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Abstract

The role of platinum on the room temperature NOy storage mechanism and the NOy desorption
behavior of ceria was investigated by combining online FT-IR gas-phase analysis with in situ
Raman and UV-vis spectroscopy. The type of pretreatment, leading to the presence of different
platinum states (Pt’, mixed Pt%/Pt**), is shown to have a major effect on the NOy storage and
desorption properties. Upon loading of ceria with platinum (1wt%), NOx storage capacities
decrease except for reductively pretreated Pt/CeO», enabling new reaction pathways via activation
of gas-phase oxygen. In the absence of oxygen, NO is reduced by metallic platinum leading to
N20 and N; formation. /n situ Raman spectra provide mechanistic information, by monitoring
changes in ceria surface and subsurface oxygen, as well as PtOy during NOy storage. In the
presence of gas-phase oxygen, NOy storage is related to the consumption of (sub)surface oxygen
and PtOy, and proposed to involve NO, or [NO+O;] intermediates reacting with surface oxygen.
The NOy desorption behavior is shown to be strongly related to the stored NOy species. Oxidative
pretreatment of ceria resulted in the largest amount of stored nitrates, consistent NOy being mostly
desorbed at elevated temperatures, i.e., within 300-500°C. Reductive pretreatment and/or addition
of platinum significantly increased the fraction of stored nitrite, thereby shifting the main NOx
desorption temperature to values <300°C. Storage and subsequent desorption of NOy in PtO,/CeO>
was associated with PtOx reduction and reoxidation, as monitored by in situ UV-Vis and Raman
spectra. By detailed analysis we were able to elucidate the influence of platinum on NOy
storage/desorption and demonstrate the participation of different platinum states in room

temperature NO, storage, with each platinum state opening a distinct new reaction pathway.



Introduction

Exhaust emissions caused by industry and automobiles are one of the most serious environmental
problems leading to negative effects on atmosphere, global ecosystem and human health. The goal
is to reduce exhaust emissions, e.g. by establishing regulations for the emission of pollutants like
nitrogen oxides (NOy). To reduce NOy emissions different technologies have been discussed in
literature, such as direct decomposition of NO to N> and O»,!? selective catalytic reduction (SCR)
of NOxy,* NOy storage reduction (NSR) or lean NOy traps catalysts (LNT),5!! and low-temperature
NOx adsorbers (LTNA) or passive NOy adsorber (PNA)'?'®, The NSR/LNT catalyst and
LTNA/PNA systems have in common that initially NOy is stored in a NOy storage material. As

19,20 ceria containing materials, 012, 14.21-26 45 well

NOx storage materials Al,Os,'”> 18 barium oxide,
as mixtures of these® '!- 273! have been discussed.

A major challenge in NOy reduction is the NOy treatment at low temperatures (<200°C).
To this end, LTNA/PNA systems are of great interest, which allow NOx storage at low
temperatures (<200°C) and their release at higher temperatures, followed by a treatment by another
deNOx system such as a SCR catalyst.®!® A benefit of ceria is that it can store NOyalready at room
temperature.'® 1> There are a number of publications investigating the NOy storage behavior of
ceria containing materials at temperatures >80°C,6: 13, 14, 21,23, 32-36 ht only a few cover lower

temperatures. !0 12,37, 38

Furthermore, while it is established that precious metals like platinum or
palladium can promote the NOy storage in ceria containing materials at temperatures >100°C,4 2!
little is known about the role of platinum during NOy storage at lower temperatures.

To elaborate the role of platinum during NOy storage, the state of platinum under in situ

conditions is of great interest. To detect platinum in different states in situ or quasi in situ, various

techniques are available, such as Raman spectroscopy,*-*! UV-vis spectroscopy,*>*> near-ambient



pressure X-ray photoelectron spectroscopy (NAP-XPS),* and X-ray absorption spectroscopy
(XAS),*"-48 Unlike NAP-XPS, XA spectroscopy can be routinely applied at ambient pressure and
high pressures,* as can be Raman and UV-Vis spectroscopy. Raman spectroscopy allows PtOx
species to be observed but metallic platinum is not accessible.’® In principle, UV-Vis spectroscopy
has the potential to detect both metallic and oxidized platinum,** and it has therefore been applied
to the characterization of platinum-loaded samples,*>**> without using it under in sifu conditions.
Limitations may arise for larger metallic platinum particles, leading to strong absorption within
the range 400-1000 nm, and hence decreasing the sensitivity to detect PtOx. However, this
limitation can be overcome by a combination of UV-vis and Raman spectroscopy, enabling the
detection of both metallic and oxidized platinum, even under in situ conditions. Consequently,
observations made during NOy adsorption/desorption can be directly correlated with the platinum
state present under the respective reaction conditions.

A promotional effect of PtOx during NOy storage at 200°C was already observed by Luo
et al..*® For reductively pretreated Pt/CeO; at >200°C it is assumed that NOy storage is promoted
by NO oxidation catalyzed by metallic Pt°, since more NO, than NO can be stored in ceria.”> 1% 14
I However, at lower temperatures, the role of platinum state for NOy storage is still unknown. In
this context, it is also of interest whether the presence of gas-phase oxygen has an influence on
NOx storage. Li et al. assumed that metallic platinum on ceria can activate molecular oxygen
already at room temperature.’ In turn, such a low-temperature oxygen activation by platinum
would be expected to influence the NOy storage capacity.

In this study, we elucidate the role of platinum on the NOy storage in ceria from a
fundamental point of view, by performing NOy storage experiments in ceria and platinum loaded

ceria at room temperature. Using oxidative or reductive pretreatment prior to NOy storage different



platinum states were generated. Comparison of NOy storage with and without oxygen allows us to
gain insight into the influence of oxygen on NOy storage. We employ a combination of in situ
Raman and in situ UV-vis spectroscopy to characterize the state of ceria and platinum, while the
exhaust is monitored by quantitative FT-IR gas-phase analysis to calculate the NOy storage
capacity and NOx desorption efficiency. Sample degradation by laser radiation is avoided by use
of a fluidized-bed approach.>® To explore the role of platinum and the platinum state during NOx
desorption we analyzed the temperature-dependent desorption behavior O»/N, after one hour of

NOx storage.

