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Abstract: Energy-dispersive X-ray diffraction (EDXRD) has been used to perform in situ kinetic studies on
the intercalation of cobaltocene, @GeCsHs),, into the layered dichalcogenides 2r®H-SnS, 2H-SnSe,
2H-TaS, 2H-NbS, 1T-TaS, and TiS. Integrated intensities of the Bragg reflections have been used to
determine the extent of reaction)(versus time for each of these reactions. The half-litgs for reaction

of an excess of cobaltocene with 2r2H-SnS, 2H-SnSe, 2H-TaS, 2H-NbSe, and TiS at 120°C in
dimethoxyethane were found to be5, 31, 410, 16000, 2960, aned60000 s, respectively. A number of
kinetic models have been considered, including the Avrdaamofeyev (h = 1.5) deceleratory nuclei-growth
model and statistical simulation. The activation energy for the intercalation of-Cg{s), in 2H-Sn$ has
been determined to be 41 kJ mal The concentration and solvent dependence of the rate of-Cghs),
intercalation into 2H-SnShas also been determined. Surprisingly we find that the rate of intercalation is
invariant to the initial Cog-CsHs), concentration over the whole concentration range studied.
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measured time-resolved neutron diffraction data during the

intercalation of 2H-Tas by NHsz(g) yielding a qualitative

understanding into the intercalation process. However, the Tis, Layer
available levels of beam flux, while high by neutron standards,

necessitated either very large sample size$ g) or long Mo

For example, in a pioneering study, Riekel and Schollhorn m —5s

Moving
Li TiS2 Front

x

acquisition times, making a thorough, quantitative study under Mo Intercalating
varying reaction conditions of temperature, concentration, and
particle size unfeasible. Moreover, because of the large A

incoherent scattering from hydrogen atoms by neutrons, the
samples studied had to be highly deuterated, which is an
expensive and not always achievable prerequisite for other
intercalation reactions. Recently, McKelvy and co-workers have
demonstrated elegantly that in situ high-resolution transmission
electron microscopy (HRTEM) measurements can be performed
during the intercalation of Nkinto TiS, and the deintercalation
of Hg from HgTiS; in specially constructed environmental cells.
These studies have provided fascinating insights into these
reactions at the molecular lev#&f:3” Paulus et al. used in situ
X-ray diffraction to study the intercalation of solvated'Gsns
into NbS single crystals and pressed powder electr@des.
While the small quantities required for such experiments were
a significant advance over the earlier neutron diffraction
techniques, the cell design and geometry limited the application
of this technique to electrochemical intercalation at moderate
rates (time resolution-30 min per diffractogram). Even taking
all these previous experiments into consideration we still have
a fairly rudimentary understanding of the intimate mechanism
of these reactions. The critical factors which control the rates B
of these regctlo_ns are still _base_d on trial and error eXper'mems'Figure 1. (a) Simple representation of the intercalation of a guest (Li
A schematic picture that is still commonly used to illustrate ions) into a layered dichalcogenide host lattice €Jigb) A more
these reactions is shown in Figure 1a; undoubtedly this greatly detailed breakdown of the various processes possible during intercala-
oversimplifies the true picture. tion as included in FIASCO2 simulations.

In recent years the technological and experimental advances
in energy-dispersive powder diffraction with synchrotron X-ray sensitive material®43 Perhaps the most important aspect of
sources have provided new possibilities for the solid-state this cell design is that it allows the recording of diffraction data
kineticist3® 41 The markedly higher intensity (several orders of a wide variety of intercalation reactions under normal
of magnitude) over conventional laboratory X-ray sources allows laboratory synthetic conditions.
the acquisition of good quality spectra from milligram samples ~ We report here the results of a detailed study of the rates of
on a time scale of seconds, making kinetic studies of fast intercalation of the archetypal metallocene guest, cobaltocene
intercalation reactions a realizable goal. The energy distribution { Co(Cp); Cp = -CsHs}, in a wide range of lamellar transition
of the X-rays (5-140 keV) is such that they are not significantly ~metal dichalcogenides Zs22H-Sn$, 2H-SnSe, 2H-TaS, 2H-
attenuated by a variety of materials suitable for cell windows, NbSe, 1T-TaS, and TiS. The aim being to determine the
facilitating the construction of sealed sample holders. Moreover, rates of these reactions and hopefully gain an insight into their
the fixed geometry of this technique greatly simplifies the design mechanism.
of any sample environment. The less stringent space constraints
in synchrotron X-ray diffractometers also allow construction Experimental Details
of more elaborate sample cells which can accommodate a wider Synthesis of Reactants. The syntheses of 2H-SaXX = S, Se)

