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The synthesis of high surface area carbide and nitride materials from binary and ternary
oxides of vanadium, niobium, tantalum, molybdenum, and tungsten, suitable for use as
catalysts for a wide range of reactions, has been investigated via the temperature-
programmed reaction (TPRe) method, in various gas mixtures. TPRe of oxides in CH4/Hy,
C.Hgs/H2, or NH3 yield materials with surface areas >40 m? g~1. For the reaction with ethane
or ammonia the reaction appears to proceed topotactically while that with methane does
not; however, the conversion of nitrides to carbides in CH4/H, does appear to proceed

topotactically.

Introduction

Transition metal carbides and nitrides are of great
technological interest with many and varied applica-
tions,! e.g. as hard coatings and in machine tools,? golf
shoe spikes, and snow tires. There has also been much
interest in their electronic and magnetic properties.3

In the 1960s and 1970s, it was found that tungsten
carbide showed catalytic properties similar to those of
the noble metals.*~7 This led to similar observations
being made for other early transition metal carbides and
transition metal nitrides.8 However most of these stud-
ies were carried out on low surface area materials. The
key to producing successful catalysts lies in the ability
to synthesize materials of high surface area.l-?

It is the more recent development of high surface
area systems that has led to an explosion of interest in
the use of transition metal carbides and nitrides as
catalysts, especially over the past decade. Thus, carbides
and nitrides have been explored for a wide range of
reactions. They have been shown to be particularly
active for hydrotreating, especially hydrodenitrogena-
tion (HDN),10-21 hydrogenation reactions,?2-2° the Fis-
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cher—Tropsch reaction,?528:30-33 hydrocarbon isomeriza-
tion,?°:34-37 and the oxyforming of methane.38-40

Some of the methods developed for synthesizing high
surface area carbides and nitrides include gas-phase
reactions of metal compounds,*1~43 reaction of gaseous
reagents with solid-state metal compounds,®944 pyroly-
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sis of metal precursors?® and solution reactions.46:47
Among these, one of the most promising and widely used
is the temperature-programmed method (TPRe) devel-
oped by Boudart and co-workers.*850 Nearly all the
work to date has concentrated on the synthesis of
carbides and nitrides of molybdenum and tungsten, with
the exception of iron catalysts for Fischer—Tropsch
chemistry, with very little work being done on the other
metals,"1851-57 and even lesson mixed metal systems, 21,5862
despite the promise shown by these systems. Therefore,
the TPRe method of synthesis has been further inves-
tigated for the synthesis of binary and ternary early
transition metal carbides suitable for catalytic applica-
tions.

Experimental Section

The apparatus used in this work was an upgraded version
of the commercial Labcon microreactor, which has been
described previously.®36 Ammonia was immediately vented,
due to its corrosive nature, to avoid damage to the mass
selective detector. Masses 10—50 were scanned, with gases CO,
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CO,, H,0, CH,4, and Ny all monitored by their mass ions. In
the case of N the signal was adjusted to take into account
thermal reactions of methane by deducting the signal of 27
amu. A 100 mg sample of the oxide was used in all cases.
Samples for BET and XRD were heated at a rate of 1 K min—*!
to the final temperature which was held for 90 min. After
reaction, the samples were quenched to room temperature
under argon by removing the tube from the furnace. Before
exposure to the atmosphere, the samples were passivated in
flowing 1 vol % OJ/Ar. The surface areas of the materials were
then determined by the BET method.

