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Abstract

In situ Fourier transform infrared spectroscopy, coupled with mass spectrometry and time-resolved X-ray diffraction, were used to study
the efficiency of nitrate reduction with CO and H2 on Pt/Al2O3 and Pt/BaO/Al2O3 NOx storage reduction (NSR) catalysts. Surface nitrates
were generated by NO2 adsorption, and their reduction efficiencies were examined on the catalysts together with the analysis of the gas-phase
composition in the presence of the two different reductants. H2 was found to be a more effective reducing agent than CO. In particular, the
reduction of surface nitrates proceeds very efficiently with H2 even at low temperatures (∼420 K). During reduction with CO, isocyanates form
and adsorb on the oxide components of the catalyst; however, these surface isocyanates readily react with water to form CO2 and ammonia.
The NH3 thus formed in turn reacts with stored NOx at higher temperatures (>473 K) to produce N2. In the absence of H2O, the NCO species
are stable to high temperatures and are removed from the catalyst only when they react with NOx thermal decomposition products to form N2
and CO2. The results of this study point to a complex reaction mechanism involving the removal of surface oxygen atoms from Pt particles by
either H2 or CO, the direct reduction of stored NOx with H2 (low-temperature NOx reduction), the formation and subsequent hydrolysis of NCO
species, and the direct reaction of NCO with decomposing NOx (high-temperature NOx reduction).
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Improving the fuel economy of internal combustion engines
is critically needed in a world of declining oil reserves. Engines
operating under net oxidizing conditions (e.g., diesel engines)
exhibit better fuel efficiency than those operating under stoi-
chiometric air/fuel ratios. As a result of these fuel-“lean” op-
erating conditions, however, traditional three-way catalysts are
unable to reduce the emission of harmful NOx gases to the low
levels required by environmental regulations. In the presence
of excess oxygen, these catalysts oxidize all of the reducing
agents present in the exhaust stream (H2, CO, and hydrocar-
bons), thus starving the catalyst for an efficient reductant. In
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the past decade, a number of technologies have been considered
for NOx reduction in net oxidizing environments. Among these
technologies, plasma-assisted NOx reduction [1], selective cat-
alytic reduction (SCR) by hydrocarbons [2,3] and by urea [4],
and NOx storage-reduction (NSR) catalysis [3] have yielded the
most promising results.

An NSR catalyst contains a noble metal (usually Pt or Rh),
and a storage material (most commonly BaO) on an alumina
support. The role of the noble metal constituent is twofold: to
oxidize NO (the main NOx in the exhaust stream) to NO2 in
the lean cycle, and to reduce NOx in the rich cycle. These sys-
tems can operate only under cyclic conditions; that is, a NOx

storage period (net oxidizing conditions) must be followed by
a brief reduction step (net reducing conditions) [5]. The main
findings of numerous reports on recent NOx reduction research
have been summarized in a review by Burch [3]. Most of the
studies in this field have focused on the NOx adsorption and
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storage processes, with the reduction step receiving consider-
ably less attention.

Lesage et al. [6] studied the NOx trap mechanism by Fourier
transform infrared (FTIR) spectroscopy on a Pt/BaO/Al2O3 cat-
alyst. They examined the reduction efficiencies of H2 and CO
under flow conditions and found that H2 was a much better re-
ducing agent than CO. They also observed the formation of two
types of surface NCO species during the reduction cycle with
CO. These NCO species were shown to react readily with O2
or H2O, forming N2 + CO2 and NH3 + CO2, respectively. In
fact, the hydrolysis of surface NCO species with H2O has been
well established on Pt/Al2O3 catalysts, even at room tempera-
ture [7].

The reduction efficiency of different reducing agents was
also studied by Jozsa et al. [8] on a commercial Pt/BaO/Al2O3
NOx storage/reduction catalyst. In temperature-programmed
reduction experiments with H2, CO, or C3H6, these authors
found that H2 was the most effective agent for the reduction
of stored NOx . Similar conclusions were reached by Poulston
and Rajaram [9] and James et al. [10] on Pt/BaO/Al2O3-based
NOx storage materials.

Cant and Patterson [11] investigated the reduction efficien-
cies of different reducing agents for samples without precious-
metal components. They exposed a BaO/Al2O3 storage mate-
rial at 300 ◦C to a flow of 1000 ppm NO2 and 3% O2. In the
reduction cycle under dry conditions, quite contrary to other
results, CO was found to be a more effective reductant on
BaO/Al2O3 than H2. These findings may relate to the absence
of a noble metal in the catalyst formulation, which is essential
for the activation of H2.

Under practical conditions, both CO and H2 are available for
NOx reduction. In the present study, we addressed the interac-
tion of CO and H2 reducing gases with NOx species formed
in the adsorption of NO2 on Pt/Al2O3 and Pt/BaO/Al2O3 cata-
lysts. We identified surface species formed in the reaction of
H2 and CO with adsorbed NOx using IR spectroscopy and fol-
lowed the composition of the gas phase by mass spectrometry
during the course of the reduction. The information obtained
from these experiments has provided useful insights into the
complex reaction mechanism of NOx reduction over these cata-
lysts.

2. Experimental

The catalysts were prepared by the incipient wetness method,
using aqueous Ba(NO3)2 (Aldrich) and dinitrodiammine plat-
inum (Aldrich) solutions to impregnate γ -alumina supports
(Condea, 200 m2/g). The impregnation was carried out in se-
quential manner. The alumina support was first impregnated
with the Ba(NO3)2 solution, then with the Pt-containing solu-
tion. The final loading was 2.5 wt% for the Pt/Al2O3 catalyst
and 2 wt% Pt and 20 wt% BaO for the Pt/BaO/Al2O3 catalyst.
After impregnation, the catalysts were dried at 395 K and then
calcined at 773 K in a flowing 5% O2/He gas mixture for 2 h.
This procedure ensured the decomposition of essentially all of
the precursor Ba(NO3)2 phase into BaO. The Pt dispersions for
these two catalysts (as determined by H2 chemisorption and
TEM) were very similar, ∼45–50%.
The IR measurements were carried out in transmission
mode, using a Nicolet Magna-IR 750 spectrometer operating
at 4 cm−1 resolution. Before acquisition of each spectral se-
ries, a background spectrum of the clean, adsorbate-free sample
was obtained. The IR cell was a 2- 3

4
′′

six-way stainless steel
cube equipped with CaF2 windows. The cell was connected to
a gas handling/pumping station and through both leak and gate
valves to a mass spectrometer (UTI 100C). The catalyst sample
was pressed onto a fine tungsten mesh, which was mounted
onto a copper sample holder assembly attached to ceramic
feedthroughs of a 2- 3

4
′′

flange. This setup allowed us to heat
the samples to 1000 K and to subsequently cool the samples
to cryogenic temperatures. The sample temperature was mon-
itored through a chromel/alumel thermocouple spot-welded to
the top center of the tungsten mesh. Before NO2 adsorption, the
samples were reduced with H2 at 573 K.

