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The hcp and fee phases of Mo2C and the fee phase of MorN have been prepared and 
characterized. Mo?C (hcp) was produced by carburization of metallic MO. The resulting material is 
polycrystalhne. has a BET surface area of IO-30 m2/g, and pores 30 A in diameter. MozN (fee) is 
obtained by NH, reduction of MOO,. The nitride has a high degree of crystallinity, a BET surface 
area of about 180 m’/g, and pores about 17 A in diameter. The fee phase of Mo2C is produced by 
exposing Mo2N to a CHJHr mixture. This results in a substitution of C for N atoms in the lattice 
without major changes in the BET area or pore diameter. The preparation of both MozC (hcp) and 
MozC (fee) is accompanied by the deposition of free carbon. Selective removal of the free carbon 
without concurrent removal of lattice carbon cannot be achieved. Air exposure of the carbides does 
reduce the inventory of free carbon, but at the expense of introducing oxygen into the carbide 
lattice. The dissolved oxygen cannot be removed by H2 reduction without removal of lattice 
carbon. It is possible, though, to remove oxygen from the near-surface region of the carbide 
particles by pretreating the air-exposed carbide powder in a CHd/Hr mixture at 623 K. Use of the 
carbide and nitride catalysts for CO hydrogenation and CzH6 hydrogenolysis causes further 
changes in the catalyst composition. CO hydrogenation can deposit free carbon and introduces 
oxygen into the lattice of the catalyst particles. CrH6 hydrogenolysis is very efficient in removing 
oxygen dissolved in the catalyst lattice. 0 1987 Academic Press, Inc. 

INTRODUCTION 

The physical and chemical properties of 
transition metals are altered significantly by 
the introduction of carbon or nitrogen into 
the metal lattice (I, 2). The nonmetal atoms 
enter the voids between the metal atoms 
and thereby cause an increase in the metal- 
metal atom distance. One consequence of 
this is a narrowing of the d-band and an 
increase in the extent of its filling by elec- 
trons (3-5). These changes modify the ad- 
sorptive properties of the metal, as well 
as its electrical and magnetic properties. 
Thus, for example, while metallic MO 
readily dissociates CO at room tempera- 
ture, a fully carburized MO surface will 
adsorb CO only into a molecular state 
(6, 7). Carburization of MO and W is also 
known to temper these metals toward 
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massive dehydrogenation of hydrocar- 
bons (6). 

An increasing interest has developed in 
exploring the catalytic properties of 
transition metal carbides and nitrides. 
Most of this effort has focused on WC, 
WF, MO& and Mo2N but some attention 
has also been given to TIC and TaC (a-10). 
The reactions studied have included CO 
hydrogenation (ZZ-Z8), olefin hydrogena- 
tion (Z9-23), hydrocarbon reforming 
(24-26), NH, synthesis (13, 27), CO oxida- 
tion (28), and NO reduction (29). Of partic- 
ular interest has been the observation that 
Mo$ exhibits a CO hydrogenation activity 
approaching that of Ru and that W& exhib- 
its a platinum-like behavior for the isomer- 
ization of 2,2-dimethylpropane (II, 24). 
These results demonstrate the potential of 
transition metal carbides and nitrides to 
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emulate the catalytic properties of noble 
metals. 

In contrast to the level of effort devoted 
to studies of catalytic activity, much less 
attention has been given to examining the 
influence of preparation and pretreatment 
conditions on composition and structure of 
transition metal carbides and nitrides. 
Volpe and Boudart (30) have demonstrated 
recently that high surface area MozN and 
WIN powders can be prepared by tempera- 
ture-programmed reduction of the corre- 
sponding oxides with ammonia. Electron 
diffraction suggests that the conversion of 
MoOj to MozN is topotactic. The final 
MozN product consists of single crystal 
platelets containing pores of an average 
size below 30 A. Volpe and Boudart (30) 
have also demonstrated that the nitrogen in 
WZN and MozN can be substituted by car- 
bon to produce high surface area WC,-, 
and MoC,-,. The size of the average car- 
bide crystallite was equivalent to that of the 
nitride, again suggesting a topotactic trans- 
formation. 

Transition metal carbides are well known 
to dissolve oxygen (2). Since the presence 
of this element can poison the activity of 
the carbide for reactions such as ethylene 
hydrogenation or CO hydrogenation, it is 
necessary to remove oxygen from the cata- 
lyst surface prior to its use (11, 13, 21-24). 
A detailed study of the influence of oxygen 
on the activity of MozC for ethylene hydro- 
genation has recently been reported by 
Leary ef al. (31). They showed that oxygen 
cannot be removed by thermal activation in 
vucuo or Hz reduction without also remov- 
ing a significant amount of bulk carbon. 

