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Abstract 

The permittivity and conductivity of a porous composite consisting of a mixture of a lithium 

ion battery electrode material, LiNi0.5Mn0.3Co0.2O2 (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, LiPF6 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 LiNi0.33Mn0.33Co0.33O2 

(NMC333). In addition, a strong influence of liquids was evidenced. Dipolar species (in 

particular EC dipoles), and ions (in particular PF6
-
 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. 

 

 

 

 

 

 

 

 

  



1. INTRODUCTION 1 

Lithium-ion (LiB) batteries are widely used today to store energy for many different 2 

applications such as electric vehicle, electronic portable device or energy harvesting. It 3 

remains necessary to improve their performances, in particular for electric vehicles, for which 4 

it is necessary to extend the autonomy and reduce the charging time. LiB’s electrodes consist 5 

of a complex hierarchical composite materials mixture, containing an active material (AM) in 6 

powder form mixed together with an electronically conductive carbon black powder and a 7 

polymeric binder. The performances of LiBs are significantly dependent on the electron and 8 

ion transport properties within the composite electrodes, which crucially depend on their 9 

nano-, meso- and macrostructure, exhibiting several interfaces that connect the different 10 

material compounds to each other, and transport paths of varying lengths.
1
  11 

Conventional electrochemical impedance spectroscopy (EIS) from 10
-3

 to 10
6
 Hz and four-12 

probe direct-current (dc) techniques do not allow easy measurements and understanding of 13 

electronic transfers in electrode materials for lithium batteries. The former allows to 14 

determine the macroscopic interfacial charge transfer and the macroscopic ionic diffusion in 15 

the electrodes during electrochemical cycling process, whereas the latter provides a precise 16 

measurement of the dc conductivity which is the response of the long-range electronic 17 

transport at the macroscopic scale of the material. Indeed, the existence of numerous 18 

interfaces within the electrodes constitutes barriers limiting the electronic flux which leads to 19 

a lack of information regarding the mechanistic approach of the electronic conduction. It is 20 

thus necessary to use a technique which can at once detect slower ionic motions and faster 21 

electronic motions respectively at lowest and highest frequency ranges. The broadband 22 

dielectric spectroscopy (BDS) is a unique technique for this purpose, allowing to measure 23 

complex permittivity and conductivity over a wide frequency range from 10 Hz to 18 GHz 24 

with respect to temperature variation.2,3,4,5,6,7
 Note that if EIS and BDS can bring some 25 



identical information, at a certain point, they are mostly complementary (and not similar) 26 

since: the setups are different (1 electrode in BDS vs 2 or 3 electrodes in EIS), the signals are 27 

different (EM wave in BDS vs AC in EIS), and the subsequent equations to interpret the date 28 

are different (Maxwell eq. in BDS vs Buttler-Volmer eq. in EIS). Indeed, data that can be 29 

fitted by equivalent electrical circuits in EIS, because of the electrochemical processes 30 

(through charge transfer thanks to a second counter electrode), is irrelevant in BDS since 31 

polarizations are studied (both at outer interface of the grains, inside the solvent layer, and at 32 

inner interface inside the solid particles, behaving as a semiconductor), through the 33 

appearance/changes of space charges. Thereafter, no equivalent circuit will be able to express 34 

the exact behavior of the material, since at high frequencies it is not possible to discriminate 35 

between electrons and ions participating in an energy storage/dissipation phenomenon, as it is 36 

the case in EIS where capacitive double layer charge is decorrelated from faradaic current 37 

through the well-known R//C Randles equivalent electrical scheme. Moreover, the 38 

relationship between complex conductivity () and relative permittivity () is given by the 39 

following equation: 40 

                              (1) 41 

where () is the complex resistivity and 0 = 8.8410
-12

 F.m
-1

 the vacuum permittivity. It is 42 

precisely this wide frequency range that allows to study different dispersed components in a 43 

heterogeneous mixture, which electrically polarize at different rates. This is related to both 44 

conductivity and size scale of the mixture component under consideration. As an example, 45 

considering the same active material, a particle will be studied at higher frequencies than the 46 

corresponding agglomerate (or cluster) of particles, as a material polarizes faster at smaller 47 

scales. The electrical properties of composite electrodes are difficult to understand due to their 48 

complex hierarchical nature (existence of agglomerates of active material and carbon black) 49 

and thus to the presence of various interfaces at the different scales of the electrode: current 50 



collector/electrode contact, particle boundaries within active material agglomerate, junctions 51 

between carbon black agglomerates separated by insulating binder layers, and carbon 52 

black/active material contacts. The different interfaces thus produce charge accumulations at 53 

agglomerate and particle junctions or boundaries. As a result, electric polarizations at the 54 

different scales of the composite electrode (Fig. 1a) take place. Corresponding relaxation 55 

frequency is even larger as the mobility of the charge carriers (e.g. electrons) involved is 56 

higher and the size of the system is smaller. Previous BDS studies have distinguished the 57 

different types of interfaces inducing multiscale electric polarizations and conductivities, 58 

notably in LiNi0.33Mn0.33Co0.33O2 (called NMC333) active material. In particular, strong 59 

interactions between ions (Li
+
, PF6

-
) of the electrolyte and electrons involved in NMC333 and 60 

carbon black (CB) conductivities have been evidenced. These interactions depend on the type 61 

of conduction of the active material (i.e. p or n type) and on the nature of the species (i.e. 62 

dipoles or ions) adsorbed on its surface. 63 

The LiNi0.5Mn0.3Co0.2O2 (hereafter denoted NMC532) active material is increasingly 64 

replacing NMC333 in today’s LiB as a consequence of superior performance.
8
 The present 65 

study is focusing on NMC532, intending to better understand the electrochemical properties 66 

of NMC532-based LiB electrodes.
9
 67 

 Exhaustive characterization of the multiscale electronic transport in NMC532 is 68 

performed without adding the CB conducting additive in order to: (i) provide a comparison 69 

with NMC333; and (ii) reveal the interactions of the electrolyte with NMC532. A systematic 70 

approach is followed, studying the samples at different temperatures, starting with a study of 71 

NMC532 in the dry state, then wetted with ethylene carbonate (EC) – dimethyl carbonate 72 

(DMC) solvent and finally soaked with LP30 electrolyte (LiPF6 1 molar in 1:1 v:v EC:DMC). 73 

The active material was compounded with the poly(vinylidene fluoride-co-74 



hexafluoropropylene) (PVdF-HFP) binder, hereafter abbreviated to PVdF, to form a pellet. 75 

The amount of PVdF and the porosity of the pellet are also parameters of the study. 76 

2. EXPERIMENTAL SECTION 77 

2.1. Materials 78 

 The NMC powder under study was an EV battery grade material.
9,10,11

 NMC/PVdF 79 

mixtures were prepared according to protocols described elsewhere.
5 

Cylindrical samples of 80 

7-mm diameter were obtained by compacting the NMC/PVdF using a pelletizer (Ets Canaple) 81 

at about 750 MPa. 82 

SEM images and EDX analysis of the NMC powder were performed using a Zeiss 83 

Supra 55 variable pressure scanning electron microscope with field emission gun (SEM-84 

FEG), equipped with energy dissipative X-ray detector for chemical microanalysis. X-ray 85 

diffraction patterns were measured in a PANalytical XPert Pro diffractometer using a Cu-Kα 86 

(λ=1.5408 Å) source operating at 40 kV and 30 mA. The patterns were acquired in a θ-2θ 87 

configuration with a 2θ range of 10-80° with a step size of 0.017 °.s
−1

. Complementary 88 

characterizations of the NMC powder by EBSD (Electron Backscatter Diffraction), X-Ray 89 

and FIB/SEM tomography techniques can be found elsewhere.
10

 90 

2.2. Broadband dielectric spectroscopy 91 

BDS measurements were carried out by placing a sample at the discontinuity of a coaxial 92 

waveguide. Agilent 4294 (40 to 1.1×10
8
 Hz) and E8364B (10

6
 to 1.8×10

10
 Hz) impedance and 93 

network analysers respectively were used to obtain the admittance over multiple frequency 94 

bands, with a frequency overlap ranging between 10
6
 and 1.1×10

8
 Hz that verifies the 95 

measurements correspondence 1-6. The cylindrical sample filled the gap between a short-96 

circuit and the coaxial waveguide. The sample exhibited the same diameter (i.e. 7 mm) than 97 

the outer-conductor of the coaxial waveguide and a thickness of about 400 m. Metallic 98 



contacts were made by gold sputtering on both front and backsides of the sample in order to 99 

provide sufficient electrical contacts. Facing the inner conductor of the coaxial cell, the gold 100 

film in the center of the sample surface had the same diameter (i.e. 3 mm) than the inner 101 

conductor. Facing the short-circuit, the gold film covered the entire surface of the sample. 102 

