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NO reduction by CO was investigated over a AuPd(1 0 0) model catalyst at near atmospheric pressures.
The alloy catalyst exhibits higher CO2 formation rates below �550 K than does pure Pd, although the
binding energy of NO on the alloy surface is substantially less, i.e., its dissociation tendency is much less,
compared with pure Pd. This behavior is rationalized by the fact that the low CO/NO-binding energies
with the alloy surface provide a substantial population of empty ensembles for NO dissociation at rela-
tively low temperatures. Moreover, AuPd(1 0 0) catalyzes the CO + NO reaction with much higher N2

selectivity than does pure Pd. Reaction kinetics data reveal that contiguous Pd sites are essential for
NO dissociation. The reaction orders in CO and NO pressures, vastly different from Pd and Rh, are also
a consequence of the low-binding energies of CO and NO on the alloy surface. It is also found that
low-pressure NO promotes the CO + O2 reaction via gas-phase NO2 formation; the latter dissociates to
form O(ads) more efficiently than does O2 below �600 K. However, when the NO pressure exceeds a crit-
ical value, gas-phase NO2 causes surface oxidation and thus inhibits CO2 formation. The current study
suggests that AuPd alloys should be superior catalysts compared to traditional catalysts with respect
to the ‘‘cold start” problem in catalytic automobile pollutant removal.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction and supported particles/thin films on planar substrates) at pres-
Since the 1970s, three-way catalysts (TWCs) have been used in
the automobile industry to simultaneously (i) oxidize CO to CO2,
(ii) reduce NOx to N2, and (iii) combust unburnt hydrocarbons
[1–6]. The first generation TWCs were Pt/Rh (90/10) catalysts.
Although Rh exhibits superior properties compared with Pt and
Pd with respect to NOx removal and low-temperature CO oxida-
tion, it is scarce and thus expensive [3,7]. In the mid-1990s a
new generation of Pd-only TWCs was developed consisting of Pd
particles deposited on a high surface area oxide (typically c-alu-
mina) support with varying amounts of stabilizers and promoters
such as CeO2, SiO2, La2O3, and BaO [8]. While the total cost of Pd-
only TWCs is near that of Pt/Rh TWCs, it is preferred since Rh is
not required. Moreover, Pd-only TWCs exhibit excellent durability
[6]. However Pd-only TWCs have their disadvantages, a prominent
one being the so-called ‘‘cold start” problem, i.e., the poor perfor-
mance of Pd TWCs at low temperatures. Although this problem is
not unique for Pd, this problem is amplified in Pd TWCs by the ab-
sence of Rh, which offers better NOx removal and low-temperature
CO oxidation activity compared with Pd and Pt [1–6].

Over the past several decades, an in-depth knowledge of the
mechanisms and kinetics of chemical reactions relevant to cata-
lytic pollutant removal has been obtained using the so-called sur-
face science approach, i.e., using model catalysts (single crystals
ll rights reserved.
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sures from ultrahigh vacuum to practical conditions [9–24]. As
such, the inefficiency of Pd catalysts under certain conditions (for
example, at low temperatures) is well understood. First, the low
reactivity of Pd in catalyzing CO oxidation at relatively low temper-
atures is due to the well-known CO inhibition phenomenon [16–
18,22–24]. That is, the Pd surface is predominantly covered by
CO near room temperature such that the surface becomes very
inefficient in adsorbing and dissociating O2 for CO oxidation. This
arises due to the rather high-binding energy of CO with pure Pd
[9]. Clearly, decreasing the binding energy of CO reduces this inhi-
bition factor which, in turn, reduces the light-off temperature of a
working catalytic converter. Secondly, Pd-only catalysts are not
very effective and selective in NOx reduction. In terms of selectiv-
ity, the ideal nitrogen-containing product during NOx reduction is
N2. As mentioned above, Rh offers higher activity and better
selectivity (N2 versus N2O and/or NH3) compared with Pd [6]. Stud-
ies have shown that the less-ideal parallel reaction pathway
2NO + CO ? N2O + CO2 occurs at very high selectivity on pure Pd
[25–27]. This can be rationalized simply by the low dissociation
probability and higher binding energy of NO on Pd leading to the
coexistence of high surface coverages of N(ads) and NO(ads). This,
in turn, leads to higher yields of N2O. Even for Rh, although the
overall reactivity is higher, N2 selectivity is not satisfactory below
�800 K [28]. Because of the stricter standards for nitrogen emis-
sions from automobiles, there has been an intense search for
materials that are more selective in catalyzing N2 formation.
Accordingly, finding a suitable replacement for Rh is highly
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desirable both economically and environmentally. However, find-
ing other metals that are more efficient in NO dissociation (the
key step in NOx reduction) without losing reactivity toward CO oxi-
dation and hydrocarbon combustion is a daunting challenge.

