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Molybdenum Carbide Catalysts 

3. Turnover Rates for the Hydrogenolysis of n-Butane 
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The hydrogenolysis of n-butane was studied on Mo and M02C supported on AI203 as well as on 
bulk carbides M02C and a-MoCi_ x. Well-reduced molybdenum clusters supported on AI203 were 
prepared according to the method of Burwell and co-workers. The clusters were transformed in 
CH4-H 2 mixtures into M02C as shown by X-ray absorption spectroscopy. Turnover rates, vt, 
referred to the number of surface metal atoms titrated by irreversible chemisorption of CO were 
very high both on supported and unsupported catalysts. The value of vt for supported M02C clusters 
was slightly less than that for Ru and Os, the most active metals known for the hydrogenolysis of 
alkanes. The reaction was found to be structure-sensitive since vt values changed with particle size 
and crystal structure of catalysts. The presence of polymeric carbon on the surface, or possibly 
oxygen, and the structure sensitivity of the reaction seem responsible for the low v t of unsupported 
M02C reported previously. Molybdenum surfaces that were initially metallic transformed to carbides 
under reaction conditions, indicating that the active catalytic phase of metallic Mo was also 
M02C. © 1990 Academic Press, Inc. 

INTRODUCTION 

Turnover rates, vt, for the hydrogenolysis 
of n-butane on unsupported M02C powders 
were reported by two of us at the Interna- 
tional Congress on Catalysis in Tokyo (1). 
In the discussion of this work, Burwell 
noted that the values of vt obtained were 
more than two orders of magnitude smaller 
than those found in his laboratory for well- 
reduced molybdenum clusters supported on 
A1203 (2). The present work was initiated to 
understand the origin of this discrepancy. 

Hexagonal M02C and cubic a-MoC1-x are 
prepared as unsupported powders with BET 
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specific surface areas of close to 60 m 2 g-  1 
and 200 m2g- 1, respectively, without appre- 
ciable surface contamination by carbon (3, 
4). The metallic molybdenum clusters sup- 
ported on y-alumina (Mo/A1203) are pre- 
pared according to the method of Burwell 
and co-workers (5-9). Carbided molybde- 
num clusters (MOEC/A1203) are prepared by 
treating those well-reduced metallic clusters 
with a CHJH2 mixture. Samples are charac- 
terized by CO chemisorption, X-ray diffrac- 
tion (XRD), X-ray absorption spectroscopy 
(XAS), and temperature-programmed reac- 
tion (TPR). This paper reports turnover 
rates for the hydrogenolysis of n-butane at 
510 K and atmospheric pressure on these 
supported and unsupported catalysts. 

EXPERIMENTAL 

High-purity y-alumina (99.99%, Ameri- 
can Cyanamid, SN-5262) was used in the 
preparation of the supported samples. It had 
a BET specific surface area of 200 m 2 g-  1, a 
pore volume of 0.58 cm 3 g-1, and impurities 
in wt% of NazO < 0.002, SO4 < 0.001, 
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FIG. 1. Schematic of flow system. 1, Palladium thim- 
ble; 2, molecular sieve trap; 3, MnO/SiO2 trap; 4, flow 
meter; 5, Mo(CO) 6 saturator; 6, quartz cell; 7, cold 
trap; 8, sample injection valve; 9, soap-film flow meter; 
10, gas chromatograph; 11, vacuum line. 

Fe < 0.004, and NiO, MoO3, CoO < 0.001. 
Molybdenum hexacarbonyl Mo(CO)6 (Alfa- 
Ventron) was purified by sublimation under 
vacuum. Molybdenum trioxide MoO 3 
(Johnson Matthey, 99.998%) was used as 
received for the preparation of the unsup- 
ported samples. Dihydrogen (99.95%, Liq- 
uid Carbonic) was purified through a heated 
palladium cell. Helium (99.995%, Liquid 
Carbonic), methane (99.97%, Matheson) 
and n-butane (99.5%, Matheson) were puri- 
fied through 5-/~ molecular sieves and MnO/ 
SiO2 traps, both at room temperature (RT), 
The MnO/SiO2 trap was activated in H2 at 
700 K prior to use (10). A flow system shown 
in Fig. 1 was used for sample preparation, 
reaction rate measurements, and tempera- 
ture-programmed reaction (TPR). All exper- 
iments were carried out in situ without 
exposing samples to the atmosphere. 

To prepare the supported samples, 0.1 g 
of 50/80 mesh y-alumina was loaded in a 
2-cm-diameter tubular quartz cell equipped 
with a coarse frit and dehydroxylated at 
1160 K for I h in flowing He at a space 
velocity, SV, of 60,000 h-  1. Space velocity, 
SV, is defined as the volumetric flow rate of 
gas (STP) divided by the apparent sample 
volume. This treatment caused a 5% loss 
in surface area. Following dehydroxylation, 
the y-alumina was cooled to 320 K or to 360 

K. The Mo(CO) 6 was then sublimed onto 
the alumina by passing H 2 (SV = 100,000 
h-1) through a Mo(CO) 6 saturator kept at 
RT and over the alumina. The high space 
velocity assured sample homogeneity along 
the length of the bed. Samples with varying 
Mo loading were prepared by changing the 
time of exposure of the support to the satu- 
rated carrier gas. Following adsorption, the 
saturator was bypassed. The sample tem- 
perature was increased to 373 K under H 2 
flow and maintained at 373 K for 1 h. Finally, 
the sample temperature was increased at the 
rate of 430 K h-1 to 970 K and maintained 
at this temperature for 1-3 h in flowing H E. 
This preparation yielded reduced samples of 
Mo/Al203. Supported molybdenum carbide, 
Mo2C/AI203, was prepared by subsequent 
carburization of these samples in a CH4/H 2 
mixture 05-20% CH 4, SV = 60,000 h -1) 
between 930 and 980 K for 0.2-0.5 h, de- 
pending on Mo loading. Then the sample 
was treated in H2 at 580 K until no CH 4 was 
detected at the reactor outlet. Values of Mo 
loading were determined by atomic absorp- 
tion. Carbon content was determined by 
measuring CH 4 evolved during TPR with 
H 2 . 