Methane (Union Carbide, >99.95%), ethane (BOC, CP
grade), ammonia (BOC, CP grade), hydrogen (BOC, CP grade),
argon (BOC, CP grade), and oxygen (BOC, CP grade) were
used as received without further purification. MoO3 (Johnson
Matthey, Puratronic 99.998%), WO3; (Johnson Matthey, Pu-
ratronic 99.998%), Ta.Os (Johnson Matthey, Puratronic
99.998%), and V.05 (Johnson Matthey, Puratronic 99.995%)
were used as supplied. Other oxides were synthesized as
follows: H—Nb,Os, WNb15033, W3Nb14044, and WgNbgO47 were
prepared via the method described by Tilley and co-workers,
by crushing together appropriate quantities of WO3; powder
and Nb,Os powder (Johnson Matthey, 99.9985%) in an agate
pestle and mortar. The material was then formed into pellets
and fired in a platinum crucible at 973 K for 10 days followed
by 1473 K for 4 days. The pellets were crushed to a fine powder
prior to use. XRD powder diffraction matched those quoted
by Roth.%¢ MONb12033, M03Nb14044, M03Nb2014, and Mo, Ta,O011
were prepared via the method described by Ekstrom and co-
workers®” (Mo, Ta,01; is the phase they erroneously call Ta,Os-
3Mo0s3), by crushing together appropriate quantities of MoOs,
Nb,Os, and Ta,Os powder in an agate pestle and mortar. The
material was then formed into pellets, crushed again, and fired
in a sealed silica ampule at 1170 K for 15 days. The resultant
powder was crushed prior to use. XRD powder diffraction data
matched those quoted in JPDS. XRD of the starting materials
are shown in Figure 1. All starting materials had BET surface
areas less than 3 m? g~1. High-resolution analytical electron
microscopy was carried out using a JEOL-2000FX instrument
with a Tracor Northern TN5500 energy-dispersive X-ray
detector, and a JEOL-4000FX.

Results

Three methods for the preparation of carbides and one
method for the preparation of nitrides are described. The
synthesis, surface areas, and particle sizes for each
method will be discussed below, while the morphology
and possible topotactic nature of the reactions will be
discussed later.

Methane Carburization of Oxides. TPRe was
carried out using a flow of 250 cm® min—1 of 20 vol %
CH4/H2 over V,0s, H—szos, L-Ta,Os, WnggO47, Mos-
Nb>014, and Mo, Ta,0y; at a heating rate of 10 K min=1,
which previous studies have shown to be suitable for
carbide formation.#84968 Temperatures were chosen
based on studies by Oyama and co-workers,%:70 where
it was shown that Nb>Os could be converted into NbC
at 1170 K, which was recently confirmed by Djéga-
Mariadassou and co-workers.5” To compare the reactiv-
ity of the binary and ternary systems, this was taken
as the standard temperature for all niobium-containing
samples. Vanadium oxide has also been reported to
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Figure 1. XRD of the oxide starting materials.

react in this temperature range,’! and therefore the
same conditions were used for V>0s. For L-Ta,0s, it was
found that very little reaction took place at 1170 K while
TaC was formed if the final temperature was raised to
1220 K, which is consistent with a recent report of the
synthesis of TaC.5¢ This final temperature was also used
for Mo,Ta,011. TPRe plots for the oxides are shown in
Figure 2; only the traces for CO and H,O are shown as
in all cases CO, gave very weak signals mirroring CO
peaks, while the high background meant that the CH,4
trace was rather featureless.

Vanadium shows peaks in the water trace at 840 and
865 K, and a much smaller broad peak around 1170 K,
while the main peak for carbon monoxide is centered
at ~1170 K, with two smaller peaks at 790 and 830 K;
this is broadly similar to the behavior reported by

(71) Kapoor, R.; Oyama, S. T. J. Solid State Chem. 1992, 99, 303.
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Figure 2. Methane TPRe of the precursor oxides (20% CHJ4/
H,, 300 K — Ty, 10 K min‘l).

Kapoor and Oyama,”! indicating the initial formation
of V,03. The trace for niobium oxide is again similar to
that reported by Oyama and co-workers,% with a water
peak at 1130 K and a complex carbon monoxide feature
during the time at constant temperature. The tantalum
oxide trace has two interesting features: first very little
water is formed during the reduction and, second, only
one reduction peak at ~1220 K is observed. In the case
of niobium and vanadium the presence of a lower
temperature peak was associated with the formation of
an intermediate oxide phase. This does not appear to
occur for tantalum. XRD of the partially reacted samples
showed no sign of phases other than L-Ta,Os and TaC.
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Table 1. Comparison of Particle Sizes Derived from XRD
and BET Isotherms for Carbides Synthesized from the
Oxides with CH4 as Carburizing Agent
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Table 2. Summary of XRD Data and BET Surface Areas
for the Nitrides

r220? Sy reen®
material  ap (NM)  reog? (NM)  Sg(M?2g~Y)  reenP? (hm) material (nm) (nm) (m2g—h (nm)
VCy 0.4137 155 44 23.6 VN (1073 K) 0.4129 13.3 51 19.2
NbCy 0.4469 14.7 62 12.4 NbNy (1073 K) 0.4322 9.8 69 104
TaCy 0.4449 9.7 54 8.0 NDbNy (973 K) 0.4308 8.9 82 8.7
WyNbgCyx ND ND 88 4.4 WNDb12Ny (1073 K) 0.4312 9.5 67 10.3
MosNb,Cy  0.4335 6.8 80 8.7 W3Nb14Ny (1073 K) 0.4317 9.4 65 9.5
Mo,Ta,Cx  0.4379 4.4 52 10.0 WsNbgNy (1073 K) 0.4257 6.3 107 4.6
MoNb12Ny (1073 K) 0.4328 10.7 64 11.3
— b —