The nitrate species were always generated on the Pt/Al2O3
and Pt/BaO/Al2O3 catalysts by NO2 adsorption. The reduc-
tion of stored NOx was carried out with H2, CO, or H2 + CO.
After NO2 adsorption at room temperature, the chamber was
evacuated and the reductant was introduced. In the presence
of reductant, the catalyst was heated at a rate of 12 K/min
to the desired temperature, maintained at that temperature for
1 min, and then cooled back to room temperature. (In some
of the experiments, IR spectra were also recorded at the reac-
tion temperature.) After 5 min thermal equilibration time, IR
and mass spectra were collected. The catalyst was once again
heated, and the entire procedure was repeated generally until a
temperature of 573 K was reached. After the final reduction step
was completed, the chamber was evacuated, and temperature-
programmed desorption (TPD) was carried out at a heating rate
of 12 K/min. During the course of the TPD experiments, IR
spectra were collected at selected sample temperatures.

The reduction of NOx species on a Pt/BaO/Al2O3 catalyst
was also studied with time-resolved X-ray diffraction (TR-
XRD). The TR-XRD experiments were carried out at beam line
X7B of the National Synchrotron Light Source at Brookhaven
National Laboratory. The sample was exposed to a constant
NO2 flow, using a 250-ppm NO2/He gas mixture, and heated
from 300 to 573 K. After completion of the NO2 adsorption
at 573 K, the sample was cooled to 300 K in flowing NO2 and
purged with He. The changes in the crystalline Ba(NO3)2 phase
during the reduction with H2 (5% H2 in He) and CO (5% CO in
He) were then studied with TR-XRD as the sample was heated
in accordance with a designed temperature program to 573 K
under the flowing reductant.

3. Results and discussion

3.1. Pt/Al2O3

As we have discussed previously [12], the alumina support
material that was not completely covered by the Ba-containing
active NOx storage phase can store NOx in the form of sur-
face nitrates when exposed to NO2 up to temperatures relevant
to NOx storage/reduction catalysis. Therefore, we first inves-
tigated the reduction process of adsorbed NOx species on a
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Fig. 1. Reduction of NOx with H2 on Pt/Al2O3. (A) IR spectra: NO2 adsorption (a), followed by H2 exposure for 2 (b) and 60 min (c) at 300 K, or by H2O
adsorption at 300 K (d). (B) IR spectra: after NO2 and H2 exposures at room temperature (a) and at 373 K (b), 423 K (c), 473 K (d), 523 K (e), 573 K (f). (C) Mass
spectra corresponding to IR spectra b → f in panel (B).
Pt/Al2O3 catalyst with both H2 and CO. Surface nitrates were
generated on a 2.5 wt% Pt/Al2O3 catalyst by exposure to 5 Torr
of NO2 at room temperature (spectrum a in Fig. 1A). The re-
sulting IR bands can be assigned to different types of nitrates
formed on the alumina support: bridging (1606–1630 cm−1

and 1211–1266 cm−1), bidentate (1571–1612 cm−1 and 1249–
1293 cm−1), monodentate (1575–1588 and 1292–1297 cm−1),
and linear (1479 cm−1), according to previously reported re-
sults [13,14].

3.1.1. Reduction with H2

After NO2 adsorption, the sample was exposed to H2 in an
amount greater than needed for the complete reduction of NOx
species just formed on the Pt/Al2O3 catalyst. The changes in the
IR spectra as a function of time during the reduction process
with H2 at room temperature are shown in Fig. 1A (spectra b
and c). In the presence of H2, significant changes in the IR spec-
tra were observed even at 300 K. Specifically, a broad peak in
the OH region at ∼3540 cm−1 grew continuously with time-on-
stream, indicating the formation of water. This water was most
likely produced by the removal of adsorbed oxygen atoms from
the surfaces of Pt particles with H2. These oxygen atoms were
generated on the Pt particles when the catalyst was exposed to
NO2. In fact, XPS results by Olsson and Fridell [15] showed
that Pt can be oxidized to platinum oxides (PtO2 and PtO) dur-
ing NO2 adsorption on Pt/Al2O3 or Pt/BaO/Al2O3 catalysts.
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For comparison, spectrum d of Fig. 1A shows the effect of
5 Torr H2O on the IR spectra of the freshly nitrated sample.
The intensity of the 3540-cm−1 IR feature produced by interac-
tion of H2O with the NOx-covered alumina surface is very close
to that produced during the reduction with H2. Close inspection
of the spectral region between 1200 and 1800 cm−1 allows us
to distinguish between the effects on the stored NOx by interac-
tion with water or by reduction with H2. The IR features in the
1480–1620 cm−1 region and the peak at 1305 cm−1 show very
similar behavior in the presence of either H2 or H2O. This sug-
gests that these peaks are influenced primarily by water formed
in the reduction by H2. The peak at 1400 cm−1 was observed
only in the presence of H2; this peak was assigned by West-
erberg and Fridell [14] to the formation of bulk nitrates. The
results of our recent combined FTIR/TR-XRD studies clearly
indicate the formation of bulk nitrates from surface nitrates in
the presence of water vapor [16]. The introduction of H2 re-
duced the intensity of the 1230 cm−1 peak and increased the
intensity of the 1305, 1541, and 1612 cm−1 peaks. In addi-
tion, a new feature developed at ∼1280 cm−1. Some of these
observations can be rationalized by the formation of nitrites
(N-coordinated, 1538 cm−1; linear, 1485 cm−1 [14]) as H2 in-
teracts with the nitrate species.

A series of FTIR spectra obtained during reduction with H2
at different sample temperatures are presented on Fig. 1B. The
reactivity of the different bidentate (surface) nitrates (bridging,
1610 and 1260 cm−1; chelating, 1595 and 1305 cm−1) was
much higher than that of the bulk-type nitrates (1399 cm−1),
which remained unchanged during the reduction up to 573 K.
The linear nitrites (1482 cm−1) were more stable toward reduc-
tion with H2 than the N-coordinated nitrites (1538 cm−1). The
intensity of this latter peak increased up to 423 K, possibly due
to H2O formation, as discussed earlier. The surface concentra-
tion of H2O maximized at 473 K, as evidenced by the highest
intensity of the 3537-cm−1 IR feature. Subsequently, the inten-
sity of this peak decreased due to water desorption from the
catalyst at these elevated temperatures.

