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Abstract

The adsorption of both Oy and NH3 on Pt(410) was studied using temperature-programmed desorption (TPD) and X-ray photoelectron spec-
troscopy (XPS). Molecular NH3 desorbed from Pt(410) between 100 and 450 K, and dissociation was not observed. Radiation (X-rays, electrons)
induced NHj3,q dissociation, and as a result several dissociation products (NH»,4q, NH,q, and N,q) were observed in the N 1s core-level spec-
trum. NH,q is a rather stable dissociation product that starts to dehydrogenate above 350 K. The N,4 and H,q formed in this process desorbed
on formation (as Ny and H»). Both molecular and dissociative O, adsorption were observed after the surface was exposed to O»(g) at 100 K.
Molecularly adsorbed O, desorbed below 200 K, whereas atomic oxygen desorbed (as O,) between 600 and 900 K, in two distinct desorption
peaks. In the O 1s core-level spectrum, both molecular O, and two different types of O,q were distinguished. NH3,4 dissociation was observed
on an oxygen-presaturated surface. The NH3,4 oxy-dehydrogenation started at 150 K. NO,q and NO(g) were also observed, but only during ex-
periments in which an excess of O,q was available. NO,q desorbed/decomposed between 400 and 500 K. For the steady-state ammonia oxidation
reaction, Np and HyO were the major products at low temperatures, whereas the selectivity toward NO and HyO changed at higher temperatures.
This selectivity change can be attributed to changes in surface composition.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction presence of oxygen, several other species can are involved in
the surface chemistry, including O,g, OH,g, H2Oag4, and NOygq.
The complexity of the surface chemistry is reflected in the gas-
phase product selectivity during catalytic NH3 oxidation. Dif-
ferent gaseous products, including N, NO, and N;O, can be
formed. The selectivity depends on the type of catalyst, its sur-
face structure, and the experimental conditions, such as reactant
pressures, NH3/O; ratio, and catalyst temperature.

It has been found that ammonia decomposition does not take
place on Pt surfaces at temperatures below 400 K. Some NH3
decomposition has been observed above the NH3 desorption
temperature; in that case, stepped surfaces were found to be
more active than “smooth” surfaces [1,4,5]. On several metals,
including Pt, Ag, Ir, and Cu, the presence of oxygen has been
found to enhance NH3 dissociation [3,6—-11].
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Catalytic ammonia oxidation is an important process in the
chemical industry. It is used on a large scale to produce nitric
oxide, a precursor for nitric acid. The catalyst of choice for this
process is an alloy of Pt and Rh. A number of surface science
studies have been performed to unravel the surface chemistry
of NH3 on Pt surfaces in both the absence and presence of co-
adsorbed oxygen [1-3].

The surface chemistry of ammonia on a metal surface is
complex, involving several different surface species. Adsorp-
tion and decomposition of NH3 can in principle lead to five
different species: NH3aq, NHoaq, NHag, Nag, and Hyg. In the
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and {110} steps. Faceting of the surface was observed, resulting
in the formation of larger {100} terraces on which a (5 x 20)
reconstruction occurred. A more detailed discussion concern-
ing the actual surface structure of our Pt(410) sample has been
provided previously [12].

XPS was used to study the nature and concentration of
surface species, and the gas-phase reaction products were de-
tected by quadrupole mass spectrometry (QMS). The aim of
our experiments was to obtain fundamental insights into sur-
face processes, which can help elucidate the reaction pathways
involved in catalytic ammonia oxidation. Based on our previ-
ous studies, we also can compare the NH3 chemistry on Pt(410)
with that on (previously studied) Ir surfaces [9,13-16].

2. Experimental

The thermal desorption studies were performed using the ex-
perimental setup in Leiden, which has been described in more
detail elsewhere [12]. High-energy resolution fast XPS mea-
surements [17,18] were performed on the SuperESCA beam-
line of ELETTRA, the synchrotron radiation facility in Tri-
este, Italy. The vacuum system, with a base pressure of ~1 x
10710 mbar, is equipped with a sputter ion gun for sample
cleaning, a mass spectrometer, and LEED optics. Details about
the sample used in this study and the cleaning procedure can be
found elsewhere [12].

