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The hydrogenation of CO and the hydrogenolysis of C,Hs were studied over the hcp and fcc
phases of Mo,C, and the fcc phase of Mo,N. The CO hydrogenation activity and selectivity of the
fcc phases of Mo,C and Mo;N are identical. The activity of the hcp phase of Mo,C is half that of the
other two catalysts but the olefin selectivity is higher. Elemental analysis reveals that the catalysts
contain a substantial amount of oxygen following extended use for CO hydrogenation. The
hydrogenolysis activity of both Mo,C phases increases markedly with decreasing content of
oxygen in the catalyst. Consistent with the known structure sensitivity of C;H¢ hydrogenolysis, the
activity of the hcp phase of Mo,C is 200-fold higher than that of the fcc phase. This difference in
activity is attributed to differences in the structure of the principal planes exposed by each phase of

the carbide. © 1987 Academic Press, Inc.

INTRODUCTION

Molybdenum carbides were first reported
to have catalytically interesting properties
by Sinfelt and Yates (). They discovered
that the ethane hydrogenolysis activity
over unsupported Mo increased 60-fold
over the course of 5 h. Subsequent exami-
nation of the catalyst indicated that a Mo,C
phase had formed and extended appre-
ciably into the bulk. Later experiments by
Kojima et al. (2) and Boudart et al. (3)
showed that the carbide layers served as
the active catalyst. These results have stim-
ulated other researchers to investigate the
properties molybdenum carbide, and also
nitride, for CO hydrogenation (¢—12), olefin
hydrogenation (/3), hydrocarbon reforming
(I14-16), NH; synthesis (3, 17), CO oxida-
tion (18), and NO reduction (19, 20). This
paper reports the results of an investigation
of CO hydrogenation over the hep and fee
phases of Mo,C and the fcc phases of
Mo, N, and the C,H¢ hydrogenolysis over
both carbide phases. A detailed study of the
physical and chemical characteristics of all
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three catalysts is given in a companion
paper (21).

EXPERIMENTAL

The methods of preparing the hep and fec
phases of Mo,C and the fcc phase of Mo;N
have been described previously (27). The
starting material in all cases is MoO;
(Mallinkrodt, 99.5% pure). Mo,C(hcp) was
produced by H; reduction of the oxide to
the metallic Mo and subsequent carburi-
zation in a CH,/H, mixture, using a modi-
fication of the procedure described by
Boudart et al. (5). The preparation of
Mo,N(fcc) was carried out by reducing
Mo0O; in NH; (22). The Mo,N(fcc) was then
converted to Mo,C(fcc) by heating the ni-
tride in a CHy/H, mixture. This results in a
topotactic substitution of carbon for ni-
trogen.

The freshly synthesized carbides were
passivated in oxygen and then air exposed.
Prior to use in reaction studies, these cata-
lysts were pretreated in a 3/1 : CH4/H;, mix-
ture at 623 K for 1 h and then evacuated for
1 h. The purpose of this pretreatment was
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FiG. 1. Approach to steady-state activity for CO
hydrogenation over Mo,C(hcp).

to assure carburization of any metallic Mo
present on the surface and to remove as
much oxygen from the catalyst as possible.
Mo,N (fcc) was not air exposed and was
used for CO hydrogenation without pre-
treatment.

Each of the three catalysts was charac-
terized after synthesis, pretreatment, and
exposure to reaction conditions. The char-
acterization techniques used were elemen-
tal analysis, X-ray diffraction, transmission
electron microscopy, BET surface area
measurement, and CO chemisorption. De-
tails concerning the application of these
techniques and the results obtained are
given in Ref. 21).

Reaction studies were carried out using a
quartz microreactor. Products were anal-
yzed with a Varian Model 1200 gas chroma-
tograph containing a 1.8 mm x 2.16 mm i.d.
column packed with Poropac Q. An FID
was used to detect the eluted products. The
flow of reactants to the reactor was con-
trolled with mass flow controllers. CO
(Matheson, 99.9%) was passed through
ascarite and heated glass beads to remove
CO; and iron carbonyls, respectively, and
through a molecular sieve trap to remove
H,0. H,; (Matheson, 99.999%) was passed
over heated Pd followed by a molecular
sieve trap to remove O, and H,O. C,Hg
(Matheson, 99.9%) was used without fur-
ther purification.
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F1G. 2. Approach to steady-state activity for CO
hydrogenation over Mo,C(fcc).

