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The thermal decomposition of ammonium tetrathiomolybdate, a process widely used for
the preparation of molybdenum sulfides, has been studied in situ for the first time, using
combined Mo K edge XAFS and X-ray powder diffraction. Isothermal decomposition at 120
°C produced pure amorphous molybdenum trisulfide (a-MoS3), after 135 min, with no further
reaction observed on continued heating. XAFS spectra and diffraction patterns collected
during the heating showed the disappearance of crystalline (NH4)2MoS4 and the formation
of a-MoS3 without the formation of an intermediate. Thermal decomposition of (NH4)2MoS4
by heating from 100 to 400 °C produced ultimately poorly crystalline MoS2. It is shown
that the Mo-Mo nonbonded correlation of ∼3.2 Å found by some previous workers in a-MoS3
is most likely due to the presence of small quantities of poorly crystalline MoS2. This allows
certain structural models for a-MoS3 to be ruled out. A detailed comparison between XAFS
data collected from crystalline 2H-MoS2 at a variety of temperatures and data collected
from poorly crystalline MoS2 prepared in situ shows that the low crystallinity exhibited by
the powder pattern of the latter material arises from not only small particle size and stacking
faults but also positional disorder of constituent atoms from the ideal 2H-MoS2 structure.

Introduction

Molybdenum sulfides are of great industrial impor-
tance. For many years crystalline molybdenum di-
sulfide, MoS2, has been the basis of hydrotreating
catalysts, vital for the purification of petroleum prod-
ucts.1 It is widely accepted, for example, that the
catalytically active species in hydrodesulfurization pro-
cesses are MoS2 crystallites, formed by the sulfidation
of the Mo/Al2O3/Co catalyst under operating condi-
tions.2,3 Crystalline molybdenum disulfide also finds
uses as a lubricant either in a solid form or as an
additive in liquid systems,4 and an amorphous material
of composition MoS2 has been investigated as a cathode
material for reversible nonaqueous lithium batteries.5
Amorphous molybdenum trisulfide, a-MoS3, has shown
greater potential in this area of electrochemistry, ex-
hibiting unusually high energy-density and reversibility
when compared to crystalline transition-metal sul-
fides.6,7

The thermal decomposition of ammonium tetrathio-
molybdate under an inert gas atmosphere offers a
convenient method for the preparation of binary mo-
lybdenum sulfides and utilizes lower temperature than
other preparative routes, such as the sulfidation of
molybdenum oxides. The process may be represented
as

This reaction was first described by Berzelius in the
1830’s,8 and the products of each stage of the process
have since been the subject of numerous investigations,
using methods such as X-ray diffraction,9 thermogravi-
metric and differential thermogravimetric analysis,10-12

and electrical conductivity measurements.13 It is un-
derstood from these experiments that ammonium
tetrathiomolybdate produces a-MoS3 when heated at
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temperatures between 120 and 260 °C under either
vacuum or an inert atmosphere. Amorphous MoS3 is
stable to around 300 °C, when gradual loss of sulfur
produces ultimately MoS2 at around 400 °C. Temper-
atures in excess of 1000 °C result in the formation of
solely hexagonal molybdenum disulfide (2H-MoS2). As
has previously been noted, the precise temperatures
representing each of these steps shows some variation
among the different published studies, which is most
likely due to differing reaction conditions, in particular
the heating rates applied.12

The molybdenum disulfide produced by heating am-
monium tetrathiomolybdate to 400 °C exists in a poorly
crystalline modification, shown by some workers to be
structurally related to crystalline 2H-MoS2 on the basis
of X-ray diffraction results.9,14 The catalytic properties
of this disordered phase have recently been investigated,
and it has been shown that the thermal decomposition
of ammonium tetrathiomolybdate affords molybdenum
disulfide with a considerably higher catalytic activity
toward hydrogenation reactions than sulfides prepared
by conventional methods, such as the reductive sulfi-
dation of oxides.15,16 The process has also been inves-
tigated recently as a means of modifying the tribological
properties of aluminum surfaces: the electrochemical
deposition of a-MoS3 from ammonium tetrathiomolyb-
date on aluminum surfaces followed by heat treatment
around 400 °C has been used to produce aluminum
surface-impregnated with MoS2 that has improved wear
properties.17-19

Amorphous molybdenum trisulfide, the initial decom-
position product of ammonium tetrathiomolybdate, is
one of a number of unusual transition-metal sulfides
which has no crystalline analogue; other examples
include V2S5,20 WS3,21 and Re2S7.22 The structures of
these compounds have been the subject of widespread
speculation in the literature,23 and a-MoS3 in particular
has been the subject of numerous structural investiga-
tions but without any consensus on even a simple
structural building block to describe its structure having
been reached. The most widely assumed structural
model for a-MoS3 is based on the chainlike structures
of the crystalline transition-metal trichalcogenides of
groups 4 and 5, with metal-metal bonded molybdenum
dimers bridged by sulfide and disulfide anions, resulting
in the compound being formulated as MoV(S2