Hexagonal MOEC powders were prepared 
by TPR of MoO3 with a CH4/H 2 mixture 
(20% CH4, SV = 60,000 h-1). The rate of 
heating from 670 to 920 K was 30 K h -1. 
Cubic a-MoCl_ x (x = 0.5) powders were 
made in two steps. In the first step, molyb- 
denum nitride, MOEN, powders with BET 
specific surface area, Sg, of ca. 200 m E g-1 
were prepared by TPR between MoO3 and 
ammonia (I1). In the second step, Mo2N 
powders were carburized by TPR with a 
20% CH4/H 2 mixture (4, 12). The product Sg 
was 190 m E g - l .  This sample is called a- 
MoCI_x-H. To increase the particle size of 
M o C I - x ,  the heating rate of the nitride prep- 
aration was raised from 30 to 100 K h-  1. The 
product Sg was then 120 m E g- 1. This sample 
is called a-MoC l_x - M. A third sample was 
Sg equal to 20 m 2 g-1 was prepared by heat- 
ing 190 m E g-1 nitride at 1000 K for l0 h 
in flowing N2 prior to carburization. The 
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FIG. 2. Schematic procedures for the preparation of 
cubic c~-MOCl_x and hexagonal Mo2C from MOO3, their 
crystal structures, and BET specific surface areas (Sg). 

resulting powder is called o~-MoCl_x-L. 
The procedures for the preparation of un- 
supported samples, their crystal structure, 
and Sg values are schematically represented 
in Fig. 2. The details of these solid transfor- 
mations are described elsewhere (3, 4, 11, 
12). Their properties are summarized in Ta- 
ble 1. 

A sample of supported ruthenium (0.5% 
Ru/AI203) was obtained from Baker Co. in 
pellet form. The method of its preparation 
is unknown. It was crushed into a powder 
and reduced at 720 K for 2 h in flowing H 2 
before adsorption and reaction rate mea- 
surements. An amount of 50 mg was used 
for reaction rate measurement. 

TABLE 1 

Properties of Unsupported Molybdenum Carbides 

Mo2C a-MoCi x-H a-MoC1 x-M a-MoCt-x-L 

BET area 60 190 120 20 
(m 2 g -  I) 

Phase by XRD Mo2C ~-MoCl-x c~-MoCl-x c~-MoCt-x 
Mo2C 

CO number 0.22 0.26 0.36 0.33 
density 
(1015 cm -2) 

Dp (nm by 11.0 3 5 32 
BET) ~ 

D c (nm by 11.5 5 9 10 (a-MoC 1 x) 
X-ray) b 80 (Mo2C) 

a Dp = 6/0 Sg ; 0 is the density of the solid; Sg is the specific surface 
area by BET. 

b D3 = h/(fl cos O); ,k is the wavelength of X-ray radiation; O is the 
Bragg angle,/3 is the half-width corrected for Ka-doublet separation and 
instrumental broadening. 

Chemisorption of CO was measured at 
RT in a constant-volume adsorption system 
(13). By isolating the cell with stopcocks, 
the sample was not exposed to air during 
transfer between the reactor and adsorption 
systems. Before chemisorption of CO, the 
sample was heated in H2 at 570 K for 0.2 h, 
evacuated at this temperature for 0.5 h to 5 
× 10 -3 Pa, and then cooled to RT. An initial 
isotherm was taken to measure total CO up- 
take. Then the sample was evacuated at RT 
for 0.5 h to 5 x 10 -3 P a f o r  0.5 h a n d  a 
second isotherm was obtained to measure 
weakly adsorbed CO. The isotherms were 
extrapolated to zero pressure and the differ- 
ence in CO uptake at that pressure was 
taken as the amount of CO chemisorbed ir- 
reversibly. The alumina alone did not che- 
misorb CO. 

All TPR experiments were carried out in 
H2 flow (SV = 36,000 h-J) using a heating 
rate of 430 K h-1 unless otherwise specified. 
The TPR results were obtained by analysis 
of gas products at temperature increments 
of 10 K, with the data interpolated to obtain 
smooth curves. Rates of hydrogenolysis of 
n-butane were measured in the same differ- 
ential quartz reactor used for the prepara- 
tions. Hydrogenolysis was carried out at 510 
K and atmospheric pressure with a molar 
ratio of n-butane/H2 of 0.11 to 0.25. The 
conversion of n-butane was less than 10% in 
all cases. Products of TPR and the reaction 
were analyzed with a gas chromatograph 
(HP 5980), equipped with thermal conduc- 
tivity and flame ionization detectors, and 
connected to an integrator (HP 3600). A 2.5- 
m-long, 3-mm-diameter Chromosorb 102 
column was used. 

