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The kinetics of NO adsorption and dissociation on Pd(111) surfaces and the NO sticking coeffigignt (
were probed by isothermal kinetic measurements between 300 and 525 K using a molecular beam instrument.
NO dissociation and Nproductions were observed in the transient state from 425 K and above on Pd(111)
surfaces with selective nitrogen production. Maximum nitrogen production was observed between 475 and
500 K. It was found that, at low temperatures, between 300 and 350 K, molecular adsorption occurs with a
constant initialsyo of 0.5 until the Pd(111) surface is covered to about80% by NO. Thenrsyo rapidly
decreases with further increasing NO coverage, indicating typical precursor kinetics. The dynamic adsorption
— desorption equilibrium on Pd(111) was probed in modulated beam experiments below 500 K. CO titration
experiments after NO dosing indicate the diffusion of oxygen into the subsurface regions and beginning
surface oxidation at 475 K. Finally, we discuss the results with respect to the rate-limiting character of the
different elementary steps of the reaction system.

1. Introduction Palladium has been suggested as an alternative active element
) ) ] for NO reduction due to its NO dissociation capacity and its
In the last 2 decades increasing governmental regulations allgiapility under high temperature and oxidizing conditi8ri.
over the world have stimulated tremendous growth in the \oever, unlike RAL-15 Pd has not been subjected to intense
research on environmental catalysis and green cheriistiy. research, and its capability for NO reduction is not fully
particular, the automotive catalyst technology has improved, ,nderstood. In the recent past, there have been numerous reports
assisted by better petrochemical refining to yield cleaner fuels. o, the NO reduction over Pd-based catalysts on different faces
Improvements in internal combustion engines and the above ¢ single crystals and a variety of supported syst&n
developments have led to fuel-efficient vehicles. The present pegpite that, there is a lack of fundamental understanding of
technology of three-way catalytic convertetsmeets the  NO reduction on the Pd surfaces.
requirements of oxidation of CO. More problematic is the  The present work of NO adsorption and dissociation on Pd-
oxidation of nonvolatile organic species to €@nd, in (111) focuses on fundamental kinetic aspects under isothermal
particular, the reduction of NO toiNespecially under the highly  conditions in a molecular beam instrum@hs* It was suggested
oxidizing exhaust gas conditions of fuel-efficient lean-burn ¢ NO dissociates only at defect sites on Pd(111) without
engines’ Although Rh is very active for NO reduction under  gjgnficant inherent activity on Pd(114J;2° nonetheless, there
fuel-rich conditions, this is not the case under net oxidizing ge report&-26.28.293% steady-state NO dissociation te ahd
conditions, since the excess oxygen inhibits the NO reduction n,0 on Pd(111) as well as on Pd on supported oxides with
activity of Rh by oxidizing it. Pd has also been added to catalylic reqyctants, like CO andindicating inherent catalytic activity
converters as one of the active metals for NO reduction for the {oyard NO dissociation. Our present studies show that an
past few year§;however, the mechanistic details of Pd are not jhherent NO dissociation activity exists on Pd(111) surfaces,
fully understood yet. There were few new technologies  anq the same can be observed clearly in the transient state. The
introduced in the past decade, like N&orage or zeolite based  present work on the dissociation of NO on Pd(111) surfaces is
catalysts, which provided different insights into the NO reduc- 4 part of our continuing study of the NO reduction reactions in

tion. However, regarding long-term stability, low and high- laboratory, and the NG- CO reaction on Pd(111) is
temperature NO reduction is still a challerfgEhe above points reported in ref 35.

clearly indicates that there is an urgent need to develop catalysts

for NO reduction under net oxidizing conditions. In this respect, 2. Experimental Section
obtaining molecular-level insights into underlying catalysis
aspects of NO reduction is a major challenge for current
research.

All kinetic and TPD experiments reported in this manuscript
were performed using an extension of the so-called King and
Wells collimated beam method. The home-built molecular beam
: : . . instrument (MBI) used consists a 12 L capacity stainless steel

* Corresponding author. E-mail: cs.gopinath@ncl.res.in. Fax: 0091-20- ultrahigh vacuum (UHV) chamber evacuated with a 210 L/s
2589 3761. .

