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The structural changes occurring during the thermal decomposition of ammonium tetrathiotungstate to form
amorphous WS3 and poorly crystalline WS2 have been studied in situ using combined extended X-ray absorption
fine structure (EXAFS) spectroscopy at the tungsten LIII-edge and X-ray diffraction. Data collected during
isothermal decomposition at both 135 and 150 °C show that ammonium tetrathiotungstate decomposes to produce
amorphous WS3 without the formation of any intermediate phases. Decay curves of starting material and growth
curves of product derived from both X-ray absorption data and diffraction data show that the two-phase approach
to data analysis is appropriate. The fit of various simple kinetic models to the thermal decay curves is tested and it is
found that the Prout–Tompkins expression describes the process very well. Heating ammonium tetrathiotungstate
from 100 to 350 °C produces first amorphous WS3 and finally disordered WS2 , a material of catalytic interest. The
EXAFS data of this freshly prepared WS2 are compared to those of crystalline 2H-WS2 . Debye–Waller factors are
increased and occupation numbers are significantly reduced from those in the crystalline material for all atomic
shells. This behaviour is compared to previous results obtained from poorly crystalline molybdenum disulfide and
possible structural models suggested to account for the results of the first EXAFS study of the disordered WS2 .

reaction:Introduction
The sulfides of tungsten and molybdenum find practical (NH4)2WS4=WS3+H2S(+2NH3(=WS2+S
application in diverse areas. Binary molybdenum sulfides are

Previous thermogravimetric studies of this process show thatthe active components of industrial hydrodesulfurisation cata-
when ammonium tetrathiotungstate is heated under an inertlysts, used in the purification of petroleum products,1,2 are
atmosphere amorphous tungsten trisulfide (a-WS3) is producedused as lubricants both in the solid state and as additives in
at temperatures between 170 and 280 °C, and that WS2 isliquid systems3 and have been investigated as battery cathode
produced on continued heating between 280 and 330 °C.14,15materials for reversible non-aqueous lithium batteries.4,5 The
The tungsten disulfide produced by such treatment exists in asulfides of tungsten have also found some use as hydrotreating
poorly crystalline (pc) form and temperatures in excess ofcatalysts.6 It has been shown that W–Ni hydrodesulfurisation
1000 °C are necessary to produce highly crystalline 2H-WS2 .catalysts, which under operating conditions consist of small
The poorly-ordered material has never been structurallyWS2 particles, show greater activity and selectivity towards
investigated in detail. Two previous groups measured X-raythe hydrogenation of aromatic molecules than molybdenum
diffraction patterns of the decomposition products ofanalogues.7 Recent interest in the tungsten–sulfur system has
ammonium tetrathiotungstate at various temperatures andbeen aroused by the discovery of tungsten disulfide with
compared them with that of crystalline 2H-WS2 .14,16 Bothinorganic fullerene structures, structural analogues of the now
studies were performed over 25 years ago and no quantitativefamiliar carbon ‘bucky balls’ and nanotubes; these materials
information was obtained. Despite the recent interest in thehave potential application as solid lubricants.8,9
catalytic properties of the material, no further structuralIn the past five years, research activity into catalytically
investigation has been performed.active tungsten sulfides has concentrated on the preparation

Amorphous WS3, the initial decomposition product ofof high surface-area hydrodesulfurisation catalysts by the
ammonium tetrathiotungstate, is one of a number of amorphousthermal decomposition of ammonium tetrathiotungstate.10–13
transition-metal chalcogenides that has no crystalline analogue;The materials are poorly crystalline and have composition
other examples include MoS3, Re2S7, MoSe3 and WSe317 andclose to WS2 . A number of workers have independently
the more recently discovered CrS3 , CrSe3, MoS4.7, MoSe5 , WS5investigated their properties and have shown that disordered
and WSe6.18,19 These compounds are all more chalcogen-richWS2 exhibits higher catalytic activity towards hydrogenation
than crystalline chalcogenides of each element and their struc-reactions than transition-metal sulfides prepared by conven-
tures have thus attracted considerable attention over the years.tional high temperature methods such as the reductive sulfid-
The inherent difficulties in the characterisation of structurallyation of metal oxides.10–13 Osaki et al. attribute the high
disordered materials has meant progress towards the structuralactivity to the small particle size of the WS2 ,10 and other
description of the amorphous transition-metal chalcogenidesworkers have highlighted the low level of oxide impurities in
has been slow, and in some cases consensus on even a simpleWS2 prepared by the decomposition routes as being important
structural building block to describe the local environment ofin explaining the enhanced activity.12
constituent atoms has not been reached. Amorphous WS3 hasIt is generally understood that the thermal decomposition
generally been assumed to be a structural analogue of a-MoS3,of ammonium tetrathiotungstate takes place according to the
although the structure of the molybdenum sulfide itself is far
from being understood, as we have recently discussed.20,21 Liang†Present address: Inorganic Chemistry Laboratory, South Parks

Road, Oxford, UK OX1 3QR. and co-workers in the 1980s investigated the amorphous trichal-
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teristic W–O vibrations, indicating that no oxide impurities
were present. Crystalline (2H) tungsten disulfide, used as a
model compound for the EXAFS experiments, was used as
supplied by Aldrich.

