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High-quality molybdenum-tungsten disulfide solid solutions, (Mo,W)S2, are rapidly synthesized in self-propagating, 
solid-state precursor reactions between (MoClyWCl6) and Na2S. The mixed-metal dichalcogenide products can 
be readily reduced in a dilute hydrogen atmosphere at approximately 900 OC to the corresponding Mo-W alloys. 
The metal distribution in the Mo-W alloys is examined using the high-angle 123 powder X-ray reflection and can 
be correlated to the metal distribution in the metal dichalcogenide product. A comparative study of the peak profiles 
of several alloys and standards shows that this precursor approach yields mixed-metal dichalcogenide products with 
a better metal dispersion than the products of long-term, high-temperature reactions between the elements. Powder 
X-ray diffraction data, as well as elemental and thermogravimetric analyses, are presented. 

Introduction 

Early-transition-metal dichalcogenides have been the focus of 
many studies. Their layered structures are responsible for a widely 
diverse, intriguing intercalation ~hemistryl-~ and applications as 
solid lubricants,4s5 cathode materials,6v7 hydrodesulfurization 
catalysts,8-10 and photoelectrochemical (PEC) cells.ll-ls Addi- 
tionally, the structural, electronic, and magnetic properties of 
these materials can be systematically manipulated by the 
substitution of the metal16 or the chalc0genI~-~9 to produce a 
large number of solid-solution compounds. Ternary, as well as 
binary, dichalcogenides are frequently prepared by reacting the 
elements in evacuated silica tubes at 700-1000 OC for several 
days to a few weeks.20 Repeated grinding and heating are 
necessary in many cases to attain a single-phase product. 

A different approach to the synthesis of mixed-metal dichal- 
cogenides was introduced by Bouchard.21 This technique involved 
heating solid-solution metal sulfates in the presence of H2S/N2 
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at 350 "C. The use of isomorphous solid-solution precursors 
provides several advantages over traditional high-temperature 
syntheses. First, precursors are more reactive starting materials 
than elements. Second, solid-solution precursors contain an 
intimate mixture of the product constituents. As a result, shorter 
reaction times and lower temperatures are required. 

Mixed-metal precursor routes have mainly been applied to the 
preparation of ternary dichalcogenides of the later transition 
metals.21-22 The present study, on the other hand, shows that 
mixed-metal dichalcogenides of the early transition metals can 
now be prepared in solid-state reactions between mixed-transition- 
metal halide precursors and alkali-metal chalcogenide reagents. 
The solid-solution precursor syntheses quickly and conveniently 
form high-quality ternary phases. Recently, we reported the 
successful implementation of analogous reactions for the prep 
aration of binary materiah23 

Molybdenum-tungsten dichalcogenide products can be reduced 
to the corresponding alloys by heating in the presence of hydrogen. 
The metal distribution in the alloy is examined by powder X-ray 
diffraction and related to the homogeneity in the parent compound. 
The preparation of alloys, especially refractory alloys, from the 
decomposition of isomorphic mixed-metal precursors was fairly 
recently explored. For example, thecoprecipitation of ammonium 
paramolybdate and ammonium paratungstate from a water- 
alcohol mixture leads to the formation of the homogeneous 
heteropolymetalate (NH4)6 (Mo7,Wn024).4H20. Reduction of 
this intermediate24*25 or ( M O , W ) O ~ ~ ~ ~ * ~  under hydrogen at 600- 
800 OC yields Mo-W alloys. This approach has also been extended 
to W-Re  alloy^^^.^^ and alloys of the platinum group metals.30 
Since molybdenum and tungsten are refractory metals, mp 2610 
and 3410 OC, respectively, their alloys are typically prepared 
from high-temperature melts or by sintering the metals in a powder 
form for 10-12 h at -2300 OC.31 
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Table I. Analysis of MOW Ratios in (Mo,W)S2 Solid Solutions 
stoichiom of product 

