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Mechanism of Coke Deposition on the Surface of Molybdenite
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The formation of coke is studied by SEM/TEM on the basal plane of a thin (ca. 500 &) single-
crystal film of MoS,. From exposure to benzene at 550 and 700°C, which is exothermic in decompo-
sition, carbon islands are formed on the face opposite to the exposure face; whereas for the
endothermic decomposition of methane (at 700°C), carbon islands are formed on the exposure face.
This result provides a direct evidence for the carbon diffusion mechanism for coke deposition in
which a temperature gradient is the driving force for carbon diffusion. It is demonstrated that the
formation and growth of thin (perhaps monolayer) carbon islands can be studied by gold decora-
tion/TEM. A gold-decoration/TEM study of coke formation of benzene on MoS, show that screw
dislocations are not preferred sites for carbon deposition, and that steps on the basal plane are

likely the active sites for decomposition of benzene.

INTRODUCTION

It has been well known since the 1940s
that heterogeneous nucleation occurs pref-
erentially at defects and steps on the solid
surface, and the nuclei-decorated defects
and steps can be visualized with optical mi-
croscopy (1). Using the transmission elec-
tron microscope (TEM), Bassett in 1958 (2)
was able to show the presence of mono-
tonic steps (2.8 A height) on the cleaved
surface of rock salt by gold decoration.
Bassett’s work was followed by the devel-
opment of etch-decoration TEM technique
to study the gas—graphite reactions (3, 4).
The etchant gas is used to expand the vacan-
cies developing monolayer pits which are
visualized in TEM after gold decoration.
The technique has been used fruitfully for
studying gas—carbon reactions (35). It is also
applicable to other crystals possessing
layer structures. By gold decoration follow-
ing etching with 10 Torr O, at 600°C (for a
few minutes), the vacancy concentration on
the basal plane of a naturally occurring
MoS; (originating in New South Wales) was
measured as 105 cm~2 (6). The first objec-
tive of this study is to test and demonstrate
the utility of the gold decoration/electron
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microscopy technique in studying coke for-
mation on surfaces of single-crystal cata-
lysts which possess layer structures such as
MOSz.

The subject of mechanism and kinetics of
coke formation from hydrocarbon vapors
on catalyst surfaces has been reviewed (7-
10). Studies on this subject have been made
on polycrystalline catalysts, mostly transi-
tion metals. A generally accepted mecha-
nism is the carbon diffusion mechanism,
originally proposed for filamentous carbon
formation on a polycrystalline metal (11).
One of the remaining questions on this
mechanism concerns the driving force for
carbon diffusion. The more specific objec-
tive of this study is, by using a thin film of
single crystal, to test the carbon diffusion
mechanism and to provide an answer to the
question of driving force for the mecha-
nism. Results on coke formation from an
exothermic decomposition (of benzene,
AH; = —61.9 kJ/mole) and an endothermic
decomposition (of methane, AH; = 74.9 kJ/
mol) will be presented.

EXPERIMENTAL

Carbon was deposited on the basal, or
{0001} plane of natural molybdenite (MoS,)
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crystal (originating in Froland, Arendal,
Norway), from benzene at 550 and 700°C
and from methane at 700°C. (Homogeneous
decomposition of benzene is not important
at below ca. 750°C, methane at still higher
temperatures.) Thin, flat sections (cleaved
to about 500 A) of the sizes of approxi-
mately 2 mm of MoS, were supported on
the flat surface of a sapphire plate. In stud-
ies of gas—graphite reaction using the same
arrangement, etch pits were found only on
the face exposed to the gases, not on the
face lying on the sapphire plate (5). Prior to
exposure to hydrocarbon gases, the sam-
ples were ‘‘degassed’” at 650°C for ca. 10 h
in flowing argon and subsequently treated
with H,S at 350°C for 10 min. The H,S
treatment was used to ensure that the sur-
face was sulfided in the event that sulfur
was detached from the surface as oxy-sul-
fur species (with chemisorbed oxygen) in
the ‘‘degassing’’ step. The temperature was
rapidly raised and exposure to a hydrocar-
bon followed. In experiments with ben-
zene, the samples were exposed to 90 Torr
benzene (carried in N,) for a desired period
of time. The N; carrier was of oxygen-free
grade (<0.5 ppm O,, Linde) and was fur-
ther passed through copper turnings kept at
550°C to remove the residual oxygen. Gold
decoration was done in a vacuum coater by
depositing gold equivalent to a monolayer
coverage on the MoS; surface. The sample
was kept at 250°C to facilitate migration and
nucleation of gold atoms. The decorated
samples were then examined in a TEM. For
experiments with methane, the samples
were exposed to 0.6 atm CH, at 700°C for 3
h. The detailed procedures for sample
cleavage, cleaning, gold-decoration, etc.
were the same as those used in our studies
of the gas—carbon reactions (5).

