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A B S T R A C T

Broadband dielectric spectroscopy (BDS) is used to measure complex permittivity and conductivity of
conducting materials for lithium batteries at frequencies from a few Hz to several GHz with network and
impedance analysers. Under the influence of an electric field, there will be charge density fluctuations
in the conductor mainly due to electronic transfer. These fluctuations result in dielectric relaxations for
frequencies below 100 GHz. The materials are compacted powders in which each element (particles, ag-
glomerates of particles) can have different sizes andmorphologies. In the present review, studies are reported
on the influence of surface states in LiNiO2 (ageing and degradation in air) and LiFePO4 (carbon coating
thin layer), and on a composite electrode based on the lithium trivanadate (Li1.1V3O8) active material. The
results have shown that the BDS technique is very sensitive to the different scales of materials architec-
tures involved in electronic transport, from interatomic distances to macroscopic sizes.

© 2016 Published by Elsevier B.V.

1. Introduction

Upcoming hybrid electric and pure electric vehicles (HEV and
EV) applications require the development of new lithium batter-
ies with high energy density, high power and high cyclability. To
reach these goals, a more fundamental understanding of the so called
“formulation” of the composite electrode, i.e. the relationships
between the processing, the morphology at its different scales, the
electrical and mechanical properties and the electrochemical per-
formance of the composite electrode, is needed.

Electronic conductivity is one of the two major electrical prop-
erties (the other is the ionic conductivity) of the composite electrode
with respect to its electrochemical behaviour. The broadband di-
electric spectroscopy (hereafter called BDS) allows the study of the
electronic conductivity of a composite electrode at all the scales of
its architecture (from interatomic distances to macroscopic lengths)
as function of the temperature usually between 200 and 400 K [1–5].
This technique thus allows the clarification of the charge trans-
port mechanisms and the origin of the limitations in these

mechanisms, depending on the composition, processing and mor-
phology of the composite electrode.

Understanding the electrical properties of such hierarchical ma-
terials is difficult due to their complexity. First of all, to study each
electrode component taken separately is mandatory. We must be
aware that the electrical properties of composite electrode are not
the sum of all the contributions of its different components taken
separately. We must indeed also consider the existence of inter-
faces (or contacts) at the different levels of the composite electrode:
sample/current collector interface, junctions between CB agglom-
erates, junctions between AM agglomerates, grain boundaries in AM
agglomerates, AM/CB interfaces, binder layers (gaps) present at some
these interfaces (Fig. 1). The surface effects are thus of the great-
est importance to understand the multiscale electronic transfer in
composite electrodes.

In the present review, we compare previous studies on the in-
fluence of surface states for LiNiO2 [6] and LiFePO4 [1,2] active
materials. In the first case, the influence of surface ageing and deg-
radation is considered and in the second one, the influence of a
carbon coating is analysed. Moreover, the nature of the electronic
transfer in composite electrode based on the Li1.1V3O8 active ma-
terial is investigated [4]. Permittivity and conductivitymeasurements
have been recorded in a wide frequency range from 10 Hz to 10 GHz
in the temperature range 200 to 300 K.
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2. Theoretical background

The electrical response of a material results from charge density
fluctuations, when it is submitted to a time-dependent electric field�
E t( ) . This response is given by a time dependent current density
J(t) and dielectric displacement D(t),

� �
�

J t J
dD t
dtc( ) = + ( ) (1)

The first term on the right hand side is the direct current density� �
J Ec dc= σ where σdc is the direct current conductivity of the mate-

rial. The second term is the displacement current density

J dD dtd

��� � �
= = ( )ε ε0d E dt where ε0 is the vacuum permittivity and ε

the relative permittivity. In harmonic regime (i.e. E(t) ∝ exp(iωt)),
from equation 1 the relationship between frequency-dependent
complex conductivity σ(ω) = σ’(ω) + iσ”(ω) and relative permittiv-
ity ε(ω) = ε’(ω) – iε”(ω) can be defined as follows,
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The real part of the conductivity is the sum of the DC-conductivity
(i.e. at zero frequency) and of a term proportional to the imagi-
nary part ε” (i.e. dielectric losses) of the permittivity (Fig. 2a).