The purpose of this study was to carry 
out a detailed examination of MozN and the 
hcp and fee modifications of Mo2C. Particu- 
lar attention was given to identifying the 
effects of catalyst preparation and pretreat- 
ment on the composition and structure of 
the catalyst. Attention was also given to 
establishing the effects of air exposure and 
the use of the catalysts for CO hydrogena- 
tion and CzH6 hydrogenolysis. The cata- 

lytic properties of the materials examined 
in this study will be presented separately 
(3.3. 

EXPERIMENTAL 

The hcp phase of MozC [hereafter desig- 
nated MO& (hcp)] was prepared using a 
modification of the procedure described by 
Boudart et al. (II). Moo3 (Mallinkrodt, 
99.5% pure) was reduced to the metal in 
flowing H2 [ 100 cm3 (STP)/min]. The reduc- 
tion temperature was slowly increased from 
573 K to 973 K over a 5-h period, and then 
maintained at 973 K for an additional 15 h. 
The resulting metal was air exposed and 
crushed prior to converting it to the car- 
bide. The crushed metal was reduced in H2 
at 573 K for 2 h, then heated in a flowing 
3/l : CH4/H2 mixture at 573 K for 1 h, then 
at 673 K for 1 h, and finally at 773 K for 72 
h. The flow rate of the CHJ/H2 mixture was 
8 cm3(STP)/min. 

The fee phases of MozN and MozC [here- 
after designated as MorN (fee) and Mo2C 
(fee)] were prepared following the proce- 
dures of Volpe and Boudart (30). Moo3 was 
first reduced in NH3 flowing at 135 cm3 
(STP)/min. The reduction temperature was 
increased from 623 to 723 K over a 3-h 
period, then from 623 to 973 K over a 2-h 
period, and finally held at 973 K for an 
additional 1 h. The Mo2N (fee) formed in 
this manner was cooled to room tempera- 
ture. To produce the MozC (fee), Mo2N 
(fee) was carburized in a l/4 : CH1/H2 mix- 
ture flowing at 135 cm3(STP)/min. The car- 
burization temperature was increased lin- 
early from 623 to 973 K over a 10-h period 
and then maintained at 973 K for an addi- 
tional 1 h. The samples were then exposed 
to 1% O2 in He. 

Samples for elemental analysis were sub- 
mitted in sealed vials to avoid air exposure. 
The content of C and/or N was determined 
by combustion of a portion of the sample in 
the presence of Vz05. The amount of MO 
was determined by dissolving a second 
portion of the sample in a mixture of HN03 
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and HzS04 and analyzing the solution by 
atomic absorption. The oxygen content was 
obtained by difference. Additional informa- 
tion concerning the contents of C and 0 in 
the carbide samples was obtained by tem- 
perature-programmed reduction using the 
apparatus described by Leary et al. (31). 

Structural characterization of the sam- 
ples was done by X-ray diffraction (XRD) 
and electron microscopy. XRD mea- 
surements were performed with Cuba ra- 
diation on a Siemens Model DSOO diffracto- 
meter. Electron microscopy was done 
using a JEOL 200 CX transmission electron 
microscope operated at 200 kV. In addition 
to bright-field TEM, electron diffraction 
patterns were taken for comparison with 
XRD patterns. 

BET and chemisorption measurements 
were performed using a gas manifold which 
could be evacuated to lo-* Tort-. N2 iso- 
therms were measured at 78 K and the total 
surface area was determined by fitting the 
BET equation to the data. Chemisorption 
was performed with CO at room tempera- 
ture. Following the determination of a total 
CO isotherm, each sample was evacuated 
for 2 h or more and a second isotherm was 
measured. The difference between the two 
isotherms represents the isotherm of CO 
chemisorbed irreversibly. The amount of 
CO adsorbed irreversibly was determined 
by extrapolating the plateau in the isotherm 
for irreversible adsorption to zero pressure. 

To determine the effects of reaction con- 
ditions on catalyst composition and struc- 
ture, samples were placed in a small quartz 
reactor connected to a gas manifold and a 
gas chromatograph. The reactor is con- 
structed with two three-way stopcocks so 
that after reaction, the sample can be iso- 
lated and transferred to the chemisorption 
apparatus without air exposure. 

RESULTS 

MM (b) 

The structure and composition of Mo2C 
(hcp) were examined following its synthesis 

+ MO 
l MO& (hcp) 

20.0 36.0 52.0 60.0 04.0 100.0 
28 (deg) 

FIG. 1. XRD Patterns of MozC (hcp): (a) following 
synthesis and air exposure, (b) following CO hydroge- 
nation and air exposure. 

and exposure to air. The XRD pattern for 
the sample is given in Fig. 1. The peaks 
marked by $ are characteristic of the hcp 
phase of MozC and the indicated d-spacings 
coincide very well with those reported pre- 
viously (33). The peak designated by t is 
due to a small amount (13%) of metallic MO 
left in the sample. It is significant to note 
that there is no evidence for bulk MoOz or 
MOO+ 

