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Infrared Chemiluminescence Study of CQ Formation in CO + NO Reaction on Pd(110)
and Pd(111) Surfaces
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Infrared (IR) chemiluminescence studies of £formed during steady-state C® NO reaction over
Pd(110) and Pd(111) surfaces were carried out. Kinetics of the-Q reaction were studied over Pd(110)

using a molecular-beam reaction system in the pressure rangeaf 1@ * Torr. The activity of the CO+

NO reaction on Pd(110) was much higher than that of Pd(111), which was quite different from the result
of other experiments under a higher pressure range. On the basis of the experimental data on the de-
pendence of the reaction rate on CO and NO pressures and the reaction rate constants obtained by using a
reaction model, the coverage of NO, CO, N, and O was calculated under various flux conditions. From the
analysis of IR emission spectra in the GOOD, reaction on Pd(110) and Pd(111), the antisymmetric vibrational
temperature Ty”S) was seen to be higher than the bending vibrational temperatyf¢ ¢n Pd(110). In
contrast,T® was higher thamy»S on Pd(111). These behaviors suggest that the activated complex for CO
formation is more bent on Pd(111) than that on Pd(110), which is reflected by the surface structure. Both
TvB andTy*S for the CO+ O, reaction on Pd(110) and Pd(111) increased gradually with increasing surface
temperatureTs). On the other hand, in the case of the GONO reaction on Pd(110) and Pd(11I)"S
decreased an@l,® increased significantly with increasifig. Tv® was lower thaiyAS at lowerTs, while T8

was higher tham\S at higherTs. Comparison of the data obtained for the two reactions indicates{Hat

in the CO+ NO reaction on Pd(110) afs = 800 and 850 K is much higher than that in the GOO,

reaction on Pd(110).

1. Introduction from which the gas-phase molecules were desotb&t2>

The reaction of CO and NO to form G@nd N is one of Furthermore, the vibrational energy state of the product CO

the most important automobile exhaust control reactions cata-.has been found to depend on the surface struétute.So,

lyzed by noble metals such as Pd, Rh, and Pt. Recently, theremformatior! at_)out the active sites can be obtained in situ fr_om
has been considerable interest in using Pd-only catalysts l‘orthe '.R emission spectra of GQunder steady-state catalytic
three-way exhaust gas conversiomence, a fundamental ~€actions.

understanding of the reaction mechanism of the €NO Our group has reported IR chemiluminescence ot @am
reaction on Pd surfaces is of vital importance. Many ultra- the steady-state C& O, and CO+ NO reactions on single-
high vacuum (UHV) studies have focused on the nature of crystal Pd surfaces combined with kinetic res&#s? It has

CO and NO chemisorption on single-crystal Pd surfécés; been suggested that the activated complex of @@mation
however, only a few groups have studied the steady-state(i.e., the transition state of GQormation from CO(a)+ O(a))

CO + NO reaction over well-defined surfac&s3 The utili- had a more bent structure on Pd(111) and a relatively linear
zation of single-crystal surfaces can be useful for the eluci- structure on Pd(110) because £@om Pd(111) was more
dation of the reaction mechanism over heterogeneous cata-vibrationally excited than COfrom Pd(110):3716 The results
lysts. To obtain the information on the reaction mechanism, indicated that the IR chemiluminescence method can provide
an effective method is spectroscopic observations of reac-direct energetic evidence of the reaction mechanism and the
tion intermediate§.Another method is an investigation of in-  activated complex of COformation. Almost no work on the
ternal (vibrational and rotational) energy and translational energy vibrational energy of C@produced from the C@- NO reaction

of product molecules desorbed from the catalyst surfate. on Pt and Pd surfaces has been performed, although Bald and
This is because the energy states of the desorbed molecule®ernasek’ found a rough similarity in the vibrational excitation
can reflect the dynamics of catalytic reaction, which can between COF NO and CO+ O, reactions on a polycrystalline
correspond to a transition state (i.e., structure of activated Pt surface.

complex). The infrared chemiluminesce_nce (IR emission) of the | this work, we have studied dynamics and kinetics 0,CO
product molecules from catalytic reaction enables one to ana-sormation during the CO+ NO reaction over single-crystal
lyze the vibrationally excited staté¥.?> Analysis of the  pg(110) and Pd(111) surfaces. Almost no study has been done
V|b_rat|onal states can give information on the structure (_)f the 41 the comparison of the C@® NO activity on single-crystal
activated CQ complex (i.e., the dynamics of CO oxidation)  py gurfaces with different planes. Goodman ef-&lhave