2-)0.5(S2-)2.
This model arose from a comprehensive EXAFS and
X-ray diffraction study of the compound by Liang and
co-workers in the 1980s,24-27 who confirmed the earlier
conclusions of Diemann,28 who first showed MoS3 to be

a genuine compound rather than a mixture of amor-
phous forms of MoS2 and sulfur. The basis of the chain
model is an Mo2S9 unit, Figure 1a. Molybdenum is
surrounded by six sulfur near neighbors (d(Mo-S) )
2.43 Å) and alternating short (2.75 Å) and long (∼ 3.20
Å) Mo-Mo distances are produced when units are
linked by face sharing of the terminal S atoms to form
an infinite chain. Other EXAFS studies of a-MoS3 show
general agreement with this model,29-31 and our recent
neutron diffraction study favors such a chain model over
other possibilities, particularly those containing multi-
nuclear Mo-Mo bonded clusters.32 In recent years,
however, Müller and co-workers have put forward a
second model for the structure of a-MoS3, in which Mo-
Mo bonded triangular clusters are linked by bridging
disulfide and monosulfide anions, Figure 1b. This
model was proposed on the basis of results of chemical
degradation experiments in which a-MoS3 was reacted
with aqueous solutions of cyanide or hydroxide at
ambient temperature to produce crystalline complexes
containing multinuclear Mo-Mo bonded clusters such
as [Mo3S4(CN)9]5-,33 [Mo4S4(CN)12]8-,33 and [Mo3S13]2-.34,35
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Figure 1. Two structural models previously proposed for
a-MoS3: (a) an MoV

2S9 unit that may form part of an infinite
MoS3 chain by face sharing of terminal S groups (d(Mo-Mo)
) 2.75 Å); (b) two of the trinuclear clusters containing MoIV

proposed by Weber et al. as structural units.36 Such clusters
are linked to others by appropriate amounts of charge balanc-
ing S2- and S2

2- groups; two possible units are shown, one with
d(Mo-Mo) ) 2.80 Å and the other with d(Mo-Mo) ) 2.75 Å
and d(Mo-Mo)′ ) 3 Å. Bold lines represent Mo-Mo bonds
(d(Mo-Mo) < 3 Å).
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It was suggested that the MoIV
3 core found in some of

these complexes forms a building block for the structure
of a-MoS3 with charge-balancing S2- and S2

2- an-
ions.34,35 Most recently Weber et al. performed a chemi-
cal degradation experiment on a-MoS3 using NEt4Cl,
producing the complex (NEt4)2[Mo3S7Cl6] containing the
MoIV

3 triangular core.36 These authors produce a more
detailed description of a possible structure of a-MoS3,
suggesting that two types of trinuclear Mo IV

3 cluster
are present in the material, one with three equal Mo-
Mo bonding distances of ∼2.7 Å and another with short
(∼2.7 Å) and long (∼3. Å) Mo-Mo interactions, as shown
in Figure 1b. Clearly these most recent descriptions of
the structure of a-MoS3 show little consistency with the
earlier studies which took information directly from the
solid state. It is noteworthy that the use of photoelec-
tron spectroscopy in determining the oxidation state of
Mo in a-MoS3 has not allowed possible units to be
distinguished: some authors claim the compound con-
tains solely MoV 24,25 and others MoIV.36,37 We consid-
ered a reexamination of the structure of a-MoS3 to be
worthwhile, using an experimental technique not previ-
ously applied to the system.

In this paper we describe the first in situ structural
study of the thermal decomposition of ammonium
tetrathiomolybdate using combined XAFS/XRD. The
method has been shown to be a powerful tool for the
study of solid-state transformations under various
conditions, allowing both long-range order and short-
range order to be examined simultaneously.38-40 The
aims of the experiment were to gain new information
about the structure of a-MoS3 and to examine the local
structure of poorly crystalline MoS2, a material clearly
of widespread interest at present.

Experimental Section

Materials. Ammonium tetrathiomolybdate was used as
supplied by Aldrich (99.9%). An infrared spectrum of this
material showed no oxide impurities were present, by the
absence of any characteristic Mo-O vibrations. Crystalline
(2H) molybdenum disulfide, used as a model compound for the
EXAFS experiments, was used as supplied by Aldrich.