The EXAFS/XRD experiment

The combined EXAFS/XRD study was performed on Station
9.3 of the Daresbury SRS using an experimental apparatus
previously described by others.28 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 tungsten LIII-edge (E#10206 eV ) in transmission mode
from 13 mm diameter pellets of ca. 1 mm thickness of
ammonium tetrathiotungstate and crystalline tungsten disul-
fide finely ground with boron nitride (Alfa). The boron nitride

Fig. 1 The widely assumed chain structure of amorphous WS3. Face- was necessary as a diluent to allow sample concentration to
sharing of {WV2S9} units produces chains with alternating short be adjusted to prevent self-absorption (md#2.5, Dmd#1), and
W–W bonds (ca. 2.75 Å indicated by the bold lines), and longer

also acted as a binder to prevent the thin pellets fracturingW,W distances. Three of the dimeric units are shown illustrating
with the release of the gaseous by-products in the decompo-how short inter-chain W–S interactions may occur (dotted lines).
sition of ammonium tetrathiotungstate. Boron nitride was
suited for these requirements since its powder diffractioncogenides of molybdenum and tungsten and concluded that the
pattern exhibits only a small number of well defined Braggcompounds have chain-like structures with short metal-metal
peaks, few of which overlap with those of either ammoniumbonds (W–W #2.75 Å in a-WS3) by studying radial distribution
tetrathiotungstate or tungsten disulfide, it undergoes no phasefunctions derived from both X-ray diffraction and extended X-
change over the temperature range we studied and it isray absorption fine structure (EXAFS) measurements.22–24 The
unreactive towards the materials we investigated. Pellets con-basis of the chain-model is an M2S9 unit (M=Mo, W ), in
taining typically 50% by mass of sample were used. EXAFSwhich an M2 dimer is bridged by monosulfide (S2−) and

disulfide (S22−) anions (Fig. 1), and this unit has structural data were collected in quick-EXAFS mode using a rapidly
analogues in the extensive coordination chemistry of the group scanning Si(220) monochromator, with harmonic rejection set
6 elements with sulfur. The metal may be in oxidation state IV at 50% using a mirror situated before the monochromator.
or V, by varying the relative amount of S2− and (S2)2- ligands The maximum k-value of the data was limited to 16.3 Å−1 ;
per metal atom. The chain structure is formed when the M2S9 this data range was sufficient to allow modelling of the
units are linked by face sharing of the terminal sulfur atoms, parameters describing several atomic shells, but minimised the
and alternating long and short metal–metal interactions are cycle time of the experiment. The EXAFS data were calibrated
thus expected along a chain. The tungsten–tungsten bonding using data collected from a tungsten foil. Powder X-ray
explains the observed diamagnetism of the compound. Close diffraction data were measured alternately with the EXAFS
interchain interactions mean that each tungsten atom may have data using an X-ray wavelength of 1.4 Å, slightly lower in
up to eight near sulfur neighbours (<2.8 Å). In the case of a- energy than the tungsten LIII-edge, for a period slightly less
MoS3, an alternative model based on triangular metal–metal than 5 min over the range 2h#11–72°. Diffraction patterns
bonded Mo3 clusters has also been postulated on the basis of were measured using an INEL curved, position-sensitive detec-
chemical degradation experiments,25,26 although our structural tor. The combined time for an EXAFS scan, collection of an
investigations suggest that the chain model most accurately XRD pattern and associated monochromator movement time
describes the structure.20,21 A similar trinuclear W–W bonded was 10 min. Station 9.3 is equipped with a furnace which
cluster was suggested by Diemann as a structural unit for a- allows solid samples in the form of pellets to be heated to
WS3 in an early study of the structure of the compound.27 The temperatures of 1000 °C. Three experiments were performed
structure of the compound is clearly far from being fully on ammonium tetrathiotungstate, all under an atmosphere of
understood. flowing dry nitrogen. In the first a sample was heated rapidly

Here, we describe the results of an in situ study of the (20 °C min−1) to 135 °C, below the lowest temperature
thermal decomposition of ammonium tetrathiotungstate using reported for the onset of decomposition of the compound.12
combined EXAFS and powder X-ray diffraction. The method Then EXAFS and XRD data were collected with the tempera-
has been shown to be a powerful tool in solid state chemistry, ture maintained at this level for 560 min. A second isothermalproviding a non-invasive means of probing changes in both

experiment was performed at 150 °C. In the third experimentshort- and long-range atomic order during a chemical trans-
a sample was heated rapidly to 100 °C at 20 °C min−1 thenformation.28 It has been applied to a number of systems such
heated at 1 °C min−1 whilst measuring EXAFS and XRD dataas solid-state phase transitions,28,29 polymerisations,30 and
until the temperature had reached 350 °C. This is the tempera-used widely for the study of solid catalysts under operating
ture typically used to prepare the pc-WS2 catalysts mentionedconditions.31,32 We recently described a study of the thermal
above.10–13 Data were measured from crystalline 2H-WS2decomposition of ammonium tetrathiomolybdate using the
diluted in boron nitride at a variety of temperatures betweencombined EXAFS/XRD technique, and were able to study
room temperature and 500 °C to provide a direct comparisonfor the first time a sample of amorphous MoS3 freshly prepared
for the data collected from the decomposition products ofin situ, and to examine the local order of poorly crystalline
ammonium tetrathiotungstate.MoS2 .21 On the basis of those results and the current interest

in tungsten sulfides we extend our study to the analogous
Data analysistungsten system.

