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Lithium and sodium intercalation in TiS; have been studied by transmission electron microscopy using
lattice imaging and diffraction contrast techniques. Na,TiS, samples (0 = x =< 0.6) from Na/Nal in
propylene carbonate/TiS, batteries were found to contain a complex variety of phases inhomogeneous
on a fine scale. Observations showed variable staging and a 2H phase not previously reported for this
system at ambient temperatures. Observations on both Na,TiS, and chemically prepared Li,TiS,
showed highly dislocated structures. A model is proposed whereby dislocations are introduced to
accommodate misfit strains caused by nonuniform intercalation and, in the case of Na, TiS,, to initiate
phase transformations, leading to potentially irreversible structural changes in cycled material.

Introduction

The ability of layered transition metal di-
chalogenides to act as hosts for the interca-
lation of alkali ions and also as good ionic
and electronic conductors has led to their
investigation as possible electrode materi-
als for advanced battery systems. The
chemistry of intercalation and the broad
phase changes which occur over battery
charge/discharge cycles have been widely
studied (e.g., for a review see Whittingham
(1)). However, although it is recognized
that microstructural features such as mix-
tures of phases and compositional varia-
tions in the host electrode material influ-
ence battery characteristics, e.g., open cell
voltage, transport phenomena, and proba-
bly affect long-term stability, the mecha-
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nisms of intercalation and structural change
are not well understood.

In this paper transmission electron mi-
croscopy is used to investigate the mecha-
nism of lithium and sodium intercalation in
TiS,. Specimens of Li TiS, (x ~ 0.5) were
prepared chemically using a-butyllithium
and samples of Na,TiS; (0 < x < 0.6) were
prepared in Na/Nal in propylene carbonate/
TiS, battery cells. It is shown that intercala-
tion in both lithium and sodium cases led to
a highly dislocated TiS, host structure. In
the sodium case, there was also an inho-
mogeneous and complex mixture of phases
typically formed. The mechanisms of inter-
calation and structural change are dis-
cussed and a model for the effect of micro-
structural inhomogeneities on the behavior
of TiS, during cycling is considered.

Structures of TiS,;, Li,TiS;, Na,TiS,

TiS; is trigonal, symmetry P3ml, with a
=3.408 A and ¢ = 5.691 A. The structure is
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FiG. 1. Known structures for TiS,, M, TiS, (M = Li,
Na) projected on to the (1120) plane (see text).

composed of close-packed layers of sulphur
or titanium atoms stacked along the ¢ axis
in the sequence AbCAbC using standard
notation where capital and small letters rep-
resent sulphur and titanium layers, respec-
tively. A projection of the structure on the
(1120) plane is illustrated in Fig. 1a.

Intercalation of Li and Na may take place
in the planes between the S—Ti—S blocks.
Intercalation may be accompanied by a va-
riety of structural changes including rela-
tive sliding of the S—Ti—S blocks of the host
lattice, intercalation of only a fraction of
the available van der Waals layers (stag-
ing), and ordering of the alkali ion sublat-
tice. In Li,TiS, (Fig. 1b) lithium ions fill
sites of trigonal antiprismatic (TAP) sym-
metry over the compositionrange 0 = x < 1
giving a stacking sequence Abc[b]Abclb]
where the {] refers to the intercalated spe-
cies. Li intercalation thus leaves the TiS,
host structure unchanged except for
changes in lattice parameter, notably an ex-
pansion of up to ~10% in the ¢ direction;
lattice parameters for LiTiS, are a = 3.455
A, ¢ = 6.195 A (2). Some tendency of the
lithium sublattice to order at particular
compositions was reported in 1978 by
Thompson (3). More recent work (4—6) has
considered this as evidence of staging.

In the case of Na,TiS, a variety of differ-
ent phases has been identified. Rouxel and
co-workers (7) reported a stage 2 com-
pound (i.e., Na* ions occupying alternate
layers) for 0.17 < x < 0.33. A stage 1 com-
pound was observed for 0.38 < x < 0.72
with Na™ ions filling sites of trigonal pris-

matic (TP) symmetry created by relative
sliding of the S—Ti-S blocks. The stacking
sequence for -the TP phase is AbCla]
CaBJ[c]BcA[b] (Fig. Ic). For0.79 =x<s1a
TAP phase was identified with stacking
AbCl[a]BcA[b]CaBJc] (Fig. 1d). Two-phase
regions were found for 0.33 < x < 0.38
and 0.72 < x < 0.79. Hibma (¢) has recently
reported the same phases but with different
phase limits, in particular a two-phase re-
gion for the stage 2 and TP phases in the
range 0.25 = x = 0.5. In addition a stage 3
phase was observed for x < 0.15. The rea-
sons for the discrepancies here between the
work of different authors have been dis-
cussed recently (8). The lattice expansion
along c¢ is appreciably greater for intercala-
tion of sodium compared with lithium, with
lattice parameters for NaTiS, given as a =
3.469 A, c =3 X 6.86 A (7).

