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The angular and velocity distributions of desorbing productaid CQ were studied in a steady-state NO
+ CO reaction on Pd(110) and Rh(110) by cross-correlation time-of-flight techniques. ThdeSQrption

sharply collimated along the surface normal

on both surfaces. On the other hatelsddption on Pd(110)

sharply collimated along about 246ff the surface normal in the plane along the [001] direction below around
650 K, yielding a translational temperature of about 3600 K. At higher temperatures, the normally directed
desorption was relatively enhanced. On Rh(110), desorbinshBrply collimated along the surface normal,

yielding a translational temperature of about 2500 K. The inclined desorption was assigned to the decomposition

of the intermediate, pO(a) — Nx(g) + O(a), and the normally directed component was proposed to be due
to the associative desorption of adsorbed nitrogen atoms, 2N(d)(g). The branching of these pathways

was analyzed on Pd(110).

I. Introduction
Nitrous oxide, NO, is formed when the emissions from diesel

or petrol engines (containing NO) are passed through catalytic

converters with active metals such as rhodium and palladium.
N2O is harmful and yields a remarkable greenhouse effect.
Knowledge of the relation of Nand NO formation is requisite

for improving such environmental catalysts. This paper reports

the first separation of three removal pathways of surface
nitrogen, i.e., the associative process of 2Nfa)Nx(g), the
intermediate decomposition of N(a} NO(a) — N.O(a) —
N2(g) + O(a), and its desorption without decomposition.

In the pathway through the & intermediate on Rh(110),
desorbing N is expected to collimate at 3(r0° off the surface
normal because such large collimation angles were observe
in the NNO decompositiod.® However, neither inclined N
desorption nor MO production became noticeable up to about
1 x 107 Torr of NO. N, desorption always collimated along

the surface normal, suggesting that the associative process i

predominant. On the other hand, on Pd(110), the inclinegl N
desorption and a significant amount oMl formation were

observed in a wide pressure range, indicating that the pathway

through the NO intermediate was operative except for high
temperatures.

The overall reaction rate at the steady-state-NOO reaction
is mostly controlled by the dissociation of adsorbed NKo
information of the removal of surface nitrogen can be obtained

from kinetic measurements at the steady-state conditions. The

angular and velocity distributions of desorbing products can
provide information on the reaction sites and also product
desorption processég.hese distributions do not directly involve
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the reaction rate and are always related to the product desorption
step whenever any step becomes rate-determfitighus, the
inclined N, desorption is useful for examining the reaction
pathway of NO decomposition. In fact, from the inclined
desorption and similar velocity distributions of desorbing N

in both NO and NO decompositions on Pd(118Y,14 Ohno et

al. concluded that the Nemission in NO decomposition
proceeds through the intermediate;QNa). However, the
surveyed steady-state conditions were limited to around 2
1077 Torr because of the use of an apparatus designed for angle-
resolved temperature-programmed desorption (AR-TRE)In

the present work, angle-resolved steady-state desorption
(AR-SSD) measurements were successfully performed for

dsteady-state NO decomposition up tox110~* Torr using a

gas doser with a fine orifice and cross-correlation time-of-flight
technique.

The angular and velocity distributions of desorbing products

é'n the course of catalyzed reactions have been mostly analyzed

with modulated molecular beams (MMB)For NO decompo-
sition on well-defined surfaces in an ultrahigh vacuum, the
phase-sensitive detection technique with beam modulations was
requisite so that the Nsignal could be monitored in the high
background due to NO decomposition on the reaction chamber
wall.1” Steady-state conditions, however, cannot be established
for the reaction because of the periodical change of reactants
on the surface. Similar ambiguities were also induced in AR-
TPD work in the presence of reactant gases, in which simple
TPD phenomena were not differentiated from kinetic behavior
at the steady-state conditiofis?® Thus, neither angular nor
velocity distributions have been reported under steady-state NO
+ CO reactions except for our earlier wodd®

Isotope-tracer experiments have frequently been reported for
mechanism studies of NO reduction. Belton et al. could not
confirm in their isotope-TPD work that 40 produced on
Rh(111) yielded M2 Recently, Zaera and Gopinath reported
that the replacement of surfaé®N(a) by ®N(a) upon shifting
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Figure 1. Apparatus for angle-resolved product desorption combined with cross-correlation time-of-flight techniques. The insert shows the structure
around a sample crystal and a gas doser. REV-LEED (reverse-view low-energy electron diffraction optics); QMS (quadrupole mass spectrometer);
XPS (X-ray photoelectron spectroscopy optics); MCS (multichannel scalar); trigger (photocell and light-emitting diode); PC (personal computer)
The chopper house is pumped at about %7sn.

Angle-Integrated / Pd(110)

from 1“NO(g) to 1°NO(g) in a steady-state C® NO reaction o TR
yielded®®N, and™N**N in large amountg? This result indicates —a—"N,0
that such isotope methods are not effective for differentiating —o—"N,
the above N(a) removal processes. 1.54 —o—"Co,

Il. Experiment
1.04

Experiments were performed in an ultrahigh-vacuum system
composed of a reaction chamber, a chopper house, and an
analyzer, which were separately pumped (Figuré2%)The
reaction chamber is a conventional ultrahigh-vacuum chamber
with a high pumping rate (about 1.5%ms™1). It has reverse- 004 n
view low-energy electron diffraction (LEED) and X-ray pho-
toelectron spectroscopy (XPS) optics, a quadrupole mass 450 500 550 600 650 700 750 800 850
spectrometer (QMS) for the angle-integrated (Al) form, af Ar T, /K
gun, a sample manipulator, and a gas-handling system. The
chopper house has a narrow slit facing the reaction chamber ® : . : A,ngle'ﬁesowfdlpc{mo)
and contains a cross-correlation random chopper BFadbe 8 -a-"co,at6=0" |
analyzer is equipped with another QMS operating in a pulse- oA —o—"N, at§=41
counting mode for AR and time-of-flight (TOF) analyses. The R —e—"N, at§=0°
arrival times at the ionizer of the QMS are registered in a
multichannel scalar synchronized with the chopper rotation. The
distance from the ionizer to the chopper blade is 377 mm. A
time resolution of 2Qus is obtained with a chopper frequency
of 98.023 Hz. A very large pumping rate is established in the
chopper house by cooling a copper plate below 40 K, yielding
about 7.0 ms~! of the pumping rate. Therefore, only molecules
passing the first slit, the chopper slits, and the second drift tube
without scattering can enter the ionizer of the analyzer. The 450 500 550 600 650 700 750 800 850
analyzer is pumped by another turbo-molecular pump to keep T, /K

