Reactions of N and NO on Pt (335)
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As part of a study of species important in automotive exhaust chemistry, the reactivity of atomic N
and NO on RB35) at low temperature has been studied. The atomic N was produced by dissociating
adsorbed NO with a 76 eV electron beam. Cross sections for electron-stimulated desorption and
dissociation are estimated for NO on terrace and step sites. Terrace NO is at least five times more
likely to desorb than to dissociate. Step NO has a lower desorption cross section than terrace NO,
but probably a higher dissociation cross section. Temperature-programmed desorption was used to
monitor desorption, dissociation, and the formation efadd NO from adsorbed N and NO. Five
distinct desorption states of,Normed by NO dissociation are identified. The dominantpgeak

(435 K) comes from electron-dissociated step NO; its desorption temperature is higher than the N
peaks from electron-dissociated terrace NO. Coadsorbed N and NO react to fOreviin below

100 K, with an activation barrier of 6 kcal/mol. Only terrace NO participates in this reaction; step

NO does not react to form JO. This site dependence resembles that for CO oxidation @i Bt

and P¢335 and can be rationalized with simple steric considerations. All of the forms of atomic N
participate in NO formation, but that formed by the dissociation of step NO exhibits the lowest
reaction temperature. Hence, the same N atoms that only recombine to §at@Bb K, react with

NO to form N,O at 100 K. We found no evidence for an NO reaction with N atoms to foprand
adsorbed O, or for NO formation from the recombination of adsorbed N and adsosbe® (1997
American Institute of Physic§S0021-960607)01246-4

I. INTRODUCTION reaction on Pt is very sensitive to surface structafeFor
this study our substrate is(B85), or Pt(s)[4(111)X (100)]
Sn step-terrace notation. As shown in Fig. 1, it has four-atom
wide terraces separated by monatomic-hei@t@0 steps.

Catalytic reduction of NO on Pt, Rh, and Pt-Rh surface
is used to help control automotive tailpipe emissibns.

Among the desired surface reactions are: We have previously studied CO, H, and oxygen on this
NO,=N,+0O,, (1)  surface™®
After electron bombardment, both NO and(&hd pos-
Na+Na=Ngg, 2 sibly O) remain on the surface. We focus on the chemistry
CO,+0,=CO, &) involving NO and N. In addition to Egqg.1)—(3) we con-
a 9- Fdar
sider:
Models suggest that under reaction conditions the surface
can be nearly saturated with adsorbed N. We use an artificial NOatNa=N,Og, 4)

procedure to prepare a high coverage of adsorbed N on a
well characterized Pt surface in vacuum: NO is adsorbed at
low temperature and then bombarded with electrons. By usthe formation of NO [Eq. (4)] is of concern because the
ing a stepped surface as the substrate, we are able to legsroduct, although unregulated, is a “greenhouse” gas. The
about the effects of structural defects on the surface chemigonversion of NO to MO over supported Pt catalysts has
try. Practical catalyst surfaces, of course, are highly heteroong been recognized as an important reaction Fakore-
geneous, and it has been shown that the NO dissociatiogver, for the CG-NO reaction over Rf111), N,O formation

is the dominant pathway for adsorbed N to react when NO
dpresent address: Seagate Technology, 7801 Computer Avenue souffOVerages are Signiﬁcaﬁt'lz Even so, until recently, most
Bloomington, MN 55435, studies of NO on single crystal Pt neglected th&®Nhan-
PAlso at: Department of Physics and Astronomy and Center for Fundamennel, and those that did consider it found little evidence for its
tal Materials Research, Michigan State University, East Lansing, M'lmportance—only trace amounts of ,@® were seen in

NO,+Ny=Npg+ O, (5)
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FIG. 1. Side(a) and top(b) views of the ideal R839) surface. The Ptatoms  F|G. 2. (a) NO (mass 31 desorption signal from a saturation coverage of
at the step edge are shaded; those on the terrace are clear. NO before(lower trace and after(upper tracg’5 min of electron bombard-
ment at an energy of 76 eV and sample current of 1.2 (bAN, (mass 30
signal from a saturation coverage of NO befdtewer trace and after
(upper tracgelectron bombardment. Signal has been multiplied by 0.1 rela-

yields of N,O were observed from NO on potassium- ; . 0 (a.