precursor them expecteda powder X-ray diffr elemental anal. TGA 

Experimental Section 

Molybdenum pentachloride (Johnson Matthey/Aesar, 99.6%) and 
tungsten hexachloride (Johnson Matthey/Aesar) are resublimed in an 
evacuated, sealed Pyrex tube (25  mm 0.d. X 25 cm) in a temperature 
gradient where TI = 250 OC and T2 = room temperature. The 
hexachloride rather than the pentachloride of tungsten was used because 
of its relative stability and greater availability. Resublimation is required 
in order to separate the desired molecular precursor from any lower- 
valent metal chlorides and metal oxychloride contaminants. The molecular 
precursor(s) and the metal oxychloride impurities are very volatile and 
rapidly transport to the cooler end of the temperature gradient. The 
metal oxychlorides condense farthest from the hot zone. The best 
separation is achieved if the transport tube is removed from the furnace 
after most of the dense vapor of the higher-valent metal chlorides has 
recondensed. The tube is allowed to cool to room temperature and is then 
opened under inert atomsphere. 

Previous studies demonstrate that the success of these metathesis 
reactions is strongly dependent upon the careful, yet facile, preparation 
of theprecursors. Because the molecular metal chlorides havesignificantly 
different vapor pressures, cosublimation is not recommended for the 
preparation of solid solutions. In fact, it leads to a considerable com- 
positional gradient in the recondensed solid that can vary appreciably 
from one run to another depending on the transport conditions. Since 
the composition of the reagent crystals in turn determines the composition 
of themixed-metal dichalcogenide product, large compositional gradients 
in the precursors must be avoided. More consistent results are obtained 
by melting the metal chloride mixture at 300 OC in an evacuated, sealed 
Pyrex tube only slightly larger than the volume of the melt. The limited 
volume ensures that only a very small amount of the precursor mixture 
is vaporized and that the stoichiometry in the liquid is essentially identical 
to that of the original solid mixture. The melt is removed from the furnace 
and then vigorously shaken until it solidifies. This approach appears to 
minimize, if not virtually eliminate, drastic compositional gradients in 
the precursors. Sodium sulfide is prepared by reacting stoichiometric 
amounts of the elements in liquid ammonia and by sintering the finely 
divided product at 600 OC for 12 h.'l 

The mixed-metal dichalcogenides are produced by ignition of a mixture 
of metal-chloride precursor (0.5-1 .O g) and a stoichiometric amount of 
alkali-metal chalcogenide with a hot filament in a stainless-steel bomb.33 
The products are then isolated by washing with methanol, water, and 
ether. Residual sulfur is removed by briefly heating the product with a 
heat gun while it is drying on a vacuum line. 

Powder X-ray diffraction of the mixed-metal chloride precursors and 
mixed-metal dichalcogenide products was carried out in steps of 0.05' 
28 at a rate of 5 s/step on a GE diffractometer equipped with Ni-filtered 
Cu Ka radiation. The mixed-metal chloride precursors are very air- and 
moisture-sensitive and are therefore covered with a protective Mylar film 
during the X-ray procedure. The stoichiometries of the mixed-metal 
dichalcogenides were determined by elemental (Galbraith Laboratories, 
Inc., Knoxville, TN) and/or thermogravimetric analyses (DuPont 9900 
thermal analysis system). In the latter analyses, the solid-solution 
dichalcogenides were decomposed in 5% H2/95% N2 until no further 
weight loss occurred (24-30 h). Powder X-ray diffraction of the TGA 
residues, or alloys, was carried out on a STOE transmission diffractometer 
with CuKal radiation. 
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Figure 1. Powder X-ray diffraction pattern of (Mo,W)S* formed in the 
reaction of MOC15.WC16 and Na2S. 

Results and Discussion 
Molybdenum pentachloride and tungsten hexachloride form 

a homogeneous melt whose color is a mixture of those of the pure 
binary components. A crystal structure for the molecular mixture 
was not determined because satisfactory single crystals could not 
be obtained from the resolidified melts. Powder X-ray diffraction, 
however, reveals three peaks at 15.70, 33.30, and 43.70". The 
positions of these reflections do not correspond to the data  for the  
individual, purified binary halides. 

