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Adsorption and thermal dehydrogenation of ammonia on Ru (112_1)

K. Jacobi,? Y. Wang, C. Y. Fan, and H. Dietrich
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-14195 Berlin, Germany

(Received 27 February 2001; accepted 14 June 2001

Adsorption and thermal dehydrogenation of Nthdsorbed at 80 K on the open Ru(1)Zurface,

was studied using high-resolution electron energy-loss spectros@eR¥EELS and thermal
desorption spectroscogy DS). For the NH monolayer, a strong dipole-active mode is found at 15
meV which is newly assigned fB,, the frustrated-translation mode perpendicular to the surface of
NH; bonding with the nitrogen atom to the Ru surface. Increasing the temperature, 70%;0f NH
desorbs before a channel for dehydrogenation opens at about 280 K. The remaining 30%
decomposes completely during further warming to 470 K. The dehydrogenation pfiNek rise

to four peaks in the HTDS which are assigned to desorption of coadsorbed hydrogen at 220 K and
three dehydrogenation reaction steps at 320, 360, and 420 K in accordance with HREELS. The
reaction intermediates NHand NH are identified through HREELS. In a new interpretatior, M+
characterized by intense modes at 163 mgdtking and at 189 meV(scissoring. Using a
maximum entropy algorithm six frequencies fdRu—N) were resolved at 46, 50, 58, 61, 69, and

75 meV. © 2001 American Institute of Physic§DOI: 10.1063/1.1390523

I. INTRODUCTION ever, through co-adsorbed NHind CO. Synthesis of NH
H ;111
Ru-based catalysts may become the second-generatidip™ adsorbed N and H has been studied by &fal.=
industrial catalysts for Nl synthesis which, according to Recently, we have shown that Ru(Il)2(see Fig. 1is

general belief, proceeds via stepwise recombination ofuited to study the dehydrogenation of NHiving rise to
chemisorbed atomic nitrogen and hydrogen as it was foundH and NH, the expected decomposition produtt©ur
for iron-based catalysts earlhus, one expects NH and gnalyss was baseq on the assumption that NH is character-
NH, to occur as reaction intermediates. Not very much wadZ€d by a NH bending mode of high ener$65 meV, 1350

—1 —11
known about these species, their preparation, and spectr§M )130n Ru surface$.™ In a more recent study Staufer
scopic characterization, till now. et al,™ have performed calculations of NH on a variety of

Early experiments on the adsorption of NHon differgnt small Ru clusters of 4—7 Ru atoms gsing density-
Ru(0001) have been carried out by Danielsenal.®* NH; functional theory. NH was found to b_e energe_hcally favor_ed
desorbs reversibly for adsorption temperatures below 300 1N & threefold-hollow site at perpendicular orientation. With
and the desorption is completed at about 350 K. Two differ/€SPect to our analysis, the most important point is their find-
ent desorption states are distinguished in the monolaydPd that the bending mode frequencies lie below about 100
regime® Dissociation of NH on RY000) has been MmeV for all models. The conclusion was that any imaginable
achieved by electron bombardméot by exposing the sur- €rror in the calculations could never Igad to a frequency as
face to large fluences of Nfor surface temperatures main- high as 165 meV. Therefore, conclusions based on the ac-
tained above 300 K’ The vibrational frequencies for cording assignment in Refs. 9—11 have to be revised in the
mono-, second-, and multi-layer Nion Ru(0001) have been future. o . o
profoundly reviewed by Parmetest al® which have sug- In tr_us contribution we discuss the vibrational spectra of
gested that Nk adsorbs at an on-top site. ammonia and newly assign the frustrated-translation mode

Upon heating, dehydrogenation of NHhas been ob- perpendicular to the surface. Also, we present the data on
served on a stepped Ryl,10 surface by Egawaet al’ NH; dehydroggnation in greater detail than pefore and revise
From x-ray photoelectron spectroscopPS) they con-  Our rgceqt as&gnmelﬁtm.c the I_\IH and N!—i intermediates
cluded that NH(x=1, 2) is formed after heating to 300 K. A resulting in a more consistent interpretation.
high density of NH species could be detected only under
flow conditions at 380 K. Decomposition of NH, on Il EXPERIMENT
Ru(000)) resulted in rather complex vibration spectra in
high-resolution energy-loss spectroscoffREELS from
which fingerprints for NH and Nk were derived. For
Ni(110, held at 344 K in an ambient pressure of 2
x 10 8 mbar NH;, a mode at 188 meV was assigned to the
NH, scissoring modé&® The analysis was hampered, how-