RESULTS AND DISCUSSION

The first objective of using a thin film to
study coke formation is to be able to detect
and measure minute amounts of carbon
formed on the surface, such as small mono-
layer islands, by gold decoration/TEM. Us-
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ing cleaved single crystals with layer struc-
tures provides the additional advantage for
studying well-defined surfaces. Knowledge
on coke formation in the initial period, or,
the generally known *‘induction period,”’ is
crucially important in our understanding of
the mechanism of coke formation.

On the MoS, film/hydrocarbon system,
the first question addressed in this study is
on which side(s) of the MoS; crystal is car-
bon deposited?

Coke Formed from Benzene

Triangular islands of carbon are seen
with both TEM and SEM. Most interest-
ingly, the islands are found only on the
MoS, face which is opposite to the face ex-
posed to benzene. No carbon islands are
found on the exposed face. Figure 1 is a
TEM picture showing the carbon islands
deposited with apparently random orienta-
tions. Figure 2 shows the islands, in SEM
from a tilted angle, formed on the hidden
face (basal plane) of the MoS, crystal. Thin
carbon islands, as revealed by gold decora-
tion, are also found only on the hidden face
(micrographs to be shown later).

Coke Formed from Methane

The islands formed from CH, on MoS; as
shown in TEM (Fig. 3) and SEM (Fig. 4)
are not faceted. More important, examina-
tion of the coked sample in SEM reveals
that the coke islands are formed on the face
exposed to CH,, contrary to the result with
benzene. The height of the islands is ap-
proximately 0.5 um as estimated from the
SEM picture where the sample is tilted at
an angle of 71°.

The Diffusion Mechanism and the Driving
Force for Diffusion

The carbon diffusion mechanism is a gen-
erally accepted mechanism originally pro-
posed by Baker and co-workers (/1) to ac-
count for the formation of carbon filaments
on polycrystalline metal surfaces and sup-
ported metal catalysts. According to the
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Fi1G. 1. TEM micrograph of carbon deposited on the basal plane of MoS, crystal from exposure to 90
Torr benzene at 700°C for 1 h.

theory, the hydrocarbon decomposes on bon, which dissolves in the metal. The dis-
the front-exposed surface of the metal par- solved carbon diffuses through the particle
ticle or grain to release hydrogen and car- and is precipitated on the rear face to form
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FiG. 2. SEM micrograph of carbon islands formed on the basal plane of MoS, after the opposite face
of the crystal is exposed to 90 Torr benzene at 550°C for 2 h.

the body of the filament. In a polycrystal-
line metal the filament growth is initiated by
loosening the grain boundaries where car-
bon is precipitated and the detachment of
the metal particle at the grain boundaries.
The diameter of the carbon filament is thus
the same as that of the particle which is
usually bound at the tip of the filament. An
important observed fact is that the diame-
ters of the filaments are generally small,
e.g., below 0.1-0.2 um (which is near the
thickness of the MoS, film used in this
study). Although the diffusion mechanism
is accepted, the nature of the driving force
for diffusion has been under debate. Baker
suggested that the heat of decomposition
(exothermic) on the front-exposed face is
removed by the endothermic process of
deposition of carbon from the metal on the
rear face of the particle. Using the C,H,/Ni
system as an example, the heat release on
the exposed face is equal to —AH; for C;H,
+ AH ), for C in Ni, or —223.6 and —40.5
kJ/mol, and the heat absorbed on the rear

face is +40.5 kJ/mol (11). The difference
between the source and the sink is transfer-
red to the surroundings by radiation and
convection. A temperature gradient (esti-
mated as near 30°C) is maintained across
the metal particle. Rostrup-Nielsen and
Trimm suggested, based on the argument
that endothermic coking (such as from
CH,) also forms filaments (which has been
questioned by Baker regarding the impurity
hydrocarbons contained in CH,), that con-
centration gradient is the driving force for
carbon diffusion (12). The concentration
gradient is due to the difference between
the solubilities of carbon in metal from the
hydrocarbon and from graphite. Because
such a gradient, if indeed exists, is likely to
be small, they further proposed that screw
dislocations on the rear face serve as pre-
ferred sites, and hence a sink, for carbon
deposition. (An immediate question which
can be raised concerns the role of the equal
number of dislocations on the front and side
faces.)
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F16. 3. TEM micrograph of carbon deposited on the basal plane of MoS; crystal from exposure to 0.6
atm CH, at 700°C for 3 h.
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F1G. 4. SEM micrograph of carbon islands formed on the basal plane of MoS, after exposure of the
crystal to 0.6 atm CH, at 700°C for 3 h. Carbon is deposited on the exposure face.

