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Molybdenum Carbide Catalysts
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Metastable cubic a-MoC,_, (x ~ 0.5) unsupported powders with specific surface area ca. 200 m?
g~ ! and particle size ca. 3 nm were prepared by temperature-programmed reaction (TPR) of MoOs
with ammonia producing first Mo,N which was subsequently converted to a-MoC,_, by TPR with a
CH,/H, mixture. Alternatively, a direct TPR of MoO; with a CH4/H, mixture also produced «-
MoC,_,, provided that a small amount of platinum was impregnated on MoQO; prior to TPR.
Reactions involved in both processes were topotactic, with formation of metastable a-MoC,_,
crystals exhibiting pseudomorphism with the original platelets of MoO;, the starting material.
Without platinum, the reaction between MoO; and CH,/H; required a higher temperature of initial
rediuction and the reaction was not topotactic, leading to hexagonal Mo,C, the thermodynamically

stable phase of molybdenum carbide.

INTRODUCTION

A companion paper (/) described synthe-
sis and catalytic properties of hexagonal
Mo,C unsupported powders with specific
surface areas (S,) of 50-100 m? g7
The synthesis involved temperature-pro-
grammed reaction (TPR) between MoO; of
S, (<1 m? g7!) and a CH4/H, mixture.
These materials could be prepared in a sin-
gle step without surface contamination by
polymeric carbon. A surface completely
covered with polymeric carbon could also
be obtained with subsequent removal of the
carbon by dihydrogen, thereby creating an
active carbide surface.

Although these Mo,C powders possess
high values of S,, higher values near 200 m?
g~ ! are desired with a corresponding parti-
cle size of ca. 3 nm. Indeed, the surface
structure of metals varies greatly with parti-
cle size when the latter lies between 1 and
5 nm (2). Preparation of unsupported metal-
lic molybdenum carbide with particle size
less than 5 nm would provide an opportu-
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nity to study the effects of surface structure
on a catalytic reaction without any metal—-
support interaction that can obscure the ef-
fect of particle size when observed for sup-
ported catalysts metals.

In previous studies at Stanford, Mo,N
with §, greater than 200 m? g~! was pre-
pared by TPR up to 970 K between MoO;
and ammonia (3, 4). The solid transforma-
tion of oxide-to-nitride was topotactic as
{100} planes of Mo;N were parallel to {010}
planes of MoQO;. Further temperature-pro-
grammed carburization of this nitride led to
a metastable face-centered cubic (FCC)
carbide phase (5). This reaction is also to-
potactic in the sense that the FCC structure
of the metal atoms remains unaltered. The
product carbide retains the structure, crys-
talline size, and the high S, of its nitride
parent.

This paper is concerned with processes
to synthesize cubic «-MoC,_, unsupported
powders with S, greater than 200 m? g~! by
a novel topotactic reaction involving a di-
rect coreduction/carburization of MoQO; in
the presence of platinum, also yielding «-
MoC,_, with the same high S,. The synthe-
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sized carbides are characterized by physi-
cal and chemical methods including X-ray
diffraction (XRD), scanning electron mi-
croscopy (SEM), temperature-programmed
reduction, and gas adsorption.

EXPERIMENTAL

High-purity MoO; powder (99.998%,
Johnson-Matthey) was used as received to
prepare nitride and carbide. Gases were pu-
rified according to the procedures de-
scribed elsewhere (/). Also given were the
description of the flow system for sample
preparation and experimental procedures
for gas adsorption, X-ray diffraction, and
TPR.

A high-S§, nitride was prepared according
to the procedure described previously (4).
In the new procedure, platinum was intro-
duced by incipient wetness impregnation of
MoO; with a water solution of H,PtCl-
6H,0 such that the content of Pt after prep-
aration was 0.25% by weight. The impreg-
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nated sample was dried at 350 K for 12 h in
air. Carburization was accomplished by
TPR of Mo,N or MoQO; impregnated with Pt
(denoted by MoOs/Pt henceforth) with 20%
CH, in H; (denoted by CH4/H, henceforth),
The carburization of nitride was performed
in the same reactor as that used for nitride
preparation without exposure of nitride to
air. A typical preparation employed 0.1-3.0
g of MoO; or MoO»/Pt loaded on a coarse
quartz fritted disk in the cell. Then a flow of
50-100 umol s~ of NH; or CH4/H at atmo-
spheric pressure was initiated. The temper-
ature of the sample was varied in a furnace
coupled with controller/programmer and
monitored locally with a thermocouple.
The heating rate of TPR was typically 30 K
h™!, and the final temperature of prepara-
tion was 950-970 K. After preparation, the
sample was quenched by removing the fur-
nace and then isolated by stopcocks in or-
der to transport the cell to the gas adsorp-
tion system. Figure 1 summarizes the
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FiG. 1. Schematic procedures for synthesis of unsupported molybdenum carbide powders from

MoO;.
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procedures to synthesize unsupported
molybdenum carbide powders from MoOs,
their crystal structures, and S,.