. reported that Pd(111) is more active than Pd(100) and Pd(110)
* Authors to whom correspondence should be addressed. E-mail: . .
kunimori@ims.tsukuba.ac.jp (K.K.); tomi@tulip.sannet.ne.jp (K.T.). Tele- &l th_e reactant pressure Of_I? Torr. First, we elucidate th_e
phone: +81-29-853-5026. Fax=81-29-855-7440. kinetics of the CO+ NO reaction on Pd(110) compared with
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Pd(111). Second, we elucidate partial pressBe,(Pno) and 208 cO=41x10"em?s’ 208 NO=41x10"em?s”
surface temperaturel§) dependence on the dynamics of the _  |no/x10em?s* _ | corxto®cm?s
reaction, and the results are compared with those oHCO, g |a: 123 g |a: 123
reactions on Pd(110) and Pd(111). e | @: 4l e | @: 4
00 O: 20 mO O: 20
. . S0} 4 e} .
2. Experimental Section X X
[ [
A molecular-beam reaction system in combination with a € e
FT-IR spectrometer (Thermo Electron, Nexus670; an InSh 8 8
detector) was used to measure IR emission of produci CO o 0 i I
molecules just desorbed during catalytic reaction on the metal 50 600 700 800 900 500 600 700 800 900
surfaces3-16 A UHV chamber (base pressure 1.0 x 107° Surface temperature [Ts] /K Surface temperature [Ts] /K

Torr) was equipped with an Arion gun for samplg cleaning Figure 1. The formation rate of C@during the CO+ NO reaction
and a quadrupole mass spectrometer (QMS, Pfeiffer Vacuum, on Pd(110). (a) CO/NO ratie- 0.25-2.0 at the fixed CO flux and (b)
QME200). Two free-jet molecular-beam nozzles (0.1 mm CO/NO ratio= 0.5-3.0 at the fixed NO flux.
diameter orifice) were used for the supply of reactant gases.
The fluxes of the reactants were controlled by mass flow (CO= 0,=4.1x 1018cm2s1), and the IR emission spectra
controllers. The CO and NO gases (total flux was %1 of CO, molecules were measured with 4 thresolution at
10'8—2.1 x 109 cm 2 s1, CO/NO= 0.25-4) or the CO and surface temperaturd ) of 900 K. This obtained spectrum was
0, gases (total flux was 8.8 10 cm—2s-1, CO/Q, = 1) were compared with the previous resulf,(° = 1600 K)18 and the
exposed to single-crystal Pd surfaces (Pd(110) and Pd(111)).emission intensity normalized by the rate of £@oduction
Steady-state CG- NO and CO+ O reactions (the pressure  was defined adyAS = 1600 K. This emission intensity and
range at the flux conditiorss 10-2—10-1 Torr) were performed TvAS were used as a standard for various conditions on Pd
in the temperature range of 56000 K. Another UHV chamber  surfaces. On the basis ©§*S and T4V, it is possible to deduce
(base pressures 2.0 x 10710 Torr) equipped with the same  the bending vibrational temperaturg,@) approximately. The
molecular-beam reaction system, an"Aon gun, low-energy relation betweenTyAY and each vibrational temperature is
electron diffraction (LEED), and a QMS was used to prepare represented as the equation below.
the samples and to characterize Pd(110) and Pd(111) surfaces.
Before the molecular-beam reaction, Pd(110) and Pd(111) were TA — (T. AS L T.5S41 o7 B)/4 )
cleaned by a standard procedure (@atment, Ar bombard- v v v v
ment, and annealing§ 16 After cleaning, the sharp (k 1) _ _ B .
LEED pattern was observed, and the reaction occurs on the (l'r_‘ th's_ equation, 2y corresponds toBt_he two degenstzrate bending
« 1) structure under steady-state conditiéhs. vibrational modes. AssugglngBthm/ is equal toTy because
The IR emission spectra of the @®olecules desorbed from of the Fermi resonancé;*Ty® can be expected to beT¢"

the surface were measured with 4 dmesolution. Because of T‘_’AS)B' This assumption is plausible on the basis of the
the low resolution (4 cmt resolution), no individual vibration preBwous report3?2 |t should be added thatVA.V ! TV, and
rotation lines were resolved. The IR emission spectra were Tv were .used her? as parameters characterizing the extent of
analyzed on the basis of simulation of model spectra, yielding the wbrafuonal excitation of the produc; GOt took about

an average vibrational Boltzmann temperatufg!, i.e., an 30__90 min to measure the IR spectra with 2600 scans.
average temperature of the antisymmetric stretch, symmetric During the measurement, the activity was stable, and ““?Teforev
stretch, and bending modes), which could be estimated from the results reflected the GGtates under stgady-stqte conditions.
analysis of the degree of the red-shift from the fundamental 1€ Production rate of COwas determined using a QMS
band (2349 cm?).1819Although the IR emission observed here spectrometer, and the amount ofQN formation (byproducy)
is the antisymmetric stretch (AS) vibrational region, i.@gs( was checked py a gas chromatograph. In our case, the selectivity
ng', Nas) — (Nss Ng', Nas — 1), vibrational excitation levels of of N,O formation (NO/(N2O + Ny)) was usually below a few
symmetric stretchrs9 and bending rfs) also affect this re- ~ Percent (8% at mokj.

