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calation of sodium and we present further details of the
characterization of the intercalate phases observed.The misfit layer sulfide of composition (PbS)1.18(TiS2)2 has

been studied as a host material for the intercalation of sodium.
The discharge curve profile using propylene carbonate (PC) as EXPERIMENTAL
the solvent of electrolyte showed that the intercalation process
is complex with the appearance of an extended plateau which (PbS)1.18(TiS2)2 was prepared by direct synthesis from
suggests the formation of a multiphase region. In fact, an inter- powdered elements as described elsewhere (2, 5). Powder
mediate phase of sodium content 0.2 mol per formula unit, X-ray diffraction patterns were obtained on a Siemens
with basal spacing of 29.9 Å, which exceeds by 12.4 Å the D500 diffractometer using CuKa radiation and a graphite
repeating unit PbS–TiS2–TiS2 , has been observed. This result

monochromator. Thermogravimetric analysis (TGA) wasis interpreted on the basis of solvent cointercalation. PC mole-
carried out in a Cahn 2000 electrobalance.cules are located at the interlayer region defined at the interface

Chemical sodium intercalation was done by stirring theTiS2–TiS2 . The increase in the sodium content promotes the
solid in 0.125 M sodium naftalide solution in tetrahydrofu-release of PC molecules out of the layers. The interlayer expan-
ran (THF) in a dry box (M. Braun) under an Ar atmo-sion of the new phase formed is similar to that observed upon
sphere. Electrochemical measurements were performed inintercalation with sodium naftalide and is consistent with the
Na/NaClO4–PC/sulfide cells assembled and dischargedlocation of sodium ions in the interstitial sites defined by two

consecutive sulfur slabs. Under room conditions this phase under argon atmosphere. Intermediate products were pre-
absorbs water. The final expansion of ca. 6 Å is consistent with pared to observe structural changes due to sodium inser-
a bilayer hydration process.  1996 Academic Press, Inc. tion into the host lattice by halting the electrochemical

experiments at different depths of discharge. Galvanostat
Intermittent Titration Technique (GITT) was used to ob-

INTRODUCTION tain the quasi-equilibrium curve. For this purpose, the cell
was discharged in steps x 5 0.05 at 20 eA ? cm22 with a

In the last few years, a family of compounds with nonstoi- relaxation condition of 0.5 mV ? h21. Step potential electro-
chiometric composition (MS)11x(TS2)2 (M 5 Pb, Sn, Bi, chemical spectroscopy (SPES) measurements were used
Ln; T 5 Ti, Nb, Ta) has been synthesized. Until now, for evaluating the reversibility of the system. An initial
X-ray single crystal structures have been determined for relaxation of the cells was allowed until a ratio DV/Dt # 2
(PbS)1.12(NbS2)2 (1) and (PbS)1.18(TiS2)2 (2). These systems mV ? h21 was reached. Spectra were recorded with constant
consist of two successive TS2 slabs alternating with an MS voltage steps of 10 mV ? h21. All the electrochemical mea-
double layer. For a more detailed description of the struc- surements were monitored by a multichannel microproces-
tures and transport properties of these compounds, the sor control system McPile.
reader is referred to an excellent review by Wiegers and
Meerschaut (3). Since typical van der Waals gaps separate RESULTS AND DISCUSSION
two adjacent TS2 slabs, one subject of particular interest
in these systems is the study of their intercalation proper- The ternary misfit compound of nominal composition
ties that may affect their electronic properties. (PbS)1.18(TiS2)2 was obtained as microcrystalline powder

Recently, lithium was intercalated into some of these with a metallic luster. The semiquantitative atomic per-
systems (4–7), either chemically or electrochemically. The centages of Pb (12.5), Ti (23.0), and S (64.6) determined by
results obtained from the electrochemical intercalation of energy dispersive X-ray analysis in the platelike particles
lithium into (PbS)1.18(TiS2)2 showed that this compound agree fairly well with the above mentioned stoichiometry.
can form distinct Lix(PbS)1.18(TiS2)2 phases (7). In this The structure, determined from single crystal X-ray dif-

fraction data (2), consists of two consecutive blocks of TiS2work, we extend this investigation to the study of the inter-
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different constant plateaus corresponding to two phase
regions have been reported over the composition range
0 , x # 1 (9, 10). Nevertheless, the cell potential and the
nature of the phenomenon are quite different as will be
described below.