Very recent US patents for exhaust catalysts using PdAu alloys
(preferentially at Au/Pd ratios of �0.8) in combination with other
precious metals (Pt, PtPd alloy, PtBi alloy, etc.) report substantially
reduced CO and hydrocarbon emissions. Unfortunately these cata-
lysts with PdAu alone do not perform very well in that they typi-
cally do not exhibit good hydrocarbon combustion activity [29].
In this investigation a AuPd(1 0 0) single crystal has been used as
a model catalyst to study CO oxidation and CO + NO reactions at
conditions found typically in an automotive converter, i.e., reac-
tions at or near stoichiometry, CO pressures of�0.01 atm, and tem-
peratures between 300 and 800 K. A study of CO + O2 has been
reported in detail elsewhere [30,31]. Briefly, we found high reactiv-
ity (orders of magnitude higher than pure Pd) below �500 K, due
primarily to the low-binding energies of CO with the AuPd(1 0 0)
surface such that CO inhibition is greatly reduced. In the present
study, we report the results of CO + NO and CO + NO + O2 reactions.
2. Experimental section

Polarization-modulation infrared reflection absorption spec-
troscopy (PM-IRAS) and reaction kinetics measurements were the
primary methods used in this study. The experimental apparatus
has been described in detail previously [22–24]. Briefly, the appa-
ratus consists of two parts: (1) an ultrahigh vacuum (UHV) section
equipped with Auger spectroscopy (AES), low energy electron dif-
fraction (LEED), a UTI 100 mass spectrometer (QMS), and (2) a
high-pressure reaction cell. The AuPd(1 0 0) bulk alloy single crys-
tal (Matek, bulk Au/Pd ratio 1/1) was cleaned by repeated ion sput-
tering at room temperature, followed by annealing at 800 K for 20–
30 min [32]. The cleanliness of the sample was verified by AES. The
annealing allowed an equilibrium concentration of surface Pd and
Au to be reached. Previously low energy ion scattering spectros-
copy (LEISS) has shown that following this treatment in ultrahigh
vacuum, the surface consists of �10% Pd and �90% Au [32]. For this
PdAu surface CO titration showed that surface Pd atoms are com-
pletely isolated by Au [31]. PM-IRAS measurements were carried
out using a Bruker Equinox 55 FTIR spectrometer coupled with a
polarization modulator to subtract the contribution of the infrared
signals from the gas phase. This method allows in situ measure-
ments of surface species over a wide range of pressures from
UHV to atmospheric. Kinetics measurements were conducted in a
batch mode using the high-pressure cell (�1.0 L) attached to and
isolable from the UHV chamber. Reaction rates were derived by
post-reaction analysis of the gas-phase composition using QMS.
CO conversion was kept below 10% to achieve differential reaction
rates.

C.P. grade CO (>99.5%, Matheson Tri-Gas) was further purified
by passing through a 4A molecule sieve and a liquid nitrogen-
cooled trap to remove metal carbonyl impurities. C.P. grade NO
(>99%, Matheson Tri-Gas) was purified via multiple cycles of
bulb-to-bulb distillation to remove N2O and NO2 impurities. Ultra-
high purity O2 (Matheson Tri-Gas) and isotopic-labeled gases, e.g.,
13CO, 15NO, and 18O2 (ICON, >99%) were used as received.
3. Results and discussion

