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INTRODUCTION

This is the final report on this contract, which star ted July 1, 1976

and ran through September, 1977. This program was a follow—on to some of

the work undertaken under prior Contract N00014—75—C—1056, Project NR 056—555.

Work involved the preparation of lithium nitride and a number of potential

fast ionic conductors. Measurements of their crystallographic structure and

ionic and electronic transport properties were also made.

Of special interest were the results on several new lithium ionic

conductors, particularly polycrystalline LI3N, which has been found to have

unusually high lithium ion conductivity at ambient temperatures.

Another important result of this work has been the development of

techniques for the analysis of the frequency dependence of ac impedance and

admittance data on solid electrolytes and electrolyte—electrode systems to

clearly separate and evaluate bulk transport and interface—related effects.

It has also been shown that in some cases the separate influence of grain

boundary and transcrystalline transport can be measured. This represents a

significant step forward in the quantitative evaluation of mass and charge

transport phenomena in materials with large values of ionic conductivity.

A total of 11 Technical Reports resulted from this work, and they have

all also appeared in the technical literature. Three extensive review papers

have also been (or are scheduled to be) published which relate, in part, to

work supported under this con:ract. In addition, a paper on the most

recent work on lithium nit:ride has been submitted for publication, but will

not appear until the January issue of the Materials Research Bulletin.

A copy of this latter paper on lithium nitride , which shows that by
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optimization of the microstructure one can achieve very high lithium ionic

conductivity values in polycrystalline samples at ambient temperatures,

comparable to those found in the “fast” direction in single crystals of

this very anisotropic material, is included in this report.
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- FAST IONIC CONDUCTIVITY IN LITHIUM NITRIDE

B. A. Boukainp and R. A. Huggins
Department of Materials Science and Engineering
Stanford University, Stanford , California 94305

ABSTRACT - - .  . .  - -

Analysis of the frequency dependence of ac measurements with ion—
ically—blocking electrodes, as well as transmission electron mi-
croscopic observations have enabled the transcrystalline and in—
tercrystalline resistances of polycrystalline LI3

N to be separ-
ately evaluated. At 25°C thL transcrystalline ionic conductivity
is 6.6x10 4- (ohm cm) ]- and the activation enthalpy is 24.1 kJ/mole.
The J.ntercrystalline conductivity has an activation enthalpy of
68.5 kJ/mole, and its magnitude varies with thermal history. By
optimized thermal treatment, the inicrostructure can be controlled
so the bulk conductivity becomes approximately equal to that for
transport in the fast direction in this very anisotropic structure.

Introduction

In the search for solid electrolytes to be used in high energy or power
density battery systems one of the criteria for selecting potential fast ionic
conductors Is the openness of the crystal structure. A number of solids with
two—or three—dimensional “crystallographic tunnels” are known to be fast ionic
conductors, such as the layer structure beta—alumina family (1,2), and n;tter—
ials with rigid skeleton structures such as Na3Zr2PSi2O12 (3). SimIlar bchav—
b r  has also been found (4—1 1) in several materials with mobile cat ions in open
tetrahedral polyanion arrays, and recently in a mixed conductor with one—di—
inensional tunnels (12). -

From this point of view, Li3N looks very promising, because of its unique
open structure, which contains tightly bonded (13) Li2N layers with the nitro-
gen in the center of hexagonal lithium arrays. These layers are connected by
the remaining 1/3 of the lithium ions, which bridge between the nitrogen ions
of adjacent layers. This arrangement was first proposed by Zinti and Brauer
(14) and was recently recQnfirlned by Rabinau and Schulz (15)

Although early work by Nasdupuy ( 16 ,17) seemed to indicate a very low
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ionic conductivity for L1
3
N, later NMR studies of the 7L1 resonance by Bishop

et al. (18) indicated very high Li ion mobility. In fact, the results of
Masdupuy are subject to some doubt, as his conductivity measurements were evi-
dently performed on loosely compacted powders.

This disparity led us to reinvestigate the ionic conductivity of this
phase, and early results have been reported elsewhere (4,8,19). In this work
we found that the thermal treatment of samples, as well as the methods used in
their preparation, had significant effects upon both the magnitude and the
temperature dependence of the apparent conductivity of polycrystalline samples.
Subsequently, some measurements have been made on single—crystalline samples
(20), which confirmed the high ionic conductivity, and demonstrated the ex-
pected large anisotropy in the ionic conductivity.

