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The decomposition of nitric oxide on platinum (410) was studied by temperature-programmed 
desorption. The (410) surface was found to be unusually active for NO decomposition, decompos- 
ing more than 98% of the NO in the flash. Nitrogen desorption from an NO-covered Pt(410) surface 
was found to follow simple second-order kinetics, with an activation energy of 18 kcahmol, and a 
preexponential (v) of 3 x IO-’ cm*/sec. The saturation coverage of NO at room temperature was 
found to be about half of that of CO on the same surface, suggesting that NO takes up two sites. 
These results show that ~(110) x n(100) stepped surfaces with n > m + 1 are unusually active for 
NO bond breaking, as predicted by the orbital symmetry conservation model of W. F. Banholzer, 
Y. 0. Park, K. M. Mak, and R. I. Masel (Surf Sci. 128, I76 (1983)). 

INTRODUCTION 

Previous workers have found that plati- 
num is an active catalyst for nitric oxide 
decomposition. One of the anomalies in the 
data is that polycrystalline platinum sam- 
ples are fairly active, but the single crystal 
samples studied so far have had limited ac- 
tivity. For example, Comrie et al. (1) 
studied NO desorption from a polycrystal- 
line sample, which consisted mainly of 
(111) oriented crystallites, using tempera- 
ture-programmed-desorption (TPD). They 
report that 75% of the NO which adsorbs 
on their sample at room temperature disso- 
ciates before it desorbs, where they calcu- 
late the percentage dissociation D, from 

WJ, 
D = 2PN, + PNO (1) 

PN2 in Eq. (1) is the N2 TPD peak area, 
while PNO is the NO TPD peak area. Similar 
measurements with a Pt(l11) single crystal 
gives a D of less than 5% (3-7, 13). Pt(l10) 
also shows little dissociation activity (3, 8). 
The (100) is catalytically active, but it gives 
a D of 50% under conditions where the 
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polycrystalline sample gives a D of 75% (3, 
9-21, 24, 25). Some work has been done 
with step surfaces, but all of the stepped 
surfaces considered previously gave D’s of 
50% or less (6, 12, 23, 25). 

Woodward and Hoffmann (14) and Fukui 
(25) won a Nobel prize for showing that one 
can use the conservation of orbital symme- 
try to identify especially favorable reaction 
pathways in organic and inorganic systems. 
In their analysis, the formation and destruc- 
tion of bonds during an elementary chemi- 
cal reaction was viewed as a process where 
electrons are transferred from “donor” to 
“acceptor” orbitals. In some reactions, the 
donor and acceptor orbitals have the same 
symmetry, while in others they have a dif- 
ferent symmetry. In the former case, a di- 
rect transfer of electrons is symmetry-al- 
lowed, while in the later case, a direct 
transfer is symmetry-forbidden. Hence the 
names “symmetry-allowed” and “symme- 
try-forbidden” for the two types of reac- 
tions. 

In the last 20 years, there have been ex- 
tensive studies of the effects of orbital sym- 
metry on the rates of organic and inorganic 
reactions. It has been found (14, 15, 28) 
that there is generally an activation barrier 
associated with a symmetry constraint. 
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Thus, reactions that are symmetry-allowed 
are usually favored over reactions that are 
symmetry-forbidden. 

Recently we have considered whether ar- 
guments analogous to those above would 
yield useful insights into the plane to plane 
variations in activity for reactions on single 
crystal catalysts (16). A typical catalytic re- 
action consists of a series of elementary 
steps where bonds between the adsorbate 
and the catalyst are formed and destroyed. 
Each of these steps involved an electron 
transfer either into or out of an orbital (i.e., 
band) in the surface, and into or out of an 
orbital in the adsorbate. If the symmetry of 
the orbitals in the surface match those in 
the adsorbate, then the electron transfer 
process will be symmetry-allowed. If not, 
it will be symmetry forbidden. 

An interesting feature is that when one 
changes the arrangement of the atoms 
around a catalytic site, one also changes the 
symmetry of the surface orbitals in the 
neighborhood of the site. Thus, a given ele- 
mentary reaction can be symmetry-allowed 
at one site on the catalyst surface and sym- 
metry-forbidden at a different site. This 
should result in a change in the reaction 
rate from site to site. Clearly, symmetry is 
not the only effect, and it might only be a 
small effect. However, if it is a large effect, 
then one could use an analysis of orbital 
symmetry to identify sites with unusual 
properties for further study. 

