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Kinetics and Mechanism of NH; Formation by the Hydrogenation of Atomic Nitrogen on
Rh(111)

R. M. van Hardeveld, R. A. van Santen, and J. W. Niemantsverdriet*

Schuit Institute of Catalysis, Eindben Uniwersity of Technology, P.O. Box 513, 5600 MB Eindm,
The Netherlands

Receied: October 1, 1996; In Final Form: December 3, 1996

The reaction between atomic nitrogen anglhtds been studied in order to elucidate the mechanism aof NH
formation on Rh(111). Atomic nitrogen layers of 0.10 monolayer (ML) coverage were obtained by adsorbing
NO at 120 K and selectively removing the atomic oxygen from dissociated NO by reaction w#h315

K. The rate of NH formation is first order in the atomic nitrogen coverage and linearly proportional to the
H, pressure below 5 107 mbar. Static secondary ion mass spectrometry (SSIMS) indicates that N and
NH; are the predominant reaction intermediates, while small amounts efakHalso detected. The NH
surface coverage increases with increasipgtdssure. The presence of Nl also indicated by the appearance

of a reaction-limited H desorption state in temperature-programmed desorption (TPD) spectra. The
hydrogenation of NKito NH; is expected to be the rate-determining step in the frmation. From the
temperature dependence of the Nbfmation rate an effective activation energy of 40 kJ/mol was determined,
which could be translated into an activation energy of 76 kJ/mol for the hydrogenation frantoN¥Hs.

Introduction observed in field emission microscopy (FEM), represents the

. . ) hydrogenation of the atomic nitrogen layer followed by the
The reduction of NQon rhodium is one of the key reactions decomposition and/or dissociation of NEpecies into M

that occurs in the automotive exhaust gas convertor. Although 1,4 purpose of this paper is to reveal the mechanism of NH

the greater part of the NO is reduced by reaction with CO, a ¢5mation on Rh(111). Since the details of the Afirmation
substantial part is reduced by hydrogen, which is present in; \ha NO + H, reaction are concealed by simultaneously
exhaust gas and is moreover formed on the surface of the metatunning reactions such as NO dissociation, lnd HO
particles by the decomposition of hydrocarb&AsNO reduction formation, we have chosen to study the Nblrma’tion starting
by H, may yield threg different N-containing pro_ducts, VizZN  tom a well-defined atomic nitrogen layer.
NZO.' and NH, of \.Nh'Ch t.he last two are undesirable from an Since N does not dissociate on Rh(1B1)n alternative route
enV|.ron.menta! paint of view. . has to be employed to deposit atomic nitrogen on the surface.
Kinetic studies of the NG Hy reaction have been performed  The jiterature reports a number of methods for the preparation
on Pt foil 2 Rh foil* PURh single crystals? Rh/SiQ," and Rh/ of atomic nitrogen layers. Belton et 8 prepared N layers
Al,03.8 These studies have shown that the reactivity of atomic by dissociation of NO with an electron beam and a subsequent
nitrogen, which is formed by the dissociation of NO, plays @ removal of Qgs by reaction with CO. Bugyi et @2 used a

key role in the selectivity issue of the N& H, reaction.  gischarge tube to atomize nitrogen before adsorption. Another
Whereas reactions such as the NO dissociétidrand recom-  sjternative to preparing & layers is exposure of the surface
bination of atomic nitrogen to N?!3 have been studied g NH; at temperatures above400 K32-3+ All the above-
extensively, the microscopic mechanisms ofONand NH mentioned preparation methods have the disadvantage that it is

formation are still unknown. N formation is commonly jfficult to deposit a well-defined amount of atomic nitrogen.
described by the stepwise hydrogenation of atomic nitrégen. sjnce we want to derive the rate of ammonia formation
Indeed, many reports on NH and Nispecies exist. On jngjrectly from the decrease of the atomic nitrogen coverage, it
Rh(100}° and PYRN(100)*° evidence was found by electron s essential to know the initial s coverage accurately. For
energy Ioss spectroscopy (EELS) for an NH intermediate that ¢ reason, we have prepared atomic nitrogen layers by
was reversibly formed whena2 x 2)-N adlayer was exposed  agsorbing NO at low temperature and removing the O atoms
to H. Zemlyanov et al’ observed an NH intermediate during selectively by reaction with flat temperatures where N atoms
the NO+ Ha reaction on Pt(100) by EELS. Prasad and Glnd  4re not yet hydrogenated or desorbed as Rinally, secondary
explained the formation of diimide 4d» during the decomposi- ion mass spectrometry (SIMS), applied under reaction condi-
tion of NHz and NHj on Rh foil by the coupling of NH species  ions, reveals that Nihasis the dominant Nk species on the
on the surface. Nklintermediates were also observed inNH g, face during the N ’hydrogenation.
and NH,4 decomposition studies on ;20 Pt2t Rh22:23 and
RU.24

