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The adsorption and desorption of hydrogen on MoS, were studied using a combination of tempera-
ture-programmed desorption (TPD) and temperature-programmed reduction (TPR) with a control
of the maximum temperature. Reversible hydrogen adsorption was observed in the temperature
range of 375-500 K. MoS, samples reduced in hydrogen at different temperatures behaved distinc-
tively towards reversible hydrogen adsorption. The amount of the reversible hydrogen adsorption
decreased when the sample was reduced in hydrogen at the medium temperature of 573-673 K, but
its characteristics were not changed. For the sample reduced at high temperature, reversible
hydrogen adsorption almost disappeared. In the TPR pattern, a reverse peak corresponding to
hydrogen desorption was observed in the 500-673 K range. Based on these facts, the nature of the
reversible hydrogen is discussed. The dependence of the reversible hydrogen adsorption on surface

structure is also discussed.

INTRODUCTION

In the hydrodesulfurization (HDS) pro-
cess, at least three partners should be con-
sidered: the catalyst, the organic com-
pound, and hydrogen. Much research has
been done on the characterization of the
active phases of HDS catalysts and the
mechanism of ring opening of organic com-
pounds (/—4), while relatively less attention
has been focused on the hydrogen behaviour
(5-15). The present study concerns hydro-
gen adsorbed on MoS,, and is especially
focused on its mobility on an unsupported
MoS, sample from room temperature to
1173 K.

Polycrystalline molybdenum disulfide is
frequently used as a model catalyst in stud-
ies related to hydrodesulfurization. The ac-
tive sites of MoS, have been discussed by
several authors (2, 3, 5, 6). It is generally
accepted that the edge sites or corners are
active centers in the HDS reaction (3, 4).
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Recently, Kasztelan and Bonnelle and co-
workers gave a detailed description of these
sites, in which the special species containing
H such as Mo-H and S-H were also consid-
ered (6—10). MoS, has long been recognized
to have a high hydrogen capacity. The
mechanism of hydrogen sorbed in MoS, and
its mobility have been investigated both by
experiment and by theoretical calculations
(15-23). The formation of sulfhydryl groups
in a linear form has been unequivocally de-
tected by inelastic neutron scattering vibra-
tional spectra (/6-18) and silver titration
(21-23). Through volumetric hydrogen up-
take measurement, hydrogen adsorbed in
MoS, was found to have a high capability
for spillover onto the carrier Al,O, (19). On
the basis of quantum chemical calculations,
the hydrogen atom in MoS, was found to be
able to diffuse with a low energy barrier
from the edge sites out over the basal planes,
and hydrogen sorbed on the edge sites
would be replenished by further heterolytic
adsorption (20). These findings are very im-
portant to the basic study of HDS. For ex-
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ample, in the remote control model applied
to cobalt molybdenum sulfide (4), hydrogen
is regarded as having high mobility and can
spill over from individual Co sites to molyb-
denum sites to create more active centers.
In this case one would expect MoS, to be
a good reservoir as hydrogen acceptor to
supply enough active hydrogen for the HDS
reaction (24). So far, there is unfortunately
little experimental evidence to prove the hy-
drogen mobility on the HDS catalyst. A sys-
tematic study of hydrogen behaviour is re-
quired.

Temperature-programmed desorption
(TPD) is very useful for characterizing the
surface adsorbed species by its desorption
pattern (/7). Temperature-programmed re-
duction (TPR) is usually used to detect a
reduction of the catalyst. A series of excel-
lent studies have been made on HDS cata-
lysts by TPR (25). In conventional TPR, it
is difficult to obtain detailed information of
hydrogen adsorption, because hydrogen
consumption involves both adsorption and
participation in reduction. It seems better to
have a combination of TPD and TPR. In this
way, the TPR technique is also available to
study adsorption of hydrogen if a delicate
procedure is designed, as presented in this
paper. The advantage of cooperation of TPD
and TPR is that it allows one to examine
the hydrogen adsorption and its mobility on
MoS,, and to observe hydrogen adsorption
in a reversible way below 573 K. This phe-
nomenon is difficult to establish by individ-
ual TPD and TPR techniques.

