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At high temperatures, above 750 K, the kinetics of ammonia decomposition on vanadium nitride 
can be described by two irreversible steps, the adsorption of ammonia and the desorption of 
dinitrogen. There is no partial pressure dependence on nitrogen or hydrogen. This is the same 
mechanism as that first found on tungsten and will be called the Tamaru mechanism, after its 
discoverer. First-order and second-order kinetic models fit the data equally well. However, calcula- 
tion of the preexponential factors give better agreement for the second-order model. Rate parameters 
for VN are in between those found for Pt and Fe, providing another example where the catalytic 
properties of an early transition metal carbide or nitride resemble those of a Group VIII metal. 
© 1992 Academic Press, Inc. 

INTRODUCTION 

The heterogeneous catalytic synthesis 
and decomposition of ammonia are im- 
portant reactions that have been studied 
widely (1). The synthesis reaction allows the 
fixation of nitrogen and provides the world 
with an essential feedstock for the produc- 
tion of fertilizers and nitric acid derivatives 
(2, 3). Both the synthesis and decomposition 
reactions have played important roles in the 
development of a large number of thermody- 
namic and kinetic principles (4). These top- 
ics are covered in a number of reviews (5, 6). 

This paper deals with a study of the kinet- 
ics and mechanism of the ammonia decom- 
position reaction on vanadium nitride (VN). 
It was found that the kinetics were similar 
to those obtained for tungsten (7), molybde- 
num (8), iron (9), and platinum at high tem- 
perature (10). The rate was independent of 
nitrogen and hydrogen partial pressures and 
was first order in ammonia partial pressure 
at low temperatures and zero order at high 
temperatures. Thus, the kinetics agreed 
with the mechanism first suggested to occur 
on tungsten (7) involving two kinetically sig- 
nificant irreversible (one-way) steps (11), 
the adsorption of ammonia and the desorp- 
tion of dinitrogen (6). This mechanism is 
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henceforth referred to as the Tamaru mech- 
anism, after its discoverer. 

NH3 + *---~ immaterial 

*N 2--~ N 2 + * 

In the scheme above * represents empty 
catalytic sites and/or indicates adsorbed 
chemical species. Both steps are involved 
in determining the rate, and there is no single 
rate-determining process. The kinetics dif- 
fer from that reported earlier for vana- 
dium nitride at a lower temperature (12), in 
which the Temkin-Pyzhev mechanism was 
observed. 

N H  3 + * . C)" N *  + -~H 2 

*N2 ~ N2 + * 

In this latter mechanism ammonia adsorp- 
tion is equilibrated and the second step, ni- 
trogen desorption, is rate-determining (i3). 
We attribute the difference in the observed 
kinetics on VN to a transition from the 
Temkin-Pyzhev mechanism to the Tamaru 
mechanism with increasing temperature, as 
predicted theoretically (6). 

Transition metal carbides and nitrides 
have been attracting attention because of 
their high catalytic activity and their resem- 
blance to the Group VIII metals (I4-16). A 
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good correspondence is obtained between 
the kinetic parameters obtained in this study 
for VN and those reported for Fe and Pt. 
This provides another example where the 
catalytic properties of an early transition 
metal compound resemble those of a pure 
metal further to the right in the periodic table 
(17). 

EXPERIMENTAL 

Catalyst preparation and reaction rate 
measurements were carried out in a flow 
system using a tubular 12-mm-o.d. quartz 
microreactor equipped with a thermowell 
for temperature monitoring. Typically, 500 
nag of V205 (Puratronic, 99.999%) were em- 
ployed. Vanadium nitride in the form of a 
powder was prepared by the temperature- 
programmed reaction of V205 in a stream 
of pure flowing NH 3 (Matheson anhydrous 
99.99%). A heating rate of 0.033 K s -1, a 
final temperature of 1270 K, and a flow rate 
of 750 ~mol s- ~ (500 cm 3 (NTP)) min- 1 were 
used. 

