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Abstract

Nitric oxide (NO) chemisorption is a sensitive chemical probe of the electronic structure and reactivity of metal
surfaces. We have used NO, in conjunction with temperature programmed desorption and high resolution electron
energy loss spectroscopy, to explore the altered reactivity of ultrathin (monolayer, bilayer, trilayer) Pd films deposited
on Ta(l 10). The reactivity of the Pd-monolayer film is strongly altered from that of bulk-terminated Pd surfaces. NO is
molecularly adsorbed on the Pd monolayer at 95 K, but the desorption activation energy is decreased to only 8 kcal/
mol, and N,O is the primary desorption product. At low initial NO coverages, N,O desorbs in a reaction rate-limited
peak at 129 K, which grows and shifts up in temperature, with increasing coverage, to 159 K at saturation. NO de-
sorption occurs at 135 K, in addition to N,O, at high coverages. Separate N,O adsorption experiments show that N,O
is weakly and reversibly bound to the Pd monolayer film, desorbing by 115 K. NO chemisorption and reaction was
independent of the initial geometric structure of the Pd monolayer, i.e., nearly identical results were obtained when
using a pseudomorphic-bee(1 10) or incommensurate-fec(1 11) Pd monolayer. However, the chemical properties and
reactivity of the Pd films rapidly returned to that of bulk Pd(1 1 1) surfaces as the Pd film thickness was increased above
one monolayer. “Tuning” of NO chemistry on these Pd films was possible for initial thicknesses of 2-3 layers. The
interaction of NO with a Pd monolayer on Ta(1 10) closely resembles that of NO with a Ag(1 1 1) surface, supporting
the interpretation that Pd-Ta bonding interactions lead to a filled Pd d-band resulting in more noble metal-like
properties. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The chemisorption properties of monolayer and
ultrathin (bilayer, trilayer, etc.) films of Pd on re-
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fractory metal substrates are very different from
those of bulk-terminated Pd surfaces. This was
discovered by investigations that explored the in-
teraction of H, [1-6] and CO [1-4,7-13] with such
Pd films. These studies showed that H, and CO
chemisorption was much weaker on a Pd mono-
layer than on thick Pd films. However, H, and CO
chemisorption do not nearly give a complete de-
scription of the reactivity of these ultrathin Pd
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films, and we are motivated to make further in-
vestigations of the chemisorption and reaction of
other appropriate probe molecules to explore and
help elucidate the underlying reasons for the al-
tered chemisorption properties of these films.

Ultrathin films of Pd on refractory metal sub-
strates have a very different electronic structure
from that of bulk Pd samples. This was shown
originally in ultraviolet photoelectron spectro-
scopy (UPS) spectra from Pd/Nb(110) and Pd/
Ta(110), which showed a reduced density-of-
states (DOS) at the Fermi energy (Ey), and an at-
tenuation and shift to higher binding energy of the
4d band [14-18]. The origin of this difference was
originally interpreted as the complete filling of the
Pd 4d band [19]. This could occur by charge
transfer from the substrate to Pd and/or by sub-
strate-induced rehybridization of the Pd valence
orbitals (s to d conversion). However, X-ray pho-
toelectron spectroscopy (XPS) measurements for
Pd monolayers on Ta(110) [20] showed a shift of
the Pd (3d) core levels to higher binding energy
when compared to the surface atoms of Pd(100),
and this shift was attributed to charge transfer
from the Pd overlayer to the substrate, creating
a partial positive charge on the Pd atoms in the
monolayer [21]. It was argued that there was a
lower Pd 4d electron density in the Pd mono-
layer than at bulk Pd surfaces. The difficulties in
understanding core-level shifts in XPS are well
known, and considerable debate could surround
this issue for some time [22]. For example, Pd s-
to-d rehybridization could also cause core-levels to
shift to higher binding energy (because valence s
electrons screen the nucleus more effectively than
valence d electrons), and final state effects in XPS
[23] make it difficult to interpret small XPS shifts.
In addition, the Ta (4f) surface core-levels also
shift toward higher binding energy upon Pd de-
position [24], which is contrary to the result
expected within the framework of a simple charge-
transfer model.

Probing the chemistry of these Pd films using dif-
ferent molecules offers a supplemental approach to
these difficult spectroscopic problems. Previously,
we have investigated the chemisorption properties
of H, [6] and CO [12] on Pd/Ta(110). Acetylene
and benzene chemisorption, along with the acety-

lene-cyclotrimerization reaction, was also explored
on Pd/Ta(110), and these results will be reported
separately. In the present paper, we discuss nitric
oxide (NO) chemisorption studies on ultrathin Pd
films on Ta(1 1 0). A brief study of N,O adsorption
was also made because we observed N,O as a re-
action product in the NO experiments.