?Dc = 0.94/(B cos 0). * D, = 6/(pSq). MosNbuNy (1073 K) 04311 7.4 101 7.0
MosNb,Ny (1073 K) 0.4239 4.2 142 4.8

_ M Mo,TasNy (1123 K)  0.4250 46 59 8.0

" a D = 0.94/(8 cos 6). P D, = 6/(pSy).
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Figure 3. XRD patterns of the materials formed by the
methane TPRe of oxides.

In the case of the ternary oxides of group V and VI,
the formation of the carbide seems to proceed more
readily with carbon consuming reactions occurring
either more rapidly or at lower temperature. This effect
is most marked for MosNb>O14, where there are water
peaks at 870 and 1090 K and a carbon monoxide peak
at 1125 K. For Mo, Taz011, there is a water peak at 770
K and a small broad peak at 1120 K with the carbon
monoxide peak shifted to 1180 K. WgNbgOg47 is least
affected, relative to the binary group V oxide, with water
and carbon monoxide peaks at 1140 K and ~1170 K
respectively, though the reaction is finished in 120 min
as opposed to 190 min for H—Nb,Os. Thus, in all cases
the group VI component participated in some way in
the reaction, resulting in lower reduction temperatures.

Table 1 and Figure 3 show the XRD data for the
materials after TPRe. Table 1 also shows the BET
surface areas of the samples after passivation. In all
cases, except WgNbgQO47, the product was a single phase
cubic material; for WgNbgOy47, the product phase was
unclear. However, in the case of Mo,Ta;011, the peaks
associated with the carbide were highly asymmetric. In
no case was evidence for the presence of the hexagonal
carbides, a-WC or -Mo,C, found by XRD or HRTEM.
For the binary oxides the obtained values of ap were
close to those given in the literature for the carbides’

(VCo,7370_97, ag = 4.1310—4.1655 A; NbCojofolgg, ap =
4.4318—4.4707 A; and TaCop.70-0.99, @0 = 4.4100—4.4555
A). As can be seen, the TPRe reaction gave materials
with high surface areas.

Ammonia Nitridation of Oxides. TPRe was carried
out at a heating rate of 1 K min~! in a flow of 100 cm?3
min—! of ammonia over V,05, H—Nb,Os, L-Ta,Os,
WNb12033, W3Nb14044, WnggO47, MONb12033, Mos-
Nb14044, MO3Nb2014, MoTa;2033, and Mo,Ta011. Final
temperatures were held for 3 h in line with previous
studies.?0:48:49.68.73 Dye to the corrosive nature of am-
monia, the reaction products were not monitored, and
the end points of the synthesis were obtained by
attempting the reaction at increasing final temperatures
until a pure nitride phase was achieved. The results for
the nitrides are summarized in Table 2.

The temperatures used for vanadium5371.74 and nio-
bium>575 were taken from previous studies; the surface
areas obtained are close to those reported in the
literature. The synthesis of TasNs from Ta,Os has been
previously reported under isothermal conditions’®77 at
1170 K. Figure 4 shows the XRD of the products of
ammonia TPRe of L-Ta,Os at various temperatures (the
final product at 1070 K had a surface area of 72 m? g=1).
In contrast to the work of Grins et al.,”® no formation of
the baddeleyite tantalum oxynitride, TaON, was ob-
served and TazNs was the only phase present at 1073
K. This first is probably due to the fact that Grins et al.
treated their samples for ~ 96 h at the final tempera-
ture, indicating that TaON forms only slowly, and that
it is therefore unlikely to be an intermediate in the
formation of TasNs, while the difference in final tem-
perature is probably due to different extents of ammonia
decomposition vide infra. Despite the numerous reports
on the synthesis of ternary nitrides from oxides,”6.78-84
very little work has been done on the synthesis of high
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(73) Choi, J.-G.; Curl, R. L.; Thompson, L. T. J. Catal. 1994, 146,
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Mariadassou, G. Appl. Catal. A: Gen. 1994, 119, 223.
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1293.

