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A combination of different synthetic techniques, dibenzothiophene desulfurization activity stud- 
ies, and electron spin resonance observations are used to explore the relation between defects and 
hydrodesulfurization (HDS) activity for bulk molybdenum sulfides and supported, sulfided MO/~- 
A&O3 catalysts. A linear correlation is found between sulfur-coordinated MoS+ defects and HDS 
activity for both unsupported and supported samples. Comparison with oxygen chemisorption and 
magnetic susceptibility data suggests that these defects are associated with a fraction of the edge 
sites of molybdenum sulfide crystallites. 

I. INTRODUCTION 

We have used the technique of electron 
spin resonance (ESR) to characterize mag- 
netic defects in unsupported and supported 
molybdenum oxides and sulfides. The goal 
of this effort is to trace changes in the mor- 
phology of these molybdenum defect spe- 
cies and their influence on catalytic hydro- 
treating processes. The present report 
illustrates the techniques, providing selected 
examples of the range of its potential appli- 
cation. We find that ESR observations of 
these materials yield defect densities which 
correlate with activity for the catalytic hy- 
drodesulfurization of dibenzothiophene 
(DBT). Further, the position and shape of 
the ESR absorption provide specific infor- 
mation about the chemistry of these molyb- 
denum species, the form of their ligands, 
and the symmetry of their local environ- 
ments . 

I Current address: Chevron Research Company, 576 
Standard Avenue, Richmond, Calif. 94804. 

2 Author to whom correspondence should be ad- 
dressed. 

ESR is a tool of great potential utility in 
catalyst studies. It is a highly sensitive 
probe of defect sites in a material: unpaired 
electron spins and “dangling bonds” which 
are likely to be chemically active. Such de- 
fects are quite routinely observed at the 
parts per million level with ESR. In com- 
plex systems, like supported transition 
metal catalysts, there are likely to be sev- 
eral paramagnetic components and it is im- 
portant to identify the various different spe- 
cies. For a typical commercial catalyst like 
Co-Moly-A1203, one might expect to ob- 
serve ESR absorptions from paramagnetic 
cobalts and molybdenum species (most 
likely Co2+ and MoS+, Mo3+) as well as an 
assortment of radical forms which appear 
on the catalyst during the sulfidation pro- 
cess or DBT activity tests. These include 
carbon radicals: Co, SOz-, 02-, O-, which 
have all been reported previously. A brief 
summary of the strategy applying ESR to 
such catalysts (I) and a detailed analysis of 
supported molybdena-alumina catalysts 
(2) have appeared recently. 

In principle, an analysis of the position, 
width, and shape of other ESR absorptions 
can identify the type of defect and provide 
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specific information about the defect site, 
including the valence of the defect species 
(particularly for d electron transition 
metals), the type of atoms adjacent to the 
defect site, the site symmetry, and the num- 
ber of the sites. With sufficient care the site 
density can be determined with an accuracy 
of approximately +5-10%. Because of the 
strong interaction between the electron 
spin and its environment, it is difficult to 
calculate the ESR properties of a particular 
transition metal defect ab initio. However, 
by examining carefully synthesized and 
well-documented model systems it is possi- 
ble to identify different defect sites by their 
characteristic “signatures.” A major issue 
is whether these defects, which can be ex- 
tremely small in number, reflect either the 
bulk properties of the material and/or their 
catalytic properties. For molybdenum sul- 
fides, this appears to be the case: a defect 
density/DBT activity correlation exists and 
the defect density appears to reflect the 
morphology of the molybdenum sulfide 
crystallites. In the following sections, we 
will present data on a series of carefully 
prepared model systems and compare the 
results with other examples of recent re- 
search on related materials (2-5). 