For reactivity measurements the VN was 
used in situ without removal from the flow 
system. Reaction products were monitored 
by gas chromatography. All rates were mea- 
sured at atmospheric pressure with the same 
inlet space velocity based on bed volume of 
62400 h -1. Rates are defined as moles of 
NH3 decomposed per square centimeter of 
catalyst per second. Partial pressure varia- 
tions were carried out by blending He 
(Matheson, 99.999%) with the NH 3 while 
keeping the total inlet flow constant. Effects 
of hydrogen and nitrogen were determined 
by blending H 2 (Matheson, 99.999%) or Nz 
(Matheson, 99.999%) and NH 3 , while also 
maintaining total flows constant. Gases 
were used as received, except for NH3, 
which was passed through a KOH trap to 
remove water. All lines were thoroughly 
purged. 

For characterization the samples were 
isolated and transferred to a volumetric ad- 
sorption unit for measurement of CO iso- 
therms and BET surface areas. Each sample 
was evacuated to 10 -7 Pa at 600 K prior 
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FIG. 1. Arrhenius plot of the rate of ammonia decom- 
position at atmospheric pressure, Inlet ammonia partial 
pressure: (O) 79.2 kPa, ([~) 50.6 kPa, (~) 23.3 kPa, (O) 
20.9 kPa. 

to measurement of a first isotherm at room 
temperature. Then, the sample was evacu- 
ated again to 10 -v Pa at room temperature 
and a second isotherm was taken. The CO 
uptake was taken to be the difference be- 
tween the intercepts of the linear portions of 
the isotherms extrapolated to zero pressure. 
Subsequent to the CO chemisorption mea- 
surements, BET surface area determina- 
tions were carried out with the same appara- 
tus. Finally, X-ray diffraction patterns of 
the samples were obtained. 

RESULTS 

Reactivity measurements were carried 
out with varying partial pressures of ammo- 
nia at different temperatures (Fig. 1). The 
reaction rates fall in two regions. At low 
temperatures the rate data for various par- 
tial pressures fall on the same line (Fig. 2). 
At high temperatures the rates flatten out in 
proportion to the ammonia pressure. Thus, 
at low temperatures the rate is zero order 
in ammonia partial pressure, while at high 
temperatures the rate approaches P~H 3 
(Fig. 3). 

Partial pressure variation experiments 
were carried out with the N H  3 partial pres- 
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Fro. 2. Rate of  ammonia decomposition at low tem- 
peratures. 
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FIG. 4. Hydrogen and nitrogen partial pressure ef- 
fects in amonia decomposition. Total pressure: 101 
kPa. Diluent: (11) He, (V) H2, (O) N 2. 

sure held close to 50 kPa. This value lies in 
the middle of the range of ammonia pres- 
sures investigated. The rate of NH3 decom- 
position at various temperatures hardly 
changes with the substitution of H2 and N 2 

for He (Fig. 4). The small deviations are 
due to small variations in the pressure of 
NH3. 

Measurement of the amount of hydrogen 
adsorbed at reaction conditions was at- 
tempted by monitoring hydrogen in a fast 
temperature-programmed desorption (TPD) 
experiment starting from steady-state con- 
ditions. The amount of hydrogen evolved 
was very small compared to that produced 
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FIG. 3. Ammonia reaction order as a function of temperature. Reaction temperature: (O) 1050 K, 
(A) 1000 K, ([]) 970 K. 
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by the reaction, measured independently in 
a slow temperature ramp. This indicated 
that there was very little adsorbed hydrogen 
on the surface at reaction conditions. 

The BET specific surface area of the sam- 
ple used in the reactivity measurements was 
25.2 m 2 g- 1 and its CO uptake was 28.8/xmol 
g- 5. The calculated number density of sites 
was thus 6.9 x 1017 m -z. The X-ray diffrac- 
tion pattern of the samples matched that of 
a VN standard of cubic NaCI structure (18). 
Elemental analysis of one of the samples 
indicated a nitrogen content of 20.1 mol%. 

DISCUSSION 

Catalyst 

The catalyst is identified as VN of the 
normal cubic structure by X-ray diffraction. 
No other phases, such as V3N, V2N, or V, 
were detected. Elemental analysis gave 20.1 
mol% N, in good agreement with the 21.4 
mol% theoretical value expected for VN. 
The small discrepancy may be due to oxy- 
gen remaining in the bulk, a common occur- 
rence in this class of interstitial alloy (19). 
Details of the preparation method are pre- 
sented elsewhere (20). The number density 
of sites as titrated by CO, 6.9 x 1017 m -2, 

appears to be substantially below that of a 
monolayer, - 1 x 1019 m -2. This may be due 
to occupancy of adsorption sites by surface 
nitrogen atoms, or possibly, contamination 
of the surface by traces of oxygen. Blockage 
of sites by nitrogen is more likely because 
any surface oxygen is probably removed by 
the high temperature treatment (1270 K) 
during synthesis. 