TEM micrographs and an electron dif- 
fraction pattern of the sample are given in 
Fig. 2. It is difficult to discern much detail 
about the structure of the sample since the 
particles are fairly thick and hence appear 
nearly opaque. The presence of Moire 
fringes in Fig. 2c suggests that the sample is 
highly polycrystalline, the fringes being due 
to overlapping microcrystallites rotated rel- 
ative to each other (34). The polycrystalline 
nature of the sample is also supported by 
the electron diffraction pattern which 
shows rings rather than distinct spots. The 
d-spacings determined from the electron 
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TABLE 1 

Characterization of Mo?C (hcp) 

d-Spacings (A) Composition BET surface Irreversible Average 
from XRD area (mVg) CO uptake pore radius (A) 

(I*molk) 

After 
synthesis 

After 
pretreatment 

After CO 
hydrogenation 

After CZHL 
hydrogenolysis 

2.61, 2.37 MO& o&n 7.26 7.30 45.2" 
2.23, 1.75 
1.50, 1.35 

2.61, 2.37 MozG.ssOo.es 28.05 11.11 30.8b 
2.23, 1.75 

2.61, 2.37 M02G.9400.s 14.93 10.00 34.lb 
2.23, 1.75 

2.61, 2.37 MO&S, 18.00 16.67 - 

2.23, 1.75 

’ From BET isotherm. 
b From TEM. 

diffraction identify the particles as the hcp integral under these peaks corresponds to 
phase of MozC. No other bulk phases could about one monolayer. Oxygen contained in 
be identified by selected area diffraction. the bulk of the sample is removed as CO 

Elemental analysis was done on the air- 
exposed sample after it was evacuated at 
773 K for 1 h and then transferred to a 
sealed vial in an Ar-purged box. Table 1 
shows that the sample contains the stoi- 
chiometric amount of carbon and a very 
large amount of oxygen. Since neither XRD 
nor electron diffraction show any evidence 
for bulk molybdenum oxides, it is assumed 
that a significant fraction of the oxygen fills 
the octahedral voids of MO&J not occupied 
by carbon. The presence of oxygen in the 
Mo2C lattice would not be detectable by 
XRD, since the observable peaks are due to 
scattering by MO atoms. Since the mea- 
sured amount of oxygen exceeds by about 
20% the availability of sites in the MozC 
lattice, it is assumed that additional oxygen 
may be adsorbed on the surface of the solid 
particles. 

1000 
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The location and ease of removal of 
oxygen from MozC (hcp) were investigated 
by TPD and TPR (31). Figure 3a illustrates 
the TPD spectrum for an air-exposed 
sample. Adsorbed Hz0 desorbs in two 
peaks centered at 400 and 575 K. The 

400 600 800 1000 1200 
Temperature (K) 

FIG. 3. TPD-TPR studies of air-exposed MozC 
(hcp): (a) TPD spectrum of air-exposed sample, (b) 
TPR spectrum of an air-exposed sample, (c) additional 
species of observed during TPR of an air-exposed 
sample. 
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and COZ, primarily at temperatures above 
700 K. The amount of oxygen removed in 
these products corresponds to about 15% of 
the oxygen originally present in the sample. 
A TPR spectrum for the air-exposed sample 
is shown in Figs. 3b and 3c. In addition to 
the peaks for adsorbed H20, a large H20 
peak is observed at 525 K. This peak is 
attributable to the reduction of surface and 
near-surface oxygen (31). During TPR only 
small amounts of CO and CO1 are released. 
The location and intensity of these peaks is 
identical to those observed during TPD and 
hence these peaks are also attributed to the 
removal of surface and near-surface oxy- 
gen. Figure 3b demonstrates that during 
TPR, a significant amount of carbon is 
removed as CH4. 

The results presented above clearly indi- 
cate the presence of large amounts of oxy- 
gen in MO&Z (hcp) exposed to air. Since 
XRD patterns taken following reduction of 
MOO, to MO and carburization of MO to 
MO&Z show no indications of bulk molybde- 
num oxides, it is concluded that the oxygen 
observed in the air-exposed samples is due 
to oxygen migration into the Mo2C lattice. 
This conclusion is supported by experi- 
ments in which MozC was prepared and 
analyzed without air exposure. Neither ele- 
mental analysis nor TPR showed any evi- 
dence of oxygen in this case. Leary et af. 
(31) have also demonstrated recently that 
Mo2C (hcp) will take up between one and 
two monolayer equivalents of oxygen 
within minutes after air exposure and will 
accumulate oxygen more slowly over a 
period of weeks. This indicates that the rate 
of oxygen incorporation is significant even 
at room temperature, and that the incorpo- 
ration of oxygen into the bulk is not due to 
rapid autothermal oxidation of the sample. 