The carbide products were also charac-
terized by temperature-programmed reduc-
tion in a mixture of 33% H, (Linde, prepuri-
fied) in He (Linde, high purity) flowing at a
total rate of 20 umol s~!. Typically, 0.1 g of
the carbide was heated from room tempera-
ture (RT) to 1370 K at a rate of 0.24 K s~1,
Before contacting the sample, the gas mix-
ture passed through a molecular sieve trap
at liquid nitrogen (LN;) temperature and a
MnO/SiO, indicator at RT. The reaction
products were analyzed mass spectroscopi-
cally by a Hewlett—Packard 5970 mass se-
lective detector. It was operated in the
scanning mode with the data collected in
steps of 0.125 m/e in the range 10-150 m/e,
and a scan cycle time of ca. 1.5 s. The de-
tection limit in the gas mixture was 1 ppm
for CO and N, and 6 ppm for H,O and CHj,.
Calibration for CO, N,, and CH, was made
by sampling a known amount of these gases
after each run.

For scanning electron microscopy
(SEM), powder samples were dispersed on
silver paint. An AMR 100 microscope was
operated at 20 kV. Elemental analysis was
performed in the Microanalysis Laboratory
of the Department of Chemistry at Stanford
University.

RESULTS

Preparation of Cubic a-MoC,_, through
Mo, N Intermediates

In this preparation, a high-S, Mo,;N re-
acted with a CH,/H, mixture. The crystal
structure of the product carbide was deter-
mined to be FCC by XRD with a lattice
parameter 423 + 1 pm. The molar ratio of
C/Mo was determined to be ca. 0.5 by
chemical analysis. Equilibrium isotherms
of adsorption and desorption of N, mea-
sured at liquid nitrogen temperature are
shown in Fig. 2. The abscissa P/P, repre-
sents a relative pressure, with Py being the
saturation pressure of N, at LN, tempera-
ture. These isotherms can be viewed as a
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F1G. 2. Adsorption and desorption isotherms of N,
on a-MoC;_, at LN, temperature. (O) Adsorption iso-
therm. (@) Desorption isotherm.

combination of Types I and IV according to
the classification of Brunauer et al. (6), and
indicate that the sample contains both mi-
cropores with the half-width radius r, of the
pore less than 1 nm, and mesopores with r,,
up to 30 nm. The shape of the adsorption—
desorption hysteresis loop represents either
slit-shaped pores or plate-like particles (7).
Application of the standard BET method to
adsorption data of 0.03 < P/Py, < 0.25
yielded the S, of 205 m? g~!. The character-
istics of these isotherms are similar to those
for the nitride precursor (4), suggesting that
the carbide inherited the S,, particle size,
and pore structure of the parent nitride.

The gas products from the TPR between
Mo;N and CH, were monitored by a gas
chromatograph, and the results are shown
in Fig. 3. In this experiment, methane
alone, instead of a 20% CH,/H, mixture,
was used as a carburizing gas in order to
monitor H; produced from the reaction it-
self. Major events of transformation oc-
curred around 800 and 940 K as indicated
by coincident N, and H, peaks at these tem-
peratures.

During the solid transformations of MoO;
to Mo;N, and then to o-MoC,-,, the mor-
phology of the solid did not alter. This
pseudomorphism is demonstrated by SEM
pictures of MoOs;, Mo,N (4), and a-MoC,_,
in Fig. 4. All assume the highly anisotropic
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Rate of formation / a.u.

Fi1G. 3. Temperature-programmed reaction profiles
for the transformation of Mo,N to a-MoC,_, by reac-
tion with methane. The rate of heating was 30 K h-1,

platelet shape. Meanwhile, Mo,C prepared
through a nontopotactic reaction path has
no resemblance to MoO; in morphology as
shown in Fig. 5.

In Table 1, powder XRD patterns of
plate-like @-MoC,_, in the present study are
compared to those of a-MoC,_, prepared
from a sintered Mo;N. The sintering in-
volved heating the high-S; Mo,N powder at
1070 K in flowing N; for 12 h. This carbide
had an Sg of 20 m? g~!. The relative inten-
sity of XRD peaks of the low-S, a-MoC,_,
is very close to the theoretical intensity dis-
tribution for FCC crystal powders (8). The
XRD pattern of high-S, a-MoC,_,, on the
other hand, exhibits an extraordinarily high
intensity of {h00} peaks.