Recently, the NO+ H, reaction regained interest in the ]
context of chemical waves and oscillations that develop under ~Temperature-programmed desorption (TPD) and SIMS ex-
specific reaction conditions on Rh single-crystal pla#fe® periments were dong in a stainless steel ultrahigh vacuum (UHV)
Cholach et af concluded that the moving wave front, as SyStem pumped with a 360 L/s turbomolecular pump and a

water-cooled titanium sublimation pump. The base pressure

+ Cormesponding author, Telephon@1.402473067. Faxt-31 402455054, V@S typically around 5¢ 10~** mbar, and mass spectra of the
E-mail: tgtahn@chem.tue.nl. residual gas indicated the presence of maindy@®0D, and CQ.

€ Abstract published ilAdvance ACS Abstractdanuary 1, 1997. The system is equipped with a Leybold SSM 200 quadrupole

Experimental Section

S1089-5647(96)03022-2 CCC: $14.00 © 1997 American Chemical Society



NH3 Formation

Rh, RN 37: K TPD of N, 10Kis
2
Lar
3
- ]
3 - 0.10MLN
& RN 375K 2
2| R =
@ )
< " =
2 q Rh,0 g
£ <
0 ]
= a
73 120 K = 0.10 ML NO
K Rh,H* Rh,NO*

200 210 220 230 240 250 300 400 500 600 700 800 900

Mass [amu] Temperature [K]

Figure 1. Left panel shows SIMS spectra of the Rh(111) surface after
the different reaction steps to producesf\ molecular NO adsorption

at 120 K, thermal NO dissociation at 375 K, and reaction withtd
remove atomic oxygen. The right panel shows a comparison between
the N TPD spectra obtained from a surface covered with 0.10 ML
atomic nitrogen and 0.10 ML NO. The absence of atomic oxygen results
in a shift of the N desorption maximum to higher temperature.

mass spectrometer for TPD and SIMS and a Leybold EA 10
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procedure for preparing atomic nitrogen with SIMS spectra of
the Rh(111) surface after NO adsorption at 120 K, heating to
375 K to dissociate the NO, and after reaction with hydrogen
at 375 K to remove the oxygen.

The presence of molecularly adsorbed NO at 120 K is
indicated in the SIMS spectrum by the appearance of the
RhNO™ cluster ion atw/e = 236. Heating to 375 K results in
complete dissociation of the adsorbed NO molecules. This is
evidenced by the appearance of thelRhand RhRO™ cluster
ions (atm/e = 220 andm/e = 222), which are representative
for atomic N and O, respectively, and by the disappearance of
the RBNO™ cluster ion. The removal of atomic oxygen by
reaction with hydrogen is clearly illustrated by the disappearance
of the RhO™ peak. Although removing the oxygen results in
a large decrease of the SIMS intensities, the presence of atomic
nitrogen remains clearly visible by the R peak atm/e =
220. Temperature-programmed desorption confirms that the
hydrogen treatment to remove the oxygen does not result in a
decrease of the atomic nitrogen coverage, since th&mD
peak areas before and after the t¢action are equal. The
removal of the atomic oxygen is also illustrated by the N
desorption behavior. As Figure 1 shows, removal of atomic
oxygen results in a shift of theMlesorption spectrum to higher
temperature, attributed to the disappearance of repulsive interac-
tions between oxygen and nitrogen atoms on the surface.

Hydrogenation of Atomic Nitrogen at Constant Temper-

hemispherical energy analyzer for Auger electron spectroscopyature and Hy Pressure In this section we show how the
(AES) andA¢@ measurements. Both analyzers are interfaced coverage of an atomic nitrogen layer decreases when it is

with a PC for data storage.

SIMS measurements were carried out in the static (low-
damage) mode. Typically, we used a defocused 5 keV primary
Art beam with a current density of-110 nA/cn?. To average
eventual anisotropies in the secondary ion emission process
we applied a target bias &f45 V and an extractor voltage of
—300 V on the entrance lens of the quadrupole system.

The UHV system contained a rhodium crystal that was cut
in the [111] orientation within 0.5and polished according to
standard procedures. The temperature was measured by

exposed to a constantiressure at a fixed temperature. The
decrease of the atomic nitrogen coverage was determined by
comparing the B TPD area after a hydrogenation experiment
with the N, TPD area of the initial atomic nitrogen layer.

