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Hydrodesulfurization activity of MoS2 catalysts modified by
chemical exfoliation

M. Del Valle a,b, J. Cruz-Reyes b, M. Avalos-Borja c and S. Fuentes c,∗

a Programa de Posgrado en Fı́sica de Materiales, Centro de Investigación Cientı́fica y Educación Superior de Ensenada, Ensenada, B.C., Mexico
b Facultad de Ciencias Quı́micas, UABC, Tijuana, B.C., Mexico

c Centro de Ciencias de la Materia Condensada de la UNAM, Ensenada, B.C., Mexico

Received 30 January 1998; accepted 30 June 1998

The surface area of unsupported MoS2 catalysts prepared by thiosalt decomposition is found to increase after undergoing a treatment
known as chemical exfoliation. Rate measurements of dibenzothiophene hydrodesulfurization in a batch reactor show that activity
decreases for the chemically modified MoS2 catalysts, along with the hydrogenation/hydrodesulfurization ratios (HYD/HDS). These
results indicate that both basal and edge planes of the layered sulfides are rearranged by the exfoliation treatment, but that other
processes must also be involved. Reference crystalline MoS2 is also discussed in the work.
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1. Introduction

In the mid-eighties, Joensen et al. [1], introduced a
chemical method which was reported to separate bulk MoS2

into platelets in suspension that were one molecule thick.
The method was termed “exfoliation” and consists of in-
tercalating MoS2 powder with lithium, followed by reac-
tion with water. Exfoliation has since been used on other
transition metal sulfides, as well as for making interesting
new MoS2 materials [2]. Miremadi and Morrison have em-
ployed this technique to prepare catalysts for methanation
[3], while Bockrath and Parfitt have described the applica-
tion of exfoliated MoS2 in coal liquefaction [4]. The use of
exfoliation for creating pillared MoS2 materials with inter-
calated organometallic clusters has also been reported [5].

The intercalation chemistry of layered dichalcogenides
of the Group 4, 5, and 6 (IVB, VB, and VIB) transition
metals has been extensively researched [6]. In the case of
MoS2, reaction with butyllithium yields different products,
depending on the reaction time and conditions. The X-ray
diffraction patterns of MoS2, for example, have suggested
that a lithium intercalation compound is first formed, which
is an intermediate to amorphous products [7].

As described by Joensen, chemical exfoliation implies
the dismantling of metal sulfide layers along the (001) di-
rection. This opens the possibility, when applied to sulfide
catalysts, of affecting the HDS activity of border planes. In-
deed, according to the simple model for the MoS2 catalyst
particles proposed by Daage et al. [8], layer dismantling
should lead to changes in both hydrogenation and HDS re-
actions. Each model particle consists of a stack of disks n
layers thick and of diameter d. The top and bottom layers
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are said to have both rim and edge sites, while the middle
layers have only edge sites. The top surface of the disk
is a basal plane, which is considered to be catalytically in-
ert. After applying molecular mechanics to minimize inter-
and intramolecular interactions in different schemes for the
coordination of DBT on MoS2, Daage has found that hy-
drogenation reactions occur only on rim sites, while both
rim and edge sites are responsible for the HDS activity. Ac-
cording to this rim-edge model and for large molecules like
DBT, the selectivity for hydrogenation reactions increases
with the increase in stacking layers. The exfoliation treat-
ment has begun to be used on unsupported MoS2 catalysts
as a way to probe the structure-reactivity relationship [9].
This relationship should eventually be related to changes in
the ratio of basal/edge planes, in order to supply further in-
sight on the reactivity of MoS2. In this work, the effect of
the exfoliation treatment on the activity of MoS2 catalysts
for the HDS of dibenzothiophene (DBT) was investigated.

