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Fine vanadium nitride powders (particle size 11 nm) have been prepared by temperature programmed 
reduction and nitridation of V205 by gaseous ammonia. The reaction was followed by monitoring gas 
phase reaction products by on-line mass spectroscopy. X-ray diffraction and elemental analysis were 
used to identify various solid-state reaction intermediates, V60u, V,04, VOr , V,OJ, and VO, and to 
establish that the final reaction step was the nitridation of VO to VN. Heating rate had a substantial 
effect on product specific surface area and a rate of 0.083 K set-’ resulted in an optimal value of 90 
m*gg I. The activation energy for nitridation was not constant, but rose from 203 to 243 kJ mol-’ as the 
extent of reaction increased from 0.25 to 0.75. The transformation was limited by the bulk diffusion of 
oxygen and nitrogen and not by a surface process. o 1992 Academic PXSS, IIIC. 

Introduction 

Transition metal carbides and nitrides 
combine extreme hardness and strength 
with high melting points (1). Their applica- 
tions are varied, ranging from cutting tools 
and structural materials (2, 3) to magnetic 
and electronic components (4,5), supercon- 
ductive devices (6-8), and catalysts (9-11). 
For processing of advanced ceramics the 
particle size of the starting powder is an 
important parameter (7, 22). Small particle 
sizes provide ductility through differential 
creep mechanisms (13, 14) and allow for 
greater densification because of the depen- 
dence of sintering on the inverse fourth 
power of particle size (15). Because of this, 
interest in synthesis of high surface area ma- 
terials has grown in recent years. 

’ To whom correspondence should be addressed. 

In the field of catalysis carbides and ni- 
trides have attracted attention because of 
advantages in activity, stability, selectivity, 
and resistance to poisoning over the parent 
transition element (10,16-Z@. The catalytic 
behavior of the compounds resembles those 
of the noble Group VIII metals (Pt, Pd, Rh, 
etc.), (9,10,16), thus offering an economical 
substitute for these rare and expensive met- 
als. For effective use, a substantial exposure 
of the catalytic material to the reactive 
medium is required, and therefore, it is 
important to have high specific surface 
area, S . 

Sign&cant progress towards preparation 
of these materials with high S, was made 
with a temperature-programmed method of 
synthesis (19). A lot of work has been done 
in the synthesis and characterization of 
these compounds, with focus on MO& 
(17, 20-23, 30), Mo2N (21, 24, 30), and 
WC (20, 30). 
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This paper deals with the synthesis of VN. 
Vanadium nitride exists in two crystalline 
forms, &VN (Bl cubic) and P-V2N (hcp), 
over a wide range spanning VN,.,-VN,,,,, 
(25). Conventional isothermal preparation 
of &VN involves heating NH,V03 in flow- 
ing dry NH, at 1373 K (26), to produce a 
nitride of low S,, 0.32 m2 gg’ (27, 28). 

We have prepared high S, (90 m2 g-i) 
&VN powders by temperature-programmed 
reaction (TPR), a technique in which a V,O, 
precursor is reduced and nitrided by reac- 
tion with NH, gas, while the temperature is 
progressively raised (19). Initial results with 
the TPR method produced a VN of 38 m2 
g-l (29). This paper investigates the solid- 
state transformation of V,O, to VN by fol- 
lowing the progress of synthesis by on-line 
mass-spectrometry. X-ray diffraction 
(XRD) and gas adsorption techniques are 
used to characterize the intermediates and 
products. 

Experimental 

The gases employed in this study were 
NH3 (Linde Anhydrous Grade, 99.99%)) He 
(Linde UHP Grade, 99.999%), 0.5% O,/He 
(Linde UHP Grade), 20% CH,/H2 (Linde 
UHP Grade), and H, (Linde UHP Grade, 
99.999%). The chemicals used were V20s 
(Aesar, 99.9%) and MOO, (Aldrich, 99.5%). 
The chemicals used for analytical reference 
were V,0,3 (Alfa, 99.5%), VO, (Alfa, 99%), 
V204 (Alfa), V,O, (Alfa), VO (Alfa, 99.5%), 
VN (Alfa 99.5%), and V (Alfa, 99.5%). All 
reagents were used as received. 

