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Abstract Unsupported Co promoted MoS2 catalysts for

the hydrodesulfurization (HDS) reaction were prepared

using a mixture of Co(dien)2MoS4 (dien = diethylenetria-

mine) and tetrapropylammonium thiomolybdate. The mix-

ture was first treated in a high energy ball mill followed

either by ex situ activation in forming gas or by in situ

activation during the HDS reaction. The ex situ activation

mode leads to a very active catalyst exhibiting 84.9 %

conversion of dibenzothiophene within 5 h. The in situ

activated catalyst is less active but still shows a remark-

able performance. Transmission microscopy investigation

demonstrates that in the ex situ activated catalyst the

stacking of MoS2 slabs is lower than in the in situ obtained

material, which is corroborated by Raman measurements

on the materials. In addition, the average MoS2 slab length

of the former sample is significantly shorter than for the

latter material. During the in situ activation, crystalline

Co9S8 is formed which may be a reason for the lower HDS

activity. The chemical composition of the two catalysts is

also different, with larger carbon and sulfur contents found

for the in situ-formed sample. The deposition of carbon and

sulfur on the surface of the catalyst may also account for

the lower catalytic activity, compared to the ex situ

obtained material.

Keywords Hydrodesulfurization � Unsupported CoMoS �
Activation method

1 Introduction

For the reduction of SOx emissions produced during

combustion of mineral oil products, sulfur concentration

must be reduced and the 10 ppm level is now standard in

many countries in the world [1–3]. The desulfurization of

refinery streams is achieved at elevated temperatures by

using hydrogen, and MoS2-based catalysts which are

either promoted by Co or by Ni. The preparation of the

catalysts is normally performed using oxidic precursors

like ammonium heptamolybdate and suitable Ni and Co

salts. By introducing defects, the Ni or Co promoter

increases the structural disorder of MoS2, yielding highly

active MoS2 species [4, 5]. The synergism between Co/Ni

and Mo has been mostly attributed to an electronic effect

[6, 7]. An important but not fully understood role is

ascribed to carbon within or on the catalyst surface. Some

studies have suggested that carbon is directly involved in

the desulfurization reaction [8–10]. According to recent

results b-Mo2C is formed in situ on the surface of the

catalyst under HDS conditions, while regions near the

surface are transformed into MoSxCy [11]. Relatively large
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specific surface areas were reported for catalysts prepared

from organic ammonium thiomolybdates [12, 13]. During

the last few years we have developed a different route for

the preparation of HDS catalysts, avoiding the use of oxidic

Mo precursors [14–18]. Applying Mo–S containing sources

should allow complete sulfidization at relatively low tem-

peratures which was demonstrated in detailed differential

thermal analysis studies [19]. The catalysts prepared with

sulfur-containing Mo sources were also promoted with Co

or Ni using thiocarbamate complexes which decompose at

a temperature similar to that of the Mo thiocompounds,

thus preventing segregation of Co or Ni sulfides. All cat-

alysts exhibited a good performance in the HDS reaction,

with activities comparable or even better than commer-

cially available c-Al2O3 supported catalysts. Interestingly,

most catalysts did not consist of MoS2 single layers but

rather of stacks of 5–7 MoS2 layers [14–18, 20]. The high

activity was explained on the basis of a large concentration

of coordinatively unsaturated sites created during the

decomposition process. In addition, depending on the car-

bon content in the precursor material, the in situ decom-

position of tetraalkylammonium thiomolybdates yields

unsupported Mo sulfide catalysts which are often charac-

terized by high surface areas and improved catalytic

activity in the HDS of dibenzothiophene (DBT). A possible

explanation for the improved catalytic properties of such

materials proposes a partial substitution of sulfur atoms by

carbon, generating systems like MoS2-xCy [11, 21–23].