XAFS/XRD Experiment. Combined XAFS/XRD experi-
ments were performed on Station 9.3 of the Daresbury SRS
using experimental apparatus previously described.38-40 The
synchrotron source was operating with an average stored
energy of 2 GeV and a typical electron current of 200 mA.
EXAFS data were collected at the molybdenum K edge (E ≈
20 000 eV) in transmission mode from samples of ammonium
tetrathiomolybdate and crystalline molybdenum disulfide
finely ground with boron nitride as a diluent and pressed into
13 mm diameter pellets of around 1 mm thickness. A diluent
was necessary to prevent cracking of the thin pellets upon
heating with the release of the gaseous byproducts in the

decomposition of ammonium tetrathiomolybdate and also to
allow the sample concentration to be adjusted to prevent self-
absorption (µd ≈ 2.5, ∆µd ≈ 1). Boron nitride was found to
be suitable for this purpose since its powder diffraction pattern
contains only a small number of well-defined Bragg peaks, few
of which overlap with those of either ammonium tetrathio-
molybdate or molybdenum disulfide, and over the temperature
range studied here it undergoes no phase change and is
unreactive toward the materials studied. Typically pellets
containing ∼50% by mass of sample were used. EXAFS data
were collected in quick-EXAFS mode using a rapidly scanning
Si(220) monochromator, with the maximum k-value of the data
limited to 16 Å-1; this range of data was sufficient to allow
detailed modeling of several atomic shells but minimized the
cycle time of the experiment. EXAFS data were calibrated
using data collected from a molybdenum foil. Powder X-ray
diffraction data were collected alternately with the EXAFS
data using an X-ray wavelength of 1.2 Å, slightly lower in
energy than the molybdenum K edge, for a period slightly less
than 5 min over the range 2θ ≈ 14-72°. Diffraction patterns
were collected using an INEL curved, position-sensitive detec-
tor which was calibrated using a silicon standard. The
combined time for an EXAFS scan, collection of an XRD
pattern, and associated monochromator movement time was
10 min. Station 9.3 is equipped with a furnace which allows
solid samples to be heated to 1000 °C, and the temperature of
the sample may be measured to within (2 °C, using a
thermocouple positioned on the sample surface. Two experi-
ments were performed on ammonium tetrathiomolybdate, both
under an atmosphere of flowing dry nitrogen. In the first a
sample was heated rapidly (20 °C min-1) to 120 °C, the lowest
temperature reported for the onset of decomposition of the
compound;12 then EXAFS and XRD data were collected with
the temperature maintained at this level for 4 h. In the second
experiment a sample was heated rapidly to 100 °C at 20 °C
min-1 and then heated at 1 °C min-1, while EXAFS and XRD
data were measured until the temperature had reached 400
°C. Data were measured from crystalline MoS2 diluted in
boron nitride at a variety of temperatures between room
temperature and 400 °C to provide a direct comparison for the
data collected from the decomposition products of ammonium
tetrathiomolybdate.

Data Analysis. EXAFS data calibration and background
subtraction were performed using the programs EXCALIB and
EXBACK and data modeled in k-space with k3-weighting from
k ) 3 Å-1 to k ) 16 Å-1 using the program EXCURV92.41 For
each EXAFS spectrum analyzed the threshold energy was
defined as the point of inflection of the near-edge region, and
a postedge background calculated using a combination of three
third-order polynomials. Phase shifts were calculated within
EXCURV92 using the Hedin-Lundqvist method for determin-
ing ground-state potentials and the von Barth method for
exchange potentials. EXAFS spectra were Fourier trans-
formed to produce a one-dimensional radial distribution func-
tion, using phase shifts calculated for the first atomic shell.

Elemental Analysis. The pellets used in the EXAFS/XRD
experiment were retained after heat treatment and finely
ground. X-ray microanalysis was performed using a Philips
CM20 transmission electron microscope fitted with an EDAX
PV9900 detection unit and operating with an accelerating
voltage of 200 keV. This allowed the examination of particles
containing only molybdenum and sulfur without interference
from the diluent boron nitride. A calibration graph was
derived from study of the Mo-L, Mo-K, and S-K emissions
of crystalline MoS2, (NH4)2MoS4, and MoO3 to convert the ratio
of observed X-ray emission intensities to relative atomic
concentrations.31 Typically 10 metal sulfide particles in each
mixture were analyzed in this way.

Results and Discussion
Decomposition of Ammonium Tetrathiomolyb-

date at 120 °C. Figure 2 shows the X-ray powder
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diffraction patterns recorded as ammonium tetrathio-
molybate was held at 120 °C for 4 h. Bragg peaks due
to crystalline (NH4)2MoS4 decrease in intensity with
time, most clearly indicated by the magnitude of the
(202) peak at ∼18°, and after 135 min there remains
no trace of the starting material; the only Bragg peaks
present for the remainder of the heating are due to the
diluent boron nitride, consistent with the presence of
only a-MoS3 under these conditions. Elemental analysis
of the product of this reaction showed the molybdenum
sulfide produced has composition MoS3.1(1).