gionl618 Here, nss ng, andnas are the vibrational quantum

number of each mode, arldis the quantum number of vi- 3. Results and Discussion

brational angular momentum in linear molecules. Note that the
emission intensity is normalized by the rate of gfoduction.
Thus, the emission intensity is related to the extent of excitation
in the antisymmetric stretch of GOwhich is given by the
following equation:

3.1. Kinetics of the CO+ NO Reaction on Pd(110)Figure
1 shows the rate of COformation in steady-state CQ-
NO reactions on Pd(110) as a function of surface tempera-
ture under various partial pressure conditions. In particular,
Figure 1a and b exhibit the dependence of the reaction rate
on NO pressure under the fixed CO flux and on CO pressure

f O exp(-AE,/kgT,"° (1) under the fixed NO flux, respectively. Under all the partial
pressure conditions, the formation rate of O@creased with
wheref is the emission intensity normalized per unit S@eld, increasing the surface temperatuiig)(in the lower tempera-
AEy is the energy spacingg is Boltzmann constant, ani,AS ture range, exhibited a maximum, and then decreased with

is the antisymmetric vibrational temperature. From the steady- further increasingls. The same behavior has also been ob-
state results at high resolution (0.06 T8 it was possible to  served in the COF O, reaction'6-2” Here, we call the tempera-
deduce the energy distribution in each vibrational modes ture, where the highest GQate is observed, atsm®X From

TvB, TV"S), where the superscripts, respectively, indicate sym- these results, it is found that the reaction order with respect to
metric stretch, bending and antisymmetric stretch. Here, the NO and CO is about zero at surface temperatures (such as
steady-state CG- O, reaction on polycrystalline Pt foil was 600 K) lower thanTs™ under all conditions. On the other
performed under the same conditions as reported previSusly hand, at surface temperatures (such as 800 K) higherTdtr
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TABLE 1: Kinetic Parameters for the CO + NO and CO +
O, Reactions on Pd(110)

reaction rate
equation constant/st vis Es/kcal mol? ref
(3), (21) kgeos 1x 10 35.5 2,3
4) o 1 x 107 36.0 5
(5) kﬁ',if) 2.7 x 10 34.2 this work
(6) des 6.5x 108 29.0 29, 32
2
(), (23) ke 7.1x 101 33.6 this work
reaction initial sticking
equation coefficient ref
(3), (21) Sco=0.93 4
4 Svo=0.9 4
(22) S0, = 0.86 34

the reaction order of NO and CO is determined to be ap-
proximately 0.5.
To understand the kinetics of the CONO reaction on the

Pd surface under steady-state conditions, we calculated the
coverage of adsorbate species on the basis of a reaction modefco =

One of the most probable model mechanisms of theiCIRO
reaction on Pd surfaé@?is as follows (for a review of other
possible mechanisms, see ref 30):

CO(g)+ V < CO(a) 3)
NO(g) + V < NO(a) (@)
NO(a)+ V — N(a) + O(a) (5)
2N(a)— Ny(g) + 2V (6)
CO(a)+ O(a)— CO\Q) + 2V  (7)
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sorbed species during the reaction can be calculated as follows.
At lower surface temperature range:

fcoscokfieos(1 —0\)

Oco = 12
“ feosedkio + fuoSuoko Ko Ko 2
0. — fuoSuokeo(L — ) (13)

" feoscokio + fuoSuokdo * ko Ko
On = \Tco /K (14)
0 = -2 (15)

° kbco
At higher surface temperature range:

feoScoke + \/ (Feosedk)” — 4fcosc:okgeoskrrco2

- (16)
2ke3
Ono =
2 e
feoScofnoSwoks + fNOS\lO\/ (feoSedk)” — 4fCOSCOkng<rrCOZ
2 oSuokNok:
17)
On = 4/ rcozlkﬁis (18)
Feo,
0, = (19)
° kbco

where V is a vacant site. In this model, it is assumed that the Here,rco, is introduced to the above equations on the basis of
rate-determining step is NO dissociation (eq 5), and this is based'co, = kfcoflo, which is the formation rate of CQn CO +

on the previous repoft Furthermore, the elementary steps (3)

