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Abstract

The permittivity and conductivity of a porous composite consisting of a mixture of a lithium
ion battery electrode material, LiNipsMng3C00,0, (NMC532), and a polymeric binder,
Poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP), were simultaneously
measured by broadband dielectric spectroscopy (BDS). The composite was either dry or
wetted with a conventional battery electrolyte (LP30, LiPFs in EC:DMC) or a mixture of
electrolytic solvents (EC:DMC). The experimental results show that the electronic
conductivity of NMC532 was much higher than that obtained with LiNig33Mng33C00 330,
(NMC333). In addition, a strong influence of liquids was evidenced. Dipolar species (in
particular EC dipoles), and ions (in particular PFs in LP30) considerably increased the
surface conductivity of NMC532 clusters, leading to a facilitated electronic transfer from one
cluster to another. The effective ionic conductivity was measured and compared to the ionic

conductivity of the electrolyte to express the tortuosity factor of this composite electrode.
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1. INTRODUCTION

Lithium-ion (LiB) batteries are widely used today to store energy for many different
applications such as electric vehicle, electronic portable device or energy harvesting. It
remains necessary to improve their performances, in particular for electric vehicles, for which
it is necessary to extend the autonomy and reduce the charging time. LiB’s electrodes consist
of a complex hierarchical composite materials mixture, containing an active material (AM) in
powder form mixed together with an electronically conductive carbon black powder and a
polymeric binder. The performances of LiBs are significantly dependent on the electron and
ion transport properties within the composite electrodes, which crucially depend on their
nano-, meso- and macrostructure, exhibiting several interfaces that connect the different
material compounds to each other, and transport paths of varying lengths.*

Conventional electrochemical impedance spectroscopy (EIS) from 10 to 10° Hz and four-
probe direct-current (dc) techniques do not allow easy measurements and understanding of
electronic transfers in electrode materials for lithium batteries. The former allows to
determine the macroscopic interfacial charge transfer and the macroscopic ionic diffusion in
the electrodes during electrochemical cycling process, whereas the latter provides a precise
measurement of the dc conductivity which is the response of the long-range electronic
transport at the macroscopic scale of the material. Indeed, the existence of numerous
interfaces within the electrodes constitutes barriers limiting the electronic flux which leads to
a lack of information regarding the mechanistic approach of the electronic conduction. It is
thus necessary to use a technique which can at once detect slower ionic motions and faster
electronic motions respectively at lowest and highest frequency ranges. The broadband
dielectric spectroscopy (BDS) is a unique technique for this purpose, allowing to measure
complex permittivity and conductivity over a wide frequency range from 10 Hz to 18 GHz

with respect to temperature variation.>**>*” Note that if EIS and BDS can bring some
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identical information, at a certain point, they are mostly complementary (and not similar)
since: the setups are different (1 electrode in BDS vs 2 or 3 electrodes in EIS), the signals are
different (EM wave in BDS vs AC in EIS), and the subsequent equations to interpret the date
are different (Maxwell eq. in BDS vs Buttler-Volmer eqg. in EIS). Indeed, data that can be
fitted by equivalent electrical circuits in EIS, because of the electrochemical processes
(through charge transfer thanks to a second counter electrode), is irrelevant in BDS since
polarizations are studied (both at outer interface of the grains, inside the solvent layer, and at
inner interface inside the solid particles, behaving as a semiconductor), through the
appearance/changes of space charges. Thereafter, no equivalent circuit will be able to express
the exact behavior of the material, since at high frequencies it is not possible to discriminate
between electrons and ions participating in an energy storage/dissipation phenomenon, as it is
the case in EIS where capacitive double layer charge is decorrelated from faradaic current
through the well-known R//C Randles equivalent electrical scheme. Moreover, the
relationship between complex conductivity o(®) and relative permittivity () is given by the

following equation:
o(w) = p(w)™" = iwgE(w) 1)

where p(o) is the complex resistivity and g, = 8.84x10™"? F.m™ the vacuum permittivity. It is
precisely this wide frequency range that allows to study different dispersed components in a
heterogeneous mixture, which electrically polarize at different rates. This is related to both
conductivity and size scale of the mixture component under consideration. As an example,
considering the same active material, a particle will be studied at higher frequencies than the
corresponding agglomerate (or cluster) of particles, as a material polarizes faster at smaller
scales. The electrical properties of composite electrodes are difficult to understand due to their
complex hierarchical nature (existence of agglomerates of active material and carbon black)

and thus to the presence of various interfaces at the different scales of the electrode: current
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collector/electrode contact, particle boundaries within active material agglomerate, junctions
between carbon black agglomerates separated by insulating binder layers, and carbon
black/active material contacts. The different interfaces thus produce charge accumulations at
agglomerate and particle junctions or boundaries. As a result, electric polarizations at the
different scales of the composite electrode (Fig. 1a) take place. Corresponding relaxation
frequency is even larger as the mobility of the charge carriers (e.g. electrons) involved is
higher and the size of the system is smaller. Previous BDS studies have distinguished the
different types of interfaces inducing multiscale electric polarizations and conductivities,
notably in LiNig33Mno33C00330; (called NMC333) active material. In particular, strong
interactions between ions (Li*, PFg) of the electrolyte and electrons involved in NMC333 and
carbon black (CB) conductivities have been evidenced. These interactions depend on the type
of conduction of the active material (i.e. p or n type) and on the nature of the species (i.e.

dipoles or ions) adsorbed on its surface.

The LiNigsMng3Co00,0, (hereafter denoted NMC532) active material is increasingly
replacing NMC333 in today’s LiB as a consequence of superior performance.8 The present
study is focusing on NMC532, intending to better understand the electrochemical properties

of NMC532-based LiB electrodes.’

Exhaustive characterization of the multiscale electronic transport in NMC532 is
performed without adding the CB conducting additive in order to: (i) provide a comparison
with NMC333; and (ii) reveal the interactions of the electrolyte with NMC532. A systematic
approach is followed, studying the samples at different temperatures, starting with a study of
NMC532 in the dry state, then wetted with ethylene carbonate (EC) — dimethyl carbonate
(DMC) solvent and finally soaked with LP30 electrolyte (LiPFs 1 molar in 1:1 v:v EC:DMC).

The active material was compounded with the poly(vinylidene fluoride-co-
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hexafluoropropylene) (PVdF-HFP) binder, hereafter abbreviated to PVdF, to form a pellet.

The amount of PVdF and the porosity of the pellet are also parameters of the study.

2. EXPERIMENTAL SECTION

2.1. Materials

The NMC powder under study was an EV battery grade material.”*** NMC/PVdF
mixtures were prepared according to protocols described elsewhere.® Cylindrical samples of
7-mm diameter were obtained by compacting the NMC/PVdF using a pelletizer (Ets Canaple)
at about 750 MPa.

