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A method initially developed for the synthesis of high surface
area carbides using volatile metallic precursors was successfully
adapted to the preparation of high surface area vanadium carbide
using a liquid precursor. The method consists of reacting metallic
oxide vapours with activated charcoal to form the corresponding
carbide which keeps the shape of the high surface area charcoal
(shape memory synthesis). In the present extension of the method,
the vanadium oxide V,0s is liquid instead of being gas; V205 melts
and spreads over the carbonaceous frame (1150 m? g~%) as soon
as it is heated to its melting point. Due to its good wetting proper-
ties, V205 covers the charcoal surface homogeneously. By further
thermal treatment, the oxidic layer is reduced and carburized by
the carbon, yielding a vanadium carbide which retains a very high
dispersion. The composite product, still containing some carbon in
its bulk, covered by carbide, exhibits a surface area greater than
200 m? g~*. After careful passivation in air the vanadium carbide
presents a superficial amorphous layer of 4 to 30 nm. This superficial
layer contains oxygen. The pure vanadium carbide is air sensitive
at room temperature and slowly reoxidises. This material is then
tested as catalyst for the controlled oxidation of butane into maleic
anhydride. Under rich mixture butane/oxygen VgCy is stable but not
selective yielding large amounts of CO and CO; under lean mixture
the catalyst is transformed into different vanadium oxycarbides and
oxides, one of these oxycarbides being very active and selective when
compared to a conventional VPO catalyst.  © 1997 Academic Press

1. INTRODUCTION

The transition metal carbides, pure or modified by oxy-
gen, have been extensively studied as a new class of cata-
lysts, due to their attractive advantages in terms of activity,
selectivity, stability, and resistance to poisoning in hydro-
carbon reactions (1-13). These materials also exhibit in-
teresting mechanical hardnesses and high melting points
(14-15), that make them more resistant to sintering and at-
trition than other solids. A major problem related to these

1 To whom all correspondence should be addressed.

materials was the low surface area obtained when they were
prepared according to the traditional solid—solid methods
(0.1to 1 m?g~1), aserious handicap in catalytic applications.
Over the last decade, much work has been done on the syn-
thesis of carbides with high specific surface area (HSS) using
several techniques such as temperature-programmed reac-
tion (2, 5-7, 18-20) and reduction-carburization by means
of CO, CO + COy, or CO + H; (17-20); some authors have
obtained very satisfactory results (100-200 m? g~1). How-
ever, there are two main problems in the synthesis of the
HSS transition metal carbides by these different methods: 1.
the synthesis is usually long and delicate and requires com-
plex monitoring during the carburization period; 2. what-
ever the method used, the carbide surface is polluted by
polymeric carbon which plugs the pores and covers the ac-
tive sites. This carbon comes from the decomposition of
the reactive mixture (light hydrocarbon, CO, CO + CO,,
or CO + Hy) and is difficult to remove.

Recently, a new synthetic route was proposed by Ledoux
et al. (16-17) for the preparation of high surface area sili-
con carbide for use as a catalytic support which avoids the
formation of carbon residues on the surface. It is the solid
carbon which is now attacked by an oxide vapour instead
of the reverse reaction, where a solid oxide was reacted
with a vapour containing carbon atoms. In addition, the
formation of CO which can be pumped off is the driving
force of the reaction. The authors subsequently adapted
this method to the synthesis of high surface area Mo and W
carbides (10). This article discusses the synthesis and char-
acterization of the high specific surface area vanadium car-
bide obtained by a similar route and subsequently its use as
a catalyst for butane oxidation into maleic anhydride. The
synthesis method is here extended to the use of liquid ox-
ides. The solid materials are characterized by several phys-
ical techniques such as powder X-ray diffraction (XRD),
measurement of the specific surface area by the BET tech-
nique, atomic absorption, scanning electron microscopy
(SEM), temperature-programmed reduction (TPR), %V
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metal solid NMR, and *C magic angle spinning NMR
(MAS-NMR). The microstructure is characterized by high
resolution transmission electron microscopy (HRTEM).