NO reactions, and the values as a functioffoére given from

and (4) are considered to be more rapid than the reaction rate the experimental results shown in Figure 1. In the calculation
and the adsorption of CO and NO reaches equilibrium. Using using 6y, we have considered the fact tia is negligible in
the steady-state method, we can derive the following equationsthe CO+ NO reaction at lower surface temperatures because

for adsorbate coverage.

e/t = feoscofy — KecPco (8)
dOyo/dt = foSuofy — Kictno 9)
dO/dt = kiSOnoby — K Dy (10)
dfo/dt = kaOnoty — kbcofo (11)

wheref ands are the flux of reactants to the surface and the
initial sticking coefficients, respectively. Thees kdis, andk,

are the rate constants for CO, NO, and #esorption, NO
dissociation, and the reaction of CO with the oxygen atom to
form CQ,, respectively. The fraction of vacant sites is denoted
asfy = (1 — Oco — Ono — Oy — 6Oo). Here, we adopted the
reported rate constants fe€g, kyo, and kﬂ,‘f (Table 1). In
addition, the rate constaktcan be determined on the basis of
a similar calculation for the CG- O, reaction on Pd(110), as
will be shown in section 3.2. The initial sticking coefficients
of CO and NO are also listed in Table 1. On the basis of the
above equations and the steady-state methdtto(dt =
dono/dt = dOy/dt = dfo/dt = 0), the coverage of each ad-

the O atoms are removed by CO(a) from the surface immediately
after the NO dissociatioff On the other hand, we have
considered the fact théto, Ono, andy are negligible at higher
surface temperatures because the desorption rate is much higher
than the reaction raf&.

The calculation results of the coverage of adsorbates under
various CO/NO fluxes afs = 600, 675, and 800 K are shown
in Figure 2. AtTs = 600 K, the coverage of NO and CO
adsorption is strongly influenced by the flux. When the NO
flux increasesfno and O increase; on the other hanfco
decreases anly is almost constant (Figure 2a). In the case of
the CO flux dependence at 600 K (Figure 2d), the behavior is
similar. When the CO flux decreasé#;o decreases, anfo
and6o increase. In contrast, in the NO flux dependence at 800
K (Figure 2c),00 is much higher thafiyo, Oco, andfOy. When
the NO flux increasesfo and Ono increase significantly. In
contrast, when the CO flux increaseko increases linearly
and 0o decreases gradually (Figure 2f). At = 800 K, the
positive order with respect to NO can be explained by the
gradual increase dfo, and that with respect to CO can also be
explained by the proportional increase @fo and gradual
decrease dfip. At Ts = 675 K, the coverage of adsorbed species
can be located betwedrg = 600 and 800 K. Furthermore, from
the calculation at each reaction temperature, the temperature
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06 @) CO=4.1x10"cm?s" 06.(d) NO=4.1 X10"cm?s™
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0 HT“A—T_A 0 A\A—I\M A [&]
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NO flux/ X 10" cm? sec” CO flux/ X 10" cm™ sec 0
500 600 700 800 900
06 (B CO=41x10"em?s® 068 —NO=4.1x10" em? s Surface temperature [ Te] /K
T=675K T=675K ) L .
° J ° Figure 3. Kinetics of the CO+ O, reaction on Pd(110). The total
®:NO ®:NO flux of reactants was 8.2 10'® molecules cm? s ! at the CO/Gratio
S04t 5. co 4  =o4f O:co 4 =1.
r AN I A:N
g A0 g £:0 L
2 g where the rate of @desorption is small enough to be ne-
O 02 e O 0.2+ e

glected?”-37:38The CQ formation ratefco,, was obtained from

A—D— A ] the experimental results shown in Figure 3. The initial sticking
o e o coefficients of CO and @and the kinetic parameters used are

(=]

0 5 10 15 0 5 10 15 also listed in Table 1. The results of the coverage calculation
NO flux/ X 10 cm'* sec” COflux/ x 10" cm* sec” in the CO+ O, reaction on Pd(110) are shown in Figure 3. It
06.0) Ot 1 X 10 e 0s.D NO=4.1 X 10" om? is known that, at temperatures lower thag"®; the surface
ri=e0ok 00012 ' rise00k 00012 —— coverage of COfo) is high, and the rate-determining step is
oooto| ] oootof 1 O, adsorption on the vacant site, which is formed by the
o4l ®NO Cool | —odl &9 oo | desorption of CO(a). At temperatures higher thaf1® the
5 | 2% o =1 AN oot i formation rate of CQ@ decreased gradually with increasing
€ I a0 "™ 1 & [ a0 oo 1 surface temperature, and this behavior is due to the drastic
Soal B 8oal s decrease ofico. Generally, in the CO- O, reaction on the Pd
A/A/A/”A surface at lower surface temperatures, the reaction ordet is
I \\A\A ] with respect to CO and-1 with respect to @27 On the other
oo_o=o='=o==o_15 og—b=br—b=— hand, at higher temperature®;o can be very smallfco <

