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The activity of a surface oxygen transient, O-(s),  for H-abstraction from an ammonia 
molecule undergoing surface diffusion at a Mg(0001) surface at 298 K has been simulated by 
computer modelling. The time dependence of the chemisorbed products, NH2(a), OH(a) and 
0 2. (a), has been determined making reasonable assumptions of the activation energy for the 
surface diffusion of physisorbed ammonia, the surface life-time of O-(s )  and the surface 
stoichiometry determined from XPS studies. 

1. Introduction 

We have drawn attention to the specific chemistry associated with surface 
oxygen transients at metal surfaces under circumstances where the stable chem- 
isorbed oxygen species show no reactivity [1]. The studies are of necessity at low 
temperatures so that spectroscopic identification of the reaction products can be 
achieved and mechanistic aspects explored. In this paper we consider further the 
conclusions of Au and Roberts [1] who investigated the reaction of coadsorbed 
ammonia and oxygen on Mg(0001) surfaces as part of a study of the activation of 
N - H  bonds by surface oxygen transients, suggested to be V-(s) species. ** In 
this system V-(s) either abstract hydrogen frorfi the physisorbed ammonia 
undergoing diffusive hopping, yielding strongly chemisorbed NHz(a  ) and OH(a) 
species, or are transferred to  O 2 - ( a ) ,  surface oxide species which are unreactive to 
ammonia under the experimental conditions of the investigation. By 'monitoring' 
the surface amide-oxide ratio by photoelectron spectroscopy and using steady-state 
assumptions for the concentrations of NH3(s ) and V-(s) it was possible to 
estimate the natural surface lifetime of the latter as being about 10 .8 s assuming 
that the hopping frequency of NH3(s ) was 1013 s -1 i.e. taking Ediff the activation 
energy for hopping as close to zero. 

* Paper presented in part at the Royal Society-USSR Academy Workshop on 'Surfaces and 
Catalysis', Oxford, April 8-10, 1989. 

** Note: (s) and (a) represent weakly adsorbed surface transients and stable chemisorbed species 
respectively. 
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In view of the significance and apparent generality of these reactions we have 
examined the kinetic model more quantitatively by solving the relevant differen- 
tial equations, without making any assumptions concerning the steady-state 
concentrations of surface species. It thus enables us to determine whether the 
steady-state kinetic model assumed by Au and Roberts [1] was firmly based and 
could account both qualitatively and quantitatively for both the chemisorption 
states observed and the estimated surface residence time of O-(s).  

2. The kinetic model 

. 

2. 

3. 
4. 

5. 

The mechanism proposed was as follows: 
02(g ) ~ 20- ( s )  

e 

O-(s) --, 02-(a) 

N H 3 ( g  ) ~-- N H 3 ( s  ) 

Dioxygen dissociation: formation of 
surface transients 

Chemisorption: formation of unre- 

active O2-(a) 
Physical adsorption of ammonia  

NH3(s ) + O-(s) --, NH2(a ) + OH(a) : H-abstraction: amide and hydroxyl 
formation 

OH(a) ~ O2-(a) + H(s) : Dehydrogenation of surface hydrox- 
yls 

The surface was exposed [1] to an ammonia-dioxygen (5 : 1) gas mixture at a total 
pressure of 10 -6 Torr so that the following rate expressions apply to each of the 
above steps under the experimental conditions used: 

R 1 = 2No2~o2S/S o = 0.2S cm-2s -1. 
The impact rate, No~ is 1014 c m  - 2  s -1 ,  c~, a term incorporating both surface 
accommodation and dissociation of dioxygen, is assumed to be unity, and So and 
S represent the number of Mg ~ sites cm -2 at zero time and time t respectively, 
with S o = 1015 c m  -2 .  O - ( s )  species are formed and present only at Mg ~ sites 
while the surface sites occupied by O2-(a), NHz(a  ) and OH(a) are all inactive in 
O-(s) formation. 
R 2 = O o - / y  o -  i.e. the ratio of the surface concentration and intrinsic lifetime of 
O-(s). 
R 3 = NNH3aNH3 ----- 5 X 1014 c m - 2 s  -1  ( aNH 3 t h e  sticking probability of NH 3 is  

