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Abstract

MoS2 was prepared by thermal decomposition of ammonium tetrathiomolybdate in inert gas at 723–773 K and activated by procedures involv-
ing evacuation at 723 K and/or reduction at different temperatures, predominately 573 K. Bulk and surface properties of these samples were studied
by X-ray diffraction (XRD), extended X-ray absorption fine structure (EXAFS), X-ray photoelectron spectroscopy (XPS), nitrogen physisorption,
oxygen chemisorption (273 K, pulse mode), and isotope exchange with D2 to determine the quantity of exchangeable hydrogen. In addition, the
quantity of hydrogenation-active surface hydrogen was determined by hydrogenation of ethylene in absence of gas-phase hydrogen. No obvious
relationship was found between the S/Mo stoichiometry and the degree of Mo exposure; depending on the pretreatment, exposed Mo ions can be
detected by oxygen chemisorption at widely varying quantities while the S/Mo ratio remains �2. At more severe reduction treatments to remove
additional sulfur, the oxygen chemisorption capacity decreases, likely due to migration of defects into the bulk. The reactivity of MoS2, as ex-
pressed by the temperatures required to expose Mo ions and the quantity of exchangeable hydrogen, varies significantly between batches prepared
by similar routes. Therefore, thorough surface characterization by a set of techniques including reactivity studies is an indispensable prerequisite
for any meaningful study investigating the relationship between catalytic properties with preparation procedures. After activation, MoS2 holds
hydrogen, which is able to hydrogenate ethylene in absence of gas-phase H2; the quantity of this hydrogenation-active surface hydrogen is not
correlated with the hydrogenation activity, however.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

MoS2 has been a subject of continuous attention, being a key
component of hydrorefining catalysts, and its structural and
catalytic properties have been studied in some detail. In par-
ticular, the pathways of hydrogen activation have been stud-
ied experimentally ([1] and references cited therein, [2–6]) and
theoretically [7–13]. Along with its hydrodesulfurization activ-
ity, MoS2 is known to catalyze various hydrocarbon reactions
as hydrogenation, cis–trans isomerization, double-bond migra-
tion, and H/D exchange, as well as the H2/D2 scrambling reac-
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tion. These reactions were thoroughly investigated by Tanaka
and his group, most of whose work has been summarized in
Ref. [14].

The work of Tanaka and coworkers suggests that some re-
actions are specific to particular surface sites. This has been
supported by a consistent interpretation of various experiments,
particularly studies with labeled hydrocarbons. But some recent
theoretical studies have produced findings that contradict most
of the reaction mechanisms proposed by Tanaka and coworkers
as well as others (cf. [5]). The existence of hydrogen bonded to
Mo sites (Mo–H), which is a general ingredient in the reaction
mechanisms discussed, has been rejected by most DFT-based
studies [8–12]; likewise, a previously reported energy gain of
0.05 eV/H2 [13] for the formation of Mo–H + –SH from the
interaction of H2 with a sulfur vacancy [13] does not indicate
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a stable situation. Some of the disagreement may arise from
differences in the surfaces considered. In Ref. [15], the forma-
tion of Mo–H species was suggested to occur most likely on
triply unsaturated Mo sites, whereas the theoretical studies to
date have dealt mostly with saturated surfaces or low degrees
of unsaturation.

The methods used to study the interaction of hydrogen with
supported or unsupported MoS2 surfaces have ranged from vol-
umetric or gravimetric adsorption measurements (e.g., [16])
through analysis of exchangeable surface hydrogen by ex-
change with deuterium (performed mostly through isotope dilu-
tion analysis [16]) and TPD [16,17] to vibrational spectroscopy,
such as IR [2–4,18,19] or inelastic neutron scattering (INS)
[6,20,21]. In the spectroscopic studies, the existence of –SH
groups has been well established, whereas evidence for Mo–H
species is scarce. At high pressures and temperatures, a second
form of adsorbed hydrogen has been detected by INS [6,21],
but its assignment remains a matter of debate, absorption of
hydrogen molecules [6] and adsorption on basal-plane sulfur
anions (after activation on edge planes) [7] having been sug-
gested. Jalowiecki et al. [22] have proposed an interesting al-
ternative technique, close to the catalytic process, that involves
the reaction of adsorbed hydrogen with an olefin (isoprene) in
a hydrogen-free atmosphere. The method should differentiate
adsorbed species available for hydrogenation from spectator
species, and the authors assumed that it is possible to count
hydrogen on Mo–H sites through the number of hydrogenated
molecules [15].

The present work is focused on well-studied simple hydro-
carbon reactions, with the intention of using them to probe the
surface properties of unsupported MoS2 prepared through dif-
ferent methods and of other chalkogenide phases. Because such
an investigation can produce meaningful results only when per-
formed with well-characterized samples, we used XRD, EX-
AFS, and various adsorption techniques to elucidate the rela-
tionship between the reduction process used to activate the cat-
alyst and the surface properties achieved (i.e., BET surface area,
degree of coordinative unsaturation, hydrogen adsorption capa-
bility). The literature is full of discrepancies with respect to this
relationship, a prominent example being the existence of a max-
imum degree of coordinative unsaturation for increasing activa-
tion severity as reported by Kalthod and Weller [23] versus the
claim of monotonously increasing Mo exposure at decreasing
S/Mo atomic ratio derived by Jalowiecki et al. [15] from work
with MoS2 of (nominally) similar preparation. Consequently, in
Part I of this work we report the findings of structural and sur-
face studies conducted on several batches of MoS2 prepared
by thermolysis of ammonium thiomolybdate. The data show
that this MoS2 preparation is very sensitive to subtle changes
in process conditions, giving materials with strongly differing
properties.