Reaction Mechanism 

The rate of ammonia decomposition does 
not depend on the partial pressures of nitro- 
gen or hydrogen (Fig. 4). It is also found that 
hydrogen is not chemisorbed on VN at the 
conditions of reaction. This behavior is 
identical to that found on tungsten (7) and 
molybdenum (8) and suggests a simple two- 
step sequence, consisting of two irreversible 
steps, the adsorption of ammonia and the 
desorption of dinitrogen. The finding that 

hydrogen is not present on the surface at 
reaction conditions indicates that upon ad- 
sorption the dehydrogenation of ammonia 
and the desorption of hydrogen is fast. To- 
gether with the observation of a lack of an 
effect of hydrogen partial pressure, this 
demonstrates that the adsorption of ammo- 
nia is largely irreversible. If the adsorption 
were reversible, hydrogen would retard the 
overall rate by driving the equilibrium for 
the formation of adsorbed nitrogen 
backward. 

-3 H NH 3 + * ~ N *  + 2 2. 

Such an inhibition of the rate by hydrogen 
is not observed. Similarly, assuming that 
adsorbed nitrogen is the most abundant re- 
active intermediate, if nitrogen desorption 
were reversible, gas-phase dinitrogen 
should retard the rate by slowing down the 
measured net rate of desorption, which 
again is not observed. 

Rate Expressions 

The discussion above presented the main 
features of the mechanism of the decompo- 
sition of ammonia on VN. From this, a lim- 
ited number of rate expressions may be de- 
rived. For an uniform surface, the main 
consideration is whether nitrogen desorp- 
tion is first or second order, a question that 
has been discussed extensively in the past 
(21-26). This gives rise to the two expres- 
sions below. For a nonuniform surface reac- 
tion, order is not important as the rates of 
adsorption and desorption depend exponen- 
tially on coverage (27). 

First-order mechanism: 

k 1 
NH 3 + * > *NH 3 (1) 

k 2 
*N2------~ N 2 + * 

Second-order mechanism: 

(2) 

k 3 
NH 3 + 2* > *NH 2 + H* (3) 

k 4 
2 *N ) N 2 + 2* (4) 
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T A B L E  1 

Lis t  of  Parameters ,  Units ,  
and Numerica l  Values 

Parameter  Uni ts  Values 

kl cm 3s  -1 1.68 x 10 la  
k2 s -1 7.74 x 1019 a 
k 3 cm 3 s-1 6.77 x 103 a 
k4 s -I 3.87 X 1019 a 

½z None  2 

a At  1003 K. 

Non-uniform surface mechanism: 

k5 3 
N H  3 + S 1 ------+ ~ H  2 + S 2 (5)  

k6 
82 ~ N 2 + S 1 . (6) 

If steps (1), (3), and (5) are equilibrated, the 
mechanism corresponds to the Temkin- 
Phyzev mechanism. Rate expressions may 
be derived from the first- and second-order 
models above, assuming that adsorbed 
nitrogen is the most abundant surface 
species. 

First-order expression: 

[S]k1[NH3] (7) 
O1 [1 + (kl/kz)[NH3]] 

Second-order expression: 

lz[S]k3[NH3] 
V2 = [1 + (kg/k4)l/2[NH3]l/2] 2 (8)  

Non-uniform surface expression: 

Vn = [S](~r/f)X/k°k°6[NH3] 1/L (9) 

In the expressions above vl, vz, and vn rep- 
resent the rates of NH3 decomposition in 
units of/xmol c m  - 2  s - 1 ,  and kl-k6 are the 
rate parameters for steps (1)-(6). [NH3] is 
the number density of ammonia in cm -3. IS] 
is a conversion factor with units of/zmol 
cm -2, which includes the surface area of 
the catalyst (25.4 x 104 cm 2 g-1) and Avo- 
gadro's number (6.02 x 10 ~7 atoms 
/xmol-~). Table 1 lists the various parame- 

ters, together with numerical values and 
units. 