Calibration and background subtraction of the EXAFS data
was performed using the programs EXCALIB and EXBACKExperimental
and the data modelled in k-space with k3-weighting from k=

Materials 3 to 16.3 Å−1 using the program EXCURV92.33 For each
EXAFS spectrum the threshold energy was defined as theAmmonium tetrathiotungstate was used as supplied by Aldrich

(99.9%). An IR spectrum of the compound showed no charac- point of inflection of the near-edge region, and a post-edge
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background calculated using a combination of three third- microscope showed the tungsten sulfide present to have
composition WS3.1(1) .order polynomials. Phase-shifts were calculated within

EXCURV92 using the Hedin–Lundqvist method for determin- The first EXAFS spectrum recorded during heating at
135 °C, Fig. 3(a), can be modelled as arising from a singleing ground state potentials and exchange potentials calculated

using the von Barth method. EXAFS spectra were Fourier shell of sulfur atoms at 2.19 Å. On varying all parameters
describing this shell [occupation number (N ), radial distance,transformed to produce a one-dimensional radial distribution

function, using phase-shifts calculated for the first atomic shell. (R) and Debye–Waller (A)] along with the threshold energy in
least-squares refinements, convergence was achieved with the
parameters shown in Table 1. The refined distance of 2.19 ÅElemental analysis
agrees well with the results of a previous crystallographic study

The pellets used in the EXAFS/XRD experiment were retained of the ammonium tetrathiotungstate (2.17 Å)35 and the refined
after heat treatment and finely ground. X-Ray microanalysis coordination number of 3.80 is consistent with the tetrahedral
was performed using a Philips CM20 transmission electron environment of tungsten in the tetrathiotungstate anion, bear-
microscope fitted with an EDAX PV9900 detection unit and ing in mind the large errors associated with EXAFS-derived
operating with an accelerating voltage of 200 keV. This allowed coordination numbers. The data collected during 10–15 min
examination of particles containing only tungsten and sulfur of heating could similarly be modelled by a single shell, but
without interference from the diluent boron nitride. The on refinement of the structural parameters a lower coordi-
method of Cliff and Lorimer was used to perform elemental nation number resulted (NS=3.68). This is consistent with a
analysis.34 A calibration constant was derived from study of small amount of ammonium tetrathiotungstate having
the W-L and S-K emissions of crystalline 2H-WS2 to convert decayed. The Fourier transform of the EXAFS data showed
the ratio of observed X-ray emission intensities to relative no evidence for any further atomic shells. The next 16 data
atomic concentrations. Typically ten metal sulfide particles in sets could be modelled using the single shell model, but with
each mixture were analysed in this way. a gradually decreasing first shell coordination number over

time. Contour maps showing the effect of the pair of correlated
parameters, N and A on the fit-index were calculated for eachResults
set of data, and showed that modelling the decreasing EXAFS

Isothermal decompositions amplitude with time as arising from a decrease in coordination
number rather than an increase in static disorder (and henceFig. 2 shows powder diffraction patterns recorded during the
Debye–Waller factor) was the best approach. The dramaticheating of ammonium tetrathiotungstate at 135 °C. Bragg
decrease of the amplitude of the EXAFS oscillations observedreflections of the crystalline starting material decrease in
during decomposition produces a decrease in signal5noiseintensity as time proceeds. It can be seen that even after over
ratio; this explains why the fit-index becomes higher duringnine hours of heating there is a small amount of ammonium
later scans.tetrathiotungstate that has not decomposed. The Bragg reflec-

To model the data measured between 160 and 165 mintions which have constant intensity throughout the experiment
[Fig. 3(b)], two further shells of atoms were necessary, asare due to the crystalline diluent boron nitride, and these have
indicated by a broad feature in the Fourier transform of thethe same intensity at 560 min as at the beginning of the
data beyond the first peak. A second shell of sulfur atoms atexperiment indicating that decay of the incident beam was
ca. 2.40 Å, and a shell of tungsten atoms at ca. 2.75 Å wasnegligible over the period of heating. The ground pellet after
found to give a satisfactory fit. The observation of a W–Sheating contained a small amount of yellow material mixed
shell and a W–W shell at the distances stated is indicative ofwith the grey tungsten sulfide product and the white boron
the presence of a-WS3; previous structural investigations of a-nitride, consistent with the presence of some unreacted
WS3 prepared ex situ all find tungsten to have six to eightammonium tetrathiotungstate, which is bright yellow.
sulfur near neighbours at between 2.38 and 2.43 Å, and up toElemental analysis of this mixture using the electron
two W near neighbours at 2.60–2.80 Å.23,24,36,37 The results
of previous W LIII-edge EXAFS studies of a-WS3 show that
the sulfur shell has associated with it a large amount of static
disorder, far greater than thermal disorder over a large range
of temperature. In one study data collected at different tem-
peratures between 80 K and ambient temperature showed the
Debye–Waller factor of the sulfur shell to be independent of
temperature within the errors of an EXAFS experiment.37 In
order to simplify modelling of the atomic shells due to a-WS3here, the Debye–Waller factors of the sulfur shell at 2.40 Å
and of the tungsten shell at 2.75 Å were fixed at 0.03 and
0.01 Å2 respectively, close to those previously determined by
EXAFS. The validity of using these values at the higher
temperature used here was tested later (vide infra). The EXAFS
data have sufficient k-range to allow the remaining structural
parameters describing all of the three shells to be refined in
least-squares refinements (a total of eight independent param-
eters) and to allow the three shells to be resolved.‡ The results