Experimental

Material synthesis

The ceria sample was synthesized by a twofold calcination of cerium(IIl) nitrate hexahydrate
(Sigma Aldrich, 99.999% trace metal basis) at 600°C (6°C/min) for 12 h. The 1 wt% Pt/CeO>
sample was prepared by incipient wetness impregnation of an aqueous solution of
tetraammineplatinum(II) nitrate (ROTH®METIC, Roth) onto the synthesized ceria sample. Then
the Pt-loaded ceria sample was dried at 85°C overnight and calcined at 500°C (6°C/min) for 2 h.

For the investigations 200-300 um sieve fractions were used.

Sample characterization
The samples were characterized by N> adsorption-desorption, X-ray diffraction, and X-ray
photoelectron spectroscopy (XPS). Nitrogen adsorption-desorption experiments were performed

on a NOVA 3000e (Quantachrome). Prior to the measurements the samples were evacuated for 24



h at 150°C. The specific surface area was determined by the Brunauer-Emmett-Teller (BET)
method.

X-ray diffraction patterns were recorded on an X-ray powder diffractometer (StadiP, Stoe
& Cie GmbH) with a Mythen 1K (Dectris) detector. The measurements were performed in
transmission geometry with a Cu Kol radiation (A=1.540598 A) and a Ge[111] monochromator.
To estimate the crystal sizes of the samples the Scherrer equation with K=0.89 (spheric crystals)
was used.

XP spectra were recorded on a SSX 100 ESCA spectrometer (Surface Science Laboratories
Inc.) under high vacuum conditions, using monochromatic Al Ka radiation. The spot size was
0.25%x1.00 mm?. To minimize charging effects an electron flood gun with an energy of 0.5 eV was
used. XP spectra were recorded at room temperature with a step size of 0.1 eV and analyzed using

the software Casa XPS. Binding energies were calibrated by shifting the C 1s peak to 285 eV.

Experimental setup
The samples were investigated by Raman and UV -vis spectroscopy using a commercial CCR1000
catalyst cell from Linkam Scientific Instruments (see Fig. 1). The ceramic sample holder was
loaded with about 130 mg of CeO; or Pt/CeO, sample on a ceramic fiber fleece. To avoid sample
damage by laser radiation, a fluidized bed was used by placing a membrane pump in the
downstream, as described previously.®® The pressure oscillations of the membrane pump were
controlled by a regulating transformer, allowing to adjust the mixing speed.

For a quantification of stored NOx amount, the outlet gas was connected to a FT-IR
spectrometer (Bruker Tensor 27, DLaTGS (deuterated and L-alanine-doped triglycine sulfate))

equipped with a low volume gas cell (25 mL, Axiom, LFT). The gas cell was heated to 125°C to



avoid water condensation. FT-IR spectra were measured with a resolution of 4 cm™! and an aperture
of 6 mm. The quantification of NOy in the outlet gas and as a consequence the stored NOy amount
in the sample was calculated by calibration curves. The NOy storage capacity was determined by

subtracting the breakthrough curves of the loaded catalyst cell from the empty catalyst cell.
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Fig. 1 a) Schematic drawing of the experimental setup. b) Schematic drawing of the sample holder

of the CCR1000 catalyst cell with arrows indicating the gas flow directions. For details see text.

Raman spectra were recorded in a backscattering geometry using an argon-ion (514.5 nm,
Melles Griot) or Nd:YAG (532 nm, Cobolt) laser. NOy storage experiments with oxygen were
investigated at 514.5 nm laser excitation, while for NOy storage without oxygen a laser wavelength
of 532 nm was employed. Please note that after normalization to the F»; mode of ceria (~464 cm
1, spectra of both laser wavelength coincide very well, except for the worse signal-to-noise ratio

at 532 nm excitation and background effects (see Fig. S1). The laser power was adjusted to 2.3



mW at the location of the sample. The backscattered light was collected by a transmission
spectrometer (Kaiser Optical), equipped with a charge-coupled device (CCD) detector and
calibrated with a standard argon lamp. The resolution of the spectrometer was 5 cm!, but the
wavelength stability was better than 0.5 cm™!. For the fitting of Raman signals, Voigt functions
with (instrumental) Gaussian linewidth of 6 cm™' were used. In case of the Ce-O-signal related
changes after NOy storage we first calculated difference spectra, based on the spectrum prior NOy
exposure, and then applied the fitting analysis.

UV-Vis spectra were measured on an AvaSpec-ULS2048 spectrometer (Avantes),
employing a halogen and a deuterium lamp (AvaLight-DHS, Avantes) for excitation. The UV-vis
fiber was tilted by 30° with respect to the Raman objective. To avoid interference effects, Raman
and UV-vis spectra were recorded alternately.

Initially, all samples were pretreated either oxidatively or reductively. During oxidative
pretreatment the sample was heated in 50 ml/min 20% O2/N, to 400°C for 1 h (heating rate:
20°C/min). For reductive treatment the sample was heated in 50 ml/min 20% O2/N; to 400°C for
30 min (heating rate: 20°C/min). Afterwards, 50 ml/min N, were flowed through the sample to
remove oxygen and subsequently switched to 50 ml/min 7.5% H»/Ar at 400°C for 30 min. Then
the sample was cooled to 30°C in 50 ml/min N (cooling rate: 20°C/min). At 30°C the feed was
switched to 50 ml/min 20% O2/N; for 10 min.