In this paper we report further experiments upon polycrystalline samples
which were undertaken to study the previously observed annealing effects and
to separately evaluate transcrystalline (bulk) and intererystalline ionic
transport. Because of the large anisotropy in the crystal structure, it was
thought that comparison of polycrystalline and single crystal results might
also prove interesting.

Synthesis of Li~ j

Several reports on the preparation of LI
3N from the elements have beenpublished. According to Brauer (21) LI

3
N can be made by reacting molten lith-

ium in a ZrO
~ 

crucible, lined with LiF, with nitrogen gas diluted with argon
at about 800 C. Kutolin et al. (22,23) described a method in which pure lith-
ium ribbon was reacted with nitrogen at 6 atm pressure and 180°C for several
hours.

We found that Li.,N can be made readily with nitrogen gas with a very low
oxygen content at ambient pressure and moderate temperatures. A chunk of lith-
ium was carefully cleaned by cutting off contaminated surfaces, and after
weighing, placed in a molybdenum boat which was positioned in a stainless
steel arnpoule. The anpoule was then placed in a furnace and connected to the
nitrogen supply. Cxygen was removed from the nitrogen by means of an electro—
chemical oxygen pump utilizing a tube of Ca—stabilized Zr09 closed at one end
and provIded with two Pt electrodes, one on the nitrogen sIde and one in con-
tact with room air. The electrode area was kept at 750°C and polarized by
1.4 volts. In this way oxygen molecules that reached the Pt electrode on the
nitrogen side were transported to the air through the Zr0

2 electrolyte. This
system also reduces any water vapor present to oxygen and hydrogen, with the
oxygen being removed from the gas stream. We do not know what influence the
presence of a small amount of residual hydrogen might have had on the forma-
tion of Li3

N.

The temperature of the axnpoule was slowly raised to about 180°C and kept
there for several hours. If the temperature is raised too fast the reaction
will proceed very rapidly, causing thermal runaway due to the strong exother—
mic reaction, thus melting the lithium.

The yield w—~s weighed and the composition found to be Li3 00 ± 01
L The

product was crushed and milled under nitrogen and then reheatea in the stain-
less steel ampoule to ensure complete reaction with N2. Reheating to 200°C
resulted in a light brown powder , whereas reheating to 300°C or higher gives a
br ight red powder. The brown powder can be converted into the red powder by
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later heating to 300°C, independent of the presence of nitrogen.

Polycrystalline Sample Preøaration

Samples with densities up to 98% of theoretical were obtained by again
remilling the heat treated Li

3
N powder, followed by pressing and sinteriug.

Pellets were pressed In an evacuable 3/8” diameter steel die at 2700 kg/cm2
and sintered in purified nitrogen at temperatures between 650°C and 750°C.
lonically blocking electrodes were applied by sputtering a 0.3 pm layer of
molybdenum on both sides of the pellets.

Conductivity Measurements

The complex impedance (or admittance) was measured in the frequency range
.01 Hz to 20—100 kHz. The low frequency ( .01 Hz — 20 Hz) measurements were
carried out using a PD? 8E digital computer as a signal analyzer. The higher
frequency range was measured using a model 1608 General Radio Impedance bridge
or a specially designed arrangement (24) using a Princeton Applied Research
Model 129 two phase lock—in amplifier, which extended the range to 100 kHz. To
avoid amplitude—dependent nonlinearity, the ac voltage across the sample was
kept below 50 mV peak to peak.

The pellets were placed between two spring—loaded molybdenum disc elec-
trodes In a stainless steel conductivity cell. The ambient was purified nitro-
gen gas at approximately 1 atm pressure.

Analysis of the Frequency Dispersion of the Complex Impedance

Although the frequency dispersion of the complex impedance, or its in-
verse, the complex admittance, seemed to differ considerably for various Li3

N
samples, it was possible, with careful analysis, to draw an equivalent circuit
which described the form of all the data when its elements were properly ad-
justed.

In order to describe the frequency dispersion analysis, it is useful to
start from the well—known Debye circuit, which Is an idealized equivalent cir-
cuit that often is used as a first approximation in the analysis of the fre-
quency dependence of the admittance/impedance of solid—blocking electrode com-
binations. This model (Fig. la) consists of an electrolyte—electrode inter-
face capacitance~ ~~~~ due to the ionically blocking electrodes, a bulk ionic
resistance Rj, and the geometric capacitance Cgporn~ 

which is due to the simple
parall el plate ca?acitance of the two electrodes, with the sample as a di-
electrIc medium between them. If the solid is a reasonably good ionic con-
ductor and the sample—electrode contact is good, the Interface capacitance,
C~~~, is typically orders of magnitude larger than the geometrical capacitance.
This then results in a clear separation of the frequency dispersion into a low
frequency interface—related part (the vertical straight line, Pig. lb) in which
the behavior is dominated by a series combination of R1 and Cjnt~ 

and a high
frequency bulk—related part (the semicircle , Fig. lb) In which the overall be-
havior is dominated by the parallel arrangement of R1 and C coin The opposite
holds for the complex admittance plot (Fig . lc) , where the ~emicIrcle repre-
sents the low frequency part, and the tail the high frequency region.

