LBL-20659
UCc-94c <

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA AV ED

\

. Moo (87N FeTMT
Materials & Molecular 0CT 1 g 1986
ResearCh DiViSion LIBRARY AN

DOCUMENTS SECJTION

THE Li/Li3N ELECTRODE: STUDY OF ITS
ELECTROCHEMICAL BEHAVIOR IN AN ORGANIC
ELECTROLYTE BY ELECTRODE-IMPEDANCE SPECTROSCOPY

J.G. Thevenin and R.H. Muller (
. - B

{

January 1986 FOI' Reference

Not to be taken from this room

_J

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

-

LS 90¢ ~ 147



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or

~ assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



LBL-20659

THETLi/Li3N ELECTRODE: |
STUDY OF ITS ELECTROCHEMICAL BEHAVIOR IN AN
ORGANIC ELECTROLYTE BY ELECTRODE-IMPEDANCE
SPECTROSCOPY
J.G._Thevenih and R.H. Muller
Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720 -

January 1986



ABSTRACT

Lithium nitride has been studied as a possible
solid-electrolyte interphase between the 1ithium electrode and an
organic electrolyte. The Li/Li3N electrode has been obtained by
exposing lithium to a pure nitrogen atmosphere at ambient
"vtémperature. This formation is found to result in a porous lithium
hitride film, associated with a decrease in the molar volume during
thevreaction. The impedance behavior of the,Li/Li3N electrode can
be interpreted by a porous-film model deduced from a
transmission-line model. The slow filling of the micropores of the
'fiim and reaction of the lithium with electrolyte at the pore bottem
ére responsible for changes of impedance and open circuit potential

with time and under cycling.



1. INTRODUCTION

When a lithium electrode is stored in an organic electrolyte, a
surface layer is usually formed, due to the decomposition products
of the solvent in the presence of lithium [1]. This surface layer
inhibits the successful cycling of the lithium electrode. One way
to limit the formation of this surface layer is to create an
interphase that is Tess reactive than lithium between the electrode
énd the electrolyte.

A survey of the literature suggests that lithium nitride may be
an excellent candidate for this purpose: it is a solid electrolyte
with good ionic conductivity [2]. The use of lithium nitride as a
protective film against the chémica] corrosion of lithium in organic
electrolytes has been proposedjby Muller and Schwager [3]. In their
experiments, lithium nitride was prepared at room tempefature by
exposing lithium under pure and diluted nitrdgen. A study of
impedance data during the immersibn of the Tithium/lithium nitride
electrode demonstrated that the presence of lithium nitride reduced
the formation rate of the surface layer in propylene carbonate-based
electrolytes. |

The purpose of this report is to analyze the electrochemical
behavior of the lithfum electrode~coVered by a Tithium nitride film
formed at ambient temperature. The étpdy was carried out by
electrode-impedance speég?oscopy. The drganic electrolyte was a

solution of 1ithium perchlorate in propylene carbonate.



2. LITERATURE REVIEW

An extensive review of the properties of lithium nitride has
been presented recently by Rabenau [2]. The following summary is v
devoted only to understanding its crystal structure and conduction

mechanism.

2.1 Crystal Structure of Lithium Nitride

Lithium nitride, Li3N, has a characteristic two-dimensional
structure based on a hexagonal lattice. It has a highly symmetric
structure (space group P6/mmm) in which the nitrogen ions are
surrounded by 8 lithium atoms, 6 in one plane, with one underneath
and one above, as illustrated in Fig. 2-1. In other words, this
structure contains tightly bonded LizN layers with the nitrogen in
the center of hexagonal lithium arrays. These layers are connected
by the remaining 1/3 of the lithium ions, which bridge the nitrogen
ions of adjacent layers. This arrangement was first proposed by
Zint1 and Brauer [4] and was recently confirmed by Rabenau and
Schu]tz [5]. 1t can be shown that only the Li(2) ions in the LizN
1é;érs can move, while the Li(l) ions are relatively immobile.
Among the Li(2) positions, 1-2% are not occupied, whereas the Li(1)
positions are fully occupied. Thus the empty Li(2) positions
provide a mechanism for the motion of the Li(2) ions in the L12N

layers.



2.2 lonic Conducfivity in Li3N Single Crystals

The basic study on ion conductivity in Li3N single crystals has
been carried out by Von Alpen, Rabenau, and Talat [6]. The Tithium
nitride single crystals they studied were obtained by the
Czochralski method, in which a small oriented seed crystal is dipped
into the melt and pulled out slowly while being rotated.

The study of ionic conductivity o by electrode-impedance
spectroscopy allows one to verify the anisotropic properties of the
Li3N single crystals due to their bidimensional structure. The main
results are shown in Fig. 2-2a, a plot of logarithm o T versus the
reciprocal of the absolute temperature. It was found that ;s
the conductivity parallel to the crystallographic layers, is orders
of magnitude greater than Olf the conductivity perpendicuiar to the

layers.

2.3 Ionic Conductivity in Li3N Sinters

The basic study of ionic conductivity in L13N sinters has been
carried out by Boukamp and Huggins [7]. Lithium nitride was formed
by reacting molten lithium with nitrogen in a crucible at 180°c.
The product was crushed and milled. The Li3N powder was pressed and
then sintered in purified nitrogen between 650 and 750°C.

The lithium nitride sinters had two types of éonductivity,
which were detected by electrode-impedance spectroscopy. The first

type was the transcrystalline conductivity Ot which corresponds to



the average conductivity insfde each grain of the polycrystalline

sample. Tho second type was the intercrystalline conductivity o,
related to the intergranular structure of the sintered sample. The
main results, shown in Fig. 2-2b, are that 9, is much larger than

o; over a large temperature range. “

3. THEORETICAL

3.1 Models for the Impedance Behavior of the Li/Li3N
Electrode
The electrochemical behavior of the Li/Li3N electrode in an
organic electrolyte depends primarily on the morphology of the
iithium nitride film. This film, which consists of an anisotropic
solid electrolyte, is in the polycrystalline form when it is
obtained at room temperature. If no other complications arise, the
decréase in the average conductivity in a polycrystal compared to
thaﬁfobserved in a single crystal is likely to be related to the
amoonﬁ of space_between the particles and by the various
orientations adopted by each particle. Thus two main cases can be
considered: (1) a relatively compact lithium nitride film formed by -
many porticles with few interparticle voids; (2) a relatively porous
1ithium nitride fiim, with many interparticle voids or micropores in

contact with the organic electrolyte.



3.2 Model of a Compact Lithium Nitride Film

| The impedance behavior of a compact electrode in the presence
of an organic electrolyte can be studied more easily when the
electrode/film and film/solution interfacés are taken into account.

The film/solution interface is represented by the solution

resistance RQ in series with the Faradaic impedance placed in
parallel with the double-tayer capacitance. For the case of a pure
ionic‘conductor, for which no charge transfer occurs at the
film/solution interface, the Faradaic impedance is infinity.

Besides, for the conductor of low capacitance, the effect of the

doub]e layer capacitance on the total impedance can be considered as

negligible. Accordingly, the impedance of the film/éolution
interface can be reduced to the solution resistance.

