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Synthesis and characterization of new bimetallic 
transition metal oxynitrides: IVi -IVI.-O-N 

IVi. = V, Mo, W a n d  Nb) 

C. C. YU, S. T. O Y A M A  
Department of Chemical Engineering, Virginia Tech. Blacksburg, VA 24061 USA 

A new class of materials, M~-MII-O-N (where M~, ML, = V, Me, W, and Nb), has been 
synthesized by nitriding bimetallic oxide precursors with ammonia gas via a temperature 
programmed reaction. The oxide precursors are prepared by conventional solid state 
reaction between two appropriate monometallic oxides. The synthesis of the oxynitrides 
involves passing N H3 gas over the oxide precursors at a f low rate of 6.80 x 102 ~tmol s-1 (1000 
cm3min-1), and raising the temperature at a rate of 8.3 x 10-2Ks -1 (5Kmin -~) to a finaJ 
temperature which is held constant for a short period of time. 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 (f.c.c.) metal arrangement and high values 
of surface area. Their surface activity is assessed from their ability to chemisorb CO. 

1. Introduction 
Nitride formation is common to most transition ele- 
ments. Many compositional and structural forms 
exist, with many transition elements forming several 
different nitride phases. In many of these compounds, 
nitrogen atoms occupy interstitial lattice sites because 
they are smaller than the metal atoms [1]. For this 
reason, they are often referred to as interstitial com- 
pounds. Transition metal nitrides are of technological 
importance. They have extreme hardness, excellent 
corrosion resistance and high temperature stability 
and have thus found applications as cutting tools, 
wear-resistant parts and hard coatings [2-8]. They 
also possess electronic and magnetic properties that 
make them useful as electronic and magnetic compo- 
nents [9-18] and as superconductors [19-25]. In the 
1980s, transition metal nitrides attracted considerable 
attention as catalysts due to their similarity to the 
noble Group VIII metals (Pt, Pd, Rh, etc.) in activity, 
and in some cases, their superior selectivity, stability 
and resistance to poisoning [26-32]. 

Although monometallic nitrides have been the ob- 
ject of considerable studies [1, 33], bimetallic nitrides 
have attracted only limited attention [5, 34, 35]. Sim- 
ilarly, the literature on oxynitrides has been scarce. It 
has been known that oxygen atoms can substitute 
nitrogen atoms in monometallic nitrides due to the 
similarity in their radius [36, 37]. However, recent 
years have seen considerable progress in the synthesis 
of bimetallic nitrides and oxynitrides [5, 35, 38]. 
Examples are compounds like LiMoN2 [39], Li3FeN2 
[40], CaCrN3 [41], and LaTaONa [42], which are 
formed from combinations of transition metals with 
alkali, alkaline earth, and lanthanide elements. 
A number of bimetallic compounds with only 
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transition metals also have been reported. Among 
these are NbCrN [43], CuWN2 [44], FeWN2 [45], 
Fe3Mo3N and Ni3Mo3N [46]. The oxynitrides pre- 
pared here are related to CuWN2 and FeWN2 in that 
they have high concentrations of the non-metal ele- 
ments, but have cubic instead of hexagonal structure. 

The bonding in bimetallic nitrides and oxynitrides 
containing electropositive elements is mostly ionic, 
but can be partly covalent or metallic. For example, in 
the Ca3MN series, the compounds can be insulators 
(M = As or P), semiconductors (M = Bi, Sb) or con- 
ductors (M = Pb, Sn, Ge) depending on the filling of 
the sp bands [47]. Their ionic character and their 
limiting compositions can be described by the normal 
rules of valency ( - 2 for O, - 3 for N) [45]. This is 
not the case for the compounds of exclusively 
transition metals, which are mostly metallic in nature. 
As with the binary transition metal compounds, cohe- 
sive strengths are dominated by metal metal bonding 
[48]. In many of the compounds, the N and O atoms 
are found in interstitial lattice positions in between the 
metal atoms. For this reason their phases can exist 
over broad composition ranges with appreciable va- 
cancy concentrations (both metal and non-metal) and 
their physical properties are quite sensitive to com- 
position. For example, titanium oxide exists between 
the limits TIO0.64 (36% O vacancies) and TIO1.26 
(21% Ti vacancies) [49], while titanium nitride forms 
between the limits TiNo.42 (58% N vacancies)- 
TIN1.16 (14% Ti vacancies) [50]. At the stoichiometric 
composition TiO has 15% vacancies of each element 
and TiN has 4% vacancies of each. Changes in valence 
electron density are probably a major cause of the 
composition sensitivity of the properties. The ex- 
change of nitrogen by oxygen, and at the same time, 
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the partial substitution of one transition metal by 
another are expected to substantially alter the proper- 
ties of the compounds. 

