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Formation of NH 3 and N2 from atomic nitrogen and hydrogen
on rhodium (111)

R. M. van Hardeveld, R. A. van Santen, and J. W. Niemantsverdrieta)
Schuit Institute of Catalysis, Eindhoven University of Technology, 5600 MB Eindhoven,
The Netherlands

~Received 2 October 1996; accepted 17 February 1997!

Reactions of adsorbed N atoms on Rh~111! to N2 and NH3 were studied with temperature
programmed desorption, temperature programmed reaction spectroscopy, and static secondary ion
mass spectrometry. For N-atom coverages below'0.15 monolayers, desorption of N2 follows
simple second-order kinetics, but at higher coverages the desorption traces broaden to higher
temperatures. Hydrogenation to NH3 can be described by a stepwise addition of H atoms to Nads in
which the reaction from NH2,ads1Hadsto NH3,ads determines the rate. The activation energy for the
rate determining step is 76 kJ/mol. The desorption of NH3 from Rh~111! was studied separately. The
kinetic parameters for desorption at low NH3 coverage are 81 kJ/mol and 10

13 s21, but the rate of
desorption increases rapidly with increasing NH3 coverage. It is argued that the remarkable
coverage dependence of the desorption rate is unlikely to be caused by lateral repulsive interactions
but may be due to a coverage dependence of the pre-exponential factor. ©1997 American Vacuum
Society.@S0734-2101~97!56303-2#
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I. INTRODUCTION

The most important function of rhodium in a three-w
catalyst is to reduce nitrogen oxides from automotive
hausts to harmless nitrogen.1 The key step in the reduction o
NO is the dissociation of NO into adsorbed nitrogen a
oxygen atoms, Nads and Oads, for which all surfaces of
rhodium have satisfactory reactivity.2–5 Exhaust gas contain
several constituents~CO, H2, and several hydrocarbons! that
readily remove oxygen from the surface. The fundament
important question then remains is how the N atoms re
The desirable pathway is that to N2, but reactions to NH3
~Ref. 6! and HCN~Ref. 7! are conceivable as well.

The purpose of this article is to present and compare
netic parameters for the reactions of atomic nitrogen to2
and to NH3 on rhodium~111!. Temperature programmed de
sorption~TPD!, temperature programmed reaction spectr
copy ~TPRS!, and static secondary ion mass spectrome
~SSIMS! have proven to be a successful combination
studying such reactions in real time.3,4,6–9First, we describe
how submonolayers of Nads can be prepared in a controlle
way. Then we discuss the desorption of Nads to N2, and next
the hydrogenation of Nadsto NH3. Finally, we briefly discuss
the desorption of NH3. The work has yielded activation en
ergies and pre-exponential factors of a number of elemen
surface reactions of adsorbed N atoms.

II. EXPERIMENT

Experiments were done in an ultrahigh vacuum UHV s
tem ~base pressure around 1310210 mbar! equipped with
Leybold SSM 200 quadrupole mass spectrometer for T
and SSIMS measurements that is described elsewhere.3 The
rhodium crystal, cut in the@111# orientation within 0.5° and

a!Author to whom all correspondence should be addressed; Electronic
tgtahn@chem.tue.nl
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polished by standard procedures, was mounted on a m
able stainless steel manipulator with 0.3-mm-thick tantal
wires, where it could be cooled to liquid nitrogen tempe
ture and resistively heated up to 1500 K. Temperatures w
measured with a Chromel–Alumel thermocouple spotweld
on the backside of the crystal. Small amounts of bulk imp
rities, such as sulphur, chlorine, and boron, were removed
cycles of argon sputtering~1.5 keV, 5mA/cm2! at 900 K and
annealing to 1400 K. Carbon was removed by annealing
crystal in 231028 mbar O2 and slowly varying the tempera
ture between 900 and 1100 K. Oxygen was removed fr
the surface by a short anneal to 1425 K. Hydrogen~Messer
Griesheim, 99.999% pure!, NO ~Messer Griesheim, 99.5%
pure!, and NH3 ~Ucar, 99.995% pure! were used without
further purification; gas exposures are reported in langm
~L! (1 L51.3331026 mbar s); coverages are reported
monolayers~ML being the number of adsorbates per Rh s
face atom!.