The X-ray diffraction (XRD) measure- 
ments were made on samples passivated 
with 1% 02 in He at RT. Standard powder 
diffraction technique with CuKa radiation 
was used. The X-ray absorption spectra 
(XAS) were obtained at the Stanford Syn- 
chrotron Radiation Laboratory (SSRL). 
Spectra at the Mo K-edge were taken of 
reduced and carburized samples with 3.1% 
Mo loading. These samples were prepared 
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F16. 3. Mo loading obtained when Mo(CO)  6 is ad- 
sorbed onto alumina at 360 K (curve A) and 320 K 
(curve B) as a function of time of exposure to Mo(CO)6/  

H 2 flow. (7q) Sample prepared by adsorption of 
M o ( C O )  6 under vacuum at RT. 

by deposition of Mo(CO) 6 at 320 K with 
subsequent TPR with H 2 and carburization 
with a 20% CH4/H 2 mixture. A 25-/zm-thick 
Mo foil and MOEC powders with particle size 
of ca. 0.5 /zm mixed with y-alumina were 
used as references. The XAS data were col- 
lected at RT in an in situ quartz cell under 
the same gas atmosphere used during the 
sample preparation. The XAS data were an- 
alyzed as described in Ref (14). 

RESULTS 

Catalyst Preparation 

In all preparations of supported samples, 
the rate of Mo(CO) 6 flow was 770/zmol h-  l 
per gram of alumina. This corresponded to 
the saturation concentration of Mo(CO) 6 in 
the gas carrier at room temperature (RT). 
Figure 3 shows the Mo loadings obtained 
plotted against the time of exposure to 
Mo(CO)6/H 2 flow when the alumina was 
maintained at 360 K (curve A) and 320 K 
(curve B). At 320 K the adsorption of 

Mo(CO)6 is a slow process. Samples with 
Mo loading greater than 200 Mo/xmol g- l  
required more than 5 h for preparation (100 
Mo/~mol g - 1  = 0.94 wt%). The maximum 
Mo loading of 290 /zmol Mo g-1 was ob- 
tained after 15 h in the Mo(CO)6/H 2 flow. 
This corresponds to about a monolayer cov- 
erage of the y-alumina by Mo(CO) 6. By 
monitoring CO evolution with a gas chroma- 
tograph during preparation, an average stoi- 
chiometry of Mo(CO)5 was computed for the 
species adsorbed on the alumina surface. 
A sample was also prepared under static 
conditions by adsorption of Mo(CO) 6 at the 
vapor pressure of Mo(CO) 6 at RT, followed 
by evacuation at RT. This preparation gave 
a Mo loading of 90/zmol Mo g-  1 (experimen- 
tal point at zero time in Fig. 3). This corres- 
ponds to a strongly chemisorbed metal car- 
bonyl on alumina. A similar value was 
reported by Kazusaka and Howe (15) for 
partially dehydroxylated y-alumina. Sam- 
ples with high Mo loading could be prepared 
rapidly at 360 K. Here, no upper limit to 
the Mo(CO)6 adsorption was observed. An 
average stoichiometry of Mo(CO)2_3 was 
computed for these species. 

Following the adsorption of Mo(CO) 6 on 
the alumina, the temperature of the sample 
was increased at a rate of 430 K h-  l to 970 
K in H E flow to decompose the molybdenum 
carbonyl species on the alumina surface. 
During the decomposition, CO and CH 4 
were detected at the reactor outlet as shown 
in Fig. 4. The maxima of CO and CH 4 evolu- 
tion were observed at 420 and 510 K, respec- 
tively. The CH evolution persisted above 
900 K. All samples showed similar TPR pro- 
files of CO and CH 4 evolution, regardless of 
preparation temperature used. 

Subsequent treatment with a CH4/H 2 mix- 
ture of the Mo/AI203 samples, prepared in 
the manner indicated above, resulted in car- 
burized materials whose composition de- 
pended on the conditions of carburization. 
Figure 5 shows TPR spectra from a sample 
with an initial CO uptake of 520/zmol g- 
which was carburized under different condi- 
tions. Table 2 summarizes the conditions. 
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TABLE 2 

Carburization Conditions for Mo/AI203 

T % CH 4 in Carburization C/Mo CO/Mo 
(K) CH4/H2 time (h) 

mixture 

A 973 25 0.41 0.65 0.09 
B 973 20 0.33 0.58 0.10 
C 973 20 0.25 0.48 0.13 
D 948 20 0.33 0.40 0.13 
E 933 20 0.33 0.31 0.08 

The peaks correspond to the removal of car- 
bon by H2 in the form of C H  4 and allow 
calculation of the C/Mo ratio. In all cases 
but one, the maximum temperature of TPR 
was limited to 980 K in order to avoid crystal 
growth ofMo. The samples were maintained 
at 980 K until no further C H  4 w a s  detected. 
In the experiment corresponding to curve 
D, the TPR was extended to 1200 K, but no 
new peaks were observed. After a TPR, the 
sample was recarburized and a new TPR 
was carried out. After each carburization 
and before TPR, the sample was purged with 
H E and evacuated to 5 × 10 -3 Pa at 573 
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FIG. 5. The TPR profiles of carbon removal by H 2 
from a sample containing 520/zmol Mo g-  i after carbu- 
rization under different conditions. The heating rate 
was 430 K h -l.  Carburization condition, amount of 
carbon retained in the sample after carburization as 
determined by integration of peak area, and irreversible 
chemisorption of CO at RT after each carburization 
and before TPR are shown in Table 2. 

K and the amount of chemisorbed CO was 
measured at RT. 