SEM images and EDX analysis of the NMC powder were performed using a Zeiss
Supra 55 variable pressure scanning electron microscope with field emission gun (SEM-
FEG), equipped with energy dissipative X-ray detector for chemical microanalysis. X-ray
diffraction patterns were measured in a PANalytical XPert Pro diffractometer using a Cu-Ka

(A=1.5408 A) source operating at 40 kV and 30 mA. The patterns were acquired in a 0-20

configuration with a 20 range of 10-80° with a step size of 0.017 °.s™'. Complementary
characterizations of the NMC powder by EBSD (Electron Backscatter Diffraction), X-Ray
and FIB/SEM tomography techniques can be found elsewhere.*®

2.2. Broadband dielectric spectroscopy

BDS measurements were carried out by placing a sample at the discontinuity of a coaxial
waveguide. Agilent 4294 (40 to 1.1x10° Hz) and E8364B (10° to 1.8x10" Hz) impedance and
network analysers respectively were used to obtain the admittance over multiple frequency
bands, with a frequency overlap ranging between 10° and 1.1x10°® Hz that verifies the
measurements correspondence °. The cylindrical sample filled the gap between a short-
circuit and the coaxial waveguide. The sample exhibited the same diameter (i.e. 7 mm) than

the outer-conductor of the coaxial waveguide and a thickness of about 400 um. Metallic
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contacts were made by gold sputtering on both front and backsides of the sample in order to
provide sufficient electrical contacts. Facing the inner conductor of the coaxial cell, the gold
film in the center of the sample surface had the same diameter (i.e. 3 mm) than the inner
conductor. Facing the short-circuit, the gold film covered the entire surface of the sample.
After an accurate calibration with analysers, homemade analytical resolution of the mode
matching method was used to derive complex permittivity e(w) = €'(0) - i&"(w) and
conductivity e(o) = €'(®) - i&"(w) of the sample. Dielectric spectra were made up of 400
measuring points with a relative accuracy at most of the order of 5%. The experimental
devices are fully described in previous papers.®>’ Permittivity and conductivity of the

samples were measured in the temperature range 200 - 300 K under dry Na.

3. RESULTS AND DISCUSSION

3.1. Structure and microstructure

Figure 1a shows the intimate relationship between the frequency range and the size of
the objects of interest. Scanning electron micrographs displayed on Figure 1b shows the
typical LiNigsMng3C0020, compound morphology. The overall diameter of near spherical
NMC clusters (Figure 1b) is about 5 um and the size distribution can be appreciated by the
dio-dgo interval equal to 3.2 to 14.5 um. Each cluster consists of an agglomeration of primary
particles of NMC (Figure 1) exhibiting a mean diameter of about 260 nm and the size
distribution can be appreciated by the dio-dgo interval equal to 150 to 450 nm.'° One can
observe on the SEM micrographs that several interfaces are present at the different scales:
cluster-cluster, cluster-particle, particle-particle with the additional contribution of the
microstructure scale (interatomic distances). We assume that these interfaces strongly
contribute to limitations in terms of both the effective surface and bulk electronic

conductivities of the NMC compound as suggested in a previous study.*? It has to be noted
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that calendered electrodes were also studied, exhibiting fracturing of some of the NMC
clusters due to the applied tonnage.'°

A complementary chemical microanalysis of the powder performed by energy
dissipative X-ray spectroscopy (EDS) (Figure 1c) allowed to determine the stoichiometry of
the materials. The composition of the sample is in perfect agreement with the expectations,
each TM being in the right atomic percent: Ni (49.77 %), Mn (28.75 %) and Co (21.48 %).
Empirically, one would expect there are 80% Ni**, 20% Ni** in stoichiometric pristine
NMC532.

Structural investigations of the LiNipsMny3C0p20, compound have been performed
by X-ray diffraction (Figure 1d). The powder contains only one crystalline phase which
matches the layered o-NaFeO, type of trigonal crystal structure (space group of R3m, Figure
1e). * The R3m phase can be categorized as hexagonal according to the crystal family,
trigonal according to the crystal system, and rhombohedral according to the lattice system.
The composition is a recurring succession of a transition-metal layer at the base, followed by
an oxygen fragment, a lithium layer and, again a transition-metal layer. The transition metal
atoms that are correlated with the 001 plane are distributed in a hexagonal pattern (Figure 1e)
where all the transition metal present in the structure are having the same probability to
occupy any atomic site. ** One can distinguish clearly the two diffraction pairs (006)/(012)
and (018)/(110) that are indicating a highly crystalline layer structure. NMC clusters are
however polycrystalline, as the layers orientation within each particle differs from their
neighbours.°
3.2. Influence of PVdF on electric properties of LiNigsMng3C0g202
The addition of PVdF is necessary so that the samples to be studied are compactable in the
form of pellets (see Experimental Section). Firstly, the measurements were performed by

comparing two samples with different volume contents of PVdF. The former (hereafter
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denoted NO) had 63% NMC532, 3% PVdF and 34% porosity. The second (hereafter called
NOb) had mean values of about 68% NMC532, 5.6% PVdF and 26.4% porosity. Note that the
compositions are indicated in volume percentage. NOb which has more PVdF will be fully
studied because it does not disintegrate when soaked with liquids (EC:DMC in 1:1 v:v and
LP30). Fig.2 compares the real parts of conductivity (c’) and permittivity (¢’) spectra of NO
and NOb at room temperature. The results are surprising at first sight with respect to the
evolution of the conductivity as a function of frequency (Fig. 2a). In fact, the conductivity of
NOb is lower than that of NO below 10° Hz and becomes higher above 10° Hz (Fig. 2a).
Below 10° Hz, the insulating PVdF has a major influence on the electrical properties of NOb,
despite a higher NMC content (68% instead of 63%). Above 10° Hz, the influence of NMC
content on the conductivity is physically more consistent. Nyquist plots of complex
permittivity (¢” vs. €), resistivity (p” vs. p’) and conductivity (¢” vs. ¢’) are highly suitable
to evidence the different relaxations by means of a decomposition procedure which is
recorded using a homemade software. Indeed, it has been previously shown that the frequency

dependent permittivity of a conducting material is generally given by the following equation:

A&‘j

[1+ (iw‘rj)l_“j]'gj

+ A(iw)s™t + 2= )

o
iwegg

() = e+ |2

The term in brackets corresponds to the sum of the empirical relaxation functions (i.e.
Havriliak-Negami (HN) functions) because electric polarizations at different scales are
additive due to their vector character. In equation (2), ® = 2rv is the angular frequency in
rad.s® (v being the frequency expressed in Hz). 0 (0 < 0;<1)and Bj (0 <Bj<1) are fitting
parameters, t; a mean relaxation time, Ag; the dielectric strength, cq4. the sample dc-
conductivity, ens the sample residual (or higher frequency) permittivity and s (0 < s < 1) an
empirical parameter. The relaxation functions that fit most experimental spectra are Debye (a;

=0, B; = 1) and Cole-Cole (o # 0, Bj = 1) functions whose Nyquist representations display
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arcs of circle centered on the real axis for the first one and below this axis for the second one.
The term A(io)** (0 < s < 1), whose the contribution occurs in the low-frequency range it is
due to a more or less disorderly conductive network (at macroscopic scale). It can be also due
to distributions of contact resistances and capacitance between metallization and the sample.
The Nyquist plot of such behavior is a straight line whose angle 6 = (1-s)r/2 with the ¢'-axis
is smaller as the parameter s is higher: the straight line is vertical for s = 0 and merged with
the sample dc-conductivity contribution cgc/imeg. The decomposition of the dielectric spectra
into several contributions (DC conductivity and relaxations) is carried out by successive
subtractions of the contributions starting from the lowest frequencies to the highest ones. For
the sake of clarity, the dielectric spectra of NO are fully analyzed in Supporting Information
S1 (Fig. S11 and S12). The entire Nyquist plot of NOb at room temperature (Fig. 3a left)
shows that the low-frequency part of the spectrum is well fitted by a quasi-vertical straight
line (P1 contribution) corresponding to the sample dc-conductivity cgc/imey contribution, the
term A(io)*" being negligible. After subtracting the P1 contribution, a dielectric relaxation
(P2b contribution) is found to be well fitted by a Cole-Cole (CC) function with frequency vy
= 2x10* Hz (i.e. 2o = 8 ps), ozp = 0.33 and Aepy, = 307 (see Table 1). Both following P2 and
P3 contributions are obtained after subtracting those of P2b and P2, respectively. The second
P2 contribution is well fitted by a CC relaxation function with frequency v, = 5x10° Hz (i.e.
T2 ~ 0.32 ps), ap = 0.21 and Ag; = 60 (Table 1). The third contribution P3 is also fitted by a
CC relaxation function with frequency vs = 7x10" Hz (i.e. 1 = 2.3 ns), az = 0.29 and Agz =
110 (see Table 1). Table 1 compares the dielectric relaxations of the two compounds NO and
NOb (Supporting Information S1, Fig. S11). P2 is a space-charge relaxation occurring at
largest scale of the sample and is due to the interface between the sample and gold
metallization in the contact with the coaxial cell surface. The lowest frequency relaxation P2b

