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A new family of bimetallic oxynitride compounds, MI–MII–O–N
(MI, MII=Mo, W, V, Nb, Cr, Mn, and Co), has been synthesized
by nitriding bimetallic oxide precursors with ammonia gas via a
temperature programmed reaction. The oxide precursors are pre-
pared by conventional solid state reaction between two appropri-
ate monometallic oxides. The synthesis involves passing NH3 gas
over the oxide precursors at a flow rate of 6.80× 102 µmol s−1

(1000 cm3/min) and raising the temperature at a heating rate of
8.3× 10−2 K s−1 (5 K/min) to a final temperature (Tf) which is
held constant for a short period of time (thold). The oxynitrides thus
obtained are pyrophoric and need to be passivated before exposing
them to air. All these new bimetallic oxynitrides have a face centered
cubic crystal structure and high values of surface area. The surface
reactivation and the thermal stability of the materials are studied
by temperature programmed reduction and this indicates that the
compounds can be divided into three groups of different reducibility
(high, medium, and low). Their surface activity and surface area are
evaluated based on CO chemisorption and N2 physisorption mea-
surements. It is found that the chemisorbed CO number density cor-
relates with the reducibility of the compounds. c© 1998 Academic Press

INTRODUCTION

Transition metal nitrides are important technological ma-
terials. In general they have physical properties character-
istic of refractory ceramics, with very high melting points,
hardness, and tensile strengths. At the same time, they dis-
play electronic and magnetic properties resembling those of
metals, such as electrical conductivity, Hall coefficient, mag-
netic susceptibility, and heat capacity (1, 2). Their extreme
hardness and excellent corrosion resistance make them suit-
able as cutting tools, wear-resistant parts, and hard coatings
(3–8). Their metallic properties, sometimes combined with
refractory characteristics, make them useful as electronic
and magnetic components (9–18) and as superconductors
(19–25).

1 To whom correspondence should be addressed.

Transition metal nitrides have also received considerable
attention as catalysts. There are many studies of their appli-
cation in ammonia synthesis (26–28), Fischer–Tropsch re-
action (29–33), hydrogenation (34–37), oxidation (38, 39),
hydrodenitrogenation (HDN) and hydrodesulfurization
(HDS) (40–44). Their activities resemble those of the no-
ble Group 8–10 metals (Pt, Pd, Rh, etc.), and in some cases
they have superior selectivity, stability, and resistance to
poisoning (27, 34, 41–46).

Monometallic nitrides have been investigated exten-
sively since the 1950s and 1960s (1, 47). Studies reveal that
their phases can exist over broad composition ranges with
appreciable vacancy concentrations and that their physical
properties are quite sensitive to composition. Changes in
valence electron numbers are probably a major cause of
the composition sensitivity. We anticipate that partial ex-
change of nitrogen by oxygen, and at the same time, partial
substitution of one transition metal by another could sub-
stantially alter the properties of the compounds.

Compared to the monometallic nitrides, relatively few
transition metal bimetallic nitrides have been synthesized
and fully characterized (48, 49). It is known that oxygen
atoms can substitute for nitrogen atoms in monometallic
nitrides due to the similarity in their radius (50, 51). How-
ever, the literature on the subject is scarce. No study on the
synthesis and characterization of bimetallic oxynitrides of
purely transition metals has ever been reported prior to our
studies (52–54).

For catalytic applications it is critical for a material to
have high specific surface area (Sg). Conventional powder
metallurgy methods such as direct nitridation of metal pow-
ders do not yield high surface area products because of the
elevated temperatures necessary for reaction. Nitride pow-
ders with very small particle size and high Sg values can
be prepared through vapor phase processes. However, such
processes produce only very low product yields. In the early
1980s a new preparation method, referred to as tempera-
ture programmed reaction, was developed which produces
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carbides and nitrides with high specific surface areas
(46, 55). In nitride preparation, the method involves plac-
ing an oxide precursor in a flowing ammonia stream while
raising the temperature in a controlled manner. γ -Mo2N
with surface area as high as 220 m2/g has been so prepared
(46).

