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Environmentally benign chemical processing and waste gas
stream cleaning are becoming increasingly important. In this regard,
ammonia removal is of great interest since it is an undesirable
byproduct of industrial catalytic reactions. Selective catalytic
oxidation (SCO) of ammonia to nitrogen and water is potentially
an ideal technology for removing ammonia from oxygen-containing
waste gases? Adsorption and oxidation of Nihave been widely
studied on AB Ir,4=6 Pt/~=9 Rh 1% Ni,’* Ru}? and Ad- single-crystal
surfaces. The results show that Pt and Ir are very active for this
reaction, but significant amounts of nitrous oxide or nitric oxide
are produced.

Gold has received much attention as a catalyst for various
reactions, especially for low-temperature CO oxidafib, the
water—gas shift reactioA® and propylene epoxidatio.However,
to the best of our knowledge, there have been no reports concerning —————— —
ammonia oxidation on Au(111) single-crystal surfaces. Tempera- 100 200 300 400 300 600
ture-programmed desorption with simultaneous product analysis has Temperature(K)
been employed here to provide the first investigation of the selective rg,e 7. TPD spectra for B NO, Oy, H,0, and N from the adsorption
catalytic oxidation of ammonia on Au(111) at temperatures between of 0.18 ML O atoms on Au(111) at 77 K followed by 0.23 ML Nkt
77 and 600 K. The results demonstrate that, although dibts 77K. The sample was heated with a rate of 1 K/s to 400K, then 3 K/s to
not dissociate on clean Au(111), when precovered with atomic 600 K.
oxygen the surface exhibits a high selectivity toward the conversion |t js well-known that molecular adsorption of Ntn a clean
of NHs to N; rather than NQ surface results in a bond to the metal via the N a®revious

The experiments were carried out in a molecular beam surface- yHv studies have shown that ammonia binds weakly and without
scattering apparatus consisting of an ultra-high-vacuum (UHV) dissociation to clean Au(112}. The NH; spectra (Figure Si,
chamber (base pressure2 x 10~ Torr) equipped with an Auger  Supporting Information) exhibit a submonolayer peak whose
electron spectrometer (AES), low-energy electron diffraction optics maximum shifts to lower temperature (135 105 K) with
(LEED), and quadrupole mass spectrometer (QMS)8 The increasing coverage up to one monolayer. Higher; Nblverages
sample assembly consists of a Au(111) single crystal (11 mm in gijve rise to a second peak at lower temperatt@Q K). The NH;
diameter, 1.5 mm thick) mounted on a tantalum support that is in desorption spectrum from clean Au(111) is similar to but somewhat
thermal contact with a liquid nitrogen reservoir and can be simpler than those on Af,Ru2 and P€
resistively heated! The surface temperature is monitored with a  To follow the surface reaction between adsorbed O adatoms and
type K thermocouple, which is spot-welded to the backside of the NH5, a beam of NH having a flux of~3 x 103 molecules cm?
tantalum plate. Atomic oxygen is dosed using a supersonic, radio s-1was impinged on a 0.18 ML (1 ME 1.387x 105 (molecules/
frequency (rf)-generated plasma source from an 8 vol 2inGir atoms)/crd) atomic oxygen covered surface at 77 K. During the
gas mixture with~40% dissociation fraction, as determined via ammonia dose, no evolving gas-phase products were detected. TPD
time-of-fight (TOF) measurement$Research-purity Nkl O,, and spectra (Figure 1) were obtained subsequently by heating the surface
Ar were used without further purification. The same apertures and at 1 K/s up to 400 K and then at a rate of 3 K/s to 600 K. In
nozzle were used for beams of hidnd the O-plasma to ensure  contrast to what was found for the initially clean surface,sh\H
that the dosed areas on the gold sample were coincident. The dosedissociates in the presence ofGimilar to what has been observed
area (-7 mn¥) is smaller than the crystal face to enable precise on other transition metaf$223Water (mass 18) desorption produces
and reproducible exposures without appreciable adsorption ona peak at~180 K, while the recombinative desorption of, N
surfaces other than Au(111). Standard cleaning me#iédeere produces a peak at470 K?* (~89% of the adsorbed ammonia is
used, and cleanliness was confirmed by AES and oxygen TPD. A converted to B). The possibility of a signal atve = 28 from
trace amount of adsorbed molecular oxygenl% of total) is background CO was eliminated by monitoring the &facking
generated from exposure to the oxygen plasma but has anfragment at 14 amu. No other desorbing products were observed
immeasurable effect on the experiments shown here. Thus, all(including Q) in this particular experiment.
experiments were carried out on surfaces that are predominately The Q./NHsratio has a large effect on the selectivity of transition
covered by Qywith a very small amount of 4 metal catalyst8® To further explore this phenomenon, similar
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Figure 2. TPD spectra for b NO, O, NHs, HO, and N from the
adsorption of 0.64 ML O atoms on Au(111) at 77 K followed by 0.23 ML