CO Hydrogenation

The behavior of Mo,C(hcp), Mo,C(fce),
and Mo,;N(fcc) with time on stream for a
fixed set of reaction conditions is illustrated
in Figs. 1, 2, and 3, respectively. The
overall activity of Mo,C(hcp) increases rap-
idly during the first 50 min but then slowly
decreases. A steady-state activity was
achieved after 16 h and is characterized by
the points shown in Fig. 1 for 19 h. Figure 1
also shows that while the selectivity to CH,
is very high initially, it decreases as the
catalyst approaches its steady-state activ-
ity. The behavior of Mo,C(fcc) is similar to
that of Mo,C(hcp). The principal difference
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FiG. 3. Approach to steady-state activity for CO
hydrogenation over Mo,N(fcc).
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F1G. 4. Variation of conversion with residence time
for Mo,C(hcp).

is that the maximum activity is not reached
until the catalyst has been under reaction
conditions for more than 250 min. The
approach to steady state of Mo,N(fcc) is
different from that of the two Mo,C modi-
fications in that the total activity does not
go through a maximum. Another difference
is that the CH, selectivity steadily increases
with time under reaction conditions.

The distribution of reaction products
over Mo,C(hcp) observed under steady-
state conditions was found to vary with
reactant residence time, as shown in Fig. 4.
The formation of CH, exhibits an upward
curvature with increasing residence time
(i.e., lower gas flow rate). Ethylene, on the
other hand, shows a downward curvature.
The curvature in the plots of CH, and C;H,
are indicative of secondary reactions. One
possibility is the readsorption and subse-
quent hydrogenation of C,H,. This inter-
pretation is consistent with the observation
that C;Hg is produced in preference to C,H,
as the residence time increases. The up-
ward curvature of the plot for CH; may
result from a partial hydrogenolysis of the
C,H, formed by CO hydrogenation. Such a
reaction has been observed to occur over

Group VIII metals (23). The variations in
product distribution with residence time
observed for Mo,C(fcc) and Mo,N(fcc)
were virtually identical to that shown in
Fig. 4 for Mo,C(hcp).

In light of the preceding results it was
decided to compare catalyst activities at a
fixed CO conversion, rather than at a fixed
residence time. The results are presented in
Table 1 for a CO conversion of 1.5%. It is
evident that the steady-state activity of
Mo,C(hcp) is roughly half that of Mo,C(fcc)
or Mo;N(fcc). The selectivity of the two
carbide catalysts are very similar, with
metane being the major product. The C,
and C; hydrocarbons are predominantly
paraffinic even though the overall conver-
sion of CO is small. For the reaction condi-
tions indicated in Table 1, the activity and
selectivity of Mo,N(fcc) are identical to
those of Mo,C(fcc).

The physical and chemical characteris-
tics of each catalyst were determined be-
fore and after 24 h of exposure to synthesis
gas. The results are given in Table 2 (21).
The elemental analysis of both phases of
molybdenum carbide, following pretreat-
ment, indicate that in addition to a near-
stoichiometric amount of carbon there is a
substantial amount of oxygen present.
X-ray diffraction patterns of these catalysts
show no evidence for oxide phases of mo-
lybdenum. This together with evidence
from TPR studies (I3, 21) has led to the
conclusion that the oxygen is contained in

TABLE 1

Comparison of Activities and Selectivities of
Mo,C (hep), Mo,C (fcc), and Mo,N (fec)
for CO Hydrogenation®

Mo,C (hep) Mo,C (fec) Mo,N (fce)
Ncny % 10° (s 27.4 46.0 50.1
Scuy (%) 76.9 83.7 83.5
Scans (95) 5.2 1.2 1.5
Scng (%) 156 14.3 14.0
Scsug (%) 1.1 0.0 0.0
Scsug (%) 1.3 0.9 1.0

4 Reaction conditions: T = 573 K, Pco = 100 Torr, Py, = 300 Torr.
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TABLE 2

Characteristics of Mo,C and Mo,N Catalysts Before and After Use
for CO Hydrogenation