promoted Ril11)'* and from coadsorbed NO and CO on a
polycrystalline Pt ribbon that was mostly (P11).X> More
recently, significant conversion of NO to,8 has been seen
on polycrystalline P and on a surface that was approxi-
mately Pt112.1” On Pt335 we find that NO formation
proceeds rapidly at temperatures as low as 100 K, and co
clude that reactiori4) can be important if the surface has a
high concentration of atomic nitrogen. Reacti@y has been
proposed as a significant pathway on(RH),*8-2°but Bel-

spectra. Gas was dosed with the sample at 90-95 K and in
front of an NO doser. The doser’'s enhancement over back-
rg_round dosing was approximately 210The TPD spectra

were measured with the sample facing the aperture of a cone
covering the mass spectrometer, at a distance of about 1 cm.
The aperture prevented detection of desorption from the back
of the sample or from the heating leads. The heating rate was

t°!" etal. fpund no evidence for it: We also find no sign of 10 K/s, and masses 28, 30, 31, 44, and 46 were all monitored
this reaction on F835). )
simultaneously.

We are abl? to shovv_ th‘f"t only terrace NO partlmpatgs " The electron-stimulated desorptiqgeSD) system was
the N,O formation reaction; NO at step sites is essentlallythe

. : . . o same as that used in Refs. 11 and 28. Four thoriated
unreactive. This contrasts sharply with the high reactivity ofiridium filaments mounted in parallel on Ta posts provided
step sites for NO dissociatidn:>?123put is similar to re- P P P

S o7 thermal electrons at ground potential. The sample was placed
sults for CO oxidation on stepped Pt surfa€&s.In the CO about 1 cm from the filaments and a positive bias of about 76

stuo!les the greater _re_actl_wty of terra_ce_ CO was at_trlbuted t?/ was applied to the sample. The current between the fila-
steric factors, and it is likely that similar effects influence . . )
. ment and the sample was typically 1.2 mA with a filament
N,O formation.
. . current of 19 A. The electron bombardment generally lasted
TPD spectra show multiple species of adsorbed N fol- ; . S
. .—_about 5 min, during which time the sample temperature rose
lowing electron bombardment of NO. All of these species
.y : . . from 90 to 140 K.
can participate in BD formation. The most active for J®
formation is N derived from the dissociation of step NO.
Surprisingly, this N species is less active fog férmation ", srMuLATED DESORPTION AND DISSOCIATION
than other N specieffrom dissociation of terrace NCGhat OF NO
form N,O less readily.
Figure 2 compares TPD spectra for N@ass 31 and
N, (mass 30 with and without ESD, all from a saturation
coverage of NO on P335). The lower curves show the de-
Our experiments were carried out in an ultrahighsorption from an NO layer prepared by simply dosing at 90
vacuum (UHV) chamber with a base pressure of 3 K to saturation coverage. There are four NO desorption
x 107! Torr. The sample was spot-welded to two Ta wires,peaks, at 243, 307, 385, and 504 K. Onggdéak is found, at
which were used for heating and cooling. The sample temabout 520 K. In an unpublished study we have used high-
perature could be controlled between 90 and 1300 K. Theesolution electron energy loss spectroscdgyREELS to
sample was cleaned by cycles of Ar sputtering and oxygeshow that the highest temperature NO peak is from NO ad-
treatment between 623 and 1023 K. Detailed sample clearsorbed at step sites; the other three peaks are from NO ad-
ing procedures can be found elsewhefhe sample clean- sorbed on thg111) terraces. The Ndesorption at 520 K

Il. EXPERIMENT

liness was always checked by Auger spectroscopy. comes from the recombination of atomic N derived from
Isotopically labeled®NO was used, enabling us to dis- thermally dissociated step NO.
tinguish among CAmass 28 N, (mass 30, NO (mass 3}, The absolute coverage of NO on(B35 at saturation at

0, (mass 32, CO, (mass 44, and NO (mass 46in the TPD 90 K is estimated by equating the coverage of NO on the
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(111) terraces at saturation with the saturation coverage ofABLE I. Peak temperature and fraction of the total integrated desorption
; ; intensity for each of the five Ndesorption peaks observed upon heating a

NO on Ptl.ll)' fr_om the “terat_ure' Several TPD experiments saturated NO layer after 5 min of electron bombardni&ig. 2(b), upper

ha_VG O_bta'r_]ed it by comparison with 1030' The values Ob'trace]. The uncertainty in each fractional intensity is less than 10% of its

tained in this way are 0.55 Miat 90 K),” 0.3 ML (at 260  value.