2. EXPERIMENTAL

2.1. Synthesis

The vanadium carbide was prepared by reacting a
mechanical mixture of V,0Os (Strem Chemical, purity
>099.95%, granulometry <50 mm) and an activated carbon
(Fluka, Puriss) with a high specific surface area (1150 m?g 1,
granulometry 250-425 mm, oxygen content 9.2 wt%). The
initial amounts of reactants were of 1 g of charcoal and 1.5
g of V,0s. The synthesis was made by heating the mechan-
ical mixture of both reactants in a graphite crucible placed
in between induction wires, under dynamic vacuum (60Pa)
(10). The pressure in the chamber was measured by a Pirani
gauge and the temperature by an infra-red pyrometer. The
reaction can be described by the equilibrium

V705 + xC = 2VC + yCO,.
liquid solid solid gas

The products CO, and CO were pumped-off from the
furnace as the only gaseous species, thus shifting the reac-
tion equilibrium towards its right-hand side. After synthesis,
the material was cooled down rapidly to room temperature,
still under dynamic vacuum, and then passivated by slow ex-
posure to air leaking into the reactor. In order to prevent
subsequent reaction with air or moisture, the sample was
stored in a glove box under a nitrogen atmosphere until
further characterization.

2.2. Characterization Techniques

The structural characterization of the samples was done
by powder X-ray diffraction (XRD), SEM, high resolution
TEM, and NMR analyses. XRD measurements were per-
formed on a Siemens Model D-500 diffractometer using Co
Ko, radiation. The average particle size was determined
using the conventional Scherrer equation, d =0.91/B cos 6,
where d is the particle diameter, A is the X-ray wavelength,
0 is the Bragg angle, and B is the extra peak broadening due
to the particle size effect, corrected from the instrumental
width.

The morphology was studied by scanning electron mi-
croscopy (SEM) using a Jeol Model JMS 840. The samples
were generally embedded in a neutral resin, cut, polished,
and, after being fixed on the sample holder, covered in situ
by athin layer of gold. Elemental analysis was performed by
EDAX. A TOPCON EMO002B UHR electron microscope
operating at 200 keV for high resolution transmission elec-
tron microscopy (HRTEM) was also used. To prevent ar-
tifacts due to contamination, no solvents were ever added
at any stage and samples were prepared by grinding the

catalysts between glass plates and bringing the powder into
contact with a holey carbon-coated copper grid. EDX mi-
croanalysis was used to provide the complementary data on
the elemental composition; the corresponding spectra are
not reported. Great care was taken during the HRTEM ex-
periments in order to avoid heating effects of the incident
beam. The samples were stable enough to allow a magnifi-
cation of 590,000x or more.

The 5V solid state nuclear magnetic resonance (NMR)
and the C MAS-NMR were also used to character-
ize the vanadium carbide. The 5V solid state NMR
analysis was performed on a Brucker Model CXP-100
pulsed spectrometer equipped with a box-car integrator;
500.0 + 0.1 mg of carbide was introduced into the cell
and the spectra were recorded at the temperature of
liquid nitrogen (77 K) or helium (4.2 K) to improve the
sensitivity. The spectra were obtained using a spin-echo
technique by scanning the magnetic field and digitally
recording the spin-echo intensity yielded by the box-car
integrator versus the applied induction field intensity (21).
The apparatus frequency was set at 18 577 kHz and the
field was swept between 15.0 and 18.0 kOe to cover the
I\ NMR spectrum. The ¥C MAS-NMR analysis was
performed on a Brucker Model MSL-400. The induction
field was of 9.395 T, and the spectra were recorded at room
temperature using adamantane as an internal standard.
The rotation frequency chosen was above 10 kHz.