Very recently [RN(CH3)3]2MoS4 (R = lauryl, myristyl

or cetyl) precursors were in situ decomposed yielding

catalysts with specific surface area of more than 400 m2/g

and high DBT conversion rates [24]. The Mo:S ratio in

these catalysts was close to 2 and depending on R, C:Mo

reached the very large value of 6.5. In our ongoing work

we used mixtures of two different Mo sources, namely

Co(dien)2MoS4 and tetrapropylammonium-thiomolybdate

(TPATM), which were thermally decomposed yielding

CoMoSx catalysts. In this work, Co(dien)2MoS4 (dien =

diethylenetriamine) TPATM and were synthesized and

used as catalyst precursors; the properties in the HDS

reaction and the microstructure of the unsupported cata-

lysts are presented. The effects of in situ and ex situ acti-

vation of the catalysts onto the properties and HDS activity

are also discussed.

2 Experimental Details

The precursor Co(dien)2MoS4 (Co(dien)2TM) was pre-

pared using ammonium thiomolybdate (ATM), cobalt

acetate tetra hydrate Co(OAc)2�4H2O and diethylenetria-

mine (dien). First an aqueous solution (40 mL) was pre-

pared of 3.49 g (14 mmol) of Co(OAc)2�4H2O and then

3.025 mL of dien (28 mmol) were added. ATM (3.65 g,

14 mmol) was dissolved in 120 mL�H2O and this solution

was added to the first solution. A red-brown precipitate was

formed immediately which was filtered off and dried in

vacuum. The yield was about 97 %. The precursor TPATM

was synthesized mixing a solution of 4.23 g (106 mmol)

NaOH dissolved in 50 mL with 18.75 g (59.2 mmol) tet-

rapropylammonium bromide. This solution was then mixed

with 8.89 g (34.3 mmol) ATM dissolved in 176 mL H2O.

The red precipitate was filtered off and washed with a small

amount of ethanol. In accordance with literature data the

yield was about 80 % [19]. The two precursors

Co(dien)2TM and TPATM were mixed in a molar ratio Co/

(Co ? Mo) = 0.4 and treated in a ball mill for 1 h in

Argon atmosphere [14]. One half of the mixture was

directly used in the HDS reaction of DBT without further

treatment (sample name: CoMoS-A, in situ activated). The

other half of the resulting mixture was heated in a flow of

forming gas (1.4 L min-1 flow rate, with a ratio H2/N2

(10 % of H2), in a rotating oven (500 rpm) at 350 �C for

2 h. The heating and cooling rates were 100 �C/h (Sample

name: CoMoS-B, ex situ activated).

X-ray powder patterns were recorded with a STOE

STADI-P instrument (monochromatized CuK�1 radiation,

k = 1.54056 Å) in transmission mode with a position

sensitive detector. Chemical elemental analyses were per-

formed with a EURO Vector EA Combustion analyzer

using zinc sample holder. The samples were heated up to

1,000 �C under oxygen atmosphere and the gases were

detected by a thermal conductivity cell.

Measurements of the Raman spectra were taken fol-

lowing a fixed protocol for all three samples. After

selecting a spot for the measurements, laser light with

514 nm was attenuated to 10 mW and focused on the

sample via a 509 objective (Labram 010 spectrometer,

Jobin-Yvon). Subsequently, four spectra as described

below were recorded in the range of 0–4,200 cm-1 con-

sisting of 20 single spectra in five different Raman regions:

(i) 10 mW, accumulation time 300 s, total measurement

time 8.5 h; (ii) 100 mW, accumulation time 30 s, total

measurement time 50 min; (iii) 10 mW, accumulation time

300 s, total measurement time 8.5 h; (iv) 100 mW, accu-

mulation time 30 s, total measurement time 50 min.

After these measurements, a new spot was selected to

ensure reproducibility of spectra obtained in (i) This mea-

surement protocol allows differentiating between reversible

and irreversible laser damage in the samples, which turned

out to be crucial to record spectra of the materials.

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.

Effect of Activation Method on the HDS Activity 1313

123



Transmission Electron Microscopy (TEM) investiga-

tions were performed with a Tecnai 30 STwin microscope

(300 kV, FEG cathode, CS = 1.2 mm). The samples for

TEM investigations were prepared as follows. Small

amount of powder containing mesoporous MoS2 was sus-

pended in methanol and ultrasonically grinded for 15 min.