T National Chemical Laboratory. turbo-molecular drag pump (Pfeiffer, TMU261) to a base

* Fritz-Haber-Institut der Max-Planck-Gesellschaft. pressure of about & 1071° Torr. The MBI is equipped with a
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Molecular Beam Generation can be distinguished from common background signals like
12CO, (amu 44). The second factor is related to tH€O

” employed to minimize the interference between background
' Pd(111) 12C0O and the main product ofNh the NO dissociation reaction.
Micro Caplllary However,NO (amu 30) present in th®NO interferes with
Disk ' Scattered the identification of®N, (amu 30), and most of the experiments
Molecules reported here are carried out witdiNO. However, cross-
Bafﬂeg ’ reference experiments were carried out WitNO too. Small
: amounts ofi3CO were present in the MBI chamber, adsorbing
\ i especially below 400 K. However, the adsorB&dO does not
j interfere our experiments since CO is displaced by NO in the
- transient state of the subsequent experiments and can be detected
Figure 1. Schematic representation of molecular beam generation. easily3® Several test experiments have been carried out initially
to probe all possible products of NO decomposition, including
molecular beam doser setup (Figure 1), a quadrupole massN,O and NQ under a variety of experimental conditions. Apart
spectrometer (Pfeiffer, Prisma QMS 200 M3), a sputter ion gun from nitrogen and nitrous oxide, no other nitrogen containing
(AG5000, VG Scientific), and sample preparation facilities. The products were produced under any conditions. The mass
mass spectrometer is kept out of the line-of-sight of the sample spectrometer intensity was calibrated for NO by measuring the
to avoid any angular desorption effects. The molecular beam uptake on clean Pd(111) at 300 K, assuming a saturation
doser consists of a 13 mm disk multichannel array made up of coverage of 0.33 monolayers (ML) following Jacobi etl.
microcapillary glass tubes of 1 mm in length and 4@ in Different parameterss(o, ®©no) Were calculated by following
diameter each (Collimated Holes Inc.). The NO gas-flux in the the procedures given in ref 33.
molecular beam Ryo) is determined and controlled by the
precision leak-valve opening and the backing gas pressure in3. Results and Discussion
the gas-manifold. A laterally movable stainless steel shutter,
which is manually operated, was placed between the micro- 3.1. General ConsiderationsThe experimental procedure
capillary doser and the Pd(111) crystal in order to interrupt the followed in a typical molecular beam dosing experiment is
beam when desired (Figure 1). The Pd single crystal (Metal explained in Figure 2. For all experiments, the clean Pd(111)
Crystals and Oxides Ltd., Cambridge, U.K.) was cut in the (111) metal surface was kept at constant temperature and exposed to
direction and polished using standard procedures. It was an effusive"“NO molecular beam. All relevant gas-phase species
mounted by spot-welding a 0.5 mm thick tantalum wire on the formed are detected by QMS as a function of time. Figure 2
periphery of the crystal and connected to a pair of copper rods, shows a typical set of kinetic data recorded duriyO
which in turn were connected to a power-thermocouple feed- exposure of Pd(111) at 465 K: At tinte= 5 s, the molecular
through. A K-type thermocouple was welded on the backside beam with a NO beam was allowed to enter the UHV chamber
of the crystal and to the thermocouple leads of the feed-through.(Figure 1). With the shutter blocking the crystal, there is,
The above feed-through is connected to liquid nitrogen reservoir. however, no direct exposure to tH&lO beam. Nonetheless, a
The crystal can be cooled to about 100 K with liquid nitrogen small amount of“NO adsorption from the background cannot
or resistively heated to 1373 K. For the present experiments, be prevented. After few seconds,tat 10 s, the shutter was
the distance between the crystal and the beam doser is set to 5emoved to allow the beam to directly impinge on the Pd(111)
mm. surface. An instantaneous decrease in the partial pressure of
The Pd(111) crystal surface was cleaned as described by'*NO for few seconds can be noticed as a result'“®fO
Ramsier et at® The procedure involves Arsputtering at 1000  adsorption from the beam. This adsorption in the transient state
K in a partial pressure of oxygen (4 1078 Torr) for 60 min, continues until the surface is saturated WithNO. The geo-
followed by annealing for 30 min at 1000 K in2 1077 Torr metrical arrangements in our MBlis such that about 25% of
of oxygen, and, finally, flashing to 1200 K in a vacuum. This the beam is intercepted by the crystal and, hence, the drop in
cycle was repeated several times, testing the cleanliness of théNO pressure upon shutter removal is relatively shallow; this is
surface by monitoring CO and GQiuring high-temperature ~ mainly to ensure an uniform beam profile over the entire crystal
flashing after oxygen adsorption at room temperature. Room- surface. A clear Mand NO production in the transient state
temperature NO adsorption and subsequent TPD experimentdegins around = 15 s can be seen, indicating the dissociation
were also carried out, and the results (not shown) are in goodof 14NO on the Pd(111) surface. Nitrogen desorption is evident
agreement with results reported earfiérl® ensuring surface  at other temperatures also (Figure 4). However, the amount of
cleanliness of Pd(111). However with subsequent NO dosing **N2O desorption is comparatively much lower than that ef N
experiments, especially at high temperatures (above 500K),Amu 12 was also followed in all the experiments to ensure that
small amounts of B and CO were observed during high there is no contribution from CO and GO
temperature flashing, possibly indicating the subsurface diffusion  The partial pressure of tHéNO increases up to a new steady-
of N and O atoms at high temperatures. Hence, after each sestate value, due to adsorption on UHV chamber wHlls;
of high-temperature experiments the surface was cleaned byhowever, it does not represent any change in the molecular beam
above Ar sputtering procedure. For the present manuscript NO/ characteristicsi*NO adsorption was continued for at least 60 s
Pd(111) studies between 300 and 525 K are being reported. before any steady-state measurements were made. Upon reach-
I5NO (Air gas, 99% isotopically pure}’NO, CO (99.9%), ing the steady-state, the beam was blocked for about 30 s.
and13CO (Isotec) were used without any further purification. During the beam blocking period in the steady state, an increase
It is to be noted that th€NO contains about 1% of unlabeled in the partial pressure 8fNO (Figure 2) was observed clearly.
14NO. The purpose of usinfCO and'>NO is 2-fold: First it Moreover, the sudden increase in 8O partial pressure in
allows a clear identification of the possible products such as the steady state upon closing the shutter can be attributed to
13CO, (amu 45) and>N,0O (amu 46). In addition, these species the immediate desorption fNO, since the substrate temper-
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Figure 2. Experimental data from a typical isothermal kinetic test described in the text carried out‘hat 465 K and subsequently the