10 i -
the base pressure belowd10™" Torr. In this apparatus, AR Figure 2. Steady-state reaction rate on Pd(110) versus surface

i 3
Ssb meaSl_JrementS are possible up te 107 Torr. temperature: (a) Al- and (b) AR-desorption signalst@0O,, >N,O
A gas mixture of'®NO and'?CO or *NO and*3CO was  andisN,. The AR signals ofCO,, 15N,, and®NO atd = 0° and also

prepared in a glass bottle. TRNO/2CO mixture was used in  of 15N, at § = 41° off the surface normal toward the [001] direction
the experiment where the nitrogen signal was observed and theare shown. The total pressure is 5.0 Torr (*NO:'2CO = 1:1 or
NOM3CO mixture was used when the ¢Gignal was NO:ICO = 1:1). The lines in the figure are “guides to the eye”.
monitored. One of the mixtures was introduced through a doser . . .
with a small orifice (diameter, 0.1 mm) about 2 cm from the ©{€rs was separately estimated by introducia@ Nt was only
sample crystal (the insert in Figure 1). Thus, the flux intensity about 25% of the D signal.

of incident reactants decreases when the desorption angle shift?II Results

from the normal direction, where the desorption angle (polar

angle,0) is defined as the angle from the surface normal along  (A) Pd(110). (A.1) General FeaturesThe steady-state
the [001] direction. This effect was corrected as described in formation rates of ) CO, and NO were monitored in both
section 1lI(A.2). The product signals due #N,, 13C0O,, and Al and AR forms as a function of the surface temperatiigg, (
15N,0 were monitored in both Al and AR forms. Hereafter, as shown in Figure 2. The effused flow of an equimolar mixture
these species are simply described as@D;, and NO in the of NO and CO from the small orifice was kept constant, yielding
text. The fragmentation of #D into N in both mass spectrom-  the pressure in front of the crystal at around %.8.07° Torr.

0.5+

Al signal/ 107" Amp

i v —o—"NOatg=0" |

AR signal/ 10* counts s !
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The Al signal (Figure 2a) was determined by the QMS in the (a) o ¥N,0/Pd(110)
reaction chamber as the difference in the signal between the K
desired surface temperature and room temperature. The mass 4 ©
sensitivity was corrected to each species. All the rates were X fo signal

negligible below 500 K, increased rapidly around 550 K to a ) st | s
maximum with increasings, and decreased againgjvalues
above 600 K. The Al Msignal was rather noisy because of the
high background signal, which reached about 80% of the
apparent total signal. Around the maximum rate, the ratio of
CO2:N2:N2O was 5:2.1:1. The pO formation was significant
below 670 K.

The AR signal was obtained by the QMS in the analyzer as 10® .
the difference between the signal at the desired angle and the 6=0°
signal when the crystal was away from the line-of-sight position. I ]
In Figure 2b, the AR signals &t= 0° were shown for desorbing
CO; and NO, and the AR signal @& = 0 and 42 is displayed
for N, because these were their collimation angles (the
maximum flux position), as described in section IlI(A.3).
Similarly to the Al signals, the AR signals were negligible below
500 K; thereupon, those abruptly reached their maximum at
about 600 K and slowly decreased toward zero at 800 K. No
hysteresis was found in their rates with decreaSiggalues.

The background Nsignal level when the crystal was away was
about 10% of the total signal & = 41° around 600 K.

Noticeable differences were found in the signal ratio between
the Al and AR forms. These are explained by considering the
differences in the sharpness of the angular distributions between
each species below 600& Above it, the ratio is also affected
by changes in the branching of the surface nitrogen removal Velocity / km s™
pathwa_\ys with increasings. Th.ese W'"_ be.explalned after the Figure 3. (a) Apparent angular distributions of desorbity.O and
analysis of angular and velocity distributions. (b) its velocity distributions at different desorption angles in the steady-

Only the (1x 1) pattern was observed in LEED measure- state’®NO + *2CO reaction on Pd(110). The total pressure is ¥.5
ments under a steady-state GO NO reaction at the total ~ 107° Torr (®"NO:2CO = 1:1). The signal was not corrected by
pressure of - 10-7 Torr of the equimolar mixture of NO and cor_15|dgr|ng the changes in the reactant density and the surface area
CO and in the range dfs = 400-800 K. This is very different falling into the acceptance angle of the analyzer (see the text).
from the results in the C&- O, reaction on Pd(110), where

4

o 7,=600K 00"

[00T]=— —=[001]

