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The motion of Ag in partially intercalated TiS, crystals has been studied using electron mi-
croprobe x-ray fluorescence and radioactive !'Ag. For high intercalation rates, a stage-2 Ag region
is observed along with a stage-1 Ag region near the edge of the crystal. For low intercalation rates,
no stage-1 region is observed. If the intercalation is stopped, the stage-1 Ag rapidly converts into
stage-2. The stage-2 front then remains stationary at room temperature. Above 100°C the stage-2
front starts to penetrate the empty crystal. The ''?Ag tracer results show that as Ag atoms enter the
crystal edge, the preintercalated Ag is driven further into the crystal. Also during stage conversion
the Ag from stage-1 drives the stage-2 Ag further into the crystal. Deintercalation of a stage-1 crys-
tal proceeds by the propagation of a stage-2 front in from the crystal edge. A moving-island model
for stage-2 is required to explain the intercalation, deintercalation, and stage-conversion results. The
diffusion constant for Ag perpendicular to the TiS, layers is shown to be negligible at room tempera-
tare (< 10! cm?/sec) and about 10~!3 cm?/sec at 200°C.

I. INTRODUCTION

Structural studies on intercalated layered systems have
shown that intercalation generally occurs in stages.! By
staging we mean that the intercalated species occupies the
space between the host layers in an ordered sequence,
where the stage number n refers to the number of host
layers between the intercalant layers. In the so-called
-classical model of staging, layers between the host struc-
ture are entirely occupied by the guest atoms while some
layers are completely empty. This model has difficulty in
explaining the formation of higher stages by a simple
rearrangement of the guest atoms within a given layer and
requires motion of intercalant perpendicular to the layers.
In the Daumas-Hérold (DH) model of staging,? the guest
atoms are found in all the layers between the host struc-
ture and regular islands of guest atoms are arranged in a
manner to form the different stages. Although the DH
model provides the most plausible explanation for stage
conversion, the model has not been directly verified.

In earlier work®# it was shown that when Ag is rapidly
electrointercalated into TiS,, first a stage-2 region with
x =0.2 (in the formula Ag, TiS,, where x is the local Ag

concentration) is seen to propagate into the TiS, from the

edge of the crystal, followed by a stage-1 region with
x =0.4. If the intercalation is stopped before the crystal
is fully intercalated, a conversion of the stage-1 region
into stage-2 is observed. In this paper we present a de-
tailed account of the stage-1 to stage-2 conversion, at
room temperature and at elevated temperatures using elec-
tron microprobe x-ray fluorescence (XRF). In addition,
the motion of the Ag in TiS, crystals during slow (only
stage-2 observed) intercalation and during stage-1 to
stage-2 conversion has been monitored with radioactive
10A g, Tt is found that Ag motion can only be reasonably
explained using a DH type of model.

The motion of intercalated atoms in layered structures
is generally regarded as “two dimensional”; however, little
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data on this is available. The one study we have found for
layered systems is for Bi,Tes;, where the diffusivity paral-
lel to the layers is about eight orders of magnitude greater
than that in the direction perpendicular to the layers.” We

"present here data on the motion of Ag perpendicular to

the layers of TiS,. The results justify the two-dimensional
assumption at room temperature.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. Motion of Ag along the layers of TiS,
at various temperatures

Pure TiS; crystals were prepared by the iodine-vapor-
transport method and the crystals used for intercalation
were obtained by cleaving the as-grown crystals. For
XRF measurements the thicknesses of the crystals used
were in the range 1—2 pum and the lateral dimensions of
the crystals were usually less than 1000 um. The cleaved
crystals were mounted on pieces of cover glass and the
thicknesses were measured using optical interference
fringes. Using a solution of 0.1M AgNo; in glycerol, an
open-circuit potential of 200 mV is observed and crystals
can be electrointercalated by completing the external cell
circuit. The crystals were allowed to electrointercalate
partially only from one edge by covering the other edges
with silicone rubber. The relative intercalated Ag content
as a function of distance in from the crystal edge was
determined by counting electron-beam-stimulated fluores-
cent x-ray emission in a scanning electron microprobe, us-
ing scans along a line perpendicular to the edge of the
crystal. The accelerating voltage of the electron beam was
20 kV. The x-rays were analyzed by an energy-dispersive
spectrometer and the x-ray intensity of the Ag La peak
was measured relative to the intensity of the Ti Ka peak
using a window width of 0.3 keV. The scans were point
measurements taken about 5 to 20 um apart and the
electron-beam spot size was typically about 2 um across.
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The counting time per point was typically about 3 min. A
typical XRF result is shown in Fig. 1.