3.1. CO + NO reaction

The CO + NO reaction can be described by two global reaction
pathways, one leading to the desired product N2, and a second,
to the undesirable product N2O [25]:
COþ NO ¼ CO2 þ 1=2N2 ð1Þ
COþ 2NO ¼ CO2 þ N2O ð2Þ

In terms of elementary reaction steps, the reaction can be expressed
as [26,28,33]:

COðgÞ¢ COðadsÞ ð3Þ
NOðgÞ¢ NOðadsÞ ð4Þ
NOðadsÞ ! NðadsÞ þ OðadsÞ ð5Þ
NOðadsÞ þ NðadsÞ ! N2 þ OðadsÞðd-N2Þ ð6Þ
2NðadsÞ ! N2ðb-N2Þ ð7Þ
NOðadsÞ þ NðadsÞ ! N2O ð8Þ
COðadsÞ þ OðadsÞ ! CO2 ð9Þ

Note that this is not a complete set of reactions that might be in-
volved. For example, studies have shown the formation and decom-
position of an isocyanate (NCO) intermediate [34]. During the
course of this study, however, no evidence was found for the forma-
tion of an isocyanate species (characterized by infrared vibrational
frequencies at �2240 cm�1 [34]) on the alloy surface under any of
the reaction conditions investigated. Note also that the involvement
of step (6) is necessary to explain recent isotope-labeled molecular
beam data [35–37] and this notion has been discussed in detail
elsewhere [38].

The first goal of this study was the determination of the global
pathway, (1) and (2), that dominates on AuPd(1 0 0). This is espe-
cially important since this determines whether a QMS can be used
to monitor the reaction products. Obviously if unlabeled NO
(30 amu) is used, CO and N2 (both 28 amu) and CO2 and N2O (both
44 amu) cannot be distinguished mass spectrometrically. On the
other hand, CO2 and N2O are easily distinguished using infrared
spectroscopy. However, our experimental setup only allows IRAS
to be used to monitor either the surface species or the gas-phase
composition, but not both simultaneously. Fig. 1 presents typical
gas-phase spectra of the CO2 and N2O stretching vibrational re-
gions under similar reaction conditions for a CO/NO (1/1) mixture
at a total pressure of 8 Torr and at the point where the CO conver-
sion has reached�40% (in order to form enough products for a reli-
able analysis). The results for reaction at 700 K over Pd(1 0 0) are
shown in the bottom curve and for 650 K over AuPd(1 0 0) in the
upper curve. It is evident that N2O, which forms on pure Pd [25–
27] (marked with the shaded area), is not detected in the gas phase
over AuPd(1 0 0). The lack of N2O formation over the alloy surface
was further probed using 15NO as the reactant. Note that by using
this isotope, all reactants and products are readily distinguished
via QMS. Indeed, it is apparent that 15N2 (30 amu) is dominant,
while 15N2O (46 amu) is below �5% of the nitrogen-containing
products, using a CO/NO (1/1) mixture and a variety of reaction
temperatures and CO conversions (data not shown). The above re-
sults demonstrate that the global reaction pathway (1) dominates
on a AuPd(1 0 0) catalyst, confirming the efficacy of using unla-
beled NO (30 amu) as the reactant and using QMS to monitor the
formation of CO2 (44 amu). This allows PM-IRAS to be used to
monitor the surface species.

The data for the CO2 formation rate (in turnover frequency
(TOF), i.e., CO2 molecule per surface site per second) versus reac-
tion temperature are shown in Fig. 2a as an Arrhenius plot, using
4 Torr CO and 4 Torr NO as the reactants. Note that the dominance
of global path (1) indicates that the reaction kinetics of N2 forma-
tion mimics that of CO2. Two key points need to be addressed with
respect to Fig. 2: (1) the CO2 formation rate below �500 K is rather
high. This is in sharp contrast to the data for pure Pd which has a
much lower reactivity at similar low temperatures [25–27]; and
(2) two kinetic regimes are apparent: a lower activation energy
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regime below �500 K and a higher activation energy regime above
�500 K.

