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Transition metal carbides and nitrides have attracted attention
as possibie replacements for platinum group catalysts. Most of the
work has been carried out with single-metal compounds. We report
here the preparation of two new bimetallic compounds, V—Mo
and V-W oxynitrides, obtained by nitriding oxide precursors with
ammonia gas via a temperature-programmed reaction. The bime-
tallic oxide precursors are prepared by conventional solid state
reaction using commercial V, Mo, and W oxides. The oxynitrides
thus obtained adopt a face-centered cubic crystal structure. They
have high specific surface areas (74 and 62 m? g-!), and their
pyrophoricity suggests high surface activity. © 1995 Academic Press, Inc.

Nitride formation is very common among transition
elements of the first row and the early members of the
second and third rows. In general, transition metal nitrides
have physical properties characteristic of refractory ce-
ramics, with very high melting points, hardnesses, and
tensile strengths. At the same time, they display electronic
and magnetic properties resembling those of metals, such
as electrical conductivity, Hall coefficient, magnetic sus-
ceptibility, and heat capacity (1, 2).

Transition metal nitrides are used as cutting tools, wear-
resistant parts, high-temperature structural materials (3,
4), electronic and magnetic components (5-8), and super-
conductors (9, 10). In addition, they have received consid-
erable attention as catalysts due to their resemblance to
the noble Group VIII metals (Pt, Pd, Rh, etc.) in chemical
properties (11, 12},

In recent years a number of bimetallic nitrides and oxy-
nitrides combining transition metals with alkali (13, 14),
alkaline earth (15), and lanthanide (16) elements have been
reported (17-19). In comparison, few bimetallic nitrides
or oxynitrides with only transition metals have been syn-
thesized and fully characterized. Among these are CuWN,
(18), FeWN, (20}, and Ni;Mo;N (21). The oxynitrides
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reported here are related to CuWN, and FeWN, in that
they have high concentrations of the nonmetal elements,
but have cubic instead of hexagonal structure.
Bimetallic nitrides and oxynitrides containing strongly
electropositive elements {(e.g., LiMoN,, Li;FeN,,
CaCrN;, LaTaON,) have substantial ionic character and
their limiting compositions have been described by the
normal rules of valency (=2 for O, —3 for N) (20). This
is not the case for the pure transition metal compounds,
which are metallic in nature. Their phases can exist over
broad composition ranges with appreciable vacancy con-
centrations (both metal and nonmetal), and their physical
properties are quite sensitive to composition. It is ex-
pected that the partial replacement of nitrogen by oxygen
and, at the same time, partial substitution of one transition
metal for another can alter the propertics substantially.
V-Mo-0O-N and V-W-0O-N were prepared by tem-
perature-programmed reaction (TPR), a technique devel-
oped in the early 1980s which produces nitrides with high
specific surface area (22, 23). The current TPR approach
involves placing a bimetallic oxide precursor in a flowing
ammonia stream while raising the temperature in a con-
trolled manner. The bimetallic oxide precursors were pre-
pared by solid state reaction of two monometallic oxides.
Because the free energy of formation of such ternary
oxides is small (17), thermodynamic calculations (17)
could not be used to predict the feasibility of nitridation.
The vanadium-molybdenum oxide was prepared by
first mixing vanadium{V) oxide (V,0 99.9%, Johnson
Matthey) and molybdenum(VI) oxide (MoQO;, 99.95%,
Johnson Matthey) at a V: Mo ratio of 2: 1. The mixture
was thoroughly ground, pressed into pellets, and then
fired in air at 948 K for 6 hr. After cooling to room tempera-
ture, the pellets were pulverized into fine powders. The
product had a dark green color, and XRD analysis indi-
cated that it was V,MoOg (JCPDS card 20-1377). The
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vanadium—tungsten oxide was prepared in a similar man-
ner with a V: W ratio of 1: 1 and was fired at 1323 K for
6 hr. The product had a green color, and the absence of
its XRD pattern from the JCPDS files suggested that it
was a new compound. The XRD pattern showed neither
a match to any existing vanadium-tungsten oxide files
nor evidence of any peaks due to vanadium or tungsten
monometallic oxides.

