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DIFFUSION OF LITHIUM IONS IN PURE 
AND DOPED fcc LITHIUM SULFATE 

A. BENGTZELIUS, A. KVlST and A. LUNDEN 

Department of Physics, Chalrners Institute of Technology, 
S-402 20 Gothenburg 5 ,  Sweden 

RCsumC. - L'influencc de la concentration \ u r  la diffi~sion des ions lithium a t te etudiee a 
620°C dans LizS04 cfc dope par M ~ S O J  (jirsqir'h 60 ",, en fraction molaire) 011 par LiCl (jusqu'a 
13 %). Le coefficient tle tlin'usion D1.i diminue lorsq~~'on ajoure MgSO4. ce qui est logique si les 
ions lithium occupent des sites octaedriclues. ~itndis que les cations en positions tktraedriques 
doivent ttre consideres comme des interstitiel.;. A partir de la croissance de Dl,, avec I'addition de 
LiCI, I'energie libre dc transfer1 du Li d'une pojition octakdrique B une position interstitielle est 
estimee a 0,37 eV. Des calculs prklirninaires sur osdina~cur des potentiels ioniques tendent a 
confirmer ces resultats cupcrimentu~~x. 

A partir cle mesures anter-ic~~r.c\ de I'cll'el isotsl,iqtlc, or1 cc:~:c!i~t quc le 1.ac1eur A K  est voisin de 
I'i~~iile pour la migration dc Li 011 Na clans Li2SO:. cfc. ce qui signilie que les cations ne partagen1 
pas beaucoup d'energie avec Ic r c i e a ~ ~  dcs anion.; lor, dc Icu~. mouvement. €11 cornparant les don- 
nees d'autodiffusion et de condi~ctiviti.. i l  est cclnclu h la presence d'i~ne certaine contribution 
(( ring meclianism >) s ' i l j o~~ ta~ i~  ail mccanisnic lacunaire pour la migration des ions lithium. 

Abstract. - The concentration clepcndcncc of tlie dilfusion ol' litliiirm ions has been studied 
at 620 ('C in fcc Li2S04 tlopctl \\.it11 MgSO, (11p 10 60 mole ",,) or \i.itli LiCl (up to 18 niole )?/,). 
The diffusion coeficicnt D1.i decreases \\.lien MgSO, is addcd. \\liicli slioulcl be expected if tlie 
lithium ions occupy octahedral liittice positio~is. \\liilc cations in tetrahedral positions are to be 
considered as interstitials. Fsom tlic increase ol' 01.i \\hen LiCl is addccl. the Gibbs free energy 
required to take a Li ion frorii ari oc~alicciral to an  in~cr\titial position is cstimi~tcd to be 0.37 eV. 
P~.eliminary computer calculation\ of ion potential.; tend ( o  S L I ~ ~ O I . ~  these experimental results. 

Fro111 some previouh experiments 011 isotope cffcct.; i t  is concli~ded that the so called AK-factor 
is close to unity for the niigrution of Li or Nil ions in I'cc Li:S04. \vliicli mean.; that diffusing cations 
do not share rni~ch eneryy \vitli the anion lattice. From a co~nparison bcr\vecn sell-diffusion arid 
conductivity data i t  i \  conclt~rl(:cl  hat rlicrc is a certain co~itribution I'rom ring mechanisms in 
addition to the dominating vacant! mccllani\m klr the migsatian ol' Li ion.;. 