Fig. 2b presents the corresponding in situ PM-IRAS spectra as a
function of temperature. Based on the recent detailed CO PM-IRAS
measurements on the same surface [30,31], as well as previous
studies addressing coadsorption of CO and NO on Pd surfaces
[25,39], assignments of the CO and NO bands can be precisely
made as follows: (1) the CO band at 2120 cm�1 (which becomes
undetectable above 350 K) is assigned to CO adsorbed on Au sites;
(2) the bands at 2040–2080 and 1900–2000 cm�1 are assigned to
CO adsorption on isolated and contiguous Pd sites, respectively;
and (3) the bands at 1710–1780 and 1600–1670 cm�1 are assigned
to NO adsorption on isolated and contiguous Pd sites, respectively.
Adsorption of NO on Au sites is not detected. Note that adsorption
on isolated Pd sites can only be on top; for bridge adsorption at
least two neighboring Pd atoms (contiguous) are necessary.

Two key points can be derived from the PM-IRAS spectra. First,
the CO-binding energy to various surface sites follows the trend,
isolated Pd sites > contiguous Pd sites > Au sites. (Note that the
same trend was found for CO alone and CO + O2 mixtures [30,31]
on the same surface.) Secondly, the CO and NO compete for the
same surface sites. Previous studies have shown that on pure Pd
surfaces, NO and CO have comparable sampling cross-sections
[25]. By analogy we assume similar cross-sections for NO and CO
adsorbed on Pd sites within the alloy. It is then clear from Fig. 2b
that the ever present smaller NO signal intensities compared with
CO leads to the conclusion that for the CO/NO (1/1) mixture,
although the HNO/HCO ratio increases with increasing tempera-
ture, the NO surface coverage (HNO) is always smaller than HCO.
This then implies that the binding energy of NO is smaller than
CO on the AuPd(1 0 0) surface. Recently we have found that the
binding energy of CO to AuPd(1 0 0) is rather weak (684 kJ/mol)
[31]. Note that on pure Pd, the binding energy of NO is similar
(slightly higher) to that of CO such that HNO is generally compara-
ble or slightly higher than HCO under reaction conditions when the
CO/NO ratio in the gas phase is comparable [25,39]. The binding
energy of CO with Pd surfaces has been investigated in detail pre-
viously. For example, the isosteric heat of adsorption of CO on
Pd(1 0 0) is �153 kJ/mol at low coverages [9]. The marked differ-
ence between the binding of CO and NO to pure Pd compared with
a AuPd alloy is not fully understood but likely relates to an elec-
tronic (ligand) effect. The increase in the HNO/HCO ratio with
increasing temperature, on the other hand, can be rationalized by
an increase in repulsion between NO and neighboring molecules
compared with the corresponding CO repulsions at lower temper-
atures (where the total coverage is higher) such that NO(ads) is
more easily replaced by CO(ads). This can simply be caused by the
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larger van de Walls radius of NO compared with CO [25]. The com-
bination of reaction kinetics and in situ PM-IRAS leads to a seem-
ingly paradoxical situation, i.e., the weak interaction between NO
and the alloy surface indicates that NO is more difficult to dissoci-
ate compared to pure Pd, while the kinetic data show that the low-
temperature reactivity of AuPd(1 0 0) is higher than pure Pd (note
that the elementary reaction step (5) is a prerequisite for all other
reaction steps). This behavior can be understood, however, from
simple kinetic arguments. On pure Pd and at relatively low temper-
atures, the surface is saturated with CO(ads) and NO(ads) such that
NO dissociation is limited by the availability of empty surface
ensembles of sufficient size. Surface reaction could be further lim-
ited by the accumulation of N(ads). On AuPd(1 0 0), on the other
hand, the low-binding energy of CO/NO with the surface enables
properly sized empty ensembles to form more easily. Post-reaction
Auger spectroscopic analysis does not indicate a measurable quan-
tity of N(ads) on the surface under any reaction conditions, further
corroborating the argument that the alloy surface is much less
inhibited by adsorbates.

