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This paper presents a study on the electrical transport properties of lithiated Cr0.11V2O5.16, which can be

used as a rechargeable cathodic material in lithium batteries. Dielectric and conductivity spectra

of LixCr0.11V2O5.16 powders (x¼0, 0.05, 0.40 and 1.20) were recorded in a broad frequency range of

10–1010 Hz at temperature varying between 300 and 400 K. Complex resistivity diagrams have enabled

to obtain thermal behaviors of bulk dc-conductivity. Dielectric relaxations were found, attributed to

small polarons and (intersite) bipolarons hopping. The transport properties are shown to be consistent

with small polaron and bipolaron conduction models. The change from polaronic to bipolaronic

conduction has been evidenced with the increase of the lithium content x from 0.40 to 1.20. This work

opens up new prospects for a more fundamental understanding of the electronic transport in relation

with the electrochemical properties of Cr0.11V2O5.16.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Vanadium pentoxide is a conducting material with many
features that could be used in various applications. Among them
is its use as a rechargeable cathodic material in lithium batteries.
This compound, which has been extensively studied during the
past [1–6], exhibit a layered structure suitable for ionic intercala-
tion reactions. Lithium cations can be thus easily intercalated in
V2O5 giving rise to LixV2O5 compounds. Liþ ions are compensated
by excess electrons, reducing V5þ into V4þ and contributing to
the electronic conductivity of LixV2O5. Magnetic susceptibility,
conductivity, EPR and ENDOR studies [7–12] have confirmed the
existence of small-polarons and inter-site bipolarons in these
systems. The inter-site small bipolarons [8] are bound states of
two neighboring V4þ ions stabilized by a large lattice distortion.
Previous papers have shown that the electrical conduction of
LixV2O5 is only due to small-polarons for low lithium contents
(xo0.50) [9,10,13]. The cycling of the electrochemical system Li/
V2O5 presents a good reversibility up to 1 mol of lithium,
attributed to the topotactic formation of three phases a, e and
d. However, a loss of reversibility beyond x¼1 is observed; this is
due to the g phase which coexists with the d phase beyond that x

value. The insertion of Cr3þ ions in the V2O5 xerogel permits to
ll rights reserved.

Badot).
obtain the oxide Cr0.11V2O5.16, with a structure similar to that of
orthorhombic V2O5 (Fig. 1) [14–16]. The formation of (O–Cr–O–
Cr–O) short chains linking the V2O5 layers enhances electroche-
mical performances [14–16] when compared to that of V2O5.
During electrochemical cycling, only both phases a (xo0.18) and
e (x40.3) of LixCr0.11V2O5.16 are obtained because the (O–Cr–O–
Cr–O) chains strengthen the structure and hinder the apparition
of the d and g phases [14–16]. The performances of a cathodic
material are strongly depending upon their electrical properties
since electronic species and cations take place during charge–
discharge mechanisms. In these systems, the electronic conduc-
tivity dominates since the electrons have often the highest
mobility. Previous results have shown that LixV2O5 compounds
are essentially electronic conductors since their ionic conductivity
(from 10�7 to 10�6 S cm�1 at room temperature) is much lower
than their electronic conductivity (from 10�4 to 10�2 S cm�1 at
room temperature) [12]. In LixCr0.11V2O5.16, the lithium diffusion
coefficient was previously determined between 10�8 and 10–

11 cm2 s�1 depending on x between 0 and 1.2 [16]. These values
being similar to those of LixV2O5, the ionic conductivity of LixCr0.11

V2O5.16 will be in the range of 10�7– 10�6 S cm�1 as for LixV2O5

at room temperature.
The study of electrical properties shows some difficulties since

the compounds are made in powder form, such as LixCr0.11V2O5.16.
So, the conductivity measurements by dc and low-frequency
techniques cannot give any information on electrical transport
properties owing to the existence of microstructures and/or
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Fig. 1. Schematic structure of Cr0.11V2O5.16 [14–16].