To study the motion of Ag after partial intercalation,
repeated XRF scans were carried out, and Fig. 2 shows a
series of scans taken at room temperature. It is seen that
the Ag in the stage-1 region disappeared rapidly within
hours while the stage-2 region increased in size. It is clear
from the areas under the stage-1 and stage-2 curves that
the stage-1 Ag is converted into stage-2 and that the con-
centration in the occupied layers is essentially the same
for both stages. It'is of interest to note from Fig. 2 that
the displacement of the stage fronts is initially linear in
time (~5 um/h). After a sufficient time, only stage-2 Ag
was found in the crystal. After the stage-1 to stage-2 con-
version is completed, the crystal was further studied to
observe the motion of the stage-2 Ag, but no subsequent
motion was found over a period of two months at room
temperature. It is clear that in the absence of stage-1, the

- interface between stage-2 and empty crystal remains sta-
tionary at room temperature.

The crystals with only stage-2 regions were subsequent-
ly heated in an argon atmosphere and the distribution of
Ag was determined after each heating by XRF scans at
room temperature (Fig. 3). The distribution of Ag was
not changed significantly by temperatures lower than
100°C; however, as the temperature is increased, the Ag
front advances into the empty crystal and the entire origi-
nal stage-2 region loses some Ag, converting the inter-
calated region to a lower average Ag composition. At a
sufficiently high temperature the Ag was distributed
throughout the crystal. The peaks and valleys obtained in
the final graph suggests a separation of phases, possibly a
stage-2 and a “dilute” stage-1 phase.

Although the stage-1 Ag converts rapidly into stage-2
at room temperature (Fig. 2), both the stage-1 and stage-2
fronts remained stationary at liquid-N, temperature as
shown by experiments where some crystals with both
stages were left in liquid nitrogen for about a day. Moni-
toring the stage front positions by optical reflection (the
intercalated regions are less reflecting) indicated that the
Ag in both stages had not moved at 77 K.

We have observed that it is possible to partially deinter-
calate stage-1 crystals by applying a reverse potential
greater than ~50 mV. The deintercalation of Ag-TiS,
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FIG. 1. X-ray fluorescence trace showing the distribution of
Ag in a partially intercalated TiS, crystal.
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FIG. 2. Motion of Ag in a partially intercalated TiS, crystal
at room temperature. Time after intercalation: (a) O—45 min,
(b) @—2.75 h, (c) A—4.25 h, (d) +—6.5 h, (e) O—2 d.

crystal also occurs in stages. When a crystal in stage-1
deintercalates, the edge region first starts to convert to
stage-2 from the stage-1 and then the depleted region
proceeds further into the crystal (Fig. 4). As for intercala-
tion, the density of Ag in the deintercalated stage-2 region
is half of that of the stage-1 region. We have found that
it was not possible to deintercalate crystals below stage-2
using glycerol or water electrolytes at room temperature.

B. Tracer experiments

One of the interesting questions to be answered regard-
ing intercalation of Ag in TiS, is where the Ag atoms go
after entering a partially intercalated stage-2 crystal. The
possible answers are (i) the entering Ag atoms push the
preintercalated Ag atoms further into the crystal and
remain near the edge, (ii) the entering Ag atoms advance
to the stage-2 front by moving past the preintercalated
atoms, or (iii) some combination of (i) and (ii). A second
question concerns the migration of Ag from the stage-1
region during the stage-1 to stage-2 conversion. Here the
possible ways for redistribution from stage-1 Ag are (i)
half of the Ag in the stage-1 region advances to the stage-