Overall, the reaction kinetics of the CO + NO reaction by
AuPd(1 0 0) versus pure Pd are comparable to the reaction kinetics
found for the CO + O2 reaction catalyzed by AuPd(1 0 0) versus
pure Pd, i.e., the reaction rate is higher on AuPd(1 0 0) at lower
temperatures (<�550 K) while higher on pure Pd at higher temper-
atures [31]. Finally, the two different reaction regimes shown in
Fig. 2a may reflect the relative significance of the primary reaction
steps (6) and (7) at different temperatures. (The reaction kinetics of
N2 mimics that of CO2 shown in the figure, although the product N2

cannot be monitored mass spectrometrically.) A previous study on
Rh(1 1 1) [13] suggests that reaction step (6), the d-N2 pathway,
dominates at low temperatures (<�550 K) while reaction step
(7), the b-N2 path, becomes the controlling pathway at higher tem-
peratures due to its higher activation energy and the much lower
surface coverage of NO(ads). This behavior appears to be rather gen-
eral based on the data shown in Fig. 2a.

PM-IRAS spectra shown in Fig. 2b provide insights as to why the
formation of N2O, which frequently occurs at high selectivities over
Pd and Rh model catalysts below �700 K [25–28], is far less fa-
vored on AuPd(1 0 0). N2O formation requires coadsorption of
NO(ads) and N(ads), as shown in elementary step (8). HNO is gener-
ally high on pure Pd under reaction conditions due to its high-
binding energy and low dissociation probability. On pure Rh HN

is generally high, due to the much higher NO dissociation probabil-
ity. In any case, high coverages of NO(ads) and N(ads) are easily real-
ized at relatively low temperatures on pure Pd and Rh (<�800 K).
However, this is not the case on AuPd(1 0 0). As shown in Fig. 2b,
at relatively low temperatures adsorption of CO dominates NO
while at high temperatures both molecules have exceedingly low
coverages due to their weak binding energies.

We have shown recently that the surface composition of
AuPd(1 0 0) can be tuned by varying the reactant pressure during
the CO + O2 reaction [30,31]. This is caused by the fact that higher
CO pressures induce greater Pd segregation to the surface. In turn,
higher Pd coverages were found to facilitate CO oxidation. In this
study, similar experiments were performed and the data are
shown in Fig. 3. The CO2 formation rates versus reactant pressure
in Fig. 3a (CO/NO (1/1) mixtures, total pressure 1–64 Torr), show
that the reaction rate increases with increasing reactant pressure,
behavior seen for the CO + O2 reaction [30]. The surface composi-
tion can be assessed qualitatively by in situ PM-IRAS. However,
as shown in the right panel of Fig. 3b, at 600 K (the reaction tem-
perature), the surface CO and NO signal intensities become very
small, indicating low CO and NO coverages. By cooling the sample
to 500 K (middle panel), then further to 350 K (left panel), an in-
crease in signal intensity is apparent and provides insight into
the variation of surface composition with gas pressure. It is note-
worthy that that the surface composition at 600 K is not necessar-
ily the same as that at 500 and 350 K since Au tends to diffuse to
the surface with an increase in temperature, at least in a ultrahigh
vacuum environment [32]. However, for simplicity it is assumed
that the surface composition does not vary substantially with tem-
perature when exposed to elevated pressures. At 350 K all surface
Pd sites are fully covered with CO and NO molecules such that
the integrated CO and NO signals provide a rather convenient
and semi-quantitative assessment of the surface composition
[31]. Furthermore, the extent of Pd segregation can be estimated
by the variation of atop CO peak area (at �2070 cm�1, correspond-
ing to the number of isolated Pd sites) and bridging CO peak area
(at �1990 cm�1, corresponding to the number of contiguous Pd
sites). As shown in the left panel of Fig. 3b, the extent of Pd segre-
gation increases rapidly with increasing reactant pressures
64 Torr. This is evidenced by the rapid increase in the bridging
CO peak area and the concurrent decrease in the atop CO peak area
with increasing reactant pressure. At reactant pressures of 8 Torr
and higher, it is seen that further Pd segregation essentially stops.
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The combination of Fig. 3a and b reveals that the CO2 formation
rate approaches zero when the number of surface contiguous Pd
sites approaches zero, indicating that these are the sites that are
active in NO dissociation. We have shown recently that O2 dissoci-
ation occurs exclusively on contiguous Pd sites [30]. However, at
reactant pressures of 8 Torr and higher, the number of contiguous
Pd sites is essentially constant (left panel, Fig. 3b) while the CO2