Although our findings emphasize the importance of thor-
ough structural and surface characterization and the need for a
more detailed study of this preparation route, they also allow us
to draw some general conclusions regarding, for example, the
lack of correlation between S/Mo stoichiometry and coordina-
tive unsaturation of the surface, the decrease in the latter under
severe reduction conditions, and the amount of surface hydro-
gen capable of hydrogenating ethylene in the absence of gas-
phase H2. In Part II of this work [24], we describe the influence
of reductive activation on the activity in test reactions (i.e., eth-
ylene hydrogenation, butene-2 cis–trans isomerization, H2/D2
scrambling). Our findings suggest that these reactions can be
used to probe coordinatively unsaturated Mo sites (Mocus) with
different numbers of sulfur vacancies.

2. Experimental

2.1. Materials

MoS2 was prepared by thermal decomposition of ammo-
nium tetrathiomolybdate [(NH4)2MoS4, ATTM] in flowing in-
ert gas. The ATTM, which had been initially treated in a ball
mill at 1000 rpm for 1 h, was inserted in a rotating furnace pre-
heated to 473 K. With nitrogen flowing over the sample, the
temperature was increased to 773 K at a rate of 2.5 K min−1,
then maintained at 773 K for 10 min. Data from three identi-
cally prepared batches [MoS2(A1), MoS2(A2), and MoS2(A3)]
are reported here, to allow evaluation of the reproducibility
of the synthesis. A fourth batch [MoS2(B)] was prepared by
a slightly different procedure—a two-stage process, involving
heating the ball-milled precursor at 553 K in Ar for 45 min in
a first step, followed by intermediate milling for 30 min, and fi-
nally thermolysis in Ar at 723 K for 75 min (tubular furnace).
A total of 10 g of MoS2(A1) was made, whereas the remaining
batches were available only in limited amounts. For reference
purposes, a microcrystalline MoS2 [MoS2(cryst)] was obtained
through a similar route but with very slow temperature ramps
and a final thermolysis at 1273 K for 60 h (total duration of
synthesis, 7 days). All samples were handled and stored in Ar
after preparation. The basic properties of the batches are sum-
marized in Table 1.

2.2. Physicochemical characterization

Chemical elemental analyses were performed with a EURO
Vector EA combustion analyzer using zinc sample holders filled
with 2–3 mg of sample. The samples were heated up to 1000 ◦C
under oxygen atmosphere, and the gases were detected by a
thermoconductivity cell. Powder XRD patterns were recorded
with a STOE STADI-P instrument using monochromatized
CuKα1 radiation (λ = 1.54056 Å).

EXAFS spectra at the MoK edge (20,000 eV) were mea-
sured in transmission mode at X1 station of Hasylab (Desy,
Hamburg, Germany), using a Si(311) monochromator detuned
to 50% of maximum intensity to exclude higher harmonics
in the X-ray beam. The spectrum of a Mo foil was mea-
sured simultaneously for calibration purposes. Samples were
pressed into discs of suitable thickness in a glove box. The
discs were sealed airtight in Kapton tape before the measure-
ments, which were made at liquid-nitrogen temperature. Data
treatment was carried out using the software package VIPER
for Windows [25]. A Victoreen polynomial was fitted to the
pre-edge region for background subtraction. The smooth atomic



128 M. Polyakov et al. / Journal of Catalysis 256 (2008) 126–136
Table 1
Bulk stoichiometry, BET surface area, and primary particle size of MoS2 samples used in this study

MoS2(A1) MoS2(A2) MoS2(A3) MoS2(B) MoS2(cryst)

Preparationa 773 K, 10 min
rotary

773 K, 10 min
rotary

773 K, 10 min
rotary

723 K, tubular
75 min

1270 K, tubular
60 h

S/Mo 2.40 2.41 2.31 2.24 2.01
BET surface areab,
m2 g−1

20.8 29.1 15 12.0 0.3c

Particle sized, nm 11.0 13.0 7.8 10.4 27.8

a Ex ATTM, see text for details; temperature time and reactor type of second decomposition step are given.
b After evacuation at 473 K.
c Krypton physisorption.
d From XRD, using Scherrer equation with (002) reflection.
background, μ0, was estimated using a smoothing cubic spline.
Fourier analysis of the k3-weighted experimental function χ =
(μ − μ0)/μ0 was performed with a Kaiser window. For the
determination of structural parameters, theoretical references
calculated by the FEFF8.10 code [26] were used.

X-ray photoelectron spectra were recorded with a Sci-
enta/Specs/Prevac Surface analysis system equipped with a
monochromatized Al anode and a Scienta SES 2002 electron
analyzer. To avoid contact with air, samples (particularly after
activation) were transferred from the glove box to the load lock
of the instrument by means of a sample transfer shuttle (Pre-
vac, with in-house modifications). The potential of this shuttle
can be illustrated by a test run, in which a reduced sample of
an MnOx /SiO2 oxygen scavenger [27] was transferred from the
glove box to the spectrometer and back with no change in its
light-green color. With the samples in place, the Mo 3d, S 2p, O
1s, N 1s, and C 1s lines were measured (X-ray source at 55 mA
and 14 kV). The data were processed with CasaXPS Version
2.2.82 software. The binding-energy (BE) scale was referenced
to the Mo 3d signal of the sulfide state (Mo 3d5/2 = 229.1 eV),
because adventitious carbon could not be detected on the ac-
tivated samples. Where both lines were available [in, e.g., the
initial MoS2(A2)], the C 1s line was at 284.4 eV with this cali-
bration.

N2 physisorption isotherms were measured with a Quan-
tachrome Autosorb-1 MP instrument to establish BET surface
areas and pore size distributions. Before these measurements,
the samples were evacuated at different temperatures. Pore size
distributions were derived from the desorption branches using
the BJH formalism.

