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Solid-state nitrides are of interest because they exhibit
technologically useful properties.!? For example, some
transition-metal nitrides are extremely hard and strong
yet are good conductors of heat and electricity.>% Others
show interesting catalytic properties,” where the similarity
between nitrides and the group VIII metals has been
pointed out.28® Because of these properties nitrides have
found utility as packaging materials, as structural mate-
rials, and as catalysts. Despite the potential technological
importance of nitrides, only a few hundred are known.
Due to the synthetic challenges of ternary nitride forma-
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tion, most studies have focused on binary nitrides.l° We
are particularly interested in the syntheses and charac-
terization of ternary nitrides because (1) these materials
may have enhanced or improved properties relative to
binary nitrides and (2) relavtively few ternary nitrides
have been synthesized and fully characterized.!%4

In general, nitrides have relatively low decomposition
temperatures due to the high bond energy of Nj (941 kJ/
mol).* Consequently, high-temperature techniques have
provided only limited success in the preparation of ternary
nitrides and low and moderate temperature approaches
become essential for preparing both metastable (kinetic)
and stable (thermodynamic) compounds. The develop-
ment of new low-temperature procedures for synthesizing
ternary nitrides would greatly expand this class of ma-
terials. Currently there are a number of research groups
working on a variety of approaches in this rapidly growing
field.11-23

One successful approach has been the use of molecular
precursors to make thin films and powders of binary
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Figure 1. Powder X-ray data, including Rietveld fit and
residuals, for Fe;MosN.

Table I. Atomic Positions of Fe;Mo;N Space Group Fd3m

metal Wyckoff x ¥ z
Mo 48(H 0.3210 g g
Fe(1) 32(e) 0.2937 0.2937 0.2937
Fe(2) 16(d) g s s

N 16(c) 0 0 0

nitrides.'®162¢ Nonmolecular precursors,®?® such as high
surface area powders,% have also been used as an avenue
to metastable phases. Ternary transition-metal nitrides
have been synthesized by reacting a transition-metal
nitride with an alkali- or alkalne-earth metal under N, or
NH; yielding numerous alkali- or alkaline-earth-metal
containing nitrides,?’-38 for example, KTaN,,38 LisFeN,,19
or NaTaN,.1 Another approach for synthesizing alkali-
metal-containing ternary nitrides has been the use of mixed
metal precursors; for example, the ternary nitride LiMoN,
can be synthesized by reaction between LisMoQ, and NH;-
(8).%® We are currently investigating the use of transition-
metal molybdates as precursors toternary transition-metal
nitrides, an approach that has not been extensively
explored and that promises to lead to the discovery of a
large number of new ternary nitrides.

Inthisstudy, transition-metal molybdates FeMoQ,and
NiMoO, were used as precursors for ternary transition-
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Figure 2. Corner shared NMos octahedra of the Fe;MozN
structure.

Table II. Indexed Powder PRttern of FesMosN: a = 11.083

duhs dcalc hkl I/IO
6.395 6.395 111 <1
3.918 3.916 220 2
3.340 3.340 311 <1
2.769 2.769 400 10
2.541 2.541 331 19
2.261 2.261 422 45
2.131 2.132 511 100
1.957 1.958 440 36
1.845 1.846 442 6
1.669 1.669 622 4
1.552 1.551 5561 7
711
1.442 1.442 731 7
553
1.385 1.385 800 1
1.306 1.305 660 30
822
1.279 1.279 5565 7
1.212 1.2156 753 2
1.209 1.209 842 2
1.114 1.113 933 10
771

metalnitrides. Hydrated metal molybdates were prepared
by dropwise addition of 400 mL (0.25 M) of aqueous
solution of metal chloride, FeCl; (Cerac, 99.99% ) and NiCl,
(Cerac, 99.5%), to a 150-mL (0.55 M) solution of Nay-
MoO4(H50); (Aldrich). A solid product was isolated by
vacuum filtration and rinsed with two washings of water
followed by a single washing with ethanol. The solid was
air-dried overnight followed by a further drying at 150 °C
for 24 h. The products were a brown amorphous powder
(FeMoO,4 precursor) and a green amorphous powder
(NiMoOy precursor). Calcining the amorphous products
under nitrogen at 700 °C for 6 h yielded crystalline FeMoOQ,
(JCPDS Card 16,326) and NiMoOQ,4 (JCPDS Card 33,948).
The amorphous materials were used in the subsequent
synthesis of FesMozN and NizMosN.

