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The influence of Mn deposited on a Pd(100) surface on the adsorption, dissociation and desorption properties of NO has been studied

using infrared reflection absorption spectroscopy (IRAS), temperature-programmed desorption (TPD) and X-ray photoelectron

spectroscopy (XPS). On the Mn/Pd(100) surface, only the NO adsorbed on the Pd was observed at 320K. Thermal dissociation of NO

did not occur on the clean Pd(100) surface; it did occur, however, on the Mn/Pd(100) surface at 320K. A Pd–Mn alloy was formed by

deposition of Mn onto the Pd(100) surface; the formation of the Pd–Mn alloy was correlated with the activity of NO dissociation,

assuming that it was the active site for this dissociation. The oxygen produced from the dissociation of NO was found to destroy the Pd–

Mn alloy, forming MnOx. No desorption of oxygen from MnOx on Pd(100) was observed below 1200K.
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1. Introduction

The direct decomposition of NO to N2 and O2 over a
solid catalyst is a very attractive reaction for removal of
this pollutant from exhaust streams. Metal surfaces are
known to be effective in catalyzing the elementary steps
involved of adsorption and dissociation of NO, and
desorption of N2 and O2 [1]. In particular, extensive
studies have been conducted on the direct decomposition
of NO over supported powder catalysts of noble metals
such as Rh, Pt and Pd [2–4]. A serious problem for the
direct decomposition of NO is the decreased activity
due to oxidation of the catalyst surface by oxygen
contained in the feed or produced by the dissociation
of NO. Cu-ZSM-5 is the most effective catalyst for NO
decomposition in the presence of oxygen [5]. A number
of studies have focused on catalyst development for
NO decomposition in the presence of oxygen [6];
however, no catalyst having a higher activity than Cu-
ZSM-5 has yet been reported.

The influence of surface structure on NO decomposi-
tion on a noble metal single-crystal surface was examined
using surface science techniques. On a Rh single-crystal
surface [7–10], dissociation of NO on both flat and
stepped surfaces has been reported, although the disso-
ciation temperature (120–400K) depends on the surface
structure. Nitrogen and oxygen produced from the NO
dissociation on the Rh surface desorb at 450–740K
and >830K, respectively.

On a Pt single-crystal surface, the Pt(100) was active in
the dissociation of NO, while Pt(111) and Pt(110) were

inactive [11–14]. On the other hand, Masel’s group
reported that the stepped Pt surface was active in NO
dissociation [12,15,16]. Banholzer and Masel found
that the stepped Pt(410) surface showed NO dissociation
percentage of >98% [15]. Furthermore, Pt(410) was
found to be considerably more active for the NO disso-
ciation than Pt(210), even though the step geometry is
identical on the two surfaces and the step density is
higher on Pt(210) [16]. It was concluded that the active
site for NO decomposition on the Pt surface consists of
a specific arrangement of atoms and is not just a step
on the surface. It has been reported that both the NO
dissociation and the desorption of nitrogen from the
dissociated NO on the Pt surface occur at <500K,
while oxygen from the dissociated NO desorbs only at
>700K [11–13,15,16].

As for Pd single-crystal surfaces, the flat surface
shows almost no activity for the dissociation of NO,
while the stepped surface is active [17–19]. The NO
dissociation and the desorption of nitrogen from
dissociated NO on the stepped surface occur around
500K, although no desorption of oxygen from the
dissociated NO was observed below 1200K [18]. It was
thus clear that a higher temperature was needed for the
desorption of oxygen produced from the dissociation
of NO on a noble metal surface compared with the
temperature of the NO dissociation or the desorption
of nitrogen from the dissociated NO.