surface oxygen was titrated witiCO beam at the same temperature. Different mass traces are deliberately shifted to show the features clearly.
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Figure 3. Temperature dependence'@flO adsorption on Pd(111) in

the transient state on clean metal surface. Scattered data points (open
circles) shown for 300 K are from the experiment carried out without

activity does not sustain on its own. This is attributed to
poisoning by dissociated atomic species, mainly oxygen atoms.
It is also to be noted that the NO uptake after shutter removal
in the steady state is nearly the same as that of NO uptake on
clean Pd(111) in the transient state. This indicates that almost
all nitrogen and NO desorb during the beam blocking period
and the NO and nitrogen coverages are low.

A subsequent TPD shows no NO and a small nitrogen
coverage. This is further supported by TPD results (in Figures
6). After turning off the NO beam, th8CO beam was switched
on att = 270 s. and constant temperature in order to titrate the
surface oxygen species produced by NO dissociation. A clear
production of'3CO, indicates the NO dissociation on Pd(111).
The above CO dosing was carried out also to minimize the
diffusion of oxygen into the subsurface and the bulk region.
Finally, the 13CO beam was shut off, and the chamber
background pressure was allowed to return to normal before
TPD experiments were performed at a heating rate of 5 K/s.
The TPD results indicate a strongly temperature-dependent
coverage of NO and small amount of nitrogen (Figure 6). As
there is no desorption of nitrogen-related products above 550
K, the TPD experiments were stopped at 650 K. Subsequently,
the Pd(111) crystal was flashed to 1000 K before the next dosing
experiment.