Prior to use of MO& (hcpj for CO hydro- 
genation or CzH6 hydrogenolysis, the air- 
exposed catalyst was pretreated by flowing 
a 3/l : CHJH? mixture at 623 K over the 
catalyst for 1 h and then evacuating the 
catalyst for 1 h. The purpose of this pre- 
treatment was to assure carburization of 

any metallic MO present on the surface and 
to remove as much oxygen as possible. The 
XRD pattern of the pretreated sample was 
identical to that obtained after synthesis. 
Elemental analysis of the pretreated sample 
without further air exposure revealed a 20% 
lowering of the carbon content and a 36% 
lowering in the oxygen content (see Table 
1). The loss of carbon is consistent with the 
fact that at 75% CH4 in the carburization 
mixture the CHJHZ ratio is lower than that 
required for equilibrium (87.3%) with re- 
spect to the reaction CH4(,, $ CcS) + HIcg,. 
The effectiveness of the pretreatment in 
removing surface oxygen is illustrated by 
the TPR spectrum shown in Fig. 4. The 
absence of any Hz0 peaks below 600 K 
indicates that pretreatment has removed 
both adsorbed H20 and oxygen from the 
near-surface region. 

Table 1 shows that following pretreat- 
ment, the BET area and the CO uptake 
both increase, whereas the average pore 
radius decreases relative to the characteris- 
tics for the air-exposed sample following 
synthesis. The pattern of the changes sug- 
gests that pretreatment causes a decrep- 
itation in the solid or removes carbona- 
ceous matter which block the pores of the 
carbide. The decrease in average pore size 
suggests that the latter interpretation is 
more likely. It would also be consistent 
with the anticipated stoichiometry. If the 
sample contains 13% of the molybdenum as 
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FIG. 4. Temperature-programmed reduction of pre- 
treated MozC (hcp). 
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FIG. 5. XRD pattern of MozN (fee) following synthe- 
sis and air exposure. 

the metal, then the stoichiometric composi- 
tion should be MoZC0.s7, rather than MozC, 
in good agreement with the stoichiometry 
observed after pretreatment. These results 
would then suggest that 20% of the origi- 
nally present carbon is there as free carbon 
in the pores of the catalyst. 

The pretreated catalyst was exposed to 
synthesis gas for 24 h at the following 
conditions: PCO = 100 Tot-r, PHI = 300 Tot-r, 
and T = 573 K. The XRD pattern taken of 
the catalyst at the end of synthesis gas 
exposure was identical to that presented in 
Fig. 1. Elemental analysis revealed that the 
oxygen content had decreased by 25% and 
the carbon content had increased by 11% 
relative to that observed for the pretreated 
carbide. The increase in carbon content is 
ascribed to the deposition of free carbon in 
the catalyst pores during reaction. Consis- 
tent with this Table 1 shows a reduction in 
the BET surface area and an increase in the 
average pore radius. The retention of some 
oxygen in the sample after CO hydrogena- 
tion is attributed to the presence of Hz0 in 
the product gases. This interpretation was 
confirmed by carrying out an elemental 
analysis on a sample of Mo2C (hcp) which 

had not been air exposed prior to use for 
CO hydrogenation. After exposure to syn- 
thesis gas the sample showed an oxygen 
content similar to that seen for the air- 
exposed MozC (hcp) sample. 

A sample of pretreated Mo$ (hcp) was 
also examined after 48 h of use for CzH6 
hydrogenolysis under the following reac- 
tion conditions: Pc,~, = 100 Ton-; PH, = 500 
Torr, and T = 573 K. Once again, XRD 
showed no change in the structure of the 
sample. The elemental analysis of the 
sample is given in Table 1. It is notable that 
following use for hydrogenolysis, the oxy- 
gen content is reduced to zero and the 
carbon content is consistent with that ex- 
pected for a sample containing 13% metallic 
MO. These results suggest that ethane hy- 
drogenolysis at 573 K is more effective than 
pretreatment with a CHJH2 mixture at 623 
K in removing oxygen from the bulk of 
MozC (hcp) . 

MozN (fee) 
Freshly synthesized Mo2N (fee) was 

evacuated at 773 K for 1 h to desorb 
strongly adsorbed NH3, retained from the 
reduction of MOOR with NH+ The XRD 
pattern for an air-exposed sample of Mo2N 
is shown in Fig. 5. The indicated d-spacings 
are in perfect agreement with those found 
previously (33) for MolN, but the relative 
peak intensities are quite different. The 
observation of the (200) peaks as the most 
intense feature, rather than the (111) peak, 
can be ascribed to the manner of sample 
preparation. Volpe and Boudart (30) have 
shown that upon NH3 reduction, the plate- 
lets of MOO, are converted to MozN in such 
a way that the (200) planes of Mo2N are 
exposed preferentially. The preferential 
orientation of the nitride particles along 
these planes in the sample used for XRD 
causes the (200) line to be emphasized. 