‡The number of independent parameters, Nind, that may be varied in
EXAFS data analysis to give meaningful results is given by
Nind#2DkDR/p, and the smallest separation of shells that can be
resolved, Dr, by Dr=p/2Dk, where Dk is the extent of data in k-space,
and DR the range of distance over which EXAFS data are being

Fig. 2 X-Ray powder diffraction patterns recorded during the iso- modelled (usually determined by inspection of the Fourier
Transform).38 For the data analysed here, Nind#9 and Dr=0.12 Å,thermal decomposition of ammonium tetrathiotungstate at 135 °C.

Bragg peaks of constant intensity throughout the experiment are due since Dk=13.3 Å−1 and taking DR to be 1 Å, since atomic shells
between 2 and 3 Å are being considered.to the crystalline diluent boron nitride.
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Fig. 3 Tungsten LIII-edge EXAFS spectra (k3-weighted) and their Fourier transforms, recorded during the isothermal decomposition of
ammonium tetrathiotungstate at 135 °C at (a) 0–5 min, (b) 160–165 min and (c) 560–565 min. Full lines are the experimental functions and
broken lines those generated from models fitted to the data (see Table 1).

Table 1 Structural parameters determined by analysis of the tungsten data collected during selected times are shown in Table 1.
LIII-edge EXAFS data collected during the thermal decomposition of After 560 min of heating the EXAFS data [Fig. 3(c)] show
ammonium tetrathiotungstate at 135 °C at selected timesa that there still remains a small amount of unreacted ammonium

tetrathiotungstate, most clearly indicated by the Fourier trans-t/min Shell N R/Å A/Å2 Fit index/10−4
form which shows the short W–S shell is still necessary to

0–5 S 3.77(9) 2.193(1) 0.0050(2) 2.06 model the data.
80–85 S 2.56(8) 2.189(1) 0.0043(3) 3.63 In the thermal decomposition of ammonium tetrathiotungst-

160–165 S 2.02(11) 2.167(3) 0.0042(5) 7.70 ate at 135 °C we did not prepare pure a-WS3 but nevertheless
S 1.42(31) 2.461(9) 0.03 have gained new information about the system. Fig. 4(a) showsW 0.81(1) 2.753(6) 0.01

plots of the fractional change in area of the strongest240–245 S 1.44(13) 2.161(4) 0.0052(9) 15.86
ammonium tetrathiotungstate Bragg reflection (at 16.2°, deter-S 2.52(34) 2.414(10) 0.03

W 1.08(10) 2.756(5) 0.01
320–325 S 0.77(9) 2.155(4) 0.003(10) 15.67

S 2.74(23) 2.370(9) 0.03
W 1.09(10) 2.748(4) 0.01

400–405 S 0.61(11) 2.168(6) 0.0044(16) 14.54
S 3.71(23) 2.385(9) 0.03
W 1.22(9) 2.75(4) 0.01

480–485 S 0.39(10) 2.146(71) 0.0041(23) 12.41
S 4.02(20) 2.364(81) 0.03
W 1.16(9) 2.751(35) 0.01

560–565 S 0.21(8) 2.157(10) 0.0028(32) 11.93
S 4.03(19) 2.375(8) 0.03
W 1.18(7) 2.757(4) 0.01

aN is the shell occupation number, R its radial distance and A its
Debye–Waller factor (=2s2); those without esds were fixed in least-
squares refinements. Estimated errors are those resulting from least-
squares refinements and take no account of experimental error. The
fit-index is defined as ∑

i
(k3(x

i
calc(k)−x

i
exp(k)))2, where x

i
calc and x

i
exp

are the ith data point of the calculated and experimental X-ray
absorption coefficient, respectively.

of fitting the three-shell model to the EXAFS data collected
during 160–165 min are shown in Table 1. For later data sets,
modelling was approached in exactly the same manner and
the refined structural parameters showed a steady decrease in
first shell coordination number with time, and a corresponding
increase in second and third shell coordination numbers,