For the second-order case the units of the 
rate constants are the same as for the first- 
order treatment. The reason for this is that 
second-order surface processes require 
pairs of adjacent sites. Thus, dissociative 
adsorption of ammonia requires not just any 
two sites, but two sites next to each other. 
The statistics for such a situation have been 
analyzed and yields (28) 

(**) = ~z(*)2/(S), 

where (**) is the concentration of nearest- 
neighbor pairs, (*) the concentration of sin- 
gle sites, and z the coordination number sur- 
rounding each surface site. This is taken 
here to be 4, since VN has the NaC1 cubic 
structure. Similarly, associative desorption 
of nitrogen requires pairs of adjacent ad- 
sorbed nitrogen atoms and the same factor, 
½z, is applied to this case. 

At low temperatures it is expected that 
nitrogen desorption will become difficult, 
hence kz and k 4 will be small. In this regime 
the rate expressions for the first- and sec- 
ond-order case become vl = IS]k2 and v2 = 
½ z [ S ] k 4 ,  respectively. At high temperatures 
k 2 and k4 will be large and the rate expres- 
sions become vl = [S]kl[NH3] and v2 = 
½z[S]k3[NH3], respectively. These limiting 
expressions are consistent with the ob- 
served experimental dependency on NH3 
pressure, zero order at low temperature 
(Fig. 2), and first order at high temperature 
(Fig. 3). They also do not show dependency 
on nitrogen or hydrogen partial pressures, 
again consistent with experimental results 
(Fig. 4). 

Interestingly, the two rate expressions are 
of the same form as standard Langmuir- 
Hinshelwood (L-H) expressions. However, 
it must be stressed that the expressions do 
not contain adsorption equilibrium con- 
stants and differ fundamentally from L-H 
equations. 

A non-uniform surface analysis can also 
be carried out using steps (5) and (6) above. 
In the expression (9) above , f  is the width of 
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the non-uniform distribution (4). The ex- 
pression is obtained by using the exponen- 
tial forms of the rate of adsorption va = 
ks[NH3]e -g° (29) and the rate of desorption 
vd = k6 eh° (30), where 0 is the coverage, 
and by applying the steady-state approxima- 
tion. The expression shows a dependency 
o n  [NH3] 1/2, and it is clear that the expres- 
sion does not give a good description of the 
kinetics. 

R e a c t i o n  Kine t ics  

The stoichiometry of ammonia decompo- 
= ~N2 + sition ( N H  3 1 ~ H 2 )  dictates a change 

in the number of moles with reaction and 
the kinetic expressions must be integrated 
over the length of the packed bed. Since the 
flow is in packed beds (Re = 110) and axial 
dispersion is low (Pe = 77), concentration 
profiles will be flat and the reactor can be 
modeled as a plug flow reactor. A conve- 
nient integration method (31), useful when 
the surface area of the catalyst is known, 
yields 

1 _ f dx  (10) 
Fin Yin /3 ' 

where Fin is the total inlet molar flow, Yin is 
the fraction of NH3 in the feed, and v is 
the reaction rate obtained using IS] or l z[S]  
(Eqs. (7) and (8)). The change in the number 
of moles is described by 

[NH3] = [NH3] ° ~ , (11) 

where e is an expansion factor defined as the 
fractional change in volume of the system 
between no conversion and complete con- 
version of the reactant (32). Substituting 
(11) into (7), (8), and (9), subsequently into 
(10), and then integrating gives 

First-order model: 

1 x 
m 

Fin Yin k2 

1 
t~ tl'~rt l ' l r '~"3 "° [ex + (e + 1)In(1 - x)] (12) 

Second-order model: 

1 x 
Fin Yin k4 

1 
k3[NH3]0 [ex + (e + 1)ln(1 - x)] 

+ (k3k4[NH3]O)l/2 1 - X/(1 + ex)(1 - x)  

( e + l ) [ s i n _ l ( e - 2 e x - 1 )  

_ 1. 
Non-uniform surface model: 

(k~k6°[NU3]°) 1/2 {V'(1 + ex)(1 - x) 
1 

Fin Yin 

2e v - - - -~  sin-I ~ e-+-l- 

- s i n - ~ ( ~ ) ]  1. (14) 

