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Volumetric Hz-uptake measurements on polycrystalline MO& (39 m* g-i) have been carried out 
and uptake isotherms in the temperature range 423-573 K have been determined. The equilibrium 
stoichiometry at 500 mbar and 573 K was H o.ozsMoSz, and at 473 K the H/MO ratio increased to 
0.051. Alumina-supported sulfided MO catalysts provided H/MO ratios that were higher by approxi- 
mately a factor of 4, indicating either a higher MoSr surface area, spillover of H atoms to the 
support, or both. Two possible mechanisms for Hz dissociation are discussed, namely, heterolytic 
dissociation on MO-S pairs and homolytic dissociation on disulfide (S-S)*- edge groups. The 
presence of the latter on MO& is documented by Raman spectroscopy which shows the character- 
istic v(S-S) mode at 529 cm-i. Although molecular analogs for Hz activation on disulfide groups are 
known, it is not yet possible to make a clear distinction between the alternative Hz dissociation 
routes. 0 1989 Academic Press, Inc. 

INTRODUCTION 

Polycrystalline molybdenum disulfide is 
known to catalyze hydrogenation reactions 
(I, 2) and it has frequently been used as a 
model catalyst in studies related to hydro- 
desulfurization (2, 3). It is also known that 
microcrystalline MO& takes up significant 
quantities of hydrogen (4). Stoichiometries 
H,MoSz with x values of up to 0.22 (5) were 
found at H2 pressures below 1 bar and tem- 
peratures below 570 K. However, satura- 
tion x values reported by different laborato- 
ries often vary by as much as one order of 
magnitude. Edge planes of the MO& struc- 
ture have been inferred as responsible for 
HZ dissociation, and the H atoms were 
thought to “spill over” onto the basal 
planes (6). The formation of SH groups dur- 
ing hydrogen uptake has been unequivo- 
cally detected by inelastic neutron scatter- 
ing (INS) (4, 6-9). INS also provided 
evidence for the bonding of hydrogen at 
two different sites (7, 8). SH groups were 
formed first and the corresponding sites sat- 
urated at H2 pressures below 1 bar and tem- 
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peratures below 423 K. The nature of the 
second site, which was found to be occu- 
pied at higher temperatures and to saturate 
around 50 bar, still remains unknown. At 
least two binding states of hydrogen were 
observed by Dianis (10) by thermal desorp- 
tion spectroscopy. 

In view of the high hydrogen capacity of 
MO&, it is appealing to consider H,Mo& 
rather than MO& as the true catalytically 
active component for reactions involving 
dihydrogen, as has recently been suggested 
by Anderson et al. (II). However, the ele- 
mentary steps leading to dihydrogen activa- 
tion and dissociation are not understood as 
yet and the corresponding surface sites are 
unknown. Also, little information is avail- 
able on the reactivity of the hydrogen 
bonded to the MO& matrix. We have initi- 
ated experiments using the method of time- 
differential perturbed angular correlation 
spectroscopy (12-14) which will provide in- 
sight into the structure and electronic prop- 
erties of H,Mo&, and which can be applied 
at high temperatures and pressures under in 
situ conditions. In view of the widely di- 
verging reported hydrogen uptake data, we 
had first to determine uptake isotherms ac- 
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curately and reproducibly on our MO& 
preparation as a basis for spectroscopic 
studies. In this paper we report on these 
experiments and on some preliminary 
results obtained by Raman spectroscopy. 

EXPERIMENTAL 

Preparation of MoS2. MO& was pre- 
pared from ammonium tetrathiomolybdate 
(ATTM) by reduction in HZ. For the prepa- 
ration of ATTM, 20 g of ammonium para- 
molybdate (APM; puriss, Fluka, Switzer- 
land) was suspended in 150 ml aqueous 
ammonia solution and H2S was bubbled 
through the suspension until the APM was 
quantitatively consumed. The precipitated 
dark-red ATTM crystallites were filtered 
off, washed with ethanol, and dried. They 
were then placed in a glass tube in flowing 
H2 and the tube was abruptly brought into a 
furnace preheated to 670 K. The material 
was kept under these conditions for 6 h, 
then cooled to room temperature and 
stored under dry, 02-free Nz until used. 
This preparation procedure should yield 
stoichiometric molybdenum disulfide 
MO&~ according to Kathold and Weller 
(15) and Prasad et al. (16). The resulting 
material had a BET surface area of 39 + 2 
m2 g-l. 