II. EXPERIMENTAL DATA UNSUPPORTED 
MOLYBDENUM SULFIDES 

The key to understanding such compli- 
cated catalysts is to begin with an analysis 
of significantly simpler model systems, the 
unsupported molybdenum sulfides. They 
are important, since molybdenum is clearly 
an active component in the CO-MO cata- 
lyst. They are much simpler samples to 
study since there are no support or transi- 
tion metal promoter effects. Furthermore, 
bulk MO& has no intrinsic ESR absorption 
so that the defect signals appear without 
any complicated background. This is an im- 
portant consideration since defect densities 
are relatively low-typically on the order 
of 1 in lo3 to 1 in lo5 of the MO atoms 
present. Different preparation techniques 
produce broad variations in surface area of 

the resulting sulfides (typically from 1 to 
200 m2/g), as well as in their morphology 
(6). As expected, there are also dramatic 
variations in their catalytic activity-par- 
ticularly as examined by the desulfurization 
of dibenzothiophene (DBT). 

In general, sulfides have a number of de- 
fect sites observable by ESR. An example 
of this is shown in Fig. 1, an ESR spectrum 
of MO& obtained from the decomposition 
of (NH.J2MoS4 at 150°C in a vacuum fur- 
nace. Three traces appear in the figure. The 
bottom trace is the integrated ESR absorp- 
tion spectrum, proportional to the number 
of paramagnetic species at a given field 
value for measurements made at a constant 
frequency (in this case 35.010 GHz). The 
top trace is the derivative of the absorption, 
which is particularly useful since the deriv- 
ative curve exhibits a high level of articula- 
tion, indicating the presence of several in- 
equivalent molybdenum defect types, with 
absorptions occurring at different values of 
the magnetic field. To understand the 
source of the individual components, we 
have synthesized a series of model sys- 
tems, employing techniques which produce 
materials with reproducible types and 
members of defects. On this basis, the com- 
plex spectrum in Fig. 1 can be analyzed 
with some confidence. 

One model system chosen for study was 
the organometallic complex molybdenum 
trisdithiolene, which can be quantitatively 
reduced by reaction with NaBH4 in diglyme 
(7). The resulting molybdenum species is 
formally pentavalent and coordinated with 
six sulfur atoms in a configuration similar to 
that encountered in MoS2. The resulting so- 
lution ESR signal (Fig. 2A) provides a mea- 
sure of the isotropic g value which might 
be anticipated for sulfur-coordinated, thio- 
MO’+, species. A symmetric, narrow (split- 
ting between derivative maxima, AHPP - 7) 
signal is observed with g = 2.0091, in good 
agreement with previous reports (8). 

Although many molybdenum sulfides 
yield a complex spectrum of the type 
shown in Fig. 1, we find that sulfides with 
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First Derivative 
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FIG. 1. A nominal “MO&” sample shows several defect sites. Appropriate resonance parameters: 
Microwave frequency, 35.010 GHz; scan range, 2 kG; magnetic field center, 12,SOS.O G; modulation 
amplitude, 4 G. 

the approximate stoichiometry MOST, when 
subjected to conditions similar to those en- 
countered in hydrotreating, almost invari- 
ably exhibit a thio-Mo5+ signal of the type 
shown in Fig. 2B. The MO& material 
whose spectrum is shown in Fig. 2B was 
formed by precipitation from a MoCh and 
L&S reaction in an ethyl acetate solution 
and then sulfided in a 15 wt% H2S/H2 gas 
mixture at 350°C for 1 hr (6). The resulting 
ESR absorption consists of a narrow signal 
with g = 2.004 superimposed on a broader 
(-120 G) spectrum. Since these samples 
were sulfided and sealed without exposure 
to air, we propose that the narrow absorp- 
tion is associated with a sulfur radical spe- 
cies (5). Subsequent DBT desulfurization 
tests diminish or eliminate this narrow ab- 
sorption (9). The underlying broad absorp- 
tion is not changed in intensity by the desul- 
furization tests. The broad component is 
asymmetric and typical of an axially sym- 
metric g-value tensor, with 811 = 2.0380 and 
g, = 2.0038. The mean g value, obtained by 
finding the center of gravity of the absorp- 
tion, is 2.0096, quite similar to that seen for 
Mo-trisdithiolene. 

