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Abstract MoS2 HDS catalysts promoted with Ni sup-

ported on SBA-15 were synthesized from sulfur containing

Mo (ammonium thiomolybdate, ATM, and tetramethyl-

ammonium thiomolybdate, TMATM) and a Ni complex

(Nickel diethylthiocarbamate, NiDETC). The catalysts

have been characterized by X-ray diffraction (XRD),

N2-physisorption and High-resolution transmission elec-

tron microscopy (HRTEM). The catalytic performance in

the hydrodesulfurization (HDS) reaction of dibenzothio-

phene (DBT) was examined at T = 623 K and

PH2 = 3.4 Mpa. In comparison with the impregnation

mode, the nature of the employed thiomolybdate complex

shows a stronger influence on the MoS2 morphology and

consequently on the HDS activity of DBT. A similar high

HDS activity to a commercial NiMo/c–Al2O3 catalyst

despite the pronounced stacking number is shown for a Ni–

MoS2/SBA-15 catalyst derived from ATM. The catalysts

derived from TMATM showed lower HDS activities

compared to the catalysts obtained from ATM precursors

due to probably the presence of closed shell structures

(nano-onions) of MoS2 which offer significantly smaller

amount of HDS active sites (edge sites). Moreover, the

HYD/DDS ratios are interestingly higher with respect to

the HYD/DDS ratio of the commercial NiMo/c–Al2O3

catalyst which could be ascribed to the generation of

multilayered MoS2 active phase.

Keywords Hydrodesulfurization � (Alkyl)ammonium

thiomolybdate � Nickel diethylthiocarbamate � Ni–MoS2/

SBA-15 HDS catalysts � HRTEM � MoS2 morphology �
Nano-onion � SBA-15 support

1 Introduction

It is a world-wide tendency that more stringent environ-

mental regulations require the production of higher quality

transportation fuels (gasoline, diesel) with lower sulfur

concentration. It is a challenge to synthesize more active

hydrodesulfurization (HDS) catalysts for the ‘‘deep refin-

ing’’ of crude oil to meet the new strict standards.

Conventional c–Al2O3-supported HDS catalysts are pre-

pared using oxygen-containing transition-metal salts of Mo

and W and of Co or Ni. The supported metal salt is calcined

to produce stable oxidic materials that must be sulfided

either prior to (ex situ) or during the start-up (in situ) of the

hydrotreatment process. It is well known that for the con-

ventional preparation of HDS catalysts via oxide routes,

both calcination and sulfidation temperatures have a strong

influence on the HDS activity. Incomplete sulfidation

according to low sulfidation temperature or high calcination

temperature leads to the decrease in HDS activity. Thus,

alternate preparation procedures applying e.g. thiosalts in

which sulfur is already bound to metal ions have been

explored in the last several years.
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An attractive support material is the silica SBA-15 which

has a large specific surface area and is more thermally stable

than the related materials such as HMS or MCM-41 [1]. A

high thermal stability is very important for applications in

hydrotreating processes performed under the severe HDS

reaction conditions like high temperatures and high H2

partial pressures. Indeed, SBA-15 and hetero-atom con-

taining (Al, Ti or Zr) SBA-15 were found to have excellent

potential for deep hydrotreatment of petroleum feedstocks

[2–7]. Very recently, CoMo sulfide catalysts supported on

SBA-15 derived from ammonium thiomolybdate were

reported by us [8, 9]. The catalysts activated in a H2/N2 (H2

10%) gas flow showed a higher HDS activity compared to a

commercial CoMo/c–Al2O3 catalyst.

The aim of the present work is to study the catalytic

behavior of NiMo catalysts supported on SBA-15 synthe-

sized from pure sulfur precursors, e.g. S containing Mo

(ammonium thiomolybdate, ATM, and tetramethylammo-

nium thiomolybdate, TMATM) and Ni complexes (Nickel

diethyldithiocarbamate, NiDETC) in the HDS reaction of

DBT. In general, consecutive impregnation of SBA-15

support with Ni and Mo compounds was performed

whereas first NiDETC was applied followed by the Mo

sources ATM or TMATM. The preparation was also car-

ried out with impregnation of SBA-15 material with

NiDETC after the generation of (Ni)Mo sulfides. The dif-

ferent synthesis approaches should allow studying the

effects of impregnation order onto the MoS2 morphology

and the HDS activity. The activation of the catalysts was

carried out under H2/N2 (H2 10%) gas flow avoiding any

treatment in H2S at high temperatures prior to the activity

test. The catalysts are characterized with X-ray diffrac-

tometry (XRD), N2 physisorption measurements using the

Brunauer, Emmett and Teller (BET) method and high-

resolution transmission electron microscopy (HRTEM).

The catalytic HDS performance was tested with DBT in a

batch reactor at 623 K with a H2 pressure of 3.4 Mpa.