The new bimetallic oxynitrides reported here were 
prepared by temperature programmed reaction 
(TPR), a technique developed in the last decade which 
produces nitrides with high specific surface areas [-29, 
51]. The current TPR approach involves placing a bi- 
metallic oxide precursor in a flowing ammonia stream 
while raising the temperature in a controlled manner. 
The bimetallic oxide precursors were prepared by the 
solid state reaction of two monometallic oxides. 

2. Experimental procedure 
2.1. Materials 
Materials used in the current investigation were mol- 
ybdenum (VI) oxide (MOO3, 99.95%), tungsten (VI) 
oxide (WO3, 99.8%), vanadium (V) oxide (V205, 
99.9%), and niobium (V) oxide (Nb2Os, 99.9%). The 
gases employed were NH3 (99.99%), He (99.999%), 
CO (99.97%) and 0.5% O2/He. 

2.2. Synthesis 
Bimetallic oxide precursors were prepared by the solid 
state reaction of two monometallic oxides. The two 
monometallic oxides, at a pre-chosen metal ratio 
(Table I), were first ground together using a mortar 
and pestle with added ethanol to achieve better disper- 
sion. They were then partially dried, and pressed at 
about 55.2 MPa in a 1.27 cm diameter hard steel die. 
Since the remaining ethanol in the mixture facilitated 
compacting, no binder was needed for pellet pressing. 
The oxide pellets were subsequently fired at high tem- 
perature for 6 h and were finally cooled to room tem- 
perature, and pulverized in preparation for the nitrid- 
ing step. The preparation conditions for the bimetallic 
oxides, including starting materials used, metal ratios 
chosen, and final firing temperatures, are summarized 
in Table I. 

Bimetallic oxynitrides were prepared by the temper- 
ature programmed reaction of the bimetallic oxides 
with ammonia. The bimetallic oxide powders syn- 
thesized, as described above, were transferred to 
a quartz reactor, which was placed inside a tubular 
resistance furnace (550W) controlled by a temper- 
ature programmer. An ammonia gas stream was 
passed through the oxide powders at a flow rate of 
6.80 x 10 2 lamol s- 1 (1000 cm 3 min- 1). The temper- 
ature was increased at a linear rate of 
8.3 x 10- 2 K s- 1 (5 K min- 1) to a final temperature 

TABLE I Preparation conditions for bimetallic oxides (MFMn-O) 

( r f )  which was held for a period of time (thola). The 
furnace was then removed to quench the samples and 
the flow of ammonia gas was switched to helium and 
maintained during the cooling process (15 min). After 
cooling, the pure He gas was switched to a gas mixture 
containing 0.5% 02 in He at a flow rate of 
24 gmol s- 1 (35 cm 3 min- 1) to passivate the samples. 
The time of passivation was set to 3 h per gram of 
starting bimetallic oxide used. The synthesis condi- 
tions of bimetallic oxynitrides, Tmax and thola, are listed 
in Table II. 

2.3. Characterization 
X-ray diffraction (XRD) analysis of both bimetallic 
oxides and bimetallic oxynitrides was carried out 
using a powder diffractometer with a CuK~ mono- 
chromatized radiation source), operated at 40 kV and 
30mA. The oxynitride samples were also character- 
ized by inductively coupled plasma (ICP) elemental 
analysis, CO chemisorption, and Nz physisorption. 