The experiments were carried out in an ultrahigh
vacuum apparatus with a base pressure Bf18 *mbar
which was achieved by a pumping line consisting of a Ti-
sublimation pump, a turbo-molecular pump with magnetic
suspension(Leybold, NT340M, a drag pump(Balzers,
TCPO015, and a diaphragm pump. The apparatus consisted of
two chambers—the upper chamber contained an argon ion
dElectronic mail: jacobi@fhi-berlin.mpg.de gun, a quadrupole mass spectrometer, and a low-energy elec-
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FIG. 1. Top view and side view of the unrelaxed Ru?l).zurface includ-  SUre

ing the four topmost layers. The top layer is light, the layers below are
indicated more dark with increasing depth.
. RESULTS

A. TDS of ammonia and its dehydrogenation
tron diffraction (LEED) optics,—the lower chamber housed Products

an Ibach-type HREEL spectrometérfor recording vibra- In Fig. 2 TD spectra of Ni are shown for different
tional spectra. The two chambers were separated by a Valvéxposures at 80 K. After an exposure of 0.3 L NHnly a
in order to keep the lower chamber at a pressure of 3,ery small desorption peak occurs at about 300NGte that
> 10" *'mbar during preparation of the sample in the upperjs spectrum is scaled up by a factor of JIcreasing the
chamber. HREEL spectra were taken at an angle of inciden(‘@xposure to 0.4 L, the desorption peak at 300 K substantially
of 60° with respect to the surface normal in specular 9e0Myains intensity indicating that NHstarts desorbing. As we
etry. The primary energy was 2.5 eV and the energy resolugij| demonstrate by HREELS below, the first 0.3 L of AH
tion was set to 3.8 meV. dissociate. At an exposure of 1 L thestate is completely
The mass spectrometer was used to perform TDS megjjieq and theg state starts emerging at about 140 K. After
surements with a heating rate of 3 K'sFor this purpose the exposing the surface to 5 L Nii the 3 state is fully devel-
sample was positioned in front of a short stainless-steel tubgped with a peak at 125 K, and thestate appears at 100 K.
with a diameter of about the sample size so that the ionize[JSing a frequency factor of=101s™2, the activation en-
of the mass spectrometer accepted only molecules desorbir@q;gieS for the desorption from the state E4=230kJ/mol)
from the sample surface. The signal ®m ratios of 2, 14,  gnd from they state E4= 25 kJ/mol) can be calculated. Due
17, and_28, were recorded quasi-simultaneously to follow they jis strong broadening we cannot derive an activation en-
desorption of H, Ny, NHz, and CO. The cracking pattem grqy for theq state. The TD spectra from Ru(1lRare quite
O,f NZ ar]d CO differ at mass 14 anq, therefore, allow Ogjmijar to the TD spectra of Nifrom Ru0001).° Therefore,
distinguish between CO and,Nlesorption. we attribute thep state to the desorption of second-layer
The Ru(112) sample was clamped at two edges be-gmmonia and the state to the desorption of multilayer am-
tween two tungsten wires and heated by electron bombargsonia. On R(0001) Benndorfet al® distinguished between

ment from the back side. The crystal temperature was megyg o states, which may also be recognized from our spectra
sured by a Ni—Cr/Ni thermocouple spot welded on the uppe[genoted asy; and a,).

edges of the sample. Cleaning of the surface was achieved by | order to follow the decomposition in more detail, we
repeated cycles of sputtering and annealing at 1560 K. Thgaye studied TD spectra of the products hydrogen and nitro-
cleanliness of the surface was verified by LEED andgen simultaneously. Figure 3 exhibits—together in the same
HREELS. The surface exhibited a sharpx1l pattern in figure—the TD spectra of mass 2 fop ldnd mass 14 for N
LEED. The exposure is given in units of Langmuit  for several exposures of NHit 80 K. Mass 14 was chosen in
Langmuir=1.33<10 °®mbar$. Absolute coverage could order to differentiate between CO and NAt an exposure of
only be estimated by comparison with ®001 since no (04 L, the TD spectrum of mass 2 exhibits a broad peak at
coverage reference exists for Ru(1)2ip to now. The iden- 340 K. From its size and the according HREEL spé€ivee
tification of adsorbates by HREELS is a rather difficult taskconclude that it is mainly due to hydrogen adsorbed from the
on Ru(112). These difficulties arise from the high reactiv- residual gas which cannot be avoided for this reactive Ru
ity and the sparse information on the vibrational modes orsurface even at a background pressure &f18 'mbar.