The electrode/film interface is represented by the equivalent
circuit of a solid electrolyte on a nonblocking electrode (see

Appendix I). For a polycrystalline material, as shown in Fig. 3-1,

the transcrystalline and intercrystalline conduction processes are

defined by different circuits [7,8]. The resistance Rt associated

o with the capacitance Ct is related to the conductivity inside each

pabtjt]e, while the resistance Ri and the capacitance Ci are related
to‘the conductivity between two consecutive particles. For a
polycrystalline anisotropic material such as lithium nitride, the
resulting circuit is a series of Rt/Ct and R%/Ci circuits. The
impedance of each circuit is defined by the Cole-Cole formula, [9]

taking into account a pseudo-RC circuit and a depression parameter



(see Appendix II). The impedance of the solid film is defined as

follows:
R, - R, - »
t 1
Z((J.))= ) + [}
T 1 +(ijtCt)(1_at) 1 +(ij.C,ﬂ1'“1)
i o
where o, and a; are the depression parameters related to the

t i
dispersion of the time constants in the transcrystalline and

intercrystalline impedances, respectively.

For the compact-film model as shown in Fig. 3-2, the equivalent
circuit is constituted by the solution resistance RQ 1h series with
the circuit of the polycrystalline solid electrolyte. The resulting
electrode-impedance diagram in the complex plane consists offtwo
depressed semicircles resu]ting from the Rt/Ct and Ri/ci coupIings
with their corresponding depression parameters O and 0 o The
transcrystalline impedance is detected only in the very
high-frequency range, while the intercrystalline impedance is found

in the intermediate- and low-frequency range.

3.3 Model of a Porous Lithium Nitride Film |
The impedance behavibr of a poroUs e]ecfrode can be studied by
a transmission-line model, as introduced by De Levie f10]. Recently, ¥
Park and MacDonald [11] have devéloped a general model for a'porous
electrode of finite thickness in:which the impedance of the backing
electrode on the pore base is recognized. This model apbears

suitable for the study of the electrochemical behavior of the



(N

lithium electrode covered by a porous lithium nitride filim.

Aé the usual simp]ifying assumptions for a transmission-line
model, the lithium hitride is assumed to have a homogeneous porous
structure with almost straight, parallel, and cylindrical pores with
the same pore base and constant composition for the pore wall, as
shown in Fig. 3-3. Thus, as shown in Fig. 3-4, the equivalent |
electrical circuit for a single pore is determined by the properties
of the liquid and solid phases. The liquid-phase filling the pores
is the organic electrolyte. (The average liquid-phase resistance per
unit pore length is R]/L.) The solid-phase is the 1ithium nitride
film. (The average solid-phase impedance per unit pore length is

Zs/L') Under these conditions, the impedance behavior of the

: Li/Li3N electrode is determined by two additional impedances: (1)

the impedance occurring on the pore base Zb, independent of the pore
length, is the impedance of the Li/liquid-electrolyte interface; and
(2) the admittance occurring on the pore wall, 1/ZpL, per unit pore
length, is the admittance of the L13N/1iquid—e1ectrolyte interface.

The total impedance ZT resulting from n straight parallel and

“cylindrical pores defined by the transmission-line model is defined

as follows (see Appendix III):

1/2 1/2,,2 , o2 2
oz R]‘) 2y 22 Ry + v /228 4 RE)C 4+ oREs

1
1. = % ,
TG+ R L2z arp) (v} /%5 + 60



where Y = ZS+R; . 8§ = Z§+E] s
Z.L L b”
p
and C = cosh (v172L) , S = sinh (v}72L) .

Simple modifications allow the equation of thé total impedance
to bevektended to a three-dimensional system by taking into account
the fraction . of the electrode surface covered by the solid
electrolyte, and the number n of mitropore§ per unit surfaée area
(see Appendix IV). For a solid e]ectro]yte.characterized by two
types of impedances (transcrystalline and intercrystalline), the
computer- generated impedance diagram consists of one or two
depressed semicircles over the whole frequency range, as shown in
Fig. 3-4, according to the assumptions.madé for the different

components of the electrode impedance.
4. EXPERIMENTAL

4.1 The Organic Electrolyte

The electrolyte under study was a molar solution of lithium
perchlorate in propylene carbonate wiEh a residual water content of
a few ppm. Propylene carbonate (Burdfck and Jackson Lab.) was
dehydrated on molecular sieves for about two weeks. Lithium

perchlorate (Smith Chem. Co.) was dessicated near its melting point
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(240°C) for one day under a vacuum produced by a primary pump. The
choicé of the electrolyte seemed to have no effect on the study of

the electrochemical behavior of the Li/Li3N electrode.

4.2 The Electrolytic Cell
The electrolytic cell, made of polypropylene, had two opposing

openings for the electrode holders and an extrusion compartment for

the Tithium reference electrode, as shown in Fig. 4-1. The

counterelectrode was a lithium disc 2 cm in diameter and 0.1 cm

- thick, which was pressed onto a stainless steel electrode. The

working electrode was the cross section of a lithium cylinder 0.2 cm
in diameter and 1 cm thick inserted into a polypropylene holder. The
reference electrode was the cross section of a lithium cylinder 0.2

cm in diameter éxtruded near the side of the working electrode.

4.3 The Li/Li3N Electrode

Lithium nitride was prepared by a reaction at room temperature
between 1ithium and nitrogen. Although the other alkali metals are
inert to nitrogen, lithium reacts rapidly with this element in an

exothermic reaction. The experiment was carried out in a plastic

bag filled with a pure nitrogen atmosphere and placed outside the

glove box used for the preparation of the organic electrolyte. The
Li/Li3N electrode was formed by cutting the cross section of the
lithium cylinder with a blade under nitrogen'to form a red-black

lithium nitride film. Probably because of the diffusion of nitrogen
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into the Tithium nitridé, the reaction is continuous, since no
protective film is formed on the lithium electrode. The electrode
obtained after a given exposure‘timé was then put into the glove box
to be placed in the electrolytic cell.

A morphological study of the lithium nitride film was made with
a scanning electron microscope. Its porosity was studied by an

automatic scanning porosimeter.

4.4 The E]éctrode—lmbedance Set-Up

Electrode-impedance data were obtained by the Lissajous-figure
technique. As shown in Fig. 4-2, the equipment includes an
oscillator (Hewlett Packard, Model 3310A), which drives a
potentiostat-galvanostat (Princeton Applied Research, Model 173) in
the galvanostatic mode. The oscillating curreht and voltage were
measured by a built-in electrometer monitor (Model 178) and current
follower (Model 176), or by two external differential preamplifiers
(Princeton Applied Research, Model 113). Current versus voltage was
displayed on a storage osci]]oséope_(Tektronix, Model 5111) equipped
with differential amplifiers (Tektronix, Model 5A19).

