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The electrochemical properties of Li3AIN 2 and Li2SiN 2 
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Lithium ion-conducting solid electrolytes LiaAIN2 and Li2SiN2 were investigated as possible 
electrolytes for nitrogen sensors. The nitride ceramics were synthesized and characterized 
by SEM, X-ray diffraction and a.c. impedance. Thermodynamic measurements were carried 
out by measuring cell electromotive forces (e.m.f.s) consisting of solid electrolyte tubes 
sandwiched between Cr/Cr2N and CrN/Cr2N references. The results corresponded to the 
values given in the literature for this system. 

1. I n t r o d u c t i o n  
There is a need to be able to analyse accurately and 
quickly elements in metallic solutions at elevated tem- 
peratures. This applies particularly when a refining 
process is taking place or when producing alloy cast- 
ings where a minor constituent in the melt can have 
a major effect upon the properties of the finished 
product. Nitrogen, being the major constituent of air, 
can easily dissolve in molten steel and is present in all 
steels and affects the properties of the alloy [1]. Some 
effects are beneficial, others are detrimental. It can be 
present as free atomic nitrogen, unstable nitrides, firm- 
ly bonded nitrides and carbon nitrides, each effecting 
the metallurgical properties in a different way, but by 
controlling the heat treatment it is possible to control 
the phase that is present. The detrimental effects of 
nitrogen can be associated with embrittling phe- 
nomena and this can have severe consequences for 
continuous casting of sheet steel, welding and hot 
ductility. The beneficial effects of nitrogen in steel 
includes increased strength, toughness, corrosion res- 
istance and improved creep and fatigue life. 

Most of the methods used for detecting nitrogen 
require that a sample is taken and sent for analysis 
[2-4]. Chemical analysis, which takes several hours, 
has been used as well as methods which rely on the 
nitrogen being extracted and the gas analysed by gas 
chromatography or a catherometer. Recently a device 
has been developed in which argon bubbles equili- 
brate with nitrogen in the melts and the gas is then 
analysed. 

An improved method of analysis would be a sensor, 
based upon a solid electrolyte [5]. If there is a concen- 
tration difference across a solid electrolyte a potential 
is generated which is related logarithmically to the 
concentration, i.e. 

- Z E F  = R T  lna~ (1) 
ax 

where Z is the charge carried, E is the potential, F is 
Faraday's constant, R is the gas constant, T is the 
temperature and a' and a" are the activities of x on 
either side of the electrolyte which is a conductor of 
x ions. In order to make such a sensor, it is necessary 
to fix the concentration of x on one side of the electro- 
lyte: for a nitrogen sensor, Cr2N/Cr or Ta2N/Ta, etc., 
could be used. The selection of the electrolyte is much 
more difficult as there are no electrolytes where the 
mobile ion is nitrogen. One way of overcoming this 
problem is to use a lithium-conducting electrolyte 
which contains nitrogen, such as Li3N, Li3A1N2 and 
LixSiyNz. 

In these cases, the compound essentially dissociates 
at the surface to form nitrogen. In the case of LiaN, the 
following occurs 

1 
Li3N----3Li + ~N2 (2) 

3 
K -- aLiPu~/2 (3) 

amLi3N 

As the activity of a the solid electrolyte, Li3N, is fixed, 
any change in the partial pressure P or activity of 
nitrogen results in a change in the activity of lithium 
on the surface of the electrolyte and this is detected by 
the solid electrolyte. 

However, lithium nitride suffers from the disadvan- 
tages of self ignition when in contact with air (espe- 
cially when it is finely divided), a low thermodynamic 
decomposition potential and a low melting point [6, 7]. 
It is, therefore, important to consider other nitrogen- 
containing solid electrolytes which are more stable. 