this surface. A contamination like CO give rise to many dif- The H, spectra, taken after exposing the sample to 0.3 L
ferent vibrational losses which are in part due to CO dissoNH,, can be divided into the following four parts:—H,
ciation, similarly as observed for Ru(1ap® (420 K), B—H, (360 K), y—H, (320 K), and5—H, (220 K).
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FIG. 3. TD spectra for a sequence of Nexposures on Ru(l_lla at 80 K. Energy Loss (meV)
The pressure increase for,Nmass 14 and H, (mass 2 was recorded
simultaneously. Parameter is the Nidxposure in units of Langmuifl

L=1.33 mbaxs).

FIG. 5. HREEL spectra for a sequence of Nekposures on Ru(112 at 80

K. The primary energy of the electrons was 2.5 eV. All spectra were re-
corded in specular geometry with an angle of incidence of 60° with respect
to the surface normal. Parameter is the \#tposure in units of Langmuir

. L).
If one increases the exposure of NHdnly the TD spectrum ©

of mass 17 changedsee Fig. 2, while the spectra of mass 2

and mass 14 remain unchanged, i.e., larger amounts @f NH; 5re scaled. A comparison of the, FIDS integrals leads to
do not dissociate. o the following result: From a Nklexposure of 0.3 L, which

As indicated by the TD spectra of mass 14 in Fig. 3, thécaries a H equivalent of 0.45 L H, about three times more
adsorption of molecular nitrogen is observed below 140 K.H2 desorbs than from chemisorbed hydrogen in the same
This mo_lecular nitr.ogep is most likely due to decompOSitio”temperature interval. Therefore, we conclude that theig-
of NH; in the dosing line. Between 670 and 610 Kz 8 155 in Fig. 3 are mainly due to Nftlecomposition. With the
observed associatively desorbing in a second-order Processe|n of HREELS we will demonstrate in the following that
Compared to R@©001"" and Ru(100)*® the thermal stabi- three out of the four hydrogen states are due to dehydroge-
lization of N is smaller on Ru(11D), i.e., N, desorbs at a nation of NH; rather than to adsorption of atomic hydrogen.
lower temperature.

In order to examine whether the,AD spectra of Fig. 3 g HREELS of ammonia
are typical for H desorption from a H-covered Ru(11p
surface, we performed TDS experiments after dosing H
which are discussed elsewhéfd=rom this study we show in
Fig. 4 one B TD spectrum after an exposure of 0.8 L it
80 K, and compare it with the HTD spectrum following a
0.3 L NH; exposure at 80 K. Note that the intensities in Fig.

HREEL spectra following NH adsorption at 80 KFig.
5) exhibit the evolution of the typical vibrations of chemi-
sorbed NH as assigned and summarized in Table I. Most
indicative for NH; is the umbrella mode at around 140 meV.
Co-adsorbed Wis observed with losses at 273 meV for the
internal stretch mode(N—N), and at 32 meV for the exter-
nal stretch mode of Nagainst the surface(Ru—N,). For
exposures larger than 0.4 k(N—N) shifts to 250 meV and
v(Ru=N,) to 42 meV due to interaction with NH The

Y;‘“‘. BI vibrational features for the monolayer saturate at 1 L. The

D ——03LNH, at80 K vibrational energies, found for the NHnultilayer after an

MR U exposure of 5 L NH, are in good agreement with data from
N . the literatur@ and will not been discussed here. When the
s . 08L H,at80K NH; monolayer builds-up, the umbrella modéNH;) soft-

ens with coverage as shown in Fig. 6. This effect was shown
to be due to a Stark shift in the electric field of the static]NH
dipoles within the adlayer on a R2001) surface'®