1.0 T T T T

"*N,O signal / 10° counts

of cosP). The apparent signal should be invariant when the
LEtED patterns cgzgged frorﬁgo@)-o to (1x2)-CO and (k1) distribution is in a cosine form, and the incident flux is constant
with increasing Pressure. . because the surface area falling into the acceptance angle
(A.2) Angle-Resokd Measurements# gas mixture of NO jncreases as the reciprocal of the cosine of the desorption angle.
and CO was introduced through a gas doser with a small orifice The velocity of this product showed the Maxwellian distribution
at a constant flow rate (the inset of Figure 1). The use of this 4t the surface temperature at any desorption angle (Figure 3b).
orifice was effective in reducing Nformation on the reaction  The cosine distribution is characteristic of the desorption after
chamber wall. Its formation with a NO dosage in the back-fill  {hermalization of molecules to the surface temperdtiResult-
type is usually high and obscures the observation ef N gant desorbing molecules show a Maxwellian velocity distribution
formation on a small sample surface. The AR signal was slightly 4 the surface temperature all over the desorption angle. Here,
improved under this construction. For the steady-state®€O  \ye concluded that the density of the incident reactants around
O reaction, however, this construction was not necessarily e sample crystal in the effused beam was homogeneous and
requisite?® Under this construction, the flux of incident reactants then its incident flux to the unit area decreased in a form of
toward the unit surface area decreases proportionally to theosp) when the angle was shifted from the normal direction.
cosine of the desorption angle when the angle is shifted from s effect must be considered in the angle-dependence analysis.
the normal direction even if the incident reactant density in the yowever. the shift due to this correction was not significant.
effused beam IS homoggnegus around the crystal sample. (A.3) Angular DistributionsThe AR signals of desorbing GO
We examined this point in the following way. Here, two and N, were sensitive to the desorption angleCO;, desorption
factors must be examined toward the surface composition: onesharply collimated along the surface normal, whereas the latter
is the decrement of the incident flux, and the other is the incident peaked around 40off the surface normal toward the [001]
angle dependence of the adsorption rate. The latter factor isdirection. Assuming the power series of the cosine of the
negligible because no incident angle dependence is expectedjesorption angle to each desorption compohéme, CQ signal
for both CO and NO, which have the sticking probability close was approximated in a form of c8¢) at Ts = 550 K and 7.5
to unity on Pd(110) and Rh(118). x 1075 Torr with the (1:1) mixture (Figure 4a). The sharp
To examine the former factor, the angular distribution gON distribution became slightly broader as & at 650 K. On
was measured at a fixed flow of the mixed gas. The results arethe other hand, the angular distribution of desorbingMds in
shown in Figure 3a. The apparent AR signal oo\ without a two-directional form approximated as &48 + 41) +
correction due to the increase of the surface area falling into cog86 — 41) (Figure 5a). The signal at the normal direction
the acceptance angle of the analyzer, closely followed a form was negligibly small at 550 K. A sharp two-directional form
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Figure 4. Angular distributions (shown in polar coordinates) of Eigyre 5. Angular distributions of desorbingN; in the plane along
desorbing*CO; in the plane along the [001] direction at differeTy the [001] direction at differenTs values. The signal on the ordinate
values. The signal on the ordinate was normalized to that in the normal a5 normalized to the maximum at the collimation angle of 40°

direction at 600 K. The reaction 8fNO + *3CO on Pd(110) was at and at 600 K. The reaction ¢fNO + 12CO on Pd(110) was at the
the steady state with the total pressure of ¥.%075 Torr (*NO:**CO steady state with the total pressure of %8075 Torr (*NO:22CO =

= 1:1). The apparent distribution sharpness is indicatédLiTypical 1:1). Typical deconvolutions are drawn by broken curves. The solid
deconvolutions are drawn by broken curves. The solid lines show the |ines show the summation of components.

summation of components.
translational temperature was around 1600 K, about 3 times

collimated aroundt40° is consistent with the previous results higher than the surface temperature at the normal direction and
at 2x 1077 Torr1215The distributions als = 600 and 650 K decreased quickly with an increasing desorption angle, being
are shown in Figure 5b,c. With increasifig, the inclined consistent with the normally directed distributi®°The values
desorption signal decreasedTatvalues higher than 600 K, but  slightly increased withils. On the other hand, desorbing®l
it was still significant at 700 K. The collimation angle of the showed a Maxwellian distribution at the surface temperature.
inclined desorption slightly decreased at higfier The signal (B) Rh(110).(B.1) Temperature Dependenddie maximum
intensity at the normal direction increased with increasisg N2 or CO;, formation rate on Rh(110) was about 1 order less
indicating the presence of the normally directed component. Thethan that on Pd(110). However, the Rh (110) surface showed
total signal at 650 K was approximated by (.86%0 + 40) noticeable activity already around 450 K, where no activity was
+ cog¥O — 40)} + 0.16 co§(M) + 0.16 cos) as referred to ~ found on Pd(110). Thus, it became difficult to determine the
the velocity analysis in the next section. Al N signal on Rh(110) because of the relatively enhanced

(A.4) Velocity DistributionsBoth desorbing C® and N background. On this surface, a pronounced hysteresis was
showed hyperthermal energy. The translational temperature ofobserved in the reaction rate with surface temperature changes.
N2 was very high, more than twice that of @Qypical velocity Figure 8 shows the AR signals of products&hd CQ at their
curves of N are shown in Figure 6. The apparent translational collimation anglef = 0° under steady-state conditions at the
temperature calculated from the average kinetic eneigy ( total pressure of 7.5 107> Torr. No detectable pO formation
as Tien= [E[2kK, is shown in(0in the figure, wherek is the was found under these conditions. For both ,Cahd N
Boltzmann constant. The value was maximized around the products, the formation rate was negligible below 400 K and
collimation angle to the value of 3570 K& = 550 K (Figure then suddenly increased around 450 K, reaching the first
6a) and a similar value dis = 650 K (Figure 6b). It decreased maximum at 586-590 K. After this maximum, the rate once
quickly with an increasing shift from the collimation angle. The decreased and started to increase again around 700 K, reaching
value at the normal direction decreased to 1100 Ksat 550 the second maximum at 740 K. Above it, the rate slowly
K. It was highly underestimated because of the relatively high decreased. When the surface temperature decreased, the rate
background signal. The angle dependence is consistent with thewas reproduced at the second maximum around 740 K. It started
inclined desorption. to decrease around 600 K and did not reach the first maximum