The reactor consisted of a quartz U-tube of 
15-mm O.D. placed in a furnace (Hoskins, 
550 W) controlled by a temperature program- 
mer (Omega Model CN2000). The tempera- 
ture of the sample was measured with a 
chromel-alumel thermocouple placed in a 
well located at the center of the reactor bed. 
The temperature of the furnace and reactor 
bed, and mass spectrometer, were recorded 

by a computer (Thoroughbred, 80386SX- 16) 
through and RS232 interface. 

The effluent stream was leaked into a 
mass spectrometer (Ametek/Dycor Model 
MAlOO) chamber through a variable leak 
valve (Granville Phillips Model 203). The 
lines connecting the reactor to the analytical 
system were made of l/8 in. OD stainless 
steel and gave rise to a negligible delay of only 
0.6 sec. 

The preparation procedure consisted of 
establishing reactant gas NH, flow (typi- 
cally,800~molsec-’ or 1200cm3min-‘)over 
the precursor V205 (400 mg, 2200 pmol) and 
starting the heating program. The tempera- 
ture was raised intwo stages, first, quickly to 
430 K, and then, uniformly at a slower heat- 
ing rate to the maximum temperature (T,,,). 
No reactions occurred in the first heating in- 
terval. The heating rates employed in the sec- 
ond stage varied from 0.01 to 0.40 K set-’ 
with T,,, ranging between 837 and 1073 K. 
The total pressure was maintained at 0.17 
MPa. The mass spectrometer signal and tem- 
perature were recorded in real-time, en- 
abling determination of different stages in the 
synthesis. 

On reaching T,,, , the flow was switched to 
pure helium and the reaction was quenched 
by removing the reactor quickly from the fur- 
nace. After the reactor was cooled to room 
temperature (RT), the flow was switched to 
0.5% O,/He for passivation ofthe pyrophoric 
material. Passivation is a procedure in which 
low-concentration oxygen from a gas stream 
is chemisorbed on the surface of a material to 
deposit a monolayer of protective oxide. 

The reactor was then transferred to an- 
other unit for characterization of the sample 
surface by CO chemisorption at RT and phy- 
sisorption of N, at liquid nitrogen tempera- 
ture. CO chemisorption is a technique used 
to titrate the number of surface metal atoms 
in catalysts. Pretreatment of passivated VN 
generally consisted of reduction of samples 
in 50% H,/He at 723 K for two hours to re- 
move the surface oxide. Finally, XRD analy- 
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sis was carried out using a powder diffracto- 
meter (Siemens, Model D 500 with a Cuba! 
monochromatized radiation source) oper- 
ated at 40 kV and 30 mA. Nitrogen determi- 
nation was by Kjeldahl analysis. 

The rate of NH, decomposition, was mea- 
sured on a sample prepared with a heating 
rate of 0.083 K set-’ up to a T,, of 930 K 
under 0.17 MPa pressure. Rates were deter- 
mined at 933 K from the increase in flow rate 
due to volume expansion. The inlet flow rate 
was 270 pmol see-’ of pure NH,. To study 
the effect of water vapor, the unit was modi- 
fied by adding an evaporator containing dis- 
tilled water to the inlet gas stream, and the 
synthesis again used a heating rate of 0.083 K 
set- ‘. The water vapor partial pressure was 
about 2 kPa. 

Results 

Figure 1 shows the traces of masses 2,15, 
and 28 versus temperature for a TPR using 
0.083 K set-’ (5 K min-I). The signal at 
mass 15 (NH), representing ammonia, grad- 
ually decreased above about 800 K. The 
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FIG. 1. Mass spectrometer signal for temperature- 
programmed reaction of VzOs , signal vs T. 

