JOURNAL OF CATALYSIS 146, 218-227 (1994)

Molybdenum Nitride Catalysts

I. Influence of the Synthesis Factors on Structural Properties
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Effects of the synthesis parameters on the structural properties
of molybdenum nitride catalysts, prepared by the temperature-
programmed reaction of MoO; with NH;, have been examined.
Molybdenum trioxide was heated in flowing NH; through two
linear heating segments (623 to 723 K then 723 to 973 K) with
different space velocities in a 2° factorial design. The temperature
limits for these heating segments were defined based on the results
of in situ X-ray diffraction analysis of the gas—solid reaction.
The resulting catalysts were characterized using BET surface area
analysis, environmental scanning electron microscopy, ex situ
X-ray diffraction, and oxygen chemisorption. The primary bulk
phase present was y-Mo,N. Some of the lower surface area cata-
lysts also contained MoO, and Mo, but there was no evidence of
nitrides other than y-Mo,N. The catalysts consisted of micrometer-
sized, plate-like aggregates of nanometer-sized crystallites, and
possessed surface areas ranging up to ~140 m?/g depending on the
synthesis and reduction conditions employed. Statistical analysis of
the results revealed that the space velocity individually and the
heating rates combined had the most significant effects on the
structural properties. The production of catalysts with surface
areas in excess of 50 m?/g required the use of slow heating rates
during the first segment and high space velocities. We concluded
that the key to producing the highest surface area Mo nitrides
was channeling the reaction through H,MoO, (x =< 0.34) and -
Mo,O,N,_, intermediates. Passivation of the materials immedi-
ately following synthesis appeared to produce an oxynitride at the
surface. Reduction of the passivated materials in H, at tempera-
tures up to 673 K caused a significant increase in the surface area
and O, uptake. The O, uptake for the low and medium surface
area catalysts varied linearly with the BET surface area and corres-
ponded to an O:Mo stoichiometry of approximately 1:5. The
oxygen site density for the highest surface area nitride was lower
than those for the lower surface area catalysts, presumably due to
differing surface structures. © 1994 Academic Press, Inc.

INTRODUCTION

Molybdenum nitrides are effective and selective hydro-
treatment catalysts (1-4). The use of these materials as
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commercial catalysts warrants their production with high
surface area to volume ratios. There are several ways to
achieve high surface areas: generating the bulk material

*in a porous form, producing nanostructured powders, or

dispersing the active species on high surface area sup-
ports. Volpe et al. (5) reported that high surface area
unsupported molybdenum nitrides can be prepared by
reacting MoO; with NH; while heating linearly in a tem-
perature programmed manner. The properties of the re-
sulting materials appear to be strongly dependent on the
synthesis conditions employed. Table 1 lists surface areas
of selected molybdenum nitrides produced via the temper-
ature-programmed reaction (TPR) of MoQO; with NH;.
While correlations between the heating rates, space veloc-
ities and surface areas are not clear, use of the temperature
program with two heating segments led to the production
of molybdenum nitrides with surface areas greater than
150 m%/g. -
Volpe and Boudart (8) concluded that the high surface
areas were a consequence of MoO, being nitrided through
a series of topotactic reactions. Topotactic solid-state re-
actions are those in which the product is formed in crystal-
lographically equivalent orientations relative to the parent
crystal (9). The gross morphology of the parent material
is typically maintained during topotactic transformations.
Since the molybdenum nitrides are much denser than the
molybdenum oxides, this type of reaction would result in
the creation of cracks and the development of high surface
areas. It has been suggested that slow heating rates during
the early stages of the reaction avoid sintering of the
intermediates, and high space velocities mitigate hydro-
thermal sintering during the latter stages of the reaction
(8). No explanation has been offered for the use of fast
heating rates during the latter stage of the reaction. Jag-
gers et al. (7) stressed the importance of the reaction
intermediates in determining the surface areas and phase
constituents. They suggested that the solid-state reaction
of MoO, with NH, proceeds through two parallel reaction
pathways: MoO; — MoO,N,_, — y-Mo,N and MoO; —
MoQ, — y-Mo,N + 8-MoN. Formation of the oxynitride,
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TABLE 1

Examples of Previous Results for the Synthesis of
Molybdenum Nitrides

Space
Surface area Tonser Thew  Heating rate  velocity
(m*/g) (K) (K) (K/hr) (hr™'y  Reference
22 =550 =1050 61 10 6)
54 RT 980 36 15 2)
57 298 1050 36 380 7
88 =550 =1050 90 48 (6)
102 RT 980 36 76 (2)
190 690" 740 36 36 (5)
740 979 180

9 Solid reactant quickly heated from room temperature, RT, to Ty
in NH;
b Solid reactant heated through two linear heating segments.

