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Various powerful insitu spectroscopic methods and their
combinations have been developed to clarify and establish
relations between catalytic activity and the atomic-scale
environment of catalytic active sites, particularly under
actual working conditions.!' As demonstrated recently, the
addition of the space-domain into typical time-domain
spectroscopy allows a deeper understanding of structural
effects on catalytic activity within crystals.”) Another relevant
space domain in heterogeneous catalysis is that along the
axial and radial directions in a catalyst bed of a continuous
fixed-bed reactor, where prominent concentration and tem-
perature gradients are known to exist.®! For such integral-type
reactors, knowledge of concentration and temperature pro-
files, as well as of structural changes along the catalyst bed
caused by them, is crucial for gaining insight into the
governing mechanisms and for improving catalytic perfor-
mance.

Herein, a time-resolved study of NO, storage reduction is
presented, with the addition of spatial resolution along the
catalyst bed using combined diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) and Raman spec-
troscopy. The combined approach, employing a switch
between DRIFTS and Raman spectroscopy within a single
setup is known to yield rich chemical information.! In this
study, simultaneous detections of the two spectroscopic
methods within a single setup are achieved which give
access to both surface and bulk information because of the
greatly different local sensitivity of the two methods. Partic-
ular attention is given to the position-dependent dynamic
surface and bulk processes along the catalyst bed, and their
relation to the overall catalytic activity.

NO, storage reduction (NSR) has garnered considerable
attention, owing to its NO, reduction capability in oxygen-
rich atmospheres and its technical potential. Considerable
effort has been undertaken in the elucidation of its underlying
mechanism.”) NSR utilizes periodic switching between fuel-
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lean (oxidative atmosphere) and fuel-rich (reductive atmos-
phere) conditions of engines. Generally, chemical processes
occurring during the two distinct periods of NSR are
summarized as follows: 1) During fuel-lean periods, NO is
oxidized to NO, over a noble metal component, such as Pt,
and stored on an alkali or alkaline-earth metal component of
the catalysts, such as Ba (only Ba is mentioned hereafter), in
the form of nitrates. 2) During fuel-rich periods, the stored
NO, is released and reduced to N, over the noble metal, and
the Ba component is regenerated for NO, storage. Several
storage and reduction mechanisms have been proposed and
their relevance is still a matter of active discussion. This
ambiguity is, to a large extent, caused by the difficult
identification of relevant species by using solely infrared®”!
or Raman®® spectroscopy. A variety of Ba species, such as
nitrite, nitrate, carbonate, oxide, peroxide, and hydroxide, are
involved in the processes occurring during lean-rich cycles,
often appearing as overlapping signals. Herein, we demon-
strate that the combination of both surface-sensitive
(DRIFTS) and bulk-sensitive (Raman) time-resolved detec-
tion at different catalyst-bed positions is a powerful tool to
facilitate deeper understanding of complex dynamic catalytic
processes and reliable band assignments.

Figure 1 A shows schematically the combined DRIFTS-
Raman setup configuration. The plug-flow cell design allows
fast exchange of the gaseous atmosphere between lean and
rich periods, and detection perpendicular to the axial
direction of the catalyst bed allows gradient profiling and
identification of chemical species along the bed.””) The Pt-Ba/
CeO, catalyst (100 mg, 1 wt% Pt and 20 wt% Ba, 6 mm in
length) was placed into the cell. Infrared light and Raman
excitation laser (4 =785 nm) were focused onto the same spot
of the catalyst bed through a ZnSe window. Simultaneous IR—
Raman detection is possible and high-spatial resolution in the
cell positioning, down to sub-micrometer levels, can be
achieved. Significant spectral changes along a catalyst bed
have been detected to within a less than 1 mm distance
between the IR-light focal spots, in spite of the spatial
averaging effects resulting from diffuse-reflectance sampling
configuration.“” Herein, we show spectra recorded at three
locations of the catalyst bed for the purposes of illustration;
front, middle, and back positions (0.5, 3.0, 5.5 mm from the
beginning of the bed at the gas-inlet side, respectively).