NOy storage was performed either with or without the presence of oxygen in the feed. For
NOy storage with oxygen, 1000 ppm NO/N; were mixed with 20% O»/N; resulting in a gas reaction
mixture of 500 ppm NO/20% O2/N,. For NOy storage without oxygen, 50 ml/min N, were flowed
through the sample for 30 min prior to NOy storage to remove oxygen from the catalyst cell. Then

1000 ppm NO/N; were mixed with nitrogen to achieve a gas reaction mixture of 500 ppm NO/N>.



Results and discussion

Sample characterization

Prior to any pretreatment and NOx storage, both samples were characterized by X-ray diffraction
and nitrogen adsorption-desorption experiments. Both samples have a similar BET surface area of
64.5 m?/g for bare ceria and 72.2 m?/g for platinum-loaded ceria. The crystal size of the CeO,
sample was about 25-30 nm, while ceria in the loaded sample had a crystal size of about 15-20 nm,
coinciding with the larger surface area. We cannot rule out that the observed deviations in crystal
size and surface area result from different sample charges, as new ceria was synthesized for the
loaded sample. Based on XPS experiments on the platinum-loaded sample the platinum content
was determined as 0.24 at% (see Table S1), which is equivalent to 1.14 wt% Pt on the surface.
Detailed XPS analysis revealed that 53.4% of the platinum were in a metallic state (Pt°) and 46.6%

in an oxidized (Pt*") state (see Table 1).

Table 1 Platinum state of the Pt/CeO, sample after respective treatment as determined by XPS

analysis.

Sample Pt’ [%] Pt*" [%]
Pt/CeQs, as synthesized 534 46.6
Pt/CeO,, ox. 42.1 57.9
Pt/CeOg, red. 100 0
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Fig. 2 Raman spectra recorded at 30°C of oxidatively (black) and reductively (red) pretreated a)
CeO; and b) Pt/CeO,. All spectra were normalized to the F2; mode. To allow an enlarged view of

the other signals, the high intensity of the F2, mode at around 464 cm™! was cut off.

Prior to NOy storage, samples were characterized after oxidative and reductive pretreatment. Fig.
2 shows Raman spectra of CeO2 and Pt/CeO, within the range 150-1800 cm!, characterized by
features at 244, ~410, ~464, 550, and 595 cm'. The signals at 244 and ~410 cm™! are assigned to
the longitudinal and transversal stretching modes of the CeO»(111) surface and will be denoted
here as Ce-O.>* The most intense signal at ~464 ¢cm™ originates from the F2, mode of ceria,>* 33
while the signals at 550 and 595 cm! are attributed to a Ce*"O7Vo"™ and Ce**O7Vo™ coordination
cube, respectively>*. For oxidatively and reductively pretreated ceria an additional signal at 1164

cm! was observed and ascribed to the 2LO overtone of ceria. The 2LO overtone was barely
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visible in the Pt/CeO, spectra because of a poorer signal-to-noise ratio, caused by the strong
absorption of the laser beam by platinum (see Fig. 3).

After reductive pretreatment the ceria sample showed an additional signal at 832 c¢m!
assigned to the stretching vibration of peroxide originating from adsorption of molecular oxygen
on surface oxygen vacancies.’® 37 Besides, the Ce-O signal at 244 cm™! of reductively pretreated
ceria had a lower intensity than that of oxidatively pretreated ceria (see Table 2), indicating
reduction of the ceria surface. However, since the F»¢ position of the reductively pretreated ceria

was at the same position as after an oxidative pretreatment, the subsurface of ceria was not reduced.

Table 2 F;, positions and Ce-O signal area after oxidative or reductive pretreatment of CeO» and

Pt/CeOs.
Sample F2¢ position [cm™!] Ce-O area (244 cm™)
CeO; ox. 464.6 (x0.1) 0.076 (+0.001)
CeO2 red. 464.6 (0.1) 0.056 (£0.002)
Pt/CeO- ox. 464.2 (+0.1) 0.072 (£0.004)
Pt/CeO> red. 464.0 (£0.1) 0.043 (£0.0006)

Oxidatively pretreated Pt/CeO> showed two additional signals at 560 and 660 cm™!,
assigned to a Pt-O-Ce and Pt-O vibration of finely dispersed PtOx, respectively.*!> 38 As shown
above, 42.1% of platinum was present in as Pt’ and 57.9% was oxidized (Pt*") (see Table 1),

consistent with the observed PtOx Raman signals. Therefore, compared to the as synthesized
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Pt/CeO, sample, some of the metallic platinum was oxidized to PtOy during the oxidative
pretreatment. Additionally, in comparison to bare ceria, the F2, mode was shifted to 464.2 ¢cm!
and the Ce-O area (244 cm™) decreased to 0.072 (see Table 2), indicating a reduction of the ceria
subsurface and surface caused by strong metal support interaction (SMSI) between ceria and
platinum,0- 5% 60

After reductive pretreatment of Pt/CeQO> only very weak Raman signals of Pt-O-Ce and Pt-
O were observed, indicating a reduction of PtOx. Using XPS analysis only metallic platinum was
detected on the surface (see Table 1). Furthermore, the intensity of both Ce-O signals (244 and
410 cm™) decreased and the F», mode shifted to 464.0 cm™ (see Table 2). Thus, compared to the
bare ceria sample, ceria in the reductively pretreated Pt/CeO, was reduced at the surface and
subsurface, caused by hydrogen spillover from Pt to ceria.*'-' A reduction of the ceria surface was
also verified by peroxide formation on surface oxygen vacancies (see Fig. 2).%% >’

In addition to Raman spectra, UV-vis spectra were measured after oxidative and reductive
pretreatment of CeO» and Pt/CeO, (see Fig. 3). The signals at ~250 and 330 nm originate from O
2p(filled) — Ce 4f(empty) transitions and f — d transitions, respectively.®® 6 After reductive
pretreatment bare ceria showed a broad absorption within the range 500-1000 nm. This broad
absorption is assigned to charge transfer from Ce3" to Ce**, indicating ceria reduction.® ¢4

