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Sticking coefficient for dissociative adsorption of N > 0on Ru
single-crystal surfaces

H. Dietrich, P. Geng, K. Jacobi,® and G. Ertl
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

(Received 7 July 1995; accepted 28 September 1995

The dissociative chemisorption of,ldn Ry(0001), Ru(1010), and R§1121) surfaces at 300 K was
studied by means of high-resolution electron energy loss spectroscopy and thermal desorption
spectroscopy. The initial sticking coefficient was determinedge(1+0.8)x10™ 12, within the

limits of error independent of surface orientation. On(Fi0) and R{1121) small amounts

of N can be dissolved into the subsurface region.1@96 American Institute of Physics.
[S0021-960606)02301-2

I. INTRODUCTION Il. EXPERIMENT

The Haber—Bosch process for Niynthesis on the Fe- The experiments were performed in an ultrahigh vacuum
based catalyst is well understood even in its atomic step§UHV) apparatus with a base pressure of 10" mbar .
and it is known that the dissociative adsorption ofisirate ~ Which was achieved by a pumping line completely free of oil
limiting.2® The following initial sticking coefficients Cconsisting of a Ti sublimation pum(TSP), a turbomolecular
for dissociative adsorption of Non Fe surfaces were PUMP With magnetic bearing.eybold, NT 340M, a drag
[Fe(11D]45 Maximum ' sticking coefficiénts of about ratus consisted of two chambers separated by a valve as de-

4x10°° were obtained by optimizing the surface potassiums’Crlbed previously” The upper chamber contained an argon

. . gun, a quadrupole mass spectrometer, and a low-energy elec-
concent.rauon for RA1) and (100 Slirfa.c es’ The reaptlon tron diffraction (LEED) optics; the lower chamber housed a
mechanism for the Ru-based catafyst is not established

o . i __high-resolution electron energy Io8dREEL) spectrometer,
yet, and it is our aim to contribute to the better understanding, ‘¢ _.ajled penultimate IBACH type which was found ca-

of thg processes invo!ved. Among t_hem the dissociative a%able d a 1 meV energy resolutioff:2> The lower chamber
sorption of N is certamly the most important one. For the 55 kept at a pressure of<a0 ! mbar when the upper
Ru-based catalyst Cs is used as a promoter. Its influence Qhamber was filled by Nup to a pressure of several mbar
the sticking coefficient will be investigated in future work. quring N, dosing. The HREEL spectra were taken in specu-
N atoms chemisorbed on Ru single-crystal surfaces havgyr geometry at an emission angle of 60° with respect to the
thus far been prepared by electron bombardméhtplasma  surface normal. The impact energy was 2.5 eV and the en-
discharge of M,'* or dissociative adsorption of Ni#5®  ergy resolution was set to about 3—4 meV. The mass spec-
NO,* "% N,H,, or NH,CHO?*?! Matsushim&® noted that trometer, computer controlled with thesviEw program for
the sticking coefficient for dissociative adsorption of h  quasisimultaneous measuring and positioned in the upper
Ru(0007) is smaller than 10° but did not give further details chamber, was used to perform TDS experiments with a heat-
of his estimate. In our recent contributfSrwe quoted a ing rate of 3 K §1. For this purpose the sample was posi-
value of 210 for this latter process independent of sub-tioned in front of a short stainless-steel tube with a diameter
strate temperature which was varied between 420 and 700 Kf about the sample size so that the ionizer of the mass spec-
We discovered later that the hot filament of the ionizationtrometer accepted molecules only after desorption from the
gauge increases the probability for dissociative chemisorps@mple surface. To distinguish between CO anddbisorp-

tion, probably by generation of a small fraction of long-lived tion, the mass spectrometer signals were recorded quasisi-
vibrationally excited molecules. multaneously fore/m ratios of 14 and 28. The signal for

Here we report on measurements, performed at 300 K(ia/m=2 was recorded in order to check fop Hesorption.

and show that, with the ionization gauge shut off, the initial The ﬁuoiotﬂ sa:jnple vvfatsh mounteld u_;l]ngWW wires in
sticking coefficients, for thermal ground-state molecules is narrow stits at the edges of e samp’e. 1he T Wires were