2 Experimental Section

2.1 Sample Preparation

2.1.1 Synthesis of Pristine Mesoporous SBA-15

The support material was prepared following the route

published in [8–11].

2.1.2 Synthesis of Ni–MoS2/SBA-15

2 g of SBA-15 (6 nm) was stirred for 4 h in 100 mL of

saturated NiDETC chloroform solution at room tempera-

ture. NiDETC/SBA-15 was separated from the slurry by

filtration and the obtained material was dried under vacuum

over night. This material was then stirred in 150 mL of

saturated aqueous solutions of ammonium thiomolybdate

(ATM, at 298 K) or tetramethyl ammonium thiomolybdate

(TMATM, at 328 K). The impregnation/activation cycle

was carried out twice to prepare Ni–MoS2/SBA-15 (6 nm)

catalysts with higher Ni and Mo loading. After 4 h stirring

the products were filtered without washing and then they

were activated at 773 K for 3 h under a H2/N2 (H2, 10%)

gas flow at atmospheric pressure. For comparison purposes,

two NiMo sulfide catalysts supported on 9 nm SBA-15

material were also prepared applying the same procedure.

The catalysts will be designed according to their metal

loading, type of synthesis procedure and type of SBA-15

support employed: Ni(X)Mo(Y)/SBA-15(PA) means the

catalyst was prepared with ATM with X wt% Ni and Y

wt% Mo loading and P is the pore size of SBA-15 in nm.

Ni(X)Mo(Y)/SBA-15 (PB) is the abbreviation for the cat-

alysts synthesized with TMATM.

Two additional samples were prepared by post-impreg-

nation with NIDETC. The first one was prepared as

follows: 2 g SBA-15 (6 nm) was stirred in 150 mL of

saturated aqueous solutions of ATM at 298 K. After fil-

tration the reaction product was calcined at 773 K for 3 h

(H2/N2 (H2, 10%) gas flow, atmospheric pressure). The

calcined MoS2/SBA-15 was treated with NiDETC chloro-

form solution, filtered and activated with the above

mentioned conditions. The second catalyst was prepared to

enhance the Ni concentration of Ni–MoS2/SBA-15 cata-

lysts. The Ni–MoS2/SBA-15(6A) which was prepared by

the above described synthesis method was treated in

100 mL of saturated NiDETC chloroform solution, and

then the product was activated applying the above men-

tioned conditions. These two catalysts supported on 6 nm

SBA-15 are denoted as Ni(X)Mo(Y)/SBA-15(6C) with X

wt% Ni and Y wt% Mo loading.

The two Mo sources ATM and TMATM were synthe-

sized with the same method reported previously [12] and

the preparation of NiDETC has been published by Jor-

gensen [13].

2.2 Sample Characterization

X-ray diffraction (XRD) patterns were measured on a

Siemens D5000 diffractometer at room temperature using

CuKa radiation (k = 0.154056 nm). Nitrogen adsorption

measurements were carried out at 77 K on a Quantachrom

Autosorb-1. Samples were degassed under flowing argon at

473 K for 2 h before N2 adsorption. The BET surface areas

were calculated from p/p0 = 0.03–0.3 in the adsorption

branch. The chemical composition of the catalysts (in wt%,

average of five measurements at different points of the

sample) was determined with energy dispersive X-ray
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spectroscopy (EDS) analysis with a Philips ESEM XL 30

microscope.

The supported catalysts were analyzed by high resolu-

tion transmission electron microscopy (HRTEM) with a

Philips CM 30ST microscope (LaB6 cathode, 300 kV,

CS = 1.15 mm). The samples were grinded and suspended

in n-butanol. One drop of each suspension was placed on a

perforated carbon-copper net which serves as support of the

particles. SAED (selected area electron diffraction) was

carried out using a diaphragm which limited the diffraction

to a circular area of 2,500 Å in diameter. All images were

recorded with a Gatan Multiscan CCD camera and evalu-

ated (including Fourier filtering) with the programs Digital

Micrograph 3.6.1 (Gatan) or Crisp (Calidris). Chemical

analyses by EDS were done in the nanoprobe mode or by

spectral imaging (scanning mode) with a Si/Li detector

(Noran, Vantage System). The device ‘‘Spinning Star’’

(NanoMEGAS) was applied for precession electron dif-

fraction (PED, precession angle: 3�), simulated patterns

were obtained via the software Emaps [14].

The HDS reaction of DBT was carried out in a Parr

model 4522 high-pressure batch reactor. 1.0 g of the cat-

alyst and 150 mL of the freshly prepared solution of DBT

in decaline (5% wt/wt, [DBT]0 = 0.2388 mol/L) was

introduced in the reactor. The reactor was purged and

pressurized to 1.1 MPa with hydrogen and then heated up

to 623 K at a rate of 10 K/min under continuous stirring of

600 rpm. After reaching the working temperature and

pressure (3.4 MPa), the products were collected for chro-

matographic analysis every half an hour to determine the

conversion-time dependence during 5 h. After the reaction,

the used catalysts were filtered, washed and stored in inert

atmosphere. The reaction products were analyzed using a

Perkin-Elmer Auto-system chromatograph with a 9 ft

long 9 1/8 inch diameter packed column containing

chromosorb W-AW 80/100 mesh 3% OV-17 (phenyl

methyl silicone 50% phenyl) as a separating phase.