When ceria is loaded with platinum new absorption signals are observed within the region
420-1000 nm. After oxidative pretreatment, a broad absorption feature extending over the range
420-700 nm is observed, which originates from PtOy particles.*** Since a correlation between the
absorption at 500 nm and the Raman intensity of the 660 cm! signal was found, the assignment of
the broad UV-Vis signal to finely dispersed PtOx was verified (see Fig. S2). Furthermore, broad

absorption was observed within the region 420-1000 nm, which is attributed to metallic platinum
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particles.* Hence, after oxidative pretreatment probably both finely dispersed PtOy particles and
metallic platinum particles were present on Pt/CeQO,, consistent with the XPS results (see Table 1).
After reductive pretreatment, the Pt/CeO, sample showed only featureless broad absorption
extending over the range 420-1000 nm, originating from larger metallic platinum particles.®
Consequently, the reduced Pt loaded ceria sample consisted mainly of metallic platinum on ceria,

as already observed by XPS analysis (see Table 1).
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Fig. 3 UV-vis spectra of CeO, and Pt/CeO; after oxidative and reductive pretreatment.

NOx storage capacity
Fig. 4 summarizes the NOy storage capacities after one hour of NOy storage with and without
oxygen for the pretreated CeO, and Pt/CeO, samples. Apparently, the NOy storage capacity is

dependent on the type of pretreatment and on the presence of oxygen. In fact, already small
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amounts of residual oxygen in the catalyst cell had a strong impact on the NOy storage capacity
(not shown). Therefore, to enable an investigation of NOy storage without the presence of oxygen,
it was crucial to remove oxygen by flushing the catalyst cell for 30 min with nitrogen.

Overall, the oxidatively pretreated ceria sample showed the best performance during NOx
storage with oxygen. In the absence of oxygen, the NOy storage capacity dropped from 0.25
mmol/g to 0.11 mmol/g, indicating a participation of gas-phase oxygen in the NOy storage
mechanism. A similar capacity decrease was observed for reductively pretreated ceria, which was
exposed to NO in the presence of oxygen. For NOy storage in reductively pretreated ceria without

oxygen, the lowest NO storage capacity of all samples was observed.
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Fig. 4 NOy storage capacity after one hour of NOy storage at 30°C with and without oxygen in

CeO; and Pt/CeOs,.
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Upon loading with platinum, the oxidatively pretreated sample had a lower NOy storage
capacity than bare ceria, indicating that addition of platinum to ceria had an adverse effect on the
storage properties. However, if the platinum-loaded ceria sample was pretreated reductively, the
NOx storage capacity increased compared to reductively pretreated ceria, thus indicating a
beneficial effect of the presence of platinum. Nevertheless, NOy storage capacities of reductively
pretreated Pt/CeO, were still lower than those after NOy storage with oxygen in oxidatively
pretreated Pt/CeO; and CeO,. On the other hand, for reductively pretreated Pt/CeO,, an increase in
NOy storage capacity was detected indicating an activation of NO on platinum (see Fig. 4).

As for bare ceria the absence of oxygen had a strong impact on NOy storage in Pt/CeO,. In
fact, the NOy storage capacities decreased by more than a half of that observed in the presence of
oxygen. The last column of Table 3 gives a summary of the NOy storage capacities obtained in

this study.

NOx storage without oxygen in bare ceria

In the following, the NOy storage data will be related to spectroscopic findings. To this end, Table
3 lists the observed Fag shifts and Ce-O area changes from Raman spectra, and the corresponding
NOy storage capacities. As discussed previously, the observed F», shifts to lower wavenumbers
can be attributed to an increase in the number of subsurface oxygen vacancies, i.e., a decrease in
the concentration of subsurface oxygen.'>** When the NOy storage experiments in ceria in the
presence and absence of oxygen are compared, it is conspicuous that the Ce-O area change and F»,
shift are significantly smaller during the NOy storage without oxygen. Therefore, gas-phase
oxygen must play a crucial role in NOx storage. If oxygen is present in the gas phase, NO was

partly oxidized to NO; because of the thermodynamic equilibrium (see Fig. S3). Furthermore, it is
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possible that a [NO+Oz] complex was formed,® eventually supported by the activation of gas-

phase oxygen through ceria. Therefore, it is assumed, that mainly NO, and a possibly formed

[NO+O3] complex can react with surface oxygen of CeO2(111), while NO does not interact or

interacts only weakly with the CeO»(111) surface, indicating that NO adsorbs on other adsorption

sites than NO». As a result, notably lower NOy storage capacities during NOy storage in the absence

of oxygen are obtained.

Table 3 Fy, shift, Ce-O area change (at 244 cm™), and NOy storage capacity after one hour of NOx

storage at 30°C with and without oxygen. *The exact Ce-O area change could not be determined,

since during reaction, simultaneously to the consumption of surface oxygen, new surface oxygen

sites were generated leading to an intermediate increase of the Ce-O area (see Fig. S4).

Experiment Fag shift  Ce-O area change NOy storage
[cm™] [a. u.] capacity
[mmol/g]
CeO2 ox. - NO/20% O2/N» -1.0 (£0.1) <-0.039 (+0.001)* 0.25 (+0.02)
CeO2 ox. - NO/N2 -0.2 (#0.1)  -0.015 (+0.002) 0.11 (£0.02)
CeOzred. - NO/20% O2/N2 -0.8 (#0.1)  -0.030 (+0.002) 0.11 (£0.02)
CeOzred. - NO/N; -0.0 (#0.1)  -0.002 (+0.003) 0.03 (£0.02)
Pt/CeO; ox. - NO/20% O2/N> -0.5 (x0.1)  -0.025 (+0.004) 0.23 (£0.02)
Pt/CeOs ox. - NO/N» -0.2 (£0.1) - 0.05 (£0.02)
Pt/CeO; red. - NO/20% O2/N2 -0.7 (£0.1) ~ -0.012 (£0.005) 0.19 (£0.02)
Pt/CeOx red. - NO/N» -0.6 (£0.1) - 0.08 (+0.02)
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DFT calculations have revealed that NO is preferentially adsorbed on surface oxygen
vacancies and interacts only weakly with a fully oxidized ceria surface.®®*® On oxygen vacancies
NO- species are formed, which can interact with neighboring surface oxygen. As a result, nitrite
may be formed, which can migrate on the ceria surface. However, nitrite can dissociate back to
NO-.% If two NO adsorb on two neighboring surface oxygen vacancies or a nitrite species migrates
to another adsorbed NO, the two NO- are reduced to N, and the ceria surface is reoxidized.%¢-68