NO fiux/ X 10" em? sec” COflux/ X 10" em? sec” 0.01) and oxygen coveragld) approaches the saturation level

~ 34 it i i i
Figure 2. Kinetics of the CO+ NO reaction on Pd(110) under various (0o 0'5)'_ Therefore, it is thought that_the reaction Ord_er IS
COINO fluxes. The adsorbate coverage as a function of NO flux at (a) 1 and 0 with respect to CO and@espectively. The formation
Ts= 600 K, (b)Ts = 675 K, and (c)Ts = 800 K and as a function of ~ rate of CQ can be plotted as a function of inverse surface
CO flux at (d)Ts = 600 K, (e)Ts = 675 K, and (f)Ts = 800 K. temperature in Arrhenius form, originated from Figure 3. From
the temperature ranggs = 500-625 K, the preexponential
dependence of the rate constant for NO dissociation can befactor, », and apparent activation energi.) of eq 23 are

determined by using eq 20. estimated to be 7.k 10's-1 and 33.6 kcal/mol, respectively,
as listed in Table 1. The rate constant for COfa)p(a) reaction
is lco, in the CO+ O, reaction can be applied to that in the CO
o~ Onody (20) NO reaction (eq 7). Furthermore, the important point is that

the CQ formation rate for the CG- NO reaction was much
This gives the preexponential facter= 2.7 x 10% s~* and lower than that of the CGt O, reaction (Figures 1 and 3).
activation energye. = 34.2 kcal/mol, as listed in Table 1. This Because the CO coverage in both reactions is similar, the differ-
activation energy is close to the reported valiae= 31.5 kcal/ ence in reaction rates can be due to that in the oxygen coverage.
mol 34 3.3. Infrared (IR) Emission Spectra of CO, Desorbed by
3.2. Comparison with Kinetics of the CO+ O, Reaction the CO + NO Reaction under Different Partial Pressures.
on Pd(110).The mechanism of the C& O, reaction ona Pd ~ The IR emission spectra of GQormed by the CO+ NO

surface is well-known to be as follov#s: reaction were measured & = 675 K (belowTg™®) andTs =
800 K (aboveTs™®) (Figure 1). Figure 4 shows IR emission
CO(g)+ V <= CO(a) (21) spectra of C@molecules produced by the C® NO reaction

on Pd(110) for various NO fluxes at a fixed CO flux. The £0O
0,(9) + 2V —20(a) (22) emission spectra were observed in the region of 2440
CO(a)+ O(a)— CO,(g) + 2V (23) cm1, while the emission spectrum centered at 2143 tin

2 due to the IR emission of the unreacted CO, which was scattered

It is possible to write equations regarding the coverage of eachrom the surface. Alls = 675 K, the degree of the red-shift

intermediate as shown beld/38 from the fund{:\mental band (2349 ch was almqst .the same
under the various NO fluxes; however, the emission intensity
_ _ _ _ de _ became larger with increasing NO flux. On the other hand, at
d0co/dt = feoseo (1~ Oco — 0o) — K fco, (24) Ts = 800 K, when the NO flux was decreased in the range of

2.0-8.2 x 108 cm2 571, more red-shift from 2349 cnt was

_ _ —pN_
doo/dt = 2fOzSOz (1= 0co— 0o) Feo, (25) observed in the emission spectra of £®his degree of red-
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Figure 4. IR emission spectra of CQdesorbed by the C& NO
reaction on Pd(110). The surface temperat} was (a) 675 K and
(b) 800 K. The NO flux was 2:612.3 x 10'® molecules cm? s™* at
the fixed CO flux (4.1x 10'® molecules cm? s7). The emission
intensity was normalized per unit of G@ield.
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Figure 6. (a) NO flux and (b) CO flux dependence of average
vibrational temperatureT(AV) of CO, formed in the CO+ NO reaction
on Pd(110). The surface temperatuiig)(was 675 and 800 K. The
flux conditions are as described in Figures 4 and 5.
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Figure 7. NO flux dependence of antisymmetric vibrational temper-
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NO reaction on Pd(110). The surface temperatiligp \Was (a) 675 K
and (b) 800 K. The flux conditions are as described in Figure 4.
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reaction on Pd(110). The surface temperat} was (a) 675 K and
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shift was almost constant for the higher NO flux (above 8.2