variety of rgactants, such as single crystal or mlcrocryst.allllne were based on procedures established by Al-Alamy and Baféhin.
hosts, reacting with solvated or gas-phase guests, all within asichiometric quantities of Sn powder (99.9%, Aldrich) and Se or S
sealed, dry, anaerobic sample environment. We have recentlypowder (99.9%, Aldrich) were weighed out into silica glass tubes that
reported the construction and commissioning of an environ- were evacuated to 1® Torr and sealed. The mixture was heated at
mental cell for measuring time-resolved energy-dispersive X-ray the reaction temperature (56C for 2H-SnSe and 600°C for 2H-
diffraction data for fast intercalation reactions of potentially air- Sn$) for a week, ground with mortar and pestle, and annealed for
another week. Zr8wvas synthesized from stoichiometric quantities of
(34) Mamedov, K. K.; Kerimav, I. G.; Konstryukov, V. N.; Guseinov,  Zr powder (99.9%, Johnson Matthey) and S powder (99.99%, Aldrich)
G. D.Russ. J. Phys. Cherti967 41, 691. _ , sealed in an evacuated silica tube and heated at@0®r a week.
w.(gi)ewfkﬁgltyér%éss?o{gﬁ;\ﬂibw”e’ A.; Sharma, R.; Glaunsinger, 1o powder was then annealed for another week, and small quantities
(36) Mckelvy, M.: Sidorov, M.; Marie, A.; Sharma, R.; Glaunsinger, ~©Of ZrSs, if present, were removed by sublimation. 2H- and 1T-TaS
W. Chem. Mater1994 6, 2233-2245. were synthesized by incorporating the ideas of Revelli, although to
(37) Mckelvy, M. J.; Sharma, R.; Glaunsinger, W.Slid State lonics attain the desired polytypic purity a modified cooling procedure was
1993 63-5, 369-377.
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adopted. TaGl(25.0 g) (Aldrich, 99.9%) was purified by vacuum
sublimation at 10? Torr and 140°C. A 12.0 g sample was loaded
into an alumina boat and warmed to 200 over 90 min under a
constant stream of 4$ (approximately one bubble per second). Excess
H,S was scrubbed by a combination of bleach and KIMHO bubblers.
Sulfur was observed to form on the cold regions of the silica tube from
around 160°C. The furnace was maintained at 2800 for 2 h, and
then warmed to 900C for a further 3 h. The resulting black powder
was heated to 200C under vacuum to remove any volatile impurities,
then sieved to<90 «m under an inert atmosphere and annealed at 900
°C for 24 h in an evacuated quartz ampule. This procedure gave the
1T polytype. The 2H polytype was produced by slow annealing of
the 1T phase. Sieved samples were sealed in a 3& citb cm i.d.
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silica ampule and placed in a tube furnace such that the load end could

be maintained at a known temperature, and the empty end at room

temperature, thus allowing the sublimation of excess sulfur. Attempts
to use the annealing procedure of Revelli et al. failed to produce a
pure 2H phasé&> A much slower cooling cycle was adopted in which
the temperature was reduced from 8&Dto 200°C over 16 days. The
polytypic purity of the resultant phase was confirmed by powder

Figure 2. Schematic diagram of the in situ reaction cell used to record
time-resolved energy dispersive powder X-ray diffraction data for fast
intercalation reactions. For slower reactions the round-bottomed flask
can be replaced with a sealed Pyrex ampule.

300 mg) were loaded into the flat-bottomed Pyrex flasks which were

diffraction. All the powders were then sieved to the required particle InSerted into the center of the diffractometer cell. A solution of
size distribution. The powder X-ray diffraction patterns of the hosts cobaltocene would then be injected into the reaction vessel via a
corresponded closely with those available from the ICDD-PDF database '6Motely triggered solenoid valve, and accurate volumes were dispensed

[SnS 23-0677; SnSe38-1055; TiS 36-1406; Zrs 11-0679].
Cobaltocend Co(Cp); Cp = 5-CsHs} was synthesized with use of

a modification of the original procedufeby reaction of sodium

cyclopentadienyl with anhydrous bis(acetylacetonate)cobalt(ll) (99%,

Janssen Chimica). The Co(Gpyas purified by sublimation before

use. Dimethoxyethane was predried over anhysir6uA zeolite

molecular sieves, distilled under an atmosphere of nitrogen, stored unde

N2 in greaseless Teflon-stoppered ampules containing activated zeolite

molecular sieves, and thoroughly degassed before use.

Diffraction Experiments. In situ diffraction studies were performed
with use of the energy dispersive powder diffraction method on either
Station 9.7 or Station 16.4 of the UK Synchrotron Radiation Source
(SRS) at the Daresbury Laboratory, UK. The SRS is a low emittance
storage ring that runs with an electron beam energy of 2 GeV. Stations
9.7 and 16.4 receive X-ray flux in the range 5 keV (2.5 A) to 140 keV
(0.09 A), with a maximum intensity at about 20 keV. The position of
the maximum intensity at the detector is, however, shifted to higher
energy on introduction of the experimental apparatus, due to the
absorption of lower energy photons by the cell materials. Useful
intensity could be obtained above about 20 keV by using Pyrex
glassware with a peak flux of approximately710'* photons s* mn?
in a 0.1% bandwidth at 10 keV. The radiation from the synchrotron
passed through a collimator on to the sample, and diffracted X-rays
passed through a set of post sample slits and into the detector.
detector is an intrinsic germanium crystal that counts the number of
incident photons that enter it and determines their energy. The detecto
momentum resolutioAE/E = 0.0253 is increased by the post sample
slits to AE/E = 0.0115. A more detailed technical description of the
apparatus used in these experiments has been given elséwiiditee
precise form of the energy profil§E;) is complex and varies from
reaction to reaction. The broad background observed in the Energy
Dispersive X-ray Diffraction (EDXRD) spectra is due to diffuse scatter
from the cell materials, sample, and solvent.

Two cell designs (Figure 2) were employed depending of the rate
of the reaction being studied. Figure 2 shows a schematic diagram of
the experimental setup used for measuring fast intercalation reaction
where the half-lives are typically shorter than ca. 30 min. The
temperature for each experiment was accurate and stakté €.