3.2. Temperature-Dependent NO Adsorption and Dis-

opening the shutter to use as standard for background subtraction.sociation on Pd(111)Figure 3 shows the temperature depen-

Reference data has been shifted vertically for clarity.

ature is close to the NO desorption maximum of 506710
This result shows that there is a substantfdlO steady-state
coverage established throughout the reaction perigen NO
desorption stops completely within a minute of starting of NO
dosing and there is no change in the partial pressure, @i

dence of“NO adsorption on Pd(111) between 300 and 525 K
at a constanfno = 0.05 ML/s. NO beam was turned ontat

7 s followed by the shutter openingtat= 10 s; there is a clear
decrease in thé*NO partial pressure due f§NO adsorption

on the Pd(111) surface at the shutter removal point. A number
of reference experiments were made, in which the shutter was
not at all opened and the data were used as background for

N2O in the steady-state indicating that the NO dissociation those experiments reported in the manuscript for all the
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Figure 4. (a) N, and (b) NO production from Pd(111) surface due to NO dosing at different temperatures. Note the maxi@upnaduction
at 475 K and N between 475 and 500 K. Solid arrows indicate the on-set of products desorption. Scattered data points shown for 475 K are from
the experiment carried out without opening the shutter.
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calculation purposes. One such reference experiment is showris due to a reduction of the number of vacant sites, as a result
in Figure 3 at 300 K. It is to be noted here that the above of NO dissociation to N and O atomic species. It should also
procedure is reliable than fitting with an exponential or quadratic be noted that the initial NO adsorption probability remains
equations. However, some background adsorption (about 5%)constant immediately after the shutter removal at reaction
cannot be avoide# and to reduce that contribution, a minimum temperatures between 300 and 425 K. The corresponding
time gap (2-3 s) was kept between the beam on and the shutter changes in the amu 28 and 44 traces (du&ttb and 1“N,0)
removal time. Further, the uniform beam profile over the crystal (Figure 4) provide a hint that, at least in part, the reduction in
surface also ensures the pressure on the crystal surface is muc®no above 400 K is due to NO dissociation. There is a decrease
higher than the background. At temperatures below 408M0O in the initial and overalf“NO adsorption capacity above 450
was continuously adsorbed at the same rate for a few secondsK and no*NO adsorption could be directly detected through
before a gradual decrease occurs due to the surface reachingressure change at 525 K.

the saturation NO coverag®(o) aroundt = 20 s. At and above As far as product desorption is concerned, two temperature
400 K, there is a gradually decreasing total NO adsorption regimes can be observed in Figure 4: (i) NO adsorption without
capacity compared to the experiments between 300 and 350 K.formation of any nitrogen containing products below 400 K and
The decreasing saturation coverage with increasing temperaturdii) simultaneous N and NO production at>= 425 K. Above
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formation. These observations can be interpreted in terms of
an increasing NO dissociation probability, leading to a decreas-

ing time gap between shutter removal and the onset,aind

N2O desorption at high temperatures. The above observations
point toward the fact that Nand NO desorption could be
diffusion-controlled. In this case, the NO adsorption and
dissociation steps could be faster than the production@iid

N2O, under the above experimental conditions. Between 475
and 500 K, maximum nitrogen production can be clearly seen
after shutter removal, indicating the fast dissociatiod4fO

to a comparatively large extent. The total nitrogen formation
rate goes through a maximum between 475 and 500 K, and at
>500 K, a reduction in the reaction rate is observed. At 525 K,
the nitrogen desorption continues for little longer than a minute.