III. RESULTS AND DISCUSSION

A. How to prepare atomic nitrogen

As N2 does not chemisorb dissociatively on rhodiu
~111!, one has to resort to other sources of N atoms. We h
used NO in combination with H2 at 400 K. The SIMS spectra
in Fig. 1 show that the approach works: The lower spectr
is the SIMS between 200 and 250 atomic mass units~amu!
of 3.0 L NO adsorbed on Rh~111! at 120 K. It shows ions of
Rh2

1 ~206 amu! and Rh2NO
1 ~236 amu! that are characteris

tic of molecularly adsorbed NO. Next, the surface is hea
to 400 K to dissociate NO and to desorb the excess NO
cannot be dissociated.3 The SIMS spectrum confirms that a
NO has disappeared and that the surface instead contai
and O atoms, as indicated by the Rh2N

1 ~220 amu! and
Rh2O

1 ~222 amu! secondary ions, respectively.
il:
15585(3)/1558/5/$10.00 ©1997 American Vacuum Society
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Treatment in 231028 mbar H2 at 400 K during 160 s
removes all O atoms, as confirmed by the SIMS spectrum
Fig. 1 ~top!, which only contains peaks due to Rh2

1 and
Rh2N

1. Checking the N-ads coverage by means of therm
desorption indicated that virtually no N atoms are lost due
hydrogenation at 400 K. Thus, Nads layers on Rh~111! are
readily prepared by decomposing molecularly adsorbed
at 400 K, followed by hydrogenation of O atoms at the sa
temperature. If one starts with NO coverages below 0
ML, where all the NO dissociates,3 the eventual coverage o
N atoms equals that of the initially molecular NO.

B. Desorption of N 2

Recombinative desorption to form N2 is the desired reac
tion pathway of N atoms in the context of automotive e
haust catalysis. Figure 2 shows thermal desorption spect
N2 from Rh~111! surfaces with coverages of Nads in the
range of 0–0.25 ML. Initially, the spectra follow the ex
pected second-order desorption behavior, in agreement
the literature.10,11 Chan–Aris–Weinberg analysis12 indicates
an activation energy of 118610 kJ/mol and a pre-
exponential factor of 101061 s21 in the limit of zero cover-
age. The fact that the pre-exponential factor is smaller t
kT/h ~;1 .431013 s21 at 650 K! indicates loss of entropy
going from the free reactants to the transition state.

FIG. 1. SIMS spectra of the Rh~111! surface after the different reaction step
to produce Nads; adsorption of 3.0 L NO at 120 K, thermal NO dissociatio
at 400 K, and reaction with 2.1028 mbar H2 for 160 s to remove atomic
oxygen.
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For Nads coverages of 0.15 ML and higher, however, t
desorption traces broaden towards thehigh temperature side
indicating the population of sites from which the desorpti
proceeds is considerably slower than for the first 0.15 ML
N atoms. One explanation for the delayed N2 desorption
might be formation of the N-induced (132) added row re-
construction of the Rh~111! surface, which was recently re
ported by Xu and Ng.13

C. Hydrogenation of N ads

Starting with a Rh~111! surface and a certain coverag
uN and exposing it to a background pressure of H2, we can
expect the following sequence of elementary steps:

H212*�2Hads, ~1a!

Nads1Hads�NHads1* , ~1b!

NHads1Hads�NH2,ads1* , ~1c!

NH2,ads1Hads�NH3,ads1* , ~1d!

NH3,ads�NH31* . ~1e!

The overall rate expressed in terms of a power rate law
comes

rNH352
duN
dt

5keff•uN
n3pH2

m . ~2!

The rate of ammonia formation is too small to be measu
directly with acceptable precision by a mass spectrome
but the rate of reaction can accurately be determined by m
suring the decrease in the coverage of Nads by means of
thermal desorption after hydrogenation.

The order of ammonia formation in the coverage of
atoms equalsn51, as follows from the straight line plot o
ln uN versus time, measured at 375 K and a constant pres
of 231027 mbar of H2.

6 The order in hydrogen was dete
mined at 375 K and H2 pressures between 531028 and
1026 mbar, for a fixed reaction time of 160 s,~see Fig. 3!. In
the low pressure regime~i.e., below 431027 mbar!, the rate

FIG. 2. N2 TPD spectra obtained from a Rh~111! surface covered with vari-
ous amounts of atomic nitrogen. For atomic nitrogen coverages larger
0.15 ML the N2 desorption peaks broaden towards the high tempera
side.
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1560 van Hardeveld, van Santen, and Niemantsverdriet: Formation of NH 3 and N2 from atomic nitrogen 1560
is approximately first order in hydrogen. As the coverage
H atomsuH is proportional top(H2)

1/2 or lower, an order in
H2 equal to 1 implies that the first hydrogenation step, re
tion ~1a! in the scheme above, doesnot determine the rate

FIG. 3. The influence of H2 pressure on the hydrogenation rate, indicated
plotting the ln@uN(t)/uN(0)# after 160 s of reaction vs H2 pressure. Initially
the hydrogenation rate is linearly proportional to the H2 pressure, but the
dependence levels off above'5.1027 mbar H2.
J. Vac. Sci. Technol. A, Vol. 15, No. 3, May/Jun 1997
f
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Hence, either step~1c!, ~1d!, or ~1e! should be considered
rate determining.