EXPERIMENTAL
Materials

MoS, was prepared according to the ho-
mogeneous sulfide precipitation method
(26-28). A reaction of (NH,),S and
(NH,)Mo,0,, - 6H,0 solutions was carried
out at 343 K for 1 h, then H,SO, solution was
added to the resulting solution, followed by
filtering, washing and drying at 393 K to
obtain a dark brown solid. This solid was
sulfided in a gas mixture of 15%H,S-85%H,
(in volume) at 673 K for 4 h to form the MoS,
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sample examined by XRD. The surface area
of the MoS, sample was 51.8 m?> g~! (28).

Commercial Ar, 5%H,-Ar (Air Liquide
products) were further purified by allowing
the gases to flow over Oxysorb. H,S/H, (Air
Liquide product) was used without further
purification.

TPD and TPR

A special experiment was designed by us-
ing TPD and TPR cycles and controlling the
upper temperature on a multiple function
gas system where a series of experiments
such as TPD, TPR, TPO, and pulse titration
are carried out; 0.5 g of catalyst sieved to
the size range 0.3-0.8 mm was used in each
experiment. Before TPD and TPR experi-
ments, the MoS, sample was resulfided “‘in
situ” at 573 K for 2 h. Ar and 5%H,-Ar
were chosen as carrier gases in TPD and
TPR, respectively. The gas flow rate was
always maintained at 30 cm*/min. Between
the reactor and the thermal conductivity de-
tector, a column filled with solid KOH pow-
der was used to discard H,S which is a prod-
uct of hydrogenation of sulfur in MoS,. A
paper dipped in an AgNO; solution was
placed on the gas vent to confirm that H,S
was completely adsorbed by the KOH. A
mixture of ethanol and solid CO, was chosen
as the cold trap. In the case of TPD, the
TCD (thermal conductivity detection) signal
observed is due to appearance of hydrogen
in the Ar flow and attributed to hydrogen
desorption. Hydrogen desorption and up-
take were calculated by comparison of peak
areas in TPD and TPR curves with that of
pulse hydrogen in Ar for TPD and in 5%
H,—Ar for TPR. In TPR, a positive TCD
signal will be attributed to a decrease of
hydrogen content in the H,~Ar gas flow and
a negative TCD signal to an increase of H,
content. The temperature program was con-
trolled to a linear rate of 10 K/min for both
TPD and TPR procedures.

RESULTS

After resulfidation, the MoS, sample was
cooled from 573 K to room temperature in
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FiG. 1. TPD and TPR cycle patterns of the MoS,
catalyst. After “‘in situ’’ sulfidation, the sample was
cooled to room temperature in the sulfiding gas, and
the first TPD was taken (a). When the sample was
cooled in Ar to room temperature, the first TPR (a) was
obtained. Afterwards, the sample was cooled in 5%
H,-Ar to room temperature, and the second (b) and
third (¢) TPD and TPR cycles were measured subse-
quently.

the H,S-H, gas mixture, then several TPD
and TPR cycles were carried out as shown
in Fig. 1. In the first TPD pattern, a broad
hydrogen desorption peak appears in the
400-600 K range. The TPD was controlled
to reach a maximum temperature at 873 K,
then the sample was cooled to room temper-
ature in argon. Argon was replaced by the
H,—Ar reducing gas, and the first TPR run
started. In the 350-573 K region, there is a
sharp hydrogen consumption peak. In order
to check the consumed hydrogen, the upper
temperature of the first TPR run was con-
trolled to 573 K, then the sample was cooled
to room temperature in the reducing gas.
Afterwards, a second TPD-TPR cycle was
started in the same way (Fig. 1b). A similar
phenomenon to that in the first TPD and
TPR runs is observed. The hydrogen de-
sorption peak in the second TPD pattern
indicates that the consumed hydrogen in the
first TPR run could desorb. The hydrogen
consumption peak in the second TPR run
indicates that the sample could adsorb hy-
drogen again. In the third TPD pattern of
Fig. 1, a similar peak corresponding to de-
sorption of the consumed hydrogen in the
second TPR procedure appears. In the sub-
sequent TPR, the temperature was raised
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to 1173 K. In this case, another hydrogen
consumption peak appears in the high tem-
perature range. The high temperature peak
covers a wide temperature range from 650
to 1173 K, while the low temperature peak
is similar to those in the first and second
TPR patterns. It is very surprising that a
negative signal (reverse peak) occurred in
the third TPR pattern in the temperature
range 500-650 K. In addition, a dynamic
equilibrium of the H,-MoS, system is dis-
covered, as shown in Fig. 2: there is a new
uptake of hydrogen on cooling from 573 K
to room temperature, indicating that further
hydrogen was adsorbed by the sample.
Influences of reducing at temperatures
from 473 to 773K on the TPD and TPR pat-
terns of MoS, samples are depicted in Figs.
3 and 4. Fig. 3 shows a series of TPD and
TPR patterns of MoS, reduced at 573 K for
1,2, and 4 h, respectively, in separate exper-
iments. It is seen that the hydrogen desorp-
tion peaks were shifted to lower tempera-
ture in the TPD patterns when the reduction
time increased. In addition, a shoulder at
about 380 K appears for all the samples re-
duced at 573 K. In the TPR patterns, both
the lower temperature peak and the high
temperature peak gradually decreased. In-
terestingly, the reverse peak in the TPR pat-
tern became more intense with the increase
in reduction time. The TPD and TPR pat-