TEM micrographs and an electron dif- 
fraction pattern for Mo2N (fee) are shown 
in Fig. 6. Since the sample is reasonably 
thin it could be used to identify pores by 
observing changes in contrast as the focal 
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TABLE 2 

Characterization of Mo2N (fee) 

d-Spacings (A) 
from XRD 

Composition BET surface 
area (m*/g) 

Irreversible 
CO uptake 
bmolk) 

Average 
pore radius (A) 

After 2.42, 2.08 MozN~.o&‘o.,~ 185.30 559.0 lT.3” 
synthesis 1.48, 1.27 15.0b 

After CO 2.42, 2.08 Mo~Nm@c.sGm 178.0 193.6 17.0” 
hydrogenation 1.48, 1.27 

D From BET isotherm. 
b From TEM. 

plane was varied. The average pore radius 
determined by this method is indicated in 
Fig. 6c and Table 2. The value agrees quite 
well with that determined from BET sur- 
face area and pore volume (see Table 2). 
The electron diffraction pattern in Fig. 6b 
shows well-defined spots indicative of a 
highly crystalline sample and in good agree- 
ment with the observations of Volpe and 
Boudart (30). The diffraction pattern is 
characteristic of (200) and (100) planes of 
Mo2N. 

The results of elemental analysis are 
given in Table 2. The sample contains the 
stoichiometric amount of nitrogen and a 
small amount of oxygen. The latter element 
is residual from the Moo3 since the sample 
was not air exposed prior to analysis. 

The BET surface area and CO uptake 
capacities of MozN (fee) are given in Table 
2. Of the total CO taken up, 56% is held 
irreversibly. These results are in good 
agreement with those reported by Volpe 
and Boudart (30) and are indicative of our 
ability to reproduce their preparation of 
high-surface area Mo2N. A further charac- 
teristic worth noting is that the chemisorp- 
tion capacity of the sample for NH3 is 
virtually the same as that for CO. Since it is 
known (35) that NH3 bonds to MO atoms at 
on top sites, it may be inferred that CO 
adsorbs in similiwr :sites. 

Following synthesis and evacuation for I 
h at 773 K, a sample of Mo2N (fee) was 

exposed to synthesis gas at the same condi- 
tions used for MozC (hcp). The XRD pat- 
tern use of the catalyst was identical to that 
shown in Fig. 5. Elemental analysis (see 
Table 2) showed no loss of nitrogen but a 
definite increase in the oxygen con!err and 
the accumulation of some carbon. !.*,;e ex- 
tent to which the carbon enters the iattice 
was not determined. The significant reduc- 
tion in CO uptake capacity following CO 
hydrogenation suggests that a part of the 
carbon inventory may be present as free 
carbon on the catalyst surface. Pore 
blockage by carbon does not seem to occur 
since neither the BET surface area nor the 
average pore radius is altered significantly. 

Mo2C u-cc) 
The synthesis of Mo2C (fee) according to 

the procedures described in the Experimen- 
tal section produced a material which anal- 
yzed as 8.5 wt% carbon and had little 
capacity for CO chemisorption. Since the 
stoichiometric amount of carbon is 5.9 
wt%, it was concluded that the excess 
carbon was present on the surface ?f the 
freshly prepared Mo2C (fee). The amount of 
excess carbon could be reduced and the CO 
chemisorption capacity increased by air 
exposure of the sample, and consequently, 
this procedure was adopted. Table 3 indi- 
cates that following air exposure the sample 
still contains an excess of carbon and a very 
large amount of oxygen. 
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Characterization of MorC (fee) 

33 

d-Spacings (A) Composition BET surface Irreversible Average 
from XRD area (mr/g) CO uptake pore radius (A) 

(pmolk) 

After 2.44, 2. I I M~~Gz@~.o~ 140.0 340.0 13.7” 
synthesis 1.49, 1.28 13.56 

After 2.44, 2.11 MOKLU%O, 139.3 62.3 20.6” 
pretreatment 1.49, 1.28 

After CO 2.44. 2.22 MoC 2 0.59 0 0.71 122.0 110.0 - 
hydrogenation 1.49. 1.28 

After C2H6 2.44, 2.11 M~~G.E~A.~~ 161.0 140.0 - 
hydrogenolysis 1.49, 1.28 

’ From BET isotherm. 
b From TEM. 

The XRD pattern of air-exposed Mo2C 
(fee) is shown in Fig. 7. The indicated 
cl-spacangs are somewhat larger than those 
reported in the literature for fee phase of 
oxygen-free Mo$ (33), and consistent with 
this the lattice constant for our sample is 
4.225 A instead of the expected 4.14 A. The 
larger lattice constant is suggestive of a 
large content of nonmetal in the host fee 

20.00 36.00 52.00 68.00 84.00 100.0 
2.9 (deg) 

FIG. 7. XRD patterns of MorC (fee): (a) following 
synthesis and air exposure, (5) following CO hydroge- 
nation and air exposure. 

lattice of MO. For example, Ferguson (36) 
has reported a lattice constant of 4.152 for 
Mo&,~O~.~ and Rudy (37) has reported 
lattice constants ranging from 4.226 to 
4.2818, for molybdenum carbides with stoi- 
chiometries ranging between MozC1,38 and 
Mo~C,.~. It should be noted that the XRD 
pattern presented in Fig. 7 shows no evi- 
dence for metallic molybdenum or molyb- 
denum oxides. 