It is well established that the HDS of DBT occurs by two

parallel reactions pathways [15]: (I) direct desulfurization

(DDS) via C–S bond cleavage and (II) hydrogenation

(HYD). The main products of the HDS reaction are

biphenyl (BP, via DDS), cyclohexylbenzene (CHB, via

HYD) and tetrahydrodibenzothiophene (TH-DBT, via

HYD). The ratio between HYD and DDS can be approxi-

mated in terms of the experimental selectivity according to

the following equation:

HYD=DDS ¼ PCH½ � þ TH� DBT½ �ð Þ= BP½ �

The rate constant was determined from the DBT

conversion as function of time assuming that DBT

conversion being a pseudo-zero order reaction [16] by

using of following equation:

XDBT ¼ 1� gDBTð Þ=gDBT ¼ k=gDBT; 0

� �
t

where VDBT is the fraction conversion of DBT,

gDBT = moles of DBT, k = pseudo zero order rate con-

stant, t = time in seconds and k/gDBT, 0 is the slope. The

mean standard deviation for catalytic measurements was

ca. 2.5%.

3 Results

3.1 X-ray Diffraction

In Fig. 1 the low angle diffraction patterns of parent SBA-

15 and Ni–MoS2/SBA-15 catalysts are displayed. The three

characteristic reflections (100), (110), and (200) of hexag-

onal mesoporous SBA-15 (space group p6 mm) are

observed for all samples giving strong evidence that the

primary structure of SBA-15 consisting of well ordered

channels is preserved after the incorporation of NiMo sul-

fides. The decrease of the Bragg reflection intensity after

impregnation may be caused by phase cancellation between

the pore walls and the guest species, the strong absorption of

X-rays by Mo and/or a partial loss of the high order of the

mesostructure. This is a well-known phenomenon and was

described previously in the literature [6, 8, 10].

Figure 2 illustrates XRD patterns of the SBA-15 sup-

ported catalysts in the 2h range from 7� to 75�.

Characteristic reflections of poorly crystalline 2H–MoS2

appear at 14.4, 33, 40, and 58� 2h. The typical partial

turbostratic disorder [8, 17] of layered MoS2 leads to the

occurrence of the asymmetric shape on the low angle side

of the reflections (Fig. 2). The broad peak at about 22� 2h
is caused by the amorphous SBA-15 silica. The average

MoS2 crystal sizes can be estimated with the Scherrer

formula, d = 0.941k/B coshB, where d is the mean diam-

eter of the particle, k is the wavelength of Cu Ka1

(0.154056 nm), hB is the angle between the incident beam

and the reflecting lattice planes, and B is the width of the

diffraction peak (full width at half maximum, FWHM),

respectively [8]. From the comparison of the estimated

average particle sizes of MoS2 summarized in Table 1, it is

obvious: (1) the sizes of MoS2 nanoparticles increase with

increasing Mo loading; (2) the MoS2 particle sizes depend

on the nature of the precursor used, e.g., the catalyst with

the smallest mean MoS2 crystal size was prepared with

TMATM with a Mo loading of 18 wt% (Table 1); (3);

larger MoS2 particles can be observed for the catalysts

supported on 9 nm SBA-15 compared to the equivalent

samples supported on 6 nm SBA-15; (4) post impregnation

with the Ni complex leads to enlarged MoS2 particle sizes

as well as the generation of Ni3S2 (Fig. 2g). We want to

note that for the Co–MoS2/SBA-15 catalysts prepared by
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the same methods [9], no crystalline Co sulfide phases

could be detected. The presence of Ni2S3 particles probably

related to the fact that Ni3S2 aggregates more rapidly under

the synthesis conditions than Co9S8 because of its lower

Tamman temperature (532 K for Ni3S2 versus 686 K for

Co9S8) [18, 19]. The average MoS2 particle size is found to

be around 4 nm (Table 1) (corresponds to five to six

stacking layers along the c-axis), which is a typical MoS2

size observed for the catalysts supported on SBA-15 pre-

pared with ATM [8, 9]. Comparing the size of MoS2

nanocrystals with the pore diameters of the SBA-15

material suggests that the MoS2 crystallites might be

located inside the channels of SBA-15.