The experiments using thin films of sin-
gle-crystal MoS, (ca. 500 A thickness) pro-
vide an ideal test for the carbon diffusion
mechanism. Our TEM results discussed in
the foregoing show that coke formed from
CH,, which is endothermic, is deposited on
the front, exposed face whereas it is formed
on the face opposite to that exposed to ben-
zene, which is an exothermic reaction. The
results provide a direct evidence for the
carbon diffusion mechanism and, more im-
portant, show that temperature gradient is
the driving force for carbon diffusion.

For the benzene/MoS, system, surface
diffusion of carbon around the crystal edges
is unlikely because (1) the carbon islands
are randomly distributed on the rear face
and (2) the MoS, crystal may be viewed as a
two-dimensional crystal due to the high
arca/thickness ratio. The mechanism of
benzene decomposition on the front face is
not clear, which forms carbon and either H,
(13) or CH, (14).

Data on the solubility of carbon in MoS,
are not available. However, there are at
least six known carbide phases in the Mo-
C system (/5) and some of the phases can
be readily formed by reacting Mo with hy-
drocarbons such as CH, and naphthalene at
mild temperatures (300-700°C) (16). This
information, in the absence of any data on
the MoS,-C system, could serve as a sup-
port for the dissolution/diffusion mecha-
nism. The carbide phases could also play a
role in the decomposition of benzene (17,
18).

Gold Decoration/TEM

Exposure of MoS; to benzene (90 Torr) at
550°C for short periods of time yields thin
carbon islands, some of which are barely
visible in the TEM (which is equivalent to a
graphite layer slightly thicker than 1000 A
(3, 5)). Gold decoration on the face previ-
ously exposed to benzene results in random
gold nuclei (Fig. 5). The carbon island
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FiG. 5. TEM micrograph of gold-decorated MoS, film. Gold vapor is deposited on the same face of
the film which has been previously exposed to 90 Torr benzene at 550°C for 25 min. Note the carbon
island and gold nuclei are clearly on opposite faces.

shown in Fig. S is not decorated by gold on
its edges, and it is clear that the island is on
the opposite face of the MoS; crystal. Dec-
oration on the face opposite to benzene ex-
posure show gold nuclei forming triangies.

In order to increase the density of carbon
islands, the MoS, crystal is first etched by
0O, (0.1 atm O, at 600°C for 6 min) prior to
benzene exposure. The etching increases
the number of steps which are thought to be
the active sites for coke formation. After O,

etch and benzene exposure (90 Torr, 550°C
for 20 min), both on the same face, gold is
decorated on the opposite face. TEM graph
of the decorated MoS, are shown in Figs. 6
and 7. The decorated triangles are appar-
ently thin carbon islands (possibly mono-
layer thick), which are generally formed in
lines (Fig. 6). This observation indicates
that the steps on the opposite face are the
active sites for carbon formation from ben-
zene. Screw dislocations are also decorated
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FiG. 6. TEM of MoS, sample after the following treatments: etched with 0.1 atm O, at 600°C for 6
min, exposure of the etched face with 90 torr benzene at 550°C for 20 min, and gold decoration on the
face opposite to etching and benzene exposure. All decorated carbon island appear in lines.
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Fi1G. 7. Same as in Fig. 6. A gold-decorated screw dislocation is shown.

and seen in the TEM. The density of screw
dislocation in the MoS, crystal is appar-
ently higher than that of vacancies. The
density of screw dislocation in the samples
examined in this study is approximately 5 X
10° cm™2. An example of the decorated
screw dislocation is shown on Fig. 7. An
effort has been made to locate carbon is-
lands formed on the screw dislocations, but
they are generally free of carbon. This
result concludes that screw dislocations are

not the preferred sites for coke deposition,
as suggested previously (7, 12).