2.3. Catalysis and related measurements

Although the results of catalytic measurements are reported
in Part II of this paper, here we briefly describe the main fea-
tures of the catalytic setup used to obtain the results reported
in this part (see Part II for more details [24]). A catalytic mi-
cro fixed-bed reactor is at the heart of the setup in which the
flow scheme can be switched between closed-cycle (batch) and
continuous-flow mode through a four-way valve. The reactor is
contained in a smaller loop (ca. 20% of the reaction cycle vol-
ume), which can be separated from the gas lines by switching
another four-way valve; thus, the reactor can be detached from
the setup and inserted into a glove box. This allows the reactor
to be loaded with air-sensitive catalysts or activated catalyst to
be transferred to the glove box for investigation by other tech-
niques (e.g., XAFS, XPS). The gas line section containing the
reactor (loop) also can be switched between the reaction cycle
and a vacuum system by operating a six-way valve (at which
it is installed instead of a sampling loop). This minimizes the
risk of surface contamination between activation in vacuum and
subsequent procedures.

In the present study, MoS2 (usually 0.1 g per run) was typ-
ically investigated after three different activation treatments:
(a) evacuation (rotary pump) at 723 K for 4 h (designated V723;
previously used by Tanaka et al. [14]), (b) evacuation with sub-
sequent reduction in H2 (10% in He) at 573 K for 3 h (desig-
nated V723/R573), and (c) reduction in H2 (10% in He) at 573 K
for 3 h without previous thermoevacuation (designated R573).
In some cases, the reduction temperature differed from 573 K;
this is reflected in the designation. Occasionally, the sequence
of the treatments was changed in the combined activation (i.e.,
R573/V723 instead of V723/R573). After the activation steps, one
of the following procedures was performed:

• Oxygen chemisorption (OCS). OCS was measured in the
pulse mode using the catalytic setup in flow mode. Af-
ter activation, the catalyst was cooled to 273 K in He.
Pulses of 0.304 µmol O2 were dosed into the He carrier
gas, and the effluent was monitored by (calibrated) mass
spectrometry (Pfeiffer QME 125). The reproducibility of
the OCS measurements was tested by repeating a complete
experiment with MoS2(A3) (i.e., weighing, R573 activa-
tion, chemisorption) five times, which yielded an average
OCS of 33.8 µmol g−1, with a mean square deviation of
1.1 µmol g−1.

• Hydrogen chemisorption (HCS). HCS was measured by
the same technique as OCS. The catalyst was activated by
V723, the pulse size was 5.35 µmol H2, and the measure-
ment temperatures were 298, 473, and 573 K.

• Determination of exchangeable surface hydrogen (Hexc).
The amount of surface hydrogen was determined by ex-
change with D2 with the setup in the flow mode. After
activation, the catalyst was cooled to 473 K in 10% H2/Ar,
at which point the carrier gas was replaced by pure Ar and
the temperature was maintained until the m/e = 2 QMS
signal was constant (ca. 10 min). After further cooling to
room temperature, the reactor was rapidly reheated up to
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573 K in a slow flow of D2 (22 ml/min, 10% D2 in Ar),
and the quantity of HD that evolved was determined by
calibrated mass spectrometry. In a special series, the cata-
lyst was cooled in 10% H2/Ar to other temperatures than
473 K before switching to Ar to check for weakly ad-
sorbed hydrogen. Such a temperature is referred to as a
minimum adsorption temperature [Tads(min)]. The repro-
ducibility of the Hexc measurements was tested by repeat-
ing a complete experiment with MoS2(A3) (weighing, R573
activation, determination of Hexc at a minimum adsorption
temperature of 295 K) four times, which yielded an aver-
age Hexc of 213 µmol g−1, with a mean square deviation of
14 µmol g−1.

• Determination of hydrogen active in hydrogenation (Hhyd).
For this experiment, 0.8 g of catalyst was activated and sub-
sequently cooled to 298 K, switching from hydrogen to He
flow at different temperatures. The reaction cycle (492 ml)
was filled with a mixture containing 6.52 mbar of ethyl-
ene in He, which was first circulated over the catalyst at
room temperature for ca. 20 min. Then the reactor was in-
serted into the oven to rapidly increase the temperature to
473 K. After ca. 20 min at 473 K, the temperature was
further raised to 573 K. The choice of the reaction temper-
ature of 473 K was guided by observations that at temper-
atures below 440 K, significant deactivation by deposition
of hydrocarbon material occurred even in the presence of
hydrogen [24]. Product analysis was performed by cali-
brated mass spectrometry. The experiment was carried out
with different activation treatments (R573, V723/R573, and
R573/V723); for more details, see [28].

3. Results

3.1. Initial samples

Table 1 summarizes the stoichiometry and the BET surface
areas of the MoS2 materials used in this study. The samples pre-
pared by decomposition of ATTM at ca. 720–770 K contained
excess sulfur and had widely varying initial BET surface areas.
The high-temperature MoS2(cryst) was stoichiometric and had
a very low BET surface area.

Powder XRD patterns of MoS2 samples are shown in Fig. 1.
Whereas MoS2(cryst) displays narrow diffraction lines, the re-
flections of the MoS2 batches with excess sulfur are broad, as
reported in earlier studies with similar preparations [29,30]. The
particle size along the c axis [from the (002) diffraction peak
at 2Θ = 14◦] was estimated using Scherrer’s equation (cf. Ta-
ble 1); the values were between 8 and 13 nm for the samples
with excess sulfur (corresponding to 15–20 layers), but almost
30 nm for the high-temperature preparation. The peaks charac-
teristic of the lengths (diameters) of the MoS2 slabs [(101) and
(100) at 2Θ ≈ 33◦] are superimposed and thus are not suitable
for determining the correlation lengths. The shape of the re-
flections suggests that they are of the same order of magnitude,
however.

EXAFS spectra of the same samples are displayed in Fig. 2
(modulus of the Fourier-transformed k3-weighted spectra). In
Fig. 1. X-ray diffractograms of MoS2 prepared via different routes.