The work here considers NO decomposi- 
tion on platinum. A detailed analysis of the 
effects orbital symmetry on this reaction 
has been given previously (16). Basically 
when the reaction NO(,,, + Ntadj + Ocadj, 
occurs, electrons are transferred from the v 
and v bonds in the NO to the metal (M) 
and from the metal to the (r* and 7r* orbitals 
in the NO. The o--f M and 7~ + M transfers 
are symmetry allowed on all of the faces of 
platinum considered previously, but there 
are symmetry constraints on the M + (+* 
and M + U* transitions. The rr*‘s are anti- 
symmetric around a plane through the mo- 
lecular axis. Thus the M + ?T* transition 

requires an antisymmetric orbital in the sur- 
face. However, all of the exposed orbitals 
on Pt(ll1) and Pt(ll0) are symmetric 
about the principal axes. Hence the ele- 
mentary reaction NOcad) + Ncadj + Ocadj 
is symmetry-forbidden on Pt(I 11) and 
Pt( 110). There are antisymmetric orbitals 
on Pt(100). However, the arrangement of 
the orbitals in the surface is such that the 
M --, CT* transition is partially forbidden. A 
similar analysis shows that the reaction is 
also partially or totally forbidden on all of 
the stepped surfaces considered previ- 
ously, but there are some special stepped 
surfaces, such as Pt(410), where the orbit- 
als at the step happen to line up properly so 
that the reaction is symmetry-allowed. 

It is not known whether orbital symmetry 
effects are important to reactions on solid 
surfaces; however if they are, Pt(410) 
should be unusually active for NO decom- 
position. The purpose here is to test this 
idea using TPD. 

EXPERIMENTAL METHODS 

The data were taken in a vacuum system 
described previously (27). Briefly, the sys- 
tem was of standard design and had a base 
pressure below the X-ray limit of the ion 
gauge (P < 2 x lo-” Tot-r). Partial pres- 
sures were measured with a Riber QX-100 
mass spectrometer. Dosing of the samples 
was accomplished by either dosing from the 
ambient gases, or by orienting the sample 
so that it was 40 mm away from a tube fitted 
with a glass capillary array. The later pro- 
cedure produced an increased dose at the 
front of the crystal. Calibration of the in- 
creased doses was accomplished by com- 
paring ambient gas spectra to those taken 
with the capillary array. 

Two different platinum single crystals 
were used in this study; one purchased 
from MRC and the other purchased from 
Metron. Each was aligned to within 0.5” of 
the (410) using Laue back reflection. The 
crystals were then cut by electrical dis- 
charge, producing oval samples of 8 x 6 x 

1 mm. The samples were mechanically pol- 
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TEMPERATURE (K) 

FIG. 1. Mass 28 (nitrogen) thermal desorption spec- 
trum development with increasing NO exposure 
(Langmuirs): (A) 0.12 NO, (B) 0.20 NO, (C) 0.32 NO, 
(D) 0.8 NO, (E) 3.2 NO. 

ished on both sides with final polishing 
done using 0.05pm alumina. Prior to 
mounting the sample in the vacuum system, 
each sample was rinsed with dilute nitric 
acid. Auger analysis revealed that, at this 
point, the major surface impurities were 
carbon and oxygen. The crystals were then 
mounted in the vacuum chamber. Final 
cleaning was accomplished by heating 
briefly in oxygen, sputtering, then anneal- 
ing in vacuum. The MRC crystal showed a 
buildup of calcium and silicon during the 
annealing cycle. However, no calcium or 
silicon was detected with the Metron single 
crystal (it was special ordered so that it was 
low in calcium and silicon). Both samples 
gave similar TPD spectra. However, all of 
the results presented here were taken with 
the Metron single crystal. 

Each sample was supported in the vac- 
uum system by two l-mm tantalum wires. 
The sample was heated by electron bom- 
bardment in some of the runs and resis- 
tance heating in others. Electron bombard- 
ment gave a large Electron Stimulated 
Desorption (ESD) peak, so most of the data 
here were taken with resistance heating. 
The sample’s temperature was monitored 

by a Chromel-Alumel thermocouple spot 
welded to the edge of the crystal. Data ac- 
quisition, and control of the heating rate 
were done by an LSI-11 minicomputer. 
Linear heating rates of 8 to 120”K/s repro- 
ducible to O.YK/s were possible. The ther- 
mocouple voltage and mass spectrometer 
output were stored in a binary file. The 
peak areas were integrated numerically. 

