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ABSTRACT: Interactive surface chemistry of CO2 and NO2 on BaOx/Pt(111) model
catalyst surfaces were investigated via X-ray photoelectron spectroscopy (XPS) and
temperature-programmed desorption (TPD) techniques with a particular emphasis on the
competition between different adsorbates for the catalytic adsorption sites and adsorbate-
induced morphological changes. After NO2 adsorption, nitrated BaOx/Pt(111) surfaces do
not reveal available adsorption sites for CO2 at 323 K, irrespective of the presence/absence
of exposed Pt sites on the surface. Although NO2 adsorption on thick BaOx(>10MLE)/
Pt(111) overlayers at 323 K leads to the formation of predominantly nitrate species, NO2 adsorption on the corresponding
carbonated surface leads to the formation of coexisting nitrates and nitrites. The presence of carbonates on BaOx/Pt(111)
overlayers does not prevent NO2 uptake. Carbonated BaOx(1.5 MLE)/Pt(111) surfaces (with exposed Pt sites) obtained via
CO2 adsorption can also further interact with NO2, forming surface nitrate/nitrite species, accompanied by the transformation of
surface carbonates into bulk carbonate species. These results suggest that the nitrate formation process requires the presence of
two adjacent unoccupied adsorption sites. It is apparent that in the presence of both NO2 and CO2, carbonate species formed on
Lewis base (O2−) sites enable the formation of nitrites on Lewis acid (Ba2+) sites. Thermal aging, nitration, and carbonation have
a direct impact on the morphology of the two-/three-dimensional (2D/3D) BaOx aggregates on Pt(111). While thermal aging in
vacuum leads to the sintering of the BaOx domains, nitration and carbonation results in redispersion and spreading of the BaOx
domains on the Pt(111) substrate.

■ INTRODUCTION

Most of the heterogeneous catalytic reactions rely on the
consecutive or simultaneous adsorption of reactants on the
catalytically active sites for the generation of products. Along
these lines, it is not uncommon for reactants, intermediates,
and/or products bearing similar chemical structures to compete
for similar catalytically active adsorption sites in heterogeneous
catalytic processes. Thus, molecular level understanding of the
competition phenomena occurring during the adsorption of
reactants/intermediates/products on surfaces is a fundamen-
tally crucial aspect for the elucidation of heterogeneous catalytic
reaction mechanisms. Automotive exhaust emission catalysts
are not an exception to this subject, where multiple catalytic
pathways proceed in a parallel fashion in the presence of a large
variety of reactants/intermediates/products. For instance,
during the operation of the NOx storage-reduction (NSR)
catalysts,1,2 oxygen-rich exhaust gases of lean burn engines are
treated in two different alternating operational cycles called lean
(abundant in oxygen) and rich (abundant in hydrocarbon)
cycles, where toxic NOx gases are initially oxidized/trapped in
the solid state and then successively reduced to harmless N2.
Despite considerable research efforts, the mechanistic details

of the NOx storage and release processes in NSR catalysis are
not yet clear.3,4 Under technical operating conditions, NSR
processes are strongly influenced by the CO2 and H2O species
that are present in the exhaust stream. CO2 and H2O may
directly interact with the NOx storage material (i.e., BaO) and
form BaCO3 and Ba(OH)2 species, respectively.5,6 Further-

more, the presence of CO2 in the exhaust stream during the
lean cycle was found to decrease the NOx storage capacity
(NSC) of NSR catalysts.3,7 It was suggested that the
attenuation of the NSC in the presence of CO2 is associated
with the competition between NO2 and CO2 species for similar
adsorption sites on the NOx storage domains.5,8

In a former study, thermodynamic calculations were
performed on bulk materials in order to estimate the relative
stabilities of carbonate and nitrate species on baria.6,8 Using
such an approach, Rodrigues et al.8 reported that at elevated
temperatures, bulk BaCO3 becomes more stable than bulk
Ba(NO3)2. Along these lines, it was argued that bulk Ba(NO3)2
could not be formed through the interaction of NOx(g) with
bulk BaCO3 under operational conditions. On the other hand,
denisty functional theory (DFT) calculations associated with
NO2 and CO2 adsorption on the BaO(100)9 and
BaCO3(110)