In a typical kinetic experiment involving fast intercalation reactions
microcrystalline samples of the metal dichalcogenides hosts (ca: 200

(45) Revelli, J. F.; DiSalvo, F. dJnorg. Synth.1979 19, 35.

(46) Wilkinson, G.; Cotton, F. A.; Birmingham, J. M. Inorg. Nucl.
Chem.1956 2, 95.

(47) Clark, S. M.; Nield, A.; Rathbone, T.; Flaherty, J.; Tang, C. C.;
Evans, J. S. O.; Francis, R. J.; O’'Hare, Bucl. Instrum. Methods Phys.
Res. B1995 97, 98—101.

(48) Clark, S. M.; Irvin, P.; Flaherty, J.; Rathbone, T.; Wong, H. V.;
Evans, J. S. O.; O’'Hare, Rev. Sci. Instrum 1994 65, 2210-2213.
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by precalibrating the aliquots delivered as a function of both the delivery

time and nitrogen overpressure in the reservoir. To achieve isothermal
conditions, solutions were preheated in the reagent reservoir before
injection into the reaction vessel. Stirring was commenced a few

seconds before data acquisition.

When reactions with much longer half-lives are studied the
experimental design can be much simpler. The round-bottomed flask
and injection system of Figure 2 were replaced by a flat-bottomed Pyrex
ampule. Reagents were loaded in ampules and sealed with a greaseless
Teflon stopcock under nitrogen in an inert atmosphere drybox. The
ampule was then quickly transferred to the cell and stirring/heating
was started.

Data Collection and Analysis. A typical energy-dispersive X-ray
powder diffraction (EDXRD) spectrum is shown in Figure 4 for a 200
mg sample of 2H-SnSsuspended in 5 cni of toluene. The total
acquisition time for the spectrum shown in Figure 3 was 30 s.

The energy [ (keV)] at which a Bragg peak corresponding to a
particular interplanar spacingl [A)] occurs in the EDXRD spectrum
is given by eq 1

_ 6.19926

~ (dsin6) @

Thewheree is the diffraction angle in degrees (Figure 2). Thus the line at

ca. 42 keV is the (001) Bragg reflection of 2H-Sr{8= 5.9 A). Since

we are using white radiation atomic resonances are also excited. The
peaks at 15.2 and 28.4 keV are the Sa KEnd Sn K5 resonances,
respectively.

For our experiments we chose a fixed diffraction angle (typically
2.85) so that the (001) Bragg reflection of the intercalates (ca. 11.2
A) occurred at ca. 22.2 keV, close to the maximum in the transmission
spectrum of these samples. This geometrical setting allows the detector
to sample a useable energy range equivalentdespacing range of
approximately 26-4 A which allows diffraction peaks due to both
reactant and product to be monitored simultaneously. Integrated
intensities of all the signals in the EDXRD spectra were calculated by
an automated Gaussian curve fitting routifidn all cases the EDXRD
spectra were normalized to resonances from the metal electron cores
of the host material; for ZrS(Zr Ko at 15.8 keV), 2H-SnSand 2H-
SnSe (Sn Kot and Sn K5 at 25.2 and 28.5 keV), and Tafla Ko at
57.6 keV). This allows us to correct for small variations in the peak
intensities due to varying amounts of diffracting sample in the beam
during individual spectra, and minor variations in beam intensity.

Computer Simulations. Computer simulation of the intercalation
reaction kinetics was modeled by using the computer program
FIASCO2%° The program estimates the coherent diffraction from an

(49) Clark, S. M.J. Appl. Crystallogr.1995 28, 646.
(50) Evans, J. S. O. FIASCO2, 1995.
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10000 | an organometallic molecule to intercalate in layered lattices has
] always been based on ad hoc rules, and/or by trial and error.
SnKy A Therefore we were intrigued at the possibility of being able to
quantitatively determine the kinetics of these reactions using
in situ XRD techniques. This approach would also offer us
6000 - SnS, (001) the potential to identify crystalline intermediates which may be
] SnK formed during the course of these reactions.
2000 p Injection of a preheated DME solution of cobaltoc€@n-
(Cp); Cp= n-CsHs} into a suspension of 2H-Sp$h DME at
room temperature leads to rapid intercalation of Co{Cp)
2000 1 between the dichalcogenide layers giving 1&(Cp)}o.s This
] is a first stage intercalation compound, with thexis lattice
parameter increasing from 5.9 to 11.2 A. We have previously
40 50 60 studied the structure of this molecular intercalation compound
Energy / keV using X-ray and neutron powder diffraction and solid stite
NMR and have shown that the metallocene guests are well
S8 (Cofc ordered between the chalcogenide layers, with their molecular
"$2{CoChzlo.50 B Cs-axes parallel to the layeP3:55

Using the in situ reactor (Figure 2), we have recorded time-
resolved energy-dispersive X-ray powder diffraction (EDXRD)
spectra during this intercalation reaction. The data collection
electronics were initialized a few seconds before an aliquot of
Co(Cp} was injected into a stirring suspension of 2H-gnS
crystallites in DME. Subsequent EDXRD spectra were recorded
every 20 s, and are shown in Figure 3b.