Afterwards, a transfer of the suspended powder on a TEM

support (a lacey carbon film on 200 mesh copper grid) was

carried out by dipping of the TEM support into the solu-

tion. The prepared TEM samples were dried at a room

temperature for several minutes. All images were recorded

with a Gatan Multiscan CCD camera (2k92k) and evalu-

ated (including Fourier analyses) with a program Digital

Micrograph (Gatan). EDS analyses were performed in the

TEM mode with a Si/Li detector (EDAX System).

The HDS of DBT was tested in a high pressure 300 mL

Parr reactor by placing 4.4 g DBT, 100 mL of decalin and

0.300 g of the catalyst applied in the as-prepared state. The

reactor was purged of residual air, pressurized with H2 to

3.1 MPa (450 psi) and then heated to the reaction temperature

of 623 K in about 10 min. A stirring rate of 600 rpm was used.

The progress of the reaction was monitored by gas chroma-

tography with a HP 6890 gas chromatograph, using samples

taken every 20 min. During the first hour, then every 30 min

for the next 4 h. Reduction of the sample volume due to

sampling was B5 % of total volume. The identity of the

reaction products was confirmed by mass spectrometry with a

HP 6890 GC–MS, using a HP-5MS capillary column

(30 m 9 0.25 mm 9 0.25 lm). The catalytic activity is

expressed in terms of percentage conversion of DBT vs.

reaction time, and from these data, the reaction rates were

calculated for each catalyst. The mean standard deviation for

catalytic measurements was about 2.5 %. The HDS of DBT

yields biphenyl (BP) through the direct desulfurization path-

way (DDS), and tetrahydrodibenzothiophene (THDBT)

through the hydrogenation pathway (HYD). Since these two

pathways are parallel [26], the selectivity ratio (HYD)/(DDS)

was calculated by the equation:

Fig. 1 SEM images of the

catalyst CoMoS-A obtained by

in situ (a, b) and CoMoS-B

obtained by ex situ (c,

d) treatment

Table 1 Chemical composition of the catalysts determined with CHNS analyses

Sample %N %C %H %S Mo S C

CoMoS-A after HDS 1.28 15.31 2.22 34.0 1.0 3.04 3.65

CoMoS-B after HDS 2.52 9.46 0.91 31.0 1.0 2.33 1.89

CoMoS-B before HDS 2.69 7.14 1.19 31.3 1.0 2.28 1.39
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HYD=DDS ¼ ½THDBT�=½BP� ð1Þ

3 Results and Discussion

In the structure of the precursor Co(dien)2MoS4 the Co2?

cation is chelated in an octahedral environment by

two tridentate acting dien ligands and Mo6? is in a tetra-

hedral surrounding of S2- anions. Hence, the two compo-

nents are not covalently bound.

The specific surface areas of CoMoS-A and CoMoS-B

of 2.4 and 3.5 m2g-1 respectively are smaller than those

reported for other unsupported CoMo sulfide catalysts [25].

The SEM images of the two samples are displayed in

Fig. 1. While the catalyst obtained by in situ activation

exhibits a sponge-like morphology with ‘craters’ of dif-

ferent diameters, the catalysts prepared with ex situ acti-

vation appears as more dense material and with small

crystallites in the lm range located on the surface. In some

regions of the in situ treated material small needle-like

crystals are seen (Fig. 1, top right) which are Co rich.

The results of the chemical analyses of the two catalysts

are summarized in Table 1. There are several remarkable

differences between the two catalysts. The CoMoS-A cat-

alyst contains a much higher C and H content than the

CoMoS-B catalyst. It is also obvious from the data that the

S and N contents of the catalyst CoMoS-B are only slightly

affected by the HDS test reaction.

The X-ray powder patterns of the catalysts before and

after the HDS reaction are displayed in Fig. 2. As can be

seen, the as-prepared material is microcrystalline (Fig. 1,

top, red trace) and after the in situ treatment during the

HDS test all reflections disappeared and a typical diffrac-

tion pattern of a nanosized material exhibiting a strong

disorder and low stacking is obtained [27–29]. Only broad

modulations are seen near the (100), (101) and (110)

reflections, which are associated with materials with low

crystallinity. The asymmetric shape of the (100) reflection

additionally indicates layers that are randomly rotated

against each other [29].