K),?20.25 ML (at 250 K,?* and 0.54 ML(at 120 K.?° In-

dependently, a comparisbiof the oxygen % photoemission P  Bo Bs Bs PBs
peak between a saturated layer of atomic oxygen and a satu- Peak temperaturé) 185 290 360 435 520
rated layer of NO on P111), gave 0.7 ML. A dynamical low Fraction of . 3 8 11 7 7
energy electron diffractiofLEED) analysi$®®! of a NO total intensity(%)

overlayer on RfLl11) that was prepared at 90 K and then
heated to 250 K, gave 0.25 ML. This must be corrected for

the desorption caused by heating. From Ref. 13, heating

from 90 to 250 K desorbs 35% of the NO. Consequently, at

90 K, the LEED analysis implies a saturation NO coveragesembles the pldesorption observed from the thermal disso-
of 0.39 ML. Similarly, upon correcting to 90 K, the TPD cjation of NO on nominally flat or vicinal Pt11)2?*33and
results from Refs. 22 and 23 give 0.46 ML and 0.39 ML, on polycrystalline Pt83234The peak temperature is about 40
respectively. Each measurement is given equal weight. Thg higher than was observed on surfaces closelid) (with

final value for the saturation coverage of NO ori1R) at  gppropriate corrections for differences in heating Ftéut

90 K'is 0.51+0.11 ML. very similar to the peaks seen on(Pt4 and Pt112).2 We

To estimate the saturation coverage of NO o889,  atribute it to N formed bythermal dissociation of the NO
75% of the total area is assigned (tbl]) terrace sites, on eft intact by the electron bombardment. Since the N atoms
which the saturation NO coverage is assumed to be the samgimeqd at low temperature bstimulateddissociation leave
as it is on P111):0.51 ML. With dissociation during TPD  {he syrface at lower temperatures, we conclude that the ki-
taken into account, 19% of the NO is at step sites. COnSesetics of theBs peak is limited by NO dissociation. The
quently, at saturation at 90 K, 29% of the step sites are 0Cyjpeics of NO dissociation may in turn be limited by the NO
cupied by NO. Overall,_ the estimated saturation coverage Oéesorption required to produce vacant sites, as suggested by
NO 02 P(335 at 90 K is OI':AT& %10 ML'f ; Wickham, Banse, and Koéf.

The upper spectra in Fig. 2 come from a surface satu- " c0 o temperature peajs— B4, at 185, 290,
rated with NO at 90 K followed by 5 min of electron qu— %60, and 435 K, respectively, appear only after electron
bardment. Compared to TPD of the same surface witho . S

ombardment. We assign them to the recombination of N

electron bombardment, the total amount gftNat desorbed :

. ) atoms that remain on the surface after electron bombardment
increased by a factor of 8 while the NO decreased byafactoarlt 140 K. It has been reported that molecular nitrogen ad-
of 3—the electron bombardment partially dissociated the i P 9

NO. A similar effect has been reported for NO on(&h). 2 sorbed at low temperature desorbs at about 180 d{gse to

