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Abstract: Li,Nii_,O cathode structures were prepared by solid state reaction in 
air of nickel and lithium carbonate powder mixtures. Density changes of Ni/ 
Li&Os composites following thermal treatment at 700°C were determined as a 
function of starting composition and isothermal time so as to evaluate the effect 
of Li&Oj content in the starting mixture on the microstructure of the resulting 
Li,Nii_,O solid solutions. Total porosity, calculated from density data, increased 
up to the composition with 23 at% Li + , beyond which the porosity was nearly 
constant. An analysis of the compositions with nominal 30 and 44 at% Li+ 
showed that, by Li2C03 decomposition during isothermal treatment at 7OO”C, 
both the amount and lithium atomic fraction of Li,Nii _*O solid solution increased 
with time, but the porosity of the solid solution was unchanged. It was denoted 
that lithium carbonate affects lithium nickel oxide porosity by mass-to-void 
transformation during the reaction of Li2C03 with L&Nil_,0 to get Li,Nii_,O 
with x > y, and by carbon oxide and/or carbon dioxide evolution following Li2COs 
decomposition. While the specific pore volume related to mass-to-void transfor- 
mation increased with Li2C03 amount, for high lithium content solid solutions, 
the specific pore volume, due to gas evolution, decreased with lithium carbonate 
content of the mixture. 0 1997 Elsevier Science Limited and Techna S.r.1. 
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Lattice constant of cubic rock salt solid 
solution 
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Lattice constants of hexagonal solid solu- 
tion P WC, 
Undecomposed to total lithium carbonate 
mass ratio PWC, 
Lithium nickel oxide molecular weight 
with X=Xh PWP 
Lithium nickel oxide molecular weight 
with x = xl 
Lithium atomic weight 
Lithium nickel oxide molecular weight 
with x= <x> 

VLi,Ni,_,O 

Lithium nickel oxide molecular weight at 
the end of thermal treatment 
Lithium nickel oxide molecular weight 
after 0.5 h isothermal treatment 
Lithium carbonate molecular weight 
Nickel atomic weight 

vLi,CO, 

MO 
P 
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Oxygen atomic weight 
Total porosity 
Total porosity at the end of thermal 
treatment 
Total porosity of lithium nickel oxide 
Total porosity after 0.5 h of isothermal 
treatment 
Plaque weight change at the end of the 
isothermal treatment 
Plaque weight change after t time of iso- 
thermal treatment 
Calculated plaque weight change in the 
absence of Li2COa decomposition. 
Lithium nickel oxide volume per plaque 
unit mass 
Lithium nickel oxide volume per starting 
plaque (t=O.S h) unit mass at the end of 
thermal treatment 
Lithium nickel oxide volume per unit 
mass of the starting mixture (1=0.5 h) 
after 0.5 h of isothermal treatment 
Lithium carbonate volume per plaque 
unit mass 
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Lithium carbonate volume per plaque 
unit mass after 0.5 h of isothermal treat- 
ment 
Total volume per unit mass of the starting 
mixture (t = 0.5 h) at the end of thermal 
treatment 
Specific volume of the Li,Nil_,O/Li#ZO3 
composite after 0.5 h of isothermal treat- 
ment 
Specific pore volume 
Pore volume per unit mass of the starting 
mixture (t = 0.5 h) at the end of thermal 
treatment 
Gas evolution pore volume per unit mass 
of starting mixture (t = 0.5 h) at the end of 
thermal treatment 
Li,Ni, -XO pore volume per plaque unit 
mass 
Li2CO3 pore volume per plaque unit mass 
Specific pore volume after 0.5 h of iso- 
thermal treatment 
Mass-to-void transformation pore volume 
per unit mass of starting mixture 
(t = 0.5 h) at the end of thermal treatment 
Mass of Li,Ni,_,O at the end of thermal 
treatment 
Average lithium atomic fraction of 
lithium nickel oxide 
Lithium atomic fraction of higher 
Lithium content solid solution 
Lithium atomic fraction of lower lithium 
content solid solution 
Nominal lithium atomic fraction 
Molar fraction of lithium nickel oxide in 
the Li,Ni, _,0/Li2C03 plaque 
Mass fraction of lithium carbonate in the 
Li,Nil _XO/Li2C03 plaque 
Molar fraction of higher lithium content 
solid solution 
Mass fraction of higher lithium content 
solid solution 
Theoretical density of higher lithium con- 
tent solid solution 
Theoretical density of lower lithium con- 
tent solid solution 
Experimental density 
Theoretical density of lithium nickel oxide 
in the cubic form 
Theoretical density of lithium nickel oxide 
in the hexagonal form 
Theoretical density of mixed solid solu- 
tions 
Theoretical density of lithium nickel oxide 