, As we will show in the discussion section, hydrogen
adsorption is readily at equilibrium under our reaction condi-
tions. We have restricted the upper temperature limit to 400 K
in order to prevent Blformation and desorption. We found
that up to 400 K the atomic nitrogen coverage remained
gnchanged when the crystal was kept isothermally in vacuum

chromel-alumel thermocouple spot-welded on the back of the for several minutes. Under these conditions the rate of ammonia
crystal. The standard cleaning procedure consisted of an argorformation equals the decrease of the atomic nitrogen coverage

sputter treatment (900 K, 1.5 keV, SA/cm?) followed by
annealing in 2x 108 mbar Q (900-1100 K) and a final
annealing treatment in vacuum at 1420 K. The gases, NO
(Messer Griesheim, 99.5%) and BMesser Griesheim, 99.995%),
were used without further treatment.
in langmuirs (1 langmuir= 1.33 x 1078 mbars), and coverages
are expressed with respect to the number of Rh surface atom
(1 monolayer (ML)=1.6 x 10 cm2).

Atomic nitrogen layers with a coverage of 0.10 ML were
obtained by adsorbing 0.25 langmuir NO at 120 K and
selectively removing the atomic oxygen at 375 K by reaction
with 2 x 1078 mbar hydrogen during 160 s. The atomic
nitrogen layers were exposed t ldt various pressures and
temperatures. The amount of nitrogen remaining after the
hydrogenation experiment was determined by TPD. Although
the surface also contained Nittermediates, Plwas the only

and can be written as

Fw, = —dOy/dt = KetON" O = KeOn" 1)

Exposures are reportedryq gecrease of the nitrogen coverage with time is determined

by thenth-order dependence of the ammonia formation rate on
She nitrogen coverage. Figure 2 shows the decrease of the
nitrogen coverage with time &= 375 K andpy2 = 2 x 1077
mbar and afl = 400 K andpsz = 5 x 1077 mbar. Although
the nitrogen coverage continues to decrease below 0.04 ML,
the data are not shown in Figure 2, since the relative error in
the remaining hys coverage determination by TPD becomes
too large.

The decreasing slope of thily, coverage versus time curve
indicates a positive order of the ammonia formation rate in
the nitrogen coverage. If the orderis assumed to be unity,

nitrogen-containing desorption product observed. We mention jntegration of eq 1 yields
here that the experiments were only possible with an excellent

background pressurep(< 5 x 107! mbar), where CO
adsorption during the reaction procedure can be prevented.

Results

Preparation of Atomic Nitrogen Layers on Rh(111) For
all the experiments we started from an atomic nitrogen layer
with a coverage of 0.10 ML#3%). Figure 1 illustrates the

IN[O(t)/0(0)] = — ket @
where 0y(t) and 65(0) are the nitrogen coverages after and
before reaction, respectively. The inset of Figure 3 confirms
that a linear relation is obtained if the logarithm of the coverage
ratio is plotted versus time. This indicates that the ammonia
formation rate is proportional to the nitrogen coverage.
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Figure 2. Decrease of the atomic nitrogen coverage with time due to

reaction with H at constant temperature and pressure. The inset shows Mass [amu]

that a linear relation is obtained when the ratio of the initial to remaining Figure 4. SIMS spectra of the Rh(111) surface during a hydrogenation
atomic nitrogen coverage is plotted versus the time, indicating that the experiment showing the presence of H §Rh 207 amu), N (REN*
hydrogenation rate is first order in the atomic nitrogen coverage. 220 amu), NH (RhNH,™ 222 amu), and NE(RhNH;t 120 amu) as
reaction intermediates. Peak assignments were verified by using D
instead of H. The spectrum was taken after 20 s of reaction, the H
pressure was % 1077 mbar, andT = 375 K.

Mass [amu]

’ . 6y5(0) = 0.10 ML
01 T o ° T=375K
t=160s
02T . Identification of NH x Reaction Intermediates by SIMS

03t e . For elucidating the hydrogenation mechanism of atomic nitrogen
to NHs, the identification of surface intermediates is of great
significance. In previous studies, SIMS has successfully been
05 1 applied to identify NHt-like intermediates on the surfages®

. . This section presents the SIMS results of the Rh(111) surface
during N hydrogenation. The collection time for a SIMS
spectrum was 15 s, which is about 10% of the time scale of a
typical hydrogenation experiment. Spectra were taken after 20
s of reaction to be sure that equilibrium was reached between
the NH intermediates and to compare different reaction
conditions with similar nitrogen coverages.