J
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F1G. 2. Hydrogen consumption pattern of MoS, dur-
ing cooling in 5% H,~Ar after a TPR to 573 K.
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FiG. 3. TPD and TPR cycle patterns of the MoS,
catalysts reduced at 573 K for (a) O h, (b) 1, (¢) 2 h, and
(d) 4 h, respectively.

terns of MoS, samples reduced at 473, 573,
673, and 773 K, respectively, are given in
Fig. 4. For the samples reduced within
300-573 K, the TPD patterns show the same
characteristics as in Fig. 1. Reduction at 673
K abruptly decreased the hydrogen desorp-
tion peak. Moreover, no evident peak of
hydrogen desorption was observed for the
sample reduced at 773 K. In the TPR pat-
terns, the low-temperature peak clearly de-
creased while the high temperature peak
showed little change for the sample reduced
in the 300-573 K range (Figs. 4a—c). For the
sample reduced at 673 K (Fig. 4d), the low-
temperature peak remained nearly at the
same level as in Fig. 4c, whereas the high-

-
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FiG. 4. TPD and TPR cycle patterns of the MoS,
catalysts reduced at (a) 300 K, (b) 473 K, (c) 573 K, (d)
673 K, and (e) 773 K for 1 h, respectively.
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TABLE 1|

Calculatioﬁ of Hydrogen Desorption and Consumption
in TPD and TPR Patterns of Reduced MoS,

Reduction H/Mo

conditions
-_— In TPR

Temp. Time In

(K) (h) TPD 375-500 500-673 >673

K K K

306 1 0.0120 0.0075 0 0.0258
473 i 0.0151  0.0061 0.0005 0.0232
573 1 0.0114  0.0040 0.0017 0.0148
673 1 0.0069  0.0040 0.0005 0.0072
773 I 0.0006 0.0021 0 0.0044
573 2 0.0097 0.0047 0.0018 0.0139
573 4 0.0104 0.0030 0.0027 0.0118

temperature peak largely decreased and the
reverse peak became smaller than in Fig.
4c. After reduction at 773 K, the sample
showed only two small peaks in the low and
high temperature regions, and no reverse
peak was observed.

Uptake of hydrogen on MoS, depends on
the sample preparation and various values
of H/Mo have been reported in the litera-
ture. In our case, the H/Mo ratio in TPD
procedures for reduced MoS, at tempera-
tures from 300 to 773 K were 0.012 to 0.006,
which are within the range reported in the
literature (16—19). The hydrogen uptake and
desorption in TPR profiles were measured
and are reported in Table 1. Generally, the
H/Mo ratio of TPD is larger than that of
hydrogen consumed at temperatures from
375 to 500 K and less than the value of hy-
drogen consumed for the range 273 to 1173
K in the TPR pattern.

In order to recognize the effect of struc-
ture change on hydrogen adsorption and
desorption, an additional TPD-TPR experi-
ment was done on the sample reduced at 773
K, followed by resulfiding at 573 K for 2 h
as seen in Fig. 5. The peaks of hydrogen
desorption and hydrogen uptake observed
in TPD and TPR patterns respectively are
obviously larger than in its preceding state
(Fig. 4¢), but less than in Fig. 3a. It is inter-
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FiG. 5. TPD and TPR cycle patterns of the MoS,
catalysts reduced at 773 K for 1 h, followed by resulfid-
ing at 573 K for 2 h.

esting to note that the reverse peak appears
in the TPR pattern again. This indicates that
resulfidation partly restored the hydrogen
capacity of MoS, nearly lost in the reduction
at 773 K.

