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NOTES

Electronic Properties of Unsupported Cobalt-Promoted
Molybdenum Sulfide

Promotion of sulfided molybdena-
alumina HDS catalysts by cobalt and nickel
has attracted considerable attention since
Richardson demonstrated the existence of
‘‘active cobalt,”’ i.e., cobalt not associated
with the alumina support or inactive cobalt
sulfides (7). Although the exact nature of
“‘active cobalt’’ was not identified, syner-
gistic interaction was shown with a well-
defined maximum for activity versus
CoOaciive/ MO ratios. A much better under-
standing of the state of the cobalt has
emerged with development of sophisticated
characterization techniques such as Moss-
bauer spectroscopy, XASF, AEM, and oth-
ers. Topsoe et al. recently reviewed current
site models and extensive supportive evi-
dence (2).

In developing these models, much has
been learned from studies on unsupported,
promoted MoS,. Although there are signifi-
cant differences between the supported and
the unsupported catalysts, considerable in-
formation may be transferred from investi-
gations on well-characterized bulk materi-
als. Research of this nature was part of the
original work reported by Richardson (7).
Specifically, semiconducting properties of
cobalt-promoted, unsupported MoS, cata-
lysts were measured in reactive atmo-
spheres and related to thiophene hydroge-
nolysis kinetics. Results were presented in
the patent literature (3) but have not re-
ceived widespread scientific consideration.
Only one paper on this subject has ap-
peared, but it was restricted to large crys-
talline specimens of MoS, (4). In view of
the importance of the earlier work to cur-
rent models of the active site, it seems ap-
propriate that the results be reexamined in
detail.

313

Six catalysts were prepared with Co/Mo
atomic ratios from zero to 0.075. Ammo-
nium paramolybdate was dissolved in 6 N
NH,OH and molybdenum sulfide precipi-
tated with H,S. The suspension was filtered
and the precipitate redissolved in distilled
water. Three-normal H,SO,; was added to
precipitate MoS;, which was then air-dried
and divided into six batches and sufficient
cobalt acetate solution was added to im-
pregnate the samples with the desired com-
positions. After wet-mulling for 1 h, the cat-
alysts were air-dried and reduced for 12 h at
873 K in a stream of hydrogen containing
2% H,S. X-ray diffraction showed very
broad lines characteristic of MoS, with no
evidence of separate phases of cobalt sul-
fides. Conventional analysis and BET sur-
face area determination gave the results
shown in Table 1.

Magnetic susceptibility measurements at
300 K gave —0.59 x 107® emu/g for Cata-
Iyst No. 1 (Co/Mo = 0), close to the ex-
pected value of —0.48 X 107° (5). Of more
interest is promoted Catalyst No. 6, which
was the only sample for which measure-
ments were sufficiently accurate to detect
cobalt. At 300 K, the magnetic moment,
We, Was 1.44 pg. Chiplunker et al. (6) re-
ported a value of 1.73 ug for sulfided sur-
face cobalt in CoMo/AlLO;, characteristic
of low-spin cobalt in a sulfur environment.
However, Topsoe et al. (7) found 0.75 ug
for cobalt in the CoMoS state. In view of
the difficulty in resolving the cobalt contri-
bution for such low loadings, these discrep-
ancies are not unrcasonable. All indicate
low-spin, sulfur-complexed cobait.

Magnetic measurements were used to
check catalyst stability during heating in
hydrogen. Temperatures above 725 K were
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TABLE 1

Catalyst Characterization

Catalyst Co/Mo S, (m%/g)
1 0 51
2 0.005 53
3 0.013 56
4 0.029 38
5 0.058 40
6 0.075 35

necessary before any indication of cobalt
reduction was detected. Treatments with
pure hydrogen in subsequent experiments
were all made below 573 K and were con-
sidered free from cobalt reduction and
phase separation. Thermogravimetric mea-
surements also confirmed that dried
samples in both helium and hydrogen did
not result in further weight loss upon heat-
ing, indicating no decomposition or re-
duction.

The apparatus and procedure for measur-
ing the electrical conductivity, o, and the
Seebeck coefficient, Q, have been de-
scribed previously (8). Measurements were
made from 298 to 673 K under vacuum and
in hydrogen and mixtures of various gases.