The gas-phase products of NOx reduction with H2 were N2
and water. A series of mass spectra obtained after each elevated
temperature excursion, followed by room temperature equili-
bration, is shown in Fig. 1C. From the mass spectra shown, it
is clear that with increasing sample temperature, the extent of
NOx reduction increases, as evidenced by the increasing con-
centration of N2 in the gas phase (28 amu), as well as the
simultaneous decrease in the concentration of H2, the reduc-
tant. The seemingly decreasing level of H2O in the gas phase
after elevated temperature reactions (>473 K) is most likely a
result of water readsorption on the catalyst surface, along with
decreasing partial pressure of water in the gas phase in the IR
cell due to the formation of large amounts of N2.

3.1.2. Reduction with CO
The series of experiments described above were also con-

ducted with CO as the reductant. At room temperature, no
changes in the IR spectra with time-on-stream were observed.
This suggests that CO does not react with surface NOx species
at room temperature. Spectra acquired during reduction of sur-
face nitrates (generated with 15NO2) by CO at elevated tem-
peratures are shown in Fig. 2A. At room temperature, a small
IR feature of Pt-adsorbed CO appeared at 2083 cm−1. The in-
tensity of this peak increased significantly as the sample was
heated to 473 K, due to the removal of surface oxygen from
the Pt particles. As the sample temperature reached 473 K, sur-
face NCO species began to form (2200–2300 cm−1), and their
concentration increased until reaching a maximum at 573 K.
Further increases in sample temperature resulted in decreased
surface concentration of NCO. The two bands found in this re-
gion were assigned to the asymmetric vibration of NCO, bound
to octahedral (2260 cm−1) and tetrahedral (2222 cm−1) Al3+
sites [7,17,18]. These isocyanate species formed on the Pt par-
ticles and spilled over onto the alumina support surface.

Assignment of the IR bands at 1824, 1782, 1643, and 1485–
1490 cm−1 was aided by comparing the IR spectra recorded at
reaction temperatures with those obtained after the sample was
cooled to room temperature after the elevated temperature reac-
tions. A series of IR spectra collected at reaction temperatures
is shown in Fig. 2B (these spectra were recorded before those
shown in Fig. 2A). Comparing the two sets of IR spectra dis-
played in Figs. 2A and B clearly shows that the spectra collected
at elevated temperatures were much simpler than those obtained
after thermal equilibration at room temperature after elevated
temperature reactions. The IR features that we are trying to
assign here (1485–1490, 1643, 1782, and 1824 cm−1) were
present only in the spectra collected at room temperature af-
ter elevated temperature reactions (>470 K). These IR features
represent adsorbed species that are formed in the reduction of
surface-bound NOx species and weakly bonded to the cata-
lyst surface. The bands at 1480–1490 and 1643 cm−1 can be
assigned to weakly bound surface carbonates formed by the in-
teraction of CO2, a product of the NOx reduction with CO, and
the alumina support. Assignment of the 1782 and 1824 cm−1 IR
features is fairly straightforward as well. This spectral region is
characteristic of the νN–O vibration of adsorbed NO on precious
metal particles [17]. The presence of NO in the gas phase is ev-
ident from the results of mass spectrometry analysis (Fig. 2D).
As the reduction of stored NOx increased with increasing sam-
ple temperature, the concentration of gas-phase NO increased
as well. Its concentration reached a maximum at 523 K, after
which it decreased and completely disappeared by 623 K. In
the IR spectra, however, the doublet feature was present at 1782
and 1824 cm−1 even after the reduction step at 673 K. A grad-
ual decrease in CO concentration also occurred as the extent of
NOx reduction increased with increasing sample temperature.
As the surface of the Pt particles became less populated by ad-
sorbed CO (see Fig. 2A), adsorption sites became available for
NO. As CO was consumed in the reduction process, some NO
remained in the system that could adsorb on the clean, reduced
Pt particles. The 8–10 cm−1 isotopic shift (when using 15NO2

instead of 14NO2) in the positions of these features also support
the assignment to adsorbed NO species. A doublet feature in the
1750–1830 cm−1 region has also been attributed to adsorbed
NO and CO bound to the same iridium [19] or rhodium [20]
atom. However, this type of adsorption complex can be ruled
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Fig. 2. Reduction of NOx species on Pt/Al2O3. (A) IR spectra after 15NO2 and CO adsorption at 300 K (a), and subsequent short (1 min) excursions to 473 K (b),
573 K (c), 623 K (d), and 673 K (e) (spectra taken at room temperature). (B) IR spectra corresponding to those in panel (A), but taken at reaction temperatures.
(C) Changes in the surface concentrations of nitrates (a), isocyanates (b and c), and Pt–CO (d) during reduction with CO (the change in the nitrates concentration in
the reduction with H2 is also displayed (e)). (D) Mass spectra after reduction at 373 K (a), 423 K (b), 473 K (c), 523 K (d), 573 K (e), 623 K (f), 673 K (g).
out in our case, because this doublet was present with high in-
tensity even after all CO was consumed.

The intensities of the IR features of selected surface species
as a function of sample temperature are displayed in Fig. 2C.
These plots provide some insight into the changes in the con-
centrations of these species, which in turn could aid understand-
ing the mechanism responsible for the reduction of surface NOx

species. They depict the total integrated intensity of the ni-
trate region and the maximum intensities of the other surface
species (adsorbed CO and NCO). For comparison, the figure
also shows the integrated intensity of the nitrate region dur-
ing reduction with H2. Although Pt/Al2O3 was reduced before
NO2 adsorption in each experiment, the intensity of the νCO

band of adsorbed CO increased up to 523 K, suggesting that a
large number of Pt sites became accessible at elevated reaction
temperatures as the Pt-bound O atoms (formed during NO2 ex-
posure) were removed. As the catalyst was saturated with CO,
the transformation of nitrate species started at 473 K, in con-
cert with NCO formation. The IR results clearly show that the
surface concentration of NCO species reached a maximum at
around 590 K, then decreased as they were converted to other
adsorbed species and/or desorb/decompose. After reduction at
the maximum temperature studied (673 K), no adsorbed CO
was detected, and the surface concentration of NCO was dra-
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Fig. 3. Reduction of NOx species with H2 on Pt/BaO/Al2O3. (A) NO2 exposure (a) followed by H2 adsorption (b) at 300 K, and reduction at 373 K (c), 423 K (d),
473 K (e), 573 K (f). (B) Intensities of the 1580 cm−1 (a) and 1330 cm−1 (b) IR peaks as a function of reduction temperature (filled symbols refer to peak intensities
before H2 adsorption at 300 K).
matically decreased; however, a significant amount of nitrate
species remained on the catalyst surface.