The non-uniform surface analysis was not 
carried any further as the kinetic rate ex- 
pression already showed considerable devi- 
ation from experimental results. Instead at- 
tention was focused on the first- and second- 
order kinetic expressions. Each expression 
contains two rate parameters, which in turn 
are composed of a preexponential factor and 
an activation energy. The equations were 
fit by dividing the data into low- and high- 
temperature regions. In the low-tempera- 
ture region the rate was zero order and inte- 
gration of the rate expressions simply gave 
the first terms in Eqs. (12) and (13). These 
are identical and simply contain the rate pa- 
rameters for desorption, k2 and k 4 . In fact, 
the same expressions can be obtained with- 
out integration. The data were fit by linear 
least-squares and the results are shown by 
the straight line in Fig. 2. With these param- 
eters available, the other two parameters, kl 
and k 3 , w e r e  determined for the whole data 
set using a Simplex fitting routine. Linear 
and non-linear fitting routines did not con- 
verge. The results of the analysis are sum- 
marized below. 
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FIG. 5. First-order kinetic models. 

First-order fit: 

k I = 2.47 × 103 exp( -41 ,600 /RT)  cm 3 s -1 

(15) 

k 2 = 8 .45  X 1026 e x p ( -  135,000/RT) s -1. 

(16) 

Second-order  fit: 

order (Fig. 6) analyses gave calculated 
curves that closely fit the experimental  
points (Fig. 1). A X 2 test (33) was performed 
on each data set to determine the goodness 
of fit. The fits were very  close giving X 2 
values of 0.1351 and 0.1348 for the first- 
order  and second-order analyses, respec- 
tively. Thus, the two kinetic models were 
indistinguishable in their ability to fit the 
data. 

An error analysis on rate parameters  k 2 

and k4 was carried out by taking minimum 
and maximum slopes (Fig. 2). The activation 
energy was 135,000 -+ 11,000 kJ tool -a, and 
the exponent  in the preexponential  was 
26 + 1.2. The errors in kl and k3 are more 
difficult to compute,  but similar percentage 
errors are expected. 

Statistical Mechanics Analysis 

In order for the parameters of  a rate ex- 
pression to be consistent with their being 
true rate constants they must satisfy a num- 
ber of criteria. First, the signs of  the activa- 
tion energy terms must be correct .  Second,  
the magnitudes of  the activation energies 
must conform to expectations for the reac- 
tions involved. Finally, the preexponential  
factors must agree with those calculated 

k 3 = 9.01 x 10 3 e x p ( -  18,200/RT) c m  3 s -1  

(17) 10-3 

k 4 = 4.22 × 1026 exp( -135 ,000/RT)  s -1. 
o 10-4 

(18) 

In the expressions above the activation en- ~ 1°-5 
r r  

ergy is given in units of J mo l -L  As men- 
tioned earlier, the units of the rate constants 10- 
for the first- and second-order analyses are v 1°-3 
the same because in the second-order equa- # 
tions the factor ½z was used in the rate equa- ~o 10-' 
tion (8) to account  for the need for adjacent E 
sites in dissociative adsorption and associa- ~ 10- ~ 
tive desorption. Rate constants k2 and k4 
were obtained from the same plot (Fig. 2) 10 
and differ only by a factor of  two, arising 
from the use of  ½z (z = 4). 

Both the second-order (Fig. 5) and first- 

PN~= ~ ~  ~ PNH3 = 50.6 kPa 

, , ,  i , , , ,  i , , , , 
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FIG. 6. Second-order kinetic models. 
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TABLE 2 

Comparison of Kinetic Results for Pt, Fe, and VN 

Catalyst N H  3 adsorption N 2 desorption Ttransi t 
(K) 

A E A ( s -  l) E 
(cm 3 s -1) (J tool - I )  (J m o l - ' )  

Pt a 9.2 × 102 8,500 2.2 × 1 0 2 3  88,000 1107 d 
VN b 9.0 x 103 18,200 4.2 x 1026 135,000 750 e 
Fe c 9.8 x 103 42,000 1.6 x 1028  210,000 <600 e 

a Reference (10) as reported in (6). 
b This work,  second-order fit. 
c Reference (9) as reported in (6). 

dpi_i2 = 0.15 Toi l .  
e Experimental.  

with reasonable transition states. Although 
conformity with these criteria does not 
prove that the rate parameters are true rate 
constants, they may be used to rule out a 
given mechanism. As will be shown, only 
the second-order mechanism is supported 
by the calculation otprccxponential factors. 