Gases. Argon (99.999%), deuterium 
(99.60/o), hydrogen (99.999%), helium 
(99.995%), nitrogen (99.999%), hydrogen 
sulfide (99.8%), and a H2S/H2 mixture (I/9) 
were all Linde products. At-, Nz, and H2 
were further purified by allowing the gases 
to flow over Oxisorb. 

Uptake measurements. A conventional 
glass volumetric adsorption apparatus was 
used for the uptake measurements. The 
pressure in the system was monitored by 
means of an MKS Baratron pressure trans- 
ducer, Type 222B. Predetermined quanti- 
ties of gases were introduced into the reac- 
tor (which could be cooled to 77 K or 
heated to 770 K) in calibrated volumes. Gas 
analyses were carried out by mass spec- 
trometry using a quadrupole mass spec- 
trometer of the Vaccum Analyst type from 

Vacuum Science Workshops, Manchester, 
UK. 

Sample pretreatments. The MO& sam- 
ples, which were stored under N2, were 
brought into the reactor in a procedure that 
attempted to avoid exposure to air as far as 
possible. Prior to uptake measurements, 
the samples were pretreated in situ in flow- 
ing H2S/H2 (l/9) at 573 K for 60 min and 
subsequently evacuated (< 1 Oe3 mbar) at 
573 K for 60 min. As will be shown below 
this procedure gave reproducible Hz-uptake 
data. 

Raman spectroscopy. Raman spectra 
were recorded on an OMARS spectrometer 
from Dilor, Lille, France, equipped with an 
optical multichannel analyzer IRY-5 12/L 
from Spectroscopy Instruments, Gilching, 
FRG. The 514.5-nm line of a Spectra Phys- 
ics At-+ ion laser (Model 2025) was used for 
excitation at approximately 20 mW at the 
sample position. The spectra were recorded 
with the sample placed in a specially de- 
signed cell in a He atmosphere, the sample 
holder being cooled to 80 K. The sample 
was pretreated as described above and then 
transferred into the Raman cell under a He 
atmosphere. 

RESULTS AND DISCUSSION 

The first uptake measurements were 
highly unreproducible and typically re- 
sulted in high uptake values (H/MO ratios of 
the order of magnitude of 0.1) which contin- 
uously decreased in repeated runs. This 
phenomenon was clearly due to the pres- 
ence of chemisorbed oxygen [most proba- 
bly present as atomic oxygen, as shown 
earlier by XPS (17)]. This chemisorbed ox- 
ygen could most probably be eliminated by 
the pretreatment procedure described un- 
der Experimental, as documented by the 
perfect reproducibility of the uptake mea- 
surements after the standard pretreatment. 
The effect of oxygen to increase the appar- 
ent hydrogen uptake has in fact been 
proved by preadsorption of oxygen on 
freshly in situ pretreated samples. On the 
other hand, when the oxygen preadsorption 
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was followed by a second standard pre- 
treatment, the initial hydrogen uptake value 
was perfectly reproduced. It is not clear in 
which form the extra hydrogen might be 
bonded. One can only speculate that OH 
groups are formed when oxygen contami- 
nation is present. Inelastic neutron scatter- 
ing spectra had shown an excitation at 872 
cm-i which was tentatively assigned to a 
MO-OH deformation mode (7, 8) owing to 
possible surface contamination. 