Figure 6a is a TPD and TPR cycle carried
out on the MoS, sample preceded by a high-
temperature TPR. There are no peaks evi-
dent in the TPD and TPR patterns. These
phenomena demonstrate that reduction at
high temperature almost completely elimi-
nates the capability for hydrogen adsorp-
tion. In order to examine the effect of reduc-
tion at high temperature, a series of
TPD-TPR cycles was carried out on the
samples in which a high temperature TPR
was followed by resulfiding at 573, 673, 773
and 873 K for 2 h separately, as displayed
in Figs. 6b—e. The TPD and TPR patterns
show much smaller peaks of hydrogen de-

7PD PR
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— c'/\/———__’
e — —— d ————
e ——— e e —— T

400 600 800 1000
T K}

400 600 800

F1G. 6. TPD and TPR cycle patterns of the MoS,
catalysts preceded by a TPR to 1173 K (a), then fol-
lowed by resulfiding at 573 K (b), 673 (c), 773 K (d),
and 873 K (e) for 2 h separately.
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sorption and consumption. This shows that
resulfidation does not restore the hydrogen
capacity of MoS, disrupted by reduction at
high temperature.

DISCUSSION
Assignment of Reversible Hydrogen

Scheffer et al. (25) had studied sulfided
MoS, and Mo/Al,0; samples by TPR. On
MoS, they only found a hydrogen consump-
tion peak in the high-temperature range. On
the contrary, for the sulfided Mo/AlL,O; sam-
ple, the TPR pattern showed hydrogen con-
sumption in three regions designated by
these authors. In the low-temperature re-
gion of 300-550 K, a hydrogen-consumed
peak was assigned to hydrogenation of a
well-defined and highly reactive S species
located on the edge sites of MoS, crystal-
lites. In the medium-temperature region of
550-1000 K, a further hydrogen-consump-
tion peak was regarded as being related to
the hydrogenation of an S species which is
more labile than stoichiometric sulfide sul-
fur. In the high-temperature region, a strong
hydrogen comsumption peak was attributed
to the reduction of stoichiometric sulfide
sulfur. In contrast to these findings, a low-
temperature hydrogen consumption peak is
seen on the MoS, sample in the present
study. Furthermore, the consumed hydro-
gen at low temperature can desorb, as re-
vealed by the subsequent TPD (see Fig. 1).
The hydrogen consumption and desorption
phenomena can be repeated several times,
and the quantities of the consumed and de-
sorbed hydrogen are not largely changed in
each case. Hence, the hydrogen consump-
tion peak at low temperature cannot be com-
pletely assigned to formation of H,S. In-
stead, the low-temperature hydrogen
consumed peak is proposed to arise mostly
from hydrogen adsorption. This implication
is supported by the fact that hydrogen can
be sorbed by molybdenum sulfide, as re-
ported by Wright and co-workers (16—18).
The present TPD-TPR cycle experimental
results convincingly prove that the sorbed
hydrogen could be desorbed, and demon-
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strate that a hydrogen adsorption-desorp-
tion phenomenon, via reversible hydrogen
adsorption, exists on MoS, in the low-
temperature range. This finding agrees well
with the results reported by Polz et al. (19),
who found using volumetric H,-uptake mea-
surements that when an MoS, sample ob-
tained after an H, uptake at 573 K was sub-
sequently evacuated at 573 K, a second
uptake was obtained with an identical hy-
drogen value. In fact, reversible hydrogen
adsorption was recognized as early as 1949
by Badger er al. (15).

It is commonly accepted that the ad-
sorbed hydrogen is bonded to S sulfur of
MoS, to form sulfhydryl groups, but it
seems that more than one kind of SH groups
exist on the surface of MoS,. For example,
Maternova (21, 22) had used silver titration
to detect surface sulfhydryl groups which
could not correspond to reversible hydro-
gen, because in the experiments the revers-
ible hydrogen was desorbed by purging with
nitrogen at 723 K. From comparison of the
present results and Maternova’s work, it is
suggested that at least two kinds of sulfhy-
dryl groups exist in MoS,, i.e., one con-
sisting of the reversible hydrogen and an-
other one associated with an irreversible
hydrogen. The reversible hydrogen suggests
that a kind of weak bonding, highly labile
hydrogen, was produced in the hydrogen
atmosphere. Since the H/Mo ratio is fre-
quently found to be less than 1, as reported
in the previous works (16-19), it is supposed
that probably neither one nor two sulfur
atoms but a MoS, cluster possesses the re-
versible hydrogen, which means that the re-
versible hydrogen could be transferred from
one sulfur ion to its adjacent sulfur ions.
In the movement, the reversible hydrogen
could be desorbed and readsorbed, which
can explain the hydrogen readsorption in the
cooling procedure of Fig. 2 and the reverse
peak in the TPR pattern. The hydrogen con-
tained in the SH group detected by silver
titration is probably related to an irrevers-
ible hydrogen adsorption (12, 19). Massoth
(12) found that irreversible hydrogen was
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formed even in the procedure of MoS, prep-
aration.