After dosing NH at 180 K(see the lowest spectrum in
Fig. 7) the spectra are better resolved than after dosing at 80
K (Fig. 5. The N, losses are no longer observed since
chemisorbed Blis not stable at this temperature. The strong
N, peak at 42 meV in Fig. 5 has vanished and only a weak
peak at 44 meV is left. This loss is probably due to a libra-
tional mode since at this energy such a mode has been ob-
served for thicker layers on R2001).2 At 15.5 meV, well

TDS SIGNAL MASS 2 (arb. unit)
o

| 1
300 400
TEMPERATURE (K)

600

FIG. 4. TD spectra for 0.8 L Hon Ru(ll_Z) at 80 K (full curve). For
comparison the TD spectrum of mass 2 for an exposure 0.3 4 &0 K
is shown. Note that the intensities are scaled.
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TABLE I. Vibrational energies in units of meV for NHx=0---3) on Ru(112) compared to data from the
literature for RY000D) (Ref. 8. Variation of energy with coverage is indicated by a dash with the coverage
increasing from left to right. The vibrational modes are denominate® @sanslational mode » (wagging
mode; p (rocking mode; & (bending or scissoring mogler (stretching mode s, symmetric;a, asymmetric.

RU(0001) Ru(1121) Ru(112) Ru(1121) Ru(1121)

Ref. 8 This work This work This work This work
NH, NH, NH, NH N

T, 15 64 84 46, 50, 58,

61, 69, 75

w(NH,) 4 44

p(NH,) 78 6674 163 89

55(NH,) 143-133 143-133 189 o

52(NH,) 197 194 - -

vs(N=H) 407 400 408 410

va(N=H) 421 420 419 -

&This mode was assigned Tg by Parmeteet al. (Ref. 9.

separated from the elastic peak, a strong peak has developé&zl. Thermal dehydrogenation of NH 5 probed by
Since the intensity of this low-energy mode varies with cov-HREELS
erage similarly as the other NHnodes, we assign it t@,,
the frust_rated translat_lon perpendicular to the surface. WlthHsi 1 L NH; was exposed at 180 K. The respective
decreaS|ngﬁNH3, T, shifts from 15.5 to 11 meVat 290 K).
There is another new loss at 157 meV which cannot begyj| NH, losses lose some intensity. The umbrella mode shifts
attributed to a known vibration. A detailed anaIySiS of thEto 140.4 meV and loses about 20% in intensity_ The tempera-
HREEL spectra of atomic hydrogen in Ref. 16 shows that ittyre region between 180 and 250 K is characterized in TDS

is not due to H. From its appearance together Wlijhone

may think that it is due to a combination loss &{NH;)

137.7 meV andTl,. The problem, however, arises that the
energy is higher by 3.8 meV compared to the simple sum of S A R RS RS LRSS AR AR LR R
energies whereas one expects a smaller value due to anhar-
monicity. Also the intensity is too high. Therefore, we aban-
don this interpretation. Another possibility may be that a sec- x 200
ond, differently bonded NK species occurs. A similar
observation was made for RA001) recently?9 We cannot
give a final answer here which we, however, do not consider
as important since this weak peak does not influence our

conclusions.

144 T T T T T T T T T T T

at

n
143 +
h

H3

—_

N

o
T

137 i L 1 1 L 1

L Il . 1 L
0.0 0.2 0.4 0.6 0.8 1.0
NH, EXPOSURE (L)

FIG. 6. The vibrational energies of the umbrella modéNH,)
exposure.

VS

In order to examine the thermal dehydrogenation of

HREEL spectra are shown in Fig. 7. After heating to 250 K,

through thes—H, state and thexr,—NHj5 state.

1L NH, at 180 K

5485 163 189
310K 408 419

290K

159 250 K

HREELS INTENSITY (arb. unit)

0 50 100 150 200 250 300 350 400 450
ENERGY LOSS (meV)

FIG. 7. HREEL spectra for an exposure of 1 L Nbh Ru(114) at 180 K.

After exposure the sample was subsequently annealed to the indicated tem-
peratures. The primary energy of the electrons was 2.5 eV. All spectra were
recorded in specular geometry with an angle of incidence of 60° with re-
spect to the surface normal.
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FIG. 8. HREEL spectra for an exposure of 1 L NHt 180 K. After expo-

sure, the sample was subsequently annealed to the indicated temperaturgfs 9 HREEL spectra for 1 L Ngexposed to Ru(l?:@ at 320 K and
For the spectra recorded for 470 K and higher temperatures, the sample Wgﬁbsequent annealing to 470 K. The noisy line is the measured spectrum

exposed to 1 L N at 320 K. The primary energy of the electrons was 2.5 \hije the solid line between 30 and 100 meV represents the result of a

eV. All spectra were recorded in specular geometry with an angle of inCi-yeconvolution for which the details are given in the text.
dence of 60° with respect to the surface normal.