Qualitatively, the discharge curve of the (PbS)1.18TiS2

phase, whose structure consists of alternately stacked PbS
double layers and TiS2 sandwiches (3), shows significant
differences with respect to that of the (PbS)1.18(TiS2)2 phase
(Fig. 2). The sharp voltage decrease down 1.0 V in the first
discharge region just above a sodium content of 0.1 per
formula is indicative of a much lower cell discharge capac-
ity. This implies that sodium intercalation is inhibited in
this phase, probably because of the stronger interlayer
interactions that affect PbS and TiS2 slabs, instead of the
presence of a true van der Waals gap between two consecu-
tive TiS2 slabs, which are present in the bilayer compound
(PbS)1.18(TiS2)2 . The PbS substructure consists of a double
layer of NaCl type with Pb and S lying in parallel planes
but with the metal atoms protruding from the sulfur plane.
In fact, a significant covalent interaction of M atoms with
sulfur atoms of TS2 has been proposed to explain the stabil-
ity of these compounds (11). This feature is probably re-
sponsible for the limited intercalation properties of
(PbS)1.18TiS2 that only intercalates lithium to a small extent
(5). However, the larger size of Na ions apparently inhib-
its intercalation.

FIG. 1. X-ray powder diffraction data of pristine, electrochemically
To throw light on the structural changes in the hostsodium intercalated products at different depths of discharge and bilayer

caused by the intercalation process and to correlate themhydrated phase of (PbS)1.18(TiS2)2 .
with the electrochemical behavior, several X-ray powder
diffraction patterns were recorded over the 0 , x , 1
composition range. Figure 1 shows the most relevant pat-separated by PbS double layers which are stacked along

the c axis. The powder XRD pattern of the pristine sulfide terns for describing the system with accuracy. When so-
dium is intercalated up to x 5 0.2 new considerably smalleris shown in Fig. 1. Due to the preferred orientation of the

particles associated with the use of a powder diffracto- peaks appear alongside the reflections of the original
meter, only a group of 00l reflections can be clearly seen.
The periodic length obtained, 17.45(1) Å, is in good
agreement with the c dimension determined in Ref. (2).

The electron diffraction pattern of pristine
(PbS)1.18(TiS2)2 obtained by allowing the electron beam to
incide perpendicularly to the layers was characteristic of
TiS2 and PbS sublattices intergrowth, as reported else-
where (8). Also, the reciprocal cells had unequal a* axes,
which is an indirect evidence that the two subsystems are
mutually incommensurate.

A typical galvanostatic intermittent titration curve for
Nax(PbS)1.18(TiS2)2 is shown in Fig. 2. Data were obtained
at room temperature. Two plateaus are observed at about
2.20 and 1.55 V. These constant voltage regions are located
in the composition ranges 0.18 , x , 0.3 and x . 0.6,
respectively, which means thermodynamically that there
is a multiphase system. Between these plateaus, the voltage
decreased sharply with the increase of concentration. This FIG. 2. Open circuit voltage curve for (PbS)1.18(TiS2)2 and discharge

curve, recorded at 100 eA ? cm22, for (PbS)1.18TiS2 .behavior resembles that of the Na–TiS2 system for which
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phase. The new peaks make a set of multiple order reflec- P(u) 5 (1/c) O
1

F 2
1 cos(2flu). [1]

tions with a basal spacing of 29.9 Å. This value exceeds
the basal spacing of the original compound, 17.45 Å, which

From the u values in which the maxima of the Pattersondefines the repeating PbS–TiS2–TiS2 unit by about 12.4
function were detected, the z coordinates of the differentÅ. Thus, a model in which sodium atoms occupy every
atoms were calculated and a set of phased structure factorsTiS2–TiS2 interlayer, either in octahedral or trigonal pris-
F1 was generated. These were then used to calculate valuesmatic coordination, must be ruled out. In fact, the maximal
of I1c which were compared with the experimental valuesexpansion reported for the intercalation of Na into TiS2 is
by computing the R Bragg factor:ca. 1.3 Å (12) and corresponds to a phase composition of

Na0.5TiS2 , a stage I compound with sodium ions located
in trigonal prismatic sites. RB 5 O uI1o 2 I1cu/O I1o . [2]

Further sodiation (x 5 0.45) results in the appearance
of a new set of multiple-order reflections with a basal After optimization of the z values, the one-dimensional
spacing of 18.6 Å. The phase with a large basal spacing is electron density function was then computed along the
preserved, whereas the diffraction peaks associated with z axis of the structure, according to the following ex-
the parent compound disappear. Finally, for a sodium con- pression:
tent of ca. 1 F/mole, a continuous loss of long range order-
ing is made evident from the broadening and the decrease

w(Z) 5 (1/c) O F1 cos(2flz). [3]in the intensity of the 00l reflections. This can be intrepeted
as a consequence of the structural amorphization. The only
distinguishable phase is that with a basal spacing of 18.6 Å. The projection of the electron density for both the origi-

nal and the 29.9 Å phases is shown in Fig. 3. Since thereIn this context, it is worth noting that chemical intercala-
tion with sodium naftalide also yields a phase with a basal is a direct relationship between the number of electrons

of the atoms and the X-ray scattering, the heavier thespacing of 18.7 Å. Unfortunately, the degree of sodium
intercalation could not be accurately determined owing atoms the higher the intensity of the signal in the diagram.