10 surfaces revealed that, although the adsorption
strength of CO2 is higher than that of NO2 on BaO(100),

9 NO2

adsorption on the BaCO3(110) surface should not be
excluded.10

On the BaO(100) surface, CO2 was reported to adsorb
exclusively on the Lewis base (i.e., O2−) sites forming surface
carbonates,9 while on the stoichiometric BaCO3(110) surface,
CO2 was reported to adsorb also on the Lewis acid sites (i.e.,
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Ba2+).10 It is important to emphasize that on the BaO(100)
surface, CO2 acts as a typical Lewis acid with a high affinity
toward O2− sites, and the interaction is mostly driven by Lewis
acid/base chemistry in which O2− lone pair electrons of the
BaO(100) surface fill the vacant CO2 acceptor orbitals.

11 On
the other hand, NO2 was reported to interact simultaneously
with both Lewis basic sites (O2−) as well as Lewis acidic sites
(Ba2+) on the BaO(100) surface forming nitrate (NO3

−) and
nitrite (NO2

−) pairs, which can interact in a synergistic
(cooperative) fashion.11 NO3

− and NO2
− surface species can be

formed from a nascent adsorbed NO2 pair as a result of an
intermolecular electron transfer yielding Lewis acidic NO2

+ and
basic NO2

− adsorbates that have high affinity toward O2− and
Ba2+ surface sites, respectively.11−13 The nitrite formation
during the initial stages of NO2 adsorption over BaO surfaces
was confirmed experimentally in various reports14,15 where the
ratio of nitrate to nitrite species was also found to be close to 1
at low temperatures,14 confirming the formation of the nitrate−
nitrite ion pairs.
Hence, in the current work, we focus our attention on the

influence of CO2 on the NOx storage and release mechanisms
of model NSR catalysts with a particular emphasis on the
competition between different adsorbates for the catalytic
adsorption sites. Along these lines, BaOx/Pt(111) planar model
catalyst surfaces were investigated as a function of the
adsorption sequence, BaO domain morphology and the
presence/absence of Pt/BaO interfacial sites. Current results
provide a valuable fundamental insight on the operational
principles of NSR catalysts that can also be extended further to
many other analogous competitive adsorption systems that are
ubiquitously exploited in surface science and heterogeneous
catalysis.

■ EXPERIMENTAL SECTION

Experiments were performed in a custom-made multitechnique
ultrahigh vacuum (UHV) surface analysis chamber with a base
pressure of 2 × 10−10 Torr. The UHV chamber is equipped

with X-ray photoelectron spectroscopy (XPS, Riber Mg/Al
Dual anode and Riber Model EA 150 Electron Energy
Analyzer), temperature-programmed desorption (TPD, Dycor
model DM200 M quadruple mass spectrometer (QMS)), and
custom-made reverse view low-energy electron diffraction
(LEED) capabilities. During the TPD experiments, N (m/z =
14), H2O (m/z = 18), N2/CO (m/z = 28), NO (m/z = 30), O2
(m/z = 32), NCO (m/z = 42), N2O/CO2 (m/z = 44), and
NO2 (m/z = 46) were monitored, and the sample was heated
using a 1 K/s heating ramp. A Pt(111) single crystal disc (10
mm diameter, 2 mm thickness, both sides atomically polished,
MaTeck GmbH) was used as a substrate. The Pt(111) single
crystal was mounted on Ta wires, which can be resistively
heated up to 1073 K. The sample temperature was monitored
via a K-type thermocouple (0.05 mm, Omega) spot-welded on
the lateral edge of the crystal. The Pt(111) surface was cleaned
by multiple cycles of Ar+ sputtering (LK technologies,
NGI3000) using an accelerating voltage of 1.5 kV and
subsequent annealing at 1073 K in vacuum. The cleanness of
the Pt(111) surface was confirmed by XPS and LEED. BaOx
layers on Pt(111) were prepared by thermal evaporation of
Ba(g) from a BaAl4 alloy (ST2/FR wire, SAES Getters) onto
the Pt(111) substrate at room temperature and subsequent
annealing in O2 (99.999% purity, Linde AG, 10−6 Torr, 573 K,
15 min). The monolayer equivalent (MLE) coverage of the
BaOx films on the Pt(111) substrate was calculated by utilizing
the attenuation of the Pt 4f7/2 XPS signal, as described
elsewhere.16−18 NO2 gas used in experiments was synthesized
through the reaction of NO (99.9% purity, Air Products) with
O2 and purified further by subsequent freeze−thaw−pump
cycles. CO2 gas (Linde AG, Purity 99,999%) was used without
further purification.