The a1ternating-currenf density was about 0.05 mA/cmz,_which
provided a linear response, as required for valid
electrode-impedance measurements. The impedance of a dummy cell
consisting of a resistance/capacitance circuit was routinely
measured and compared with calculated data to ensure that the

equipment-Wés in proper working condition for the study of the
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electrode impedance in the frequency range of 10" to 10 " Hz. The
high-frequency limit is determined essentia]]y'fn order-to avoid
artifacts caused by the impedance of the Tithium reference
electrode, while the low-frequency limit is used because of the
quick evolution of the impedance of the electrode as a function of

the experimental conditions.
5. RESULTS AND DISCUSSION

5.1  Morphological Properties of the Li/LigN Electrode

~ 5.1.1 Preparation Procedure

The growth at ambient temperature of the lithium nitride film

 genera11y began with thelformation of an iridescent film on most of

the 1ithium electrodesexposed to a pure nitrogen atmosphere. The
film developed essentially on the circumference of the Tithium disc,
forming a continuous red-black film over the whole surface after an
average time of 20 to 30 minutes. Difficu]tieé were encountered in

reproducing the growth of this film; the reasons for these

difficulties are not well understood. The quality and speed of

cutting with the blade seem to be very important to the initial

nucleation of T1ithium nitride on the lithium surface. The same

- film growth was obtained in an atmosphere of 50% helium and 50%

nitrogen, as well as in an atmosphere of 10% nitrogen and 90%
helium. The complete transformation of Li into L13N was obtained

after two hours of exposure in a pure nitrogen atmosphere for a
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lithium cylinder 1 cm thick and 2 mm in diameter.
5.1.2 Structural Study

Figure 5—ia is -a scanning electron micrograph of the lithium
nitride surface. It reveals that the ridges on the 1lithium
electrode due to the cutting were reproduced by the lithium nitride
film. After 25 min of exposure of lithium in nitrogen, as shown in
Fig. 5-1b, the minimum thickness of the lithium nitride film, in the
center, was about ]0'2 cm, while the maximum thickness, at the
circumference of the disc, was about 0.5 cm.

A study 6f a thick lithium nitride film formed aftéh one hour
did not reveal any direct evidence of its polycrystalline structure
but demonstrated that the 1ithium nitride film is a porous material.
As shown in Fig. 5.1c, cracks and holes on the surface were clues
that the volume of lithium nitride is lower than the iﬁitia] volume
of lithium. This observation is consistent with the fd]]owing
analysis of the lattices of Tithium and lithium nitride by
considering the number of lithium ions or atoms per unit volume.

Lithium has a body-centered cubic lattice (a = 3.509 K) [12],
and the raqius of the lithium atom is 1.24 X.' Figure 5-2 shows the
two main crysta}]bgraphic planes, (001) and (110), necessary to
determine the number of Vithium atoms.per unit volume. For example,
a parallelipipedic volume of 172.82 33'has 22 atoms (2 x 9 on the
faces, and 4 in the center of the cubes), based on four elementary
cells. Thus the number of 1ithium atoms per unit volume is 0.127

per A3.



~ ions per unit volume is 0.162 per A”.

13

Lithium nitride has a two-dimenﬁional structure, based on a
hexagonal lattice (a = 3.65 X, c = 3.87 R)v[5,13]. The Li(2)-N
distance is 2.13 R, while the Li(1)-N distance is 1.94 K. Thus the
radius of the lithium ion is about 0.7 R, and the radius of the
nitrogen ion is about 1.4 R. Two main crystallographic planes,
(0001) and (1000), are shown in Fig. 5-3. A parallelipipedic volume
corresponding to the average composition of 1ithium nitride (39
lithium ions for 14 nitrogen ions) can be defined within the
rectangle formed by the distance along three nitrogen ions (2 x 3.65
R), the distance along four 1ithium ions on the [0100] axis (4 x
2.13 Z), and fhe height of the elementary hexagonal cell (c = 3.87
Z). This volume of 240.69 ; contains 39 lithium ions (2 x 16 in
the hexagonal planes and 7 between them). Thus the number of lithium

| 3

The greater number of lithium ions per unit volumé in lithium
nitride (0.162) compared to the number of Tithium atoms per unit
volume in Tithium (0.127) is certainly related to the low value of
the radius of the Tithium ion (0.7 R) compared to that of lithium

atom (1.24 A). This fact explains the decrease of material volume

after the transformation of lithium into Tithium nitride.

5.1.3 Porosimetry Study

The porosimetry study is based on the analysis of the curve

| showing the cumu]étive volume of mercury intruded into the pores and

interparticle voids of the‘Li3N sample versus the applied pressure.
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The study of the intrusion curves for the three samples, as
shown in Fig. 5-4, demonstrates that the cumulative pore volume
increases almost continuously as a function of pressure. The
pressure range used, up to 6 x ]04 PSIA, appeared insufficient to
fill all the pores and interparticle voids with mercury. Thus the
Li3N layer had a significant percentage of pores of extremely low
radii. Besides, the two changes in the curve slope, for pressures

between 5 x 10? and 10% and between 4 x 10* and 5 x 10%

PSIA,
indicated the presehfe of two main groups of pores of different
radii.

The analysis of the pore-size‘diéthibution'funétions, as shown
in Figs. 5-5, 5-6, and 5-7, permits one to comp]ete'the preceding
observations. The differential pore-vdlume density (Fig. 5-5) has a
slight maximum in the 100-200 R pore-radius range and a sharp one in
the pore-radiué range below 25 R. The differential pore-surface and
pore-length densities (Figs. 5-6 and 5-7) show that the porosity of
the samples is due essentially to the presence of very small pores
or interparticle voids.

The procedure used to determine apparent and true densifies of
~the L13N film is outlined in Table 5-1, which contains data obtained
both before and after mercury intrusion. The external volume is
eva]uated accdrdihg to the cylindrical geometry of the sample (lines
1 through 3);7 it§ weight 1§ measured (line 4), leading to the
eva]uation.of the apparent density (1ine 5). The weight of the

mercyry-fi]]ed sample (1ine 6) permits one to determine the weight
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of the intrﬁded mercury (line 7)vand consequently its volume (line
8) (13.55 g/cm3 is the density of mercury). The volume of the
intruded mercury equals the vo]dme of the pores and interparticle
voids in the sample (line 9). Thus the volume of compact\materia]
in the sample can be determined (line 10). The weight of the sample
(1ine 4) divided by its volume (line 10) leads to the determination
of the true density (line 11). The three $amp1es in Table 5-1 show
that the average density values of the porous and compact.LiBN
layers are 0.97 (apparent density) and 1.22 (true density),

réspective]y. The last result is in good agreement with the value

of.1.29 g/cm3 given for the true denéity of lithium nitride single

crystals [5].
The change in the volume of material during the reaction

between lithium and nitrogen to form lithium nitride can be studied

by using the following values of the weight and density of Li and

Li

L13N:

Li: weight 6.94, density 0.534.

3N: weight 34.826, density 1.29.

Three Li equivalent atoms, which have a volume of 39 cm3 can form
with nitrogen one equivalent Li3N, with a volume of 27 cm3 for a
compact material. These typical values show that the formation of

Li3N by exposure to Li in a N, atmosphere at room temperature leads
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to about 30% of decrease of the molar volume. These results confirm
that the procedure used for the preparation of Li3N is only adequate

for the formafion of a porous film.

5.2 Kinetic Properties of the Li/Li3N Electrode
5.2.1 Thermodynamic and Polarization Data

The value of the open-circuit potential E of lithium hitride
can be evaluated by means of the value of the standard free energy
of formation AGo of this compound, according to the following

equation:
AGO = -nFE,

where n is the number of equi?a]ent moie and F is Fafadqy'é
constant. |

The free energy AG  equals -128.9 kdmo1~! obtained by
extrapolation at ambient temperature [14,15]. When n equals three
equiv/mole, E was deduced to be about + 0.44 V [2]. The value of
the experimental open-circuit potential obtained with a Li electrode
covered by a L13N thick film was about + 0.36V. The reason for the
discrepancy between the expected and experimental values can be
explained by the following experiments.