Electron-stimulated dissociation of NO on(Pt1) has been the temperature of oyB, peak, so it 'S, possible that thg, .
reportec®? but the sample was a recrystallized ribbon thatpeak arises from a small amount of nitrogen that recombines
produced considerable thermal dissociation and thus prof2Ven at very low temperature.
ably had a high defect density. We will show that the major- "€ dominans, peak occurs at 435 K. There have been
ity of the stimulated dissociation of NO on(B85) occurs at & number of observations of;Nlesorption from N-atom re-
the step edges, although a significant amount occurs on tfPMbination on flat and vicinal B11). In general, the re-
terraces as well. This site preference mimics that for thermafults for stepped and flat surfaces are not significantly differ-
dissociation, and may be related to the orbital symmetry arént, except for the extent of thermal dissociation; in
guments of Banholzeet al? particular, no desorption feature can be associated with step
There are five distinct desorption features in thg N Sites?**%"% The desorption temperatures for the main
(mass 30signal in Fig. Zb), labeledB; to Bs. We estimated peaks range from 450 to 520 K. When the N atoms come
the peak temperature and fraction of the total intensity foffom NO dissociatiofi-*2~**it is uncertain whether the rate-
each peak by deconvolving the desorption spectrum, assurimiting step in N, desorption is NO dissociation or,Ne-
ing Gaussian peaks with independently adjustable height§ombination; our results suggest NO dissociation, as dis-
widths and peak temperatures. The results are given in TabRussed above. Schwaha and Bechtold avoided this difficulty;
|. By far the most intense peak, containing 71% of the totathey deposited N atoms directly by exposing flat and vicinal
intensity, is theB, peak at 435 K. Only thg8s peak is seen Pt(111) surfaces at room temperature to activated nitrogen
in the absence of electron bombardméFig. 2(b), lower  generated in a high-frequency dischatg&he primary N
trace. peak occurred at 500 K at low coverage, and shifted to 450 K
Determining the origin of the five Npeaks is complex. at the highest coverage studied. Consideration of the heating
The highest temperature peaks, is observed even without rate(80 K/s in Ref. 37 would lower the high-coverage peak
electron bombardment, and is only a few degrees higher thaio about 430 K very close to ou, peak. Atomic N gen-
the highest temperature NO desorption. In its peak temperarated by ammonia dissociation on(tl) produces N de-
ture and correlation with NO desorption it strongly re- sorption at 520 K, even though the dissociation is largely
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TABLE Il. Fraction of the populations of step and terrace NO that desorb,

a) NO b) N, — 428K dissociate, or remain intact after 5 min of electron bombardment, from Figs.
Mass 31 /515K Mass 30 2 and 3. The values assume a TPD sensitivity saHdt is 71(10 000 times
greater than that to NO. Estimated cross sections for desorption and disso-
- After /\ ciation are calculated using E(f).
2 ESD
3 Terrace NO Step NO
o
g Desorbed fraction 0.6@0.71) 0.00 (0.53
& Before \ Before Dlssomateq fraction 0.110.00 0.59 (0.00
ESD k ESD JL Intact fraction 0.29(0.29 0.41 (0.46
Desorption cross 3.6 (4.3 0.0 (2.7
Sectiono s (1071° cnP)
200 400 600 200 400 600 Dissociation cross 0.7 (0.0 3.1 (0.0
Temperature (K) Temperature (K) sectiono g (1071° cnd)
Fraction of saturated layer 0.80 (0.82 0.20 (0.18

before exposure to
electron beam

FIG. 3. (@) NO desorption signal from a saturation coveragesiap NO
before(lower trace and after(upper tracgelectron bombardment. The sur-
face was prepared by saturating with NO-a@5 K and heating to 433 K.
(b) N, desorption signal from a saturation coveragestfp NO before
(lower trace and after(upper tracgelectron bombardment. Signal has been
multiplied by 0.1 relative tda).

curves are from a surface prepared in the same way and then
subjected to 5 min of electron bombardment.

Figure 3b) again shows a largéactor of 5 increase in
the total N desorption and a decreafgy a factor of 2 in
complete by 400 K13 The difference between this desorp- the NO desorption, after the electron bombardment. The
tion temperature and that found by Schwaha and Bechtold idominant N desorption feature after bombardment is still
not understood. Desorption peaks of flom atomic N lay- the 8, peak at 428 K. As expected, tif peak(at 520 K) is
ers prepared by activated nitrogen have also been observedsiill seen—the NO that remains after electron bombardment
390 K and 450 K on R100*’ and at 465 and 525 K on thermally dissociates and the N atoms recombine to fom N
P1(110.%° The B;, B,, and B3 peaks, however, are missing. We con-

By comparison with the data of Schwaha and Bechtoldclude that the3, peak arises in large part from the dissocia-
we tentatively identify theB, peak as the recombination- tion of NO at step sites, while the three low temperature
limited peak from atomic N on th€l1l) terraces. Its low peaks,3; to B3, arise from dissociation of terrace NO. This
desorption temperature—closer to those seen ¢hOBt—  interpretation agrees with the analysis of Gohndrone and
could, however, support its identification with N atoms onMasel for the similar R1.12) surface® However, it does not
the (100)-oriented steps. Quite possibly both explanationstell us where theN atomsthat produce the3, peak are
are correct and the two signals simply overlap. adsorbed.