Figure 1 shows hydrogen uptake iso- 
therms at 473 and 573 K. The different sym- 
bols in the figure indicate results obtained 
on different samples, which, however, 
were given the identical standard pretreat- 
ment. The data clearly show the excellent 
reproducibility of the uptake measure- 
ments. When a new charge of MO&, the 
BET surface area of which was 48 m2 g-i 
(rather than 39 m g-l), was prepared, the 
hydrogen uptake under otherwise identical 
pretreatment and measurement conditions 
could be reproduced to within 15% of the 
isotherm data shown in Fig. 1. The iso- 
therms rise steeply below approximately 
100 mbar; at higher pressures, the x values 
increase linearly with a gentle slope. For- 
mally, the isotherms can be reasonably well 
described by the Langmuir equation. 

I I 
0.06 

t 473 K 

573K 

H2 - Pressure /mbar - 

FIG. 1. Hydrogen-uptake isotherms on MO& (39 mz 
g-l) at 473 and 573 K. (The different symbols corre- 
spond to measurements on various charges of MO& 
from the same preparation.) 

Isotherms were also measured at 423 and 
523 K. As the H2 uptake is activated (ZO), 
the uptake at 423 K was extremely slow and 
equilibrium could presumably not be 
reached even after several hours (the ex- 
perimental x value at 500 mbar after 16 h 
was 0.057). The equilibrium x values at 500 
mbar H2 pressure at 473, 523, and 573 K 
were 0.051, 0.041, and 0.035, respectively, 
with an upper experimental error of 
kO.002. The isosteric heat of uptake at x = 
0.038 was estimated to be 70 + 5 kJ mol-l. 

When the H0.03sMoSz sample obtained af- 
ter H2 uptake at 573 K was subsequently 
evacuated at 573 K (typically for 60 min), a 
second uptake measurement gave identical 
x values; this procedure could be repro- 
ducibly repeated several times and suggests 
that the hydrogen uptake was reversible un- 
der these conditions and no hydrogen was 
retained irreversibly. This conclusion is 
supported by the observation that evacua- 
tion of Ho.oJsMoS2 at 673 K and readsorp- 
tion of hydrogen at 573 K gave again an 
identical x value of 0.035. Moreover, expo- 
sure of the sample after evacuation at 573 K 
to a D2 atmosphere at 573 K yielded only 
small amounts of HD, corresponding to x 
values of the order of the experimental ac- 
curacy. This supports the view that hydro- 
gen is nearly quantitatively desorbed from 
HXMoS2 after evacuation at 573 K and 
higher temperatures. By contrast, after 
evacuation at lower temperatures hydrogen 
was clearly “irreversibly” retained under 
the experimental conditions applied, as can 
be seen from the reduced uptakes when a 
second isotherm was measured. The x val- 
ues corresponding to the irreversibly held 
amounts at 523 and 473 K were 0.0086 
(?0.004) and 0.0196 (+0.008), respectively. 

A comparison is made in Table 1 of our 
present results with data reported in the lit- 
erature. It must be noted that the value of 
0.014 in row 2 was obtained by Maternova 
(28) by direct determination of SH groups. 
This value may not be comparable with the 
remaining total uptakes if hydrogen can be 
bonded additionally in other forms. 
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TABLE 1 

Reported H/MO Values as Obtained from Hydrogen Uptake on Molybdenum Disulfide 

H/MO Pretreatment Conditions Temperature Si3F.T 
WI Cm2 ~-9 

0.089 Evacuation overnight at 573 K 

0.014 H2 for 2 h at 723 K, then 
cooled to 300 K in N2 

0.011 Evacuation for I h at 723 K 

0.039 H2/H2S at 800 K 0.11 47s 85 

0.14 
0.20 

0.033 

0.01 I 

Hz/HIS (411) at 523 K 
Same 

HI/H2S (9/l) for 1 h at 623 K 

0.22 
0.84 

0.035 

0.041 
0.051 

Flushing with N2 at I95 K 

Same 

H2/H2S (911) for I h at 573 K. 
evacuation at 573 K 

Same 
Same 

0.9 573 8.4 

1.01 3Oll 24 

0.67 
0.67 

I.0 
1.0 

0.5 

0.5 
0.5 

723 

5423 6.9 
>423 6.9 

373 89 
473 

325 
325 

573 39 t 2 

523 39 -t 2 
473 39 e 2 

Method Comments Ref. 

