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Two-directional N desorption was found in )D dissociation on RA10), Ir(110), and Pd110

below 160 K by angle-resolved thermal desorptionOig) is mostly dissociated during heating
procedures, emitting Ng) and leaving O&). N, showed four desorption peaks in the temperature
range of 110—-200 K. One of them commonly showed a cosine distribution, whereas the others
sharply collimated off the surface normal in the plane along[@t] direction. The collimation

angle was about 70° on RtL0), 65° on 1110, and 43°-50° on RA10). A high-energy-atom
assisted desorption model was proposed fgrimtlined emission. ©2002 American Vacuum
Society. [DOI: 10.1116/1.1495507

[. INTRODUCTION rhodium and iridium than on palladium because larger
. f I in th -
N,O decomposition on noble metals has attracted muc OTnal;:gsngo energy are released in the metal-O bond

attention in the catalytic removal of nitrogen oxides in ex-

haust gases because these metals are good catalysts@nd N

?s the. main by—produgt in this proceld$urthermore, NO Il. EXPERIMENTS

itself is harmful and yields a remarkable greenhouse effect.

However, its decomposition and formation mechanism on An UHV system with three chambers was usethe re-
these metals is not clear. Peculiag 8esorption observed on action chamber was equipped with LEED-AES, ari Aun,
Pd110 is expected to provide more insight into product@nd a mass spectrometer for angle-integrétdd desorption
emission dynamicé‘_G This paper is the first to report the analySiS. The collimator house had a slit on each end and the
angular distributions of desorbing,lh the thermal dissocia- analyzer had another mass spectrometer for angle-resolved
tion of N,O(a) on Rh(110 and 1(110) as well as PEL10). (AR)-TDS measurements. A sample crystal was set on the
Part of the desorbing Ncommonly collimated far from the top of a rotatable manipulator to change the desorption angle
surface normal in the plane along tf@01] direction. The (6 polar angl¢. This angle was scanned in the normally
collimation angle changed significantly according to thedirected plane along tH@®01] direction because the inclined
metal that was used. desorption was found in this plare.

We recently found a close similarity in the angular and  The sample crystal was cleaned by repeated Bom-
velocity distributions of desorbing Nin both NO and NO  bardments and heating in oxygen. After being flashed to high
decompositions over PHL0) (Refs. 2—6 and concluded that temperatures, the surface was exposedO through a
a substantial contribution to Nemission originated from the 9as doser when the surface temperattirg) (was down to
N,O(a) intermediate in a steady-state N@O reaction. around 95 K. The flashing temperature was 1200 K on
Desorbing |\§ with a hypertherma] energy was h|gh|y con- Rh(llO) and 1000 K on Pﬁ.].O) After this fIaShing, the sur-
centrated in the plane along th801] direction and colli- face showed a sharp 1) LEED pattern without higher-
mated at 41°—43° off the surface-normal. The inclined emisorder spots. No reactive oxygen remained, as judged from
sion was explained to be due to decomposition gO) the absence of COformation in the post-TDS after CO ex-
molecules oriented along tf801] direction, in which a na- Posure. The LEED pattern still showed X1) on RK110
scent oxygen atom could provide a surface parallel momergfter TDS work of NO below about 200 K. On the other
tum to desorbing M.23 Such oriented BD has recently been hand, an I(110 surface was first heated in3L0~® Torr O,
confirmed to be stable by a density functional the@@fT)  for 900 s atTs=870 K and then in %10~° Torr H, for
study/ This high-energy-atom assisted desorption model pref00 s atTs=500 K. It was finally heated to 1100 K in

dicts larger collimation angles and higher kinetic energy orvacuum. The resultant surface was partially reconstructed
into a missing-row structur¥. It was exposed to Hat 0.3 L

dauthor to whom correspondence should be addressed; electronic maitLangmuin and ﬂa.Shed to 1100 K before each expe_rimeljt.
tatmatsu@cat.hokudai.ac.jp The fragmentation of°N,O was separately examined in
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each mass spectrometer under a constant flow of this gas. 5 ‘
The correction based on this fragmentation became signifi- 4 | (@) AL Rh(110) |
cant only at high exposures. Hereafter, the isotbpé is O %03
simply designated as N. s Twmw /\
2 / i
lll. RESULTS . By
After N,O exposures at 95 K or below it,,f®(a) mostly o bawa e . k