The sign and magnitude of the activation 
energies obtained in this study do fall in the 
range expected (Table 2) (5). As far as the 
preexponential factors are concerned, a 
number of criteria exist to test whether the 
values for equilibrium adsorption constants 
are physically realistic. These cover asso- 
ciative (34) and dissociative (35) chemisorp- 
tion. A recent review surveys preexponen- 
tial factors for elementary surface processes 
(36). The analysis here follows methods re- 
ported in the literature (37, 38). The formu- 
las for calculating entropies are reproduced 
in the appendix (Table 3) together with cal- 
culated values at 900 K. Other temperatures 
gave similar results. 

It was found that for both the first-order 
and second-order cases the adsorption en- 
tropy was consistent with the adsorption of 
ammonia, assuming that the activated com- 
plex was immobile and that its rotation was 
partly hindered (top of Tables 4 and 5). 
Thus, for the first-order case, adsorption 
was molecular and the experimental preex- 
ponential factor (2.5 x 103 c m  3 S -1) was in 
between those calculated for transition 

states that were immobile and rotating 
(9.0 x 10 4 cm 3 s- 1) and immobile and partly 
rotating (4.0 x 102 c m  3 s - l ) .  Similarly, for 
the second-order case, the experimental 
preexponential factor (9.0 x 10 3 c m  3 s - l )  

was close to that calculated for dissociative 
adsorption with immobile, but partly rotat- 
ing, NH 2 groups (2.2 x 103 cm 3 s-l). Thus, 
both first- and second-order cases gave rea- 
sonable agreement with the measured ex- 
perimental quantities. 

The situation was different for the desorp- 
tion steps. For the first-order desorption 
step, making the most favorable assumption 
of activation from an immobile state to a 
freely rotating two-dimensional gas did not 
give good agreement with experiment (bot- 
tom of Table 4). The experimental preexpo- 
nential factor (8.4 x 1026 s - l )  was substan- 
tially larger than the calculated value (8.8 × 
10 22 S- I ) .  In contrast, the second-order 
model gave substantially better agreement 
(bottom of Table 5). The experimental pre- 
exponential factor (4.2 x 10 26 S -1) was con- 
siderably closer to the calculated value 
(1.4 x 10 24 s - l ) .  The conclusion from this 
analysis is that although the kinetic fits of 
the data agree equally well with both first- 
order and second order mechanisms, the en- 
tropy calculations support only the second- 
order kinetics. This is satisfactory because 
dissociation is likely at the high tempera- 
tures employed in this study (5). 

COMPARISONS TO OTHER SYSTEMS 

There has been little past work on the 
vanadium nitride system. A study on metal 
films reports the formation of VN in the 
course of the ammonia decomposition reac- 
tion (39). An investigation comparing differ- 
ent transition metal nitrides reports for VN 
an activation energy of 125 kJ mo1-1 in 
agreement with the low-temperature results 
obtained here (40). The VN sample con- 
tained substantial amounts of bulk oxygen, 
but the surface was likely to be nitrided be- 
cause of the highly reducing conditions pres- 
ent during reaction. In an extension of this 



366 S. TED OYAMA 

T A B L E  3 

Ent ropy Calculations at 900 K 

Type  Degrees  of  Species Formula  Symbol  Value 
f reedom (J /K tool) 

Translat ional  3 N 2 R ln[V(2"rrrnkT/hZ) 3/z] + ~R S~ 165 
3 N H  3 S~ 159 

Translat ional  

Rotat ional  

Vibrational 

2 *N 2 R ln[A(2~mkT/h2)  I] + R S~ 110 
2 *NH 3 S~ 106 
2 *NH 2 S 2 105 
2 *N S~ 104 
2 *H S~ 82 

3 N H  3 R ln[(~/-~(87r2IkT)3/2/(rh 3] + ~R S~ 51 
1 *NH 3 R ln[(8rr2IkT)Z/2/o-h] + ½R S~ 6 
1 *NH 2 S] 20 
1 *N 2 S~ 22 

4 NH3 E R[u/(e"  - 1) - in(1 - e-U)] S~ 9 
3 *NH 2 S~ 3 
1 N ~ N  S~ 1 
1 N = N  S~ 3 
1 N - - N  S~ 4 

N o t e .  A = V 2/3. I = ~ mr  2. o-, S ymmet ry  number ,  u = hv /kT .  