Analysis of the Mo K edge EXAFS of ammonium
tetrathiomolybdate at 120 °C recorded in the first 5 min
of heating showed that only one shell of atoms is
required to model the data, those associated with the
MoS4

2- anion, Figure 3a. On least-squares refinement
of the coordination number, radial distance, and Debye-
Waller factor, a satisfactory fit is achieved with physi-
cally reasonable structural parameters. The EXAFS
derived Mo-S distance (2.18 Å, Table 1) is in excellent
agreement with that determined from a previous crys-
tallographic study of the compound (2.17 Å).42 The
second EXAFS spectrum, recorded during 10-15 min
of heating, showed changes had already occurred in the
average local structure of molybdenum. These were
most evident in the Fourier transform which showed a
broadening of the single peak to give a less symmetrical
feature in the radial distribution function. Table 1
shows that three shells of atoms are necessary to model
these data well; inclusion of a second sulfur shell at
∼2.43 Å and a molybdenum shell at ∼2.75 Å produce
a satisfactory fit to the data. The result of including
occupation numbers of these shells in least-squares
refinements is reported in Table 1 (it was always

checked that the number of independent parameters,
Nind, and the distance resolution, ∆r, were within limits
determined using standard expressions for EXAFS data
analysis when performing least-squares refinements43).
The EXAFS data of the sample after 15 min of heating
may be interpreted as arising simply from a mixture of
ammonium tetrathiomolybdate and a-MoS3. Previous
EXAFS studies of a-MoS3 all find molybdenum to be
surrounded by six near sulfur neighbors at 2.41-2.44
Å and to have at least one molybdenum neighbor at
2.74-2.75 Å.24-31 For a mixture consisting of 25% MoS3
and 75% (NH4)2MoS4 we would expect each molybde-
num to be surrounded by, on average, 3 sulfur neighbors
at ∼2.17 Å, 1.25 sulfur neighbors at 2.43 Å, and at least
0.25 molybdenum neighbors at 2.75 Å. The coordination
numbers derived from the EXAFS data collected during
10-15 min of heating ammonium tetrathiomolybdate
at 120 °C are consistent with these data, bearing in
mind the large expected errors on EXAFS derived
coordination numbers. As time proceeds, the EXAFS
data may be modeled in exactly the same manner, as
simple mixtures of ammonium tetrathiomolybdate and
a-MoS3, but with increasing amounts of a-MoS3 in the
mixture, indicated by smaller contributions of the sulfur
shell at 2.18 Å and increasingly larger contributions of
the sulfur shell at 2.43 Å and the molybdenum shell at
2.76 Å. Figure 3b shows the EXAFS spectrum and its
Fourier transform for the period of 30-35 min of
heating, clearly illustrating the dramatic changes in the
data seen during the thermal decomposition. Another
indication of the decay of ammonium tetrathiomolyb-
date is shown by changes in the near-edge structure
(XANES) of the Mo K edge as time proceeds. Figure 4

(42) Belounge, P.; Chezeau N.; Lapasset, J. Acta Crystallogr. B
1976, 32, 3087.
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Criteria in XAFS in X-ray Absorption Fine Strucure; Hasnain, S. S.,
Ed.; Ellis Horwood: Chichester, U.K., 1991.

Figure 2. Powder diffraction patterns recorded during the isothermal heating of ammonium tetrathiomolybdate at 120 °C. Each
pattern was obtained during a period of 5 min. Bragg peaks due to (NH4)2MoS4 are marked with an asterisk; other Bragg peaks
are due to the diluent boron nitride.
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shows the Mo K edge XANES at four different times. It
can be seen that the preedge feature, characteristic of
a tetrahedrally coordinated center, decreases in inten-
sity as the tetrahedral MoS4

2- anion decays to produce
MoS3, containing six-coordinate molybdenum. After
130-135 min of heating the EXAFS data are best
modeled by two atomic shells; corresponding to the
previously determined EXAFS parameters for a-MoS3,
Figure 3c, Table 1. During continued heating there
results no change in the EXAFS data; data collected
after 8 h is best modeled in exactly the same manner
as those collected after 135 min.

The thermal decay of ammonium tetrathiomolybdate
may be represented graphically using both the EXAFS
and XRD results. Figure 5a shows plots of the fractional
amount of (NH4)2MoS4 derived from the average coor-
dination number of the shell of sulfur atoms at 2.18 Å
(derived from EXAFS and associated with the tetrathio-
molybdate anion), and the normalized intensity of the
(202) (2θ ) 18.3°) and (115) (2θ ) 30.8°) peaks of
ammonium tetrathiomolybdate (XRD) as a function of
time. The coordination numbers were determined by
least-squares refinement of parameters of three atomic
shells as described above, and the Bragg peak intensity
was determined by fitting a Gaussian function to the

Figure 3. Mo K edge EXAFS spectra (top) and their Fourier
transforms (bottom) recorded during the isothermal heating
of ammonium tetrathiomolybdate at 120 °C, recorded at (a)
0-5, (b) 30-35, and (c) 130-135 min. Broken lines show the
theoretical functions generated from models fitted to the data
(see Table 1).