Samples with compositions approxi- 
mately MO& are readily obtained by ther- 
mal decomposition of (NHJ2MoS4 at tem- 
peratures of 300°C (9, 10). The ESR 

absorption (Fig. 2C) is significantly differ- 
ent from that of the MO& case. The line is 
broader (- 150 G), and the derivative signal 
is significantly different. The narrow com- 
ponent seen for MO& is broader and does 
not exhibit a symmetric derivative. While it 
is not possible to specify a resonance center 
for this narrow component its approximate 
position is similar to that of the narrow 
component in MO&. This ESR “signature” 
is reproducibly obtained and similar in gen- 
eral form to the absorption for MO& re- 
cently reported by Basetto et al. (5). The 
absorption lineshape has an obviously 
lower symmetry than that for the MO& 
case. Assuming a single paramagnetic spe- 
cies and a nonaxial g-value tensor, values 
of gi = 2.0492, g2 = 2.0180, and g3 = 1.9736 
are obtained from analysis of inflection 
points of the derivative spectrum and spec- 
trum simulation. In spite of these apparent 
differences, the mean g value, 2.0162, is 
similar to that of the other thio-MO’+ de- 
fects . 

As an example of an oxygen-coordinated 
defect, we chose to examine samples of 
Moo3 which had been reduced by refluxing 
in tetrahydroquinoline at temperatures of 
25O”C, for 8 hr. The resulting OXO-Mo5+ de- 
fect is shown in Fig. 3. It is described by an 
axially symmetric g tensor with g, = 1.932 
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FIG. 2. Model molybdenum sulfide systems. (A) Mo- 
trisdithiolene reduced by NaBH4 in diglyme. Fre- 
quency, 9.0784 GHz; scan range, 100 G; magnetic field 
center, 3242.0 G; modulation, 0.5 G. (B) MoS,-Fre- 
quency, 9.0782 GHz; scan range, 1 kG; magnetic field 
center, 3242.0 G; modulation, 5 G. (C) MO&-Fre- 
quency, 9.5068 GHz; scan range, 1 kG; magnetic field 
center, 3250 G; modulation, 5 G. 

and gll = 1.885. These values are in good 
agreement with the body of literature on 
Mo5+ defects in oxides (2). The model sys- 
tem ESR data are enumerated in Table 1. 

The ESR intensities for these MO& and 
MO& defects have been determined with 
respect to a Varian weak-pitch carbon stan- 
dard and are presented for a series of sul- 
fide samples in Table 2. The intensities, ap- 
proximately 1Or8 spins/g sample, cor- 
respond to -2 x 1O-4 spins/atom of mo- 
lybdenum. These ESR intensities are com- 

pared with BET surface areas, oxygen che- 
misorption levels, and the catalytic activity 
level for the desulfurization of dibenzothio- 
phene in an autoclave reaction (9). Figure 
4A shows the almost linear variation of 
ESR intensity with DBT activity which sug- 
gests a connection between the molybde- 
num defects and the catalytic process. A 
similar linear variation is seen for the level 
of oxygen chemisorbed (Fig. 4B) (9). By 
contrast, the correlation between BET sur- 
face area and hydrodesulfurization (HDS) 
activity is weak (Fig. 4C). This suggests 
that not only the MO& surface area but also 
the types of surfaces are significant (6). The 
surfaces most likely to absorb oxygen and 
to contain paramagnetic molybdenum at- 
oms are the defects (edges, corners, etc.) in 
the layered MO& structure. 