Preparation of a-MoC,_, by Direct
Carburization of MoO; in the Presence
of Platinum Catalyst

The MoO;/Pt was heated in a CHy/H,
mixture in the same manner as that for the
preparation.of Mo,C (I). Figure 6 shows a
typical TPR profile of this synthesis process
when a 20% CH,4/H; is used. The change in
rates of methane consumption (Fig. 6a) and

of water formation (Fig. 6b) was registered
at linearly increasing temperatures. As
compared to the synthesis of Mo,C without
a catalyst (), two interesting features are
noted. First, the presence of Pt greatly de-
creased the temperature for the early stage
of reduction. The rate of water formation
was appreciable from 400 K, much lower
than uncatalytic reduction of MoQO; which
starts above 800 K (/). However, the same
high temperature was required in both
cases for a complete reduction/carburiza-
tion. Second, unlike uncatalyzed reduction/
carburization, methane was consumed
even in the first stage of reduction.

The reduction in the presence of Pt
started even at room temperature. Initially
pale green MoQO; powders slowly turned to
black at room temperature in a flowing
CH,/H; mixture. The XRD pattern of this
sample showed that molybdenum bronze
H,MoO; was formed (9). When TPR was
halted at 500 K for the examination of the
sample by XRD, a new intermediate was
detected in addition to the previous molyb-
denum bronze. This intermediate had dif-
fuse XRD peaks at 26 = 37.1° and 43.2°
when CuKa radiation was used as an X-ray
source, with the latter peak in much higher
intensity. The final product after TPR up to
950 K showed an XRD pattern of FCC
crystal which was very similar to that of -
MoC,_, prepared through the Mo,N inter-

TABLE 1

Comparison of CuKe Powder X-Ray
Diffraction Patterns of High-S, a-MoC,_,
with a Platelike Morphology and of

Low-S; a-MoC, _,
26(°) (hk}) Relative intensity
High-S,  Low-S,
36.7 (111 13 100
42.6 (200) 100 52
62.0 (220) 7 32
74.0 @3l11) 8 38
77.9 (222) 3 12
92.8 (400) 20 4
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FIG. 4. Scanning electron micrographs showing pseudomorphism in the topotactic transformation of
MoO; (left) to Mo,N (right), and then to a-MoC;_, (bottom).

mediate in both the positions and the rela-
tive intensity of peaks. The molar ratio of
C/Mo prepared with a 20% CH,/H, mixture
was determined to be ca. 0.6 by chemical
analysis.

The S, of the final product depended on
the composition of reacting gases as was
the case with the synthesis of Mo,C (1).
The TPR with a 20% CH,/H, mixture pro-

duced a-MoC,_, with an S, of 160 m? g~'.
This carbide was dissolved in aqua regia
without residue, indicating that there was
no appreciable deposit of polymeric carbon
on the surface (5). When an 80% CH,/H,
mixture was used, the product exhibited an
Sg of 216 m? g~! after H, treatment at 875 K
to remove the polymeric carbon from the
surface (/).
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F1G. 5. Scanning electron micrograph of Mo,C prepared by nontopotactic process. Note that the
morphology of this carbide has no resemblance to its parent oxide.

Properties of Cubic a-MoC -, Powders

Table 2 shows the characterization data
of two types of a-MoC,_, and also of Mo,C
powders. The CO number density was cal-
culated as the amount of irreversible CO
uptake at room temperature per unit BET
area. The particle sizes D, were estimated
from BET areas and the crystallite sizes D,
from application of the Scherrer equation to
broadening of the X-ray diffraction peak
width. Two types of a-MoC,_, have very
similar properties. Table 3 summarizes the
structural differences between «-MoC,_,
and Mo,C. As shown earlier, a-MoC,_, in-
herits the platelet morphology of parent
MoO; which is completely different from
that of Mo,C. Also, they have a different
crystallographic arrangement of Mo atoms.
However, both have very similar stoichi-
ometry and first nearest-neighbor dis-
tances.