(77) Elder, S. H.; DiSalvo, F. J.; Topor, L.; Navrotsky, A. Chem.
Mater. 1993, 5, 1545.

(78) Bacher, P.; Antoine, P.; Marchand, P.; L’'Haridon, P.; Laurent,
Y.; Roult, G. J. Solid State Chem. 1988, 77, 67.
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Figure 4. XRD patterns of L-Ta,Os nitrided at intermediate
temperatures under flowing ammonia, during the synthesis
of TasNs.

surface area nitride materials.58 In contrast to the work
on the carburization of ternary oxides, it was found that,
in the case of the nitrides, the final temperatures
required were higher than for the binary oxides. In the
case of niobium based ternary systems, temperatures
of 1070 K were required, while for Mo,Ta;044, 1120 K
was needed to obtain only the nitride. This observation
is in agreement with those of Yu and Oyama®® for
2V,05:M0Q3, Nb205‘3M003, V205:2W03, WO3-M00O3,
and Nb,Os5-3WOs3. However, for MoTa;»,0z3, the material
was still largely unconverted at all temperatures, even
with prolonged heating (>48 h) at temperatures up to
1220 K.

Figure 5 shows the XRD patterns of the synthesized
nitrides. With the exception of TazNs, all the products
have rock salt type fcc structures. Lattice parameters
and particle sizes derived from the Scherrer equation
are listed in Table 2. In all cases, except Mo0,Ta,0s;, the
particle sizes from XRD and BET were in agreement,
indicating that the particles are single crystallites as
opposed to agglomerates. For Mo,Ta,011, the particle
size from XRD is about half that for BET, indicating
that other sources of broadening are present; this is
probably due to defects or disorder in the nitride.

Methane Carburization of Nitrides. Volpe and
Boudart*® demonstrated that Mo,N and W-N could be
converted into the carbides by TPRe in CH4/H, mixtures
while retaining the surface area and orientation of the
parent nitride; however, this has not been extended to
other systems. The carburization of the nitride materials

(81) Elder, S. H.; Doerrer, L. H.; DiSalvio, F. J.; Praise, J. B,
Guyomard, D.; Tarascon, J. M. Chem. Mater. 1992, 4, 928.

(82) Grins, J.; Kall, P.-O.; Svensson, G. J. Solid State Chem. 1995,
117, 48.

(83) Grins, J.; Kall, P.-O.; Svensson, G. J. Mater. Chem. 1995, 5,
571.

(84) Marchand, R.; Pors, F.; Laurent, Y. Ann. Chim. Fr. 1991, 16,
553.
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Figure 5. XRD patterns for the cubic phases formed by
nitriding oxides.

formed above was thus investigated for those derived
from V205, H—Nb205, L-Ta205, WnggO47, MOng2014,
and Mo,Ta011. TPRe was performed in a flow of 250
cm3 min~1 of 20 vol % CH4/H, and at a heating rate of
5 K min~! to a maximum temperature of 1170 K (which
was sufficient to convert all materials). N, evolution is
shown in Figure 6.

Vanadium nitride gives two nitrogen evolution peaks,
with the first major peak at 950 K and a minor peak at
1120 K. For niobium there is a dinitrogen peak at 1125
K with a shoulder at 1155 K. Tantalum shows only one
feature, which peaks during the dwell at 1170 K. It
should be noted that this order of reactivity is mirrored
in the ability of the metals to form nitrides; i.e., the most
nitrogen-rich nitrides formed are in the order VN,
NbszN4, and TasNs.85 As was the case with the direct
reaction of the oxides, the presence of group VI metals
in the ternary systems substantially reduces the tem-
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Figure 6. Methane TPRe of nitrides (20% CH4/H;, 300 K —
Tr, 5 K min™2).