Postreaction gas analysis data are consistent with the results
of the IR measurements presented above. A series of mass spec-
tra obtained after heating the sample for 1 min at the indicated
temperatures is displayed in Fig. 2D. As the reduction of the
NOx species proceeded, the concentration of gas-phase CO (the
reductant) decreased, whereas that of CO2 increased. The pri-
mary N-containing reaction products were 15N2 (30 amu) and
15NO (31 amu). Note the formation of a small amount of 15N2O
(46 amu), particularly at 573 K.

Comparing the mass spectra with the corresponding IR spec-
tra shows that the concentration of gas-phase CO decreased
continuously during NOx reduction. In good agreement with
the IR spectra that showed increased CO coverage on the Pt
particles up to 473 K, the gas-phase concentration of CO de-
creased slightly in this temperature range. Above 473 K, the
CO concentration reached a plateau as the appearance of the IR
signature of surface NCO species signaled the onset of NOx re-
duction. The concentration of gas-phase CO2 increased slowly
up to 473 K, in agreement with the limited extent of NOx reduc-
tion. Above 473 K, the concentration of surface NCO species
increased rapidly, reached a maximum at around 590 K, and
then decreased. The largest increases in both CO2 (both gas-
phase and surface-bound) and N2 concentrations, together with
the steepest decline in CO concentrations, occurred in the tem-
perature range in which the NCO coverage decreased. These
observations seem to indicate a significant role of surface-
bound NCO species in the overall reduction mechanism of NOx

species on Pt/Al2O3.
Computing the relative decrease in the concentration of ni-

trate species (with an initial nitrate integrated intensity taken
as 100%) from the curves of Fig. 2B revealed that H2 was a
more effective reducing agent (72% reduction) than CO (26%
reduction) at 573 K. The significant difference in reduction ef-
ficiency, together with the formation of a significant amount
of NCO species on the catalyst surface during the reduction of
NOx with CO, suggest differing reduction mechanisms for H2
and CO. In the IR experiments, two different types of NCO
species assigned to different alumina sites were formed. These
NCO species were strongly adsorbed onto the catalyst surface,
making their removal quite difficult. In a postreaction TPD
experiment, the NCO-related IR features disappeared at high
temperature (650 K), where the decomposition of the unreacted
nitrate species also occurs. We propose that at these high tem-
peratures, the thermally released NOx converted the NCO to
CO2 and N2 (and/or N2O). In fact, in the TPD spectrum we ob-
served the formation of N2O, together with NO, in the temper-
ature range where the IR features of adsorbed NCO decreased
and the nitrate features disappeared. Based on the strong ad-
sorption of NCO, one might predict that NCO can poison the
catalyst. Although this might be the case in these experiments,
under practical operations, NCO can be hydrolyzed in the pres-
ence of H2O (see later) to form NH3 and CO2, or oxidized with
the large excess of oxygen present in the exhaust gas stream.

3.2. Pt/BaO/Al2O3

To generate adsorbed NOx species, the catalyst was first ex-
posed to 10 Torr of NO2 at 300 K. The 1100–1800 cm−1 and
3500–3800 cm−1 spectral regions of the IR spectrum recorded
after NO2 exposures of the Pt/BaO/Al2O3 catalyst at 300 K
are shown in Fig. 3A (spectrum a). The absorption features are
very similar to those reported previously by us [12] and others
[21–24] for BaO/Al2O3 and Pt/BaO/Al2O3 systems. In accor-
dance with our previous findings [12], even at this relatively
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high BaO content (20 wt%), we can still observe NOx species
adsorbed onto the alumina support surface (IR bands at 1230–
1259 and 1594–1613 cm−1), although at low coverages. The
most intense IR features, however, are those representing ni-
trate species associated with the presence of the BaO phase on
the alumina support, that is, surface (bidentate) nitrates (1298
and 1583 cm−1) and bulk (ionic) nitrates (1317 and 1400–
1480 cm−1). Following the generation of nitrate species on the
catalyst, we investigated their reduction using H2 and then CO
as reducing agents.

3.2.1. Reduction with H2

A series of IR spectra obtained during the course of reduc-
tion with H2 at different sample temperatures (300–573 K) is
displayed in Fig. 3A (spectra b–f). When hydrogen was intro-
duced onto the catalyst with preadsorbed NOx at room tem-
perature, small changes in the intensities of the IR features
were observed; bands assigned to surface nitrates (1298 and
1583 cm−1) decreased slightly, whereas the two bands of bulk
nitrates (1443 and 1300 cm−1) increased marginally. These
changes became more pronounced when the sample was grad-
ually heated up to higher temperatures. Whereas the intensities
of the surface nitrate features decreased continuously, those of
the bulk nitrates reached a maximum at 373 K, then began to
decrease with further temperature increases (Fig. 3B). In par-
ticular, the decrease in all of the nitrate features accelerated at
temperatures above 373 K. The IR spectra presented in Fig. 3A
indicate that surface nitrates on BaO and alumina-bound ni-
trates are removed most rapidly, followed by the reduction of
bulk Ba(NO3)2. Under the conditions of this experiment, all of
the NOx species formed on the Pt/BaO/Al2O3 catalyst on NO2

exposure at 300 K were reduced after the sample was heated to
573 K for 1 min.

The series of IR spectra in Fig. 3 also shows the develop-
ment of a band at ∼1660 cm−1 that can be assigned to the
δH–O–H vibration of adsorbed water. The formation of water in
the reduction of NOx species on Pt/BaO/Al2O3 with H2 may
explain the different trends in the reaction pattern of surface
and bulk nitrates [16]. As water is formed in the reduction, it in-
teracts strongly with the exposed Al2O3 surface and may force
the thin Ba-nitrate layer on the alumina support to form bulk
nitrates. As a result, the intensities of the bulk nitrate features
increase at the beginning of the reduction process. Then, as the
extent of reduction increases, these bulk nitrates are reduced at
an increasing rate as the sample temperature is raised. The ef-
fect of water on the NOx reduction process on Pt/BaO/Al2O3