We have previously examined the effect of surface
structure on the adsorption, dissociation and desorption
properties of NO on Pd(100), (111) and (311) surfaces
using infrared reflection absorption spectroscopy (IRAS)
and temperature-programmed desorption (TPD) [20].
The dissociation of NO proceeds only on the stepped
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Pd(311) surface, where the desorption of N2 is observed at
550K, but no O2 desorption was observed below 1200K.
Furthermore, the amount of NO adsorption on Pd(311)
decreases with run number of the repeated adsorption
and thermal dissociation of NO. The diffusion of
oxygen from the dissociated NO into the subsurface or
the bulk is observed on the stepped Pd(112) surface
using high-resolution electron energy loss spectroscopy
[18], assuming that the inhibition of NO adsorption by
the repetition of the NO dissociation was due to the
oxidation of the Pd by the oxygen incorporated into the
subsurface or the bulk through the step sites of Pd(311).

It has been reported that Cu–Mn oxide powder
catalysts are active in the direct decomposition of NO
at room temperature [21]. Furthermore, the NO dissocia-
tion proceeds on anMn-deposited Pd(100) surface below
300K [22]. Theoretical calculations reveal that the N–O
bond is weaker on the (111) and (100) surfaces of the
Pd3Mn alloy compared with the pure Pd metal surface,
and hence that NO dissociates more easily on the alloy
than on pure Pd [23]. Thus, the Mn-deposited Pd surface
is effective for NO dissociation. However, the desorption
behavior of the oxygen produced from the dissociation
of NO has not been investigated. In this study, we have
examined the effect of Mn deposited on the Pd(100)
surface on the reactivity of NO together with the
desorption characteristics of the oxygen produced from
its dissociation using IRAS, TPD and X-ray photo-
electron spectroscopy (XPS).

2. Experimental

The IRAS and TPD experiments were carried out in an
ultrahigh-vacuum (UHV) apparatus composed of four
chambers: a load-lock chamber for changing samples
(<2� 10�9 torr), a preparation chamber equipped with
an ion gun for Arþ sputtering and an Mn deposition
unit (<4� 10�10 torr), a surface analysis chamber holding
facilities for Auger electron spectroscopy (AES) and quad-
rupolemass spectroscopy (<8� 10�11 torr), and a reaction
chamber (<9� 10�10 torr) in which the NO adsorption
experiments were performed. An infrared spectrometer
with a liquid nitrogen-cooled mercury–cadmium–telluride
detector was situated next to the reaction chamber,
allowing IRA spectra during the NO exposure to be
obtained. The spectra were recorded at a resolution of
4 cm�1 by 100 scans in a total measurement time of 30 s.

The XPS experiments were performed in a UHV
apparatus composed of two chambers, a surface analysis
chamber (<2� 10�10 torr) and a preparation chamber
(<3� 10�8 torr). The analysis chamber was equipped
with an ion gun for Arþ sputtering, a photoelectron
analyzer for XPS and a doser for adjusting the NO
exposure. An Mn deposition unit was situated in the
preparation chamber. XPS spectra were measured with
MgK� radiation.

The Pd(100) single-crystal disc (8mm diameter, 1mm
thickness, 99.999% purity) was polished only on one
plane. The accuracy of the crystal plane was within 18
and the surface roughness was <0.03�m. The Pd(100)
surface was cleaned by Arþ sputtering at 1000K for
10min, annealed at 1000K in 8� 10�8 torr of oxygen
for 15min, then annealed at 1200K in vacuum. The
surface cleanliness of the sample was verified by AES
and XPS. However, the AES peak of C(KLL) over-
lapped with the Pd(MNN) peak so the absence of
carbon impurity was confirmed by noting the lack of
CO and CO2 thermal desorption following the adsorp-
tion of oxygen at room temperature.

The Mn was deposited onto the Pd(100) surface by
electric heating of an Mn flake wrapped in tungsten
foil. Varying the deposition time at a constant current
controlled the amount of Mn. After the deposition of
Mn, the sample was annealed at 873K in vacuum for
5min before the NO adsorption experiment. The adsorp-
tion of NO (99.9% pure) was carried out at 5� 10�8 torr
of NO exposure and a sample temperature of 320K. The
TPD experiments were performed at a 1.0K/s heating
rate.

