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In the lithium-intercalated disulfides, Li&B,, where M = Ti,Ta, a nearly linear compositional 
variation of the lithium chemical potential is observed throughout the composition range 0 < x < 1 .O. 
For most sodium-intercalated disulfides, chemical potential plateaus are observed between regions 
exhibiting linear variations of sodium chemical potential. Our thermodynamic model indicates that the 
two most important factors which determine the compositional variation of the alkali metal chemical 
potential are the interaction energy between intercalated alkali-metal atoms and the compositional 
variation of the electron chemical potential. Although these two factors determine the compositional 
variation of chemical potential in single-phase regions, the existence of two-phase regions in the 
concentration range x = O-O. 15 are influenced by the energy required to expand the interlayer gap and 
the configurational entropy. 

Introduction 

In recent years there have been nu- 
merous investigations ( l-5) of nonstoi- 
chiometric compounds which can readily 
and reversibly incorporate an element into 
their lattice without significantly changing 
the local atomic coordination or crystal 
structure. One group of compounds that 
can easily incorporate alkali-metal atoms 
into its lattice is the Group IV, V, and VI 
transition metal dichalcogenides. The di- 
chalcogenides have a layered structure 
(I, 6) in which a hexagonal layer of transi- 
tion metal atoms (M) is sandwiched be- 
tween two hexagonal layers of chalcogen 
(x) atoms. The transition metal atoms in 
the hexagonal crystal can have either an 

* Presently at Sandia National Laboratories, Liver- 
more, Calif. 94550. 

octahedral or trigonal prismatic coordina- 
tion of chalcogen atoms. The same chalco- 
gen atom coordinations are possible for the 
interstitial positions in the weakly bonded 
gap between X-M-X sandwiches. Interca- 
lation, the incorporation of a metal atom 
into the interstitial positions within the gap, 
results in a large expansion perpendicular 
to the layers. The ionic nature of the inter- 
calated atoms is indicated by the small 
Knight shifts observed in NMR measure- 
ments (7-/O), e.g., a 3-12 ppm shift for 
lithium in Li,TiS, compared to 240 ppm in 
pure lithium. 

The compositional variations of the al- 
kali-metal chemical potential of several al- 
kali-metal-intercalated disulfides have been 
measured electrochemically (3, I l-16). 
The chemical potentials are very negative 
(< -96 kJ/mole) and are usually a linear 
function of composition. The magnitude 
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and compositional variation of the alkali- 
metal chemical potentials are important pa- 
rameters in the analysis of intercalated di- 
chalcogenides as battery cathodes. To 
function as useful cathode materials, the 
intercalated alkali-metal atoms must exhibit 
large negative chemical potentials over ex- 
tended composition ranges. 

McKinnon and Haering (17) have re- 
cently calculated the strain-induced inter- 
action energies of lithium intercalated 
phases and have used these values to ex- 
plain ordering and phase relationships. Ar- 
mand (28) has also derived a model, which 
considered the entropy of intercalated 
atoms and the lattice expansion energy, to 
explain the thermodynamic behavior of in- 
tercalated phases. Thompson (19) has used 
lattice gas models to explain the existence 
of lithium ordering in Li,Ti& measured 
by a technique developed by Thomp- 
son, “Electrochemical Potential Spec- 
troscopy.” 

The previous models ( 17, 18, 3 1) do not 
give an explanation of the large alkali metal 
chemical potential variations observed for 
numerous. intercalated disulfides. The pur- 
pose of this paper is the development of a 
thermodynamic approach to model the 
compositional variation of alkali-metal 
chemical potential in the intercalated 
disulfides. The model increases our under- 
standing of the behavior of the alkali-metal 
chemical potential and should be useful in 
planning future thermodynamic investiga- 
tions. The influence of four factors on the 
compositional variation of chemical poten- 
tial is discussed. The factors considered 
include the entropy and strain energy of 
lattice expansion considered previously 
and two additional significant factors; the 
interaction energy between intercalated 
atoms and compositional changes in the 
electron chemical potential. Our model 
makes no attempt to calculate the abso- 
lute values of the alkali metal chemical po- 
tential. 

Model 

The physical nature of the intercalation 
process, the occupation of vacant sites in 
the two-dimensional gap between MX, 
sandwiches, suggests the applicability of a 
two-dimensional model analogous to the 
chemisorption of an atom on a surface. In 
this case the “chemisorption” involves two 
“surfaces” and adds the restriction that 
only a “monolayer” occurs. As in the 
chemisorption phenomena, the activity of 
the inserted atoms should be influenced by 
the configurational entropy of the interca- 
lated atoms filling the vacant sites in the gap 
and the partial molar enthalpy arising from 
strong bonding to the MX, layers. The 
partial molar enthalpy includes a composi- 
tional dependent term arising from the 
change in electron chemical potential as the 
electron density increases with increasing 
concentration of intercalated atoms. As the 
interlayer sites become filled, another con- 
tribution to the partial molar enthalpy is the 
interactions between inserted atoms, espe- 
cially when considering intercalated di- 
chalcogenides, where the inserted atoms 
are highly ionized. Finally, an enthalpy 
contribution to the chemical potential of the 
inserted atoms, which does not have an 
analogous term in the chemisorption phe- 
nomenon, involves the energy required to 
separate and/or shift the dichalcogenide 
layers sufficiently to accommodate the in- 
serted atoms. 