Fig. 2. Scanning electron microscopy image of V2O5 obtained by sol–gel process

and heated at 500 1C [17].
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nanostructures. On the other hand, broadband dielectric spectro-
scopy (BDS) techniques are powerful tools for the electrical
characterization of powdered materials [13,17–22]. The BDS
probes the interaction of a macroscopic sample with a time-
dependent electric field. The resulting polarization, either
expressed by the frequency dependent complex permittivity
and conductivity, characterizes amplitude and time scale (via
the relaxation time) of the charge-density fluctuations within the
sample. Such fluctuations arise from the reorientation of the
permanent dipole moments, the bound-charge local motions
and quasi-blocking grain boundaries in conducting polycrystal-
line samples. The timescale (or relaxation time) of these fluctua-
tions depends on the relevant relaxation mechanism and the
spatial-scale of the sample. In inorganic compounds, these fluc-
tuations generally arise from the reorientation of dipolar species
(e.g., water in hydrates) or from the charge local hopping (e.g.,
ions, protons, polarons and/or bipolarons) at higher frequencies.
Odogaki et al. [23] have studied the stochastic transport in one-
dimensional hopping conductors (electronic or ionic), in which
two or more kinds of hopping rates are distributed regularly. If we
consider a double-well system between two finite potential
barriers, the Odogaki model [23] predicts one Debye dielectric
relaxation. According to Fröhlich [24] and Bosman and van Daal
[25], the Debye dielectric relaxation can only occur with small-
polaron formation in low-mobility semiconductors [24–26].
Dielectric relaxations due to bipolarons motions were also
observed in crystallized compounds such as SrTiO3 and KTaO3

[27]. The dielectric relaxation time corresponds to the hopping
time of the charge and is generally thermally activated. Other
possible mechanisms include the appearance of interfacial
charges fluctuations (e.g. polarization reversal due to the presence
of grain boundaries) at lower frequencies. In brief, when the
frequency increases, the different kinds of polarization appear in
the following order: (a) polarization of the particles (grains)
aggregates (low-frequency range); (b) polarization of particles
(grains) (low-frequency range); and (c) orientational polarization
due to local charge motions (radio- and microwave frequency
ranges) [22]. Dielectric spectroscopy has successfully evidenced
polaron transport in LixV2O5 [13] and in several glassy vanadate
systems [28–30].

In the present paper, we report a detailed study concerning the
influence of the lithium insertion on the electronic transport in
electroactive vanadium bronzes LixCr0.11V2O5.16. The electrical
properties were recorded in a broad frequency range of 10–
1010 Hz within the temperature range of 300–400 K. The study
of local motions of charge (polarons and bipolarons) will also be
discussed in order to understand the electronic conductivity of
LixCr0.11V2O5.16 with respect to the temperature.
2. Experimental

2.1. Synthesis

Vanadium pentoxide gels were prepared via the acidification
of a sodium metavanadate solution NaVO3 (0.1 M) through a
proton exchange resin (DOWEX 50W-X1, 50–100 mesh) [31,32].
A yellow solution of decavanadic acid was initially obtained
which polymerizes slowly to a dark red gel. The gel was spread
into a thin layer on a glass plate and after drying at room
temperature a xerogel with the composition V2O5�1.6H2O was
obtained. Intercalation of the Cr3þ ions was realized by direct
immersion of a V2O5 xerogel sample in a 0.1 M solution of
M(NO3)3 [14–16]. After heat treatment at 520 1C during 2 h, a
mixed oxide corresponding to the formula Cr0.11V2O5.16 was
obtained. LixCr0.11V2O5.16 compounds (x¼0, 0.05, 0.40 and 1.20)
were synthesized by reduction of Cr0.11V2O5.16 with n-buthyl-
lithium according to the method described by Whittingham and
Dines [33]. The lithium content of lithiated powder samples was
controlled by ICP-AES. X-ray powder diffraction study of
LixCr0.11V2O5.16 was previously performed with Siemens D5000
diffractometer [14–16]. Note that the existence of aggregates
constituted by smaller grains (or platelets) has been previously
observed by SEM image of the similar compound V2O5 synthe-
sized by the same route and heated above 500 1C [17] (Fig. 2).