10 cm~2s71). The emission intensity increased monotonically
with increasing NO flux. Figure 5a and b show IR emission

spectra of the CO flux dependence in the @ONO reaction
on Pd(110) atTs = 675 and 800 K. At both reaction
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Figure 8. CO flux dependence of antisymmetric vibrational temper-
ature [v"S) and bending vibrational temperaturg,§) in the CO+
NO reaction on Pd(110). The surface temperatiige \fas (a) 675 K
and (b) 800 K. The flux conditions are as described in Figure 5.

that the vibrational states of desorbed Q@re very dependent
on the NO flux conditions. ATs = 675 K, TyAS is higher than
TvB, and this means that the internal energy is distributed mainly
in the antisymmetric vibrational mode. On the other hand, at

temperatures, the degree of the red-shift from the fundamentalTs = 800 K, TyAS was lower thanTy®, suggesting that the
band was almost constant under the various CO fluxes. Theenergy is distributed mainly to the bending vibrational modes.

emission intensity became larger with increasing CO flux. From

the analysis of the COemission spectra, information on the
vibrational states of desorbed @©@an be obtained as shown
below.

At first, the average vibrational temperatuie V) obtained
from the red-shift in IR emission spectra of €& Ts = 675
and 800 K as a function of (a) NO flux and (b) CO flux is
shown in Figure 6. Eacliy”Y value was much higher thars,
and this indicates that the G@rmed is vibrationally excited.

The TVAY value was not so changed under various flux

conditions and surface temperatures. NekAS and TyB
obtained from the IR emission intensity of @@s a function
of NO flux at (a) Ts = 675 K and (b)Ts = 800 K are shown

in Figure 7. At both surface temperatures, as the NO flux

increased]yAS increased andly® decreasedl\»S at Ts = 675
K was higher than that &fs = 800 K; on the other hand,/®
at Ts = 675 K was lower than that ats = 800 K. Although

Figure 8a and b show”S and T\® obtained from IR
emission intensity of C@as a function of CO flux at (a)s =
675 K and (b)Ts = 800 K. At Ts = 675 K, the CO flux
dependence off\,»S and T\B was similar to the NO flux
dependence. However, B = 800 K, TyAS and T, were almost
constant under various flux conditions, although the tendency
that TyB was higher tharm»S was common in both NO and
CO flux dependences &t = 800 K. This common phenomenon
at Ts = 800 K can be reflected by the coverage of adsorbed
oxygen because the coverage of other adsorbed species was
much lower than that of oxygen (Figure 2c and f). On the other
hand, affs = 675 K, the coverage of NO, CO, and the nitrogen
atom was not low (Figure 2b and e), and this can make the
excitation of the vibrational modes more complex. Zhd&hov
has shown that the change in the energy distribution of the
reaction products with increasing coverage can be related to
lateral adsorbateadsorbate interactions in the activated state

the average vibrational temperature was rather similar, it is found for reaction.
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T T observed afls > 750 K (Ts > Ts™) on Pd(110). Figure 11
: gmgg CONO=1 4 shows the IR emission spectra of €@olecules produced by
- the CO+ O, reaction on Pd(110) and Pd(111) surfaces at
1 various surface temperatures. The higher the surface tempera-
. ture, the more the red-shift from 2349 chwas observed in
the emission spectra of GOThe emission of the unreacted CO
E in the CO+ O; reaction was much lower than that in the CO
+ NO reaction, and this is influenced by the difference of,CO
. formation rate. Because the formation rate of the €QD;
reaction was much higher than that of the @ONO reaction
as described above, the intensity of the emission spectra of CO
normalized by the C®formation rate can be much smaller in
the case of the CCGF O, reaction. The average vibrational
Figure 9. The formation rate of C@during the CO+ NO reaction temperatureyAY) from the analysis of C@emission spectra
(CO/NO ratio= 1) on Pd(110) and Pd(111). The total flux of reactants in Figures 10 and 11 is plotted as a functionTefin Figure 12.
(CO + NO) was 4.1x 10" molecules cm? s™. TVAV increased with increasinds for both reactions on
o _ Pd(110) and Pd(111)I\AY on Pd(111) in both reactions is

3.4. Structure-SenS|§|V|ty of the CO+ NO Reaction on higher than that on Pd(110), which is in good agreement
Pd(110) and Pd(111)Figure 9 shows the rate of G@ormed with the previous result$16 Especially, in theTs range of
in the steady-state C@ NO reaction on Pd(110) and Pd(111) goo-725 K, TvAY was dependent on the surface structure, and
surfaces as a function @k. The CO+ NO reaction proceeded it was not dependent on the GONO and CO+ O, reactions.