The thermodynamics of absorption for 
noninteracting atoms was considered by 
Langmuir (20) and Fowler and Guggenheim 
(21). It is found that the chemical potential 
of the absorbed atoms (A) can be expressed 
as 

pA = +RT In (G/l - 0) + C, (1) 

where 
8 is the fraction of available sites filled; 
C is a term determined by the interaction 

of the absorbed atom and substrate. 
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The concentration dependent term of Eq. 
(l), RT In (0/ 1 - e), arises from the ways 
of filling the available surface sites and can 
be considered analogous to a product of the 
temperature and configurational entropy. 

For our model, we assume that the local- 
ized bonding which occurs between the 
inserted A atom and the MS, layers does 
not vary significantly with composition, 
thus C is considered concentration inde- 
pendent. 

An energy contribution to PA arises from 
the repulsive interactions between the in- 
serted alkali metal atoms. Fowler and Gug- 
genheim (-7 I ) have considered interactions 
between nearest neighbor adsorbed atoms 
and have modified the Langmuir isotherm 
to yield Eq. (2): 

~A=RTln(@/l-8)+zoe+C (2) 

for the chemical potential, where w is the 
lateral interaction energy within the inter- 
layer gap, and z is the coordination number 
within the gap. The first term in Eq. (2) is 
obtained assuming a completely random 
occupation of sites in the interlayer gap, 
which becomes less applicable as the inter- 
action energy w increases. 

The interaction energy term z&/RT in 
Eq. (2) represents only the repulsive inter- 
action between inserted atoms. When an 
atom is inserted, it donates an electron to 
the MS, layers and the energy contribution 
to the alkali metal chemical potential will 
change as the electron density changes. 
The transition metal dichalcogenides of 
Groups IV and V are reported to be either 
narrow-band d metals or narrow-gap semi- 
conductors (6, 22, 23). For the compounds 
that are narrow-band d metals, the half- 
filled d,z band is typically 1 eV in width 
(22). Assuming that the alkali metal atom is 
fully ionized and the band has a total of 2 
states per MS, molecule and is 1 eV in 
width, the relationship between the elec- 
tron chemical potential (pF) and composi- 
tion x can be derived and is given by 

3 (ApA - 4 (A/-d3 = x, (3) 

where 

and 

1~~ is the electron chemical potential; 
&! is the electron chemical potential for 

the pure dichalcogenide. 

Equation (3) assumes that the d,z electron 
band has a parabolic density of states func- 
tion. The variation of the electron chemical 
potential with x in A,M& calculated from 
Eq. (3) is shown in Fig. 1. The slope of the 
curve is essentially constant for concentra- 
tions below x = 0.8. At the higher concen- 
trations, ApP changes rapidly until reaching 
-0.5 eV, half the d,z band width. Since the 
electron energy bands will tend to shift in 
energy in an attempt to maintain a constant 
electron chemical potential during a charge 
transfer process, the values given by Eq. 
(3) would overestimate the electron chemi- 
cal potential variation. For the narrow-gap 
semiconductors, a similar empirical rela- 
tionship is not easily derived. Nonhomoge- 
neous electron theory (24) can also be used 
to estimate the compositional variation of 
the electron chemical potential. The theory 
assumes a Thomas-Fermi electron gas 

FIG. 1. Calculated compositional variation of elec- 
tron chemical potential (AtiF) and electron chemical 
potential gradient, (&+/dx). 
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modified by exchange and correlation en- 
ergy terms. Numerous equations have been 
developed to express the variation of the 
electron chemical potential with electron 
density (24), and all exhibit nearly linear 
variations of the electron chemical poten- 
tial for the electron densities encountered 
in the dichalcogenides. The magnitude of 
the change of ,..&F for the transition from an 
unintercalated to a fully intercalated di- 
chalcogenide is about 0.4 eV which is simi- 
lar to that shown in Fig. 1. Thus the rela- 
tionship given by Eq. (3) and Fig. 1 is a 
reasonable approximation of the composi- 
tional variation of the electron chemical 
potential. The energy contribution to the 
alkali metal chemical potential, ,&A, is given 
by F d&dx, where F is Faraday’s con- 
stant . 

The fourth major contribution to the 
compositional variation of alkali-metal 
chemical potential arises from the energy 
required to expand the interlayer gap. Ar- 
mand (18) has calculated the compositional 
variation and magnitude of the interlayer 
expansion energy in intercalated graphite 
assuming that at small concentrations of 
intercalated species, the lattice expands 
locally. In Armand’s calculations, the par- 
tial molar enthalpy of expansion was as- 
sumed to be inversely proportional to the 
fraction of sites filled in the interlayer gap. 
In our model, the lattice expansion energy 
was calculated using Armand’s approach 
(18) and the measured c-axis expansion of 
the alkali-metal intercalated disulfides 
(3, II, 25, 26). 