■ RESULTS AND DISCUSSION

CO2 and NO2 Interactions on Thick BaOx Overlayers
over Pt(111) in the Absence of Exposed Pt Adsorption
Sites. During these set of experiments, NO2 and CO2

Figure 1. (a) TPD profiles showing NO (m/z = 30), O2 (m/z = 32), N2/CO (m/z = 28), and N2O/CO2 (m/z = 44) desorption channels obtained
after exposing a BaOx(>10 MLE)/Pt(111) surface to 900 L (5 × 10−7 Torr ×30 min) NO2(g) at 323 K. (b) TPD spectra obtained after consequent
exposure of the BaOx(10 MLE)/Pt(111) surface first to 1800 L (10−6 Torr ×30 min) NO2(g), then to 900 L (5 × 10−7 Torr ×30 min) CO2(g).
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adsorption were performed on a model catalyst with a relatively
thick BaOx overlayer (i.e., BaOx(>10 MLE)/Pt(111), which
will be referred to as the “thick BaOx overlayer” hereafter in the
text) in order to cover all of the Pt(111) adsorption sites and
prevent their direct participation in the gas phase adsorption
phenomena. In former studies, it was demonstrated that NO2
saturation of similar BaOx overlayers at room temperature
resulted in the formation of predominantly nitrate species,15,17

in excellent agreement with the currently obtained N1s spectra
in XPS, which will be discussed later in the text. The nitrate
formation proceeds via nitrite intermediates which were also
detected during the initial stages of adsorption. With increasing
NO2 exposures, nitrites are gradually converted into
nitrates.15,19

Figure 1a presents the TPD profiles recorded after 900 L (5
× 10−7 Torr ×30 min, 1 L = 10−6 Torr × s) NO2 exposure (i.e.,
saturation) on a freshly prepared BaOx(10 MLE)/Pt(111)
model catalyst surface at 323 K. Two different NO desorption
features at 620 and 670 K can be discerned in Figure 1a,
corresponding to a two-stage nitrate decomposition mechanism
as discussed in detail in our former reports.17,18 The first stage
of the nitrate decomposition mechanism associated with the
620 K desorption feature reveals only NO desorption without
any noticeable O2 desorption signal. During this initial stage of
nitrate decomposition, the produced oxygen species oxidize
BaO domains to form BaO2.

17,18 BaO2 formation process
comes to a stop when peripheral BaO domains are saturated
with oxygen. The second stage of the nitrate decomposition
mechanism leads to a strong desorption peak at 670 K,
revealing simultaneous desorption of NO and O2. It is worth
mentioning that discernible amounts of NO2, N2 or N2O
desorption were not observed in these set of TPD experiments.
The broad O2 (m/z = 32) desorption tail in Figure 1, extending
toward 700−900 K, is attributed to the partial decomposition of
BaO2 at elevated temperatures.17

Figure 1b presents TPD spectra acquired after 900 L CO2
adsorption (PCO2 = 5 × 10−7 Torr, 30 min) on a thick BaOx
overlayer at 323 K, which was initially saturated with 1800 L
NO2 (PNO2 = 10−6 Torr, 30 min) at the same temperature.

TPD profiles given in Figure 1b are practically identical to that
of Figure 1a. The concurrence of spectra in Figure 1a,b
demonstrates the inability of the nitrated BaOx overlayer to
interact with CO2. Apparently, the fully nitrated BaOx surface
does not reveal available adsorption sites for CO2, and nitrates
cannot be substituted with carbonates under these experimental
conditions.
It is well-known that clean BaOx overlayers can react with

CO2, forming carbonate species.20,21 Therefore, in order to
confirm that a clean BaOx overlayer can readily interact with
CO2, we performed XPS analysis of a CO2-saturated thick BaOx

overlayer, which demonstrated a typical C1s peak at 289.5 eV
(data not shown) and an O1s shoulder at 531.5 eV, in
agreement with the corresponding values reported for
BaCO3.