The surface areas were measured by the single point BET
method using a Carlo Erba Ins. Model Sorpty 1750 (two
independent measures for each sample). The sample was
outgased for 1 h at 580 K at 5 Pa before analysis which was
carried outat 18 kPaand at 77 K with nitrogen (Air Liquide,
99.95%) as adsorbate. Temperature programmed reduction
(TPR) was performed under hydrogen flow (10 ml/min),
purified by a series of traps containing silicagel and molec-
ular sieves, in a temperature range of 273 to 1073 K, this
temperature being increased at a rate of 20 K/min. The wa-
ter formed by reduction was analyzed by a TCD detector.

The evaluation of the unreacted charcoal present in the
sample was made by dissolution of the oxides and/or the
carbides in aqua regia.

2.3. Catalytic Tests

A micropilot was specially built for the catalytic test
(Fig. 1). Three main problems had to be tackled to real-
ize such a system: (1) the complexity of the gas mixture and
the excursion into the explosive range; (2) the high melt-
ing point of the product (maleic anhydride Eb = 475 K); (3)
the difficulty in the product analysis (light gases, oxygenated
molecules mixed to hydrocarbons) in order to obtain a pre-
cise mass balance.

The gas mixtures were prepared from six cylinders (Air
liquide): pure butane, He/O, 80/20 and 50/50, pure He,
He/CH,4 60/40, and pure nitrogen. An all-metallic tube
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FIG. 1. The micropilot for catalytic tests: butane oxidation.

system, organized with 12 valves (two- and three-way), plus
four mass flow controllers, was connected to a fixed-bed re-
actor in silica-steel (steel tube with the internal wall coated
with silica) which could contain up to 3 g of catalyst. The
reactor was placed in an oven, with the temperature regu-
lated at £0.5 K from room temperature up to 973 K. The
gas mixture flow could be varied from 1 to 100 cc/minin all
required ratios butane/oxygen/helium.

In order to get rid of the condensation of the maleic anhy-
dride, all pipes and tubing after the reactor were enclosed in
an oven heated above 483-493 K. The vent was bubbling in
water to transform maleic anhydride into the correspond-
ing acid and consequently avoid the formation of a solid
block of anhydride at the outlet.

The on-line gas chromatography was built around a Var-
ian 3300 gas chromatograph (connected to a Compaqg PC)
equipped with two capillary columns heated from 333 to
383 K during the analyses. The first column, adapted to a
TCD detector (He vector gas), Carboplot from Chrompack
was used for the separation and analysis of the following
products: He, O,, CO, CH,4, and CO,. The second col-
umn, adapted to a FID detector (H, vector gas), DB1
from JNW Scientific was used for the separation and anal-
ysis of the following products: all hydrocarbons (CHj,4, bu-
tane, and butenes here) and oxygenated products (acetone,
methacrolein, acrylic acid, crotonaldehyde, and maleic an-
hydride here). The injection of a known amount of CH, into
the gas flow after the reactor allowed a very accurate carbon
and oxygen mass balance to be reached; two independent
loops were used to inject the products into the two columns.

3. RESULTS AND DISCUSSION

3.1. XRD and SEM Analyses

A series of materials was prepared at 1563 K; due to the
thermal inertia of the crucible, about 1 h was necessary
to reach this temperature. The temperature profile and
the pressure variation during this lag time are reported
in Fig. 2; charcoal alone and charcoal + V,0s5 were stud-
ied. The low residual pressure when pure charcoal was
heated showed that outgassing was not responsible for the
significant variation in pressure observed during the syn-
thesis, corresponding mainly to CO formation and release.
The synthesis was stopped at regular time intervals. The
microscopic structure of the samples was investigated by

Pressure (Pa) Temperature (K)

300 - 1773
—»
200 - 1273
i active charcoal +V205
773
active charcoal alone
0 : r 273

0 10 20 30 40 50 60

Reaction time (min.)