The general form of the frequency dispersion of the complex impedance and
admittance for the LI 3N samples at room temperature is shown In Figs . 2a and
2b, respectively. Prom this it is clear that the real behavior is more com-
p lex than that represented by the ideal Debyc circuit. However, there is again
a good separation between the low frequency part  (the rising line in Fig. 2a)
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and the high frequency part (the depressed and distorted semicircle). In con-
trast with the Debye circuit this distorted semicircle does not go through the
origin in the complex impedance plane. Instead , it bends down to intersect
the real axis. As discussed later, we found that this must be due to a second
resistance in series with R1 in the equivalent circuit. We will discuss these
two frequency ranges separately.

Low Prequency~Region

That the low frequency region in the complex impedance represents the
electrical response of the bulk in series with the electrode region was clear—
ly shown by replacing the ionically blocking molybdenum electrodes with (re-
versible) lithium electrodes. It was then found that the low frequency dis-
persion region disappeared, as all low frequency points lay on top of each
other on the real axis. This also indicated that the Li electrodes were kinet—
ically reversible on the Li3N In those experiments.

Computer analysis of the curvature of the low frequency portion of the
dispersion curve using least squares fitting resulted in an equivalent circuit
consisting of a bulk resistance, R1, an interface capacitance, ~~~~ and a
Warburg—like complex element , apparently related to diffusion processes near
the electrolyte—electrode interface. The impedance of this complex element is
of the form Z~ = A ‘A~~~ — j  B (mra, where a has values between 0 and 1, and it
has been shown (25,26) that B/A = tan a ~j -. The sign of the curvature indicat-ed that the interface capacitance and the Warburg—like element are in series,
rather than in parallel. The value of the interface capacitance was typically
of the order of 1—2 x i0~~ F/cm

2 at room temperature; It increased with in-
creasing temperature and became immeasurably large at temperatures above 200°C.
At the same time, the exponent a increased from about 0.5 to about 0.95,
changing from a Warburg—dominated to a more capacitive behavior . This is in
contrast with what has been found in other materials, such as single crystal-
line PbF2, where the value of a remains constant over a wide range of tempera-
ture (26). The real and imaginary constants A and B of this Warburg element
also changed with temperature, showing different activation energies (as the
exponent a changes with temperature) of 27.0 and 19.3 kJ/mole, respectively.
The physical processes underlying this behavior are not yet fully understood.

As reported earlier (19), the electronic conductivity is at least several
orders of inagnituda lower than that due to ionic transport in Li3N.

High Frequençy Region

The high frec~uency portion of the frequency dispersion varied greatly be-
tween different samples , and sometimes only part of the semicircle could be
observed , due to the frequency limitations of the measuring equipment.

As mentioned earlier , one of the impor tan t di ff erences from the simple
ideal Debye model was the observation that the high frequency circular arc in
the comp lex impedance plane did not extrapolate to the origin . This implies
that there mus t be a second resistance in addition to R1. In principle, this
form of the frequency dispersion can be due to either a series or parallel
arrangement of two resistances. However, from the temperature dependence of
both apparent resistances , discussed later, it can be argued that only a
series arrangement is applicable here. Thus the lower frequency resistance,
which is designated as H1 in FIg. 2, represents the sum of the two resistances.
The shape of the distortion of the circular arc indicates that the second
resistance must also be in parallel with a frequency—dependent complex



impedance. The resulting equivalent circuit is shown in Fig. 3.

Interpretation of the Data

By analysis of the complex impedance plane data in terms of the equivalent
circuit of Fig. 3, one readily obtains the values of the two resistances in
series. The higher frequency intercept on the real axis H11 gives the value of
one of them, and the lower frequency intercept R1 is t ime sum of the two . The
resistance values were converted to conductivities, and evaluated as a function
of temperature for samples which had undergone different thermal cycling and
annealing schedules. Both resistance—causing phenomena were found to have an
Arrhenius type of temperature dependence, following a relationship of the form
a = (A/T) exp (-t~H/RT) .