, . . . heated resistively. The two other—R1010) and R1121)—
as low as X10™* We give expe-rlmental qwdence that th? amples, were c?/amped between V(\ll{?virezs and hlﬂeated) by elec-
surface stays clean enough during exposition of those hig ron bombardment from the backside. The crystal tempera-
doses necessary to determine such a small sticking coef Ure was measured using a Ni—Cr/Ni thermocouple spot
cient. We further show that this value is about the same fol}velded to the backsidERU(0001)] or the upper edge sides
Ru(0003) and the more open R1010) and RU112l) sur-  g1010),Ru1121)] of the samples. Cleaning of the sur-
faces and hence is independent of surface crystallography.t;.es was achieved by cycles of sputtering and annealing to
1560 K. The cleanliness was verified by LEED and

dAuthor to whom all correspondence should be addressed. HREELS. The purity of Nwas 99.9999 vol %Messer, Ger-
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FIG. 2. HREEL spectrum for a R0001) surface exposed to 3<10° L N,

at 300 K. The spectrum was recorded in specular geometry with an angle of
incidence of 60° with respect to the surface normal. Primary engggpnd
vibrational modes are indicated.

lll. RESULTS

Since the sticking coefficient for the dissociative nitro-
gen adsorption on Ru single crystals is extremely small, con-
tamination by spurious amounts of other gases like CO or
hydrogen causes serious problems. These problems could be
largely circumvented by the cleanliness achieved by the ex-
perimental setup described above. For the results to be dis-
cussed in this contribution we have identified the adsorbed
(1726] [1131] species by HREELS and evaluated their quantity by TDS. In

_ _ the following, two representative results are discussed which
[1100] [1100]

are measured on R200J).

A. N, dissociation on Ru(0001)
FIG. 1. Top and side view of different bulk-truncated Ru surfaces. Dark

atoms are in the top layer, lighter atoms are in the layers below. Figure 2 exhibits a HREEL spectrum recorded after ex-
posing the R(D001) surface to 3.X10° L of N, (experiment

B in Table ). Only two losses are present in this spectra, one
at 54.6 meV and one at 245.55 meV. They can be easily
assigned to the Ru—CO and the C-O stretch vibrations. It is

many with 0,<0.5 vpm, HO=<0.5 vpm, GH,=<0.1 vpm, known that the energy of the C—O stretch vibratigC—0)

CO and CQ<0.1 vpm, and A=1.0 vpm. A stainless steel .o\ wr coveragé® In a separate experiment we corre-

UH\,/ inlet system was USEd_ and reduction valves WeT9ated the energy of(C—0) with the CO coverage as deter-
§v0|d.ed for the salfe of cleanllnes§.6The gas dosgs are givep: 4 by TDS. The CO saturation coverag& (300 K)

in units of langmuir(1 L=1.33x10"* mbar 3. During the  _q 56 \yas determined by calibration against the value of
dosing o.f N, the ionization gauge and all other filaments g2 (100 K)=0.68 from Ref. 27. Comparing the loss energy
were switched off and the chamber was shut off from theyt 244 55 mev with these CO adsorption data yields a CO
turbomolecular pump by a metal valve to allow for high coyerage of 0.02 for the spectrum of Fig. 2. Only a very faint
dosing pressures. The pressure was measured by a rotatigak is visible at 71 meV where the Ru—N stretch vibration
ball pressure gaugé.eybold Heraeus Viscovac VM 211 js expected® A N coverage of 0.05 gives rise to a pro-
which allowed pressure readings up to 2 mbar. A maximunhgunced peak at 71 meV. Therefore, we estimée0.02
dosing pressure of about 1 mbar was chosen so that the tupm the HREEL spectrum of Fig. 2. To determine a more
bomolecular pump could pump down the preparation chamexact value we have to use TDS as discussed in the follow-
ber without being shut off and without using a bypass roughing.