LNT catalysts was studied by Epling et al. [25], who found
that in the presence of H2O, the adsorption of NOx on alumina
was significantly inhibited due to the formation of hydroxyl
groups on the alumina surface. Consistent with this are the re-
sults of our recent combined 15N solid-state NMR, FTIR, and
TR-XRD study revealing that the surface nitrate species on alu-
mina disappeared after the NO2-saturated BaO/Al2O3 sample
was exposed to H2O [12].
3.2.2. Reduction with CO
A series of IR spectra recorded during the reduction of ad-

sorbed NOx with CO on a Pt/BaO/Al2O3 catalyst is displayed
in Fig. 4A as a function of sample temperature (with 15NO2
used for the generation of NOx species). The IR spectrum (a)
obtained after 15NO2 saturation and evacuation exhibited the
typical nitrate features that we discussed earlier. Interestingly,
again we still see some of the features corresponding to ad-
sorption of NOx species onto the alumina support material, al-
though the BaO coverage was significantly higher than needed
to cover the entire support surface. After the introduction of CO
at 300 K, no change in the IR spectrum occurred in the nitrate
region. A small IR band appeared at 2084 cm−1 that we pre-
viously assigned to the νCO vibration of CO linearly adsorbed
onto reduced Pt sites. The low CO coverage can be attributed
to the oxidation of Pt particles by NO2 before CO exposure (as
we discussed earlier for the Pt/Al2O3 system) and/or the par-
tial coverage of Pt particles by the Ba-containing phase. As the
sample temperature increased to 373 K and then up to 523 K,
the intensity of the Pt-adsorbed CO band increased, although
the gas-phase concentration of CO decreased due to the re-
duction of NOx . After the highest temperature reduction step
(573 K), only a very low intensity feature of adsorbed CO was
seen on the Pt particles, because most CO was consumed by
NOx reduction. The 2348 cm−1 IR feature of weakly adsorbed
CO2 gradually increased with increasing reduction tempera-
ture, in accordance with the increasing extent of NOx reduction.

Similar to the reduction of NOx species with CO on the
Pt/Al2O3 catalyst that we discussed previously (Fig. 2), here
the formation of surface-bound NCO species occurred in the
2150–2280 cm−1 region. The formation of adsorbed NCO set in
at around 423 K, and its concentration increased rapidly as the
sample temperature was raised, reaching its maximum intensity
at 523 K. Further increasing the sample temperature to 573 K
resulted in decreased intensity of the NCO features. Comparing
these NCO features obtained on Pt/BaO/Al2O3 to those seen
on the Pt/Al2O3 catalysts shows the presence of an additional
band in the BaO-containing catalyst at 2158 cm−1, which we
assign to NCO species adsorbed onto BaO. (The fact that this
band appeared at 2167 cm−1 when the NOx species were gen-
erated with NO2 instead of 15NO2 proves that this band also
belongs to a NCO vibration. The 9-cm−1 frequency shift is in
accordance with substitution of 15N for 14N in NCO.)

It is also interesting to note that the relative intensity of the
∼2260 cm−1 NCO feature is smaller on Pt/BaO/Al2O3 than on
Pt/Al2O3, suggesting that the ratio of octahedral-to-terahedral
Al3+ sites available for NCO adsorption is modified by the
presence of BaO. The highest intensity NCO feature on the
Al2O3 is the tetrahedral Al3+-bound one. These results sug-
gest that as Ba-nitrates (surface and bulk) are converted to
carbonates during the reduction process (or even during the
NO2 adsorption), morphological changes of the Ba-containing
phase may open up the alumina support surface for NCO ad-
sorption. The significant intensity of the alumina-bound NCO
feature suggests that a large fraction of the Al2O3 surface be-
comes exposed during the reduction with CO. It is also possible
that the strong interaction between the NCO species and the alu-
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Fig. 4. Reduction of NOx species with CO on Pt/BaO/Al2O3. (A) IR spectra after 15NO2 (a) followed by CO (b) exposure at 300 K, 373 K (c), 473 K (d), 523 K (e),
573 K (f). (B) Mass spectra after reduction steps at 423 K (a), 473 K (b), 523 K (c), 573 K (d). (C) Integrated intensities of IR bands of surface species: nitrates (a),
Pt–CO (c) and isocyanates (b) (for comparison, the integrated intensities of nitrate species during the reduction with H2 is shown as well (d)).
mina support is the driving force behind these changes. Lesage
et al. [6] reported the formation of NCO species in the rich
cycle of LNT processes on Pt/BaO/Al2O3 catalysts using IR
spectroscopy in a mechanistic study on a Pt–Rh/BaO/Al2O3
catalyst. They reported the formation of NCO species bound
to Al3+ and Ba2+ cations during the reduction cycle, although
(due to the low intensities of the NCO features) the peak assign-
ments were not without ambiguity. In our experiments, assign-
ment of the three different NCO bands is straightforward.

Mass spectra taken after each elevated temperature reduction
step are displayed in Fig. 4B. The gradual intensity decrease
of the 28-amu signal clearly indicates the consumption of CO
in the reduction process, in agreement with the results of the
IR measurements. At the same time, an increased CO2 concen-
tration in the gas-phase was observed as CO was converted to
CO2. A small amount of NO was also seen at 423 K, but its
concentration decreased during the reduction at higher temper-
atures, and no detectable NO remained after reduction at the
highest temperature (573 K). The N2 concentration gradually
increased with increasing reduction temperature and reached
a maximum at 573 K. The formation of N2O was also seen
at intermediate reduction temperatures (particularly at 523 K);
however, its concentration was very low throughout these ex-
periments.

The integrated IR intensities of nitrates, adsorbed CO, and
isocyanates are plotted in Fig. 4C as a function of sample tem-
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Fig. 5. (A) TR-XRD spectra collected during the reduction of NOx species with H2 on Pt/BaO/Al2O3. (B) The intensities of the (111) diffraction peaks of Ba-nitrate
(squares) and Ba-carbonate (circles) species during the reduction of NOx species with H2 (red) and CO (black).
perature. For comparison, the integrated intensities of nitrate
species during the reduction with H2 are also shown. The trends
in these plots are very similar to those for the reduction of ni-
trates in Pt/Al2O3 that we discussed earlier. The figure clearly
shows the difference in reduction efficiency between H2 and
CO. The reduction of nitrates begins just above room temper-
ature and proceeds rapidly above 373 K when H2 is used as a
reducing agent. In contrast, the reduction of nitrates with ap-
preciable rate starts at above 473 K when CO is the reducing
agent. It is also worth mentioning that after reduction at 573 K,
78% of the nitrates were removed with H2 as the reductant, as
opposed to 32% with CO as the reductant.

The difference in nitrate reduction efficiencies between H2

and CO over Pt/BaO/Al2O3 was also confirmed in TR-XRD ex-
periments. In this study, a constant flow of CO or H2 was passed
through the NO2-saturated catalyst bed while XRD patterns
were acquired during temperature-programmed reductions. The
results of these experiments are summarized in Fig. 5. A series
of XRD patterns recorded during the reduction process with
hydrogen on a Pt/BaO/Al2O3 sample as a function of time is
shown in Fig. 5A, and the temperature profile as a function
of time is displayed in Fig. 5B. The changes in the intensi-
ties of the (111) Ba-nitrate and the (111) Ba-carbonate peaks
are shown as functions of time in the temperature-programmed
reduction experiments. In accordance with the IR results dis-
cussed above, the decrease in the nitrate phase sets in at a
reduction temperature about 100 K lower (∼373 K) with H2 as
the reductant. It is also interesting to note that the rate of reduc-
tion of the nitrate phase is much faster with H2 than with CO,
once again confirming the IR results. Furthermore, an increase
in the carbonate phase is observed when CO is used as the re-
ducing agent, whereas a small reduction in the carbonate phase
occurs for H2 reduction. The presence of carbonates during the
TR-XRD experiments is a result of exposing the catalyst sam-
ple to air during sample loading and the subsequent inadequate
in situ reduction in the XRD cell. The presence of these carbon-
ates does not alter the main conclusions of this study, however,
because only nitrates are reduced in the reduction experiments,
and the carbonates are practically just spectators under these
conditions (maximum temperature, 500 K).

