0.11V2O5.16 (�Co
K� = 1.7889 Å).

from thermogravimetric analysis. Finally, the chemical composi-
tion of the chromium intercalated xerogel is Cr0.11V2O5.16, 2.34H2O.
The heat treatment of this xerogel at 520 ◦C in air for 2 h gives rise
to the well crystallized compound Cr0.11V2O5.16. The corresponding
XRD pattern (Fig. 2) shows well defined diffraction lines all indexed
on the basis of an orthorhombic cell (Pmmn space group) with the
following unit cell parameters: a = 11.485 Å; b = 3.564 Å; c = 4.382 Å.
These values are very close to those of the V2O5 parent oxide for
which a, b and c are respectively 11.512 Å, 3.564 Å and 4.371 Å. Actu-
ally, a detailed XRD study of this compound has been performed in
comparison with that of V2O5 [20]. The structure has been refined
with a Rietveld procedure and the atomic positions as well as val-
Fig. 3. Schematic view of the layered structure of V2O5.
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XRD experiments have been performed for electrochemically
lithiated samples LixCr0.11V2O5.16 with 0 < x < 2 in order to under-
stand the effect of Li insertion into the host lattice of the chromium
mixed oxide and to identify some expected differences with the
ig. 4. Perspective view of Cr0.11V2O5.16 structure: the Cr3+ ion which is located
ithin the slabs of V2O5 has an octahedral environment. Grey circles, V5+ ions; white

ircles, O2− ions; black circles, Cr3+ ions. Not all Cr3+ sites are occupied.

xygenated coordination polyhedron VO5 is shifted towards the
lane formed by four oxygen atoms by a distance of 0.47 Å. In the
ase of the chromium–vanadium mixed oxide, the chromium ions
re located in the 2b sites, almost at the centre of the average plane
ormed by four oxygen atoms of the V2O5 slab with two additional
xygen atoms located apart from the plane along the c direction
n order to achieve an octahedral environment as illustrated in
ig. 4. According to the charge balance of the chemical formula,
nly 11% of the Cr3+ sites are occupied. Hence, the formation of
hort CrO6 octahedra chains linking the V2O5 layers increases the
hree-dimensional character of the host lattice.

In a first approach, voltammetric measurements have been per-
ormed in the potential range 3.8 V/2 V at slow sweeping rate for the

ixed oxide and the parent oxide. Fig. 5 reports the first two cycles
or both materials. As expected for V2O5 [18], three reduction cur-
ent peaks at 3.4 V, 3.2 V, 2.3 V are observed with the corresponding
xidation peaks respectively at 3.45 V, 3.3 V and 2.6 V. However, the
lectrochemical behaviour of V2O5 is not completely reversible as
ndicated by the emergence of a new redox system observed after
he first intercalation process. Indeed, additional cathodic (3.6 V
nd 3.5 V) and anodic (3.65 V) peaks appear in the high potential
egion. The voltammetric fingerprint of the chromium–vanadium
xide strongly differs by a genuine reversible behaviour with reduc-
ion and oxidation curves which completely superimpose without
ny presence of the new system electroformed in the case of V2O5.
t must be outlined also that the first two reduction current peaks
3.4 V and 3.2 V) and their related anodic peaks are exactly located
t the same potential showing the highly reversible character of the
i insertion reaction in the 3.8–3 V range. A more detailed view of
he electrochemical properties of the mixed oxide can be obtained
rom its discharge–charge curves reported at C/10 rate in the same
ycling limits (Fig. 6). Three well defined and reversible insertion
teps at 3.35 V, 3.15 V and 2.3 V allow to get a high faradaic yield
f 2 F per mole of oxide corresponding to an initial specific capac-
ty of 280 mAh g−1, showing a increase by 10% in the capacity vs.
he parent oxide. This discharge–charge profile, as well as the cor-
esponding OCV curve reported in Fig. 7, contains both important
nd fundamental information. Indeed, looking more precisely at
omparison of discharge–charge curves and OCV curves for the
hromium mixed oxide Cr0.11V2O5.16 and the parent oxide V2O5,
significant difference can be clearly seen. For V2O5 three well

efined plateaus with constant voltage at 3.4 V, 3.2 V and 2.3 V cor-

espond to the successive (�/�), (�/�) and (�/�) biphasic regions
15–18] with a maximum Li uptake of 1.8 Li per mol of oxide. The
igh potential steps (0 < x < 1) lead to the reversible insertion of
bout 1 Li ion per mol of oxide, after which a sharp voltage drop
ppears up to the third plateau at 2.3 V (1 < x ≤ 1.8) correspond-
Fig. 5. Comparison of cyclic voltammetric curves for V2O5 (a) and Cr0.11V2O5.16 (b)
(v = 10 �V s−1).