Figure 4 shows two characteristic mass regions of a SIMS
spectrum of the Rh(111) surface taken after 20 s of reaction at
5 x 1077 mbar H and 375 K. The presence of Nkn the
) surface is evidenced by the appearance of the Rg(N&luster
Dependence of the NH Formation Rate on the H ion atm/e = 120. In the high-mass rangeadand NH sgsare

Pressure The_ He pressure dependence of th‘? NIdrmatio_n observed as predominant surface species by the appearance of
rate can give information on the rate-determining step in the o RhN* and Rh(NH,)* cluster ions ate = 220 andm/e

subsequent hydrpgenathn of atormc nitrogen tosNH = 222, respectively. From a previous investigation we know
_ Under the applied reaction conditions, the hydrogen coverage a the RR(NH,)* cluster ion isnot a consequence of the
is expected to be smab§ < 1), and therefc_>re, itis proport|or_1al presence of Nklon the surfacé The presence of hydrogen
to the square root of thezl-pressure. In this case the following ;1 the surface is evidenced by the appearance of thelRh
general dependence is expected: peak atm/e = 207, which is not fully resolved from the Rh
peak, however. To facilitate the assignment of the SIMS peaks,
H, was exchanged for Dwhich resulted in the expected mass
shifts, as Figure 4 shows. In this case also a small peakeat
The pressure dependence of the hydrogenation rate was= 222 is resolved. Whether this peak stems from the presence
investigated by keeping the reaction time constant at 160 s andof ND on the surface or results from fragmentation of N®
varying the H pressure in the range between<21078 and 1 unknown.
x 107% mbar. Figure 3 shows a plot of the logarithm of the Although the presence of N, NHand NH; on the surface is
ratio of the remaining and initial Ns coverage versus the clearly established by the spectra in Figure 4, interpretation of
hydrogen pressure at 375 K. The curve shows that for pressureshe peak intensities in terms of surface coverages is rather
below 5x 1077 mbar, the dependence is close to linear whereas complicated. Previous studies have shown that SIMS peak
the dependence levels off in the pressure range from1®—7 intensity ratios can give quantitative information about coverages
to 1 x 1075 mbar. A similar experiment at 400 K showed a of adsorbate3®-38 However, it should be noted that occasion-
similar H, pressure dependence. ally nonlinear correlations between intensity ratios and coverage
Based on these results only, assignment of the rate-determin-are observed. Therefore, careful calibration is required in order
ing step is not possible. However, we definitely conclude that to obtain quantitative information from SIMS measurements.
the first hydrogenation step is not rate limiting. In that case, For NH; we have been able to do such a calibration by studying
the H, pressure dependence would be at most a square rootthe adsorption of Ngl on Rh(111)¢ In the case of NK
dependence. Figure 3, however, shows a linear dependence fomtermediates, however, calibration is much more difficult, since
H, pressures below % 1077 mbar. no methods are at hand to prepare well-defined coverages of

04 T H

In(6(t)/65(0)) []

-06 T

07 +—rt t + . + $—t

0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0

10.0
H, pressure [107 mbar]

Figure 3. Influence of the H pressure on the hydrogenation rate,
indicated by plotting the Irf{y(t)/6n(0)) after 160 s of reaction versus
the H, pressure. Initially, the hydrogenation rate is linearly proportional
to the H pressure, but the dependence levels off abe®ex 1077
mbar H.

IN[O\(1)/0(0)] = —keeb™ = —Kip, ™t (3)
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Figure 5. Left panel shows the Hpressure dependence of the SIMSRH,"/RhNT peak intensity ratio that initially increases with pressure

but reaches a saturation value ©0.43 above 5x 107 mbar. The right panel shows the dependence of the RhfRH" peak intensity ratio,

which monotonically increases with the; lgressure. In both cases the temperature was 375 K and the SIMS spectra were taken after 20 s of
reaction.

NHy species on the surface. We have therefore assumed thaexperiment was performed. Figure 7 shows thehd N, TPD

the RBNH,T/RhNT peak ratio reflects at least qualitatively the  spectra obtained by freezing the reaction at 350 K andi®*

coverage ratio of NEland N on the surface. The intensity of mbar H after 20 s. The kldesorption spectrum clearly shows

the Rht peak was not used as a reference, since it was nottwo desorption states. The low-temperature desorption state

fully resolved from the RfH™ peak. with a peak maximum at 330 K represents the common second-
Figure 5 shows the fpressure dependence of the Rh@)i order desorption-limited state. The Hesorption state with a