3. Results and discussion

3.1. Adsorption and decomposition of NO on
Mn-deposited Pd(100)

The effect of the Mn deposited on the Pd(100) surface
on the adsorption and decomposition properties of NO
was examined using IRAS and TPD. Figure 1 shows
IRA spectra of NO adsorbed on Mn/Pd(100) surfaces
with various Mn coverages (0–5.3 monolayer (ML))
during NO exposure at 320K and 200L. The peak of
NO adsorbed on the two-fold bridge site was observed
at 1666 cm�1 for the clean Pd(100) surface [20]. Only
the peak of NO adsorbed on Pd was observed for the
Mn/Pd(100) surface. No new adsorption peak appeared
after deposition of Mn. Further, we observed that the
peak intensity of NO adsorbed onMn/Pd(100) decreased
with increasing Mn coverage, indicating that the number
of Pd atoms exposed at the surface decreased with the
deposition of Mn. No adsorption peak of NO was
observed above 5ML of Mn coverage, indicating that
the surface Pd atoms were completely covered.

The TPD spectra of NO (m/e¼ 30) and N2 (m/e¼ 28)
after exposing the Mn/Pd(100) surface (0, 1.6, 3.5,
5.3ML of Mn coverage) to 200L of NO at 320K are
shown in figure 2. The NO desorption peak, but no N2

desorption peak, was observed at 540K for the clean
Pd(100) surface, indicating that the thermal dissociation
of NO does not occur [20]. In contrast, for Mn/Pd(100),
N2 was observed to desorb at �750K in addition to the
desorption of NO, where no desorption peaks of O2 or
N2O were observed below 1200K. This clearly indicates
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that the dissociation of NO occurring on the Pd(100)
surface is induced by the deposition of Mn. The NO
adsorbed on the Pd of the Mn/Pd(100) surface was
found to desorb near 480K, i.e., about 60K lower than
the desorption temperature of NO adsorbed on the
clean Pd(100) surface. This indicates that the binding
energy of NO–Pd is weaker on Mn/Pd(100) than on

Pd(100). This result is in accordance with theoretical
calculations predicting that NO adsorbed on a
Pd3Mn(100) surface is less strongly bound than on
pure Pd, because a small magnetic moment remains on
NO adsorbed on the surface [24].

Figure 3 shows the amount of N2 desorption from the
Mn/Pd(100) surface as a function of Mn coverage after
exposure to 200L of NO at 320K. The amount of N2

desorption increased with Mn coverage below 3.5ML
and decreased between 3.5 and 7ML. The optimum Mn
coverage for the dissociation of NO was 3.5ML, indicat-
ing that both Pd and Mn atoms produced effective sites
for the NO dissociation. The amount of N2 desorbed at
3.5ML of Mn coverage corresponded to about 0.5ML
of nitrogen coverage, in agreement with that formed by
the thermal dissociation of saturated NO on Pd(311) at
320K. Above 7ML of Mn coverage, where the surface
was completely covered by Mn, the activity for the NO

Figure 1. IRA spectra of NO adsorbed on Mn/Pd(100) surfaces with

various Mn coverages (0–5.3ML) during NO exposure at 320K and 200L.

Figure 2. TPD spectra of NO (m/e¼ 30, left) and N2 (m/e¼ 28, right) after exposing theMn/Pd(100) surface (0, 1.6, 3.5, 5.3ML ofMn coverage) to 200L of

NO at 320K.

Figure 3. Amount of N2 desorption from the Mn/Pd(100) surface as a

function of Mn coverage after exposure to 200L of NO at 320K.
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dissociation became almost constant, indicating that the
dissociation of NO occurred on the surface of the Mn
alone.