I .  Introduction. - The high- tcmpcr ;~t~~re  modi- 
fication of lithium sulfate, stablc in the temlwraturc 
range 572-860 "C. is charactel-ized by a high cation 
mobility. Thc sillf;~tc ions are :irr;rngcci in n cubic 
(FCC) or  ~ S C L I ~ C ? C L I ~ ~ C  latticc [I], in \\,liich octalicdra! 
and tetrahedr~il positions arc a\ailablc Ibr the c:~tio~ls. 
A number of transport sti~dies lis\.c been pcrl'ol'nicd 
in pure Li,SO, as \\'ell ;is i n  the systems \\.!icrc rliis 
salt is one ol' the consti~uents.  T ~ L I S  ciill'~~sio~i studies 
in fcc Li2S0, in\ol\,e mono- [?]-[-I]. di- [ 5 ]  : tncl  tri- 
valent cations [(I] as \\,ell ;IS soriic anions [7]. a n d  the 
diffusion cocllicicnts arc I 'o~~nd to depenci on the 
charge :IS \\.ell as ~ l i c  sariiub o f  the clill'usinp ion. 
The fairly rapicl ~nigrittion of also rather I:~rgc anions 
and cations tliroi~gli the lattice is a consccli1cncc of' 
the coupled sotaticl~i or strong rotational oscillation 
that the sull~i~te ion5 arc ~>c~-t'ormi~lg [I]. a n d  \~Iiicli 
we have comp;~rccl \ \ p i t h  a .;!.stern 01' cog-\\ heels 17). 
For a riiodc! 01' 111;s 1!'17c one n~igIiI L J L I C ~ I I O I ~  \ \ ~ l ~ e ~ h c r  
it still is re;i><)n ~ i t l l ,  01. c l i s t i ~ i ~ ~ t  ,iu~iip\ 171. \\llilc 0 1 1  

tlie other hand our stucl! 0 1 '  I I I C  i\olopc' cll2c.t 01' 
tliermoriii,oratio~i ~ L I J > I ~ ) ~ I ,  ; I  \:~iil>lc 1 1 0 1 ~ ~  ~iio~.lcl I . L \ I .  
Li ion transport il l  I'cc I.i,SO.!. ill ~ ,o~ i r~ .a , !  L O  tlic 

more collccti\,c motion iri a liquid [8]. Ho\ve\-cr, 
\\.li;itc\.c~. model that is ~?rcl.erred for- the cation 
tr;~nzport. tliel-e cvists diili.r.ent types of ciitiori posi- 
tions,  rid the clt1cstio11 is \+hich of these that arc 
~)reSerentl~ occupied b) tlie cations. and ~ ~ I i i c l i  that 
are \ac:[nt rnost ol 'the time. I t  should be remenibcrcd 
that i'or rcomctrical reasons ;I cation cannot j~lrnp 
ciircctl!. bct\\.een tivo positions of the same t!.pe, 
and [hat tllus either tlic octahedral or the tetrahedr-al 
positions should serve as interniediate sites 1'0s a 
migrating cation. I n  order to get information on site 
~>rcll.rcnccs. \vc decided to study the dif'usion of Li 
 ion^ i n  l i \ t t i ~ ~ ~  \vhere the number of vacant cation 
positions is \aried by doping with either a di\ialent 
cit~ion ( M g )  or  :I ~l ionovalc~it  anion (CI). 111 addition 
~ O I ~ I C  coni17~1~er c;iIc~~l;ltio~is ;1rc tilade on a simplified 
1110clcl ill 0r~1cr 1 0  estimiite the energeticall! most 
I';[\ ousahlc positions. 

3. l.:\l)cri~nc~ital. ~l-hc~.c i \  it consider;~l>le solu- 
hilit! of MgSO, :I.; \vcll a\ 01' L'I'I in li,c Li,SO, : 
~ l i c  pliasc di:~gr:irn\ 01' tlicsc hiri;~r!. s!,stcr~i\ liii\c hecn 
studicd rc~e~itl!. ill this l;~hor;itor!: [Y] .  [IO]. H> ~ ~ \ i n g  
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the technique described previously [3] a thin layer 
of lithium sulfate enriched with 6Li2S0, (from Oak 
Ridge National Laboratory) was deposited on top 
of  an  about 70 mm high column of salt of the des- 
cribed composition. After an annealing time of 
about  4 h at  620 O C ,  the column was cooled rapidly, 
and  samples taken from the co lun~n  were analysed 
with a mass spectrometer in order to determine the 
isotope abundance ratio 7 ~ i / 6 ~ i  as  a function of the 
position. (A more detailed account for experimental 
details as well as a discussion of possible sources of 
error is given elsewhere [I I ] . )  The calculated diffusion 
coefficients are listed in tables I and 11, and the concen- 
tration dependences are shown in figures 1 and 2. 