We also tentatively assign th@, and B3 peaks to re- We use the TPD data in Figs. 2 and 3 to estimate the
combination of terrace nitrogen. Thg; peak (360 K) re-  cross sections for electron-stimulated desorption and disso-
sembles the 395 K peak seen by Schwaha and Bechtoldjation for step and terrace NO. The calculation requires
although its intensity relative to the, peak is smaller in our knowledge of the relative sensitivity of the TPD system to
data than in theiré’ A peak near 360 K was also observed atNO and N. We do not have an independent measure of the
some NO coverages for NO on polycrystalline®Phut was ~ sensitivity ratio, but Fig. 2 allows us to set a limit. If there is
not identified. The experiments of Schwaha and Bechtold disho stimulated desorption of step NO, and there are no other
not extend below room temperature, so fepeak at 290 K channels for removal of nitrogen from the surface, then the
would not have been detected; it may also be a characteristitPD system is at least 71 times more sensitive $dhdn to
feature of N-atom recombination on(Pt1). The association NO; any lower ratio would imply that the number of nitrogen
of the B, — B3 features with terrace N is supported by experi-atoms on the surface iacreasedby the electron bombard-
ments with only step NO, discussed below. We could not usenent. If stimulated desorption of step NO occurs, then the
isotope labeling to study possible mixing of th® — B85  sensitivity ratio must be correspondingly higher. Our data
peaks, since the necessary electron bombardment after egofovide no definite upper limit for the sensitivity ratio, but
dose would itself produce site mixing. Consequently we daeven the lower limit of 71 is unexpectedly large, so we be-
not know whether they represent distinct adsorption sites. lieve that the correct value is probably close to that limit.

Further information about the desorption states can b&able Il gives our best estimates of the fractions of step and
obtained from Fig. 3, which shows NO and, NPD mea- terrace NO that desorb, dissociate, and remain intact after 5
surements before and after electron bombardment, but withmin of electron bombardment, calculated with sensitivity ra-
the NO occupyingnly step sitesThe lower curves are from tios of 71 and 10 000. The lattéessentially infinit¢ value
a surface prepared by saturation with NO at 90 K followedcorresponds to the unlikely assumption that essentially no
by heating to 433 K and recooling. In an unpublishedstimulated dissociation occurs; the values listed therefore de-
HREELS study we have shown that this procedure desorbne the range of values that could be consistent with our
NO from the terraces but leaves step NO in place. The uppezxperimental results.
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The surprisingly high sensitivity to Ndesorption as mum valug. A similar difference inthermaldissociation rate
compared to NO could be partially caused by the angulahas been explained by Banholzeral. with an argument
distributions of the desorbing species. Our mass spectronbased on orbital symmetfy.
eter is sensitive to molecules that desorb within about 20 deg Comrie, Weinberg, and Lambert reported cross sections
from the surface normal. If the Ndesorption pattern is for electron-stimulated desorption and dissociation of NO on
highly peaked in that direction, while that of NO is more a P{111) ribbon3? Since a large amount of thermal dissocia-
diffuse, then the sensitivity to Nis enhanced. In a study of tion was also observed it is probable that the ribbon’s surface
N, (450 K) and NO(420 K) desorption from R{835), Ikai had a high density of defect sites. For an electron beam en-
et al*® found that their desorption patterns had angularergy of 2000 eV they foundry.=(4.0+2.0)x10 *° cn? and
widths (FWHM) of 65 and 100 deg, respectively. For o4=(1.0£0.2x10 8cn?. On Pt110 they found
Pd110), Ikai et al** found an even bigger difference: angu- ogest 0;<<0.2X10 °cn?. Their value of the desorption
lar widths of 19 and 120 deg respectively, fop Bhd NO. cross section is quite similar to ours, but their dissociation
(The N, peak from P@L10) was directed 37° from the sur- cross section is much larger than we observed. It may be that
face normal. A highly collimated desorption pattern has also stimulated dissociation is more sensitive to the electron en-
been observed for CQlesorption from R1.12).%> However,  ergy than is stimulated desorption, or the ribbon surface may
even with an infinitely sharp distribution for,Nind a cosf) have contained sites with much higher dissociation cross sec-
distribution for NO, if the mass spectrometer accepts a congon than are available on @85. The latter explanation is
with angular radius of 20 deg then the sensitivity enhancesuggested by the levels dfiermal NO dissociation—- 2/3
ment for N, is only a factor of 10, not enough to explain of the NO dissociated thermally on the ribdas compared
fully the observed difference. with only about 2% on R835—and by the wide variation in