In the current investigation, the temperature progra-
mmed reaction technique is applied to bimetallic oxide
precursors, prepared by solid state reaction. The bimetal-
lic nitride products are surface active. They all adopt face
centered cubic (fcc) crystal structure and have high surface
area. In this paper, we will present detailed synthesis proce-
dures and characterization results of these new materials.
The catalytic application of these new oxynitrides are re-
ported in a companion paper.

EXPERIMENTAL

Materials used in the current investigation were molyb-
denum (VI) oxide (MoO3, 99.95%, Johnson Matthey),
tungsten (VI) oxide (WO3, 99.8%, Johnson Matthey), vana-
dium (V) oxide (V2O5, 99.9%, Johnson Matthey), niobium
(V) oxide (Nb2O5, 99.9%, Johnson Matthey), chromium
(III) oxide (Cr2O3, 98%, Aldrich), manganese (II, III) ox-
ide (Mn3O4, Mn 71%, Johnson Matthey), cobalt (II) acetate
(CoC2H6O4 · 4H2O, Co 23.6%, Aldrich), and cobalt (II, III)
oxide (Co3O4, Co 72%, Aldrich). The gases employed were
NH3 (Linde Anhydrous Grade, 99.99%), He (Linde UHP
Grade, 99.999%), CO (Linde Research Grade, 99.97%) and
0.5% O2/He (Linde UHP Grade).

Synthesis

Bimetallic oxide precursors were prepared by the solid
state reaction of two monometallic oxides. In all cases one
of the oxides was MoO3 or WO3. The two monometallic
oxides, at a prechosen metal ratio, were thoroughly in-
termixed by grinding, pelletized, and fired in air at var-

TABLE 1

Preparation Conditions for Bimetallic Oxides and Oxynitrides

Synthesis of oxides Synthesis of oxynitrides

System Starting Metal ratio Firing temp. Time hold Final temp. Time hold
(MI–MII) materials (MI : MII) (TMAX) at TMAX (TMAX) at TMAX (thold)

V–Mo V2O5–MoO3 2 : 1 948 K 6 h 1037 K 30 min
Nb–Mo Nb2O5–MoO3 2 : 3 1058 K 6 h 1063 K 20 min
Cr–Mo Cr2O3–MoO3 1 : 1 1058 K 6 h 1013 K 20 min
Mn–Mo Mn3O4–MoO3 1 : 1 1013 K 6 h 935 K 36 min
Co–Mo CoC2H6O4–MoO3 1 : 1 1058 K 6 h 892 K 20 min
Nb–W Nb2O5–WO3 2 : 3 1323 K 6 h 1113 K 24 min
V–W V2O5–WO3 1 : 1 1323 K 6 h 1009 K 110 min
Mo–W MoO3–WO3 1 : 1 1058 K 6 h 991 K 20 min
Co–W Co3O4–WO3 1 : 1 1370 K 6 h 1063 K 24 min

ious final temperatures (Table 1) for 6 h. The tempera-
tures were chosen so that complete reaction of the con-
stituent oxides occurred, as verified by X-ray diffraction.
After firing, the solid products were pulverized into fine
powders. The bimetallic oxide powders synthesized were
individually transferred to a quartz reactor, which was
placed inside a tubular resistance furnace, whose tempera-
ture was raised at a linear rate of 8.3× 10−2 K s−1 (5 K/min)
to a final setting (Tf) which was held for a period of time
(thold). An ammonia gas stream was passed through the ox-
ide powders during the reaction at a flow rate of 6.80×
102µmol s−1 (1000 cm3/min). Table 1 summarizes the syn-
thesis conditions to produce a pure phase for both
bimetallic oxides and bimetallic oxynitrides. Each material
required different conditions, and these were found by care-
ful variation of the synthesis parameters (time and temper-
ature). After the temperature programmed reaction, the
oxynitride samples were passivated at room temperature,
using a gas mixture containing 0.5% O2 in He at a flow rate
of 24 µmol s−1 (35 cm3/min). The time of passivation was
set to 3 h per gram of starting bimetallic oxide used.

Characterization

Both bimetallic oxides and bimetallic oxynitrides was
analyzed by X-ray diffraction (XRD), using a Siemens
Model D 500 diffractometer with a CuKα monochroma-
tized radiation source for phase identification. The bimetal-
lic oxynitrides were also characterized by inductively cou-
pled plasma (ICP) for elemental composition.