NO/CO dosing at]
450 K

500 K

525 K However a small amount of CO production is also inferred

13CO2 Partial Pressure / Arb. Units

M ANAMAANAMAMAAR N AAAMMAAAN A

13 (through amu 12), possibly due to the interaction between mobile
CO Beam On

oxygen in the bulk/subsurface and carbon in bulk, along with
270 280 290 300 310 320 N,. At temperatures higher than 525 K, the CO production

*CO Exposure Time / Sec increases significantly and, hence, reliable NO dissociation
Figure 5. Surface oxygen due to NO dissociation on Pd(111) is titrated experiments could not be performed. It is to be noted here that

with 13CO beam at the same NO adsorption temperatures. Note thethe 0xygen migration and hence considerable concentration of
decrease in oxygen coverage 500 K is attributed to diffusion of oxygen in the subsurface reported recently by Leisenberger et
oxygen into subsurface. al3 is in line with our observation.

A careful analysis of the products desorption traces in Figure
4 leads to the following four points: (a) There is a sudden rise
in the N, and NO production rate between 425 and 500 K, but
after a time delay; the decreasing time delay with increasing
temperature indicates a decrease in initial nitrogen buildup. (b)
The slope of the leading edge of the, Kand NO) traces
increases steeply with increasing temperature from 425 to 525
K. Also, a partial N production through an O intermediate
cannot be excluded on the basis of the experiments. (c) A clear
decrease in pD production at>475 K with no NO at 525 K
indicates, again a change in overall kinetics and mechanism.
(d) The selectivity for N production is 5-10 times higher than
for N,O, depending on the temperature. In this respect, the
presence of coadsorbed oxygen due to NO dissociation can be
expected to be an important factor. However, it is difficult to
quantify this effect, especially due to the onset of subsurface
diffusion and possible surface oxidation around 475 K (see next
section). Also on rhodium surfaces, it has been confirmed that
coadsorption of oxygen and nitrogen leads tod€sorption at
lower temperatures as compared te d&sorption from the
N-only containing Rh surfaceé8:4° The effect was attributed
to repulsive interactions between N and O atoms on the surface.
Indeed, oxygen pre-dosage was shown to completely inhibit NO
dissociationt? indicating that similar effect may be operative
on Pd(111). Another interesting aspect is the dynamic NO
adsorptior-desorption behavior observed on the Pd(111) surface
400 K, the formation of Mand NO production becomes evident in the steady-state. Although,Nind NO desorption stops in
from the results shown in Figure 4. The reference experiments the transient state, NO adsorptiedesorption continues, as long
mentioned above, without removing the shutter, showed no as the NO beam is maintained for the reaction temperatures
considerable products formation is attributed to the low NO below 500 K. Remarkably, the extent of NO adsorption in the
coverage under these conditions. It is interesting to comparesteady-state after shutter removat at 150 s is similar to that
the different kinetics of B desorption and NO uptake. Indeed, of the NO uptake on clean Pd(111) surface at the beginning
a remarkable feature is the temporal behavior of theahd (see Figure 2). Similar observations were made down to 350 K
N,O production between 425 and 500 K with a time delay (data not shown). This directly suggests that the oxygen and
observed for the onset of,Nind NO production, although NO  nitrogen coverage due to NO dissociation does not affect the
uptake is observed at= 10 s. This delay indicates the buildup NO adsorption in a significant manner, and hence, it might not
of some nitrogen coverage. A finite time delay of about76s play any important role in the overall kinetics of NO dissocia-
before the onset of Nand NO production at 425 K decreases tion, at least below 500 K. This is in sharp contrast to the NO
with increasing temperature (solid arrows in Figure 4). At 525 dissociation behavior on supported Pd particles studied re-
K, N, formation appears almost simultaneously with NO uptake cently?82°The complete loss of the NO adsorption capacity in
upon shutter removal. Moreover, there is hardly amyON the latter case at temperatures&75 K supports the hypothesis

NO Dissociation ll('inetics on Pd(111)
Temperature Programmed Desorption

(a) NO (b) N, (x2)