As expected, the intimate mixtureof high-valent metal chlorides 
reacts vigorously with sodium sulfide to form excellent mixed- 
metal dichalcogenides in just seconds (eq 1). 

n = mol of C1- 

These self-sustaining reactions are very exothermic and produce 
heats in excess of 700 kJ/mo1.23 Table I summarizes the metal 
ratios in several (Mo,W)S2 samples determined from elemental 
and thermogravimetric analyses. T h e  powder X-ray diffraction 
pattern of a washed (Mo,W)S2 sample is shown in Figure 1. 
Powder X-ray analysis of (Mo,W)S2 solid solutions, however, 
cannot be used to unambiguously confirm the relative metal 
composition. The  lattice parameters for MoSz ( a  = 3.1616 A, 
c = 12.2938 A)17 and WS2 ( a  = 3.161 A, c = 12.358 A)'* are not 
appreciably different, and high-angle lines (>9O0 28) are not 
intense enough to permit satisfactory determination of the solid- 
solution stoichiometry. Molybdenum and tungsten form a 
continuous body-centered-cubic solid solution in which the lattice 
parameter varies linearly with composition between 3.1472 A 
(Mo) and 3.1648 A (W).34 Furthermore, molybdenum and 
tungsten possess sufficiently intense 222 and 123 diffraction peaks, 
and the separation between molybdenum and tungsten lines at 
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Figure 2. Powder X-ray diffraction patterns (a) Mo and W heated at 
lo00 OC for 6 days; (b-g) pure metals or alloys resulting from thereduction 
of the indicated compounds with H2 at 920-950 OC for 24-30 h; (b) 
physical mixture of MoS2 and WS2; (c) MoS2; (d) Moc,.sWO.~S~ prepared 
from the elements at lo00 OC, 4 days; (e) Moo.sWO.~S~ from the elements 
at lo00 OC, 2 weeks; (f) Moo.sWo.sS2 from the elements at lo00 OC, 4 
weeks; (g) (Mo,W)S2 from a reaction between MoC1yWCl6 and Na2S. 

high angles provides an ideal method for the analysis of the metal 
ratio in (Mo,W)S2 samples. Molybdenum-tungsten dichalco- 
genide products are therefore decomposed in hydrogen to yield 
Mo-W alloys. The alloys are then compared to standards of Mo 
and W metals and to a Mo0.5Wo.5 alloy prepared from the reduction 
of a M%.5Wo.5S2 sample synthesized from the elements a t  high 
temperatures. Calculations of alloy stoichiometries are based on 
the positions of the 123 peaks of the alloys relative to the same 
lines for the standards. These results are also presented in Table 
I. 

Powder X-ray analyses are important not only in the deter- 
mination of alloy compositions but also in the evaluation of the 
relative qualities of various preparations. In Figure 2, Mo and 
W controls are compared to various Mo-W alloys produced by 
reducing (Mo,W)S2 samples in dilute hydrogen at  920-950 OC 
for -24 h. Mo and W (Figure 2a) heated to 1000 O C  for 6 days 
show virtually no evidence of alloying, normally reflected in an 
increased intensity between the 222 or 123 diffraction peaks. 
This result agrees with a previous study of the interdiffusion of 
Mo and W, in which the first signs of solid-solution formation 
during the sintering of 85% W / l 5 %  Mo and 50% W/50% Mo 
were detected only after - 5  h at  1400 OC.31 The second control 
(Figure 2b) is the product of the reduction of a physical mixture 
of MoS2 and WS2. The reduction of metal disulfides in a dilute 
hydrogen atmosphere produces H2S, creating a very dynamic 
system which could potentially lead to alloying. The decompo- 
sition of the MoS2/WS2 mixture, however, forms only a small 
amount of alloy. The reduction of a physical mixture of Moo3 
and WO3 in hydrogen yields similar results.25 The final control 
(Figure 2c) is Mo from the decomposition of pure MoS2. When 
compared to a sintered Mo standard, the Mo residue reveals 
virtually no broadening of the diffraction peaks. The decom- 
position/sintering process, therefore, does not lead to any 
appreciable particle size broadening. The X-ray diffraction 