The velocity distributions of C@at Ts = 550 and 650 K are around 580 K. The reaction was highly retarded below 600 K
shown at different desorption angles in Figure 7. The averagewhen the surface was cooled. A similar hysteresis was also
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Figure 6. Velocity distributions of desorbind’N, at various desorption angles in a steady-st&© + 2CO reaction on Pd(110) at the total
pressure of 7.5¢ 107 Torr (**NO:1?CO = 1:1) at (a)Ts = 550 K and (b)Ts = 650 K. The angle was scanned in the plane along the [001]
direction. The average kinetic energy is giveriinin temperature units. Typical deconvolutions into two fast components and a slow component

are given by broken curves. The translational temperature for each component is also given. Open circles represent observed signals, and closed
ones indicate the signals after subtraction of the thermalized component.

found in the CQ formation rate (Figure 8b). A sharp increase (1:1) mixture, from co¥6) at 470 K to cog6) at 750 K (Figure

in the CQ signal was observed around 470 K at the jump 10a). On the other hand, the sharpness of the di€iribution

position of the N signal before the first Nmaximum at 590 was insensitive to th&s value approximated as c§).

K. This CO; spike was reproducible, and the intensity was kept  The velocity distributions of desorbinglshowed the average

constant; however, it was difficult to see a similar spike in the translational temperature around 26@¥00 K, which was

N2 signal because of the high background. The spike in the N surprisingly insensitive to the desorption angle, as shown in

signal was more pronounced when more NO was in the mixture Figure 11a. It increased with increasing surface temperature with

gas. The C@formation was also reduced below 600 K when  a slope of about 2 (Figure 12a). The average, @@nslational

the surface was cooled. temperature reached around 1310 K at the surface normal
In LEED measurements at the total pressure of 1L0°7 direction atTs = 470 and 1920 K at 750 K (Figure 12b). The

Torr with the (1:1) mixture gas, a (2 1) pattern appeared at  value increased with increasing surface temperature with a slope

360 K, where no reaction proceeded (Figure 9). It was due to similar to that of N. It decreased quickly with increasing

NO adsorption, mostly to reconstruction by N adsorp#bit. desorption angle, consistent with the normally directed desorp-
was transformed into a (& 1) pattern due to reconstruction tion (Figure 13).

by N(a) at 386-400 K. At 400 K, a mixed pattern of (& 1)
and (1x 3) appeared. Above 600 K, it transformed into a<(1
2) pattern. In the direction of surface cooling, theq{R) pattern
was stable up to 620 K, and then a mixed pattern ok(B) (A) Desorption Components.(A.1) Pd(110).The velocity
and c(4x 2) was observed. These are similar to those observeddistributions of CQand N products showed different features.
by oxygen adsorptioft The retardation seems to be due to The distribution of desorbing Nis too broad as a single
surface oxide formation. desorption component. To examine this point, the thermalized
(B.2) Angular and Velocity Distribution8oth N, and CQ component to the surface temperature was first subtracted from
products desorbed sharply along the surface normal over thethe observed distribution. The presence of this thermalized one
conditions studied. The Ndesorption became sharper with is clear from the data & = 0° as shown in Figure 6a,b. The
increasingTs at the total pressure of 7.6 107° Torr with the resultant distributions yielded the translational temperature of

IV. Discussion



NO + CO Reaction on Pd(110) and Rh(110)

(a) Tg=550K
:

13C0,/Pd(110)

4 B Ti=650K

13C0,/Pd(110)

6=0°

6=0
<1640 K>

J. Phys. Chem. B, Vol. 108, No. 38, 20084237

The velocity distribution after the subtraction of the thermal-
ized component was still broad, yielding the speed ratio (SR),

] defined as[@21@13 —1)43/(32/97 —1)*2, of 1.09 at 550 K and
1.34 at 650 K, even at the collimation position. Heras the
- velocity of the molecule[Zis the mean velocity, ant?Cis
the mean square velocity. This SR value indicates the width of
the distribution curve and yields unity when the distribution is
in a Maxwellian form?* The SR yields in most cases values
smaller than unity for the desorption component with a
hyperthermal energy at the collimation angle; i.e., lower-velocity
molecules are less populated than those at the Maxwellian
distribution at the translational temperature. However, the
velocity distribution of the fast components yields the SR value
larger than unity, although the translational temperature is very
high. This strongly suggests that the velocity distribution after
the subtraction of the thermalized component still involves two
or more desorption components.

(A.2) Decomolution of Velocity DistributionGenerally, it
is difficult to uniquely deconvolute one velocity distribution
curve into two or more distribution curves because two
parameters are required to construct each distribution curve on
the basis of the modified Maxwellian forf.This distribution
is in the form of

13CO, signal/ 103 counts

Velocity / km s”

Figure 7. Velocity distributions of desorbing®CO, at various
desorption angles in a steady-st&dO + 2CO reaction on Pd(110)

at the total pressure of 7.5 1075 Torr (“NO:3CO = 1:1) and at (a)

Ts =550 K and (b)Ts = 650 K. The anglé was scanned in the plane
along the [001] direction. The average kinetic energy is givenlim
temperature units. Typical deconvolutions into a fast component and a
slow component are given by broken curves. The translational

Velocity / km s

temperature of the fast component is also given.