After an accurate calibration with analysers, homemade analytical resolution of the mode 103 

matching method was used to derive complex permittivity () = '() - i''() and 104 

conductivity () = '() - i''() of the sample. Dielectric spectra were made up of 400 105 

measuring points with a relative accuracy at most of the order of 5%. The experimental 106 

devices are fully described in previous papers.
3,5,7

 Permittivity and conductivity of the 107 

samples were measured in the temperature range 200 - 300 K under dry N2.  108 

3. RESULTS AND DISCUSSION 109 

3.1. Structure and microstructure 110 

Figure 1a shows the intimate relationship between the frequency range and the size of 111 

the objects of interest. Scanning electron micrographs displayed on Figure 1b shows the 112 

typical LiNi0.5Mn0.3Co0.2O2 compound morphology. The overall diameter of near spherical 113 

NMC clusters (Figure 1b) is about 5  m and the size distribution can be appreciated by the 114 

d10-d90 interval equal to 3.2 to 14.5 μm. Each cluster consists of an agglomeration of primary 115 

particles of NMC (Figure 1) exhibiting a mean diameter of about 260 nm and the size 116 

distribution can be appreciated by the d10-d90 interval equal to 150 to 450 nm.
10

 One can 117 

observe on the SEM micrographs that several interfaces are present at the different scales: 118 

cluster-cluster, cluster-particle, particle-particle with the additional contribution of the 119 

microstructure scale (interatomic distances). We assume that these interfaces strongly 120 

contribute to limitations in terms of both the effective surface and bulk electronic 121 

conductivities of the NMC compound as suggested in a previous study.
12

 It has to be noted 122 



that calendered electrodes were also studied, exhibiting fracturing of some of the NMC 123 

clusters due to the applied tonnage.
10

  124 

A complementary chemical microanalysis of the powder performed by energy 125 

dissipative X-ray spectroscopy (EDS) (Figure 1c) allowed to determine the stoichiometry of 126 

the materials. The composition of the sample is in perfect agreement with the expectations, 127 

each TM being in the right atomic percent: Ni (49.77 %), Mn (28.75 %) and Co (21.48 %). 128 

Empirically, one would expect there are 80% Ni
2+

, 20% Ni
3+

 in stoichiometric pristine 129 

NMC532.  130 

Structural investigations of the LiNi0.5Mn0.3Co0.2O2 compound have been performed 131 

by X-ray diffraction (Figure 1d). The powder contains only one crystalline phase which 132 

matches the layered -NaFeO2 type of trigonal crystal structure (space group of R  m, Figure 133 

1e).
 12

 The R  m phase can be categorized as hexagonal according to the crystal family, 134 

trigonal according to the crystal system, and rhombohedral according to the lattice system. 135 

The composition is a recurring succession of a transition-metal layer at the base, followed by 136 

an oxygen fragment, a lithium layer and, again a transition-metal layer. The transition metal 137 

atoms that are correlated with the 001 plane are distributed in a hexagonal pattern (Figure 1e) 138 

where all the transition metal present in the structure are having the same probability to 139 

occupy any atomic site.
 13

 One can distinguish clearly the two diffraction pairs (006)/(012) 140 

and (018)/(110) that are indicating a highly crystalline layer structure. NMC clusters are 141 

however polycrystalline, as the layers orientation within each particle differs from their 142 

neighbours.
10

 143 

3.2. Influence of PVdF on electric properties of LiNi0.5Mn0.3Co0.2O2 144 

The addition of PVdF is necessary so that the samples to be studied are compactable in the 145 

form of pellets (see Experimental Section). Firstly, the measurements were performed by 146 

comparing two samples with different volume contents of PVdF. The former (hereafter 147 



denoted N0) had 63% NMC532, 3% PVdF and 34% porosity. The second (hereafter called 148 

N0b) had mean values of about 68% NMC532, 5.6% PVdF and 26.4% porosity. Note that the 149 

compositions are indicated in volume percentage. N0b which has more PVdF will be fully 150 

studied because it does not disintegrate when soaked with liquids (EC:DMC in 1:1 v:v and 151 

LP30). Fig.2 compares the real parts of conductivity (’) and permittivity (’) spectra of N0 152 

and N0b at room temperature. The results are surprising at first sight with respect to the 153 

evolution of the conductivity as a function of frequency (Fig. 2a). In fact, the conductivity of 154 

N0b is lower than that of N0 below 10
6
 Hz and becomes higher above 10

6
 Hz (Fig. 2a). 155 

Below 10
6
 Hz, the insulating PVdF has a major influence on the electrical properties of N0b, 156 

despite a higher NMC content (68% instead of 63%). Above 10
6
 Hz, the influence of NMC 157 

content on the conductivity is physically more consistent. Nyquist plots of complex 158 

permittivity (” vs. ’), resistivity (” vs. ’) and conductivity (” vs. ’) are highly suitable 159 

to evidence the different relaxations by means of a decomposition procedure which is 160 

recorded using a homemade software. Indeed, it has been previously shown that the frequency 161 

dependent permittivity of a conducting material is generally given by the following equation: 162 

             
   

          
     

               
   

    
     (2) 163 

The term in brackets corresponds to the sum of the empirical relaxation functions (i.e. 164 

Havriliak-Negami (HN) functions) because electric polarizations at different scales are 165 

additive due to their vector character. In equation (2),  2 is the angular frequency in 166 

rad.s
-1

 ( being the frequency expressed in Hz). j (0 ≤ j ≤ 1) and j (0 ≤ j ≤ 1) are fitting 167 

parameters, j a mean relaxation time, j the dielectric strength, dc the sample dc-168 

conductivity, hf the sample residual (or higher frequency) permittivity and s (0 ≤ s ≤ 1) an 169 

empirical parameter. The relaxation functions that fit most experimental spectra are Debye (j 170 

= 0, j = 1) and Cole-Cole (j  0, j = 1) functions whose Nyquist representations display 171 



arcs of circle centered on the real axis for the first one and below this axis for the second one. 172 

The term A(i)
s-1

 (0 ≤ s ≤ 1), whose the contribution occurs in the low-frequency range it is 173 

due to a more or less disorderly conductive network (at macroscopic scale). It can be also due 174 

to distributions of contact resistances and capacitance between metallization and the sample. 175 

The Nyquist plot of such behavior is a straight line whose angle  = (1-s)/2 with the '-axis 176 

is smaller as the parameter s is higher: the straight line is vertical for s = 0 and merged with 177 

the sample dc-conductivity contribution dc/i0. The decomposition of the dielectric spectra 178 

into several contributions (DC conductivity and relaxations) is carried out by successive 179 

subtractions of the contributions starting from the lowest frequencies to the highest ones. For 180 

the sake of clarity, the dielectric spectra of N0 are fully analyzed in Supporting Information 181 

S1 (Fig. S11 and S12). The entire Nyquist plot of N0b at room temperature (Fig. 3a left) 182 

shows that the low-frequency part of the spectrum is well fitted by a quasi-vertical straight 183 

line (P1 contribution) corresponding to the sample dc-conductivity dc/i0 contribution, the 184 

term A(i)
s-1

 being negligible. After subtracting the P1 contribution, a dielectric relaxation 185 

(P2b contribution) is found to be well fitted by a Cole-Cole (CC) function with frequency 2b 186 

= 2×10
4
 Hz (i.e. 2b ≈ 8 s), 2b = 0.33 and 2b = 307 (see Table 1). Both following P2 and 187 

P3 contributions are obtained after subtracting those of P2b and P2, respectively. The second 188 

P2 contribution is well fitted by a CC relaxation function with frequency 2 = 5×10
5
 Hz (i.e. 189 

2 ≈ 0.32 s), 2 = 0.21 and 2 = 60 (Table 1). The third contribution P3 is also fitted by a 190 

CC relaxation function with frequency 3 = 7×10
7
 Hz (i.e. 2b ≈ 2.3 ns), 3 = 0.29 and 3 = 191 

110 (see Table 1). Table 1 compares the dielectric relaxations of the two compounds N0 and 192 

N0b (Supporting Information S1, Fig. S11). P2 is a space-charge relaxation occurring at 193 

largest scale of the sample and is due to the interface between the sample and gold 194 

metallization in the contact with the coaxial cell surface. The lowest frequency relaxation P2b 195 

is non-existent for N0. This shows that P2b is due to the existence of another type of interface 196 



for which PVdF lies between gold and NMC, thus making it more difficult the electronic 197 

transfer. Hence, P2b is a space-charge relaxation over the thickness of PVdF/NMC assembly 198 