Combination of the measured variation 
of the c-axis with composition and the 
variation of the interlayer force as a func- 
tion of separation permits calculation of the 
expansion contribution as B(dc/dx), where 
B is the interlayer force given by the Len- 
mud-Jones potential function as (18) 

B = [A (:)5 - (:)“I, (4) 

where 
k is the compressibility parallel to the c- 

axis ; 

c is the c-axis lattice parameter; 
and 

co is the c-axis lattice parameter for the 
unintercalated disulfide. 

The constants in the Lennard-Jones poten- 
tial function are obtained from the bound- 
ary conditions that the force at equilibrium 
spacing in the pure disulfide is zero and that 
the change in force with separation is given 
by the reciprocal of the compressibility. An 
increase in compressibility indicates that it 
is easier to expand or contract the inter- 
layer gap. The reported compressibilities of 
MO&, NbS2, HfS2, and NbSe, are 10-20 x 
lo-l3 cm2/dyne (27-30). Because the crystal 
stoichiometry was not characterized, some 
excess transition metal probably exists in 
the van der Waals gap, and the experimen- 
tal values of compressibility are probably 
too low. The compressibility of graphite, a 
similar layered structure with van der 
Waals bonding between layers, is 30 x 
lo-l3 cm2/dyne, which may be a more rea- 
sonable value for the disulfides (31). 

The contribution of the lattice expansion 
energy to the alkali metal chemical poten- 
tial is most significant at low compositions 
where the c-axis expands rapidly. The 
magnitude of the contribution is typically 
large enough to predict immiscibility or 
phase separation at low concentrations. Im- 
miscibility arises because the expansion 
energy per inserted atom is large at low 
compositions. At extremely low concentra- 
tions this energy term is offset by the en- 
tropy contribution. The entropy term in- 
creases rapidly and a composition range is 
reached in which the expansion energy 
term is no longer offset. In this composition 
range, our model predicts that the stable 
phases would be the extremely low concen- 
tration phase where the entropy contribu- 
tion is significant and a higher concentra- 
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tion phase in which the only significant 
contributions are the repulsive interaction 
energy (0) and compositional variation of 
the electron chemical potential. 

The concentration range in which phase 
separation would occur is controlled by the 
energy terms discussed previously. An in- 
crease in the force required to separate the 
layers and a decrease in the pairwise inter- 
action energy and electron chemical poten- 
tial variation causes an enlarged phase sep- 
aration range. Even if a nonrigid layer is 
considered in calculating the lattice expan- 
sion energy term, a two-phase region is 
expected for all but the smallest interlayer 
forces (B). For sufficiently large interlayer 
forces (B) and small interaction energies 
(w), multiple stage compounds can exist 
(3). In a multiple state compound, atoms 
are not intercalated into every interlayer 
gap. For example in a Stage II compound, 
atoms are intercalated into every other in- 
terlayer gap as contrasted to a Stage I 
compound, where atoms are intercalated 
into every interlayer gap. The energy re- 
quired to expand an interlayer gap makes it 
energetically favorable to intercalate atoms 
into only a few gaps. Conversely, the con- 
tribution of the entropy and interaction 
energy terms is minimized when inserted 
atoms occupy many interlayer gaps. The 
location of any two-phase regions caused 
by an immiscibility or formation of multi- 
stage compounds at lower compositions (x 
< 0.3) is very sensitive to the magnitude of 
the interlayer force and the method by 
which the lattice expansion energy is calcu- 
lated. 

When the lattice expansion contribution 
and electron chemical potential variation 
are considered, Eq. (2) can be rewritten as 

pA = RTln (e/l - @) 

+ .mJe + R&) - /-a 

+ B(dc/dx) + const. (5) 

The relationship given by Eq. (5) cannot be 

applied to the intercalated dichalcogenides 
until the relationship between the fraction 
of available sites (8) and the composition 
(x) is known. Two different types of inter- 
layer stacking have been reported (3); hex- 
agonal close-packed and hexagonal. In the 
hexagonal close-packed stacking, trigonal 
antiprismatic (TAP) sites and tetrahedral 
sites exist. The occupation of the tetrahe- 
dral sites by intercalated atoms is unlikely 
from size considerations (3). For example, 
in the fully expanded lattice of Na,TaS,, 
the maximum radius of an atom that can fit 
in the tetrahedral site is 0.8 A, while the 
ionic radius of sodium if 0.95 A. The occu- 
pation of a tetrahedral site is thus energeti- 
cally unfavorable and is assumed to be nil. 
Neutron diffraction studies of Li,Ti& have 
shown that lithium occupies only the TAP 
sites (3). Therefore in this hexagonal close- 
packed stacking, x = 0, with z = 6 because 
there is one octahedral site per MS,. In the 
hexagonal stacking, the alkali metal atoms 
reside in sites with a trigonal prismatic (TP) 
coordination of sulfur atoms. There are two 
TP sites per dichalcogenide atom but neigh- 
boring sites cannot be occupied simulta- 
neously because of size considerations 
and the prohibitive interaction energy that 
would result. For this case, every occupied 
site excludes the three nearest neighbor 
sites from being occupied. The number of 
sites that can be occupied per dichalco- 
genide molecule, NA , is the number of sites 
per dichalcogenide in the TP coordination, 
2, decreased by the number of excluded 
sites, 3x, with higher-order terms consider- 
ing multiple counts and is given by Eq. (6) 