The TPR data showed CH4 peaks at 780 
and 910 K. The first peak appeared in all 
samples and was assigned to the hydrogena- 
tion of carbidic carbon from Mo2C. The sec- 
ond peak appeared only when the tempera- 
ture of carburization was high or when a 
mixture with a high concentration of C H  4 

had been used. This peak was assigned to 
the hydrogenolysis of polymeric carbon. 
Extreme carburization conditions, e.g., 
C H 4 / H  2 mixtures of more than 30% CH4 or 
synthesis temperatures above 980 K, 
yielded samples whose TPR profiles showed 
only one peak at 970-980 K. No peak 
around 780 K was observed; the polymeric 
carbon covered the surface completely. As 
a result of these experiments, to obtain sam- 
ples free of polymeric carbon, carburization 
was carried out at 950 K with a 20% C H n / H  2 

mixture. During the repeated carburization/ 
decarburization treatment described above, 
the amount of CO chemisorption on carbu- 
rized samples did not change appreciably. 
This indicates that there was negligible crys- 
tal growth during this severe treatment. 

XRD and )[AS 

The X-ray diffraction patterns of reduced 
or carburized supported samples with up to 
7% loading showed no peaks corresponding 
to molybdenum or molybdenum carbide. On 
the other hand, the unsupported M02C sam- 
ples showed peaks corresponding to only 
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FiG. 6. XAE and RSF of Mo(CO)6/AI203 prepared 
by Mo(CO) 6 adsorption at 320 K in flowing H 2. Peaks 
at 155 pm and at 266 pm correspond to Mo-C and 
Mo-O distances, respectively. 

Mo2C of the hexagonal close-packed (HCP) 
crystal structure with normal lattice param- 
eters of a0 -- 299 pm and Co -- 472 pm. The 
unsupported a-MoC l_x-H and a-MoC l_x-M 
XRD patterns revealed materials having the 
face-centered cubic (FCC) crystal structure 
with lattice parameters of 423 pro. The a- 
MoC~_x-L was actually a mixture of cubic 
and hexagonal carbides. As shown in Table 
l, the crystal sizes determined from full- 
width at half-maximum measurements of 
XRD line broadening were in good agree- 
ment with particle sizes estimated from BET 
specific surface area. 

Plots of X-ray absorption spectra of 
Mo(CO)6/A1203 prepared by adsorption of 
Mo(CO) 6 onto A1203 at 320 K are shown 
in Fig. 6. The top spectrum is the detailed 
structure of the X-ray absorption edge 
(XAE) near the Mo K-edge. A strong twin 
peak is characteristic of solid Mo(CO)6 (16). 
The bottom spectrum is the Fourier trans- 
form of the extended X-ray absorption fine 
structure (EXAFS) of the Mo K-edge of the 
same sample. The Fourier transformation 

of an EXAFS spectrum results in a radial 
structure function (RSF). Major peaks in the 
RSF correspond to the important inter- 
atomic distances shifted from their true po- 
sition by a phase shift (17). The peak heights 
at the same distance from the absorber are 
roughly proportional to the number of atoms 
at that distance if the thermal and static dis- 
orders of the atoms can be neglected. The 
RSF of Mo(CO)6/A1203 in Fig. 6 is indistin- 
guishable from the RSF of solid Mo(CO)6 
(16). Both show two peaks at distances of 
155 pm for the Mo-C bond and of 266 pm 
for the Mo-O bond. Corresponding true dis- 
tances are 206 pm for the Mo-C bond and 
318 pm for the Mo-O bond (16). These 
peaks completely disappear on heating of 
Mo(CO)6/AI203 to 370 K in H 2. 

Figure 7 shows XAE spectra of a sup- 
ported sample treated at increasing temper- 
atures in flowing H2. The spectra ofa  Mo foil 
and a MOEC powder mixed with y-alumina 
were used as references. All the spectra 
showed identical edge position, defined as 
the first inflection point in the rapidly rising 
portion of the edge. This position was as- 
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FIG. 7. XAE spectra of Mo/A1203 reduced by TPR 
with H 2 up to 930 K (A) and 970 K (B). The reference 
spectra of MOEC powder (C) and Mo foil (D) are also 
shown for comparison. 
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FIG. 8. RSF of Mo/AI203 reduced by TPR with H 2 up 
to 930 K (A) and 970 (B), and reference spectra of Mo2C 
powder (C) and Mo foil (D). 

signed an energy of 20003.9 eV. It is known 
that edge features move to higher energy as 
the oxidation state of Mo is raised (16). The 
only notable difference between Mo and 
MoEC XAE spectra was a separation of the 
two broad peaks above the absorption edge. 
The Mo foil spectrum (Fig. 7D) showed a 
larger separation than the Mo2C spectrum 
(Fig. 7C). The XAE spectrum of the sample 
reduced in Ha up to 930 K (Fig. 7A) was 
identical to the Mo2C reference spectrum. 
When further reduced above 970 K (Fig. 
7B), the sample showed an XAE spectrum 
which was more similar to the Mo foil 
spectrum. 

The corresponding radial structure func- 
tions are shown in Fig. 8. The three dotted 
lines drawn vertically on each spectrum rep- 
resent the Mo-C distance in Mo2C (158 pm), 
the Mo-Mo distance in metallic Mo (238 
pm), and the Mo-Mo distance in Mo2C (262 
pm), respectively. These distances should 
be corrected for phase shifts to get true dis- 
tances. Using the known structure of the 
Mo and MozC references, the phase shifts 
were determined to be 34 and 51 pm for 
Mo-Mo and Mo-C distances, respectively. 
The RSF of the sample reduced at 930 K 
(Fig. 8A) showed peaks at the same posi- 

tions as those for the Mo2C reference (Fig. 
8C). With a further treatment with H 2 up to 
970 K, the Mo-Mo peak position shifted 
to a shorter distance, but the Mo-C peak 
remained with negligible change in position 
(Fig. 8B). Only the sample treated to 1170 K 
showed the RSF characteristic of Mo (Fig. 
8D). 