NO is a versatile probe molecule, in part, be-
cause NO is a weaker m-acid (w-acceptor) than CO
and probes different parts of the electron density
during chemisorption on metals. NO is also a
much more sensitive and versatile ligand than CO
because of its singly occupied 27* orbital and thus
resultant possibilities for covalent bonding. NO
bonds in both linear and bent geometries on atop
sites [25-28] or bridging sites [26-30], or in a “lying
down” configuration [31]. The weaker molecular
bond in NO compared to that in CO also leads
to more facile dissociation and reaction on late
transition metal surfaces, such as on Ag where low
temperature reactions form N,O [32-34]. Thus,
NO enables probing the Pd-monolayer and thin
film chemistry with more sensitivity than with CO.
Additionally, information on how surface reac-
tivity is controlled by Pd film structure and thick-
ness may aid in catalyst development for reducing
NO, emissions from internal-combustion engine
exhaust.

2. Experimental information

The UHV apparatus used in this study has been
described previously [35]. The instrumentation on
the chamber included a double-pass CMA with a
coaxial electron gun, LEED optics, UTI 100C
quadrupole mass spectrometer and high resolution
electron energy loss spectroscopy (HREELS) spec-
trometer. The base pressure of the chamber was
1 x 1071° Torr.

The Ta(110) single crystal was cleaned by Ar*
ion sputtering followed by repeated flashes to 2500
K in UHV. The temperature of the sample was
measured by a W-5%Re/W-26%Re thermocouple
spotwelded to the side of the sample. Pd was de-
posited on the Ta(110) surface by resistively
heating a 0.5-mm W wire which was wrapped with
0.1-mm Pd wire (Aesar, 99.99% pure).
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NO (Matheson, CP grade) was passed through a
dry ice-methanol trap prior to dosing. N,O (MG
Industries, 99.9%) was used without any further
purification. Dosing of all gases was carried out
using a glass microcapillary array doser attached
to a leak valve, with a flux enhancement factor of
50 over the measured background pressure. Ex-
posures are reported in units of Langmuirs (1 L =
1 x 107% Torrs) and the values given in this paper
have been corrected for ionization gauge efficiency
and doser enhancement factor. NO coverage was
determined by temperature programmed desorp-
tion (TPD) peak areas from a saturation NO dose
on a thick (6pg =5) film. The TPD peak profile
from this experiment reproduced the results from a
bulk-terminated Pd(111) surface which has a
saturation NO coverage of 0.75 ML.

The heating rate used during TPD experiments
was 5 K/s. HREELS was performed in the specu-
lar direction with an incident electron beam
energy of 4 eV. The resolution of the spectrometer
varied between 60 and 85 cm™!, and all spectra
were recorded with a substrate temperature of
T <100 K.

The growth and structure of Pd films formed by
vapor-deposition on Ta(l10) has been studied
previously [4,8,36,37]. At 300 K, growth is by a
Frank-van der Merwe (layer-by-layer) mechanism.
The first Pd layer grows in a two-dimensional,
pseudomorphic structure up to Opg = 0.65 (defined
relative to the atomic density of the (11 1) surface
of bulk Pd, 1.53 x 10> cm™2 for 0pg = 1). Subse-
quent deposition of Pd causes a “beat” pattern [37]
to appear in LEED with the new spots aligned
parallel to the short axis of the distorted hexagonal
pattern of the bcc(110) substrate. The beat pat-
tern indicates the onset of a structural phase-
transition and has been attributed to the formation
of fcc(111) islands [36,38,39]. Further deposi-
tion, up to fpg = 1, leads to the formation of an
fce(111) incommensurate Pd monolayer. As the Pd
film thickness is increased above a monolayer, the
beat pattern observed in LEED fades and a sym-
metric hexagonal pattern appears that is charac-
teristic of an fce(1 1 1) structure. The growth of Pd
films on Ta(1 10) at 125 K is characterized by AES
intensities that are nearly identical to those for

growth at 300 K, indicating similar film growth
and structure.

Regarding the thermal stability of these films,
the bce(110) pseudomorphic Pd monolayer is
stable to 1350 K, but the fce(111) incommensu-
rate Pd monolayer is stable only to temperatures
of 550-600 K. The beat pattern in LEED disap-
pears at these temperatures and a (1 x 1) pattern is
seen due to the formation of a pseudomorphic Pd
monolayer structure with 6py = 0.86. Thicker films
are less stable, and agglomerate into three dimen-
sional structures that are two- or three-layers thick
at temperatures as low as 370 K. Specifically for
a Pd bilayer (6pg =2) film, the Pd AES signal
sharply decreases after annealing to 350-450 K
and has only 85% of the initial intensity after
heating to 850 K. This has been attributed to the
formation of Pd clusters with an average thickness
estimated at two layers [36]. Heating to 550-600
K, causes the beat pattern to disappear and a new
pattern to form with elongated spots. This new
pattern changes at about 850 K to a (1 x 1) pat-
tern. The new LEED pattern has been associated
with two- or three-layer thick Pd clusters, with
a structure close to that of a bulk-terminated
Pd(100) crystal, on top of the pseudomorphic Pd
monolayer on Ta(110). This structure induces
only a 4% lattice strain in the Pd clusters compared
to the 20% lattice strain in the [1 1 0] direction of
the pseudomorphic structure. For Pd films with
Opq = 3, the beat pattern disappears at 650 instead
of 600 K, but otherwise the changes that occur in
the Pd and Ta AES intensities from annealing are
similar to those for Opy = 2.