The amount of NO adsorption decreased with
increased Mn coverage as shown in figure 1, while the
amount of N2 desorbed increased with the Mn coverage
below 3.5ML. This result indicates that the dissociation
of NO occurs during the NO exposure at 320K. Sandell
et al. [25] have also reported that NO adsorbed molecu-
larly on 0.7ML Mn/Pd(100) at 100K dissociates upon
heating to 325K. Using photoelectron spectroscopy,
they confirmed Na and Oa on the surface resulting
from NO dissociation.

It was found that the dissociation of NO proceeded on
the Mn/Pd(100) surface below 320K, while the N2

desorption by the recombination of dissociated nitrogen
occurred at 750K regardless of Mn coverage as shown in
figure 2. On the other hand, we have previously examined
the adsorption, dissociation and desorption properties of
NO on the stepped Pd(311) surface [20]. The nitrogen
produced from NO dissociation on the stepped Pd
surface was shown to desorb at 550K, where the NO
molecularly adsorbed at 320K. It was thus found that
the Mn/Pd(100) surface had a high dissociation activity
of NO at low temperature compared with the stepped
Pd surface, while the N2 desorption from the Mn/
Pd(100) surface required a 200K higher temperature
compared with that from the stepped Pd surface.

3.2. Surface analysis by XPS

The surface analysis for Mn/Pd(100) before and after
the NO exposure was carried out by XPS. Figure 4 shows
the Pd 3d5=2 and Mn 2p3=2 spectra of Mn/Pd(100) with
various Mn coverages taken before the NO exposure.
In the Pd 3d5=2 spectra, one peak was observed at
335.3 eV and another at 336.3 eV. The peak at

335.3 eV, which agreed with the binding energy of the
Pd 3d5=2 peak for the clean Pd(100) surface, was
identified as metallic Pd. Previous work has shown that
the Pd 3d5=2 peak for the Pd–Mn alloy shifts about
1 eV toward higher binding energy compared with that
for metallic Pd [22,25]. The peak at 336.3 eV could be
identified as Pd in the Pd–Mn alloy. The deposition of
Mn on the Pd(100) surface results in the formation of a
Pd–Mn alloy.

In the Mn 2p3=2 spectra, one peak appeared at
639.0 eV and another at 640.2 eV. The peak at 639.0 eV
was assigned to metallic Mn based on literature data
[26]. As no oxygen species were detected on the surface
before NO exposure, it was evident the other 640.2 eV
peak could not be due to the Mn oxide, although the
binding energy was close to that of MnO (640.5–
641.4 eV) [26]. The peak is tentatively assigned to Mn
in the Pd–Mn alloy.

Figure 5 shows the N 1s and O 1s spectra for Mn/
Pd(100) after the NO exposure at 320K. Peaks due to
atomic nitrogen and oxygen formed by the NO dissocia-
tion were observed at 396.5 and 530.0 eV, respectively
[25]. This indicates that the NO dissociates on the Mn/
Pd(100) surface at 320K. In addition, the amount of
atomic nitrogen was well correlated with that of the N2

desorption from the Mn/Pd(100) surface (figure 3).
The Pd 3d5=2 and Mn 2p3=2 spectra of Mn/Pd(100)

with various Mn coverages taken after the NO exposure
at 320K are shown in figure 6. In the Pd 3d5=2 spectra,
two peaks due to the metallic Pd and Pd in the Pd–Mn
alloy were observed at 335.3 and 336.3 eV, respectively.
These binding energies agreed with those before the
NO exposure (figure 4); however, the peak area ratio of
Pd for the Pd–Mn alloy/metallic Pd was smaller than
that before NO exposure for every Mn coverage investi-
gated. In the Mn 2p3=2 spectra, on the other hand, one
peak was observed at 639.0 eV and another at 640.4 eV.

Figure 4. Pd 3d5=2 and Mn 2p3=2 spectra of Mn/Pd(100) with various Mn coverages taken before the NO exposure.