In Fig. 9, the XAE and RSF of the sample 
obtained by carburization of Mo/A1203 re- 
duced up to 970 K are compared with those 
of MOEC. The spectra of the two samples are 
identical in every detail except for the peak 
heights in the RSF. 

The structural information abstracted 
from the RSF plots is tabulated in Table 3. 
Interatomic distances were obtained from 
the peak positions of the RSF and the exper- 
imentally determined phase shifts. The 
Mo-C and Mo-Mo coordination numbers 
were estimated from the heights of the peaks 
by comparison with the MoEC reference 
spectrum. 

CO Chemisorption 

Figure 10 shows the amount of CO chemi- 
sorbed irreversibly at RT, expressed as the 
ratio CO/Mo, as a function of Mo loading for 
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FXG. 9. XAE and RSF of Mo:C powder (A) and Mo2C/ 
A1203 (B). 
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TABLE 3 

Estimated Interatomic Distances and Coordination 
Numbers by XAS 

TABLE 4 

Turnover Rates (vt) of the Hydrogenolysis 
of n-butane 

Sample Interatomic Coordination 
distance (pm) number 

Catalyst n-butane/ vt ~ Ref. 
H 2 10 -3 s-I 

Mo-C Mo-Mo Mo-C Mo-Mo 

Mo foil ~ - -  272 - -  8 
Mo2 C powder a 209 296 3 12 
Mo/A1203, 211 296 2 4 

reduced up 
to 930 K 

Mo/AI203, 215 280 2 4 
reduced up 
to 970 K 

Mo2C/AI203 211 296 2 6 

a Structural data for Mo foil and MozC powders were 
obtained from Refs. (41) and (42), respectively. 

0.9% Mo/A1203 0.11 94 This work 
1.0% Mo2C/A1203 0.11 290 This work 
2.7% Mo/A1203 0.25 14 This work 
2.9% Mo/A1203 0.25 26 This work 

Mo2C 0.11 67 This work 
a-MoCi-x-H 0.11 8.6 This work 
a-MOCl_x-M 0.11 2.8 This work 
a-MoCl_x-M 0.11 4.1 This work 

Mo2C 0.11 0.08 1 
0.8% Mo/A1203 0.04 160 b 2 
2.0% Os/A1203 0.11 450 18 
Ru/AI203 0.11 820 b This work, 

(19) 

reduced and carburized supported samples. 
Slightly higher CO/Mo ratios were obtained 
for samples prepared at 320 K than for sam- 
ples prepared at 360 K, perhaps due to the 
milder conditions used for the preparation 
of the former. The carburized samples che- 
misorbed more CO than the reduced sam- 
ples. The results of CO chemisorption for 
unsupported samples are listed in Table 1 in 
terms of a number density, defined as the 
amount of CO chemisorbed per unit surface 
area. For the supported ruthenium a CO/Ru 
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FIG. 10. Irreversible chemisorption of CO at RT ex- 
pressed in CO/Mo ratio vs Mo loading: ([2) Mo/A1203 
by Mo(CO) 6 adsorption at 320 K; (11) Mo2C/AlzO 3 by 
Mo(CO) 6 adsorption at 320 K; (A) Mo/A1203 by" 
Mo(CO)6 adsorption at 360 K; (&) Mo2C/AI203 by 
Mo(CO)6 adsorption at 360 K. The Mo/A1203 samples 
were reduced by TPR with H2 up to 970 K. 

a Turnover rates were based on surface metal atoms 
titrated by CO chemisorption at RT on a one-to-one 
basis before the reaction. The reaction was run at 510 
K and under atmospheric pressure with conversions 
less than 10%. 

b Extrapolated values (see text). 

ratio of close to unity was obtained, suggest- 
ing that all the metal atoms were exposed to 
the surface. 

React ion Rate  Measuremen t  

The rates of n-butane hydrogenolysis for 
supported and unsupported molybdenum 
catalysts are reported in Table 4. The rate 
is expressed as a turnover rate, vt, defined 
as the number of n-butane molecules con- 
verted to products per CO-titrated surface 
metal atoms per second. Each chemisorbed 
CO molecule was assumed to titrate one 
surface metal atom. All samples showed a 
30-50% decrease in activity from initial 
rates during the first 0.2 h on stream, after 
which the deactivation was slow enough to 
allow steady-state rates to be measured. 

The rate on the 0.5% Ru/A1203 sample 
was measured in the same manner as that 
on the molybdenum catalysts (Table 4). 
Again the rate is referred to the number of 
surface atoms titrated by CO. 
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Table 4 also shows the extrapolated o t 
from the study of Nakamura et al. (2). They 
reported a rate of propane hydrogenolysis 
of 0.067 s -1 on Mo/A1203 (based on total 
molybdenum atoms at 523 K and atmo- 
spheric pressure with a H2/C3Hs molar ratio 
of 24). This catalyst was prepared by a 
method similar to that used here for the 
preparation of reduced catalysts. They 
found that hydrogenolysis of n-butane pro- 
ceeded 1.2 times faster than hydrogenolysis 
of propane in a pulse reactor. The vt value 
in Table 3 was calculated using this informa- 
tion and their estimate of 30% metal ex- 
posed. The temperature difference was cor- 
rected by means of an activation energy of 
80 kJ mol- l obtained for the Mo/AI203 sam- 
ples in the present study. The rate on Os 
was obtained from the work of Betizeau et 
al. (18). The v t of unsupported Mo2 C from 
the previous work of Boudart et al. (1) was 
two to three orders of magnitude smaller 
than those for the other molybdenum and 
molybdenum carbide catalysts. 