(i.e. sample thickness  400 m). P2 and P3 relaxations are each common to both samples 199 

owing to their respective frequency ranges (Table 1). At the other extremity of the dielectric 200 

spectrum, the relaxation P4 having the highest frequency remained undetected for N0b 201 

although it was highlighted for N0. This may be due to its relatively smaller intensity 4 202 

compared to its lower frequency counterpart P3 which is two times larger than that of N0 203 

(Table 1), thus making it more difficult to distinguish. P2, P3 and P4 are thus space-charge 204 

relaxations associated to the following scale levels of NMC532 (Fig. 1a): the first one being at 205 

a macroscopic scale (NMC sample thickness  400 m), the second at an intermediary scale 206 

(cluster size  5 m) and the third at the smallest scale (particle size  260 nm). The 207 

relaxation frequencies of P3 (cluster polarization), which are observed whatever the 208 

temperature, follow an Arrhenius law 209 

             
  

  
           (3) 210 

with activation energy E3 = 0.20 eV and prefactor 03 = 210
11

 Hz (Fig. 3b). T and k  211 

1.38×10
−23

 J.K
−1

 are the temperature and the Boltzmann constant, respectively. However, 212 

dielectric strength 3 of P3 for N0b (i.e. 3 ≈ 110) is almost twice as intense as that for N0 213 

(i.e. 3 ≈ 63) because of a higher NMC content in N0b. The P4 relaxation (particle 214 

polarization) is well fitted by a CC-function with a relaxation frequency 4 = 6.4×10
9
 Hz, a 215 

parameter 4 = 0.08 and a dielectric strength 4 = 1.1 at room temperature (Supporting 216 

Information S1, Table 1 and Fig. S11). The relaxation frequency 4 follows an Arrhenius law 217 

             
  

  
           (4) 218 

with an activation energy E4 ≈ 0.09 eV and a pre-factor 04 ≈ 210
11

 Hz. Experimental data of 219 

NMC 532 and NMC333 show they have almost the same frequency pre-factors 03 and 04 of 220 



cluster and particle polarizations because they are in a narrow interval from 210
11

 to 221 

3.310
11

 Hz (Table 1). 03 and 04 could correspond to hole transfer between nearest 222 

neighbors Ni
3+

 and Ni
2+

 whose distance is similar in NMC532 and NMC333. The residence 223 

time 0 between Ni
3+

 and Ni
2+

 ions, which equals to (203)
-1

 and (204)
-1

, would be of the 224 

order of 0.5 to 0.8 ps. Note that all the (electronic) space-charge are the consequence of a 225 

depletion layer at the surface of the NMC particles. 226 

The whole Nyquist plot of resistivity (i.e. ” vs. ’) of N0b at 294 K is shown in 227 

Figure 3c. The two circular arcs show that the complex resistivity () of N0b is here the sum 228 

of two relaxation functions: 229 

         
        

            
 

         

            
       (5) 230 

where c is the NMC cluster resistivity, s the sample (pellet) resistivity, sb the resistivity 231 

including the gold/sample interface. 1 and 2 are characteristic times of low and high 232 

frequency relaxations, respectively. Then 1 = (sb - s) corresponds to the resistance of the 233 

gold/sample interface and 2 = (s - c) to the cluster boundary resistance (Fig. 3d). Note 234 

that 1 which does not exist for N0 is mainly due to the resistance of the set 235 

gold/PVdF/sample. However, the particle resistivity p was only highlighted for N0 by 236 

extrapolation of Nyquist spectra at highest frequencies (Fig. S12). On the contrary p is 237 

undefined for N0b because of its lower value (see Table 1). Room temperature conductivity 238 

values of the set gold/PVdF/sample sb = sb
-1

, the sample s = s
-1

, the cluster c = c
-1

 and 239 

the particle p = p
-1

 are summarized in Table 1. It is pointed out that c in N0b is twice 240 

higher than that in N0 because of a higher NMC content in N0b. Fig. 3e and S13 show that 241 

sample (sb, s), cluster (CL) and particle (p) conductivities in N0b and N0 follow Arrhenius 242 

laws given by the following equation 243 

             
  

  
           (6) 244 



with n = sb, s, c and p. The activation energy values of conductivities are in the range from 245 

0.23 to 0.27 eV (Fig. 2c), with the exception of that of the particle equal to 0.10 eV (Table 1 246 

and Fig S13). At this point, it is fundamental to compare the conductivities of the two 247 

compounds NMC532 and NMC333 (Table 1).
 
Previous study of density of states (DOS) of 248 

NMC333 and NMC532 has shown among other that the top of valence band is near of Fermi 249 

energy EF. 
14 The activation energy Ep = EF – EV of particle conductivity is thus the difference 250 

between the Fermi energy and the energy Ev (i.e. top of the valence band). NMC333) and 251 

NMC532 are p-type semiconductors in which the presence of Ni
3+

 enables hole conduction on 252 

Ni 3b sites in a 2D triangular lattice. Interatomic conductivity 0 of NMC532 occurring 253 

between nearest neighbors Ni is undefined owing to its high value. In NMC333, the 254 

temperature independent interatomic conductivity, 0  20 S.m
-1

, was previously shown to 255 

correspond exactly to the particle conductivity prefactor (Table 1). Erreur ! Signet non défini. Hence, 256 

the calculated interatomic conductivity of NMC532 (i.e. for N0) would be of about 5126 S.m
-257 

1
, thus more than one hundred times higher than that of NMC333. But, the change in Ni molar 258 

content (i.e. from 0.33 to 0.50) cannot explain such a difference in the particle conductivity of 259 

the two compounds. Transition metals atoms (Ni, Mn and Co) are randomly located on 3b 260 

sites forming a 2D triangular lattice in planes parallel to those of Li ions (3a sites) and 261 

oxygens (3c sites) (Fig. 1e). The nickel atoms each have a coordination number z = 6 in such 262 

a lattice. However, Ni atoms must be distributed so that there are enough conduction paths to 263 

ensure electronic (holes) transfers. This last condition is fulfilled because a percolation of Ni 264 

atoms network could occur above a threshold xc  2/z as defined by effective medium 265 

approximation (EMA) for bond percolation. 15,16 The percolation threshold would correspond 266 

to Nickel molar content xc  1/3, which confirms the much higher electronic conductivity of 267 

NMC532. 268 



The conductivity of the spherical NMC clusters are three dimensional although that of 269 

particles (as platelets) is two-dimensional. As the particles are randomly oriented in the 270 

clusters, the conduction paths are disturbed between neighboring particles. The hole transfers 271 

are thus hindered from one particle to the other. Hence, the particle boundary barriers, i.e. (Ec 272 

– Ep)  0.13 eV, are higher than that between two spheroidal isotropic clusters, i.e. (ES – ECL) 273 

 0.02 - 0.05 eV (Table 1). The difference in conductivity between the sample and the clusters 274 

(c/p = 263 and 357 in NMC532 and NMC333, respectively) could be mainly explained by 275 

inter-cluster contact surface smaller than their total area. 276 

The much higher conductivity of the particles in NMC532 compared to NMC333 has 277 

an important practical influence. Indeed, for the NMC333 to work well in an electrode, it 278 

must be made up with a higher carbon black (CB) content than for the NMC532. In the latter 279 

case, it is not necessary to adjust the CB content above the percolation threshold to achieve a 280 

suitable electronic conductivity. The addition of CB would be only required to create 281 

conductive bridges between clusters. 
9,11,

  282 

3.3. Influence of the solvent and the electrolyte on conductivity and permittivity spectra. 283 

Fig. 4a and 4b shows real parts of conductivity (’) and permittivity (’) spectra of the three 284 

compounds at room temperature: dry NMC (N0b), NMC (N0b) filled with EC:DMC solvent 285 

(hereafter called N0bS) and with LP30 electrolyte (hereafter called N0bE). Conductivities rise 286 

by about two to four orders of magnitude, while real parts of permittivity drop by about the 287 

same amount on the whole frequency range. Below 10
7
 Hz, there is a strong increase of the 288 

conductivity, when the porous sample is filled with EC:DMC and LP30 liquids (Fig. 4a). The 289 

conductivity rise is more important for N0bE because of the presence of the ions (Li
+
, PF6

-
). 290 

Above 10
8
 Hz, conductivities of N0bS and N0bE are similar and are a half order of magnitude 291 

higher than the conductivity of N0b. Histograms of Fig. 4c compare conductivities of the 292 

three different samples N0b, N0bS and N0bE at both ends of the spectrum 10
2
 and 10