above 550 K, and the temperature dependence of the formationyg\ever, in the higher temperature range above 750 K on
rate had maxima on both Pd surfaces, and the observed behaviopd(llo) TVAY of the CO+ NO reaction was higher than that

on theTs dependence was similar to that of Figure 1. Itis found ¢ the cO+ O, reaction.

that Pd(110) exhibited much higher activity than Pd(111). This . AS B .
indicates that the C@ NO reaction on Pd surfaces is structure- Fllggres. 13 a.nd 14 showy and Tv Qerlved from IR
emission intensity of C@as a function oflfsin CO + O, and

sensitive under the steady-state reaction condition with the total CO -+ NO reactions, respectivel§iy*S was always higher than
pressure of 10? Torr. Generally, the NO dissociation proceeds B  Fesp v ; ys nigher t
TvB under all the surface temperatures in the €@, reaction

on step sites, and it is difficult to proceed on the sites on the on Pd(110) (Figure 13a). Overall,® was higher thaifyAS in

I f h Pd(2£%)Theref h .
terrace plane surface, such as on Pd(tE1)Therefore, the the CO+ O, reaction on Pd(111) at all surface temperatures

result in Figure 9 reflects the activity for NO dissociation. The ) .
turnover frequency of COformation rate at 625 K was (Figure 13b). This suggests that the structure of the activated

. lex for CQ formation in the CO+ O, reaction on
determined to be 1.7-¢and 0.43 st on Pd(110) and Pd(111), COMPIEX |
respectively. Furthermore, the activation energy of the €0 Pd(l.ll) |§4_r11160re_bent than that on Pd(110), as reported
NO reaction in the temperature rangie = 550-650 K was previously? This can be reflected by the surface plane

determined to be 45.6 and 24.8 kcal/mol on Pd(110) and structuBrg of Pd(111). As also. sh.own |n.F|gure 13, boihS
Pd(111), respectively. Goodman etfaf. have reported the andTy mcregsed gradually with mgreasﬁfg on Pd(110) and
results of CO+ NO reactions on Pd surfaces, and TOF on Pd(l_ll)’ which is a general "e”‘?' n th? case of the €0,
Pd(110) and Pd(111) at 625 K was determined to belfad reactiont®1820S0 far, almost no discussion on surface temper-
20 s, respectively. In addition, the activation energy on ature (_dependence of the product wbraﬂonal energy was fiade.
Pd(110) and Pd(111) was estimated to be 17.0 and 16.2EXperimental results on the C® O, reaction on Pt and Pd
kcal/mol, respectively. The difference from our results is due Showed that the increase in wbragc;g]al temperature was higher
to the difference in the reactant pressure. In our case, it was onthan that of surface temperatufe!®*°Theoretical works wil
the order of 102 Torr, and in Goodman'’s study, it was in the be needed on the temperature dependence of the internal energy.
range of 2-17 Torr5-8 They have reported that NO dissociates ~ The Ts dependences in the C® NO reaction are more
immediately on more open surfaces (Pd(110) and Pd(100)) tocomplex than those in the C® O, reaction.Ty*° decreased
form atomic nitrogen (N(a))~8 The N(a) species are bound andTyB increased significantly with increasifig in the CO+
strongly to the surface and inhibit the adsorption of NO and NO reaction on Pd(110) (Figure 14a). At lower surface
CO. Therefore, the activity (TOF) on Pd(110) and Pd(100) was temperaturesTy*S was higher tharTy®. Above 700 K,Ty®
lower than that on Pd(111), and the rate-determining step is became higher thafiyS, which means that the more excited
the nitrogen desorption. In particular, they have shown that 80% mode changed from the antisymmetric to the bending vibrational
of the surface sites were covered by nitrogen species duringmodes. This temperature (700 K) correspondS 48> (Fig-
the reaction on Pd(100), while only 20% on Pd(19.1). our ure 9). This behavior was also observed in the @ONO
case, the coverage of nitrogen was very loy  0.1) at higher reaction on Pd(111) (Figure 14b). These results indicate that
temperatures (800 K), and the rate-determining step is the NOthe structure of the activated complex for £€formation can
dissociation, which means that the oxygen atom supplied from be very dependent ofs. At temperatures lower thafs™, the
the NO dissociation can react with CO immediately. structure of the activated complex is less bent. Furthermore, it
3.5. Dynamics of CO+ NO and CO + O, Reactions on should be noted that the bending vibration is highly excited at
Pd(110) and Pd(111): Surface TemperatureTs) Depen- higher Ts. It is characteristic that th&® in the CO+ NO
dence. Figure 10 shows the IR emission spectra for CO reaction over Pd(110) above 800 K is much higher than
molecules produced by the GONO reaction on Pd(110) and  other cases. Although thB,B in the CO+ NO reaction over
Pd(111) surfaces as a function . The higher the surface  Pd(111) at high temperaturse cannot be obtained because of
temperature, the more the red-shift from the antisymmetric the low CQ formation rate and low IR emission, the bending
stretch fundamental band (2349 th was observed in the vibration can be highly excited, which is suggested from the
emission spectra of GO Especially, more red-shift was data obtained.
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conditions are as described in Figure 11.
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Figure 14. Surface temperature dependence of antisymmetric vibra-
tional temperatureTy,*%) and bending vibrational temperaturé,§)