RESULTS 

Flash of an NO-covered Pt(410) crystal 
yields a nitrogen peak in the range of 400- 
500”K, and an oxygen peak above 900°K. In 
some of the runs, a small nitric oxide peak 
was seen at 380-500°K. 

Figure 1 shows how the nitrogen peak 
varies with increasing exposure. At low ex- 
posures, a smooth, fairly symmetric fea- 
tureless peak with a maximum at 486”K, is 
seen. Increasing exposure results in an in- 
crease in peak intensity and a decrease in 
peak temperature. The peak saturates at 3.2 
Langmuirs, at which point the peak maxi- 
mum lies at 439°K. 

Figure 2 shows a plot of the NO peak 
taken under conditions similar to those in 
Fig. 1. There is a two peak structure, with a 
main peak at 410”K, and a smaller peak at 
about 480°K and an initial transient due to 
desorption from the heated support wires. 
The absolute intensity of the largest fea- 
ture is only 15% of that of the NZ peak. At a 
heating rate of 25”K/s one calculates a per- 
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FIG. 2. Mass 30 (nitric oxide) TDS peak develop- 
ment with increasing NO exposure (Langmuirs): (A) 
0.15 NO, (B) 1.5 NO, (C) 3.2 NO. The sample used for 
this data was polished on both faces but the edges 
were never polished or aligned. Other preparation pro- 
cedures gave different results. See the text for details. 
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FIG. 3. Normalized coverage, 8 (from nitrogen peak area) vs NO exposure in Langmuirs. (-O-) 
Experimental points, (---) constant sticking probability curve, and (. . . .) Langmuir adsorption model. 

cent dissociation, D, of 93% for this partic- 
ular data set, where D is defined as in Eq. 
[l]. It has been found that the intensity of 
the NO peak varies significantly with some 
of the details of the experimental proce- 
dure. The data in Fig. 2 were taken with a 
crystal which was polished on the front and 
back, but the edges were never aligned or 
polished, and the back was never sput- 
tered. Experiments were done with a crys- 
tal which was polished on only one side; 
there 70% of the NO dissociated and the 
480°K peak was much larger than before. A 
series of runs were also done where a 
quartz shield was placed in front of the 
crystal, and a liquid nitrogen-cooled cold 
finger was placed behind the crystal; NO 
desorption was not detected in these runs. 
There was some interference with an ESD 
peak, however, so it would not have been 
possible to detect the 410°K NO peak if it 
was less than about 5% of the N2 peak. It is 
argued, therefore, that most of the NO seen 
in Fig. 2 is a result of desorption from the 
edges and back of the crystal, with a multi- 
peak structure arising because of different 
planes on the edges of the crystal. The data 
taken with the shield in front of the crystal 
shows that at room temperature more than 

98% of the NO which adsorbs on FY(410) 
dissociates before it desorbs. 

Figure 3 shows a plot of the relative cov- 
erage, 0, calculated from the peak areas 
in Fig. 1, versus exposure. One can observe 
that the coverage increases linearly with 
exposure up to about 60% coverage, and 
then quickly saturates. The figure also 
shows a curve calculated for a Langmuir 
adsorption model (i.e., S = So [l - 01) and a 
curve calculated assuming that the sticking 
probability is constant until all of the sites 
are filled. It appears that, for coverages be- 
low 75%, the curve calculated assuming a 
constant sticking probability fits the data 
much better than the curve calculated for 
the Langmuir model. Neither curve fits the 
data at higher coverages. This suggests 
that, indeed, the sticking probability is ap- 
proximately constant up to 60-70% of satu- 
ration. 