Heating to 310 K lets the NHHmodes disappear and meV are assigned to the stretching and bending modes of
reveals new features at 64, 85, 163, and 189 meV. AccordinfjH.
to the calculation of Staufeet al!® the mode at 163 meV From the TD spectra shown in Fig. 4, it is found that at
cannot be assigned to the NH bending mode as this mode hakout 390 K the main amount of hydrogen has desorbed
to be lower than 100 meV in energy. Therefore, the mode afrom the surface and only the weakly bonded H, state is
163 meV can only be due to NH This assignment is new left which is identified as due to the decomposition of NH by
and differs from that in our recent contributibhBesides HREELS. By heating the sample to 420 K, the losses attrib-
NH,, also some amount of NH is found as demonstrated byited to NH at 84 and 89 meV decrease in intensity. The
its bending mode at 85 meV. So, the new assignment dodssses at 61 and 75 meV gain intensity and are attributed to
not change our old assignment of tlye-H, state as due to »(Ru—N) modes of N. By further heating to 470 K, the NH-
the related losses vanish nearly completely, and #lRu—N)
losses form a band between 50 and 75 meV. To study this
2NH;3 ag—~2NH; ag+Ho T (1)  band in detail we have used a maximum-entropy deconvolu-
tion algorithm?! The results are presented in the following
and section. At higher temperatures nitrogen desorbs from the
surface which is completed at 620 K. The Ru(1)Ydhonon
NH3 5q—NHagtH, T (1a at 20 meV reappears. A summary of the vibrational frequen-
cies of NH, is given in Table I.
reactions. The separation of NH and NI3 better achieved
for Ru(112)?° and supports the assignment given here.
After desorption of NH, the »(N—H) region is more
structured exhibiting two rather sharp losses at 408 and 419 To derive more information about the vibrational fre-
meV due to the symmetric and asymmetric N—H stretchingjuencies of the{Ru—NH) and»(Ru—N) modes a maximum-
modes of NH. This temperature region is characterized byentropy algorithri* was used. This algorithm does not re-
v—H, as well as bya;—NH;. Thus, after heating to 310 K, quire any fit parameter and combines maximum-likelihood
NH; has disappeared completely, being either desorbed @nd maximum-entropy methods in a Bayesian framework.
dehydrogenated to NHor NH. Figure 9 shows the HREEL spectrum followira 1 L NH;
Figure 8 exhibits HREEL spectra for further annealing toexposure at 320 K and annealing to 470 K and the spectrum
higher temperatures. The spectra at 310 K in Figs. 7 and 8fter deconvolution by the maximum-entropy algorithm. The
are from the same data set. By heating to 350 K the peaks geconvoluted spectrum clearly resolves the two NH related
64, 163, 189, and 419 meV disappear which indicates thapsses at 84 and 89 meV. The broad band of N related losses
NH, is not present at the surface anymore. Besides the lowgets resolved into six losses at 46, 50, 58, 61, 69, and 75
lying modes, there are four modes left at 74, 84, 89, and 41meV. The deconvolution of other spectra for lower annealing
meV for NH. The existence of NH on the surface is proventemperatures shows the same loss energies of the main peaks
by the(N—H) loss at 412 meV and the—H, state at 420 K but different intensities. The variety of(Ru—N) related
in TDS which was assigned to dehydrogenation of NH. Thdosses may be correlated with the variety of possible adsorp-
peak at 74 meV is probably due to N. The peaks at 84 and 88on sites on the Ru(11?2 surface as indicated in Fig. 1.