FIG. 2. Evolution of the chamber pressure and the crucible temper-
ature with the reaction time.
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TABLE 1

XRD, BET, and Charcoal Consumption versus Time of Reaction (Initial Reactant Masses: 1.000 g
of Active Charcoal and 1.514 g of V,05)

Reaction time (min) 6 7.5 21 40 60 2 x 60 4 x 60 7 x 60
Temperature (K) 893 993 1393 1473 1526 1548 1563 1563 1563
Sample colour Brown powder  Lightblue Darkgrey Grey Lightgrey Lightgrey Lightgrey Lightgrey Lightgrey
+ black
particles
XRD analysis (Iisted V205 VOZ V203 V203 V8C7 V3C7 VgC7 V3C7 V3C7
by decreasing VgCy V,0;3 VOqg VOqg V,C
intensity) VOo_g V203 VzC VOo_g
V,C
Surface area (m?g™) 447 491 391 359 344 268 234 230 237
Remaining 44 46 46 42 40 39 38 33 28

charcoal (Wt%o)

Note. Atomic ratio (C/V =5).

XRD; their BET surface area and the remaining unreacted
charcoal were measured (Table 1).

Six minutes after the beginning of the heating process,
the two reactants charcoal and V,0s5 were still discernable,
both by their different particle sizes and colours. V,Os was
superficially brown, but still orange in the bulk and pre-
sented the XRD pattern of pure V,0s (Fig. 3a). The brown

VO

c
Vv
203
10 30 50 70 90
20 (degree)

FIG.3. XRD pattern of the intermediate at: (a) 6 min and 893 K,
JCPDS 9-387; (b) 7.5 min and 993 K, JCPDS 33-1440 and 31-1438; (c)
21 min and 1393 K, JCPDS 34-187. Y-scale: intensity (a.u.).

surface was probably due to the beginning of the reduc-
tion which can occur under heating even in a nonreductive
atmosphere (22).

The first sharp pressure peak was observed after 7 min
and a temperature of 950+ 10 K which corresponds to
the melting point of V,0s. V05 particles had disappeared
and only the ex-charcoal particles were remaining, but now
coloured light blue instead of black. The XRD showed the
presence of VO, and an increase in the background noise
which generally accompanies a “de-crystallisation” or an
amorphisation of the sample (Fig. 3b). A SEM cross sec-
tion view of a particle is shown in Fig. 4. The bright areas
were identified as vanadium species by a line scan analysis
detecting the Ka-vanadium ray (not reported). Vanadium
had deeply and homogeneously penetrated the pores of
the charcoal particles. The remaining large dark areas were
assigned to unreacted charcoal. At this low temperature
only a liquid impregnation is possible while with MoOj3 the

16@rm WD 8

gaag zaky

FIG.4. SEM cross section picture of the intermediate at 7 min and
993 K.
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sublimation of the oxide was responsible for the spreading
(23). This was confirmed by the absence of vanadium ox-
ides on the walls of the crucible and on the graphite felt
covering the crucible, while volatile oxide of molybdenum
was spread all around. In addition, if the reactants were
set apart in the crucible, instead of being intimately mixed,
and treated under the same conditions, no spreading oc-
curred. The melting, and the reduction from the oxidation
state +5 to the state +4 were thus faster than a significant
sublimation; at 950 K the vapour pressure of V,0s5 equals
0.52 Pa (22), which is about 100 times lower than the resid-
ual pressure of the reactor chamber. The fast release of CO
corresponding to the sharp pressure peak was thus due to

V205 + C — CO 4 2VO;,.

) o
Vzoa
o]
| Il | Il 1
41 43 45 47 49 51 53
! { ! f }
b
- VaC7
o
u |
o

41 43 45 47 49 51 53

A second broader peak of pressure was observed 10 to
20 min after the beginning of the reaction and, according to
the XRD analysis (Figs. 3c and 5a) only showing the V,03
pattern, was the result of a further reduction from VO, to
V,0s3:

2VO; + C — CO + V;0s.