(@) Rh(110)
0=0° " 580K '

AR "N, signal /10° counts s

T T |l T T
300 400 500 600 700 800 900

/K

AR °CO, signal / 10°counts s

T T T |l T
300 400 500 600 700 800 900
T /K

Figure 8. Steady-state AR signals at the surface normal of:{s)
and (b)*3CO; as a function ofTs at the total pressure of 7.5 1075

Torr (NO:*?CO = 1:1 or“NO:*3CO = 1:1) on Rh(110). The signals

f(v) = v* exp{ — (v — vp)70?}

wheref(v) is the modified Maxwellian distribution functiomy,

is the stream velocity, and is the width parameter. The stream
velocity determines the peak position of the distribution. This
distribution function is widely used to describe observed velocity
distributions. Of course, one parameter is enough to describe a
Maxwellian form (wherv, = 0), but no suitable deconvolution

is successful when only two Maxwellian forms with different
temperatures are used. One of the best ways is to deconvolute
into two modified Maxwellians form; in this case, only three
parameters are separately determined by fitting the data points
at high- and low-velocity sides. There are several ways to omit
the remaining parameter. Here, we simply assume a common
width parameter. In this case, the energy of the faster component
would be somewhat underestimated, and that of the other should
be somewhat overestimated because the faster component is
likely to yield a smallero value. The resultant deconvolutions
are shown by broken curves in Figure 6. The fastest component
obtained in this way yielded a translational temperature of 6250
K (1.02 eV) maximizing at? = 40—50° (Figure 13) and the

SR of 0.66. The second component showed around 2500 K (0.43
eV) and the SR= 0.9. There are significant differences in the
velocity curves of desorbing N\oetween the present work and
the previous oné? In the latter, no signals were noticed above
2.5 km s1. On the other hand, in the present work, the signal
was still significant in the range of 284 km s, yielding a

new faster component. The observation of these high-velocity
signals might be obscured in the high background in the previous
work because of the small signal intensity at low reactant
pressures.

The translational temperature of fast £€@as simply
estimated by subtracting the thermalized component. The energy
of the resultant fast component was maximized to 1840 K at
the normal direction and decreased quickly with increasing

observed in the direction of the increasing surface temperature areqegorption angle (Figure 13). This is only one-third of that of

designated by closed symbols, and those in the downward direction

by open symbols. The lines in the figure are “guides to the eye”.

'the fastest component of,N

(A.3) Rh(110).The velocity distributions of B and CQ

the fast components. The translational temperature of this products on Rh(110) were close to each other. Both translational

remaining component reached about 338600 K atf = 40—
50° (Figure 13).

temperatures were maximized at the normal direction. The fast
component of C@ after the subtraction of the thermalized
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(b)

Figure 9. LEED patterns from Rh(110) in a steady-state NGCO reaction. Diffraction patterns were recorded at the accelerating voltage of 85
eV at the total pressure of ¥ 1077 Torr (NO:CO =1:1). TJ/K = (a) 360; (21)-N, (b) 380; (3<1)-N, (c) 580; (21)-N/(1x3)-O, (d) 740;
(1x2)-0, (e) 840; (k2)-O. In the decreasing temperature, (f) 600,>c2¥(1x2); and (g) 400, c(42)+(1x3).

(a) o "*N,/Rh(110) (b) o *CO,/Rh(110)
o 09 < y Yt
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cosé cosoXy | ¥
-90° 90° _o0° . T,=550K g0
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Figure 10. Angular distributions (shown in polar coordinates) on Rh(110) of desorbiri§Nagnd (b)*3CO; in the plane along the [001] direction
at differentTs values. The signal on the ordinate was normalized to that in the normal direction at 550 K. The reactionto€RQvas at the
steady state with the total pressure of %.307° Torr (**NO:12CO = 1:1 or“NO:13CO = 1:1). The apparent distribution is indicatedinl Typical
deconvolutions are drawn by broken curves. The solid lines show the summation of components.

component reached 1940 K at the normal direction and by the broken curve in Figure 11b. This is consistent with the
decreased quickly with increasing desorption angle as shownnormally directed desorption.
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. .
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Figure 13. Translational temperature &N, (full marks) and**CO,

(opened marks) on Pd(110) versus the desorption angle in the plane

along the [001] direction. The reaction was in the steady state at the

total pressure of 7.5 107° Torr (**NO:*2CO = 1:1 or¥NO:13CO =

P S 1:1). The average value was calculated over all molecules before
o 1 2 3 4 56 deconvolution of the velocity curve. The value for the fast component

Velocity / km s was estimated after deconvolution. The vertical bars indicate typical

Figure 11. Velocity distributions at various desorption angles on Rh- experimental errors. The lines in the figure are “guides to the eye”.

(110) of (a)**>N; and (b)*3C0O; in a steady-state N@ CO reaction at

the total pressure of 7.5 107° Torr (NO:**CO = 1:1 or“NO:**CO (B) Reaction Pathways The following steps were proposed

=1:1) and affs = 550 K. The anglé was scanned in the plane along g proceed NO decomposition on Pd and Rh surféces.

the [001] direction. The average kinetic energy is giveniflin

temperature units. Typical deconvolutions are given by broken curves.

Velocity / km s™

The translational temperature for each component is also given. NO(g)— NO(a) 0]
NO(a)— N(a)+ O(a) (ii)
4 (a) | ‘ ‘ ‘15N_~,/th(110) (b) ‘ I ‘ 13(‘302/R}I1(110) ZN(a)_’ Nz(g) (lll)
470K <1900K>  Ts=470K <stons T 470K
il ‘ N() + NO(a)— NO(a) (i)
1560 K
N,O(a)— N,0(g) V)
et N,0(a)~ Ny(g) + O(@) (vi)

To remove the surface oxygen, some reducing reagent, CO
in the present case, is necessary for the catalytic cycle to
L9, proceed.