The (001) and (002) Bragg reflections associated with the
intercalated phase SK¥0(Cp)}o.3 are clearly visible after a
few seconds. Close examination of individual spectra during
the course of the reaction revealed that there was no evidence
for any new reflections which could be attributed to crystalline
intermediate phases. We were particularly interested in the high
d spacing range to see if there was any evidence for higher

Figure 3. (a) Energy dispersive powder X-ray diffraction spectrum order stage intermediates which are commonly observed in

of a 200 mg sample of 2H-SaStirred in 5 cni of toluene. Total data graphite intercalation rea(.:tlons. )
collection time was 30 s and the detector ang \2as 2.85. Peak at When a toluene solution was used, some evidence was
ca. 42 keV is the (001) reflection of 2H-Sp$b) Three-dimensional obtained that the initial phase formed during intercalation has

plot showing the energy dispersive powder X-ray diffraction spectra a slightly higherd spacing than the final product. For the
recorded during the intercalation of Co(Gp)to 2H-SnS at 20°C in reaction of 2H-Sn8Co(Cp) in toluene at 12C°C an initial
DME. intercalate phase was formed with an apparent interlayer spacing
of 11.5 A. Over a 100 min period this slowly converted to a
imaginary crystallite subdivided intm x n x p blocks. Intercalation final product with ad spacing of 11.2 A (identical to that
is simulated by a (pseudo) random process weighted by user-definedppserved with DME). We attribute this behavior to the
probabilities for nucleation at defect or nondefect sites followed by a formation of an initial kinetic phase that converts over a
user-defined 2D-diffusion rate. At each stage in the process, the amoumrelatively short time period to the final thermodynamic product.

of coherent diffraction is measured for both the host and the intercalate. o ibility is that in the kinetic oh h |ati i
In our simulations we defined coherence as having three adjacent hostoN€ POSSIDIlity IS that in the kinetic phase the relative packing

layers or three adjacent intercalate layers in the crystallite. The program ©f the guest molecules and host layers is not fully ordered. When
also allows layers to enhance the intercalation of adjacent layers. A guest molecules adOPt_ Sp(_?le'C, ordered |Uter|ame”ar positions,
schematic representation of the basic steps in the simulation is shownthe final smallerd spacing is observed. It is also possible that

8000
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in Figure 1b. solvent co-intercalation during the course of the reaction is
responsible for the larged spacing of the initial phase.
Results and Discussion However, solid state?H NMR experiments of quenched

intermediate phases from laboratory reactions with deuterated

comtrgdﬁggogén ’g‘gv.'gé :?:lg(fezf 'rr?tgot)r(n:i::\é?a?:jggﬁglzq:tzw%esmluene as a solvent provided no evidence for solvent inclusion.
pounds Inte - ! : 9enidesy seond possibility is that the phase observed initially has the
by either direct reaction, ion-exchange, or electrochemical

1 oo . . . interlamellar region only partially occupied by guest molecules.
ro#;isﬁD_rE!s dSengrl'ftlacea:jnttrrmeeaprfltgrr]cggitjgsct)fr?ﬁgrtr?nitlgl| olc?gnses The electrostatic interaction between the positively charged guest
\(/:Vobaltoclene and clhromocenle into a ;ange of metal Olisulfiolesmolecules and the negative layers is thus lower than that in the
(MS,: M = Ti, Zr, Nb, Ta, and Snj552 Since then these final product phase, leading to a larger interlayer spacing.

materials have been extensively studied owing to theirinterestingFma”y’ it is possible that this phenomenon is related to a

structural and electronic properties. In general, the ability of  (53) wong, H. V.; Evans, J. S. O.; Barlow, S.; Mason, S. J.; O’'Hare, D.
Inorg. Chem.1994 33, 5515-5521.

(51) Bruce, D. W.; O’Hare, D. Inorganic Intercalation Compounds. In (54) Wong, H. V.; Evans, J. S. O.; Barlow, S.; O'Hare, D.Chem.
Inorganic Materials J. Wiley & Sons: Chichester, 1992. Soc., Chem. Commuth993 1589-1591.

(52) Dines, M. B.; Gamble, F. R.; Silbernagel, B. Bull. Am. Phys. (55) Grey, C. P.; Evans, J. S. O.; O'Hare, D.; Heyes, Sl. Them.
Soc.1975 289. Soc., Chem. Commuth991, 1381.
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Figure 4. Kinetic data for the intercalation of Co(Gy 2H-Sn3 in DME at 20°C: (a) Extent of reactiono against time © = 2H-SnS; @

= SnS{Co(GHs)2}o3). Solid lines are the least-squares fits to the AvraBiofeyev expression shown in eq 4. (b) A Fiasco statistical simulation
of the reaction. (c) SharpHancock plot of I§ —In(1 — o)} vs In(time), the gradient of the line gives the “order” of reaction(d) Sharp-Hancock

plot derived from simulated data.

reorientation of the guest molecules between the layers asreaction is complete. In addition, the decay of the host can
previously postulated for ZeBvVio(CeH3(CHs)3) intercalates® also be followed with eq 3