In electronic conductors, several polarization mechanisms occur
at different scales (from interatomic to macroscopic sizes) [7] with
distinct characteristic frequencies (Fig. 2b). At frequencies below
1011 Hz, the dielectric spectra of conducting materials can be gen-
erally summarized by the following expression:
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where ε∞ is the residual (network) permittivity and A is a fitting pa-
rameter. The term in brackets in expression (3) is the sum of m
dielectric relaxations described by empirical Havriliak–Negami (HN)
functions [8]. For each relaxation, εmL and εmH are the low- and high-
frequency limits of the permittivity, τm the mean relaxation time;
αm and βm are fitting parameters. The HN-function is the general-
ization of the Cole–Cole (CC) function with βm = 1, of the Cole–
Davidson (CD) function with αm = 0 and of the Debye function (D)
with αm = 0 and βm = 1 [8]. CC, CD and HN functions result from dis-
tributions of relaxation times, which are symmetrical for CC function
and asymmetric for CD and HN functions [8]. The Nyquist plots of
the complex permittivity (i.e. ε” vs. ε’) are circular arcs with centres
below the ε’ axis for CC function and skewed arcs for CD and HN
function. Note that Nyquist plot of the D function is a semi-circle

centred on the ε’ axis. Two approaches are considered to interpret
the different relaxations: the first one is geometrical and the second
is kinetic. In the geometrical approach, when the size of a system
increases, its response appears at lower frequency (e.g. agglomer-
ate polarization fluctuates slower than particle polarization). In the
kinetic approach, when the mobility of charge carrier increases, its
response is shifted to higher frequencies (e.g. ions contributions are
generally observed at lower frequencies than the electrons). Con-
sequently, several types of polarizations involving dielectric
relaxations can appear from low to high frequencies in the follow-
ing order: (a) space-charge polarization (low-frequency range) due
to the sample/current collector interface; (b) polarization of ag-
glomerates (or clusters) of particles (micronic scale) and (c)
polarization of particles due to the existence of resistive junctions
between them; d) electron transfers (nanometric or interatomic
scale). The resistivity ρ(ω) and conductivity σ(ω) relaxations also
described by the same functions as before are thus given by
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where the indices L and Hmean the low- and high-frequency limits
of resistivity and conductivity, τρ and τσ the resistivity and conduc-
tivity relaxation times; δ, γ, η and κ are fitting parameters similar
to those of equation (3).

If we examine the influence of surface effects on the electrical
properties, we can consider the two extreme cases most fre-
quently observed: the first one is formed by conducting grains
surrounded by a quasi-insulating thin layer (Fig. 3a) and the second
one insulating grains surrounded by a conducting thin layer (Fig. 3b).
In the first case, the electrical equivalent circuit of the system can
be schematized as two parallel combinations of resistance and ca-
pacitance in series: the first one is associated with the grains (higher
frequencies) and the second with the interfacial region (lower fre-
quencies) (Fig. 3a). The Nyquist plot of the resistivity is the sum of
two relaxations often illustrated by two circular arcs (CC func-
tions). The circular arc corresponding to the bulk or grain response
crosses the ρ’ axis at the origin when ν→ ∞. The shape of the con-
ductivity spectrum is similar to a sigmoid curve (Fig. 3a): the low-
frequency part (sample conductivity) corresponds to the conductivity
of the quasi-insulator phase (σs) and the high frequency part to the
grain bulk conductivity (σg > > σs). In the second case, the inter-
face forms a continuous conductingmedium giving rise to a constant
conductivity in all the frequency range (Fig. 3b). The Nyquist plot
of the resistivity (impedance) shows only one relaxation de-
scribed by a circular arc (CC function) or a skewed arc (CD or HN
function) for highly disordered conducting network (e.g. perco-
lated conductor with concentration slightly higher than the
percolation threshold) (Fig. 3b).

3. Experimental devices

The broadband dielectric spectroscopy requires some devices and
instruments (network and impedance analysers) for complete cov-
erage of the frequency range. Complex resistivity and permittivity
spectra are recorded over a broad frequency range of 40Hz to 10GHz,
using simultaneously impedance and network analysers Agilent 4294
(40 Hz–110 MHz), 4291 (1 MHz–1.8 GHz), PNA E8364B (10 MHz–
10GHz). The experimental devices, fully described in previous papers
[9,10], consists of a coaxial cell (APC7 standard) in which the cy-
lindrically shaped sample fills the gap between the inner conductor
and a short circuit (Fig. 4). The samples are powders that are pressed

Fig. 1. Schematic representation of a composite electrode.
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