While both ESR and O2 chemisorption 
reflect the HDS activity of these catalysts, 
a simple estimate of the magnitudes of 
these two effects suggests that they are not 
necessarily associated with the same site. 
Taking the first sample of Table 2 as an ex- 
ample, 31 kmole of 02 chemisorbed per 
gram of the final MO& product implies that 
there are 9.9 x 10e3 oxygen atoms absorbed 
per molybdenum atom. Conversely, 2.3 x 
lOI* thio-Mo5+ spins/g sample implies 6.1 x 
low4 paramagnetic molybdenum species ob- 
served per molybdenum. This 15fold dif- 
ference in the number of sites observed can 
be explained by attributing oxygen chemi- 
sorption to all edge sites on the MO& crys- 
tallites and asserting that only a subset of 
these edge sites, perhaps corner sites, are 
seen in ESR. Studies on the reduction of 
Moo3 on y-Al203 (2, II) provide parallel 
evidence. These oxide studies (2) and re- 
cent magnetic susceptibility measurements 
on MoS3 materials (12) suggest that all the 
edge sites are, in fact, paramagnetic but un- 
observable because of exchange interac- 
tions between neighboring sites. 

Supported MoO~/y-A120~ Catalysts 

Supported Mo03/y-A1203 catalysts with 
various MO loadings were presulfided at 
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FIG. 3. A model oxide defect: Moor retluxed in tetrahydroquinoline. Frequency, 9.0757 GHz; scan 
range, 1 kG; magnetic field center, 3252.0 G; modulation, 5 G. 

TABLE 1 

ESR Parameters for Model Systems 

Derivative analysis Computer 
analyses 

gmean ~,lZ” 

CC) 

Mo-trisdithiolene (reduced in diglyme) 
MoS2 (sulfided at 350°C) 
MO& ((NH&MO& decomposition) 
Moo3 (THQ reduced) 
Moo3 (H2/H2S reduced) 

0x0 
Thio 

(g) = 2.0091 A&, = 7.0 G 
gll = 2.0380 g, = 2.0038 2.0096 119.5 
gl = 2.0492 g2 = 2.0180 g, = 1.9736 2.0162 153.8 
gll = 1.8848 g, = 1.9322 

g,, = 1.8849 g, = 1.9342 
g,, = 2.0287 g, = 1.9975 

a Measured at 9.5 GHz. 

TABLE 2 

Characterization and Catalytic Data for Bulk Molybdenum Sulfide Catalysts” 

Starting 
material 

Activity 
(pmole DBT/g-set) 

BET surface area 
(m2k) 

O2 chemisorption 
(wmlek) 

ESR intensity 
(X lOrs spins/g) 

MoS3 0.37 114 31 2.30 
MoS3 0.33 120 35 1.85 
MoS, 0.27 88 27 1.23 
MO& 0.18 112 19 0.83 
MoS2 0.18 35 - 0.74 
MoS2 0.15 27 11 0.51 
MO& 0.13 43 - 0.84 

0 MoS3 samples were prepared by methods described in Refs. (9, 10). MO& samples were prepared by 
methods described in Ref. (6). 
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FIGURE 4 

350°C for 45 min with a 15 wt% H$/H2 mix- 
ture and then subjected to DBT tests. The 
calcined catalysts show no MO ESR signals 
prior to sulfidation, confirming the presence 
of the Mo6+ state. Two ESR signals appear 
upon sulfidation, as shown in Fig. 5. The 
conspicuous signal observed at higher field 
(on the right-hand side of the figure) has a g 
value of 1.93 1, appropriate for an OXO-Mo5+ 
species. The well-articulated asymmetry 
observed in tetrahydroquinoline (THO)-re- 
duced Moo3 (Fig. 3), does not appear here, 
suggesting that there may be some distribu- 
tion in site types. A second, lower-field ab- 
sorption corresponds very closely to the 
thio-Mo5+ defect in MO&, shown in Fig. 
2B. 