N =2-3x+3X2-X3 A 
NA Iv2,' 

(6) 

The value of 8 is given by x divided by NA . 
Calculations using Eq. (6) indicate that x is 
essentially equal to 8; indeed the difference 
between x and 8 is never greater than 0.07. 
Therefore the relationship given by Eq. (5) 
will be simply applied with x = 8. 
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In summary, the compositional variation 
of the chemical potential of a species inter- 
calated into the transition metal dichalco- 
genides depends on four major factors. The 
contribution of each factor is illustrated 
schematically in Fig. 2 by showing the 
change in the chemical-potential-com- 
position curve as each energy term is 
considered. The chemical potential axis in 
Fig, 2 only expresses the relative change in 
chemical potential due to the various fac- 
tors considered above; the value of the 
constant in Eq. (5) is not considered. In 
subsequent figures where experimental de- 
terminations of the alkali-metal chemical 
potential are available, actual values are 
used. The first contribution is the entropy 
of filling vacant sites in the interlayer gap. 
This factor is most significant at the compo- 
sition extremes, where the logarithm term 
expressing the entropy tends to ?a as seen 
in curve (a) of Fig. 2. Secondly, the chemi- 
cal potential is affected by the variation of 
the electron chemical potential as electrons 
are donated to the electron bands of the 
dichalcogenides. Using either a rigid band 
approximation (Fig. 1) or nonhomogeneous 
electron gas theory, the electron chemical 
potential is found to be a nearly linear 
function of composition. Curve (b) in Fig. 2 
shows the added effect of the compositional 
variation of puF given in Fig. 1 to the 
configurational entropy. The variation of 
the electron chemical potential with com- 
position is found in curve (b) to increase the 
average slope of the chemical potential 
curve, with the high curvature of the pF vs 
composition curve for x > 0.8 being mini- 
mal compared to the entropy contribution 
curvature. The third factor is due to the 
mutual repulsion of intercalated atoms 
within the gap. The contribution is propor- 
tional to the fraction of sites filled for a 
random occupation, or when there is a low 
interaction energy. At higher interaction 
energies larger slopes are observed as 
shown by curves (c) and (d) (solid lines) in 

B=XinAXMS2 

FIG. 2. Predicted compositional variation of alkali 
metal chemical potential using Eq. (6): (a) zo = 0, 
d&dx = 0; (b) zo = 0, d&dx given in Fig. 1; (c) 
zo = 50 kJ/mole, dpF/dx given in Fig. 1; dashed line: 
k = 30 x 10-s cm*/dyne; dotted line: k = 10 x 10P3 

cm*/dyne; (d) zw = 100 Id/mole, d&dx is given in 
Fig. 1. 

Fig. 2 for zo = 50 and 100 kJ/mole, respec- 
tively. An increase in the repulstve interac- 
tion between intercalated atoms increases 
the average slope of the chemical potential 
curve. 

Finally at low concentrations, the energy 
required to separate the dichalcogenide 
layers can be a significant contribution to 
the alkali metal chemical potential. The 
lattice expansion contribution has a very 
pronounced effect on the chemical potential 
curve at low compositions where the inter- 
calated disulfide lattice exhibits the largest 
compositional variation of thee-axis. Includ- 
ing the affect of the interlayer gap expan- 
sion energy in the theoretical chemical po- 
tential curves is seen in Fig. 2 to cause an 
increase in chemical potential for values x 
< 0.3. In fact for the broken lines in Fig. 2, 
a local minima and a maxima are created in 
the chemical potential curve, identifying a 
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concentration range of immiscibility. In ad- 
dition, the lattice expansion energy can 
play a major role in determining the two- 
phase compositional ranges between differ- 
ent stage compounds. Although the shape 
of this contribution of the lattice expansion 
energy can be calculated if the variation of 
the c-axis with composition is known, the 
magnitude can only be estimated by assum- 
ing a value for the compressibility of the 
dichalcogenide. Figure 2 shows the affect of 
this contribution for compressibilities of 30 
x lo-l3 cm2/dyne (dashed line) and 10 X 
lop3 cm2/dyne (dotted line) on curve (c) for 
zo = 50 kJ/mole, using the variation of 
c-axis for Na,Ta& (26) and Eq. (5) for the 
interlayer force, B . 