The N 1s spectra were measured with a photon energy of
496 eV, and the O 1s spectra were measured with a photon en-
ergy of 650 eV. Temperature-programmed XPS (TP-XPS) mea-
surements [19] were performed at a heating rate of 0.25 Ks™!.
The different core level regions were measured in a separate ex-
periment; that is, either O 1s or N 1s could be measured during
an experiment. The XPS spectra were evaluated after a linear
background was subtracted by fitting the peaks with a Doniach—
§unjic’ function convoluted with a Gaussian function [20].

Core-level binding energies of the different species were
measured with respect to the Fermi level. The position of the
Fermi edge was determined using an photon energy of 110 eV.
In recent experiments, we found that the position of the Fermi
level should be measured using the photon energy used for the
actual measurements as well, because the calibration of the pho-
ton energy was not very accurate (e.g., when the excitation
energy was set to 650 eV, the actual energy was ~647 eV).
As a result of the approach used here (i.e., measuring the Fermi
edge with a different photon energy than for the actual mea-
surements), the reported absolute binding energies (BEs) can
exhibit a (constant) shift with respect to literature values. There-
fore, the ABEs between different species instead of absolute
BEs should be used for comparison with literature data. This
issue affected only the comparison with literature data; the po-
sition of the different species remained constant throughout the
experiments. The N 1s and O 1s signals were normalized us-
ing the intensities obtained for a saturated NO layer at 100 K
(which was arbitrarily set to 1).

Both Sun et al. [21] and Schwaner et al. [22] found that ad-
sorbed NH3 decomposed when exposed to a beam of (~50 eV)
electrons. In the experimental setup used for the thermal de-

sorption experiments, radiation damage due to electrons from
the QMS filaments (~70 eV) can be excluded, because the
QMS was situated in a separate compartment, with only a
small hole connecting it to the main chamber (where the crystal
was located). In this setup, the likelihood of electrons gener-
ated by the QMS filaments reaching the sample surface is very
low. During the XPS measurements, NH3,q dissociation was
induced by the intense radiation (either X-rays or ~100 eV pho-
toelectrons). This is described in more detail in Section 3.1.

3. Results
3.1. NHj; surface chemistry

Thermal desorption spectra obtained after exposure to NH3
at 100 K are shown in Fig. la. Ammonia bonded directly to
the surface (through the nitrogen atom) desorbed molecularly
between 200 and 450 K. After an NH3 exposure of ~3 L,
a new desorption feature appeared, with a desorption maximum
at around 175 K. In line with literature assignments, this peak
can be attributed to desorption of a second NHj3 layer that was
hydrogen-bonded to the first, chemisorbed layer [5,13,23-26].
Even higher exposures led to the formation of NH3 multilayers
that desorbed at around 120 K [5,27]. The observed peaks are
very similar to the desorption spectra observed for other Pt sur-
faces, and the presence of steps seemed to have little effect on
the desorption spectra. No or Hp desorption was not observed,
indicating that NH3 dissociation did not take place on the clean
surface.

Fig. 2a shows one of the N 1s core-level spectra obtained
during XPS experiments of an adsorbed NH3/NH, 4 layer. It
also shows the fitting components used to deconvolute the spec-
tra. The BEs of all of the fitting components used to evaluate the
XPS data are summarized in Table 1. Fig. 2b shows a series of
spectra taken during heating of an adsorbed NH3/NH,,q layer
in vacuum. Ammonia was dosed at 175 K, to avoid formation of
the NH3 double layer. During the uptake (not shown), initially
only molecular ammonia was observed (at 400 eV). However,
the intense radiation (either X-rays or the resulting ~100-eV
photoelectrons) induced dissociation of the adsorbed NH3, and
another peak developed at 398.3 eV, assigned to NH,q. We sug-
gest that another small peak was present at 399.1 eV, which is
assigned to NH»,q on the basis of its BE. This peak was never
clearly resolved, and the concentration of this species was low.
Heating of the dissociated NH,,q layer (Figs. 1c and 2b) re-
sulted in the formation of an additional (small) peak at 397.4 eV,
assigned to Nyq. This assignment is in line with literature data
[8,13,21] in which the ABE among various NH,,q species was
reported to be ~1 eV on several different metal surfaces. The
same BE component was observed after NO dissociation on this
surface [12]. Fig. 1c shows the results obtained after evaluation
of the data shown in Fig. 2b using the components shown in
panel (a). NH3,q desorbed between 175 and 400 K, and NHy,g
decomposed (into NHyg and H,g) between 175 and 250 K.
NH,q decomposition was observed above 350 K. As a result,
a small amount of Nyq that desorbed almost immediately on
formation (as Nj) was observed.
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