NHj3 at 77 K. The sample was heated with a rate of 1 K/s to 400K, then 3
K/s to 600K.
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experiments with differing atomic oxygen coverages were em-
ployed. Figure 2 shows the spectra for, NO, O,, NH3, H,O, and
N, following sequential adsorption at 77 K, of 0.64 ML,dand
0.23 ML NHs. Roughly 53% of the adsorbed ammonia reacts to
form either N or NO. The quantity of NO produced is30% of
the N, observed and is seen in a broad peak around 480 K. The
NH; peak at~100 K is ascribed to physisorbed MHinperturbed
by O, and the~240 K peak to either enhanced binding of ammonia
in the presence of £F® or the recombination of ammonia
dissociation fragments (NHg). The N, peak (~460 K) is slightly
broader, and its intensity is weaker than that shown in Figure 1.
Also, as shown, some unreacted oxygen was detected via recom
binative desorption. No other N-containing products were observed.
The initial step in the formation of either ,Nor NO is the
dissociation of NH. We have recently shown that preadsorbed
oxygen on Au(111) will abstract hydrogen from water at low
temperaturé® and we speculate that a similar abstraction of
hydrogen from ammonia is the initial step in the surface decom-
position of NH. Upon heating, much of the Ni4 left on the

surface probably further decomposes by 300 K, leading to a surface

partially populated by jyand Qg since any NKaqrecombination
would likely occur at~240 K. Thus, we propose that,jNand Qg
species are the only direct participants in the formation pahd
NO. For initial O,q precoverages that are lowd < 0.5 ML), it
appears that N undergoes recombinative desorption between 400
and 500 K exclusively, while at higher,gprecoverages some NO
is produced in addition to evolution of ;Nsimilar to what is
observed in ammonia oxidation on Ir(11jowever, almost the
same amount of N was desorbed when the oxygen coverage
was increased to 1.30 ML (not shown). It appears thatsidecies
involved in the decomposition of ammonia ongQrecovered
Au(111) are predominantly consumed by recombinationafdther

than formation of NO. We were unable to detect desorbing hydrogen
or any hydrogen-containing species other than ammonia and water.
In summary, we demonstrate that ammonia does not dissociate
on the clean Au(111) surface but that adsorbed O atomg, O
facilitate NH; o decomposition. The selectivity of the catalytic
oxidation of ammonia to Nor NO on Au(111) is tunable by the
amount of atomic oxygen precovering the surface. BothaNd
NO are likely formed via simple recombination reactiong{M
Nag and Nyg + O,g). At low oxygen coveragestp < 0.5 ML),
adsorbed ammonia is stripped to N which decomposes to form
gaseous Bl At high O,y coverages, NO is formed in a surface
reaction between ) and Qg but most surface N species involved
recombine to form B which desorbs with a peak at460 K.
Higher yields of N can be obtained if the £NH3; mix is kept
NHs rich.
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