dissociated in the subsequent heating procedures common to
the three surfaces, emitting,{y§j) and leaving O4). N,
showed four desorption peaks in the temperature range of
110-200 K. On the other hand,® desorption was noticed
only above exposures yielding near saturation gfddsorp-

tion on RH110) and Pd110. On RK110, N,O desorption
peaked at around 115 K and was completed at around 130 K.
Its peak area in the Al-form was always below 10% of that of
N,. On Pd110), the peak area was1% of that of N and

its desorption was completed at around 150 K. On the other 80 100 120 140 160 180 200
hand, on 1¢110, N,O desorption was noticed above one
third of saturation of N and its peak area reached about 30%
of that of N,. Thus, the NO coverageﬁ)Nzo, was defined
as the AI-TDS peak area of JNrelative to the maximum,
commonly on the three surfaces.

A. Rh(110) 1 b

80 100 120 140 160 180 200

(b) AR : 0°

15N, Signal / arb. units

(¢c) AR : 70°

o e
TV LA B 5T T P T I Y

N, desorption started at around 95 K and two peaks first 0
appeared at 110 K4,4-N,) and 167 K (8,-N,) when the 80 100 120 140 160 180 200
clean surface was exposed tglat 95 K. Significant sig- K
nals were observed between the above two peaks, suggesting L1
the presence of additional peasig. 1(a)]. The B4-N, sig- Fic. 1. TDS spectra of hlfrom N,O-covered RiL10) at ©y,0=0.3. ()
nal was enhanced in the AR form aroude-70° as com-  al-form, (b and ¢ AR-form at 9=0° and 70°. The heating rate was 0.6
pared with that in the Al form. For the angular distribution Ks™*. Deconvolutions shown by dotted curves are based on a Gaussian
analysis, the peak temperature and peak height of each Norm for each peak. The solid line indicates the sum of all the components.
desorption were determined by curve fitting, in which a
Gaussian form with fixed values for its peak position and
half-width was assumed for each pe@ig. 1). The remain- +83-N,) at around 145 K and 168 K. It was insensitive to
ing signal, after subtraction ¢#,-N, and3,-N,, seemed to the desorption anglg3;-N, showed a simple cosine distri-
involve two peaks at around 130 K and 145 K, and the signabution and the peak temperature was very close to the N
is called (8,-N,+ B3-N,). This component was highly en- desorption peak position on clean(1t0). This is due to
hanced at high exposures and overlapped with the othergesorption from a molecularly adsorbed state of [8,-N,

The formation of8;-N, at around 167 K was major from showed inclined desorption that collimated at*@%° and
low exposures and showed a simple cosine distribtiégg. ~ was accompanied with a cosine distribution comporigig.
2(a)]. The signal of3,-N, was maximized at-70° and ap- 4). The signal was approximated as t¢§+65)
proximated as cd§( 6+ 70)+cos® 9—70) [Fig. 2b)]. The  +cos*(9-65)+0.6 cosh.

(B>-N,>+ B3-N,) signal followed a similar angle dependence

to B4-Ns.
We also examined the angular distribution of desorbingc' Pd(110)
N, from the clean surface exposed tg &t 95 K. N, desorp- N, desorption showed four peaks in a temperature range

tion in the subsequent heating peaked at 165 K below twef 100-160 K. The AR-TDS spectra were sensitive to the
thirds of saturation. This desorption showed a simple cosinélesorption angle, as shown in Fig.-N, was clearly seen
distribution. Hence, a:-N, peak was assigned to the de- only at®N20<0.10 in the AR form at around=35°-65°

sorption from an adsorption state ag(B). and peaked at 110 K. The B5-N, peak was sharply en-
hanced above@N20=0.05 at 123 K.B;-N, appeared at
B. Ir(110) around 150 K as a shoulder of intengg-N,, becoming

After N,O exposure, M desorbed in the temperature evident at high NO exposures. With increasin@y_o,
range from 100 K to 210 KFig. 3. The main peaks were B,-N, increased linearly. Its formation peaked at around 134
found at 120 K 84-N,) and 190 K (3;-N,). The signal K and was always major. This component was insensitive to
between them was still significant and involve@,{N, 6, showing a cosine distribution, and its peak temperature
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@ in [001] direction