2.2. Broadband dielectric spectroscopy

Complex resistivity and permittivity spectra were recorded
over a broad frequency range of 10–1010 Hz, using simultaneously
two network analyzers HP 8751 (from 10 to 108 Hz) and HP 8510
(from 4.5�107 to 1010 Hz). The experimental device, fully
described in previous papers [13,17–22], consists of a coaxial cell
(APC7 standard) in which the cylindrically shaped sample
(radius¼1.5 mm and thicknessE1 mm) with silver plated front
faces, fills the gap between the inner conductor and a short
circuit. After a relevant calibration of the analyzers, the sample
admittance Ys is computed from measurements of the complex
reflection coefficient of the device. The knowledge of Ys allows
determining the complex (relative) permittivity e(o)¼e0(o)–
ie00(o) of the sample. The knowledge of the permittivity enables
the calculation of the complex resistivity r(o)¼[ioe0e(o)]�1

(e0 being the vacuum permittivity) and conductivity s(o)¼
[r(o)]�1 whose real part s0(o) will be hereafter called the
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frequency-dependent conductivity. Complete dielectric spectra
were made from about 400 measurement points with an accuracy
of approximately 3–5% in the experimental frequency range. The
samples are compacted powders at 0.7 GPa and the measure-
ments were made in the temperature range of 300–400 K.
3. Results and discussion

The electric spectra (e0, e00 and s0 vs. frequency) of the different
samples are portrayed in Fig. 3 at 300 K. The real and imaginary
parts (e0 and e00) of the permittivity of LixCr0.11V2O5.16 (x¼0.05, 0.40
and 1.20) are shown in Fig. 3a and b. The frequency-dependent
conductivity (real part) s0 ¼oe0e00(o) is also reported in Fig. 3c. For
Fig. 3. Electric spectra of LixCr0.11V2O5: (a) real part e0 and (b) imaginary part e00 of

the permittivity vs. frequency n¼o/2pat 297 K; and (c) real part of the

conductivity s (s¼oe0e00) vs. frequency n at 297 K.
each lithium content, these spectra are nearly similar whatever the
temperature. When the frequency increases, the real part of the
conductivity increases by 2 to 4 orders of magnitude depending on
the lithium content x. On the other hand, the real and imaginary
parts of the permittivity decrease strongly in the same frequency
range. The imaginary part e00(o) of the complex permittivity shows
a low-frequency dispersion (Fig. 3b), which can be approximated
by a straight line with a slope close to –1. Such a behavior
corresponds to a to a power-law frequency response o�n with
n¼0.8–0.9, in the low-frequency domain, i.e. (o/2p)o104 Hz for
x¼0.05–0.40 and (o/2p)o106 Hz for x¼1.20. This type of beha-
vior corresponds to a small power-law frequency dependence of
the conductivity (real part) spos with s¼(1�n)¼0.1–0.2 (Fig. 3c).
Dc-conductivity regime is hidden owing to polarizations due to
resistive and capacitive silver/sample junctions. These phenomena
often involve high (real parts) permittivities, i.e. 104oe0o106 in
all the samples (Fig. 3a). For Li0.05Cr0.11V2O5.16 and Li0.40Cr0.11

V2O5.16, intense relaxations appear at frequency around 105 Hz
with maxima of dielectric losses (e00) of about 104 at 300 K. These
relaxations are mainly due to interfacial polarizations (aggregate
and grain boundaries polarizations) considering their intensity. As
the relaxations do not appear clearly in the spectra, the use of
Nyquist plots for complex parameters (r00 vs. r0 and e00 vs. e0) is very
helpful. To provide evidence for the relaxations, we used a
decomposition procedure of the Nyquist plots for complex resis-
tivity, which has been described elsewhere [13,17–22]. The com-
plex resistivity plots are essentially useful to obtain the grain bulk
dc-conductivity in powdered compounds. As an illustration of the
decomposition process, Fig. 4a shows the entire complex resistivity
diagram, r00¼ f(r0), of Li0.05Cr0.11V2O5.16 at T¼394 K. In the mid-
frequency part of the plot, the first dispersion domain R1 is well
fitted by a circular arc, which corresponds to resistivity relaxation
described by the following complex function