Fig. 4 Changes with time of the fractional occupation of the W–Sreflecting the decay of the tetrathiotungstate anion and the
shell at 2.19 Å necessary to model the EXAFS data (diamonds), thegrowth of amorphous WS3. Refined interatomic distances and fractional area of the strongest Bragg reflection of ammonium

the first shell Debye–Waller remained unchanged within exper- tetrathiotungstate (triangles) and the fractional occupation of the
imental error (typically ±0.02 Å for interatomic distances and W–S shell at 2.45 Å in the EXAFS data (squares) at (a) 135 °C and

(b) 150 °C. See text for normalisation method.±10% for Debye–Waller factors). Refined parameters from

1350 J. Mater. Chem., 1999, 9, 1347–1355



mined by Gaussian fitting), the changing fractional occupation
of the 2.17 Å sulfur shell (NS) observed in the EXAFS data
(normalised assuming NS=4 at the beginning of the experi-
ment), and the changing fractional occupation (NW ) of the
2.45 Å tungsten shell (normalised using NW=7 at the end of
the reaction when pure a-WS3 is present, as we will show
below). The two curves representing decay of ammonium
tetrathiotungstate show excellent agreement, and the curve
representing the formation of a-WS3 intersects at #0.5. Both
these results show that the approach to data analysis taken is
a good model of the system, i.e. that ammonium tetrathio-
tungstate decomposes to form a-WS3 without any intermediate
of different local structure, so that each EXAFS spectrum can
be modelled as a mixture of starting material and product
during the process. It would appear from these data that at
the beginning of the decomposition small amounts of a-WS3are difficult to detect in the presence of ammonium tetrathi-
otungstate by EXAFS. This is probably largely due to the
high Debye–Waller factors associated with the atomic corre-
lations in a-WS3. One important point that has emerged here
is that the large static disorder present in a-WS3, responsible
for the high Debye–Waller factor of the sulfur shell, severely
limits the quality of EXAFS data that may be obtained from
the compound. In this experiment with the same amount of
absorbing element in the X-ray beam, the signal5noise ratio
of the EXAFS data is dramatically reduced as ammonium
tetrathiotungstate decomposes to produce a-WS3.A second isothermal experiment was performed at 150 °C
with the aim of observing the formation of pure a-WS3 in a
reasonable time. Data analysis was approached in an identical
manner to the first isothermal experiment. In this case thermal
decomposition was much more rapid and the EXAFS data
collected in the first 5 min of heating showed decomposition
had already begun, since three shells (the same as in the
previous experiment) were required to model the data, indicat-
ing the presence of a-WS3. This was confirmed by the X-ray
diffraction data, since the area of the strongest Bragg reflection

Fig. 5 Plots of (a) ln(a) vs. time, (b) ln(−ln(1−a)) vs. ln(time) andhad decreased compared to its intensity before heating. The
(c) ln(a/(1−a)) vs. time for 135 °C decomposition data (diamonds)X-ray diffraction data show that thermal decomposition was
and 150 °C data (squares) as tests for three kinetic models (see text).

complete after 125 min of heating, and the EXAFS data In (b) and (c) dotted lines are lines of best fit determined by linear
collected just before this time (120–125 min) were the first to regression.
show no evidence for the short W–S distance characteristic of
the tetrathiotungstate anion. Fig. 4(b) shows the decay curve
of ammonium tetrathiotungstate and the growth curve of a- linear if the expression tested holds, for values of a between

0.1 and 0.8. It can be seen the simple exponential model givesWS3 at 150 °C derived in exactly the same manner as in the
135 °C experiment. As before, the EXAFS decay curve shows markedly non-linear plots for both temperatures studied. The

Avrami–Erofe’ev expression gives reasonably linear graphs atexcellent agreement with that derived from XRD, and the
growth curve of a-WS3 intersects at #0.5, consistent with the each temperature but the very different gradient of each line

(1.3 at 135 °C and 0.3 at 150 °C) would suggest that a differenttwo-phase approach taken to data analysis.
Both sets of isothermal data were used to investigate the reaction mechanism operates at each temperature, which is

unlikely and we have no other evidence for this being the case.kinetics of decomposition of ammonium tetrathiotungstate.
The kinetics of reactions of the type A(solid)A The Prout–Tompkins model, Fig. 5(c), gives a much more

sensible fit. For each temperature we can obtain a rate constantB(solid)+C(gas) under isothermal conditions have been
widely studied in the past.39 Thermal decompositions are by determining the gradient using linear regression: 0.01 min−1

at 135 °C and 0.04 min−1 at 150 °C [best-fit lines are showncomplex processes which may exhibit up to five stages of
reactions, each described by different kinetic expressions. A on Fig. 5(c)]. The differences in intercept must arise from the

differences in induction time of the acceleratory period at eachsimple approach to analysing data from thermal decompo-
sitions is to assume that the ‘acceleratory period’, where temperature, a quantity difficult to determine accurately, par-

ticularly with our simple approach to data analysis. Thephysical changes are the largest with time and so most easy
to detect, extends for the largest part of reaction. For the data Prout–Tompkins expression was originally developed from a

study of the thermal decomposition of potassium permanga-measured here we use the X-ray diffraction decay curves to
test three simple expressions commonly used to model thermal nate40 and describes a mechanism involving the growth of

chains of product material through the starting material, oncedecomposition reactions; a simple exponential relationship,
a=ek

