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Kinetics of lithium evaporation from solid 
solutions of LifO in NiO 
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Measurements of the kinetics of evaporation of Li20 from polycrystalline solid solutions of 
Li20 in NiO have been performed under varying temperatures (1340 to 1665 K) and solution 
concentrations (0.25 to 19.5 at.% Li). By taking into account the changes in specific surface 
area during annealing of the preparations, an equation has been derived describing the 
kinetics of the evaporation process. 

1. Introduction 
Solid solutions of NiO-Li20 are one of the most 
frequently studied model semiconducting sys- 
tems of controlled electronic defect structure. In 
the majority of works concerned with this system, 
the experiments have been performed on samples 
with a stable equilibrium between ionic defects. 
Experiments under thermodynamic equilibrium 
of the solid solutions with the surrounding 
atmosphere are difficult owing to considerable 
evaporation of lithium from the samples. 

Many applications of lithium oxide-doped 
nickel oxide require preparation of samples in 
the polycrystalline form. The methods of 
preparation and the properties of these solutions 
over a wide range of lithium concentrations have 
been the subject of  recent studies carried out by 
the present authors [1-3]. This paper is a con- 
tinuation of this series of studies. 

Only one paper concerned with the kinetics of 
lithium evaporation from the solid solutions 
NiO-Li20 has been found in the available 
literature [4]. In this, Iida reported studies on 
only one preparation of solid solution containing 
2.89 w t ~  Li20 (13.1 a t . ~  Li). It has been 
found that  evaporation of lithium follows a 
parabolic rate law and its activation energy is 

50 kcal tool -1. It seemed of interest to extend 
these studies and to study the dependence of 
the rate of lithium evaporation on the initial 
LiO2 concentration in the sample. 

2. Experimental details 
The synthesis of solid solutions of NiO-Li20 
was performed with the most usual method as 
described in [1 ]. Basic nickel carbonate is treated 
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with solutions of lithium carbonate of appro- 
priate concentrations, evaporated to dryness and 
the mixture thus obtained heated. Initial 
calcination was performed at 873 K for 1 h, after 
which the temperature was raised to 1273 K for a 
further hour. This temperature was selected as 
being optimal for preparation of the solid 
solutions, based on published data [5], and our 
own results [1 ]. 

After cooling, the preparations were ground in 
an agate mortar  and washed with hot water in 
order to remove unreacted Li20. The amount of 
the latter was then determined photometrically. 

After washing with water the preparations 
were again annealed at 1000~ for 2 h, cooled 
to room temperature, ground in a mortar and 
sieved using a mesh of 0.09 ram. 

The preparations thus obtained were subjected 
to the following determinations: 

(1) Determination of the lithium concentra- 
tion in the solid solution. Samples of about 0.1 g 
were dissolved 1:1 in hydrochloric acid and the 
concentration of lithium in this solution was 
determined using a photometric method. 

(2) The specific surface area of the preparations 
obtained was determined from the adsorption 
isotherm of krypton at liquid nitrogen tempera- 
ture using the BET method. The results of (1) 
and (2) are summarized in Table I. 

The kinetics of evaporation of Li20 from the 
solid solution NiO-Li20 was determined in the 
following way: an alundum boat containing 
about 1 g sample which formed a layer approxi- 
mately 2ram thick, was placed for a specific time 
(0.5 to 12 h) in an electrically heated oven at 
temperatures of 1340, 1450, 1560 and 1665 K. 
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T A B L E  I Characteristics of initial preparations 

Preparation no. Conc. Li Conc. Li Conc. Li Conc. Li Specific surface 
introduced (cint) incorporated (co) washed (c o) evaporated at area (S) 
(at. ~ Li) (at. ~ Li) (at. ~ Li) first heating (cev) (m 2 g-X) 

(at. o /Li)  /o 

1 0.30 0.25 0.008 0.04 3.0 
2 0.60 0.50 0.01 0.09 1.1 
3 1.50 1.35 0.05 0.10 1.0 
4 3.00 2.46 0.12 0.42 0.9 
5 6.00 5.40 0.14 0.46 0.7 
6 10.00 8.45 0.37 1.18 0.65 
7 25.00 19.50 3.14 2.36 0.5 