ing line. Coverages are given relative to the number of  For the same experiment Fig. 3 exhibits the TD spectra
substrate surface atoms throughout the paper. As can be segfmasses 2, 14, and 28. Note that the intensities of masses 2,
from Fig. 1, the number of atoms in the uppermost surfacel4, and 28 are scaled so that the intensity maxima have about
layer strongly decreases as the different surfaces becontke same height. The TD spectrum of mass 2 shows a peak at
more open: 15.210" cm™2 [Ru(0001], 8.62<10" cm 2 350 K which is due to hydrogen desorptithAt 480 K
(Ru(1010)), and 4.7x10" cm 2 (Ru(1121)). The sample peaks of mass 14 and mass 28 are visible, while at 900 K
was kept at room temperature during dosing of N there is only a peak in the mass 14 signal. The peak at 480 K
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TABLE I. N, dose in units of langmuifl L=1.33<10"% mbar 3, relative coverages (i=CO, H, N) as determined through HREELS or TDS, pressure
p (mbay, dosing timet (min), and initial sticking coefficiens, for dissociative N adsorption for a number of experiments A—H. The experiments were
performed at 300 K.

N, dose Oco Oco 64 On p (mbap/
(L) HREELS TDS TDS TDS t (min) So
Ru(0001)
A 5.8x10° 0.2 0.04 0.04 0.005 0.43/30 xo
B 3.1x10° 0.02 0.04 0.02 0.002 0.57/120 x107%2
C 6.8x10° 0.2 0.07% 0.06 0.005 0.15/1000 21012
RU(1010)
D 2.0x10° 0.4 <0.09 0.63/70 41071
E 3.5x10'° <05 <0.08 0.7/1067 x10 %2
F 2.3x10% 0.1 0.2 0.14 0.08 1.26/4100 x40 3¢
Ru(1121)
G 2.0x10° 0.4 0.46 d 0.006 0.001/4290 xa0 1
H 6.7x10% 0.4 0.46 <0.02 0.028 0.275/5400 810713 ¢

aAfter HREELS and before TDS annealed to 550 K.
From HREELS.

‘Observation of subsurface N.

YNot measured.

is due to the known desorption of small amounts of CO. Thesorption temperature was reached. For this reason, the CO
TD spectra of CO/R{®001?’ show a pronounced broaden- coverage determined by TDS is always higher than the cov-
ing of the desorption peak with increasing coverage. Conerage determined by HREELS. The different cracking pat-
trary to the absolute value of the TDS integral, which is veryterns for CO and N (CO: mass 28/mass #100/0.8; N:
sensitive to the position of the sample relative to the massnass 28/mass #100/14 allow one to clearly distinguish
spectrometer, the width of the TDS peaks is not and thereforbetween CO and Ndesorption. In this manner, the TDS
is a sensible measure for the amount of desorbing CO, esppeak at 900 K could be assigned to the desorption of small
cially for small amounts of CO. From the width of the CO amounts of N. The TD spectrum of mass 28 does not show
TD spectrum in Fig3 a COcoverage of 0.04 was deter- a peak at 900 K because of the large background for mass 28
mined. The difference of CO coverages, as determined bgue to CO, whereas the background for mass 14 is small. A
HREELS and TDS, results from an instrumental effect of thegood estimate for the amount of,ould be made by com-
TDS measurements. In order to detect smallest amount qfaring the TDS integrals of mass 14 of the CO andds-
N,, the sample was placed directly in front of the mass specsorption peaks. Using the cracking pattern, the coverage of N
trometer, thereby increasing the CO partial pressure insideould be determined t@~0.002. This is in good accor-
the spectrometer due to reduced pumping speed, so that agance with the high desorption temperature since in our ear-
ditional CO was adsorbed on the sample before the CO deier study’? there was only a very weak signal extending to
temperatures as high as 900 K. The valugp£0.002 also
agrees with the estimation made from the HREELS result.
. . T . . . T In order to evaluate the sticking coefficient for dissocia-
3.1 10° L N,/Ru(0001) tive ad_sorption of N, the area of the surface that was cov-
AAAAAAAA Mass 2 ered with CO or hydrogen during the,dxposure was taken
Mass 14 into consideration in the following way. Since for small cov-
----- Mass 28 erages the coverage of CO and hydrogen increases linearly
with time, half of the CO and hydrogen covered surface was
subtracted from the total surface area. In this way, ath¢k-
ing coefficient of 10 12 was determined for the dose of
3.1x10° L N,, i.e., experiment B for which the spectra are
shown in Figs. 2 and 3. The coverages and sticking coeffi-
) 0’ . cients derived for a number of different exposures are sum-
W e e o0 0 B0 o0 1000 1100 1200 marized in Table I. In addition, Fig. 4 exhibits the sticking
TEMPERATURE (K) coefficients derived for the three different Ru surfaces and
for different N, doses.
FIG. 3. TD spectra for Ri®001) exposed to 3.£10° L N, at 300 K, mea- From the measurements for ®001) in Fig. 4 one rec-
sured after the HREEL spectrum depicted in Fig. 2. The intensities of th%gnizes that the sticking coefficient is on the order of %0