Pd coverages reported in this paper were derived
from AES and LEED observations [36]. NO cov-
erages were estimated by comparing the thick film
NO desorption peak areas to those from known
coverages on a Pd(111) bulk terminated surface.
All of the NO and N,O adsorption experiments
were performed on Pd films that were preannealed
to 600 K, unless otherwise specified, in order to
minimize changes in the Pd film structure during
subsequent TPD experiments or annealing studies
of NO adlayers. For the 0pqy = 1 film experiments,
the annealing conditions prior to gas dosing did
not remove the beat pattern in LEED that is
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characteristic of the fcc(11 1) Pd monolayer struc-
ture.

3. Results

3.1. NO adsorption on a fce(111)-Pd monolayer,
Opa =1

3.1.1. Temperature programmed desorption

Fig. 1 shows TPD spectra for NO and N,O
desorption after NO exposures on a 0pg = 1 film at
95 K. A desorption peak occurs at 129 K in the
NO spectra (Fig. 1a) at low initial NO exposures,
which grows and shifts up in temperature as the
NO exposure is increased, finally saturating at 159
K. NO desorption for this series of peaks is coin-
cident with N,O desorption throughout the entire
range of NO exposures and we attribute this signal
to cracking of an N,O product in the QMS ionizer
rather than to NO desorption. NO desorption at
135 K, and high initial NO exposures, has no
counterpart in the N,O spectrum and so is clearly
due to molecular NO desorption. The NO desorp-
tion activation energy E4 can be estimated to be 8
kcal/mol by Redhead analysis [40] assuming first-
order kinetics and a preexponential of 10713 s,

(@
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NO TPD
Pd/Ta(110); Bpy=1

159

Mass 30 Intensity (NO)

0.54 L

028 L

Mass 44 Intensity (N,O)

N,O was the primary desorption product in
TPD following NO exposures as shown in Fig. 1b.
N,O desorbs in a peak at 129 K at low NO ex-
posures, that increases in size and shifts up to 159
K as the peak saturates. Separate N,O desorption
experiments show that N,O desorption occurs in a
reaction rate-limited process, and thus the activa-
tion energy of these reactions can be estimated to
be 10 kcal/mol.

These results can be contrasted with NO ad-
sorption and desorption from the (1 1 1) surface of
a bulk Pd single crystal. For comparison, Fig. 2
reproduces previous TPD results after NO expo-
sures on Pd(111) at 100 K [27]. At low coverages,
NO desorbs in a high temperature peak at 540 K.
With increased coverage, this peak shifts slightly
to lower temperatures and new peaks appear at
290 and 270 K. Values for E4 corresponding to
these three peaks were estimated to be 38, 21 and
20 kcal/mol, respectively [27]. Adsorption wasc om-
pletely reversible; no desorption products other
than NO were observed and no decomposition of
NO occurred.

The chemistry of NO on the fcc(111)-Pd
monolayer film is dramatically altered. The reac-
tion of NO to form N,O is the dominant thermal
pathway and all NO desorption occurred below

(b) 159 N,O TPD
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Fig. 1. TPD spectra after NO exposures on a fpy = 1 film at 95 K: (a) NO TPD spectra (30 amu) and (b) N,O TPD spectra (44 amu).
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Fig. 2. NO TPD spectra after NO exposures on a Pd(111)
single crystal at 100 K.

250 K. Molecular NO desorption accounts for
only ~16% of adsorbed NO and there is a strong
reduction in the NO chemisorption bond energy
relative to even the most weakly bound states of
NO on bulk-terminated Pd(1 1 1) surfaces.

3.1.2. High resolution electron energy loss spectro-
scopy

Vibrational studies using HREELS were con-
ducted to characterize the nascent species formed
by NO adsorption on the fcc(1 1 1)-Pd monolayer
at 95 K. Fig. 3 shows some of these results. Loss
peaks near 340, 1594, and 1690 cm~! were ob-
served after a small, 0.28-L. NO exposure. Larger
exposures produced a broad, structured feature
with a peak at 1744 cm~'. The inset in Fig. 3
provides a decomposition of this feature into four
components at 1594, 1744, 1879 and 2059 cm™'.
Later, we assign these peaks to NO bonded in
bridge sites, the asymmetric and symmetric NO

Pd/Ta(110); 6,1

340
x10 T=95K

174 0.84-L NO

1594
1879

J 2059

17‘56

NO
Exposure

Intensity
e

56 L

LA L N L L L N N N I L L O L L B B

0 500 1000 1500 2000

Energy Loss (cm)

Fig. 3. HREELS spectra following NO exposures on a Opg = 1
film at 95 K. The inset shows a decomposition of the feature at
1744 cm™! into contributions from several components.

stretching bands of an adsorbed NO dimer (NO),,
and to coadsorbed CO, respectively.

As shown in Fig. 4, heating the surface to 125 K
after an initial exposure of 0.28-L NO eliminated
all loss peaks, which is consistent with the TPD
results. This exposure produced a coverage of
~15% of a monolayer.