For the TPR process the V,MoO; and VWO, powders
were transferred to a quartz reactor, which was placed
inside a tubular resistance furnace. An ammonia gas
stream was passed through the oxide powders at a flow
rate of 6.82 x 10° umole sec™! {1000 cm*/min). The tem-
perature of the reactor was increased at a linear rate of
8.3 x 1072 K sec™! (5 K/min) to a final temperature (T,,,)
which was held for a period of time (t,,4). Ty and o4
were 1037 K and 30 min for V-Mo-0O-N, and 1009 K and
110 min for V-W-0O-N. At the end of the temperature-
programmed reaction, the samples were removed from
the furnace to quench them to room temperature and the
flow of ammeonia gas was switched to helium. The prod-
ucts thus obtained were extremely pyrophoric and needed
to be passivated before exposure to air. To passivate the
samples, pure helium gas was switched to a gas mixture
containing 0.5% O, in helium at a flow rate of 24 umole
sec”! (35 ¢m’/min). The purpose of passivation was to
safely cover the active surface with a layer of oxygen to
prevent oxidation of the bulk. The time of passivation
was set to 3 hr per gram of starting bimetallic oxide. The
passivated samples were characterized by XRD analysis,
inductively coupled plasma (ICP) ¢lemental analysis, and
nitrogen adsorption. XRD analysis was carried out using
a powder diffractometer (Siemens Model D 500 with a
CuKa monochromatized radiation source), Nitrogen ad-
sorption was measured by a pulse technique with a 30%
N, in He gas mixture. The surface areas of the samples
were determined by the single point BET method. The
crystallite sizes of the samples were calculated by the
Scherrer equation based on XRD peak broadening and
compared with the particle size derived from the surface
arca measurements,

Elemental analysis of the two bimetallic oxynitrides
gave the chemical formulas V, Mo, ,0,;N,, and
V,0W,40; 5N, 5. The error in analysis for the metals was
less than 10%. Further studies indicated that the sample
nitrogen content could be altered by changing reaction
conditions. Increasing the maximum temperature and/or
the final soaking time of the TPR process resulted in higher
nitrogen content. However, higher reaction temperature
normally led to samples of lower surface area. Inthe V-W
system, the deviation of the V to W ratio (1.0:1.4 in
the final oxynitride compared to 1.0: 1.0 for the starting
material) could be caused by sublimation during the high-
temperature (1323 K) bimetallic oxide synthesis. The

BRIEF COMMUNICATION

(a}
g
§
g
=
E b)
»
i At s MMM
20 3‘0 4‘0 SIO 6‘0 7‘0 8‘0 90
Degree {26}
FIG. 1. XRD patterns of(a) V2_0M0|'00|.7N2_4 and (b) VI_QW|‘401_7N2_5.

melting point of V,0;5 is only 963 K, whereas that of WO,
is 1473 K. At 1323 K, the corresponding vapor pressure
of V,Qs is 64 Pa (0.48 Torr) while that of WO, is 0.14
Pa (0.0011 Torr} (24). Both oxynitride samples contain
substantial amounts of oxygen, and we suspect that this
is partly due to the oxide layer deposited on the surface.
The crystallites have a very large surface area to vol-
ume ratio.

Figure 1 shows the X-ray diffraction patterns of both
V, oMo, jO 5N, , and VW, ,0,;N, ;. Both samples re-
ported here have the same characteristic pattern of the
rock salt structure (space group Fm3m), in which the
metal atoms randomly occupy a face centered cubic {fcc)
lattice. The peaks (only four of the five peaks are clearly
visible in the scale presented) could be indexed as (111),
(200), (220), (311), and (222) reflections, giving for
V,oMo, 4O, 5N, , the lattice parameter @ = 0.413 nm and
for V, W, ,0,-N,;, a = 0.414 nm. Another distinctive
feature of the two XRD patterns, other than their simplic-
ity, is the unusual broadening of the peaks. The crystallite
size (D.), calculated by the Scherrer equation, indicates
dimensions of 11 nm for V, jMo, 40, sN, , and 6.7 nm for
VoW 140, 2N, 5. The results are consistent with the high
specific surface area values (S, 74 m* g=! for
V, oMo, 0, 7N, ,and 62 m* g~ for V, \W, ,0, N, 5, which
correspond to particle sizes of 7.9 and 5.1 nm. The particle
size (D) can be calculated from the equation D, = 6/
(S.p), where p is taken to be 10.2 g cm™? for the molybde-
num oxynitride compound and 18.9 g cm™3 for the tung-
sten oxynitride compound, assuming perfect rock salt
structures for such compounds. Table | summarizes the
surface area and D; and D, values of V, Mo, ,0,;N,,
and V, oW, ,0,,N, 5. Good agreement exists for D, and
D, indicating that the particles are not polycrystalline ag-
gregates.