A TPD experiment was carried out on the Pt/BaO/Al2O3

sample after reduction of the nitrate species with CO, to investi-
gate the thermal stabilities of species remaining on the catalysts
after the reduction cycle. The TPD spectra for selected masses
(B) and the IR spectra (A) collected during the TPD run are dis-
played in Fig. 6. Up to 500 K, the only change observed in both
the IR and TPD spectra was the desorption of weakly held CO2

and carbonates from the oxides (disappearance of the shoul-
der at around 1645 cm−1 in the IR spectrum and a desorption
profile centered at around 350 K in the TPD). Above 500 K,
a very broad and intense CO2 desorption feature developed in
the TPD spectrum (mass 44), signaling the decomposition of
more strongly bound carbonates. The fact that N2O appeared
in the TPD spectra at the same temperature at which CO2 be-
gan to evolve, also coincident with a decreased intensity of the
NCO species in the IR spectra, suggests that surface NOx re-
acted with NCO present in high coverage on the catalysts. At
these temperatures (∼630 K), this reaction produced primarily
CO2 and N2, and N2O formation reached a maximum. With fur-
ther temperature increases, the production of nitrogen increased
sharply and the NCO features in the IR spectra decreased dra-
matically.

We propose that in this temperature regime, nitrates began to
decompose thermally and reacted with NCO species to produce
N2 and CO2. Desorption of NO was delayed compared with that
of N2, presumably due to the initial complete consumption of
the desorbed NOx species in the reaction with NCO. However,
as the rate of N2 evolution reached a maximum, the NO des-
orption rate increased, as a consequence of the increased NOx

desorption rate at higher temperatures as well as the reduced
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Fig. 6. Post-reduction (with CO) TPD on Pt/BaO/Al2O3. (A) IR spectra collected at 300 K (a), 500 K (b), 650 K (c), 700 K (d), 750 K (e). (B) TPD profiles for
NO (a), CO2 (b), N2 (c), O2 (d), CO (e), and N2O (f).
concentration of NCO on the catalyst surface. Interestingly, N2
formation did not cease even at the highest temperature (773 K),
in accordance with the continued presence of some NCO on the
catalyst surface as evidenced from the IR spectra.

To further rationalize the change in “selectivity” from N2O
to N2 during these TPD experiments, we note that the small
amount of N2O during the TPD run with a maximum rate at
around 640 K likely is a consequence of the relatively high
surface coverage of NO on the Pt particles in this temperature
regime. As adsorbed NOx from the Ba-containing phase begins
to thermally decompose, it spills over to the Pt particles, where
it can decompose to Na and Oa. At the high surface coverage
of NOa and the low coverage of Na, there is a relatively high
probability of the formation of N2O by the combination of Na
and NOa [26]. At higher temperatures, however, N2O formation
slows while N2 formation speeds up, because the NOa disso-
ciation rate is more rapid and the lifetime of NOa is shorter.
At even higher temperatures (>700 K), NO desorbs from the
catalyst before it can dissociate, resulting in decreased N2 for-
mation.

In the reduction experiments with CO on both Pt/Al2O3 and
Pt/BaO/Al2O3 catalysts, we observed the formation of NCO
species with high surface coverage on the oxide components
of the catalyst systems BaO and Al2O3. As we mentioned in
the Introduction, the formation of NCO species during the re-
duction of NOx species with CO was reported previously [6,7].
We also noted that these NCO species were easily removed by
hydrolysis with water, which is always present in high concen-
trations (∼10 vol%) in the exhaust gas stream in both lean and
rich cycles.

To evaluate the hydrothermal stability of the NCO species
generated in the reaction of stored NOx with CO on the
Pt/BaO/Al2O3 catalysts, we generated NCO species by react-
ing the adsorbed NOx (formed via NO2 uptake) with CO at
523 K. This temperature was chosen because we have observed
the highest concentration of surface NCO species after reduc-
tion of NOx with CO at this temperature (see Fig. 4). After
3 min of reduction with CO at 523 K, the catalyst was cooled
to room temperature, and the cell was evacuated before H2O
introduction. After the IR spectrum shown in Fig. 7A (a) was
obtained, 10 Torr of H2O was added to the reaction cell, and the
sample was heated to increasingly higher temperatures. After
each elevated temperature excursion, the catalyst was cooled to
room temperature before an IR spectrum was acquired. A mass
spectrum was also acquired after each reaction run, to monitor
changes in the gas-phase composition.

A series of IR spectra (Fig. 7A) as a function of sample
temperature, along with the corresponding mass spectra (B),
are displayed in Fig. 7. The mass spectra were collected us-
ing 15NO2 to generate the surface nitrate species. After the
introduction of water at 300 K, the IR feature at 2233 cm−1,
representing NCO bound to the tetrahedral aluminum sites, de-
creased significantly. Changes in the nitrate region are also
seen, in accordance with those in the effect of water on adsorbed
nitrates that we discussed previously (Fig. 1). The strong inter-
action between the alumina support and water is the driving
force behind the decreased intensity of alumina-bound NCO.
From the data shown here, it is not possible to determine
whether Al3+. . .NCO reacted with H2O at 300 K to form CO2

and NH3 or whether it was just replaced by water and forms
HNCO and Al3+. . .OH. The formation of hydroxyl groups was
evidenced by the development of a broad νOH feature above
3500 cm−1; however, no trace of HNCO could be seen in
the mass spectrum. In the IR spectra, on the other hand, two
new features appeared at 1459 and 1614 cm−1. The intensi-
ties of these two features increased significantly as the sample
was heated to higher temperatures and reached their maxima
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Fig. 7. (A) IR spectra from Pt/BaO/Al2O3 after 10 Torr NO2 and 20 Torr CO exposures followed by heating at 523 K for 3 min (a), and in the presence of 10 Torr
H2O at room temperature (b) and then gradually heated to 373 K (c), 423 K (d), 473 K (e), 523 K (f), and 573 K (g). (B) Mass spectra (15NO2) of the gas phase
obtained during reaction at 373 K (a), 423 K (b), 473 K (c), 523 K (d), 573 K (1 min) (e), and 573 K (10 min) (f).
at 473 K. These peaks can be assigned to Lewis acid-bound
(1614 cm−1) and protonated (1459 cm−1) NH3.