In this sense, the diagram corresponding to the pristineto the difficulty in eliminating traces of the intercalating
reagent. However, the XRD pattern of this sample was compound (Fig. 3a) shows a group of peaks with different

intensities. The higher ones are those originated by thesimilar to that recorded for a degree of electrochemical
intercalation of ca. 1 F/mole. Thus, it seems reasonable to presence of the PbS slabs as the lead atoms are the domi-

nant X-ray scatterers. The adjacent triplets which areidentify the 18.7 Å phase as a stage I compound in which
the sodium ions occupy the middle positions of the sul- placed at the center of the plot are due to the presence of

two adjacent TiS2 slabs.fur interlayers.
We interpret the high basal spacing phase as a conse- The projection of the electron density for the high basal

spacing phase with sodium stoichiometry equivalent toquence of solvent cointercalation. Several tests support
this conclusion. First, different reports have demonstrated x 5 0.2 is shown in Fig. 3b. The main difference between

this plot and that of the electron density of the host is thethat propylene carbonate (PC) may penetrate into the
structure of layered host together with alkali ions during appearance of new peaks between the TiS2 slabs while the

region defined at the interface PbS–TiS2 remains unal-the electrochemical intercalation. Thus, PC intercalation
has been observed in Li/TiS2 (13) and Li/b-ZrNCl (M 5 tered. The increase in the electron density in the TiS2–TiS2

interlayer can be attributable to the Na ions co-intercalatedLi, Na, K) cells (14). It causes a large expansion of the
interlayer spacing close to 12 Å which corresponds to the with PC molecules which are responsible for the large

expansion of the interlayer spacing.formation of a double layer of propylene carbonate coordi-
nated to the alkali ions placed at the center of the interlayer Indirect evidence for this model was obtained from ther-

mogravimetric data recorded under nitrogen atmosphere.(15). This value is quite similar to that obtained from the
intercalate with sodium content x 5 0.2. A more detailed Two electrochemical cells were prepared. One was dis-

charged up to x 5 0.2 while the other was kept in an openstructural characterization of this intermediate was ob-
tained by using one-dimensional electron density maps circuit for the same period of time used in the first cell.

Afterward, pellets were carefully dried with a blotting pa-along the c axis. One-dimensional Patterson diagrams were
used to evaluate interatomic distances along [001] in the per in order to remove the residual solvent without de-

taching any particle from the surface. The TG plots arestructure of the pristine sulfide and the intercalated prod-
ucts. These diagrams were constructed from the intergral shown in Fig. 4. It is clearly observed that the weight loss

of the nondischarged sample is negligible with respect tointensity of 12 00l reflections (I10), corrected from absorp-
tion, Lorentz, and polarization effects, by applying the that of the sodium intercalated compound. The small

weight loss observed for the undischarged sample can befollowing Fourier transform:
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data, the composition of the complex was determined to
be Na0.2(PC)0.75(PbS)1.18(TiS2)2 .

The former results support the conclusion that the PC
molecules are likely able to penetrate into the structure
simultaneously to the sodium insertion and to expand the
TiS2–TiS2 interlayer up to 12.4 Å. The driving force for
co-intercalation is due to dipole–cation interactions. The
phenomenon takes place if the interaction between the
polar solvent molecule and the cation in the interlayer
space is strong enough to compensate the energy required
for expanding the interlayer space. The solvation energy
is given by the equation (15)

DG 5 2
N(z)2

8f«0c
(1 2 1/«), [4]

where N is the Avogadro’s number, z is the ionic charge,
and « and «0 are the dielectric constants of solvent and
vacuum, respectively. In this context, discharge properties
were investigated using c-butyrolactone (BA) as solvent
of electrolyte. This solvent has a smaller dielectric constant
(39.5) than PC (64.4) and thus a smaller solvation energy.
The XRD pattern of the discharge products up to a sodium
content of x 5 0.2 did not show any evidence of the occur-
rence of a high basal spacing phase, and the new set of
diffraction lines observed was comparable to that for 18.6
Å phase. Thus, co-intercalation of BA was not observed
because of the smaller dielectric constant of this solvent.