Catalyst State® Composition BET surface CO capacity
area (m?/g) (x107'* mol/cm?)
MOZC (hcp) A MOZC]_MOO_gg 28.1 0.24
B M02C0.9400 66 14.9 0.40
M02C (fCC) A M02C1 1303_03 139.3 0.27
B M0,Cy.9500.73 122.0 0.54
Mo,N (fCC) A MO:NL()SO() 19 185.3 1.18
B Mo:N 0Co.5100.34 178.0 0.65

@ State A for Mo,C(hcp) and Mo,C(fcc)—following synthesis, air exposure, and
pretreatment in a 3/1 : CH,/H, mixture at 623 K for 1 h and evacuation for 1 h. State A
for Mo,N(fcc)—following synthesis. State B for all catalysts—following reaction for
24hat T =573 K, Pco = 100 Torr, Py, = 300 Torr.

the vacant octahedral voids of the Mo,C
lattice. Following exposure to synthesis
gas, there is a small decline in the carbon
content of both carbide phases, and a more
significant decrease in the oxygen content,
particularly in the case of Mo,C(fcc). The
freshly prepared Mo,N(fcc) shows a near-
stoichiometric amount of nitrogen and a
small content of oxygen. As in the case of
the carbide phases, XRD shows no evi-
dence for molybdenum oxide phases. Ele-
mental analysis of the molybdenum nitride

TABLE 3

Rate Parameters for CO Hydrogenation over Mo,C
and Mo,N Catalysts*

Product kols ™! Torr(n+m] Ea(kcal/mol) m n
Mo>C (hep)

CH, 5.26 x 107 19.1 0.30 0.97

CyH, 4.23 x 10 31.3 1.38 0.61

C,Hs 2.49 x 10! 17.1 0.52 0.61
MoxC (fec)

CH4 3.65 x 10! 15.0 0.23 0.96

CaHy 3.68 x 107 25.6 1.13 0.59

C:Hs 6.28 15.7 0.86 0.43
Mo;N (fce)

CH, 4.54 % 10! 19.5 1.20 0.84

CyH, 5.00 x 1072 21.3 2.39 0.52

C,Hg 4.00 x 1072 15.6 1.80 0.54

4 N = kye EoRTPY,Plo.

shows no loss of nitrogen after exposure of
the catalyst to synthesis gas. There is clear
evidence, though, of both carbon and oxy-
gen accumulation. The X-ray diffraction
pattern of the nitride shows that the bulk
structure continues to be Mo,N, and that
no new phases are formed.

The kinetics of CHy, C;Hy, and C,Hg
formation were investigated by varying the
temperature and reactant partial pressures.
For these studies, the flow rate of synthesis
gas was adjusted so as to maintain the CO
conversion at approximately 1.5%. The
rate parameters for all three catalysts are
presented in Table 3. The partial pressure
dependences on H; and CO are comparable
for Mo,C(hcp) and Mo-C(fece). For
Mo;,N(fcc), the H, partial pressure depen-
dence is similar to that for the carbide
catalysts but the CO partial pressure depen-
dence is about a power of one higher. All
three catalysts exhibit positive orders in
both H, and CO. The latter stands in con-
trast to Group VIII metal catalysts which
characteristically show an inverse order
dependence on CO partial pressure. The
activation energies for the three catalysts
also exhibit similarity and the differences
for a given product are never larger than
about 6 kcal/mol.
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F1G. 5. Variation of ethane hydrogenolysis activity
with time for Mo,C(hcp).

C,Hg Hydrogenolysis

The hydrogenolysis of C,Hs was exam-
ined over both phases of Mo,C. The reac-
tion conditions were T = 573 K, Py, = 100
Torr, and Py, = 500 Torr. Figures 5 and 6
show the rate of CH, formation versus time
under reaction conditions for Mo,C(hcp)
and Mo,C(fcc), respectively. For both car-
bide phases, the initial activity is negligible
but steadily increases with time. After 48 h,
Mo,C(hcp) showed no sign of approaching
a steady state, whereas the activity of
Mo,C(fcc) reached a steady state after ap-
proximately 40 h. It is also significant that
for times of up to 30 h, the specific activity
of Mo,C(hcp) is more than 200 times that of
Mo,C(fcc).