assumed to be unity) 
R - 3  = Pdes e--Ea~/RToNH 3 

where vae s = 1013 s -1  and Ede s is assumed to be the same as the heat of 
adsorption of ammonia estimated experimentally to be 40 kJ mol-1. 
H-abstraction occurs through a mechanism involving the interaction of O -  (s) and 
the surface diffusing (hopping) NH3(s ) species. 
Therefore, R 4 = b'di f e--Edlf/RT(INHfIo-/S 0 
where Pdif = 1013 S-1  and Edi f w a s  varied from 0-14 kJ i.e. the maximum activa- 
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tion energy of N H  3 surface diffusion was assumed to be Edes(NH3)/3 so that 
R 4 = 10  - 2  e-Edif/RToNg200 , 
We assume a zero activation energy for the H-abstraction step for which there is 
good evidence from gas phase studies. 

Step 5 requires a free Mg site so that R 5 = kseoHS. 
The six differential equations arising from the model are: 

- dS /d t  = 0.2S + 10 -2 e-e~'/nrOO-aNH~ 

do o / d t  = 0.2S - 00 - /% - -  10 -2  e-Edir/RTo0 ONH 3 

dao2-/dt = ao~r o- + k 5 a o n S  

daNHJdt = 5 X 1014 - 1013 e-E~es/RroyH3 -- 10 -2 e-Edir/RTao-ONH3 

daNi_iJdt = 10 -2 e-Edif/RT(Io_ONH3 

daoH / d t  = 10 -2 e-Edir/RTo0 O N H  3 - -  k5OoHS. 

These were solved for each species using Heun's prediction-corrector method. 
Most solutions were obtained using the Cardiff Multics computer;  however very 
small step sizes were often necessary in order to obtain stable behaviour and the 
University of London Cray computer  was used for some longer runs. 

Various computations (experiments) were performed, corresponding to differ- 
ent activation energies for step 4 and a value of the intrinsic lifetime % (s~ of O-(s )  
chosen to yield the experimentally-obtained value of t3 the fraction of O-(s )  
diverted to generate surface amide NH2(a  ) species [1] at 298 K. 

3. Results 

We consider first the validity [1] of the steady-state assumptions for ammonia  
and the surface transient O-(s) .  

NH/a) 
The results (fig. 1) show that this assumption is totally justified for NH3, a 

steady-state value being established ii~ a few microseconds. This value, typically 
ONH 3 = 4.8 • 108 cm -2, at 298 K, is some 15% below the equilibrium concentra- 
tion obtained from step 3 alone, the difference corresponding to the effect of 
amide formation (step 4) on the surface concentration term ONH 3. As the reaction 
proceeds, amide formation becomes less significant and aNH ~ rises very slowly to 
reach the equilibrium concentration as O the total surface coverage approaches 
unity. 

O-(s) 
A steady value is reached in about 10 t~s, typically a 0 (s) --107 cm-2,  which 

thereafter declines in proportion to the concentrat ion of free Mg sites (S).  After  
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Fig. 1. Variation of the concentration of surface species with time calculated from the differential 
equation describing the model for H-abstraction. The activation energy of surface diffusion of 
ammonia is assumed to be 14kJ mo1-1 at 298K, ~o-(s) is adjusted to 1.5X10-5 s to fit the 

experimental value of fl i.e. NHz(a ) /O-Z(a )  +NHz(a )  = 0.21 and k s is taken to be 5 x  10 -16. 

10% reaction d0o-/dt = - 3  • 10 6 c m - 2 s  -1 .  In the steady-state approximation 

for 0O-, 

d0o-/dt = 0.2S - 0 o - / % - -  10 - 2  e--EdjZ'47OO-ONH3 

is assumed to equal zero. Substituting the computed values into this equation we 
have - 3 • 10 - 6  = 2.0 X 1014 --  1.5 • 1014 --  0.5 • 1014. Thus the degree to which 
the actual value of d 0 o J d t  differs from the assumed steady-state value of zero is 
quite negligible compared with the other rate terms in the equation. Consequently 
the previous use by Au and Roberts of the steady-state approximation in this 
system is fully justified. 