The temperature-programmed reduction
of the fresh a-MoC,_, powders in 33% H,/
He yielded data on sample purity, most im-
portantly, the oxygen content. A typical
temperature-programmed reduction profile

TABLE 2

Characterization Data of Unsupported Molybdenum
Carbide Powders

a-MoC,_, a-MoC, .. /Pt Mo,C

Se (m? g~1) 185 216 60
CO chemisorption

(umol g™") 800 805 218
CO number density

(10" ¢cm~?) 2.6 22 2.2
Particle size (nm)

D, by BET* 3.0 2.6 11.0

D, by X-ray® 6.0 3.4 1

¢ Dy = 6/pS,; p is the density; S, is the specific surface area
by BET.

b D. = M(B cos 6); X is the wavelength of CuKa X-ray
radiation; 0 is the Bragg angle; 8 is the half-width corrected for
Ka-doublet separation and instrumental broadening.
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FiG. 6. Temperature-programmed reaction profiles
for Pt-catalyzed reaction of MoO; with 20% CH,/H,
mixture. The rate of heating was 60 K h~!. (a) Methane
consumption rate. (b) Water formation rate.

is shown in Fig. 7. Only CH, and CO were
detected.

At the end of the temperature program-
ming the temperature was maintained at
1370 K for 1 h. During this treatment the

TABLE 3

Comparison of the Structure of a-MoC;-, and Mo,C

a-MOC;,X MOzC
Morphology Platelike = Random
Crystallographic arrangement
of Mo atoms FCC HCP
Nearest neighbors
Numbers
Mo-C 3 3
Mo-Mo 12 12
Distances (pm)
Mo-C 212 209
Mo-Mo 299 296
2 Forx = 0.5.

rate of CH4 and CO production stayed con-
stant. The total amounts of CH, and CO for
the o-MoC,_, prepared from the nitride
were, respectively, 4000 and 390 pmol g/,
and for a-MoC;_,/Pt 2100 and 270 pmol
g~ !. Analysis of both samples by XRD after
treatment revealed that the metastable cu-
bic carbides were completely transformed
to the thermodynamically stable hexagonal
MOZC.

DISCUSSION

The phase diagram of the Mo-C system
(10) indicates that only hexagonal Mo,C is
thermodynamically stable below 1940 K.
This is the anticipated product under the
conditions of our preparation. A cubic car-
bide a-MoC,_, is metastable and could be
obtained at low temperatures only by rapid
quenching of Mo-C mixture from tempera-
tures above 2235 K. This cubic carbide has
been reported to have a lattice parameter
a = 427-428 pm and a molar ratio of C/Mo
from 0.65 to 0.75 (10). A smaller value of a
of our carbide is probably due to a lower
carbon content (117).

Oxygen remaining on a fresh carbide
sample after preparation is a known impu-
rity, particularly when an oxide is the pre-
cursor in the carbide preparation (/2). As
brought to the attention of the authors by a
referee, the FCC a-MoC,-, phase has an
XRD pattern similar to that of the oxycar-
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FiG. 7. Temperature-programmed reduction in 33%
H,/He of a-MoC,_,.
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bide. But there is no hexagonal-phase oxy-
carbide reported in the literature. When our
FCC phases are transformed to the hexago-
nal Mo,C in the temperature-programmed
reduction experiments in 33% H,/He, the
amount of released CO corresponds to
about 4 oxygen atoms for 100 molybdenum
atoms. Based on this small oxygen content,
we believe that our samples are not oxycar-
bides. The temperature-programmed re-
duction experiments are consistent with the
MoCy 6 stoichiometry given by the elemen-
tal analysis.

The two processes of preparation of cu-
bic carbide described in the present paper
involve the topotactic solid transformation
because of the relationship of crystal struc-
ture between the parent and the product
throughout the bulk of the solid (/3, 14).
Previously it was shown that {100} planes of
Mo;N and «-MoC,_, were parallel to the
{010} layers of MoOs (4, 5).

The nitride and the carbide, as products
of topotactic reaction, exhibit pseudo-
morphism with their parent MoO;, as
shown by SEM pictures (Fig. 4). Both re-
tain the external shape and dimensions of
the particles of MoQs, although the crystal
structure, size, and density have been
greatly changed from those of the oxide.
The processes are illustrated schematically
in Fig. 8. A platelet of single-crystal MoOs
with dimensions of approximately 20 x 50
x 0.5 pwm in the direction of [100], [001],
and [010], respectively, exposes the ex-
tended (010) plane of orthorhombic unit
cell. This converts to a platelet consisting
now of many particles of Mo,N or o-
MoC;_, of ca. 3 nm in size. A large de-
crease in specific volume and the formation
of a large number of small particles are ac-
companied by development of internal
pores which is responsible for the great in-
crease in S,. The platelet morphology
would be uncharacteristic of cubic crystals
like Mo;N and a-MoC,_,. It is simply in-
herited from parent MoQ;, the layered
structure of which leads to platelet mor-
phology.