Table 4 shows that two major changes in
each catalyst can be detected after its use
for C;Hg¢ hydrogenolysis. The first is a
significant reduction in the oxygen content.
For Mo,C(hcp) all of the oxygen present in
the pretreated catalyst has been removed,
whereas in the case of Mo,C(fcc) some
oxygen is still retained. The second change
is a roughly twofold increase in the CO
adsorption capacity. It should be noted that

TABLE 4

Characteristics of Mo,C and Mo,N Catalysts
Following Use for C,Hs Hydrogenolysis®

Catalyst Composition BET surface CO capacity
area (m%/g) (x10™ mol/cm?)
Mo,C (hep) Mo2Co 53 18.0 0.56
Mo;C (fec) M02C0.8900.69 161.0 0.52

 Reaction conditions: T = 573 K, Pc,ug = 100 Torr, Pyy = 500 Torr.

the CO adsorption capacities for both car-
bide phases are virtually identical, both
after pretreatment catalysts and use for
C,;H¢ hydrogenolysis.

DISCUSSION
CO Hydrogenation

The chemisorption of CO and H; on Mo
is known to be affected by the presence of
surface carbon and oxygen. Ko and Madix
(25, 26) have reported that on a clean
Mo(100) surface CO adsorbs both disso-
ciatively and associatively (molecularly) at
room temperature. Carburization or oxida-
tion of the surface inhibits the dissociative
component of adsorption and increases the
associative component in such a way that
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7 Mo2C (fce)
20  Pgyg =100 torr E
PHyp = 500 torr
T=573K
1.5} 1
e
L]
Qo
x 1.0F CH,4 —
0.5} b
1 1 i i 1 A
0O 6 12 18 24 30 40
Time (h)

Fi1G. 6. Variation of ethane hydrogenolysis activity
with time for Mo,C(fcc).
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the total amount of CO adsorbed remains
constant. LEED studies indicated that the
pretreated surface contains carbon or oxy-
gen atoms in the fourfold hollow positions.
Once these positions are fully occupied,
CO dissociation is suppressed, but molecu-
lar chemisorption can still occur at exposed
on-top sites of Mo. Similar studies of H,
chemisorption revealed that the disso-
ciative chemisorption of H, is suppressed
when carbon or oxygen atoms occupy the
fourfold sites of a Mo(100) surface. While
the effects of nitriding a Mo(100) surface on
the chemisorption of CO and H, have not
been established, work by Ko and Madix
(27) has shown nitrogen atoms will occupy
the same sites as carbon or oxygen atoms.
Since the electronegativity of nitrogen lies
halfway between that for carbon and oxy-
gen, we can infer that nitridation of a
Mo(100) surface should influence the che-
misorption of CO and H: in a manner
identical to carburization or oxidation.

Work reported in the recent literature
indicates that on Group VIII metals and
compounds such as Mo,S, the hydrogena-
tion of CO is initiated by the dissociation of
adsorbed CO (28). Since Mo,C and Mo,N
exhibit bulk and surface properties similar
to those of metals, we would expect the
hydrogenation of CO to proceed via a
mechanism similar to that for metals.
Hence, CO dissociation should again be a
critical first step.

Inferences about the effects of oxygen on
the activity of Mo,C and Mo;N can be
drawn from the studies of Ko and Madix
(25-27) since the fully carburized or ni-
trided Mo(100) surface is equivalent to the
(200) surface of the fcc phases of Mo,C and
Mo;,N. It seems likely that during CO hy-
drogenation the surface of the carbide or
nitride is partially reduced, so that not all of
the fourfold hollow sites are occupied. If
oxygen atoms were present in some of
these sites, the reduction process might
proceed more slowly since the higher elec-
tronegativity of oxygen relative to carbon
or nitrogen would make it more strongly

bound to the Mo. Based on this line of
reasoning, we would expect oxygen on the
surface of Mo,C or Mo,N to inhibit the
activity of these catalysts for CO hydroge-
nation. Leclerq et al. (5) have observed
such an effect. Their studies showed that
molybdenum oxide is much less active than
molybdenum oxycarbide, and that the ac-
tivity of the latter catalyst increased upon
reduction of its oxygen content. Dun et al.
(10) have also observed that the activity of
a charcoal-supported MoQO; catalyst in-
creased with time under reaction condi-
tions. This change was ascribed to car-
biding of the MoO; surface.