formation rate continues to increase with pressure (Fig. 3a). This
argues for the involvement of CO adsorbed on Au and isolated Pd
sites, especially the former, in the reaction. Fig. 3b also reveals
more detailed information regarding the competition of CO and
NO on the alloy surface. In particular it is seen that HNO/HCO in-
creases with increasing sample temperature and decreasing gas
pressure, i.e., with decreasing total coverage, consistent with a
stronger repulsion of NO with neighboring molecules compared
with CO as discussed above.

Reaction kinetics was further probed by keeping the pressure of
one reactant constant while varying the other, with the goal of
measuring the reaction orders in CO and NO pressures. This type
of measurement has been found to be very useful in elucidating
reaction mechanisms. For instance, at relatively low temperatures
the CO + O2 reaction over pure Pd shows +1 order dependence in
O2 pressure and �1 order dependence in CO pressure, fully consis-
tent with CO inhibition of the reaction [16–18]. The CO + NO reac-
tion is more complex, and attributed to the interplay of numerous
elementary steps as described above. For the CO + NO reaction over
supported Pd, ��1 order dependence in CO pressure and +1/2 or-
der dependence in NO pressure has been found at 550 K [26]. This
behavior is consistent with the inhibition of the reaction by CO.
Furthermore, this also suggests that the role of NO is complex,
i.e., its dissociation promotes the reaction, whereas site blocking
by NO (as with CO) inhibits the reaction. On the other hand, the sit-
uation is even more complex on both single crystalline [13,14] and
supported [13] Rh, where unusual pressure dependencies have
been observed such as zero order (or weak) dependences on both
CO and NO. This could nevertheless be rationalized by the high
coverage of another surface species, namely N(ads), on Rh surfaces,
a situation not realized with Pd surfaces. Fig. 4a displays reaction
kinetics data where the left panel shows data acquired by main-
taining 8 Torr CO and varying the NO pressure from 0.5 to 64 Torr;
the right panel data were acquired by maintaining the NO pressure
and varying the CO pressure. Both sets of data were acquired at
650 K. The relatively high reaction temperature was chosen in or-
der to form sufficient product CO2 for post-reaction analysis within
a reasonable reaction time. At this reaction temperature, however,
surface CO and NO species are barely detectable using PM-IRAS.
The adsorbate-covered surfaces were monitored using PM-IRAS
at 350 K instead (Fig. 4b). Again we assume that the relative sur-
face composition does not vary substantially between 350 and
650 K. Compared with single metal samples, this type of reactant
order dependence measurements using an alloy sample is more
complex since the surface composition of an alloy is not invariant;
preferential segregation of Pd to the surface is enhanced with
increasing reactant pressure. For the experimental conditions used
here, i.e., CO + NO total pressures higher than 8 Torr, the surface
composition does not appear to vary substantially with varying
reactants. This conclusion is derived from integration of the CO
and NO peak areas shown in Fig. 4b. Indeed, the total adsorbate
peak areas remain constant with varying reactant composition
indicating a constant surface composition. At relatively low CO
and NO pressures, as shown in Fig. 4a, the positive order depen-
dence toward both reactants reveals that neither of the reactants
are inhibitors, consistent with the low-binding energies of CO
and NO with the alloy surface, and also consistent with the lack
of N(ads) accumulation on the surface as verified by post-reaction
AES analysis (data not shown). At fixed total pressures but different
CO/NO ratios (e.g., 8 Torr CO + 1 Torr NO versus 1 Torr CO + 8 Torr
NO), CO-rich reactants always display higher CO2 formation rates,
suggesting that N(ads) has some adverse effects on CO2 formation.
3.2. CO + NO + O2 reaction