Table 1. Structural Parameters Derived from Study of
the Mo K Edge EXAFS Obtained during the Isothermal

Decomposition of (NH4)2MoS4 at 120 °C at Selected Times

time/min shell N R/Å A/Å2 fit index

0-5 S 4.00(9) 2.179(1) 0.0047(2) 2.19
10-15 S 3.94(13) 2.182(2) 0.0057(3) 2.24

S 1.61(45) 2.449(6) 0.0133(42)
Mo 0.29(18) 2.760(10) 0.0087(45)

30-35 S 2.81(9) 2.183(1) 0.0053(4) 2.69
S 3.10(30) 2.428(2) 0.0157(19)
Mo 0.47(10) 2.762(3) 0.0057(14)

60-65 S 1.92(12) 2.187(2) 0.0074(7) 4.54
S 4.69(21) 2.427(2) 0.0149(10)
Mo 0.95(14) 2.764(3) 0.0096(11)

90-95 S 0.91(12) 2.183(3) 0.0058(11) 2.90
S 5.57(19) 2.427(3) 0.0160(8)
Mo 1.16(13) 2.765(2) 0.0094(9)

130-135 S 6.64(16) 2.430(2) 0.0156(5) 1.96
Mo 1.38(13) 2.766(2) 0.0096(8)

a Estimated errors are those derived from least-squares fitting
procedures and take no account of experimental error. N is the
shell occupation number, R its radial distance, and A its Debye-
Waller Factor ()2σ2). The fit index is defined as ∑(k3(øi

calc(k) -
øi

exp(k)))2, where øi
calc(k) and øi

exp(k) are the ith data points of the
calculated and experimental X-ray absorption coefficients, respec-
tively.

Figure 4. Normalized Mo K edge XANES spectra recorded
during the heating of ammonium tetrathiomolybdate at 120
°C, offset for clarity. The preedge 1s-4d transition, charac-
teristic of a tetrahedrally coordinated center, is indicated.

Thermal Decomposition of (NH4)2MoS4 Chem. Mater., Vol. 10, No. 11, 1998 3741



diffraction data in the region of single well-resolved
Bragg reflections. Although coordination numbers are
difficult to obtain accurately from EXAFS, the general
decrease in the proportion of the short Mo-S distance
required to fit the EXAFS data closely follows the
decrease in Bragg peak intensity of two reflections of
ammonium tetrathiomolybdate. Also shown in Figure
5a is the change in the fractional amount of a-MoS3
derived from the average EXAFS coordination number
of the Mo-S correlation at 2.43 Å. It can be seen that
the curves representing decay of starting material and
growth of product intersect at close to 50%, consistent
with the two-phase approach taken to modeling the
EXAFS data.

The kinetics of thermal decompositions of the type
A(solid) ) B(solid) + C(gas) are complex and may
comprise of up to five distinct stages of reaction, each
described by a different mathematical expression.44 A

simple approach to modeling such kinetic data is to
simulate the acceleratory period of reaction, where the
largest physical changes are detectable and which often
extends for the largest period of reaction. For the data
determined here it was found that a simple exponential
decay mechanism does not model the data well over any
period of the reaction. However, the Prout-Tompkins
equation (ln(R/(1 - R)) ) kt + C, where R is the extent
of reaction, the fractional amount of product formed, k
a rate constant, and C a constant depending on the
induction time of the process studied)44 was found to
model the kinetic data well over a large range of R and
to produce consistent results between each data set.
Figure 5b shows plots of ln(R/(1 - R)) against time for
the combined, averaged XRD peak intensities and each
of the two EXAFS derived kinetic curves for values of
R between 0.25 and 0.95. It can be seen that each line
has a similar gradient, therefore allowing an average
rate constant to be determined of 0.040 min-1 for the
acceleratory period of reaction. The differences in the
intercept observed must arise from the fact that the
induction time of the reaction, which has not been taken
account of here, is very difficult to determine accurately
from the XAFS results because of the large errors of
EXAFS-derived coordination number. The Prout-
Tompkins equation is entirely appropriate for the ac-
celeratory period of a thermal decomposition reaction,
originally being developed to describe the decomposition
of potassium permanganate, and may be interpreted in
terms of a mechanism involving the uniform growth of
chains of product material which branch on encounter-
ing a crystal dislocation and terminate on mutual
contact.44 It must be borne in mind that when these
results are compared with those from other experi-
ments, solid-state decompositions often begin at lattice
defects, and since sample damage by radiation is likely
to occur when using X-ray methods as structural probes,
decomposition may be enhanced, as has previously been
shown for thermal processes.45

We now consider the EXAFS data of the sample of
a-MoS3 freshly prepared in situ. The data have so far
only been fitted with two atomic shells, corresponding
to sulfur near neighbors at 2.43 Å and molybdenum near
neighbors at 2.77 Å. The refined coordination numbers
of these shells show consistency with previous EXAFS
studies of the compound. Structural models for a-MoS3
in which molybdenum has close to six sulfur neighbors
are most reasonable, and general agreement is found
in the literature with this result.24-31 The coordination
number of the Mo-Mo shell at 2.77 Å (NMo ≈ 1.4) is
much more difficult to interpret and clearly does not
exclusively favor models based on the Mo2 dimer (NMo
) 1) or the Mo3 equilateral triangle (NMo ) 2). It is
worth noting that a previous study by Cramer et al.
compared the EXAFS-derived Mo-Mo Debye-Waller
factor for a-MoS3 with those from model compounds
containing Mo3 and Mo2 cores and concluded that Mo
K edge EXAFS data favor the presence of dimer over
trinuclear metal-metal bonded clusters in a-MoS3.26