The experimental procedure was as fol-
lows. Each sample was first heated under
vacuum at 573 K until temperature, 7, con-
ductivity, o, and QT were constant. These
measurements were repeated at decreasing
temperatures down to 298 K, after which
the sample was returned to 573 K to con-
firm no change in properties. Hydrogen was
admitted to the cell and the equilibrium-
measurement cycle was repeated over the
same temperature range. The adsorbate
was removed at 573 K and vacuum mea-
surements were again taken. Statistical
checks showed a precision of from 2 to 5%
for all these measurements.

Typical data for Catalyst No. 1 (Co/Mo
= () are shown in Fig. 1. Other catalyst
samples gave similar results.

Measurements of thiophene hydrogeno-
lysis were made in a separate apparatus.

NOTES

Approximately 1 cm? (20-40 mesh) of each
catalyst was loaded into a 1-cm i.d. quartz
tube connected to a conventional flow and
chromatographic analytical system. The
sample was equilibrated in hydrogen at 573
K and kinetic measurements were started
by flowing hydrogen containing 2% thio-
phene through the tube at increasing flow
rates. The usual tests were made to confirm
the absence of external and internal diffu-
sion limitations. Conversion decreased ini-
tially but reached a steady state after about
30 min. Thereafter, deactivation was negli-
gible, as indicated by frequent checks un-
der starting conditions.

Typical results are shown in Fig. 2.
These data were adequately described by a
first-order mechanism of the form

CiH, == C; 5 ¢, )

from which rate constants for hydrogeno-
lysis and hydrogenation, kps and kg,
respectively, were determined at 573
K. These measurements were repeated
at several temperatures down to 500 K.
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Fi1G. 1. Conductivity and Seebeck power for Cata-

lyst No. 1 (Co/Mo = 0, under vacuum and in hydro-
gen).
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F1G. 2. Kinetic results for Catalyst No. 1 (Co/Mo =
0).

Electrical properties of MoS; have been
reported, but only for well-crystallized ma-
terial (4, 9). Normally, the crystals are p-
type semiconductors with an energy gap,
E,, value of 1.45 eV. The morphologies of
the catalyst samples listed in Table 1 are
not known, but surface areas were moder-
ately high, indicating very small crystallites
of approximately 25 nm. Surface effects in
large crystals produce bending of energy
bands at the surface (/0). Penetrating to a
depth of 10° nm, such surface charge re-
gions complicate interpretation of electrical
properties. However, Volkenstein has
pointed out that when semiconductors de-
crease in size to dimensions well below this
depth, surface effects tend to be diffused
and the material responds as a well-
behaved, two-dimensional semiconductor
(11). No frequency dependence of the con-
ductivity was found, indicating that surface
charge regions are absent. Interpretation
then becomes somewhat easier since less
complicated energy band representations
may be invoked.

Data in Fig. 3 for the vacuum-treated
MoS, provide additional information. The
value of QT is positive and the temperature
dependence of conductivity is accurately
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described by a single exponential function.
These results imply that only one type of
charge carrier, positive holes, exists. In
these circumstances, QT is given by

QT = Ef + 24T, 2

where Ef is the position of the Fermi level
at temperature T and & the Boltzmann con-
stant. Using Eq. (2), the calculated Eg,
shown in the insert of Fig. 3, is found to be
temperature-independent and located 0.068
eV above the valence band. Acceptor im-
purities responsible for this p-type semi-
conductivity most likely originate from va-
cancies in the cationic lattice, each vacant
Mo** ion generating four Mo’* levels.

Upon exposure to 1 atm of hydrogen at
573 K, OT decreased very quickly, achiev-
ing steady state within 30 s and became
negative at low temperatures. This indi-
cates a change in semiconductivity pro-
duced by the appearance of negative charge
carriers. For two types of carriers, QT be-
comes (/0)

QT = Erop, — (Eg — Ep)oy + 2kT(0op — o)
(3)

with
o =0, + o, 4

where oy, is the electron and o, the positive

AP, cm3 x10718
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F1G. 3. Effect of hydrogen adsorption on p.
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hole conductivity. The positive charge con-
ductivity is given by (/0)

®

where e is the electronic charge, u, the pos-
itive charge mobility, and Ny the density of
states. These last two constants may be de-
termined at each temperature from the con-
ductivity under vacuum. Equations (3), (4),
and (5) were combined to determine the pa-
rameters Eg, o;,, and o, from the measure-
ments of QT and o.