rðoÞ ¼ rHþ
rL�rH

1þðiotrÞ1�a
ð1Þ

where rL and rH are, respectively, the low- and high-frequency
limits of the resistivity, tr the (resistivity) relaxation time and a a
fitting parameter (0oao1). Note that a small contribution R0
appears at lower frequencies and is due to contact resistance
between the silver paint and the sample. After subtracting the
contribution of the domain R1, the Nyquist plot of Fig. 4b is
obtained. A relaxation R2 is plotted and well fitted by a circular
arc with 30 measurement points between 5�105 and 5�106 Hz.
It is thus described by the complex function (1) and crosses the real
axis at r0 ¼rm. Since the aggregates are less conducting than the
grains, we may thus assign the relaxation domains R1 and R2 to
aggregate and grain boundaries resistances and capacitances,
respectively. rm is thus the mean resistivity of the grain bulk.
Similar complex resistivity plots are obtained whatever the tem-
perature and for Li0.40Cr0.11V2O5.16. Fig. 4c and d shows that
Li1.20Cr0.11V2O5.16 and Cr0.11V2O5.16 are high resistivity compounds:
only bulk and R2 relaxations appear. R1 is either shifted towards a
lower frequency than the present measurement range, or over-
lapped with another arc. The grain conductivity sm¼(rm)�1

(Fig. 5a) is depending on the temperature and can be ruled by
the following expression:

sm ¼
C

T
exp �

Ws

kT

� �
ð2Þ

as in the case of LixV2O5. T is the temperature, k the Boltzmann
constant, Ws the activation energy of the conductivity and C a
parameter depending on the kind of the charge carriers (polarons
or bipolarons). The room temperature conductivity sm and the
activation energy Ws of the different compounds are reported in
Table 1. Fig. 5b shows the variation of sm with respect to the



Fig. 4. Nyquist plots of the imaginary part r00(o) vs. the real part r0(o) of the

complex resistivity for Li0.05Cr0.11V2O5 (a and b) at 394 K, Li1.20Cr0.11V2O5 (c) at

300 K and Cr0.11V2O5 (d) at 373 K. (a) Entire plot from 10 to 1010 Hz and evidence

of the relaxation R1 (R0 being a small relaxation due to contact resistance and

capacitance between silver paint and the sample); (b) plot obtained upon

subtracting the domain R1 and evidence of the relaxation domain R2. (c) Entire

plot from 10 to 1010 Hz: evidence of the bulk relaxation and the relaxation domain

R2. (d) Entire plot from 10 to 1010 Hz: evidence of the bulk relaxation and the

relaxation domain R2. rm represents the resistivity of the grain (crystallite) bulk.

Fig. 5. (a) Grain bulk direct-current conductivity sm¼rm
�1 as function of inverse

temperature T�1 (i.e. log sg vs. T�1) for LixCr0.11V2O5 (x¼0, 0.05, 0.40 and 1.20) at

373 K. (b) Conductivity sm as function of lithium content x (i.e. log sg vs. x) at

300 K, the dotted line being a guide for the eye.
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lithium content x (log sm vs. x) at room temperature. For the
smaller values of x, the rapid rise of sm is typical of a percolation
transition with a threshold higher than xE0.05. It results from the
appearance of lithium clusters which form continuous conductive
phase (e phase) above the percolation threshold. A conductivity
maximum would occur for lithium content x in the range of 0.20–
0.30, as in the case of LixV2O5 in which the e phase is completely
formed. For x between 0.40 and 1.20, the mean conductivity sm

decreases owing to a probable change of the conduction mechan-
ism, the crystalline symmetry being unchanged.