Such a comparison was not performed here, but instead
we use the EXAFS data of the freshly prepared a-MoS3
to test the plausibility of other structural models

(44) Tompkins, F. C. Decomposition Reactions. In Treatise on Solid
State Chemistry; Hannay, N. B., Ed.; Plenum Press: New York, 1976;
Vol. 2, Chapter 2.

(45) Rao, C. N.; Gopalakrishan, J. New Directions in Solid State
Chemistry, Cambridge University Press: Cambridge, U.K., 1997.

Figure 5. (a) Graphs of the area of the ammonium tetrathio-
molybdate (202) [0] and (105) [2] Bragg peaks normalized to
unity for pure (NH4)2MoS4, and the fractional coordination
numbers of the Mo-S shells at 2.18[(]and 2.45 Å [9] derived
from XAFS coordination numbers for the thermal decomposi-
tion at 120 °C. (b) Plots of ln(R/(1 - R)) against time for the
isothermal kinetic data determined from the XRD results (0),
the change in EXAFS coordination number of the Mo-S shell
at 2.45 Å (9), and the change in EXAFS coordination number
of the Mo-S shell at 2.18 Å ((). R has been scaled to represent
the amount of remaining starting material in each case, to
allow the graphs to be compared directly. Broken lines were
fitted by linear regression; for the XRD data, ln(R/(1 - R)) )
0.0396t - 1.8601, for the change in long Mo-S distance
observed by EXAFS, ln(R/(1 - R)) ) 0.0468t - 1.5142, and for
the short Mo-S distance, ln(R/(1 - R)) ) 0.0353t - 2.0776.
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proposed. We found that including a third atomic shell
(of Mo atoms) in the EXAFS model for a-MoS3 produced
no improvement in fit to the data. Some, but not all, of
the previous EXAFS studies of a-MoS3 suggest the
presence of nonbonded Mo-Mo correlations at around
3.2 Å,24-26 but if such a shell was added to the EXAFS
data presented here, and least-squares refinements
performed, a poorer fit resulted, with higher R factor
(+1%) and high Debye-Waller factor (0.04 Å2) for the
third shell. Furthermore, if the third-shell occupation
number was included in least-squares iterations, it
refined to close to zero (0.02(3)) and the Debye-Waller
factor became negative. This information allows one of
the proposed structural building blocks of Weber et al.
to be ruled out, namely, the Mo3 cluster containing an
Mo-Mo distance of ∼3 Å (Figure 1b). To the best of
our knowledge, there exists no crystalline analogue of
such a cluster in the extensive chemistry of the molyb-
denum-sulfur system, which makes such a trinuclear
atomic arrangement of molybdenum atoms as a struc-
tural unit for a-MoS3 even less plausible. It is note-
worthy that a Mo-Mo bonded cluster has been prepared
containing a Mo2 dimer (d(Mo-Mo) ) 2.80 Å) with a
disulfide and a monosulfide anion bridging the metal
pair, with a very similar atomic arrangement to that
proposed for the Mo2S9 unit of the chain model for
a-MoS3.46 We have not been able, using EXAFS, to
unequivocally determine whether Mo-Mo bonded equi-
lateral triangles or dimers, or a mixture of both, best
describes the structure of a-MoS3. If, as we believe, the
chain model best describes the structure of a-MoS3, then
short nonbonded Mo-Mo correlations must be present
in the structure of around 3-3.5 Å, between Mo atoms
of neighboring Mo2S9 units. The fact that the EXAFS
data of the compound show no evidence for the presence
of a single distance within this range suggests that there
is a large amount of static disorder associated with the
correlation; i.e. there exists a range of Mo-Mo short
nonbonded distances. This suggests that in a-MoS3
great disorder exists beyond the simple Mo2S9 unit,
explaining why the material is amorphous. A likely
explanation for the past observation of Mo-Mo correla-
tions at ∼3.2 Å in a-MoS3 will be given below when the
decomposition of a-MoS3 into MoS2 is considered.