The open-circuit potential of the_Li/Li3N electrode vehsus the
reference Li electrode depends on the thickness of the lithium

nitride film, the immersion time in the solution, and/or the
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polarization conditions. For examb]e; as shown in Fig. 5-8,
different Li/Li3N electrodes (formed affer 20 and 40 minutes in the

nitrogen atmosphere) give different open-circuit potentials just

~ after their immersion in the solution. Besides, a significant

decrease in the potential can be observed during the immersion time,
for example, from 350 to about 20 mV after 12 hours, becoming stable
at 10 mV after 48 hours of immersion. The open-circuitApotential of
the-Li/Li3N electrode depended on its polarization history, as shown
in Figs. 5-9 and 5-10. A cathodic deposition or an anodic

dissolution with Tow current and charge densities led to a decrease

- of the electrode potential measured after the interruptibn of

polafization.

The potential behavior of the Li/Li3N electrode cannot be
explained by a variation of the stoichiometry of lithium nitride
especially to a loss or gain of lithium into the ]atticé of this
compound. Besides, there is no evidence of decomposition of L13N
even under high anodic polarization. In fact, this potential
behavior can be easily understood when considering the slow filling
of the pores of the lithium nitride film by the organic electrolyte.
The measured potential is determined by Tithium and lithium nitride
as a function of their respective areas in contact with the orgénic

electrolyte.

5.2.2 Electrode-Impedance Behavior

The analysis of impedance data by Cole-Cole and Bode plots, as
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shown in Figs. 5-11 through 5-14, demonstrates the existence of two
types of impedances. According to the compact film model, the total
resistance can be separated into two components: the
transcrystalline resistance Rt in the high—frequenqy'range, and the
intercrystalline resistance Ri in the lTow-frequency range. Taking
‘into account solution resistance of 15 Qcmz, the total resistance
of the lithium nitride film is between 200 and 325 Qcmz,
respectively, when formed after 20 and 40 minutes of exposufe in a
pure nitrogen atmosphere. For.a minimum thickness-of 10'2 cm (see
section 5.1.2) for the film leading to the minimum conduction
resistance of 200 Sicmz, the transcrystalline conductivity o4 can
be evaluated at 2.8 x 10'0'&'1 cm'1 (Rt = 3552cm2), and the

intercrystalline conductivity o; can be evaluated at 6 x 107571

em ! (R; = 165 Qcm2)

i . These values, which are between the values

observed for sinters [7] and those observed for single trystals (61,
are certainly overestimated (see Table 5-2). The fact that the
different semicircles have their centers far below the real axis,
with a depressioh parameter of abodt‘O.B, is characteristic of a
large dispersion'in the timé conétants related to the dielectric and
resistive properties of the lithium nitride film. The
intefcrystalline capacitance Ci’ deduced from the semicircle in the
low-frequency range, is between 1 and 0.05 uF/cmz, decreasing with
increasing thickness of the polycrystalline film. A study of the
Bode plots does not permit one to define the preceeding observations

more exactly, because of the lTimitations of the frequency range
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.available for the experimental cell.

The study of the impedanée behavior of the Li/LiBN electrode as
a function of different parameters, such as immersion time and '
polarization conditions, permits one to observe a significant
increase in apparent conductivity of the 1ithium nitride film forméd
at ambient temperature. Figures 5-15 and 5-16 show the change of
the impedance diagrams obtained with different electrodes immersed
in the organic electrolyte for 48 hours. The apparent conduction
jmpedance is reduced, but a diffusion impedance can be detected in
the low-frequency range. Figures 5-17 and 5-18 show that, for
dffferent charge and current densities, a cathodic polarization as |
well as an anodic polarization leads to a decrease in the"conductibn
impedance. The diffusion impedance appears only for a lithium
deposit and increasés with the charge densjty. Besides, a simple
cycling, as shown in Figs. 5-19 and 5-20, 1eads to sucéessive
decreases in the electrode impedance, an effect observed under
various polarization conditions. Nevertheless, the Li/Li3N
electrodes appear unsuitable for the continued cycling of lithium,
as shown in Figs. 5-21 and 5-22. The cathodic deposition after five
cycles leads to a very small inmpedance, while the subsequent anodic
dissolution leads to a large impedance. The impedance behavior of
the Li/Li3N electrode cannot be explained by the compact film model
simply as a variation of the different conductivities in order to
explain the influence of the immersion time and polarization

conditions. The pbrous-fi]m model seems to be much more useful for
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understanding the origin of the decrease of the total impedance
observed in all éxperimental conditions. As demonstrated by mercury
porosimetry (see section 5.1.3), the polycrystalline Tithium nitride‘
film formed at ambient temberature is a porous material with many
very small interparticle voids or micropores. Thus, when
considering a S]ow filling of the micropores of the material by the
organic electrolyte, the influence of immersion time and
polarization conditions on the evolution of the resulting electrode
_ impedante becomes understandable. During the cycling, the impedance
behavior can be complicated by the presence of the decomposition
productsvof the organic electrolyte inside the micropores or, .
eventually, on the surface of the lithium nitride electrode.

In principle, all the information about the porous LiLLi3N
electrode can be derived by fitting the curve of its impedance
spectrum to the general equation of the tdta1 impedance{ In
practice, however, when considering the number. of parameters (more
than 7 for the ana]ySis of a 3-dimensional system, as shown in
Appendix IV), the curve-fitting technique is not accurate enough and
unique. Thus, at this time it is'only possible to demonstrate that
~the porous-iayer model provides a reasonable model for the
electrode. In an attempt to predict the evolution of the'impedance
behavior as a function of the porosity of the porous material, the
computerized impedance diagrams were generated by assuming arbitrary
and/or experimental values for the different parameters. The set of

parameter values presented in Table 5-3 has been used to explain the
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properties of a thin lithium nitride film on the lithium electrode.
This condition means that the fraction (1-8) of the surface area
covered by the liquid electrolyte, and the number n of micropores in
the solid electrolyte are relatively small compared to those
determined in a thick porous lithium nitride (see Table 5-2).
Besides, the resistance of the Tiquid phase is assumed to be that of
the mo]ar’solution of lithium perchlorate in propylene carbonate,
[16,17] while the impedance of the solid phase is supposed to be
that of bolycrysta]]ine sinters of lithium nitride[7]. The
impedaﬁce of the pore base can be defined by the impedance of the
lithium electrode in presence of the same organic electrolyte. [16]
The impedance of the pore wall can be represented by a large
Faradaic impedance placed in parallel with the double layer
capacitance. [8] Besides, it is necessary to remember that the
difference of potential of lithium nitride versus lithium is not
taken into account for the study of the transmission-line model.