DifSision of' Li' ions in (Li,, Mg)SO, at 620 OC 

x D x lo5 Ti me 
mole % MgSO, cm2/s min 

TABLE I1 

D~fusion of Li' ions at 620 OC in fcc Li,SO, doped 
with LiCl 

Y D x 10' Time 
mole % LiCl cm2/s min 

A - - 

0 1.90 244 
4.9 2.17 260 
9.2 2.73 253 

14.0 3.32 240 
18.2 3.61 248 

3. Computer calculations. - Flygare and Hug- 
gins [12] have recently presented calculations on the 
transport of ions through crystallographic tunnels 
in solid electrolytes. We decided to test for a simple 
model whether tetrahedral or  octahedral cation 
positions are energetically most favourable. We 
consider the sulfate ions as spheres forming an fcc 
lattice. The interaction between an arbitrary cation 
Mz+ (either Lit or  an impurity cation) and all other 
ions is studied. The M'+-SO;- interaction is assurned 
to  consist of Coulomb attraction and ovet-lap repul- 
sion, while only Coulomb repulsion is corisidered 
for the M7'-Lif interaction. The overlap repulsion 
is expressed by a function of  the form B/(r, - r)", 
where r i  is the vector of the SO:- ion, r the vector 

of the M" ion, 11 an integer parameter and B a 
constant. When calculating the total energy of the 
mobile cation Mz+,  all coulolnbic contributions are 
included, but for the overlap repulsion only nearest 
neighbours are considered. A more detailed account 
of the chosen method and of the results of the calcu- 
lations is given elsewhere [I I]. The choice of the 
parameters I., ,  i. e. the equilibrium distance for the 
system M'+-SO$-, and n becomes more complicated 
for a polyatomic anion like SO$- than for monoatomic 
ions, since the cations can easily penetrate into the 
(( valleys )) between the interpenetrating oxygen 
atoms. The combination of a large I., and low 17 

corresponds to a (( soft )) sulfate ion, while a small 
I., and a large n would represent the (( hard core )t 

of the sulfate ion. In a discussion of the structure 
of molten sulfates Zarzycki [I31 considers 1.94 A 
as the shortest possible Li-S distance, but finds from 
free volume calculations that the average distance 
is likely to be somewhere between 2.5 and 3.5 A, 
i. e. not so far from the average of 3.3 A interpreted 
from the X-ray study of fcc Li,SO, [I]. 111 their 
calculations on transport in Agl Flygare and Hug- 
gins [I21 used a repulsion radius for the iodine ion 
which is sotnewhat smaller than the Pauling radius, 
and we decided to start with a hard core calculation 
with I., = 2.0 A and 17 = 9. In this case consistency 
was obtained for the assuniption that each octahedral 
position is occupied by two Li-ions (the repulsion 
between the two Li-ions was neglected in this calcu- 
lation), but not for the alternative that the Li-ions 
instead are in tetrahedral positions. The next step 
was to try to calculate tlie potential barrier a cation 
has to overcome in order to get from one octahedral 
position to another. In tlie calculations done so far. 
we continued to  use short equilibriun~ distances (I.,,) 

in combination with nortiial (or  high) values of the 
repulsion parameter 11 .  In this way good agreement 
was obtained [I I] between computed and experimental 
activation energies for diffusion of mono- and divalerit 
cations in fcc Li,SO,. It remains, however, to make 
computations also for other values of I.,, before one 
can judge tlie merits of the chosen model. A further 
refinement suggested by Krogli-Moe [I41 would bc 
to  displace the sulfate ion slightly frorii the fixed 
position that it has in the present computes model. 

4. Interpretation of isotope effects. - Infol-mation 
on the transport ~nechanisrn can be obtained from 
isotope effect studies. Two types of isotope ell'ects 
have been studied previously in fcc Li2S0,, and i t  
is reason to adjust the interpretation slightly. A study 
of simultaneous diffusion of 22Na  and "Na gave 
a relative difkrence in diffusion coefficients of  
ADID = 2.8 0.4 "/,: [IS] and from a comparison 
of the electrical conductivity of 6Li2S0, and 7LizS0, 
Scliroeder and Kvist [I61 obtained 
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Neither isotope effect showed any significant tem- 
perature dependence. F rom these results it follows 
[I 71, that 