is non-existent for NO. This shows that P2b is due to the existence of another type of interface
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for which PVdF lies between gold and NMC, thus making it more difficult the electronic
transfer. Hence, P2b is a space-charge relaxation over the thickness of PVdF/NMC assembly
(i.e. sample thickness ~ 400 um). P2 and P3 relaxations are each common to both samples
owing to their respective frequency ranges (Table 1). At the other extremity of the dielectric
spectrum, the relaxation P4 having the highest frequency remained undetected for NOb
although it was highlighted for NO. This may be due to its relatively smaller intensity Ae4
compared to its lower frequency counterpart P3 which is two times larger than that of NO
(Table 1), thus making it more difficult to distinguish. P2, P3 and P4 are thus space-charge
relaxations associated to the following scale levels of NMC532 (Fig. 1a): the first one being at
a macroscopic scale (NMC sample thickness ~ 400 um), the second at an intermediary scale
(cluster size ~ 5 um) and the third at the smallest scale (particle size ~ 260 nm). The
relaxation frequencies of P3 (cluster polarization), which are observed whatever the

temperature, follow an Arrhenius law

V3 = Vgzexp (— ,f_;) 3)
with activation energy Es = 0.20 eV and prefactor vos = 2x10" Hz (Fig. 3b). T and k =
1.38x10 2 J.K! are the temperature and the Boltzmann constant, respectively. However,
dielectric strength Aez of P3 for NOb (i.e. Agz = 110) is almost twice as intense as that for NO
(i.e. Agz = 63) because of a higher NMC content in NOb. The P4 relaxation (particle
polarization) is well fitted by a CC-function with a relaxation frequency v4 = 6.4x10° Hz, a
parameter o4 = 0.08 and a dielectric strength Ae, = 1.1 at room temperature (Supporting

Information S1, Table 1 and Fig. S11). The relaxation frequency v, follows an Arrhenius law
Ey
V4 = Voaexp (— E) 4)
with an activation energy E4 = 0.09 eV and a pre-factor vos = 2x10* Hz. Experimental data of

NMC 532 and NMC333 show they have almost the same frequency pre-factors vo3 and vo4 Of
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cluster and particle polarizations because they are in a narrow interval from 2x10' to
3.3x10™" Hz (Table 1). vo3 and vos could correspond to hole transfer between nearest
neighbors Ni** and Ni** whose distance is similar in NMC532 and NMC333. The residence
time 1o between Ni** and Ni®* ions, which equals to (2rtves)™ and (2rtves)™, would be of the
order of 0.5 to 0.8 ps. Note that all the (electronic) space-charge are the consequence of a
depletion layer at the surface of the NMC particles.

The whole Nyquist plot of resistivity (i.e. p” vs. p’) of NOb at 294 K is shown in
Figure 3c. The two circular arcs show that the complex resistivity p(w) of NOb is here the sum

of two relaxation functions:

Ps - Pc Psb — Ps (5)
1+(iwtp)17%2  1+(iwT,)17 %1

p(w) = pc+
where p. is the NMC cluster resistivity, ps the sample (pellet) resistivity, ps, the resistivity
including the gold/sample interface. t; and t, are characteristic times of low and high
frequency relaxations, respectively. Then Ap; = (psp - ps) corresponds to the resistance of the
gold/sample interface and Ap, = (ps - pc) to the cluster boundary resistance (Fig. 3d). Note
that Ap; which does not exist for NO is mainly due to the resistance of the set
gold/PVdF/sample. However, the particle resistivity p, was only highlighted for NO by
extrapolation of Nyquist spectra at highest frequencies (Fig. S12). On the contrary p, is
undefined for NOb because of its lower value (see Table 1). Room temperature conductivity
values of the set gold/PVdF/sample og, = psy ™, the sample os = ps™, the cluster o = p¢* and
the particle o, = p,” are summarized in Table 1. It is pointed out that o, in NOb is twice
higher than that in NO because of a higher NMC content in NOb. Fig. 3e and S13 show that
sample (osh, o), cluster (o) and particle (op) conductivities in NOb and NO follow Arrhenius

laws given by the following equation

On = Gonexp (—12) (6)
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with n = sb, s, ¢ and p. The activation energy values of conductivities are in the range from
0.23 to 0.27 eV (Fig. 2c), with the exception of that of the particle equal to 0.10 eV (Table 1
and Fig S13). At this point, it is fundamental to compare the conductivities of the two
compounds NMC532 and NMC333 (Table 1). Previous study of density of states (DOS) of
NMC333 and NMC532 has shown among other that the top of valence band is near of Fermi
energy Er. * The activation energy Ep = Er — Ev of particle conductivity is thus the difference
between the Fermi energy and the energy E, (i.e. top of the valence band). NMC333) and
NMC532 are p-type semiconductors in which the presence of Ni** enables hole conduction on
Ni 3b sites in a 2D triangular lattice. Interatomic conductivity oo of NMC532 occurring
between nearest neighbors Ni is undefined owing to its high value. In NMC333, the
temperature independent interatomic conductivity, oo ~ 20 S.m™, was previously shown to
correspond exactly to the particle conductivity prefactor (Table 1), Erreur* Sianet non défini. yance
the calculated interatomic conductivity of NMC532 (i.e. for NO) would be of about 5126 S.m’
! thus more than one hundred times higher than that of NMC333. But, the change in Ni molar
content (i.e. from 0.33 to 0.50) cannot explain such a difference in the particle conductivity of
the two compounds. Transition metals atoms (Ni, Mn and Co) are randomly located on 3b
sites forming a 2D triangular lattice in planes parallel to those of Li ions (3a sites) and
oxygens (3c sites) (Fig. 1e). The nickel atoms each have a coordination number z = 6 in such
a lattice. However, Ni atoms must be distributed so that there are enough conduction paths to
ensure electronic (holes) transfers. This last condition is fulfilled because a percolation of Ni
atoms network could occur above a threshold x. ~ 2/z as defined by effective medium
approximation (EMA) for bond percolation. **** The percolation threshold would correspond
to Nickel molar content x. ~ 1/3, which confirms the much higher electronic conductivity of

NMC532.
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The conductivity of the spherical NMC clusters are three dimensional although that of
particles (as platelets) is two-dimensional. As the particles are randomly oriented in the
clusters, the conduction paths are disturbed between neighboring particles. The hole transfers
are thus hindered from one particle to the other. Hence, the particle boundary barriers, i.e. (E.
—Ep) = 0.13 eV, are higher than that between two spheroidal isotropic clusters, i.e. (Es — Ecr)
~0.02 - 0.05 eV (Table 1). The difference in conductivity between the sample and the clusters
(oc/op =263 and 357 in NMC532 and NMC333, respectively) could be mainly explained by
inter-cluster contact surface smaller than their total area.