Otherwise, if the resistivities due to aggregate and grain
boundary polarizations are subtracted from the sample resistivity
r(o), the grain bulk resistivity is given by

rmðoÞ ¼ rðoÞ�
ðr1�r2Þ

1þðiot1Þ
1�a1
þ
ðr2�rmÞ

1þðiot2Þ
1�a2

" #
ð3Þ

where t1 and t2 are the relaxation times of R1 and R2, respec-
tively, r(0)¼r1 and rm(0)¼rm. The complex permittivity of the
grain can thus be expressed by

emðoÞ ¼ e0mðoÞ�ie00mðoÞ ¼
1

ioe0

1

rmðoÞ
�

1

rm

� �
ð4Þ

after subtraction of the dielectric losses due to the grain conductiv-
ity. Figs. 6–8 show, respectively, the dielectric spectra (em

00 vs. em
0)

for the grains of Li0.05Cr0.11V2O5.16, Li0.40Cr0.11V2O5.16 and Li1.20Cr0.11

V2O5.16 at 300 K. To provide evidence for the dielectric relaxations,
we used a decomposition procedure of the dielectric spectra, as
described in previous papers [13,17–22]. Fig. 6a corresponds to the
entire complex permittivity plot of Li0.05Cr0.11V2O5.16. In its low-
frequency part, a first dispersion domain P1 is well fitted by a
circular arc. P1 corresponds thus to a dielectric relaxation described
by the following complex Cole–Cole (CC) function

em ¼ emHþ
emL�emH

1þðioteÞ1�a
ð5Þ

where emH and emL are the high- and low-frequency limits of the
permittivity, tn the mean relaxation time and a a fitting parameter
(0oao1). The corresponding relaxation frequency n1¼(2pt1)�1 is
equal to 6�107 Hz at 300 K. After subtracting the contribution of
the domain P1, the Cole–Cole plot of Fig. 6b is obtained. A
relaxation P2 is plotted and well fitted by a circular arc correspond-
ing to a CC function with a relaxation frequency n2¼108 Hz at
300 K. By the same procedure, a relaxation P3 is unambiguously
obtained (Fig. 6c) and described by a CC function with relaxation
frequency n3¼1.5�109 Hz at 300 K. For Li0.40Cr0.11V2O5.16 (Fig. 7),
the same relaxations (P2 and P3) are evidenced except the low
frequency relaxation P1. Fig. 8 shows that the relaxation



Table 1
Dc-conductivity sm of the grains (at 300 K) with its activation energy Ws. Relaxation frequencies n1, nb and np (at 300 K) due to the polarization of lithium rich islands, to

bipolaron and polaron hopping respectively and their corresponding activation energies W1, Wp and Wb for different lithium contents x.

Lithium

content

x

Conductivity at 300 K

rm (S cm�1) Ws (eV)

Polarization of lithium rich islands

P1 frequency n1 (Hz) W1 (eV)

Bipolaron hopping P2
frequency n2¼nb (Hz) Wb

(eV)

Polaron Hopping P3
frequency n3¼np (Hz) Wp

(eV)

J

(meV)a

D
(meV)

f
(%)

hnph

(meV)b

0.00 10�4 – – – – – 100 –

0.24 – – –

0.05 1.5�10�3 6.0�107 1.0�108 1.5�109 6 40 100c 36

0.17 0.17 0.13 0.11

0.40 8.7�10�3 – 1.0�108 1.5�109 6 40 100 36

0.15 – 0.13 0.11

1.20 3.5�10�4 – 3.5�108 5.5�109 14 40 0 77

0.25 – 0.15 0.13

a J¼8 meV for V2O5
b hnph¼28 meV for V2O5 [7–10].
c Most probable value

Fig. 6. Cole–Cole plots of the imaginary part em
00(o) vs. the real part em

0(o) of the

complex permittivity for Li0.05Cr0.11V2O5 at 300 K: the contributions of the grain

bulk dc-conductivity sm and the interfacial polarizations (grain boundaries and

Ag/sample interfaces) have been subtracted. (a) Evidence of the relaxation P1;

(b) plot obtained after subtracting the contribution P1 and evidence of relaxation

P2; and (c) plot obtained after subtracting the contribution of the relaxation P2

and evidence of relaxation P3.

Fig. 7. Cole–Cole plots of the imaginary part em
00(o) vs. the real part em

0(o) of the

complex permittivity for Li0.40Cr0.11V2O5 at 300 K: the contributions of the grain

bulk dc-conductivity sm and the interfacial polarizations (grain boundaries and

Ag/sample interfaces) have been subtracted. (a) Evidence of the relaxation P2;

and (b) plot obtained after subtracting the contributions of the relaxation P2 and

evidence of the relaxation P3.