Juza and Hund [8] originally prepared lithium alu- 
minium (Li3AtN2), which can be represented by the 
general formula of Lizx 3 M X + N x - 1 .  It crystallizes in 
a cubic cell with a lattice parameter of a = 0.946 nm 
and belongs to the space group T ~. Yamane et al. [-9] 
measured the room temperature conductivity of 
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T A B L E  I Phases  of l i th ium sil icon ni t r ide [14] 

Phase  Crys ta l  s t ruc ture  Lat t ice  p a r a m e t e r  (nm) 

I LiSi2N3 O r t h o r h o m b i c  _a 

II  Li2SiN2 N A  -"  

I I I  LisSiN3 Cubic  a = 0.472 
IV Li~aSiaNlo Te t r agona l  a = 1.417, c = 1.435 
V Li21Si3NH Te t r agona l  a = 0.942, c = 0.953 

VI LisSiN4 Te t r agona l  a = 1.022, c = 0.954 

a N o t  avai lable.  

T A B L E  I I  Ion ic  conduc t iv i ty  and  ac t iva t ion  energy of l i th ium 

sil icon ni tr ides [14] 

G400K Ea 
(f2-1 c m -  1) (eV) 

LiSi2N 3 1.9 x 10 -7 0.66 
Li2SiN2 1.1 x 10 -5 0.55 
LisSiN3 4.7 x 10 5 0.59 

L i l s S i N l o  2.9 x 10 -5 0.57 
L iz lS i3Nlx  8.6 x 10 -6 0.56 

LiaSiN4 5.0 x 10 -4 0.47 

Li3A1N2 to be 5 x 10 -8 f~-i cm-1 with an activation 
energy of 0.54 eV. The electronic conductivity was 
found to be negligible. 

Several phases of lithium silicon nitride ternary 
compounds (LixSirN2) have been reported by several 
different authors. Juza et al. [-103 prepared LisSiN3 
which has an antifluorite superstructure, and Lang 
and Charlot [11] synthesized of LiSizN3, Li2SiNz and 
LisSiN4. Dadd and Hubberstey [12] synthesized 
LisSiN3 which crystallized in the cubic system, and 
David et al. [13] determined the crystal structure of 
LiSi2N3 as wurtzite. The crystal structure of Li2SiN2 
has not been determined. Table I describes all the 
phases of lithium silicon nitrides with lattice para- 
meters and crystal type. All six phases of lithium 
silicon nitride have been identified by Yamane et al. 
[14] as (i) LiSi2N3, (ii) LizSiN2, (iii) LisSiN3, (iv) 
LixsSi3Nxo, (v) Li21Si3N11 and (vi) LisSiN4. The 
phase LisSiN, was found to have the highest ionic 
conductivity as shown in Table II, but was found to be 
the most unstable in air. The electronic conductivity 
was found to be negligible in all the phases. 

As a possible reference system it was decided to 
investigate chromium and molybdenum and their 
nitrides. 

Chromium forms two nitrides, CrzN and CrN, and 
these have broad regions of homogeneity. Mills [15, 16] 
calculated the equilibrium pressure for the decomposi- 
tion of the two nitrides as shown in Equations 4 and 5 

1 
2Cr + ~ N 2 ---r CrzN (4) 

by 

11 680 
log P1 - - -  + 5.79 (6) 

T 

For the CrzN-CrN equilibrium in Equation 5, the 
data plotted appeared in a straight line expressed by 

10 620 
logPz - t- 8.03 (7) 

T 

where P is the equilibrium pressure (atm), and T is the 
temperature (K). 

There are very few references to work done on the 
thermodynamics of dissociation of molybdenum ni- 
tride, but Wicks and Block [17] derived free-energy 
change functions for the equation of formation of 
dimolybdenum nitride as a function of temperature 

1 
2Mo +-~N2 = Mo2N (8) 

AG ~ = ( -  16 150 + 3.10Tln T - 5.34x 10-3T -2 
- 1.98 T )  J (9) 

2. Experimental procedure 
2.1. Synthesis and fabrication of solid 

electrolytes and metal/metal nitride 
mixtures 

2. 1. 1. LiaAIN2 
The starting materials used for synthesizing Li3A1N2 
were lithium nitride (Johnson Matthey Alpha Prod- 
ucts) and aluminium nitride (Aldrich Chemical Co.). 
The powders were weighed out in a 1.25:1 ratio of 
LiaN : A1N with Li3N in excess, because it was shown 
by Yamane et al. [9] that this stops contamination 
from A1N. The powders were mixed and then calcined 
at 900 ~ under ultra pure flowing nitrogen for 1 h and 
were milled in acetone using 5.9 mm diameter YSZ 
(yytria-stabilized zirconia) balls. Cylindrical pellets 
and tubes with one end open were formed by iso- 
pressing at 607 MPa and sintering at 1000~ for 
30 min under pure flowing nitrogen. 