2. Experimental

2.1. Sample preparation

All reagents are from Aldrich, except for ammo-
nium heptamolybdate (Mallinckrodt). Fresh ammonium
thiomolybdate (ATM) is precipitated from ammonium hep-
tamolybdate in an ammonia solution by bubbling H2S, ac-
cording to a known method [10]. Unsupported MoS2 cat-
alysts were prepared by thermal decomposition of ATM at
673 K for four hours under a 15%(v/v) H2S/H2 gas mix-
ture flowing at 40 ml/min. Exfoliation was carried out in
a dry glovebox under nitrogen atmosphere, using a slightly
modified version of the procedure described by Miremadi
and Morrison [11]. Tipically, 3 g of molybdenum sulfide
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were first soaked in 20 ml of hexane (99+), and stirred in
an ultrasound bath for five days. A 50% mol excess of
n-butyllithium (1.6 M in hexane) was then added and the
mixture stirred in the ultrasound bath for four days. The
intercalated solid was recovered by filtration and washed
five times with hexane to eliminate excess reagents. After
placing the solid in a beaker, 20 ml of water were added
and the mixture stirred in the ultrasound bath for eight days.
The product was recovered by filtration and left to dry in
the glovebox. Reference crystalline MoS2 (99%) was from
Aldrich.

2.2. Surface area analysis

Multipoint BET surface areas were measured with a Mi-
cromeritics Gemini 2060 surface analyzer, using nitrogen
as adsorbate. Samples were degassed at 473 K under ar-
gon for two hours prior to analysis. The precision of the
measurements was within ±5%.

2.3. X-ray difraction

X-ray diffraction patterns of the samples were obtained
with a Philips X-Pert MPD analytical diffractometer, us-
ing Cu Kα radiation. Crystalline phases were identified by
comparison with reference patterns from the ICDD Pow-
der Diffraction Files. Peak broadening analysis using the
Scherrer equation was applied to the (002) diffraction peak
to calculate the average stacking height of each sample. Ac-
ceptable estimates by this method are limited to stacking
heights from 5 to 300 nm.

2.4. Catalytic activity

Reactions were run in a Parr high pressure batch reac-
tor, which was loaded with 8.8 g of DBT (Acros, 99%)
in 200 ml of decaline (Aldrich, 98%), and 0.5–1.0 g of
catalyst. The system was purged, then pressurized with
H2 and heated to 3376 kPa (490 psi) and 623 K. The stir-
ring speed was 1725 r.p.m. Reaction rates were calculated
as a function of DBT conversion, which was followed by
gas chromatography for at least five hours. The reaction
products were separated in a 1/8 inch diameter, 9 ft long
analytical column packed with 3% OV-17 on 80/100 Su-
pelcoport. The precision of the reaction rate measurements
was within ±5%.

3. Results

The BET surface area measurements are reported in ta-
ble 1. Crystalline MoS2 subjected to the exfoliation treat-
ment increased its surface area by 30%. The poorly crys-
talline MoS2 samples showed an increase in specific surface
area after the chemical treatment, indicating that the effect
of said treatment is more efficient on these highly defec-
tive materials. Surface area also varied during the reaction

Table 1
Surface area measurements for different sulfide materials, before and after

the HDS of DBT.

Sample BET area (m2/g) BET area
before after increase (m2/g)

Crystalline MoS2 4.8 6.5 1.8
Crystalline MoS2 6.2 9.7 3.5
after exfoliation
MoS2 catalyst 23.4 5.0 −18.4
MoS2 catalyst 55.2 14.8 −40.4
after exfoliation

Table 2
Reaction rates of different sulfide materials for the HDS of DBT.

Sample Reaction rate
(10−7 mol s−1 g−1)

Crystalline MoS2 2.7
Crystalline MoS2 1.9
after exfoliation
MoS2 catalyst 6.7
MoS2 catalyst 4.7
after exfoliation

tests, most noticeably in the catalyst samples and less so in
the crystalline material, reflecting the higher instability of
the poorly crystalline structure under the reaction environ-
ment [12].

The X-ray powder diffraction patterns of MoS2 sam-
ples before and after the exfoliation treatment are shown
in figure 1. In general, the diffraction peaks of the sul-
fide samples became broader after undergoing the exfolia-
tion treatment. For crystalline MoS2 the average crystallite
size, as measured by X-ray peak broadening analysis of the
(002) reflection, decreased from 126 to 14 nm after exfoli-
ation.

The plots of % DBT conversion as a function of time for
the various sulfides are nearly linear and agree with earlier
statements recognizing pseudo-zero-order kinetics for the
HDS of DBT [13]; typical DBT conversion was 15–30%
after six hours. Reaction rate constants, in units of mol s−1,
were calculated from these plots using the integrated equa-
tion for the zero-order rate law

XDBT = (1− nDBT/nDBT,0) = (k/nDBT,0)t, (1)

where XDBT is the conversion fraction of DBT at time t,
and k/nDBT,0 is the slope of the plot. Division by the cor-
responding gram weight of each sulfide charge gives the
specific reaction rate constants reported in table 2. The ex-
foliation treatment was found to reduce the reaction rate of
MoS2 catalysts.