This HzS/Hz reduction process can be 
modeled by examining the direct reduction 
of Moo3 under similar conditions, as shown 
in Fig. 6 (13). The OXO-Mo5+ signal appro- 

priate to reduced Moo3 (Fig. 7) and the 
thio-Mo5+ signal appropriate to MO& (Fig. 
2A) are both observed. The high degree of 
articulation of the derivative signal suggests 
that the two site types are unique in this 
case. The approximate paramagnetic den- 
sity is 5.2 x 10m4 spins/molybdenum atom, 
comparable to the values observed for the 
sulfides. 

Detailed ESR and chemisorption data for 
the supported sulfides are presented in Fig. 
7 and Table 3. The figure shows a nearly 
linear increase in oxygen chemisorption 
and thio-Mo5+ defect density levels with 
molybdenum loading. By contrast oxo- 
Mo5+ defect levels are nearly constant. This 
suggests that some fraction of the molybde- 
num oxide deposited on the catalyst sup- 
port is stabilized by interactions with the 
surface, either by epitaxial effects or selec- 
tive interaction with support surface de- 
fects. A similar preferential generation at 
stable sites occurs during V02+ deposition 
on alumina catalyst supports in the early 
phases of residfining runs (14). 

A comparison of 02 chemisorption levels 
and ESR spin densities reveals the much 
greater metals dispersion on the catalyst 
support. For the 4.07 wt% MO-loaded sam- 
ple, for example, the 54 bmol/g of adsorbed 
O2 corresponds to 0.25 0 atoms adsorbed/ 
MO atom, a 25-fold increase over the un- 
supported case. The ESR spin densities for 

TABLE 3 

Characterization Data for Sulfided MoO,ly-A1~0,~ 

MO O2 chemi- 
loading sorption 
(wt%) (wolek) 

ESR intensity 
(X lOI spins/g) 

0x0-MoS+ Thio-Mo5+ 

4.07 54 4.60 3.31 
7.22 74 5.39 4.76 

10.3 111 6.48 6.41 

a Catalysts were prepared by incipient wetness im- 
pregnation of (NH&Mo7014 on Al?O, followed by 
calcining in air at SOO”C, and then sulfiding in Hz/IS% 
H2S at 350°C for 1 hr. 
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A 

FIG. 5. Suhided MOO&A&O3 catalysts with vari- 
ous molybdenum loadings. (A) 4.07 wt% MO. Fre- 
quency, 9.0873 GHz; scan range, 1 kG; magnetic field 
center, 3242 G; modulation, 5 G. (B) 7.22 wt% MO. 
Frequency, 9.5035 GHz; scan range, 1 kG; magnetic 
field center, 3390 G; modulation, 5 G. (C) 10.3 wt% 
MO. Frequency, 9.5040 GHz; scan range, 1 kG; mag- 
netic field center, 3390 G; modulation amplitude, 5 G. 

these samples correspond to 0.018 oxo- 
Mo5+ defects/MO atom and 0.013 thio-Mo5+ 
defects/MO atom, also 25fold enhance- 
ments. In the ratio of oxygen chemisorbed 
to Mo5+ ESR density remains - 10-20, as in 
the unsupported case. The correlation of 
these intensities with DBT activity is quite 
complex and will be discussed elsewhere. 

III. DISCUSSION 

The goal of the present paper has been to 
document certain classes of molybdenum 
atom defect sites in well-defined sulfide and 