As shown in Figs. 5-23 through 5-25, the computer-generated
impedance diagrams in the complex plane can be defined over the
whole frequency range for similar shape and size as the experimental
&iagrams (see Figs. 5-11 through 5-14) when a large dispersion
parameter o = 0.3 is used for the intercrystalline impedance of
lithium nitride. The overestimation of the transcrystalline and
intercrystalline conductivities observed earlier appears with the
pofous-film hode] as due to a misinterpretation of the impedance

diagrams by the compact-film model. The apparent conductivities are
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due to the competition betwéén the conductivities of the liquid and
solid phases involved in the s&stem. An increase of the fraction
(1-0) and/or of the number n, which both are related to the porosity
of the fi]h, as shown iﬁ Fig. 5-23 and 5-24, leads to a decrease of
the total electrode impedance. Thus, the change of the impedance
observed as a function of different factors, such as the immersion
time and pOlérization conditions, can be explained by a change of
the Li surface area in contact with the solution through the Li3N
film. On the other hand, the diffusion process, which can appear
after a caﬁhodic polarization or after a long immersion,rcén be due
to a slight concentration gradient in the surface layer formed on
the pore base in contact with the solution, as shown 1n Fig. 5-25.
Finally, as shown in Fig.5-26, the decrease of the electrode’
imbedance observed during the cycling of lithium can also be

explained by a decrease of the pore-wall impedance.
CONCLUSION

Lithium nitride has been studied as a possible
so]id-e]ettro]yte interphase between the lithium electrode and a
classical organic-electrolyte, the molar solution of lithium
perchlorate in propylene carbonate. The lithium/lithium nitride
electrode has been obtained by exposing lithium in a pure nitrogen
atmosphere at ambient temperature. The morphological study by

scanning electron microscopy and mercury porosimetry has
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demonstrated that the preparation procedure leads to the formation
of a polycrystalline porous lithium nitride film. The kinetic study
by electrode impedance spectroscopy has éhoWh that the impedance
behavior of the Li/Li3N electrode can be interpreted by the
porous-film model deduced from the transmission line model by taking
into account the impedances of the Li3N film and the Li backing
electrode.

The borous lithium nitride film has been found to be unsuitéb]é
for cycling lithium,»probably because the Tithium electrode remains
in contact with the electrolyte through the micropores.
Nevertheless, lithium nifride remains a possible candidate material
for protective films on lithium if it can be obtained as a very thin
and compact film because of its apparent Stability in propylene

carbonate-based electrolytes.
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Table 5-1. Procedure used to determine the density of the L13N samples.

Line Item Formula* Sample 1 Sample 2 Sample 3
(1) Diameter of sample (cm) 0.3 0.3 0.3
(2) Length of sample (cm) 0.65 0.71 0.70
(3) Volume of sample (cmd) 0.04590 0.05016 0.04945
(4) Weight of sample (9) 0.04269 0.04916 0.04956 .
(5) Density of Porous LiN.  |(9/cm’)| (4)/(3) 0.930 0.980 1.002
(6) Weight of sample (9)
filled with mercury. 0.17748 0.19535 0.17721
(7) Weight of mercury in sample.| (g) (6)-(4) 0.13479 0.14619 0.12765
(8) Volume of mercury in sample. (cm3) (7)/13.55 0.00995 0.01079 0.00942
(95 Volume of pores and (cm3) : :
interparticle voids. : (8) 0.00995 0.01079 0.00942
(10) Volume of compact méteria]. (cm3) (3)-(9) 0.03595 0.03937 0.04004
:'(11) Density Qf compact L13N- (g/cm3)’ (4)/(10) 1.187 1.248 1.237

" Use the number in parentheses for reference in

the calculations described under "Formula."

9¢
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Table 5-2. Selected Properties of Lithium Nitride.

anductivjtj, 0 lenl |
Monocrystal - : o o// = 1.2 x 1073

| o =1 107
Polycrystalline sinter  o.=6 x107
| | o, =3 x107°
Our work (apparent values) o = 2.8 X 1074
| o =6 x107°
Density, g/cm3
Monocrystal - 1.29
.Polycrysta111ne sinter 1.26
Qur work porous dp = 0.97

compact dC =1.22

Parameters of the porous film (1imiting values)

Fraction (1-0) of the surface area of the Tithium electrode free of Tithium
nitride film, knowing that the fraction @ 1is .given by the ratio between
the densities of the porous and compact Tithium nitride.

0 = dp/dC = 0.8 (1-6) = 0.2

Number n of micropores per unit surface area (A =1 cm2) for a given pore

radius (r = 150 R) of the micropores, knowing that

narl _ (1-0)A n=3x 100



Table 5-3. Values for the parameters used in the transmission line model.
impedance diagrams shown in Figs. 5-23 through 5-26.

Computer-generated

Parameter Value
Fraction of the electrode surface
covered by the solid phase. © =0.95
Number of pores per unit area "
filled by the Tliquid phase. n=10
Thickness of the porous electrode. L =102 cm
Electrolyte resistance. RQ = 15 Q.cm2
Resistance of the liquid phase 2
(for a thickness of 0.01 cm) RL =2 Q.cm
Impedance of the solid phase ZS _ 2
(for a thickness of 0.01 cm) T RT = 15 Qcm
_ 2
Transcrystalline impedance ZT ZS (r=1 nF/cm2
! . . Z1 RI = 3000 Qcm
Intercrystalline impedance ZI - . 2
. CI = 1 nF/cm
RB = 10 Qcm’
Impedance of the pore base ZB. ZB 2
CB = 10 pF/cm
RP = 5000 Q.cm’
Impedance of the pore wall ZP. AL ’ 2
CP = 25 pF/cm
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Figure Captions

Fig. 2-1. a) Schematic Eepresentatidn of LiéN- Two
Li(2)2N layers are shown, separated by a

Li(1) layer (from Ref. [2], Fig. 10).

b) Projection of LisN along the C-axis.
Li(2) and N atoms 1ie in the Li3N layer
for the position z=0 (from Ref. [2],
Fig. 30).

Fig. 2-2. Semilogarithmic plot of the ionic bu]k‘conductivity
of lithium nitride as-a function of the inverse

absolute temperature-

(a) li3N monocrysta1, (from Ref. [17], Fig. 2).

g (a) dc, (A) ac perpendicular to the c-axis;

o,, : (®) dc, (A) ac parallel to the c-axis.

7

(b] L7V Sinter (from Ref. [8], Fig. 4).
o.: (0), intercrystalline conductivity,

o.:

- (O), transcrystalline conductivity.
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Schematic view of a compact polycrystalline

material covering a metal electrode, with the

elementary impedance circuit shown.

(a.) Equivalent circuit
for compact-layer model of a polycrystal-
line material. (b.) Impedance diagram in

the comp1ex plane.

Schematic view of a porous po]ycrystalliné material

covering a metal electrode, showing the
elementary impedance circuit.

(a.) Equivalent circuit of the transmission-line
model in discreet form. (b.) Impedance diagram

in the complex plane.

Schematic view of the electrolytic cell.
. *
Electrode-impedance setup. (The reference ,
*x *
voltage . and current are needed only
for use of the internal electrometer monitor

and current follower).

(a) SEM of the surface of a thin lithium nitride
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film. (b) SEM of the cross section of a thin
lithium nitride film. (c) SEM of the surface

of a thick lithium nitride film.

Crysta11ographic study of the body-centered cubic
lattice of lithium: (a) (001) plane, (b)
(110) plane.

" Crystallographic study of the hexagonal lattice

of Tithium nitride: (a) (0001) plane, (b)
(1000) plane.

.. Evolution of cumulative pore- volume as a function

of applied mercury pressure or pore radius,

according to the Washburn equation.

Evolution of differential pore-volume density

as a function of pore radius.

Evolution of differential pore-surface density

as a function of pore radius.