94 I. Nakamura et al. / Mn deposited on Pd(100) surface



In this case, the metallic Mn ratio (630.9 eV) became
small compared with that before NO exposure. The
proportion of Pd–Mn alloy and metallic Mn on the
Mn/Pd(100) surface decreased on exposure to NO at
320K.

The oxygen produced by dissociation of NO was
detected on the Mn/Pd(100) surface as shown in the O
1s spectra (see figure 5). The dissociated oxygen on the
clean Pd(100) surface after dosing with O2 began to
desorb from 800K. However, no desorption of the
oxygen from dissociated NO on Mn/Pd(100) was
observed below 1200K, and the O 1s peak was detected
even after TPD. We conclude that this oxygen is bound
to Mn. Furthermore, the 640.4 eV peak became broad
compared with that before the NO exposure, indicating
that the Mn was oxidized to MnOx. It appears that the
Pd–Mn alloy was converted to MnOx by oxygen arising
from the dissociation of NO.

3.3. Pd–Mn alloy

The coverages of the Pd (336.3 eV) and the Mn
(640.2 eV) for the Pd–Mn alloy forming on the Pd(100)
surface before the NO exposure (figure 4) as a function
of Mn coverage are plotted in figure 7. The coverage of
the Pd for the Pd–Mn alloy increased with Mn coverage
up to about 3ML and decreased above 3ML. This
feature was similar to that of the N2 desorption from
the Mn/Pd(100) surface as shown in figure 3, assuming
that the Pd–Mn alloy was the active site for the dissocia-
tion of NO. The decrease of the Pd–Mn alloy above
3ML is probably due to the covering by metallic Mn.
Furthermore, the coverages of the Pd and the Mn for
the Pd–Mn alloy were found to exhibit a similar depen-
dence on Mn coverage. This strongly supported the
assignment of the Mn 2p3=2 peak at 640.2 eV to Mn
in the Pd–Mn alloy. The ratios of Pd and Mn for the

Figure 5. N 1s and O 1s spectra for Mn/Pd(100) after the NO exposure at 320K.

Figure 6. Pd 3d5=2 and Mn 2p3=2 spectra of Mn/Pd(100) with various Mn coverages taken after the NO exposure at 320K.
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Pd–Mn alloy were almost equal (figure 7), which was
consistent with that for a c(2� 2) Pd–Mn alloy observed
on Mn-deposited Pd(100) by LEED [22,25,27,28] and
STM [25,28].

As shown in figure 6, the Pd–Mn alloy was destroyed
by the oxygen produced from the dissociation of NO,
forming MnOx. In order to clarify the influence of the
MnOx on NO decomposition, the amount of N2

desorption from Mn/Pd(100) at 2.3ML of Mn coverage
was examined for each run number of repeated NO expo-
sure and thermal desorption. In run 2, the amount of N2

desorption declined to half of its initial value; it reached
zero in run 3. The activity of NO decomposition was
shown to decrease with run number. It was thus found
that the activity of NO decomposition decreased with
the formation of MnOx. This result strongly suggests
that the Pd–Mn alloy is the active site for NO dissociation.

4. Conclusions

(1) Thermal dissociation of NO does not proceed on a
clean Pd(100) surface. Dissociation of NO occurs at
320K after deposition of Mn onto the Pd(100) surface.

(2) Surface analysis using XPS shows that a Pd–Mn
alloy is formed by deposition of Mn onto the Pd(100)
surface. The coverage of the Pd–Mn alloy was correlated
with the activity of NO dissociation, assuming that the
Pd–Mn alloy was the active site.

(3) The Pd–Mn alloy was destroyed by oxygen
produced from the dissociation of NO, forming MnOx;
the activity of NO decomposition decreased with the
formation of MnOx. No desorption of oxygen from
the decomposition of MnOx on Pd(100) was observed
below 1200K.
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