2. 1.2. LieSiN2 
The starting materials used for synthesizing Li2SiN2 
were LigN and a-phase Si3N4 (Aldrich Chemical Co.). 
The powders were weighed out in a 2:1 stoichiometric 
ratio of Li3N: Si3N4, mixed and calcined at 802 ~ for 
30 min under ultra pure flowing nitrogen. The reac- 
tion product was milled in acetone and pellets and 
tubes were iso-pressed at 971 MPa. The compacts 
were sintered at 808 ~ for 30 min under pure nitrogen. 

All manipulations of the starting materials and re- 
action products of the above two solid electrolytes 
were carried out in a nitrogen-filled glove box. The 
density of all the samples were measured by an 
Archimedes'-based method using toluene as the liquid. 

1 N Cr2N + ~ 2 ~ 2CrzN (5) 

For the Cr-Cr2N equilibrium as shown in Equation 
4 the data plotted appeared in a straight line expressed 

2. 1,3. N i t r o g e n  r e f e r e n c e  
(i) Chromium and dichromium nitride (Cr/Cr2N) 
(Johnson Matthey) were mixed in a 1:1 ratio and 
iso-pressed into pellets at 935 MPa. 
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~ Cover plate which stretches the 
mylar or kapton film on top 

~ O-ring 

Mylar or kapton film which 

/ / 
covers  the sample holder 

The sample for analys i s  is placed in the indentation 

Figure 1 X-ray sample holder for moisture-sensitive materials. 

(ii) Chromium nitride and dichromium nitride 
(CrN/CrzN) were mixed in a 1 : 1 ratio and used ex- 
clusively as a powder. 

(iii) Molybdenum (Johnson Matthey) and dimolyb- 
denum nitride (Koch Chemicals) (MOMO2N) were 
mixed in a 1 : 1 ratio and iso-pressed at 935 MPa. 

2.2. X - r a y  d i f f r a c t i o n  
Step-scanning diffractometry was carried out using 
a Philips vertical diffractometer with CuK~ radiation 
of 0.15417 nm. The diffractometer was calibrated us- 
ing mica (muscovite) film and the samples had silicon 
as an internal reference during irradiation. As the 
nitride powders are moisture sensitive, a sample 
holder was designed, as shown in Fig. 1, which incorp- 
orated a mylar film to keep out air and moisture 
during irradiation. 

2.3. S c a n n i n g  e l e c t r o n  m i c r o s c o p y  
A Camscan ($2) scanning electron microscope using 
the secondary emission electron detector was used to 
examine microstructure and surfaces of the sinters. 
The samples were stuck on to aluminium stubs using 
silver paint and then sputtered with gold to improve 
electrical conduction. 

2.4. I m p e d a n c e  s p e c t r o s c o p y  
Electrochemical impedance measurements were car- 
ried out using a Solarton high-frequency response 
analyser, with an EG and G potentiostat galvanostat. 
Sintered pellets were polished with SiC paper and 
washed ultrasonically in acetone. The samples were 
sputtered with 1 gm silver or platinum on the flat 
surface to act as a blocking electrode. 

2.5. T h e r m o d y n a m i c  m e a s u r e m e n t s  
LizSiN2 and Li3A1N2 tubes were placed between the 
solid-state nitrogen references and set up as a galvanic 
cell as shown in Fig. 2. Molybdenum or platinum 
electrodes were placed on the outside of the references 
and then connected to a high-impedance voltmeter. 

Quartz tubes .. 