Decomposition of Ammonium Tetrathiomolyb-
date with Increasing Temperature. The powder
diffraction data, collected as a sample of ammonium
tetrathiomolybdate heated to 100-400 °C with a tem-
perature rate of 1 °C min-1, showed the decomposition
of the crystalline starting material was complete after
heating to 150 °C, i.e. after 50 min of heating. On
continued heating of the product under the same tem-
perature ramp, broad features around 2θ ∼ 24-27° and
2θ ∼ 42-47° appeared when the temperature had
attained 300 °C, and these became more intense on
continued heating to 400 °C. Figure 6 shows the powder
pattern of the material collected at three different times,
along with data collected from crystalline hexagonal
MoS2 at 400 °C. The data measured here from the
decomposition product of ammonium tetrathiomolyb-
date at 400 °C are very similar to diffraction data
collected by other workers from samples of poorly
crystalline MoS2 prepared by a similar route9,14 and

illustrate the highly disordered nature of the material.
Elemental analysis of the decomposition product after
cooling showed it to have composition MoS1.9(1).

EXAFS data collected alternately with the diffraction
data were analyzed using an approach similar to the
data analysis described in the previous section. For the
conversion of ammonium tetrathiomolybdate to a-MoS3

very similar results were obtained; i.e. every EXAFS
spectrum could be interpreted as arising from a mixture
of ammonium tetrathiomolybdate and a-MoS3 with
increasing amounts of a-MoS3 in the mixture with
increasing time and temperature. Once the tempera-
ture had reached 150 °C, the data could be modeled as
arising from only a-MoS3 and very similar structural
parameters to those derived in the first experiment were
obtained. The simple model of two atomic shells fits
the EXAFS data well until a temperature of 290 °C is
reached, when a third shell of atoms is necessary to
produce a satisfactory fit to the data. Fixing this shell
to contain Mo atoms at ∼3.2 Å and performing least-
squares refinements of all structural parameters pro-
duces the model shown in Table 2. The refined Mo-
Mo distance of 3.15 Å agrees closely with the shortest
Mo-Mo nonbonded distance of 3.16 Å observed crys-(46) Coffey, T.; Hogarth, G. Polyhedron 1997, 16, 165.

Figure 6. Selected powder diffraction patterns recorded as
the amorphous decomposition products of ammonium tetra-
thiomolybdate heated under a temperature gradient of 1 °C
min-1 compared with the pattern of hexagonal MoS2. Bragg
peaks marked an asterisk are due to crystalline boron nitride,
the diluent.

Table 2. Structural Parameters Derived from Study of
the Mo K Edge EXAFS Obtained during the Heating of

(NH4)2MoS4 from 100 to 400 °C under a temperature rate
of 1 °C min -1 at Selected Temperatures (Legend as for

Table 1)

temp/°C shell N R/Å A/Å2 fit index

280-285 S 5.99(15) 2.418(2) 0.0168(5) 2.26
Mo 1.56(19) 2.750(3) 0.0154(12)

300-305 S 5.13(14) 2.409(2) 0.0128(4) 2.00
Mo 1.28(30) 2.741(6) 0.0194(28)
Mo 1.61(24) 3.147(3) 0.0128(14)

320-325 S 5.25(14) 2.401(1) 0.0110(3) 1.91
Mo 0.25(13) 2.764(7) 0.0067(37)
Mo 2.53(27) 3.1478(2) 0.0117(9)

340-345 S 5.53(14) 2.402(1) 0.0114(3) 1.81
Mo 0.09(9) 2.764(10) 0.0029(63)
Mo 3.56(33) 3.151(2) 0.0142(9)

360-355 S 5.79(90) 2.403(2) 0.0116(4) 3.18
Mo 3.30(45) 3.254(3) 0.0159(1)

380-385 S 5.57(16) 2.401(2) 0.0115(4) 2.43
Mo 3.02(37) 3.153(2) 0.0155(10)
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tallographically in 2H-MoS2
47 and is consistent with

the fact that the X-ray powder pattern collected at the
time closest to these EXAFS data (295-300 °C, Figure
6) exhibits the diffuse features which develop into the
broad “Bragg reflections” of poorly crystalline MoS2. It
should be noted that in 2H-MoS2 each molybdenum has
six sulfur neighbors at 2.42 Å, so the first near-neighbor
shell of Mo during the transformation of a-MoS3 to MoS2
will change very little.

The current experiment shows that when only very
diffuse features due to poorly crystalline MoS2 are seen
in the diffraction pattern of the product mixture of
ammonium tetrathiomolybdate decomposition, an Mo-
Mo correlation at ∼3.2 Å may be observed by EXAFS.
This strongly suggests that the Mo-Mo distance of 3.2
Å observed by some previous workers in a-MoS3 may
arise from the presence of contaminant poorly crystal-
line MoS2, which is difficult to detect by X-ray powder
diffraction.

The ten EXAFS data sets collected between 300 and
400 °C could be analyzed in exactly the same manner
as mixtures of a-MoS3 and MoS2 with decreasing
amounts of a-MoS3 in the product mixture (less contri-
bution of the short Mo-Mo distance at 2.77 Å) and
increasing amounts of poorly crystalline MoS2 present.
As with the first step of the thermal decomposition of
ammonium tetrathiomolybdate, there is no evidence for
the presence of any intermediates of differing local
structure than a-MoS3 or MoS2. Table 2 contains the
results of least-squares refinements of all parameters
of all atomic shells for representative EXAFS scans.
Figure 7 shows the Mo K edge EXAFS spectra at various
temperatures along with that of 2H-MoS2 at 400 °C.