T A B L E  1I Concentration of Li in solid solutions (at. ~ )  with time 

Preparation no. Temperature Heating time (h) 
(K) 

0 0.5 1 3 6 12 

1 1340 0.25 0.25 
1450 0.25 0.24 
1560 0.25 0.23 
1665 0.25 0.22 

2 1340 0.50 0.49 
1450 0.50 0.47 
1560 0.50 0.47 
1665 0.50 0.37 

3 1340 1.35 1.30 
1450 1.35 1.18 
1560 1.35 1.09 
1665 1.35 0.96 

4 1340 2.46 2.34 
1450 2.46 2.13 
1560 2.46 2.06 
1665 2.46 1.47 

5 1340 5.40 5.02 
1450 5.40 4.32 
1560 5.40 3.60 
1665 5.40 2.57 

6 1340 8.45 7.37 
1450 8.45 6.75 
1560 8.45 5.70 
1665 8.45 5.00 

7 1340 19.50 17.00 
1450 19.50 13.70 
1560 19.50 11.40 
1665 19.50 9.30 

0.24 0.24 0.23 0.22 
0.24 0.23 0.21 0.19 
0.23 0.21 0.19 0.17 
0.21 0.18 0.16 0.13 

0.49 0.48 0.46 0.45 
0.46 0.42 0.39 0.36 
0.44 0.38 0.32 0.27 
0.31 0.25 0.22 0.19 

1.27 1.19 1.11 1.01 
1.12 0.98 0.84 0.68 
1.00 0.75 0.50 0.26 
0.83 0.43 0.26 0.18 

2.29 2.14 1.99 1.78 
1.91 1.57 1.36 1.05 
1.82 1.43 0.98 0.59 
1.19 0.57 0.32 0.24 

4.76 4.15 3.73 3.14 
3.88 2.58 2.10 1.50 
2.75 1.97 1.60 1.07 
1.92 1.16 0.64 0.31 

6.75 5.50 4.70 3.80 
6.05 4.55 3.65 2.35 
4.75 3.30 2.15 1.30 
3.70 1.80 1.10 0.50 

15.90 13.35 10.95 6.90 
11.00 8.50 5.00 2.40 
9.70 5.60 3.80 2.00 
8.10 5.20 3.00 1.40 

A f t e r  coo l ing ,  the  s ample  was  g r o u n d ,  and  
we ighed  a m o u n t s  were  d i s so lved  in h y d r o -  
ch lo r i c  acid.  T h e  l i t h ium c o n t e n t  in these  
so lu t ions  was  d e t e r m i n e d  us ing  the  p h o t o m e t r i c  
m e t h o d .  C h a n g e s  in the  specific sur face  a rea  o f  
t he  p r e p a r a t i o n s  a f te r  d i f ferent  pe r iods  o f  hea t i ng  
a t  d i f fe rent  t e m p e r a t u r e s ,  were  a lso  de t e rmined .  
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3. Results of measurements and 
discussion 

I t  fo l lows  f r o m  the  d a t a  o f  T a b l e  I t ha t  the  
c o n c e n t r a t i o n  o f  l i t h ium i n c o r p o r a t e d  in to  the  
sol id  so lu t ion  (Co) is r e la ted  to the  a m o u n t  o f  
l i t h ium ini t ia l ly  i n t r o d u c e d  in to  the  sample  
(Cint) by  the  f o l l o w i n g  e q u a t i o n :  



LITtIIUM EVAPORATION FROM SOLID SOLUTIONS OF Li20 IN NiO 
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Figure 1 Dependence of the amount  of LifO evaporated 
after 3 h on temperature. 

Co = (0.858 ~= 0.012)cint. (1) 

This equation is analogous to that observed 
previously [1 ]. 

The amount of lithium evaporated from the 
solid solutions of NiO-Li20 is given in Table II. 
Fig. 1 shows, for example, the temperature 
dependence of the amount of lithium evaporated 
from the samples after heating for 3 h; The 
numbers on the curves in this figure correspond 
to the numbers of the preparations. 