The much higher conductivity of the particles in NMC532 compared to NMC333 has
an important practical influence. Indeed, for the NMC333 to work well in an electrode, it
must be made up with a higher carbon black (CB) content than for the NMC532. In the latter
case, it is not necessary to adjust the CB content above the percolation threshold to achieve a
suitable electronic conductivity. The addition of CB would be only required to create
conductive bridges between clusters. ***

3.3. Influence of the solvent and the electrolyte on conductivity and permittivity spectra.

Fig. 4a and 4b shows real parts of conductivity (c’) and permittivity (¢’) spectra of the three
compounds at room temperature: dry NMC (NOb), NMC (NOb) filled with EC:DMC solvent
(hereafter called NObS) and with LP30 electrolyte (hereafter called NObE). Conductivities rise
by about two to four orders of magnitude, while real parts of permittivity drop by about the
same amount on the whole frequency range. Below 107 Hz, there is a strong increase of the
conductivity, when the porous sample is filled with EC:DMC and LP30 liquids (Fig. 4a). The
conductivity rise is more important for NObE because of the presence of the ions (Li*, PFe).
Above 108 Hz, conductivities of NObS and NObE are similar and are a half order of magnitude
higher than the conductivity of NOb. Histograms of Fig. 4c compare conductivities of the

three different samples NOb, NObS and NObE at both ends of the spectrum 102 and 10™ Hz
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and at room temperature. At the lowest frequency, the sample conductivity is two times
higher with EC:DMC but almost two order of magnitude higher with LP30. The conductivity
at 10% Hz is about three times higher when the sample is soaked with EC:DMC solvent or
LP30 electrolyte (Fig. 4c). This increase could be the result of the occurrence of dielectric
losses due to rotation of polar molecules in solvent. Permittivity at 100 Hz is two to three
orders of magnitude higher when the sample is filled by EC:DMC and LP30, respectively
(Fig. 4d). Furthermore, Figures S21 and S22 show the influence of the temperature on the
frequency dependence of the real parts of the conductivity and permittivity. In the case of
NObS, we can see a marked drop in dielectric values at the crystallization temperature of the
solvent EC:DMC, between 280 and 276 K. For NObE, a significant decrease is also observed
at the crystallization temperature of the electrolyte, between 233 and 223 K. This will be
confirmed after a thorough analysis of the spectra at different temperatures. The dielectric
spectra (Fig. 4a-b and Fig. S21-S22) have several bumps due to some dielectric relaxations
and conductivity, as detailed below. Moreover, when a liquid (EC:DMC or LP30) is
introduced into the pore network, other types of interfaces are then created between the liquid
and the different components of the electrode involving some modifications of the dielectric
parameters described in Equation (2). In the following, the spectra are decomposed into
several relaxations in order to reveal solvent dipoles - NMC interactions on the one hand and
the ions - NMC interactions on the other hand.

3.4. Sample soaked by EC:DMC.

In this part, only the interactions of solvent dipoles with NMC532 (NObS sample) are studied.
As EC dipole moment value (i.e. 4.9 D) is greater than the dipole moment of DMC (i.e. 0.93
D), the influence of adsorbed EC dipoles on permittivity and electronic conductivity of
NMC532 are only considered. The decomposition of Nyquist plots of NObS permittivity (Fig.

5, 6a and 6b) shows the existence of three additional contributions compared to that of dry
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sample NOb: a) two low-frequency relaxations P2bs and P2s (Fig. 5b and 5c¢) and one high-
frequency relaxation P5 (Fig. 5f). This modification of the dielectric spectra is thus due to the
presence of EC:DMC within the pore network of the sample. P2bs and P2s have the lowest
relaxation frequencies vas = 6.1x10° Hz and vy = 6.4x10° Hz at room temperature,
respectively, and also have the largest intensities since their respective strengths are Agys =
15500 and Aeg,s = 9000. P2bs and P2s originate from interfacial capacities due to adsorbed EC
dipoles at the PVdF/NMC interface and on the free NMC surface, respectively. At the other
end of the spectrum, the high frequency relaxation P5 has a characteristic frequency vs =
6x10° Hz and a dielectric strength Aes ~ 10 at room temperature. This relaxation is too intense
to be attributed to NMC particle polarization whose strength is of the order of unity (Table 1).
P5 contribution therefore corresponds to a rapid rotational movement of EC dipolar molecules
whose value vs is in the order of magnitude than that found in previous papers.Eeur " Signet non
défini. Erreur ! Signet non défini. p> ang P3 are space-charge relaxations respectively attributed to
sample (set of clusters) and cluster polarizations as for the dry compound. Their relaxation
frequencies v, = 5x10° Hz and v; = 4.8x10" Hz at RT are near of that of the dry compound
NOb (see Table 1 and Figure 6c). Activation energy E; = 0.22 eV and frequency prefactor vgs
= 3x10" Hz of v; are quasi-similar to that of NOb (Fig. 6¢c). However, the dielectric strength
Agz of P3 is higher since it is equal to 378 instead of 110 for the dry compound NOb (Fig. 6d).
However, the dielectric strength Aesz is equal to that of NOb, when the liquid is frozen and
becomes an inert dielectric solid (Fig. 6d). In the liquid state, the dipolar EC molecules, which
are adsorbed on the NMC surface, have thus an important role on intrinsic electrical
properties of NMC (i.e. that of NMC cluster).

Agz is temperature independent above the freezing temperature (Fig. 6d), and thus

corresponds to the space-charge capacitance (i.e. Aes o Cs) of the NMC cluster. The latter is
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inversely proportional to its thickness w, i.e. Aes a Cs o w™ (Supporting Info S4 gives more
details about the space-charge capacitance of p-type semiconductors, as is NMC).'"*® The
surface potential is modified and depends on the orientation of EC dipoles relative to NMC
cluster surface. The electron rich carbonyl oxygen of EC is attracted to transition metal atom
of NMC and EC dipole is therefore on average oriented towards the liquid.® Charge carriers
(holes) are thus attracted toward the NMC cluster surface, which implies an increase of Ni**

content, Ngf (the acceptors in eq. (S1) of Supporting Info S4), in the space-charge layer. As

its thickness is proportional to N_*/? it therefore decreases.®** This phenomenon therefore

surf

leads to the sharp increase of Aes as here observed (eq. (S2) of Supporting Info S4).
For better accuracy, it is more suitable to use here Nyquist plots of conductivity to
determine the conductivities of NObS. The Nyquist plot of conductivity (i.e. 6” vs. 6°) of
NObS at 294 K is shown in Figure 7a. In the low frequency part, two circular arcs (C1 and

C2) show that the complex conductivity o(w) of NObS is the sum of two relaxation functions:

Ocs — Oss Oss — Osol/s (7)
1+(iwTp)17%2  1+(iwT,)17%1

o(w) =

where o5 IS the conductivity of the whole NObS sample taking account of adsorbed solvent
molecules on its entire surface. o5 and o are the NMC sample (i.e. set of NMC clusters) and
cluster conductivities, respectively. Hence, an insulating gap (PVdF + EC:DMC) gives rise to
the contact resistance/capacitance which generate the conductivity relaxation C1. The NMC
sample conductivity o is determined by the crossing of high frequency part of C1 with the
real axis. The relaxation domain C2 obtained after subtracting C1 corresponds to the inter-
cluster contact resistance/capacitance. The cluster conductivity ocs IS determined by the
crossing of high frequency part of C2 with the real axis. Fig. 7b shows that the conductivities
of NObS, which are compared with that of NOb, are thermally activated above the freezing

temperature (i.e. Tr = 278 - 279 K) of EC:DMC. The conductivities of NObS are higher than
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that of NOb: the cluster conductivity is increased by a factor of 2 while that of the sample (set
of clusters) is five times more raised. Moreover, cluster and sample conductivities have the
same activation energies of about 0.23 eV. This confirms that the inter-cluster electronic
transfers are facilitated by the presence of EC dipoles near the contacts between clusters.
Therefore, the surface potential is negligible and most likely less than 0.01 eV which is
consistent with a lower space-charge thickness in the presence of adsorbed EC strong dipoles,
hence a large increase in the sample conductivity. Note that the increase in the conductivity of
the cluster from 1.0 to 1.9 S.m™ (at 296 K) obviously influences that of the sample. This
increase of the cluster conductivity seems surprising considering the size of the cluster (i.e. 5
um). A simplistic approach for cluster conductivity and resistivity allows to understand the

increase of the NMC cluster conductivity ocs with EC:DMC. The total resistance R, from one

edge of the cluster to the other (in NOb), which is inversely proportional to o, = p¢*, can be

approximated to the sum of its core resistance R5°"¢ and its surface resistance Rjurf that is to
say:

R, = Réo"e + RSV (8)
The surface is distinguished from the core as the surface is influenced by the NMC/EC:DMC
interactions. Let w be the thickness of the surface layer (or space-charge thickness) and D the
cluster diameter, the core size is approximately equal to D since D >> w. By giving an
arbitrary value equal to 1 for the area of the two resistances, the total resistivity of the NMC

cluster in NOb is given by,

pe = p&re + pitT 2 ©)

It has been previously seen that the polarization of the cluster gives rise to a dielectric
relaxation whose strength Aes is inversely proportional to w (Aez a w™) (Supporting Info S4).

As the hole (Ni**) concentration in the surface layer is Nsut oo W2 (see Eq. S2 in Supporting
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Information), the resistivity of the surface layer is given by p.”"’ = Aw? (A being a
constant). The expression 9 is thus reduced to

pc = e + Bw? (10)
where Bw3 corresponds to the surface “resistance” of the cluster with B = 2A/D. The core
resistivity p<°™® (or RS°"°) does not undergo surface interactions because D >> w. The
comparison of the resistivities of NOb and NObS will allow the calculation of pS°"¢. When the
sample is filled with EC:DMC (sample NOb), the surface layer thickness, the dielectric
strength and the cluster resistivity become ws, Agss and pcs respectively. Comparing the
dielectric strengths Aez = 110 and Aess = 378, the surface thickness becomes ws = w/3.44. As
the total cluster resistivities are p. = 1 Q.m and p.; ~ 0.53 Q.m at RT, the expression (10)
applied to NOb and NObS gives: £°™¢ = 1/p<°" ~ 1.9 S.m™ with Bw® = 0.48 Q.m and Bws®
~ 0.01 Q.m. The total conductivity of the cluster tends towards its core conductivity in the
presence of EC:DMC on its surface (Table 2). This surprising result shows that the presence
of EC:DMC at NMC surface leads to a sharp drop in cluster surface resistance, from 0.48 to
0.01 Q.m, then becoming negligible. The five times increase of the sample (set of clusters)
conductivity (oss/os~ 5) could be attributed to a significant decrease of the contact resistance
at the clusters junctions as a consequence of the decrease of the surface resistance of the
clusters. Below the freezing temperature T, the sample o conductivity drops by about an
order of magnitude and the cluster conductivity c.s decreases slightly toward what it would be
with the dry sample (Fig. 7b). EC:DMC then acts as an inert solid dielectric and therefore
without interaction with NMC532 below Te.
3.5. Samples soaked by LP30.
After showing how dipoles act with NMC, the ion / NMC interactions are studied by
introducing electrolyte LP30 into the pores of the dry compound NOb which will subsequently

become NObE. The decomposition of Nyquist plots of permittivity (Fig. 8) shows the
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existence of five circular arcs defining five relaxations (W1 to W5). The lowest frequency
part of the dielectric spectrum is a giant relaxation (W1) which only exists above the freezing
temperature Tr of the electrolyte. The W1 relaxation therefore has an ionic origin and can be
attributed to an ionic double-layer at the sample electrolyte interface. Its characteristic
frequency vi = 30 Hz at 295 K is thermally activated with an activation energy of about 0.24
eV. The mean dielectric strength Ae; = 1.21x10” of W1 is not dependent on the temperature
above Tg. The values of v; and Ag; agrees with that (i.e. frequency ~42 Hz at RT and strength
~ 1.76x10") obtained for an electrode containing NMC333 and 1.8 wt% of carbon black.
Erreur ! Signet non défini. Aq the permittivity of the sample filled with electrolyte (i.e. ese = 9000) is
negligible compared to that of the whole sample/double layer (i.e. &g << (&g + 4a) ~

1.21x10"), the double layer capacitance per unit surface area is given by

Car =22 (12)

where Ls ~ 400 pm is the sample thickness. The Equation (11) yields Cg = 20 pF.cm™
according to the order of magnitude generally obtained for electrode materials in batteries.
The W2 relaxation is evidenced after subtraction of the W1 contribution from the whole
spectrum. The other relaxations W3, W4 and W5 are also determined after subtractions of
W2, W3 and W4, respectively. The relaxation frequency v, (1> = 4.2x10* Hz at 295 K) of
W2 is thermally activated on either side of the freezing temperature Tr of the electrolyte (Fig.
9a). The activation energy of v, is around 0.25 eV for T > T in the liquid state, while it is
higher of about 0.44 eV for T > T in the solid state. The dielectric strength Ag; (4g, = 7400
at 295 K) of W2 decreases moderately above T and then drops below Tg (Fig. S51). The
relaxation W2 is thus attributed to local ion motions in the electrolyte because of the
significant modification of their dynamics at the freezing temperature Tg. It should be noted

that the W2 relaxation is similar to that evidenced for an electrode containing NMC333 and
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1.8 % of carbon black, Ereur! Sionet non définl The two relaxations W3 and W4, which have
characteristic frequencies vs = 10° Hz and v, = 1.5x10" Hz, are of the same order than that of
the relaxations P2 and P3 for NOb and NObE at room temperature (Table 1, Fig. 6¢ and S31).
W3 and W4 are thus electronic space-charge relaxations respectively attributed to sample (set
of clusters) and cluster polarizations as in NOb and NObE. They are thermally activated with
activation energies E3 = E4 = 0.23 eV. Looking at the intrinsic properties of NMC (i.e. the
NMC cluster), we find that the frequency prefactor vos = 1.5x10" Hz of v, is quasi-similar to
that of NOb (= 2x10*! Hz, Table 1) and of NObE (= 3x10™ Hz, Fig. 6¢). These relaxations are
thus associated to hole motions from either side of NMC cluster boundaries, whether the
material is wet or dry. The dielectric strength Ag4 of W4 is also higher than the dielectric
strength of P3, since they are equal to 678 instead of 110 and 378 for NOb and NObS,
respectively. This increase of Ae; is amplified compared to NOb and NObS because the ions
(i.e. mostly PFg anions) adsorbed in addition to the EC dipoles tend thus to attract more
charges towards the cluster surface. This leads to a supplementary increase of the Ni** content
Nsurf I the space-charge layer whose thickness becomes even smaller. It will be shown later
that this phenomenon has consequences for the conductivity.