15N, signal/ 10? counts

13CO, signal / 10° counts

<890 Kk> T 750K T=750K

750K g @ | <1920K > i CO(g)— CO(a) (vii)
5360 K
N < ° 2140K CO(a)+ O(a)— CO,(9) (viii)
3 © o OO o)
o 1z 5 4 5 o o 1 2 3 4 5 6 The oxygen removal step (viii) has been well-analyzed under
Velocity / km & Velocity [km s steady-state conditions and also transient conditions. At tem-

Figure 12. Velocity distributions at various temperatures on Rh(110) peratures above 400 K for steady-state reactions, O(a) on Pd-
of (a) >N, and (b)*3CO; in a steady-stat®NO + 13CO reaction at the (110) is quickly removed by CO. Desorbing €in CO
total pressure of 7.5 10°® Torr ("NO:*CO = 1:1 or¥NOCO = iqation on Pd(110) collimated sharply along the surface
1:1). The angle was fixed & = 0°. The average kinetic energy is . ; L
given in O0in temperature units. Typical deconvolutions are given by normal when O(a)> CO(a), _bUI it showed a cosine distribution
broken curves. The translational temperature for each component isWhen O(a)< CO(a)?*2*Similar phenomena were observed on
also given. Rh(110) except for bidirectional CQilesorption at the limited
conditions3? Desorbing CQin the NO+ CO reaction showed
angular and velocity distributions very similar to those in CO
On the other hand, the fast component of desorbipgfiér oxidation in the active region on both surfaces.
subtraction of the thermalized component reached 2520 K at  Steps (i), (ii), and (iii) have been well-characterized on Pd-
the normal direction (Figure 11a). Surprisingly, this value did (110) and Rh(110). Step (ii) is in most cases rate-determining
not decrease with increasing desorption angle. It increased fromand subject to surface oxygért proceeds above 420 K on
2520 K at the normal direction to 2700 K @t= 30°, although Rh(110%3 and 450 K on Pd(110) at the steady-state reaction.
the flux decreased in this way. This suggests the presence ofDesorbing N from step (iii) sharply collimated along the surface
inclined desorption showing high velocity off the normal normal? Both Pd(110) and Rh(110) surfaces are converted into
direction. In fact, the angular distribution became sharper at a missing-row form stabilized by oxygen when the surface is
750 K, suggesting the disappearance of the inclined componentexposed to oxygen above 5003K34
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(C) Intermediate N,O. The knowledge of steps (iv), (v), and K. However, the collimation of desorbing,Mn the resultant
(vi) in relation to NO(a) is limited on noble metals. Step (iv), surface shifted only about 3@ff the normal in the plane along
N(a) + NO(a)— N2O(a), took place around 100 K on Pt(335), the [001] direction. The desorption mechanism of thi$ 30
around 306-350 K on Rh(111), and above 400 K on Pd(110), component is not clear at present. The adsorption structure of
where N(a) was formed from electron bombardments to NO(a) declining NO, which interacts with the oxygen-modified site
or by exciting N(g).”2135N,O decomposition, step (v), is sensi- through the oxygen end, might be induced.

tive to the kind of metal and its surface structure. On Pd((310), In fact, such inclined D was predicted on positively charged
Rh(110)?® Ru(001), W(1105° Cu(110)¥” and stepped Ni(557f, Ag clusters® This kind of positive metal atoms may be induced
the dissociation proceeds at or below 100 K. Incides®MWas in rhodium oxide$# Such an adsorption structure of® has
decomposed on Ni(110), Ni(100), and Rh(110) below 280K never been proposed on clean noble metals.

but not on Rh(111}! N,O(a) was desorbed at 9020 K on Here, we may expect the contribution of this inclined

Pt(111)* Ir(111),* Ni(111)* and Ag(111}° without dissocia-  gesorption of Nin the steady-state N& CO reaction because
tion. On P(335)= [(S)4(111) (001)], stﬁp Eu), 2N(a)y~ Nfz(g),f of the presence of surface oxygen.
takes place around 400 K, showing high reactivity of surface H ] . .

. . owever, we could not find pO formation on Rh(110) in
nitrogen on platinund® On Rh(110), Rh(100), and Rh(111),®! the pressure range of 10-10-% Torr of NO andTs :( 300)_

formation was observed in a iéeady-state HN@O reaction at 800 K. The possibility of MO formation on Rh(110) cannot be
NO pressures above 10Torr. o ) completely ruled out because of the rapid decomposition on
N2O(a) was proposed to adsorb via its terminal N atom on thjs surface and the observed sharpening of the angular
metal surfaces in a standing form or in an inclined &é>*’ distribution of desorbing Nat higher temperatures, which
Prior to decomposition, 0 must lie to release oxygen on the  gyggests the presence of inclined desorption. Furthermore, this
surface. Ohno et al. proposed thaiNis oriented along the  possibility is also supported by the slow decay of the fast
[001] direction before decomposition and then the nascent N component with increasing desorption angle, as seen in Figure
receives repulsive forces along the ruptured-® axis!! This 1la. Thus, the angular distribution & = 470 K was
aligned NO in the [001] direction was first proposed on Pd- deconvoluted into three components, a’¢@sform, a cos()
(110)(1x1) as the precursor of inclined ;Nemission. The  form, and the inclined cd36 + 30) form, as shown by the
thermal decomposition of adsorbedis completed below  proken curves. Here, the deconvolution was performed by
160 K on both Rh(110) and Pd(110); however, the presence of 3ssuming the maximum contribution of the inclined component
short-lived NO is not necessarily ruled out in the steady-state on Rh(110).
NO + CO reqc_;tlon, even above 500 K, because adsorQé_H N N(a) on Rh(110) is not highly reactive with NO(a); rather, it
can be stabilized by surface oxygff. A recent density g yeactive with N(a), forming Bg). This suggests that the
functional theory (DFT) calculation with a generalized gradient reactivity of N(a) is enhanced at high pressures because of the

approximation by Kokalj shows that the parallel form ofN g ificant NO formation at high pressures. This enhancement
on Pd(110) is in a benglng_conﬂgljg%tomn_, bridging atomic 5"t necessarily induced by increased NO(a) or N(a) popula-
troughs extending in the [D] direction:®=?Itis as stable asa o "It may be enhanced by subsurface oxygen (or in oxide
standing or tilting form with bonding via the terminal nitrogen forms) or nitrogen.

atom. Recent near-edge X-ray absorption fine-structure spec- . .