Rht and Rh(NH)*/RhN* peak intensity ratios at a constant peak maximum around 415 K corresponds to a reaction-limited

temperature of 375 K. The SIMS spectra were taken after 20 state, which is attributed to the decomposition of \Nkter-

s of reaction. The Rh(NR*/RhN* peak intensity ratio ~ mediates.

increases in the Fpressure regime between<110-8 and~5 The only nitrogen-containing product that was observed

x 1077 mbar but becomes constant at highemiressures. The  during TPD was N, whereas no Nk and NH, could be

Rh(NHs)*/Rh*™ peak intensity ratio increases over the whole detected. Furthermore, it appeared that alkNedd decomposed

pressure regime. Thus, NHs the predominant Nispecies before N desorption started at around 500 K. Figure 7 also

during the hydrogenation of atomic nitrogen while small shows a SIMS spectrum of the surfabefore TPD was

amounts of NH are present as well. The coverage of both,NH performed, which indicates the presence of N, N&hd NH

and NH; increases with increasing,Hbressure, but for NH on the surface.

the dependence levels off to a constant at a pressure of about 5 The ratio of the atomic nitrogen coverage to the amount of

x 1077 mbar. hydrogen desorbing in the reaction-limited desorption state at
We have also investigated the influence of the tem- 415 K is of interest because it can give additional information

perature on the presence of the intermediates on the surfaceabout the composition of the NHntermediate. Comparison

Figure 6 shows the dependence of the Rh{NHRh™ and of the N, and K, TPD peak areas and correcting for differences

Rh(NH;)*/RhN* peak intensity ratios on temperature at a in ionization probabilities $2/Sy> = 0.45) yields an overall

constant H pressure of Ix 1076 mbar and also after 20 s of  N:H ratio of 1:1.1 for the NHintermediates. A different way

reaction. The Rh(NB™/Rh™ peak ratio increases somewhat to determine the N:H ratio is by relating the, ldnd H TPD

up to temperatures of 365 K, whereafter it decreases rapidly. areas to the NO andHiptake curves. In this way, the atomic

Except for the measurement at 325 K, the Rh{N¥RhN' peak nitrogen coverage was estimated to be 0.10 ML and the amount

ratio remains more or less constant over the entire temperatureof hydrogen desorbing from the reaction-limited state was 0.11

range. ML, which results in the same overall N:H ratio of 1:1.1 for
Evidence for NH Intermediates from TPD. In the the NH, intermediates.

literature, much of the evidence for the existence ofyNH Note that the H:N ratio of 1.1 reflects the overall composition

intermediates is based on the appearance of a reaction-limitedof the surface after 20 s of hydrogenation at 350 K, excluding

H, desorption staté®3940 To make the comparison to our the atomic hydrogen, and has no bearing on the composition of

results, we have frozen the intermediates present under reactiothe NH, species themselves.

conditions by rapid cooling (4 K/s) underldtmosphere to 275 Dependence of the NHFormation Rate on Temperature

K, after which the system was evacuated for 2 min and a TPD To determine the effective Arrhenius parameters, we investi-
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Figure 7. Left panel shows the Hand N TPD spectra resulting from an NHovered surface that was obtained by cooling to 275 K after 20 s
of reaction at 350 K and 5 1077 mbar H. The reaction-limited K desorption state at 415 K indicates the presence of iNtérmediates.

Comparison of the Hand N peak areas yields an overall N:H surface ratio in thex Nttermediates of 1:1.1. The right panel shows a SIMS
spectrum of the surface before TPD was carried out, indicating the presence of H,,NamtH\Hs.

gated the rate of Ngfformation in the temperature range 325 Discussion

400 K. Inthese experiments the Hressure was kept constant

at 1 x 10 mbar. Figure 8 shows the logarithm of the Mechanism and Kinetic Description of NH; Formation
hydrogenation rate versus the reciprocal temperature. The slopeon Rh(111) With respect to the kinetic mechanism of the
of the curve corresponds to an effective activation energy of stepwise hydrogenation of atomic nitrogen tod\ttie following