Little change is caused by heating a monolayer
coverage to 125 K. Fig. 5 shows that annealing to
150 K caused the disappearance of the 1744 cm™!
feature, leaving a small broad peak at 1648 cm™'.
NO and N,O evolution occur in TPD near this
temperature. Heating to 175 K reduces the inten-
sity of the 1648 cm™' loss peak, and annealing to
250 K leaves only small peaks at 358 and 682
cm~!. These latter peaks are due to oxygen (or
possibly nitrogen) adatoms because N and O sig-
nals were detected subsequently by AES. However,
the chemical environment is different from that on
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Fig. 4. HREELS spectra following a 0.28-L NO exposure on
the Pd monolayer at 95 K, and after annealing to 125 K.

bulk Pd(111) where chemisorbed oxygen has a
peak at 475 cm~! and oxidation produces a broad
feature at 510 cm™' [21].

These results can be contrasted with HREELS
spectra for NO adsorbed on a bulk-terminated
Pd(111) sample [27]. Fig. 6 shows that low cov-
erages (Ono = 0.26) are characterized by a single
peak at 1570 cm™' that has been assigned to NO
occupying twofold bridge sites. Peaks occur at
1595 and 1735 cm™' with nearly equal intensities at
monolayer coverage. The peak at 1735 cm™! has
been attributed to NO coordinated at atop sites.
Also, HREELS spectra following a small, 0.28-L
NO exposure on a thick, Opg =5 film at 95 K
showed a single peak at 1558 cm™!, which is simi-
lar to that on bulk Pd(111). NO adsorption and
bonding on a 0pg = 5 film at 95 K corresponds well
to that on a bulk Pd(111) surface, but the ad-
sorption of NO on a Pd monolayer at 95 K is
completely different.

Annealing studies using HREELS show a tem-
perature dependence for the 1744 cm~' HREELS

Pd/Ta(110); Gpd=1
56 L NO exposure

Heated to:

250 K

Intensity

LI s e s s B B B L B S B e

0 500 1000 1500 2000 2500

Energy Loss (cm'l)

Fig. 5. HREELS spectra after a 56-L NO exposure on the Pd
monolayer at 95 K followed by annealing to the specified
temperature.

loss peak that corresponds to the desorption of
N,O observed in TPD studies. We propose that
the new adsorption state of NO formed on the Pd
monolayer film at 95 K is the precursor to N,O
formation.

We identify this species by comparing our re-
sults to data for NO adsorbed on Ag(111) [34].
N,O is formed in that system at low temperatures
from an NO dimer (NO), precursor which is stable
to 90 K. Bands in RAIRS at 1863 and 1788 cm™!
arise from the symmetric and asymmetric NO
stretching modes, respectively, of adsorbed (NO),.
As shown in the inset in Fig. 3, two peaks in the
spectra from the Pd monolayer are at similar en-
ergies to the NO dimer bands observed in RAIRS
from Ag(111). Then, the 1594 cm™' loss peak can
be assigned to bridge-bonded NO much like that
on the bulk Pd(111) surface.

One difference, however, is that the dominant
energy loss peak on the Pd monolayer occurs at
1744 cm™!, which is close in energy to the asymme-
tric mode on Ag(111). Only an “end-on” geometry
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Fig. 6. HREELS spectra for NO at several coverages on
Pd(111) at 95 K (top), and for a saturation coverage after
heating to the specified temperature (bottom).

for the dimer can give rise to this mode be-
cause of the dipole selection rule for specular
scattering in HREELS. In an end-on geometry,
both modes are allowed. The NO dimer at mono-
layer coverage on Ag(111) is oriented with the
N-N bond parallel to the surface plane with the
NO groups tilted by 30° [34]. In this orientation,
only the symmetric mode is observed at 1863 cm™".

3.1.3. LEED observations following NO exposure
The beat pattern in LEED for the 6pg = 1 film at
95 K was visible for NO exposures up to 1.2 L, but
the background intensity increased with NO ex-
posure. Larger exposures eventually caused the
beat spots to fade. No other ordered patterns

were observed and the beat spots reappeared after
heating to 400 K. This is different from the case
of CO adsorption on the Pd monolayer which
reversibly reconstructed the fec(111) structure at
95 K to form the pseudomorphic bec(110) Pd
monolayer with a weak (1 x 1) pattern [12].

3.2. NO adsorption on ultrathin Pd films of
increasing thickness

TPD was used to probe adsorption and reaction
of NO on Pd films of varying thickness (0pq = 0.7,
1, 2, 3, and 5 ML). The 0pg = 0.7 and 1 films
correspond to Pd monolayers with pseudomorphic
bee(110) and incommensurate fcc(111) struc-
tures, respectively. Exposures of 0.54 and 0.84-L
NO produced intermediate coverages of 0.43 and
0.68 ML NO respectively.