(E) Branching of Surface-Nitrogen Removal.On Pd(110),
troscopy (NEXAFS) measurqments oﬁmlon Pd(110) arqunq the three removal pathways of surface nitrogen are operative:
60 K showed remarkable anisotropy in the X-ray polarization (1) through the associative process of N(a), i.e.. 2NON-

* y 1T,
dependence of twor resonance (N 1s—~ 37*) NEXAFS (@) + 20(a) — Na(g) + 20(a): () via the intermediate

peaks? This suggests that the major® is lying along the decomposition of BD(a), i.e., 2NO(a)y~ O(a)+ N(a) + NO-
[oo1) direction and a minor species is standing, which is. (2 —\j0(z) + O(a) - Nfg) + 20(@); and (1) through the
R : . desorption of NO(a), i.e., 2NO(a)~ O(a)+ N(a) + NO(a)—

The angular distribution of desorbing,Nn the thermal N,O(a) + O(a) — N»O(g) + O(a). Here, the removal of O(a)
decomposition of MO on Pd(110) was sharply collimated at 55 cq is omitted for simplicity. According to these reaction
40-50° off the surface normal in the plane along the [001] pathways, the product ratio must be £@:N,0 = (2x + 2y
direction3 The product N showed high excess translational 2):(x + y):z, wherex andy represent the progress of, N
energy:'1* Both angular and velocity distributions are very  formation in the former two processes, | and Il, ariddicates
similar to those observed in the steady-state- NGO reaction  yat of NO formation in the latter, Ill. The above-observed value
on Pd(110) in the present work. We conclude that the inclined on pd(110) at 600 K is 5:2:1, consistent with this stoichiometry,
N desorption comes from the intermediatgNdecomposition  yjelding the ratio of 2:1 forX + y):z This ratio and the quantity
in the steady-state N@ CO reaction. of [COL)/{2[N;] + [N;O]} are shown in Figure 14a as a function

(D) Inclined N, Desorption. Adsorbed NO is partly of the surface temperature. [GIO[N2], and [N;O] designate
decomposed on Rh(110) even around 60 K, as confirmed bythe amount of produced GON,, and NO, respectively,
recent NEXAFS measuremertsThe angular distribution of  estimated from either Al or AR signals. The latter quantity
desorbing product Nin N>O decomposition on this surface was  should always be unity when no other reactions take place. This
more complex than that on Pd(110), as recently reported by was confirmed for the observed values from the Al signals, as
AR-TPD226When the clean surface was exposed $@Nhe shown by open squares in Figure 14a. The values are scattered
product N desorption in the subsequent TPD procedure around unity because of the large error involved in the- W}
collimated along about 70off the surface normal toward the  signal. The X + y):z ratio represents the branching 0$:N,O
[001] direction. This desorption was proposed to be due to the formation. The observed ratio steeply increased with increasing
decomposition of surface-paralleb® oriented along the [001]  temperature above around 600 K; at higher surface temperatures,
direction. The NO decomposition was largely retarded on the N;O formation was relatively more suppressed than the total
oxygen-covered Rh(110). The surface reactivity toward @ N N, formation. However, this branching parameter does not
decomposition was recovered after being heated above 1100present how much Nis formed through the pO intermediate
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Figure 14. Stoichiometry and branching of the steady-state RO
CO reaction on Pd(110) at the total pressure of.507° Torr with
al®NO’CO= 1:1 orNO:33CO = 1:1 mixture. (a) Ratio of the amount

of 13CQ; to that of (25N, + 5N0) calculated from{) Al signals

and @) AR signals. The amount ofN; from the AR signals was
estimated by assuming the value of 14 for the power of the power
series of the desorption angle in the inclined plane passing the
collimation position and along the [0] direction (see text). The
branching ratio byN,):(**N,0) is also shown. (b) Integrated amounts
of nitrogen evolved in different ways:®) N, inclined desorption;
(#®) normally directed desorption®) cosine component; andlj >N,O

in a cosine distribution. (c) Branching &N, formation. Fractions of
15N, formation: () through the intermediatéN,O (inclined desorp-
tion); (a) through the associative process of N(a) (the normally directed
desorption); and) the thermalized cosine desorption. The former
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TABLE 1: Anisotropic Desorption Parameters on Pd(110)

direction CcQ Nz (inclined) N (normally) N (cosine)
[001] cos%(0) co<E(0) co(0) cos(0)
[110] cos(0) cos4(9)?2 cos(6) cos(6)
refs this worlk&®  this work/ this work this work

aThis sharpness represents the angle dependence in the declining
plane passing the collimation position and along thed[1direction.

including the thermalized component, and show the degree to
which the above two pathways, | and Il, share the totayiid.

The branching in these two pathways can be estimated from
angular distribution analysis. The observed angular distribution
in the plane along the [001] direction was approximated as
0.95 cog8(6 + 41) + co8H — 41) + 0.03 co§(p) + 0.07
cosP) at Ts = 550 K. The prefactors indicate the relative
intensity. The contribution of the cosine component was
estimated from the deconvolution of the velocity distributions.
Below 600 K, N is mostly desorbed through the inclined way.
At 650 K, the distribution became 0.8&s8060 + 40) +
cog8(0 — 40) + 0.16 co§(h) + 0.16 cosf); i.e., the normally
directed components were enhanced. This tendency became
clearer at higher temperatures, indicating a sharing shift in the
reaction pathways. At higher temperatures, the surface nitrogen
removal was highly contributed from the associative process
of N(a).

The total amount of C®produced was estimated from the
AR-signal intensity at the collimation angle, the sharpness of
the angular distribution around the collimation axis, and the mass
sensitivity correction due to velocity. The total amount of
desorbing species in the form of &) cos"(0) is given by

Q=l,(n+ 1) Am+ 1)

whereQ is the total amount and andm are the power value

of the power series of co8) in the plane along the definite
crystal azimuth and that perpendicular to it, respectiveBy
considering the velocity differences among &hd NO and

the anisotropy of the angular distribution around the collimation
axis for N;,>1%55the formation of N in the inclined way, the
normally directed form, and the cosine form can be separately
estimated. The amounts of G@nd NO were also estimated
from the AR signals in a similar way. The used desorption
parameters of C®and N are summarized in Table 1.