in the CO+ NO reaction on (a) Pd(110) and (b) Pd(111). The reaction
conditions are as described in Figure 10.

increasingo (judging from the result in Figure 2c), whilgAS
increased with increasin@p. However, the results seem to be
different from those of Bald and BernasEkyho reported that
both Ty® and TyAS increased with increasing NO/CO ratio for
the CO+ NO reaction over a polycrystalline Pt surface. Their
results indicate that the vibrational excitation became higher
R , , L , , with increasingfo.” On the other hand, the data at 800 K in
2400 v@‘ﬁumﬁg&_, 2100 2400 W?/Z?lunbeﬁgri 2100 Figure 8b show that botfiy® and TyAS are almost constant,
although 6o decreases with increasing CO flux (Figure 2f).

reaction on (a) PA(110) and (b) Pd(111). The surface temperaire ( Therefore, no clear conclusion on the effect in the CO+
was 6006-850 K. The total flux of reactants was 8:210' molecules NO reaction on Pd(110) can be done |n_th|s work.

cm2s 1 at the CO/Qratio= 1. The emission intensity was normalized At Ts = 800, 850 K on Pd(110)T\B in the CO+ NO
per unit of CQ yield. reaction (Figure 14a) is much higher than that in the €O,

reaction (Figure 13a). As suggested in Figures 2 and Bs &t

Normalized intensity /a.u.
Normalized intensity /a.u.

600

Figure 11. IR emission spectra of CQOdesorbed by the CG- O;

x 3000 T 800 K, 6o was 0.39 and 0.10 for C& O, and CO+ NO
5'3 reactions, respectively. The coverage of other species is
‘@ 2500 - negligible. Such a large difference in the oxygen coverage can
= be observed between the different reactions. In the4€R0
g reaction,fo can be small because the rate-determining step is
5 2000 ] the NO dissociation. One possible explanation is that the large
T difference in 6o affects the dynamics of COformation.
§% 1500 i According to the reports on surface diffusion of oxygen, the
§1>§ activation energy for surface diffusion of oxygen atoms over
< Rh(111) and Pt(111) is very dependent on the coverage of
1005(',)00 ' 6[I)0 ' 760 I 3(1)0 900 oxygen. Atfp = 0.25 and 0.5 on Rh(111), the activation

Surface temperature [T<] /K energies are calculated to B® = 10.8 and 13.1 kcal/mol,

Figure 12. Surface temperature dependence of average vibrational respectively’ At 6o =0.03 and 0.25 on PY(111,is calculated
. - > ]Ea.
temperatureT,Y) of CO, formed in CO+ NO and CO+ O, reactions to be 11.3 and 25 kcal/mol, respectivélyf2This suggests that

on Pd(110) and Pd(111). The reaction conditions are as described inthe€ 0xygen atom has a higher mobility _und(_a'r lower oxygen
Figures 10 and 11. coverage. When the energy of surface diffusion can be added

to the formation of the activated G@omplex, it is expected

3.6. Effect of Oxygen Coverage on the Vibrational Excita- that its vibrational mode becomes more excited. Furthermore,
tion of CO,. The effect of coverage ofi,/”S andTy® seems to in this case, because the energy of surface diffusion is along
be more complex at lower temperatures because the coveragéhe surface, this can be distributed to the bending vibrational
of the adsorbed species is rather high (Figure 2). At a higher modes in the activated G@omplex rather than the asymmetric
temperature (800 K), however, the oxygen coverage becomesstretching vibrational mode. Although this is one explanation,
higher, and the other coverage is very low (Figure 2c and f). it should be pointed out that this view is not reconciled with
The data at 800 K in Figure 7b suggest tihg® decreases with  the results of the previous repots?® where the vibrational
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