Additional structural information was ob- 
tained from TEM studies. TEM micro- 
graphs and an electron diffraction pattern 
are shown in Fig. 8. The electron diffrac- 
tion pattern shows well-defined spots indic- 
ative of a highly crystalline lattice and the 
spacing of the spots is characteristic of a 
MozC (fee) lattice. Contrast variation ob- 
served upon variation of the focal plane 
was used to identify pores in the sample, 
and pores between 3 and 30 A were ob- 
served. As indicated in Table 3, the agree- 
ment in average pore radius determined 
from TEM micrographs and BET isotherms 
is very good. 

MozC (fee) was pretreated in a CH4/H2 
mixture prior to CO hydrogenation. As 
seen in Table 3, the rnostldramatic change 
is the large increase in oxygen content 
relative to that for the catalyst after synthe- 
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FIG. 8. Electron microscopy of MozC (fee): (a) TEM micrograph of a Mo,C particle, (b) electron 
diffraction pattern of particle, (c) magnification of a light region in panel a (4. I x). Pores identified by 
change in contrast in a through-focus series. 

sis. On the other hand, the carbon content 
decreased slightly as a result of pretreat- 
ment. It is suspected that the high oxygen 
content results from a slow accumulation of 
oxygen or water during its storage after 
pretreatmeht. XRD, however, showed no 
evidence of molybdenum oxides, indicating 
that the oxygen must be stored in the 
carbide lattice or on the surface of the 
carbide particles. 

The pretreatment of Mo2C (fee) was suc- 
cessful in removing surface oxygen. The 
TPR spectrum presented in Fig. 9 shows no 
water formation below 600 K. While not 
shown, TPR spectra of air-exposed MO& 
(fee) show peaks for H20, CO, and CO2 at 
temperatures below 600 K, much as was 
seen in Fig. 4 for Mo$ (hcp). The absence 

of these features following pretreatment is 
indicative of the removal of adsorbed Hz0 
and near-surface oxygen from the sample. 

3oo2 

200 300 400 500 600 700 600 900 lcno 

Temperature (K) 

FIG. 9. Temperature-programmed reduction of pre- 
treated MqC (fee). 
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Following pretreatment, a sample of 
Mo2C (fee) was used for CO hydrogenation 
under the same conditions used for Mo2C 
(hcp) and MozN (fee). The XRD pattern of 
the used catalyst was identical to that 
shown in Fig. 7. As shown in Table 3, 
elemental analysis revealed a reduction in 
the carbon content down to the stoichio- 
metric level and a very significant reduction 
in the oxygen content. Consistent with the 
removal of excess carbon, the capacity for 
CO adsorption is found to increase signifi- 
cantly. The small decrease in BET surface 
area observed in this case is ascribed to 
structural changes in the carbide rather 
than pore blockage by carbon. The loss of 
oxygen from the catalyst during CO hydro- 
genation is supported by the TPR spectrum 
shown in Fig. 10. Notice that in contrast to 
the TPR spectrum of the pretreated cata- 
lyst, Fig. 9, the production of water does 
not occur below 900 K and the amount 
produced is much less. The absence of Hz0 
for temperatures below 600 K again indi- 
cates that the near-surface region of the 
catalyst is free of oxygen. 

Ethane hydrogenolysis was carried out 
over pretreated MozC (fee) using the same 
reaction conditions used for Mo2C (hcp). 
XRD again failed to show any change in 
the catalyst structure. Changes could, how- 
ever, be detected by other techniques. As 
seen in Table 3, the carbon and oxygen 
contents of the carbide are lower than those 
observed following pretreatment. The in- 

Temperature (K) 

FIG. 10. Temperature-programmed reduction of 
MozC (fee) following CO hydrogenation. 

crease in BET surface area and CO ad- 
sorption capacity both suggest that the hy- 
drogenolysis of ethane leads to a removal of 
excess carbon from the catalyst surface and 
pores. Comparison of the responses of 
MozC (hcp) and MozC (fee) to ethane hy- 
drogenolysis indicates that while hydroge- 
nolysis causes a strong reduction in the 
oxygen content of both carbides, the com- 
plete removal of oxygen from the fee struc- 
ture is not achieved even after 48 h of 
reaction. 

DISCUSSION 

In the preparation of molybdenum car- 
bides it is difficult to avoid the deposition of 
free carbon, particularly if complete con- 
version of MO to Mo2C is sought. For the 
conditions used in the present study the 
stoichiometry of the C/MO ratio of the 
freshly prepared Mo2C (hcp) is 0.52. Since 
XRD shows that only 87% of the MO is 
present as Mo2C this means that the sample 
has about 9.0 wt% of free carbon. A similar 
analysis for MozC (fee) indicates that the 
freshly prepared sample (prior to air expo- 
sure) has 3.6 wt% of free carbon. While the 
elimination of excess carbon by Hz reduc- 
tion has been recommended by several 
authors (II, 13, 21, 30), Leary er al. (31) 
have shown recently that even at 623 K it is 
not possible to do this without removing 
significant amounts of bulk carbon concur- 
rently. 