TDS SIGNAL (a. u.)

different masses are scaled to match. The peaks of masses 14 and 28 at .. . .
K are due to CO desorption, the peak of mass 14 at 900 K is due to nitroge he measurements were limited by the contamination of CO

desorption. adsorption. Exposing the surface to 880° L N, resulted in

J. Chem. Phys., Vol. 104, No. 1, 1 January 1996
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ing to Ref. 29. Comparing integrated TDS signals from sur-
faces saturated by N and by CO yielded a saturation cover-
age for N ofgy=0.67. The TDS peak shifted with increasing
coverage from 700 to 640 K, indicating a thermally destabi-
lized Ru—N bond on R@010) as compared to RQ00Y).

In order to further probe whether the surface was cov-
ered by some adsorbates difficult to detect by HREELS after
the very high N doses of experiments D and E, we dosed an
additional amount of 0L N, with the ionization gauge
switched on. We found dissociative, Mdsorption identical
to that found for the bare surface and concluded that there
were no “invisible” adsorbates. Because of this modification
of the experiment the amount of chemisorbed N was esti-
mated only from the HREEL spectfaee Table)l We found
no N signal in the HREEL spectra. From our ionization
gauge-assisted adsorption experim&htwe noticed that
Oy=0.05 can easily be detected with HREELS. Our estimate
of 6y<0.05 for experiments D and E is therefore conserva-
tive. The resulting sticking coefficients are upper limits for
the same reason. In experiment F the surface was exposed to
o .. 2.3x10" L N,, then a HREEL spectrum was taken and the
a CO coveragefco=0.2; _2'®<1Ol L N resulting in gmount of adsorbed N was determined by TDS. The energy
8co=0.45 near the saturation value of 0.56. Since it is reays the C—0O stretch mode and its intensity indicated a CO

sonable to assume that the adsorbed CO blocks sites for tr&%verage of 0.1 ML. Experiment F is of the highest cleanli-
N, dissociation, we approached the limit of feasibility of our nass we could achieve. By comparison of the CO and N
experiment at doses of about¥Q. The experiment with the integrated TDS intensitie,=0.08 ands,=4x 10" %3 were

O . .
2.6x10' L dose was therefore not included in Table | a”dderived. However, although the N coverage was large

Fig. 4. Finally, we note_that Fig. 4 is not meant to imply thatenough so that N should be visible in HREELS, no Ru—N
s depends on dose. Figure 4 only shows in which range ofyss was found, indicating that N is mainly in a subsurface

doses we approach the true valuespf At smaller doses the  yosition. This is confirmed by the observation that the TDS

value should be considered as an upper limit. peak is shifted to a higher temperature by about 110 K com-
In the TDS analysis of the amount of adsorbed N Wepared to the desorption of surface?N.

relied upon the known value ofl§*. For the HREELS
analysis we had to know the maximum coverage of N. For B
this reason, we prepared a saturated N layer and determin&d N, dissociation on Ru(112 1)
its value through TDS by comparison with CO. We evaluated
R**=0.25. After cooling to 100 K we could observe x2
LEED pattern which compares well witl#y=0.25. The
LEED pattern was independent of preparation, which wa

10" ———rr
N,/Ru ® Ru(0001)
= Ru(1070)
A Ru(1121)

—a

10" E

101

STICKING COEFFICIENT

S L 1 PRETW PR |
10° 10" 10"
DOSE (L)

10"

10° 10"

FIG. 4. Sticking coefficients for dissociative adsorption gfdi RU0002)
for different exposures of Nin units of langmuirn(1 L=1.33<10¢ mbar 3.
The error bars reflect the uncertainty of the desorbing amountof N