2 front, (ii) the Ag in stage 1 pushes the existing stage-2
Ag into the empty region of the crystal, or (iii) some com-
bination of (i) and (ii). In an attempt to answer these
questions, experiments were carried out using radioactive
110A o which has a half-life of 253 d. The activity associ-
ated with the whole gamma spectrum (energy > 100 keV)
from the !'°Ag was detected with a Nal well-type scintil-
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FIG. 3. Temperature dependence of motion of stage-2 Ag in
TiS,. (a) O—room temperature, 1 h after intercalation. (b)
A—room temperature, after all stage-1 is converted into stage-
2. After consecutive heating for 2 h at increasing temperature:
(©) ®—100°C, (d) O—150°C, (¢) A—200°C, (f) ®—275°C, (g)
0—300°C, (h) @—325°C.
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FIG. 4. Distribution of Ag in a partially deintercalated TiS,
crystal (the crystal thickness was between 0.5 and 1.0 um).

lation spectrometer. The thickness of TiS, crystals used
in the tracer experiments ranged from 3 to 6 um. The
crystals were peeled from as-grown crystals and it was
very important to use crystals without cracks, pinholes,
steps, scratches, or other macroscopic defects because in-
tercalation is possible at these defects. The crystals were
mounted on a piece of glass and a very small piece of Ag
was attached to the crystal with a graphite dag to make a
short-circuited cell. An electrolyte container was made
using a small rubber O ring. Since a radioactive electro-
lyte was used, a minimum amount of the electrolyte
(about 55 ul) was used.

1. Stage-2 intercalation

To study how the Ag atoms move in a stage-2 crystal
while it is being intercalated, radioactive '’Ag was used
to label the new guest atoms. The crystals were partially
intercalated such that only stage-2 was obtained (it is pos-
sible to obtain only a stage-2 region in a crystal by limit-
ing the intercalation rate using a low electrolyte concen-
tration). A solution of 0.001M ''°Ag in 0.05M HNO; in
water ('°Ag was only available in a HNO; solution) was
used as the active electrolyte and the nonactive electrolyte
was made up with the identical molarity and solvent as
the active one.

A crystal was first intercalated with nonactive !%®Ag
until the stage-2 front moved a distance y; (Fig. 5), typi-
cally about 60 to 100 um from the crystal edges. Next,
the crystal was again intercalated using the active electro-
lyte until the stage-2 front progressed a further distance
typically about 30 to 40 um into the crystal giving a total
stage-2 width of y,. An optical reflection microscope was
used to measure the widths y, since the intercalated re-
gion is less reflecting than the empty region. The width
of the active Ag region (y,—y;) was calculated from the
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FIG. 5. Sequence of intercalation of a crystal and cutting the
edges for tracer experiments. Dashed line depicts Ag intercala-
tion front. (a) y; is the width of stage-2 !%Ag. (b) y, is the
width of stage-2 made up of '®Ag and !"°Ag. (c) The widths of
the cutoff sections and the width of the stage-2 region in the
remaining part of the crystal are slightly greater than the active
region (y, —y).

values of y; and y, since the boundary of the active and
nonactive regions could not be observed optically. The
crystals were intercalated such that y;>y,—y;. Then
Y2 >2(y,—y;) and therefore it was possible to cut off the
edges of the crystal such that the widths of the cut sec-
tions and the width of the stage-2 region in the remaining
part of the crystal are slightly greater than the width of
the active region (y, —y;). To determine the distribution
of the active ''°Ag in the crystal, the total crystal activity
was first measured and then narrow sections of the crystal
edges were cut with a razor blade as shown in Fig. 5(c).
This was done under an optical microscope. After cut-
ting, the activity of all the cut sections and the activity of
the remaining part of the crystal were measured separate-
ly. If the new guest atoms ('°Ag) remain near the edge
regions of the crystal, the total activity of the edge regions
should be equal to the initial activity of the uncut crystal.
The results in Table I clearly show that most of the active
Ag atoms remained in the edge region. A low but not
negligible activity was found in the inner part, indicating
some penetration of active Ag into the nonactive regions.