All patterns are also characterized by diffuse scattering

in the region of the (002) reflection being caused by

unstacked layers. In addition, the (002) reflection is absent

in all patterns and according to literature [11, 29] this

observation points to a high dispersion of the slabs and to

nanometric scale particles as discussed by several authors

who have synthesized MoS2 [29, 30]. All observations in

the X-ray powder patterns are clear indications of a low

stacking of MoS2 layers in the materials. In addition, no

hints are found for crystalline CoSx phases like Co9S8,

CoS1.03 or CoS1.09 [31, 32] indicating suppression of phase

separation and pointing to a very good dispersion of Co.
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Fig. 2 X-ray powder patterns of the catalysts before and after the

HDS test reaction. Top: The catalyst in the as-prepared state; middle:

the pattern after the HDS test reaction. Note the occurrence of

reflections of Co9S8; bottom: ex situ activated catalyst before HDS

(red pattern) and after the reaction (black line). The powder pattern of

a polycrystalline MoS2 sample is provided for comparison (blue
pattern)
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For the ex situ activated material the differences of the

powder patterns before and after the HDS test are small. A

slightly decreased intensity of the (100), (101) and (110)

reflections are seen in the pattern of the ex situ activated

catalyst after the HDS treatment suggesting that the layers

are displaced against each other like a spread deck of cards.

The pattern of the in situ activated material after the

HDS reaction exhibits reflections of crystalline Co9S8

indicating a phase separation during the reaction. But the

overall pattern reflects a low crystallinity of the material. In

contrast to the in situ activated material, no hints are found

for a phase separation in the material prepared by the ex

situ method. The destacking phenomenon has been repor-

ted in literature in catalytic systems where thiomolybdate

precursors with alkyl groups have been used, indicating

that carbon has an outstanding influence on the dispersion

of the (002) planes [33, 34]. This effect was ascribed to an

initial bending of the slabs induced by the replacement of

sulfur edge atoms by structural carbon [11].

In the HREM micrographs (Fig. 3) the (002) planes

exhibit a d spacing of 0.62 nm. For both samples investi-

gated after the HDS reaction the catalysts are characterized

by short layers and a low stacking number. Moreover,

many layers are bent and defects can clearly be detected.

Many MoS2 nanoparticles exhibit a random orientation to

each other. Whereas for the in situ activated catalyst,

stacking numbers up to about 10 are apparent (see Fig. 4),

the situation is different for the ex situ activated material

with a much lower average stacking number with most

particles exhibiting 1–3 slabs. This fact underscores the

high dispersion of the material. The average lengths of the

MoS2 layers differ as well. On average shorter layers are

observed for the ex situ activated material, with most

particles displaying a length between 3 and 13 nm. For the

in situ activated catalyst a broad distribution is found from

about 3–19 nm (Fig. 4). The XRD and TEM results clearly

demonstrate the significant influence of the treatment

applied to decompose the precursor on the microstructure

of the catalysts. In the in situ method, the atmosphere

Fig. 3 TEM micrographs of the

catalysts after the HDS test

reactions. Left: in situ activated;

right: ex situ activated materials
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provided by the H2/H2S mixture seems to help to partially

restore the atomic layers of MoS2.

The nanosized nature of the catalysts is also evident in

the Raman spectra (Fig. 5). Generally, Raman spectroscopy

is widely used to analyze bulk and nanosized MoS2 particles

of different shapes and sizes [35–41]. The energetic posi-

tions of the two bands E1
2g and A1g are indicators of the slab

stacking. The A1g mode which is located at 411 cm-1 in

bulk material (Fig. 5, bottom) shifts to lower wave numbers

when the number of stacked MoS2 slabs is reduced and is

observed at 398 cm-1 (Fig. 5, top) for the ex situ activated

material, i.e. a shift of 13 cm-1 is observed. The E1
2g mode

is less sensitive and exhibits a smaller downward shift of

about 10 cm-1 from 386 cm-1 (bulk) to 376 cm-1. For the

in situ activated material (Fig. 5, middle) the shifts are

about 11 and 20 cm-1 for the A1g and the E1
2g mode,

respectively. To gain deeper insight to the actual active

material, the catalysts were also investigated by Raman

spectroscopy after the catalytic tests. Despite excessive

attempts (using laser lines at 514 nm, 633 nm or 1,064 nm)

to record the according Raman modes of the ex situ acti-

vated catalyst after the HDS test, we were unable to detect.