Given the excellent quality and signal-to-noise ratio of the
EDXRD data, we were able to carry out a quantitative analysis _
of the data. The disappearance of the (001) reflection of 2H- iost) = 1 = (Ihkl(to)) )
SnS, as well as the growth of the (001) and (002) reflections
of the intercalate phase, could be simultaneously monitored where I,,(t) represents the integrated intensity of a host
within our chosen spectral energy window. The integrated reflection fikl) at timet, and Inq(to) is the initial intensity of
intensities of the host ((001); 5.9 A) and the intercalate ((001) that reflection.
and (002); 11.2 and 5.6 A) Bragg reflections were determined  Figure 4 shows the plot of the extent of reaction s time
by Gaussian peak fitting. These integrated intensities were then(t) for both the formation of Sn$Co(Cp)}os and the decay
normalized to the amount of diffracting sample present in the of 2H-SnS at 20°C. The curve is sigmoidal in shape, which
beam by dividing by the intensity of the Snokresonance at s typical of many solid-state transformations in bulk powder
25.2 keV. To undertake a quantitative kinetic analysis of the samples.
data, it is convenient to convert the normalized experimental  One of the most widely used treatments of solid-state kinetics
intensity data to the dimensionless quantity termed the extentis the scheme proposed by Avrami that separates the overall
of reaction (). The value ofo at any time {) for the growth course of the reaction into separate stages of product nucleation
of a new crystalline phase is defined by eq 2 and nuclei growth and has the general functional form given

by eq 4
() )
Ia(t) @ at) = 1 — expl — (k)" (4)

wherelnq(t) represents the integrated intensity of a reflection  In favorable cases, the exponemtan be used to infer details

(hKl) at timet, andlyq(t.) is the integrated intensity when the ~about the rate of nuclegtion and the dimer]siopality of nuplei
growth3” The value ofmis perhaps most easily visualized with

Ihia(®)

aintercalatgt) = (

(56) Evans, J. S. O.; Barlow, S.; Wong, H. V.; O'Hare, Allv. Mater.
1995 7, 163-166.

(57) Hulbert, S. FJ. Br. Ceram. Soc1969 6, 11.
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the aid of a “Sharp-Hancock” plot, in which a plot of InfIn- Figure 4a showsu—time curves for both the growth of
(1 — o)) against In(time) gives a straight line of gradienf® intercalate and loss of host diffraction of SASo(Cp) in DME
It is, however, well-known that the value ofi is extremely at 20°C. Figure 4c shows the corresponding Sharfancock
sensitive to the precise nature of data analysis and, in particular,plot. It is tempting to interpret the change of gradient in the
to the manner in which reaction induction times are treated. Sharp-Hancock plot in terms of a change in reaction mecha-
The solid lines in Figure 4a are the least-squares best fits of nism as intercalation progresses, perhaps as a shift from a
thea(t) curves for the intercalation of Co(Ggdhto 2H-Sn$ at nucleation controlled to a diffusion controlled process. Figure
20°Cto eq 4. The best fits to both the growth and decay curves 4b shows the results of a simple statistical model of intercalation.
give a value of the exponemh= 1.5. Sharp-Hancock analysis In this simulation the rate of 2D diffusion relative to the rate of
(Figure 4c), however, suggests a more complex reaction nucleation at a given layer is assumed to be infinite. Thus we
behavior, and that the exponemtchanges during the course  consider a simple one-dimensional model of intercalation. If a
of reaction with the early stages of reaction being best describedgiven layer is intercalated then we assume that the probability
by m= 2 and later stages bm= 1. This is discussed in more  of intercalation at an adjacent layer is greater than that at a
detail below. random lattice site. Here adjacent<{ 1) layers are assumed
Mechanism of Intercalation Reactions. Clearly the simple to be 12 times more likely to intercalate than remote layers, (
fitting of Avrami-type expressions to experimentally determined + 2) layers 6 times more likely, and (+ 3) layers 3 times
rate data for a process as complex as intercalation cannot leadnore likely. The acceleratory rate of both intercalate and host
to unambiguous mechanistic interpretation. As shown in Figure diffraction are reproduced. Figure 4d shows a Sharp-Hancock
1b, the overall process of intercalation can be broken down into curve derived from the simulated—time data. Changes in
several smaller steps involving nucleation of guest molecules gradient as a function of logarithmic time similar to those
at the edge of crystallites and subsequent diffusion of these observed experimentally are observed.

these two processes will determine the overall shape of the (cp), by 2H-SnSgin DME at 73°C. Figure 5b shows a simple
a—time curve. For a layered intercalation compound one can simuylation similar to that performed for 2H-Sp®ut in which
immediately identify two limiting cases. When the rate of the enhancement in intercalation probability in adjacent layers
diffusion of the guest molecules between individual layers is s only twice that of a remote layer intercalating. Experimental
large compared to the rate of formation of new nucleation sites g3q simulated ShargHancock plots are shown in Figures 5¢
at the edge of the crystal, one has a situation in which the 5nq 54, Again an apparent change in the gradient of the Sharp
individual layers fill “instantaneously”. The diffusion process Hancock plot, fronm = 2 tom = 1.5, is observed experimen-
one is observing when applying Avrami kinetic analysis is not a1y and predicted by simulation. It is also relevant to note
then the 2D diffusion of guest molecules into the center of {5t in the case of 2H-Sns¢he loss of diffraction from the
individual layers (as in Figure 1a), but the one-dimensional st |attice layers occurs much more rapidly than the rate of
diffusion of filled layers parallel to the-axis (Figure 1Db). growth of intercalate such that te-time curves cross at <