In addition, the oxynitride samples were character-
ized by a series of measurements consisting of an initial
temperature programmed reduction (TPR) to 738 K, CO
chemisorption, N2 physisorption, and a final TPR to 1373 K.
This sequence was employed to study the reactivation pro-
cess, to measure the surface activity and surface area, and
to evaluate the thermal stability of the compounds under a
reductive environment.
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Approximately 0.2 g bimetallic oxynitride samples were
loaded into a quartz microreactor, which was then placed
inside the tubular resistance furnace. A 10% H2 in He
gas mixture was passed through the sample at a rate of
20 µmol s−1 (30 cm3/min). The temperature was increased
at a linear rate of 0.16 K s−1 (10 K/min) to 738 K, where it
was held for 2 h. The temperature of the sample was mea-
sured through a chromel–alumel thermocouple placed in
the center of the reactor bed. During the TPR process, the
effluent gas stream was sampled into a mass spectrometer
(Ametek/Dycor Model MA100) chamber through a vari-
able leak valve (Granville Phillips Model 203). A computer
(Thoroughbred, 80386SX-16) recorded the mass signals of
the effluent gas and the sample temperatures through a
RS232 interface. At the end of the TPR process, the H2/He
gas mixture was switched to pure He, and the samples
were brought to room temperature for CO chemisorption
measurements.

CO chemisorption was used to titrate the surface metal
atoms in the sample. After the 2-h reduction described
above, pulses of CO gas were introduced through a sam-
pling valve with the He carrier gas stream passing over the
samples. The total uptake was calculated by referring the
areas under the CO mass signal (28) peaks to the known
quantity of 12 µmol CO for a single peak.

Surface areas were determined immediately after the CO
uptake measurements by a similar flow technique using a
30% N2 in He gas mixture passed over the samples main-
tained at liquid nitrogen temperature. The amount of phy-
sisorbed N2 was obtained by comparing the area of the
desorption peaks to the area of calibrated N2 pulses contain-
ing 38 µmol N2/pulse. The surface area was then calculated
from the single point BET equation.

The final TPR to 1373 K was carried out, in the same
manner as the initial TPR, on the same samples which had
undergone CO chemisorption. During the TPR process, the
mass signals of the effluent gases as well as the sample tem-
perature were again recorded.

RESULTS

Figures 1a–i are the XRD patterns of the bimetallic ox-
ides prepared by solid state reaction. The prominent fea-
tures of each product’s XRD pattern, i.e. peak position and
intensity, do not match those of the parent oxides, nor their
reduced forms. The results suggest that at least the major
phases of the products are true bimetallic oxides, instead of
mechanical mixtures of the starting oxides. The XRD pat-
terns of bimetallic oxynitrides, prepared by temperature
programmed reaction, are shown in Figs. 2a–i. The results
indicate, interestingly, that all the oxynitrides thus synthe-
sized have a face-centered cubic (fcc) metallic arrangement.
The XRD peak d-spacings and their indexing are listed in
Table 2. Furthermore, the broadening of the XRD peaks

FIG. 1. XRD patterns of bimetallic oxides.

indicates that these oxynitrides have very small crystallite
sizes, which in turn suggests high surface areas in these
materials. The elemental analysis results are presented in
Table 3.

Table 4 summarizes the CO uptakes, surface areas, and
the active site density of the oxynitrides, together with their

TABLE 2

XRD Peak d-Spacing and Indexing of Bimetallic Oxynitrides

Indexing (111) (200) (220) (311) (222)

Compounds d-spacing/nm ao/nm

V–Mo–O–N 0.238 0.206 0.146 0.124 0.119 0.413
Nb–Mo–O–N 0.245 0.211 0.150 0.127 0.122 0.423
Cr–Mo–O–N 0.238 0.206 0.146 0.125 0.119 0.413
Mn–Mo–O–N 0.252 0.218 0.154 — — 0.436
Co–Mo–O–N 0.243 0.210 0.149 — — 0.420
Nb–W–O–N 0.241 0.209 0.148 0.126 — 0.418
V–W–O–N 0.239 0.206 0.146 0.125 0.120 0.414
Mo–W–O–N 0.240 0.207 0.147 0.125 — 0.416
Co–W–O–N 0.240 0.205 0.146 0.125 — 0.413
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TABLE 3