20 TPD spectra associated with the exposure of a
thick BaOx overlayer to 1800 L (10−6 Torr ×30 min) CO2 at
323 K are presented in Figure 2a. Carbonate species, which are
formed upon CO2 adsorption, decompose by yielding a strong
CO2 (m/z = 44) desorption peak at 780 K. This particular CO2

desorption signal is also accompanied by a CO (m/z = 28)
desorption signal (due to the fragmentation of CO2 in the
ionizer section of QMS), which is also located at 780 K with a
line shape that is similar to that of CO2. It is worth mentioning
that TPD spectra acquired after lower CO2 exposures (e.g., 900
L) also result in an integrated CO2 desorption signal whose
magnitude is close to that of Figure 2a, indicating the complete
saturation of the surface upon 1800 L CO2 exposure. The
temperature of the CO2 desorption peak in Figure 2a is in good
agreement with data published by A. Tsami et al.,20 where they
have observed a CO2 desorption peak at 773 K on the BaO/
Cu(111) surface. Mudiyanselage et al.21 observed two different
CO2 desorption features for the BaO/Pt(111) surface, a main
peak at 748 K and a less intense second peak at 825 K. The
main desorption peak at 748 K has been associated with the
thermal decomposition of bulk-like barium carbonate species
and the 825 K peak has been attributed to the decomposition
of surface carbonate species. In accordance with these former
reports, the presence of a slight high-temperature asymmetry in

Figure 2. (a) TPD profiles showing NO (m/z = 30), O2 (m/z = 32), N2/CO (m/z = 28), and N2O/CO2 (m/z = 44) desorption channels obtained
after exposing a BaOx(>10 MLE)/Pt(111) surface to 1800 L (10−6 Torr ×30 min) CO2(g) at 323 K. (b) TPD spectra obtained after consequent
exposure of the BaOx(10 MLE)/Pt(111) surface first to 1800 L (10−6 Torr ×30 min) CO2(g), then to 1800 L (10−6 Torr ×30 min) NO2(g).
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the main CO2 desorption signals in Figure 2a,b can be
attributed to the decomposition of surface carbonates.
Figure 2b corresponds to the TPD spectra obtained after

1800 L NO2 adsorption (PNO2 = 10−6 Torr ×30 min) on a thick
BaOx/Pt(111) overlayer at 323 K, which was initially saturated
with 1800 L CO2 (PCO2 = 1 × 10−6 Torr ×30 min) at the same
temperature. The presence of a strong NO (m/z = 30)
desorption signal in Figure 2b demonstrates that CO2-saturated
BaOx surface can readily interact with NO2. The NOx release is
evident by the intense NO desorption peak at 615 K with a
discernible shoulder at 670 K. Temperatures corresponding to
these two NO desorption maxima are in very good agreement
with the ones given in Figure 1a, and thus origins of these
desorption features can be explained using a discussion that is
analogous to the one given for Figure 1a, although a more
comprehensive discussion can also be provided, as will be
described later in the text. It is interesting to note that the
second stage of the nitrate decomposition mechanism is
suppressed in the presence of carbonates, which is consistent
with the weak O2 desorption (670 K) signal in Figure 2b, while
the total integrated NO desorption signal is comparable to the
data given in Figure 1a. It is clearly seen in Figure 2b that the
NOx desorption is completed at about 700 K. Above 700 K,
that is after the completion of the NOx desorption process, a
new CO2 desorption (m/z = 44) signal appears at 770 K,
associated with the bulk carbonate decomposition. It is
important to note that this particular m/z = 44 signal at 770
K cannot be assigned to N2O, as this desorption feature is not
accompanied by an NO (m/z = 30) signal at 770 K, as would
be expected from an actual N2O desorption feature.
The N1s XP spectra in Figure 3a belong to BaOx(>10