Application of Model to 
Sodium-Intercalated Disulfides 

Experimentally, the chemical potential 
can be conveniently measured by electro- 
chemical techniques. The conversion of the 
chemical potential measured in kilojoules 
per mole to volts is classically stated by the 
Nernst equation. For the alkali metals, the 
value of n is one and the proportionality 
between the two units is simply Faraday’s 
constant, 96,473 J/mole/volt. In the follow- 
ing discussion, alkali-metal chemical poten- 
tials will be stated in kilojoules per mole 
and figures are plotted with the chemical 
potential becoming less negative from top 
to bottom. 

At compositions where there is negligible 
expansion of the c-axis, the slope of the 
alkali-metal chemical potential curve given 
by Eq. (5) is essentially determined by the 
value of alkali-alkali-metal interaction en- 
ergy (w) and the variation of electron chem- 
ical potential, since the entropy is a very 
minor contribution. An empirical value of o 
is determined by measuring the slope of the 
line and subtracting the compositional vari- 
ation of electron chemical potential, d&dx 
to yield zw. An independent determination 

of o and &,/dx using Eq. (5) is not possi- 
ble. An error of 19.3 kJ (0.2 eV) in the 
magnitude of the pF variation will result in 
an error of 3.3 kJ/mole in the value of w. 
The locations of possible two-phase regions 
are determined by considering the effect of 
the lattice expansion energy. The lattice 
expansion contribution is determined from 
Eq. (4) and is independent of the valves for 
w and d&dx. 

The compositional variation of the so- 
dium chemical potential in Na,TaS, (13) is 
shown in Fig. 3. Using the variation of /-+ 
given by Fig. 1, the slope of the chemical 
potential curve, and Eq. (.5), a value of the 
interaction energy (0) equal to 20.5 
kJ/mole is obtained for z = 6. A small 
chemical potential plateau is drawn for x < 
0.1 and indicates a possible immiscibility 

I” ” II ‘1 ‘I 
t 1 

X (NaX TaS>) 

FIG. 3. Compositional variation of sodium chemical 
potential of Na,TaS, at 300 K (13). Solid line is the 
model curve (Eq. (5) when w = 20.5 kJ/mole and 
k = 30 x IO-l3 cm*/dyne). Dotted line represents the 
metastable chemical potential curve. 
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when considering the effects of lattice ex- 
pansion energies. The increase in chemical 
potential (decrease in voltage) shown by 
the dashed line in Fig. 3 for kc = 30 x 1013 
cm2/dyne leads to an instability and thus an 
immiscibility. 

Another interpretation of the measured 
sodium chemical potential of Na,TaS, in- 
volves a voltage plateau for 0.3 < x < 0.42. 
Previously (13) it was concluded that the 
plateau was only an artifact of the experi- 
mental scatter because the measured volt- 
ages in this composition region were within 
the least-squares uncertainty limits of the 
straight line shown in Fig. 3. Application of 
the thermodynamic model to this second 
interpretation yields the curves shown in 
Fig. 4. The first plateau for x < 0.05 reflects 
the predicted immiscibility in the first com- 

-x1 

fir.48 
(%) 

-10 

c 9 
F 

0 
t 

1 

O- 

I I 1 I ’ I ’ 

Nax TaS2 

T = 300-K 

0.2 0.4 0.6 

X INa, TaS21 

0.6 1.0 

FIG. 4. Thermodynamic model curves for Na,TaS, 
at 300 K (13): (---) assuming a Stage I compound; o 
= 24.3 Id/mole and k = 30 x 10-15 cm%/dyne; (-.-) 
assuming a Stage II compound; o = 35.6 Id/mole and 
k = 30 x IO-l5 cm2/dyne. 

pound. The first compound would be stable 
until x = 0.30. For the composition range 
0.3 < x < 0.42, a second phase of the 
composition Na,,,,TaS, would coexist with 
the first phase of the composition 
Na,,.,TaS,. For compositions above x = 
0.42 only the second compound, 
Nh.,,TaS,, would exist. When two phases 
can exist in the same composition range, 
equilibrium does not simply occur when 
one chemical potential curve crosses an- 
other in a plot of PA vs x. The equilibrium 
composition is derived in the Appendix and 
is defined by Eq. (7) 

I 4 (k’ - X’)d/.L = 0, (7) 

where 

x’ is the composition of phase 1 as a 
function of chemical potential; 

x” is the composition of phase 2 as a 
function of chemical potential; 

pu, is the equilibrium chemical potential. 