MoO,N,_,, resulted in a large increase in surface area
due to the pseudomorphic nature of the reaction while
the formation of MoO, led to lower surface area materials.
It was also concluded that the temperature at which the
oxynitride intermediate reacted determined the phase of
the nitride produced, however, the effects of the heating
rate on the reaction selectivities and resulting surface
areas were not studied.

For processes involving parallel solid-state reactions,
one would expect the product selectivity to be a function
of the heating rate much the way the selectivity for multi-
ple chemical reactions is a function of temperature. Con-
sider, for example, the TPR of plate-like solid particles
with a gaseous reactant under conditions where the solid-
state reactions are rate controlling. This process can be
modeled as

dx/dt = k(1 — x)'f(P), (1]

where x is the fractional conversion, k;is the rate constant
at temperature T, and f(P) characterizes the functional
relationship between the reaction rate and gas-phase re-
actant partial pressure. Substituting for the rate constant
and the relationship between time and temperature results
in the expression

dx/(1 = x)" = Ae**If(P)dTIB, (2]

where A is the preexponential factor, E is the apparent
activation energy, R is the gas constant, and 8 is the
heating rate. For a reaction that is first order with respect
to the solid reactant under conditions where the gas-phase
concentration is essentially constant (differential condi-
tions), the conversion would be an exponential function
of the inverse of the heating rate. For a network of parallel
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first-order reactions the selectivity to product A, Y,,
would be a function of the heating rate,

Y,= e"‘A/ﬁ/z e~xiB, (3]
J

where «; = Rjj(P)(kTI - kT')j/Ej is characteristic of the
reaction leading to product j, and T; and T; are the final
and initial temperatures, respectively. Expressions for
reactions of different orders and processes controlled by
other elementary steps (i.e., transport of reactants) can
also be derived. In each case the product selectivity is
expected to be a function of the heating rate.

The purpose of research described in this paper was to
systematically evaluate the influence of the heating rates
and space velocities on the structural properties of molyb-
denum nitride catalysts prepared using the TPR method.
The experiments were devised using a standard factorial
design, and the properties that were evaluated included
the BET surface area, phase constituents, crystallite size,
and chemisorptive uptake. An additional goal was to pro-
vide some information concerning the effects that reduc-
tion in H, have on the properties of the molybdenum
nitrides. The hydrodenitrogenation activities and selectiv-
ities of these catalysts in the absence and presence of H,S
will be described in a follow-up paper (10).

EXPERIMENTAL

Synthesis

Reports in the literature indicate that the nitridation of
MoO, with NH, occurs in two steps (7, 8), therefore a
two-segment heating program was used to synthesize the
molybdenum nitrides. We used in situ XRD analysis to
define the temperature intervals during which the transfor-
mations occurred. The heating rates employed were se-
lected to bracket those used by others. The temperature
at which the first crystalline products were formed during
the TPR of MoO, with NH; increased with increasing
heating rate, suggesting kinetic rather than thermody-
namic control. In each case the first crystalline product
was H MoO; (x = 0.34) or MoO,. For heating rates near
100 K/hr, the highest heating rate employed during the
first heating segment, MoQ, reacted at =700 K. Evidence
of H,MoO; was detected starting at =673 K using a heat-
ing rate of 40 K/hr. The nitridation of MoQO; was complete
by 950 K for heating rates less than or equal to 200 K/
hr, the highest heating rate employed in our study. Given
these results, the time—temperature program illustrated
in Fig. 1 was devised.

We employed a factorial design to evaluate the influence
of the two heating rates and the space velocity on the
product properties. Two levels for each of the three vari-
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FIG. 1. Schematic of the temperature versus time schedule used

during the temperature-programmed reaction of MoO; with NHj.

ables were investigated, requiring 23 experiments. The
intent of this study was only to screen for the effects and
their interactions, therefore, the experiments were not
replicated. This experimental design has been described
elsewhere along with methods for analysis of the ef-
fects (11).