Electron Diffraction Patterns of Coke
Samples

The coked samples have been further
subjected to electron diffraction analysis, in
order to obtain an understanding of the na-
ture of the coke. Figure 8a is the selected-
area diffraction pattern of the bare surface
of the sample coked by 90 Torr benzene at
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F1G. 8. Electron diffraction patterns of the coked MoS; sample, the TEM of the same sample is
shown in Fig. 1. (A) Pattern of the bare MoS, surface. (B) Pattern of the coke islands, which is identical
to that of single-crystal graphite.

700°C for 1 h. Figure 8b is the pattern for
the triangular islands on the same sample.
These patterns correspond to, respectively,
single crystals of MoS, and graphite. The
electron diffraction pattern of the thin trian-
gular islands on the sample coked with CH,
at 700°C, the TEM of which is shown in
Fig. 3, has also been taken. This pattern,
again, shows that the thin islands are single-
crystal graphite. Diffraction patterns of the
samples coked at 550°C have not been
taken. The electron diffraction analysis
shows unequivocally that the coke shown
in this study is indeed carbon.

CONCLUSIONS

Using the technique of gold decoration
and TEM/SEM, the study of coke forma-
tion from benzene and methane on the basal
plane of thin (ca. 500 A) MoS; single crys-
tals show

1. For coke deposition from benzene,

which is exothermic, faceted (triangular-
shaped) carbon islands are formed on the
face opposite to exposure to benzene;
whereas for CH,, unfaceted carbon islands
are formed on the face of exposure. This
result provides a direct evidence for the
carbon diffusion mechanism and that the
diffusion is driven by a temperature gradi-
ent.

2. The technique of gold decoration/TEM
can be used to detect the formation and
growth of thin (perhaps monolayer) carbon
islands.

3. Screw dislocations are not preferred
sites for carbon deposition.

4. Steps on the basal plane are likely the
active sites for benzene decomposition and
carbon formation.

ACKNOWLEDGMENT

The authors are indebted to the support by the Na-
tional Science Foundation under Grant CPE-8120569.



204

10.

REFERENCES

. Thomas, J. M., **Advances in Catalysis,” Vol. 20,

p. 293. Academic Press, New York, 1969.

. Bassett, G. A., Philos. Mag. 3, 1042 (1958).
. Hennig, G. R., in “‘Chemistry and Physics of Car-

bon” (P. L. Walker, Jr., Ed.), Vol. 2, p. 1.
Dekker, New York, 1966.

. Thomas, J. M., Carbon 8, 413 (1970).
. Yang, R. T., in ““‘Chemistry and Physics of Car-

bon” (P. A. Thrower, Ed.), Vol. 19, p. 163.
Dekker, New York, 1983.

. Bahl, O. P., Evans, E. L., and Thomas, J. M.,

Surf, Sci. 8, 473 (1967).

. Trimm, D. L., Catal. Rev.-Sci. and Eng. 16, 155

1977).

. BAKER, R. T. K., AND HARRIS, P. S., in “‘Chemis-

try and Physics of Carbon,”” (P. L. Walker, Jr. and
P. A. Thrower, Eds.), Vol. 14, p. 83. Dekker, New
York, 1978.

. Bartholomew, C. H., Catal. Rev. Sci. Eng. 24, 67

(1982).
Wolf, E. E., and Alfani, P., Catal. Rev. Sci. Eng.
24, 329 (1982).

11.

12.

13.

4.

15.

16.

17.

18.

YANG AND YANG

Baker, R. T. K., Barber, M. A., Harris, P. S.,
Feates, F. S., and Waite, R. J., J. Cazal. 26, 51
(1972).

Rostrup-Nielsen, J., and Trimm, D. L., J. Catal.
48, 155 (1977).

LaCava, A. 1., Fernandez-Raone, E. D., Issacs,
L. L., and Carraballo, M., in ‘‘Coke Formation on
Metal Surfaces’” (L. F. Albright and R. T. K.
Baker, Eds.), ACS Symp. Ser. 202. Amer. Chem.
Soc., Washington, D.C., 1982.

Nishiyama, Y., and Tamai, Y., J. Catal. 45,
(1976).

Toth, L. E., “Transition Metal Carbides and Ni-
trides.”” Academic Press, New York, 1971.

Kosolapova, T. Ya., “‘Carbides.”” Plenum, New
York, 1971. (English Transl.)

Renshaw, G. D., Roscoe, C., and Walker, P. L.,
Jr., J. Catal. 22, 394 (1971).

Sacco, A., Jr., and Caulmare, J. C., in *‘Coke
Formation on Metal Surfaces’’ (L. F. Albright and
R. T. K. Baker, Eds.), ACS Symp. Ser. 202.
Amer. Chem. Soc., Washington, D.C., 1982.