40 kJ/mol, while the effective pre-exponential equald 0. experimental results are pertinent. (1) The rate of ammonia
We use the terms effective activation energy and pre- formation is linearly proportional to the hydrogen pressure below
exponential, since several equilibrium and rate constants may5 x 10~ mbar H. (2) SIMS spectra indicate that N and hH
be involved depending on the rate-limiting step. At least the are the predominant surface species under reaction conditions,
hydrogen adsorption equilibrium has to be incorporated, since whereas NH and possibly NH are present only in very small
the H, pressure is kept constant while the temperature changesamounts. (3) The reaction-limited;ldesorption state, emanat-
which results in varying hydrogen coverages. ing from NHx decomposition, indicates the presence of signifi-
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cant amounts of Nkon the surface under reaction conditions; 0.01
the average H:N ratio in the NHntermediates is 1.1:1. f Py = 1.10°6 mbar
Concurrently, these results point to the hydrogenation of NH  _, Ea.er = 40 kd/mol
.. . ) Ve = 102 s
as the rate-determining step. We therefore propose the following =,
sequence of steps with the associated equilibrium constants: g
. 2 2 g 0.001 T
Hy g1 2% = 2H 46 K= 0,7(6."Py) (4.1) g
Q
o
= = o
Nads+ Hads‘_ NHads+ * K2_ (GNHG*)/(BNQH) (4-2) j4 {
I
NHads+ Hads‘__> NHZ,ads+ * K3 = (ONHZB*)/(QNHGH) (4'3) 0.0001 — —t —t
0.0024 0.0026 0.0028 0.0030 0.0032 0.0034
NHZ,ads+ Hads_’ NHS,ads+ * INH3 ™= k40NH20H (4-4) 1/Temperature [1/K]
Figure 8. Dependence of the hydrogenation rate, determined as
NHs,ads_’ NH3,g+ * INHZ = kseNH3 (4.5) In(On(0)/On(D))/t after 160 s of reaction at kX 107°® mbar, on the

temperature. The effective activation energy was 40 kJ/mol, and the

We will justify and discuss this kinetic mechanism in the effective pre-exponential was 26
following. Under our experimental conditions, i.e. 21078
< pu2 < 1 x 1078 mbar and 325< T < 400 K, both the rate In fact the number of empty sites increases during the
of hydrogen adsorption and desorption are fast compared to thehydrogenation experiment because of the decrease of the
NH;z formation rate. Furthermore, hydrogen adsorption is nitrogen coverage. However, the decrease of the atomic
sufficiently fast to supply hydrogen for the conversion of atomic nitrogen coverage in a typical hydrogenation experiment was
nitrogen into NH species. We therefore conclude thai H on the order of 0.05 ML, and therefore, the increase of the
adsorption rapidly reaches equilibrium (on the order of seconds). number of empty sites is relatively small. Hence, eq 5 should

Although initially all the nitrogen on the surface is present be valid under the conditions employed in this work.
as Nus exposure to hydrogen results in the conversion of part  H, Pressure Dependence of the NiFormation Rate. As
of the atomic nitrogen into Nfispecies. It is difficult to  the second factor in eq 5 indicates, the order in th@idssure
determine the exact time scale upon which equilibrium between of the NH, coverage can vary between 0 and 1. As stated
the NH, intermediates is reached. However, the rapid buildup previously, the hydrogen coverage is small under our reaction
of the NH intermediates and the absence of an induction period conditions and therefore proportionalgg;2. This can easily
in the time dependent hydrogenation experiments indicate thatpe seen from the last factor in eq 5, which represents the
equilibrium conditions apply for the major part of the time scale hydrogen coverage and reduces kKap2)2 if Kiprz < 1. In
of the hydrogenation experiments. In the final step,3NH consequence of this, the order of the Narmation rate in the
readsorption can be neglected, since the;Widduction rate is H, pressure can vary between 1/2 and 3/2 as extremes.
slow compared to the pumping speed of the vacuum system,  gigyre 5 shows that the NHcoverage increases with
resulting in a negligible N&ibackground pressure. increasing H pressures below5 x 10~7 mbar, whereas the

Under the assumption that ethbnum conditions apply for NH, coverage becomes constant at highgipkessures. From
both H adsorption and the NHntermediates up to Nii the a kinetic point of view, the observed:idependence of the NH
following kinetic expression can be derived for the decrease of (g erage and the NHormation rate is consistent. At pressures
the nitrogen coverage with time (which is equal to thesNH  poiow 5% 10-7 mbar both the Nkiand the hydrogen coverage

formation rate): depend on the Fpressure, resulting in an overall first-order
A0y, (1 dependence of the NHformation rate on the §pressure.