Experimental Procedure

Studies were carried out using nominally
stoichiometric TiS, (Exxon Corp.) with a
grain size of up to ~10 um. Lithium-inter-
calated samples, Li TiS, (x ~ 0.5), were
prepared by direct reaction with n-butyl-
lithium in dry hexane. The mixture was al-
lowed to equilibrate overnight at room tem-
perature before the solid was filtered out,
washed in dry hexane and dried under vac-
uum. Sodium was intercalated in battery
cells with a pressed sodium anode, an elec-
trolyte comprising glass fiber filter paper
soaked in a saturated solution of Nal in pro-
pylene carbonate and a cathode of TiS,
powder pressed at 1500 1b/in.2 on to a steel
gauze. The three components were pressed
lightly together to form an electrical contact
as shown in Fig. 2. Battery assembly and
subsequent cycling was carried out under
dry conditions and at room temperature.
Cells were cycled to give Na,TiS, over the
composition range 0 < x < 0.6, the cycling
being carried out by an incremental voltage
stepping method (9) using a microprocessor
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F16. 2. Schematic illustration of Na/Nal in propyl-
ene carbonate/TiS, battery cells. The cell casing was
PTFE with electrical contact maintained by screw-
threaded stainless steel plugs.

control system. Cycling was at a rate typi-
cally <1 cycle/day. Cells were left to equili-
brate for -1 day or longer before Na,TiS,

samples were removed, washed in dry pro-
pylene carbonate, and stored under dry
conditions.

Specimens were prepared for electron
microscopy by crushing as-supplied and in-
tercalated TiS, powders in a mortar and
pestle and dispersing the products in etha-
nol onto holey carbon films. Specimens
were examined at 200 kV in a JEOL 200CX
electron microscope operating with a C; ~
1.2 mm and a point-to-point resolution of
about 2.4 A. Observations were also carried
out at 100 kV in a JEOL 100B electron mi-
croscope. Care was taken to ensure that in
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FIG. 3. (1120) lattice image of TiS,.
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Fic. 4. Lattice image of Na,y,TiS, with (0001) planes edge-on showing 2- and 3-layer staging as

indicated.

the final stages of specimen preparation
performed outside the dry box, and upon
subsequent loading of specimens into the
electron microscope, exposure to the atmo-
sphere was kept to a minimum.

Electron Microscope Observations

Specimens of as-supplied and interca-
lated TiS, showed a high proportion, ~90-
95%, of crystal platelets with normal [0001]
nearly parallel to the electron beam. A few
crystals, =5% of the total, were found to be
cleaved in a plane perpendicular to (0001)
such that [0001] was nearly perpendicular
to the beam. Lattice imaging experiments
using the JEOL 200CX electron micro-
scope were performed on this latter type of
crystal. _

Figure 3 shows a (1120) lattice image of
as-supplied TiS,. The conduction planes
are viewed edge-on and run from left to
right. The resolution is insufficient to give a
direct correspondence between the image
and the projected unit cell structure (Fig.

1a). However, the rectangular projection of
the unit cell is a clear feature of the image.
Observations on intercalated crystals
showed wide structural variations both
grain to grain and within individual grains.
Figure 4 shows a crystal of Na,TiS, having,
nominally, x ~ 0.2. The lattice image, espe-
cially in the thicker regions of the crystal,
shows evidence of staging with an image
repeat every two or three layers in an irreg-
ular sequence as indicated. The image in-
terpretation, especially for the thicker
regions, is again not straightforward.
However, taking the stated magnification
(estimated accuracy ~5%) fringe spacings
are approximately 3 x 6.18 A and 2 x 6.38
A for the 3-layer and 2-layer regions, re-
spectively. This compares well with the
results of Hibma (4) who gives average
layer spacings for the stage 3 and stage 2
phases of 6.14 and 6.34 A, respectively.
Figure 5 shows a crystal of nominal com-
position NagsTiS,. In this case the (1120)
lattice image shows evidence of three dif-
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FIG. 5. (1120) lattice image of NagsTiS, showing different phases present (see text).

ferent phases. At A a small part of the crys-
tal shows a rectangular spot pattern as in
Fig. 3. However, in regions B and C the
spot pattern is skew. The lattice image in

region B is consistent with a rectangular
unit cell having a 3-layer repeat along ¢ and
may be one of the phases in Figs. 1c or d.
From the sense in which the spots are elon-
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F1G. 6. Selected area diffraction pattern suggesting a 2H phase in an Nay sTiS; sample ((110) section).