The rate of this one-dimensional diffusion compared to the g5 On our simple one-dimensional model this would suggest
rate of nucleation of remote host layers will further effect the 4 intercalation occurs in a significantly more random fashion

shapes. of thex—timg curves for the hogt gnd intercalat.e.. If in 2H-SnSe than 2H-SnS leading to a rapid loss of coherent
nucleation occurred in a completely statistical fashion within a jiffraction from the host lattice.

crystallite then the loss of coherent diffraction from the host
lattice would occur much more rapidly than the gain of coherent
scatter from the intercalated product. If, however, the presence
of guest molecules within one layer increases the probability
of intercalation in adjacent layers then one would expect to
observe the growth of coherent “islands” of intercalate away

Some support for this 1-dimensional model of intercalation
comes from transmission electron microscopy. A small quantity
of 2H-SnS was stirred with a DME solution of cobaltocene
for 3 min and the reaction quenched. A typical transmission
electron micrograph of a crystallite with itsaxis perpendicular

from initial nucleation centers (parallel to the stacking axis). In o the electron beam is shown in Figure 6. Allimages recorded
b 9 : showed distinct regions of host lattice and intercalate blocks

this case the growth of diffraction peaks from the intercalate with interlayer separations of 5.9 and 1120.1 A. In all

and loss of host peaks would be expected to occur at comparable . ) . :
rates. crystallites examined no evidence of staging was observed, and

To investicate the influence of these various henomenafrom the edge of the crystallite to the center, each interlayer
further we h%ve develoned a simole proaram topmodel the SPace was completely expanded or remained nonintercalated.
- . ; pec p'e prog . This is in contrast to micrographs recorded on Hg/Mattices
kinetics of intercalation reactions. In this program the intercala- by McKelvy and co-workers where clear and elegant evidence
tion is modeled in terms of the behavior of a hypothetical y ey 37 . . €0
crystallite ofm x n x p blocks. The probability of a given of staging was observe®.*7 This technique is, of course,
block of the crystallite intercalating at tintds then influenced limited to the observation of relatively thin crystallite sections

by a number of factors (e.g., whether it is an edge block, WhetherWh'Ch may ”F“ be r_epresentatlve _Of the bu!k. i ) i

it lies within a diffusion radius distance of intercalated blocks,  1his one-dimensional model of intercalation in which entire
whether it is assigned as being a defect site, whether it is layers o_f the_ host lattice _mtercalate mstanta_neously may a!so
adjacent to blocks already full, its distance to a partially full help rationalize .the relatively rare observation of staging in
layer etc.) Intercalation into a given block at tinhés then metallocene/MXintercalates. For one to observe, for gxample,
determined in a statistical fashion, weighted by this probability. @ Second stage intercalation compound of the Dauthigsold

The observation of “coherent” diffraction from either host or type> diffusing fronts of guest molecules from nearby crystal
intercalate is measured in terms of the occurrence of a specifiedlayers must meet at points in the center of a crystallite. For

number of adjacent intercalate/host blocks in this imaginary this to occur, the rate of formation of guest nucleation sites must
crystallite. be comparable to the rate of 2D diffusion of guest molecules.

(58) Hancock, J. D.; Sharp, J. H. Am. Ceram. Sod.972 55, 74—77. (59) Daumas, N.; Herold, AC. R. Acad. Sci. Parid969 268 373.
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Figure 5. Kinetic data for the intercalation of Co(Gy 2H-SnSein DME at 73°C: (a) Extent of reactiono) against time © = 2H-SnSeg;
® = SnSe{ Co(GHs)2}o.9). Solid lines are the least-squares fits to the AvraBiofeyev expression shown in eq 4. (b) A FIASCO?2 statistical
simulation of the reaction. (c) Shaflancock plot of I§—In(1 — )} vs In(time), the gradient of the line gives the “order” of reactman(d)

Sharp-Hancock plot derived from simulated data.

Figure 6. TEM of the partially intercalated sample Si§0(Cp)} .03
showing blocks of completely full and completely empty layers.

expect based on a simple diffusion model of intercalation. In
these cases one can envisage an extension of our 1D model in
which intercalation proceeds from the surface layers of a
crystallite toward its center; entire surface layers of the host
lattice are coordinated by polymer, and are prised away from
the bulk of the crystallite. Such a process has as its extreme a
mechanism whereby the individual layers of the host lattice are
flocculated prior to intercalation and restacked around guest
molecules, as was initially performed in the synthesis of
intercalates of Mog®!

Effect of Temperature on Intercalation. For the intercala-
tion of 2H-Sn$ with Co(Cp) we have measured the temper-
ature dependence of the reaction in the rangd@ °C. To
obtain a consistent measure of rate constantiime data at
each temperature were fitted to an Avrami expression (eq 4)
with m = 1.5. These rate constants (Table 1) were used to
construct an Arrhenius plot (Figure 7) from which we measure
an apparent activation energy for the intercalation reaction of
41 £ 7 kJ mof L.