NO and N,O TPD spectra shown in Fig. 7 were
obtained following 0.54-L NO exposures on seve-
ral Pd films at 95 K. Fig. 7a shows a single NO
desorption peak at 135 K on the 6pg = 0.73, 1 and
2 films that is primarily due to cracking of N,O in
the QMS. However, with an increase in film
thickness to 0pq = 3.2, high temperature, molecu-
lar NO desorption occurs. From a 0pg = 5 film,
NO desorption, in a peak at 484 K with a small
shoulder near 350 K, closely resembles that from a
bulk Pd(111) sample for a similar NO coverage
(see Fig. 3). N,O desorbed in a single peak at
135 K on the 0pg = 0.73 film as shown in Fig. 7b.
The amount of N,O desorption increased for the
Opg = 1 film, but then decreased as the Pd film
thickness was increased to 0pq = 2, and then fur-
ther to 0pg = 3.2. The N,O TPD peak temperature
did not change. No N,0 desorbed from the 0py =
5 film, in agreement with behavior on a bulk
Pd(111) sample.

TPD spectra after 0.84-L NO exposures on
several Pd films at 95 K are shown in Fig. 8.
The same trends as those in Fig. 7 are evident.
TPD spectra from the pseudomorphic (0pqg = 0.71)
and incommensurate (fpy = 1) monolayer films are
nearly the same, but more N,O desorbs from the
fcc(111) Pd monolayer than from the pseudo-
morphic Pd monolayer. NO TPD spectra are
dominated at low temperature by N,O cracking
peaks on Pd films up to 6pg = 2.5. The Opy = 3 film
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Fig. 7. TPD spectra following 0.54-L NO exposures on Pd films at 95 K: (a) NO TPD spectra (30 amu) and (b) N,O TPD spectra (44

amu).

(@ NOTPD Pd/Ta(110)
0.84 LNO

489K

Mass 30 Intensity (NO)

AR LR RN RS LA LR Las LEARY LR LAR LALRE LAY )

100 200 300 400 500 600
Temperature (K)

(b) N,0 TPD Pd/Ta(110)
0.84L NO
T 144 K gﬂ

Mass 44 Intensity (N,0)

100 200 3007 400 500 600

Temperature (K)

Fig. 8. TPD spectra following 0.84-L NO exposures on Pd films at 95 K: (a) NO TPD spectra (30 amu) and (b) N,O TPD spectra (44

amu).

shows behavior that is different from that at
Opqg = 2 and 5. On the Opg = 5 film, two NO de-
sorption peaks occur that are nearly identical to
the NO TPD peaks seen for NO adsorbed on a
bulk Pd(111) surface. N,O desorption declines as

the Pd film thickness increases above 0pq = 1, and
there is no N,O desorption from the Opq = 5 film.

The amount of NO and N,0O desorption as the
Pd film thickness is increased can be quantified
using the TPD peak areas. Since 0.54 and 0.84-L
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exposures of NO show similar general trends,
we present only the 0.84-L NO data in Fig. 9. N,O
desorption increased from the fcc(111) Pd
monolayer compared to the bce(l10) Pd mono-
layer. This could arise from an increased number
of reaction sites available for NO conversion on
the monolayer with the higher Pd surface den-
sity, or from a lower susceptibility to regions of
exposed Ta atoms (e.g., at domain boundaries)
which could lead to facile and complete decom-
position of NO and thus a reduced product yield.
NO has nearly the same chemistry on the Pd
bilayer film, 6pq =2, as on the Pd monolayers.
However, as soon as the Pd thickness exceeds the
bilayer film, there is a sharp drop in the yield of
desorbed N,O. This occurs concurrently with in-

Pd/Ta(110); T=95 K
0.84L NO exposures

bee(110) Pd

fee(111) Pd Monolayer

Desorbed Product Yield

Deposited Pd Film (6

P

Fig. 9. Desorbed product yields of NO and N,O after an ex-
posure of 0.84-L NO on Pd films at 95 K.

creased NO desorption. On a thick Opq = 5 film,
N,O desorption is eliminated and NO desorbs in a
peak reminiscent of that on a bulk Pd(111) sur-
face (Fig. 2). On ultrathin Pd films on Ta, the CO
TPD areas remained essentially constant as the
film thickness was increased from 0py = 1 to 5 for
a saturation CO exposure [12].

3.3. NO adsorption on unannealed Pd films depos-
ited on Ta(110) at 100 K

Previous studies of H, and CO chemisorption
on Pd films deposited on Ta(l10) have shown
significant differences between annealed and un-
annealed Pd films [6,12]. We also investigated NO
adsorption on unannealed Pd films in order to
probe differences in the chemical reactivity from
annealed Pd films. Unannealed Pd films offer an
improved view of the difference in the chemistry
of Pd films that have thickness of one layer, two
layers, three layers, and so on, because prean-
nealing deposited Pd films to 600 K forms small Pd
clusters that are 2-3 layers thick on top of a par-
tially exposed Pd monolayer. Unannealed Pd films
are thought to be relatively flat [6,12,36], but will
likely have more “defects” than annealed Pd films
due to imperfect layering. Other disadvantages of
using unannealed films include poorer ordering in
the films, changing film structure during heating
in TPD, and increased amounts of coadsorbed
background gases.