In order to identify a rate determining step, one needs
establish which species reside on the surface during hy
genation. Static SIMS can provide this information, althou
in a qualitative way. The SIMS spectrum in the left panel
Fig. 4, measured during hydrogenation at 375 K a
5.1027 mbar H2, shows peaks of Rh2

1, Rh2H
1, Rh2N

1, and
Rh2NH2

1. SIMS measurements of the N hydrogenation
means of deuterium give better mass separation and con
the assignments. The fact that the Rh~111! surface contains a
significant concentration of NH2 species during the hydroge
nation of Nads clearly points to the reaction betwee
NH2,adsand Hads, step~1d! in the scheme above, as the rat
determining step. The right panel of Fig. 4 shows the SIM
intensity ratio Rh2NH2

1/Rh2N
1 when measured as a functio

of H2 pressure. Note that, from a kinetic point of view, th
decreasing H2 dependence of the Rh2NH2

1/Rh2N
1 ratio

above 5.1027 mbar H2 agrees with the decreasing H2 depen-
dence of the hydrogenation rate~see Fig. 3!.

It is interesting that not all N atoms are converted
NH2. If the reaction of Fig. 4 is stopped and the surfa
cooled down and subsequently heated in a TPD experim
the atomic hydrogen desorbs below 380 K, but at 415 K
reaction limited desorption peak of hydrogen arises, mai
due to the decomposition of NH2,ads, while the N atoms de-
.

a

FIG. 4. ~Left! SIMS spectrum of the Rh~111! surface during a hydrogenation experiment showing the presence of H, N, and NH2, as reaction intermediates
Peak assignments were verified by using D2 instead of H2. The spectrum was taken after 20 s of reaction; the H2 pressure was 5.1027 mbar and
T5375 K. ~Right! H2 pressure dependence of the SIMS Rh2NH2

1/Rh2N
1 peak intensity ratio which initially increases with H2 pressure but reaches

saturation value of 0.43 above 5.1027 mbar.
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1561 van Hardeveld, van Santen, and Niemantsverdriet: Formation of NH 3 and N2 from atomic nitrogen 1561
sorb as in Fig. 2. The experiment suggests a stoichiometr
N:H51:1, implying that half of the nitrogen is present
NH2,adsduring hydrogenation at 350 K. These findings su
gest that N atoms are present in islands, whereas hydrog
tion is limited to the edges of these islands.

Finally, measuring the temperature dependence of the
yields an effective activation energy of 40 kJ/mol and a p
exponential factor of 100 s21. If we write the rate of reaction
as

r5k43uNH23uH'k43KH2
1/23uNH23pH2

1/2 , ~3!

while the heat of adsorption of H2 equals 72 kJ/mol, the true
activation energy of the rate determining step~1d! becomes
76 kJ/mol.

D. Temperature programmed desorption of NH 3
from Rh(111)

Desorption of NH3 is kinetically insignificant in the hy-
drogenation scheme described above, but can of cours
studied separately. Temperature programmed desorp
spectra were measured at a heating rate of 5 K/s a
adsorption of NH3 at 120 K. In order to check whether am
monia decomposes, the mass channelsm/e52(H2),
m/e517(NH3), m/e528(N2), and m/e530(N2H2) were
monitored. In all cases, NH3 was the only detectable
N-containing desorption product. Some H2 desorption was
indeed observed, but this was attributed to adsorption
small amounts of H2 from the background.

The NH3 desorption spectra in Fig. 5 show three distin
desorption states depending on the NH3 coverage. The first
low coverage state, denoted bya1-NH3, has a maximum
around 320 K which broadens significantly to lower te
perature with increasing NH3 coverage. Application of the
Redhead method14 to the low coverage peak at 320 K yield
a desorption energy of 81.563 kJ/mol fora1-NH3 if a pre-
exponential factor of 1013 s21 is assumed. Other analys
methods that in general give more reliable answers15 ap-
peared unsuitable because of the strong dependence o
desorption energy on the coverage.