patterns of the alloys resulting from the reduction of several 
M Q . ~ W O . ~ S ~  samples prepared from the elements at  1000 OC for 
4 days, 2 weeks, and 4 weeks, respectively, are shown in Figure 
2d-f. The signs of slow solid-solid diffusion are evident, even 
considering the appreciable vapor pressure of metal sulfides 
relative to thevapor pressures of the pure metals. Theconstituent 
metal particles react quickly with sulfur to form metal disulfides, 
yet interdiffusion of the metal components is relatively slow, 
requiring prolonged heating a t  elevated temperatures. The longer 
the parent metal disulfidecompound is heated, the less broadening 
is observed in the respective alloy, indicating an increase in 
homogeneity. Finally, decomposition of (Mo,W)S2 from the 
rapid, solid-state precursor synthesis yields the diffraction pattern 
in Figure 2g. The width of the 123 line at  half-height indicates 
that this alloy is considerably more homogeneous than the alloys 
from the 4-day and 2-week preparations, and even slightly better 
than the one from the 4-week preparation. 

The diffraction patterns in Figure 2 illustrate the relationship 
between peak profile and alloy homogeneity. The narrower the 
alloy diffraction lines, the more uniform the metal mixture. Under 
identical reduction conditions, the alloys originating from the 
reduced products of precursor reactions exhibit an equal or 
superior degree of homogeneity than alloys resulting from the 
reduced products of traditional high-temperature reactions. The 
comparative study of molybdenum-tungsten alloys therefore 
clearly demonstrates that precursor routes to mixed-metal 
dichalcogenides are an attractive alternative to time- and energy- 
consuming syntheses from the elements at  elevated temperatures. 

Powder X-ray analysis of alloys is a good relative indicator of 
the metal distribution in mixed-metal compounds, provided the 
alloy samples and standards are prepared under identical 
conditions. The metal distribution in the alloy from the precursor 
synthesisdoes not, however, necessarily reflect the absolute metal 
distribution either in the mixed-metal halide precursor or in the 
mixed-metal dichalcogenide product. Since molybdenum pen- 
tachloride normally exists as a dimeric species and tungsten 
hexachloride as a monomeric species, product inhomogeneity may 
be the result of ordering that begins in the precursor mixture. 
Furthermore, the molecular species in the metal-halide mixture 
do not have the same reactivities. Metal clustering may therefore 
occur because the molybdenum pentachloride component is 
preferentially reduced by the alkali-metal chalcogenide. If these 
factors are indeed partially responsible for clustering, then 
substitution of WClb with WC15, isostructural35 and isoelectronic 
with MoClS, may be an improvement. Finally, ordering may 
take place in the final step as the metal dichalcogenide product 
decomposes. In certain systems, the decomposition temperature 
must be carefully chosen so that phase separation of the solid- 
solution compound does not precede formation of the alloy.27 
Inhomogeneity may therefore result from slightly different 
decomposition rates between MoS2 and WS2. This phenomenon, 
however, has not been studied in the (Mo,W)S2 system. 