Fig. 10a shows that no NO desorption occurs
following 0.54-L NO exposures on unannealed Pd
films with Opg <2 at 95 K. On a 0py = 3 film, NO
desorbs in a peak at 500 K. Increasing the Pd
film thickness to 0pg = 5 ML nearly doubles the
amount of NO desorption without any shift in the
desorption temperature. Fig. 10b shows that no
N,O desorption occurs from the 6pg = 0.73 film,
but a small, low-temperature, 44-amu peak was
observed at 125 K on thicker films. This peak is
due to CO, formed by CO oxidation on films
thicker than 1 ML (a coincident peak in the 12-
amu TPD signal was observed). A much larger
concentration of adsorbed CO is present in the
unannealed film experiments because CO accu-
mulates during Pd evaporation and character-
ization of the films using AES, and this is not
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Fig. 10. TPD spectra following 0.54-L NO exposures on unannealed Pd films at 95 K. Desorption curves from annealed Pd films are

shown as dashed lines for comparison.

driven off by preannealing prior to NO dosing.
Evidently, small NO coverages, diminished by the
site-blocking effects of preadsorbed CO, readily
oxidize CO to CO,.

Fig. 10 also includes a reproduction of the TPD
spectra from annealed films with 0pg = 0.73 (bot-
tom dashed curve) and 0pg = 5 (top dashed curve),
to enable a direct comparison with the results in
Fig. 7. This further supports the conclusion that a
Opq = 5 film has bulk-like Pd properties but that a
large change occurs in the chemical properties
of ultrathin films at or below two-layers thick.
The difficulties with coadsorbate contamination
in working with unannealed films, as explained
above, is also apparent.

3.4. N,O chemisorption on Pd films

N,O adsorption on two Pd films, with 0py = 1
and 5, was investigated to gain information about
the kinetics of N,O formation from reactions of
NO and to further probe the reactivity of these
films. Fig. 11 shows N,O TPD spectra following
large (saturation) exposures of N,O on prean-
nealed Pd films at 95 K. On both the 0pg = 1 and 5
films, N,O reversibly adsorbs and desorbs in a
single, low temperature peak near 115 K. The

small, broad feature near 190 K is due to desorp-
tion from Ta, as confirmed by experiments per-
formed on clean Ta(110). Signals at several other
masses, including 30 and 28 amu, were also moni-
tored and these results support the above conclu-
sions. N,O adsorbs weakly on Pd and no N,O
adsorption occurred on bulk-terminated Pd(111)
at 100 K [27].

The N,O TPD spectra in Fig. 11 also prove that
the rate-limiting step for the desorption of N,O in
TPD following NO exposures is not N,O desorp-
tion, but rather some surface reaction that forms
N,0. N,O evolution following a saturation NO
exposure on the 0py = 1 film (bottom curve), oc-
curs at a temperature 45 K higher than that re-
quired for N,O desorption from an adsorbed N,O
monolayer.

HREELS spectra following N,O adsorption on
the fee(111) Pd monolayer are shown in Fig. 12.
The energy loss peaks at 556, 1284, and 2228 cm™!
correspond well to those from an N,O multilayer
on Pt(111), with loss peaks at 590, 1300 and 2230
cm™! [41]. Thus, N,O adsorbs molecularly on the
Opq = 1 film. Furthermore, this spectrum proves
that there are no adsorbed N,O energy loss peaks
following NO adsorption on the fcc(111)-Pd
ML at 95 K prior to TPD. This supports the
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Fig. 11. N,O TPD spectra following 224-L. N,O exposures on
Opg =1 and Opg = 5 films at 95 K (top two curves). N,O de-
sorption from a NO monolayer on the 0py = 1 film is shown as
the bottom curve.

conclusion that some precursor is formed prior
to desorption of N,O from the Pd monolayer.

4. Discussion

The adsorption and reaction of NO on mono-
layer and bilayer Pd films on Ta(l10) is quite
different from NO chemisorption on thicker Pd
films or on bulk Pd, single-crystal surfaces. We
begin our discussion of this altered chemistry with
a comparison between the properties of the in-
commensurate fcc(1 1 1) Pd monolayer with 0py =
1 on Ta(l110) and (111) surfaces of bulk Pd
substrates.

On the Pd monolayer at 95 K, NO adsorbs
molecularly at low coverages, forming a surface-
bound NO dimer species (NO), in the adsorbed
layer. This species is a precursor to N,O for-
mation which decomposes to evolve N,O in a re-

Pd/Ta(110); 6,,~1

224 L N,0O exposure

Intensity
1

LA (NLIN L N I N L I L L L L N B B

0 500 1000 1500 2000 2500

Energy Loss (cm’)

Fig. 12. HREELS spectra following a 224-L N,0O exposure on
the fce(1 1 1) Pd monolayer at 95 K.

action-limited desorption peak in TPD. Some
NO desorption also occurs at high coverages.
On Pd(111), however, NO is molecularly chemi-
sorbed at bridging sites up to Ono = 0.5 and at
both atop and bridging sites at monolayer cover-
age. NO is completely reversibly adsorbed and this
surface shows no propensity for NO reaction or
dissociation.