3.2 Nitrogen Physisorption

The N2 adsorption–desorption isotherms (at 77 K) of the

catalysts are displayed in Fig. 3. All materials show a type

IV isotherm which is a typical feature for mesoporous

materials. This observation is another evidence that the

incorporation of Ni and Mo species does not destroy

the mesoporous structure of SBA-15. Table 1 summarizes

the (normalized) BET surface areas of the different mate-

rials. The specific surface areas show a strong diminution

after formation of Ni–Mo sulfides on SBA-15. This phe-

nomenon can be assigned both to the dilution of the support

Fig. 1 XRD patterns of (a)

parent SBA-15 (6 nm), (b)

Ni(1.5)Mo(10)/SBA-15(6A), (c)

Ni(2.0)Mo(18)/SBA-15(6B), (d)

Ni(1.5)Mo(10)/SBA-15(6C), (e)

Ni(4.0)Mo(18)/SBA-15(6C), (f)

parent SBA-15 (9 nm), (g)

Ni(1.5)Mo(10)/SBA-15(9A),

(h), Ni(1.5)Mo(10)/SBA-15(9B)

Fig. 2 Wide-angle XRD patterns of A) Ni(1.5)Mo(10)/SBA-15(9B),

B) Ni(1.5)Mo(10)/SBA-15(9A), C) Ni(1.5)Mo(10)/SBA-15(6C), D)

Ni(2.0)Mo(18)/SBA-15(6B), (E) Ni(1.5)Mo(10)/SBA-15(6A), (F)

Ni(2)Mo(18)/SBA-15(6A), (G) Ni(4.0)Mo(18)/SBA-15(6C)

Table 1 Specific surface area, normalized surface area of SBA-15 support and NiMo sulfide catalysts supported on SBA-15 and the mean MoS2

crystal size. Normalized (S) = SNiMo/((1 - wf) SSBA-15), where S is specific surface area, wf is the weight fraction of NiMo sulfides

Catalysts Mo wt% Ni wt% BET surface area (m2 g-1) MoS2 mean crystal size (nm)

Normalized

SBA-15 (6 nm) 0 0 742.2 1 –

Ni(1.5)Mo(10)/SBA-15(6A) 10 1.5 314.7 0.55 3.8

Ni(2.0)Mo(18)/SBA-15(6A) 18 2.0 298.9 0.59 4.3

Ni(2.0)Mo(18)/SBA-15(6B) 18 2.0 232.2 0.48 3.6

Ni(1.5)Mo(10)/SBA-15(6C) 10 1.5 315.9 0.54 3.9

Ni(4.0)Mo(18)/SBA-15(6C) 18 4.0 285.3 0.59 4.8

SBA-15 (9 nm) 0 0 457 1 –

Ni(1.5)Mo(10)/SBA-15(9A) 10 1.5 324.3 0.88 4.3

Ni(1.5)Mo(10)/SBA-15(9B) 10 1.5 312.6 0.85 3.8
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by the Mo and Ni compounds and the pore blocking effect

generated by NiMo sulfides.

Taking the dilution effect into account the so-called nor-

malized surface areas per weight of silica were calculated

according to the procedure given in [20]. Higher normalized

surface areas are observed for the Ni–MoS2/SBA-15 (6 nm)

catalysts prepared with ATM compared to the catalysts

supported on 6 nm SBA-15 using TMATM as precursor. The

two NiMo catalysts supported on 9 nm SBA-15 show similar

high normalized surface areas independent of the precursor

applied for the preparation (see Table 1). A significant

influence on the normalized surface area changes according

to the impregnation order can be ruled out (Ni(1.5)Mo(10)/

SBA-15(6A) versus Ni(1.5)Mo(10)/SBA-15(6C), Table 1).

Furthermore, an increase in the concentration of Ni from 2.0

to 4 wt% yields no changes of the normalized surface areas

(see Table 1).

3.3 Transmission Electron Microscopy

The different synthesis methods for the catalysts do not

affect the medium-range ordering of the mesoporous SBA-

15 host which is fully maintained. For all samples, EDS

analyses performed on slabs indicate a Mo : S-ratio close to

0.5 and the presence of Ni inside the slabs, however, the

length and stacking number of MoS2 slabs vary strongly.

Samples derived from ATM, e. g. Ni(1.5)Mo(10)/SBA-

15(6A), Ni(2.0)Mo(18)/SBA-15(6A), Ni(1.5)Mo(10)/SBA-

15(6C) and Ni(4.0)Mo(18)/SBA-15(6C), contain a mixture

of short and long MoS2 slabs with low and high aspect

ratios, respectively. Depending on their morphology, the

slabs are arranged characteristically on the support

particles.