—40° -20° 0° 20° 40°
Rh(110)
-60° 160°
80| cosf Lsor
40°
1) 7 7
(b) On,~0.3
—60°} ﬂ4‘N2 cos‘5(9d:70) 4{60°
0 0
-80° , 180°
[001] o [001]

Fic. 2. Angular distributions of desorbing,Nn the plane along thg001]
direction on RK110. (a) B1-N, at Ts=167 K and®y,0=0.3.(b) 84-N; at

Ts=110K and@)NzO: 0.3. Error bars are also shown.

120

160 200

(a) AI .
Ir(110)
O~ 0.15 1

240 280 320

15N, Signal / arb. units

(b)) AR: (°

80

Fic. 3. TDS spectra of hlfrom N,O-covered 1110 at ©y,o="0.15.(a)
Al-form, and (b and ¢ AR-form at#=0° andf#=58°. The heating rate was

120

160 200 240 280 320

T,/ K

1594
6 in [001] direction
—40° -20° o 20° 40°
Ir(110) B,-N, O\, = 0.15
cos'3(6+65)

—60°k 460°

cosf

-80°

Fic. 4. Angular distribution 0f3,-N, in the plane along thE001] direction
on Ir(110 at Ts=120 K and®y, o= 0.15. A typical error level is shown by
the inclined bar.

agreed with the desorption of,f&) on clean P@L10). This
is again due to the desorption from a moleculagradsorp-
tion state.

The angular distributions of the other three components
are summarized in Fig.(6). 8,-N, obeyed a cd§( 6+ 50)
+cos(6—50) form at@y,5<0.10. The collimation angle
shifted from 50° to 44° abov@N20= 0.20 and showed a
cos(6+44)+cosY(6—44) form. Bs-N, collimated at
+43°. Its signal was approximated as 8-+ 43)
+cos%(9—43). B;-N, obeyed a co(6+43)+cosY 6
—43) form. These powers have experimental uncertainty as
50+ 10.

The N, TDS shape changed depending on the precover-
age of oxygen. No Mwas desorbed when the surface was
covered in advance with oxygen to more than one-third of
saturation. With increasing the preadsorbed oxyg&nN,
and B3-N, were suppressed quickly, wheregs-N, was
once maximized at around 10% of saturation of oxygen and
then decreased.

IV. DISCUSSION
A. Diffuse distribution

N,O decomposition yielded four Ndesorption peaks in
the range of 110-200 K. One of them commonly showed a
cosine distribution. On Rd10), the velocity of N in this
peak was already analyzed to show a Maxwellian distribu-
tion at the surface temperatift&his is consistent with de-
sorption from the adsorption state of NSuch N(a) forma-
tion may proceed below their peak temperatures s3(H)
—N,(a)+0(a). The peak temperature is simply determined
by the heat of N adsorption.

This cosine component contributed about 50% of the total
amount of desorbing Non Pd110 at low N,O exposures,
whereas on R110), it was about 70%. On (t10), it was
roughly 80% when considering thag-N, involved a cosine
component to about 30% and the others were in a cosine
distribution. From the desorption peak temperature, the heat
of adsorption of N was estimated to be about 34 kJ mbl

1 —
3 K s L. Deconvolutions shown by dotted curves are based on a Gaussiaf Pdlllzo)1 ‘_12 kJ mo_r on Rf(llO)_, and 38__48 kJ mo'_l on
form for each peak. The solid line indicates the sum of all the componentslr(110).”“ This order is fairly consistent with the fraction se-
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broken, the nascent @J is stabilized onto the nearest ad-
(@) AR: 0° Pd(110) | sorption site. During this process, a large amount of energy is
On0~0.2 B, dissipated on account of the energy of the metal-O bond
] formation. The released energy on(PHD) is ~200 kJ mol'?
since the heat of pD adsorption is only 25—35 kJ md{ and
the heat of the Pd—O formation is about 235 kJM3*!
0 ‘ o ‘ Therefore, the fragmentNs able to receive energy from the

80 100 120 140 160 180 200 nascent O atom.