In varying the morphology of the surfaces under inves-
tigation we stepped further to the R121) surface. As can

be seen from Fig. 1, the ideal, bulk-truncated Ri21) sur-
Yace is much more open and exposes a variety of different

xg;lz Zgolil] gzlé%iﬁszztﬁg dgggolr(ptgg%g T_’) l\>/<vio;ng gs_ adsorption sites. The preparation of this surface, which has
M P ' ' not been studied up to now, will be discussed in the context

served that the rgte for cooling below 300 K should not beOf a future discussion of CO adsorption on(®121)28 The
too large. A cooling rate of 0.2 K/s was small enough to

orepare a X2 LEED pattern. For a rate of about 2 K/s a clean R1121) surface exhibited a sharp<il LEED pattern

. . i after a number of sputter-anneal cycles. So far, we have not
pattern with a ringlike structure connecting th& 2 super- .
been able to observe any ordered LEED pattern induced
structure spots was observed.

through adsorption of N N, or CO. Therefore, we have no
numbers for the adparticle densities for CO or fos. Nh-
stead, we derive some numbers by analogy to the more
The sticking coefficient of B on Fe increases for the close-packed surfaces. The density of CO within a saturated
more open Fe surfacés.Therefore, similar experiments as adsorption layer is 0.8810° cm 2 for Ru(0001) and
described above for RO001) were carried out using a 1.0x10" cm™2 for Ru(1010). The same density would be
Ru(1010) surface. Detailed results of the vibrational spec-equivalent to a coverage @£5=2 on Ry1121). The N cov-

B. N, dissociation on Ru(101 70)

trum of N/RU1010) will be presented elsewhef&Here we
mention only the following: Exposing the surface to®10

ered R1121) surfaces were prepared by decomposition of
NH; (Ref. 30 and by ionization gauge-assisted tlssocia-

N,—with the ionization gauge switched on—led to a satura-tion. As expected from the surface morphology, the HREELS
tion of the surface with N. The HREEL spectrum exhibited spectra of chemisorbed N are very complicated with peaks at

two vibrational losses at 40 and at 60 meV(A }) LEED
pattern was observed. For CO we assurggif=1.2 accord-

50, 60, 69, and 75 meV. In TDS the peak maximum shifts
from 700 to 620 K with coverage. Two experiments were

J. Chem. Phys., Vol. 104, No. 1, 1 January 1996
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desorption. Half an hour later, spectrum e still shows N
desorption. AHREEL spectrum recorded at this time showed
losses that indicated an O coverage equivalent to 0.3,L O
which gives rise to a very small O coverage most likely due
to dissociation of C3® One-hundred-fifty min later, spec-
trum f was recorded showing again, Nlesorption, even
spectrum g, recorded 30 min later, still shows small traces of
nitrogen. Adding the TDS integrals of spectra a—f results in
an amount of N which is nine times larger than the amount
of N, desorbing in the TDS directly after the,ldosing. No
systematic dependence on the time elapsed between the mea-
surements or the temperature up to which the sample was
heated during the experiments could be detected. These ex-
periments clearly indicate that atomic nitrogen is dissolved
into the bulk. This also explains the formally small sticking
coefficient which is calculated from the amount of N found
on top of the surface in HREELS or which evolves in one
single TDS run after dosing.

TDS SIGNAL MASS 14

IV. DISCUSSION

e T I It is known that the sticking coefficiestfor dissociative

600 620 640 660 680 700 720 740 760 780 800 adsorption of N on RU000Y is very small, i.e., practically
zero in the sense that up to now it was not possible to cover
TEMPERATURE (K) any single-crystalline Ru surface with N by dosing thder
S _ _ UHV conditions. There was a number ®£10° quoted by
FIG. 5. Integral intensity fromothe Nsignal (at mass 13 for a Ru1121) Matsushima as a result of an indirect estim’été'he main
surface exposed once to &Z0'° L N, at 300 K. Spectrum a was measured It of K is that h b ble t th
after the adsorption with a maximum temperature during the recording ofésult of our Wor. '? a We_ .ave eer.‘ a _e 0 measure the
990 K, spectrum b was taken 125 min later with a maximum temperature o¥alue of the sticking coefficient, which is as small as
890 K, spectrum ¢ 1170 min later with a maximum temperature of 1020 KxSO%liO.SX ]_0_12 at room temperature. The error limits are

spectrum d was taken 120 min later with a maximum temperature of 800 Kegtimated from the scatter of the data points. Even at those
spectrum e was taken 30 min later with a maximum temperature of 930 K

spectrum f was taken 150 min later with a maximum temperature of 1100 K,h'gh exposures which we used in our experiment, we are not
spectrum g was taken 30 min later. able to adsorb more than some percent of a monolayer of N.