Short slabs with an average stacking number of 4–8 are

randomly arranged on the SBA-15 support; see Fig. 4a for

a SBA-15 particle close to zone axis [001]. The slabs are

imaged with high contrast if located on top of a channel of

the SBA-15 support (see arrows). Fourier transforms of

high resolution micrographs as well as the corresponding

electron diffraction patterns contain diffuse and homoge-

neously distributed intensity on concentric rings around

Fig. 3 Nitrogen adsorption/

desorption isotherms of Ni–

MoS2/SBA-15 catalysts

Fig. 4 (a) NiMo–Slabs with small aspect ratios (sample

Ni(2.0)Mo(18)/SBA-15(6A)) dispersed on a SBA particle, (b)

aggregation of long slabs at the edge of SBA particles with inserted

SAED pattern
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000. The diameters of the rings correlate well those cal-

culated for MoS2 [21]. e.g. 1: d(002) = 6.2 Å (calc.: 6.16),

2: d(100) = 2.7 Å (calc. 2.74 Å), 3: d(103) = 2.3 Å (calc.

2.28 Å) and 4: d(110) = 1.6 Å (calc. 1.58 Å), cf. Fig. 4b.

Thick slabs with an aspect ratio larger than 8 are bent and

aggregate preferably at the edges of the SBA-15 particles

(see Fig. 4b). When transmitting such areas, the SAED

patterns (inset in Fig. 4b), show concentrations of the dif-

fuse intensity inside the concentric rings due to the increase

of the thickness and aspect ratios of the slabs.

The Ni content of thin and thick slabs varies not sig-

nificantly and is restricted to traces; hence, the actual

impregnation techniques do not increase the Ni content

inside the slabs. This finding could stem from a preferred

formation of Ni-rich byproducts which were actually

observed in the form of amorphous and crystalline Ni

sulfides. Their composition can not reliably be quantified

by EDS due to an intergrowth and superposition of the

byproducts with MoS2 slabs. The section of an amorphous

particle in Fig. 5a shows parallel stripes at the border area.

The repeat unit of consecutive stripes as deduced from

Fourier transforms and contrast line profiles are consistent

with a repeat unit of consecutive MoS2 slabs according to

d(002) * 6.2 Å. EDS scans at the border areas substanti-

ate an enhancement of Mo–K–, (Mo–L, S–K)-peaks and

electron diffraction display the characteristic circles of

intensity expected for MoS2 slabs. Consequently one can

conclude that the particles are enveloped by MoS2 slabs.

Moreover, large faceted and fully crystalline Ni sulfides

were observed. Like the amorphous particles, the crystal-

lites are enveloped by MoS2 slabs, cf. stripes in the bright-

field image of Fig. 5c. For the identification of the crys-

talline Ni–S phase, the quasi kinematical intensity inside

precession electron diffraction patterns [22–26] was ana-

lyzed. The experimental pattern of Fig. 5b (left) is well

approximated by the simulation (Fig. 5b, right) when

assuming the structure of Ni3S2 (Heazlewoodite, [27]), zone

axis [122] for the calculation. In particular, the aberration

from fourfold intensity distribution and slight, but charac-

teristic deviations from rectangularity of the metrics are

well reproduced (\([01-1]*, [-111]* = 88.8�). The

experimental pattern also shows the concentric rings of

diffuse intensity concentrations originating from the MoS2

slabs surrounding the crystal (see the arrow highlighting the

circle with diameter d(002) * 6.2 Å). Inhomogeneous

nanostructures based on a core and MoS2 shells were fre-

quently observed in the past, even for NiS–MoS2 core-shell

particles [28, 29]. Recently, Ni sulfide segregation deco-

rated with MoS2 layers were also observed in Type 1/2

Ni–Mo catalysts by TEM [19]. Furthermore, composites

with suboxide (MoO3-x) core represent intermediates in the

formation of hollow MoS2 nano-onions [30], however, the

latter were never observed in the samples under

consideration.

Sample Ni(2.0)Mo(18)/SBA-15(6B) obtained from

TMATM exhibits considerable differences in the mor-

phology of the NiMo components. A minor fraction of

NiMo slabs was restricted to the thick species with a high

aspect ratio. In contrast to all other investigated samples,

NiMo nano-onions [30–32] located outside the SBA-15

pore system were identified as the main component, which

are seen in the bright-field image in Fig. 6a and high-res-

olution micrograph of Fig. 7 (left). The EDS mapping in

Fig. 6c clearly shows the presence of Mo and S inside the

nano-onions, and EDS performed in the nanoprobe mode

point to an atomic ratio Mo : S close to 0.5 and evidence

traces of Ni. Hence, the nano-onions are composed of bent

Fig. 5 (a) Border area of an amorphous Ni-sulfide with thick coating

by MoS2 slabs, see arrow. (b) Experimental PED pattern (left) and

simulation (right, based on Ni3S2, zone axis [211]). (c) Crystallite of

Ni3S2 with thin coating by MoS2 slabs, see arrow
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(Mo,Ni)S2 layers. Their initial crystalline perfection is low

and dominated by defects which were described as intrinsic

feature particularly of nano-onions with the thickness

exceeding a critical value [33].