MLE)/Pt(111) surfaces that are exposed to different
conditions. The bottommost spectrum in Figure 3a corre-

sponds to the clean BaOx(>10 MLE)/Pt(111) surface, which
does not reveal any N1s features, as expected. The middle
spectrum in Figure 3a was obtained after NO2 saturation (900
L, PNO2= 5 × 10−7 Torr, 30 min) of a freshly prepared thick
BaOx overlayer yielding a strong N1s signal located at 407.2 eV
due to nitrate species, as well as a very weak shoulder at ∼404
eV originating from nitrites as the minority species.17,19,22 The
topmost XP spectrum in Figure 3a corresponds to a NO2-
saturated (1500 L, PNO2= 5 × 10−7 Torr, 50 min) BaOx(>10
MLE)/Pt(111) surface that was initially exposed to CO2 (900
L, PCO2= 5 × 10−7 Torr, 30 min). Interestingly, this particular
XP spectrum presents two clearly distinct N1s signals located at
407.4 and 403.5 eV that are associated with nitrates and nitrites,
respectively. On the basis of the relative N1s XPS intensities,
the nitrate:nitrite ratio for this surface is estimated to be 2:1.
Observation of nitrites for the topmost spectrum suggests that
the oxidation of NOx to nitrates is hindered in the presence of
carbonates. As described earlier in the text, it is likely that the
formation of nitrate species involves an adsorbed NO2 pair and
the subsequent formation of a NO2

− and NO2
+ couple,11−13

which are located on adjacent Lewis acid (Ba2+) and Lewis base
(O2−) sites and formed through a disproportionation
(intermolecular electron transfer) process. In other words, for
the formation of nitrates, NOx species require two adjacent
unoccupied surface sites. It is well-known that CO2

preferentially adsorbs on Lewis base (O2−) sites on BaO9

making some of these sites unavailable for NOx adsorption.
Thus, due to the scarcity of the available Lewis base (O2−) sites
on the precarbonated surface, NO2 may preferably bind to
Lewis acid (Ba2+) sites yielding nitrite species. Obviously, such
a situation will increase the surface concentration of nitrites at
the expense of nitrates.

Figure 3. (a) N1s and b) O1s XP spectra obtained for clean, NO2-saturated and CO2-saturated BaOx(>10 MLE)/Pt(111) surfaces as well as for an
identical surface that was consequently saturated with first CO2, then NO2. All adsorption experiments were performed at 323 K.
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The presence of nitrites on the precarbonated surface allows
us to provide a detailed mechanistic explanation for the TPD
data given in Figure 2b. Thus, the NO desorption signal at 615
K is associated with the decomposition of nitrates into nitrites,
which is accompanied by the oxidation of BaO into BaO2,
followed by the decomposition of nitrites, which may also
involve BaO2 formation as described in the reactions given
below:

+ → +Ba(NO ) 2BaO Ba(NO ) 2BaO3 2 2 2 2 (1)

→ +Ba(NO ) BaO 2NO2 2 2 (2)

In addition, decomposition of nitrates without the formation
of nitrites can also contribute to the 615 K desorption signal as
shown in reaction 3,

+ → +Ba(NO ) 2BaO 3BaO 2NO3 2 2 (3)

Apparently, due to the presence of carbonate species
hindering the nitrate formation and favoring the presence of
nitrites, reaction 2 presumably has a larger contribution to the
615 K desorption signal in Figure 2b, while such a contribution
should be smaller for the 620 K signal in Figure 1a,b (i.e., in the
absence of carbonates).
On the other hand, the 670 K desorption signal in Figure 2b,

which is accompanied by O2 release can be explained using the
following reactions:

→ +Ba(NO ) Ba(NO ) O3 2 2 2 2 (5)

→ + +Ba(NO ) BaO 2NO O3 2 2 2 (6)

where nitrites formed at the second stage can further
decompose according to reaction 2 or by yielding oxygen:

→ + +Ba(NO ) BaO 2NO 1/2O2 2 2 (7)

Finally, peroxides that are generated during the NOx
decomposition and release processes are decomposed partially
at higher temperatures within 700−900 K to form BaO:

→ +2BaO 2BaO O2 2 (8)

The O1s region of XP spectrum corresponding to a freshly
prepared thick BaOx overlayer is presented at the bottom of
Figure 3b. In light of the former studies, the major O1s feature
in this spectrum located at 528.6 eV can be attributed to BaO
species;15,19 and the less intense feature at 531.0 eV can be
assigned to BaO2.