Volumetry Deuterium 

Titration by AgNOj 
in pyridine 

Volumetry Reversible, x = 0.24 

for first adsorption 

Dynamic, Hz pulses 
inAr(l:9) 

Amorphous, Most.8 

Volumetry 

Volumetry 
Volumetry 

Volumetry 

Irreversibly held 

portion 

R on MO& 

Volumetry 
Volumetry 

(6) 
(28) 

(29) 

(30) 

(7) 

(10) 

(5) 

This study 

Occasionally, Hz-uptake values at ele- 
vated temperatures have been compared 
with the number of N2 molecules in the 
monolayer (as determined via the BET pro- 
cedure). Wright et al. (6) concluded from 
their H2 uptake, which was significantly 
higher than expected for the given NZ BET 
surface area, that considerable proportions 
of the total hydrogen sorbed must be lo- 
cated in the bulk or bonded at sites inacces- 
sible to N2 at 77 K. When the area density 
of H atoms is calculated from the data pre- 
sented above for 573 and 473 K based on 
the N2 BET surface area, one obtains re- 
spectively 54 and 78% of the N2 molecules 
in the BET monolayer. Wright et al. (6) 
compared their hydrogen-uptake data with 
the density of sulfur atoms in basal and 
edge planes of MO&. Our data for hydrogen 
uptake are lower than the density values of 
sulfur atoms by factors of 4 and 2.5, respec- 
tively, i.e., much lower than those reported 
by Wright et al. (6). The total number of 
hydrogen atoms sorbed could thus be ac- 
commodated on the surface, provided lat- 
tice sulfur atoms were the adsorption sites. 
If, however, defects and edge sites were the 

adsorption sites for hydrogen atoms, the 
site density (estimated from the number of 
H atoms sorbed and the N2 BET surface 
area) appears to be very large. It might then 
well be, as already suggested by Wright et 

al. (6), that sites exist that are inaccessible 
to dinitrogen at 77 K. 

Molecular dihydrogen will hardly adsorb 
physically at 77 K on the entire surface as 
dinitrogen does; rather, it will adsorb on 
distinct defect sites (e.g., at edges and crev- 
ices of molecular dimensions) which might 
also be involved in atomic hydrogen bond- 
ing. Also, sites that are inaccessible to dini- 
trogen (molecular area 0.162 nm2) should be 
accessible to the smaller dihydrogen mole- 
cule (0.13 nm2). An adsorption isotherm for 
dihydrogen on MO& at 77 K was therefore 
measured (Fig. 2). The MO& used in this 
experiment was a new preparation with a 
surface area of 48 m2 g-l. The isotherm 
shown in Fig. 2 gives a saturation value of 
6 x lOI H2 molecules cmM2, which is al- 
most identical to the monolayer capacity of 
N2, which is 6.2 x lOi N2 molecules cm-* 
given a molecular area for the N2 molecule 
of 0.162 nm2. The density of adsorbed H2 
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Hz-Pressure /mbar - 

FIG. 2. Adsorption isotherm of dihydrogen on MO& 
(48 m2 g-l, standard pretreatment) at 77 K. 

molecules has been calculated on the basis 
of the Nz BET surface area. Considering 
the fact that Hz, in contrast to NZ, should 
adsorb only on specific sites at 77 K, the 
high apparent saturation value for dihydro- 
gen adsorption can be understood only if, in 
these MoS2 preparations, there exist sites 
that remain inaccessible to dinitrogen. We 
therefore suggest that also atomic hydrogen 
can probably be adsorbed on these parts of 
the total surface area that do not contribute 
to the N2 BET surface area. 