[ NO was stored without oxygen in reductively pretreated ceria, NO is likely to adsorb on
oxygen vacancies. Furthermore, eventually a reoxidation of the ceria surface with the formation
of N1 is expected. However, in the literature, a decomposition of NO to N» and O, over ceria was
only observed at 673 K but not at low temperatures.? Therefore, it is rather assumed, that NO
occupies surface oxygen vacancies forming nitrite without further migration on the ceria surface.
Also, it cannot be excluded that NO was stored on surface sites different from the surface oxygen
sites detected by Raman spectroscopy and oxygen vacancies. To this end, based on DFT
calculations by Mihaylov ef al., NO adsorption could take place on edges of the ceria surface.?”

NOx storage in the absence of oxygen in oxidatively pretreated ceria resulted in a higher
NOx storage capacity compared to reductively pretreated ceria. This is against expectation, since
reductively pretreated ceria had a higher amount of oxygen vacancies and therefore stronger
adsorption sites for NO.%%6% However, in oxidatively pretreated ceria still a noticeable amount of
surface oxygen was consumed during the NOy storage (see Table 3). Therefore, it is assumed, that
even after 30 min of nitrogen flushing there was still adsorbed oxygen in the reaction cell or

activated oxygen on the ceria surface, leading to the formation of NO or [NO+O>] complexes and
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subsequent reaction with surface oxygen. Asa result, new oxygen vacancies may be formed, which
could then adsorb NO followed by N, formation and reoxidation of the ceria surface, as described
above.

In a previous study it was shown that in the presence of gas-phase oxygen the NOx storage
capacity was dependent on the amount of consumed surface oxygen, i.e., the decrease in Ce-O
area.'? However, in case of NOj storage without oxygen in oxidatively pretreated ceria, the amount
of consumed surface oxygen was too low to explain the higher NOy storage capacity, since for
NOx storage with oxygen in reductively pretreated ceria more surface oxygen was consumed for
the same amount of stored NOx (see Table 3). Therefore, NO must have been adsorbed also on

sites different from Ce-O and oxygen vacancy sites such as edges of the ceria surface.®

NOx storage with oxygen in pure ceria

In the presence of oxygen, the value of the NOy storage capacity, the Ce-O area decrease and the
F», shift were significantly higher (see Table 3). According to our previous work NOy storage with
oxygen is strongly dependent on the number of available surface oxygen sites (Ce-O) and
subsurface oxygen (F2, shift).!? Extending these findings, the results of this work indicate that a
significant consumption of surface and subsurface oxygen occurs only in the presence of gas-phase
oxygen, and is accompanied by the formation of NO, and probably formation of [NO+O-]
complexes. It is assumed that NOy storage in the presence of oxygen is strongly dominated by the
reaction of these two species with surface oxygen, while direct NO adsorption plays a minor part.
Consequently, compared to oxidative pretreatment, reductive pretreatment resulted in a lower NOy

storage capacity, since a lower amount of surface oxygen was available (see Fig. 2 and Table 2).
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NOx storage without oxygen in Pt/Ce0O:

Depending on the type of pretreatment, the supported platinum was present in different states,
leading to different influences on the NOy storage, as described in the following. After reductive
pretreatment, predominantly metallic platinum (see Table 1) and a higher concentration of oxygen
vacancies compared to bare ceria was observed, as deduced from the lower Ce-O area and the Fa,
redshift (see Table 2).

Haneda et al. investigated the NO decomposition over prereduced Pt/CeO, at room
temperature, 473 K, and 673 K.? By employing mass spectrometry, the formation of 29.3 mmol/g
Nz and 5.9 mmol/g N,O was observed at room temperature, while the ceria surface was reoxidized
by the formed oxygen atoms. Since in our experiments in the initial 10 min of NOy storage N,O
was also detected (see Fig. 5), we can confirm an activation and reduction of NO to N,O and N>
at 303 K. Furthermore, it is expected that during NO decomposition surface O, was formed,
besides reoxidation of the ceria surface. The formed oxygen may react with NO to NO> and/or
[NO+O;] complexes, followed by storage with the aid of Ce-O sites. As a consequence of surface
oxygen consumption, oxygen from the subsurface diffuses to the surface,'? explaining the relative
high F; redshift during NOy storage without oxygen compared to pure ceria and oxidatively
pretreated Pt/CeO, (see Table 3). Therefore, in reductively pretreated Pt/CeO,, NO was
decomposed and stored via the formation of NO2 and/or [NO+O-] complexes, resulting in a higher

NOy storage capacity compared to oxidatively pretreated Pt/CeO».
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Fig. 5 NOy breakthrough curves during NOy storage at 30°C without oxygen in reductively

pretreated Pt/CeO,.

After oxidative pretreatment of the Pt/CeO, sample, finely dispersed PtOx particles and
metallic platinum was present on the ceria surface (see Table 1). During NOy storage without
oxygen only minor changes were observed for the F; position and Pt-O signal intensity (see Fig.
S5). The NOy storage capacity of oxidatively pretreated Pt/CeO, was determined as only 0.05
mmol/g, compared to 0.11 mmol/g for equally treated bare ceria (see Table 3). Therefore, it is
obvious that deposited platinum occupied some of the NO adsorption sites. The consumption of
Ce-O sites could not be captured by Raman spectroscopy in this case, since the signal-to-noise

ratio was too low.