We assume that the electron flux is uniform over theNO dissociation activity among crystal faces of?FPt.
surface, that the cross sections are independent of coverage, Itis also interesting to compare our results with the mea-
that the NO molecules do not jump between step and terracgurements of electron-stimulated desorption and dissociation
sites, and that all NO molecules on a given type of Gtep  of step NO on RtL12) by Heizet al****They monitored the
or terrace are equivalent, so that the population of each spestep NO population through the infrared absorption intensi-
cies decays exponentially with fluxOnly a single electron ties of two vibrational bands, at about 1600 and 1800tm
dose was used in the experimeptEhen for each species They assigned these two bands to bridge and terminal NO,
(terrace and stgpthe cross sectionsy.sando ;s for desorp-  respectively, on the step edges. Since only the NO popula-
tion and dissociation, respectively, are determined by solvingion was measured, they could not directly distinguish be-
the equations: tween desorption and dissociation, but they argued that dis-

sociation was negligible because ng @ N, was detectable

o= eA In(f with Auger spectroscopy after electron bombardment and
TdesT Tdis™ ~ ¢ N(Fintacd) thermal desorption of the NO. Our results, however, show
®)  that the N-containing species desorb at temperatures lower
Odes Tdes than or the same as the NO desorption temperature, If O
= — . - 3
g Fas’ were present, it would desorb at a higher temperatatés

but we have founeo O, desorption from R835) after either

wherel is the beam currenfi=0.79 cnf is the sample area, thermal or electron-stimulated dissociation of NO; we be-
and thef’s are the fractions of the molecules desorbed, dislieve the “hot” O produced by NO dissociation leaves the
sociated and intact after time The results are given in surface immediately. Consequently, dissociation could have
Table 1. occurred in the experiments of Heit al*®

The dominant effect of the electron beam is to induce  For electron-stimulated desorptidipossibly including
desorption. For a saturated layer at least 48% of the N@lissociation they measured cross sections of 2.3
desorbed while no more than 20% dissociated. For terrac& 10 *cn? for the 1800cm' species and 8.7
NO, desorption is at least five times more likely than disso-< 10~ *° cn? for the 1600 cm* species. Our cross sections
ciation. This is perhaps not surprising since thelPt) sur-  for step NO, which do not distinguish between the two spe-
face is completely inactive for thermal NO dissociation. ~ cies, are much smaller. The difference may be due to the

NO at the step sites is less likely to be activated by thedifference in beam energie§6 eV versus 275 eNor to
electron beam than is NO at the terrace sites; the overafitructural differences—th€112) surface is similar to the
Cross SECtiomdeS+0-diS is 1.5+0.1 times greater at terrace (335) surface, but the average terrace width is three, rather
than at step sites. This difference may be attributed to théhan four atoms.
difference in binding energies: Campbell, Ertl, and Segner
found E4=33.1 kcal/mol for defect sites on @L1), and
Eq=27 kcal/mol on the perfedtl11) plane at low NO cov- |v. N,O FORMATION BY COADSORBED N AND NO
erage. With increasing NO coveradg; on terrace sites de-
creases furthe? It is likely, however, that the cross section
for stimulated dissociation is greater at step than at terrace When the overlayer formed by 5 min of electron bom-
sites(assuming the TPD sensitivity ratio is close to its mini- bardment of a saturation coverage of NO was heated, a small