oxide model systems, to establish their re- 
lationship to catalytic desulfurization, and 
to demonstrate their occurrence on conven- 
tional catalyst supports. While there are un- 
doubtedly many paramagnetic species that 
can occur on catalysts (3, 4), present ex- 
periments suggest that, under typical HDS 
conditions, there are two major molybde- 
num species which are observable, which 
we have called oxo-Mo5+ and thio-Mo5+. 
While other species, like MO&, do occur at 
lower temperatures, they do not survive for 
extended periods at 350°C. A similar thio- 
Mo5+ signal occurs for molybdenum sul- 
fides produced in a variety of ways, with 
surface areas which vary from 1 to 150 m2/ 
g. The defect density measured by ESR 
correlates with the rate of DBT desulfuriza- 
tion and the amount of O2 which can be 
chemisorbed. The significant difference be- 
tween chemisorption levels and spin densi- 
ties suggests that an ESR signal is observed 
from only a fraction of the total number of 
edge sites on the MO& crystallites. While 
supported MoS2 has a 25fold increase in 
edge sites over the unsupported samples, 
the relative numbers of oxygen atoms ad- 
sorbed and paramagnetic species remain 
constant, suggesting a similar molybdenum 
sulfide morphology. 

The present data clarify the character of 
the defect sites. In principle, knowledge of 
the ion valence, ligand type, and site sym- 
metry is sufficient for an ab initio calcula- 
tion of the ESR properties. The situation is 
seldom so simple in practice. ESR proper- 
ties depend sensitively on the character of 
the metal ion, particularly in cases like the 
present one in which the bonds have a sig- 
nificant amount of covalent character. In- 
ferences about the chemical form and site 
character of the defect are usually based on 
arguments which combine chemical infor- 
mation, knowledge of the atomic structure 
of the materials, and the ESR properties. 
An example of this line of reasoning is the 
assignment of the ESR absorptions for ther- 
mal decomposition products of (NHJ2WS4 
(15), in which the defects in high-tempera- 
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FIG. 6. MOOR reacted with H21H2S shows both oxide and sulfide defects. Frequency, 9.5013 GHz: 
scan range, 1 kG; magnetic field center, 3400 G; modulation, 5 G. 

ture decomposition products were attrib- 
uted to a W3+ species. Similar statements 
have been made about the defects in re- 
duced molybdenum oxides. However, it is 
important to note that the site symmetry 
cannot necessarily be uniquely determined 
from ESR parameters such as the g value 
(16). Recent systematic studies of reduced 
molybdena-alumina catalysts, employing 
9.5 and 35GHz ESR measurements, tem- 
perature variations from 4.2 to 1200 K, and 
site titrations with various molecular spe- 
cies, suggest that the reduced molybdenum 
species occur as OXO-Mo5+ forms present in 
tetrahedral sites on the surface of the alu- 
mina (2). 

-0 5 10 

MO LOADING (WT. %I 

FIGURE 7 

387 

For the present molybdenum sulfide 
model systems, many of the same tech- 
niques have been employed including 9- and 
35GHz analyses and temperature depen- 
dence studies from 5 to 500 K. As in the 
oxide case, the fact that the g values are 
frequency independent and the fact that the 
ESR absorption does not change in charac- 
ter at temperatures as low as 5 K suggest 
that the molybdenum defects occur with a 
nominal Mo5+ valence. By contrast, Mo3+ 
species in low-symmetry crystalline field 
environments would be expected to have 
highly anisotropic g values and a finite crys- 
tal field splitting term, producing fre- 
quency-dependent changes in the position 
and shape of the ESR absorption (17). 
Mo3+ species in high-symmetry sites would 
have rapid spin lattice relaxation rates and 
exhibit significant variations in lineshape 
with temperature. Conversely, Mo5+ spe- 
cies have frequently been observed, with g 
values in the range of 1.90-2.01 (18). 

The g-value magnitudes are still the sub- 
ject of calculation. As in the Mo5+-tris- 
dithiolene case, a g value of -2.01 is con- 
sistent with the electronic properties of the 
system (8). It is interesting that, while there 
are large differences in g values for oxo- 
MoS+ and OXO-W5+ defects, -1.93 and 
- 1.57 (19), respectively, the corresponding 
thio g values are -2.01 and -2.03 (15). 
This similarity in g value may be associated 
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with a greater delocalization of the d’ elec- 
tron on the metal atom. A detailed analysis 
of the g values of model sulfide systems will 
appear elsewhere. 
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