NOx storage with oxygen in Pt/CeQO2
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As described above, for bare ceria in the presence of oxygen, the NOy storage mechanism is
dominated by the formation of NO, and/or [NO+O;] complexes and therefore the consumption of
surface oxygen Ce-O. In fact, on bare ceria, the NOy storage capacity shows an exponential
dependence on the consumption of surface oxygen (see Fig. 6). When platinum was loaded on
ceria, the amount of surface oxygen decreased (see Table 2).

Even if a lower amount of surface oxygen was accessible for NOy storage, the NOy storage
capacity of Pt loaded ceria was higher than expected compared to the consumed surface oxygen

(see Fig. 6). Therefore, new reaction pathways must have opened up for NOy storage.
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Fig. 6 NOy storage capacity at 30°C as a function of the Raman Ce-O area change. Black squares

correspond to bare ceria, while red squares correspond to oxidatively (PtO,/CeQ>) and reductively

pretreated (Pt/CeQO,) platinum loaded ceria.
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As could be shown above for NOyx storage without oxygen in reductively pretreated
Pt/CeO», metallic platinum can activate NO for reduction to N>O and N (see Fig. 5). However, no
N>0O was observed during NOy storage with oxygen (not shown). Thus, the higher NOy storage
capacity cannot be explained by NO activation on metallic platinum only; rather it is expected that
also gas-phase oxygen was activated on platinum at 30°C, which can then be used for NO oxidation
and restoration of NO adsorption sites. According to Li et al. room temperature oxygen activation
on metallic platinum may lead to the formation of atomic oxygen, followed by spillover and
migration on the ceria surface.’” Since the higher NOy storage capacity observed in our
experiments cannot only be explained by the interface between platinum and ceria, NOy storage in
Pt/CeO; has to involve the migration of oxygen. Such a migration may proceed either by diffusion
of atomic oxygen on the ceria surface or by healing of oxygen vacancies, including diffusion of
oxygen vacancies further away towards metallic platinum due to the rising gradient.

For oxidatively pretreated Pt/CeO; a decrease in NOy storage capacity was observed, as it
was expected owing to the lower amount of surface oxygen compared to bare ceria (see Table 3).
However, based on the consumption of surface oxygen being fully responsible for NOy storage,
the NOy storage capacity was by 0.08 mmol/g higher than expected (see Fig. 6). Therefore, an
additional pathway was accessible for NOy storage in Pt/CeO,. In Raman and UV-vis spectra a
decrease in the Pt-O-Ce and PtOy signal intensity was detected, indicating reduction and
participation of PtOxin NOy storage (see Figs. 7 and S6). Consequently, NOx was probably also
stored at the interface of ceria and PtO,.

As an estimate, on 1 g of Pt/CeO> there are around 9.6 - 10 mol of platinum. Since the

NOy storage capacity was by 0.08 mmol/g higher than expected, and there was still some PtO,on

the sample after one hour of NOy storage (see Fig. S6), the total amount of stored NOx was still
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too high to be explained by Ce-O sites and the PtO,/CeO; interface only. Therefore, it is proposed

that that PtOy reduced to metallic platinum could activate gas-phase oxygen and NO.
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Fig. 7 Temporal behavior of the Raman F», position, Ce-O area, and PtOy area during NO, storage

with oxygen in oxidatively pretreated Pt/CeO>.

NOxdesorption

Under realistic conditions oxygen will always be present. Therefore, the role of platinum on the
temperature-dependent NOy desorption behavior in 20% O2/N> was investigated after NOy storage
with oxygen in oxidatively and reductively pretreated Pt/CeO». For comparison the NOx desorption
behavior of oxidatively and reductively pretreated CeO, was also analyzed. The temperature-
dependent NO desorption behavior is depicted in Fig. 8, demonstrating an influence of both the

pretreatment and platinum loading. The percentage of stored NOy released and the NO/NO; ratio
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of desorbed NOy at the respective temperature ranges is summarized in Table S2 for all samples
studied.

Reductive pretreatment results in a higher amount of desorbed NOy at low temperatures
(see Fig. 8 and Table S2), indicating that NO was stored as a less stable NOx species (e.g. nitrite).
The predominant formation of nitrite species after reductive pretreatment has been shown
previously for bare ceria.'> However, during NOx desorption of a reductively pretreated sample
also NO> was observed, indicative of the presence of adsorbed nitrate species or oxidation of nitrite
to nitrate with subsequent desorption or decomposition upon heating in oxygen. After NO storage
in an oxidatively pretreated sample more NO; than NO was observed during NOy desorption,
strongly suggesting the formation of a larger fraction of nitrate during NOy storage, consistent with
the higher amount of desorbed NOy in the temperature range 200-500°C (see Table S2) and in

agreement with earlier results on NOy storage with oxygen in oxidatively pretreated ceria.'?
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Fig. 8 NOy storage capacities and temperature-dependent NOy desorption behavior after one hour
of NOy storage at 30°C with oxygen and amount of desorbed NOy in 20% O»/N; for oxidatively

and reductively pretreated CeO; and Pt/CeO:.

For platinum-loaded ceria, differences in the temperature-dependent NOy desorption
behavior were observed for the two pretreatments. After oxidative pretreatment, more platinum
was in an oxidized state (see Table 1, Figs. 2 and 3), resulting in more NOx being desorbed within
30-300°C but less NOy being desorbed within 300-500°C compared to bare ceria. On the other
hand, reductive pretreatment of platinum-loaded ceria gives mainly rise to mainly metallic
platinum (see Table 1 and Fig. 3), which compared to bare ceria leads to more NOy being desorbed
at low temperature (30-100°C), while the amount of desorbed NOy within 100-200°C decreased
and remained nearly the same at higher temperatures (200-500°C). Thus, variations in the platinum