The transition to the second desorption statea2-NH3,
which maximizes at 155 K, takes place very gradua
Above NH3 exposures of'0.45 L, a third desorption state
b-NH3, is observed by a very sharp peak at 130 K. App
cation of the Redhead method yields a desorption energ
32 kJ/mol for thisb-NH3 if, again, a pre-exponential facto
of 1013 s21 is assumed.

The adsorption of NH3 on Rh~111! greatly resembles tha
on the hexagonally close-packed surfaces of other group
metals, such as Pt~111!, Ru~0001!, and Ni~111!.16–19All sys-
tems exhibit the remarkable decrease of thea1-NH3 desorp-
tion temperature with increasing NH3 coverage. This was
formerly attributed to a decrease of the desorption ene
caused by repulsive lateral interactions between N3
molecules.19 One problem with this explanation is that th
dramatic influence of the coverage on the desorption ene
is by no means recognized in the coverage dependent be
ior of the work function. As is shown elsewhere,20 the work
JVST A - Vacuum, Surfaces, and Films
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function decreases linearly with the NH3 coverage up to a
coverage of'0.15 ML, implying that the work function
change and, consequently, the average dipole per adso
NH3 molecule, is constant. If repulsive lateral interactio
were responsible for the large decrease in the desorption
ergy, the average dipole of the NH3 molecules would be
expected to be influenced as well. We therefore wonder if
alternative explanation in terms of entropy effects could
given.

According to conventional transition state theory, the r
of desorption equals21

r des5
kBT

h

p f]

p f
e2Edes/RTuNH3, ~4!

where kB5Boltzmann’s constant, T5temperature, h5
Planck’s constant,p f] andp f are the partition functions o
the transition state and the ground state, respectiv
Edes5desorption energy,R5gas constant, anduNH35NH3

coverage.
If the adsorption energy and, hence,Edes are constant, a

coverage dependence of the desorption rate constant can
be caused by the ratio of the partition functions. For e
ample, let us suppose that adsorbed ammonia molecule
mobile in the high temperature/low coverage regime of

FIG. 5. TPD spectrum of NH3 obtained after exposure of various amounts
NH3 at 120 K. The heating rate was 5 K/s.
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TPD spectra, and that the transition state for desorptio
mobile as well, then the ratio of the partition function
p f]/p f is on the order of 1 and the molecule desor
with a pre-exponential factor on the order ofe3kB3T/h
51013 s21.21 As the coverage becomes higher, the trans
tional partition function of the ground state decreas
whereas that of the transition state may remain high. T
result is that the ratiop f]/p f in ~4! increases, causing the
pre-exponential to go up with coverage, while the adsorpt
energy remains constant until the adsorbate molecules
to interact, that is, in thea2 state. Note that, if the abov
interpretation is correct, the estimate of the low covera
adsorption energy on the basis of the Redhead formula
kJ/mol, should be correct, as the pre-exponential fac
would indeed be on the order of 1013 s21.

IV. CONCLUSIONS

~1! Nads layers of well determined coverage on Rh~111! can
be prepared by using the NO1H2 reaction.

~2! The desorption of Nads from Rh~111! to N2 initially fol-
lows second-order kinetics, with rate parameters as
Table I. The broadening of the TPD traces to high
temperatures at coverages above 0.15 ML is tentativ
explained by a N-induced (132) reconstruction of the
Rh~111! surface.

~3! The hydrogenation of Nadson Rh~111! can be described
as a stepwise addition of H atoms, in which the addit
of the third H atom determines the rate~kinetic param-
eters in Table I!. The overall hydrogenation is a slow

TABLE I. Kinetic parameters of several elementary surface reactions

Reaction
Eact

~kJ/mol!
n

(s21) Source

NOads1*→Nads1Oads 6566 101161 Ref. 3
Nads1Nads→N212* 118610 101061 This work
NH2,ads1Hads→NH3,ads1* 7666 ••• This work; Ref. 6
NH3,ads→NH31* 8165 1013

~assumed!
Ref. 20
J. Vac. Sci. Technol. A, Vol. 15, No. 3, May/Jun 1997
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reaction~Eact
eff 540 kJ/mol;neff5102 s21!.Someevidence

has shown that hydrogenation occurs at the edges o
islands only.

~4! The rate of NH3 desorption from Rh~111! depends
strongly on coverage, as it does on other group V
metals. It is argued that the coverage dependence ma
dominated by the pre-exponential factor due to a mob
ground state of the NH3 molecule at the desorption tem
perature.
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