Based on the preceding discussion, we
attribute the rise in CO hydrogenation ac-
tivity of Mo,C(hcp), Mo,N(fcc), and
Mo,C(fcc) seen in Figs. 1, 2, and 3, respec-
tively, to a progressive loss of oxygen from
the catalyst surface. Consistent with this,
Table 2 shows that the bulk oxygen content
of Mo,C(hcp) and Mo,C(fcc) decreases
after catalyst use. It is significant to note at
this point that while changes in bulk oxygen
content are suggestive of changes in surface
oxygen content they do not tell the whole
story. This point is well illustrated by our
work on the characterization of Mo,C(fcc)
by temperature-programmed reduction
(21). These studies show that following CO
hydrogenation, the catalyst surface is de-
void of oxygen even though there is still
oxygen in the catalyst bulk. The impor-
tance of surface versus bulk oxygen is also
suggested by the behavior of Mo;N. Figure
2 shows that the activity of this catalyst
rises steadily with reaction time. On the
other hand, Table 2 shows that the bulk
oxygen content is higher after reaction than
before. These observations might be ex-
plained by suggesting that the rise in bulk
oxygen content is due to the exposure of
the catalyst to H,O produced during CO
hydrogenation, while the rise in activity
with time is due to the progressive reduc-
tion in oxygen content of the catalyst
surface.

The cause of the decline in activity of
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Mo,C(hcp) and Mo,C(fcc) for long reaction
times cannot be fully explained. The most
likely cause of deactivation is the accumu-
lation of free carbon. If activity loss were
attributable solely to this cause, then we
would expect to see a corresponding loss in
CO chemisorption capacity. Table 2 shows
that for Mo,C(hcp), there is a small in-
crease in carbon content after CO hydroge-
nation but no significant loss in CO ad-
sorption capacity. By contrast, Mo,C(fcc)
shows a small decrease in carbon content
and an increase in CO adsorption capacity.
It is also significant that after reaction,
Mo,N exhibits a large increase in carbon
content, a large decrease in CO adsorption
capacity, but no loss of catalytic activity.
Taken together, these observations suggest
that factors other than carbon accumulation
are responsible for the loss of activity for
Mo,C(hcp) and Mo,C(fcc).

Table 5 compares the rate coefficients
obtained in this study with those reported
previously for Mo,C(hcp). It is evident that
the H, and CO partial pressure depen-
dences of the present work are in good
agreement with those of Kojima and Miya-
zaki (4) and Dun et al. (10) but differ from
those of Murchison (/I). The discrepancy
with Murchison’s results is most likely a
reflection of the high CO conversions
(~70%) used in his study. The activation
energy for total hydrocarbon formation ob-
served in this work is comparable to that
reported by Murchison (/1) and Dun et al.
(10), but the activation energy for CH, for-
mation reported by Leclerq er al. (9) is
smaller by 8 kcal/mol than that found here.

The results presented in Table 3 show
that for all three catalysts investigated, the
H, and CO partial pressure dependences
are positive. The occurrence of a positive
order CO dependence suggests that CO
adsorption does not inhibit H, chemisorp-
tion. This is consistent with the discussion
given earlier which revealed that CO che-
misorption will occur preferentially at on-
top sites, whereas H, chemisorption re-
quires fourfold hollow sites. The cause of

TABLE 5

Comparison of Rate Parameters for CO
Hydrogenation over Mo,C(hcp) Catalysts

Ref. ko molecules/  Ejkcal/mol) m n

(cm? s Torr™*m)

Total hydrocarbon formation
This work — 19.7 1.0 03
Dun et al. (10} — 21.0 1.0 05
Murchison (/1) — 2.8 0.5 10

CH, formation

This work 1.1 x 10° 19.1 1.0 03
Kojima and Miyazaki (4) 1.6 x 10° — 1.0 05
Leclerq ez al. (5) — 11.0 — -

the higher CO dependence for Mo;N (fcc)
than for either Mo,C phase is difficult to
understand and at present no satisfactory
explanation can be given.