17,23,24 BaCO3 (carbonate) species reveal an
O1s feature at 531−532 eV,24,25 which overlaps with the BaO2
feature. After 900 L (5 × 10−7 Torr ×30 min) CO2 exposure on
the BaOx layer, the intensity of the 531.0 eV feature
substantially increases (second spectrum from the bottom).
The change in the intensity ratio of the 531.0 eV feature to that
of the 528.6 eV feature confirms the carbonate formation on
the BaOx surface after CO2 exposure, which is also evident by
the presence of a typical C1s feature at 289.5 eV (data not
shown). After NO2 exposure on the clean BaOx overlayer, the
nitrate/nitrite related O1s feature appears at 532.7 eV. As
expected, intensities of the O1s features corresponding to BaO
(528.6 eV) and BaO2 (531.0 eV) species decrease with
increasing nitrate coverage. However, the relative intensities of
these two peaks seem to stay rather unchanged. The uppermost
spectrum in Figure 3 corresponds to NO2 adsorption on a thick
BaOx overlayer, which was initially exposed to CO2. The O1s
XP spectrum for this surface reveals a BaO related feature at
528.6 eV, a BaO2/BaCO3 related feature at 531.0 eV, and a
nitrate/nitrite related feature at 532.7 eV. In perfect agreement
with the TPD results given in Figure 2b, XPS results given in
Figure 3 also suggest that the carbonated BaOx overlayer readily
interacts with NO2 to form nitrates/nitrites. XPS results given
in Figure 3b also suggest that the intensity of the nitrate O1s
feature for NO2 adsorption on a CO2 predosed surface is
somewhat smaller than that of NO2 adsorption on the clean
surface. This is consistent with the previous experimental
results on realistic NSR systems at elevated pressures reporting
a decreased NSC in the presence of CO2.

5,8

CO2 and NO2 Interactions on Small Two-/Three-
Dimensional (2D/3D) BaOx Clusters on Pt(111): Influ-
ence of Exposed Pt Sites. In order to elucidate the influence
of exposed Pt sites on the CO2−NO2 surface chemistry, we
exposed a BaOx(1.5 MLE)/Pt(111) model catalyst to CO2 900

Figure 4. (a) TPD profiles showing the NO (m/z = 30), O2 (m/z = 32), N2/CO (m/z = 28), and N2O/CO2 (m/z = 44) desorption channels
obtained after exposing a BaOx(1.5 MLE)/Pt(111) surface to 900 L (5 × 10−7 Torr ×30 min) CO2(g) at 323 K. (b) TPD spectra obtained after
consequent exposure of the BaOx(1.5 MLE)/Pt(111) surface first to 900 L (5 × 10−7 Torr ×30 min) CO2(g), then to 900 L (5 × 10−7 Torr ×30
min) NO2(g).
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L (5 × 10−7 Torr ×30 min). This surface will be referred to as
the “thin BaOx overlayer” hereafter in the text. TPD data
obtained after such an exposure are given in Figure 4a. Our
former studies suggest that at this coverage, the BaOx overlayer
is comprised of 2D islands and/or small 3D clusters.17 It is clear
that the CO2 desorption characteristics of thin BaOx overlayer
(Figure 4a) are significantly different than that of the thick
BaOx overlayer (Figure 2a). For the thin BaOx overlayer and in
the presence of exposed Pt sites, the CO2 desorption signal
appears at significantly lower temperatures in the form of two
overlapping peaks at 540 and 670 K. Thus the low-temperature
CO2 desorption feature in Figure 4a at 540 K can be associated
with the decomposition of carbonates in the vicinity of exposed
Pt sites, while the 670 K feature can be associated with
decomposition of carbonates from the terraces of 2D islands
and/or 3D clusters, which are located farther from Pt sites. It is
worth mentioning that a similar decrease in the thermal
desorption maxima was also observed for NO2 adsorption on
thin BaOx overlayers on Pt(111) where the presence of exposed
Pt sites as well as the Pt/BaOx interfacial sites was found to
facilitate the nitrate decomposition.17

We also carried out experiments analogous to the ones given
in Figure 1b, where we performed CO2 adsorption on a
nitrated thin BaOx overlayer at 323 K. However, as in Figure
1b, CO2 was not found to interact significantly with the nitrated
thin BaOx overlayer (data not shown).
Figure 4b shows TPD results obtained after NO2 saturation