Figure 1B shows NO, concentrations during NSR oper-
ation (lean: NO + O, atmosphere, and rich: H, atmosphere,
both balanced by He) at 623 K. During the first 30 s under
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Figure 1. A) Schematic illustration of the cell, applicable to space- and
time-resolved DRIFTS-Raman experiments. B) NO, concentration;

C) time-resolved DRIFT spectra; D) time-resolved Raman spectra.
Spectra recorded at the front position of the catalyst bed during NSR
(lean: NO + O, atmosphere; rich: H, atmosphere, both balanced by
He) at 623 K.

fuel-lean conditions, nearly complete storage of NO, was
detected. Afterwards the storage rate dropped, although
approximately 90% storage of incoming gaseous NO, was
still evident. Very little NO, was detected in the effluent gas
during lean periods, thus indicating that all the NO,, formed
over Pt sites, was successfully captured by Ba species and/or
the CeO, surface. After switching to fuel-rich conditions, the
NO concentration decreased rapidly, followed by a sharp rise
in the concentration of NO, which can be attributed to the
desorption of adsorbed and/or stored NO,, likely caused by
preferential adsorption of H,0.'”) NO, was reduced selec-
tively to nitrogen and no NH; was detected at 623 K.

Figure 1C and D show selected DRIFT and Raman
spectra during the NSR process, recorded at the front position
on the catalyst bed. During lean periods, the DRIFT spectra
(Figure 1C) show a fast uptake of NO,, resulting in a broad
band at 1204 cm™! after 35 s. This maximum shifts finally to
1260 cm™" at 211s. The shift likely results from the trans-
formation of nitrites to nitrates by Ba species or CeO,.
Notably, the vibrational frequency of the nitrates is signifi-
cantly lower than the typically reported values (1320-
1430 cm ™) of surface and ionic nitrates, although it is
close to the reported values of nitrates adsorbed on CeO,-
based materials.''l The presence of nitrate species is indicated
in the DRIFT spectra by surface (1028 and 1570 cm™') and
ionic (1770 cm™') nitrate bands, for which the intensity
increases during lean periods. The Raman spectra (Fig-
ure 1 D) clearly confirm the presence of Ba(NOj), (at 1046
and 725 cm™") and the absence of Ba(NO,), in the bulk solid,
thus revealing that the nitrites are merely surface species. The
low frequency of nitrate bands detected by DRIFTS is likely
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due to a strong interaction between the CeO, and Ba
components, which can influence drastically the structure of
the Ba component, especially at the interfaces. During rich
periods, all the bands in the IR spectra described above
disappeared (Figure 1C, 380 s), indicating the regeneration of
the catalyst for NO, storage. The Raman spectra, conversely,
clearly show the generation of a band at 985 cm™!, which is
assigned to bulk Ba(OH),, as evidenced by the exclusive
presence of the band among Ba reference species (nitrates,
nitrites, carbonates, oxide, peroxide, and hydroxide). The
presence of Ba(OH),, to our knowledge, has not been
confirmed so far by IR and Raman spectroscopy. Ba(OH),
formation is likely promoted by rapid H,O generation during
rich periods. The evolution of Ba(OH), exhibited behavior
antiparallel to that of Ba(NO;), (see later); therefore the bulk
composition mainly changes between these two components
during NSR when H, is used as the reducing agent.

The temporal evolution of DRIFT and Raman spectra
during NSR at the three catalyst-bed locations are shown in
Figure 2 A-F. Remarkable spectral differences were observed
for the different positions along the catalyst bed. The
formation of nitrites and nitrates were significantly delayed
and the band intensities decreased considerably, moving from
the front to the back position. In the DRIFT spectra
(Figure 2 A-C), the most striking difference during lean
periods, besides the band intensities, is the formation of
nitrites, which was detected immediately at the front position,
but delayed by 70 and 120 s at the middle and back positions,
respectively. Conversely, nitrates were formed from the
beginning of lean periods, independently of the bed position,
because of more complete NO oxidation to NO, over Pt
towards the end of the bed (back position). The temporal
profiles of surface nitrate bands at 1028 and 1570 cm™! were
similar to that at 1260 cm ™', while the band position of bulk
ionic nitrate, visible at the front position (Figure2A),
gradually shifted from 1750 to 1770 cm ™! during lean periods.
The band at 1750 cm™' is not due to bulk Ba(NO,),, as
confirmed by Raman spectroscopy, but rather caused by the
formation of bulk nitrates. The chemical changes, which occur
during the NO, storage process, are likely accompanied by
gradual structural reordering, that is, changes in the crystal-
linity of the solid during nitrate penetration from the surface
into the bulk of Ba components. Furthermore, during rich
periods, a remarkable difference in the reduction behaviors of
nitrites and nitrates was detected. Nitrites were first reduced
or desorbed from the surface and then the reduction of
nitrates followed, as clearly indicated by a significant delay of
the corresponding signals at the middle and back positions.
The aforementioned large amount of NO, released from the
catalyst at the beginning of rich periods (Figure 1B), is likely
related to the disappearance of surface nitrites, thus suggest-
ing decomposition of the nitrites and consequent release of
NO into the gas phase. Moreover, the Raman spectra
(Figure 2D-F) clearly indicate the difference in the amount
of formed bulk Ba(NO;),. At the front position, the amount
increased drastically. However, the increase was considerably
less prominent towards the back position. A similar tendency
is also evident in the DRIFTS spectra (Figure 2 A—C), which
show much less intense surface nitrite and nitrate bands
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Figure 2. Time-resolved DRIFT (A-C) and Raman (D-F) spectra during NSR at the front, middle, and back positions of the catalyst bed.