A. Reaction kinetics
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— oy N,O ; 90 L
I Mass 46 9-’ r [
| - 70t 1
| o
| s -
| Increasing 3
w L -
3 Postdose NO ()] 50
S N .
= <
g 30 . . ‘ .
17 0 10 20 30 40 50
o
& /\/\ N,O Desorbed (a.u.)
M\ FIG. 5. Integrated intensity of the Nlesorption as a function of the inte-
grated intensity of the MO desorption, from the data in Fig. 4. A straight
1 line indicates a constant rate of,® production per dissociated NO mol-
ecule.
+#
0 200 400

coverages below one monolayer a single first-order desorp-
tion peak is observed, with a peak desorption temperature
FIG. 4. NO (mass 46 signal from a surface prepared by 5 min electron Petween 90 and 105 K, depending on the coverage. Assum-
bombardment of a saturation coverage of NG-&5 K and then post-dosed  ing that the(111) terraces of R835 are similar to thg111)
with varying amounts of NO. During the post-dose the NO pressure at thesyrface, we would expect any,8 that forms before the
sample was roughly 810 1° Torr. The post-dose exposure times were, sample is heated to desorb immediately and not be detected
from bottom to top, O, 8, 15, 22, 30, and 100 s. . . .

in our TPD spectrum. Indeed we believe this occurs for the

highest NO post-dose and accounts for the discrepant point

in Fig. 5. For lower NO doses it appears from Fig. 4 that
amount of NO (mass 46 was found to desorb near 300 K, |iitje or no desorption occurs before the start of the TPD
indicating a reaction between NO and the N atoms created bycan, We argue below that for both peaks the reaction occurs
electron-stimulated dlssomatlon_of NO. As dlscussed in Secpredominantly at terrace sites, and the rate-limiting step is
[, on cle_an AtL11) N,O production has been attributed to tpe reaction N+NO,=>N,O,, rather than MO desorption.
defect sites. We explored the dependence of th® fdorma- | we assume a preexponential factor of'36°! then the

tion reaction on NO coverage by post-dosing variousyctivation energy for the reaction is6 kcal/mol.
amounts of NO on the surfaater the electron bombard-

ment. Figure 4 shows the,® desorption as a function of
NO post-dose. Two pD desorption peaks are evident, at
about 110 K, andw, at 210-320 K. With increasing NO In a series of studies of CO oxidation on the stepped
exposure the intensities of both peaks increase while thet(112) and P¢335 surfaces, Yates and co-workers have
peak temperatures decreasg,from 310 to 210 K, andv;  found that the reaction probability depends on the binding
from 155 K to 115 K. The increase in the intensity of #thg  sites of the reactanf$=?’ Adsorbed CO is more reactive at
peak occurs mainly at the highest NO exposures. terrace sites than at step sites, while O is marginally more
In Fig. 5 we plot the integrated Ndesorption signal reactive at step sites than at terrace sites. They have offered
against the integrated-® desorption signal, for various NO a qualitative explanation based on steric factors, the most
post-doses. With the exception of the last pdidiscussed important being that the CO’s carbon atom can get closer to
below) the data fall on a straight line, indicating that the the Q, when the CO is on the terrace than when it is at the
postdosed NO is simply titrating the adsorbed N atoms. Thetep edge.(Their analysis assumed that step O occupies
slope of the line is then the ratio of the mass spectrometéttrough” sites at the bottom of the step; there are now
sensitivities for the two species; the mass spectrometer is 24rong indications that it actually sits on the exposed step
times more sensitive to JO than to N. At the highest NO  edge®“*® but this does not affect the argument regarding the
post-dose thex; N,O peak has shifted to such a low tem- reactivity of the different CO speciedn many respects the
perature that significant reaction and desorption occurs evelO+N reaction is similar to CO oxidation so we might ex-
at 95 K, before the TPD spectrum is measured. By extrapopect terrace NO to be more reactive than step NO.
lating the linear fit, we estimate that 2/3 of the total amount Indeed, only terrace NO participates inM formation.
of N,O produced desorbed prior to the TPD measurement. TPD from a surface prepared by electron bombardment of a
The adsorption of BD on P{111) has been previously layer that contained only step N@s in Fig. 3 revealedno
studied with TPI3*~*" and HREELSY to the best of our detectable DO signal. A surface prepared in this way con-
knowledge there have been no studies gbNon a stepped tains no terrace NO oB8;— B3 N species, but does contain
Pt surface. On P111), N,O adsorption is molecular. For step NO andB, terrace N. We show below that they N

Temperature (K)

B. Identification of the active sites
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FIG. 7. The integrated intensities of the anda, N,O desorption peaks as
a function of annealing temperature, from Fig. 6.