The SAED pattern of Fig. 7 (right) was recorded on a

single nano-onion. Again, the circles correlate with the

metrics of MoS2 slabs, but due to the low crystallinity, the

width of the circles appears broad compared to the one of

Fig. 6 (a) Bright-field image

recorded on a SBA particle of

sample Ni(2.0)Mo(18)/SBA-

15(6B). EDS mapping based on

the peaks of (b) Si–K, and

(c) S–K, Mo–L
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crystalline MoS2 slabs. Accordingly, the bright field image

of Fig. 7 (left) shows no clear stripes corresponding with

MoS2 slabs at the walls of the nano-onions. However,

extended times of electron beam irradiation with the dose

usually applied for HRTEM significantly increase the

crystalline quality and the faceting of the initially round

onions. Such effect could be based on the local heating of

the nano-onions and the corresponding increase of defect

healing. The structural and morphological changes depend

on the dose. When removing the condenser aperture the

dose can be enhanced by a factor of 40 with respect to the

setting of HRTEM. In that case, EDX analyses evidence

that the MoNi-nano-onions are at least partially reduced to

MoS2-x, and finally the metals (Mo and Ni) are formed

after long-term irradiation.

Like the corresponding dichalcogenide nanotubes, MoS2

nano-onions exhibit a high potential for a plethora of

applications [34, 35] For the catalytic activity examined in

this work the closed shell structures appear unfavorable as

one can expect a low edge versus basal surface activity.

3.4 Catalytic Activity and Selectivity

The molar concentration of DBT as a function of reaction

time for the catalysts is depicted in Fig. 8. From the

approximate linear relationship between conversion of DBT

and time (pseudo-zero order kinetics) the initial rate con-

stants were determined. The obtained rate constants and the

selectivities calculated at the DBT conversion of ca. 20% are

summarized in Table 2. An increasing Mo loading yields an

enhanced rate constant, for example, by increasing the Mo

content from 10 to 18 wt%, the rate constant increases from

8.1 to 12.3 9 10-7 mol/gs. This observation is similar to

the results achieved for Co–MoS2/SBA-15 catalysts

[8, 9]. Comparison of the rate constants determined for

Ni(1.5)Mo(10)/SBA-15(6A) (8.1 9 10-7 mol/g.s) and

Ni(1.5)Mo(10)/SBA-15(6C) (9.8 9 10-7 mol/g.s) shows

that the impregnation order has nearly no influence on the

activity. Interestingly, the increase of Ni concentration by

post-impregnation results in a decrease in the HDS activity.

For the same metal loading, Ni–MoS2/SBA-15(9 nm)

catalysts have a significantly lower HDS activity compared

with Ni–MoS2/SBA-15(6 nm). Catalysts prepared with

TMATM have a lower rate constant than those synthesized

with ATM when the SBA-15 support with same pore size is

employed, which suggests the great influence of the thio-

molybdate complex on the HDS catalytic activity. We note

that the catalyst Ni(1.5)Mo(18)/SBA-15(6A) has a similar

activity like a commercial catalysts (NiMo/c–Al2O3) which

was characterized under the actual experimental conditions

(k = 12 9 10-7 mol/g.s, HYD/DDS = 0.53) [17]. In

addition, the HYD/DDS ratios for the present catalysts

display a higher selectivity for HYD compared to NiMo/c–

Al2O3.

Fig. 7 High-resolution

micrograph of MoS2 onions (cp.

arrow in Fig. 6) with

intergrowth and attached SAED

pattern, Nano-onions before

(left) and after (right) extended

times or irradiation

Fig. 8 DBT conversion as function of reaction time for the Ni–MoS2/

SBA-15 catalysts
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4 Discussion

The synthesis method using only thiosalts as starting

materials yields supported catalysts with an average MoS2

stacking of 4–8 layers (see XRD and HRTEM). Despite the

presence of pronounced MoS2 stacking the Ni–MoS2/

SBA-15 catalyst (Ni(2.0)Mo(18)/SBA-15(A), k = 12.3 9

10-7 mol/g.s) reveals a comparable activity with a com-

mercial NiMo/c–Al2O3 catalyst. In line with the previous

studies [8, 9] [19] [36] the type of the precursor and the

actual synthesis conditions seem to be more important for

the generation of catalytic active materials. According to

the results published by Eijsbouts et al., the MoS2 stacking

is not a prerequisite for a good HDS performance and also

not a sign of deactivation or lower HDS activity [19]. One

should note that the rigorous study of Eijsbouts et al. was

done on unsupported liquid-phase-sulfided Type 2 com-

mercial ULSD catalysts [19]. A large amount of

coordinatively unsaturated sites (CUS) which preferably

generated in the reductive atmosphere during the thermal

decomposition of ammonium thiomolybdate [8] or

ammonium thiotungstate [37] might be responsible for the

observed similar high activity compared to the optimized

commercial NiMo/c–Al2O3 catalyst.