Interestingly, after the significantly decreased intensity of
the tetrahedral Al3+-bound NCO feature (2233 cm−1), the in-
tensities of octahedral Al3+-bound NCO species decreased as
the sample was heated to 423 K. Note that there was no change
in the intensity of the Ba-bound NCO species in this tempera-
ture range. Heating the sample to 473 K resulted in a decrease in
all three NCO bands. As the sample temperature reached 523 K,
most of the alumina-bound NCO features disappeared, and only
a small trace of the Ba-bound NCO remained. Above 473 K, the
intensities of the NH3-related bands (1614 and 1459 cm−1) also
decreased, due to either the desorption of these species or their
reaction with NOx species still present in the catalyst. The re-
sults of this experiment clearly demonstrate the facile reaction
between NCO formed in the reaction of stored NOx and CO
with water to form ammonia by hydrolysis. The significantly
different reactivities of these NCO species toward hydrolysis
are also evident. The series of mass spectra shown in Fig. 7B
demonstrate a gradual consumption of H2O as the hydrolysis
of the NCO species proceeds with increasing rate as the sample
temperature is raised. Also note the formation of a large amount
of N2 above 473 K (mass 30). At lower temperatures (<473 K),
as the NCO species are hydrolyzed, NH3 remains mostly ad-
sorbed on the catalyst surface. At higher temperatures, however,
it can react with stored NOx to produce N2.

3.2.3. Reduction with CO + H2

Because under practical operating conditions, both H2 and
CO are present in the exhaust gas stream, we investigated the
reduction of nitrate species on a Pt/BaO/Al2O3 catalyst in the
presence of both reductants at various temperatures. After cool-
ing the sample to 300 K following each 1-min reduction step
at the indicated temperature, we collected a series of IR and
mass spectra, as displayed in Fig. 8. As in previous experi-
ments, we generated the nitrate species by exposing the cat-
alyst to NO2 at 300 K and then evacuating the IR cell. The
IR spectrum recorded after NO2 adsorption was identical to
that discussed earlier and showed the presence of typical ni-
trate features (spectrum a) (nitrates on the alumina support and
the surface and bulk nitrates in the BaO phase). Exposure of
this NO2-saturated sample to an equimolar H2 + CO gas mix-
ture for 60 min (spectrum b) did not appreciably change the IR
spectrum other than the appearance of one additional feature
at 2089 cm−1 representing CO adsorbed onto metallic Pt sites.
Although the greatest amount of CO was available for adsorp-
tion under these conditions, the IR peak of adsorbed CO was
weak, almost certainly due (as discussed above) to the oxida-
tion of surface Pt sites by NO2 in the previous step, in which
the nitrate species were generated. In fact, it is conceivable that
most of the surface Pt sites are oxidized, and hence CO can ad-
sorb only on Pt sites that have been freed through the removal of
Oa by either of the reducing agents present (as H2O with H2 or
CO2 with CO). The appearance of a low-intensity CO2 feature
seems to support this hypothesis.

Heating the sample to 423 K in the CO + H2 mixture did
not affect the IR spectrum in the nitrate region, whereas a sig-
nificant increase in the intensity of the Pt-bound CO feature
occurred (spectrum d), and the CO2 band increased as well. The
alumina-bound NCO features were of much higher intensity
than the Ba-related NCO. (Most of the Ba2+ ions are associated
with NOx species, with only a limited amount of BaO available
for NCO adsorption.) Further increasing the sample tempera-
ture to 473 K resulted in both the disappearance of the Pt-bound
CO feature and intensity gains in all three adsorbed NCO fea-
tures (spectrum e). The intensities of the NCO features dropped
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Fig. 8. (A) IR spectra from Pt/BaO/Al2O3 after exposure to 10 Torr NO2 (a) followed by 5 Torr CO and 5 Torr H2 adsorption at room temperature for 60 min (b),
and then gradually heated to 373 K (c), 423 K (d), 473 K (e), 523 K (f), and 573 K (g). (B) Corresponding mass spectra after reduction at room temperature (for
60 min) (a), 373 K (b), 423 K (c), 473 K (d), and 573 K (e).
dramatically as the sample was heated to 523 K (spectrum f)
and subsequently to 573 K (spectrum g).

Evaluating the mass spectra obtained after each reduction
step at elevated temperatures may provide insight into the
changes observed in the IR spectra of Fig. 8A. After the NO2-
saturated catalyst was exposed to the CO + H2 gas mixture at
300 K for 60 min, hydrogen and CO were the dominant com-
ponents of the mass spectrum (spectrum a). Small amounts of
water and CO2 were also seen, in agreement with the results
of the IR experiment, suggesting that reaction occurs (albeit to
a limited extent) even at room temperature. At 373 K, more
N2 and CO2 formed, whereas the concentrations of H2 and
H2O seemed to remain unchanged. As we discussed previ-
ously for the reduction of NOx species with H2 only on the
Pt/BaO/Al2O3 catalyst, at 373 K some of the nitrates (particu-
larly the surface nitrates) already exhibited reduction. The mass
spectrum collected after reduction at 423 K (spectrum c) shows
significant decreases in the concentrations of both H2 and H2O
in the reactant/product gas mixture, along with rapid increases
in the concentrations of N2 and CO2 formed in the reduction. As
the concentrations of H2 and H2O dropped, the intensity of the
NCO feature in the IR spectrum rapidly increased (spectrum d
in Fig. 8A), and the surface CO concentration reached a max-
imum; however, the NCO concentration was much lower than
that occurring when CO was the only reductant (Fig. 4). After
reduction at 473 K, neither H2 nor H2O was present in the gas
phase, and the amount of remaining gas-phase CO was mini-
mal. In fact, no (or hardly any) Pt-bound CO was observed in
the IR spectrum after this reduction step, suggesting that prac-
tically all of the CO reductant had been consumed by reactions
producing NCO or CO2. After the reduction at 573 K, the pri-
mary constituents of the gas mixture in the reaction cell were
N2 and CO2, and the IR spectrum exhibited almost complete
disappearance of the NCO features.