The positive and negative charge conduc-
tivities are related to the charge densities
by

op = eup, Ny exp(—Ep/kT),

Tp = eppp (©6)
and
Oy = epnh 7

where p and n are the charge densities of
positive and negative carriers, respectively,
and u, and u, are the charge mobilities.
Values for u, are known from the analysis
so that p may be found. However, to de-
duce n, it is necessary to assume p, = p. If
this is not correct, then adjustments in the
values of » are required, but the trends are
the same.

From these simple measured quantities,
it is possible to deduce estimates of p and n
for each sample, with and without hydro-
gen treatment. Patterns may then be used
to diagnose the effects of promotion. For
example, Table 2 shows the effect of hydro-
gen adsorption on unpromoted MoS,.

Table 2 shows that hydrogen adsorption
decreases p but increases n and that the

TABLE 2
Effect of Hydrogen Adsorption on MoS;

Atm QT (eV) o Er px 1078 x 10718
(ohm-cm) V) (cm™3) (cm™3)

Vac 0.166 0.182 0.068 1.36 Q0

H, -0.003 0.0944 0.117 0.612 0.049

Vac 0.034 0.102 0.102 0.687 0.075

Note. Temperature = 573 K.

NOTES

effect is irreversible. This indicates a reac-
tion of the type

H, + S = (H;S)uss + 2e ®

which removes S?~ ions from the lattice.
The electrons neutralize acceptor levels
and create donor levels to account for the
observed conductivity changes.

Since exposure to hydrogen at reaction
temperatures leads to generation of sulfur
vacancies, activation is a consequence of
H,S/H; ratios through equilibrium Reaction
(8) and

(HzS)ass = HpS &)

The implications of these experiments
are crucial in understanding the activated
state of MoS;. Initial or ‘‘fresh’ activity is
determined by the H,S/H, ratio and tem-
perature during sulfiding. Thereafter, the
catalyst responds to changes in the sulfur—
hydrogen environment. For example, the
initial activity decreases during the early
phases of thiophene hydrogenolysis. Al-
though deactivation could be due to coke
formation, it is possible that equilibrium be-
tween hydrogen and sulfur via sulfur vacan-
cies is taking its toll of active sites. It is
even possible that activation could occur
under the right conditions. Thus, activity is
a consequence of gas composition, temper-
ature, and, indirectly, extent of conversion.

Promotion of MoS; by altervalent cobalt
is equivalent to electronic ‘‘doping’’ of the
semiconductor by (i) intercalation, (ii)
cationic vacancy substitution, or (iii) mo-
lybdenum substitution. Examination of
changes in p and n during cobalt substi-
tution allows discrimination between these
possibilities. Obviously, all three could co-
exist and confound the interpretation, yet
the principal mechanism is indicated from
data given in Table 3.

Intercalation of cobalt into interstitial po-
sitions is expected to generate donor levels
and increase negative charge concentra-
tion. This occurs to some extent, but the
change is relatively small and appears to be
constant after the initial increase. The most
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TABLE 3

Cobalt Promotion of MoS,

Co/Mo Ex (eV) p x 10718 nx 10718
(em™) (cm™)
0 0.068 1.36 0
0.005 0.127 0.493 0.026
0.013 0.174 0.220 0.032
0.029 0.193 0.126 0.015
0.058 0.209 0.076 0.013
0.075 0.225 0.048 0.024

Note. Vacuum, 573 K.

significant change is the decrease in posi-
tive charge concentration. Substitution of
lattice molybdenum by cobalt creates ac-
ceptor levels and would increase the posi-
tive charge concentration. Cobalt insertion
into molydenum vacancies, however,
should decrease the number of acceptor
levels and decrease positive charge concen-
tration. Although all three substitution
modes appear to occur, the dominant result
is vacancy substitution. It is not possible
from these data alone to determine whether
basal or edge cationic sites are involved.

Hydrogen adsorption at 573 K gave the
parameters shown in Table 4. Several sig-
nificant observations should be empha-
sized. First, the decrease in p noted for the
nonpromoted sample is not so pronounced.
Second, there is a substantial increase in
negative charge n with addition of cobalt
promoter.