1 

Alumina - -  
., 

Nitride solid i 
electrolyte 
tube I I 

�9 ----4-- 
Solid mtrogen , 
references ; 

Argon gas 

Pressure 
applied To electrometer 

Platinum or 
molybdenum 
electrodes 

Quartz tube 
is cut out 
here 

;~1--- Furnace 
,, 

Figure 2 Cell used for thermodynamic measurements. 

TABLE III Average particle size for calcined and milled powders 

Average particle size (gm) 

Calcined Milled 

Li3A12N2 6.34 0.84 
Li2SiN2 2.37 0.97 

The furnace tube was earthed with a stainless steel 
cage and purged with high-purity 99.99% argon. The 
temperature of the cell was determined by 
a chromel-alumel thermocouple. 

3.  R e s u l t s  a n d  d i s c u s s i o n  
3.1. C a l c i n i n g  and  s i n t e r i n g  Li3AIN2 and  

L i 2 S i N 2  
Three methods for sintering and calcining nitride cer- 
amics were investigated: (i) firing in an alumina tube 
with free flowing nitrogen; (ii) firing in an enclosed 
quartz silica tube; and (iii) firing in an evacuated 
alumina tube. It was found that method (i) produced 
contaminated powders and sinters with surface oxida- 
tion, whereas methods (ii) and (iii) produced samples 
virtually free of contaminants. Method (iii) was found 
to be the best method as a wide range of sizes and 
shapes of samples could be fired and this method 
was adopted as the method for firing all the nitride 
ceramics. 

3.2. Pa r t i c l e - s i ze  a n a l y s i s  
The average particle sizes of the calcined and milled 
powders are shown in Table III for milling with 
5.9 mm diameter spheres of yttria-stabilized zirconia 
in acetone. The table shows that there was a satisfac- 
tory reduction in the size of the particles. 

3.3. D e n s i t y  o f  s i n t e r e d  s a m p l e s  
3.3. 1. L i a A I N 2  
The maximum green body density which could be 
achieved was 72%, at a pressure of 607 MPa. On 
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Figure 3 Density of (a) Li3A1Nz and (b) Li2SiN2 sinters as a func- 
tion of temperature. 

sintering, the maximum density of 93% was attained 
at 1000 ~ At temperatures greater than 1000 ~ the 
density dropped considerably due to the decomposi- 
tion of the sample into A1N and Li3N [8]. The density 
as a function of temperature is shown in Fig. 3a. 
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Figure 4 Solid-state synthesis of (a) Li3AIN z and (b) Li2SiN 2. 
(a) (--) Li3A1Nz reaction product, (O) Li3N starting material, 
(x) A1N starting material; (b) (--) Li2SiNz reaction product, (�9 
Li3N starting material, (x) Si3N4 starting material, Si = silicon 
reference. 

3.3.2. Lie SiNe 
Pellets of this material, isopressed at 971 MPa and 
fixed at 808~ gave a maximum density of 
71% _+ 2.6%, which decreased at higher and lower 
temperatures. An inspection of the sintered samples 
revealed a white porous surface layer which was easily 
removed to reveal a grey sinter but this only increases 
the density of 72% _+ 2.6%. Sintering at higher tem- 
peratures resulted in the X-ray diffractogram showing 
an intense doublet as the peaks at 18.9 ~ and 19.4 ~ 
which could be attributed to LixsSi3Nlo and LiSizN3, 
respectively. The density as a function of sintering 
temperature is shown in Fig. 3b. 

3.4. X - r a y  d i f f r a c t i o n  
Li3A1N2 and LizSiN2 were obtained as a single phase 
as shown in the X-ray diffractograms of Fig. 4a and b. 
The X-ray diffraction peaks of Li3A1N2 matched those 
of Juza and Hund [87 and the peaks of Li2SiN2 
matched those of Yamane et al. [14]. 

3.5. A.c .  c o n d u c t i v i t y  
Impedance measurements were carried out on the 
most densely sintered pellets under ultra-clean nitro- 
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gen with platinum or silver blocking electrodes. The 
results were plotted as Nyquist plot with real Z' as the 
x-axis and the imaginary -Z" as the y-axis. 