ing to the irreversible formation of the � phase. Interestingly, the
mixed oxide exhibits sloped curves vs. x for the first two inser-
tion steps, i.e. for x < 1, a smooth potential decrease ensuring the
transition before the third step also appearing as a sloped curve
(1 < x ≤ 2). This electrochemical finding supports the assumption of
more limited structural changes.
Fig. 6. Comparison of the first discharge–charge curves for Cr0.11V2O5.16 and for
V2O5 electrodes (dashed lines) in the 3.8–2 V potential range at C/10 rate; the first
two cycles for the mixed oxide are shown in inset.
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ig. 7. OCV curve of a Cr0.11V2O5.16 electrode as a function of x in LixCr0.11V2O5.16.

ixV2O5 system. Fig. 8 displays the X-ray diffraction patterns of
ixCr0.11V2O5.16 electrodes for 0 ≤ x ≤ 0.93. All the diffraction lines
f the starting mixed oxide are maintained up to x = 0.93 with-
ut the emergence of a new phase and can be indexed in the
rthorhombic symmetry (Pmmn space group). Only a shift of the
iffraction lines is observed; the 200, 400 and 310 lines towards

igher two theta values while all the other lines shift towards lower
wo theta values (Fig. 9). This indicates a continuous increase in
he c parameter while the a parameter contracts with x. The trend
bserved for higher Li contents is illustrated in Fig. 10 for 1.2 ≤ x ≤ 2:
shift towards lower two theta values occurs for the 001, 101 and

ig. 8. X-ray diffraction patterns of LixCr0.11V2O5.16 electrodes with 0 < x < 1 (�Cu
� = 1.5406 Å); G: graphite; *: acetylene black.
Fig. 9. Expanded view of the XRD patterns of LixCr0.11V2O5.16 electrodes with
0 ≤ x ≤1 in the 18–23◦ two theta range (�Cu K� = 1.5406 Å).
002 lines while the 400, 110, 301 and 310 lines do not practically
move. This accounts for a new expansion in the c unit cell param-
eter while a is almost constant. These results highlight an original
structural response which strongly differs from that known for the

Fig. 10. X-ray diffraction patterns of LixCr0.11V2O5.16 electrodes with 1.2 ≤ x < ≤2
(�Cu K� = 1.5406 Å).
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chemically formed Li Cr V O sample. In both cases, the
ig. 11. Evolution of the unit cell parameters a and c as a function of x in
ixCr0.11V2O5.16.

arent oxide insofar as the formation of the most distorted lithiated
hases of the LixV2O5 phase diagram, namely the �-LiV2O5 phase
nd the �-LiV2O5 phase are never detected. In �-LiV2O5 phase, the
ayers are much more puckered (space group Amma; a = 11.23 Å;
= 3.61 Å; c = 9.9 Å) and a shift of every second layer in the b direc-

ion is observed [21]. In the � phase (space group Pnma, a = 9.68 Å;
= 3.60 Å; c = 10.66 Å), layer puckering is more pronounced than in

he � phase and the VO5 pyramids alternate up and down individ-
ally instead of forming pairs as in � phase [22]. The �–� structural
ransition then requires some chemical bonds are broken and the
80◦ rotation of some polyhedra. Hence, it comes out that the for-
ation of the most distorted lithiated phases is suppressed in the

ase of the chromium–vanadium mixed oxide.
The evolution of the unit cell parameters a and c vs. lithium

ontent which respectively accounts for the V–V distance within
he V2O5 sheets and the interlayer distance is reported in Fig. 11.
he interlayer distance is seen to continuously increase with Li
ontent showing Li accommodation takes place between oxide lay-
rs; it expands from 4.37 Å to 4.60 Å for x = 1 against 4.95 Å for the
xpected �-LiV2O5 phase.

A more limited expansion is observed in the 1 < x < 2 composition
ange with a maximum value of 4.76 Å for x = 1.8 which is much less
han the interlayer distance (5.34 Å) found in the �-LiV O . These
2 5
tructural data demonstrate the original structural behaviour of the
ithiated chromium mixed oxide which consists in a solid state solu-
ion well illustrated by the linear expansion of the unit cell volume
s. x (Fig. 12). Except for the first lithium ions (x ≤ 0.18) where an
Fig. 12. Evolution of the unit cell volume vs. x in LixCr0.11V2O5.16.