Hydrogen interaction is very different in
the presence of cobalt. Figure 3 shows the
hydrogen-induced change in p as a function
of cobalt concentration. Without cobalt,
hydrogen removes lattice sulfur through
Reaction (8) and a decrease in p results.
However, hydrogen interacts with cobalt
(predominantly in lattice positions) to in-
crease the number of acceptor levels. This
implies a localization of the hydrogen of the
type

H, + Co*" = 2H-Co)° (10)

The effect is most pronounced in the early
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phase of cobalt addition, reaching a maxi-
mum value at Co/Mo = 0.03. Above this
point, the observed trend may be due to
diffusion of cobalt into the interior lattice
positions, inaccessible to hydrogen.

Table 4 also shows an increase in »n from
formation of sulfur vacancies via Reactions
(8) and (9) but facilitated by cobalt. Thus
promotional effects include generation of
hydrogen ions, acceptor sites, and sulfur
vacancies through mechanisms not found
for unpromoted catalysts. In all cases, the
electronic changes were essentially irre-
versible, so that the hydrogen ions are very
strongly held and do not desorb under these
conditions.

Rate constants for hydrogenolysis and
hydrogenation are shown in Fig. 4 for mea-
surements at 573 K. The most dramatic ef-
fect is the increase in hydrogenolysis with
Co/Mo ratio by a factor of 10°. Hydrogena-
tion, however, shows only a very slight in-
crease. These results are very similar to
those reported by Topsoe et al. (2). Hydro-
genolysis is promoted by cobalt whereas
hydrogenation is not.

Compensation effects were found in the
hydrogenolysis kinetic constants, as shown
in Table 5. These effects have been ob-
served by others yet the significance is not
clear (12).

This research suggests that molybdenum
sulfide crystallites approaching the size
found in supported catalysts behave very
much like two-dimensional semiconduc-

TABLE 4

Cobalt Promotion of MoS,

Co/Mo Ey (eV) p X 107" nx 107
(cm™) (cm™)
0 0.117 0.612 0.049
0.005 0.138 0.600 0.100
0.013 0.138 0.600 0.100
0.029 0.140 0.576 0.102
0.058 0.152 0.452 0.102
0.075 0.165 0.347 0.104

Note. 573 K, 1 atm H,.
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tors. For the fresh, unpromoted material,
conduction is caused by acceptor levels
produced by molybdenum ion vacancies.
Sulfur vacancies are not present in suffi-
cient quantity to impart n-type conductivity
via donor levels. Exposure to hydrogen
generates sulfur vacancies, believed to be
catalytic sites, at a concentration consistent
with thermodynamic equilibrium among a
number of reactions. Thus the activity of
the catalyst is conditioned by the composi-
tion and temperature of the reacting envi-
ronment,

Addition of cobalt profoundly increases
hydrogenolysis activity but leaves butene
hydrogenation relatively unchanged. Thus
cobalt promotion must be restricted to the
thiophene adsorption and conversion step,
with subsequent hydrogenation, perhaps on
a separate site, determined by the charac-
teristics of the host lattice. The degree of
enhancement suggests that cobalt pro-
moters are readily accessible to reacting
thiophene (i.e., at the surface) and are lo-
cated at edge positions in the lattice. This is
confirmed by electronic parameters which
indicate that cobalt occupies vacant molyb-
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FiG. 4. Thiophene hydrogenolysis and hydroge-
nation.
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TABLE 5

Compensation Effect for Hydrogenolysis
Rate Constant Parameters

Co/Mo kDS,o EDS
(cms™) (kJ/mole)
0 1.00 x 107 87.9
0.005 1.58 x 107 83.7
0.013 7.94 x 10° 109
0.029 3.98 x 1012 130
0.058 1.58 x 108 134
0.075 2.51 x 10" 142

denum lattice positions most likely situated
at the edge of the basal planes. Cobalt does
not intercalate to any large degree that can
be correlated with activity.

The promotional effect of cobalt is best
seen in its interaction with hydrogen, which
is entirely different from the unpromoted
MoS,. Hydrogen is dissociated to a very
strongly bound form which generates sulfur
vacancies and creates more acceptor lev-
els. These defects do not, however, cor-
relate directly with hydrogenolysis activity
so that other factors must prevail. One very
definite possibility is that the rate of hydro-
gen dissociation may be sufficiently en-
hanced so that sulfur removal, or regenera-
tion of the active site, proceeds at a much
faster rate. The nature of the hydrogenation
site still needs to be deciphered.
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