A t)o Above 5x 10" mbar H, the NH coverage becomes constant
dt ANRATH and the H pressure dependence of the Nidrmation rate is

determined solely by the pressure dependence of the hydrogen

(1) = coverage ¢pn2?).
dt Presence of NH Intermediates on the Surface under
KoKo(Kipn) (Kypy ) Reaction Conditions The SIMS results of the surface under
—KyOy 1D 7 7 reaction conditions indicate that N and bléte the predominant
14 Ky(Kipy) ™+ KKg(Kypy)) 1+ (Kypy) nitrogen surface species. Drechsler eBausing SIMS, have
(5) demonstrated that NH is the main surface species during the

NH3; decomposition on Fe. We may therefore conclude that
The number of empty sites available for hydrogen adsorption the absence of NH in our SIMS spectra is not caused by a poor
equals sensitivity but is due to a low surface coverage of NH. JNgd
also detected but only in very small amounts. A previous study
0.=1—6,— ZGNHX on the adsorption of Nklon Rh(1113¢ indicated that an NH
coverage as small as 0.01 ML resulted in a SIMS Rh{NH
For the derivation of eq 5 we have made the assumption thatRh* peak intensity ratio as large as7. In the present case
6 ~ 1 — Oy. This has the advantage that two independent the SIMS Rh(NH)™/Rh* peak intensity ratio does not exceed
factors are obtained for the Hpressure dependence of the a value of 0.25 (see Figure 5), which points to a negligibly low
hydrogen adsorption equilibrium and the equilibria of the,NH coverage. In fact the Nibsteady-state coverage is determined
intermediates (last and second factor in eq 5, respectively). Theby the ratio of NH production to the desorption rate:
choice of the number of empty sites available for hydrogen
adsorption is quite arbitrary anyway, so we have assumed it to Ky
be unity in accordance with the situation on the empty surface. NH; aas Hags™ NHj 05— NH3 g5
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K4Oni, 0 of NHz. It should be noted that their results could of course
GNH3 =— (6) also be explained by assuming that the surface contained N and
Ks NH- in a 1:1 ratio.

Kinetic Parameters of NH; Formation. Figure 7 shows
Under steady-state conditions the rate ofNétmation is equal that at a H pressure of 1x 10-6 mbar the RENH;"/RhN*
to the rate at which the nitrogen coverage decreases. As Figurepeak ratio is almost independent of the temperature and equal
2 shows, a typical value for the decrease of the nitrogen coverage the saturation value. If we assume that theNRi, ™ /RhpN*
is 0.0002 ML/s. For the NEldesorption rate an activation peak ratio is a measure of the Migoverage, the latter is also
energy of 81.5 kd/mol was found if a pre-exponential factor of temperature independent. This greatly simplifies the interpreta-
10"3 was assume#. By use of these values, an Nidteady- tion of the measured activation energy, since the temperature
state coverage of & 107° ML is calculated at 375 K. Since  dependence of the N+quilibrium is not incorporated. In this
this coverage is very small, we must be conscious about thecase, the effective rate constant that is measured equals the
role that surface defects might play. If NHk for instance  product of the elementary rate constant for the reaction from
adsorbed more strongly to defect sites, the coverage mightNH, to NH; and the square root of theslddsorption equilibrium
become significantly higher. constantker = ksK1Y'2 (see eq 5). Under these assumptions,

Equation 6 predicts that the NHsteady-state coverage the activation energy for the reaction of Nk NH;z equals
increases if the Ngformation rate increases. This is in line

with the results in Figure 5, which shows that the Ndteady- 1
state coverage for a given temperature increases with increasing Eactnnn, = Bactert /oBgesy = 40+ 36 =76 [kJ/mo;]
H, pressure. (7)

Since no reference is available, it is difficult to give a precise
estimate of the NEIN surface coverage ratio on the basis of
the SIMS RANH,"/RhNT peak intensity ratio. Quantification
is complicated, since the relative SIMS sensitivities for N and
NH,, and the fragmentation of the RYH,* cluster ion to
RhN*, are unknown. Nevertheless, it is remarkable that the
SIMS RhNH,"/RhoNT peak intensity ratio becomes inde-
pendent of the kipressure above & 10~7 mbar at 375 K (see
Figure 5, and note the logarithmic pressure scale) and is also
independent of the temperature at a constanptdssure of 1
x 1078 mbar (see Figures 6). In all cases theRH,"/RhLNT
peak intensity ratio saturated at a value~d3.43. This might
indicate that not all nitrogen is accessible to hydrogen. Yamada
et all®>reported that hydrogen exposure to(a x 2)-N adlayer
on Rh(100) only resulted in NHformation at the edges of
nitrogen islands. From our results we have no direct evidence
for island formation, but it could explain why the Nidoverage
saturates while the RNH,™/RhpNT ratio remains small.