2. Stage-1 to stage-2 conversion

To study the motion of Ag from the stage-1 region dur-
ing the stage-1 to stage-2 conversion, !'°Ag was used to

‘label the stage-1 Ag. The nonactive electrolyte used was a

solution of 0.01M 1%®Ag in 0.05M HNO; solution and the
active electrolyte was a mixture of '°Ag and 1%®Ag with
the same molarity and solvent as the nonactive one [a con-
centrated electrolyte (0.01M) was needed to obtain a
stage-1 region]. Since the high concentration increased
the radioactivity, 1°Ag solution was mixed with nonac-
tive '®Ag to reduce the activity to an acceptable level.
Our XRF results showed that when a stage-1 region is
converted to the stage-2 region, the additional width of

TABLE I. Results of '"’Ag tracer experiments: Motion of Ag in stage-2 intercalation. y,—y, is the width of the active !"°Ag re-

gion.
Width of
Thickness y; (x5 um) y, (£5pum) (y,—y;) cut sections Counts per second
Sample no. (#0.1 um) 108p g 108pAg - 110Ag  110Ag (£10 um) Whole crystal Cut sections Remaining crystal
1 6.0 60 90 30 40 9.62+0.23 8.1440.22 1.38+0.18
2 5.8 80 110 30 40 9.13+0.23 7.92i0.22 1.23+0.18




31 INTERCALATION OF SILVER IN TITANIUM DISULFIDE 3651

the stage-2 region obtained by the stage conversion is
equal to the width of the stage-1 region (Fig. 2). There-
fore the crystals in this experiment were intercalated such
that the width of the stage-2 (!%®Ag) region (z,) was
greater than twice the width of stage-1 (!'°Ag) region
(z,). Therefore z; is greater than the width of the stage-2
region generated by the stage-1 to stage-2 conversion
(2z,). To satisfy this condition, a crystal was preinter-
calated with '%Ag so that a wide band of stage-2 1%Ag
was obtained. Intercalation with nonactive 1%Ag was
then continued until a stage-1 front was just observed (by
optical reflection) at the edge and then the electrolyte was
quickly changed to the active !'°Ag solution. This pro-
cedure ensured that active !'’Ag atoms were intercalated
only as stage-1. Intercalation with '°Ag was continued
until the width of stage-1 region (z,) was typically 30 to
50 um. The width of the stage-2 '®Ag region (z;) ob-
tained was typically about 100 to 130 um. After the in-
tercalation, the crystal was left for about a day to allow
the stage-1 '"OAg to convert into stage-2. At this point
the total crystal activity was measured. The edge regions
were then cut at a little more than 2z, from the edges.
The activity in the cut sections and in the remaining part
of the crystal was measured separately. If the '°Ag from
stage-1 remained in a region adjacent to the edge of the
crystal, then the total crystal activity of the edge region
should be equal to the activity of the uncut crystal. The
results given in Table II show that 90% of the active
atoms were located in a region 2z, from the crystal edges.
As was observed in the first experiment, some activity was
measured in the remaining crystal, hence the strips (typi-
cally 30 to 40 um wide) were again cut from the crystal
and the activity in these strips and the remaining crystal
were measured. After the second cut no significant activi-
ty was measured in the remaining crystal, indicating that
no radioactive 'Ag moved up to the initial stage-2 empty
crystal boundary during the stage-1 to stage-2 conversion.

To confirm the results of this experiment, further ex-
periments were done by replacing the nonactive electrolyte
with the active electrolyte and vice versa. The results
were consistent with those reported above.