The EXAFS data of poorly crystalline MoS2 prepared
in situ differ from those collected from 2H-MoS2 at 400
°C (Figures 7b, c). Least-squares refinements of struc-
tural parameters modeling these data (Table 3) show
that the major structural difference between the mate-
rials is associated with the second coordination shell of
molybdenum, where a noticeably different shell occupa-
tion number and Debye-Waller factor are obtained.
Interpretation of these parameters as they stand is
problematic because of the correlation of shell occupa-
tion numbers with Debye-Waller factors. To gain
further insight into the significance of these results, we
fixed the first-shell (Mo-S) structural parameters at
values obtained by initial least-squares refinement and
calculated contour maps showing the effect on the fit
index of the second shell Debye-Waller factor and
occupation number. Figure 8 shows the results for 2H-
MoS2 at a variety of temperatures between ambient and
400 °C and for poorly crystalline MoS2 as prepared in
situ and after cooling to room temperature. It can
clearly be seen that for 2H-MoS2 as the temperature
is raised the largest effect on the structural parameters
of the Mo shell is an increase in the Debye-Waller
factor, reflecting the increase in thermal disorder in the
material, and that the Mo-Mo coordination number
remains approximately constant around 6 (consistent
with the crystal structure of the compound). For poorly
crystalline MoS2, at the two temperatures at which
EXAFS data were obtained, the Mo-Mo coordination

(47) Bosema, K. D.; De Boer, J. L.; Jellinek, F. Z. Anorg. Allg. Chem.
1986, 540, 15.

Figure 7. Mo K edge EXAFS spectra (top) with their Fourier
transforms (bottom) recorded during the heating of ammonium
tetrathiomolybdate at 1 °C min-1 at (a) 300-305 and (b) 395-
400 °C and for (c) 2H-MoS2 at 400 °C. Line convention as for
Figure 3.
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number is lower and the Debye-Waller factor higher
than for crystalline MoS2.

Small particle size clearly contributes to a large part
of the disorder in poorly crystalline MoS2, as evidenced
by the lower than expected coordination number for the
Mo-Mo shell, 4-5, instead of 6 in 2H-MoS2. Assuming
small particles of MoS2 may be made up of hexagonal
slabs of 2H-MoS2 bounded by sulfur atoms (to retain

average Mo-S coordination number), an estimated
particle size for a given Mo-Mo coordination number
may be determined using simple geometry. An Mo-
Mo coordination number of 4.8 is produced for hexagonal
particles with edges of five sulfur atoms which cor-
respond to a hexagon edge of ∼15.8 Å. Such particles
will therefore have a maximum dimension of ∼30 Å (the
“diameter of the hexagon”). It should be noted that
these values are independent of particle thickness.
Slabs can be stacked to form a more extended structure,
but EXAFS yields no information on this third dimen-
sion. The calculated particle size is appropriate for the
poorly crystalline material studied here, which exhibits
an Mo-Mo coordination number of ∼4.5 (Figure 8) and
shows good agreement with the value of 30 Å, suggested
by Liang et al. for the size of particles of pc-MoS2 on
the basis of their X-ray diffraction study.14

Table 3 shows clearly that the Debye-Waller factor
of the Mo-S correlation in pc-MoS2 is very similar to
that observed in 2H-MoS2, both being very close to 0.01
Å2, and this is consistent with the model suggested
above in which the local coordination of Mo in pc-MoS2
is identical to that of Mo in 2H-MoS2. The contour
map, Figure 8, highlights the fact that the Mo-Mo
correlation in pc-MoS2 has associated with it static
disorder, not present in 2H-MoS2, where Mo is sur-
rounded by six other equidistant Mo atoms.47 This
static disorder (∼0.003 Å2) in part contributes to the
disorder of pc-MoS2.
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Figure 8. Variation of the second shell coordination number
(NMo) with Debye-Waller factor (A) for crystalline 2H-MoS2

(full line) and poorly crystalline MoS2 (broken line). The bold
contour indicates the area within which the two parameters
lie to 95% probability.

Table 3. Comparison of the Mo K Edge Derived
Structural Parameters of Poorly Crystalline (pc) MoS2
Freshly Prepared in Situ at 390-395 °C with Those of
Crystalline 2H-MoS2 at 400 °C (Legend as for Table 1)

compd shell N R/Å A/Å2 fit index

pc-MoS2 S 5.10(11) 2.404(1) 0.0115(4) 1.70
Mo 3.21(28) 3.157(2) 0.0155(10)

2H-MoS2 S 6.09(18) 2.404(2) 0.00911(2) 2.64
Mo 5.56(43) 3.167(2) 0.0126(2)
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