The synthesis reactor was a 0.625-in.-0.d. quartz tube
fitted with a water jacket to cool the effluent gases. The
reactor section was placed inside the furnace (Thermcraft
Model 132), and the temperature was monitored using a
chromel-alumel thermocouple and controlled by a pro-
grammable temperature controller (Omega Series CN-
2010). Only prepurified gases were employed and they
were passed through traps to ensure purity. Helium (Air
Products, 99.995%) was used after removing residual O,
and H,O using an oxytrap (Matheson Model 6406). Any
moisture was removed from the NH,; (Scott, 99.998%)
using a bed of BaO (Aldrich, 90%). The gas flow rates
were measured using rotameters and a bubble flow meter,
and controlled using needle valves. _

" In a typical experiment, MoO; powder (Alfa, 99.95%,
0.9 m?/g) was placed in the reactor on a quartz wool plug.
The reaction temperature was quickly increased from
room temperature to 623 K over 0.5 hr, from 623 to 723
K at 40 or 100 K/hr (3,), and finally from 723 to 973 K
at 100 or 200 K/hr (8,). The temperature was maintained
at 973 K for an additional hour before the product was
rapidly cooled to room temperature in flowing NH,. The
molar hourly space velocities (SV) of 8.5 or 17 mole NH,/
mole MoO,/hr were selected to approximate those used
by others while yielding sufficient amounts of product for
characterization. After synthesis, the cooled product was
purged with He for 10 min. High surface area Mo nitrides
tend to be pyrophoric; therefore, the materials were pas-
sivated for 2 hr in a mixture of 0.996% O, in He flowing
at 20 cm’/min, then removed from the reactor. Prior to
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determination of their surface areas and chemisorptive
capacities, the passivated materials were reduced in H,
at temperatures up to 673 K.

Additional syntheses were performed using H,MoO,
(x = 0.34) and MoO, (Alfa, 99%) as reactants. The
H,MoO; was synthesized by the reduction of MoO, with
HCI and zinc metal powder as originally described by
Glemser and Lutz (12) or by the temperature programmed
reduction of MoO, with flowing H, (quickly heated from
room temperature to 623 then to 723 K at 100 K/hr, fol-
lowed by a soak at 723 K for 1 hr).

Characterization

BET surface areas and oxygen chemisorption were
measured before and after reduction in H, using a Quanta-
sorb Model QS-17 sorption analyzer. A gas mixture con-

.taining 29.3% N, in He was used for standard single point

BET surface area measurements. For the chemisorption
measurements, calibrated volumes of 9.98% O, in He
were pulsed over the catalysts at 195 K until the surface
was saturated. The BET surface areas and O, uptakes
were very reproducible, and the averaged values are re-
ported.

A computer controlled Rigaku Rotaflex DMAX-B rotat-
ing anode X-ray diffractometer was used for bulk charac-
terization of the Mo nitrides. In situ high temperature X-
ray diffraction was carried out using a computer con-
trolled Rigaku Geigerflex DMAX-B sealed tube diffrac-
tometer. The sizes and shapes of particles on the surfaces
of the Mo nitrides were examined using an ElectroScan
Model E3 Environmental Scanning Electron Microscope
(ESEM). The ESEM differs from a standard scanning
electron microscope in that images can be collected in an
environment of up to 20 Torr of a gas with an adequate
ionization potential. Thus ESEM permits the in situ inves-
tigation of reacting materials and the examination of un-
coated specimens. Gases that are suitable for ESEM in-
clude H,0, NH,, and H,. The micrographs presented here
are of the passivated materials taken at room temperature
using NHj; as the imaging gas.