3.3. Reduction mechanisms with H2 and CO

The mechanistic picture that emerges from the results of
these experiments can be characterized as follows. In the pres-
ence of H2 only, hydrogen was activated on the Pt surface and
first reacted with the Oa remaining on the Pt surface from the
reaction of NO2 with the catalyst (the reverse reaction of NO
oxidation to NO2 over Pt in a NO + O2 mixture), forming wa-
ter,

Pt. . .Oa + H2 → Pt∗ + H2O, (1)

where Pt∗ denotes empty Pt sites. The H2O thus formed destabi-
lized some of the adsorbed nitrates, particularly surface nitrates
on alumina, which could then decompose on the Pt surface. The
dissociation of NOx species on the Pt particles can be followed
by the recombination of Na atoms to form N2 or by the reaction
of these Na atoms with H2 to form NHx and, ultimately, NH3,

2Pt. . .Na → 2Pt∗ + N2 (2)

and

(x + 1)Pt∗ + NOx → xPt. . .Oa + Pt. . .Na. (3)

Thus, in this process the primary role of H2 is to keep the
surfaces of the Pt particles clean for the dissociation of NOx

by reacting with Oa to form H2O [reaction (1)]. It also has
been suggested that Ha promotes NO dissociation on Pt cat-
alysts [27]. Pirug and Bonzel [28] reported decreased activa-
tion energy for NO dissociation with decreasing NO coverage
and proposed that coadsorbed hydrogen can prevent high NO
coverage, thereby enhancing the rate of NO dissociation. Of
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course, removing Oa will also facilitate the dissociation of NO
by restoring active sites for this part of the process.

In the presence of CO at low temperatures (<423 K), the
primary reaction was the removal of adsorbed oxygen atoms
(Pt. . .Oa) from the Pt particles to form CO2. The empty Pt
sites thus formed became available for adsorption of CO, which
could then react with adsorbed nitrogen atoms to form NCO
species,

Pt. . .Na + Pt. . .COa → Pt∗ + Pt–NCOa. (4)

NCO generated on the Pt particles spilled over to the oxide
components of the catalyst, resulting in consumption of a large
fraction of the gas-phase CO and formation of a significant
amount of CO2 (Fig. 6B) via

Pt. . .Oa + CO → Pt∗ + CO2. (5)

On the other hand, only a very small amount of N2 could form
via reaction (2), because of the relatively low temperatures
(<423 K). Therefore, NCO and CO2 formation (but not N2
formation) occurred at the expense of adsorbed nitrate species
(stored NOx). At higher temperatures, these NCO species can
readily react with the NOx stored by the catalyst. The onset
of this reaction (>573 K) corresponds with the onset of stored
nitrate decomposition. This reaction route eventually led to the
disappearances of both nitrate and NCO features in the IR spec-
tra (Fig. 8),

NCOa + NOx → N2 + CO2. (6)

In fact, we cannot rule out significant N2 formation at these
higher temperatures arising from reaction (2). However, N2
formation was significantly enhanced by adding water to the
NCO-covered catalysts. Adding water opened up a new reac-
tion route for the NCO: the hydrolysis to form NH3 and CO2,

NCOa + H2O → NH2;a + CO2 (7)

and

NH2;a + H2O → NH3 + OHa. (8)

The NH3 thus formed could now react with NOx to form the
intermediate that eventually generated N2 and H2O,

NH3 + NOx + H2O → [NH4NOx] → N2 + H2O. (9)

In the simultaneous presence of both H2 and CO reduc-
ing agents, nitrogen formation was rapid; however, the reaction
path cannot be considered to involve merely the simple addi-
tion of reactions occurring in the presence of the individual
reducing agents. In the low-temperature regime (<373 K), the
primary reducing agent was H2, and the reaction seemed to fol-
low a similar path to that discussed above for the H2-only case.
Nonetheless, the formation of Al2O3-bound NCO is more facile
at lower temperatures in the presence of H2 than in the presence
of only CO. Salama et al. [29] observed no NCO formation at
low temperatures in the CO + NO reaction over an Au/Na-Y
catalyst; however, after introducing H2 to the gas mixture, they
observed the development of an intense NCO feature in the IR
spectrum suggesting the formation of Na atoms. They attributed
this observation to the promotion of N–O bond fission by ad-
sorbed atomic hydrogen. A similar phenomenon was recently
reported by Macloed and Lambert [30] on a Pd/Al2O3 catalyst.
These authors observed that in the presence of H2, the N–O and
C–O bonds are destabilized in adsorbed NO and CO, respec-
tively, most likely due to the enhanced backdonation from the
metal to the antibinding orbitals of NO and CO in the presence
of adsorbed hydrogen on the metal surface.

It is reasonable to assume that a similar phenomenon holds
for other noble metals as well (although the effect of H2 on the
N–O and C–O bonds likely varies with different noble metals).
The rapid accumulation of NCO species on the catalyst surface
(seen in the CO-only reduction experiment) was not observed
in the presence of both H2 and CO, because the water produced
in the reduction with H2 efficiently hydrolyzed these adsorbed
NCO species. Comparing the results displayed in Figs. 3 and 8
clearly shows that the reduction rate of stored NOx was lower
in the presence of both H2 and CO than in the presence of only
H2, most likely due to the competition between H2 and CO for
adsorption sites on the Pt particles. This in turn resulted in a
lower Ha concentration in the presence of CO, thus effectively
reducing the rate of NOx reduction at low temperature with H2.
On the other hand, NOx reduction was significantly higher in
the presence of both H2 and CO than with CO only. This is due
primarily to the aforementioned reduction in the N–O and C–O
bond strengths in the presence of adsorbed hydrogen, as well as
to the efficient hydrolysis of surface NCO in the presence of H2.

4. Conclusion

This study investigated the efficiency of H2 and CO in the
reduction of stored NOx on Pt/Al2O3 and Pt/BaO/Al2O3 cat-
alysts. Both reducing agents were found to effectively reduce
stored NOx ; however, H2 is a much more effective reductant
than CO. H2 more effectively reduced the surface nitrates than
the bulk nitrates on Pt/BaO/Al2O3. In the reduction with CO
(in the absence of H2O), the formation of isocyanates bound
to the oxide components of the catalysts was observed. In the
absence of water, these species accumulated on the catalyst sur-
face and exhibited high thermal stability. The surface-bound
NCO species reacted readily with H2O to form the hydroly-
sis products of NH3 and CO2. The NH3 thus produced then
could react with NOx to form an intermediate that eventually
decomposes to give N2 and H2O. Removing NOx from the
Pt/BaO/Al2O3 catalyst was very effective when both H2 and
CO were used as reducing agents; the rate of removal was lower
than that in the presence of only H2 but higher than that in
presence of only CO. At low temperatures, H2 was the primary
reducing agent. At high temperatures, NCO can react directly
with NOx to form N2 and CO2, whereas at intermediate temper-
atures, water, formed in the reduction with H2, can hydrolyze
NCO to form the intermediate that eventually decomposes to
N2 and H2O.
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