The results at the 7.5 1075 Torr of the (1:1) mixture are
shown in Figure 14b. The Nformation in each pathway was
separately estimated. The results were again examined by the
stoichiometry in Figure 14a. The contribution from the normally
directed component in a c§§) form is always minor because
of the formation in a small amount. The anisotropic distribution
of desorbing C@has been well-studied and is shown in Table
1.° The distribution of desorbing Nvas frequently assumed to
be symmetric around the collimation axis at about B8cause
of the difficulty in getting reliable data of angle-resolved
measurements in the inclined plane passing the collimation
position. To get the stoichiometry, the power in the power series
of the cosine of the desorption angle along theQJldirection
was adjusted to the value of #4 5 at 600 K. It agreed well
with the report by lkai and Tanaké.

process prevails at low temperatures, whereas, at high temperatures, Below 600 K, N is mostly formed from the O decomposi-
the cosine component becomes predominant. Vertical bars indicatetion, and NO formation is also significant. Above this tem-

experimental errors. The lines in the figure are “guides to the eye”.

pathway; i.e., the values @fandy are not separately determined.
In the following analysis, we separately discuss these quantities

perature, both the Nformation from NO(a) and the BO
desorption decrease rapidly, whereas thsilynal at the normal
direction over that shared by the former process becomes

,noticeable. The Bldesorption in the cosine form increases more
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rapidly. The resultant branching of,Normation is shown in receives more energy into the vibrational modes. This branching
Figure 14c. The results above 750 K involved large uncertainty. change may compensate the rapid decrease of the fast compo-
In the figure, the inclined desorption represents thehission nent at large desorption angles.

from the reaction pathway Il through the decomposition of  Such highly excited molecules originate from a large energy
intermediate MO. The normally directed componentin a®&os  dissipation in the M desorption processes. For the process of
(0) form is ascribed to the reaction pathway | via the N(a) N,O(a)— Nz(g) + O(a), the energy which the product san
associative process. The remaining cosine component becomesarry out is presented b¥Er, which is given asAEr = Eny(g)
major at high temperatures. This cosine component showed+ Eo@) — En2o(a,ts) WhereEnag), Eo@), andEnzots)are the
similar kinetic behavior to that of pathway | with respect to the potential energies of ¥g), O(a), and the transition state ofOF
surface temperature and tigo/Pno ratio, suggesting that it (a) dissociation, respectively. By assuming 400 kJ mot?

was also due to the associative process. There must be as the bond energy of ©@metal®! the available energy was
mechanism whereby the associative process is likely to yield a estimated to be 240340 kJ mot* because the dissociation of
thermalized component. In general, the fdrmation through N20(g) — Nz(g) + O(g)CP) is endothermic by about 160 kJ
the associative process of N(a) is enhanced at higher temper-mol~! and the heat of adsorption of; on both Pd(110) and
atures. Rh(110) is close to the activation energy ofNa) dissociatiof.

On Rh(110), the Mformation mostly proceeds through the In this process, the emitted energy mostly comes from the
associative process in the NO pressure range studied, althougtinetal-O bond formation. In the associative processes of N(a),
the contribution from the inclined Ndesorption pathways is  the released energy may become higher because of the high
highly possible at lower temperatures. AR-SSD measurementsPond energy of N-N (945 k J mof?) and the low binding of
are desirable in the pressure range of%€10-2 Torr and at ~ N—noble metal§#~©°
lower temperatures.

(F) Desorption Dynamics. Two or three fast-desorption
components were already found in desorbing produgt N The angular and velocity distributions of desorbing products
molecules in the NOF CO reaction on Pt(106¥%,in the NO N, and CQ were successfully analyzed in the steady-state NO
decomposition on Pd(116};'4and in the NO decomposition  + CO reaction on Pd(110) and Rh(110) in a wide range of NO
on Pd(110}:112These N molecules have very high velocity;  pressures by means of angle-resolved product desorption with
furthermore, their velocity distribution curve is commonly wider cross-correlation time-of-flight techniques and LEED observa-
than that of the Maxwellian form at a definite temperature. These tions. The following results were obtained.
fast components were proposed to be due to the different (1) On Pd(110), N desorption was split into two inclined
vibrational states because of the energy difference close to thecomponents collimating at40° in the plane along the [001]
vibrational excitation of N 0.28 eV (1610 K or 26.9 kJ); i.e.,  direction. On the basis of the close similarity of angular and
the faster component is in the lower vibrational energy state. velocity distributions in MO decomposition on Pd(110), the
The velocity distribution of N in the present work is wide inclined N, formation is proposed to originate from the®l
enough to involve several vibrational excited levels. In fact, intermediate. At low temperatures, the pathway through @ N
desorbing N in the associative process of N(a) on Cu(111), intermediate prevails, and, above 720 K, the associative nitrogen
Ag(111), and Ru(001) showed very wide translational energy desorption starts to dominate.

V. Summary

di;tributipns and high populations of vibrationgl excited st#teS. ' (2) N, desorption on Rh(110) was sharply collimated along
Higher tlme-re_solut|on TOF measurements in the state-selectivethe surface normal in a wide temperature region, indicating that
form are required® N(a) is mostly removed through the associative process.

The composition with respect to different velocity components  (3) On both surfaces, the translational temperature of des-
of desorbing N was, surprisingly, fairly insensitive toward the orbing N, was very high, reaching about 2568500 K. On
desorption angle on both Rh(110) and Pd(110). Here are severathe other hand, the GQlesorption always collimated along the
possibilities for this occurrence. On Rh(110), the presence of surface normal on both surfaces with the translational temper-
inclined desorption in the reaction,8(a) — N2(g) + O(a) is ature in the range of 1662000 K.
highly possible’® The observediznwould be insensitive to
the desorption angle if the inclined component giddntributed Acknowledgment. LILR. is indebted to the Ministry of
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