RESULTS

Bulk Structure/Surface Morphology

The primary crystalline phase produced during the TPR
of MoO; with NH; was y-Mo,N as determined by X-ray
diffraction. While the equilibrium phases ¢xpected under
the conditions used in this work include y-Mo,N, S-
Mo,N,, and 8-MoN (13, 14), there was no evidence of
the production of 8-Mo,N; or 8-MoN. As indicated in
Table 2, MoO, and Mo were also detected in some of
the materials.
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TABLE 2
Bulk Structural Properties of the Molybdenum Nitrides

Catalyst Crystallite size
code Phases present (nm) 1Q00)/1(111)
MoN-1| y-Mo.N 10 0.6
MoN-2 y-Mo,N 8 2.9
MoN-3 y-Mo.N 11 0.8
MoOs 45
MoN-4 y-MosN 13 1.1
MoN-5 v-MosN 8 0.6
Mo 28
MoN-6 y-Mo.N 14 0.8
MoN-7 y-Mo,N 13 0.7
MoN-8 vy-Mo.N 8 0.7
Mo 27
v-Mo.N¥ y-Mo-N 0.5

“ From the Powder Diffraction File (16).

The crystallite dimensions were determined using the
Scherrer equation (15),

D yypy = 0.9M/(B cos 6), (4]

where Dy, is the crystal thickness in the (hAl) direction,
A is the wavelength of the X-radiation, B is the peak width
corrected for instrumental broadening, and 8 is the Bragg
angle of the diffraction peak. For most of the molybdenum
nitrides, the crystal thicknesses in the (200) and (111)
directions were within experimental error of each other.
The two lowest surface area catalysts (i.e., MoN-5 and
MoN-8) were notable exceptions. For these materials,
D54 was greater than D, suggesting that the crystallites
were plate-like or rod-like extending out in the (100) direc-
tion. The crystallite size was taken as the average of Dy,
and Dy,,,,. While the y-Mo,N crystallite sizes varied, there
was no apparent correlation between the crystallite size
and synthesis conditions.

There was a significant degree of texturing in the high
surface area catalysts (i.e., MoN-2 and MoN-4). A semi-
guantitative measure of texturing or preferential orienta-
tion is the relative intensity of peaks in the diffraction
pattern. Here we used the ratio of the intensities of the
(200) and (111) reflections, 1(200)/I(111), as a measure of
the texturing. The 1(200)/1(111) for the two highest surface
area materials were much greater than 0.5, the value ex-
pected for randomly distributed y-Mo,N crystallites of
uniform dimensions (16). This preferential orientation re-
mained after grinding and suggested alignment of the crys-
tallites in the (100) direction. This type of texturing, which
is characteristic of high surface area Mo nitrides (2, 8),
was probably a consequence of the pseudomorphic nitri-
dation of the MoO, particles into y-Mo,N.
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The passivated Mo nitrides contained micron-sized,
plate-like and rod-like aggregates of much smaller, nano-
meter-sized particles. Except for the low surface area
catalysts, the average sizes of these smaller particles were
consistent with those estimated from the BET surface
areas assuming spherical particles (see Table 3). The crys-
tallite sizes for the low surface area materials were more
consistent with the particles being plate-like.

There were other subtle differences between the char-
acters of the Mo nitrides. Figures 2 and 3 compare the
morphologies of the lowest (MoN-8) and highest surface
area (MoN-2) materials, respectively. The predominance
of large plate-like particles increased with increasing sur-
face area of the catalyst. Furthermore, while the morphol-
ogies of all of the nitrides resembled that of the precursor,
MoN-2 bore the greatest resemblance to the MoO; (Fig.
4). The large MoO; particles did not, however, appear to
contain smaller particles as we observed for the molybde-
num nitrides. These results suggested that, to varying
degrees, the reaction of MoO; to y-Mo,N was pseudomor-
phic for all of the materials. The significant increase in
the density on going from MoO, (4.69 g/cm®) to y-Mo,N
(9.4 g/cm?) would result in the evolution of cracks, and
the development of significant amounts of internal sur-
face area.

Effect of Hydrogen Reduction on Surface Area

It has been reported that the passivation of molybde-
num nitrides causes a loss in surface area and chemisorp-
tion capacity (5). Prior to use as catalysts, the passivated
nitrides are usually pretreated. The passivation layer is
often removed via reduction of the material in H,. Little
is known about the character of the passivation layer and
the product formed at the surface after reduction.