1
t, the Avrami–Erofe’ev expression, −ln(1−a)=(k2t)n nucleation sites have formed, which branch on encountering

a grain boundary and terminate on mutual contact.41and the Prout–Tompkins expression, a/(1−a)=ek
3
t. In each

case a is the extent of reaction, scaled to zero at the beginning At this point we consider the EXAFS data of freshly
prepared a-WS3, the decomposition product of ammoniumof the reaction and unity at the end, and k

n
is a rate constant

for the process. For the Avrami–Erofe’ev expression, n, the tetrathiotungstate after 200 min heating at 150 °C, Fig. 6.
Firstly as a check on the validity of fixing Debye–WallerAvrami exponent, contains information about the mechanism

of reaction. Fig. 5 shows three plots, which are expected to be factors of the two atomic shells of a-WS3 during earlier data
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units. We hope to resolve the issue in future work by compari-
son with model compounds and by using diffraction methods,
which give more reliable coordination numbers.

Decomposition under increasing temperature

In the third in situ experiment we heated ammonium
tetrathiotungstate from 100 to 350 °C at 1 °C min−1 with the
aim of preparing a sample of pc-WS2 for detailed study. Fig. 7
shows the powder diffraction data collected during this experi-
ment. In the initial stages of reaction the Bragg peaks of
ammonium tetrathiotungstate decay to produce an amorphous
phase (a-WS3). The crystalline starting material has decayed
completely when a temperature of 180 °C is reached and there
are no sharp diffraction features (other than those due to the
crystalline diluent) until a temperature of 315 °C is attained.
At this point diffuse features appear at 2h ca. 14, 30 and 53°.
Fig. 8 shows the powder diffraction pattern collected between
345 and 350 °C. The broad diffraction features due to the
decomposition product of ammonium tetrathiotungstate lie in
the region of the 002, (100, 101, 102) and (110, 008) reflections
of crystalline 2H-WS2 . The diffraction data presented here are
very similar to those previously published for poorly crystalline
WS2 .14,16 The broad Bragg peaks and the change in their
relative intensities are indicative of small crystallite size and
stacking faults respectively; features that might be expected in
WS2 prepared at low temperature.

EXAFS data analysis for the data collected as ammonium
tetrathiotungstate was heated from 100 to 350 °C wasFig. 6 Tungsten LIII-edge EXAFS spectrum (k3-weighted) and its
approached in exactly the same manner as describe above forFourier transform of a-WS3 prepared in situ by thermal decomposition

of ammonim tetrathiotungstate at 150 °C for 200 min. the first two in situ experiments. Initially a single sulfur shell
at 2.19 Å modelled the data well, until a temperature of 160 °C
was reached when the two shells characteristic of a-WS3 wereanalysis, all structural parameters were allowed to vary in
necessary to provide a satisfactory fit (sulfur at ca. 2.40 Å andleast squares refinements (a total of seven independent param-
tungsten at ca. 2.72 Å). The data collected between 170 andeters). The results confirm that the values used previously
175 °C show no evidence for the short W–S distance of theAS=0.03 Å2 and AW=0.01 Å2 were correct (see Table 2). The
tetrathiotungstate anion, and this is close to the temperaturerefined coordination numbers and interatomic distances are
that the XRD data show the crystalline starting material toall consistent with previous studies of a-WS3 prepared ex
have decayed (175–180 °C ). At this point pure a-WS3 issitu.23,24,36,37 The refined W–W coordination number (NW ) of
present, and the structural parameters describing two atomic1.6 does not provide conclusive evidence for either structural
shells were included in least-squares refinements. The two-model for a-WS3, i.e. those based on the W2 dimer (NW=1),
shell model fits the data recorded in the next nine scans veryor those based on the W3 triangular cluster (NW=2). One

possible explanation is that both structure types are present.
The large errors associated with coordination numbers derived
from EXAFS and the difficulties in collecting high-quality
data from the compound do not allow each model to be
distinguished. An important point to consider is that our new
data show no evidence for shells of radial distance greater
than the tungsten shell at 2.75 Å; including extra sulfur or
tungsten shells at distance of ca. 3 Å then performing least-
squares refinements never produced a statistically significant
improvement in fit. As indicated by Fig. 1, we might expect
short non-bonded W,W distances (3–3.2 Å) in the chain
model for a-WS3, both along the inter- and intra-chain. The
fact that EXAFS finds no evidence for such a distance suggests
that if the chain structure comes close to portraying the true
structure of a-WS3 then there would be a large amount of
static disorder associated with the non-bonded W,W corre-
lations. Their contribution to the EXAFS signal would thus
be very small. Other possibilities are that a-WS3 contains W3
triangular clusters or a mixture of both triangular and dimeric

Table 2 Structural parameters determined by the tungsten LIII-edge
study of a-WS3 prepared in situ by heating ammonium tetrathiotungst-
ate at 150 °C for 200 min. Legend as for Table 1