Fig. 2. EXAFS spectra of MoS2 prepared via different routes and of a MoS2
batch (MoS2(A2)) after different activation treatments.

the spectrum of MoS2(cryst), two major scattering events due to
the next S and Mo neighbors [2.02 and 2.83 Å, respectively (all
distances uncorrected)] can be seen, along with peaks at ca. 5.1
and 6.05 Å due to other Mo neighbors (enhanced by multiple
scattering [30]). The latter are almost completely missing in the
spectra of the sulfur-rich MoS2 samples, in which a significant
amplitude decay is visible for the first Mo–Mo shell. Model
fits were made with FEFF parameters adjusted to reproduce the
spectrum of MoS2(cryst) with parameters close to the crystal-
lographic ones (Table 2, first entry). These fits yielded Mo–Mo
coordination numbers (CNs) between 4.4 and 3.1 for the re-
maining samples (Table 2). By correlation with the diameter of
the MoS2 slabs suggested previously [31], the Mo–Mo CN of
3.6 found for MoS2(A1) transforms to a slab size of ca. 2.7 nm.
This estimate relies on the assumption that in these samples,
the distortion of the Mo–Mo distances at the surface relative
to the bulk is similar to those used in previous studies [30,31],
which can be justified given the similar preparation conditions.
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Table 2
Parameters of structural models obtained from the spectra summarized in Fig. 2

Sample Shell r , Å C.N. 103σ 2, Å−2 �E, eV

MoS2(cryst) S 2.408 ± 0.003 5.2 ± 0.2 3.3 ± 0.3 7.5 ± 0.5
Mo 3.160 ± 0.002 6.6 ± 0.2 2.4 ± 0.1 4.1 ± 0.4

MoS2(A1) S 2.411 ± 0.002 5.3 ± 0.2 4.2 ± 0.3 6.9 ± 0.4
Mo 3.157 ± 0.002 3.6 ± 0.2 3.2 ± 0.2 4.5 ± 0.6

MoS2(A2) S 2.408 ± 0.002 4.7 ± 0.2 3.7 ± 0.3 6.6 ± 0.4
Mo 3.153 ± 0.003 4.0 ± 0.2 3.4 ± 0.2 2.5 ± 0.6

MoS2(A2), after R573 S 2.409 ± 0.002 4.8 ± 0.1 4.0 ± 0.2 7.6 ± 0.3
Mo 3.157 ± 0.002 4.2 ± 0.2 4.1 ± 0.2 4.7 ± 0.5

MoS2(A2), after V723/R573 S 2.409 ± 0.002 5.0 ± 0.2 3.9 ± 0.3 7.6 ± 0.4
Mo 3.155 ± 0.002 4.3 ± 0.2 3.7 ± 0.2 4.4 ± 0.5

MoS2(A3) S 2.403 ± 0.003 4.5 ± 0.2 2.9 ± 0.5 7.0 ± 0.4
Mo 3.169 ± 0.005 4.4 ± 0.3 4.0 ± 0.5 6.2 ± 0.8

MoS2(B) S 2.417 ± 0.002 5.3 ± 0.2 4.7 ± 0.3 7.0 ± 0.3
Mo 3.160 ± 0.003 3.1 ± 0.2 4.4 ± 0.3 5.6 ± 0.7

Fig. 3. XP spectra of MoS2 prepared via different routes and of MoS2(A1) after different activations. (a) S 2p region; (b) Mo 3d region.
The estimated slab sizes of the remaining sulfur-rich samples
are between 5 and 2 nm. To investigate a possible influence
of sintering processes during the activation, EXAFS spectra
of MoS2(A2) also were measured after typical activation treat-
ments (Fig. 2; Table 2). The slight increase in the Mo–S and
Mo–Mo CN seen in these data are within the limits of experi-
mental accuracy.

Fig. 3 shows XPS spectra of MoS2 samples in the as-
prepared state. The spectra of MoS2(cryst) and MoS2(A2)
reveal that the surface of these samples is clean, with no
lines except those characteristic of S in sulfide (Fig. 3a) and
Mo(IV) in MoS2 (Fig. 3b). The spectra of MoS2(A3) are not
shown, because they are very similar to those of MoS2(A2). In
MoS2(cryst), all major lines are paralleled by satellites, which
may arise from a differential charging effect. The reason for this
feature is not clear, but it obviously is not due to an impurity
species. Very small oxygen signals (not shown) are thought to
arise from structural defects. In MoS2(B) (spectra not shown),
a weak signal due to elemental sulfur can be seen, along with
the signals typical of MoS2.

The surface of the as-received MoS2(A1) sample turned
out to be heavily contaminated, although there was no in-
dication for this in the elemental analysis. In the surface of
MoS2(A1), the sulfur was present largely as sulfate (Fig. 3a).
The Mo 3d line was hardly visible (Fig. 3b), whereas an intense
N 1s line was observed (not shown). From the line intensi-
ties, the N/S(sulfate) atomic ratio was estimated to be ca. 1;
that is, the surface was covered by ammonium (hydrogen)
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Fig. 4. Porosity analysis of MoS2 by nitrogen physisorption. (a) Development of BET surface area with temperature of thermoevacuation for two batches; comparison
with sample previously treated in hydrogen (R573). (b) Adsorption isotherm (example). (c) Pore-size distributions (BJH, desorption branch) of MoS2 after different
treatments. The vacuum treatments indicated differ from the standard vacuum activations (e.g., V723) in their duration (2 h instead of 4 h).

Table 3
Oxygen chemisorption (OCS) capacity, concentration of exchangeable hydrogen (Hexc), and S/Mo ratios after different activation procedures

Treatment MoS2(A1) MoS2(A2) MoS2(A3) MoS2(B)

S/Mo OCS capacity,
µmol O2/g

Hexc,
µmol HD/g (H/Mo)

OCS capacity,
µmol O2/g

OCS capacity,
µmol O2/g

OCS capacity,
µmol O2/g

Initial 2.40 0 Imp.a 0 – –
V723 2.11 6.5c 1 (0.0004) 11 1 5
V723/R473

b n. d. 11c 131 (0.043) 23 – –
V723/R573 2.04 28 115 (0.038) 30 22 33
R473

b n. d. 12c 121 (0.040) 62 16 –
R573 2.105 60 109 (0.036) 35 (44d) 34 –
R573/V723 2.00 29 – – – –

a Impossible, HD exchange does not proceed over initial sample.
b As V723/R573 (or R573), but with reduction temperature 473 K.
c Probably affected by surface impurity, see text.
d After only 1 h reduction at 573 K, MoS2(cryst) did not adsorb oxygen after any of the activation treatments and, hence, gave no results in the HD exchange

either.
sulfate species. For this reason, the surface also was studied
after different activations. Evacuation at 723 K (V723) com-
pletely decomposed the sulfate and ammonium species, but
along with the lines characteristic of MoS2, a Mo(VI) signal,
apparently arising from Mo oxide species in the surface region,
remained (Fig. 3b). The observation that thermoevacuation of
contaminated MoS2 cleans the surface of everything but resid-
ual Mo(VI) oxide species has been reported on the basis of
IR evidence [19]. Fig. 3 shows also that reduction in hydro-
gen at 573 K with or even without previous thermoevacuation
(V723/R573 or R573) is suited for cleaning the surface effec-
tively.