It was found that the thermal history had very little effect upon either
the magnitude or the temperature dependence of one of the resistances — the
one corresponding to the higher frequency intercept in the complex plane plot.

On the other hand, the magnitude of the other resistance, which has a
considerably greater activation enthalpy, varied significantly with thermal
history. Cycling the temperature between ambient and 200°C caused it to in-
crease, whereas more extensive annealing at relatively high temperatures (e.g.,
750°C) caused it to decrease appreciably. The influence of high temperature
annealing upon the measured conductivity values is shown in Fig. 4.

Observation of samples in the scanning electron microscope provided an
explanation of this apparent contradiction. It was found that the low tempera-
ture cycling caused both transgranular and intergranular fractures to appear
in the polycrystalline structure, undoubtedly related to the very anisotropic
crystal structure, which is expected to also exhibit an-isotropic thermal ex-
pansion.

On the other hand, high temperature annealing caused an appreciable amount
of further sintering, thus increasing the area of intergranular contact. This
change in the microstructure is illustrated in Fig. 5. It can be seen that,
despite the an~sotropic crystal structure, the Li3N grains are reasonably
equia~-:ed. These observations lead to the conclusion that the second (series)
resistance has to •~o with the transport of lithium ions across the L13N grain
boundaries. The conclusion that this resistance is related to intergranular
phenonena is consLstent with the fact that a complex capacitive impedance was
also found to be associated with this resistance.

The transgranular lithium ion conductivity of these polycrystalline
samples of Li3N was found to have an activation enthalpy of 24.1 hi/mole. At
25° C this componnnt of the conductivity has a magnitude of about 6.6 x
(ohm cm)—l .

The series intergranular  res~1tance , while chang ing in magnitude with
thermal his tory,  consis tent ly was foun d to have an activation enthal py of about
68.5 kJ/mole. The capacitive part of the complex grain boundary impedance
varied with microstructural changes, as expected , from less than 1 nF for
samples sintered at 650°C to 100—200 nF for samples sintered at 750°C.

Discusmion

Lithium ni t r ide  is a very interesting material, with very large values of
l i thium ion conduct ivi ty . This work has shown that it is possible to clear l y

a. 
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separate the transcrystalline and intercrystalline components of Ionic trans-
port in bulk polycrystalline samples. The data extracted for the transcrys—
talline conductivity are quite close to those recently obtained for the ionic
conductivity in the plane perpendicular to the c—axis in single crystals (20).
Neither the overall conductivity nor the grain boundary phenomenon correspond
to the single crystal data parallel to the c—axis.

The total bulk resistance of polycrystalline material is, of course, the
sum of its transcrystalline and intercrystalline components. As a result, the
lower of the two conductivities will dominate the overall behavior. Thus the
temperature of the transition from transcrystalline to intercrystalline-dom.Ln—
ated behavior of the polycrystalline material decreases as the structure be-
comes more fully siutered. It should also depend upon the grain size, al-
though that parameter was not carefully explored In this work. While the data
presented in Fig. 4 show that sintering at 750°C for 2 hours reduces the trans-
ition temperature to about 70°C , it should be possible to bring it below room
temperature by giving careful attention to such microstructural control .

The readily visible, but relatively small , influence of intercrystalline
or grain boundary resistance in dense well—sintered polycrystalline samples of
Li3N found here is similar to a nu~über of previous observations on other fast
ionic conductors . It is fortunate from a practical point of view, as it means
that shapes may be fabricated of such materials by a number of different
methods, and still have relatively high conductivi ty values .

In order to place these results in perspective, comparative data on the
ionic conductivity of a number of lithium ion conductors are presented in
Table I.

The practical applications of Li3N may be limited, however, by its rela—Uvely low stability. Recent reports (27,28) have indicated that its free
energy of formation is only 128.9 kJ/mole at 25°C , which limits the voltage
that can be applied across it before decomposition to about 0.44 volts at 25°C,
and somewhat less at higher temperatures .
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FIG. 1

a) Ideal Debye c ircuit , b) response of Debye circuit , plotted
o:. coap le:.: ~npedance plane, c) response plotted on complex
a±~ittance plane .
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

..
R1 R . h R 1 ~~~~~~~. 1IR~1

FIG. 2

General form r~f polycrystalIin~ Li N data , plotted on: a) comp lex
impedance plane , and b) comp lex admittance plane. Rf~R.+R~~ ~~~ B .
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TAIiLE I

Ionic Conductivity Data on Lithium Ionic Conductors

Material a at 25°C a at 450°C References
—1 —1

- . (ohm cm) - 
(ohm cm)