work (12) it was found that the kinetics of 
decomposition of NH 3 in the presence of H 2 
followed the Temkin-Pyzhev equation: v = 
k[NH3]/[H2] 1"5. The kinetics were consistent 
with equilibrated adsorption of NH 3 and 
rate-determining desorption of N 2 (12). 
These investigations were carried out in a 
static system in a lower-temperature regime 
(690-740 K) than that used in the present 
studies (750-1100 K). At lower tempera- 
tures it is expected that nitrogen desorption 
will become rate-determining and a change 
from the tungsten mechanism to the Tem- 
kin-Pyzhev mechanism is likely (6). Thus, 
750 K appears to mark the transition be- 
tween the two mechanisms. 

The values of activation energy obtained 
in the second-order fits (Eqs. 07)-(18)) fall 
in between the values for Pt (10) and Fe (9) 
as reported in (6). These are summarized in 
Table 2. The values for the preexponential 

factors also fall in between those of Pt and 
Fe (Table 2). There is a clear compensation 
effect with preexponential factors and acti- 
vation energy values increasing in the same 
direction. 

The transition temperature between the 
tungsten mechanism and the Temkin-Pyz- 
hev mechanism is given by (6): 

- E 2  

Ttransit ---- R ln[k~o/(k2oPH2)]" (19) 

In this expression E~ and Ed A are, respec- 
tively, the activation energies for desorption 
of nitrogen and ammonia. The latter step is 
the reverse of steps (1), (3), or (5) at condi- 
tions when the reaction is reversible (Tem- 
kin-Phyzev mechanism). Similarly, kdNo and 
kdao are the preexponential factors of the rate 
constants for those steps. In the case of VN 
the lack of equilibrium adsorption data pre- 
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TABLE 4 

First-Order Analysis 

NH 3 + * ~ *NH 3 

Transition Activation entropy AS "~ A 3 
state (J/K mol) (cm ~ s -1) 

Mobile, StZ(*NH3) - S~(NH3) -53  3.2 × 10 l° 
rotating 

Immobile, St°(*NH3) - S~(NH 3) -159  9.0 × 104 
rotating 

Immobile, S0(*NH3) - S~(NH3 ) 
partly S~(,NH3) _ S~(NH3 ) - 204  4.0 x 102 

rotating 

- -  Experimental fit - 189 2.5 x 103 

*S2 ~ N2 + * 

Transition Activation entropy AS ¢ A 4 
state (J K a mol 1) ( s - l )  

Mobile $ 3 ( N 2 ) -  S°(*N2) + 165 7.9 x 1021 
molecule 

Mobile, $3(N2) - S0(*N2) 
rotating S~(N2)_  S0(,N2 ) + 168 8.8 × 1022 

molecule 

- -  Experimental fit +261 8.4 x 1026 

vents the calculation of Tt rans i  t .  However, 
the finding that the experimentally found 
transition temperature is also in between 
that of Pt and Fe (Table 2) points to the 
consistency in the data. 

The finding that the parameters for VN 
are similar to those of Pt and Fe agrees with 
the general observation that early transition 
metal carbides and nitrides have catalytic 
properties similar to those of Group VIII 
metals (14, 15). Metals in the left of the 
periodic table are electron deficient and re- 
act agressively with main group elements 
(16). It has been suggested for WC that 
alloying with carbon tames the excessive 
reactivity of tungsten and causes its cata- 
lytic behavior to resemble that of platinum 
(17). The resemblance of Mo2C to Ru and 
Pd has also been noted (41). In the case 
of Mo it was found for ethane hydrogeno- 
lysis that the metal was initially inactive 
but became activated in the course of reac- 
tion because of carburization of the bulk 

(42). Similarly it has been reported that 
vanadium films are relatively inert in am- 
monia decomposition but become catalyti- 
cally active as a result of bulk nitridation 
(39). Thus, it appears that nitridation of 
early transition metals, like carburization, 
confers to the element the catalytic proper- 
ties of metals further to the right in the 
periodic table. 

In summary, the results obtained in this 
study are consistent with previous kinetic 
findings on Pt, Fe, and VN. The data may 
be interpreted globally from the standpoint 
of the unified mechanism proposed in (6). 
At low temperatures nitrogen desorption is 
rate-determining, ammonia adsorption is 
equilibrated, and the reaction follows the 
Temkin-Phyzev mechanism. At higher tem- 
peratures, past a transition point, ammonia 
adsorption is no longer in equilibrium and 
the kinetics shift to the Tamaru mechanism. 