Table 3. Comparison of Particle Sizes Derived from XRD
and BET Isotherms for Carbides Synthesized from the
Nitrides with CH,4 as the Carburizing Agent

material  ap (NM)  rezg? (NM)  Sg(M2g~Y)  rgenP? (nm)
VCy 0.4151 14.5 49 21.2
NbCy 0.4465 9.7 76 10.1
TaCyx 0.4427 8.3 70 6.2
WyNbgCyx 0.4396 6.5 107 4.7
MosNb,Cyx  0.4345 4.0 136 4.8
Mo, Ta,Cx 0.4384 5.4 55 9.5

a D, = 0.94/8 cos 6). ° D, = 6/(pSy).

peratures required in order to fully carburize the nitride.
Thus, WsNbgNy gives two broad peaks at 960 and 1040
K, MosNb,Ny gives a single broad peak centered at 1030
K, and Mo,TayNy gives one peak at 1050 K with a
shoulder at 1115 K.

Table 3 lists the BET surface areas and lattice
parameters for the cubic carbide materials formed in
the TPRe of the nitrides. The XRD patterns are also
shown in Figure 7. Particle sizes and surface areas are
similar to those obtained for the nitrides and the fcc

(85) Brese, N. E.; O'Keeffe, M. Struct. Bonding 1992, 79, 307.
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Figure 7. XRD patterns for the cubic phases formed by
carburizing the nitrides.

structure of the nitride is maintained in all cases,
although TasNs also yields a cubic carbide. The lattice
parameters for VCy, NbCy, and TaCy are again close to
those given in the literature for the carbides’ (VCo73-0.97,
ap = 4.1310—4.1655 A; NbCo 70-0.99, ag = 4.4318—4.4707
A; and TaCo70-0.90, a0 = 4.4100—4.4555 A), while those
of the ternary systems are similar to those for the TPRe
of the oxides. The small differences may be due to
residual nitrogen or oxygen in the lattice or different
carbon contents due to the slightly different conditions
employed in the synthesis. Therefore, it can be seen that
the conversion of high surface area nitrides to carbides
appears general for group V and VI systems.

Ethane Carburization of Oxides. Given the suc-
cess of using nonequilibrium gas compositions for the
nitridation of oxides and metals,*77.8386-89 gnd the
report by Frennet and co-workers®® showing that for
tungsten oxide, lower reduction temperatures and higher
surface areas were obtained, the use of nonequilibrium
gases containing C/H was investigated. To achieve this,
250 cm® min~1 of 1/8.6 CyHe/H, (H/C ratio identical to
that used for methane TPRe) was passed over the oxides
at a ramping rate of 1 K min~!. Because of the
decomposition of the C,Hg to CH,4 and C,H,, the TPRe
are not very informative, though they do provide some
indication of when the ethane starts to react, allowing
an estimate of the final temperature required. The
reactions of MoO3, WO3, V205, H—Nb>Os, L-Ta,Os, Wo-
NbgO47, Mo3Nb,0O14, and Mo,Ta,011 were investigated.
L-Ta,Os did not react at any of the temperatures

(86) Katsura, M. J. Alloys Compd. 1992, 182, 91.

(87) Katsura, M.; Hirota, M.; Nakagawa, T.; Miyake, M. J. Alloys
Compd. 1994, 207/208, 413.

(88) Bamberger, C. E.; Allard, L. F.; Coffey, D. W.; Bennett, M. R.
J. Cryst. Growth 1991, 112, 47.

(89) Oyama, S. T.; Schlatter, J. C.; Metcalfe, J. E., I11.; Lambert, J.
M., Jr. Ind. Eng. Chem. Res. 1988, 27, 1639.

(90) Decker, S.; Lofberg, A.; Bastin, J. M.; Frennet, A. Catal. Lett.
1997, 44, 229.
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Table 4. Comparison of Particle Sizes Derived from XRD
and BET Isotherms for Carbides Synthesized from the
Oxides with CyHg as Carburizing Agent

r220) Sy reen)®

material ao (Nm) (nm) (m2g71)  (nm)
B-M0,C®  0.302 (Co = 0.474 nm)°  4.9° 174 3.7
B-W,Ce 0.300 (co = 0.473 nm)° 4.0¢ 71 5.4
VCyx 0.4152 13.1 76 13.7
NbCyx 0.4465 7.6 113 7.0
WyNbgCyx 0.4359 2.7 102 8.2
MosNb,Cx  0.4351 2.7 156 4.5
Mo,Ta,Cx 0.4351 1.9 84 6.2

a D, = 0.94/(8 cos 0). ° D, = 6/(pSg). ¢ Hexagonal carbides rq130).