state resulted in significant differences in the NOy storage and NOx desorption behavior.
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Using in situ Raman and UV-vis spectroscopy changes in the platinum state after each
treatment can be monitored (see Fig. 9). Raman spectra are more suitable to detect the formation
of PtOy, since UV-vis spectra may be dominated by absorption within 400-1000 nm originating
from larger metallic platinum particles (see Fig. 9d), masking the PtOyx signals. By contrast, in
Raman spectra the formation of PtOy is observed at temperatures >100°C for oxidatively and
reductively pretreated Pt/CeO> (see Figs. 9a and b), whereas for reductively pretreated Pt/CeO>
nearly no changes in UV-vis spectra were detected (see Fig. 9d). In contrast, for oxidatively
pretreated Pt/CeO,, UV-vis spectra are characterized by the PtOx adsorption behavior. It is
assumed that during NOy storage in oxidatively pretreated Pt/CeO- finely dispersed and very small
metallic platinum particles are formed, which had no influence on the UV-vis spectra shown here.
On the other hand, upon NOy storage, the absorption within 700-1000 nm and the PtOx Raman
signal intensity significantly dropped. Increasing the temperature, resulted in an overall increase
of both the PtOy signal and the 700-1000 nm absorption, strongly suggesting that PtOx particles

contributed to the absorption behavior within 700-1000 nm.
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Closer inspection of the Raman spectral behavior of oxidatively pretreated Pt/CeO, reveals
(see Fig. 9a) that, upon heating to 300°C, the PtOy signal intensity returned approximately to its
initial value after oxidative pretreatment. A similar observation was made in UV-vis spectra (see
Fig. 9c¢), since the 500-1000 nm absorption after ramping to 300°C was only slightly higher than
after oxidative pretreatment. At higher temperatures, both Raman and UV-Vis spectra show only
smaller increases of the corresponding signals, whereas at 500°C an additional UV-Vis absorption
band between 700 and 800 nm was detected. Without any further input (from theory) being
available in the literature, we tentatively attribute the observed behavior of oxidatively pretreated
Pt/CeO; to the presence of different PtOx sites, leading to the observed shape and broadness of the
UV-Vis absorption signals.

The oxidation of Pt° to PtOy is dependent on the size of the metallic platinum particles.?®
47 Since in our case the metallic platinum particles are small after oxidative pretreatment and
subsequent NOxy storage, they are easily reoxidized at lower temperatures resulting in a higher
amount of PtOy, which can be observed by Raman and UV -vis spectroscopy (see Figs. 9a and c).
For oxidatively pretreated Pt/CeO2, most of the formed PtOx reemerges at temperatures between
100 and 300°C; in this range also more NOy was released as a result of the platinum loading (see
Fig. 8 and Table S2). In the literature it was shown by isotopic experiments, that metallic platinum
is preferentially reoxidized by lattice oxygen rather than gas-phase oxygen, while oxygen
vacancies in the ceria lattice were oxidized by gas-phase oxygen.*! From these observations it
follows for oxidatively pretreated Pt/CeO, that upon heating metallic platinum is reoxidized by
ceria lattice oxygen leading to a destabilization of adsorbed NOy species and consequently a higher

amount of desorbed NOy within 30-300°C.
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On the contrary, platinum particles on reductively pretreated Pt/CeO; are relatively large
compared to the oxidatively pretreated sample. Hence, a significantly smaller amount of PtOy
formed within 100-300°C (see Fig. 9b), which had nearly no influence on the NOy desorption in
this temperature region. In UV-vis spectra PtOy could only be detected upon desorption at 500°C

(see Fig. 9d).

Discussion
NOkx storage
Different factors have an influence on the NOy adsorption and desorption behavior. In this work
we elaborated the influence of platinum, pretreatment, and gas-phase oxygen, by investigating the
NOx storage and desorption of oxidatively and reductively pretreated ceria and platinum-loaded
ceria. The pretreatment had an influence on the properties of ceria and platinum and therefore on
the NOy storage and desorption behavior.

After oxidative pretreatment of bare ceria, the NOy storage behavior was strongly
dependent on the presence and concentration of gas-phase oxygen, fully consistent with literature

12,35.37. 38 ‘and other NOy storage components as BaCO3.%° In the absence of

findings on ceria
oxygen, the NOy storage capacity was significantly lower (see Table 3) and nearly no contribution
of ceria (sub)surface oxygen was observed, indicating no or only weak interactions of NO with
surface oxygen. These findings are in good agreement with previous literature results, which have
proposed a stronger adsorption of NO on oxygen vacancies.%*%® However, as the observed NOx

storage capacity cannot be explained by oxygen vacancy sites only, besides oxygen vacancies also

other NO adsorption sites such as ceria edges may play a role in NOy storage.’*
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Reductive pretreatment of ceria at 400°C in hydrogen resulted in a surface reduction,
consistent with the results of Laachir ez al..”® As NO interacts more strongly with surface oxygen

66-68 we expect NO adsorption on such sites, giving rise to nitrite formation. For bare

vacancies,
ceria, no decomposition of NO to N> at low temperatures was reported.> Therefore, it is proposed
that after NO adsorption on oxygen vacancies and formation of nitrite species, migration of nitrite
is kinetically hindered. All in all, reductively pretreated ceria shows the lowest NOy storage
capacity (see Table 3 and Fig. 4). The relatively high NOy storage capacity for oxidatively
pretreated ceria after NOy storage without oxygen can be explained by residual adsorbed oxygen,
having a strong influence on the NOy storage mechanism.