Effect of Host Lattice on the Intercalation Rate. We have
also investigated the intercalation of Co(gp)to a range of
other layered metal dichalcogenides (Zr&H-Sn$, 2H-SnSe,

There are also polymer intercalates known, for example, poly- 2H-TaS, 2H-NbSe, 1T-Ta$, and Ti$). We were particularly

(ethylene oxide) intercalates of Mng%8 where the rate of

intercalation is observed to be much higher than one would

(60) Oriakhi, C. O.; Lerner, M. MChem. Mater1996 8, 2016-2022.

interested in determining how the rate of Co(Eip}ercalation

(61) Divigalpitiya, W. M. R.; Frindt, R. F.; Morrison, S. Bciencel 989
246, 369-371.
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Table 1. Rate Constants for the Intercalation of Co(Chy
2H—-SnS with DME Solvent
temp (C) UT (103K} half-life (s) k(103sh)p <
8.5 3.552 1385(7) 0.566(3) =
20 3.413 710(4) 1.100(7) ]
30 3.300 162(6) 4.8(2) §
40 3.195 211(5) 3.71(9) o
50 3.096 94(3) 8.4(3) °
60 3.003 61(3) 12.9(6) o
70 2.914 83(1) 9.4(1) £
w
aParticle size 96250 um. Numbers in parentheses represent
estimated error in last digit obtained by fitting eq 4 with= 1.5 to
the observed(t) curves. When m2 was varied freely the half-life at
each temperature (apart from 3Q) varied by less than 2 standard
deviations from that quoted.Obtained by least-squares fitting to
eq 4. AN
10* 10°
-4.0- time(sec)
Figure 8. Extent of reactiond) versus time for intercalation of Co-
-4.54 (Cp). into a range of metal dichalcogenide®, ZrS,, 8 °C; <, 2H-
SnS, 20°C; @, 2H-SnSeg, 50 °C; O, TaS, 120°C. Also shown €)
-5.0] are fits to the Avrami-Erofeyev equationgt = 1 — exp{ —(kt)}*.
55 Table 2. The Half-Lives and Avrami Rate Constants for the
< 77 Intercalation of Co(Cp)into a Range of Lamellar Metal
- Dichalcogenides at 20 and 12C (Particle Size: 6690 um, in
= -8.0{ dimethoxyethane)
20°C 120°C
-6.54
host half-life (s) 16k (s™*% half-life (s) 10k (s
-7.0] ZrS; 23 34.1 <5 400-600*
2H-SnS 475 1.64 31 253
75 . 2H—-SnSSe 225
0.0029 0.003 0.0031 0.0032 0,_(1)‘033 0.0034 0.0035 0.0036 g::?g;e 6730 0.12 160%100 016952
v ) 2H-NbSe 2960  0.26
Figure 7. Plot of In() vs 1/T for reaction of 2H-SnSand Co(Cp)in 1T-TaS >16000 <0.0%
DME. All rate constants were derived by using= 1.5 in eq 4. TiS; >60000 <0.01

was affected by the nature of the host lattice. In all these aAt 120 °C this is too fast to measure accurately with the time
: resolution available; the range of values kois an estimate based on

experiments the host lattices were sieved to obtain a uniform gytrapolation of lower temperature resuktShortage of beam time
particle distribution in the range 6®0 um. These reactions  prevented full analysis. Reaction significantly slower than that of 2H-
were all performed under standardized conditions with the sameTa$S.

amount of stock Co(Cp)olution at 120C in toluene. In each

case the reaction yields a first stage intercalation compound oflower, yet its intercalation reactions are faster. For the
chemical composition M¥ Co(Cp)}o.30t0.0s(M = Zr, Sn, Ta, intercalation of a large molecule such as cobaltocene the rate
Ti; X =S, Se). In all cases we observed the smooth growth of limiting factor is likely to be determined by the ease of
intensity of the reflections of the intercalate phases with an separation of the host layers (which must increase by ca. 5.35
increase irc-lattice constant of 5.35- 0.1 A. No intermediate A). This presumably explains the general observation that metal
phases of higher order staging were observed in any of theseselenides (where van der Waals interlayer attractions are
reactions. a(t) plots for the intercalation of Co(Cpinto ZrS;, maximized) react more slowly than sulfides. It also seems likely
2H-Sn$S, 2H-SnSe, and Ta$ are shown in Figure 8. In each that there is a similar explanation for the exceptionally slow
case the solid lines are the calculated least-squares figtof rate of reaction of Tig This phase shows a pronounced
to the Avrami-Erofeyev expression given in eq 4 with an fixed tendency to accommodate excess Ti in the interlamellar region
value of the Avrami exponentr{) of 1.50. Time is plotted on (Ti14xS2), which will again increase interlayer attractions.

a logarithmic scale for ease of comparison of data. Effects of Cobaltocene Concentration and Stoichiometry.
Table 2 shows a summary of the half-livets; 4 and rate For 2H-Sng, ZrS,, and 2H-SnSewe have also investigated
constants K,pds) for the intercalation of Co(Cp)in eight the rate of intercalation as a function of the initial Co(£p)

different layered metal dichalcogenide hosts. What is im- concentration. In each case, varying concentrations of cobal-
mediately striking about the data shown in Table 2 is the extreme tocene solution (enough volume to provide a 2:1 molar excess
variation in the rate of the reaction for each of the host lattices. with respect to the host) were injected onto 200 mg of the host
Ascribing the overall rate of reaction to any one physical lattice at a convenient temperature for kinetic analysis. Figure
property of the host lattice is difficult. It might be thoughtthat 9 shows each of thex(t) curves for the intercalation of
the reaction rate would be dependent on the redox propertiescobaltocene into 2H-SnSat 20 °C for a range of initial Co-

of the host. Some feel for this redox behavior can be obtained (Cp), concentrations.

by comparing literature discharge curves for Li/ieells. For Data were fitted to the Avrami equation (eq 4) and, for the
example, the discharge potential for 2H-FaSreported to be complete range of initial Co(Cpyoncentrations studied (30
higher than that for 1T-TaSin line with the kinetic observations 70 mg cn13), the measured rate constants and half-lives were
here. However, the discharge potential for ZisSsignificantly found to be invariant within experimental error (Table 3).