The Co–MoS2/SBA-15 catalysts with similar Mo load-

ing prepared with the same synthesis route exhibit

apparently higher HDS activity [9] (k = 15.2 9 10-7 mol/

g.s). This different HDS performance could to due to the

different behavior of promotion with Ni or Co. In the case

of NiMo sulfide catalysts, it is generally agreed that the

promoting effect of Ni is due to an increased mobility of

sulfur in the so-called ‘‘Ni–Mo–S’’ phase, in which Ni is

present in a square–pyramidial-like structure [38]. Because

a S atom in the Ni–S–Mo linkage is less strong bonded than

a S atom between two Mo atoms, it can be removed easily

to create catalytic active sites like vacancies or CUS. The

amorphous and crystalline Ni sulfides enveloped by MoS2

slabs can be easily detected in the present Ni–MoS2/SBA-

15 catalysts (see Fig. 5), whereas Co-rich particles in the

Co–MoS2/SBA-15 catalysts [9] could not be detected. This

observation is similar to a previous study where the Co

sulfides were amorphous but Ni sulfides appear crystalline

[19]. According to the ‘‘Remote Control’’ model segre-

gated crystalline Ni3S2 may positively contribute to the

catalytic performance [39]. Furthermore, increasing the Ni

concentration by post-impregnation with NiDETC leads to

a significant generation of large faceted Ni3S2 crystals

(XRD and TEM). The less active Ni3S2 might cover the

surface of the Ni–Mo–S active phase resulting in a

decrease of the HDS activity of DBT (Ni(4)Mo(18)/SBA-

15(6C) versus Ni(2)Mo(18)/SBA-15(6C), see Table 2).

The catalyst obtained from TMATM (Ni(2)Mo(18)/

SBA-15(6B)) shows the lowest activity of all catalysts

supported on 6 nm SBA-15. It seems that the more pro-

nounced pore blocking is responsible for the low HDS

activity. A partial blocking of the pore entrance may lead to

a decrease in accessibility of the reactants to the active sites

[40, 41]. However, the catalysts supported on 9 nm SBA-15

prepared with ATM present obviously higher HDS activity

than the catalyst obtained with TMATM despite the similar

pore blocking for both samples (Table 2). To explain this

result one should also consider the different behaviour of

the two precursors during the thermal decomposition reac-

tion. The lower activities for Ni–MoS2/SBA(9 nm)

compared to that of Ni–MoS2/SBA-15(6 nm) catalysts with

the same metal loading can be related to the poor dispersion

of the MoS2 phase (Table 1). SBA-15 with higher specific

surface area and smaller pore size seem to be more bene-

ficial for the generation of highly dispersed MoS2 particles.

The decomposition paths of the different complexes

could also be one of the causes for the low HDS activity of

the TMATM based catalysts. TMATM decomposes

directly to MoS2 [12], whereas decomposition of ATM

proceeds via intermediate formed MoS3 to MoS2. It was

suggested that amorphous MoS3 plays an important role in

the formation of the active phase in activated carbon-sup-

ported systems [42]. In the case of Ni–MoS2/SBA-15(A),

NiDETC is decomposed simultaneously during the gener-

ation of MoS2 from ATM (MoS3 to MoS2) and Ni–MoS2/

SBA-15(C) was prepared by post impregnation of

(Ni)MoS2/SBA-15 with NiDETC. It should be noted that

both synthesis methods have similar effects on the surface

areas of the SBA-15 support (Table 1). At the same Mo

and Ni loading, the Ni(1.5)Mo(10)/SBA-15(6C) catalyst

shows a slightly higher activity than Ni(1.5)Mo(10)/SBA-

15(6A) indicating that the intermediate MoS3 is not a

prerequisite for the generation of HDS active phases under

the actual synthesis conditions. This result confirms the

previous observation achieved for Co–MoS2/SBA-15 cat-

alysts [9].

Table 2 Initial rate constants (k) and selectivity HYD/DDS

(achieved at a DBT conversion of ca. 20 %) of the Ni–MoS2/SBA-15

catalysts and a commercial NiMo/c–Al2O3 during the HDS reaction

of DBT (T = 623 K, PH2 = 3.4 MPa)

Catalysts k (specific)

(1 9 10-7 mol/gs)

HYD/DDS ratio

Ni(1.5)Mo(10)/SBA-15(6A) 8.1 0.79

Ni(2.0)Mo(18)/SBA-15(6A) 12.3 1.01

Ni(2.0)Mo(18)/SBA-15(6B) 6.6 0.56

Ni(1.5)Mo(10)/SBA-15(6C) 9.8 0.89

Ni(4.0)Mo(18)/SBA-15(6C) 10.0 0.83

Ni(1.5)Mo(10)/SBA-15(9A) 5.4 0.79

Ni(1.5)Mo(10)/SBA-15(9B) 3.6 0.62

NiMo/c–Al2O3 12.0 0.53
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Very recently the atomic-scale structures of Co or Ni