For CO chemisorption measurements, the pas- 
sivated oxynitrides were first reactivated at 738 K for 
2h under a reductive gas stream containing 10% 
HT90% He. At the end of the reactivation process, 
the H2/He gas mixture was switched to pure He, and 
the samples were brought to room temperature. After 
cooling, pulses of CO gas were introduced through 
a sampling valve with the He carrier gas stream pas- 
sing over the samples. The effluent gas stream was 
sampled into a mass spectrometer chamber through 
a variable leak valve. A computer recorded the mass 
signals of the effluent gas and the sample temperatures 
through a RS232 interface. The total uptake was cal- 
culated by referring the areas under the CO mass 
signal (28) peaks to the calibrated quantity of 
12.02~mol CO for a single peak. 

Surface areas were determined by a similar flow 
technique using a 30% N2 in He gas mixture passed 
over the samples maintained at liquid nitrogen 

TABLE II Synthesis conditions for bimetallic oxynitrides 
(MrMII-O-N)  

System Metal ratio Final temperature Time hold 
(MI Mn-O-N)  (MI: MII) (rf)  at Zt-(/hold) 

(K) (rain) 

V-Mo O - N  2:1 1037 30 
N b - M o - O - N  2:3 1063 20 
V W O-N 1:1 1009 110 
M o - W - O  N 1:1 991 20 
N b - W - O - N  2:3 11t3 24 

System Starting Metal ratio Firing temperature Time hold 
(MrMH-O) materials (MI:MI~) (Tmax) at Tmax 

(K) (h) 

V - M o - O  V2Os-MoO3 2:1 
N b - M o - O  Nb205 MoO3 2:3 
V - W - O  VaOs-WO3 1:1 
M o - W - O  MoO3-WO3 1 : 1 
N b - W - O  Nb2Os-WO3 2 : 3 

948 
1058 
1323 
1058 
1323 
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temperature. The amount of physisorbed N2 was ob- 
tained by comparing the area of the desorption peaks 
to the area of calibrated N2 pulses containing 
37.95 pmol Nz/pulse. The surface area was then cal- 
culated from the single point Brunauer-Emmett Tel- 
ler (BET) equation. 

3. Results and discussion 
3.1. Crystalline phases 
Fig. l(a-e) shows the XRD patterns of the ternary 
oxides after solid state reaction. For comparison, the 
XRD patterns of the starting monoxides are shown in 
Fig. 2(a-d). The prominent features 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 indicate that at least the major 
phases of the products are true bimetallic oxides, in- 
stead of mechanical mixtures of the starting oxides. 

Fig. 3(a-e) shows the XRD patterns of the oxynitr- 
ides prepared by the temperature programmed reac- 
tion. The XRD peak d-spacing and their indexing are 
listed in Table III. The results indicate, interestingly, 
that all the oxynitrides thus synthesized have face 
centered cubic (f.c.c.) metal arrangements. Further- 
more, the broadening of the XRD peaks indicates that 
these oxynitrides have very small crystallite sizes, 
which in turn suggests high surface areas in these 
materials. The small sharp feature in the Mo-W-O N 
sample (Fig. 3(d)) is due to a small amount of unreac- 
ted oxide. 

The five-peak pattern (four are visible in the scale 
presented) of the X-ray diffraction spectra (Fig. 3) of 
the oxynitrides is consistent with the rock salt crystal 
structure (space group Fm3m) where the metal atoms 
are placed in a f.c.c, arrangement and N or O fill 
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Figure i XRD patterns of bimetallic oxides (Mr-Mn-O). (a) 
V-Mo-O; (b) Nb-Mo-O; (c) V-W-O; (d) Me-W-O; (e) Nb-W-O. 
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Figure 2 XRD patterns of parent monometallic oxides. (a) V205; 
(b) Nb2Os; (c) MOO3; (d) WO3 

octahedral interstitial positions [52]. The fcc metallic 
arrangement is also found in molybdenum nitride 
(MozN) or oxycarbide (MoO=Cy), but these are mono- 
metallic compounds and the non-metallic elements fill 
only half of the available octahedral holes [53]. For 
bimetallic nitrides and oxynitrides this type of struc- 
ture is unreported, as indicated in a recent compre- 
hensive review [54]. Thus, the materials probably are 
a new composition of matter. 