D. Deconvolution of the »(Ru—N) modes
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IV. DISCUSSION Following an exposure of 0.3 L, NHs fully dissociated
upon heating. From TDS we derived that the sticking coef-
ficient of NH; is constant for an exposure between 0.3 and 1
L. It is reasonable to assume that this holds also for an ex-
[posure below 0.3 L. Therefore, we assuthg,=0.3 for an
exposure of 0.3 L, i.e., one molecule in about every third
1X1 unit cell. For an exposure0.3 L, only dissociation and
for an exposure>0.3 L dissociation and desorption are ob-
e§]erved in parallel if one raises the sample temperature. How
much NH; is decomposed is a question of the two competing
channels of desorption and dehydrogenation rather than of a
vanishing reactivity of the surface at a givémather smaljl

The TD spectra of second- and multilayer Nkn
Ru(112) differ only slightly from the respective TD spectra
of NH; on RU0002)). The desorption temperatures are abou
15 K lower which is within the limit of accuracy of absolute
temperature calibration at surfaces.

The coverage of the Nfdmonolayer can only be esti-
mated since a LEED pattern of a Mderived superstructure
is not observed and there are no easily reproducible nitrog
standards available in surface physics. Of@R01), a NH;
monolayer is formed by dosing 1 L Nfiand a coverage of
Onn.=0.25 is estimated in accordance with the 2 LEED .

3 coverage of dehydrogenation products.

pattern. Assuming the same sticking coefficient form For NH; dehydrogenation two reaction intermediates are
Ru(1121), an exposure of 1_L would formally result in a expected namely NH and NH We have observed the fol-
coverage oy, =0.89. The different coverage for the same |o\ing four steps of the dehydrogenation which manifest
dose and sticking coefficient arises from the different atomhemselves in b desorption stateéx—H, to §—H,) and in
densities in the uppermost layer for @®001) (15.7 HREELS:

x10"%cm™2) and Ru(112) (4.7x10%cm ?). Given the

physical size of NH (lateral diameter for an upright y—H; at 320 Ki 2NH 35—2NH; o¢tHo T, )
NH;~3.6 A) and the length of the vector of the Ru(11)2

1x1 unit cell of 4.69 A, it is very likely that a coverage of B—H, at 360 K 2NH aq—2NHatHaT, &)
Onn.= 1.0 is reached following an exposure of 1 L at 180 K.
NHg ™ 2| Wing an exposu a—H, at 420 K: 2NHg+2N,tH, 7, (4)
At this coverage, NHKl has still ample space to freely rotate
and bend around its adsorption site. S5—H, at 220 K: N 2H. —NH. +H (5)
HREELS demonstrates that NHloes not dissociate on 2 Fhad™ 2Raa—NHST+hRoT.
Ru(112) for adsorption temperatures180 K, but adsorbs The separation of these states is not complete, since we

molecularly and builds-up mono- and multilayers as knownobserve from both, TDS and HREELS, that at theH,
for Ru(000J). For the NH monolayer, the vibrational spec- release, NHand also NH is formed and at th&-H, release
tra, known from the R(D001) surfac& (see Table), are NH and also N is formed. The amount of releasegd d¢-
reproduced. Only, a translation mode at 15.5 meV is creases from the— to the 8- to the a-state. The barrier for
newly resolved. As this loss is very intensive and dipoleNH; desorption decreases with coverage. For the full mono-
active, we assign it to the frustrated translation perpendiculalayer the barrier for desorption is lower than that for dehy-
to the surface. This new interpretation was recently intro-drogenation. When the dehydrogenation begins at 280 K an
duced by Widdrat al® for Ru(0001) although in their spec- estimated amount of about 2/3 of the Nkhonolayer is de-
tra this mode was ten times weaker then the umbrella modesorbed already. This is the more fortuitous reason of why
In our case], is of the same intensity as the umbrella modeonly about 1/3 of a NH monolayer is decomposed.
making our assignment even more convincing. This mode The hydrogen TD spectra during dehydrogenation of
was not observed by Parmeteral® due to the limited en- NHj; give some insight into the dehydrogenation reaction. At
ergy resolution at that time. Their assignment of a weakan exposure of 0.3 L the four desorption states are fully
mode at 42 meV as due M, is not correct according to our developed. For the lowest NHexposure(0.04 L) a surpris-
and Widdra’s experiments. We have not included this valueingly strong B desorption is observed. This is mainly due to
therefore, in Table I. Interestingly, Parmetral. observed H, adsorbed from the residual gas before and during expo-
the mode at 42 meV only in off-specular direction which fits sure of NH; which cannot be avoided for this reactive Ru
well to our assignment of this mode to a libratiorfalag-  surface even at a background pressure 318 'mbar.
ging) mode. This hydrogen desorbs together with BlHThe desorption
During growth of the monolayer at 80 t¢ee Fig. 5, T,  temperature of 220 K is smaller than that found for first 0.3
is not observed due to lacking energy resolution, cosmonolayer of hydrogen on the bare surface. Thusg et
adsorption of N and H,, and probably some disorder in the stabilizes coadsorbed hydrogen. This is similar t6 Hco-
adlayer. After heating to 180 Ksee Fig. 7 these problems adsorption on R{®002J); for fractions of 0.26—-0.37 of a N
seem to be solved and the spectrum becomes better resolvedonolayer, some part of the hydrogen is strongly
After annealing to 250 K the Nfispectrum is not changed; destabilized? At a first look the size of the hydrogen signal
T, is shifted from 15.5 to 11.2 meV ang, from 139 to 142 in Fig. 4 is surprisingly large. It is understood, however,
meV. Both effects are due to a change in coverage and magonsidering that at those temperatures, for which the dehy-
be identified as due to dipole—dipole interaction in cas€,of drogenation begins, NfHas well as hydrogen is already
and Stark effect in case @f;. Two monolayer states which largely destabilized. Therefore, most of the hydrogen, split
may be inferred from TDS are not disclosed by HREELS, soff the NH,, desorbs immediately. The dehydrogenation of
that the split into thex; and a, states is assigned to repul- 0.3 ML of NH; produces 0.3 ML of N and 0.9 ML of H, of
sive lateral interaction. which the latter one desorbs immediately.
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TABLE II. Vibrational energies in units of meV for NjX, X as indicated.  tjon failed. The number of six differenf{Ru—N) frequencies