3.2. Activation and surface properties

Fig. 4 characterizes the effect of thermal activation on BET
surface area. The BET surface area of the as-prepared sulfur-
rich materials was found to increase strongly during evacuation
at elevated temperatures, even though the materials previously
had been exposed to such temperatures for a short time dur-
ing the synthesis. This increase is obviously related to a loss of
excess sulfur, as confirmed by elemental analysis (Table 3). In-
deed, elemental sulfur was found on cold surfaces of the setup
after the experiment. In the adsorption isotherms (see the ex-
ample shown in Fig. 4b), capillary effects were seen only in the
desorption branch (IUPAC classification type H3), which in-
dicates slit pores. In the pore-size distributions, a rather narrow
peak at ca. 4 nm grew strongly at higher activation temperatures
(Fig. 4c). The increased BET surface area on thermoevacua-
tion was observed for all samples [MoS2(A2), 66.3 m2/g after
V723; MoS2(A3), 73.4 m2/g after V723], indicating that it was
not induced by the surface contaminations initially present in
MoS2(A1).

With MoS2(A1), the temperature dependence of the BET
surface area also was studied after initial reduction of the cata-
lyst at 573 K without previous thermoevacuation (R573). This
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activation left the BET surface area near the initial value of
21 m2 g−1 (cf. Fig. 4a), but when the material was subsequently
evacuated at elevated temperatures, the increase in BET surface
area occurred at a much lower temperature.

Table 3 summarizes the oxygen chemisorption capacities
measured with the four MoS2 batches after different activation
treatments. The table also reports quantities of exchangeable
hydrogen (Hexc) for MoS2(A1) and compares these values with
the S/Mo stoichiometries achieved. The latter demonstrate that
the activation treatments used here were not suitable for cre-
ating significant sulfur deficiencies; as confirmed by repeated
runs for all of the activations studied, S/Mo stoichiometries of
2.05–2.10 (identical in the limits of experimental error) were
found for V723, R573, and V723/R573, although the BET sur-
face areas developed differed dramatically (e.g., between V723
and R573; cf. Fig. 4). Only thermoevacuation subsequent to re-
duction (R573/V723) resulted in a further slight decrease in the
S/Mo ratio, but definitely not to a sulfur deficiency.

As known from earlier studies [14], thermoevacuation
(V723) creates coordinatively unsaturated Mo sites (Mocus), but
the oxygen chemisorption capacity is low. The values of the
different batches scatter between 1 and 11 µmol/g. An effect
on vacancy formation of the surface Mo oxide species remain-
ing on MoS2(A1) after V723 (Fig. 3) cannot be discerned at this
stage, because a much lower OCS capacity (1 µmol g−1) was
found with one of the clean materials [MoS2(A3)]. Reduction
at 573 K (R573) increased the OCS capacity significantly, but
the values differed significantly between some of the batches
(Table 3), and, in the case of MoS2(A2), even a dependence
on treatment duration was noted. The scatter between the re-
sults obtained with different MoS2 batches was smaller when
the reduction was preceded by an evacuation at 723 K. In most
cases, the OCS capacity was around 30 µmol O2/g after this
V723/R573 treatment, but with a smaller value for MoS2(A3).
Remarkably, the same OCS capacity also was found when
the surface of MoS2(A1) activated by R573 (resulting in 60
µmol g−1) was subsequently subjected to V723 (cf. Table 3);
however, the reactivity of these surface states differed greatly
despite the identical OCS capacity, as we discuss in more detail
in Part II.

To elucidate the origin of the discrepancies in the data of
Table 3, the influence of reduction temperature (without previ-
ous thermoevacuation) on the OCS capacities was studied; the
results are summarized in Fig. 5. Apparently, the effect of re-
duction differed greatly among the batches, but a peak OCS
capacity was a common feature. Above the peak temperature,
the total exposure of surface Mo ions again decreased, although
in our experiments, H2S was clearly present in the effluent
at the higher reduction temperatures as well. This peak tem-
perature was 470 K (or below) for MoS2(A2), ca. 570 K for
MoS2(A1), and 670 K for MoS2(A3). The peak OCS capacities
ranged from 44 to 62 µmol g−1. The high OCS capacity mea-
sured with MoS2(A2) after R473 (62 µmol g−1) was indirectly
confirmed by a run in which a higher reduction temperature
of 573 K was applied to this material for only 1 h; the re-
sulting value of 44 µmol g−1 is significantly greater than that
found after a 3-h reduction (35 µmol g−1; cf. Table 3). With
Fig. 5. Dependence of the oxygen chemisorption capacity of MoS2(A) after
reduction at different temperatures (compare also Table 3).

previous thermoevacuation at 723 K, the material exhibited no
exceptional behavior. The OCS capacity created by V723/R573
exceeded that found after V723/R473.