Fig. 8. Relaxation frequencies due to polaron (P3) and bipolaron (P2) hopping as

functions of inverse temperature T�1 (log nr vs. T�1) in (a) Li0.05Cr0.11V2O5 (J) and

Li0.40Cr0.11V2O5 (K); (b) P1 corresponds to the relaxation due to the polarization

of the conducting rich lithium islands in Li0.05Cr0.11V2O5.
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frequencies of P1, P2 and P3 follow the Arrhenius law given by

nn ¼ nn0 exp �
Wn

kT

� �
ðn¼ 1,2 or 3Þ ð6Þ

where nn0 is the prefactor and Wn the activation energy. The
activation energies of the relaxations P2 and P3 are the same for
the two compounds Li0.05Cr0.11V2O5.16 and Li0.40Cr0.11V2O5.16 and
have respective values W2¼0.13 eV and W3¼0.11 eV. The activa-
tion energy of P1 in Li0.05Cr0.11V2O5.16 is higher, i.e. W1¼0.17 eV.
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For Li1.20Cr0.11V2O5.16 (Fig. 9), only the relaxations P2 and P3 are
observed with characteristic frequencies higher but in the same
order of magnitude as for the precedent compounds: n2¼3.5�
108 Hz and n3¼5.5�109 Hz at 300 K. Their activation energies W2

and W3 are slightly higher and equal to 0.13 and 0.15 eV (Fig. 10
and Table 1). As Li0.05Cr0.11V2O5.16 is not a percolated system, we
can deduce that the low-frequency relaxation P1 is the consequence
of an interfacial polarization between lithium rich islands (high
conducting regions) and the Cr0.11V2O5.16 matrix (low conducting
region). The relaxations P2 and P3 are thus due to electronic species
motions such as small polaron and bipolaron hopping. The hopping
regime of these charge-carriers are generally observed in the high-
temperature region, i.e. for T4hnph/2k [34]. Furthermore, n2, n3, n20,
n30, W2 and W3 will be hereafter called nb, np, nb0, np0, Wb and Wp,
respectively (b and p indices corresponding to bipolaron and
polaron). As Wb is slightly higher than Wp, the theoretical model
of Bryksin and Gol’tsev [35,36] allows the attribution of the
relaxations P2 and P3 to intersite-bipolaron and small-polaron
hopping, respectively. In the bipolaron model proposed by Chak-
raverty et al. [8], the intersite bipolaron corresponds to the pair
V4þ–V4þ which has a spin singlet ground state S¼0.
Fig. 9. Cole–Cole plots of the imaginary part em
00(o) vs. the real part em

0(o) of the

complex permittivity for Li1.20Cr0.11V2O5 at 300 K: the contributions of the grain

bulk dc-conductivity sm and the interfacial polarizations (grain boundaries and

Ag/sample interfaces) have been subtracted to obtain. (a) Evidence of the

relaxation P2; and (b) plots obtained after subtracting the contributions of the

relaxations P2 and evidence of relaxations P3.

Fig. 10. Relaxation frequencies due to polaron (P3) and bipolaron (P2) hopping as

functions of inverse temperature T�1 (log nr vs. T�1) in Li1.20Cr0.11V2O5 (’).
Considering the prefactors of the relaxation P3, the expression
(7) gives n03E1.5�1011 Hz for Li0.05Cr0.11V2O5.16 and Li0.40Cr0.11

V2O5.16 and n03E5�1011 Hz for Li1.20Cr0.11V2O5.16. As the pre-
factors n03 are lower than the phonon frequencies (nphE1012 to
1013 Hz), the results seem compatible with non-adiabatic small-
polaron hopping. In this later case, the (non-adiabatic) hopping
frequency np is determined by the following equation [8,35,36]:

np ¼
p1=2J2

2hðWpkTÞ1=2
exp �

Wp

kT

� �
ð7Þ

where h is the Planck constant and J the integral for electron
transfer between neighboring sites. The prefactor of Eq. (6) has a
very small variation in the present experimental temperature
range: (a) np0E1.4�1011 to 1.6�1011 Hz for Li0.05Cr0.11V2O5.16