When either the hcp or fee form of MozC 
is air exposed, oxygen is rapidly incorpo- 
rated into the lattice. Attempts to passivate 
high-surface area MozC (fee) with a 1% O? 
in He mixture, as recommended by Bou- 
dart and Volpe (30) were unsuccessful, 
inasmuch as additional oxygen uptake con- 
tinued after the sample was exposed to air 
at room temperature. If the initial exposure 
to oxygen is carried out without elevation 
in the sample temperature, oxygen will 
incorporate into the lattice without a cor- 
responding loss of carbon. Prolonged (-1 
month) air exposure, even at room temper- 
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ature leads to a progressive loss of carbon 
from the carbide. It is significant to note 
that the presence of oxygen in the carbide 
cannot be detected by X-ray or electron 
diffraction since these techniques are sensi- 
tive primarily to the MO lattice and the 
lattice parameters change only slightly with 
changes in the O/C ratio in the lattice. 
Consequently, it is essential to perform 
careful elemental analyses of molybdenum 
carbides in order to determine their oxygen 
content. 

Leary et al. (31) have shown that lattice 
oxygen cannot be removed from Mo$Z,O, 
by H2 reduction without simultaneous re- 
moval of lattice carbon. This conclusion is 
also strongly supported by the TPR results 
presented in Figs. 3b and 3c. The TPR 
spectrum presented in Fig. 4 does show, 
however, that near-surface oxygen can be 
removed from the air-exposed MozC 
by pretreatment with a CH4/H2 mixture at 
623 K. 

The present study also demonstrates 
clearly that the bulk composition of molyb- 
denum carbide and nitride catalysts is in- 
fluenced strongly by the reaction conditions 
under which these catalysts are used. For 
example, air-exposed MozC (hcp) or Mo# 
(fee) will rapidly incorporate oxygen, while 
air-exposed samples of these same cata- 
lysts will lose oxygen during CO hydroge- 
nation. The deposition or removal of free 
carbon can also occur during this reaction 
as shown by the results presented in Tables 
l-3. The hydrogenolysis of ClH6 also in- 
fluences catalyst composition. As seen in 
Tables 1 and 3, this reaction is particularly 
effective in removing lattice oxygen from 
molybdenum carbides, in good agreement 
the earlier observations of Leclerq et al. 
(II). A discussion of the effects of catalyst 
composition on the activities of MozC and 
MozN for CO hydrogenation and hydrogen- 
olysis will be presented separately (32). 

Since the chemisorption of CO is often 
used to characterize the surface of molyb- 
denum carbides and nitrides, it is of interest 
to compare the uptakes reported here with 

those given in earlier studies. Madix and 
Ko (7) have carefully examined the che- 
misorption of CO on a fully carburized 
surface of Mo( 100). The carbon atoms sit in 
fourfold hollows on the metal surface, 
forming a (1 X 1)C overlayer. The structure 
of the fully carburized Mo(100) surface 
resembles that of the (200) surface of MozC 
(fee). CO adsorption occurs on top of the 
exposed MO atoms and the saturation cov- 
erage is found to be 1 x 10” molecules/cm*. 
This value agrees quite well with those 
calculated for the (101) surface of Mo2C 
(hcp) [0.6 x lOi molecules/cm*] and the 
(200) surface of Mo2C (fee) [1.17 x lOi 
molecules/cm*]. Since the structure of 
MozN (fee) is virtually identical to that of 
MO& (fee), the saturation uptake of CO 
would be expected to be the same. 

Table 4 lists the saturation-level surface 
concentrations of adsorbed CO determined 
in this study, as well as those of Boudart 
and co-workers (II, 13, 30). In each case, 
the surface concentration was obtained by 
dividing the CO uptake by the BET surface 
area. It is evident that the surface concen- 
trations of adsorbed CO found in this study 
for molybdenum oxycarbides are in general 
agreement with the values reported earlier 
by Leclerq et al. (II) but are significantly 
lower than those reported by Boudart and 
Volpe (30). On the other hand, the satura- 
tion concentration for Mo2N (fee) found 
here and that reported by Boudart and 
Volpe (30) are in reasonable agreement. It 
is significant to note, though, that all the 
values given in Table 4 are smaller than 
those expected for single crystal surfaces of 
Mo2C or Mo2N. 

The surface of freshly prepared Mo2N 
retains a significant amount of adsorbed 
NHJ, left over from the reduction of Moo3 
in NH3. If adequate care is not exercised to 
remove all of the residual NH3, then sites 
for CO adsorption will be blocked by NHJ. 
This might explain why the CO saturation 
concentrations measured for high surface 
area Mo2N (fee) (see Table 4) powders is 
lower than that expected for clean crystal 
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TABLE 4 

CO Chemisorption Capacity 

Catalyst CO capacity X IO-l4 (molecules/cm*) 

After After After CO 
synthesis pretreat- hydrogenation 

ment 

After C2H6 
hydrogenolysis 

Ref. 