The amount of exchangeable hydrogen (Hexc) was measured
after all of the activations with MoS2(A1) (Table 3) but only for
some of the activations with the other samples. As expected,
the concentration of exchangeable hydrogen was much larger
after the MoS2 surface had been in contact with H2. Whereas
the value found after V723 was near the detection limit, the
hydrogen-treated surfaces produced 110–130 µmol HD/g, in-
dicating no pronounced differences among the treatments as
was seen with oxygen chemisorption. It should be noted that
in several cases (e.g., after activations at 473 K), the quantities
of exchanged hydrogen exceeded the OCS capacity dramati-
cally. This was even more pronounced with MoS2(A2), which
yielded completely different Hexc data. After R573, a Hexc quan-
tity of 590 µmol g−1 was found (H/Mo = 0.19; compare this
with the OCS capacity of 35 µmol g−1 (Table 3). After R473,
Hexc was 340 µmol g−1 (H/Mo = 0.11; OCS, 62 µmol g−1; Ta-
ble 3). Again, we can see significant differences in the surface
reactivity of batches prepared following the same protocol.

TPD studies in the literature [17] suggest that MoS2 accom-
modates a considerable quantity of weakly bound hydrogen. We
checked this for MoS2(A1) after R573 by varying the minimum
adsorption temperature, Tads(min) (see Section 2), before inter-
acting the catalyst with D2. The results, shown in Fig. 6, demon-
strate a steady increase of Hexc with decreasing minimum ad-
sorption temperature, suggesting a considerable variation in
binding strengths between hydrogen and the surface. A tem-
perature of 500 K seems appropriate to differentiate strongly
and weekly bound hydrogen; beyond 500 K, the amount of ex-
changeable hydrogen no longer decreased. The highest quantity
of exchangeable hydrogen measured (on cooling to room tem-
perature) corresponded to a H/Mo ratio of 0.07, with 1/3 of this
of the stable form.



M. Polyakov et al. / Journal of Catalysis 256 (2008) 126–136 133
Fig. 6. Dependence of the quantity of exchangeable hydrogen on MoS2 (acti-
vated by R573) on the lowest temperature in contact with H2 (during a cooling
stage from the adsorption temperature of 573 K).

Dynamic hydrogen chemisorption was performed with
MoS2(A1) after V723 to investigate whether the stable hydro-
gen form was created in a rapid process (e.g., by reaction with
Mocus). No dynamic hydrogen consumption was found at room
temperature and at 473 K. It should be noted that despite the
rather large pulse size used in these measurements, chemisorp-
tion onto the coordinatively unsaturated sites indicated by OCS
(i.e., two times 7 µmol/g) would have been clearly detected by
mass spectrometry. At 573 K, the consumption was 62 µmol/g.
We did not attempt to differentiate which part of this hydrogen
was adsorbed or consumed for the creation of new vacancies by
H2S formation.

Fig. 7 summarizes the observations made during hydrogena-
tion of ethylene with surface hydrogen using the simple reduc-
tive activation R573. The experiment was conducted with three
different minimum adsorption temperatures to explore possi-
ble interference by weakly adsorbed hydrogen, which could
possibly desorb into the gas phase and obscure the results. As
shown in Fig. 7a, a surface cooled in hydrogen to room temper-
ature desorbed large quantities of H2 on heating to 473 K and
even more on a further temperature increase to 573 K. The to-
tal ethane formation in this experiment (including the stage at
573 K) was 67.5 µmol/g. It is obvious that most of this ethane
was formed from gas-phase hydrogen, which may have origi-
nated from any type of H species initially present on the surface;
however, closer inspection of Fig. 7a shows that after the reac-
tor was placed in the oven to heat it up to 473 K, hydrogen
desorption lagged behind ethane formation by ca. 1 min, possi-
bly indicating some hydrogenation by adsorbed species.

The runs with higher minimum adsorption temperatures con-
firm this observation. Here hydrogen desorption was much less
intense, although clearly still present. As shown in Fig. 7b
(Tads(min) = 473 K), the delay of hydrogen desorption behind
ethane formation was ca. 6 min. The ethane trace increased lin-
early, certainly influenced by the gas-phase hydrogen formed.
As shown in Fig. 7c (Tads(min) = 573 K), the delay of hy-
drogen desorption relative to ethane formation was less pro-
nounced, because the former was very weak; however, the rate
of ethane formation was the highest just after heating to 473 K
and almost leveled off after ≈10 min. It exhibited the behav-
ior expected for the reaction of a limited amount of species,
whereas the m/e = 2 trace demonstrated only a very small, al-
most linear increase. This indicates that hydrogenation occurred
predominately with surface hydrogen in this case. Ascribing the
ongoing increase in the m/e = 30 trace to hydrogenation by
gas-phase hydrogen, the dashed line in Fig. 7c can be used to
estimate the concentration of hydrogenation-active surface hy-
drogen; the result is Hhyd = 1.7 µmol H2/g. Apparently, the
degree of ethane formation does not depend on the minimum
adsorption temperature in the 473–573 K range; the amount
of hydrogenation-active hydrogen that can be derived from the
m/e = 30 trace in Fig. 7b (Tads(min) = 473 K) is of the same
order of magnitude. Fig. 7a indicates that more loosely bound
hydrogenation-active hydrogen may have been present, because
Fig. 7. Hydrogenation of ethylene with surface hydrogen of MoS2 (activation−R573). Runs with different minimum adsorption temperature: (a) Tads(min) = 295 K;
(b) Tads(min) = 473 K; (c) Tads(min) = 573 K. Signals intensities for m/e = 2 (H2) and 30 (ethane) plotted vs real time for a reaction temperature of 473 K,
including the rapid heating stage (see label “reactor inserted in oven”) and further heating to 573 K (label “473 K → 573 K”).
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the ethane released before hydrogen desorption resulted in an
estimated Hhyd concentration of ≈7 µmol H2/g.