Phase Change in the Mo/Al203 Catalyst 
during Reaction 

A sample of the Mo/AI203 catalyst under- 
going hydrogenolysis of n-butane at 510 K 
and under atmospheric pressure was studied 
by XAE. The XAE spectra were taken by 
interrupting the reaction at different stages 
and cooling the samples to RT under the 
same reactive gas atmosphere. The fresh 
Mo/AI203 (Fig. 11B) showed the large sepa- 
ration between two broad peaks above the 
absorption edge characteristic of metallic 
Mo (Fig. 11A). In the XAE spectrum col- 
lected after 4 h of the reaction (Fig. llC), 
the high-energy peak shifted closer to the 
low-energy peak, thus making the spectrum 
more similar to that of the Mo2C reference 
(Fig. l lF). No further changes were ob- 
served in XAE spectra taken after 12 h of 
the reaction (Fig. 11D). After carburization 
(Fig. 11E), the XAE spectrum of the catalyst 
became identical to that of the Mo2 C refer- 
ence spectrum. The change in RSF was not 
appreciable within the reliability of the tech- 
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FIG. 11. The change in XAE spectra of Mo/A1203 
during n-butane hydrogenolysis at 510 K, atmospheric 
pressure, and 4H2/n-butane: (A) Mo foil; (B) fresh Mo/ 
A1203; (C) Mo/A1203 after 4 h of the reaction; (D) Mo/ 
A1203 after 12 h of the reaction; (E) after carburization 
(Mo2C/AI203); (F) M02C powder. 

nique, i.e., 2 pm in the determination of 
interatomic distances and 20% in the estima- 
tion of coordination numbers (16). 

DISCUSSION 

Preparation and Characterization o f  
Catalysts 

The process of adsorption and decompo- 
sition of Mo(CO) 6 on alumina is complex. 
At least three different subcarbonyl species 
[Mo(CO)x, x = 3, 4, and 5] have been identi- 
fied or untreated or partially dehydroxylated 
alumina by heating adsorbed Mo(CO)6 be- 
low 370 K (5). However, unlike on partially 
dehydroxylated alumina, on dehydroxy- 
lated alumina the liberation of CO was not 
discrete (9). Our Mo(CO)6/AI203 sample, 
prepared by adsorption of Mo(CO) 6 at 320 
K onto dehydroxylated y-alumina, exhibits 
an XAS spectrum indistinguishable from 
that of solid Mo(CO) 6. The structure of the 
adsorbed carbonyl species is similar to that 
of solid Mo(CO) 6, even though the adsorbed 
species has lost one CO ligand, on the aver- 
age, by adsorption. This is the reason that 
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the Mo loading attainable from adsorption 
of Mo(CO) 6 on y-alumina at 320 K is limited 
to one monolayer. On the ,other hand, the 
Mo(CO)6 structure is destroyed if adsorp- 
tion is carried out at 360 K and there is no 
limit to the Mo loading at this temperature. 
The features of the XAS spectrum charac- 
teristic of Mo(CO) 6 completely disappear 
when Mo(CO)6[AI203 prepared at 320 K is 
heated to 370 K, confirming the decomposi- 
tion of the carbonyl species. 

The decomposition process is compli- 
cated by the formation of a carbide phase 
even in H2. Both XAE and RSF indicate 
that Mo2C is formed at around 930 K. The 
carbide is probably formed as the Mo(CO)5 
species decompose to form clusters of mo- 
lybdenum. During this process most of the 
carbon from the CO ligands is removed as 
methane but a part is incorporated as car- 
bide. Other evidence of carbide formation 
can be seen in the TPR profile of Mo(CO)6/ 
A1203 decomposition in H 2 (Fig. 4). The 
broad CH 4 peak around 800 K coincides 
with the peak position of carbidic carbon in 
the TPR profile of the carburized sample 
(Fig. 5). From the peak area, the amount of 
carbon retained by this sample was esti- 
mated to be 0.1-0.2 carbon atoms per Mo 
atom (C/Mo). Thus the material in this sam- 
ple is highly carbon-deficient. The surface 
layer appears to be completely free of car- 
bon since the CO chemisorption behavior of 
this sample is identical to that of Mo/AI203 
reduced up to 970 K, but completely differ- 
ent from that of Mo2C/AIzO3 (see below). 
Badad-Zakhryapin et al. (20) also observed 
highly carbon-deficient carbides in coatings 
formed by the decomposition of tungsten 
and molybdenum carbonyls in H2 at 670- 
770 K. 