10
 Hz 293 



and at room temperature. At the lowest frequency, the sample conductivity is two times 294 

higher with EC:DMC but almost two order of magnitude higher with LP30. The conductivity 295 

at 10
10

 Hz is about three times higher when the sample is soaked with EC:DMC solvent or 296 

LP30 electrolyte (Fig. 4c). This increase could be the result of the occurrence of dielectric 297 

losses due to rotation of polar molecules in solvent. Permittivity at 100 Hz is two to three 298 

orders of magnitude higher when the sample is filled by EC:DMC and LP30, respectively 299 

(Fig. 4d). Furthermore, Figures S21 and S22 show the influence of the temperature on the 300 

frequency dependence of the real parts of the conductivity and permittivity. In the case of 301 

N0bS, we can see a marked drop in dielectric values at the crystallization temperature of the 302 

solvent EC:DMC, between 280 and 276 K. For N0bE, a significant decrease is also observed 303 

at the crystallization temperature of the electrolyte, between 233 and 223 K. This will be 304 

confirmed after a thorough analysis of the spectra at different temperatures. The dielectric 305 

spectra (Fig. 4a-b and Fig. S21-S22) have several bumps due to some dielectric relaxations 306 

and conductivity, as detailed below. Moreover, when a liquid (EC:DMC or LP30) is 307 

introduced into the pore network, other types of interfaces are then created between the liquid 308 

and the different components of the electrode involving some modifications of the dielectric 309 

parameters described in Equation (2). In the following, the spectra are decomposed into 310 

several relaxations in order to reveal solvent dipoles - NMC interactions on the one hand and 311 

the ions - NMC interactions on the other hand. 312 

3.4. Sample soaked by EC:DMC. 313 

In this part, only the interactions of solvent dipoles with NMC532 (N0bS sample) are studied. 314 

As EC dipole moment value (i.e. 4.9 D) is greater than the dipole moment of DMC (i.e. 0.93 315 

D), the influence of adsorbed EC dipoles on permittivity and electronic conductivity of 316 

NMC532 are only considered. The decomposition of Nyquist plots of N0bS permittivity (Fig. 317 

5, 6a and 6b) shows the existence of three additional contributions compared to that of dry 318 



sample N0b: a) two low-frequency relaxations P2bs and P2s (Fig. 5b and 5c) and one high-319 

frequency relaxation P5 (Fig. 5f). This modification of the dielectric spectra is thus due to the 320 

presence of EC:DMC within the pore network of the sample. P2bs and P2s have the lowest 321 

relaxation frequencies 2bs = 6.1×10
1
 Hz and 2s = 6.4×10

3
 Hz at room temperature, 322 

respectively, and also have the largest intensities since their respective strengths are 2bs = 323 

15500 and 2s = 9000. P2bs and P2s originate from interfacial capacities due to adsorbed EC 324 

dipoles at the PVdF/NMC interface and on the free NMC surface, respectively. At the other 325 

end of the spectrum, the high frequency relaxation P5 has a characteristic frequency 5  326 

6×10
9
 Hz and a dielectric strength 5  10 at room temperature. This relaxation is too intense 327 

to be attributed to NMC particle polarization whose strength is of the order of unity (Table 1). 328 

P5 contribution therefore corresponds to a rapid rotational movement of EC dipolar molecules 329 

whose value 5 is in the order of magnitude than that found in previous papers.
Erreur ! Signet non 330 

défini.,Erreur ! Signet non défini.
 P2 and P3 are space-charge relaxations respectively attributed to 331 

sample (set of clusters) and cluster polarizations as for the dry compound. Their relaxation 332 

frequencies 2 = 5×10
5
 Hz and 3 = 4.8×10

7
 Hz at RT are near of that of the dry compound 333 

N0b (see Table 1 and Figure 6c). Activation energy E3 = 0.22 eV and frequency prefactor 03 334 

= 3×10
11

 Hz of 3 are quasi-similar to that of N0b (Fig. 6c). However, the dielectric strength 335 

3 of P3 is higher since it is equal to 378 instead of 110 for the dry compound N0b (Fig. 6d). 336 

However, the dielectric strength 3 is equal to that of N0b, when the liquid is frozen and 337 

becomes an inert dielectric solid (Fig. 6d). In the liquid state, the dipolar EC molecules, which 338 

are adsorbed on the NMC surface, have thus an important role on intrinsic electrical 339 

properties of NMC (i.e. that of NMC cluster).  340 

3 is temperature independent above the freezing temperature (Fig. 6d), and thus 341 

corresponds to the space-charge capacitance (i.e. 3 α Csc) of the NMC cluster. The latter is 342 



inversely proportional to its thickness w, i.e. 3 α Cs α w
-1

 (Supporting Info S4 gives more 343 

details about the space-charge capacitance of p-type semiconductors, as is NMC).17,18 The 344 

surface potential is modified and depends on the orientation of EC dipoles relative to NMC 345 

cluster surface. The electron rich carbonyl oxygen of EC is attracted to transition metal atom 346 

of NMC and EC dipole is therefore on average oriented towards the liquid.
19

 Charge carriers 347 

(holes) are thus attracted toward the NMC cluster surface, which implies an increase of Ni
3+

 348 

content, Nsurf (the acceptors in eq. (S1) of Supporting Info S4), in the space-charge layer. As 349 

its thickness is proportional to      
    

 , it therefore decreases.
10,11

 This phenomenon therefore 350 

leads to the sharp increase of 3 as here observed (eq. (S2) of Supporting Info S4). 351 

For better accuracy, it is more suitable to use here Nyquist plots of conductivity to 352 

determine the conductivities of N0bS. The Nyquist plot of conductivity (i.e. ” vs. ’) of 353 

N0bS at 294 K is shown in Figure 7a. In the low frequency part, two circular arcs (C1 and 354 

C2) show that the complex conductivity () of N0bS is the sum of two relaxation functions: 355 

      
         

            
 

             

            
         (7) 356 

where sol/s is the conductivity of the whole N0bS sample taking account of adsorbed solvent 357 

molecules on its entire surface. ss and cs are the NMC sample (i.e. set of NMC clusters) and 358 

cluster conductivities, respectively. Hence, an insulating gap (PVdF + EC:DMC) gives rise to 359 

the contact resistance/capacitance which generate the conductivity relaxation C1. The NMC 360 

sample conductivity ss is determined by the crossing of high frequency part of C1 with the 361 

real axis. The relaxation domain C2 obtained after subtracting C1 corresponds to the inter-362 

cluster contact resistance/capacitance. The cluster conductivity cs is determined by the 363 

crossing of high frequency part of C2 with the real axis. Fig. 7b shows that the conductivities 364 

of N0bS, which are compared with that of N0b, are thermally activated above the freezing 365 

temperature (i.e. TF  278 - 279 K) of EC:DMC. The conductivities of N0bS are higher than 366 



that of N0b: the cluster conductivity is increased by a factor of 2 while that of the sample (set 367 

of clusters) is five times more raised. Moreover, cluster and sample conductivities have the 368 

same activation energies of about 0.23 eV. This confirms that the inter-cluster electronic 369 

transfers are facilitated by the presence of EC dipoles near the contacts between clusters. 370 

Therefore, the surface potential is negligible and most likely less than 0.01 eV which is 371 

consistent with a lower space-charge thickness in the presence of adsorbed EC strong dipoles, 372 

hence a large increase in the sample conductivity. Note that the increase in the conductivity of 373 

the cluster from 1.0 to 1.9 S.m
-1

 (at 296 K) obviously influences that of the sample. This 374 

increase of the cluster conductivity seems surprising considering the size of the cluster (i.e. 5 375 

m). A simplistic approach for cluster conductivity and resistivity allows to understand the 376 

increase of the NMC cluster conductivity cs with EC:DMC. The total resistance Rc from one 377 

edge of the cluster to the other (in N0b), which is inversely proportional to c = c
-1

, can be 378 

approximated to the sum of its core resistance   
     and its surface resistance   

    
 that is to 379 

say: 380 

     
       

    
          (8) 381 

The surface is distinguished from the core as the surface is influenced by the NMC/EC:DMC 382 

interactions. Let w be the thickness of the surface layer (or space-charge thickness) and D the 383 

cluster diameter, the core size is approximately equal to D since D >> w. By giving an 384 

arbitrary value equal to 1 for the area of the two resistances, the total resistivity of the NMC 385 

cluster in N0b is given by, 386 

     
       

    
 
  