After 30 min the carbide VgC; was observed by XRD
analysis beside V,03; (Fig. 5b). At this point the reac-
tion slowed down (inducing less noticeable pressure varia-
tions), and several crystalline phases were simultaneously
observed; it was only after 7 h of thermal treatment that
XRD showed VgC7 alone (Fig. 59). VO3 was progressively
disappearing to the benefit of VOgqg¢ and traces of V,C
(Figs. 5¢-f), and the last hours of reaction only consisted

g
I
| |
| | S

26 (degree)

FIG.5. XRD pattern of the intermediate at: (a) 21 min and 1393 K; (b) 30 min and 1473 K; (c) 40 min and 1526 K; (d) 60 min and 1548 K; (e) 2 h
and 1563 K; (f) 4 h and 1563 K; (g) 7 h and 1563 K. JCPDS files: VV,03 34-187; V5Cy 35-786; VOq 9 10-313; V,C 19-1393; 24-1390. Y-scale: intensity (a.u.).
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FIG.6. SEM cross section picture of the final product after 7 h at
1563 K.

of the conversion of VOgg into VgC7, which are isomor-
phous. They both exhibit a face centered cubic network
of vanadium atoms, with a measured cell parameter of
4.12+ .02 Afor VOpgand of 4.16 + .02 A for VgC7. Another
intermediate product was also observed by XRD with its
main diffraction lines at d =2.28 .01 A (20 =46.2°) and
d=2.17+.01 A (20 =48.8°). This species was not identi-
fied using X-ray diffraction by comparison with a reported
structure in the literature, but it seems to be similar to the
hexagonal V,C (JCPDS 24-1390) or its orthorhombic dis-
tortion (JCPDS 19-1393); it should be emphasized that V,C
was always observed when the initial mixture was deficient
in carbon which was consistent with the stoichiometry of
this carbide. A cross section SEM picture of the final vana-
dium carbide VgC7is shown in Fig. 6. The homogeneous dis-
persion of the vanadium observed on the precursor (Fig. 4)
was maintained (the clear zone of the picture). The voids

e Ba11 26KV

FIG. 7. Scanning-electron micrograph of a graphitic fibre before (a) and after (b) reaction (7 h at 1563 K).

18Fm WD13

left by the carbon which had reacted could be observed;
this underlines that the “shape memory” concept was valid,
keeping the shape of the initial carbonaceous frame. This
is also well illustrated on the SEM pictures shown in Fig. 7,
where a graphitic fibre of carbon was converted into a pipe
of VgCy. The initial carbon shape was in fact replaced by its
carbidic print meaning that the second step of the reaction,
the reduction of the oxide layer, proceeded through the
diffusion of the internal carbon towards the surface oxide,
which explained, together with the formation of CO (the
thermodynamic driving force of the synthesis), the high
specific surface area of the final product. The same phe-
nomenon was observed during the synthesis of Mo,C (23).

3.2. BET Analysis

In Fig. 8, the amount of nonreacted carbon and the spe-
cific surface area of the material are presented as a function
of the reaction time (see Table 1 for numerical values). Just
before the spread of VO, over the charcoal, the surface area
of the mixture was 447 + 10 m? g~%, which corresponded to
the only contribution of the active charcoal (457 420 m?
for the amount contained in 1 g of product), V,Os having
a negligible surface contribution. During the consumption
of the carbon the surface decreased to about 230 m?/g after
2 h of reaction. The following consumption of carbon did
not affect the surface area; this fact emphasizes the minor
effect of the remaining charcoal surface area on the specific
surface of the carbide. This means that the remaining char-
coal was embedded within the carbide and only played a
mechanical role. It has been possible to prepare pure car-
bide without any residual carbon at quite high specific sur-
face areas (about 50 m?/g); however, the use of charcoal
in excess was preferred, as it shortened the reduction and
the carburization time and lowered the reaction temper-
ature, yielding a stronger product in terms of mechanical
properties.

Q palz  2aky 16Fn WO19
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FIG. 8. Evolution of the sample surface area and its charcoal content

with reaction time (nonlinear scale).