The four main products of the reaction were biphenyl,
cyclohexylbenzene, bicyclohexyl, and benzene. Biphenyl
(BIP) may be considered to be the true HDS prod-
uct, whereas cyclohexylbenzene (CHB) and bicyclohexane
(BCH) are hydrogenation (HYD) products, and benzene
(BZN) is a cracking product. Plots of selectivity as a func-
tion of time for the varied sulfides differed in behavior, as
shown in figure 2. Thus, the plot for crystalline MoS2 in
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Figure 1. X-ray diffraction patterns of (a) crystalline MoS2, (b) MoS2

catalyst, before and after the exfoliation treatment.

figure 2(a) shows that the cracking product BZN was pre-
ferred during the first minutes of reaction, followed by a
steep increase in BIP selectivity during the first half hour
of reaction; afterwards, BIP selectivity fell only slightly in
favor of CHB. In contrast, the plot for crystalline MoS2 af-
ter the exfoliation treatment, as shown in figure 2(b), gave
only BIP during the first hour; thereafter, the plot shows

BIP selectivity decreasing in favor of BCH. According to
figure 2 (c) and (d), the MoS2 catalyst had a high selectivity
for BZN at the outset, which rapidly decreased to a steady
5%; selectivity for BIP in untreated and exfoliated MoS2

catalyst samples decreased by 1/3 or better after 90 min of
reaction, with BCH as the main hydrogenation product.

4. Discussion

The working hypothesis on the effects of chemical exfo-
liation on MoS2 catalysts, posed at the outset of this work,
is as follows: exfoliation of catalytic materials is similar
to exfoliation of crystalline sulfides, with layer dismantling
taking place preferentially along the (00l) direction, and
is expected to (1) expose mainly basal planes, increasing
surface area while reducing the stacking of (002) planes in
MoS2 microcrystals, (2) have no effect on the number of
edge plane active sites for HDS and, therefore, catalytic
activity should not change; (3) increase the selectivity ratio
HYD/HDS, which according to Daage et al. [8] is related
to the rim/edge ratio of MoS2 crystallites and depends on
the average stacking of basal planes in the crystallites.

The surface area and XRD results confirm the first effect
of the hypothesis. The increase in the surface area of ref-
erence crystalline MoS2 due to the exfoliation treatment is
similar to that observed by Bockrath and Parfitt [4] in com-
parably exfoliated and dried crystalline MoS2 samples. The
larger increase in surface area for MoS2 catalysts can be at-
tributed to a more profuse intercalation process. Although
intercalation of lithium into highly defective structures is
usually more difficult than into perfect structures, in the
case of poorly crystalline MoS2, however, the small stack-
ing height of the material (which X-ray peak broadening
analysis would place at around 4 nm) may well offset this
difficulty and even favor a higher extent of intercalation.

With regard to layer stacking, the diffraction patterns of
crystalline MoS2 show that the reflection peaks are gener-
ally broader after the chemical exfoliation treatment. As
discussed by Joensen et al. [1], layer dismantling along
the (00l) axis reduces particle size in that direction, which
causes the broadening of the (002) peak, while other peaks
also broaden as sliding and/or rotation of basal planes re-
duces the long range order of the corresponding family of
planes. For crystalline MoS2 the average stacking height,
as measured by X-ray peak broadening analysis of the (002)
reflection, decreases from 126 to 14 nm after exfoliation.
The average number of stacking planes, calculated from the
average particle size and d = 0.61 nm, decreases from over
200 layers to 23 layers. Dismantling of layers is clearly the
cause of the reduction in stacking height due to the exfoli-
ation process.

In the case of MoS2 catalysts obtained by decomposition
of thiosalts, the XRD patterns before exfoliation are char-
acteristic of the “poorly crystalline” phase reported in the
literature. According to the modelling study by Liang et al.
[14], this phase is consistent with a highly defective struc-
ture containing rotated and shifted (002) planes. The XRD
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Figure 2. HDS selectivity plots of (a) crystalline MoS2, (b) crystalline MoS2 after exfoliation, (c) MoS2 catalyst, and (d) MoS2 catalyst after exfoliation.

patterns of the catalysts after exfoliation are quite similar to
those of the untreated materials. Stacking height by peak
broadening analysis is around 4 nm for both, although es-
timates below 5 nm by this method are not as sensitive
and stacking height may well be smaller for the treated
catalysts, as the surface area measurements demonstrate.