The response of the materials to reduction in H, at
varying temperatures and times was characteristic of an
activated solid-state reaction. The catalysts were reduced
in flowing H, at temperatures between 473 and 673 K for
up to 10 hr then purged with flowing He at the reduction
temperature before being cooled to room temperature.
The effects of reduction temperature and time on the BET
surface areas and oxygen uptakes are given for MoN-1 (a
low surface area matertal) and MoN-2 (the highest surface
area material). The initial surface areas were measured
following treatment in He at 400°C for 4 hr (19.8 and 58.9
m?/g for MoN-1 and MoN-2, respectively). As the H,
reduction temperature was increased, the surface area
increased monotonically (Fig. 5). As the reduction time
at 673 K was increased, the BET surface area increased
to a maximum after 3-5 hr then remained constant within
experimental error (Fig. 6). The total surface area was
increased by almost a factor of 2 depending on the initial
properties of the material and the reduction conditions.
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TABLE 3

Effect of Synthesis Factors on Properties of the Molybdenum Nitrides

Heating rate

(K/hr) Space Surface

Catalyst _ velocity Preparation area Particle O, uptake

code B B> (hr~) code (m%/g) size® (nm) (umole/g)
MoN-1 100 200 17 +++ 24 27 67
MoN-2 40 200 17 -++ 116 6 112
MoN-3 100 100 17 +-—+ 44 15 85
MoN-4 40 100 17 -——+ 52 12 93
MoN-5 100 200 8.5 ++- 12 53 24
MoN-6 40 200 8.5 —+- 28 23 54
MoN-7 100 100 8.5 +-- 39 14 58
MoN-8 40 100 8.5 —-——— 4 160 7

9 Estimated from the surface areas assuming spherical particles.

The highest surface area observed was 138 m?/g for MoN-
2 following H, reduction at 673 K for 4 hr.

As the gross dimensions of the Mo nitride particles did
not change, the results indicated that the near surface
density increased on reduction in H,. It has been sug-
gested that during passivation oxygen is chemisorbed on
the nitride surface, a one to two monolayer thick oxide
layer is formed, or oxygen diffuses into the lattice forming
an oxynitride (2, 6). Removal of chemisorbed oxygen
would not cause a change in the surface area. Given its
limited spatial extent, the reduction of a monolayer thick
oxide would not result in a significant increase in the
surface area. Furthermore, oxygen in amounts exceeding

that expected for a monolayer were removed from the
passivated Mo nitrides during temperature programmed
reduction (17). A plausible explanation for the increase
in surface area following reduction is that the region near
the surface was expanded due to the presence of oxygen
in the lattice. On reduction this oxygen was removed
yielding a denser structure and higher surface area. Both
the y-Mo,N and 8-Mo N, lattices are capable of accom-
modating additional nitrogen or oxygen (the radius of oxy-
gen satisfies the Hégg rule for Mo compounds). We have
therefore concluded that passivation generates an oxyni-
tride from which oxygen is removed during reduction in
H,. A similar conclusion was drawn based on the results

FIG. 2. Environmental scanning electron micrograph of the lowest surface area molybdenum nitride (MoN-8) taken under 5.1 Torr of NH;.
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FIG. 3. Environmental scanning electron micrograph of the highest surface area molybdenum nitride (MoN-2) taken under 4.5 Torr of NH;.

of a high resolution transmission electron microscopic 3. The average particle size, D,, was calculated using
investigation (18). the equation

Effects of Heating Rates flnd SPace Velocity on D, =f,IS,p, (5]
Surface ArealQ, Chemisorption

Surface areas of the catalysts following reduction in where f, is characteristic of the particle shape (f, = 6 for
flowing H, at 673 K for 3 hr are summarized in Table spheres and cubes, f, = 4 for cylinders, and f, = 2 for

ey

a F L >
30kV ESD x2See
University of Michigan EMAL 9303.14

D=68mm P=S0OT
13:39

FIG. 4. Environmental scanning electron micrograph of the MoO; powder used to synthesize the Mo nitrides. The powder was examined
under 5.0 Torr of NHj.
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of MoN-1 and MoN-2. These materials were reduced in H. for 1 hr
prior to the surface area measurements.