Further treatment up to higher tempera- 
tures substantially destroys the carbide 
structure. The XAE spectrum of the sample 
treated up to 970 K approaches that of me- 
tallic Mo (Fig. 7B). However,  a small 
amount of carbon still remained in this sam- 
ple since the Mo-C peak in the RSF does 
not disappear (Fig. 8B). Also, the position of 

the Mo-Mo peak lies between the positions 
expected for metallic Mo and MozC. Only 
the sample treated up to 1170 K showed 
XAS spectra with all the features of metallic 
Mo. The amount of carbon retained in the 
sample treated up to 970 K was determined 
to be 0.01 C/Mo by measuring the methane 
peak area produced from TPR with Hz up to 
1170 K. A similar value was also obtained 
by Nakamura et al. (2) using the same 
method of analysis for their Mo/AI203. This 
amount of carbon is too small to account for 
the substantial disturbance of the structure 
of the Mo clusters, but at these low levels 
of carbon the concentration is difficult to 
determine accurately and it is likely that the 
carbon content is underestimated. Because 
of the small size of these clusters, even small 
amounts of carbon might be enough to dis- 
turb the structure of Mo clusters. Molybde- 
num is known not to dissolve carbon in its 
lattice without forming carbide (21). An- 
other possibility is that oxygen is incom- 
pletely removed by the reduction and re- 
mains in the structure together with carbon. 
Thus, Mo/AI203 reduced up to 970 K is es- 
sentially metallic Mo with a carbide or per- 
haps oxycarbide impurity phase. All CO 
chemisorption and reaction rates are mea- 
sured on this well-reduced sample. Upon 
carburization with a CH4/H 2 mixture, well- 
reduced Mo clusters in Mo/A1203 readily 
transform to MozC as shown by XAS. 

The XAS also indicates that the average 
metal coordination numbers of Mo and 
MozC clusters are about half of those in the 
bulk Mo and MozC (Table 3). The absolute 
values of these numbers are imprecise, since 
they were not corrected for disorder effects 
(17, 22). However, greatly reduced coordi- 
nation numbers for supported samples rela- 
tive to corresponding bulk values and the 
fact that no XRD peaks of molybdenum 
compounds were found indicate that the Mo 
and Mo2C in the sample are in the form of 
small particles. 

The XAE spectra in Fig. 6 show that the 
catalyst samples, metallic Mo, and MozC 
have identical edge positions. This suggests 
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that the molybdenum species in all our sam- 
ples have an oxidation number near zero. 
Previous XPS work of Ramqvist (23) sug- 
gests a charge transfer from metal to carbon 
when metal carbide is formed. This effect 
does not seem large enough to move the 
edge position appreciably. However, the 
shift in binding energy observed by XPS 
may be caused by suppressed screening 
when going from Mo to MoC2. With less 
mobile electrons there is less screening and 
this simulates a positive charge. The com- 
plete reduction of molybdenum is probably 
achieved because of the use of a dehydroxy- 
lated y-alumina support. Oxidation of Mo 
occurs when Mo(CO)6/AI203 is adsorbed on 
partially dehydroxylated alumina and is de- 
composed above 570 K (7, 9). 

Irreversible chemisorption of CO at RT 
was used to count the number of surface 
metal atoms for the supported and unsup- 
ported catalysts. It is well known that metal- 
lic molybdenum completely dissociates CO 
at RT (24). By depositing a monolayer of 
carbidic carbon on the Mo(100) surface, Ko 
and Madix (25) observed that dissociative 
chemisorption of CO was completely sup- 
pressed. But this carburized Mo(100) sur- 
face still chemisorbed a monolayer of mo- 
lecular CO. A monolayer was defined as 
one CO per surface molybdenum atom. Our 
chemisorption results on supported cata- 
lysts are in good agreement with these re- 
sults on single crystals; the carburized sam- 
ples chemisorb about twice as much CO as 
the reduced samples. 

Turnover Rates o f  n-Butane 
Hydrogenolysis 

The 0.9% Mo/AI203 used in this study (Ta- 
ble 4) reproduces the high v t reported by 
Nakamura et al. (2). Furthermore, a consid- 
erable improvement is achieved by carburi- 
zation of the same catalyst. Unsupported 
molybdenum carbides also show vt values 
as high as those for supported catalysts. The 
vt values of our Mo-containing catalysts are 
all very high and comparable to those on 
active Group 8 metals (Table 3). The vt for 

1.0% Mo2C/A1203 is only slightly less than 
those for Os and Ru, the two most active 
metals for hydrogenolysis of alkanes. The 
hydrogenolysis of n-butane on ruthenium 
has been studied by many investigators 
(26-33). The reaction has generally been 
studied at lower temperatures than those 
employed here. In order to avoid extrapola- 
tion of rate data over widely differing condi- 
tions of total and partial pressure and tem- 
perature, the rate on a supported ruthenium 
catalyst was measured at the conditions 
used in this study. 

All values of vt of the supported and un- 
supported molybdenum catalysts are at 
least two orders of magnitude higher than 
the vt for unsupported Mo2C reported pre- 
viously by Boudart et al. (1). The previous 
less active MozC , with a C/Mo atomic ratio 
of 0.9, contained much more carbon than 
expected from the stoichiometry. It did not 
chemisorb H 2 and only 2% of the total sur- 
face chemisorbed CO. Furthermore, the 
presence of polymeric carbon on its surface 
was evidenced by Auger electron spectros- 
copy. Thus, the lower value of vt reported 
previously is probably due to polymeric car- 
bon covering part of the surface of the MozC 
used in that study. Again, we cannot rule out 
the presence of a small amount of oxygen in 
addition to the carbon. Regardless of the 
elemental nature of the surface contami- 
nant, the magnitude of the rate difference is 
too large to be accounted for by simple site 
blockage because the vt values are referred 
to the number of surface atoms titrated by 
CO chemisorption which does not count 
contaminated surface atoms. Thus, another 
explanation is necessary. 