Partial Pressure / arb. units

A sy (450 K
At A 475 K

Wttt (500 K

LIRSMEAI IR DL B AL BN L I | ML
400 450 500 550 600 400 450 500 550 600
Temperature / K
Figure 6. Representative results from the temperature-programmed

desorption at a heating rate of 5 K/s carried out after the experiments
described in Figures 3 and 4. NO dosing temperatures are given.
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that NO dissociation on the particles is strongly dominated by NO Sticking Probability on Pd(111)
defect sites.
) Temperature and Coverage Dependence

At =500 K on Pd(111), the steady-state NO coverage in the
dynamic adsorptionrdesorption equilibrium decreases drasti-
cally, indicating fast desorption. Furthermore, it is likely that
the substantial drop in 4D production above 500 K is related
to the rapidly decreasing NO coverage in this temperature region
(see section 3.6).

3.3. Surface Oxygen Coverage and Oxygen Diffusion into
Subsurface/Bulk. Figure 5 shows the results on the surface
oxygen titration with'3CO beam after the NO adsorption
experiments, as explained in Figure 2. CO dosing was carried
out at the same reaction temperature as that of NO adsorption.
13CO, production was observed at temperatures between 400
and 475 K. However, C@desorption decreases sharply at 500
K and no CQ was observed at 525 K, despite nitrogen
desorption observed in the transient state, shown in Figure 4.
This is attributed mainly to subsurface diffusion of oxygen and
surface oxidation of Pd(111). As noted earlier, there is a small
amount oft2CO production along with Nat 525 K in the NO
adsorption experiments. Further, there is some carbon oxide 0.1
formation while flashing to 1000 K, after reaction. Above @N / 0.2
observations supports the hypothesis of oxygen diffusion into o/ M
the subsurface and surface oxide formation. Desorption of no Figure 7. Temperature dependence o coverage and sticking
or very small amount of molecular oxygen above 700 K in coeffic_ie_n_t cal_cul_ated fror_n_the _NO u_ptal_<e data in Figure 3. Note the
TPD202L due to NO dissociation on a variety of Pd surfaces, same initial sticking coefﬂqent is maintained betwgen 300 and 425 K
. . . L . up to about 80% saturation coverage for adsorption temperatures at
including Pd(311) where NO dissociation is largest, unambigu- 359 and 325 K
ously hints the disappearance of oxygen from the surface and
it has been attributed to oxygen diffusion and supports Ouraboveexperiments indicate NO uptake on the surface at adsorption
conclusion. Leisenbe_rger et%ilobserved.oxygen diffusion into _ temperature<500 K. It may be recalled here that the NO uptake
the near surface region at 523 K and in good agreement with o, cean Pd(111) at the beginning of the experiment as well as
our results. in the steady-state after temporary blocking is almost the same

Recently, surface oxide formation on Pd(111) has been (Figure 2 — note the change im-axis scale after the break).
investigated experimentally in great detdil® Also, the  This shows that there is complete desorption of NO with no
oxidation of Pd surfaces has been investigated theoretitally peam at temperatures425 K on the time scale of the
and shows that subsurface oxygen is just a precursor to surfacexperiment.
oxidation. Decreasing the GQignal at 500 K in our results TPD results display a decrease in nitrogen desorption,
may also be due to a reduced reaction probability of CO and syggesting that the atomic nitrogen coverage decreases with
the inability to strongly adsorb CO due to the oxidized palladium jncreasing temperature. However, the nitrogen coverage seen
surface. It is to be noted that the more oxidized Pd surface aﬂdon Pd(lll) inthe TPD is0.06 ML and Comparab|e to that of
PdO are unreactive toward CO, as found by Zhang and nitrogen coverage observed after NOCO reaction on Pd-
Altmann:? Indeed the amount of CQlesorption at 475 Kis  (111)35 Nonetheless, the nitrogen coverage is much lower than
somewhat lower than at 450 K, indicating that surface oxidation that observed on Rh(11%y6 after NO and/or NO+ CO
may begin around 475 K, in accordance with adsorption studies reactions.
on Pd(111) at elevated temperatuté&: The complex interac- 3.5. Sticking Coefficient of NO on Pd(111)Figure 7 shows
tion of the Pd surfaces with oxygen significantly complicates the temperature an@yo dependence ofyo on Pd(111), by
the kinetic analysis, especially at temperatures above 475 K. adopting the method employed in refs 33 and-49. Briefly,
However, sustainable GQproduction in NO+ CO reactions g is directly proportional to the change in pressure due to
on Pd(111) up to 625 R suggests that surface oxide NO uptake on Pd(111) after shutter removal with respect to
formation and subsurface diffusion may be strongly suppressedthe total pressure if there was no adsorption. Furthernsqeg,
in the presence of CO as a reducing agent. (0.5) is inversely proportional to the fraction of the beam