promoted MoS2 nanocluster was studied with STM and

density functional theory [43]. According to this study Co

promoted MoS2 particles have a hexagonal shape and Co

atoms prefer (ı̄010) edges with a 50% S coverage. For Ni

promoted MoS2 a size dependence of the morphologies and

the Ni sites was observed. Larger particles are very similar

to the Co promoted particles, but smaller clusters adopt

dodecagonal shapes with three different edges. All edges

contain Ni atoms which fully or partially substitute the Mo

atoms. Interestingly, in the present work a strong influence

of the precursor type onto the MoS2 morphology is

observed in HRTEM micrographs. Whereas mainly MoS2

slabs are formed for the catalysts derived from ATM, the

catalysts prepared with TMATM appear as nano-onions

composed of bent MoS2 layers with low initial crystalline

perfection located outside the pores of the SBA-15 support

(compare Figs. 4 and 6). In the literature it was proposed

that the MoS2 dispersion and particularly the dispersion of

edge and corner Mo atoms plays an important role for the

catalytic activity [44], whereas the basal plane of MoS2 is

catalytically not active [45]. A decrease of the average

MoS2 slab length causes an increase in MoS2 edge and

corner atom dispersion, resulting consequently in an

increase of the catalyst activity for HDN of heavy gas oil

derived from Athabasca bitumen [46]. The closed shell

structure of MoS2 nano-onions offers a low amount of the

HDS active edge sites. One can conclude that the MoS2

morphologies observed in the HRTEM pictures for the

catalysts prepared with TMATM are mainly responsible for

the low HDS activity.

The detailed analysis of the reaction product distribu-

tions at the same total DBT conversion (20%, Table 2)

demonstrates that for all NiMo catalysts with exception of

Ni(2)Mo(18)/SBA-15(A) the DDS pathway is slightly

preferred, which is a typical promoting effect of Ni. The

higher HYD activity compared to the Co–MoS2/SBA-15

catalysts prepared applying the same method (HYD/

DDS = ca. 0.2 [9]) suggests that the active site for HYD is

distinct from that for DDS, which is in good agreement

with the previous studies [47, 48]. Moreover, the Ni–MoS2/

SBA-15 catalysts prepared from ATM exhibit larger HYD/

DDS ratios (0.79–1.01) compared to the ratio for the

above-mentioned commercial NiMo/c–Al2O3 catalyst

(0.53). We note that similar HYD/DDS ratios were also

observed by Alonso et al. for NiMo sulfide catalysts [49].

Unfortunately, no HRTEM images were published so that a

comparison with the morphology of the MoS2 phase in the

present work is not possible. HRTEM characterization was

performed by Klimova et al. [50] for NiMo sulfide catalysts

supported on MCM-41 and on P modified MCM-41. On the

pure silica MCM-41 MoS2 crystallites exhibit lengths

between 30 and 60 Å and two to four stacked layers. With

a low amount of P the length of the MoS2 particles

decreases and two to three MoS2 layers were observed. The

increased preference for HYD route products after the

incorporation of P atoms was attributed to the changes of

the morphology of the active phase. For the present cata-

lysts it can be assumed that the higher HYD activity is also

related to the morphology of the Ni promoted MoS2

crystallites. Thicker MoS2 slabs provide a larger number of

vacancies or CUS compared with single-layered or thin

slabs. The p-complexation of the aromatic ring on such

thick MoS2 slabs is then easier compared to single-layered

or thin slabs [50] and consequently results in higher HYD

activity.

5 Conclusions

In this study, Ni promoted MoS2 catalysts dispersed on

SBA-15 as support were prepared from sulfur-containing

Mo and Ni complexes. The results achieved from XRD, N2

physisorption, HRTEM and the HDS catalytic activity of

DBT lead to the following conclusions:

1. One catalyst obtained with ATM as precursor shows a

similar high catalytic activity like a NiMo/c–Al2O3

catalyst despite the presence of large stacking number

of MoS2 layers. This observation may be explained by

the presence of a large amount of vacancies (CUS)

created during the thermal decomposition of ATM in a

H2/N2 atmosphere.

2. The formation of crystalline Ni sulfides enveloped by

MoS2 slabs is apparently observed in the Ni–MoS2/

SBA-15 catalysts. The enhancement of the Ni content

by post-impregnation leads to the formation of

segregated Ni3S2 particles, which can cover the surface

of the Ni–Mo–S phase resulting in a decrease of the

HDS activity.

3. The precursor type has a stronger influence onto the

MoS2 morphology than the impregnation method. The

generation of nano-onions composed of bent MoS2

layers with a low crystalline perfection derived from

TMATM could be the main factor for the low observed

HDS activity.

4. The multilayered nature of the Ni–MoS2 phase may be

responsible for the higher HYD/DDS ratios (0.79–

1.01) for the Ni–MoS2/SBA-15 catalysts prepared

from ATM compared to the ratio for the commercial

NiMo/c–Al2O3 catalyst (HYD/DDS = 0.53).
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