gated and by comparison with images com-
puted using a multislice approach (10) the
image was found to be consistent with the
TP phase in Fig. 1c. Taking the repeat dis-
tance perpendicular to ¢ as 2.96 A (corre-
i{)onding to a = 3.43 A), the ¢ spacing is 6.9

in reasonable agreement with known val-
ues for the TP phase (6.98 A, x = 0.55 (7)).
The image at C suggests a unit cell with a 2-
layer repeat. Confirmation that this repre-
sents a distinct phase is given by the se-
lected area diffraction pattern in Fig. 6. The
structure of this phase is uncertain; the

shearing of S-Ti—S blocks by a half unit
appears unlikely as the site coordination in
the conduction plane becomes asymmetri-
cal. A model where the stacking is altered
in the S-Ti-S blocks may produce a 2-layer
repeat. Such a transformation occurs in the
IT to 2H transition which some metal di-
chalcogenides exhibit (/). Recent work on
sodium intercalation in Na,N3*M,_.S,
compounds (M = Zr, Sn, N = Y, In, etc.)
(11-13) has shown the existence of a 2H
phase at compositions x intermediate to
those producing TP and TAP phases of the
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types in Figs. Ic and d. The stacking se-
quence in the 2H phase can be AbC[a]
CbA[b] or AbC[bJCbA[c] depending on the
ionicity of the host structure. There is evi-
dence for a 2H phase in chemically pre-
pared Na,TiS,, but only at elevated temper-
atures (I4). Further experiments are
required to elucidate the detailed cell struc-
ture here.

Figure 7 shows another crystal of nomi-
nal composition NaysTiS,. This crystal
shows a region A exhibiting staging with 2-
and 3-layer repeats. B shows an area with

the TP phase. The average ¢ spacings in
regions A and B are approximately 6.3 and
7.0 A, respectively, representing a misfit
close to 10%. The mismatch is partly ac-
commodated by a terminating conduction
plane at C representing a dislocation having
a component of Burgers vector along ¢. The
bending of the crystal and the original
transformation from the TAP phase may
both be described by dislocations with
Burgers vectors having components per-
pendicular to ¢. The situation is illustrated
schematically in Fig. 7. Within a single

Fi6.7.(1 120) lattice image of Nay sTiS, . In addition to the different phases present, e.g., at A and B,
there are dislocations accommodating mismatch strains, e.g., at C, as well as other dislocations
describing the bending of the crystal and possibly also phase transformations as illustrated schemati-
cally.
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FiG. 8. Lattice image of Li, TiS, (x ~ 0.5) with conduction planes running left to right.

phase dislocations must have a total Burg-
ers vector given by a lattice translation vec-
tor, e.g., b = } (1120) for basal plane dis-
locations. On the other hand, phase
transformations in Na,TiS, involve a
change in stacking sequence (see earlier)
and may be described by partial disloca-
tions of 3(1010) type. Diffraction contrast
studies show that both types are present in
Na,TiS, samples. Some examples of ‘in-
clined partial dislocations are revealed by a
close inspection of Fig. 7, although inter-
pretation is complicated by the fact that
these are unlikely to be viewed exactly end-
on.

Figure 8 shows a lattice image of Li,TiS,
for x ~ 0.5. In this case no discrete evi-
dence of phase transformations was ob-
served. However, the lithiated crystal
shows a high density of faults in the layer
stacking. One type of fault is seen at X. As
indicated by the arrows there is a platelet of
extra material viewed edge-on and an adja-

cent plane where a segment of material is
missing. The two defects constitute disloca-
tion loops whose components of Burgers
vectors along ¢ are opposite. Y shows a
gross fault in the layer stacking with an in-
clusion of material up to ~40 A thick.

The types of fault in Fig. 8 are readily
apparent in diffraction contrast. Figures 9
and 10 show LiysTiS, crystals viewed ap-
proximately along the ¢ axis. Figure 9
shows a thin crystal crossed by a bend con-
tour. In the regions where g and —g are
strongly excited crescents of contrast ap-
pear in pairs (arrowed). The characteristic
double peak contrast comprising each cres-
cent, most obvious at A, is associated with
dislocation loops and has maximum con-
trast along the g direction. The contrast is
consistent with loops having Burgers vec-
tor b along the diffraction plane normal,
i.e., along ¢. In this case g - b = 0 but dis-
placements of the diffracting planes still
occur with magnitude proportioned to



SODIUM AND LITHIUM INTERCALATION IN TiS, 15

"