C. Motion of Ag perpendicular to layers of TiS,

To investigate the motion of Ag along the ¢ axis of the
TiS, crystal, as-grown crystals with thin surface steps
were selected such that the thicknesses ranged from 24 to
50 um for the base crystal and 2.5 to 10 um for the steps.
In these experiments only the base of the crystals were in-

tercalated with Ag (to an x value between 0.2 and 0.4) us-
ing an electrolyte of 0.1M AgNo; in glycerol. The inter-
calated base crystal provided the basal plane of the unin-
tercalated crystal step with a source of Ag. As described
earlier, the crystals were scanned along a line and the dis-
tribution of Ag was determined by XRF for both the base
crystal and the step. A pure TiS, crystal was used as a
reference. A 10-kV electron beam was used and at this
voltage the maximum depth for detectable Ag fluorescent
x rays in TiS, was determined to be about 1 um from
measurements on pure TiS, crystals on a Ag substrate.
Since the height of the step was greater than the max-
imum depth for detectable Ag fluorescent x rays, the Ag
in the base crystal below the step was not detected when
scanning the step. The first observations showed that Ag
had not moved into the steps during the intercalation
period. Observation during the following two months
also gave the same result showing that the motion of Ag
perpendicular to the TiS, layers is negligible at room tem-
perature. After heating a sample at 200°C for one day,
Ag was detected in the step and the amount of Ag in-
creased as the sample was further heated at 200°C. The
diffusion coefficient for the motion of Ag perpendicular
to the layers of a TiS, crystal at 200°C was estimated us-
ing a solution to the one-dimensional diffusion equation.®
The estimated diffusion coefficient is ~10~!* cm?/sec at
200°C and it is estimated to be less than ~10~!5 cm?/sec
at room temperature.

III. DISCUSSION

Our results (Fig. 2) provide fairly conclusive evidence
that the in-plane Ag density is constant for stage-1 and
stage-2, so that there is no change in host lattice bonding
energy by the stage conversion as the same number of host
bonds are broken before and after the conversion. In ad-
dition, for stage-2 the Ag ion separation within a layer is
the same as for stage-1 so that the Coulomb energy relat-
ed to in-layer forces should be reasonably constant. How-
ever the separation of the Ag in adjacent layers for stage-2
is about twice the separation for stage-1.” Thus it appears
that the driving force in the stage-1 to stage-2 conversion
is the Coulomb repulsion between charged Ag ions in dif-
ferent layers.

With the DH model, the conversion from stage-1 to
stage-2 involves the generation of bends in the host layers
which costs elastic energy. Despite this, rapid conversion
from stage-1 to stage-2 is observed at room temperature
indicating that the elastic energy is significantly less than

TABLE II. Results of ''°Ag tracer experiments: Stage-1 to stage-2 conversion. Crystal thickness equals 5 um. z; is the width of

the initial stage-2 region. z, is the width of the !'°Ag stage-1 region.

Counts per second

First cut Second cut
Width equals 100+10 um Width equals 30+10 um
z(£5 pm) z5(£5 um) Whole Cutoff Remaining Cutoff Remaining
1084 o 110A o 22,(+10 pm) crystal sections crystal sections crystal
110 40 80 11.88+0.22 10.70+0.22 1.17+0.18 1.09+0.18 0.20+0.18
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the decrease in the interlayer Coulomb energy. The fact
that the stage-1 front remained stationary at liquid-N,
temperature shows that thermal activation of the Ag
atoms is required. This is also the case for the stage-2
front at room temperature as shown by the temperature
dependence of stage-2 Ag in the absence of a stage-1 re-
gion in the crystal (Fig. 3).

The tracer results show that when Ag atoms enter a
partially intercalated stage-2 TiS, crystal, the atoms al-
ready in the crystal are effectively pushed further into the
crystal by entering Ag atoms. In addition, the tracer re-
sults show that during the conversion of stage-1 into
stage-2 the Ag from stage-1 pushes the stage-2 Ag into
the crystal. As mentioned earlier, the motion of Ag in the
stage-2 region is probably driven by interlayer Coulomb
repulsive forces between charged Ag ions in the stage-1
region.

The type of motion of stage-1 Ag into stage-2 Ag re-
quired by the tracer results can only be reasonably ex-
plained with islands of atoms within the host layers. The
conversion from stage-1 to stage-2 in the classical model
for staging is only possible if there is migration of Ag
atoms perpendicular to the layers of the TiS, lattice and
since we showed that the motion of Ag atoms perpendicu-
lar to the layers is negligible at room temperature, the
classical model fails to explain the tracer results. An
adaptation of the Daumas-Hérold island model to a par-
tially intercalated crystal* can be used to explain how Ag
atoms in stage-1 can remain near the crystal edge in the
stage-1 to stage-2 conversion. In the model the stage-1
Ag acts as a source of moving stage-2 islands. A
Coulomb repulsion between islands is required to keep the
islands moving into the crystal as intercalation proceeds.
Figure 2 indicates that initially there is a constant rate of
generation of stage-2 islands at the stage-1 front.