Graphically, Eq. (7) requires the two 
shaded areas shown in Fig. 5 to be equal. 
The calculated interaction energies from 
application of the model to the two-phase 
interpretation of Na,TaS, are 35.6 and 24.3 
kJ/mole for the first and second com- 
pounds, respectively. Values of the interac- 
tion energies calculated for both the one 
phase and a two-phase interpretation in- 
volving a Stage I and Stage II phase of 
Na,TaS, are given in Table I. The experi- 

” 1 

0.0 0.2 0.4 0.6 1.0 

0 

FIG. 5. Graphic determination of two-phase equilib- 
ria between intercalated dichalcogenide phases. 
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TABLE I 

CALCULATED ALKALI-ALKALI-METAL INTERACTION 
ENERGIES (O)FOR SODIUM- AND 

LITHIUM-INTERCALATEDDISULFIDES 

Compound 

Na,TaS,” 

Na,TaS,’ 

Na,TiS* 

Li,TaS, 

Li,TiS, 

Li,VS, 

Composition 
range 

(Stage) 

0.10 <x < 1.0 
0.05 < x < 0.3 

a) 
0.42 < X < 1.0 

(1) 

0.10 < x i 0.20 
m 

0.35 < x < 0.60 
(1) 

0.7o<x< 1.0 
(1) 

0.0 <x< 1.0 
(1) 

0.0 <x < 1.0 
(1) 

0.0 <x < 1.0 
(1) 

Alkali-alkali-metal 
interaction energy; 

(WI W/mole) 

20.P 

35.6 

24.3 

10.9 

22.6 

11.7 2 6 

17.2 

2.9 

-0.0 

a Interpretation with no Stage II compound for- 
mation. 

* Uncertainty is +4 kJ/mole for all numbers in this 
column except where indicated. 

c Interpretation with a Stage II compound for- 
mation. 

mentally measured sodium chemical poten- 
tials in Na,TaS, exhibit too much scatter to 
differentiate between the two interpreta- 
tions, and the physical differentiation of 
two phases has not been observed. 

The proposed two phases could be a 
Stage II compound at low compositions and 
a Stage I compound at high compositions, 
as illustrated by the theoretical curves 
shown in Fig. 4. A second interpretation 
could be that the two-phase region 0.3 < x 
< 0.42 separates a phase with a TP coordi- 
nation of alkali metal (x < 0.3) from a phase 
with a TAP coordination of alkali metal (x 
> 0.42). This second interpretation is con- 

sistent with a correlation proposed by 
Rouxel (32). 

Application of the thermodynamic model 
to the measured sodium chemical potentials 
of Na,TiS, is more complicated because of 
the reported chemical potential plateaus 
and structural observation of different 
phases (8, 13, 20, 24). Only the electro- 
chemical data of Nagelberg and Won-e11 
(13) has been used for reasons stated previ- 
ously ( 13). Three distinct single-phase re- 
gions have been found by several authors 
(8, 13, 24) but values for their composi- 
tional ranges are in disagreement. Rouxel ef 
al. (24) and Silbernagel and Whittingham 
(8) used crystallographic measurements to 
determine the phase boundaries, while Na- 
gelberg and Worrell (13) extracted phase 
boundaries from their measured composi- 
tional variation of the sodium chemical 
potential. As with Na,TaS,, the contribu- 
tion of the lattice expansion energy at con- 
centrations above x = 0.4 is small. In the 
upper compositional range observed by Na- 
gelberg and Worrell, 0.70 5 x 5 1.0, the 
sodium chemical potential is conveniently 
expressed as a linear function of composi- 
tion with a slope of 109 kJ/mole. Using the 
expression for the compositional variation 
of electron chemical potential given by Eq. 
(3), the pairwise interaction energy is found 
to be 10.9 & 4 kJ/mole. A second single- 
phase region was observed for composi- 
tions 0.35 5 x s 0.60, with a linear compo- 
sitional dependence and a pairwise interac- 
tion energy of 22.5 2 4 kJ/mole. The third 
observed single-phase region observed by 
Nagelberg and Won-e11 was in the composi- 
tional range 0.10 5 x < 0.23, where the 
lattice expansion energy must be consid- 
ered, For a compressibility of 30 x lo-l3 
cmVdyne, the calculated pairwise interac- 
tion energy is 11.7 + 6 kJ/mole using Eq. 
(5). 

The best fit to the experimental data is 
shown by the three theoretical sodium 
chemical potential curves in Fig. 6 which 
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FIG. 6. Thermodynamic model curves for Na,Ti& 
at 300 K (13): (---) assuming Stage I and TAP, o = 
11.7 Id/mole and k = 30 x lo+ cm2/dyne; (-.-) 
assuming Stage I and TP, o = 22.6 Id/mole and k = 30 
x lo-l3 cm*/dyne (. . . . .) assuming Stage II and 
TAP, o = 10.9 Id/mole and k = 30 x lo-l3 cm*/dyne. 

are calculated by using the pairwise interac- 
tion energies given previously and com- 
pressibilities of 30 x lo-l3 cmYdyne and 20 
x lo-l3 cmYdyne for TAP and TP sodium 
coordinations, respectively. A smaller 
compressibility for the trigonal prismatic 
coordination is reasonable since the sul- 
fur atoms sit one on top of another. The 
two-phase chemical potential plateaus were 
determined by the equal areas criteria 
as given by Eq. (7). The chemical po- 
tential axis intercept of the linear portion 
of the curve is larger with sodium in a 
trigonal prismatic coordination (0.35 5 x B 
0.60) indicating a larger interaction between 
an inserted sodium atom and the TiS, 
layers. The limited compositional range of 
existence for the TP phase is due to the 
larger pairwise interaction energy and small 

compressibility. The interaction energies 
calculated for Na,TiSz are summarized in 
Table I. 