Theoretical density of lithium carbonate 
(2.11 gcmW3) 
Theoretical density of Li,Ni, _,0/Li2C03 
mixture 
Theoretical density of lithium nickel oxide 
with x= <x> 

2 INTRODUCTION 

The cathode structure was recognized early as one 
of the principal factors determining molten carbo- 
nate fuel cell (MCFC) performance. The electrode 
design ideally has a broad pore size spectrum, 

E. Antolini, L. Giorgi 

which provide small pores for the electrochemical 
reaction and large pores for gas diffusion.’ The 
cathode material must fulfil many requirements: 
good electronic conductivity, thermal stability at 
65o”C, chemical stability in the molten carbonate, 
to be resistant to sintering, swelling, creep and 
failure in work conditions. Lithiated nickel oxide 
(Li,Ni,__,O) with low lithium content 
(0.02 <X < 0.05) met these requirements, but its 
dissolution in molten carbonates electrolyte under 
cell operating conditions is one of the most impor- 
tant problems concerning MCFC development.2 A 
recent work showed that Li,Nil_,O with high 
lithium content (X < 0.2) has a relatively lower rate 
of solubility than Li,Nil_,O with low Li + con- 
tent and that the change in lithium content in 
Li,Ni,_,O is very slow in molten carbonate.3 On 
this basis our attention is focused on Li,Nil_,O 
with high lithium content as an improved cathode 
material. High lithium content Li,Ni,_,O can be 
obtained only by out-of-cell nickel oxidation and 
lithiation (by in-cell lithiation only low lithium 
content Li,Ni1_,0 can be obtained).4 Out-of-cell 
Li,Nil_,O can be obtained by solid state reaction 
of nickel and lithium carbonate.5 In addition to 
serving as lithium source, lithium carbonate acts as 
pore former:6>7 Li2C03 presence in the starting 
mixture gives rise to the formation of micropores. 
A previous work deals on the effect of the thermal 
treatment at T>BOO”C of Ni/Li2C03 mixtures on 
the microstructure of the resulting Li,Ni1_X0:7 at 
these temperatures sintering processes in the sam- 
ples with high lithium content are present, due 
both lithium oxide evaporation* and liquid phase 
sintering (Li2C03 melts at 723”C).9 To aim to 
study the microstructure of high lithium content 
Li,Ni,_,O in the absence of sintering process, in 
the present work particular attention was focused 
on thermal treatment at 700°C of two high lithium 
content compositions (30 and 44 at%), to avoid 
lithium 10s~‘~ and sintering processes. As by Hg- 
porosity measurements it is not possible to evalu- 
ate the microporosity of these structures,7 the por- 
osity was calculated by density data. 

3 EXPERIMENTAL 

Nickel INCO 255 and lithium carbonate Merck 
5671 powders were used as starting materials. 
Mixtures of these powders (with lithium atomic 
fraction in the range 0.00-0.44) were ball milled 
with a binder, an antifoam agent and deionized 
water. The resulting slurries were degassed and 
then cast on to bee’s wax coated glass surface. 
After the tapes were dried and disc-shaped samples 
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(diameter 5 cm) were cut from them. The thickness 
of the samples was 0.050cm. The specimens were 
put on porous alumina platform and were treated 
at 700, 750, 800 and 900°C according to the fol- 
lowing thermal cycle: 

(i) heating at 3.6”Cmin’ from room tempera- 
ture to the processing temperature; 

(ii) isothermal holding for times in the range O- 
20 h; 

(iii) cooling at 1.8”C min’ to room temperature. 
Thermal treatments were performed in air using 

a BICASA BE 35 furnace. The plaque diameter 
and thickness were measured before and after 
thermal treatment by a digital caliper (Facom No. 
1742.1). The overall precision of the measurements 
was & lop3 cm. 