We have also carried out a few hydrogen- 
uptake measurements on an alumina-sup- 
ported catalyst. The Moo3 loading was 12 
wt%, and the BET surface area 140 m2 g-l. 
After calcination in air at 773 K, the cata- 
lysts were sulfided in situ in flowing H2S/H2 
(l/9) at 573 K for 2 h followed by evacua- 
tion at 573 K for 1 h. The hydrogen uptake 
measured at H2 pressures between 300 and 
450 mbar and at 573 K corresponded to x = 
0.13 + 0.01. It is interesting to note that this 
value is higher by a factor of 4 than that 
obtained on unsupported MO& under com- 
parable conditions. This increased H/MO 
ratio may simply reflect the high dispersion 
of supported MO&. However, possible con- 
tributions of hydrogen spilled over to the 
alumina support cannot be excluded. 
Wright et al. (6) had suggested on the basis 
of their INS results that “hydrogenated” 

alumina was formed when a sulfided alu- 
mina-supported MO catalyst was exposed 
to HZ. Increased H/MO ratios for supported 
catalysts have also been reported in the lit- 
erature (4); however, quantitative compari- 
sons are certainly meaningless unless the 
state of the catalysts can be clearly speci- 
fied. 

Although the formation of H,Mo& does 
undoubtedly occur, the elementary steps of 
dihydrogen activation can be discussed 
only speculatively at this time. Sulfur va- 
cancies along the edge planes are almost 
certainly formed during the thermal treat- 
ments prior to Hz-uptake measurements (1, 
2, 14). One can therefore envisage hetero- 
lytic splitting of dihydrogen on MO-S pairs 

Cl H 
ho-S + H2 - do-SH 

(1) 

to form MO-H and S-H groups. Anderson 
et al. (II) have recently shown by quantum 
chemical calculations that this dissociation 
route would be energetically favorable; 
however, the INS studies by Wright et al. 
(6) had shown for H~.M~MoS~ that the H 
atoms should be bonded to one or more S 
atoms but not to MO atoms. It therefore 
seems appealing to consider an alternative 
route for H2 dissociation by reaction with 
disulfide Sf- species: 

S$- + H2 -2SH- (2) 

Activation of dihydrogen by S,“- groups is 
in fact documented in molecular coordina- 
tion chemistry (18, 19) (Cp = cyclopenta- 
diene): 

s\ 
CpM~‘$$Mocp + ~~ 

(3) 

S 

The presence on supported sulfided MO cat- 
alysts of low-valence-state sulfur, i.e., S- 
or (S-S)2-, has been shown by XPS by Du- 
chet et al. (20), and Raman spectroscopy 
(2Z, 22) has provided evidence for disulfide 
anions on these catalysts. Figure 3 shows a 
Raman spectrum obtained on the presently 
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FIG. 3. Raman spectrum of MO& after standard pre- 
treatment. 

used MO& after thermal activation as de- 
scribed above. The two bands at 389 and 
411 cm-’ are characteristic of MO& and the 
weaker band at 529 cm-’ can be assigned to 
the S-S stretching mode of disulfide anions 
(2.?,24). This species was in fact inferred to 
be connected with catalytic hydrodesulfur- 
ization activity (20, 25, 26). The tentative 
mechanism described by Goodenough (25) 
involves reaction of H2 with disulfide an- 
ions as suggested in Eq. (2), and recently 
Prins et al. (27) have also pointed toward 
this possibility. 

It is concluded from the results of the 
present study that hydrogen uptake on 
MO& at elevated temperatures can be mea- 
sured reproducibly provided the sulfide is 
pretreated in situ and the access of even 
traces of oxygen is carefully avoided. Equi- 
librium uptake data below 1 bar and be- 
tween 473 and 573 K, when compared to 
saturation values of dihydrogen adsorption 
at 77 K and to the monolayer capacity for 
dinitrogen, suggest that bonding sites for 
atomic hydrogen must exist on parts of the 
MO& surface that are inaccessible to dini- 
trogen. The MO& preparations used there- 
fore appear to be microporous. The nature 
of sites that activate and ultimately dissoci- 
ate dihydrogen molecules is not clear as 
yet. Besides the conventionally suggested 

cation-anion pair sites [see Eq. (l)], disul- 
fide species located at edge planes must 
certainly be considered as potential sites of 
homolytic dihydrogen dissociation. The es- 
tablished reactivity of these groups in or- 
ganometallic compounds clearly suggests 
this as a feasible route toward dihydrogen 
dissociation. 
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