3.5. 1. LisAINe 
3.5.1.1. Nyquistplots.  Two sets of impedance plots are 
shown for samples with 90% densities in Fig. 5a-c 
with platinum electrodes and Fig. 5d fwith silver elec- 
trodes. Measurements were made over the temper- 
ature range 151~600~ 

The complex impedance plots at 150 ~ and 200 ~ in 
Fig. 5a and d with platinum and silver electrodes, 
respectively, show a depressed semicircle going to the 
origin and a straight-line portion. The low-frequency 
portion extending back to the real axis was taken as 
the total conductivity. At 200~ Fig. 5d, two 
semicircles are evident, one for transcrystalline (high- 
frequency portion) and the other for intercrystalline 
(low-frequency portion) conductivity. The plots at 324 
and 300 ~ are shown in Fig. 5b and e, respectively, 
and only show half a semicircle. This is caused by the 
decrease in the time constant at higher temperatures 
and because the frequency response analyser only had 
a maximum limit of 105, only half a semicircle is 
discerned. At 600 ~ Fig. 5c and f, only a low-fre- 
quency portion is seen, which is not linear and this 
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Figure 5 Complex plane impedance plots for Li3A1N2 with (a~c) platinum electrodes and (d-l) silver electrodes. (a) 150 ~ (b) 324 ~ (c) 
600 ~ (d) 200 ~ (e) 300 ~ (f) 600 ~ 

TAB LE I V Experimental conductivity data for Li3A1N 2 with platinum and silver electrodes 

Platinum electrode, Silver electrode, 
E,c, = 0.87 + 0.018 eV E,ct = 0.85 -t- 0.033 eV 

Temperature Conductivity Temperature Conductivity 
( ~  ( ~ -  1 c m  - 1) ( o C )  ( ~ - -  1 c m  - 1) 

800 9.7 • 10 -2 800 0.1 
700 3.3 X 1 0  - 2  700 2.4 • 1 0  - 2  

600 7.6 • 1 0  - 3  600 3.2 • 1 0  - 3  

500 t.8 x 10 3 500 7.1 x 10 .4 
400 3.7 x 10 -4 400 1.6 x 10 -4 
324 6.8 x 10 -s 300 2.8 x 10 -5 
150 1.0 x 10 -v 200 1.5 X 1 0  - 7  

100 4.2 x 10- 9 

non- l inear i ty  can be a t t r ibuted to surface roughness  
and  inhomogenei t ies  of the bulk sample. 

found similar impedance  spectra with the following 
conduct ivi ty  data, cy = 5 x 10 -8 D -~ cm -1 at 25 ~ 

and  an act ivat ion energy of 0.54 eV. 

3.5.1.2. Conductivity. The conduct ivi ty  data  obta ined  
from the impedance plots are shown in Table  IV. 
Act ivat ion energy plots for bo th  p l a t inum and  silver 
electrodes are shown i n  Fig. 6a and  b. A straight line 
which followed the Arrhenius  equat ion  was observed 
which is similar to the work of Yamane  et al. [93 who 

3.5.2. Li2 SiN2 
3.5.2.1. Nyquistptots.  Fig. 7a-c  and  d - f  show Li2SiN2 
sinter sputtered with p l a t inum and  silver electrodes, 
respectively, over a range of temperatures  from 
135-600 ~ The density of Li2SiN2 was 69% + 2.6% 
of the theoretical min imum.  Complex impedance plots 
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trodes are shown in Figs 8a and 9b. The activation 
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Figure 6 Conductivity plots for Li3A1N2 with (a) platinum ars (b) 
silver electrodes. 