In the tracer experiment which was done to study the
migration of Ag in the stage-1 to stage-2 conversion, some
activity was found beyond a distance from the edge
greater than twice the width of the stage-1 region (Table
II). This agrees with the electron microprobe XRF results
where it was observed that the intercalation fronts are not
sharp* and that the stage-2 front becomes wider after the
conversion of stage-1 into the stage-2.

When the crystals were intercalated slowly using a
low-concentration electrolyte, only stage-2 was observed
both optically and by XRF measurements. It is likely
that a very narrow region of stage-1 exists at the crystal
edge but this may not be observable since the stage-1 rap-
idly converts to stage-2. Both stage-1 and stage-2 are ob-
servable if the rate of intercalation is faster than the rate
of conversion of stage-1 Ag. It seems likely that it is gen-
erally true for intercalation systems that during intercala-
tion a stage-1 is always present at the crystal edges with
higher stages developing within the crystal.

It was observed that the deintercalation occurs via a
stage conversion. The distribution of Ag given in Fig. 4
shows that the stage-1 to stage-2 deintercalation front is
not sharp and Fig. 4 can be interpreted by the model
shown in Fig. 6 (although we have no evidence, it seems

likely that the depletion of Ag starts from the surface

layers). In this model the stage-1 acts as the source of
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Crystal edge

FIG. 6. Moving island model for a partially deintercalated
crystal, showing only the upper half of the crystal. The lines de-
pict the host layers. The closed circles depict regions of stage-1
Ag and the open circles depict Ag in stage-2 islands. As the
crystal deintercalates, the stage-1 Ag acts as a source of moving
stage-2 islands.

moving stage-2 islands. In an earlier pubhcatlon we es-
timated the island size to be about 130 A for Ag in TiS,,
assuming staircase or V-shaped intercalation fronts. The
island width can be written as. L =2P /N, where N is the
number of layers in the host crystal and P is the width of
the stage-1 intercalation front. For a given thickness of
the crystal, N can be calculated knowing the c lattice pa-
rameter. The same formula can be applied to the partially
deintercalated crystal model of Fig. 6. Using the Ag dis-
tribution for the partially deintercalated crystal shown in
Fig. 4 and the crystal thickness known to be between 0.5
and 1.0 um, the island width formed on deintercalation is
estimated to be between 100 and 200 A. It thus appears
that the Ag islands formed on intercalation and deinter-
calation are about the same size. As for intercalation, it
appears that interlayer Coulomb repulsion is the driving
force for the island formation in Fig. 6 and that Coulomb
repulsion keeps the stage-2 islands moving from the
stage-1 front to their demise at the edge of the crystal.

The results from Sec. IIC demonstrate that the dif-
fusion of Ag perpendicular to the layers of TiS, is negligi-
ble at room temperature. Although migration of Ag per-
pendicular to the layers was observed at 200°C, the es-
timated diffusion coefficient is still many orders of mag-
nitude smaller than estimated room-temperature diffusion
constants of ~10~% cm?/sec for Li in TiS, (Ref. 8) and
~1071° cm?/sec for Ag along the layers of TiS, crystals®
(it has been observed that in ultrathin TiS, crystals about
300 A thick, Ag in the stage-2 reglon diffuses along the
layers in the absence of stage-1 Ag in the crystal’). The
high anisotropy in the diffusion constant justifies the usu-
al assumption of two-dimensional motion for Ag in TiS,.
A similar anisotropy is to be expected for other intercalat-
ed dichalcogenide layer compounds.

The work described here has given us some understand-
ing of the intercalation and deintercalation of Ag in TiS,.
Further work is required to see if the models used to ex-
plain the results are applicable to other intercalation sys-
tems.
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