VN 
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FIG. 2. Comparison of TPR of VN and Mo*N, signal 
vs T. 

traces of masses H, (2) and N, (28) had more 
features, showing a number of peaks. Sepa- 
rate experiments were run, interrupting the 
reaction after each of the N, and H, peaks 
at points a-f (Fig. 1). The signal at masses 
2, 15, and 28 were not corrected for the 
relative sensitivity of H, , NH,, and N, , be- 
cause only changes in signal were important 
to follow the progress of the synthesis. 
However, the H, signal was calibrated by 
injecting known quantities of H, for deter- 
mination of nitridation rates. No nitrogen 
oxides (NO, NO,, N,O) were detected even 
at very low concentrations. For the prepara- 
tion of Mo,N under similar conditions (Fig. 
2), the mass spectrometer traces showed 
only the H, peak, with the N, peaks being 
absent. 

XRD analysis (Figs. 3-5) of the products 
obtained after stopping the reaction at dif- 
ferent stages (a-f) showed the transforma- 
tion of the V,Os starting material to various 
suboxide intermediates. The XRD pattern 
of standards have been appropriately inter- 
spersed among the experimental ones for 
comparison. 
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FIG. 3. XRD patterns of samples and standards: Early stages, intensity vs 28. 

The BET specific surface area (S,) of the 
intermediates (Fig. 6) developed during syn- 
thesis, starting at 19 m2 g-i for V205 and 
increasing up to point e, after which they 
leveled out to approximately 90 m2 g-i. S, 
increased with heating rate up to a maximum 
of 90 m2 g-’ at 0.083 K set-‘, beyond which 
it fell to 60 m2 g-’ and remained constant 
(Fig. 7). Many of the experiments reported 
in this paper were carried out with the 0.083 

K set-i heating rate because of the optima 
S, produced. 

In the experiment for the study of the 
effect of water vapor on the synthesis, it wa! 
found that the three N, and one H, peaks a 
610, 640, 720, and 880 K were shifted tc 
higher temperatures, 618,718, 922, and 981 
K, respectively, upon addition of water. S, 
was determined to be 38 m2 gg’, which wa! 
considerably smaller than the 90 m2 g-’ ob 

FIG. 4. XRD patterns of samples and standards: Intermediate stages, intensity vs 20. 
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FIG. 5. XRD patterns of samples and standards: Final stages, intensity vs 28. 

tained without the water. The reduction of 
V,O, was studied with a 3 : 1 H,/He stream 
at the standard heating rate of 0.083 K set- ‘. 
The final product was found to be V,O, at 
T,,,,, as high as 1313 K. 

Discussion 

TPR involves the conversion of an oxide 
precursor to a carbide or nitride in a flowing 
reactive gas stream, followed by mass spec- 
trometry. In the past, reaction products have 

‘O0C 
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FIG. 6. Development of surface area during synthe- 
sis, S, vs T. 

been detected by gas chromatography (I 7) or 
by on-line thermal conductivity (TC), (19). 
Although TC signals have been useful for fol- 
lowing the progress of carbide preparations, 
for nitrides the signal is overwhelmed by the 
NH, decomposition reaction (30). 

In contrast, mass spectrometry gives pre- 
cise indications of the occurrence of sequen- 
tial solid-state transformations (Fig. 1). The 
figure shows changes in the signals for 
masses 2, 15, and 28 as the temperature of 
the sample is raised. Mass 15 (NH,) drops in 
intensity at around 800 K due to the decom- 
position of ammonia. Masses 2 and 28 pro- 
vide substantially more information. At rela- 
tively low temperatures three positive N, 
(28) peaks occur without any accompanying 
H, (2) peaks. This suggests that the hydrogen 
produced by the decomposition of NH, is be- 
ing consumed in some reductive process. In- 
deed, the XRD patterns of the intermediates 
obtained by interrupting the reaction in sepa- 
rate runs (labeled a-c in Fig. 1) show the pres- 
ence of various reduced species. There are 
no accompanying changes in the NH, signal 
because its concentration is orders of magni- 
tude larger than the N2 and H, levels and its 
consumption is low. Mass 18 (H,O), not 
shown, is affected by the very large signal at 
mass 17 (parent NH, ion) and lacks sufficient 
sensitivity to show reduction peaks. 