We think that the solvent intercalation probably occurs
only into the external crust of the particles for several
reasons. First, we could not obtain a pure high basal spacing

FIG. 3. One-dimensional electron distribution maps along the c axis
obtained for (a) pristine compound, (b) Na0.2(PC)0.75(PbS)1.18(TiS2)2 , and
(c) Na(PbS)1.18(TiS2)2 under room conditions.

associated with PC adsorbed on the particle surface. For
the discharged pellet, the weight loss extends over 120–
3208C and is basically consistent with the release of PC
molecules more strongly bound to the host. Thus, we ex-
plain this weight by means of the release of the co-interca- FIG. 4. Thermogravimetric curve of the (a) undischarged and (b)

discharged (x 5 0.2) cathodic material.lated solvent. From a quantitative evaluation of the TG
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FIG. 5. Bright-field TEM image of Na0.2(PC)0.75(PbS)1.18(TiS2)2 with incident beam normal to [001].

phase. Either pristine or unsolvated intercalated phases sion reported by some authors (13, 14) concerning the
irreversibility of the co-intercalation process, i.e. that co-were always present at the same time. This fact can be

explained in terms of a heterogeneous composition of the intercalated PC cannot be removed electrochemically, is
controversial.particles. Evidence of this behavior is shown by the elec-

tron microscopy images, Fig. 5. Careful observation of the Step potential electrochemical spectroscopy (SPES)
technique was used to study the reversibility of the interca-right side of the Na0.2(PbS)1.18(PC)0.75(TiS2)2 image reveals

a significant splitting of the lattice fringes near the edge lation process. Figure 6 shows the current versus voltage
plot. In these plots, the plateaus appear as peaks and theof the particles. Once the solvent molecules penetrate into

the host, their displacement in the interlayer space toward intensity of the signal is related to charge passing through
the cell. The lower curve corresponds to the intercalationthe inner core of the particles is prevented because of the

molecule size. Thus, cointercalation occurs at the early reaction and the upper curve to the reverse process. It is
noteworthy that the profiles of both processes are com-stage and the plateau defined in the interval is consistent

with the coexistence of sodium co-intercalated with solvent pletely different. The discharge curve shows an intense
signal (I 5 0.045 mA) which defines the first plateau ob-and pristine material in agreement with the biphasic char-

acter of the process. The XRD patterns corresponding to served in the galvanostatic curve. In contrast, the reverse
curve does not show any significant peak at a similar poten-the intermediate samples in the composition range 0.35 ,

x , 0.6 (Fig. 1) showed a progressive disappearance of tial. These results suggest that the solvent molecules cannot
be reintercalated once they are extruded from the inter-the high basal spacing phase. The remaining phase has a

periodic length of 18.6 Å which is ascribed to the sodium layer space during the reduction process.
Recently, we have also reported the formation of a highion intercalation. It seems that, as the amount of sodium

intercalated increases, the high basal spacing phase col- basal spacing phase for the Li/(PbS)1.18(TiS2)2 system at
low discharge depths (7). Based on the interlayer expan-lapses releasing the solvated PC molecules out of the lay-

ers. This behavior has been also observed by Ohashi et al. sion and on the fact that co-intercalation phenomenon is
usually described as irreversible in the literature (13), we(14) in the Li-tetrahydrofurane (THF) system and has been

explained by assuming that as the lithium ion content in- interpreted this intercalate in terms of lithium ordering by
assuming that every third interlayer region TiS2–TiS2 iscreases, the electrostatic interactions between these cations

and the negatively charged layers may overcome the solva- occupied by lithium ions. Apparently, this assumption is
not consistent with the results discussed above. In lighttation energy of the Li-THF system. This gives rise to the

removal of the solvent out the lattice and the maintenance of these results, we have calculated the one-dimensional
electron density projection on the c axis, Fig. 7, and itof the alkali ions in the interlayer space. Thus, the conclu-
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Å, supports the idea of the formation of hydrated phases
which reach a final basal spacing of 23.34(7) Å; see Fig. 1.
The expansion observed, ca. 6 Å, is roughly twice the van
de Waals diameter of a water molecule and can be ascribed
to a bilayer hydration process of the intercalated cations.
The one-dimensional electron density map along the c axis
is shown in Fig. 3c. The peaks which appear between the
contribution of TiS2 layers are consistent with the presence
of two layers of water molecules in the interlayer region.
The hydration process probably takes place via a mecha-
nism similar to that found for the hydration of
Li2(PbS)1.18(TiS2)2 (16). First, a hydrated monolayer, basal
spacing 20.68(5) Å, is formed that slowly evolves to a
bilayer hydrate stage.

In contrast, the high basal spacing phase is highly unsta-
ble under similar experimental conditions. The Na1 ions
are readily extruded and the material recovers the structure
of the pristine compound. Therefore, the energy required
to initiate the separation of the TiS2 layer must be signifi-
cant, so under simple aerobic conditions it is possible to

FIG. 6. Step potential electrochemical curves of the Na/ relieve the crystal strain, thereby reducing the overall crys-
NaClO4(PC)/(PbS)1.18(TiS2)2 cell. tal energy by extrusion of guest species.
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