As ion and electron flows are carried out in parallel, it is more obvious to use Nyquist
plots of complex conductivity (¢ vs. o). Ereur! Signet non défini. Tha Nyquist plots of NObS at
294 K are shown in Figure 10a-c. In the low frequency part, a circular arc C1 (Fig. 10a),
which crosses the real axis ¢’ at o5 ~ 0 (given the accuracy of measurements) and o,
corresponds to a blocking interface between an ionic conductor (i.e. LP30 electrolyte within
the pores) and the gold collector. The electric equivalent circuit is an ionic double layer
capacity in series with a resistance proportional to the inverse of the conductivity o; (Fig.
10a). Once the contribution C1 is subtracted, a second circular arc C2 (Fig. 10b) is an arc of

circle crossing the real axis o' at o5 and oi. A third contribution C3 (Fig. 10c), which is
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evidenced by subtracting C1 and C2, crosses the real axis ¢' at o and or. Figure 10d shows
that o5 and o; are thermally activated above T with activation energies of about 0.27 eV and
0.24 eV, respectively. Below T, o5 and o drop sharply and become similar with the decrease
of the temperature (Fig. 10d). Consequently, o5 and o; are conductivities due to ionic
transfers (Li* and PFg) within the electrolyte filling the pore network. The conductivity
relaxation C2 can be attributed to forward-backward ion motions caused by the existence of
pore tortuosity. The latter involve ionic concentration gradients producing some coulombic
repulsions between charges of the same sign at junctions of the pore segments. Another
hypothesis would suggest that the adsorption-desorption of the ions from NMC surface could
also increases the number of repulsions. The existence of such interactions justifies the higher
activation energy of about +0.03 eV for . One part of cations and anions could move in the
same direction because of significant correlations between their motions. ?° The smaller
conductivity oy is thus the bulk ionic conductivity which is composed of a set forward-
backward movements. ' Hence, the larger conductivity o; would be the ionic conductivity
free from backward ionic movements, which would be directly linked to auto diffusion

coefficients of Li" and PFg ions.

The relations between the liquid electrolyte conductivity cip30 and the conductivities

osi and oj can be provided by the Archie’s law:
Osi = Ulp30¢m (12a)
0 = Op3od™ (12b)

where ¢ is the porosity volume fraction of the sample filled with the electrolyte. The two
exponents m and m’ are related to the geometry of the pores network and especially to their

tortuosity. Equations (12a) and (12b) lead to m = 2.5 and m’ = 2, with ¢ = 0.264, cjp30 = 1.2
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S.m?, o5 = 45x10% Sm™ and o; = 8x10% S.m™ at RT. The m’ value agrees with that
determined by numerical simulation of the ionic conductivity of similar electrodes wetted by
the electrolyte LP30.% The later simulations could not consider coulombic repulsions and
forward-backward ion motions. The m value agrees with that determined by BDS for an
electrode containing NMC333 and 1.8 % of carbon black.Emeur! sionet non définl The theoretical
relationship between the tortuosity, the porosity, the ionic conductivity of the electrolyte

confined in the pores (c;) and that of the free electrolyte (cip30) is given by

%2 (13)

Olp30 Tp

where T, is the tortuosity factor. Equation (13) leads to T, = 3.96 by using ¢ = 0.264, cjp30 =
1.2 S.m™ and o; = 0.08x10? S.m™ at RT. This value is in very good agreement with other
simulations of ion diffusive properties in typical NMC-based electrodes, % and with diffusion
experiments, but on LiFePO4- and LiCO,- based electrodes. ?*? It should be noted that the
activation energy of o; (i.e. E;) is equal to 0.24 eV instead of 0.21 eV for that of o3 (i.e.
Eipao) %" implying a temperature dependence of the tortuosity factor T,. This aspect has
never been discussed for battery materials, to the best of our knowledge, and deserves

complementary studies.

The conductivity C3 relaxation permits to obtain the electronic NMC cluster
conductivity oce = (or — oj) since electronic and ionic fluxes are parallel. The cluster
conductivity of NObE, which is oce = 1.6 S.m™ at 295 K, follows an Arrhenius law with an
activation energy equal to 0.23 eV. This conductivity is higher than the cluster conductivity
oc in the NOb (i.e. 1 S.m™ at room temperature) but nearly similar to that of NObS (i.e. 1.9
S.m™ at room temperature). The increase of the cluster conductivity of NObE due to adsorbed
ions can be understood by using the expression (10). The surface layer thickness, the

dielectric strength and the cluster resistivity of NObE are here wg, Agze and pce respectively.



512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

Comparing the respective dielectric strengths Agz = 110 and Aezs = 678 of NOb and NObE, the
surface thickness becomes wg = w/6.16. Knowing the resistivities of NOb (p. =1 Q.m at RT)
and of NObE (poz ~ 0.62 Q.m at RT), the expression (10) gives g€ = 1/pc°"¢ ~ 1.6 S.m™
with surface resistances Bw® = 0.48 Q.m and Bwg® ~ 0.0016 Q.m. The total conductivity of
the cluster tends towards its core conductivity, as for NObS (Table 2). The presence of
adsorbed ionic (mainly PFg anions) species on the cluster surface makes its surface resistance
negligible, as in the presence of only EC dipoles. However, the drop in cluster surface
resistance is more significant in the presence of the ions (Bw® = 0.48 Q.m in NOb, Bws® ~

0.01 Q.m. in NObS and Bwg> ~ 0.0016 Q.m. in NObE).

4. CONCLUSIONS

BDS showed for the first time the influence of interfaces in the charge transport phenomena
of LiNigsMng3C0020, (NMC532). The interfaces (solid/solid and solid/liquid) are at the
origin of space charges which then induce polarizations at all size scales inside the
NMC532/PVdF composite. BDS provides both information on electron transfers (above about
10° Hz) as well as information on ion diffusion into the electrolyte filling the sample pore
network (below about 10° Hz). By way of summary, Figure 11a summarizes the activation
energy as a function of the relaxation frequency at 295 K of the three types of polarizations
that it was possible to discriminate: ionic transfers at the lowest frequencies, electronic
transfers and dipole rotations at the highest frequencies. The dynamics of electronic transfers
at the size scales of clusters and particles are correlated in NMC532, but also in NMC333. In
all cases, these are hole transfers at a frequency of 3 x 10! Hz (i.e. transfer time ~0.53 ps)
between two neighboring nickel ions (Fig. 11b). The electronic conductivity of NMC532 is
much higher than that of NMC333, at all size scales, due to the percolation of Ni**/Ni?* ions

in greater quantity in NMC532. These are the energetic barriers (i.e. activation energies) that
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differentiate the electronic transfers between the different size scales. These energy barriers
are mainly due to the various interfaces within the composite material: grain boundaries
between particles forming clusters, contacts between clusters forming the conductive matrix
and surfaces of the clusters in contact with the electrolyte (dipoles and adsorbed ions). Since
NMC is a p-type semiconductor, the adsorption of negatively charged species, namely anions
and PF¢ and EC dipoles oriented toward the liquid phase is favored. The attractive coulombic
interactions between the EC dipoles or the PFg anions and the holes, increase the amount of
Ni** at the surface of the NMC and thus increase the conductivity at the surface of the NMC.
This promotes electronic transfers (holes) in the NMC at all scales (particles, clusters,

composite), as illustrated in Figure 11b.