Evolution of differential pore-length density as

a function of pore radius.
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Fig. 5-8. Evolution of the open-eircuit potential (OCP) for
the 'L13N film as a function of the immersion

time in the solution. Influence of the time of
exposure to N, atmosphere: (a) 20 minutes;

(b) 30 minutes; (c) 40 minutes.

Fig. 5-9. Study of the OCP of the Li/LisN electrode as a
function of the polarization conditions (Electrode
formed after 1 hour): (a) OCP just after
immersion; (b) potential during cathodic
po]arizatfon (current density 0.5 mA/cmz);'

(c) OCP just after Li cathodic deposition (charge

{

density 0.5 C/cmz).

Fig. 5-10. Study of the OCP of the Li/Li3N electrode as a
function of the polarization conditions (electrode
formed after 1 hour): (a) OCP just after immersion,
(b) potential during anodic poTarization (current

0.5 mA/CmZ)’ (c) OCP just after Li anodic

dissolution (charge density 0.5 C/cm).

Fig. 5-11. Influence of formation time of the Li/Li3N
electrode on 1mpedahce diagram. Reference
diagram at'the_opén4circuit potential.

Formation timé = 20-min. (a) Cole-Cole
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plot; (b,c) Bode plots, modulus and angle.

Fig. 5-12. Influence of formatfon time of the Li/Li3N
‘electrode on impedance diagram. Reference
diagram at the open-circuit potential.
Formation time =.25 min. (a) Cole-Cole

plot; (b,c) Bode plot, modulus and angle.

“Fig. 5-13. Influence of formation time of the Li/Li3N
electrode on impedance diagram. Reference
diagram at the open-circuit potential.
Formation time = 30 min. (a) Cole-Cole

plot; (b,c) Bode plot, modulus and angle.

Fig. 5-14. Influence of formation time of the Li/Li3N
electrode on impedance diagram. Reference
diagram at the open-circuit potential.
Formation time = 40 min. (a) Cole-Cole

plot; (b,c) Bode plot, modulus and angle.

Fig. 5-15. Influence of immersion time in the organic
electrolyte on impedance diagram.
Evolution of the impedance diagram at the
open-circuit potential. (a) reference

diagram (initial time); (b) diagram,after
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24 hr.; (c) diagram after 48 hr.

Fig. 5-16. Influence of immersion time in the organic
electrolyte on impedance diagram. Evolution of
the impedance diagram at the opeh-circuit
potential. (a) reference diagram (initial
time); (b) diagram after 24 hr.; (c) diagram
‘after 48 hr.

Fig. 5-17. Influence of polarization conditions on 1mpedénce
diagram. Evolution of the impedance diagram
during cathodic polarization with a current
density of -0.25 mA/cmZ- (a) reference
diagram (open-circuit potential); (b) diagram
with a charge density of 1 C/cmz; (c)

diagram with a charge density of 5 C/cmz.

Fig. 5-18. Influence of polarization conditions on impedance
diagram. Evolution of the impedance diagram
during ahodic polarization with a current
‘density of 0.25 mA/cmZ. (a) reference
diagram;(open-circuit potential); (b) diagram
with.a'iharge density of 1 C/cmz; (c)

diagfam with a charge density of 5 C/cmz-

»
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Influence of a simple cycling operation on

impedance diagram. Evolution of the impedance

diagram at the open-ciréuit potential. Current-

- density 0.5 mA/cmz, charge density 1 C/cmz.

(a) referehqe diagram (before cyé]ing); (b)
diagram after Li cathodic deposition; (c)

diagram after Li anodic dissolution.

Influence of a simple cycling operation on

impedance diagram. Evolution of the impedance
diagram at the open-circuit potential. Current
density 0.5 mA/cmz, charge density 5 C/cmz.
Reference diagram (a) before cyc]ing; (b)
diagram after Li cathodic deposition; (c)

diagram after Li anodic dissolution. _

Influence of immersion time and cycling

conditions on impedance diagram at the open-circuit
potential. Reference diagram in Fig. 15c. Current
density 0.5 mA/cm2, charge density 1 C/cm2.

(a) after first cathodic deposition; (b) after
first anodic dissolution; (c) after second cathodic

deposition; (d) after second anodic dissolution;

(e) after fifth céthodic deposition; (f) after

fifth anodic dissolution.
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Fig. 5-22, Influence of immersion time and cycling conditions on
| on impedance diagram at the open circuit potential.

Reference diagram in Fig. 16c. Current density 1
mA/cmz. (a) after first cathodic deposition;

(b) after first anodic dissolution; (c) after
second cathodic deposition; (d) after second anodic
dissolution; (e) after fifth cathodic deposition;

(f) after fifth anodic dissolution.

Fig. 5-23. Computer-generated impedance diagram based on
‘ the porous-film model (transmisSion-line model).
Inflﬁence of the fraction O of surface area covered
by the solid phase.

(a) © = 0.95; (b) © = 0.925; (c) © = 0.90

Fig. 5-24. Computer-generated impedance diagram based on the
porous-film model (transmission-line model).
Influence of the number n of micropores per unit

surface area.

(a) n = 104; (b) n = 105; (c) n ; 108

Ff§?55-25;75C6mputer-generated impedance diagram based on
the porous-film model (transmission-line model).
Influence of the pore-base impedance (Warburg

coefficient) on the total impedance.
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(a) KB.= 0; (c) KB = 0.1; (c) KB = 0.2

Fig. 5-26. Computer-generated impedance diagrém based on
the porous-film model (transmission-line model).
Influence of the pore-wall impedance on the total
impedance. |

(a) RP = 5000; (b) RP = 500; (c) RP = 50 o lem™
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APPENDIX I. Conduction Models for Solid Electrolytes

The metal-electrode/solid-electrolyte interface can be modeled
differently according to the nature of the metal electrode and the
hypotheses used for the mobile ions in the solid electrolyte.

The electrodes are usually discussed in terms of blocking and
nonblocking electrodes. A blocking éléctrode is one into which the
mobile jon cannot penetrate. An example is a nickel substrate for a
Tithium nitride film: the mobile lithium ions in the solid electrolyte
cannot penetrate the nickel atoms of the electrode. The opposite
situation is a nonblocking electrode. An example is a lithium e]eétfode
on a lithium nitride film. In this case, the mobile lithium ions from
the solid electrolyte can discharge at a very high rate toward the |
lithium electrode by crossing the electrode/electrolyte interface and
penetrating the metal. |

The mobile ions are considered to be either point charges or
finite-size species. In the point-charge model of MacDonald [18-21], all
the mobile ions in the solid electrolyte are considered as point charges
for which double-layer effects.are neglected. The mobile ions are able
to approach the electrode to within any diétance, no matter how small.
In the finite-ion-size model of Armstrong [22-24], the solid electrolyte
éonsists of immobile anions, ana the cations are all equivalent and
mobile. In this case the ionic size is taken into account, since the
distance of closest approach of the ion to the electrode surface is

controlled by the ionic radius.
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The point-charge and finite-ion-size models are discussed in greater

detail below.
I.1 Point-Charge Model

For a nonblocking electrode, the double-layer capacitance is zero
because of the infinitely rapid discharge rate of the charged species
across the electrolyte/electrode interface.