B-W,C
B-Mo,C

Mo,Ta,C,
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Figure 8. XRD patterns for the phases formed by carburizing
oxides with ethane.

studied, with only the starting material present after
reaction according to XRD. V,0s and H-Nb,Os required
temperatures of 1020 K for complete reaction, and
beneath this temperature V,03 and NbO, were formed
as detected by XRD. The remaining oxides gave carbide
phases with no oxides present at 900 K. Therefore, as
with methane, the mixed oxides of group V are much
more reactive than the binaries.

Table 4 gives the XRD and BET data for the carbide
materials formed using ethane; the XRD are shown in
Figure 8. It can be seen that all the systems form fcc
carbides, except molybdenum and tungsten which both
form hcp carbides (in contrast to Frennet®® where o-WC
was observed). For the binary carbides the particle sizes
derived from XRD and BET are in fair agreement. The
ternary carbides are poorly crystalline with rxrp < rger.
Examination by XRD and HRTEM, however, shows the
presence of only a single phase carbide, and no evidence
of phase segregation or oxide phases was found.

Discussion

Thermodynamic Considerations/Equilibria. It
has been shown that ammonia and ethane are very

Claridge et al.
wo,
C.HyH, 900K CH/H, 1150K
B~ W,C(P6, I mmc) o — WC(P6m2)
./‘ _—
- o
Q
o/ . T
o o
NH, 1050K
W,N(Fri3m) B—WC,_,(Fm3m)
S—— p = - o |
CH/H, 1050K 77
A NN i »
4 = » —_— | .4 2
ifl i
Pa\Vid

Figure 9. Routes to the various tungsten carbide phases via
TPRe. (Note, for a-W-C, W;N, and -WC;_ the non-metal sites
are only partially occupied).

reactive for the conversion of early transition metal
oxides. It is well-known that NH3 and C,Hg are consid-
erably more reactive than N, and CHy, respectively.
However, it should also be noted that nonequilibrium
gas mixtures, which can be obtained by using flowing
gases, can lead to very high driving forces for reactions.
This can be most clearly seen if we consider the reaction
of a metal with ammonia. There are three possible
reactions:

NH;(9) — Y,N,(9) + */,H,(9) (1)
NH;(g) — [N1(s) + */,H,(9) )
NH;(9) — "1,N,(g) + 3[H](s) 3)

Assuming (1) is kept from equilibrium, (2) and (3) will
be in pseudo-equilibrium with the gas phase. Katsura8
has shown that the activities of nitrogen and hydrogen
can then be written as

1 Pum,

aN= o ——>
N KP(NH3) (PH2)3/2

(4)

()

Using the same method it can be shown that for CoHe/
H, and CH4/H, mixtures the carbon activities are given
by egs 6 and 7, respectively.
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Table 5. Summary of the Materials Made via TPRe of Early Transition Metal Oxides

carbide (CH,4) nitride (NHs) two step carbide (C,Hp)
precursor final T (K) Sg(m?g?) final T (K) Sg(m2g?) final T (K) Sg(m2g?) final T (K) Sg(m?g?)

MoO3 1020 91 980 161 970 135 900 174
WO3 1150 39 1050 67 1050 64 900 71
V,0s 1170 44 1073 51 1170 49 1023 76
H—Nb,0s 1170 62 973 82 1170 76 1023 113
L-Ta,Os5 1220 54 1073 72 1170 70 no reaction

MozNb,O14 1170 87 1073 68 1170 65 0 56
WyoNbgOy7 1170 88 1073 112 1170 107 900 102
Mo,Ta,01; 1170 52 1123 59 1170 55 900 84

Figure 10. Micrograph showing a typical particle produced by the ammonia TPRe of ternary oxides. (a) Product of the TPRe of
WNDb12033. The particle is made up of many smaller particles which, according to electron diffraction, are aligned. Note the
appearance of fine fractures in the particle. (b) Product of the TPRe of W35Nb14044. The particle is made up of many smaller
particles, which are shown to be aligned by electron diffraction. (c) Product of the TPRe of WgNbsO47. The particle is made up of
smaller crystallites, which are shown to be aligned by SAED. (d) Pre-reaction W3Nb;4044 particle for comparison.