Therefore, the sticking coefficient determined in our experi-
o ment is the sticking coefficient at small N coverage, i.e., the
performed to study Ndissociation on R{@121), the data of initial sticking coefficientsy. Generally, it is well known that
which are included in Table |. Coverages are estimated ass may change with coverage.
suming particle densities similar to FA001) and Ri{1010) There are two main limiting factors which prevent us
as mentioned above. L from measuring even smaller valués) blocking of the sur-
Two main conclusions can be drawn from the(Ri2l)  face by foreign atoms from the residual gas, &ddissolu-
data shown in Table I(1) The mean sticking coefficient for tion of N within the subsurface region. First, we comment on
N, dissociation is not enhanced on the more opefilR2i) the surface blocking by residual gases which consist of H
surface.(2) It may well be instead that the formal sticking CH,, CO, H,0, and spurious amounts of rare gases and
coefficient is even lower than for the other surfaces. Thehigher hydrocarbons. From these species onlaitl CO are
latter point is very surprising and is commented on further inknown to stick to the Ru surface at room temperature or
the following. Figure 5 shows the amount of desorbed N above. The adsorption of both H and CO could be easily
from integration of the mass 14 TD spectra from a series otontrolled by HREELS and TDS, and the respective cover-
different surface treatments after exposing the surface tages are quoted in Table I. For the very clean UHV system
6.7x10'° L N,. Spectrum a was recorded immediately afterdescribed above this small amount of contamination is not
dosing, and a small amount of,Mlesorbs at 670 K. One- surprising, considering the order of magnitude of the partial
hundred-twenty-five min later, spectrum b was recorded aftepressures involved. Disconnecting the chamber from the tur-
dosing 10 L CO to calibrate the TDS integrals. On a clearbopump by the metal valve induces a pressure increase up to
surface this CO dose saturates the surface, but comparing th€ ° mbar within 10 min. A residual gas analysis, however,
shape of the TD spectra indicated that only 8% of the satuindicates that this is mainly CH very likely released from
ration coverage of CO was adsorbed on the surface. Agaithe Ti films of the Ti sublimation pumgTSP. The main
N, desorption was observed. Spectrum ¢ was recorded thgource of contamination certainly is the dosing gastbelf
next day, i.e., 1170 min later, and still desorbing Was  whose cleanliness is specified as 99.999 90%. If we fill the
found; spectrum d, recorded 120 min later, again shows Npreparation chamber with \up to 1 mbar, we introduce at