900 L (5 × 10−7 Torr ×30 min) of a thin BaOx overlayer at 323
K, which is initially saturated with CO2 900 L (5 × 10−7 Torr
×30 min) at the same temperature. When the m/z = 28
desorption channel in Figure 4b is investigated, the broad
desorption feature at ∼500 K can be attributed to N2 species,
which are formed as a result of the recombinative desorption of
atomic nitrogen (Nads) species generated with the help of
exposed Pt sites. A similar m/z = 28 feature at ∼500 K was also
reported in former studies for the NO2 adsorption on a BaOx/
Pt(111) surface having exposed Pt sites.17,26

In Figure 4b, the m/z = 44 desorption signal reveals a readily
visible feature at 510 K that can be associated with N2O
desorption since it is accompanied by corresponding N2 and
NO desorption signals at the same temperature. On the other
hand, it should be noted that a contribution to this m/z = 44
desorption signal from CO2 species should not be excluded
either. The main m/z = 44 desorption signal at 730 K can be
readily assigned to CO2 desorption (note that there is no NO
desorption signal at this temperature, thus contribution to this
peak from N2O species can be ruled out). NO (m/z = 30)
desorption from this surface appears as a broad peak at 580 K
with a visible shoulder at 510 K. As described earlier, the latter
(510 K) feature can be attributed mostly to N2O as well as to
Pt-assisted nitrate decomposition at the Pt/BaOx interfacial/
peripheral sites. The main NO desorption signal at 580 K as
well as the CO2 desorption signal at 730 K can be associated
with nitrate/nitrite and carbonate decomposition from 3D
BaOx clusters, respectively. It should be noted that the
carbonate decomposition temperature in Figure 4b is higher
than the corresponding CO2 desorption observed in Figure 4a.
This behavior can be explained by adsorbate diffusion toward
the subsurface region of the 2D/3D BaOx domains upon
sequential CO2 and NO2 adsorption. It is plausible that NO2
adsorption on the carbonated surface imposes diffusion of the
surface carbonates into the subsurface region of the 3D BaOx
clusters resulting in bulk-like carbonates that desorb at 770 K, a

temperature that is very close to carbonate desorption from
thick BaOx overlayers. Figure 4b also shows a relatively strong
O2 desorption signal yielding two discernible maxima at 775
and 880 K. The noticeable amount of O2 evolution at high
temperatures can be associated with the exposed Pt/BaOx
interfacial sites that are facilitating BaO2 decomposition.

Influence of Thermal Aging and CO2/NO2 Adsorption
on the Morphology of 2D/3D BaOx Clusters. In order to
shed light on the morphology changes inflicted on BaOx
domains upon thermal aging as well as nitration and
carbonation, we performed surface Ba/Pt atomic ratio analysis
on BaOx(1.5 MLE)/Pt(111) model catalyst surfaces via XPS.
As mentioned earlier, this BaOx overlayer is considered to be
mainly composed of 2D islands and/or small 3D clusters.
Figure 5 demonstrates Ba/Pt surface atomic ratio changes for a

BaOx(1.5 MLE)/Pt(111) model catalyst surface that was
treated with consecutive thermal aging (i.e., vacuum annealing
between 323−1050 K with a temperature ramp of 1 K/s),
nitration (i.e., NO2 saturation at 323 K, 900 L), and
carbonation (i.e., CO2 saturation at 323 K, 900 L) protocols.
For the Ba/Pt surface atomic ratio calculations, Ba3d and Pt4f
XPS signals were utilized by taking the corresponding
photoemission sensitivity factors into account.27 It is visible
in Figure 5 that all of the vacuum annealing steps result in a
decrease in the Ba/Pt surface atomic ratio. This can be
explained by sintering of the BaOx domains to form bigger
aggregates on the surface. Alternatively, such an observation
can also originate from Ba/BaOx desorption from the surface. It
is worth mentioning that, in the literature, BaO desorption
from a BaO/θ−Al2O3/Ni(100) surface has been observed at
1055 K for small BaO coverages, and the desorption
temperature has been found to increase with increasing BaOx
coverage.28 We monitored Ba desorption via QMS during the
vacuum annealing steps (by following doubly ionized Ba2+

signal at m/z = 69), however, no Ba desorption signal was
observed under the current experimental conditions. Alter-
natively, such a decrease in the Ba/Pt surface atomic ratio upon
annealing may be also attributed to the diffusion of Ba or BaOx
species into the underlying Pt(111) framework. In such a case,
after the removal of the BaOx overlayer with Ar+ ion sputtering

Figure 5. Ba/Pt surface atomic ratios corresponding to a BaOx(1.5
MLE)/Pt(111) surface obtained after consecutive vacuum annealing,
NO2 saturation, and CO2 saturation steps (all adsorption experiments
were performed at 323 K).