and 

where f is the correlation factor and AK represents 
the distribution o r  sharing of kinetic energy between 
the migrating ion and the rest of the lattice. Although 
the excellent agreement between the diffusion and 
the conductivity experiment might be fortuitous, 
it supports the assumption that the transport mecha- 
nism is the same for Lif and N a i  ions in fcc Li,SO,. 
Since an octahedral position is surrounded by 8 
tetrahedral positions while a tetrahedral position has 
4 neighbouring octahedral ones, the correlation 
factor is not the same for the two types of cation 
jumps that occur in fcc Li2S0,. To  our knowledge 
there are no calculations of the correlation factor 
for a case like this, but since the average number of 
~ieighbouring positions is 6, we expect the correlation 
factor to  be close to that of a silnple cubic lattice 
( f = 0.6555), and we then obtain A K  = 0.97, which 
does not differ significantly from unity. This means 
that the diffusing cation does ~ ? o t  share much energy 
with the surrounding anions. Our result is in agree- 
ment with a I-ecent calculation for Naf  diffusion 
in NaCI, where AK = 0.998 was obtained [18]. 

A comparison for pure Li2S0, between the self- 
diffusion coefficient [2], D,, and conductivity data 
shows that the ratio D,/D, (0.91 at  600 "C : 0.71 
at 800 "C) is larger than the assumed correlation 
factor. This indicates that there is a contribution 
from a ring mechanism in addition lo the vacancy 
mechanism, with which both Lif and Naf  ions 
diffuse according to the isotope effect studies discussed 
above. 

5. interpretation of diffusion in doped Li,SO,. - 
Let us distinguish for fcc Li,SO, between two types 
of cation sites, of which most of the z-sites are occu- 
pied while most of the /{-sites are vacant. Since there 
is adequate space for two Li-ions in an octahedral 
position, each sucli position can be considered as 
two cation sites, and the numbel- of Y- and /,kites 
thus becomes equal. The energy required to create 
a vacancy is estimated to be 0.24 eV [I I], and thus 
we niigl~t expect that at 600 "C some 80 'I<, of the 
r- and 20 ";; of the /]-sites are occupied by Li-ions. 

The difl'usion coeficient is so much less for Mg2' ions 
than for Lif ions (D,, , /D,-,  = 0.03 at 620 "C for 
nearly pure lithium sulfi~tc [j]) that we can consider 
the Mg2+ ion as immobilc when discussing dilyusion 
in doped Li2S0,. As s l i o ~ n  i n  ligurc I the difr~~sion 
coefficient D,-i was found to decrease apl7roximately 
linearly when the co~~ccntra t ion of Mg is incrcasetl. 
A n  added ME2-'  ion rcl3laccs two L i i  ions. If thcsc 

FIG. 1. - Diffusion of Li+ ions in (Liz, Mg)S04 at 6200C. 
The straight line is the concentration dependence to be expected 

if the Li ; ions are in octahedral positions, cf. eq. (4). 

were occupying tetrahedral positions, the number of 
vacant tetrahedral positions would increase when 
M g 2 +  is added, and we should expect an  increase 
in D,2i, but if, on the other hand two Lif ions in an 
octahedral position are replaced by a Mg2+,  there 
will be no change in the number of vacant sites, and 
due to the increased blocking of tetrahedral sites 
(see below), DLi should decrease when the mole 
fraction of MgSO,(.\-) is incr-eased. Thus we arrive 
a1 the conclusion that the x-sites correspond to octa- 
hedral positions, and the tetrahedral positions to 
interstitial ones, some of which are occupied by 
activated cations. The system can be treated in analogy 
with a crystal with Frenkel defects. 

Consider a system where we per unit volume have 
N lattice sites, ( <  N octahedral positions), n,. vacant 
lattice sites, hil.; l i t l~ iun~  ions and N i  interstitial 
positions ( =  the number of tetrahedral positions 
times an availability faclor ; see below). The mole 
fraction of MgSO, is .\-. Consider migration by a 
vacancy mechanism for which 

G,,, = Gibbs free energy of activation [I91 ; free 
energy barrier that opposes the migration [20] ; 

G, = energy requil-ed to take a Li ion from an 
octahedral to an interstitial position (2 G, required 
to take an Mg ion to an interstitial position ; the 
Li+ and Mg2' ions have approximately the same 
radius) : 

1, = vibration frequency (of an ion in the potential 
minimum) : 

u = the jump distance. 