Intercalation of Cobaltocene by Layered Dichalcogenides J. Am. Chem. Soc., Vol. 120, No. 4210888

Extent of Reaction (c)
Extent of Reaction (u)
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Figure 10. Extent of reaction versus time for the intercalation of Co-
(Cp). into 2H-Sn$ at 20°C for a range of guest stoichiometries; the
- data are extracted from integration of the host (001) reflection such
3. 3.
COEEP)Z conc_:entratlonso, 12.5mg cm*, M, 25 mg cn’, #, 45 mg thata = 1 corresponds to complete loss of coherent diffraction from
cm~3. Reactions were performed at 2C for a 2:1 molar excess of . ) . !

uest species the host lattice. Data shown are for guest:host molar ratios ofCl),1 (
guest species. 0.33:1 (), and 0.1:1 #).

Table 3. Half-Lives for the Intercalation of Cobaltocene into

Figure 9. Extent of reactiond) versus time for intercalation of Co-
(Cp), into 2H-Sn$ (particle size: 96-250um) with a variety of initial

Three Metal Dichalcogenides for a Range of Initial Guest
Concentratiof
half-life (s) 5
Co(Cp} conc. 2H-SnS ZrS, 2H-SnSe 5
(mg cnT?) (20°C) (8°C) (50°C) B
©
13 562 2
26 656 36 1210 S
32 600 44 1160 =
43 640 39 1250 $
52 692 40 1190 i
64 716
aErrors in half-life derived by fitting eq 4 to Sp$lata are of the
order of £10 s. This probably represents an underestimate of the true
error. For Zr$ the overall time of reaction is short relative to the total
time required for sample injection (ca. 10 s), and errors in half-life are
correspondingly large. 0 500 1000 1500 2000 2500 3000

time(sec)

Therefore, we conclude that the nucleation and diffusion rate Figure 11. Extent of reactiond) versus time for intercalation of Co-
are independent of Co(Gpjoncentration over the concentration (Cp) into 2H-Sn$ at 70°C (particle size: 98250 um) for a range
range investigated. From preliminary studies of other guest of solvents: pyridineM), DME (O), and CHCN (@). Solid lines are
species, this phenomenon would appear to be quite general foffits to the Avrami-Erofeyev equatione = 1 — exp{ —(kf}**.
metallocene intercalation into layered metal dichalcogenides. tape 4.  Half-Life Values for the Intercalation of Co(Cpinto

If this is an example of a more general phenomena this 2H-SnSe from Various Solvents (Dielectric Constants Obtained
observation has significant practical implications. The zero- from theHandbook of Chemistry and Physios the Bruker

order dependence in the guest concentration means that it i\ mana%

not necessary to use a large excess of guest molecules to solvent half-life (s) €(20°C)

expedite these reactions. This would be especially useful if the pyridine 250 12.4

guests are expensive or particularly difficult to synthesize, or DME 700 7.2

of low solubility in the solvent required. _all_%eéonitrile 208058 377-65
When less than stoichiometric amounts of Co(Gp added benzene :3600 208

to 2H-SnS we still see the same initial rate of reaction. Figure

10 shows then(t) curve when only 0.1 equiv of Co(Cpare Effect of Solvent on the Intercalation Rate. In situ

added to a 2H-SnSuspension in toluene at 2C. Data have experiments have also shown the importance of solvent on these
been normalized relative to the loss of the host lattice reflections. reactions. Table 4 gives the half-life values for formation of
Surprisingly thex—time curve levels off at ca. 0.5 corresponding SnSe(CoCp)o.zin a range of solvents at P&, with thea-time

to approximately 50% conversion of the host into the final data shown in Figure 11.

intercalate. Chemical analysis of the final product confirmed Intercalation is seen to be most rapid in pyridine, acetonitrile,
a stoichiometry of Sn§Co(Cpy}os. This suggests that at and DME, yet substantially inhibited in benzene and THF.
intermediate stages of reaction a larger than expected (ca. 50%Similar solvent effects are observed for 2H-gn®8ith DME
rather than 30%) proportion of interlamellar regions have been and pyridine reactions proving quicker than those withsCH
intercalated, and that the guest molecules are, therefore, not clos€N, toluene, and benzene as solvents. The dielectric constant
packed within a given host layer. of benzene (2.284 at 2TC) is significantly smaller than the
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other solvents, which, given the redox nature of the intercalation  The dependence of reaction rate on host lattice, temperature,
process, may account for the decreased reaction rate in nonpolasolvent, and guest concentration has been investigated. A simple
solvents. However, the dielectric constant of acetonitrile (37.5 statistical model to explain the observed kinetics has been
at 20°C) is roughly three times that of pyridine (12.3 at %) proposed.

yet the half-intercalation time is roughly three times longer, so  Perhaps one of the most remarkable and significant observa-
other factors are almost certainly involved. In none of these tions is the zero dependence of the Co{Cgncentration on
reaction do we see any evidence for solvent cointercalation in the rate of intercalation in these materials.

the final products. We cannot rule out the possibility that

transient solvent cointercalation may play an important role. ~ Acknowledgment. We would like to thank Daresbury
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