In the literature most of the information concerning the
stability of NH intermediates stems from decomposition
experiments. Bassignana ef&khowed that on Ni(110) NH
is the predominant intermediate formed during thermalsNH
decomposition at 350 K. An activation energy of 20 kcal/mol
was reported for Nkl decomposition into N or NH. Also,
Rausher et a* reported NH as a stable intermediate on
Ru(001) between 280 and 300 K duringHN decomposition.
The NH: intermediate was found to decompose into NH at
higher temperatures. On Rh(111), Wagner and ScB#idt Atomic nitrogen layers with well-determined coverage can
reported a reaction-limited Hlesorption peak at 430 K when be prepared by adsorbing NO at low temperature followed by
studying the reactions of oxygen with Nknd NH4. This thermal dissociation and selective removal of the atomic oxygen
reaction-limited H desorption peak seems identical with the by reaction with hydrogen. When the atomic nitrogen layer is
one we observed during TPD of the Rh(111) surface containing exposed to K at constant temperature and pressure, the rate at
the NH, intermediates formed during the hydrogenation gi/N  which the atomic nitrogen coverage decreases appears to be
(see Figure 7). However, Wagner and Schmidt attributed the first order in the atomic nitrogen coverage. The rate ofsNH
H, formation to decomposition of NH rather than to NHThis formation is first order in the KHpressure between & 1078
latter assignment has been made in a previous investigation byand 5x 10~7 mbar, but the order decreases between 507
the same authors Wagner and Schrffidthere they investigated and 1x 10-® mbar. SIMS spectra of the surface under reaction
the decomposition of INCHO, D,NCHO, N;H4, and NH; on conditions indicate, by the appearance ofRhand RBNH,"
Rh(111). Decomposition of INCHO showed that the reaction-  peaks atm/e = 220 and222, respectively, that N and Ntare
limited Hy (D) peak at 430 K stemmed from decomposition of the predominant surface intermediates. Small amounts af NH
the amino NH (ND) group. Similar to our findings, they  could be monitored on the surface by the appearance of the
determined an overall N:H ratio of 1:1.08 when comparing the RhNH;" cluster ion in the SIMS spectra. The Nidoverage
N, and reaction-limited kl(D,) desorption peak areas. From increased with increasingHpressure betweenst 10~8 and 5
this result they concluded that decomposing.Nidecies was x 1077 mbar at 375 K. In the pressure range betweer 5
NH. A reaction-limited NH desorption state was also observed 1077 and 1x 106 mbar the NH coverage became constant.
in these experiments, which was explained by hydrogenation At a pressure of 1x 10® mbar H, the NH, steady-state

H, TPD experiments yielded an activation energy and pre-
exponential of 72 kJ/mol and 10 s™1, respectively, for
desorption in the low-coverage limit, in good agreement with
the literature’?

The only activation energy reported in the literature onsNH
formation stems from Hirano et &l.They found an effective
activation energy of 55 kJ/mol for NHormation by the reaction
of NO + H; on a P§ 25— Rhy 79100) single crystal. Comparison
with our value is difficult, since it is not clear which reaction
constants contribute to the effective activation energy. Shus-
torovich and Bef® have studied the synthesis and decomposition
of NH3 on transition metal surfaces by a bond-order-conserva-
tion-Morse-potential analysis and concluded that the first
hydrogenation step, i.e., the reaction from N to NH, is rate
limiting in NH3 formation on Pt. Furthermore, they concluded
that both NH and NH; are more stable surface intermediates
than NH and that Ngl desorption is favored above NH
decomposition. Although the calculations are performed for
Pt(111), the discrepancies with our findings and those of other
authors are striking. First, it contradicts the, lressure
dependence we observed for the Nétmation rate on Rh(111),
and second, it cannot explain the buildup of significant amounts
of NHy intermediates, either during Nidecomposition or Nl
formation.

Conclusions
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coverage was independent of the temperature. The presence (19) Gland, J. L.; Fisher, G. B.; Mitchell, G. Ehem. Phys. Let.985
of NH, species was also evidenced by the appearance of all9 89

reaction-limited H desorption state at 415 K attributed to
decomposition of Nkl

From the temperature dependence of the; fidmation rate,
an effective pre-exponential and activation energy of 6

and 40 kJ/mol were calculated. The experimental results can

(20) Bassignana, I. C.; Wagemann, K.ipfers, J.; Ertl, GSurf. Sci.
1986 175 22.

(21) Mieher, W. D.; Ho, W.Surf. Sci.1995 322, 151.

(22) Wagner, M. L.; Schmidt, L. DJ. Phys. Chem1995 99, 805.

(23) Cholach, A. R.; Sobyanin, V. AReact. Kinet. Catal. Lett1984

, 381.
(24) Rausher, H.; Kostov, K. L.; Menzel, D. Chem. Physl993 177,

best be explained by assuming that the third hydrogenation step473.

i.e., the hydrogenation from NHo NHj, is rate limiting. The
activation energy of this step is 76 kJ/mol.
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