 
          (9) 387 

It has been previously seen that the polarization of the cluster gives rise to a dielectric 388 

relaxation whose strength 3 is inversely proportional to w (3  w
-1

) (Supporting Info S4). 389 

As the hole (Ni
3+

) concentration in the surface layer is Nsurf  w
-2

 (see Eq. S2 in Supporting 390 



Information), the resistivity of the surface layer is given by   
    

      (A being a 391 

constant). The expression 9 is thus reduced to 392 

     
                  (10) 393 

where     corresponds to the surface ”resistance” of the cluster with B = 2A/D. The core 394 

resistivity   
     (or   

    ) does not undergo surface interactions because D >> w. The 395 

comparison of the resistivities of N0b and N0bS will allow the calculation of   
    . When the 396 

sample is filled with EC:DMC (sample N0b), the surface layer thickness, the dielectric 397 

strength and the cluster resistivity become wS, 3S and CS respectively. Comparing the 398 

dielectric strengths 3 = 110 and 3S = 378, the surface thickness becomes wS = w/3.44. As 399 

the total cluster resistivities are    = 1 .m and       0.53 .m at RT, the expression (10) 400 

applied to N0b and N0bS gives:   
         

      1.9 S.m
-1

 with Bw
3
 = 0.48 .m and BwS

3
 401 

 0.01 .m. The total conductivity of the cluster tends towards its core conductivity in the 402 

presence of EC:DMC on its surface (Table 2). This surprising result shows that the presence 403 

of EC:DMC at NMC surface leads to a sharp drop in cluster surface resistance, from 0.48 to 404 

0.01 .m, then becoming negligible. The five times increase of the sample (set of clusters) 405 

conductivity (ss/s 5) could be attributed to a significant decrease of the contact resistance 406 

at the clusters junctions as a consequence of the decrease of the surface resistance of the 407 

clusters. Below the freezing temperature TF, the sample ss conductivity drops by about an 408 

order of magnitude and the cluster conductivity cs decreases slightly toward what it would be 409 

with the dry sample (Fig. 7b). EC:DMC then acts as an inert solid dielectric and therefore 410 

without interaction with NMC532 below TF. 411 

3.5. Samples soaked by LP30. 412 

After showing how dipoles act with NMC, the ion / NMC interactions are studied by 413 

introducing electrolyte LP30 into the pores of the dry compound N0b which will subsequently 414 

become N0bE. The decomposition of Nyquist plots of permittivity (Fig. 8) shows the 415 



existence of five circular arcs defining five relaxations (W1 to W5). The lowest frequency 416 

part of the dielectric spectrum is a giant relaxation (W1) which only exists above the freezing 417 

temperature TF of the electrolyte. The W1 relaxation therefore has an ionic origin and can be 418 

attributed to an ionic double-layer at the sample electrolyte interface. Its characteristic 419 

frequency 1 = 30 Hz at 295 K is thermally activated with an activation energy of about 0.24 420 

eV. The mean dielectric strength 1 = 1.21×10
7
 of W1 is not dependent on the temperature 421 

above TF. The values of 1 and 1 agrees with that (i.e. frequency  42 Hz at RT and strength 422 

 1.76×10
7
) obtained for an electrode containing NMC333 and 1.8 wt% of carbon black. 423 

Erreur ! Signet non défini. As the permittivity of the sample filled with electrolyte (i.e. SE  9000) is 424 

negligible compared to that of the whole sample/double layer (i.e. SE << (SE + 1)  425 

1.21×10
7
), the double layer capacitance per unit surface area is given by 426 

     
     

  
           (11) 427 

where Ls  400 m is the sample thickness. The Equation (11) yields Cdl = 20 F.cm
-2

 428 

according to the order of magnitude generally obtained for electrode materials in batteries.
 5

 429 

The W2 relaxation is evidenced after subtraction of the W1 contribution from the whole 430 

spectrum. The other relaxations W3, W4 and W5 are also determined after subtractions of 431 

W2, W3 and W4, respectively. The relaxation frequency 2 (2 = 4.2×10
4
 Hz at 295 K) of 432 

W2 is thermally activated on either side of the freezing temperature TF of the electrolyte (Fig. 433 

9a). The activation energy of 2 is around 0.25 eV for T > TF in the liquid state, while it is 434 

higher of about 0.44 eV for T > TF in the solid state. The dielectric strength 2 (2 = 7400 435 

at 295 K) of W2 decreases moderately above TF and then drops below TF (Fig. S51). The 436 

relaxation W2 is thus attributed to local ion motions in the electrolyte because of the 437 

significant modification of their dynamics at the freezing temperature TF. It should be noted 438 

that the W2 relaxation is similar to that evidenced for an electrode containing NMC333 and 439 



1.8 % of carbon black. Erreur ! Signet non défini. The two relaxations W3 and W4, which have 440 

characteristic frequencies 3 = 10
6
 Hz and 4 = 1.5×10

7
 Hz, are of the same order than that of 441 

the relaxations P2 and P3 for N0b and N0bE at room temperature (Table 1, Fig. 6c and S31). 442 

W3 and W4 are thus electronic space-charge relaxations respectively attributed to sample (set 443 

of clusters) and cluster polarizations as in N0b and N0bE. They are thermally activated with 444 

activation energies E3 = E4 = 0.23 eV. Looking at the intrinsic properties of NMC (i.e. the 445 

NMC cluster), we find that the frequency prefactor 04 = 1.5×10
11

 Hz of 4 is quasi-similar to 446 

that of N0b (= 2×10
11

 Hz, Table 1) and of N0bE (= 3×10
11

 Hz, Fig. 6c). These relaxations are 447 

thus associated to hole motions from either side of NMC cluster boundaries, whether the 448 

material is wet or dry. The dielectric strength 4 of W4 is also higher than the dielectric 449 

strength of P3, since they are equal to 678 instead of 110 and 378 for N0b and N0bS, 450 

respectively. This increase of 3 is amplified compared to N0b and N0bS because the ions 451 

(i.e. mostly PF6
-
 anions) adsorbed in addition to the EC dipoles tend thus to attract more 452 

charges towards the cluster surface. This leads to a supplementary increase of the Ni
3+

 content 453 

Nsurf in the space-charge layer whose thickness becomes even smaller. It will be shown later 454 

that this phenomenon has consequences for the conductivity. 455 

As ion and electron flows are carried out in parallel, it is more obvious to use Nyquist 456 

plots of complex conductivity (” vs. ’).
Erreur ! Signet non défini.

 The Nyquist plots of N0bS at 457 

294 K are shown in Figure 10a-c. In the low frequency part, a circular arc C1 (Fig. 10a), 458 

which crosses the real axis ’ at se  0 (given the accuracy of measurements) and si, 459 

corresponds to a blocking interface between an ionic conductor (i.e. LP30 electrolyte within 460 

the pores) and the gold collector. The electric equivalent circuit is an ionic double layer 461 

capacity in series with a resistance proportional to the inverse of the conductivity i (Fig. 462 

10a). Once the contribution C1 is subtracted, a second circular arc C2 (Fig. 10b) is an arc of 463 

circle crossing the real axis ' at si and i. A third contribution C3 (Fig. 10c), which is 464 



evidenced by subtracting C1 and C2, crosses the real axis ' at i and T. Figure 10d shows 465 

that si and i are thermally activated above TF with activation energies of about 0.27 eV and 466 

0.24 eV, respectively. Below TF, si and i drop sharply and become similar with the decrease 467 

of the temperature (Fig. 10d). Consequently, si and i are conductivities due to ionic 468 

transfers (Li
+
 and PF6

-
) within the electrolyte filling the pore network. The conductivity 469 

relaxation C2 can be attributed to forward-backward ion motions caused by the existence of 470 

pore tortuosity. The latter involve ionic concentration gradients producing some coulombic 471 

repulsions between charges of the same sign at junctions of the pore segments. Another 472 

hypothesis would suggest that the adsorption-desorption of the ions from NMC surface could 473 

also increases the number of repulsions. The existence of such interactions justifies the higher 474 

activation energy of about +0.03 eV for si. One part of cations and anions could move in the 475 

same direction because of significant correlations between their motions.
 20 

The smaller 476 

conductivity si is thus the bulk ionic conductivity which is composed of a set forward-477 

backward movements. 
21

 Hence, the larger conductivity i would be the ionic conductivity 478 

free from backward ionic movements, which would be directly linked to auto diffusion 479 

coefficients of Li
+
 and PF6

-
 ions.  480 

The relations between the liquid electrolyte conductivity lp30 and the conductivities 481 

si and i can be provided by the Archie’s law: 482 

          
           (12a) 483 

         
            (12b) 484 

where  is the porosity volume fraction of the sample filled with the electrolyte. The two 485 

exponents m and m’ are related to the geometry of the pores network and especially to their 486 

tortuosity. Equations (12a) and (12b) lead to m = 2.5 and m’ = 2, with  = 0.264, lp30 = 1.2 487 