and Li0.40Cr0.11V2O5.16 and (b) np0E4.4�1011 to 5�1011 Hz for
Li1.20Cr0.11V2O5.16. Fig. 11 shows the temperature dependence of
characteristic relaxation frequency (i.e. log(np.T1/2) vs. 103/T)
corresponding to the (non-adiabatic) small-polaron hopping in
Li0.05Cr0.11V2O5.16 (Fig. 11a), Li0.40Cr0.11V2O5.16 (Fig. 11a) and
Li1.20Cr0.11V2O5.16 (Fig. 11b). Table 1 summarizes the values of
np, Wp and J determined from fitting results of Fig. 11 in Eq. (7).
The order of magnitude of the transfer integrals J (J¼6–14 meV) is
the same as that of V2O5 (J¼8 meV). This result is due to the
conservation of the distance V–V of the structural framework
despite the presence of lithium and chromium.

It is possible to determine the drift mobility of the bipolarons
in the high temperature regime, i.e. for T4hnph /2k. In this case,
the hopping frequency is written as [35,36]

nb ¼
16p3=2J4

ðkTÞ1=2

hðhnphÞ
2
ðWpÞ

1=2
ðDþ4WpÞ

exp �
ðDþ4WpÞ

2

16kTWp

" #
ð8Þ

where D is the bipolaron binding (dissociation) energy and nph the
frequency of optical phonons. The intersite bipolaron has an
activation energy of the same order as the single polaron activa-
tion energy since D54Wp. From this approximation, the hopping
Fig. 11. Hopping frequencies vs. inverse temperature for non-adiabatic polaron

(i.e. log[npT1/2] vs. T�1) and bipolaron (log[nbT�1/2] vs. T�1) hopping in:

(a) Li0.05Cr0.11V2O5 (J) and Li0.40Cr0.11V2O5 (K); (b) Li1.20Cr0.11V2O5 (’).
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frequency of an intersite bipolaron will be

nb �
4p3=2J4

ðkTÞ1=2

hðhnphÞ
2
ðWpÞ

3=2
exp �

Wb

kT

� �
ð9Þ

where WbEWpþD/2, Wb being the intersite bipolaron activation
energy. The prefactor of Eq. (9) has a very small variation in the
present experimental temperature range: (a) nb0E1.6�1010 to
1.8�1010 Hz for Li0.05Cr0.11V2O5.16 and Li0.40Cr0.11V2O5.16 and (b)
nb0E8�1010 to 9�1010 Hz for Li1.20Cr0.11V2O5.16. Fig. 11 shows
the temperature dependence of characteristic relaxation fre-
quency (i.e. log(nb.T�1/2) vs. 103/T) corresponding to the intersite
bipolaron hopping in Li0.05Cr0.11V2O5.16 (Fig. 11a), Li0.40Cr0.11

V2O5.16 (Fig. 11a) and Li1.20Cr0.11V2O5.16 (Fig. 11b). The values of
hnph obtained from the best fits of Fig. 11 and Eq. (8) are shown in
Table 1. These values (hnph¼36–77 meV) seem acceptable as
phonon energies and are higher than those of V2O5 (hnph¼

28 meV) [7–10], which would be due to the lithium insertion
and the presence of (O–Cr–O–Cr–O) short chains linking the V2O5

layers.
The electrical conduction of LixCr0.11V2O5.16 can be considered

as a combination of polaron and bipolaron hopping transfers. In
the above models, small polaron and bipolaron conductivities are
proportional to their hopping frequencies. The total conductivity
s associated to the polarons (sp) and the bipolarons (sb) is given
by