1 Pen,

(6)

Keic,Hg) (PH2)3

1 PCH4
o=
KP(CH4) (PHz)Z

()

For oxides the situation is more complex, but for higher
hydrocarbons we can still derive relationships between

methane activities and gas composition, e.g. for ethane
taking into account reaction 8.
C,Hg(9) + H,(9) — 2CH,(9) (8)

)

ach, = Kpchy'

From the above, it can be seen that higher hydrocar-
bons should be promising reagents for the conversion
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Figure 11. Micrographs showing typical particles produced
by the temperature-programmed reaction of H—Nb,Os by (a)
ammonia and (b) ethane.

Figure 12. Micrograph of f-Mo,C formed by the ethane TPRe
of MoOj3 and electron diffraction showing (2110)Mo,C||(010)-
MoOas.

of transition metal oxides to carbides under compara-
tively mild conditions, and indeed this is borne out by
the results for the TPRe of the various oxides.
Comparison of the Available Routes. Table 5
summarizes the surface areas and synthesis tempera-
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tures employed in this study. Also included for com-
parison are some results obtained using previously
described syntheses for molybdenum and tungsten
systems.48:49.68.91.92 There are several trends for the
reactions, which can be seen to be general for binary
and ternary oxides of group V and VI. In most cases,
the use of the nitride as a precursor or ethane as a
reactant increases the surface area of the products, as
well as lowering the required synthesis temperature.
Nitrides can be converted readily to the carbides while
maintaining both the high surface area and structure
of the nitride. Ethane TPRe gives materials with surface
areas comparable to those of the two step oxide to
nitride to carbide route, and in many cases the surface
areas are higher, though it should be noted that the
crystallinity of the materials prepared via the nitrides
is superior. Also, as noted above, reaction temperatures
for ethane are much lower than those for methane, as
expected from the thermodynamics already discussed.

Itis interesting that, for reactions with hydrocarbons,
the presence of group VI metals enhances the rate of
reaction, whereas for the reaction with ammonia they
retard the reaction. The most probable explanation for
this is that the group VI metals provide more easily
reduced surface sites at which ammonia or hydrocar-
bons can dissociate; this effect has been demonstrated
in the synthesis of Mo,N%-%4 and VN.7%% In the case of
the former, ammonia decomposition was near equilib-
rium, while in the latter much less than equilibrium
ammonia decomposition is observed. In the case of
ammonia, nitrogen is formed and lost to the gas phase.
However, for hydrocarbons, the active species are
trapped on the surface as highly reactive carbon species,
since the activation barrier to the formation of bulk
carbon is very high. The effect of promoting the reaction
of hydrocarbons with oxides has been previously shown
by Lee et al.92 using Pt-promoted MoOg. It should be
noted that where several different phases can be formed,
the choice of route can allow the synthesis of comparable
surface area systems, e.g. $-Mo,C and a-MoC;_4 and the
various tungsten phases (see Figure 9). The reason for
the inertness of L-TayOs to ethane is unclear, though
one possible explanation is that, as the initial reduction

C,H,/H, TPR (1023K)

(001) NbsWsOy47

(i) NH; TPR (1023K)
(i) CH,/H, TPR (1170K)

[
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Figure 13. Representative selected area diffraction of WgNbgO47, and the products of ammonia and ethane TPRe with a tentative
interpretation in terms of the structural relationship between the oxide and carbide (results for the nitridation were analogous).
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(a)

Figure 14. Representative high-resolution micrographs of the products of the TPRe: (a) the WsNbsCy product of ethane TPRe;

(b) NbNy produced by ammonia TPRe.

of L-Ta,0s is difficult, surface carbon is formed thereby
blocking the surface to further reaction.
Morphological Evidence for the Topotaxy of the
Reactions. Previously it has been shown that the
nitridation of MoO3z, WO3,%° and V,0s,% together with
the carburization of Mo,N and W;N,*8 proceeds topo-
tactically, while the reactions of methane with Nb,Os7°
and V,0s"! proceed pseudomorphically but not topotac-
tically, and the reaction of methane®®% or synthesis
gas® and forming gas® with MoO; does not proceed

(91) Ribeiro, F. H.; Dalla Betta, R. A.; Guskey, G. J.; Boudart, M.
Chem. Mater. 1991, 3, 805.

(92) Lee, J. S.; Volpe, L.; Ribeiro, F. H.; Boudart, M. J. Catal. 1988,
112, 44.

(93) Wise, R. S.; Markel, E. J. J. Catal. 1994, 145, 335.