Shell N R/Å A/ Å2 Fit index/10−4
Fig. 7 X-Ray powder diffraction patterns recorded during the
decomposition of ammonium tetrathiotungstate under a temperatureS 6.98(41) 2.401(6) 0.0305(17) 6.48
gradient of 1 °C min−1. Bragg peaks of constant intensity throughoutW 1.56(24) 2.757(3) 0.0102(10)
the experiment are due to the crystalline diluent boron nitride.
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nation numbers are reasonably close to those expected (both
six), and the fit-index is little affected if these are fixed at the
crystallographic values, and other parameters refined. A sig-
nificant improvement in fit results if a third shell (of sulfur
atoms) is added to the structural model; this accounts for the
broad features beyond the 3.15 Å peak of the EXAFS Fourier
transform, and corresponds to a non-bonded interlayer atomic
correlation.41 Coordination numbers were all fixed at crystallo-
graphic values to reduce the number of structural parameters
varied in refinement. It can be seen that the refined atomic
distances show excellent agreement with those determined
crystallographically (Table 1). The third shell was found to be
statistically significant at the 1% probability level on appli-
cation of the Joyner test.42 The fit of exactly the same structural
models was tested for the EXAFS data from pc-WS2 preparedFig. 8 X-Ray powder diffraction patterns of pc-WS2 (prepared in situ
in situ at 350 °C, Table 3. It can be seen that modelling theat 350 °C) and 2H-WS2. Miller indices of the strongest Bragg
data with coordination numbers fixed at the expected valuesreflections of 2H-WS2 are shown and those of the crystalline diluent

boron nitride are indicated by BN. for the two atomic shells gives a considerably worse fit than
if the coordination numbers of both shells are reduced. If the
coordination of the first shell is fixed at six and the otherwell, and all structural parameters were allowed to vary for
varied in least–squares refinement along with all other param-these data sets. This produced values matching those deter-
eters, the fit obtained is significantly worse than the modelmined above for a-WS3; coordination numbers of 5–7 and
with both coordination numbers reduced. The data from pc-1–1.5 and Debye–Waller factors of ca. 0.03 and 0.01 Å2 for
WS2 are best modelled if a third atomic shell of sulfur atomsthe sulfur and tungsten shells, respectively. The results of data
is included in the model. The average radial distances of theseanalysis from selected scans are shown in Table 3. The data
three shells are essentially identical to those observed in 2H-collected between 310 and 315 °C were the first to show any
WS2, immediately suggesting the structure of the poorly crys-further change. This temperature is just before the XRD data
talline WS2 is closely related to the crystalline forms of WS2indicate the formation of poorly crystalline WS2. The EXAFS
in which tungsten is surrounded by a trigonal prism of sixdata also indicate the presence of WS2 by a characteristic non-
sulfurs. The EXAFS Fourier transform [Fig. 9(b)] of pc-WS2bonded W,W distance at 3.15 Å, which is seen in 2H-WS241 compared to that of 2H-WS2 shows that the magnitude of all[see Table 3 and Fig. 9(a)]. It should be noted that in common
peaks is considerably reduced in intensity. Although least-crystalline forms of WS2 tungsten is surrounded by six equidis-
squares refinements of all parameters of the first two atomictant sulfur atoms at 2.41 Å so little change in first shell is
shells suggest that low coordination number is responsible forexpected during the transformation of a-WS3 to WS2. However
this, because of the high correlation between coordinationthe short W–W bond (2.75 Å) of a-WS3 provides a means of
numbers and Debye–Waller factors it is difficult to determinetracking the decay of the amorphous sulfide and it was found
whether this is truly the case. Unfortunately, the presence ofthat this process is rapid under the conditions we used. Data
the third atomic shell precludes the detailed analysis of thecollected between 330 and 335 °C contain no indication of the
correlations between N and A for the first two shells, whichshort W–W distance of a-WS3 and the refined occupation
we were able to carry out for pc-MoS2.21 Chemical andnumber of the W,W shell at 3.15 Å has increased to #4.
physical considerations would suggest that the most reasonableThe data collected at 350–355 °C [Table 3 and Fig. 9(b)] show
explanation is that for the first sulfur shell the coordinationlittle further change and it is these that we consider to
number is six and that there is appreciable static disorderinvestigate the structure of poorly crystalline WS2. associated with this shell.EXAFS data collected from crystalline 2H-WS2 at 400 °C,

These first EXAFS data measured from pc-WS2 must beshown in Fig. 9(c), can be compared with those collected from
compared to those previously determined for pc-MoS2 pre-poorly crystalline WS2. The Fourier transform shows two
pared similarly. Nanocrystalline MoS2 has been extensivelydistinct atomic shells as well as broad features at higher radial
studied by EXAFS at the Mo K-edge, because of its greatdistance. Clearly the sharp peaks can be assigned as the nearest
importance in hydrodesulfurisation processes, and it is nowsulfur shell (2.41 Å) and tungsten shell (3.15 Å) and the results
widely accepted that MoS2 prepared by the thermal decompo-of varying all structural parameters of these two shells in least-

squares refinements are shown in Table 4. The refined coordi- sition of ammonium tetrathiomolybdate is structurally simi-