Molar Composition of Bimetallic Oxynitride MI
WMII

x OyNz

(from Elemental Analysis)

MI : MII

Sample (theoretical) V Nb Cr Mn Co Mo W O N

V–Mo–O–N 2 : 1 2.0 1.0 1.7 2.4
Nb–Mo–O–N 2 : 3 2.0 2.6 3.0 4.2
Cr–Mo–O–N 1 : 1 1.0 1.3 2.3 1.4
Mn–Mo–O–N 1 : 1 1.0 1.0 1.5 0.88
Co–Mo–O–N 1 : 1 1.0 1.0 1.6 0.79
Nb–W–O–N 2 : 3 2.0 2.8 4.6 5.1
V–W–O–N 1 : 1 1.0 1.4 2.7 2.5
Mo–W–O–N 1 : 1 1.0 1.0 2.4 2.1
Co–W–O–N 1 : 1 1.0 1.0 1.2 1.0

crystallite size and particle size. The crystallite size (Dc) was
calculated by the Scherrer equation (56), based on XRD
peak broadening. The particle size (Dp) was calculated from
the equation: Dp= 6/[Sgρ] (57), where ρ is taken to be
10.2 g cm−3 for Mo oxynitride compounds and 18.9 g cm−3

for W oxynitride compounds, assuming perfect rock salt
structures for these compounds.

Figures 3a–i are the TPR traces and the temperature pro-
files of the oxynitride surface reactivation process. The mass
signal 15 represents ammonia, while signals 18 and 28 rep-
resent water and nitrogen, respectively. It is interesting to
notice that, in all cases, the nitrogen peak appears earlier
than the ammonia peak. Generally, the nitrogen traces have
more features, showing a number of peaks. The water peak
always comes up the latest.

Figures 4a–i are the TPR traces of masses 12, 14, 16, 18,
and 44 versus temperature for the samples exposed to CO.
The heating rate was 0.17 K s−1 (10 K/min) in all cases. The
signals at 12, 14, 18, and 44 represent carbon monoxide,
nitrogen, water, and carbon dioxide, respectively, while
the signal at 16 can be attributed to both ammonia and

TABLE 4

Characteristics of Bimetallic Oxynitrides

Reducibility CO uptake Surface area Site density Particle size Crystallite size
Compounds (from TPR) (µmol g−1) (Sg m2 g−1) (×1015 cm−2) Dp (nm) Dc (nm)

V–Mo–O–N High 167 74 0.14 H 7.9 11
Cr–Mo–O–N High 163 90 0.11 H 6.6 3.9
Co–Mo–O–N High 186 103 0.11 H 5.7 4.5
Mo–W–O–N Mod 59.8 118 0.031 M 5.0 6.5
Nb–W–O–N Mod 32.7 81 0.024 M 3.9 5.2
Co–W–O–N Mod 12.5 45 0.017 M 7.1 3.8
Mn–Mo–O–N Mod 10.6 37 0.017 M 15.8 3.5
V–W–O–N Low 9.67 62 0.0094 L 5.1 6.7
Nb–Mo–O–N Low 11.2 121 0.0056 L 4.9 5.3

Note. Dp= 6/Sgρ; ρMo= 10.2 g cm−3; ρW= 18.9 g cm−3; Dc=Kλ/β cos θ ; β2=B2 − b2=B2 − 0.12; H=High; M=Mod; L=Low.

FIG. 2. XRD patterns of bimetallic oxynitrides.

methane. The TPR process of the CO adsorbed samples can
be roughly divided into three regions: (1) the low temper-
ature desorption region (room temperature up to 700 K),
where the adsorbed CO comes off the sample surface in
the forms of CO, CO2, or CH4; (2) the middle temperature
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FIG. 3. TPR traces and temperature profiles of oxynitride surface reactivation.