plates), S, is the surface area, and p is the density of the
material (here taken to be 9.4 g/cm? for y-Mo,N). This
relationship holds when the individual particles are non-
porous (19). As is standard in factorial design, we repre-
sented the two levels of each synthesis factor as **+"" for
the high level and **—"’ for the low level. For example,
the low level for the first heating rate (8,) was 40 K/hr
while the high level was 100 K/hr. The samples were
categorized as low (S, < 25 m*/g), medium (25 = §, =
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FIG. 6. Effect of reduction time on the BET surface areas of MoN-1
and MoN-2. These materials were reduced in H, at 673 K prior to the
surface area measurements.
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SV (+) SV (-)
HSA  MSA
MSA  LSA
MoO3 MSA  MSA
LSA LSA

B, B,

FIG. 7. Schematic illustrating the results of the temperature-pro-
grammed reaction of MoO; with NH, (SV represents the space velocity,
and 3, and B3, represent the first and second heating rates, respectively).
The low, medium, and high surface area catalysts are indicated by LSA,
MSA., and HSA, respectively.

80 m*/g) or high (80 m*/g < §,) surface area. The results
are schematically illustrated in Fig. 7.

An unreplicated factorial design does not provide an
independent estimate of the sample variance. It is, how-
ever, unlikely that all or none of the effects are significant,
the latter because of the previously established effect of
the space velocity. Therefore, the smallest effects shown
in Table 4 were assumed to be random and independent
normal variates. The estimated variance, s> = 207.5 for
three degrees of freedom, was obtained from the effects
for 8,, B,SV and B,8,SV, and the F|; ratios were con-
structed from this. The F ratio is a quantitative measure
of the significance of the effect. The only effects significant
at the 5% level (F| ;.95 = 10.2) were SV and §,8,, that
is the contribution of the effects of 8, and 8,SV were
buried in the experimental variance.

In every case examined, an increase in the space veloc-
ity caused an increase in the surface area, consistent with
previous reports (2, 6). Changing the space velocity would
affect the concentrations of gas-phase reactants and prod-
ucts at the solid surface. It has been suggested that the
decrease in surface area with decreasing space velocity
is due to the adverse effects of H,O vapor produced during
the reaction (6~8). Water vapor can cause hydrothermal
sintering and the loss of surface area. The use of high

TABLE 4

Analysis of Variance of Factorial Design

Factor Sum of squares Effect F, ; ratio
Bi 820.1 -20.3 4.0
B 210.1 10.3 —
Sv 2426.1 38.3 14.1

BB 2278.1 —-33.8 11.0

BISV 1770.1 -29.8 8.5

B.SV 276.1 11.8 —

B1B:SV 136.1 -8.3 —
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FIG. 8. Oxygen chemisorption on the molybdenum nitrides at 195

K as a function of the BET surface area. The materials were reduced
in H, at 673 K for 3 hr.

space velocities would facilitate the removal of H,O from
the vicinity of the solid surface, thus reducing the potential
for hydrothermal sintering. An alternative explanation is
that H,O adsorbs strongly at or diffuses slowly from the
reaction interface, and channels the solid-state reaction
away from the production of high surface area nitrides.
This is analogous to product inhibition for a catalytic
reaction. High space velocities reduce the potential for
product inhibition.

. The effects measured for the heating rates indicated that
chemistry of importance in determining the molybdenum
nitride surface area occurred during both heating seg-
ments. As the effect of the first heating rate potentiated
(negatively) the effect of the second, the resuits also sug-
gested the presence of two intermediates during the first
and second heating segments. Intermediates during the
first heating segment were H MoO; and MoO, based on
the XRD results. Potential reaction intermediates during
the second heating segments include y-Mo,O,N,_,, other
molybdenum oxides, and molybdenum metal (given the
phase constituents in MoN-5 and MoN-8). y-Mo,O,N,_,
is the oxynitride analog of y-Mo,N. Details concerning
the influence of the heating rates on the reaction selectivi-
ties will be described.