Reactions were also carried out in the presence of CO, NO, and
O2. At similar reactant pressures and reaction temperatures, we
have shown that the CO + O2 reaction proceeds much faster than
the CO + NO reaction on AuPd(1 0 0). For example, a CO2 turnover
frequency greater than �100 molecule site�1 s�1 was found for
the CO + O2 reaction at 500 K [31] while for the CO + NO reaction,
the CO2 formation rate is two orders of magnitude smaller
(Fig. 2a) at the same temperature and similar CO pressures. As such
we focus here on the influence of NO on the CO + O2 reaction. This
is done by adding various amounts of NO to fixed CO + O2 mixtures
and measuring the reaction kinetics. Previous studies have shown
a dramatic influence of NO on CO oxidation reaction catalyzed by
Rh and Pd, namely, NO greatly inhibits the CO + O2 reaction over
Rh [40] but promotes the reaction over Pd [41] at relatively low
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temperatures. NO inhibition over Rh can be understood by N(ads)

poisoning. However, NO promotion over Pd is complex and will
be discussed in more detail below since the same promotional ef-
fect is found for AuPd(1 0 0).

Fig. 5a displays the CO2 formation rate (TOF) at 16 Torr CO,
8 Torr O2, and varying pressures of NO from 0 to 16 Torr; the reac-
tion temperature was 500 K. Adding small amount of NO (64 Torr)
clearly promotes CO2 formation, especially at NO pressures of
�2 Torr. Presumably this effect is due to the involvement of NO2

that forms due to the gas-phase reaction between O2 and NO, since
direct dissociation of NO at this temperature contributes little to
the total CO2 formed (Fig. 2a). NO2 has been known to be a stronger
oxidant than O2 and dissociation of this molecule has been used
routinely to generate high coverages of oxygen on transition metal
surfaces [42,43]. The key reactions involved are as follows:
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Fig. 5. (a) CO2 formation rate (in TOF) at a reaction temperature of 500 K. The
reactants were 16 Torr CO, 8 Torr O2, and various pressures of NO from 1 to 16 Torr.
Note that NO promotes CO2 formation at pressures 64 Torr while inhibits CO2

formation at higher pressures. (b) NO2 formed in the gas phase after mixing NO
with the CO + O2 mixtures, determined using QMS. Note that at NO pressures
64 Torr, gas-phase NO2/NO ratio is �0.01 while at higher NO pressures NO2/NO
ratio becomes �0.07.
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NO2ðadsÞ ! NOðgÞ þ OðadsÞ ð12Þ

Such a mechanism also explains the decrease in the CO2 formation
rate when excess NO is present in the gas phase. This can simply be
caused by oxidation of the alloy sample. It has been demonstrated
previously that upon oxidation, Pd oxides have significantly reduced
reactivity toward CO oxidation [23]. In order to confirm its role, the
quantity of NO2 in the gas phase was first examined using QMS. As
shown in Fig. 5b, two linear regimes are found: for NO pressures
64 Torr, a NO2/NO ratio of �0.01 was observed; for higher NO pres-
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Fig. 6. (a) PM-IRAS spectra acquired at a reaction temperature of 500 K. The
reactants were 16 Torr CO, 8 Torr O2, and various pressures of NO where NO
pressures are marked adjacent to the corresponding spectra. Note that surface CO
signal intensity attenuates greatly at a NO pressure of 2 Torr and disappears
completely at higher NO pressures. (b) Post-reaction Auger spectrum (bottom
curve) of a typical sample exposed to NO pressures higher than 4 Torr during
reaction. The spectrum was acquired at a sample temperature of 300 K. The sample
oxidation and contamination by Cl are apparent. Temperature-dependent spectra
(upper curves, annealing temperatures are marked adjacent to the corresponding
spectra) show Pd oxides dissociation below �700 K and Cl desorption below
�800 K.
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sures, the NO2/NO ratio rose to�0.07. As is clear from Fig. 5a and b, at
NO2 pressures lower than�0.04 Torr, the CO2 formation is promoted
while at higher NO2 pressures, the CO2 formation is inhibited.