A significant decrease in the catalytic activities of both
crystalline and catalyst MoS2 samples occurs as a result of
the exfoliation treatment, which is inconsistent with the sec-

ond effect of the hypothesis. This suggests that the changes
due to the exfoliation treatment are not limited to the pri-
mary process of separation of layers – as shown by XRD
and BET surface area – but rather imply others as well.
A second process may involve the formation of LiS2, which
would allow some amount of lithium to remain in the sam-
ple [7]. Given the very high electron donor character of
Li, it may then deactivate coordinatively unsaturated Mo
sites or react with –SH groups located on the surface, thus



M. Del Valle et al. / Sulfide catalysts modified by exfoliation 63

Table 3
Selectivity and selectivity ratios of different sulfide materials for the HDS of DBT.

Sample Conversion Selectivity (%) Selectivity ratio
(%) BIF CHB BCH BZN (HYD/HDS)

Crystalline MoS2 3.2 84.4 3.1 3.1 9.4 0.07
Crystalline MoS2 4.2 83.0 2.4 14.6 0 0.20
after exfoliation
MoS2 catalyst 4.4 56.9 9.1 29.5 4.5 0.68
MoS2 catalyst 4.5 64.5 11.1 22.2 2.2 0.52
after exfoliation

reducing the activity of the MoS2 samples after chemical
treatment. Crystal sintering along edge planes could also
explain the drop in catalytic activity.

The rim-edge model for MoS2 crystallites, described ear-
lier, assigns both hydrogenation (HYD) and HDS sites to
atoms located in rim positions, while atoms located in edges
only have HDS sites. Variation in selectivity for HYD and
HDS reactions is explained as owing to changes in the av-
erage stacking of layers within the microcrystals. MoS2

crystallites with a high stacking (sharp 002 peak in XRD)
should yield mostly HDS products, while single layers of
MoS2, which contain only rim sites, are expected to yield
mainly hydrogenation products.

Regarding CHB and BCH as HYD products, and BIP as
the formal HDS product, the HYD/HDS ratio discussed by
Daage is defined here as

HYD/HDS =
CHB selectivity + BCH selectivity

BIP selectivity
. (2)

In order to make valid comparisons, the HYD/HDS se-
lectivity ratios for the series of MoS2 materials are best
calculated for the same conversion. Accordingly, the se-
lectivity data for 4% (±1) conversion, along with the cal-
culated HYD/HDS selectivity ratios are listed in table 3.
The untreated MoS2 catalysts have a significantly higher
HYD/HDS ratio compared to untreated crystalline MoS2,
in agreement with the difference in their (002) X-ray peak
width.

Relating the rim-edge model to the exfoliation process as
described in the literature, the HYD/HDS ratio is expected
to be higher for all the exfoliated sulfide samples. Yet the
third effect of the hypothesis is found to only hold good for
crystalline MoS2, since its HYD/HDS ratio increases sig-
nificantly after exfoliation; the ratio for the treated MoS2

catalysts is clearly lower. As with the catalytic activities,
the selectivity results indicate that the exfoliation treatment
must modify the sulfide structures in other ways not pre-
viously reported. For MoS2 catalysts, the HYD/HDS ratio
decreases along with the overall catalytic activity after the
exfoliation treatment. Given the poorly crystalline struc-
ture of the catalyst samples, the exfoliation treatment may
lead to a preferred deactivation of hydrogenation sites due
to lithium poisoning, compared to the crystalline reference
material after the same treatment.

5. Conclusions

When applied to MoS2 catalysts, the exfoliation treat-
ment reduces their HDS activity and HYD/HDS ratio. The
rim-edge model is found useful for discussing the effects
of the treatment on the catalytic activity and selectivity of
MoS2 materials. It is discovered that these effects cannot
be explained solely in terms of exfoliation, i.e., basal plane
dismantling, as described in the current literature, but re-
quire that other pathways also be considered. It remains to
be proven if the poisoning or blocking effect of lithium on
the active sites, especially rim sites, plays a significant role
in the HDS behavior of the treated sulfides.
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