(94) Wise, R. S.; Markel, E. J. J. Catal. 1994, 145, 344.

(95) Oyama, S. T. Catal. Today 1992, 15, 179.

pseudomorphically. In other reported syntheses, no
study of the relationships of the product and starting
material was undertaken.

Before proceeding with a discussion of the nature of
the reactions studied, it is first necessary to define the
terms topotactic and pseudomorphic. Pseudomorphic is
taken to mean that the overall morphology of the
particles of starting material are maintained. The
following is the generally accepted definition for topo-
tactic:

“A process is called Topotactic if its solid product is
formed in one or several crystallographically equivalent
orientations as a consequence of chemical reaction or a
solid-state transformation, and if it can proceed through-
out the entire volume of the parent crystal.”?”

(96) Li, S. Z.; Kim, W. B.; Lee, J. S. Chem. Mater. 1998, 10, 1853.
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This means that if a reaction is topotactic it must
proceed through each step maintaining information on
the orientation of the starting material; for example, if
an intercalation reaction proceeds via the exfoliation of
the layers of the host, the reaction is not topotactic,
despite the apparent relationship between the starting
material and the product. It is, therefore, hard to
unambiguously demonstrate the topotactic nature of a
reaction, without continuously monitoring the reaction.
However, the maintenance of a strong orientation effect
does provide evidence of the topotactic nature of the
reaction.*®9” The nature of the products of the TPRe
reactions were, therefore, studied by HRTEM. Typical
micrographs are shown in Figures 10—12.

In all cases, the particles were made up of aggregates
of smaller particles, which were on the order of magni-
tude indicated by BET and XRD measurements. All the
materials maintained the gross morphology of the
parent oxides, and this is clearly visible in Figure 10,
where the irregular sharp sided morphology of the
parent oxide is still clearly discernible. The particles are
polycrystalline, and thus, electron diffraction would be
expected to produce a ring pattern. Indeed, this is the
case for the products of the TPRe of the oxides in
methane.

However, in the case of TPRe with ammonia or ethane
and the carburization of the nitrides, electron diffraction
patterns consisting of spots indexable on a single
orientation of the material were observed (Figures 10—
12). This shows that the individual crystallites are all
individually oriented along a crystallographically identi-
cal direction, giving strong evidence for the topotactic
nature of the reaction.

For molybdenum oxide, the relationship between the
oxide and carbide formed via the reaction with ethane
can be easily obtained, as MoO;3; exhibits a strong
tendency to form plates with (010) perpendicular to the
plate. Thus, using electron diffraction it was possible
to show that the 3-Mo,C was formed with (2110)
perpendicular to the plate, i.e., parallel to the (010) of
the original MoO3 (Figure 12). For the other oxides, no

(97) Oswald, H. R.; Gunter, J. R. Crystal Growth and Materials;
North-Holland: Amsterdam, 1977.
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such preferred orientation is observed; however, the
measurement of many electron diffraction patterns on
crystallites of WgNbgO47; showed that, though not as
pronounced as for MoOs, most particles were oriented
close to perpendicular to (001) and that most carbide
and nitride particles were oriented perpendicular to
(110) (Figure 13), leading to a probable transformation
maintaining WsNbgO47(001)||(110)WgNbgN,/WgNbgCy.

Figure 14 shows higher magnification HRTEM im-
ages of WygNbgCx and NbNy. In all cases, the variable
thickness of the sample can be seen as a mottling of
the particle, and lattice fringes can be seen extending
over distances considerably larger than the crystallites,
again showing the orientational relationship between
the individual crystallites.

Conclusions

Boudart’'s TPRe method has been further investigated
and appears to be a versatile method for producing high
surface area early transition metal nitrides and car-
bides. Both low surface area oxides and high surface
area nitrides can be used as precursors, and binary and
ternary systems can be synthesized using methane,
ethane, or ammonia as reactants. Reactions of ethane
and ammonia with the precursor oxides appear to
proceed topotactically.

Ethane reactions tend to proceed at lower tempera-
tures than either ammonia or methane. For reactions
with ethane or methane the reaction temperatures
required for conversion of ternary niobium and tanta-
lum oxides are lower than for niobia and tantalia,
however with ammonia higher final temperatures are
required.

Further work on the synthesis of supported systems
and those containing different metals would be worth-
while and work is continuing to explore the catalytic
properties of the materials.
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