C O N C L U S I O N S  

The rate of ammonia decomposition on 
vanadium nitride is zero order in ammonia 

T A B L E  5 

S e c o n d - O r d e r  A n a l y s i s  

NH 3 + 2* ~ *NH 2 + H* 

Transition Activation entropy AS "~ A 1 
state (J/K tool) (cm 3 s - l )  

Immobile, St°(*NH2) + St°(*H) - St3(NH3) - 5 3  3.2 × 1010 
rotating 

Immobile, St0(*NH2) + St0(*H) _ S~(NH3 ) 
partly S I ( , N H z ) _  S~(NH3 ) - 1 9 0  2.2 x 103 

rotating 

- -  Experimental fit - 178 9.0 × 103 

2N* k~k~ 4 N 2 + 2* 

Transition Activation entropy AS "~ A 2 
state (J/K tool) (s -  t) 

Mobile $3(N2) - 2St°(*N) + 165 7.9 x 102a 
molecule 

Mobile 2 S 3 ( N ) -  2S°(*N) +208 1.4 × 1024 
atoms 

- -  Experimental fit +255 4.2 × 1026 
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partial pressure at low temperature and first 
order at high temperature. The lack of de- 
pendence of the rate on nitrogen and hydro- 
gen partial pressures and the lack of ad- 
sorbed hydrogen on the surface suggest that 
the reaction consists of two irreversible 
steps, the adsorption of ammonia and the 
desorption of nitrogen. First-order and sec- 
ond-order kinetic models fit the data equally 
well, but statistical mechanics calculations 
suggest that only the second-order model 
gives physically meaningful parameters. 
These parameters are in agreement with pre- 
viously reported values for Pt and Fe. The 
overall findings are consistent with a global 
view that suggests a shift in kinetics from the 
Temkin-Phyzev mechanism to the Tamaru 
mechanism with increasing temperature. 

APPENDIX 

This Appendix contains details of statisti- 
cal mechanics calculations employed in the 
discussion. In these calculations several as- 
sumptions that need to be delineated were 
made. For the translational entropy in three 
dimensions the volume (V) was obtained 
from the ideal gas law, V = RT/NAP, and 
corresponds to a volume per molecule, of 
m a g n i t u d e  1019 c m  3. However, in two di- 
mensions the area (A) was taken to be V 2/3, 
giving a magnitude of 10 -13 c m  2. In other 
treatments an arbitrary value of 10-15 cm 2 is 
taken (36) or a surface "thickness" 0.6 nm 
high is assumed (43). These differences are 
not too large for the order-of-magnitude cal- 
culations employed here. Importantly, the 
standard states were taken to be 1 molecule 
cm -3 and 1 molecule cm -z for 3 and 2 de- 
grees of freedom, respectively. These are 
consistent with the units of concentration 
used for the gaseous and surface species. 

For the vibrational entropy the values of 
v employed were 1610, 3210, and 3380 cm-1 
for adsorbed NH 2 ; 950, 1630, 3340, and 3410 
cm -1 for gas-phase NH3; 2230 cm -1 for 
N~-~-N; 1600 cm -1 for N~----N; and 1000 cm -1 
for N - - N  (44). For the rotational entropy 
the moments of inertia for NH 3 were calcu- 

lated from its structure (45) and for adsorbed 
*NH 2 assuming that its structure was the 
same as that in CH3NH 2 (45). All the results 
are summarized in Table 3. 

The rate constants were expressed as k = 
A exp( -E /RT) ,  where A -= kT/h 
exp(AS#/R). The units of cm 3 s -1 for pa- 
rameters kl and k3 come from the factor of 
kT/h and the translational partition function 
in the entropy expression. The cm 3 corre- 
sponds to the loss of 3 translational degrees 
of freedom for the adsorbing ammonia mole- 
cule. The activation entropy, AS#,  was cal- 
culated assuming that the activated complex 
had attributes corresponding to the various 
species in Table 3. It was found that the 
greatest contributions were made by the 
translational and rotational portions of the 
entropy. The vibrational contributions were 
small and were not included in this approxi- 
mate analysis. The results are summarized 
in Tables 4 and 5. 
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