M02 OW 
Md (hcp) 
MozC (hcp) 
MorC (fee) 
Mo2C (fee) 
Mo2C (fee) 
Mo2C (fee) 
Mo2N (fee) 
MozN (fee) 

0.60 0.24” 0.40 
3.00 - - 
- 0.18’ - 
1.46 0.27” 0.54 
- 0.406 0.23 
- - 0.63’ 
- 3.09 - 
1.18 - 0.65 
2.60 - - 

0.56 This work 
- (12) 
- (13) 

0.52 This work 
- (11) 
- (II) 
- (30) 
- This work 
- (30) 

d Heated in 3/l : CHJH2 mixture at 623 K for 1 h. 
b Heated in Hz at 623 K for 2 h and then evacuated at 623 K for 2 h. 
c Heated in a 9.1: C4HIO/H2 mixture at 773 K for 3 h prior to exposure to synthesis 

gas. 
d Heated in H2 at 870 K for 2 h. 

surfaces. The low CO surface concentra- 
tions for Mo2C reported by Leclerq et al. 
(12) and ourselves is very likely due to 
surface blockage by free carbon. This argu- 
ment is consistent with the fact that carbon 
accumulation on the surface of Mo2N (fol- 
lowing CO hydrogenation) causes a sup- 
pression in the concentration of adsorbed 
CO at saturation. In the work of Volpe and 
Boudart (30) efforts were made to rid the 
surface of MozC (fee) of free carbon. This 
was done by reducing the sample at 870 K 
in H2 for 2 h. Whereas Table 4 shows that 
such pretreatment does lead to a CO sur- 
face concentration higher than that ob- 
served on samples containing free carbon, 
the high temperature at which reduction 
was carried out may have removed a signif- 
icant amount of carbon from the bulk of the 
sample. Consequently, we believe that the 
reduced samples of Mo2C (fee) described 
by Volpe and Boudart (30) very likely con- 
sisted of a layer of metallic MO over a core 
of MoX. This might explain why they 
observed such high CO surface concentra- 
tions. 

CONCLUSIONS 

Porous powders of Mo2C (hcp), MozC 
(fee), and MozN (fee) have been prepared 
from MOOS. Mo2C (hcp) was prepared by 
H2 reduction of Moo3 to metallic MO and 
subsequent carburization in a mixture of 
CH4 and HZ. The product is a polycrystal- 
line powder which has a BET surface area 
of lo-30 m*/g and pores 30 A in diameter. 
Mo2N (fee) was obtained by NH3 reduction 
of MOO,. The nitride is highly crystalline, 
has a BET surface area of 180 m*/g, and 
pores 17 A in diameter. The fee phase of 
Mo2C was produced by heating Mo2N (fee) 
in a mixture of CH4 and H2. The Mo2C (fee) 
powder has a BET surface area of 140 m*/g 
and pores 21 A in diameter. 

In the preparation of the hcp and fee 
phases of Mo2C it is very difficult to avoid 
the deposition of free carbon, particularly 
when complete conversion of MO to the 
carbide is sought. The presence of free 
carbon reduces the CO chemisorption ca- 
pacity of the carbide, and at higher levels of 
accumulation blocks the pores in the car- 
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bide. Removal of free carbon by high tem- 
perature H2 reduction cannot be accom- 
plished without significant removal of bulk 
carbon. Air exposure of Mo2C will remove 
some of the free carbon but introduces 0 
into the carbide lattice. Passivation of 
MO& samples to oxygen accumulation is 
not possible. The presence of oxygen in 
air-exposed samples of MozC cannot be 
detected by XRD, since this technique is 
sensitive primarily to the location of the MO 
atoms and not to the position of the non- 
metal atoms. Consequently, the oxygen 
content of molybdenum oxycarbides must 
be determined by elemental analysis. Lat- 
tice oxygen cannot be removed by HZ re- 
duction without a concurrent removal of 
lattice carbon. Near-surface oxygen can be 
eliminated by thermal pretreatment in a 
CH4/H2 mixture. This procedure does, 
however, remove some of the carbon from 
the near-surface region. 

The composition of Mo2C and MozN is 
altered by their use for CO hydrogenation 
and CzH6 hydrogenolysis. CO hydrogena- 
tion releases carbon and oxygen. The car- 
bon accumulates on the catalyst surface, 
whereas the oxygen enters into the lattice 
of Mo2C or Mo2N. By contrast, CzH,j hy- 
drogenolysis results in extensive removal 
of oxygen from the lattice of the hcp and fee 
modifications of MO&Z. This process is 
unaccompanied by the deposition of free 
carbon, very likely because the presence of 
H2 in the reaction mixture removes any 
surface carbon as methane. 
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