X-ray diffraction measurements were performed 
using a Philips PW1710 powder diffractometer 
equipped with a Philips PW 1050 vertical goniom- 
eter using CuK, radiation. Density measurements 
were obtained by two ways: (1) mass/volume 
measurements and (2) Archimedes’ method in 
mercury. 

4 RESULTS AND DISCUSSION 

The resulting cathode structures were brittle and 
must be assembled in cell with care, to avoid pos- 
sible breakage. During the thermal treatment of 
the mixtures, the following processes occurred: 
nickel oxidation, burn-out of organic compounds, 
lithium carbonate decomposition and lithium 
nickel oxide formation. All but 0 and 6 at% Li+ 
compositions showed plaque dilatation for all 
thermal treatment times at 700°C. 

Table 1 shows Li,Nir_,O lattice constants 
obtained from X-ray diffraction measurements fol- 
lowing thermal treatments of Ni/Li$03 mixtures 
at 700°C in air up to reaching a constant weight. 
Following thermal treatment at 700°C we can 
denote the presence of two solid solutions, one 
with lattice constant higher, and another with lat- 
tice constant lower than that related to nominal 
lithium content.’ ‘,I2 We have calculated theoretical 
density of these compositions in the following way: 

(i) first, we have calculated xh and xl by the 
dependence of Li,Nit-,O lattice parameter on 
lithium atomic fraction, true up to x= 0.20, as 
reported in Ref. 11, and for x > 0.20 by the depen- 
dence of Li,Ni,_,O unit cell volume on lithium 
atomic fraction, as reported in Ref. 12. 

(ii) From the value of nominal and experimental 
lithium atomic fraction values, we have calculated 
the molar fraction of the solid solution with higher 
lithium content, as: 

Table 1. Lattice constants of Li,Ni,_,O solid solu- 
tions following thermal treatment at 700°C up to 

reaching a constant weight 

Xii 

(at%) 
700°C 

Lattice constant (A) Structure x (a&) 

0 a 4.1735 

6 al 4.1671 
a2 4.1570 

12 al 4.1672 
a2 4.1463 

23 al 4.1680 
a2 4.1270 

30 al 4.1698 
a2 4.1330 
al 4.1379 
a2 4.1114 

44 al 4.1672 
a2 4.1269 
a 4.0921 
ah 2.8898 
c 14.2120 

.______ 
Cub1 : lower-lithium-content phase; Cub2: higher-lithium- 
content phase. 
*Data obtained following 0.5 h of thermal treatment at 700°C. 

Cub 0 

Cub1 4 
Cub2 10 

Cub1 4 
Cub2 16 

Cub1 4 
Cub2 27 

Cub1 3 
Cub2 22 
Cub1 19 
Cub2 33 

Cub1 4 
Cub2 25 
Cub 43 
Hex 43 

Yh = (xn - XI)/(Xh - XI) (1) 

The molar fraction is related to mass fraction by: 

*/I = YhAYh + (1 - yh)MI/M~] (2) 

(iii) then we have evaluated theoretical density of 
the solid solutions as the following equations for 
cubic rock salt and hexagonal crystal structure 
(only for 44 at% Li + ), respectively: 

Plh(cub) = 4[Mo + (1 - x)MN + xML]/a3 

Pth(hex) = 6[Mo + (1 - X)MN + xM&0.866a$z (4) 

(iv) finally, we have calculated theoretical density 
of the mixture of two solid solutions as: 

Figure 1 shows the dependence of theoretical 
density on nominal lithium atomic fraction x of 
Li,Nir_,O solid solution. The values of experi- 
mental and theoretical densities are reported in 
Table 2. Density values obtained by mass/volume 
measurements were in agreement with picnometer 
measurements. From density values of Table 2 we 
have calculated total porosity of the solid solution 
by the relation: 

(6) 
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Fig. 1. Dependence of Li,Nil_,O theoretical density on 
lithium atomic fraction ot the solid solution. 