3.4. Temperature-Programmed Desorption Studies of NO/ intercepted, which is 0.25 in the present case. Estimated error
Pd(111). Figure 6 shows the TPD of NO and;Nspecies margin of syo values from the uptake measurements is up to
recorded after the above dosing experiments. No significa@t N 5% and should be considered for any purpose. A time evolution
was observed. NO desorbs between 450 and 550 K, in goodof syo was calculated first from the experimental data, given in
agreement with the earlier TPD resulfs!® Gradual decrease  Figure 3, and converted in terms of increastdgo. The initial
in the quantity of NO desorbed is observed in the TPD from syo is constant between 300 and 425 K and decreases at
the NO dosing experiments conducted above 300 K (not shown).temperatures higher than 425 K. A maximunsg = 0.5 was
Between 300 and 325 K, no change in NO coverage was observed at low temperatures between 300 and 350 K on clean
observed in TPD (as well as NO uptake in dosing) experiments, Pd(111) up to 76-80% of the saturation coverage. This behavior
suggesting that the/-saturation coverad&?!® is retained. is typical of precursor-mediated adsorption. At high temperature,
However, the NO yield in TPD decreases linearly from 0.33 to the plateau becomes smaller due to faster desorption and
0 ML between 300 and 325 and 450 K dosing temperatures, phenomenologically a description &fo on the basis of a
respectively. Nonetheless, the temperature-dependent NO dosindg.angmuir model becomes more appropriate. Very similar trend
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in syo on Pd(110) surface was reported by Sharpe and BéWker results of a time gap between NO uptake and nitrogen formation
and indicates the lifetime of chemisorbed NO species decreasesand the repulsive interactions between the atomic species has
linearly with increasing temperature on Pd(111) and Pd(110). been observed and reported on Pd(2@h(110)3° and Rh-

3.6. Reaction Mechanism.The isothermal experimental (111)}13946surfaces. Furthermore, on the basis of the observa-
results in a molecular beam setup provide some new insightstion of a significant NO coverage and nitrogen buildup it can
into the mechanism for the thermal dissociation of NO on Pd- also not be excluded that the fdrmation, at least in part, might
(111) surfaces. Earlier repottg5suggested the main elementary  be through an BD intermediate also. Indeed, a similar slope in

steps of the reaction in this system are the leading edges of Nand NO desorption kinetics supports
this view; nonetheless, further support is necessary. The small
NO() <> NOy6) (1) nitrogen coverage observed in the TPD after reactions above
NO. . —N...+ O @) 425 K indicates that the oxygen could exert repulsive interac-

(ads) ~ "T(ads) = “(ads) tions with nitrogen, providing an additional driving force for
N @ ds)-|- N (ads) ™ N2(g) (3) N, desorption. Nevertheless, the high rate of subsurface diffusion
of oxygen and surface oxide formation around 525 K may
Nags) T No(ads)_’ N,O (4) change the nature of the surface and affect the overall kinetics.