3.6. Thermodynamic measurements 
The experimental data with the Li3AIN2 solid electro- 
lyte was found to be coherent and reproducible, 
whereas the data with LizSiN2 was found to be incon- 
sistent. Fig. 9 shows the dwell electromotive force 
(e.m.f.) for cell Cr/CrzNILi3A1N2}CrN/Cr2N which 
follows the data of Mills [15, 16] closely at a temper- 
ature range of 750-850 ~ However, e.m.f, measure- 
ments taken above 850~ were found to deviate 
markedly with those of Mills [15, 16]. It was revealed 
from the X-ray diffractogram of Fig. 10 that sintering 
Li3A1N2 at high temperatures (1035 ~ showed the 
presence of an extra phase which was identified as A1N 
as was also noted by Juza and Hund [8]. 
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TABLE V Experimental conductivity data for Li2SiN2 with platinum and silver electrodes 

Platinum electrode, Silver electrode, 
E,r = 0.68 __+ 0.014 eV E~r = 0.74 4- 0.025 eV 

Temperature Conductivity Temperature Conductivity 
(~ (f~-* cm-*) (~ (f~-' cm-*) 

800 5.4 x 10 -2 800 5.3 x 10 -2 
700 4.0 x 10 -2 700 3.7 x 10 .2 
600 9.0 x 10 .3 600 1.3 x 10 -z 
500 4.0x 10 -3 500 4.1 x 10 .3 
400 1.1 x 10 -3 400 4.9 x 10 -4 
333 2.6 x 10 4 300 7.9 x 10 .5 
200 1.3 x 10 .5 200 7.1 x 10 .6 
131 6.9 x 10 .7 
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Figure 8 Conductivity plots for Li2SiN2 with (a) platinum and (b) 
silver electrodes. 
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Figure 9 Dwell e.m.f, for the cell Cr/Cr2NILi3A1N2fCrN/Cr2N. (~) 
Experiment 1, ( I )  experiment 2, (0) Mill's data [-15,16]. 

12 

10 

o 8 

x 
6 

c- 

o 
o 4 

My la r  f i lm 

Si X 
I . .   ,Siv x 

20 30 40 50 60 70 80 90 100 

28 (deg )  

Figure 10 Li~A1N2 (C)) milled and (--) powdered sintered at 
1035 ~ Si = silicon reference, X = aluminium nitride. 

40 

35 

3 0  

~o 2 5  

x 2 O  

15. 
8 

1 0  

30 4.0 50 60 70 80 90 100 110 120 130 140 

20 (deg) 

Figure 11 Mo/Mo2N reference used in thermodynamic measure- 
ments with Li3A1N2. (0) molybdenum starting material, (O) Mo2N 
starting material, (--) Mo/MozN used in e.m.f, cell. 

Cel ls  i n c o r p o r a t i n g  the  m o l y b d e n u m  reference  dis- 

a g r e e d  m a r k e d l y  wi th  the  d a t a  o f  Mi l l s  [-15, 16] a n d  

W i c k s  a n d  B l o c k  [17].  T h e  X - r a y  d i f f r a c t o g r a m  of  

Fig.  11 shows  tha t  the  M o / M o 2 N  reference  is u n s t a b l e  

a n d  d i ssoc ia tes  i n to  a n o t h e r  phase .  H o w e v e r ,  as the re  

a re  no  X- ray  d a t a  ava i l ab l e  for  the  o t h e r  m o l y b d e n u m  

n i t r ide  phases ,  n a m e l y  M o a N 2  a n d  M o 4 N s ,  it is diffi- 

cul t  to  ident i fy  the  u n k n o w n  phase  in Fig.  11 a n d  no  

t h e r m o d y n a m i c  d a t a  a re  ava i lab le .  
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4. Conclusion 
It was found that Li3A1N2 and Li2SiN2 can be syn- 
thesized as a single phase from the solid-state syn- 
thesis of Li3N and A1N for Li3A1N2 and Li3N and 
~-Si3N4 for LizSiNz. 

A.c. impedance measurements on Li3A1N2 and 
Li2SiN2 gave values of the conductivity which were 
similar to those found in the literature. 

The thermodynamic measurements revealed that 
Li3A1N2 was the best solid electrolyte for producing 
e.m.f, data close to those of Mills E15,16] for the 
Cr/Cr2N and CrN/Cr2N references in a temperature 
range of 750-850~ Higher temperature measure- 
ments showed a lowering of the e.m.f, which was 
attributed to a decomposition of Li3A1Nz into Li3N 
and A1N. 
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