This leads to the conclusion, that the material undergoes

severe changes under reaction conditions or during handling

in air after the catalytic test. The first statement is in line

with the observed induction period during the catalytic tests

as discussed below.

Compared to the Raman bands of the bulk material the

shape of the two modes of the catalysts are significantly

different. It is well documented that the shape of the

absorptions is strongly influenced by several materials

properties: (a) a broad distribution of the stacking degree

(thickness); (b) a variable size and shape of the platelets

(either single or clustered) and (c) the presence of vacan-

cies and other defects altering the size and planarity of the

ordered domains inside the slabs. A clear cut between these

factors cannot be performed. In any case, the Raman

spectra of the two catalysts clearly evidence the nanosized

nature of the MoS2 slabs and in accordance with the results

of X-ray diffraction and TEM experiments the defective

nature of the slabs.

For each catalyst the rate constant was calculated from

the DBT conversion as function of time, assuming that the

DBT conversion is a pseudo-zero order reaction [14, 42],

according to the equation:

XDBT ¼
1� gDBT

gDBT
¼ k

gDBT ; 0

� �
t ð2Þ

where XDBT is the fraction of the DBT conversion,

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 is

about 2.5 %. The catalysts reported here required a distinct

activation time in the reactor. Therefore, only the data after

the activation period were used for the evaluation of the

catalytic activities.
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The results of the catalytic tests are summarized in

Table 2. Both catalysts prefer the DDS pathway with the in

situ activated material showing almost twice the selectivity

of the ex situ activated catalyst. The difference may be due

to partial phase segregation as evidenced by the reflections

of Co9S8 in the X-ray powder pattern of this catalyst. Such

segregation of the promoter is not uncommon and was

reported in several studies [4, 43–45]. The observed pref-

erence of the Co promoted catalysts for the DDS pathway

is in accordance with previous literature reports [34].

The high rate constants for the two catalysts, 4.11 9

10-6 (CoMoS-B) and 2.75 9 10-6 [mol s-1 g-1 catalyst]

(CoMoS-A) and the high DBT conversion percentage of

84.9 and 59.4 % after 5 h HDS reaction (Fig. 6) for the ex

situ and in situ activated catalysts, respectively, both

indicate very active catalysts. Compared to the rate con-

stants and the conversion rates reported by Romero et al.

[24] for a conventional MoS2 catalyst obtained by thermal

decomposition of ATM, and by Alvarez et al. for CoMoS

catalysts [34], the present catalysts are significantly more

active and exhibit higher conversion rates. The most active

catalyst in the latter study was obtained from tetrameth-

ylammonium tetrathiomolybdate and Co(NO3)2�6H2O as

promoter source, showing a rate constant of 1.5 9 10-6

[mol s-1 g-1 catalyst] and 54 % DBT conversion after 5 h

[34]. This catalyst was sulfur rich (S/Mo = 2.3) and also

contained appreciable amounts of carbon (C/Mo = 2.1).

The catalyst activated ex situ has a lower value for C:Mo of

1.39 before the HDS test and of 1.89 after the test reaction,

while the S:Mo ratio is nearly identical with 2.28 and 2.33.

The in situ activated material displays the highest ratios of

3.04 for S:Mo and 3.65 for C:Mo. In the present case the

more active catalyst CoMoS-B has a significantly lower

stacking and shorter MoS2 layers lengths (see Fig. 3). An

even lower stacking degree and also shorter layers were

recently reported applying standard incipient wetness

impregnation technique using ammonium heptamolybdate

and Co nitrate [46].