towards the back position. Remarkably, 90% of the NO,
remained stored at the end of lean periods, but the majority of
the NO, was stored at the front of the catalyst bed, utilizing
the bulk Ba component. The combined DRIFTS-Raman
approach elucidates the position-dependent bulk utilization
of the storage component, which greatly affects the efficiency
of the NO, storage process.

The frequently discussed key intermediate during NSR,
NH;, was not detected at 623 K. In the same experiment at
573 K (selected results are shown in the Supporting Informa-
tion for comparison), NH; was released after complete
reduction of N, and less bulk-utilization for NO, storage
was evident. Although the function of NH; is not discussed in
detail herein, it is known to play an important role during
NSR.[IO’H]

An important question to address is the localized sensi-
tivity of DRIFT and Raman spectroscopy, which depends on
the properties of the investigated material, such as absorption
strength, refractive index, surface roughness, and porosity,
and also on the light wavelength and sampling configurations.
Therefore, a quantitative answer can not be given. A rough
estimate, based on comparisons between DRIFTS and other
infrared spectroscopic techniques for Ba(NO;),, demon-
strated that mono- and multilayers of adsorbates, as well as
bulk species below the surface, are probed equally by
DRIFTS,™ whereas no such surface species could be
detected by Raman spectroscopy. As an example, the
effective penetration depth into SiC changes from 50-
100 nm, using a 244 nm excitation laser, to 2 mm when a
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500 nm excitation laser is employed.'¥ Considering the
wavelength of the Raman laser used in this study (1=
785 nm), more bulk components are certainly probed than
the surface species.

We have demonstrated a space- and time-resolved study
of the dynamic surface and bulk processes occurring during
NSR by combined DRIFT-Raman spectroscopy. By compar-
ing space- and time-resolved spectra with evolved effluent gas
compositions, more reliable identification and band assign-
ments as well as a better understanding of the relevant surface
and bulk processes were gained. Our next aim is to reach a
firm understanding of fundamental processes on the surface
and in the bulk phase during NSR, by using different supports,
reducing agents, and storage components for the combined
DRIFTS-Raman spectroscopic technique. Simultaneously
obtained surface and bulk information, with practically
relevant temporal and spatial resolution, is without doubt of
great value for gaining a deeper understanding of the
structure—activity relationship, and thus for the optimization
of the heterogeneous catalytic process.

Experimental Section

The Pt-Ba/CeO, catalyst, prepared by an incipient wetness impreg-
nation method (details are described in the Supporting Information),
was placed into a newly developed reaction cell, applicable to highly
space- and time-resolved measurements (ms time resolution and
um space resolution).”) DRIFT spectra were measured with a Bruker
Equinox 55 spectrometer equipped with a liquid-nitrogen-cooled
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MCT detector at 4 cm™! resolution. Raman spectra were obtained
with an Ocean Optics QE6500 spectrometer equipped with an
InPhotonics fiber optics probe and 785 nm laser excitation. The gas-
phase composition was measured with a Thermostar on-line mass
spectrometer (Pfeiffer Vacuum) and a ECO Physics CLD 822-S
chemiluminescence detector .

The catalyst was first activated by a number of (minimum of 8)
lean (0.42 vol% NO, 3.3 vol% O,, balance He) and rich (3.3 vol %
H,, balance He) cycles, to attain steady-state (stable-response)
conditions at 623 K. For each measurement, the lean-rich cycles
were repeated four times, and the last three spectra were averaged to
increase the signal/noise ratio. IR spectra are shown taking the last
spectrum of rich periods as the background.
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