Table 3 EXAFS-derived structural parameters determined during the heating of ammonium tetrathiotungstate under a temperature gradient
(1 °C min−1) at selected temperatures. For key see Table 1

Fit-
T/ °C Shell N R/Å A/Å2 index/10−4 Interpretation

100–105 S 3.78(8) 2.193(1) 0.0048(2) 1.97 (NH4)2WS4150–155 S 3.07(10) 2.189(2) 0.0055(3) 2.57 (NH4)2WS4+a-WS3S 1.13(24) 2.516(19) 0.03
W 0.35(8) 2.763(10) 0.01

200–205 S 4.67(15) 2.390(6) 0.03 9.48 a-WS3W 0.90(7) 2.750(3) 0.01
250–255 S 4.60(30) 2.388(6) 0.0311(18) 7.94 a-WS3W 1.05(11) 2.741(3) 0.0104(11)
310–315 S 3.11(8) 2.399(4) 0.03 8.66 a-WS3+pc-WS2W 0.22(2) 2.736(4) 0.01

W 1.61(43) 3.144(7) 0.0173(3)
350–355 S 3.67(13) 2.403(2) 0.0201(7) 4.44 pc-WS2W 2.97(39) 3.158(3) 0.0098(5)
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Fig. 9 Tungsten LIII-edge EXAFS spectra (k3-weighted) and their Fourier transforms, recorded during the thermal decomposition of ammonium
tetrathiotungstate under increasing temperature; (a) at 310–315 °C (mixture of a-WS3 and pc-WS2), (b) 350–355 °C (pc-WS2) and (c) of 2H-
WS2 at 400 °C. Full lines are the experimental functions and broken lines those generated from models fitted to the data (see Tables 3 and 4 for
structural parameters).

Table 4 Structural models fitted to the tungsten LIII-edge EXAFS data of 2H-WS2 at 400 °C and pc-WS2 prepared in situ at 350 °C.
Crystallographic parameters for 2H-WS2 are also shown for comparison. See Table 1 for key.

Compound Model Shell N R/Å A/Å2 Fit-index/10−4
2H-WS2 Crystal S 6 2.405 —
at 400 °C structure W 6 3.153 —

(ref. 41) W 6 3.966 —
A S 6 2.400(2) 0.0107(3) 4.40

W 6 3.164(3) 0.0147(4)
B S 5.08(18) 2.402(2) 0.0088(5) 4.14

W 6.83(63) 3.165(3) 0.0156(8)
C S 6 2.399(2) 0.0107(3) 4.01

W 6 3.161(2) 0.0148(4)
S 6 3.957(11) 0.0232(3)

pc-WS2 A S 6 2.405(3) 0.0169(4) 7.59
at 350 °C W 6 3.158(4) 0.0201(7)

B S 3.67(13) 2.403(2) 0.0098(5) 4.44
W 2.97(39) 3.158(3) 0.0144(1)

C S 4 2.403(2) 0.0108(3) 4.52
W 3 3.157(3) 0.0144(5)

D S 6 2.403(3) 0.0163(4) 7.41
W 2.43(43) 3.156(4) 0.0127(12)

E S 4 2.402(2) 0.0107(3) 4.25
W 3 3.157(3) 0.0145(5)
S 2.72(1.16) 3.956(16) 0.040(9)

lar. Two very recent publications provide useful summaries (Mo) shell of molybdenum and the first (S) shell is essentially
the same as in 2H-MoS2. The data we present here show thatof the literature relating to pc-MoS2.43,44 Calais et al.

highlight the discrepancy between particle size of nanocrystal- pc-WS2 differs considerably from pc-MoS2 in that the first
coordination shell of tungsten, as well as further ones, isline MoS2 determined by EXAFS and electron microscopy

when a conventional structural model is used to interpret the disordered compared to 2H-WS2, and that a third atomic
shell is clearly visible. It is curious that notwithstanding theEXAFS data based on small slabs of 2H-MoS2 whose edges

are bounded by sulfur atoms.43 Shido and Prins reconcile higher degree of disorder in the first two shells of pc-WS2, a
third atomic shell is clearly visible. This contrast with thethis problem by proposing a new model in which distortions

at the particle edges mean that Mo,Mo distances are up to situation for pc-MoS2 in which all molybdenum K-edge
EXAFS studies reveal only the first two shells. The great0.16 Å greater than in 2H-MoS2, and edges are not exclusively

bounded by sulfur atoms.44 In our recent study of pc-MoS2 difficulty in separating the contribution of various types of
disorder from three atomic shells make it difficult to reach aprepared in situ we reached the conclusion that not only

small particle size was responsible for the low crystallinity of firm conclusion and produce a structural model for the
disorder in pc-WS2. It is possible that some of the disorderthe compound, but that static disorder from the ideal 2H-

MoS2 structure must also contribute to the disorder,21 in the first coordination shell is a relic of the high disorder in
the sulfur shell in a-WS3 which is not observed in a-MoS3,consistent with the model of Shido and Prins. In all EXAFS

studies of pc-MoS2 disorder is associated with the second the precursor of pc-MoS2.
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