The equivalent circuit and impedance spectrum predicted by MacDbna]d
are shown in Fig. Al-1 (a and b). The conduction process is represented
by a sfmple circuit in which the geometric capacitance C_ and the bﬁ]k

g
resistance Rb are:

R L/AC ,

b
where L is the thickness and A is the surface area,

€. the permittivity (00 permittivity of vacuum) and o is the conductivity
of the solid electrolyte. Thus, the impedance diagram in the complex

plane is a semfcirc]e over the whole frequency range. The parameter w*,
the radial frequency at the maximum of the semicircle, is related to Cg

and Rb by:
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For a blocking electrode, the double-layer capacitance depends on
the conditions of the system [8]. For example, for a blocking electrode,
this capacitance can be defined as:

e e A
Ve
= cosh (m)’

where LD is the Debye length and V is the applied potential. The
equivalent circuit and impedance diagram are given in Fig. Al-1 (¢ and d)
to show the Iocatibn of the double-layer capacitance and the effect on

the impedance data.
I.2 Finite-Ion-Size Model

For nonblocking electrodes, the structure of the double 1ayer'
depends on the §1ze of the exchange current for cation transfer between:
the metal and the cations in the first 1ayef adjacent to the surface. In
this model, the metal surface is assumed to be adjacent to a layer of
cations and anions (layer 1), which in turn is adjacent fo another layer
of anions and cations (layer 2). Thus, the equivalent circuit is made of
two RC circuits placed in series, as shown in Fig. Al-2 (a and b). The
charge-transfer resistance Rct represents the charge-transfer process,
assuming the reaction consists of one step. The double-layer capacitance
Cd] is determined by‘er', the relative permittivity of the
e]ectgode/first-layer region, and by d, the distance between the charge

centers of the cations in the first layer and the electrode surface:
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Cd] B er, % AJd. -
The bulk resistance Rb is related to the conductive properties of
the solid electrolyte. But the geometric capacitance Cg is not placed
across the total cell and is thought of as arising from the summation of

the capacitances between layers 1 and 2 and the other layers along the

distance (L-d), according to:

Cg = €. €o A/(L-d).
The impedance diagram in the complex plane is two semicirclies, each
~ covering a different frequency range. The parameter w5 the frequency at
the maximum of the semicircle in the high-frequency range,is related to

the conduction process and defined by:

| The parameter Wy the frequency at the maximum of the semicircle in
the low-frequency range, is related to the charge-transfer process and

defined by:

Ret Cap @2 = 1-
~ When the charge-tranéfer resistance for cation transfer between the

electrode and electrolyte is less than that between adjacent layers in

~
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the bulk of the solid electrolyte, the charge-transfer impedance becomes
negligible, and the electrochemical behavior of the system becomes
identical to that predicted by the point-charge model.

For a blocking electrode, the double-layer capacitance, which is
caused by a deviation from electroneutrality between the metal electrode
and the first layer, will vary with the applied potential. The equivalent
circuit and impedance diagrams are shown in Fig. Al-2 (c and d). The
double-layer capacitance is placed in series with the circuit of the
parallel network'Cg/Rb, the geometric capacitance and bulk resistance.
The impedance spectrum exhibits a semi-circle in the high-frequency range

and a straight line in the low-frequency range.
Appendix II. Analysis of the Compact-Fiim Model

In a polycrystalline anisotropic solid e]ectro]yté, various
orientations will be adopted by the individual particles. As a result,
the conductance of each particle in a direction perpendicular to the
electrodes will be different. The differing orientations of the n
particles will lead to an average value of the dielectric and resistive
properties of the polycrystalline sample. The total impedance for n

different RC circuits placed in series for each type of impedance is:

3

k) kST 1+ (o)
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where wk is the angular frequency corresponding to the time constant of

an elementary RC circuit (Rkawk =1).

An elegant solution to this problem was given by Cole and Cole [9]

by taking into account a depression parameter @ and a pseudo-RC

equivalent circuit:

‘ R R
?“ 14 (ijC)(l"“) 1+ (jw/wo)(l-a)

‘ where w represents the angular frequency corresponding’to the time
constant of the pseudo-RC equivalent circuit. The impedance diagram in
the complex plane, which is a semicircle centered on the real axis when
a=0, becomes a semicircular arc whose center lies be]owvthe real axis at
an angle © = an/2. The real and imaginary components of the Cole-Cole

impedance are defined as follows:

200 =2, 3 2,

{1 + (wke) (%) [Cos(l—OL)Tr/Z - '51"(1'0‘)“/2]}
(T-a]
" [(wRC)

sin (1—0t)1T/2]:'2

R
[1 + (wRC)Zl_uj cos (l-d)ﬂ/é]ZA

q

Figure A2-1 shows the equivalent circuit where the transcrystalline
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and intercrystalline impedances can be defined separately for each
particle. Thus, the equivalent circuit corresponding to a chain of

particles between the electrodes is two series of RC circuits. The first

series is related to the resistance Rtn'1 and the capacitance Ctn'1
inside particle (n-1). The second series is determined by the
n-1

intercrystalline resistance Ri and the capacitance Cin'1 between
particle (n-1) and particie (n).

The equivalent circuit of a polycrystalline anisotropic solid
electrolyte can be represented by two pseudo-RC circuits corresponding to

the transcrystalline and intercrystalline impedances:

R¢ R,
Z(w) +- +
T . 1- . l-o,
1+ (_‘]thCt)( “d 1 (qer,e, (1)
~where o and a; are the depression parameters related to the dispersion

~of the time constants in the respective pseudo-RC equivalent circuits.
Appendix III. Analysis of the Porous-Film Model

Although details of the transmission-line derivation have been
published previously by Park and MacDonald [11], they are reproduced here
since the model forms the basis of the study of the impedance behavior of
porous electrodes of finite thickness. As a simplifying assumption for

the transmission-line model, the film is considered to have a homogeneous
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porous structure with straight, parallel, and cylindrical pores having

the same pore base and a constant composition for the pore wall.

Thus, two phases must be considered:

(1) The 1iquid phase filling the pores is the electrolyte. An
aQerage liquid-phase resistance per unit pore length, R]/L, is assumed.
The radial and axial concentration gradients of the electrolyte in the
pores are neglected.

~(2) The solid-phase is the material studied. An average solid-phase
impedance per unit pore length, ZS/L, is defined. A uniform active
material is assumed to line the pore walls.

With these hypotheses, the impedance behavior of the electrode is
determined by two types of interfacial impedances:

'(1) The impedance occurring on the pore base, Zb, which is the

“impedance of the electrode/electrolyte interface.

(2) The admittance occurring on the pore wall, per unit pore

length, 1/Zp L, which is the admittance of the material/electrolyte

“interface.