The hydrogenolysis of alkanes is known 
to be a structure-sensitive reaction. The 
most convincing evidence may be found in 
the recent work of Goodman (33, 34) which 
showed that the turnover rates of hydrogen- 
olysis of ethane and n-butane were more 
than one order of magnitude higher on 
Ni(100) than on Ni( l l l ) .  They were also 
shown to be strongly dependent on particle 
size of supported catalysts (35, 36). In this 
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work the vt values of n-butane hydrogen- 
olysis on Mo/A1203 and Mo2C/A1203 in- 
crease by a factor of 10 by reducing the Mo 
loading from 2.7 to 0.9%. This agrees both 
in direction and in magnitude with the effect 
observed for Group 8 metals (31, 36). Thus, 
the catalysts with low Mo loading, which 
probably contain smaller clusters of Mo or 
Mo2C, exhibit higher rates of hydrogen- 
olysis than the catalysts with high Mo load- 
ing, which contain larger clusters. The 
availability of unsupported powders of mo- 
lybdenum carbides of different crystal struc- 
ture with sizes in the range of 3-10 nm pro- 
vides a better opportunity for checking the 
structure sensitivity of the reaction. Here, 
there is no fear of any type of support effect 
making the influence of particle size equivo- 
cal. As shown in Table 4, the vt of hexagonal 
MozC is higher than those of cubic o~- 
MoCl_x. It is shown elsewhere (37) that the 
lower vt for ot-MOCl_ x is not due to gas- 
phase mass transfer limitations. Also, 
smaller a-MoC l_x particles show higher vt 
than larger ones. Thus, as is the case with 
Group 8 metals, the hydrogenolysis of n- 
butane on molybdenum carbide is a struc- 
ture-sensitive reaction with o t varying with 
particle size and crystal structure. 

If structure sensitivity of the hydrogen- 
olysis relates to the need for large ensembles 
of sites (38), the sharp decrease in vt caused 
by polymeric carbon, or possibly oxygen, 
can be understood. Polymeric carbon or ox- 
ygen destroys ensembles which are required 
for the reaction. This effect is not accounted 
for by CO chemisorption since CO counts 
individual sites rather than ensembles. It 
should be noted that this effect of polymeric 
carbon for the hydrogenolysis of n-butane 
is very similar to the effect observed when 
an inactive metal like Cu, Au, or Ag is al- 
loyed with an active metal like Ni, Pt, or Pd 
for various hydrocarbon-H 2 reactions (31, 
38). In addition to drastic changes in selec- 
tivity, the rates of hydrogenolysis of alkanes 
per active metal atom were strongly sup- 
pressed, by one to two orders of magnitude, 
as an inactive component was added. This 

effect also has been interpreted as inactive 
metal atoms destroying ensembles of active 
metal atoms required for the hydrogen- 
olysis. 

The vt values for Mo2C/A1203 are only two 
to three times higher than those for Mo/ 
AI203. The activation energy and product 
distribution reported elsewhere (37) are in- 
distinguishable from each other. The XAE 
spectra in Fig. 11 collected during the reac- 
tion indicate a phase change of Mo in the 
Mo/A120 ~ catalyst. Thus, well-reduced mo- 
lybdenum transforms to molybdenum car- 
bide as soon as the reaction mixture is intro- 
duced. The active catalytic phase of metallic 
molybdenum is, therefore, also molybde- 
num carbide. The two to three times lower 
rates of initially metallic catalysts compared 
to those of precarburized catalysts are prob- 
ably due to deposition of polymeric carbon 
during the reaction which occurs simultane- 
ously with carbide formation. The balance 
between these two processes is very sensi- 
tive to the carburizing gas and the carburiza- 
tion conditions (3). The formation of carbide 
on these supported catalysts during hydro- 
genolysis seems limited to the surface lay- 
ers. The XAE spectra of Mo/A1203 during 
the reaction show mixed features of both 
fresh Mo/AIzO 3 and Mo2C/A1203. There was 
also little appreciable change in the RSF. On 
unsupported molybdenum Sinfelt and Yates 
(39) reported that metallic molybdenum un- 
derwent bulk carburization as the hydrogen- 
olysis of ethane was carried out. The reac- 
tion reached a steady state well before bulk 
carburization occurred. In a study of the 
surface properties of molybdenum catalysts 
(40), a surface nitride of molybdenum was 
shown to exhibit the catalytic behavior of 
bulk nitride even though only the topmost 
two layers were nitrided. Thus only the sur- 
face layers are involved in the catalysis. 

Finally, we would like to point out that 
although the rate of hydrogenolysis in this 
work agrees with that reported before by 
Burwell and co-workers, we still find a dis- 
agreement in the rate of isomerization (for- 
mation of/-butane). In the present work, the 
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rate of isomerization is 4 to 10% of the total 
rate, while Burwell and co-workers reported 
no isomerization of n-butane (2). This differ- 
ence might be due to the presence in our 
case of oxygen on the surface, as will be 
reported in detail later (43). 

CONCLUSIONS 

(1) Supported and unsupported molybde- 
num carbide catalysts have turnover rates 
for n-butane hydrogenolysis comparable to 
the most active transition metal catalysts. 

(2) Both catalyst crystallographic struc- 
ture and particle size significantly affect the 
catalyst activity, indicating that the reaction 
is structure-sensitive. 

(3) Initially metallic molybdenum sur- 
faces transform to carbides under reaction 
conditions, indicating that the active phase 
of metallic Mo is Mo2C. 
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