The similarity of the calculated repulsive 
interaction energies suggests that the so- 
dium atoms in the low (0.05 < x < 0.20) and 
high (0.70 < x < 1 .O) composition phases of 
Na,Ti& reside in similar environments. 
Rouxel et al. (24) determined sodium coor- 
dination in their Stage I compounds (0.38 < 
x < 0.67 and 0.79 < x < 1.0) to be trigonal 
prismatic and trigonal antiprismatic, re- 
spectively, but were unable to determine 
the sodium coordination in their Stage II 
compounds (0.17 < x < 0.33). In the ionic- 
ity diagrams proposed by Rouxel (32), the 
low composition phase lies in a stability 
phase region for a trigonal antiprismatic 
coordination, the same as the high-concen- 
tration phase. Nuclear magnetic resonance 
measurements also imply that the low- and 
high-concentration phases have similar co- 
ordinations for the sodium atom (8). 

Application of the Model to the 
Lithium-Intercalated Disullides 

The compositional variations of lithium 
chemical potential for Li,Ti& (I I), Li, 
TaS, (12), and LiZVSB (14) have been mea- 
sured. The results indicate a nearly linear 
increase of lithium chemical potential as the 
lithium content is increased. Application of 
the thermodynamic model yields the values 
for the lithium-lithium interaction energies 
given in Table I. The calculations assume 
the compositional variation of electron 
chemical potential shown in Fig. 1 and a 
compressibility of 30 x lo-l3 cmYdyne.The 
broken curves shown in Figs. 7 and 8 
indicate that the lattice expansion energy 
contribution is negligible, presumably be- 
cause of the smaller c-axis expansion of the 
lithium intercalated compounds (3). For 
example, in Fig. 7 for Li,TaS,, the calcu- 
lated Stage II and Stage I lithium chemical 
potential curves almost coincide, with the 
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FIG. 7. Thermodynamic model curve for Li,Ta& 
(12). Broken lines (-. -) represent curves generated by 
the model assuming Stage I; (---) assuming Stage II 
(for both, k = 30 x lo-l3 cm2/dyne and o = 17.2 
kJ /mole). 

chemical potential difference being less 
than 0.5 kJ/mole. The small chemical po- 
tential difference implies that small extrin- 
sic factors such as purity could easily cause 
a change from a Stage I compound to a 
Stage II compound. 

The lithium chemical potential measured 
for Li,TiS, by Whittingham (1 I) is nearly 
linear and can be easily fitted by the model 
with a lithium-lithium interaction energy of 
2.9 kJ/mole as can be seen in Fig. 8. 
Thompson (31) has investigated in detail 
the lithium chemical potential composition 
relationships for Li,Ti& by “Electrochem- 

FIG. 8. Thermodynamic model curve for Li,TiS, 
(I I). Dashed line represents curve generated by model 
assuming Stage II compound with k = 30 x lo-i3 
cm2/dyne and o = 2.9 kJ/mole. 

ical Potential Spectroscopy.” The compo- 
sitional variation of Ax/A/..tsLi is found to 
exhibit several maxima which were associ- 
ated with ordering of the intercalated lith- 
ium in the two-dimensional interlayer gap. 
The observed sharp maxima could also be 
explained by Eq. (5). The existence of very 
narrow two-phase fields would be predicted 
for the Stage II to Stage I transition. 

Application of the model to L&V& (14) 
produces an interesting result. The ob- 
served variation of the lithium chemical 
potential (pLi = 245.11 - 38.6x kJ/mole) 
indicates a pairwise interaction energy of 
zero, when the variation of pF is given in 
Fig. 2. For the extreme case of no variation 
of the electron chemical potential with 
composition (kF = constant), the pairwise 
interaction energy would be -8.0 kJ/mole. 
In reality neither of the extreme cases (w = 
0 or dp,/dx = 0) probably exist. 

Significance of the Calculated Repulsive 
Interaction Energies 

The repulsive interaction between inter- 
calated atoms can be estimated by the 
electrostatic repulsion of charged positive 
point charges, since the intercalated alkali 
metal atoms are almost completely ionized 
(7-10). Nearest neighbor intercalated 
atoms are separated by a distance equal to 
the u-axis lattice parameter (3-4 A). At this 
distance the interaction energy between 
two positive charges would be, for exam- 
ple, 414 kJ/mole (4.3 eV) in TaS, interca- 
lated compounds. This value is 12-20 times 
larger than the values tabulated in Table I. 
However, a reduction in the predicted in- 
teraction energy occurs when the disulfide 
electrons screen the positive ions from each 
other. The simple application of the 
Thomas-Fermi approximation (33) gives 
the screened interaction energy (E,) as 