The surface oxygen coverage increase, caused by reaction (12),
can be examined qualitatively using PM-IRAS since the adsorption
of oxygen concurrently alters the CO band intensity and frequency.
As displayed in Fig. 6a, although adding 1 Torr of NO to the CO + O2

mixture has no apparent effect on the CO signal intensity, upon add-
ing 2 Torr of NO to the gas mixture, the CO signal intensity decreases
significantly, consistent with a significant oxygen coverage. Note
that this corresponds with the CO2 formation rate data shown in
Fig. 5a. It is noteworthy that the surface oxygen remains chemi-
sorbed so long as the gas-phase NO2 pressure remains low. This is
apparent from post-reaction AES showing that the surface is essen-
tially free of oxygen (data not shown) upon the addition of64 Torr of
NO to the CO + O2 mixture. This is due to a well-known phenomenon,
namely ‘‘electron-stimulated-desorption (ESD)” of chemisorbed oxy-
gen from a Pd surface [44]. In contrast, oxygen builds up in the sub-
surface region upon Pd oxidation and can be detected easily with
AES. Following the addition of NO to greater than 6 Torr, post-reac-
tion AES data (bottom curve, Fig. 6b) indeed showed clearly a large
oxygen feature, consistent with the formation of bulk Pd oxides.
Note from Fig. 5a that the CO2 formation rate drops substantially
upon the formation of these oxides. This is consistent with our pre-
vious studies that bulk Pd oxides are considerably less active than
chemisorbed oxygen phases in CO oxidation [23]. Unfortunately,
this situation is complicated by the concurrent chlorine contamina-
tion of the sample (bottom curve, Fig. 6b). The coverage of Cl is
roughly estimated to be�0.2 ML. The origin of the Cl contamination
is not known, however, previous workers have observed similar con-
tamination by Cl after exposure of Pd to large doses of NO2 [45]. It is
also apparent from Fig. 6b that dissociation of the Pd oxides occurs
below �700 K while the Cl contaminant desorbs below �800 K.

Finally, the involvement of reactions (10)–(12) in CO2 formation
was probed using 18O2 as the reactant. Using labeled oxygen, the dis-
sociation of N16O18O yields equal molar amounts of 16O(ads) and
18O(ads) on the surface. These, in turn, react with CO(ads) to form
C16O2 (44 amu) and C16O18O (46 amu), products easily identified
mass spectrometrically. Indeed, using a mixture of
PCO=PO2=PNO ¼ 8=4=1, reactions (10)–(12) are shown to play a dom-
inant role in the production of CO2 below �600 K. Only at higher
temperatures does the direct CO + O2 reaction becomes dominant
(data not shown). Under realistic operating conditions in TWCs,
the NO pressure (ppm level) is substantially lower than the CO and
O2 pressures [6], therefore NO under these typical operating condi-
tions should serve solely as a promoter of the CO + O2 reaction.

4. Conclusions

In this study the CO + NO and CO + NO + O2 reactions over a
bulk alloy model catalyst AuPd(1 0 0) have been investigated using
surface spectroscopic and reaction kinetics. The key points found
are as follows: (1) alloying with Au greatly reduces the binding
energies of CO and NO with Pd. This results in reduced adsorbate
inhibition and a corresponding enhanced reactivity at relatively
low temperatures. Furthermore, alloying also profoundly affects
the product distribution such that N2 is substantially more favored
over N2O, compared with pure Pd and Rh. This can be understood
by the low NO(ads) and N(ads) coverages evident using in situ PM-
IRAS and post-reaction AES measurements; (2) the alloy surface
composition, i.e., Pd/Au ratio and atomic distribution, varies with
the composition and pressure of the reactants. Such changes,
sometimes very subtle, can be monitored with PM-IRAS illustrating
the usefulness of this technique in providing invaluable in situ data
in investigating structure–reactivity relationships.
From a more practical point of view, the current study together
with our previous studies on the CO + O2 reaction [30,31] demon-
strates an unusual high activity of PdAu at relatively low tempera-
tures (e.g., <500 K) suggesting that the addition of PdAu to
traditional TWCs could in principle resolve the so-called ‘‘cold
start” problem. Furthermore, PdAu alloys may be advantageous
compared with pure Pd in high-temperature operation since the al-
loy is more difficult to oxidize due to electron transfer from Pd to
Au [46].
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