We have (a more detailed discussion is given 
elsewhesc [I I]) 

where N,,i  = ( I  - .\-) N. 
The avitilability of an interstitial position depends 

on the concentration of Mg2+ ions. If immobile 
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Mg ions surround all tetrahedral positions (x = l), 
none of these would be available, and Ni(l) = 0, 
while if x = 0, we have Ni(0) = N. Let us assume 
that Ni is a linear function of x 

The diffusion coefficient for Li ions in (Li,, Mg)SO, 
becomes 

where 

Do = & fa2 exp([+ Sf + S,,]/kT) ( 5 )  

and 

Q = + H, + H,, (6) 

(S  denotes entropy and H enthalpy terms). 
DLi increases when LiCl is added to Li2S0,, see 

figure 2, because a vacancy is introduced in the cation 
substructure, when an SO:- is replaced by a C1- ion. 

FIG. 2. - Diffusion of LiC ions a t  620 OC in fcc Li2S04 doped 
with LiCI. The straight line corresponds to  eq. (9). 

Thus 

n, = (NLi N ~ ) ~ ~ ~  exp(- + G,/kT) + N,, = 

= [N(1 - 4 y) exp(- + G,/kT) + + NJI (7) 

where N,, is the number of C1 ions per unit volume, 
and y  is the mole fraction of LiCI. With the approxi- 
mation [N(l - 3 y) N i l t i 2  N N, we obtain the 
diffusion coefficient for Li ions in Li2(S0,, CI2) 

D  = fa2 v exp(- G,,/k T) [exp( - ?, G,/k T )  + 1.1 (8) 

D = A + B y .  (9) 

Thus 

From the experimental data we obtain 
A  = 1.813 x cm2/s, B  = 10.28 x 10-\m2/s 
and G, = 0.37 eV. 

The activation energy for cation self-diffusion i n  
pure Li,SO, is Q = 0.34 eV [2], and if we approxi- 
mate H ,  = G,, it follows from eq. (6) that H,,, = 0.15 eV. 
This experimental result can be compared with compu- 
ted values of the potential barrier for migration of 
Li ions. So far we have made a computation only for 
the combination 1." = 1.91 A and 11 = 7, which gave 
H,, = 0.24 eV [I I]. The agreement between the two 
values of H,,, is satisfactory, if one considers tlie 
approximations involved in the simple model used for 
the computations and in the interpretation of the 
experiments. E. g. when calculating G,. by means of 
eq. (lo), we have assi~med that the observed increase 
in DLi with increasing .I ,  is due only to an increase 
i n  the number of vacant cation sites. We know, 
however, that D,., increases too when LiCl is added [7], 
and there is reason to believe that deformation of the 
anion lattice and changes of the rotational properties 
of the sulfate ions has some influence also on D,.i. 
If one should assume that, say, 20 "/;;of tlie coef5- 
cient B in eq. (9) had other causes than the increase 
in the number of vacancies, this would change G, 
to 0.34 eV and H,,, to 0.18 eV. When deriving eq. (8 )  
we have assumed that G,,, and (7,. are independent 
of the composition of the mixture. This has not 
been checked experimentally for diffusion, but i t  is 
known that the activatioll energy of conductivity 
is approximately the sarne in the whole concentration 
range [7]. 

6. General conclusions. - If. in addition to the 
diffusion studies and  compute^- calculations (which 
so far are to be regarded as preliminary), one also 
considers investigations of conductivity, electromi- 
gration and thermomigration i n  Li2S0,-rich fcc 
phases, one finds that difficult problems remain to be 
solved concerning the migration of large cations, 
such as potassium [21], but it is also evident that 
all the results seem to bc consistent with a model 
where the lithium ions normally occupy octahedral 
positions, and where the transport of at least lithium 
and sodium ions predominantly takes place by a 
vacancy niechanis~n with a certain contribution from 
some kind of ring mechanism. 
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