  

FIG. 4. TPR traces of oxynitride sample after CO adsorption.
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FIG. 5. XRD patterns of (a) V–Mo–O–N after TPR to 1373 K,
(b) V–Mo–O–N, (c) V2O3, and (d) Mo metal.

reduction region (700 K to 1050 K), where the oxynitrides
are reduced by hydrogen as indicated by the formation of
ammonia and water; (3) the high temperature destruction
region (above 1050 K), where the final decomposition of the
sample starts to occur. This is indicated by the high intensity
nitrogen signals (in most cases appearing as sharp peaks),
as well as the high intensity water signals. As an example,
the XRD analysis of V–Mo–O–N after heating to 1373 K in
H2 shows mostly metallic Mo, some remnant V–Mo–O–N
phase, and a small amount of V2O3 (Fig. 5).

DISCUSSION

All the oxynitrides reported here have a similar five-
peak XRD pattern (four are visible in the scale presented),
which is consistent with a rock salt crystal structure (B1
structure space group Fm3m), where the metal atoms are
found in a face-centered cubic (fcc) arrangement and N
or O fill every octahedral interstitial position (58). For
bimetallic nitrides this type of structure is unreported, as
indicated in a recent comprehensive review (59), and the
compounds may be considered to constitute a new class of
materials. Comparison of the bimetallic compounds to the
monometallic compounds shows considerable differences.
Mo2N and W2N have the L ′3 structure with a face-centered

cubic metallic lattice but with N filling only half of the avail-
able octahedral holes (60). Cr2N has a hexagonal closed
packed (hcp) structure, Mn4N has a perovskite structure,
and Co2N has an orthorhombic structure (61). Only VN
and NbN have the rock-salt structure. It is highly unlikely
that the bimetallic compounds are physical mixtures of the
monometallic compounds. First, all of the members of the
series give the same XRD pattern, irrespective of the con-
stituents. A careful study of the V–Mo–O–N system reveals
that the temperature-programmed reduction of the mixed
compounds is different from those of the pure Mo2N and
VN phases (62), suggesting that the V–Mo oxynitride is a
true compound. Furthermore, near edge X-ray absorption
fine structure (NEXAFS) studies of the Nb–Mo and V–Mo
(63, 64) systems show that the electronic structure of the
mixed compounds is unique and not a superposition of the
single compounds. The results are consistent with the metal-
lic components being thoroughly intermixed in a random
solution manner.

The elemental analysis results (Table 2) confirm the
presence of both transition metals close to the ratios ex-
pected from the initial oxide compositions. The slight devi-
ations observed (Nb–Mo, Cr–Mo, Nb–W, V–W) occur with
the highest synthesis temperatures and are consistent with
volatilization of the lower melting point oxide.

The elemental analysis results also show a substantial
excess of the nonmetallic components (O, N) over that
expected for the rock-salt structure. Part of the discrep-
ancy is due to the inherent nature of these interstitial com-
pounds to form considerable metal vacancies, depending
on the preparation or heat treatment conditions. Actually
both metal and nonmetal vacancies are common. For ex-
ample, titanium oxide is found with compositions ranging
from TiO0.64 (36% O vacancies) to TiO1.26 (21% Ti vacan-
cies) (61). Similarly, titanium nitride exists in a range from
TiN0.42 (58% N vacancies) to TiN1.16 (14% Ti vacancies)
(47). However, in the case of the present compounds, it is
likely that the nonstoichiometry as manifested by excess
oxygen is also due to the presence of a thin surface oxide
layer from the passivation process. Because of the small
crystallite size of the materials, to be discussed later, the
surface contribution is substantial and can amount to at
least 25% of the atomic composition. This can be estimated
(Fig. 6) simply by taking a typical crystallite in the shape
of a cube of 5-nm side dimension (Table 4). Since the typ-
ical fcc conventional unit cell is approximately 0.4 nm in
size (Table 2), this places 5/0.4= 12 unit cells per edge, or
12× 12 per face and 12× 12× 12 per volume. Since an fcc
unit cell has four atoms in total and two on each face, the
total atoms in the crystallite is 4× 12× 12× 12, while the
total atoms on the surface is 2× 6× 12× 12. This gives a
surface to volume atomic ratio of 1 : 4 or 25%.