On the other hand, the ionic conductivity was measured. The microstructure of the
composite hinders ionic transfers. There are certainly forward-backward movements due to
coulombic repulsions between ions of the same sign. These interactions are probably due to
the existence of an ionic concentration gradient due to the tortuosity of the pores and / or to
ionic movements of adsorption-desorption. The ionic conductivity value is then lower than it

should be if it were truly diffusive. This shows that BDS is a powerful technique for detecting

this type of phenomenon in porous composite materials. In‘order to’complement this study
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Table 1.Electronic transfers and polarizations at different size levels of different NMC-based samples (NMC
sample, NMC cluster, NMC particle and NMC at interatomic scale): NO (this study), NOb (this study) and MX3
(K.A. Seid et al. *). Conductivities o (in S.m™), dielectric strengths Ag and dielectric relaxation frequencies v (in

Hz) at room temperature; activation energies E (in eV) and dielectric frequency prefactors v, (in Hz).

Composite Materials NO NOb MX3 3
NMC(C532 NMC532 NMC(C333
NMC volume fraction (%) 63 68.6 66
PVdF volume fraction (%) 3 5 7
Porosity (%) 34 26.4 27
NMC cluster diameter (um) 5 5 3
Conductivity
(a)SampIe/PVdF osp(S.m™)  Egp (V) Non-existent 4.1x10" 0.27 Non-existent
@sample os(S.m™Y) E(ev) | 1.4x10°  0.25 3.8x10° 026 | 3.0x10°  0.30
Cluster oc(S.m™) Ec(eV) 5.0x10"  0.23 1.0 0.24 2.0x10"  0.25
Particle op(S.m™Y) Ep(eV) 1.0x10>  0.10 Undefined 2.0x10"  0.12
Interatomic 6o (S.m™) Eo (eV) Undefined Undefined 1.9x10" 0.00
Sample polarization
(NMC/PVdF/Au) Non-existent 2.0x10" Non-existent
Vo (Hz) 307
Agyp
Sample polarization (NMC/Au)
v, (Hz) 1.6x10° 5.0x10° 2.0x10°
Ag, 179 60 429
NMC cluster polarization
v3 (Hz) 6.6x10 7.0x10 1.80x10’
E; (eV) 0.20 0.20 0.25
Vos (Hz) 2.0x10" 2.0x10" 3.3x10"
Ags 63 110 48
NMC particle polarization
va (Hz) 6.4x10° 2.6x10°
E, (eV) 0.09 Undefined 0.11
Voa (Hz) 2.0x10" 2.6x10™
Acs 1.4 2.4

(a) Sample is defined here as a set of NMC clusters. The global dc-conductivity of NOb (os,) include a gap of
PVdF between Au metallization and NMC sample. Global dc-conductivities of NO and MX3 (os) correspond to

that of the NMC samples.
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Table 2. Long- and short-range ionic conductivities of electrolyte LP30 filling the pores of the composite
samples. Effective total and core conductivities ¢, 6cs and o of NMC532 clusters in NOb (NMC532: 68.6 %;
PVdF: 5%; porosity: 26.4 %), NObS (NMC532: 68.6 %,; PVdF: 5%; EC:DMC: 26.4 %) and NObE (NMC532: 68.6 %;
PVdF: 5%; LP30: 26.4 %) respectively at 295 K.

lonic conductivity NMC sample conductivity | NMC cluster conductivity
Long-range Total
Sample o4 (S.m™) E; (eV) @ (s.m™) Ec (eV)
Short-range Core
G (s.m™) Ei (eV) os (S.m™) Es (eV) oc(s.m™) Ec (eV)
NOb Non-existent 3.8x10° 0.26 1.0 0.24
Non-existent ®)1.6-1.9 0.24
NObS Non-existent 2.4x10” 0.23 19 0.23
Non-existent 1.9 0.23
NObE 4.3x10™ 0.27 @ Not well defined 1.6 0.23
8.0x10” 0.24 1.6 0.23

(a) Subscripts S and C are not written to simplify

(b) Calculated value from expression (10).

(c) Conductivity probably of the same order of magnitude of that of NObS. The sample conductivity cannot be
determined precisely because a non-negligible ionic conductivity and a higher NMC cluster conductivity.
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FIGURE CAPTIONS

Fig. 1. a) Schematic description of the different sources of polarization at different size levels
of samples. b) SEM images of NMC532 clusters and particles. ¢) EDS spectrum analysis (0-8
keV) of NMC532. d) X-ray diffraction patterns of NMC532. e) Schematic structure of

NMC532.

Fig. 2. Frequency dependent: (a) real part of conductivity o’, (b) real part of permittivity &’
and (c) imaginary part of permittivity €" of dry samples NO (NMC532: 63%; PVdF: 3%;

porosity: 34%) and NOb (NMC532: 68.6 %; PVdF: 5%; porosity: 26.4 %) at 293 K.

Fig. 3. a) Nyquist plots of complex permittivity, €”(®) vs. €’(w) of dry NOb (NMC532: 68.6
%; PVdF: 5%; porosity: 26.4 %) at 293 K: low-frequency part (left plot) described by a
straight line P1, dielectric relaxations P2b, P2 and P3 (right plots) obtained after subtracting
contributions P1, P2b and P2 successively (Table 1). b) Dielectric relaxation frequency vz of
P3 (NMC532 cluster polarization) as function of inverse temperature. ¢) Nyquist plot (low-
frequency part) of complex resistivity, p”(®) vs. p’(®) of dry NOb and determination of the
conductivities and o5 at 293 K (Table 1). d) Higher frequency part of oy, complex resistivity
plot at 293 K and determination of the conductivity o, (Table 1). €) Arrhenius plots of

conductivity: sample/PVdF (o) (®), sample (os) (®) and cluster (o¢) (e).

Fig. 4. a) Real parts of conductivity (c”) and permittivity (¢’) as a function of the frequency
for dry sample (NOb), sample filled by EC:DMC (NObS) and sample filled by LP30 (NObE) at
room temperature. b) Histograms comparing conductivities (¢’ at RT) of NOb, NObS and
NObE at 10° Hz and 10*° Hz. ¢) Histograms comparing permittivities (¢* at RT) of NOb, NObS

and NObE at 102 Hz.
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Fig. 5. a) Nyquist plots of complex permittivity, €”(w) vs. &’(w) of sample filled by EC:.DMC
1:1, i.e. NObS (NMC532: 68.6 %; PVdF: 5%; EC:DMC: 26.4 %) at 293 K. a) Entire plot from
50 to 10* Hz: only the low-frequency part contribution P1(straight line) is visible. b) Plot
obtained upon subtracting the contribution P1: evidence of the dielectric relaxation P2bs
(circular arc). c) Plot obtained upon subtracting the contribution P2bs: evidence of the
dielectric relaxation P2s (circular arc). d) Plot obtained upon subtracting the contribution
P2s: evidence of the dielectric relaxation P2b (circular arc). e) Plots obtained upon
subtracting the contribution P2b: evidence of the dielectric relaxations P2 and P3 (circular
arcs). ) Plot obtained upon subtracting the contribution P2 and P3: evidence of the dielectric
relaxation P5 (circular arc).