� phase is observed, for 0.18 < x < 1 all the diffraction lines can be
indexed on the basis of an �-related phase insofar as the � phase
in the LixV2O5 system has a typical value for the unit cell param-
eter c of 4.52 Å for �-Li0.52V2O5 [23]. The value of 4.68 Å reported
for the chemically formed �-LiV2O5 phase [24,25] makes pertinent
the description of the LixCr0.11V2O5.16 system as an �-related phase
with 0.18 < x ≤ 1. This �-related phase still exists for x > 1 with a con-
tinuous interlayer expansion with x to reach 4.76 Å at x = 1.8, instead
of the coexistence of �-LiV2O5 and �-LiV2O5 phases reported in
the Li–V2O5 phase diagram [17,18]. Such structural characteristics
have never been described as yet for the V2O5-based host lattice
at room temperature. However closely related structural data can
be found for reduced LixFe0.11V2O5.16 electrodes [13]. In that case,
the results indicated also a linear expansion in the c parameter for
0 < x < 0.8, but rapidly the emergence of the �-LiV2O5 phases from
x = 0.8. In fact the formation of the �- and �-LiV2O5 phases was
not avoided since the latter were clearly observed respectively for
x = 1 and x = 1.5. Additional structural experiments should be per-
formed to get conclusive remarks on the structural changes in the
composition range 1 < x < 2. This strong difference in the structural
changes of the LixFe0.11V2O5.16 and LixCr0.11V2O5.16 systems could
stem from the reduction of Fe3+ into Fe2+ while Cr3+ are not involved
in the redox process allowing then to stabilize the structure over
the composition range 0 < x < 2.

The lack of the �-LiV2O5 and the �-LiV2O5 phases probably orig-
inates from the presence of the short chains of chromium oxide
perpendicular to the V2O5 sheets impeding then the shift of one
layer over two in the b direction as usually observed in the LixV2O5
system for x ≥ 0.9. Because the � phase cannot be formed, the �
phase whose formation is induced by further lithiation of the �
phase cannot be formed also.

An additional evidence for limited structural changes in
Cr0.11V2O5.16 is provided by its electrochemical fingerprint. Indeed
the new current peaks and voltage plateaus located in the 3.5–3.6 V
region for V2O5 (Figs. 5 and 6) due to the presence of the � and �′

phases [17,18] produced during the first reduction–oxidation pro-
cess in the 3.8–2 V potential range do not appear which is in good
accord with a single phase behaviour.

The chemical lithiation of Cr0.11V2O5.16 by n-butyllithium in
pentane has been performed in order to check the present struc-
tural finding in the case of electrochemically lithiated samples.
Fig. 13 compares the XRD patterns of a chemically and electro-
≈1.5 0.11 2 5.16
same lithiated �-related phase appears while the expected dis-
torted �-LiV2O5 phase is not detected. This confirms the presence of
chromium oxide incorporated in the V2O5 framework avoids strong
structural changes.
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good accord with the expanded structure preserved upon cycling.
Further work is in progress to investigate in details the structural
answer of the chromium–vanadium mixed oxide during long term
cycling experiments.
ig. 13. Comparison of XRD patterns of an electrochemically (A) and chemically (B)
ithiated Li1.5Cr0.11V2O5.16 sample (�Cu K� = 1.5406 Å).

Another important characteristic is the reversibility of the vol-
me expansion of the host lattice after lithium extraction. The

nitial structure of Cr0.11V2O5.16 (a = 11.50 Å; b = 3.51 Å; c = 4. 40 Å)
s recovered after electrochemical oxidation of Li1.5Cr0.11V2O5.16
a = 11.35 Å; b = 3.56 Å; c = 4. 70 Å) in good accord with the weakly

odified structure obtained for the lithiated mixed oxide.
Discharge–charge cycling experiments performed between

.8 V and 2 V show a high reversible behaviour since the capacity
nly decreases from 280 mAh g−1 to 260 mAh g−1 after 20 cycles
t C/10 rate (Fig. 14). The main capacity loss is due to the first
ycle during which a small amount of lithium ions seems to be
rapped in the structure. From cycle 2, the capacity practically sta-
ilizes over 20 cycles. XRD patterns for discharged electrodes after
cycles, 15 cycles and 30 cycles are reported in Fig. 15. Except a

ecrease in intensity with cycles, all the typical diffraction lines of
he lithium rich �-related phase Li≈1.6–1.8Cr0.11V2O5.16 are observed
hich ascertains the stabilizing role of chromium oxide is main-

ained during cycling operation to avoid the formation of more
istorted phase like the �-LiV2O5 and the �-LiV2O5 phases. This

esult is consistent with the quasi stable capacity obtained for the
hromium–vanadium mixed oxide. The small shoulder observed
ear the 001 line after 30 cycles could reveal the appearance of the
02 line of the � phase suggesting that extended cycling could alter

ig. 14. Galvanostatic discharge–charge curves of Cr0.11V2O5.16 cycled between 3.8 V
nd 2 V at C/10.
Fig. 15. XRD patterns of Cr0.11V2O5.16 electrodes in the discharged state after 5
cycles, 15 cycles and 30 cycles at C/10 (�Cu K� = 1.5406 Å).

the stabilizing effect afforded by short chains of chromium oxide
along the c axis. The decrease in XRD peaks could suggest a pro-
gressive electrochemical grinding due to the volume expansion of
the host lattice (≈7%) as Li intercalation proceeds.