The initial temperature-programmed reduction to 738 K
in 10% H2/He sequentially produces N2, NH3, and H2O. The
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FIG. 6. Calculation of surface to volume ratio in a 5 nm cubic crystal-
lite.

treatment is evidently reducing the surface. The appearance
of N2 and NH3 before H2O suggests that oxygen is held
more tightly than nitrogen. The samples can be categorized
according to the peak shapes of the H2O production traces.
For a first group of compounds, V–Mo–O–N, Cr–Mo–O–N,
and Co–Mo–O–N, H2O appears in two peaks, one at a lower
temperature and the other at a higher temperature (the
V–Mo–O–N shows a smaller low-temperature feature). For
a second group of samples, Mn–Mo–O–N, Nb–W–O–N,
Mo–W–O–N, and Co–W–O–N, H2O is in the form of broad
peaks that appear just as the temperature program reaches
its maximum of 738 K. Finally, for a third group of com-
pounds, Nb–Mo–O–N and V–W–O–N, the H2O peaks are
relatively narrow and appear after the longest reduction
times. Clearly, the ease of reduction is decreasing in going
from the first group to the last. This has been indicated in
column 2 of Table 4. Examination of the elements comp-
rising the three groups shows that, in general, the order
of reducibility is Mo>W and V>Nb. In essence this fol-
lows the trend for transition metals, first row> second
row> third row.

CO chemisorption can be used to titrate accessible sur-
face metal atoms in the materials (63, 64). The CO uptakes
of the current samples range from low (9.67 µmol g−1) to
moderate (186 µmol g−1). Normally for metals and metal
alloys the surface site density is ∼1× 1015 cm−2 (65). The
values obtained in this study are in the range 0.01–0.10×
1015 cm−2, indicating 1–10% of the metal atoms are
chemisorbing CO. These values are consistent with previ-
ously reported quantities for carbides and nitrides (62, 65).
It is likely that the initial 2-h reduction to 738 K is not able
to remove all the N and O species from the surface which
block CO chemisorption (67). This may be partially the case
because N and O can be replenished from the bulk. These
species are known to be mobile in the subsurface at these
temperatures (37). The amount of CO chemisorbed on
the oxynitride surface is found to track closely with the
surface reducibility of the compounds (Table 4, column 5).
This is reasonable, since more chemisorption sites are likely
to be opened up for the more reducible compounds.

The unusually broad XRD peaks indicate finely divided
substances, which in turn suggest high surface area. This is
confirmed by the results that all the oxynitride samples ob-
tained in this study have high surface area, from 37 m2 g−1 up
to 121 m2 g−1. Moreover, the crystallite size (Dc), calculated
by the Scherrer equation (56) based on XRD peak broad-
ening, indicates dimensions of the order 3 to 11 nm. The
particle size (Dp), calculated from the surface area of the
material (57), indicates dimensions of the order 4 to 16 nm.
Thus, there is good agreement between Dp and Dc.

The final temperature-programmed reduction to 1373 K
shows decomposition of the compounds at temperatures
well above those used in the reactivation pretreatment. This
indicates that the samples are stable to reduction at moder-
ate conditions. Those conditions are the ones encountered
during actual application.

CONCLUSIONS

A new catalyst series, MI–MII–O–N (MI, MII = Mo, W, V,
Nb, Cr, Mn, and Co), has been prepared by a temperature-
programmed reaction process. The temperatures required
for the synthesis are moderate (<1120 K), the cycles are
short (moderate heating rate and holding times), and the
parameters are easy to control. The oxide precursors used
for making these oxynitrides are prepared by conventional
solid state reaction using common starting materials.

All the oxynitrides synthesized have face centered cubic
(fcc) structure and high surface area (37–121 m2/g). The CO
uptakes of the samples range from low (9.67 µmol g−1) to
moderate (186 µmol g−1). The amount of CO chemisorbed
is found to relate closely with the surface reducibility of
the compounds. The high temperature TPR measurements
indicate that the compounds are stable at moderate tem-
perature in reductive environments. Their active surface
combined with high surface area make these new materials
very interesting candidates as catalysts.
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