The vibrational modes are denominatedTagransiational mode 7 (Wist- ey correlates with six different threefold-hollow sites in
ing mode; » (wagging modg p (rocking mode; & (bending modg »

(stretching modg s, symmetric;a, asymmetric. the unit cell(see Fig. 1
NH,CHO NH,CO NH;
gas phase on RY0007) on Ru(112) V. CONCLUSION
(Ref. 23 (Ref. 29 this work

At 80 K NH3; adsorbs in mono- and multilayers on

IZ 26 o4 Ru(1121). The observed vibrations are essentially identical
o 75 103 to those found for R@00J). For the monolayer we newly

p 131 a 163 assign the perpendicular translation mot@g at 11.2-15

5 194 a 189 meV. This assignment is in agreement with that given re-
va(N-H) 439 417 419 cently for Ry0001).° Whereas in TDS two monolayer states
vs(N—H) 428 417 408

are observed, there is no indication of two different states
% peaks are found at 196, 170, 161, and 126 meV due(dCO), found in the HREEL spectra.
va(NCO), 3(NH,), andp(NH,) without specific mode assignments. The Ru(112) surface is more reactive than ®0021.
*vs, v not resolved. After adsorption at temperatures180 K, an amount of 0.3
monolayer of NH decomposes completely into N and H
— during annealing to 470 K. That only a fracti@rof a mono-
The reaction intermediate NHs found on Ru(112) in  Jjayer is decomposed, is simply due to the fact that dehydro-
a temperature range between 290 and 340 K. Initiated by thgenation starts only at about 280 K, at which temperature
calculations of Staufeet al,'® we newly assign the NH  about a - x fraction of a monolayer is already desorbed. At
modes(see Table ). Our assignment is supported by vibra- higher coverage, desorption and dehydrogenation occur one
tional data from gas phaSkand adsorbed formamide after the other and the dehydrogenation part does not in-
(NH,CHO) which contains an end-standing NH5roup. crease.
Whereas the identification of the NHgroup from the The reaction intermediates NHind NH were identified
stretching and bending modes is quite convincing, the asgsing HREELS. The new assignment of the NiHodes is
signment of the librationalrocking, wagging, twisting  pased on a recent calculatibhinterestingly, on Ru(112)
modes is still not quite obvious. However, if one believesthe activation barrier for hydrogen abstraction from Nkt
that, during adsorption, the wagging modeshifts from 75 crease stepwise whendecreases. This made it possible to
(gas phaseto 103 meV[for NH,CO on RY0001), see Table igentify the dehydrogenation steps.
[I], one also may believe in a shift of the rocking mode
energy from its gas phase value of 131 to a value of 163 meV
for the NH, intermediate in our case. ACKNOWLEDGMENTS
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