s¼fspþð1�fÞsb ð10Þ

with

sp ¼
N0f ð1�f ÞðeaÞ2

kT
2pnpexp �

dWp

kT

� �
ð11Þ

sb ¼
N0f ð1�f Þð2eaÞ2

2kT
2pnbexp �

dWb

kT

� �
ð12Þ

where f is the percentage of the conductivity due to the polarons,
dWp¼(Ws–Wp), dWb¼(Ws–Wb) and Ws the activation energy of
the conductivity. The quantities N0E1026 cm�3, a¼0.36 nm and
f¼x/2 are, respectively, the concentration of lattice sites, the
hopping distance and the occupation ratio of a vanadium site.
For the bipolaron conductivity sb, the factor 2 appears because
the bipolaron charge is 2e. Nevertheless, the electronic transfer
occurs only along b axis as for V2O5 [9]. Since the sample is an
isotropic compacted powder, its mean conductivity will be thus
sm¼s/3. The room temperature conductivity was calculated only
for both monophased compounds Li0.40Cr0.11V2O5 and
Li1.20Cr0.11V2O5. From the experimental data (Table 1) and Eq.
(10)–(12), the results are:
(a)
 (sp/3)¼8.3�10�3 S cm�1 and (sb/3)¼8�10�5 S cm�1 for
Li0.40Cr0.11V2O5;
(b)
 (sp/3)¼4.6�10�3 S cm�1 and (sb/3)¼4.2�10�4 S cm�1 for
Li1.20Cr0.11V2O5.
The comparison of these values with the mean conductivity sm

gives smEsp/3 for Li0.40Cr0.11V2O5 (i.e. fE100%) and smEsb/3
for Li1.20Cr0.11V2O5 (i.e. fE0%). The polaron motions dominate
thus the electronic transport in Li0.40Cr0.11V2O5 (and for xo0.40),
whereas the bipolaron motions dominate the electronic transport
in Li1.20Cr0.11V2O5. The transition from polaronic to bipolaronic
conduction can thus explain the electronic conductivity drop as x

increases from 0.40 to 1.20. In this way, the polaron motions
became progressively confined within the crystalline framework.
Table 1 shows that Wp and Wb are lower than Ws for
Li0.40Cr0.11V2O5 and Li1.20Cr0.11V2O5, respectively. The differences
dWp¼(Ws–Wp)E0.04 eV and dWb¼(Ws–Wb)E0.10 eV are due
to Coulomb interactions lithium-polaron and lithium-bipolaron,
respectively. Note that lithium-bipolaron interaction is approxi-
mately two times higher than that of a single polaron. A similar
change from polaronic to bipolaronic conduction was not
observed in the lithiated parent oxides LixV2O5 (i.e. for x¼0.05
and 0.40) [13]. In a and e phases of LixV2O5, the bipolarons are not
stable because their binding energies D¼17–25 meV [37] are
lower than the experimental thermal energies (kT426 meV). The
bipolaron stability in Li0.40Cr0.11V2O5 is due to higher binding
energy D¼40 meV.
4. Conclusion

In this paper is reported the first determination of the
conductivity and the permittivity of LixCr0.11V2O5 compacted
powders over a wide frequency range of 10–1010 Hz. Complex
resistivity and permittivity diagrams have allowed the determi-
nation of the electrical transport properties of LixCr0.11V2O5

particles with the temperature from 300 to 400 K. Bulk dc-
conductivities were obtained vs. temperature considering the
interfacial phenomena. In summary, different dielectric relaxa-
tions were shown on LixCr0.11V2O5, resulting from the polariza-
tions at the different scales of the samples: (i) polaron and
bipolaron hopping in the crystalline framework, (ii) grains (crys-
tallites) and (iii) aggregates of grains. The change from polaronic
to bipolaronic conduction has been evidenced with the increase of
the lithium content x from 0.40 to 1.20.

We have shown that the dielectric spectroscopy measure-
ments can provide meaningful information regarding the small-
polaron dynamics and the influence of the microstructure on the
electronic transport in powdered compounds LixCr0.11V2O5. It is
clear that the knowledge of the microstructure is of the highest
interest to determine the bulk electrical properties of the materi-
als. Hence, it appears that the only way of determining the
electrical properties of granular materials is by using dielectric
measurements, in a broad frequency range, from low to micro-
wave frequencies.

This work opens up new prospects for a more fundamental
understanding of the electronic transport in LixCr0.11V2O5. In the
future, it will be pursued by establishing a correlation of electro-
nic conduction with electrochemical behavior of electrodes con-
stituted of Cr0.11V2O5.
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