3.3. TPR and HRTEM Analyses

In Fig. 9 are shown the TPR profiles of the fresh carbide
passivated by air at room temperature, of the same carbide
left for 5 weeks in air and of pure V,Os5 for comparison.
No oxygen was detected on the fresh product even if the
elemental analysis gave an O/V atomic ratio of 0.09, mean-
ing that the oxygen was very strongly bond to vanadium
atoms. After 5 weeks in air it was possible to detect a water
peak at 340 K corresponding to the desorption of adsorbed
water and a stronger one at 700 K, probably corresponding
to the reduction of a layer of vanadium oxide on the car-
bide surface. After several months, a change of colour was
noticeable; initially grey, the product changed to green and
then orange like V;,0s.

The HRTEM picture of Fig. 10 shows that the carbide
surface, after synthesis and air passivation at room temper-
ature, was completely covered by an amorphous phase 4

a) Fresh passivated VC

700K
|
w/\ b) VC 5 weeks in air
| 805K
755 K

¢) V205

T T T T T T T T 1
300 400 500 600 700 800 900 1000 1100

Temperature (K)
FIG.9. TPR patterns of a vanadium carbide prepared 7 h at 1563 K:

(a) Fresh and passivated (95 mg); (b) air at room temperature for 5 weeks
(94 mg); (c) Strem V,0s (3 mg).

to 30 nm thick. The EDS analysis performed on this phase
indicated the presence of V, O, and C. The bulk cristalline
phase corresponded to the (222) plane of the VgC7 structure
with the interplanar spacing d = 2.404-0.10 A. The images
taken at this high magnification showed that this vanadium
carbide contained a high density of planar defects and dis-
locations. Many amorphous domains were also observed
within the material.

3.4. NMR Analyses

The %'V metal solid NMR and the 3C MAS-NMR spectra
are presented in Figs. 11 and 12. The %'V spectrum showed
the presence of a central resonance peak plus six quadrupo-
lar peaks due to the spin 7/2 of ®'V. This quadrupolar split-
ting showed that some of the vanadium atoms were not
present in a cubic symmetry as they should be in a “VgCg”
but in different symmetries which induced electric field gra-
dients (21, 24). The observed XRD structure was VgC7 and
not VVC or VgCg, the understoichiometry of the carbon in-
duced a local loss of the cubic symmetry. A detailed anal-
ysis of the pseudo-NacCl structure of VVgC; containing car-
bon vacancies showed that a unit cell contains 32 vanadium
atoms, 14 (44%) fully saturated by 8 carbon atoms and 18
(56%) bearing one carbon vacancy (i.e., surrounded by 7
carbon atoms). The addition of two simulated spectra, each
of them corresponding to the 44% and the 56%6 V atoms, re-
spectively, did not fit with the experimental spectrum. The
addition of a third spectrum corresponding to V atoms sur-
rounded by two carbon vacancies repelling themselves (i.e.,
in diagonal opposition, thus with a greater quadrupolar ef-
fect) gave an excellent fit (Fig. 11). The area of each of these
three spectra should be proportional to the relative amount
of each type of V atoms, V, with no carbon vacancies, Vi
with one, and V, with two vacancies. The measurement of
these areas gave 72% V,, 21% V1, and 7% V. The location
of the vacancies in diagonal opposition explained why so
many V atoms belonged to the V, family. Indeed, associ-
ated pairs of neighbouring vacancies would affect far less V
atoms. Such a large number of carbon vacancies could easily
account for the large number of local crystalline defects ob-
served by HRTEM or, even for the pseudo-amorphic phase
also observed by microscopy.