S.m
-1

, si = 4.5×10
-2

 S.m
-1 and i = 8×10

-2
 S.m

-1
 at RT. The m’ value agrees with that 488 

determined by numerical simulation of the ionic conductivity of similar electrodes wetted by 489 

the electrolyte LP30.
22

 The later simulations could not consider coulombic repulsions and 490 

forward-backward ion motions. The m value agrees with that determined by BDS for an 491 

electrode containing NMC333 and 1.8 % of carbon black.Erreur ! Signet non défini. The theoretical 492 

relationship between the tortuosity, the porosity, the ionic conductivity of the electrolyte 493 

confined in the pores (i) and that of the free electrolyte (lp30) is given by 494 

  

     
 

 

  
           (13) 495 

where Tp is the tortuosity factor. Equation (13) leads to Tp  3.96 by using  = 0.264, lp30 = 496 

1.2 S.m
-1

 and i = 0.08×10
-2

 S.m
-1

 at RT. This value is in very good agreement with other 497 

simulations of ion diffusive properties in typical NMC-based electrodes, 
23

 and with diffusion 498 

experiments, but on LiFePO4- and LiCO2- based electrodes.
 24,25

 It should be noted that the 499 

activation energy of i (i.e. Ei) is equal to 0.24 eV instead of 0.21 eV for that of lp30 (i.e. 500 

Elp30) 
26,27

 implying a temperature dependence of the tortuosity factor Tp. This aspect has 501 

never been discussed for battery materials, to the best of our knowledge, and deserves 502 

complementary studies.  503 

The conductivity C3 relaxation permits to obtain the electronic NMC cluster 504 

conductivity CE = (T – i) since electronic and ionic fluxes are parallel. The cluster 505 

conductivity of N0bE, which is CE = 1.6 S.m
-1

 at 295 K, follows an Arrhenius law with an 506 

activation energy equal to 0.23 eV. This conductivity is higher than the cluster conductivity 507 

C in the N0b (i.e. 1 S.m
-1

 at room temperature) but nearly similar to that of N0bS (i.e. 1.9 508 

S.m
-1

 at room temperature). The increase of the cluster conductivity of N0bE due to adsorbed 509 

ions can be understood by using the expression (10). The surface layer thickness, the 510 

dielectric strength and the cluster resistivity of N0bE are here wE, 3E and CE respectively. 511 



Comparing the respective dielectric strengths 3 = 110 and 3S = 678 of N0b and N0bE, the 512 

surface thickness becomes wE = w/6.16. Knowing the resistivities of N0b (     1 .m at RT) 513 

and of N0bE (      0.62 .m at RT), the expression (10) gives   
         

      1.6 S.m
-1

 514 

with surface resistances Bw
3
 = 0.48 .m and BwE

3
  0.0016 .m. The total conductivity of 515 

the cluster tends towards its core conductivity, as for N0bS (Table 2). The presence of 516 

adsorbed ionic (mainly PF6
-
 anions) species on the cluster surface makes its surface resistance 517 

negligible, as in the presence of only EC dipoles. However, the drop in cluster surface 518 

resistance is more significant in the presence of the ions (Bw
3
 = 0.48 .m in N0b, BwS

3
  519 

0.01 .m. in N0bS and BwE
3
  0.0016 .m. in N0bE).  520 

4. CONCLUSIONS 521 

BDS showed for the first time the influence of interfaces in the charge transport phenomena 522 

of LiNi0.5Mn0.3Co0.2O2 (NMC532). The interfaces (solid/solid and solid/liquid) are at the 523 

origin of space charges which then induce polarizations at all size scales inside the 524 

NMC532/PVdF composite. BDS provides both information on electron transfers (above about 525 

10
6
 Hz) as well as information on ion diffusion into the electrolyte filling the sample pore 526 

network (below about 10
5
 Hz). By way of summary, Figure 11a summarizes the activation 527 

energy as a function of the relaxation frequency at 295 K of the three types of polarizations 528 

that it was possible to discriminate: ionic transfers at the lowest frequencies, electronic 529 

transfers and dipole rotations at the highest frequencies. The dynamics of electronic transfers 530 

at the size scales of clusters and particles are correlated in NMC532, but also in NMC333. In 531 

all cases, these are hole transfers at a frequency of 3 × 10
11

 Hz (i.e. transfer time ~0.53 ps) 532 

between two neighboring nickel ions (Fig. 11b). The electronic conductivity of NMC532 is 533 

much higher than that of NMC333, at all size scales, due to the percolation of Ni
3+

/Ni
2+

 ions 534 

in greater quantity in NMC532. These are the energetic barriers (i.e. activation energies) that 535 



differentiate the electronic transfers between the different size scales. These energy barriers 536 

are mainly due to the various interfaces within the composite material: grain boundaries 537 

between particles forming clusters, contacts between clusters forming the conductive matrix 538 

and surfaces of the clusters in contact with the electrolyte (dipoles and adsorbed ions). Since 539 

NMC is a p-type semiconductor, the adsorption of negatively charged species, namely anions 540 

and PF6
-
 and EC dipoles oriented toward the liquid phase is favored. The attractive coulombic 541 

interactions between the EC dipoles or the PF6
-
 anions and the holes, increase the amount of 542 

Ni
3+

 at the surface of the NMC and thus increase the conductivity at the surface of the NMC. 543 

This promotes electronic transfers (holes) in the NMC at all scales (particles, clusters, 544 

composite), as illustrated in Figure 11b. 545 

On the other hand, the ionic conductivity was measured. The microstructure of the 546 

composite hinders ionic transfers. There are certainly forward-backward movements due to 547 

coulombic repulsions between ions of the same sign. These interactions are probably due to 548 

the existence of an ionic concentration gradient due to the tortuosity of the pores and / or to 549 

ionic movements of adsorption-desorption. The ionic conductivity value is then lower than it 550 

should be if it were truly diffusive. This shows that BDS is a powerful technique for detecting 551 

this type of phenomenon in porous composite materials. In order to complement this study 552 

from a theoretical view-point, additional computational studies could be of interest, including 553 

tight binding theory in semiconducting materials as well as tortuosity modelling in order to 554 

support the hypothesis of ionic motion limitation within the complex architecture electrode.  555 
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Table 1.Electronic transfers and polarizations at different size levels of different NMC-based samples (NMC 559 
sample, NMC cluster, NMC particle and NMC at interatomic scale): N0 (this study), N0b (this study) and MX3 560 
(K.A. Seid et al. 

3
). Conductivities  (in S.m

-1
), dielectric strengths  and dielectric relaxation frequencies  (in 561 

Hz) at room temperature; activation energies E (in eV) and dielectric frequency prefactors 0 (in Hz). 562 

Composite Materials 
 
 

NMC volume fraction (%) 
PVdF volume fraction (%) 

Porosity (%) 

NMC cluster diameter (m) 

N0 
NMC532 

LiNi0.5Mn0.3Co0.2O2 
63 
3 

34 
5 

N0b 
NMC532 

LiNi0.5Mn0.3Co0.2O2 
68.6 

5 
26.4 

5 

MX3 3 
NMC333 

LiNi1/3Mn1/3Co1/3O2 
66 
7 

27 
3 

Conductivity 
(a)

Sample/PVdF   Sb (S.m
-1

)    ESb (eV) 
(a)

Sample              S (S.m
-1

)    ES (eV) 

Cluster              c (S.m
-1

)    Ec (eV) 

Particle             P (S.m
-1

)    EP (eV) 

Interatomic      0 (S.m
-1

)    E0 (eV) 

 
Non-existent 

1.4×10
-3

        0.25 
5.0×10

-1
        0.23 

1.0×10
2
         0.10 

Undefined 

 
4.1×10

-4
        0.27 

3.8×10
-3

        0.26 
     1.0            0.24 

Undefined 
Undefined 

 
Non-existent 

3.0×10
-5

        0.30 
2.0×10

-4
        0.25 

2.0×10
-1

        0.12 
1.9×10

1
         0.00 

Sample polarization 
(NMC/PVdF/Au) 

2b (Hz) 

2b 

 
Non-existent 

 
2.0×10

4
 

307 

 
Non-existent 

Sample polarization (NMC/Au) 

2 (Hz) 

2 

 
1.6×10

5
 

179 

 
5.0×10

5
 

60 

 
2.0×10

3
 

429 

NMC cluster polarization 

3 (Hz) 
E3 (eV) 

03 (Hz) 

3 

 
6.6×10

7
 

0.20 
2.0×10

11
 

63 

 
7.0×10

7
 

0.20 
2.0×10

11
 

110 

 
1.80×10

7
 

0.25 
3.3×10

11
 

48 

NMC particle polarization 

4 (Hz) 
E4 (eV) 