One can relate the initial slope in Fig. 3 to 
the saturation surface population, in mole- 
cules/cm2. via a mass balance 

(2) 
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where no is the saturation surface popula- 
tion, u is the molecular velocity, p is the gas 
density at the dosing pressure P, tl is the 
relative coverage, L is the exposure, and So 
is the initial sticking probability. Previous 
investigators have reported initial sticking 
probabilities in the range of 0.9-I .O for NO 
adsorption on other faces of platinum (5). If 
it is assumed that the initial sticking proba- 
bility of NO on Pt(410) is 0.95 then at room 
temperature the saturation surface popula- 
tion works out to be 5 x lOI molecules/ 
cm*. Certainly there are many calibrations 
involved in getting this number so it could 
be subject to considerable error. However, 
we have also done similar measurements 
for CO adsorption on this surface and ob- 
tained no = 1.0 x lOI molecules/cm2. 

The data in Fig. I was compared to the 
predictions of a first-order and a second- 
order desorption model. The first-order 
model predicts asymmetric peaks which in 
the simplest analysis (i.e., the activation 
energy of desorption independent of cover- 
age) have peak temperatures independent 
of coverage, while the second-order de- 
sorption model predicts symmetric peaks 
which shift to lower temperatures with in- 
creasing coverage. Clearly the data appear 
to be closer to second order than to first 
order. 

Redhead has suggested a simple way to 
test for second-order desorption kinetics 
(23). One can show that for a second-order 
desorption process, the peak temperature, 
T,, is related to the initial coverage, 8, by 

where E, is the activation energy of desorp- 
tion, p is the heating rate, v is the preex- 
ponential for desorption, and R is the gas 
law constant. Therefore a plot of ln(T,,,%) 
versus UT, should yield a straight line. Fig- 
ure 4 shows such a plot. One can observe 
that the data scatter nicely around a line 
which implies that the data does indeed fol- 
low simple second-order kinetics. 

I/TM. OK-’ 

FIG. 4. A comparison of the data to the predictions 
of second-order kinetics in the way described in Red- 
head (23). /3 was determined from integrated peak 
areas. 

Redhead (23) also shows that one can 
measure the activation energy of desorp- 
tion by varying the heating rate at constant 
exposure, and measuring how the peak 
temperature varies. A plot of ln(Tm2/@) vs 
I/T, should yield a straight line with slope 
E,/R and intercept In(q) v). Figure 5 shows 
such a plot for an exposure of 1.2 
Langmuirs. Again, the data scatter around 
a straight line. From the slope of the plot 
one calculates an activation energy of 18 
kcalimol and a preexponential (no V) of 1.5 
X lO’*/s or v = 3 X lo-’ cm2/s. 

Figure 5 is based exclusively on high cov- 
erage data. We also tried to do similar mea- 
surements at low coverages in an attempt to 
see if the activation energy of desorption 
varies with coverage. However, the low 
coverage peaks were very broad. There 
was considerable uncertainty in the peak 
temperatures, so the data on the plot were 
very scattered. Thus, it was difficult to 
reach any definite conclusions about the 
variation in the activation energy of desorp- 
tion with coverage. 

DISCUSSION 

The results in the last section show that, 
indeed Pt(410) is unusually active for NO 
bond breaking, as predicted by our model. 
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FIG. 5. The variation in the N2 peak temperature 
(T,,,) as heating rate Q3) varied at a constant exposure 
of 1.2 Langmuirs NO. 

Here we observe more than 98% dissocia- 
tion of NO in the flash. We have done mea- 
surements with a polycrystalline sample 
and find 70% dissociation; Comrie et al. (I) 
report 75% dissociation with a similar poly- 
crystalline sample. All of the platinum sin- 
gle crystals used by previous investigators 
dissociate 50% or less of the NO in a flash. 
Therefore it is concluded that Pt(410) has 
unusual bond breaking capabilities. 

Other workers in our laboratory are con- 
ducting photoemission studies of NO ad- 
sorption on Pt(410). Their work (26) indi- 
cates that NO dissociates upon adsorption 
on Pt(410) at room temperature. The results 
in this paper are fully consistent with these 
other studies. Here it is found that the NO is 
nearly fully dissociated before it desorbs. 
The saturation coverage of NO corre- 
sponds roughly to one NO molecule for 
every two surface atoms while the CO satu- 
ration coverage corresponds to approxi- 
mately one CO molecule for every surface 
atom. If we assume that the NO and CO 
compete for equivalent sites, as has been 

suggested previously (27), we conclude that 
the NO must take up two sites. Such a 
result provides additional evidence that NO 
is dissociatively adsorbed on Pt(410). Note 
that dissociative adsorption has not been 
seen below 420°K on any other previously 
studied face of platinum (9, 10, 18). This is 
additional evidence that Pt(410) has un- 
usual NO bond breaking capabilities. 