3.2. Surface characteristics 
Chemisorption is perhaps the most widely used 
method for assessing the surface activity of a material. 
In the currently employed pulse technique, a precise 
amount (12.02 gmol) of CO gas was injected onto a He 
carrier gas stream which flowed over the reduced 
oxynitride. The unadsorbed adsorbate gas (CO) was 
detected by the mass spectrometer and recorded in the 
form of peaks. Pulses were repeated until successive 
peaks showed the same area, and the adsorption was 
complete. The difference between the area of these 
peaks and the previous peaks gave the irreversible 
uptake of the adsorbate gas by the material and was 
calculated by the equation 

naa~ = Znin3 [1 - (Ai /A~)]  (1) 

where nad~ is the total amount of gas adsorbed, ninj is 
the volume of the injected pulse ( = 12.02 l~mol), A~ is 
the area of the ith peak and As is the area of the peak at 
saturation. Fig. 4(a) shows the mass signal trace (M = 
28, CO) in the pulse CO chemisorption measurement 
of the Mo-W-O-N sample. Note the very small initial 
CO peak due to the almost total uptake of the first 
dose by the sample. 

Fig. 4(b) is the mass signal trace (M = 28, N2) in 
a single-point BET experiment of the Mo-W-O-N 
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TABLE I l l  XRD peak d-spacing and indexing of bimetallic oxynitrides M~-MH-O-N 

d-spacing Indexing 

V - M o - O - N  Nb-Mo-O N V - W - O - N  M o - W - O - N  N b - W - O - N  

2.38 2,45 2.39 2.40 2.42 111 
2.06 2,11 2,06 2.07 2.09 200 
,46 t,50 t.46 1.47 t,48 220 

1.24 t,27 1.25 1.25 t.26 311 
L19 1.22 1.20 - - 222 

j! (a) 
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Degree (20) 

Figure 3 XRD patterns of bimetallic oxynitrides (MrMn-O N). (a) 
V Mo-O-N; (b) Nb-Mo-O-N; (c) V-W-O-N; (d) Mo W-O-N; 
(e) Nb-W-O-N. 

sample. The measurement was carried out by flowing 
a 30% N e in He gas mixture over the sample. The 
small sharp peaks at the beginning and end of the 
experiment are N2 calibration peaks (A~). Adsorption 
commenced when the sample cell was immersed in 
liquid nitrogen, and the mass spectrometer recorded 
the decrease in N2 concentration in the gas stream as 
a negative peak (A~d~). Upon completion of adsorp- 
tion, the N2 signal returned to its original value and 
when the liquid nitrogen was removed, desorption 
occurred and was recorded as a positive peak (Aa~). 
The volume of N2 adsorbed or desorbed was cal- 
culated against the area of injected calibration pulses 
(A~). The surface area of the sample was determined by 
the equation 

Sg = nd~sNAA(l -- P/Po)/Wt (2) 

where Sg is the specific surface area in m 2 g-~, nd~s is 
the amount of nitrogen desorbed (pmol), NA is 
Avogadro's number, A is the area of one N2 molecule 
(16 x 10-Z~ P/Po is the partial pressure of N2 in 
the mixture gas and Wt  is the weight of the sample (g). 

Table IV summarizes the calculated CO uptake, 
surface area and the active site density of these oxy- 
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Figure 4 Mass signal (M = 28) trace of (a) CO chemisorption 
measurement on Mo-W-O-N; and (b) Nz physisorption measure- 
ment on Mo-W O-N. 

nitrides. All the samples have high surface area, from 
62m2g 1 up to 121m2g -1, consistent with the ob- 
served XRD peak broadening. The CO uptakes range 
from 9.67btmolg - t  to 167gmolg -~ 

The chemisorption of CO can be used to titrate 
accessible surface metal atoms in the materials 
[55,56]. Normally for metals and metal alloys the 
surface site density is ~ i  x I015cm -2 [57]. The 
values obtained in tlais study are in the range 
0.01-0.10 x 10t~cm-2, indicating that 1-10% of the 
;metal atoms are chemisorbing CO. These values are 
consistent with previously reported quantities for car- 
bides and nitrides [55, 58]. It is likely that the initial 
2-h reactivation at 738K does not remove all the 
N and O species from the surface, which thus btock 
CO chemisorption [59-61]. This may be exacerbated 
by replenishment of N and O from the bulk. These 
species are known to be mobile in the sub-surface at 
these temperatures [-62]. 