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp400955g | J. Phys. Chem. C 2013, 117, 7713−77207718



and annealing the Pt(111) surface to high temperatures,
subsurface Ba/BaOx species are expected to segregate on the
surface and become visible via XPS. However, no such species
were observed in XPS after Ar+ ion sputtering and annealing.
Thus, the decrease in the Ba/Pt surface atomic ratio observed
after annealing steps in Figure 5 is most likely due to sintering
of BaOx domains.
Interestingly, Figure 5 clearly shows that NO2 or CO2

adsorption has an exclusive effect on the Ba/Pt surface atomic
ratio where the Ba/Pt ratio is observed to increase after the
saturation of the surface with either NO2 or CO2. It should be
noted that the inelastic mean free path of the photoelectrons
emitted from Ba3d states (with a KE = 707 eV for Al Kα
source) ranges within 15.66−17.03 Å for BaO, Ba(NO3)2, and
BaCO3, where the longest inelastic mean free path belongs to
BaO.29 In other words, in the absence of any morphological
alterations, nitration or carbonation of the BaOx/Pt(111)
overlayer is expected to decrease the Ba/Pt ratio. In stark
contrast to this fact, Figure 5 indicates that the experimental
Ba/Pt surface atomic ratio increases after each nitration or
carbonation protocol in a consistent manner. A plausible
explanation for the increase in the Ba/Pt surface atomic ratio
upon nitration or carbonation could be a morphological
modification in which nitration or carbonation imposes
dispersion and spreading of the BaOx domains on the
Pt(111) substrate. These results clearly demonstrate the
dynamic nature of the BaOx overlayer morphology, which can
readily be altered by the presence of common adsorbates such
as NO2 and CO2.

■ CONCLUSIONS

In the current study, we focused our attention on the
interactive surface chemistry of CO2 and NO2 on BaOx/
Pt(111) model catalyst surfaces with a particular emphasis on
the competition between different adsorbates for the catalytic
adsorption sites and adsorbate induced morphological changes.
Some of our major findings can be summarized as follows:

• After NO2 adsorption, nitrated BaOx/Pt(111) surfaces
do not reveal available adsorption sites for CO2,
irrespective of the presence/absence of exposed Pt sites
on the surface.

• Although NO2 adsorption on thick BaOx/Pt(111)
overlayers leads to the formation of predominantly
nitrate species, NO2 adsorption on the corresponding
carbonated surface leads to the formation of coexisting
nitrates and nitrites. The presence of carbonates on
BaOx/Pt(111) overlayers does not prevent NO2 uptake.

• Carbonated thin BaOx/Pt(111) surfaces obtained via
CO2 adsorption can further interact with NO2, forming
surface nitrate/nitrite species, accompanied by the
transformation of surface carbonates into bulk carbonate
species. These results are consistent with the need for
two adjacent unoccupied adsorption sites for the nitrate
formation process. It is apparent that in the presence of
both NO2 and CO2, carbonate species formed on Lewis
base (O2−) sites enable the formation of nitrites at Lewis
acid (Ba2+) sites.

• Carbonates formed on clean and thick BaOx overlayers
decompose at ∼780 K, while in the presence of exposed
(uncovered) Pt sites, carbonate decomposition is
facilitated by the Pt sites, and the carbonate decom-

position temperature decreases to significantly lower
temperatures between 500−700 K.

• Thermal aging, nitration and carbonation have a direct
influence on the morphology of the 2D/3D BaOx

aggregates on Pt(111). While thermal aging in vacuum
leads to the sintering of the BaOx domains, nitration and
carbonation results in redispersion and spreading of the
BaOx domains on the Pt(111) substrate.
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