Fi1G. 9. Bright field micrograph of a Li, TiS; (x ~ 0.5) crystal viewed approximately down the c axis.
Loops with g - b = 0 (i.e., b parallel to ¢) are visible in residual contrast close to the bend contour.
The crystal is thin enough such that the holes in the carbon support film are clearly visible.

g - (b X u) where u is the dislocation line
direction. The contrast is thus expected to
be a maximum for m perpendicular to g as
observed. The double peak contrast is char-
acteristic of this type of image (/5). The
dark field image in Fig. 10 shows a high

density of dislocation loops ~50-100 A
across. The contrast of features similar to X
may be understood as due to gross inclu-
sions as in Fig. 8 (¥). A tentative explana-
tion for the contrast along these lines is il-
lustrated in Fig. 11. This depicts a situation
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F1G. 10. Dark field micrograph in g = 1010 of an Li,TiS; (x ~ 0.5) crystal.
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FiG. 11. Tentative explanation for the contrast of
feature X in Fig. 10 (see text).

where a layer section of the TiS, crystal has
formed a blister on the crystal surface due
to a relatively large inclusion such that
equivalent lattice planes in the upper and
lower halves of the TiS, become displaced
(illustrated schematically). Under these
conditions  displacement fringes are
formed, although the spacing (<40 A exper-
imentally) will depend on a number of fac-
tors including the nature and thickness of
the inclusion and the bending as well as the
relative displacement of the diffracting
planes. The relatively strong diffraction
from the edge of the defect X may be ex-
plained by local bending of the diffracting
planes towards the Bragg position. How-
ever, whether defects such as X are a true
feature of intercalation or an artefact of
specimen preparation is, along with the na-
ture of the inclusions, uncertain at present.

Diffraction contrast experiments on Na-
intercalated samples also showed highly
dislocated crystals. The dislocation struc-
ture was considerably more complex than
observed in Li, TiS, due to the presence of
different phases. Experiments are continu-
ing to analyze the dislocation structure in
these samples.

Discussion

The observations on Na,TiS, show that
sodium intercalation is complex in our ex-
periments leading to a wide range of phases
distributed inhomogeneously on a fine
scale. The observations show variable stag-

ing at low levels of sodium intercalation (x
~ 0.2) and a mixture of phases requiring
transformations of the host lattice at higher
levels of intercalation (x ~ 0.5). The results
indicate a phase not previously reported for
Na,TiS, (Figs. 5, 6).

It is worth considering the effects of an
inhomogeneous distribution of phases and
of ¢ spacings on the host TiS, crystal. As
seen in Fig. 7 the effect of variable ¢ spac-
ings is that the TiS, host structure requires
dislocations with Burgers vectors having
components along ¢. Taking the component
of Burgers vector along ¢ as b, = |¢| varia-
tions in ¢ of up to 10% require a dislocation
spacing of 10]c| or 60 A. Phase transforma-
tions requiring relative shearing of the lay-
ers may be described by dislocations with
Burgers vectors perpendicular to .
Whether these phase transformations pro-
ceed by movement of such transformation
dislocations has not yet been determined.
However, recent experiments have demon-
strated that phase transformations can oc-
cur under the action of the electron beam.
Figure 12 shows an example where a TAP-
TP phase transformation has taken place.
The mechanism is as yet uncertain but may
involve changes in chemical composition as
observed in other fast ion conductors, for
example in S-alumina (16). Analysis of im-
ages such as Fig. 12 suggests that discrete
transformation dislocations as in Fig. 7 do
indeed migrate in phase transformations.

The result of the inhomogeneities in the
structure of Na,TiS, crystals is, therefore,
to generate a high dislocation density. As
dislocations move and interact we may sup-
pose that the introduction of dislocations is
not entirely reversible during cycling. This
is, of course, well known in phenomena
such as fatigue. The dislocation density
may thus tend to increase as the number of
cycles increases.

The observations of high densities of dis-
locations in the chemical intercalation of
Li,TiS, is particularly interesting. Although
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F1G. 12. (1120) lattice images of the same area of a Na,TiS, (x ~ 0.5) crystal photographed in
sequence (top = earlier image) showing a phase transformation under the action of a focused 200-kV
electron beam (JEOL 200CX microscope).
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no structural changes occur in the TiS, host
lattice the results imply (1) that strains arise
due to the formation of stable domains of
differing lithium content, or (2) that the high
rates of chemical intercalation result in
nonequilibrium concentration gradients.
Experiments to investigate domain forma-
tion and to examine the signification of in-
tercalation rate by carrying out more con-
trolled synthesis using Li/TiS, batteries are
in progress.
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