The metal molybdate precursor was placed into an
alumina boat which was inserted into a quartz flow through
reactor located in a hinged tube furnace. The sample was
heated under flowing ammonia gas at 5 °C/min to 700 °C
for M = Ni or 800 °C for M = Fe. The samples were held
at the reaction temperature for 12 h and then quenched
to room temperature by turning off and opening the
furnace. FesMosN and NigMo;N can also be prepared
using forming gas (5% H./95% Ns) instead of ammonia
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Figure 3. Fe[MogFes] polyhedra of the Fe;Mo;N structure.
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Figure 4. Powder X-ray diffraction pattern of Ni;MosN.

under the same reaction conditions. This allowed us to
follow the weight loss in a TGA, which was consistent with
the formation of FesMoszN and NisMosN. The results of
C, H, N combustion analysis (Oneida Ny; = 2.81 wt %,
Nr.=3.1wt %) were in good agreement with the nitrogen
content predicted from the TGA. The metal ratio for
FesMosN was determined using EDS on a JEOL JSM
6400 scanning electron microscope collected by a Noran
Z-max windowless detector with quantification performed
using virtual standards on associated Voyager software.
The sample was found to contain molybdenum and iron
inamolar ratio of 52:47 (£3%). Observation of the nitride
by SEM showed it to be a highly porous submicron (<1
pm) powder. The metal content of NizMosN was deter-
mined by elemental analysis (Oneida) and was found to
contain a nickel to molybdenum ratio of 49:50. Further
characterization of the products was carried out by X-ray
powder diffraction using a Rigaku RU300 diffractometer
with Cu K« radiation (A = 1.541 84 A). NBS silicon was
used as a standard for accurate peak positions.
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Table III. Indexed Powder Pattern of NizMo3zN: a = 6.635
A, b=6668A4,¢c=65734A

dohs dcalc hkl II'IO
3.843 3.842 111 4
2977 2.973 210 8
2.715 2.713 211 4
2.215 2.214 122 100
2.101 2.099 301 58
2.066 2.081 103 14
2.003 2.007 311 26
1.917 1.912 222 3
1.789 1.787 231 6
1.775 1.774 312 7
1.565 1.568 033 10
1.485 1.485 402 8
1.450 1.451 412 2
1.416 1.412 233 5
1.357 1.357 422 3
1.327 1.327 500 6
1.302 1.301 501 21
1.277 1.275 333 5
1.233 1.234 432 3
1.212 1.212 521 16

The X-ray powder diffraction pattern of FesMosN was
indexed for a cubic structure, a = 11.083 A. The pattern
is similar to that of the cubic eta carbide n-FesW3C.40-42
Rietveld refinement in the space group Fd3m of the X-ray
data resulted in the atomic positions shown in Table I
with R, = 6.6% and Ry, = 9.9% confirming the n-carbide
structure. The data, fit, and residuals for FesMozN are
shown in Figure 1, and the observed and calculated d
spacings as well as the indexing are listed in Table II.

The structure consists of NMog octahedra that are corner
shared, with the iron atoms occupying the sites between
the octahedra (Figure 2). The iron atoms are located in
12-fold, pseudo-icosahedral coordination, surrounded by
six molybdenum and six from iron atoms, or four mo-
lybdenum, two nitrogen, and six iron atoms to give Fe-
[MogFeg] and Fe[MogFe Ns] (Figure 3). NisMosN, unlike
FesMosN, does not have the n-carbide structure. The
X-ray powder diffraction pattern of NizMosN (Figure 4)
is consistent with a new orthorhombic phase, a = 6.635 A,
b=6.668 A, and ¢ =6.573 A. The observed and calculated
d spacings as well as the indexing are listed in Table III.

We are currently investigating the magnetic and elec-
tronic properties of the iron and nickel molybdenum
nitrides, as well as pursuing the formation of other
transition metal nitrides from molybdate precursors.
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