The same experiment also was performed after activations
including thermoevacuation (V723/R573, R573/V723, in the lat-
ter case after a 60-min readsorption of hydrogen at 573 K).
The amount of Hhyd obtained with Tads(min) = 573 K was
0.8 µmol H2/g after V723/R573 and 2.5–3.5 µmol H2/g after
R573/V723, with no difference in the limits of experimental error
for Tads(min) = 473 K. These data are certainly subject to con-
siderable uncertainty due to the very small effects and should
be considered upper limits, because the contribution due to
gas-phase hydrogen cannot be clearly differentiated from that
of surface hydrogen. Nonetheless, the evolution of ethane in a
time segment in which almost no hydrogen desorption occurred
clearly shows that active hydrogen was available on the surface,
at a quantity an order of magnitude lower than the degree of co-
ordinative unsaturation.

4. Discussion

Previous research has provided no conclusive description of
either the hydrogen species on MoS2 and their role in hydro-
carbon reactions or the active sites required for these reactions.
Although the presence of surface –SH groups has been well
established, the ability of the Mocus ions to adsorb hydrogen
remains a matter of debate, the existence and role of absorbed
hydrogen is unclear, and a possible role of short-lived activated
hydrogen species (on Mocus) has not been discussed in much
detail. Analogously, it is generally accepted that such reactions
as olefin hydrogenation, cis–trans isomerization, and H2/D2
scrambling proceed on coordinatively unsaturated Mo sites, but
the differentiation of these sites (and evaluation of true turnover
numbers) is hampered by the lack of differentiation in stan-
dard adsorption studies. Volumetric measurements provide only
cumulative data. IR investigations do differentiate sites with dif-
ferent Mo exposure, but extinction coefficients for the adsorbed
probe molecules are difficult to establish. Perhaps for this rea-
son, Jalowiecki et al. correlated their catalytic activities with
the degree of Mo exposure using site abundances derived from
S/Mo stoichiometries through model calculations [15] without
relying on (oxygen) chemisorption data. With the present study,
we believe to contribute relevant observations to advance the
discussion and inspire new approaches to solving these prob-
lems.

Although the preparation of our MoS2 catalysts differed
somewhat from that used in many other studies (i.e., thermal
decomposition of ATTM in inert gas instead of H2S/H2), our
materials have similar properties as reported in the literature,
as characterized by such techniques as XRD, elemental analy-
sis, and XAFS. The MoS2 samples consisted of platelets 2–
5 nm in diameter stacked 8–13 nm high containing a consider-
able amount of excess sulfur. The BET surface areas measured
with the as-prepared samples were within the range reported in
the literature (although much larger BET surface areas—up to
115 m2 g−1—also have been reported [32]). This excess sulfur
was removed by the thermal activation treatments. Jalowiecki
et al. [15] reported S/Mo stoichiometries (from full elemental
analysis) of 2.0–1.7 after 12 h reduction in hydrogen above
600 K; thus, the S/Mo stoichiometries of 2.0–2.1 after our
milder activation treatments (4 h evacuation at 723 K and/or
3 h reduction at 573 K) were as expected. In Ref. [23], S/Mo
ratios >2 were found even after reduction at 773 K, in clear
conflict with the findings of Jalowiecki et al. [15]. Whether this
contradiction is due to the simplified methodology used in our
work (i.e., thermogravimetry during reoxidation to MoO3) or to
a real difference in sample properties remains unclear.

The BET surface areas of our (sulfur-rich) MoS2 batches
were all between 10 and 30 m2 g−1 but grew significantly
during thermal activation, reaching 55–70 m2 g−1 after V723.
A more detailed study of MoS2(A1) revealed a narrow peak in
pore size distribution at around 4 nm, which was superimposed
over a broad mesopore distribution and developed strongly
on thermoevacuation. Similar nitrogen adsorption/desorption
isotherms have been reported previously [30], but only for a
material prepared through a different route (i.e., MoO3–KSCN
solid-state reaction). According to the shape of the hysteresis,
the peak at 4 nm arose from slit pores, which apparently were
initially filled with elemental sulfur. The behavior of the BET
surface area of MoS2(A1) after activation by reduction (R573)
(Fig. 4a) was rather unexpected. Although the S/Mo stoichiom-
etry was the same as after V723 (Table 3), the BET surface area
was not increased (ca. 20 m2 g−1, compared with ≈70 m2 g−1

after V723). During subsequent thermoevacuation, it grew at
much lower temperatures than in the unreduced sample and
without pronounced changes in the S/Mo ratio. The latter ob-
servation may suggest that after R573, the pores were free but
not accessible, with the increased BET surface area on thermo-
evacuation due to opening, rather than emptying, of pores.

In our study, we used oxygen chemisorption to evaluate the
degree of coordinative Mo unsaturation, even though sites of
different Mo exposure (1M, 2M, 3M sites) cannot be differ-
entiated by this technique. In the past, oxygen chemisorption
was studied mostly by volumetric or gravimetric techniques
at 195 K. At room temperature, static techniques were found
to produce large values, suggesting the presence of side re-
actions, whereas the dynamic technique produced 67% of the
volumetric result at 195 K [33]. In a similar comparison [i.e.,
transferring a MoS2(B) sample after V723/R523 to the Autosorb
1-MP via the glove box], we found 44 µmol g−1 by volumetry
at 195 K, compared with 33 µmol g−1 by the dynamic tech-
nique at 273 K (cf. Table 3). Consequently, we conclude that
our data closely reflect the degree of coordinative unsaturation
of the surface, possibly underestimating it by 20–25%.

Our data demonstrate that oxygen chemisorption may occur
on samples with S/Mo ratios >2, as reported in Ref. [23] where,
however a simplified elemental analysis technique was used.
Apparently, there is no relationship between the degree of Mo
exposure and the S/Mo ratio; at S/Mo = 2.11, OCS capacities of
7 and 60 µmol g−1 were found, depending on the sample history
(Table 3). On reduction of MoS2(A1) at temperatures >573 K
(Fig. 5), H2S was clearly detected in the effluent, but the de-
gree of Mo exposure decreased significantly, to a greater extent
than was reported earlier by Kalthod and Weller [23]. These
apparent contradictions may stem from the presence of resid-
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ual elemental sulfur after our mild activation treatments, which
would outbalance the small stoichiometric deficit of the MoS2

surface. The loss of OCS capacity with increasing reduction
temperature (above the peak temperatures, which are different
for different batches; Fig. 5) may be due to increasing particle
size (due to sintering), incorporation of excess sulfur into the
surface, or diffusion of surface defects into the bulk. Our XAFS
data (Fig. 2; Table 2) do not indicate pronounced changes in the
platelet dimensions on thermal treatment at 723 K, and the de-
crease in BET surface area begins only above 673 K (Fig. 3);
therefore, we prefer the latter explanation, at least for tempera-
tures <700 K.