4. General comments on the modelling results 

Figure 1 shows the concent ra t ion/ t ime data obtained at 298 K when Edi f (or 
E4)  is set at 14 kJ mol -a, ~o-(s) is adjusted to 1.5 • 10 -5 s to fit the experimental 
value of t ,  and k 5 = 5 • 10 -l~ 

The experimental observation [1] that about 20% of the O-(s )  species is 
removed through the amide-producing reaction pathway sets the relative rate of 
R 4 and R 2. Thus a decrease in the rate R 4 due to an increasing activation energy 
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for the surface diffusion process (or the H-abstraction step) must be associated 
with a lower value of R 2 due to a longer O-(s) intrinsic lifetime. The table shows 
some results for a number of different parameter values, where 0 is the fraction 
of the surface covered by a species. 

D E P E N D A N C E  O F  S U R F A C E  C O V E R A G E S  A N D  O -  L I F E T I M E S  ON A M M O N I A  D I F F U -  
SIVE ( H O P P I N G )  E N E R G Y  

Edi f /kJ  r o - / s e c  0 o-  0NH3 

0 5 x l 0  - s  10 -8 4 . 9 X 1 0  -7 
7 1 x l 0  -6 1 . 5 •  . 7  4.9X 10 -7 

14 1 . 5 •  .5  2 x l O  -6 5.0 x 10 -7  

The values assumed for Edi f i.e. up to a 
of NH 3 (40 kJ mo1-1) are physically 
other systems. 

maximum of one third of Ea~ (or AI-Iads)  

realistic from surface diffusion data for 

5. Conclusions and mechanism 

It is assumed in the model that the rate of formation of O-(s) is equal to twice 
the rate of impact of dioxygen on free Mg sites (2 • 1 0  TM cm-2s-1) .  If this is 
correct it follows that the rate of hydrogen abstraction from NH 3 by O-(s) must 
be about 5 • 1013 cm -2 s -1, and so the steady-state 0o-(~ ) is calculated to be 
about 10 v. This rules out a simple Eley-Rideal mechanism for H-abstraction, 
step 4, for which the maximum rate (E = O) would be given by R 4 = N N H  3 

0O-(s ) e -e /Rr  = 5 • 1014 X 1 0  . 7  i.e. 5 • 1 0  7 c m  - 2  s - 1 .  If this mechanism was 
valid the formation of the chemisorbed reaction products would take 107 sec i.e. a 
factor of about 106 greater than what is observed experimentally. To match the 
rate of the Eley-Rideal process would require 0o-(s ) > 0.1 a n d  a consequent ~o (s) 
of > 0.5 s. Experimentally there is no XPS evidence in this system for such 
coverages, and the surface lifetime %-(s) is unrealistically high. 

Thus the mechanism proposed, and evaluated in the computer analysis, involv- 
ing the sampling of the surface transient chemisorbed O-(s) species by ammonia 
molecules undergoing surface diffusion resulting in H-abstraction has been both 
qualitatively and quantitatively confirmed. Clearly the mechanism will only be 
valid for metal-oxygen systems where the sticking probability, and in particular 
the efficiency of dioxygen bond cleavage per molecular oxygen impact with the 
surface is high. This is the case for dioxygen at Mg(0001) surfaces. In other 
metal-oxygen systems such as the dissociative chemisorption of dioxygen at 
Zn(0001) surfaces [2] cleavage of the dioxygen bond is very inefficient - the 
reactive sticking probability being about 10 .3 and coadsorption (with for exam- 
ple ammonia) catalyses bond cleavage through interacting with a molecular 
dioxygen surface transient in a predissociation step. In other words there is an 
enhancement of the efficiency of the dioxygen accommodation step, O2(g ) 
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O[(s) ,  through a three centre mechanism involving the surface intermediate or 
transition state complex Z n S + O y - N H  3. The latter dissociates to generate 
0 2. (a), OH(a) and NH2(a  ) in stoichiometric proportions. It is the characteristics 
of the three centre zinc complex that determines the kinetic characteristics in the 
Zn(0001)-dioxygen-ammonia system [2]. 

We acknowledge gratefully the support of SERC. 
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