As shown in Fig. 2, where plaque porosity after 
thermal treatment at 700°C is plotted against Li/Ni 
atomic ratio (x/(1-x)), the porosity increased up to 
23 at% Li + , above it was nearly constant. In the 
absence of sintering processes, the parameters 
affecting Li,Nii_,O porosity can be separed in two 
groups: (i) parameters independent of Li2C03 pre- 
sence, and (ii) parameters related to the presence of 
Li$ZOs in the starting mixture. Starting nickel 
particle porosity, nickel oxidation and the presence 
and burn-out of organic compound are referred to 
the former group; mass-to-void transformation 
during the reaction of Li2C03 with Li,Nii__,O to 
get Li,Nil_,O (with x > u), and carbon oxide and/ 
or carbon dioxide evolution from the plaque by 
lithium carbonate decomposition are to be inserted 
in the latter group. 

To better understand the way of formation of 
Li,Nii_,O microstructure following Li$ZOs 
decomposition, we have evaluate time dependence 
of porosity of two compositions with high lithium 
content, 30 and 44 at% Li + . As shown in Fig. 3, 
total porosity of these two compositions, obtained 

Table 2. Experimental Li,Ni,_,O densities following 
thermal treatment at 700% of various Ni/LizC03 
mixtures up to constant weight, and theoretical 

Li,Ni,_,O densities, calculated from eqn (5) 

XLi Experimental 
(at%) density (g cmp3) 

Theoretical 
density (g cm-3) 

0 2.70 6.82 
6 2.43 6.59 

12 1.93 6.35 
23 1.53 5.90 
30 1.36 5.60 
44 1.25 5.08 
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Fig. 2. Relation between total porosity, calculated from den- 
sity measurements, and Li/Ni atomic ratio (x/( 1 -x)). 

from density values, strongly decreased with ther- 
mal treatment temperature, essentially by reactive 
liquid phase sintering. From X-ray diffracton 
measurements it was denoted that, after 0.5 h of 
thermal treatment at 7OO”C, the plaque was con- 
stituted by Li,Nir_,O and L&CO3 phases. As 
shown in Table 1, going from 0.5 to the end of 
isothermal treatment, the values of lattice constant 
were shifted towards higher lithium contents. We 
have calculated the amount of undecomposed 
L&CO3 for different times of isothermal treatment 
as the following relation: 

AL = [PWC, - PWC,]f[PWC* - PWC,] (7) 

80 

60 

50 

I / / / 

700 800 900 

Temperature (“C) 

Fig. 3. Total porosity as a function of temperature for (0) 
30 and (m) 44 at% Li + compositions. 
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From AL values we have determined the average values of PWCl, AL, Mr,i,,,Nii-<x>O and 
lithium atomic fraction for different times of iso- XLi,CO3. Using these values, from the following 
thermal treatment < x > : relation: 

< x >= x,( 1 - AL)/[l - X,&l (8) 

By using AL and < x >, it is possible to determine 
Li2C03 mass fraction XLi2c03 in the plaque follow- 
ing various thermal treatments: 

Theoretical density of Li <x, Nii- < x, O/Li2C03 
plaque after different times of isothermal treatment 
was calculated as: 

P 
LNILC’ = 
th P:hx’PLi2CO, / [xLi*COj PF’ 

+ (l - XLXOj)PLi2CO3] 
(10) 

Finally, lithium nickel oxide molar fraction in the 
Li,Ni, _,0/Li2C03 plaque was determined as: 

XLi <,>Ni Im<.>O = (1 - XLi*COs)/ [l - XLi2C0, 

1 - MLi,,,Nil~,,,01ML,2Co, 
>I 

(11) 

Figures 4 and 5 show time dependence at 700°C of 
< x > and Li,Ni, _xO molar fraction for 30 and 44 
at% Li + : < x > and Li,Nii_,O amount increased 
with thermal treatment up to the disappearance of 
all lithium carbonate. Tables 3 and 4 show the 
values of experimental and theoretical densities of 
Li <X>Nii-<XP O/Li$Os mixtures, as well as the 

P = 1 - ps/&NILC (12) 

we have calculated the porosity of Li < x, Nil _ i x, O/ 
Li$Z03 plaque. Figure 6 shows the dependence 
of total porosity on isothermal treatment time: 
the upper line is related to sample with 30 at% 
Li + , the lower line is due to the composition with 
44 at% Li + . Plotting total porosity vs Li,Nii_,O 
molar fraction, instead, only one line for both 30 
and 44 at% samples was obtained, as shown in 
Fig. 7. 