An important, and often exploited, characteristic of many 
precursor reactions is that they usually tend to proceed stoichi- 
ometrically. Ideally, the components in a solid-solution precursor 
should react uniformly so that the desired product stoichiometry 
is determined solely by the precursor stoichiometry. A very 
interesting characteristic of the above precursor reactions, 
however, is that the metal ratio in the mixed-metal halide precursor 
is not conserved in the mixed-metal dichalcogenide product. This 
phenomenon can be explained by the differing reactivities of the 
constituent species, molybdenum pentachloride and tungsten 
hexachloride. Molybdenum pentachloride exists in a +5 oxidation 
state, somewhat unusual for group VI metals. It presumably 
stabilizes itself by dimerizing in both the solid and gaseous states, 
up to -200 OC.36~3~ Above 300 OC, spectroscopic evidence and 
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pressure measurements indicate that molybdenum pentachloride 
dissociates into trigonal bipyramidal monomers.36 Furthermore, 
molybdenum pentachloride is a labile d1 complex readily reduced 
by strong Lewis bases. Tungsten hexachloride is more coordi- 
natively saturated than Mo(V), possesses a do configuration, and 
is relatively stable. Although it contains a higher-oxidation- 
state metal, tungsten hexachloride is apparently not as easily 
reduced by sodium sulfide as molybdenum pentachloride. The 
results of reactions between the individual binary halides and 
sodium sulfide support this conclusion. Molybdenum disulfide 
is produced in 80% yield when molybdenum pentachloride reacts 
with sodium sulfide on a gram scale. A similar mass reaction 
leading to tungsten disulfide, on the other hand, produces only 
a 43% yield. Although the yields can be affected by the total 
amount of reagents used and the reaction conditions, the ratio 
of the yields under identical reaction conditions does appear to 
be significant. If the starting precursor is Mocl~*WC16, then the 
expected mixed-metal dichalcogenide product, on the basis of an 
approximate yield ratio of 80/43 or 1.86, is Moo.6sWo.& The 
experimental stoichiometries of the first five samples listed in 
Table I closely agree with this calculated stoichiometry. Fur- 
thermore, elemental, thermogravimetric, and X-ray analyses of 
the molybdenum/tungsten ratios in the transition-metal dichal- 
cogenide samples prepared from the other molybdenum-tungsten 
chloride precursors also closely coincide with the expected metal 
stoichiometries in the products. The relationship between the 
molar concentration of molybdenum in the precursor and the 
molar concentration of molybdenum in the product, assuming 
independent reaction of molybdenum pentachloride and tungsten 
hexachloride, is plotted in Figure 3. The solid curve is the best 
fit of several calculated data points (open triangles). The 
overlayed experimental data (solid triangles), determined by 
thermogravimetric analysis of the metal dichalcogenide product, 
conform quite well to the theoretical curve. These results indicate 
that the molecular components in the solid-solution reagents 
indeed appear to react independently. 

Two straightforward approaches to compensate for the different 
reactivities of molybdenum pentachloride and tungsten hexachlo- 
ride exist. The first is to adjust the relative concentrations of the 
components in the precursor according to Figure 3 so that the 
approximately desired stoichiometry in the product will be 
obtained. The other approach would be to substitute WC15 for 
WCls. The molybdenum and tungsten pentachlorides should 
have similar reactivities and even codimerize to form excellent 
solid-solution precursors. 

Several other mixed-metal dichalcogenides are accessible with 
this method. The solid-solution precursor (Mo,Nb)C& reacts 
with NazSe to yield (Mo,Nb)Sez. Furthermore, MoClS, WC15, 
NbCl5, and TaClS, all low-melting molecular solids, can con- 
ceivably be mixed in any combination or in any ratio to form a 
large number of mixed-metal halide precursors which could then 
be simply reacted with the appropriate anion reagent. Additional 
studies would be needed, however, in order to determine the relative 
reactivities of each metal-halide species with alkali-metal 
chalcogenides. Precursor compositions could then be adjusted to 
yield products with the desired stoichiometries. Rapid solid- 
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Figure 3. Stoichiometric relationship between various molybdenum 
tungsten chloride precursors and the products of their reactions with 
sodium monosulfide. The curve is a third-order polynomial fit of calculated 
data (open triangles) with overlayed experimental data (solid triangles). 
The polynomial equation has the form y = -0.0455 + 0.58 lx - 6.79 X 

+ 4.26 X 10-5x3. 

state metathesis reactions have also been successfully applied to 
the preparation of transition-metal mixed-anion dichalcogenides 
[e& M O ( S , S ~ ) ~ ] . ~ ~  

Conclusions 

Reactions between mixed molecular metal halides and alkali- 
metal chalcogenides rapidly produce group V and group VI mixed- 
metal dichalcogenides. The group VI metal dichalcogenide 
samples can be reduced by hydrogen to the corresponding 
refractory alloys. Powder X-ray analyses of several Mo-W alloys 
qualitatively reveal that the precursor preparations yield metal 
distributions in the metal dichalcogenides that are equal to or 
superior to the metal homogeneity in (Mo, W)S2 samples produced 
in reactions between the elements at 1000 OC for 4 weeks. Solid- 
state precursor reactions are an extremely efficient alternative 
to traditional high-temperature reactions and an attractive route 
to high-quality, solid-solution compounds. 
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