In order to obtain more information a >*C MAS-NMR
was performed on the same sample. Figure 12a shows that
three main peaks were found. A broad one centered at
108 ppm corresponding to the unreacted carbon (the width
being due both to different electron environments and to
traces of iron impurities, Fig. 12b). Two other sharp peaks
at 262 and 236 ppm were attributed to two different car-
bon atoms in the vanadium carbide, by comparison with
the carbon in Mo,C found at 275 ppm (25). The integra-
tion of the surface of these peaks gave a ratio 2: 1. Carbon
atoms in the vanadium carbide with different electronic en-
vironments (thus, with different chemical shifts in NMR)
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FIG.10. HRTEM picture of the vanadium carbide (7 h at 1563 K): evidence of an amorphous layer surrounding more crystallised areas and of

stacking faults in the vanadium carbide.

were expected, as these atoms were surrounded by three
sorts of V atoms. If, for instance, a carbon atom was sur-
rounded by many Vj-type vanadium atoms, its chemical
shift should have been larger than the one of a carbon atom
with a lower electron density—i.e., surrounded by V atoms
with less carbon vacancies, V; and Vy, for instance. It was,
however, unexpected to find only two well-resolved peaks
because, intuitively, one was expecting a large family of
electronic environments around the carbon atoms, statisti-
cally distributed according to the population of the three
vanadium atom types and, in consequence, a broad peak or
no visible peaks in the NMR spectrum. This finding means
that the existence of two types of carbon atoms (or more,
but with only two in a large enough quantity to be visi-

ble) could be explained either by a statistical distribution
corresponding to the composition of the three types of V
atoms, or by a thermodynamic condition, putting the car-
bon atoms in two wells of minimum energy. Unfortunately
the mathematical resolution of the statistical distribution
of the carbon atoms in a NaCl network containing Vg, V1,
and V, vanadium atoms is not trivial and we have not been
able to solve it in the last 4 years; a good challenge for the
readers of this article. This mathematical resolution would
give an answer to the alternative between the statistics and
the thermodynamics. However, it has been suggested by
the 51V NMR that vacancies of carbon were ordered in di-
agonal opposition (which meant a minimization of the en-
ergy state) and this was consistent with a thermodynamic
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FIG.11. 5%V NMR analyses of the vanadium carbide (7 h at 1563 K) and simulation.

ordering of the understoichiometric VgC;_x. The 262 ppm
peak would correspond to carbon atoms having more V;
type vanadium atoms around them than the carbon atoms
corresponding to the peak at 236 ppm. The chemical anal-
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FIG. 12.
1563 K).

13C MAS NMR analyses of the vanadium carbide (7 h at

ysis of the sample showed that 86.8% of the carbon atoms
were contained in the nonreacted charcoal and 13.2% in
the carbide, while the NMR surface integration gave 91.4%
and 8.6%, respectively. The slight discrepancy could be at-
tributed to three phenomena: experimental noise/error, a
third carbide peak hidden inside the large peak of the non-
reacted charcoal (less probable because this would corre-
spond to a too-small chemical shift), or missing peaks, too
small to have been detectable by NMR, corresponding to
carbon atoms distributed in small quantities in different
families of electronic environments.
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FIG. 13. Butane oxidation into maleic anhydride and combustion

products. Lean mixture O,/but=6.
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FIG. 14. XRD pattern of the catalyst before reaction.

3.5. Catalytic Oxidation of n-Butane

VgC; obtained by the synthesis described above, was
tested under different reaction conditions for the n-
butane oxidation (weight catalyst =0.73g, VVH =64.7h 1,
WHSV =027 h™!, T°=700 K, Oybut=6 or VVH=
305 h™1, WHSV =1.27 h™%, T° =700 K, Oy/but=1.1). The
rich mixture, O,/but =1.1, gave only the combustion prod-
ucts CO and CO.,. The lean mixture, O,/but =6, produced
interesting preliminary results (Fig. 13).

An accurate analysis of the XRD diagrams of the catalyst
after testing under the lean mixture showed that the vana-
dium carbide (Fig. 14) was mainly transformed into VO, (in
fact, V5013 and V307) and V05 (Fig. 15), plus two other
solid phases in small crystalline amounts (Fig. 16), a known
vanadium oxycarbide (JCPDS 18-0314), and an unknown
phase (probably another oxycarbide) with its main diffrac-
tion lines appearing at 20 angles of 39.52° and 41.61°. These

v * V013
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- o V307 I
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T T T
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FIG. 15. XRD pattern of the catalyst after reaction.