A more extensive evaporation of lithium from 
dilute solid solutions is observed beginning at 
1270 K. This temperature is decreased slightly 
with increasing lithium concentration in the solid 
solution. Loss of lithium during the heating of 
NiO-Li20 solid solutions therefore increases 
with increase in the amount  of lithium in the 
preparations. 

It follows from the isothermal evaporation 
curves for lithium (cf. Table II) that the rate of 
evaporation at a given moment depends not 
only on the instantaneous concentration of the 
solid solution (ct) but also on its initial con- 
centration (Co). 

Let us consider, for example, the results 
obtained for the isothermal evaporation of 
lithium at 1560 K from two preparations 

l a  
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Figure 2 Isotherms of Li20 evaporation at 1560 K for 
samples 5 (curve 5) and 6 (curve 6). Curve 6' shows 
translation of curve 6 by the vector (-- 37 min, 0). 

containing 5.40 at. ~ Li (preparation no. 5) and 
8.45 at. ~ Li (preparation no. 6). These iso- 
therms are drawn in Fig. 2 with a continuous 
line. It can be seen that preparation no. 6 reaches 
a concentration of 5.40 at. ~ Li (the initial 
concentration of preparation no. 5) after 37 rain. 
If the rate of lithium evaporation was dependent 
only on the instantaneous concentration, it 
should be possible to superimpose that part of 
curve 6, beginning from a point at 37 rain, on to 
the initial section of curve 5, the curves coinciding 
within the limits of experimental error. This is, 
however, not observed and the rate of evapora- 
tion for preparation no. 5 at time t = 0 is 
higher than the evaporation rate over prepara- 
tion no. 6 at time t = 37 min. This is due, in the 
author's opinion, to the differences in specific 
surface area of the preparations: 5(0 rain, 1560 
K) and 6(37 rain, 1650 K) the first of them having 
the larger specific surface area. 

In order to elucidate the effect of changes in 
specific surface area on the kinetics of evapora- 
tion, measurements of isothermal changes of 
specific area of selected preparations (nos. 2 and 
5) during heating at temperatures of 1450 and 
1560 K, were performed. The results obtained 
are given in Table III. As seen from this table, 
the surface area of these preparations in the 
initial period decreases rapidly, reaching a 
practically constant value (S~o) after about 2 h. 
The values of S~ for the preparations in quest- 

859 



JERZY DEREN, STANISLAW LABU~, MIECZYSLAW REKAS 

TABLE III  Changes in specific surface area, S (m 2 g-l) of preparations during heating 

Preparation no. Temperature Heating time (h) 
(K) 

0 0.5 1 2 5 10 

2 1470 1.0 0.4 0.2 0.1 0.1 0.1 
1570 1.0 0.2 0.2 0,2 0.2 0.2 

5 1470 0.7 0.5 0.2 0,1 0.I 0.1 
1570 0.7 0.3 0.2 0,2 0.2 0.2 

ion increase with temperature. This apparent 
paradox can be readily explained; the specific 
surface area of solid solutions of NiO-Li~O, ob- 
tained under the same conditions, decreases 
with increase in Li20 concentration [1]. 

The equation, describing the rate of evapora- 
tion of lithium from the solid solutions, can be 
written as: 

de 
- k ( T ,  Co) . S ( t ,  Co) . f ( c ~ ,  Co) (2) 

d t  

where c = concentration, t = time, T = 
temperature, S = specific surface area, Co = 
initial concentration of Li20 in the preparation, 
ct = the concentration of LifO after time t and 
k = the rate constant of the evaporation 
process. 

According to Iida [4], evaporation of lithium 
from the NiO-Li~O solid solutions follows a 
parabolic rate law, i.e. 

dc 
- k ( c o  - c O  - 1  . (3) 

dt 

Taking the more general assumption 

dc 
- k ( c o  - cd-", (4) 

d t  

after solving Equation 4, we obtain 

(co - et)  "+1 = (n + 1 )k t  fo rn  # - 1. (5) 

The cases in which n < 0 can be excluded since, 
as indicated by the measurements performed, the 
rate of the process is a decreasing function of the 
heating time. 