Nature of Reversible Hydrogen

The TPD spectra of hydrogen give an indi-
cation of the energetics of hydrogen desorp-
tion from the surface. The TPD patterns in-
dicate that hydrogen adsorption is in
different sites, which may involve edge
sites, basal plane, and sublayer or bulk. It
is important to question whether this form
of chemisorption is still a surface effect or
a bulk effect. With regard to the fact that
penetration usually requires higher energy
than transfer on surface, we suggest that the
hydrogen adsorption peak at temperature
lower than 500 K is mostly due to surface
hydrogen transfer, and that part of the hy-
drogen consumption peak around 800 K
probably contains hydrogen penetration
into the bulk and reduction of bulk MoS, (9).
Since the desorption peak in TPD patterns is
in good relation with the reversible hydro-
gen as revealed by TPD-TPR cycles (Fig.
1), the hydrogen desorption in TPD spectra
is also assigned to surface hydrogen.

It is noteworthy that in the TPD patterns,
the hydrogen usually desorbs in a wide tem-
perature range, although the peak of revers-
ible hydrogen adsorption is seen to be within
the 350-500 K range. According to the quan-
tum chemical calculations of Anderson et
al. (20), hydrogen located on the edge sites
is more mobile than on the basal planes,
whereby a concept of hydrogen diffusion
from the edge sites to the basal planes has
been proposed by these authors. It is most
probable that the reversible hydrogen ad-
sorption corresponds to this procedure: hy-
drogen is first dissociated on the edge sites,
then transferred to the basal planes and fi-
nally the edge sites are replenished by fur-
ther adsorbing hydrogen. On the other hand,
the TPD run shows a reverse process by the
fact that hydrogen bonding to the edge sites
first desorbs at low temperature, and hydro-
gen bonding to the basal plane transfers to
the edge sites, then desorbs at a relatively
high temperature. The possibility of hydro-



HYDROGEN ADSORPTION ON MoS,

gen diffusion between the edge sites and
the basal planes is also supported by the
evidence that hydrogen uptake observed on
the Al,O;-supported MoS, sample was al-
ways higher than on pure MoS, (15, 17, 19).
Jalowiecki et al. (10) considered this phe-
nomenon to be probably due to hydrogen
spillover onto Al,O;. For hydrogen transfer,
oxygen and hydroxyl groups are generally
regarded to be good ‘‘bridges.”” According
to the present results, sulfur ions or sulfur
groups are also capable of transferring hy-
drogen. Regarding the hydrogen transfer
from the edge sites to the basal planes, the
edge sites are regarded as a “‘port’” for hy-
drogen adsorption—desorption on MoS,.

In the present study, a specific character-
istic of MoS, was obtained by areverse peak
appearing in the TPR run besides the revers-
ible hydrogen adsorption under 500 K and
the reduction peak at 800 K. This means that
hydrogen desorptions occur in some TPR
experiments. This phenomenon was not
found in previous literature (25), but it is not
accidental. For example, Menon and Fro-
ment (29) also observed a similar phenome-
non for Pt/TiO, and Pt-black catalysts. De-
sorption and consumption of hydrogen
occurred in different temperature ranges
when Pt/TiO, was heated in 5% H,—Ar. Fur-
thermore, the phenomenon of hydrogen ad-
sorption on the cooling MoS, sample (see
Fig. 2) is very similar to platinum black and
Al O;- and SiO,-supported platinum cata-
lysts, on which there was a new uptake of
hydrogen by platinum after cooling from 820
K in 5% H,-Ar (29, 30). To explain these
facts, it appears that an Mo—H bonding was
formed which would be considered as hy-
drogen chemisorbed on Mo sites, From Ta-
ble 1, it is shown that the amount of hydro-
gen desorbed in TPR is smaller than that of
reversible hydrogen adsorbed. This sug-
gests that the reversible hydrogen contains
two different species. The intermediate
Mo-H has been regarded by several authors
(5, 6, 10, 11) as active sites in HDS and
hydrogenation (HYD) reactions. However,
the Mo-H species were not detected by in-
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elastic neutron scattering vibrational spec-
tra (16—~18), and the hydrogen adsorbed on
MoS, was observed not to react with oxygen
at room temperature (13, 14). An in-depth
study is required to improve the relation of
hydrogen species and its features.