04 (Hz) 

4 

 
6.4×10

9
 

0.09 
2.0×10

11
 

1.4 

 
 

Undefined 
 
 

 
2.6×10

9
 

0.11 
2.6×10

11
 

2.4 

(a) Sample is defined here as a set of NMC clusters. The global dc-conductivity of N0b (Sb) include a gap of 563 
PVdF between Au metallization and NMC sample. Global dc-conductivities of N0 and MX3 (S) correspond to 564 
that of the NMC samples. 565 

 566 

 567 

 568 

 569 

 570 

  571 



Table 2. Long- and short-range ionic conductivities of electrolyte LP30 filling the pores of the composite 572 
samples. Effective total and core conductivities C, CS and CE of NMC532 clusters in N0b (NMC532: 68.6 %; 573 
PVdF: 5%; porosity: 26.4 %), N0bS (NMC532: 68.6 %; PVdF: 5%; EC:DMC: 26.4 %) and N0bE (NMC532: 68.6 %; 574 
PVdF: 5%; LP30: 26.4 %) respectively at 295 K. 575 

 
 

Sample 

Ionic conductivity 
Long-range 

si (S.m
-1

)          Ei (eV) 
Short-range 

i (S.m
-1

)           Ei (eV) 
 

NMC sample conductivity 
 
 
 

S (S.m
-1

)               ES (eV) 
 

NMC cluster conductivity 
Total 

(a)
C (S.m

-1
)               EC (eV) 
Core 

C (S.m
-1

)               EC (eV) 
 

N0b Non-existent 
Non-existent 

3.8×10
-3

              0.26 
 

     1.0                          0.24 
(b)

1.6-1.9                     0.24 

N0bS Non-existent 
Non-existent 

2.4×10
-2

              0.23 
 

     1.9                          0.23 
     1.9                          0.23 

N0bE 4.3×10
-2

              0.27 
8.0×10

-2
              0.24 

(c)
 Not well defined 

 
     1.6                          0.23 
     1.6                          0.23 

(a) Subscripts S and C are not written to simplify 576 
(b) Calculated value from expression (10). 577 
(c) Conductivity probably of the same order of magnitude of that of N0bS. The sample conductivity cannot be 578 
determined precisely because a non-negligible ionic conductivity and a higher NMC cluster conductivity. 579 

 580 

 581 

 582 

  583 



FIGURE CAPTIONS 584 

Fig. 1. a) Schematic description of the different sources of polarization at different size levels 585 

of samples. b) SEM images of NMC532 clusters and particles. c) EDS spectrum analysis (0-8 586 

keV) of NMC532. d) X-ray diffraction patterns of NMC532. e) Schematic structure of 587 

NMC532. 588 

Fig. 2. Frequency dependent: (a) real part of conductivity ’, (b) real part of permittivity ’ 589 

and (c) imaginary part of permittivity" of dry samples N0 (NMC532: 63%; PVdF: 3%; 590 

porosity: 34%) and N0b (NMC532: 68.6 %; PVdF: 5%; porosity: 26.4 %) at 293 K. 591 

Fig. 3. a) Nyquist plots of complex permittivity, ”() vs. ’(w) of dry N0b (NMC532: 68.6 592 

%; PVdF: 5%; porosity: 26.4 %) at 293 K: low-frequency part (left plot) described by a 593 

straight line P1, dielectric relaxations P2b, P2 and P3 (right plots) obtained after subtracting 594 

contributions P1, P2b and P2 successively (Table 1). b) Dielectric relaxation frequency 3 of 595 

P3 (NMC532 cluster polarization) as function of inverse temperature. c) Nyquist plot (low-596 

frequency part) of complex resistivity, ”() vs. ’() of dry N0b and determination of the 597 

conductivities and s at 293 K (Table 1). d) Higher frequency part of sb complex resistivity 598 

plot at 293 K and determination of the conductivity c (Table 1). e) Arrhenius plots of 599 

conductivity: sample/PVdF (sb) (●), sample (s) (●) and cluster (c) (●). 600 

Fig. 4. a) Real parts of conductivity (’) and permittivity (’) as a function of the frequency 601 

for dry sample (N0b), sample filled by EC:DMC (N0bS) and sample filled by LP30 (N0bE) at 602 

room temperature. b) Histograms comparing conductivities (’ at RT) of N0b, N0bS and 603 

N0bE at 10
2
 Hz and 10

10
 Hz. c) Histograms comparing permittivities (’ at RT) of N0b, N0bS 604 

and N0bE at 10
2
 Hz. 605 



Fig. 5. a) Nyquist plots of complex permittivity, ”() vs. ’() of sample filled by EC:DMC 606 

1:1, i.e. N0bS (NMC532: 68.6 %; PVdF: 5%; EC:DMC: 26.4 %) at 293 K. a) Entire plot from 607 

50 to 10
10

 Hz: only the low-frequency part contribution P1(straight line) is visible. b) Plot 608 

obtained upon subtracting the contribution P1: evidence of the dielectric relaxation P2bs 609 

(circular arc). c) Plot obtained upon subtracting the contribution P2bs: evidence of the 610 

dielectric relaxation P2s (circular arc). d) Plot obtained upon subtracting the contribution 611 

P2s: evidence of the dielectric relaxation P2b (circular arc). e) Plots obtained upon 612 

subtracting the contribution P2b: evidence of the dielectric relaxations P2 and P3 (circular 613 

arcs). f) Plot obtained upon subtracting the contribution P2 and P3: evidence of the dielectric 614 

relaxation P5 (circular arc). 615 

Fig. 6. Influence of EC:DMC on: (a) frequencies and (b) dielectric strengths of the different 616 

dielectric relaxations for dry sample N0b (■) and sample filled by EC:DMC (N0bS) (■)at 295 617 

K. Influence of EC:DMC on Arrhenius plots of: (c) relaxation frequency 3 and (d) dielectric 618 

strength 3 of cluster polarization for N0b () and N0bS (). 619 

Fig. 7. a) Conductivity Nyquist plots of N0bS (N0b filled by EC:DMC) at 296 K: low 620 

frequency relaxation domain C1 (solvent / sample interface) and high frequency relaxation 621 

domain C2 (inter-cluster of NMC) obtained after subtracting C1. b) Arrhenius plots of 622 

different types of conductivity vs. inverse temperature (N0bS: full circles and N0b: full 623 

squares): NMC cluster conductivity CS () andC (■), NMC sample conductivity SS () and 624 

S (■), conductivity sol/S including PVdF/NMC interface () and sample/PVdF conductivity 625 

sb (■). The black arrow is the freezing temperature of EC:DMC. 626 

Fig. 8. a) Nyquist plots of complex permittivity, ”() vs. ’() of sample filled by LP30, i.e. 627 

N0bE (NMC532: 68.6 %; PVdF: 5%; LP30: 26.4 %) at 295 K. a) Low-frequency part of the 628 

plot: evidence of the giant dielectric relaxation domain W1 (semi-circle). b) Plot obtained 629 



upon subtracting the contribution W1: evidence of the dielectric relaxation W2 (circular arc). 630 

c) Plot obtained upon subtracting the contribution W2: evidence of the dielectric relaxation 631 

W3 (circular arc). d) Plot obtained upon subtracting the contribution W3: evidence of the 632 

dielectric relaxation W4 (circular arc). e) Plot obtained upon subtracting the contribution W4: 633 

evidence of the dielectric relaxation W5 (circular arc). Electrolyte LP30: 1 M of LiPF6 634 

EC:DMC 1:1. 635 

Fig. 9. (a) Relaxation frequency 2 of ionic motions in N0bE. (b) Comparisons of relaxation 636 

frequencies 4 of NMC cluster polarization at RT. (c) Temperature dependence of dielectric 637 

strengths 4 of NMC cluster polarization for sample N0bE filled by LP30 ()and for dry 638 

sample N0b (). (d) Relaxation frequency 5 of EC dipole rotation vs. inverse temperature. 639 

Fig. 10. Nyquist plots of the imaginary part ”() vs. the real part ’() of the complex 640 

conductivity of NMC532 filled by LP30 (N0bE) at 295 K: a) low frequency part of the 641 

spectrum and evidence of the relaxation domain C1 (arc of circle); b) plot obtained upon 642 

subtracting C1 and evidence of the relaxation domain C2 (arc of circle); c) plot obtained upon 643 

subtracting C2 and evidence of the relaxation domain C3 (arc of circle). si = bulk ionic 644 

conductivity, i = local (or diffusive) ionic conductivity, CE = NMC532 cluster conductivity 645 

and T = I + CE. Arrhenius plots of: d) ionic conductivities si and i, and e) NMC532 cluster 646 