In the hypothesis that specific pore volume of 
Li2C03 is zero, we have calculated lithium nickel 
oxide porosity PLi,Ni,_,o for different isothermal 
times. Total porosity can be written as: 

I’ = VV/( VV + VLi,Nil_,O f vLi2COj) (13) 

The specific pore volume and the porosity of 
lithium nickel oxide are given by: 

v, = @Nil-,o + c&co3 (14) 

PLi,Nj,_,O = ~ixNi’~xo/( ~ixNi’.xo + VLi,Nj,_,O) (15) 

In the hypothesis that vco3=o, from eqns (13)- 
(15) one obtains: 

(16) 

Table 3. Plaque weight change (PWC,), undecomposed Li&Os (A,), molecular weight of the solid solution. 
Li&Os mass fraction, experimental density and theoretical density (as the eqn (10)) for different isothermal 

times at 700°C for samples with nominal xLi 0.30 

Time 
(h) 

0.5 
5 
10 

PWCt 
(wt%) 

11 
8.4 
6.3 

(A) 

63 
28 

0 

MLi <.,Ni1-,,,0 XLi2C03 

(9) (wt%) 

67.46 14.6 
62.29 8.6 
59.18 0.0 

Experimental 
density 

(9 cmP3) 

1.65 
1.39 
1.36 

Theoretical 
density 

(9 cme3) 
___- ___-. 

4.86 
5.11 
5.59 

Table 4. Plaque weight change (PWC,), undecomposed LisCOs (AL), molecular weight of the solid solution, 
Li&Os mass fraction, experimental density and theoretical density (as the eqn (10)) for different isothermal 

times at 700°C for samples with nominal xLi 0.44 

Time PWC, 
(h) (wt%) (2%) 

Mi <.,Nil-,x,O XLi2C03 

(9) (wt%) 
Experimental Theoretical 

density density 
(9 cm-3) (9 cm-3) 

0.5 6.3 68 64.35 28 1.67 3.96 
5 2.1 32 56.59 20 1.36 4.11 
10 0.0 15 54.01 12 1.34 4.42 
20 -1.7 0 51.93 0 1.25 5.03 
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Fig. 4. Time dependence at 700°C of average lithium atomic Fig. 6. Total porosity of Li,Nil_,O/Li2C03 plaques as a 
fraction <x> in lithium nickel oxide solid solution. (0) 30 function of thermal treatment time. (0) 30 at% Li + sample; 

at% Li + sample; (m) 44 at% Li + sample. (m) 44 at% Li + sample. 

Being, from the relation (13): 

VV = (vLi,Nil_,O + vLi$O,)p/( 1 - p> (17) 

and being the volume of Li2COs and Li,Nir_,O 
per unit mass of the plaque: 

vLi+ZO, = xLi2CO, IPLi2COx (18) 

VLi,Nit_.O = (1 - XLi2COs)/PLi,Nil_,O (19) 

we have calculated Pr_,i,Ni,_,o. Figure 8 shows the 
dependence of lithium nickel oxide porosity on 

Li,Nir_,O atomic fraction: lithium nickel oxide 
porosity was nearly independent on the amount of 
Li,Nir_,O. On this basis, from the following rela- 
tionship, with eco3 = 0 and PLi,Ni,_,o = 0.755, 
we have calculated the plaque porosity: 

P = XLi,Ni,_,OPLi,NiI_,O/[K+ XLi,Nil-,O(l - K)l (20) 

where K = Mt,i2c03 PLi,Nil_,O (1 - PLi,Nil_,O)/ 

(kfLi,Nil_,O pLi2C03). The resulting values of por- 
osity were in good agreement with porosity values 
obtained from eqn (12), as indicated in Table 5. 

100 

70 

20 25 

Fig. 5. Time dependence at 700°C of lithium nickel oxide 
molar fraction in LiXNiI_,0/Li2C03. (0) 30 at% Li+ sam- 

ple; (m) 44 at%Li + sample. 
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Fig. 7. Total porosity of Li,Ni,_,O/Li$Z03 plaques as a 
function of Li,Ni,_,O molar fraction. (@) 30 at% Li+ sam- 

ple; (m) 44 at% Li + sample. 
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Fig. 8. Li,Ni,_,O porosity of plaques as a function of Li,. 
Nil_,0 molar fraction for (0) 30 and (m) 44 at% Li + com- 

positions. 