There are some reports that Co promoted unsupported

catalysts synthesized by decomposition of Mo thiosalts

showed higher catalytic activities than similar catalysts

prepared by other synthetic approaches [47]. Like for the

catalyst CoMoS-A the thiosalt precursors are decomposed

directly in an autoclave in the presence of a hydrocarbon

solvent, and if a carbon containing thiosalt precursor is

used an increase in the HDS activity was observed [48]. It

is well documented that carbon has a beneficial effect on

the activity of the catalysts. There are reports that a car-

bidic catalyst surface is formed when (NR4)2MoS4 pre-

cursors are thermally decomposed [49]. Interestingly, an

advanced carburization was observed on Co promoted

catalysts [50]. The formation of MoSxCy phases was also

observed and the results of the studies led to the conclusion

that carbon participates directly in desulfurization reactions

and do not act as simple spectator [11]. But it seems that

only an optimal C content in the catalyst is beneficial and

above this optimal concentration the catalyst becomes less

active [24]. Hence, on the basis of all these findings it

seems that ex situ decomposition of the precursor

Co(dien)2MoS4 in combination with medium carbon con-

taining TPATM yields a catalyst with a very good dis-

persion of Co, defective MoS2 slabs with low stacking,

short slabs and large amounts of CUS and edge-sites.

In the literature it was reported that the effect of the

cobalt addition as promoter strongly depends on the

method of activation and on the initial presence of alkyl

groups in the sulphide precursors. A synergistic effect due

to Co addition was only observed for ex situ activated

catalysts (H2/H2S) in the absence of carbon in the thiosalt

precursor, i.e., the promoting effect of Co is hindered by

Table 2 Gas chromatography analysis of HDS reaction products, HYD/DDS selectivity and kinetic data for the prepared catalysts

Catalyst CHCPM (%) DCH (%) CHB (%) BP (%) THDBT (%) DBT (%) DBT (%)

conversion

½HYD�
½DDS�

k 9 106

(mol s-1 g-1)

CoMoS-A 1.73 3.52 14.18 34.79 5.20 40.56 59.43 0.15 2.75

CoMoS-B 0.89 3.18 18.36 61.42 1.04 15.09 84.91 0.02 4.11

Fig. 6 Variation of the converted fraction of DBT Versus time, zero

order
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carbon entities formed during the activation procedure [14].

For in situ prepared samples, carbon in the precursors is

beneficial for the Co promoting effect [14, 48]. It is assumed

that the beneficial role of carbon is due to structural effects

leading to the formation of MoS2-xCx phases with surface

carbide-like species and/or to a better dispersion of the

particles during the initial stages of the formation.

For the catalysts studied here the situation is quite dif-

ferent: the ex situ activated catalyst is significantly more

active than the in situ activated material. The lower activity

of the latter catalyst may be explained on the basis of a

partial phase separation with Co9S8 formation. In addition,

carbon and sulphur deposits on active sites of the catalyst

may also play a role. Notice that in the case of the CoMoS-B

catalyst the C/Mo ratio is lower compared to that of the

CoMoS-A catalyst, with an excess of carbon yielding lower

catalytic activity. Another important difference between the

two catalysts is the heating rate applied during thermal

decomposition. While the ex situ obtained catalyst was

obtained heating the precursor with a rate of 1.66 �C/min.,

the in situ catalysts was prepared by a much higher heating

rate of 60 �C/min. Hence, the more drastic conditions of the

in situ approach may result in a type of sintering of the

MoS2 slabs (higher stacking degree) and a limited forma-

tion of the CoMoS phase.

4 Conclusions

The activation method in the formation of CoMoS-A (in situ)

and CoMoS-B (ex situ) catalysts has not only a strong influ-

ence on their morphology and microstructure, but also on the

development of catalytically active sites. SEM and TEM

investigations revealed a pitched surface in CoMoS-A, while

CoMoS-B possesses rather smooth surfaces. In accordance

with the TEM investigations, Raman spectroscopy demon-

strates a shorter stacking height in CoMoS-B. Both materials

show high activity for the desulfurization with a pronounced

activation behavior. The higher activity of CoMoS-B indi-

cates a higher concentration of active sites where the sulfur

can be adsorbed and a more pronounced synergistic effect due

to the very good dispersion of the promotor atoms over the

edges of the MoS2 slabs forming a CoMoS phase.
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