The adsorption energy of NO is further evidence
of this altered chemistry. On the bulk-terminated
Pd(111) surface, Pd-NO bond strengths are 38,
21, and 20 kcal/mol [27]. In contrast, the Pd-NO
bond on the Pd monolayer is just 8 kcal/mol, a
reduction of 60% from even the most weakly
bound state on Pd(111).

The principle origin of the altered chemisorption
properties of the 0py = 1 film are not due to mor-
phological imperfections such as surface roughness
or step-like defects in the Pd film. Schmick and
Wassmuth [42] studied NO adsorption on a step-
ped Pd(111) surface which was inclined 3° to the
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(111) face. They observed decomposition of NO,
which was attributed to reactions at step sites, and
observed NO, N,O and N, desorption products.
However, the N,O and N, products desorbed at
temperatures above 400 K in contrast to the N,O
evolution at 160 K on the Pd films.

Another key comparison to make is to NO
chemistry on other crystal faces of bulk Pd, single-
crystal substrates, such as Pd(100) and Pd(110)
[43,44]. This provides some insight into the role
that may be played by alterations in the geometric
structure of the Pd monolayer. NO decomposition
was observed on Pd(100), but the reaction pro-
ducts were evolved only at temperatures exceeding
500 K. An NO dimer was assigned at high cover-
age on Pd(110), and a vibrational band at 1694
cm~! was correlated with a desorption peak at 270
K. Extensive surface reconstruction was also pro-
posed to occur. However, the reaction of this
species is different from the NO dimer formed on
the Pd monolayer, where N,O was produced in
high yield and at 129-159 K. Thus an altered Pd
geometry/symmetry does not completely explain
the altered reactivity of the Pd monolayer film.

This leaves modification of the electronic struc-
ture of Pd that arises from direct interaction
with the substrate or lattice strain as the principle
driving force for the unique chemistry of the Pd
monolayer film. It is of particular interest for un-
derstanding the changes that occur in the Pd film
electronic structure to compare the Pd film chemi-
stry to that on Rh [45] and Ag [32-34] surfaces.
In different limits of bonding interactions between
Pd and Ta, changes in the 4d valence-level electron
density by charge transfer and/or rehybridization
may cause Pd to more nearly resemble Rh or Ag.
Comparisons of the NO chemistry on Pd films
with that on Rh and Ag surfaces should constrain
possible theories on the origins of the altered Pd
film properties.

NO decomposes on both Rh(111) [45] and
Ag(111) surfaces [32-34]. In the case of Rh(111),
desorption of NO, O, and N, occurs at tempera-
tures above 400 K. No N,O desorption was ob-
served. In contrast, on Ag(111), NO, N,O and N,
products are formed which are desorbed below 200
K along with an O, product which desorbs at 510
K. There are a number of similarities between the

adsorption and reaction of NO on a Ag(111)
surface and on the 0py = 1 film on Ta(1 10), and a
more detailed comparison of the two surfaces is
warranted.

NO desorbs in a peak at 100 K after low NO
exposures on a Ag(111) surface [32,33]. At higher
exposures, this peak shifted 13 K higher and a new
NO desorption peak appeared at 90 K along with
much smaller peaks at 190 and 400 K. After large
NO exposures, N,O desorbed in peaks at the same
temperatures as the low-temperature NO peaks at
90 and 113 K. Ag(111) and the Pd monolayer
initially show single, low temperature peaks for
NO and N,O desorption which shift up in tem-
perature with NO coverage. A second NO de-
sorption peak occurs at lower temperatures on
both surfaces at higher coverages. However, the
N,O spectrum from the Pd monolayer has no
additional low temperature peak and no NO de-
sorption occurs at 190 or 400 K.

HREELS data for NO adsorption on Ag(l111)
[33] also has similarities to our results on the
Opq = 1 film. Loss peaks were observed at 234, 363,
1153, and 1282 cm™' for small NO exposures on
Ag(111). These were assigned to vag N0, VagNs
and vyo for bridge-bonded bent NO, and vno for
bridge-bonded linear NO, respectively. Small ex-
posures of NO on the 0pg = 1 film on the Ta(110)
surface gave rise to loss peaks at 322, 1588 and
1690 cm~! which were assigned to vpg_no and two
vno modes for NO adsorbed at bridge-bonded
sites. Large NO exposures on Ag(111) led to new
losses at 1750, 1879 and 2258 cm~! that were at-
tributed to vno of NO adsorbed in bent and linear
atop sites and to the N-N stretch of N,O respec-
tively. Large NO exposures on the 0py =1 film
lead to losses at 1594, 1744, and 1879 cm™' that
were assigned to vnyo and to the asymmetric and
symmetric NO-stretching modes of a NO dimer.

An isotopic RAIRS study by Brown et al. [34]
on Ag(111) offered alternative assignments for the
previous HREELS results [33]. Loss peaks at 1252
and 2233 cm ™! were assigned to adsorbed N,O and
peaks at 1863 and 1788 cm~! were determined to
result from the symmetric and asymmetric NO-
stretching modes of a NO species. This change in
interpretation of the NO chemistry on Ag(111)
makes it very similar to that on the Pd monolayer
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film. The primary difference is that no N,O vi-
brational modes were observed, and thus no N,O
product is stable on the Pd monolayer. This is
because (NO), is more stable on the Pd monolayer
and N,O formation is rate-limited by decomposi-
tion of the dimer at 160 K and then it desorbs
immediately. On Ag(111), N,O formation occurs
at 70-90 K and then N,O remains bound at the
surface until it desorbs at 115 K.