The data presented in Table 1 indicate
that Mo,C(fcc) is a factor of two more
active for CO hydrogenation than
Mo,C(hcp). This activity difference cannot
be ascribed to differences in either the
partial pressure dependences or the activa-
tion energies. We propose, therefore, that
the difference in activity is associated with
differences in the structure of the predo-
minant crystal faces exposed by the crys-
tallites of each Mo,C phase. Based on
X-ray diffraction studies, Tutiya (29) iden-
tified the (101) plane to be the predominant
surface exposed by Mo,C(hcp). Using a
similar approach Volpe and Boudart (22)
have concluded that for Mo,C(fcc) the do-
minant plane is (200). The structure of these
surfaces is illustrated in Figs. 7 and 8. It is
evident that the Mo nearest neighbor dis-
tance on the (101) surface of Mo,C(hcp) is
0.06 A greater than on the (200) surface of
Mo,C(fcc), and that the former surface has
a greater fraction of the exposed Mo atoms
bonded to carbon. It seems reasonable to
expect that both factors might contribute to
making the surface of Mo,C(hcp) less ac-
tive than the surface of Mo,C(fcc).

C,Hg Hydrogenolysis

Figures 5 and 6 show a very significant
rise in the hydrogenolysis activity of both
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phases of Mo,C with time under reaction
conditions. This trend agrees very closely
with the observations reported by Sinfelt
and Yates (/). Since the elemental analysis
of both catalysts reveals that C;Hg hydroge-
nolysis removes oxygen from the catalyst
bulk (see Table 4), the increase in activity
is ascribed to this change. Recent studies
of hexane and heptane reforming over
Mo,C(fcc) conducted in our laboratory sup-
port this interpretation (30). As in the case
of CO hydrogenation, it is anticipated that
the surface concentration of oxygen is more
a significant factor than the bulk concen-
tration.

The most significant point of the data is
that the specific activity of Mo,C(hcp) is
200-fold greater than that of Mo,C(fcc) at
any time. Most of this difference in activity
is ascribed to differences in the structure of
the dominant planes making up the surface

of Mo,C(hcp) and Mo,C(fcc). It is well
known that C,Hg hydrogenolysis is a de-
manding reaction which is sensitive to the
catalyst structure (37). Studies of the reac-
tion mechanism for Group VIII metals sug-
gest that C;Hg dehydrogenates to a C,H,
species prior to cleavage of the C-C bond
(32). The hydrogen atoms released from
C,;H¢ are believed to be bound to sites
different from those to which C,Hg or C,H,
is bound, but both types of sites must occur
near each other. Figures 7 and 8 show that
the predominant surfaces of Mo,C(hcp) and
Mo,C(fcc) are quite different. The (101)
surface of Mo,C(hcp) is more open and
corrugated than the (200) surface of
Mo,C(fcc). These differences are likely the
reason why C,;Hg hydrogenolysis occurs so
much more rapidly on Mo,C(hcp) than
Mo,C(fcc). While it is possible that the
higher bulk oxygen content of Mo,C(fcc)
may contribute to the lower hydrogenolysis
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activity of Mo,C(fcc), experiments con-
ducted with hexane and heptane (30) sug-
gest that this factor could account for no
more than a 10-fold difference in the activi-
ties of Mo,C(fcc) and Mo,C(hep).

CONCLUSIONS

The present studies demonostrate that
the activities of Mo,C(fcc) and Mo;N(fcc)
for CO hydrogenation are equivalent and
twofold higher than the activity of
Mo,C(hcp). The carbon number selecti-
vities are comparable for all three catalysts
but the olefin selectivity is higher for
Mo,C(hcp) than for either Mo,(fcc) or
Mo,N(fcc). The rate parameters for the
three catalysts are similar in most respects.
The activation energy for C;H, synthesis is
substantially greater than that for the syn-
thesis of either CH4 or C;Hg¢. Both the H,
and CO partial pressure dependences are
positive order. The H, dependence de-
creases in the order C;Hy > C;Hg > CH,
and the values are nearly identical for the
two carbide catalysts, but a power of one
greater for Mo,N(fcc). The CO dependence
is strongest for CH,4, but weaker for both
C,H, and C,Hs. Following reaction, all
three catalysts evidence a significant frac-
tion of lattice oxygen.

Both phases of Mo,C are active for C;Hs
hydrogenolysis. The activity of these cata-
lysts increases substantially with time on
stream due to a progressive removal of
oxygen from the carbide lattice. For com-
parable duration under reaction conditions,
the specific activity of Mo,C(hcp) is 200-
fold higher than that of Mo,C(fcc). The
difference in the activities of the two phases
is attributed to differences in the structure
of the principal surfaces exposed by each
phase.
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