37.5

T
39.5

41.5

T
43.5

T
45.5

47.5

2 theta angle (°)

FIG. 16. XRD pattern exhibiting two “oxycarbide” phase from VgCs.

two phases amounted to only 8% of the total crystalline
phases, assuming that all these phases had the same sensi-
tivity to XRD with their main peaks.

Pure VO, and V,0s were run under similar experimen-
tal conditions and showed only very small yields for maleic
anhydride formation (Fig. 17) but high activities for to-
tal combustion. It was difficult to fix the conditions in or-
der to obtain the same conversion for all catalysts; how-
ever, for V,0s, VO,, and VgC; the conversions were main-
tained between 15 and 43% which allowed a relatively safe
comparison of the selectivities. VPO was only presented
for information. In consequence the relatively high yield

100

80

B Yield (%)
N Conversion (%)
MA selectivity (%)

Rate (mole but.g cata '.s™"

6

10°%)

FIG. 17. Catalytic comparison between VgCr, V705, VO,, and VPO
for the reaction of butane to maleic anhydride.
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observed on the catalyst studied was attributed to the oxy-
carbidic phases, the large amount of total combustion prod-
ucts coming from the parasite oxidic phases. Further studies
to increase the amount of selective phases and to charac-
terize their structure are currently ongoing.

4. CONCLUSION

The experiments reported above for the preparation of
high surface area vanadium carbide well illustrate the prin-
ciple of the shape memory synthesis applied to a meltable
metal oxide precursor. From macroscopic and microscopic
points of view, the spreading of the liquid V205 on the char-
coal surface was clearly demonstrated by the SEM obser-
vations. The deposition occurred around the melting point
of V,Os, and no evidence of gas phase transport was found.
This spreading was favoured by the simultaneous reduction
step from V,0s to VO, (AH =+130 kJ/mol) and by the
well-known low surface tension of V,0s, especially with
oxidic supports such as titania (27) and active charcoal sur-
face (28). VO, covering the charcoal was subsequently re-
duced to V,03, and very early some vanadium carbide VgCy;
was observable by XRD, together with V,03. The prepara-
tion of vanadium carbide by treating V,Os under a H,/CH,4
stream at 1350 K was reported to pass through V.03 (4).
The formation of VOg ¢ which was observed in the present
study was explained by the use of a higher reaction tem-
perature. The subsequent carburization of VOqg led to the
isostructural carbide VgC;. The V,C-like intermediate was
also formed in the course of the carburization, depend-
ing on the rate of diffusion of oxygen and carbon in the
material.

The final product did not present an extra-broadening
of the XRD peaks, indicating that the average size of the
crystalline particles was greater than 65 nm. The theoretical
BET surface area of spherical particles of this size would
be lower than 8 m? g~1. As shown by the HRTEM pic-
tures, the high surface area of the products was assigned
to the amorphous phases present throughout the mate-
rial. The contribution to the total surface area of the re-
maining charcoal was not easy to evaluate. However, the
evolution of the total surface area and of the charcoal
content given in Fig. 8 demonstrated the independence be-
tween them, especially the consequent decrease of carbon
content after 2 h of reaction up to 7 h without variation
in the total surface area. In addition the preparation of
free-charcoal samples with surface areas above 30 m? g~*
supported the efficiency of the method which was much
higher than those reported in the literature: 0.9 m? g~*
(28), 0.3 m? g* (29), 5.3 m? g~* (4) with the exception of
50 m? g~* (30).

The high specific surface area vanadium carbide prepared
by the new “shape memory” method is suitable for cata-
lytic applications and is currently studied for oxydation

or deshydrogenation reactions in its bulk and pure form,
either supported, or as starting material for the prepara-
tion of oxicarbides. Preliminary results for the oxidation
of n-butane into maleic anhydride exhibit promising prop-
erties, probably due to the ability of the transition metal
carbides to form catalytically active oxycarbides under
mild oxidative conditions, properties already observed on
Mo,C (12)
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