As the Mo nitrides were employed as catalysts (10), we
were also interested in their chemisorptive properties.
For materials with surface areas up to =60 m?/g, a propor-
tionate number of chemisorption sites were exposed as
new surface area was developed (Fig. 8). The highest
surface area nitride had a somewhat lower relative O,
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uptake. The average number density was 0.11 x 10'° O,/
cm? based on the O, uptakes and BET surface areas.
Assuming a Mo number density of =10 Mo/cm? (valid
for y-Mo-N and Mo), the average uptake was equivalent
to a 21% surface coverage by atomic oxygen or about one
oxygen atom for every 4-5 surface Mo atoms. Similar
stoichiometries have been reported for H, (20) and CO
(1.5,20) on Mo nitrides. These stoichiometries are consid-
erably lower than those reported for chemisorption on
Mo metal (21-23), and indicated that the intrinsic O : Mo
stoichiometry for y-Mo,N is much less than unity, the
surface consisted of patches of Mo and/or the surface
was partially blocked by oxygen residue from the synthe-
sis. The influence of residual oxygen was discounted
based on X-ray photoelectron spectroscopic results (10).
Bafrali and Bell (24) reported that the hydrogen saturation
capacity for a Mo(100)-c(2 x 2)N was 0.5 ML compared
to a saturation coverage of 2.0 ML for a clean Mo(100)
surface. This result suggests that molybdenum nitrides
have lower O, chemisorptive capacities than Mo.

Solid-State Reaction Selectivity

A series of experiments was performed to further ex-
plore the intermediates generated during the molybdenum
nitride synthesis. The reactions were carried out over the
temperature ranges employed during the standard experi-
ments: 623-723 K and 723-973 K. Products of the TPR
of MoQO; and H,MoO, (x = 0.34) with NH, at varying

TABLE 5
Products of the Reactions of MoO; and H,MoO; with NH;

Reaction conditions

Heating

Solid Tonset  Thna rate
reactant (K) (K) (K/hr) Solid products®
MoO, 623 723 25 Mo0O,. y-Mo,O,N,_,, MoO;
MoO; 623 773 25 Mo0,, y-Mo,O,N,_,
MoO; 623 723 40 Mo0,, y-Mo,O,N,_,, MoO;
MoO; 623 773 40 MoO0,, y-Mo,O,N,_,
MoO;, 623 773 40° H,Mo0O;, Mo0O,, y-Mo,0O,N_,
MoO, 623 773 85t H,MoO;, MoO;
MoO, 623 723 100 MoO,
MoO, 623 773 100 MoO,
H,MoO, 723 973 100° MoQ,, y-Mo,N
H,MoO;, 723 973 200° y-Mo,N, MoO,

¢ Listed in order of the height of the predominant peak for that phase
in the XRD pattern.

 From in situ XRD results.

¢ The solid reactant was heated to T, in flowing He then switched
to NH;. For other experiments solid reactants were heated and cooled
in NH;.
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¥-Mo,0,N,_, —# 7-Mo,N (HSA)

H,Mo0;

MoO; —<
MoO,

FIG. 9. Schematic illustrating the reaction pathways during the tem-
perature-programmed reaction of MoO; with NH;. The low, medium,
and high surface area catalysts are represented by LSA, MSA, and
HSA, respectively.

MoO; —» 7-Mo,N (MSA)

Mo —» Y-Mo;N(LSA)

heating rates are listed in Table 5. We were unable to
nitride the as-received MoO, at temperatures between 623
and 973 K using heating rates of 40-200 K/hr.

The reaction of MoO, at temperatures lower than 773
K produced H,M00O;, M0O,, and y-Mo,0,N|_,. The oxy-
nitride had a diffraction pattern very similar to that of
v-Mo,N. Assignment of the product y-Mo,O,N,_, was
assisted by a report by Jaggers et al. (7) that temperatures
greater than 773 K were. necessary to produce y-Mo,N
from MoO;. The slower heating rate enhanced the selec-
tivity to H,MoO; and y-Mo,0,N,_,. The exact hydrogen
content of the bronze could not be ascertained using X-
ray diffraction, however, the pattern for the orthorhombic
bronze (x < 0.34) is different from that for the monoclinic
bronze (x > 0.34) (16).

The reaction of H MoO; (x = 0.34) with NH, produced
medium and high surface area solids containing v-
Mo,0O,N,_,, M0O,, and y-Mo,N. The reaction of H,MoO,
to y-Mo,0O,N,_, occurred near the transition between the
heating segments (723 K), and was favored by the use of
higher heating rates during the second heating segment.