In the high temperature region where there 
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FIG. 7. Effect of heating rate on surface area, 
s, vs p. 

is substantial ammonia decomposition, a 
peak in the H2 signal is observed but not in 
the N, signal. The hydrogen peak probably 
appears because some of the H, from NH, is 
desorbed at the time N is being consumed in 
the nitridation process. Another possibility 
is that the change in H, signal is not a peak, 
but a dip that marks the formation of a bulk 
hydride. Hydrides are common among early 
transition metals (31-34). However, XRD 
patterns and quantization of the H, signal 
suggests that hydrides are not forming. 

The XRD pattern of intermediate d (Fig. 4) 
prior to the H, peak shows it to be predomi- 
nantly VO with some unreacted V,O, . The 
V,O, has experimental lattice parameters. 
a0 = 0.4945 nm and co = 1.391 nm, which 
are contracted from those of stoichiometric 
V,O,,a, = 0.5105 nm and co = 1.4449 nm 
(36). This suggests that the V,O, is slightly 
reduced, and that there is no nitrogen incor. 
poration into its corundum structure, since 
that would result in expansion of the lattice. 
Although VO and VN have very similar Bl 
patterns, they can be distinguished by theit 
lattice constants, 0.409 and 0.414, respec- 
tively (37). Sampled has aunit cellparametet 
of 0.4095 nm (+0.0004 nm), which cot-t-es 
ponds to that of VO. Thus, intermediate d in 
volves a stage of transformation in which 
V,O, is reduced to VO. 

Calibration of the hydrogen peak area al- Sample e (Fig. 5), after the hydrogen peak 
lowed calculation of an average rate of nitri- also has the Bl cubic pattern, but with an ex. 
dation per unit surface area of 1.0 x IO-’ panded lattice parameter of 0.4 11 nm, consis 
pmol N cmm2 set- I. Independently, the av- tent with nitrogen incorporation. If furthe] 
erage rate of nitridation for the transforma- reduction of VO to a suboxide had occurred 
tion of VO to VN (vi& infia), obtained from the lattice parameter would have decreased 
the experimental values of heating rate, sur- as for the case of VO,,, with lattice constan 
face area and number of moles, was found to 0.4042 nm (38). Thus, an oxynitride is proba 
be 1.2 x 10m5 pmol N cmm2 set-‘. This good bly being formed. Indeed, elemental analysi! 
agreement strongly indicates that hydrogen of sample e indicates a nitrogen content o 
is being released in the form of a peak during 14.0 wt%, compared to the theoretical maxi 
the final nitridation process. Alternatively, if mum expected for VN of 21.4 wt%. Evi 
the hydrogen signal were a dip, the resulting dently, the mass spectrometer hydroger 
product formula would be approximately peak does mark a stage ofnitridation. Sample 
VH,N, a stoichiometry too high in hydrogen. f shows the VN pattern with alattice parame 

Intermediate a (Fig. 3) obtained after the 
first nitrogen peak, shows substantial differ- 
ences from the V,O, starting material. Com- 
parison to the V6013 and V2O4 standards 
shows that it is a mixture of the two phases. 
In the next stage of reduction, the pattern of 
intermediate b (Fig. 6) indicates that it is VO, 
(35), in a disordered state. The commercial 
VO, XRD pattern, shown in Fig. 5, is differ- 
ent from (35) and is seen to resemble V,O, . 
Intermediate c, obtained after the third nitro- 
gen peak, is predominantly V,O, with a small 
amount of VO. 
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ter of 0.413 nm and a nitrogen content of 20.2 
wt%. The small discrepancy with the theo- 
retical is probably due to remnants of oxygen 
in the bulk and/or the surface passivation 
layer, or nonstoichiometry. 