=475 K As the nitrogen coverage decreases drasticabpOK along

Oladsy ™ Osub-surtace) ™ Osurtace-oxide) %) with an increase in NO desorption rate, both nitrogen recom-

bination and adsorption are not expected to contribute substan-
Although the above mechanism may appear simple, there aretially to the rate control. However, NO dissociation might play
few complications that have not been resolved until now. In a significant role toward the overall kinetics at temperatures
particular, TPD experiments show weakly and strongly adsorbed higher than 525 K.
nitrogen peaks at 450 K and between 545 and 595 K, |ndeed, fast C@ production below 525 K in NO+ CO
respectively, by Goodman et &however only a minor M reactions on Pd(111) supports the relatively fast NO dissocia-
peak at 500 K was observed by several other grétgs:>TPD tion 35 The complete stopping of NO dissociation in the steady-
results of Nakamura et &.and Wickham et &l show no  state is attributed to the sizable oxygen coverage observed
evidence of NO dissociation on Pd(111). In contrast, pronounced through CO titration and it is in correspondence with the
N desorption was observed at 670 K by Conrad éf &lugai  opservation of Schmick et &t.and Henry et ats that coad-
et al!® also shows through Auger electron spectroscopy that sorbed oxygen eliminates NO dissociation. Also on supported
surface-bound N remains on the surface as high as 700 K.pq particles, we have recently observed large oxygen coverages

Although present isothermal experiments may not be comparedafter NO dissociation, together with small amounts of N
directly to the earlier TPD results due to the different reaction adsorbed at specific sites on the partic

conditions in a molecular beam setup, certain valid conclusions
may be derived as discussed in the following.

Our present results shows that, indeed, there is NO dissocia-
tion activity on Pd(111), which leads to dominant production A simple molecular beam instrument fabricated for gas-phase
of N, and minor NO production between 400 and 500 K and surface reaction studies on metal surfaces is described. The
exclusive N production above 500 K. Nevertheless, some NO instrument is employed to probe NO adsorption and its
dissociation activity is possible from the defect sites (step sites) dissociation on Pd(111) surface through isothermal kinetic
and cannot be ruled out. A substantial NO coverage on Pd- experiments between 300 and 525 K. Molecular NO adsorption
(111) is observed between 400 and 500 K in the dynamic was observed at400 K. The adsorption kinetics indicate that
adsorptior-desorption equilibrium and it is not strongly affected NO dissociation starts on Pd(111) surfaces at around 400 K.
by the presence of N and O atomic species. This result is in NO dissociation to M and NO was observed clearly in the
general agreement with the observation of comparable coveragedransient state at temperaturest25 K. Major amounts of
of NO coverage via high-resolution electron energy loss nitrogen desorption were found along with a minor amount of
spectroscopy measurements by Ramsier &t @his suggest N2O desorption, in agreement with earlier results from TPD.
that the NO adsorption [eq 1] cannot be the rate-determining The decrease in the time delay between nitrogen desorption
step (RDS), at least below 500 K. Post-mortem TPD experi- onset and the shutter removal at increasing temperature suggests
ments shows that there is only one tesorption peak with a  that nitrogen formation occurs through a diffusion-controlled
peak maximum around 5630 K and in good agreement with mechanism and it could be partly rate limiting, at least below
majority of earlier report3%1822New observation of nitrogen 500 K. The rate of M formation does not follow that of NO
desorption show some delay with respect to NO uptake, uptake. The adsorptierdesorption equilibrium of NO is
indicating that atomic nitrogen recombination to gaseoys N established in the presence of NO beam, indicating substantial
could have large degree of rate control. The delay in the nitrogenNO coverages below 500 K. Oxygen diffusion into the
desorption below 500 K may also be explained in terms of the subsurface sites and surface oxide formation starts around 475
necessity of a critical surface N concentration before their K and increases significantly above 525 K. Sticking coefficient
average interatomic distances are short enough, so that they cameasurements shos/= 0.5 for NO adsorption between 300
interact to form N molecule. Nonetheless, repulsions among and 350 K up to high coverage, indicating the precursor
the dissociated atomic species lowers desorption barrier as wellmediated adsorptiorsyo decreases with increasing coverage
as the strength of adsorption and hence it should also be takerand temperature. The present molecular beam experiments on
into account. However, as the temperature increases the diffusionNO dissociation throw more light than the earlier conventional
rate of atomic nitrogen also increases and hence a decrease iTfPD experiments.
the initial delay as well as N-buildup and instart idoduction
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