(b) AR ; 43° The released energy is much higher on Rh and Ir. It was
- . 1 estimated to be~350 kJmol'! because the heat of the
metal—O bond formation is around 374 kJ mbfor Rh and
378 kdmol? for Ir.8 Hence, the experimentally observed
trend in the collimation angle can be explained because it is
N reasonable to assume that the larger the dissipated energy
release from the metal-O bond formation and the associated
force is presumably acting along th@01] direction on the

80 100 120 140 160 180 200

_ TS/I? . remaining N fragment, the more the collimation angle will
9 in [001} direction . shift from the[110] surface normal direction.
40 =20° 00 20 40 The energy transfer mechanism is not clear at present. The
© nascent N may be repelled by the surface along the surface
. . normal due to Pauli repulsion because the bulkymblecule
—60% 5, 2 160 is formed in a close proximity to the surface. Such repulsion
" ey was reported in the combinative desorption as @N(
cos*(6 £43) \ 5 15-17 ;
_soel Al | AF PeX4 lao° —N,(g) on RU001) and Cy111). The force is exerted
cos™(0 +43)P1 \ £ cosTio=4d) to the product along the surface normal because normally
{001 [0c1] directed desorption was observed. However, the normally di-

_ _ rected force in NO dissociation is not expected to be as
Fic. 5. AR-TDS spectra of N at different desorption angles from | that in th binative d ti b the |
N,O-covered PELLO) at®Nzo=0.20_(a) 9=0° and(b) #=43°. The heat- grge as : at In the (?om Inative aesorption pbecause the loca-
ing rate was 0.6 K's.. Deconvolutions shown by dotted curves are based ontion Of N in NZO_(a) is further from _the_surface than_ that of _
a Gaussian form for each peak. The solid line indicates the sum of all théhe adsorbed nitrogen atom. For inclined desorption, addi-
components(c) Angular distribution of each Npeak in the plane along the tional forces must be operative towards the produgtinto
[fgl;o‘_’"AeC“O”N‘ﬁl‘i’\‘lzz:tKTS:dgo K ;”d ?-?ZSjibok and atOn,0  the inclined way. This force is likely to come from the na-
=0.20; A, B3-N, at Te= ando, By-Np at Ts= : scent oxygen.

A higher translational energy is generally expected for

quence of the cosine component, suggesting that a principdtolecules with sharper angular distributidfisaithough the

factor to control the trapping is the depth of the Atlsorp- ~ translational energy generally depends on the surface crystal

tion potential well. azimuth!* The above model predicts that the translational
The other N peaks are due to direct desorption from the€nergy on Rt110 and (110 is higher than that on

N,O(a) decomposition events because of their sharp anguld?d110), i.e., the angular distribution on R0 must be

distributions. The differences in the peak temperature are dugroader than that on the others. However, the sharpness of

to the different activation energies of,8(a) decomposi- the angular distribution was observed in an opposite way.

tion. This energy may increase with increasing the amount of is discrepancy must be directly examined by velocity dis-

O(a) because of the decreasing vacant sites and the stabili#ibution measurements.

ing effect toward the pO(a).*®

B. Inclined desorption V. SUMMARY

i . The angular distribution of desorbing ih N,O dissocia-

B1-N, on Pd110) carries a hyperthermal energgbout tion on RH110, Ir(110, and Pd110 was analyzed by

46 kJmolY).2"° N, in the other inclined desorption is also .
. . .angle-resolved thermal desorption. The results are summa-
expected to show high translational energy because of itS

sharp angular distributiont4.The collimation angle depends fized as follows:

on the kind of metal, i.e., 7625° on RH110, 65°+5° on (1) N, showed four desorption peaks in the range of 110-
Ir(110), and 43°-50° on RA10). This sequence is consistent 200 K. One of the peaks commonly shows a cosine dis-
with our prediction described in the introduction. tribution due to desorption from J{a).

The bent NO molecule oriented into th01] direction  (2) N, desorbing in the other peaks sharply collimates off
is suitable for the precursor of dissociation because it intere- the surface normal into tH®01] direction. The collima-
acts with metal also through its terminal oxygen atom which  tion angle was about 70° on Rt10), 65° on I(110), and
must be removed by the surfatéfter the N—O bond is 43°-50° on P¢110.
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