Reduction with H, instead of NH, results 
only in the formation of V,O, even at temper- 
atures as high as 1313 K. This confirms the 
results by King and Sebba (27) who also ob- 
served no VO or V metal. NH, is able to carry 
out the further transformation of V,O, be- 
cause it is a stronger reducing agent than H, . 
In the nitridation of V,Os with ammonia (am- 
monium vanadate decomposition), King and 
Sebba (27) speculated that the first atoms of 
nitrogen reacted with V,03 and entered the 
corundum structure to form V,O,N, weaken- 
ing the lattice in the process. Further nitrida- 
tion was thought to break up the corundum 
structure into a VO-VN substitutional alloy 
which ultimately transformed to VN. Our re- 
sults are not fully consistent with this inter- 
pretation. Although we did see the final 
VO-VN oxynitride alloy, we found reduc- 
tion to VO prior to nitridation. 

Figure 2 compares the H, and N, signals 
obtained in the synthesis of Mo,N from 
MOO, under similar conditions with those 
measured in the synthesis of VN. No peaks 
appeared in the N, trace. This suggests that 
the initial reduction of MOO, does not pro- 
ceed through discrete suboxide stages as in 
the case of V,O, . Indeed, Volpe and Boudart 
found that the nitridation of Moo, proceeded 
by continuous oxynitride phases, MoO,N, , 
(24). This negates the results shown by Lee 
et al., where MOO, is reported as an interme- 
diate species (23). The discrepancy is proba- 
bly due to the higher rates of reduction in the 
studies of Lee, et aE. 

In the course of the transformation a-f, 
the specific surface area (S,) increased 
from 19 m* gg ’ for the precursor V,O, to 
90 m2 g-l for the initial and final VN 
products e and f (Fig. 6). The CO uptake 
at RT of sample f was 101 pmol g- l and 
the calculated number density of metal 

TABLE I 

CALCULATED PARTICLE SIZES 

Density Particle Crystallite 
(g cm-‘) size (nm) size (nm) 

Species P 4 DC 

Starting material V,Os 3.4 94 83 
Intermediate c VA 5.0 22 19 
Intermediate e “VO” 5.8 11 12 
Product f VN 6.1 11 14 

atoms was 6.8 x 10” m-*. This was low 
compared to the expected value of 1019 
m-*, and could be due to the presence of 
adsorbed oxygen or nitrogen atoms. 

Crystallite sizes averaged over low index 
planes were estimated with the Scherrer 
equation, D, = KAIP cos 8, where h is the 
wavelength of the X-ray radiation, 0.154 nm, 
0 the Bragg angle, and /3 the width of the XRD 
peak at half-maximum corrected for instru- 
mental broadening (0. l”), and K is a constant 
taken to be 0.9 (39). For the transformation 
V,O, * VN, DC decreased from 83 to 14 nm. 
Corresponding particle sizes were calculated 
from the equation Q/O), D, = 6/(S,p), where 
p is the density ofthe solid (Table I). The good 
agreement between D, and D, indicates that 
the particles are not polycrystalline. 

Effectofwatervapor. It wasfound that wa- 
ter vapor in the reactant stream, decreased 
S, of the product from 90 to 38 m2 g- ‘. This 
supports the studies of Oyama et al., based 
on space velocity variation measurements, 
which concluded that H,O was responsible 
for low S, (30). In the present studies the 
three N, peaks and the H, peak shifted to 
higher temperatures in the presence of H,O. 
This suggests that H,O does not cause hydro- 
thermal sintering by migration of mobile hy- 
drated species @I), but retards the synthesis 
process by inhibiting reduction. Thus for the 
same extent of reaction, higher temperatures 
than usual are required. 