The equivalent electrical circuit for a single pore is represented
by a finite form of the transmission-line model, as shown in Fig. A3-1.
The thickness of the layer is determined along the x axis from 0 at the
contact with the mouth of the pore to L at the contact with the base of
the pore. The current (i*) and potential (e*) distributions within the
porous system and the total impedahce ZT can be derived by the

application of the circuit-analysis equations for a typical discrete
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unit, assuming that the indices (*) are given for the solid (s) and
liquid (1) phases, respectively. On the other hand, I and I* are the
total current in the electrode and the global current flowing across the
electrode at the pore base. E is the potential difference across the

| pore- wall/liquid-electrolyte interface. ' Thus,

D=+, (1)
- deg =i (Z/L) dx, (2)
- de; = i, (Ry/L) dx, | ' (3)
E = eg - ey = dig (Z) L)/dx = diy (Z L)/dx. | (4)

S P

1 to be
independent of x, the following differential equations can be obtained:

and R

Using equations (1) through (4), and assuming Zp’ ZS;

d-i R1 (5)
- yi_ + 1=0
3 2 S Z.LZ
P
dzi] Z (6)
dx Z L
p
?
g——g— y£E =0 (7)
dx
where
Z + R
y = S 1
7 ¢
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s? 1

The three second-order differential equations using i 1 and E must be

solved subject to the following boundary conditions:

(mouth of pore) x = 0:

1] =1, is =0,  dE/dx = I.(R]/L); (8)
(base of pore) x = L:
i] = I*, 15 =1 - I*%, E=1I* Zb' (9)

The solutions to differential equations (5) and (6) are the following:

R, I
: 1
. 1/2 1/2.) + :
i, =q exp(-y / X) + €y exp(y /.x) YZBLZ (10)
i, = ~C exp(—yl/zx) - C exp(yl/zx) +-——L—— | (11)
1 1 2 S 2
) |
with
. z 1R T exp (v/2L) )
cp = 777 7 -1), (12a)
% 2 sinn (v ZL
R, 1 . z IR T exp (/A1)
Cp = - = 7 - D)y (1ab)
- YZ,L° 2 sinh (y'/4L) vZ,L

and the solution to differential equation (7) is the following:



E=c exp(—yl/zx) - ¢, exp( ;/Zx) , (13)
with
\ ‘R, 1 eXP(‘Yl/ZL) o '
¢y = ———— 172 ] 77— "1 I (14a)
2 cosh (y~'"L) vy _
C = +
2 cosh (Yl/ZL) Yl/zL b

The potential drop between the base of the pore and the mouth of the pore

is given by:

where ZT is the total impedance and n is the number of parallel,

straight, single one-dimensional pores. Hence, the following equation

represents the total impedance:
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/2R oM R+ vz E RO+ oR S
r= sl )+ 72 172
T\ L2 (2R (% s + se)
7 +R 7 4R
1 s 1
where Y = S R § = s
7,12 A

172

and C = cosh (v72L) , s = sinh (vy172L).
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Appendix IV. Application of the Transmission-Line Model
to a Three-Dimensional System

If it is assumed that the porous film covers the electrode surface,
and (1-0) is the fraction of the area oceupied by pores, then the average
area Qf the pore base and solid base are defined by (l-ej/n and ©/n,
respectively. Thus, R] and Zs’ the 1iquid- and.solid-phase impedances,
can be determined as a function of their respective specific quantities

defined for planar systems RL and ZS:

R]/L RL n/(1-0)L,

Z_/L = 1S n/ol.

S

On the other hand, knowledge of‘the average dimensions of the pores,
.especially the pore radius, = (1-0)/n, and the surface area of the
pore wall, 2 mr L, permits one to determine Zb and Zp as a function of
their respective specific quantities defined for planar systems ZB and
IP:

Z, =18 n/(1-0),

b

Z L =zp ni/2/2 n1/2(1.0)1/2,

The above expressions for ZS, R], Zb and Zp defined for a

three-dimensional system can be used easily in the general equation of
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_ the total impedance, Zt5 and values of RL, ZS, 7B, and ZP can be

determined from p]anér-e]ectrode impedances.
IV.1 Resistance RL of the Liquid Phase

This resistance is determined by the conductivity of the organic
electrolyte used. (This resistance is different from Rp corresponding
to the resistance of the solution in front of the electrode.)

IV.2 Impedance ZS of the Solid Phase

This impedance results from the dielectric and resistive properties

- of polycrystalline lithium nitride film. The equivalent circuit and
-impedance diagram are given by the compact-layer model, as shown in Fig.
- A4-1 (See Appendix II). Over the whole frequency range, the two

semicircles are due to the RT/CT and RI/CI couplings, corresponding to

the trdnscrysta]]ine and intercrystalline impedances, respectively. The

solid-phase impedance IS is defined as ZS - j.ZS , where the real ZS

and imaginary ZS compohents are given by:

IS = + s
_ 1+ w® R CTP 14 of RIZ CI°
" w RTZ CT , __wRI®CI
- 2 o2 o2 2 o2 12
1+ w® RIZ CI

1 +w” RT™CT

in the simple case of nondispersion of the time constants. For a large
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dispersion of the time constants, the solid-phase impedance is defined as
a. function of depression parameters o, and a, for the transcrystalline

and intercrystalline impedances.

IV.3 Impedance ZP of the Pore Wall

This impedance is determined by the properties of the film/solution
interface.. This interface can be represented, independent of the
solution resistance, by a double Tayer capacitance CP placed in parallel
with a charge transfer resistance RP. For the case of an ionic
conductor, thjs charge transfer resistance must have a high va]ue._ The
equivalent circuit and the corresponding impedance diégram determined by
the RP/CP coupling are shown in Fig. A4-2,

The pore-wall impedance ZP is defined by ZP -jZP , and the real ZP

1
and imaginary ZP components are given by:

LPo= 2RP 7D
1 + w™ RP™ CP
2
u wRP~ CP
ZP = 2 2

1+ w? RP™~ CP
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IV-4 Impedance ZB of the Pore Base

This impedance is essentially due to the presence on the lithium
electrode of a surface layer resulting from the decomposition products of

the organic electrolyte in the presence of lithium. During the first
growth of this surface layer, the electrode kinetics is essentially
determined by the charge-transfer process governed by an ionic diffusion
process. As shown in Fig. A4-3, independent of the electrolyte
resistance, the equivalent circuit can be represented by a capacitance
CB, placed in parallel with a charge-transfer résistance RB, and a
_ diffusion impedance characterized by the Warburg constant KB. The
high-frequéncy semicircle in the complex plane, related to the
charge-transfer process, results from the coupling RB/CB, while the
low-frequency straight line, associated with the diffusion process, is
defined‘by the Warburg constant KB.

The pore-base impedance ZB is defined by ZB' -J ZB", where the real

] . ]
ZB and imaginary ZB components are:

7B = wRB~ CB + KB w—1/2 .

1 + w™ RB™ CB
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Figure Captions (Appendices)

Fig. Al-1.

Fig. Al-2.

Fig. A2-1.

Fig. A3-1.

Fig. A4-1.

Fig. Ad-2.

Point-charge model of a solid electrolyte: (a,b)
equivalent circuit and impedance spectrum for a
nonblocking electrode; (c,d) equivalent circuit

and impedance spectrum for a blocking electrode.

Finite ion size model of a solid electrolyte:
(a,b) equivalent circuit and impedance spectrum
for a nonblocking electrode; (c,d) equivalent

circuit and impedance spectrum for a blocking

electrode.

Study of the compact-film model. (a) Equivalent

circuit; (b) reduced circuit with depression

parameters; according to the Cole-Cole Model.
Study of the poroustilm model. Discrete form of the
eduiva]ent circuit correspondingvto the Park and

McDonald Model.

Study of the impedance ZS of the solid phase. (a)

Equivalent circuit; (b) Impedance diagram.

Study of the impedance ZP of the pore wall. (a)
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Equivalent circuit; (b) Impedance diagram.

Fig. A4-3. Study of the impedance ZB of the pore base.

Equivalent circuit; (b) Impedance diagram.
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