J. Chem. Phys., Vol. 104, No. 1, 1 January 1996
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least 1x10 ® mbar of other gases. This is not as much as itthrough the catalyst sample via desorption and readsorption
may appear at a first glance. First, the residual gases are ondy 300 K. For comparison, CO is thought to be trapped in the
in part chemically active; the CO partial pressure, for ex-outer layer when entering the catalyst sample. We also men-
ample, is specified so that it contributes only iGmbar.  tion that 300 K is the only temperature for which we can
Second, the TSP is capable of pumping 4énbar of active compare both experiments since in the UHV experiment the
gases if a new Ti film is prepared. Here it becomes also cleagas temperature stays at 300 K when the sample is heated to
that the state of the TSP may be responsible for the fluctuaiigher temperatures, whereas in the flow experiment gas-
tions in the final amount of H and CO for the different ex- phase molecules and catalyst are at the same temperature.
periments which can be seen from Table I. These consider- The microkinetic analysis of the TDS data of the flow
ations give some plausibility as to why we could apply suchexperiment revealed an activation barrier of 27 kJ/mol for
large gas doses under UHV conditions. the dissociative adsorption of,NThe existence of such an
Second, we comment on the dissolution within the bulk:activation barrier is consistent with the low value of the
For the more open R1010) and R§1121) surfaces we have sticking coefficient, but any quantitative microscopic under-
observed that small amounts of nitrogen are released frogtanding is waiting for further experiments and theoretical
the subsurface region. This effect could in principle makeanalysis.
our experiment unfeasible since we extract the number of ~One problem in discussing the flow experiment is related
dissociated molecules from the species adsorbed on the suig¢ the fact that the morphology of the Ru surfaces is not
face as seen by HREELS and from a single temperature scamown. Therefore, the basis for any meaningful comparison
in TDS, assuming desorption from the adsorption layer. Fopetween UHV and flow experiments is our observation that
our measurements the effect of dissolution of N into thethe sticking coefficient is independent of surface morphology
bulk, although detectable, is very small. Only for 870'° L within about a factor of 2.
dosed to R(1121) have we observed a measurable effectin ~ The value ofs=2x10"° found for ionization gauge-
TDS, as discussed in the context of Fig. 5. The first TDassisted adsorptiéhis six orders of magnitude larger than
spectrum givesdy=0.0028, and all seven TD spectra to- the value found for thermal ground-state molecules. It is evi-
gether givedy=0.03, which is still only some percent of a dent that this process has completely concealed the proper-
monolayer. We believe that for Ndoses>10" L diffusion  ties of the adsorption process of thermal ground-state mol-
into the bulk sets a limit for our measurements. For thes@cules. It was found that the ionization gauge-assisted
high doses one had to sample the N out of the bulk throug&dsorption is independent of the sample temperature between
a number of TDS scans. This introduces additional uncertaind20 and 700 K and was not even influenced by submono-
ties, and we stopped the experiment here. For thd®0) layer amounts of Cs other than by purely geometric site
surface the TDS peak of the presumable subsurface N #locking. These observations now become quite reasonable,
shifted by 110 K to higher temperatures, whereas such a shifonsidering that the whole process is governed by the degree
is not observed for R1121). This observation has to be Of excitation of the N molecules. If the adsorption process is
explained in future studies. extremely favored for vibrationally excited molecules, we
Since the determination af, within our UHV experi-  expect that the surface temperature may have an influence on
ment is at the borderline of its feasibility, it is very important the adsorption of thermal ground-state molecules. This may
to have some comparison with other methods. Recently, Be in line with the fact that the maximum NHroduction is
real Ru catalyst supported by MgO was studied by Rosowskiound at about 620 K for an unpromoted Ru cataf{sBe-
et al. in a flow experiment using a microreactdrSuch an  sides the influence of temperature we also have to check
experiment has advantages and disadvantages compareda@gin the influence of the Cs promoter in our ongoing ex-
an UHV experiment. The advantage of such an experiment igeriments.
that very high doses can be applied. Saturation with chemi-  For the saturated N layer we have fouff{f*=0.25. This
sorbed atomic N was achieved by flowing &t a pressure of value is in accordance with thex2 LEED pattern observed
1 bar for 14 h over the catalyst which was held at 573 K. Theat 90 K. It corrects our value of 0.5 given recerffiyn Ref.
amount of adsorbed N was determined in a TDS experimer#2 we calibrated the NTDS signal by using the signal from
in which a N, transient within the He carrier gas is detectedthe (V3Xv3)R30° structure of chemisorbed,Mt 100 K. Dif-
during a temperature increase of the catalyst. The dose aficulties in preparing a3 structure withdy, = 0.33**and
plied in the 14 h experiment amounts tx 20" L, but 80% the less refined TDS measurements in the previous work may
of the N saturation value was already attained farlp™ L. have introduced this error. AX2 structure has been found
Microkinetic modeling leads to a sticking coefficient of after NH; decomposition by Danielsaet al'? Our finding of
about 5<10™*? at 573 K. This value drops to aboux10™*  a 2x2 LEED pattern is also in very good agreement with a
at 300 K. On the other hand, a linear extrapolation of therecent scanning tunneling microscopic investigation in which
data between 470 and 670 K to 300 K gives a value of aboua majority of 2<2 distances, nearly nd3 distance, and only
1x10 13 This value is in accordance with our result, con-very small 2<2 patches, i.e., no long-range order, has been
sidering the error bars of both experiments. The error bar fofound at 300 KZ°
the flow experiment is largest at 300 K. The deviation to  With respect to the small value of, one can ask
smaller values at 300 K in the flow experiment may be duewvhether or not the surface imperfections like point defects or
to site blocking by chemisorbed H which can migrate steps may influence or even dominate thediésociation. An
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