-

223K

sion that the N-NO reaction rate is a function of the N and
NO binding sites.
140K 1 It is surprising that thes, species of N is more active for
N,O formation than the;— B5 species, but less active for
. " recombination to Bl Assuming that the pre-exponential fac-
0 200 400 tors are similar, this difference implies that the activation
Temperature (K) energy to form NO from B, N is smaller than from3,

— B3 N, but that the order of activation energies is reversed

FIG. 6. N,O desorption spectra that show the effect of varying the initial N for the recombination reaction. While nothing in principle

coveraggwith saturation NO coverageBefore desorption, the surface was prevents such a reversal. it contradicts common intuition.
prepared by saturating with NO at95 K, electron bombardment for 5 min,

heating to the indicated temperatui® desorb selected N specdieand
saturating again with NO at 95 K. V. REACTIONS NOT SEEN

We did not find any evidence for reactigh). It was
o _ _ proposed to occur over Rh11)*®¥-2°but was later ruled out
speciess reactive, so the absence oﬁ(l&llproduc.uqn mustbe  ver that surface by Beltoat al’! The presence of such a
due to the lack of terrace NO. The steric reacuyny model thathannel might have been revealed by a nonlinear dependence
Yates_ and co-workers proposed to explain their CO data alsgy N, yield on N,O yield in the NO post-dosing experiments
explains our NO data. o (Fig. 5 or by oxygen desorption. Neither was observed.

. All of the observed forms of atlomlc nitrogen can react  “\we also exposed the electron bombarded overlayer to
with terrace NO to form BO, but it appears that th8, 189, 5t 90 K in order to look for a reaction between the N
form, derived from dissociation of step NO, reacts moregzioms and the oxygen. No mass 38N'0) signal was
readily than do the forms derived only from terrace NO.¢ong in the TPD spectrum, indicating no reaction between
Figure 6 shows BD TPD spectra from a saturated layer of N and adsorbed oxygen. Moreover, the oxygen desorption
NO subjected to electron bombardment, annealed to varioUssectra showed only the low temperature peaks due to ad-
temperatures to remove selected species of adsorbed N, agg,eq Q; the higher temperature pedkthat would have
finally recooled to 90 K and saturated again with NO. Thejngicated the recombination of atomic O were not seen. In a
integrated |r_1ten§|t|es of the, andaz N,O desorpt.|0n peaks previous TPD experimefitwe showed that ©alone on
are pIotteq in Flg. 7 as a functlon_of the annealing temperapt(ggs) does partially dissociate to atomic oxygen. With O
ture. (The intensity of thex; peak is understated, however, gione on the surface, the fraction that dissociates to O de-
since at saturation NO coverage roughly 2/3 of it desorb%endS strongly on whether the, @ at a terrace or edge site;
before the start of the TPD scan. only about 5% of the terrace Qlissociates. It is likely that

Annealing to 345 K largely removes t# andg; spe-  yygen dissociation was prevented in the present experiment

cies of N and part of thg; species, and also largely elimi- by saturation of the step edges with N and NO.
nates thex, N,O peak. This observation confirms that these

N species are reactive, as we asserted above.

The @, N,O peak is barely affected by annealing to 345
K. At higher temperatures, however, its intensity drops rap- We have observed low temperature reactions that in-
idly, coincident with the removal of N atoms through tAg  volve atomic N and NO on the stepped3&5 surface. To
desorption channel. It is clear that the N,O peak is asso- obtain atomic N on the surface, electron bombardment was
ciated with theB, N, desorption. This reinforces our conclu- used to induce dissociation of adsorbed NO. Electron-

/|

VI. CONCLUSIONS
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