S . (¢ )
:: (20 um x 50 wm x 05 pm)

Fi1G. 8. Schematic illustration of the topotactic solid
transformation of a platelet of MoO; to Mo,N, and
then to a-MoC;_,. Although the shape and the size of
the starting platelet are preserved in nitride and car-
bide, the size of the crystallite is greatly reduced and
small pores are developed.

An ideal tool to identify topotaxy during
a reaction of powdered solids is transmis-
sion electron microscopy (TEM) with se-
lected area electron diffraction (SAD). The
orientation relationship of lattices of MoO;
and Mo;N was examined with this tech-
nique (3, 4). The powder XRD ordinarily
may not be used since the distribution of
orientations of the crystallites masks the
orientation correspondence between the
diffracting planes of the parent and product
crystals. For platelike particles, however,
powder XRD has been successfully applied
by Volpe and Boudart (/4) to show that
{100} pianes of Mo,N are parallel to the
{010} layers of MoO;. Likewise, the very
high intensity of {100} peaks in the XRD
pattern of platelike «-MoC,_, in Table 1
shows that {100} planes of a-MoC,-, are
parallel to {100} planes of Mo,;N, and also to
{010} layers of MoQ;. Since the relative in-
tensity of XRD peaks of low-S; a-MoC,_, is
similar to that of FCC powders, this sample
seems to have assumed a random morphol-
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ogy. Systematic abnormality in intensity
distribution of powder XRD peaks thus in-
dicates that topotactic reaction has oc-
curred.

The formation of metastable phase,
pseudomorphism, and systematic abnor-
mality in intensity distribution of powder
XRD peaks are all consequences of the to-
potactic nature of the nitride-to-carbide
transformation. The solid transformation
appears to involve movement of only non-
metal atoms. Thus N atoms diffuse out and
C atoms move in to take their place while
molybdenum atoms remain essentially mo-
tionless as their FCC structure stays unal-
tered.

The oxide-to-carbide transformation is
much more complex than the apparently
simple nitride-to-carbide transformation. It
is well known that Group 8 metals catalyze
the reduction of MoO; (15-17). The reac-
tion of MoOs/Pt with a CH,/H, produces
molybdenum bronze H,MoOs even at room
temperature. When MoO;/Pt is brought
into contact with dihydrogen, hydrogen at-
oms produced on Pt surface “‘spill over’ to
the oxide surface and further diffuse into
the MoOs; lattice, as is well documented by
Fripiat (/8). Upon further heating, water is
produced and methane is consumed with
the maximum rates at first at 520 K. This
early stage of reaction produces a new in-
termediate. Previous studies of catalyzed
reduction of MoQ; in H; in the presence of
Pd, Ni, and Re (16, 17) revealed that MoO,
and other suboxides were formed at this
stage, the XRD patterns of which are very
different from that observed in the present
study. In the synthesis of Mo,C without a
catalyst, on the other hand, the first meth-
ane consumption peak was absent (/). Thus
it appears that methane dissociates on Pt
producing carbon atoms which are subse-
quently incorporated into molybdenum ox-
ide to form the oxycarbide intermediate.
The XRD pattern of the intermediate could
be assigned to be (111) and (200) peaks of
MoO,C,, as for a FCC crystal known to be
formed during the pyrolysis of Mo(CO)s

(19). The formation of the oxycarbide inter-
mediate is similar to the oxynitride forma-
tion that occurs during the MoO;—NH; re-
action (4).

The direct reduction/carburization of Pt-
impregnated MoQ; thus provides another
topotactic route to prepare the cubic a-
MoO,_,. A topotactic reaction starts with
oriented nucleation of product phase rela-
tive to the parent, and often leads to a meta-
stable crystalline phase unattainable by
other methods. The formation of metasta-
ble cubic carbide is a consequence of struc-
tural motives lying along the {010} layers of
MoO;, which are conserved during the
solid transformations in the {100} planes of
nitride or carbide. It is believed that the
critical variable providing the topotactic re-
duction of MoOs is the low temperature at
which the initial stage of reduction occurs.
As in the case of the catalytic reduction
with Pt, the reduction of MoO; with ammo-
nia starts at a much lower temperature,
around 620 K (4), than that for the uncata-
lyzed reduction by CH,/H; where the water
formation becomes noticeable above 800 K
(/). Nucleation of the product phase pre-
sumably takes place during this initial stage
of reduction. A low temperature at this
stage would impose a restriction on atom
displacement, leading to oriented nuclea-
tion of the product phase relative to the par-
ent crystal.
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