LI
3
N 6.6 x 10~~ 8.3 x io

_2 
This work

LI3N (single crystal, 1.2 x 10~~ (1.5 x 10 1) 20
.L to c—axis)

Li—s—alumina 1.3 x ~~~~ 3.1 x 1O 2 
2

Li, Na—~—alwnina 5 x i0~~ * 
- - 

29,30

L1
5

A1O
4 

— 3.0 x 10
_i 

4,5,8

Li5A1O
4 
+ 20 m% Li

2
SO
4 

— 7.4 x io 2 31,32

Li
5
A1O

4 
+ 67 izi% 11

4
510

4 
— 5.8 x io 2 31,32

L1
4
SiO

4 
+ 40 m% L1

3
PO
4 

1.7 x io
6 

1.5 x 10
_i 

4,7,8

Li
4
SiO
4 
+ 60 m% L13

P0
4 

- 3.7 x icr
6 

1.7 x 10
_i 

11.

L1
4
B
7
0
12 

Cl 1.6 x icr6 8.0 x io
_2 

33

LI
4
B,O12C1 68

Br 5., (4.6 x l0~~) (1.5 x 10~~) 9

s—Li Ta3 08 (2.3 x 10
10) 1.5 x ici2 34

*Not stable

Values shown in parenthesis are extrapolated

C 

R1 Z~ C 11~Rgb

FIG. 3

Equiva lent c i r cuLt  tha t f i t s  cxp r i inental  data on polycrystalline
LI 3N
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FIG . 5

Sc~i~in ing  e l ec t ron  microscope photographs  showing micros truc tu re
after annealing a) 2 hr at 650°C, b) 2 hr at 750°C 

~~- - . -~~------~~ --— - - ~~ -- --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~- - - - -



- —_ - - ------ ~~~~~~~~~ , 
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~ — -----—

~~~~~~~~~

~~~~~~~~~~~~~ i i~O’~~ D.r~J~ L~~~iU’.L,I(ii. £.~L.J1

No. Copies r;o . Copi.~

(j:
~fIce of Naval Research Defense Documentation Center

Arlington , Virginia 22217 Building 5, Cameron Station
i~ttn: Code 1~72 2 Alexandria, Virginia 223114 12

C ff ice  of Naval Research U.S. Army Research Office
~~ ington , Virg inia 22217 P .O. Box 12211

~.ttc,: Code 1021? 6 Research Triangle Park , North Carolina 27709
Attn : CRD—AA—IP

~)~R 3ranch Office;~6 S. Clark Street Commander
o:~icago , Illinois 60605 Naval Undersea Research & Development
A~.~ n:  Dr. George Sandoz 1 Center

San Diego , California 92132
3-5~ Branch Office Attn : Technical Library , Code 133
‘15 Broadway
..~w York , New York 10003 Naval Weapons Center

~ :tn : Scientific Dept. 1 China Lake , Cal ifornia 93555
Attn: Head, Chemistry Division

3~R Branch Office
.330 ~a~t Green Street Naval Civil &igineering Laboratory
.‘~sadena, California 91106 Port Hueneme , California 930141
Az-r,n: Dr. R. 3. Marcus 1 Attn : Mr. W. S. Ha.ynes

Professor 0. Heinz
Department of Physics & Chemistry
Naval Postgraduate School
Monterey, California 9391+0

Ji-~~ Branch Office Dr. A. L. Siafkosky
-95 sur er Street Scientific Advisor
io~ ton , Massachusetts 02210 Commandant of the Marine Corps (Code RD-i )
.ttn : Dr. L. H. Peebles 1 Washington, D.C. 20380

. ector, Naval Research Laboratory ONR Branch Off ice
~~~~~~~~~~~~~~ D .C .  20390 One Hallidie Plaza — Suite 601
~~~~~~~ L:brary , Code 2029 (ONEL) 6 San Francisco, California 94102

Techrj~.cai Info. Div. 1 Attn: Dr. P. A. Miller
Code 6i00 , 6170 1

- ~~ ~~~~~~~ Secretary of the Navy (R&D )
;meci t of the Navy

• . -,;,- -EY36 , ?entagon
• ~s:i ,.gtc.n , D.C. 20350 1

~~~~~~~ for , :;~vai Air Systems Command
o~ the Navy

:~ ; :.~ r.~; to:L , D.C. 20360
,. :.~~:,: Code 310C (H. Rosenwasser ) 1 

• _ _.~~~~~~~ :E___ __ _ _ _ _ _ , _ .__ _ _ _ _ _