The pseudomorphic bec(l 10) Pd monolayer
and incommensurate fcc(1 1 1) Pd monolayer have
identical NO chemistry except for an increase in
N,O yield on the dense, incommensurate Pd layer.
The 6pg = 2 film also has chemistry that closely
resembles the 6pg =1 film. The most signifi-
cant difference is a decrease in the amount of N,O
and NO desorption. This is probably because of
an increased reactivity of the surface and the ac-
cumulation of tightly bound, adatom products.
However, a large change occurs for a Pd film
thickness of Opq = 3. For this film, the propensity
for reversible NO adsorption increases dramati-
cally and high temperature, NO desorption peaks
appear that reproduce those from bulk Pd(111)
single crystals. In annealed films, a significant
amount of the Pd monolayer is available for
adsorption and reaction because of morphology
changes that occur during annealing that create a
range of thicknesses for these Pd films. This ac-
counts for the low temperature N,O desorption.
By 0pq = 5, NO has no access to the Pd monolayer
or bilayer, and the properties of this film are
identical to bulk Pd(111) surfaces with respect to
NO chemisorption and reaction.

Access of NO to the Pd monolayer is more
quickly eliminated with increasing deposited-film
thickness for unannealed Pd films. But, increased
concentrations of surface imperfections cause the
amount of desorbing N,O to be much less than
that from the annealed Pd films. N,O desorption
from unannealed films with 0Opq > 1 is negligible.
This illustrates how quickly the altered chemi-
sorption properties drop off with Pd film thickness.
Less NO desorbs from the unannealed 0pq = 5 film
than from the annealed film because improved
ordering of the thick film surface by preannealing
greatly increases the propensity for reversible ad-
sorption.

NO chemisorption on the Pd monolayer on
Ta(110) resembles that on the Ag(l11) surface,
including low-temperature NO dimer formation
and N,O desorption. Ag carries out facile forma-
tion of a NO dimer which leads to formation of
N,O at very low temperatures [32-34]. These ob-
servations support conclusions that Pd interaction
with Ta(110) results in filling of the Pd d-band,
producing an electronic structure and reactivity
similar to that of Ag. Because of the similarities of
the pseudomorphic and incommensurate mono-
layers and the Pd bilayer film, lattice strain ap-
pears to play a less important role than direct
Pd-Ta bonding interactions that lead to rehy-
bridization and charge transfer. (Unless there is a
critical lattice strain beyond which no further
change occurs.)

Finally, we compare the chemistry of NO and
CO on these Pd films. The molecular orbital
structure of NO is the same as that for CO except
for an additional electron in the 27 orbital of free
NO. This makes the NO ligand a weaker w-acid
(electron acceptor) and a more versatile ligand
than CO because of the possibility of forming a
covalent bond to the surface with the unpaired 2n
electron. CO adsorbs on a 0pq = 1 film on Ta(110)
with an adsorption energy of 15 kcal/mol [4,13,36].
This is almost 40% lower than that observed on
Pd(111) (36 kcal/mol) [27,46] or on Pd(100) sur-
faces (38.5 kcal/mol) [47,48]. The adsorption
energy of NO is also strongly reduced on a fpg = 1
film on Ta(1 10) to 8 kcal/mol, which is only about
21% of that observed on Pd(111) (38 kcal/mol) or
on Pd(100) (30 kcal/mol) surfaces [30]. Adsorp-
tion of CO on Pd films on Ta(1 1 0) was completely
reversible, indicating that “defects” are not domi-
nating the observed chemistry.

5. Conclusions

NO and N,O chemisorption reveals new in-
sight into the chemisorption properties of ultrathin
Pd films deposited on Ta(l10). The desorption
energy of NO is greatly reduced to only 8 kcal/mol
on Pd monolayer (0pg = 0.76 and 1) and bilayer
(0pg = 2) films. NO adsorption on these films at 95
K leads to the formation of a NO dimer which
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decomposes at 140-160 K to yield N,O desorption
peaks in TPD. These data show that the interac-
tion of NO with the Pd monolayer and bilayer
films resembles that for a Ag(11 1) surface in many
respects. Thus, the chemistry that we observe for
NO adsorbed on the Pd monolayer and bilayer can
be explained by a completely filled Pd d band re-
sulting primarily from charge transfer and/or re-
hybridization of Pd to an electronic structure
similar to Ag. The surface reactivity of thicker Pd
films rapidly evolves to that of bulk Pd(1 1 1) sur-
faces, with some additional “tuning” of the NO
chemisorption properties possible only for Pd films
in the thickness range of 2-3 layers. NO chemi-
sorption on Pd films that are five-layers thick is
identical to that on bulk Pd(11 1) surfaces.
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