Effect of Temperature on
Reversible Hydrogen

The influence of reduction of MoS, at dif-
ferent temperatures is discriminating to-
wards the reversible hydrogen. Reduction is
generally considered to change the surface
structure of MoS, (24). The hydrogen con-
sumption in the temperature range of
700-1000 K is evidently related to the reduc-
tion of MoS,, since the hydrogen desorption
peak did not appear on the sample heated at
high temperature in the reducing gas. Even
in the subsequent TPR run, no evident hy-
drogen consumption peak was found (see
Fig. 6a). This fact indicates that the revers-
ible hydrogen is closely related to the sur-
face structure of MoS,. The hydrogen be-
haviour is visualized as follows:

H

2
— —
[MoSl, 673K [MoS,], - H (on surface)
H,
[MoS,], — H —> [Mo,S,._]0 + H,S
>573 K

(on surface)

H
MoS, —> MoSO + H,S

=773 K

(in bulk)

(fMoS,] : surface MoS, group, (J: sulfur va-
cancy.)

In the reduction at low temperature, there
exists a hydrogen adsorption-desorption
equlibrium which plays a crucial role on the
MoS,; sample. Even after reduction at 573 K
for a long time, the sample still showed an
evident hydrogen adsorption and desorption
phenomenon, although hydrogenation of
the sulfur element could probably occur
more or less in this process. In the medium
temperature range of 573-773 K, from the
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decrease of the hydrogen consumption peak
at high temperature as seen in Fig. 4, an
evident reduction of MoS, was proposed to
produce sulfur vacancies on the surface.
Disruption of surface structure could be par-
tially restored by a resulfidation as seen in
Fig. 5. In the high temperature range, there
is a strong reduction of MoS, sample; proba-
bly some lattice sulfur was hydrogenated
to produce a certain amount of bulk sulfur
vacancies. Therefore, the surface structure
of MoS, was completely disrupted, so that
the sample lost its hydrogen capacity. Even
a resulfidation could not restore the original
adsorbability of hydrogen (see Fig. 6).

Usually, the HDS reaction is carried out
at about 573 K (24). Dianis found that the
weakly adsorbed hydrogen showed high ac-
tivity in the hydrogenation of CO (/1).
Moreover, Okuhara et al. (5) and Jalowiecki
etal. (9, 10) observed that the mobile hydro-
gen contributed to hydrogenation of ethyl-
ene and isoprene. It is reasonable to con-
sider the reversible hydrogen as an
important element in HDS and HYD reac-
tions. Accordingly, if a promoter, i.e., co-
balt or nickel which is more active to hydro-
gen dissociation, is associated with bulk
MoS, or supported MoS, catalysts, it can be
expected that the promoter will strengthen
the hydrogen capacity of MoS,. In this re-
gard, synergy between the active promoter
and MoS, is natural to raise the activities in
HDS and HYD (4). Further study designed
to check the special role of the labile hydro-
gen is now under way.

CONCLUSIONS

Hydrogen on MoS, is found to behave
differently in low-, medium-, or high-tem-
perature regions. At temperature below 573
K, hydrogen shows a reversible adsorption.
The hydrogen reversible adsorption is
closely related to surface structure. In the
medium temperature range of 573-773 K,
surface sulfur is partially removed by hydro-
genation to reduce the quantity of the labile
hydrogen. Above 773 K, the surface struc-
ture is disrupted by a strong MoS, reduction
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accompanied by a large number of sulfur
vacancies produced in the bulk while the
sample loses its adsorptivity towards hydro-
gen. Based on the experimental findings, the
mobile hydrogen is regarded as correspond-
ing to a fast hydrogen diffusion between the
edge sites and the basal planes.
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