V, oMo, (O ,N, , and VW, 0O, ;N, 5 are two members
of a new bimetallic transition metal oxynitride class. Their
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TABLE 1
Characteristics of Bimetallic Oxynitrides V-M—0-N
Surface Crystallite Particle Lattice
area size size parameter
Sample §,(m* g™ D.(nm) D,(nm) a(nm)
V-Mo-0O-N 74 11 7.9 0.413
V-W-0-N 62 6.7 51 0.414

highly pyrophoric characteristic, which indicates high re-
activity, combined with their high surface area makes
them very interesting materials. Further studies on their
surface chemistry and reactivity are in progress.
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The pscudo-one-particle potential for Cu' in CuCrP,S; was cal-
culated from the room temperature (RT) structural model and
shown to have a double-well shape straddling the center of the
CuS; octahedron. It is argued that this finding supports the ther-
mal hopping interpretation of the RT copper disorder in this com-
pound. The RT monoclinic unit cell parameters were also re-
measured and found to be consistent with the presence of
out-of-plane packing deformations. Last, the antiferromagnetic
structure of the Cr'! moments below Ty = 30 K was determined
using neutron powder diffraction. @ 1995 Academic Press, Inc.

The room temperature (RT) structure and magnetic
study of CuCrP,S;4 published by Colombet et al. (1) gave
the first example of an unusually extended electronic
density associated with the monovalent cation in a lamel-
lar M'M'1UP,S, phase (M = Ag, Cu,and M' = V, Cr, In,
Sc) (2, 3) and reported an antiferromagnetic (AF) order-
ing of the Cr' magnetic moments below Ty =~ 30 K.
Much more recently, our neutron diffraction observation
of an antipolar copper sublattice below 150 K in this com-
pound (4) suggested that the RT density smearing may be
due to the Cu' ion hopping between two off-center sites
within its octahedron rather than to a static kind of disor-
der. The interest in these thiophosphates as a new family
of layered ferroelectric-type materials, heightened lately
by the discovery of a nearly polar Cu! configuration (3)
and ferroelectric behavior (5) in CulnP,Sg, motivated us
to reinvestigate certain aspects of the RT structure of
CuCrP;S;. Neutron powder diffraction data collected be-
low Ty alse allowed us to determine the magnetic struc-
ture of the AF phase.

The RT continuous copper electronic distribution in
CuCrP,S, was satisfactorily modeled by two quasi-verti-
cally disposed and partially filled positions, one distinctly
(Cul) and the other slightly (Cu2) shifted from the octa-
hedral center (1). A two-fold axis through the octahedron

! To whom correspondence should be addressed.
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leads to twice as many possible positions, so that the Cul
and Cu2 occupancy ratios per CuS¢ unit may be given as
0.66 and (.34, respectively. Refinement of the copper
anisotropic thermal factors revealed appreciable values,
with the Cul thermal ellipsoid being elongated perpendic-
ular to the [SCujsCris(P2)is8] layer and that of Cu2
nearly spherical. The probability of finding a copper atom
in a volume element, formally called the joint probability
density function (jpdf) (6), can be calculated as the
weighted sum of the Fourier transforms of the Cul and
Cu2 temperature factors. Moreover, the one-particle po-
tential at a point r may be derived as

Vir) = Vo — kT In [jpdf(r)},

where kg is the Boltzmann constant and T is the absolute
temperature. Because the present case involves underoc-
cupied positions, the diffraction data represents an aver-
age filling of these sites and V(r) is a pseudo rather than a
real potential (6). Although the energy values thus ob-
tained should be interpreted with caution, the features of
such a pseudo potential remain gualitatively correct.
The copper jpdf and V(r) were calculated from the
structural parameters of Ref. (1) and mapped out using
the PROMETHEUS suite of programs (7); Fig. | displays
the results. It is clear from this that there is no probability
density maximum close to the octahedral center, and
consequently the pseudo potential has a siﬂmple double-
well shape. Note that a distance of 2.52 A, i.e., larger
than the diameter of a Cu' ion, separates the two minima.
Thus, as may be expected from the unlikeliness of a stati-
cally stable and octahedrally coordinated Cu' (8), neither
the near-center electronic density peak nor the Cu? site
corresponds to an equilibrium position. Rather, each may
be indicative of a non-zero probability of finding the cop-
per ion between the two potential minima. This is consis-
tent with a thermal hopping model of the copper distribu-
tion which says that the RT phase is nonpolar in a