The adsorption data (i.e., Fig. 3) also 
seems to be quite consistent with previous 
work. It has been found that the sticking 
probability of CO and NO is independent of 
coverage up to about half coverage on a 
variety of metal surfaces (5, 19, 20, 24). 
The lack of variation in the sticking proba- 
bility with coverage is normally explained 
by assuming that the adsorption occurs via 
a mobile precursor (21); King calls this an 
indirect adsorption process (22). It appears 
that we are also observing an indirect ad- 
sorption process. Evidently, what happens 
is that the NO adsorbs into a molecular 
state, and then “slowly” dissociates. CO 
adsorption on W( 110) shows similar behav- 
ior above room temperature (22). 

Our kinetics results show that nitrogen 
desorption follows second-order kinetics. 
This is just what one would expect if the 
recombination of two nitrogen atoms were 
rate controlling. The preexponential mea- 
sured here is within normal limits. There- 
fore it is suggested that nitrogen recombina- 
tion is rate controlling here. Note however 
that, on most other faces of platinum, the 
nitrogen desorption peak produced during 
the flash of a saturated NO layer behaves 
differently. For example, N2 desorption 
from a polycrystalline or (100) sample fol- 
lows apparent first-order desorption kinet- 
ics; these kinetics can also be explained 
with a second-order model, but one is re- 
quired to assume an activation energy for 
desorption which varies significantly with 
coverage. The observation that the data 
here can be explained without invoking 
these complications suggests that there is 
some nontrivial difference between the pro- 
cesses on the (410) and those on other 



NITRIC OXIDE DECOMPOSITION ON Pt(410) 133 

faces. We suggest that there is a need to 
consider whether some step other than ni- 
trogen recombination is rate determining 
during nitrogen desorption on other faces of 
platinum. 

Another interesting observation is that 
the main N2 desorption peak lies at higher 
temperature on the polycrystalline and 
(100) samples than it does on the (410). If 
one were to assume that heats of adsorption 
were proportional to activation energies of 
desorption (an assumption that clearly 
could be challenged) one would conclude 
that nitrogen is less strongly bound on 
Pt(410) than it is on other faces. Hence, 
based on energetics, one would expect 
Pt(410) to be less active than Pt( 100) or 
polycrystalline platinum. The data show 
precisely the opposite. Clearly this is a spe- 
cial sample. It was chosen for the study be- 
cause it was predicted to have sites of the 
right symmetry to break NO bonds. The or- 
bital symmetry of NO and N2 are almost the 
same. Thus according to our model the step 
sites on Pt(410) also have the right symme- 
try to form an N2 molecule from two ad- 
sorbed nitrogen atoms. Our analysis sug- 
gests that there should be an extra barrier to 
N2 desorption on most faces of platinum 
that is absent on Pt(410). While we do not 
have any direct evidence for this barrier, 
the observation that the activation energy 
of desorption of nitrogen is higher on the 
faces of platinum which are less active for 
NO bond breaking would suggest that some 
sort of barrier is present. This assertion 
also accounts for the observation that there 
does not appear to be two desorption 
modes (i.e., one from the terraces and an- 
other from the steps). We suggest that it is 
more efficient for the nitrogen molecules to 
diffuse to the steps, then desorb, rather 
than desorbing directly. Hence, one would 
only see one broad N2 peak. 

CONCLUSIONS 

The results of this paper illustrate the po- 
tential utility of orbital symmetry conserva- 
tion methods in identifying especially reac- 

tive sites on single crystal surfaces. Pt(410) 
is not a face that one would expect to be 
unusually active based on energetics. The 
(1 lo), which has a lower average degree of 
saturation, is unreactive (3). Nitrogen bond 
energies, inferred from flash desorption 
peak temperatures, are lower on Pt(410) 
than on other platinum faces. Yet Pt(410) is 
much more adept at breaking NO bonds 
than any platinum face considered previ- 
ously. Unlike other faces, the N2 desorp- 
tion kinetics follows a simple second-order 
rate law. We do not know whether symme- 
try-conservation methods will be as suc- 
cessful in identifying especially reactive 
sites for other reactions. However, the fact 
that they worked as well as they did here 
suggests that they deserve further study. 
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