Recently, Cr0.1V2O5.15 was prepared by an oxalic acid assisted
sol–gel method followed by heat treatment at 400 ◦C [26]. In that
case, the authors did not investigate the structural behaviour of the
cathode material vs. the Li content, but simply reported the crystal
structure of the material was destroyed after 50 cycles which was
connected with potential profiles rapidly tuning to be slope-like
instead of well defined redox steps. In the present work, a well
defined discharge–charge profile is maintained during cycling in
Fig. 16. Comparison of the phase diagrams vs. x for the LixV2O5 (from [18]) and
LixCr0.11V2O5.16 systems (this work).



1 f Pow

L
p
s
i
c
d
s
e
s
t
o
e
t
a
i
c
i
t

o
s
s
e
1
p
[

4

m
g
s
i
t
a
b
e
l
t
t
t
a
A
a
p
t
i
h
s

s

[

[

[

[

[

[
[

[

[

[
[
[

[

[

[
[

[

[

398 J.P. Pereira-Ramos et al. / Journal o

The structural answer of the mixed oxide Cr0.11V2O5.16 against
i insertion is the first example of the possible modification of the
hase diagram for a Li intercalation compound over a wide compo-
ition range at room temperature. A similar effect has been outlined
n the case of V2O5, not by doping the structure by additional
ationic species, but with V2O5 platelets stacked over nanosized
omains in the range 10–20 nm [27,28]. In the restricted compo-
ition range 0 < x < 1, XRD and Raman experiments performed on
lectrochemically lithiated V2O5 thin films show an unexpected
olid solution behaviour with lattice parameters changes very close
o that reported here for Cr0.11V2O5.16. In nanomaterials, the range
f composition over which solid solutions exist is often more
xtensive because the strain associated with intercalation is bet-
er accommodated [29]. In all cases, OCV curves of LixCr0.11V2O5.16
nd LixV2O5 nanoplatelets are not dramatically changed in compar-
son with the microsized LixV2O5 system but clearly exhibit sloped
urves vs. x instead of well defined voltage plateaus. This difference
n the evolution of the equilibrium potential vs. x is consistent with
he related structural response found for each material.

In other respects, it can be outlined that the role of chromium
xide chains inside the V2O5 host lattice at room temperature is
imilar to that induced by a temperature effect. Indeed, less severe
tructural rearrangements upon Li intercalation in V2O5 composite
lectrodes are suggested from electrochemical measurements at
00 ◦C with an extension of � phase to x = 1 without formation of �
hase and no evidence for an irreversible conversion to the � phase
30].

. Conclusion

The electrochemical lithium insertion reaction into the sol–gel
ixed oxide Cr0.11V2O5.16 in liquid electrolyte has been investi-

ated by X-ray diffraction. We show that the orthorhombic Pmmn
ymmetry of the pristine material is kept upon lithium intercalation
n the LixCr0.11V2O5.16 compounds over a wide lithium composi-
ion range (0 < x ≤ 2). From the unit cell parameters variation as Li
ccommodation proceeds, the host lattice can be described on the
asis of an �-related phase characterized by a linear cell volume
xpansion of 7% in the voltage limits 3.8–2 V. Such a structural evo-
ution contrasts with the LixV2O5 phase diagram which predicts
he appearance of the successive phases �, �, �, �. In a few words
he presence of short chains of chromium oxide in V2O5 is seen
o be responsible for a single phase behaviour which consists in
significant modification of the Li–V2O5 phase diagram (Fig. 16).
s shown from the voltammetric and chronopotentiometric curves
nd from XRD data, these limited structural changes allow the com-
lete recovery of the initial structure after the charge process while
he �′ phase (the deintercalated distorted � phase) is still detected

n the case of V2O5. Such a moderate structural behaviour ensures a
igh electrochemical reversibility as outlined by the high and stable
pecific capacity of 260 mAh g−1 obtained over 20 cycles.

It comes out that besides nanosize and temperature effects,
trong modification of the Li–V2O5 phase diagram can be induced

[

[
[

er Sources 196 (2011) 1392–1398

through appropriate structural modifications of the host lattice.
These modifications consist here in the existence of short CrO6
octahedra chains linking the V2O5 layers in the sol–gel Cr0.11V2O5
compound, which increases its three-dimensional character and
prevents the significant deformations of the framework such as
layer puckering, slabs gliding, bonds breaking and polyhedra rota-
tion during electrochemical Li insertion. Further work must be
directed towards the study of a similar stability which could be
afforded by other trivalent cationic species (Ga3+, La3+) incorpo-
rated into V2O5 via a sol–gel synthesis.
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