3.3.  B u l k  c h a r a c t e r i s t i c s  
Table V lists the elemental analysis data of the 
bimetallic oxynitrides prepared by the temperature 



T A B L E  IV Characteristics of bimetallic oxynitrides (MI-MII-O-N)  

Compounds CO uptake Surface area Site density Particle size" Crystalline size b 
(gmol gl ) (Sg m 2 g-  1 ) ( x 1015 cm-  2) Dp(nm) D~(nm) 

V - M o - O  N 167 74 0.14 7.9 l l  
N b - M o  O - N  11.2 121 0.0056 4.9 5.3 
V - W - O - N  9.67 62 0.0094 5.1 6.7 
M o - W - O - N  59.2 118 0.030 5.0 6.5 
N b - W  O - N  32.7 81 0.024 3.9 5.2 

"Dp = 6(Sgp) 0Mo = 10.2 gcm -2 Pw = 18.9 gcm -3. 
De = K/X [3cos0 [32 = B 2 - b 2 = B 2 - 0.12. 

T A B L E  V Molar composition of bimetallic oxynitrides 
(M]-MII-O-N) (from elemental analysis) 

Compounds V Nb Mo W O N 

V - M o - O  N 2.0 - 1.0 - 1.7 2.4 
N b - M o - O - N  2.0 2.6 3.0 4.2 
V - W - O  N 1.0 - - 1.4 2.7 2.5 
M o - W - O - N  - - 1.0 1.0 2.4 2.1 
N b - W - O  N - 2.0 - 2.8 4.5 5.1 

programmed reaction. For Nb-Mo and V-W systems, 
the metal ratio in the oxynitrides (Nb:Mo = 2.0: 
2.6 and V:W = 1.0:1.4) deviates from that of the 
starting conditions (Nb : Mo = 2.0 : 3.0 and 
V : W = 1.0: 1.0). This is probably caused by the subli- 
mation of MoO3 and V205 during the bimetallic 
oxide synthesis. 

The unusually broad diffraction peaks indicate 
a finely divided substance. Indeed, the crystallite size 
De, calculated by the Scherrer equation [63] suggests 
dimensions of the order 3 to 11 nm (Table III). This is 
confirmed by the high values of the surface area, Sg. 
The particle size can be calculated from the equation 

Dp = 6/(Sg9) [64] (3) 

where p is taken to be 10.24 g cm-3 for Mo oxynitride 
compounds and 18.9gcm -3 for W oxynitride com- 
pounds, assuming perfect rock salt structures for these 
compounds. There is good agreement between Dp and 
Do, indicating that the particles are not polycrystalline 
aggregates. 

4. C o n c l u s i o n s  
A new class of materials, Mr-Mjr-O-N (where MI, 
MI1 = V, Mo, W and Nb), have been synthesized by 
a temperature programmed reaction process. All these 
new bimetallic oxynitrides adopt a f.c.c, metal ar- 
rangement. They are surface active (CO chemisorp- 
tion ranging from 9.67 gmol g -  1 to 167 gmol g-  1), and 
have high surface area (62 ~ 121m 2 g-i).  Their sur- 
face activity combined with high surface area make 
them very interesting materials with potential applica- 
tion as catalysts and ceramic precursors. The oxynitr- 
ide synthesis temperatures are moderate ( < 1120 K), 
the cycles are short (moderate heating rate and hold- 
ing times), and the parameters are easy to control. The 
oxide precursors used for the oxynitride synthesis are 
prepared by conventional solid state reaction using 
common starting materials. 
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