DISCUSSION

We propose that the sequence illustrated in Fig. 9 de-
scribes the reaction pathways available during the TPR
of MoO; with NH;. The key to producing high surface
area molybdenum nitrides from MoO; appeared to be
channeling the reaction through H,MoO,; (x = 0.34) and
y-Mo,O,N|_, intermediates. The transformation of MoO,
to H,MoO; occurred at temperatures near 700 K in the
presence of NH;. At higher temperatures H MoO; was
nitrided to produce y-Mo,O,N,_, or decomposed to form
MoO,. While the reaction of H.MoO; to y-Mo,O,N,_,
cannot be considered topotactic in the strict sense as has
been suggested by Volpe and Boudart (8), it apparently
occurs with a maintenance of gross morphology (pseudo-
morphism). The selectivity toward this reaction pathway
was favored by using high heating rates as the temperature
of the material was increased from 723 to 973 K. The
oxynitride can be further nitrided to y-Mo,N by replace-
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ment of the lattice oxygen with nitrogen. This reaction
is topotactic.

Molybdenum dioxide appeared to be the principal inter-
mediate during production of the medium and low surface
area catalysts. We believe that MoO,, produced from
MoO,, could be nitrided to y-Mo,N or reduced to Mo.
Nitrides produced directly from the metal typically pos-
sess low surface areas (5, 12, 13). Recall that molybdenum
metal was present in the lowest surface area nitrides pre-
pared in this study. We found no evidence for the produc-
tion.of 8-MoN from MoO,, as was reported by Jaggers
etal. (7).

Slow initial heating rates favored the reaction of MoO,
to H,MoO;. The H,MoO; phase can be formed via a
topotactic reaction in which hydrogen is inserted between
the loosely held double-thick layers of MoOg4 octahedra
in MoO;. Hydrogen is present as hydroxyl groups in
H,MoO; (x = 0.34) (25, 26). We suggest that when the
heating rate is sufficiently slow, hydrogen from dissoci-
ated NH; has an opportunity to react with MoO; before
it decomposes to MoO,. Slow heating rates during the
first heating segment would permit longer diffusion times
and deeper penetration of hydrogen into the MoO; lattice.
In the absence of sufficient amounts of hydrogen, compet-
ing reactions including the decomposition of MoO; to
MoO, could occur. Fast heating rates over the tempera-
ture interval 723-973 K were also important for the pro-
duction of high surface area molybdenum nitrides. Fast
heating rates may favor the pseudomorphic nitridation of
H,MoO; to y-Mo,0,N,_, by not permitting sufficient time
for significant atom diffusion and morphological change.
This would be analogous to the production of metastable
and amorphous materials using very fast cooling rates.

CONCLUSIONS

A two segment heating program was employed to syn-
thesize a series of molybdenum nitrides via the tempera-
ture programmed reaction of MoO; with NH;. The results
suggested that the synthesis of molybdenum nitride pro-
ceeded through a series of parallel reactions. Statistical
analysis of the results indicated that the selectivity with
respect to the surface area and phase constituents of the
products depended on the space velocity individually and
the heating rates combined. We concluded that the key
to production of high surface area y-Mo,N was channeling
the solid-state reaction through' H MoO, (x = 0.34) and
v-Mo,O,N,_, intermediates. The reaction pathway from
MoO,; to H MoO; was favered by use of the high space
velocity (17 hr™') combined with the low heating rate
(B, = 40 K/hr). Reaction through other intermediates
including MoQ, resulted in the production of medium and
low surface area molybdenum nitrides. Evidence of the
maintenance of gross particle morphology during reaction
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was observed for all the molybdenum nitrides but was
most pronounced when comparing morphologies of the
precursor MoO; and the highest surface area nitride. The
maintenance of gross morphology is a condition that
would lead to high surface areas given the significant in-
crease in density on going from the oxide to the nitride.

Treatment of the passivated materials in H, at tempera-
tures up to 673 K appeared to involve removal of oxygen
from a near-surface oxynitride layer. Oxygen uptake fol-
lowing reduction, on catalysts with surface areas less than
=60 m?/g, varied linearly with the surface area. This cor-
responded to a site density of 0.11 x 10" O,/cm? or an
O : Mo stoichiometry of approximately 1:5. The oxygen
site density for the highest surface area nitride was some-
what lower than this value.
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