Fig. 6. Influence of EC:DMC on: (a) frequencies and (b) dielectric strengths of the different
dielectric relaxations for dry sample NOb (=) and sample filled by EC:DMC (NObS) (m)at 295
K. Influence of EC:DMC on Arrhenius plots of: (c) relaxation frequency vz and (d) dielectric

strength Aes of cluster polarization for NOb (e) and NObBS (e).

Fig. 7. a) Conductivity Nyquist plots of NObS (NOb filled by EC:DMC) at 296 K: low
frequency relaxation domain C1 (solvent / sample interface) and high frequency relaxation
domain C2 (inter-cluster of NMC) obtained after subtracting C1. b) Arrhenius plots of
different types of conductivity vs. inverse temperature (NObS: full circles and NOb: full
squares): NMC cluster conductivity ocs (¢) and o (m), NMC sample conductivity oss () and

os (m), conductivity o5 including PVAF/NMC interface (e) and sample/PVdF conductivity

G« (m). The black arrow is the freezing temperature of EC:DMC.

Fig. 8. a) Nyquist plots of complex permittivity, €”(®) vs. €’(®) of sample filled by LP30, i.e.
NObE (NMC532: 68.6 %; PVdF: 5%; LP30: 26.4 %) at 295 K. a) Low-frequency part of the

plot: evidence of the giant dielectric relaxation domain W1 (semi-circle). b) Plot obtained
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upon subtracting the contribution W1: evidence of the dielectric relaxation W2 (circular arc).
c) Plot obtained upon subtracting the contribution W2: evidence of the dielectric relaxation
W3 (circular arc). d) Plot obtained upon subtracting the contribution W3: evidence of the
dielectric relaxation W4 (circular arc). e) Plot obtained upon subtracting the contribution W4:
evidence of the dielectric relaxation W5 (circular arc). Electrolyte LP30: 1 M of LiPF6
EC:DMC 1:1.

Fig. 9. (a) Relaxation frequency v, of ionic motions in NObE. (b) Comparisons of relaxation
frequencies v, of NMC cluster polarization at RT. (c) Temperature dependence of dielectric

strengths Ag, of NMC cluster polarization for sample NObE filled by LP30 (e)and for dry

sample NOb (). (d) Relaxation frequency vs of EC dipole rotation vs. inverse temperature.

Fig. 10. Nyquist plots of the imaginary part ¢”(®) vs. the real part o’(®) of the complex
conductivity of NMC532 filled by LP30 (NObE) at 295 K: a) low frequency part of the
spectrum and evidence of the relaxation domain C1 (arc of circle); b) plot obtained upon
subtracting C1 and evidence of the relaxation domain C2 (arc of circle); ¢) plot obtained upon
subtracting C2 and evidence of the relaxation domain C3 (arc of circle). o5 = bulk ionic
conductivity, o; = local (or diffusive) ionic conductivity, cce = NMC532 cluster conductivity
and ot = o) + oce. Arrhenius plots of: d) ionic conductivities o and o;, and €) NMC532 cluster

(electronic) conductivity oce.

Fig. 11. a) Activation energies vs. relaxation frequencies at 295 K attributed to: ionic motions
(Li*, PF¢) in pore network filled with LP30, solvent dipole rotations (i.e. EC) and electronic
motions (i.e., holes) in clusters and particles of NMC532 and NMC333. ° The slope of the
dotted line with an arrow is kTIn10 with T = 295 K and gives an average frequency prefactor
around 3x10™ Hz (for electronic motions). b) Influence of adsorbed solvent dipoles (EC in

EC.DMC and LP30) and ions (PFs in LP30) on total resistivity of NMC532 clusters. The
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drop of the total resistivity is proportional to the mean surface resistance of the cluster of the
dry compound NOb. at zero activation energy. Symbols used: dry NMC333 (m) >, dry
NMC532 or NOb (m), NMC 532 filled with EC:DMC or NObS (=) and NMC 532 filled with

LP30 or NObE (m).
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684 Fig. 1. a) Schematic description of the different sources of polarization at different size levels of samples. b)
685 SEM images of NMC532 clusters and particles. c) EDS spectrum analysis (0-8 keV) of NMC532. d) X-ray
686 diffraction patterns using a PANalytical XPert Pro diffractometer: Cu-Ka: A=1.5408A and step size of 0.017°.s™".
687 e) Schematic structure of NMC532.
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Fig. 2. Frequency dependent: (a) real part of conductivity c’, (b) real part of permittivity ¢” and (c) imaginary
part of permittivity €" of dry samples NO (NMC532: 63%; PVdF: 3%; porosity: 34%) and NOb (NMC532: 68.6
%; PVdF: 5%; porosity: 26.4 %) at 293 K.
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Fig. 3. a) Nyquist plots of complex permittivity, ”(®) vs. €’(w) of dry NOb (NMC532: 68.6 %; PVdF: 5%;
porosity: 26.4 %) at 293 K: low-frequency part (left plot) described by a straight line P1, dielectric relaxations
P2b, P2 and P3 (right plots) obtained after subtracting contributions P1, P2b and P2 successively (Table 1). b)
Dielectric relaxation frequency v; of P3 (NMC532 cluster polarization) as function of inverse temperature. ¢)
Nyquist plot (low-frequency part) of complex resistivity, p”(m) vs. p’(®») of dry NOb and determination of the
conductivities and o at 293 K (Table 1). d) Higher frequency part of oy, complex resistivity plot at 293 K and
determination of the conductivity o, (Table 1). e) Arrhenius plots of conductivity: sample/PVdF (cg,) (),
sample (o) (®) and cluster (o) (e).
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Fig. 5. a) Nyquist plots of complex permittivity, ”(®) vs. ¢’(w) of sample filled by EC:DMC, i.e. NObS
(NMC532: 68.6 %:; PVdF: 5%; EC:DMC: 26.4 %) at 293 K. a) Entire plot from 50 to 10'° Hz: only the low-
frequency part contribution P1(straight line) is visible. b) Plot obtained upon subtracting the contribution P1:
evidence of the dielectric relaxation P2bs (circular arc). c) Plot obtained upon subtracting the contribution P2bs:
evidence of the dielectric relaxation P2s (circular arc). d) Plot obtained upon subtracting the contribution P2s:
evidence of the dielectric relaxation P2b (circular arc). €) Plots obtained upon subtracting the contribution P2b:
evidence of the dielectric relaxations P2 and P3 (circular arcs). f) Plot obtained upon subtracting the
contribution P2 and P3: evidence of the dielectric relaxation P5 (circular arc).
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Fig. 8. a) Nyquist plots of complex permittivity, £”(®) vs. €’(®) of sample filled by LP30, i.e. NObE (NMC532:
68.6 %; PVdF: 5%; LP30: 26.4 %) at 295 K. a) Low-frequency part of the plot: evidence of the giant dielectric
relaxation domain W1 (semi-circle). b) Plot obtained upon subtracting the contribution W1: evidence of the
dielectric relaxation W2 (circular arc). ¢) Plot obtained upon subtracting the contribution W2: evidence of the
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Fig. 9. (a) Relaxation frequency v, of ionic motions in NObE. (b) Comparisons of relaxation frequencies v, of
NMC cluster polarization at RT. (c) Temperature dependence of dielectric strengths Ag, of NMC cluster
polarization for sample NObE filled by LP30 (e)and for dry sample NOb (e). (d) Relaxation frequency vs of EC
dipole rotation vs. inverse temperature.
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Arrhenius plots of: d) ionic conductivities 6 and o;, and ) NMC532 cluster (electronic) conductivity oc.
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