Calculation of activation energy, E,. The 
H, peak in the mass spectrometer signal has 
been shown to correspond to the transforma- 
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FIG. 8. Standard activation energy analysis, 2 In 
T, - In p vs l/T,. 

tion of VO to VN by XRD and elemental 
analysis. TPR theory provides a means of 
calculating E, for both surface processes 
such as desorption (42-M), and bulk pro- 
cesses such as reduction (44, 45). In the 
theory, the transformation temperature 
corresponds to the maximum rate of reac- 
tion and, in this case, is given by the peak 
in the H, signal. TPR theory (45) predicts 
that the transformation temperature, T, , 
and the heating rate, p, are related to E, 
by the Redhead equation, 2 In T, - In 
; = EJRT,,, + constant. A plot of (2 In 

- In p) vs T; ordinarily, gives a 
styaight line of slope - E,/R. However, the 
actual plot shows curvature (Fig. 8). The 
least-square average gives a value of 250 
kJ mol- l for E, that is consistent with the 
reported E, for synthesis of carbides and 
nitrides obtained by a simpler analysis (30). 
The value corresponds to that of diffusion 
of oxygen in oxides and, thus, this process 
was suggested to be limiting the reaction 
rate (30). 

To account for the curvature, a depen- 
dence of E, on the extent of reaction, f, 
was considered, E, = E. + a f. Here, a! 

is a constant and the extent of reaction is 
the fraction of the final reaction, VO + 
VN, which occurs. The data were re-exam- 
ined using line shape analysis (46). The 
true H, peaks were obtained by subtracting 
from the original signal the background, 
approximated by a polynomial fit (Figs. 
9a,b). For each peak (different p), the 
extent of reaction was determined from the 
ratio of the area under the curve (shaded) 
to the total area (Fig. 9b). By taking suc- 
cessive areas, values of rate and tempera- 
ture at increasing f could be determined 
for each peak (Fig. 9). Then, keeping f 
constant, Arrhenius plots of ln(rate) vs T -’ 
(Fig. 10) yielded values for E, from slopes 
of the linear fits. E, increased from 203 to 
243 kJ mall’ as the extent of reaction 
increased from 0.25 to 0.75. 

The finding here that activation energy 
increases with extent of reaction is not 
surprising. A reason for this is that 
metal-oxygen bonds, in general, become 
stronger as an oxide is reduced because of 
increasing bond order. This is manifested, 
for example, in increased oxide melting 
points with extent of reduction. A more 
important factor is probably that the rate 
of transformation is determined initially by 
the diffusion of oxygen and later by the 
more difficult diffusion of nitrogen, It is 
known that the E, for diffusion of nitro- 
gen is higher than that for diffusion of 
oxygen (30). 

The formation of VN is not limited by 
the supply of nitrogen by a surface reac- 
tion. This is confirmed by comparing the 
relative magnitudes of the steady-state ca- 
talytic decomposition of NH, on the sur- 
face and the average rate of nitridation. At 
933 K, the rate of NH, decomposition was 
found to be 7.3 x 10m5 pmol cmp2 see-‘, 
higher than the rate of nitridation, deter- 
mined earlier to be 1.2 x 1O-5 pmol cm-* 
set-‘. The apparent activation energy for 
the decomposition of NH, was also found 
to be 76 kJ mol-‘, a value that deviates 
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from that of the synthesis. Thus, as with 
the majority of solid state transformations 
(47) the nitridation reaction is limited by a 
bulk diffusion process. 

Conclusions 

TPR of V,O, can be used to prepare high 
surface area (90 m2 g-t) VN of nanometers 
crystallite size. The reaction proceeds in 
stages, with initial reduction to various sub- 
oxide intermediates and final nitridation of 
VO to VN. The optimum heating rate for 
obtaining maximum surface area was 0.083 
K set- ’ . Water vapor in the feed inhibited 
the reduction process. Line shape analysis 
of the TPR curves revealed that the activa- 
tion energy for the nitridation reaction was 
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not constant but increased with extent of 21. G. S. RANHOTW G. W. HADDK A. T. BELJ 
reaction. The transformation is probably AND J. A. REIMER, J. Catal. 108, 24 (1987). 

limited initially by the bulk diffusion of oxy- 
22. J. S. LEE, S. T. OYAMA, AND M. BOUDAI 

gen and later by the diffusion of nitrogen. 
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