In order to check the hypothesis described by 
Equation 4 a plot of the function log(co - ct) = 
f ( log t) has been drawn. With exception of two 
solutions (preparations 1 and 2), the experimental 
points do not lie on a straight line. Thus the 
equation proposed by Iida does not adequately 
describe the experimental results in all the cases. 

To find another equation which would better 
describe the evaporation process, the following 
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Figure 3 Dependence of log ct on time for the preparations 
1, 4 and 7; O, 1340 K; Q, 1560 K. 

facts were taken into account. During the course 
of preparation of polycrystalline samples of solid 
solutions of NiO-Li 20 in which the preparations 
are heated at a constant temperature, two 
simultaneous processes are taking place, (1) 
sintering of the preparation and (2) evaporation 
of lithium. Large changes in the specific surface 
area duringthe course of heating are observed only 
in the initial period, after which this parameter 
has a practically constant value independent of 
time. When considering lithium evaporation in 
these later stages of heating the sintering 
process may, therefore, be ignored. Therefore, 

S( t ,  Co) = S ~ ( c o )  . (6) 

Let us assume that 

f ( c ~ ,  Co) = c t" .  (7) 

After solving Equation 2 we obtain 

lnct = l n e o -  k ' t  fo rn  = 1 (8) 

where k' = k . S~o, and 

Co 1 - ~ -  ct 1-" = (1 - n ) k ' t  f o r n - r  1. (9) 

It was found that all the experimental data fit, 
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Figure 4 Dependence of log k' on l/T: (a) preparations 1 
to 4; (b) preparations 5 to 7. 

with sufficient accuracy, the straight lines in the 
log c~ versus f(t) system of co-ordinates. This 
indicates that n = 1. This is illustrated in Fig. 3 
where some of these functions are plotted. 

The facts given can be interpreted in a simple 
way assuming that the rate of evaporation from 
the solid solution is proportional to the vapour 
pressure of Li20 over this solution. If, at  the 
same time, the Raoult  law is obeyed, this rate is 
proportional to the concentration of the solid 
solutions. The rate of  evaporation should then 
be the 1st order process with respect to lithium 
concentration in the solid solution. 

The calculated values of k '  are shown in Fig. 
4a and b for the co-ordinate system log k '  = 
f(l/T). The Arrhenius dependence was plotted 

T 
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Figure 5 D e p e n d e n c e  o f  a c t i v a t i o n  e n e r g y  o f  L i 2 0  

evaporation of initial Li concentration (co) in NiO-Li20 
solid solutions. 

using the least square method and the values of 
the activation energies of evaporation, E, were 
then calculated. It  was assumed for these 
calculations that values of  S~ for particular 
preparations are independent of temperature. 
The results obtained (Fig. 5) indicate that the 
values of  the activation energy change non- 
monotonically with increase in lithium con- 
centration. For  the diluted solutions, the 
activation energy of the process under con- 
sideration increases, reaching a maximum value 
of 37 kcal mol -~ at a concentration of about 1.3 
at. % Li, above which it decreases. 

Finally, we would like to draw attention to two 
facts. The first pertains to large differences 
between the values of  the activation energy 
reported by Iida and those of the present work. 
The values of  the activation energy obtained 
here are smaller than the value of 50 kcal tool -1 
determined by Iida [4] for a solid solution con- 
taining 13.1 at. % Li. The value interpolated 
from the present results to this concentration is 
16.3 kcal mo1-1. This is due to the fact that the 
kinetic equations used to calculate the values of  
the activation energies are different in the two 
works. 

The second fact is concerned with non- 
monotonic changes of the activation energy with 
change in the lithium concentration in the N i O -  
LizO solid solutions. The non-monotonic chan- 
ges of some other physico-chemical properties of 
these solutions with increase in lithium con- 
centration have been observed in our previous 
works. They were interpreted by assuming two 
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di f ferent  m e c h a n i s m s  o f  l i t h ium i n c o r p o r a t i o n .  
T h e  p r o b l e m  is d iscussed in deta i l  in [6]. 
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