Striking differences in the effect of activation treatment on
the degree of Mo exposure were found on the surfaces of
MoS2 batches created by the same person through the same
route. These differences would have been hardly apparent on
conventional physicochemical characterization involving XRD,
elemental analysis, BET (even with varied pretreatment tem-
perature), and XAFS. Apparently, the preparation route is criti-
cally influenced by parameters that were not well controlled in
our preparations. Thus, the considerable scatter of experimen-
tal OCS data, as reported in the literature (see, e.g., [23,33–35]),
does not come as a surprise. The ammonium (hydrogen) sulfate
impurities initially present on the surface of one of our sam-
ples cannot explain these discrepancies, which were found in
samples with clean surfaces as well (cf. Fig. 5). We believe that
the discrepancies among our batches arise largely from differ-
ences in microstructure that affect defect creation and mobility.
The somewhat larger Mo–Mo EXAFS CNs for the more stable
MoS2(A3) may indicate a somewhat higher degree of ordering
in this sample, however, the fits depend on many parameters,
and the effect is hardly beyond the limits of experimental accu-
racy. Thus, more work is required to substantiate this hypothe-
sis.

The amount of hydrogen on the MoS2 surface that can be
exchanged with D2 had no correlation with the degree of Mo ex-
posure characterized by oxygen chemisorption (Table 3). From
MoS2(A1), 110–130 µmol HD/g was released after R573 and
R473, even though the OCS capacity changed by a factor of 5.
On MoS2(A2), 590 µmol HD/g was found at an OCS capac-
ity of just 35 µmol g−1. Although the presence of Mo–H cannot
be ruled out based on this observation, most of the hydrogen
must have been be in the form of –SH groups or absorbed hy-
drogen. But this was unlikely under our conditions, because ab-
sorbed hydrogen was observed only after treatment at elevated
H2 pressure [20]. Even though the measured OCS capacities
did not exactly match the number of exposed Mo atoms (vide
supra), in several cases the quantity of exchangeable H greatly
exceeded the number of sulfide ions adjacent to the vacancies
present, particularly when the sample was cooled in hydrogen
to room temperature (Fig. 6). Therefore, spillover appears to
be involved in adsorption and desorption, as was reported ear-
lier for MoS2-containing systems [36]. This is also supported
by the observation that in the H/D exchange experiments, a 1-h
inert gas purge at 473 K (573 K) decreased the exchangeable
amount by 50% (67%), even though the QMS signal apparently
was constant after 5–10 min. Obviously, very slow desorption,
possibly involving a transport step, was occurring.

The experiment depicted in Fig. 7 confirms that hydrogen-
treated MoS2 was able to hydrogenate an olefin in absence of
gas-phase hydrogen, as described previously [15]. To avoid re-
sults obscured by weakly bound hydrogen desorbing into the
gas phase, thorough desorption of the latter is mandatory. This
is obvious from the results obtained after cooling the activated
sample in hydrogen to room temperature; under these condi-
tions, the hydrogen found in the ethane product exceeded the
OCS capacity, whereas the gas-phase H2 concentration (also
fed by the surface hydrogen initially present) remained far from
zero. Thus, the hydrogen traced in this run clearly involved con-
tributions from SH groups.

When the rate of H2 desorption was kept low, the presence of
hydrogenation-active surface hydrogen (Hhyd) could be clearly
demonstrated (Fig. 7, right panels). The quantity determined
in the present study (<2 µmol g−1) was almost an order of
magnitude lower than the values of 10–40 µmol g−1reported
previously [15]. This hydrogen was strongly held because it
survived (short) desorption at temperatures above 473 K (dur-
ing cooling in inert gas from 573 K). It represents only a small
part of the hydrogen held on the surface under these condi-
tions (ca. 75 µmol g−1; cf. Fig. 6). According to the results
of previous studies [14], this hydrogen should be adsorbed on
Mocus sites. In Part II, we show that the hydrogenation activity
of MoS2 differed by two orders of magnitude after R573 and
R573/V723, which gave very similar Hhyd quantities, demon-
strating a lack of correlation between activity and the quantity
of Hhyd as measured by our method. However, we did find
results suggesting that the amount of hydrogenation-active hy-
drogen increased when weakly bound hydrogen was included
(Fig. 7a). The method used here was too coarse to permit a
reliable determination of its quantity, but a more detailed in-
vestigation of this species may be promising.

The problem of hydrogen involved in the hydrogenation re-
action is discussed in more detail in Part II.

5. Conclusion

MoS2 prepared by thermal decomposition of ammonium
tetrathiomolybdate in inert gas at 723–773 K exposed Mo ions
(detected by oxygen chemisorption) after mild activation pro-
cedures that maintained an S/Mo ratio of �2. No obvious re-
lationship between the S/Mo stoichiometry and the degree of
Mo exposure was found. When the MoS2 was activated in hy-
drogen, the degree of Mo exposure reached a maximum at
intermediate reduction temperatures; this did not occur when
the sample had been thermoevacuated before reduction. The
reactivity of MoS2 (i.e., temperature required to expose Mo,
quantity of exchangeable hydrogen) may change significantly
between samples prepared similarly; therefore, a thorough sur-
face characterization, including chemisorption studies, is essen-
tial to any meaningful catalytic study. Along with –SH groups,
MoS2 holds hydrogen, which is able to hydrogenate ethylene in
absence of gas-phase H2. This hydrogen can survive short ex-
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posure to inert gas at 573 K, but its quantity is not correlated
with the degree of hydrogenation activity.
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