(electronic) conductivity CE. 647 

Fig. 11. a) Activation energies vs. relaxation frequencies at 295 K attributed to: ionic motions 648 

(Li
+
, PF6

-
) in pore network filled with LP30, solvent dipole rotations (i.e. EC) and electronic 649 

motions (i.e., holes) in clusters and particles of NMC532 and NMC333.
 5 The slope of the 650 

dotted line with an arrow is kTln10 with T = 295 K and gives an average frequency prefactor 651 

around 3×10
11

 Hz (for electronic motions). b) Influence of adsorbed solvent dipoles (EC in 652 

EC:DMC and LP30) and ions (PF6
-
 in LP30) on total resistivity of NMC532 clusters. The 653 



drop of the total resistivity is proportional to the mean surface resistance of the cluster of the 654 

dry compound N0b. at zero activation energy. Symbols used: dry NMC333 (■) 
5
, dry 655 

NMC532 or N0b (■), NMC 532 filled with EC:DMC or N0bS (■) and NMC 532 filled with 656 

LP30 or N0bE (■). 657 

  658 



a) 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 

 668 

b) 669 

 670 

 671 

 672 

 673 

c) 674 

 675 

 676 

d)        e) 677 

 678 

 679 

 680 

 681 

 682 

 683 

Fig. 1. a) Schematic description of the different sources of polarization at different size levels of samples. b) 684 
SEM images of NMC532 clusters and particles. c) EDS spectrum analysis (0-8 keV) of NMC532. d) X-ray 685 
diffraction patterns using a PANalytical XPert Pro diffractometer: Cu-Kα: λ=1.5408Å and step size of 0.017°.s

−1
. 686 

e) Schematic structure of NMC532. 687 
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Fig. 2. Frequency dependent: (a) real part of conductivity ’, (b) real part of permittivity ’ and (c) imaginary 715 
part of permittivity" of dry samples N0 (NMC532: 63%; PVdF: 3%; porosity: 34%) and N0b (NMC532: 68.6 716 
%; PVdF: 5%; porosity: 26.4 %) at 293 K. 717 
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 743 
Fig. 3. a) Nyquist plots of complex permittivity, ”() vs. ’(w) of dry N0b (NMC532: 68.6 %; PVdF: 5%; 744 
porosity: 26.4 %) at 293 K: low-frequency part (left plot) described by a straight line P1, dielectric relaxations 745 
P2b, P2 and P3 (right plots) obtained after subtracting contributions P1, P2b and P2 successively (Table 1). b) 746 
Dielectric relaxation frequency 3 of P3 (NMC532 cluster polarization) as function of inverse temperature. c) 747 
Nyquist plot (low-frequency part) of complex resistivity, ”() vs. ’() of dry N0b and determination of the 748 
conductivities and s at 293 K (Table 1). d) Higher frequency part of sb complex resistivity plot at 293 K and 749 
determination of the conductivity c (Table 1). e) Arrhenius plots of conductivity: sample/PVdF (sb) (●), 750 
sample (s) (●) and cluster (c) (●). 751 
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Fig. 4. a) Real parts of conductivity (’) and permittivity (’) as a function of the frequency for dry sample 779 
(N0b), sample filled by EC:DMC (N0bS) and sample filled by LP30 (N0bE) at room temperature. b) Histograms 780 
comparing conductivities (’ at RT) of N0b, N0bS and N0bE at 10

2
 Hz and 10

10
 Hz. c) Histograms comparing 781 

permittivities (’ at RT) of N0b, N0bS and N0bE at 10
2
 Hz. 782 
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Fig. 5. a) Nyquist plots of complex permittivity, ”() vs. ’() of sample filled by EC:DMC, i.e. N0bS 808 
(NMC532: 68.6 %; PVdF: 5%; EC:DMC: 26.4 %) at 293 K. a) Entire plot from 50 to 10

10
 Hz: only the low-809 

frequency part contribution P1(straight line) is visible. b) Plot obtained upon subtracting the contribution P1: 810 
evidence of the dielectric relaxation P2bs (circular arc). c) Plot obtained upon subtracting the contribution P2bs: 811 
evidence of the dielectric relaxation P2s (circular arc). d) Plot obtained upon subtracting the contribution P2s: 812 
evidence of the dielectric relaxation P2b (circular arc). e) Plots obtained upon subtracting the contribution P2b: 813 
evidence of the dielectric relaxations P2 and P3 (circular arcs). f) Plot obtained upon subtracting the 814 
contribution P2 and P3: evidence of the dielectric relaxation P5 (circular arc). 815 
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Fig. 6. Influence of EC:DMC on: (a) frequencies and (b) dielectric strengths of the different dielectric relaxations 842 
for dry sample N0b (■) and sample filled by EC:DMC 1:1 (N0bS) (■)at 295 K. Influence of EC:DMC on 843 
Arrhenius plots of: (c) relaxation frequency 3 and (d) dielectric strength 3 of cluster polarization for N0b () 844 
and N0bS () 845 
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Fig. 7. a) Conductivity Nyquist plots of N0bS (N0b filled by EC:DMC) at 296 K: low frequency relaxation domain 874 
C1 (solvent / sample interface) and high frequency relaxation domain C2 (inter-cluster of NMC) obtained after 875 
subtracting C1. b) Arrhenius plots of different types of conductivity vs. inverse temperature (N0bS: full circles 876 
and N0b: full squares); NMC cluster conductivity CS (blue), NMC sample conductivity SS (red); conductivity 877 
sol/S including PVdF/NMC interface (green). The black arrow is the freezing temperature of EC:DMC. 878 
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Fig. 8. a) Nyquist plots of complex permittivity, ”() vs. ’() of sample filled by LP30, i.e. N0bE (NMC532: 905 
68.6 %; PVdF: 5%; LP30: 26.4 %) at 295 K. a) Low-frequency part of the plot: evidence of the giant dielectric 906 
relaxation domain W1 (semi-circle). b) Plot obtained upon subtracting the contribution W1: evidence of the 907 
dielectric relaxation W2 (circular arc). c) Plot obtained upon subtracting the contribution W2: evidence of the 908 
dielectric relaxation W3 (circular arc). d) Plot obtained upon subtracting the contribution W3: evidence of the 909 
dielectric relaxation W4 (circular arc). e) Plot obtained upon subtracting the contribution W4: evidence of the 910 
dielectric relaxation W5 (circular arc). Electrolyte LP30: 1 M of LiPF6 EC:DMC 1:1. 911 
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Fig. 9. (a) Relaxation frequency 2 of ionic motions in N0bE. (b) Comparisons of relaxation frequencies 4 of 937 
NMC cluster polarization at RT. (c) Temperature dependence of dielectric strengths 4 of NMC cluster 938 
polarization for sample N0bE filled by LP30 ()and for dry sample N0b (). (d) Relaxation frequency 5 of EC 939 
dipole rotation vs. inverse temperature. 940 
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Fig. 10. Nyquist plots of the imaginary part ”() vs. the real part ’() of the complex conductivity of NMC532 964 
filled by LP30 (N0bE) at 295 K: a) low frequency part of the spectrum and evidence of the relaxation domain C1 965 
(arc of circle); b) plot obtained upon subtracting C1 and evidence of the relaxation domain C2 (arc of circle); c) 966 

plot obtained upon subtracting C2 and evidence of the relaxation domain C3 (arc of circle).si = bulk ionic 967 
conductivity, i = local (or diffusive) ionic conductivity, CE = NMC532 cluster conductivity and T = I + CE. 968 
Arrhenius plots of: d) ionic conductivities si and i, and e) NMC532 cluster (electronic) conductivity CE. 969 
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Fig. 11. a) Activation energies vs. relaxation frequencies at 295 K attributed to: ionic motions (Li
+
, PF6

-
) in pore 990 

network filled with LP30, solvent dipole rotations (i.e. EC) and electronic motions (i.e., holes) in clusters and 991 
particles of NMC532 and NMC333.

 5
 The slope of the dotted line with an arrow is kT×ln10 with T  295 K and 992 

gives an average frequency prefactor around 3×10
11

 Hz (for electronic motions) at zero activation energy. 993 
Symbols used: dry NMC333 (■) 

5
, dry NMC532 (N0 and N0b) (■), NMC 532 filled with EC:DMC (N0bS) (■) 994 

and NMC 532 filled with LP30 (N0bE) (■). b) Influence of adsorbed solvent dipoles (EC in EC:DMC and LP30) 995 
and ions (PF6

-
 in LP30) on total resistivity of NMC532 clusters. The drop of the total resistivity is proportional to 996 

the mean surface resistance of the cluster of the dry compound N0b. 997 
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