Total pore volume at the end of isothermal 
treatment Vc is constituted by the pore volume 
after 0.5 h of isothermal treatment Vz, which 
depends on starting nickel particle porosity, on 
nickel oxidation, on the presence and burn-out of 
organic compounds, and on lithium nickel oxide 
formed during the dynamic step of thermal treat- 
ment and after 0.5 h of isothermal treatment at 
700°C the pore volume due to mass-to-void trans- 
formation VV*, and specific pore volume due to gas 
evolution (carbon oxide and/or carbon dioxide) by 
Li2C03 decomposition, as: 

Now we calculate the contribute of mass-to-void 
transformation and gas evolution to total pore 
volume at the end of thermal treatment. After 0.5 h 

Table 5. Porosity values calculated from eqn (6) and 
from eqn (19) at various Li,Nil_,O atomic fractions 

in the plaque for 30 and 44 at% Li+ 

Nominal Li+ XLi,Ni,_.o 
(at%) (at%) (frome?n (6)) (fromegn (19)) 

(%) (%) 

30 87 66 67 
93 73 71 

1 76 75.5 

44 75 58 60 
84 67 65 
91 70 70 

1 75 75.5 

of isothermal treatment the specific total volume of 
Li,Nir _,O/Li&Os composite is: 

v,t = VLizCO, f VLi,Nilm,OO + q (23) 

Vt is related to porosity by: 

q = ( VLi,Nil-,O” + vLi,CO,)p/(l - p) (24) 

where P is the porosity after t = 0.5 h of isothermal 
treatment. 

At the end of reaction (10 h for 30%, 20 h for 
44%) one obtains: 

FOt = VLi,Nil_,O@ + c 

J’~i,Ni,_,O~ can be written as: 

VLi,Nil-,Oe = WLi,Nil~,Oe/PLi,Ni,_,Oe 

(25) 

(26) 

TO CdCUhte WLi,Ni,_,oe, starting from the reaction: 

Li,Nil_,O + (x - y)/( 1 - x)LiO - > (1 - y)/( 1 - x) 

Li,Nil_,O 

(27) 

being: 

mol Li,Nil_,O = (1 - y)/(l -x) mol Li,Nir_,O 

(28) 

WLi,Ni,-,oe can be expressed as: 

WLi,Nil-,Oe = (1 - Y)MLi,Nil-,O(l - xLi,Co,)/(l - X) 

MLi,Nil_,o 

(29) 

By the relation (25) we can calculate VLi,Ni,_,@. 
Knowing VLi,Ni,_,o0 and VLi,Ni,-,oe it iS possible t0 

obtain V,, Vz and V’$: 

vf = v,, - v; - q (31) 

Table 6 shows the values of these parameters: for 
30 at% Li+ sample J$ > VV*, while for 44 at% 
Li+ composition V,* > q; moreover, v for 30 
at% Li+ composition was higher than that of 44 
at% Li + sample. For high lithium carbonate con- 
tent y decreases with Li2C03 amount: as higher is 
V,* as higher is the probability that the gas escapes 
from the plaque, without the formation of micro- 
voids. The increase of V,* and the decrease of V$’ 
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Table 6. Lithium carbonate and lithium nickel oxide 
volumes after 0.5 h of isothermal treatment, lithium 
nickel oxide volume at the end of thermal treat- 
ment, mass-to-void pore volume, gas evolution pore 
volume, and mass-to-void (gas evolution) pore vo- 
lume to sum of mass-to-void and gas evolution pore 

volume attributable to gas evolution decreases with 
Li$?,Os content, as the gas can escape from the 
high porous plaque, without formation of micro- 
porosity. 

volume ratio for 30 and 44 at% compositions 

l * 

VLizCOa (so.5 h) 

(cm3g-‘) 
VLi,Ni,_xO (r=0.5 h) 

(cm3 g-l) 
vLi,Nir_,O (I max) 

(cm3 g-l) 
v,* 
(cm3g-‘) 
V”g 
(cm3g-‘) 
vV*I(vV*+v”~) 
W) 
v”~l(v”*+vY~) 
(%) 

Nominal Nominal 
Li+ 30 at% Li+ 44 at% 

0.069 0.133 

0.136 0.120 

0.165 0.165 

0.040 0.088 

0.086 0.058 

32 60 

68 40 
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