E, = 414@‘(kJ), (8) 

where A2 = 4(no)1’2/a0; r is the separation 
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distance assumed to be the u-axis lattice 
parameter, n, is the uniform electron den- 
sity between charges, and a, is the Bohr 
radius. A list of the electron densities in 
TaS, needed to obtain various interaction 
energies is given in Table II. Reasonable 
values of the electron density (-- IV0 to 
-lo*‘) are required in the interlayer gap to 
obtain the calculated values (17-35 
Id/mole) of the repulsive interaction ener- 
gies for intercalated TaS, shown in Table I. 
Thus our calculated values are consistent 
with the assumption that the major factor 
establishing the interaction energies is a 
screened point charge. 

An increased interaction energy is ex- 
pected when a disulfide is intercalated with 
sodium instead of lithium, because sodium 
separates the disulfide layers significantly 
further than lithium and thus decreases the 
electron density between inserted atoms. A 
similar effect is expected when the interca- 
lated atom coordination changes from the 
densely packed TAP coordination to the 
more separated TP coordination. The cal- 
culated values for o tabulated in Table I are 
in accord with these two expectations. 

Conclusions 

A thermodynamic model has been for- 
mulated to describe the observed composi- 
tional variation of alkali metal chemical po- 
tential in lithium and sodium intercalated 
disulfides. The important factors in deter- 
mining the compositional variation of alkali 
metal chemical potential are the variation 
of electron chemical potential &), the in- 
teraction energy (w) between intercalated 
atoms, the lattice expansion energy 
(B(dc/dx)) and the configurational entropy 
of filling vacant sites. In moderate composi- 
tional ranges the first two factors deter- 
mined the observed chemical potential 
curves. However, the latter two factors 
determine the relative stability of Stage I 
and II compounds and therefore influence 

TABLE II 

CALCULATED COULOMBIC INTERACTION ENERGIES 
(EJ 

(electrtZs/cnP) 

5.7 x 1P 
8.3 x 1022 
4.0 x 1022 
2.5 x 1022 
1.3 x lop 
4.7 x 102’ 
2.4 x 10zl 
1.4 x 102’ 
5.6 x 10zo 
2.0 x 1020 

Electrons/TaS, 4 
in Na,.,,Ta$. w 

39.9 0.0% 
5.8 0.96 
2.8 1.93 
1.75 2.89 
0.91 4.82 
0.329 9.64 
0.168 14.46 
0.098 19.28 
0.039 28.92 
0.014 44.93 

the location and size of two-phase regions. 
For example, the model predicts very simi- 
lar lithium chemical potentials for both the 
Stage I and Stage II compounds when x < 
0.4, since the lattice expansion enthalpy is 
very small. 

Calculated values of the repulsive inter- 
action energies (w) tabulated in Table I 
were obtained using the compositional vari- 
ation of electron chemical potential shown 
in Fig. 2. The repulsive interaction energy 
between intercalated atoms is greater for 
sodium atoms than for lithium atoms and is 
greater in tantalum disulfide than in tita- 
nium disulfide. Application of the thermo- 
dynamic model to Na,TiS, indicates that 
repulsive interaction energies are greater 
for intercalated atoms in a trigonal pris- 
matic (TP) coordination than in a trigonal 
antiprismatic (TAP) coordination. 

Appendix: Derivation of Equilibria Criteria 
for Pseudo Binaries 

When viewing a free-energy diagram, a 
pseudo-binary equilibrium between two 
phases occurs when the tangents to the 
free-energy curves lie on the same line. 
This condition is met when the chemical 
potentials of both constituents are equal in 
the two phases and the derivative of the 



free-energy functions of the phases are 
equal. These two conditions are mathemati- 
cally given by where Gmix is the free energy of mixing per 
PA1 = PA2 = PA, A,B. 

l-4 = PB2 = PB, (AlI Conversion to a free energy of mixing per 

(A3 gram-atom simply requires dividing by (1 + 
,\ 
Al* 

where Equation (A2) can thus be rewritten us- 
Gi is the molar free energy of mixing for ing Eq. (A3) as 
phase i, and 

XAi is the mole fraction of A in phase i. 
dj [ j;’ PA&]/(1 + x"j2] 

When the composition of the binary phases 
dx/( 1 + x”)~ 

are represented as a interstitial compound, 
i.e., Aa, the requirements given by Eqs. = 

d( [ j;' P,&]/(l + x’)‘} 
dx/(l + x’)2 (A4) 

(Al) and (A2) can be rewritten. Nagelberg 
and Worrell (13) showed that for the com- where ,V = xAI and X’ = xA2. Rearranging 
pound A$, and differentiating 

(1 
( I + x")2 

+ x”) ruAldX - jo~"pAldX 1 = (1 + x1)2 ( 1 + X') /-4&X - jf ' /-hdX 
(1 + x”)2dx (1 + x’)2dx 1 . (AS) 
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