In the presence of gas-phase oxygen, NO is partly oxidized to NO; as a consequence of the
thermodynamic equilibrium (see Fig. S3). In addition, a significantly higher NOy storage capacity
was observed, accompanied by a significant decrease of ceria Ce-O surface and subsurface oxygen
(F2g redshift) (see Table 3). Since nearly no decrease of (sub)surface oxygen was detected during
NOx storage without oxygen, it stands to reason that NO was not able to react with surface oxygen.
By contrast, in the presence of oxygen, NO, was formed and could adsorb on surface oxygen sites
leading to a decrease of Ce-O sites. However, the increase in NOy storage capacity cannot be
explained only by the adsorption of NO», since only one fifth of the amount of NO was oxidized
to NO,, while the NOy storage capacity had more than doubled. Consequently, it is proposed that
[NO+O:] complexes are formed, possibly involving prior activation of molecular oxygen on ceria,
which in turn could react with ceria lattice oxygen. A reaction of NO with O, leading to [NO+O2]

formation, as e.g. peroxynitrite, has been discussed previously for other systems.®>> 7! As reported

for a copper complex, O2 can be adsorbed as superoxide, reacting with NO to form peroxynitrite.3°
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A similar mechanism is conceivable for ceria, in particular, as formation of superoxides on ceria
was already evidenced in previous studies. !0 3% 57,72

In the presence of oxygen, the direct adsorption of NO on oxygen vacancies was suppressed
and the NOy storage mechanism was dominated by the reaction of NO; and/or [NO+O;] complexes
with surface oxygen sites, since a correlation between surface oxygen decrease and NOy storage
capacity was observed (see Fig. 6). As oxidatively pretreated ceria had a significantly higher
amount of surface oxygen sites, the NOy storage capacity for oxidatively pretreated ceria was
higher than for reductively pretreated ceria.

In the next step, the influence of Pt on the NOy storage behavior was investigated. After
reductive pretreatment, platinum was present almost exclusively as Pt° (see Table 1 and Fig. 3).
Besides, ceria was reduced more strongly on the (sub)surface compared to bare ceria, caused by
hydrogen spillover (see Table 2), in accordance with previous studies.!> !> 73> Upon NO exposure
without oxygen, in the initial 15 min the formation of NoO was observed by IR gas-phase analysis
(see Fig. 5), indicating a reduction of NO to N,O and N».? It is expected, that the oxygen atom of
NO is used to heal the oxygen vacancies on ceria.!>? As the NO decrease during NO exposure was
too high to be explained only by NO reduction, NO was partly reduced on the surface, but also
stored. Compared to bare ceria, the NOy storage capacity of Pt/CeO, was nearly three times higher
(see Fig. 4 and Table 3), indicating the supportive effect of Pt for NO storage without oxygen. One
may expect, that during NO reduction also activated oxygen was formed on the ceria surface with
the aid of Pt, which could undergo reaction with NO to NO> or [NO+0O] complexes, followed by
reaction with ceria lattice oxygen. Such a scenario is strongly supported by the observed decrease

in Ce-O area and the F»redshift (see Table 3).
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When oxygen was present during NOy storage in reductively pretreated Pt/CeO>, no N>O
formation was observed in the gas-phase IR spectra. Therefore, either no reduction of NO had
occurred or the concentration of N>O was too low to be detected. For bare ceria, a clear correlation
between Ce-O consumption and NOy storage capacity was found (see Fig. 6). On reductively
pretreated Pt/CeQ,, the surface oxygen concentration on ceria was the lowest and compared to the
Ce-O consumption, the NOy storage capacity was too high to be explained by Ce-O consumption
only (see Fig. 6). Therefore, metallic platinum supported the NOx storage in ceria, e.g. by
activating gas-phase oxygen at 30°C, leading to a reoxidation of the ceria surface. This in turn
could explain the lower overall Ce-O consumption compared to the high NOy storage capacity. An
activation of gas-phase oxygen by Pt/CeO, was already discussed by Li ef al..’? As the amount of
additionally stored NOy was too high to be explained by Pt%/CeOs interface sites only, oxygen
migration from the interface must have occurred. Such migration may take place either via
diffusion of activated oxygen species over the ceria surface to an oxygen vacancy followed by
vacancy healing or by healing of oxygen vacancies in the proximity of metallic platinum particles
and subsequent diffusion of oxygen vacancies towards the platinum/ceria interface. To this end,
Chen et al. showed by DFT calculations that on defect-rich ceria oxygen ions can diffuse over the
ceria surface without an energy barrier, while the energy barrier increased to 1.58 eV on a perfect
ceria surface. In comparison, the migration of oxygen vacancies was associated with an energy
barrier of 0.48 to 0.87 eV, depending on the oxygen-vacancy concentration.”* A similar value for
the migration of oxygen vacancies of 0.53 eV was reported by Nolan et al..”> Therefore, it is
assumed, that oxygen vacancies farer away from the Pt particles were healed via migration of
oxygen ions over a defective ceria surface rather than migration of oxygen vacancies to the Pt/ceria

interface.
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When the Pt/CeO, sample was pretreated oxidatively, more PtOy than Pt® was found on the
surface (see Table 1). Furthermore, in the absence of oxygen during NOjy storage, the NOy storage
capacity was lower for oxidatively pretreated Pt/CeQO> than for bare ceria (see Fig. 4 and Table 3).
IR gas-phase analysis detected no N>O, indicating that metallic platinum with a certain particle
size is needed for NO reduction. As for bare ceria, nearly no F», shift was observed, indicating that
NO was not able to react with ceria surface oxygen. Therefore, Pt showed no beneficial effect for
NOx storage. The lower NOy storage capacity of oxidatively pretreated Pt/CeO> can be explained
by the occupation of NO adsorption sites by PtOx or metallic platinum. Zhou et al. showed by
using STM, that metallic platinum particles preferentially interacted with oxygen vacancies.”® If
oxygen vacancies are occupied by platinum, NO cannot adsorb on these sites resulting in an
decrease of NOy storage capacity.

In contrast, in the presence of oxygen, NOy storage was supported by Pt. Again, the Ce-O
consumption was too low to explain the high NOy storage capacity (see Fig. 6). Using Raman
spectroscopy, it was observed that the Pt-O signal intensity decreased (see Fig. 7), indicating a
participation of PtO in NOy storage. However, it should be noted, that no decrease of the PtOy
signal intensity in Raman spectra was observed, when NO was stored without oxygen (see Fig.
S5). Therefore, NO itself could not interact with PtOx. Again, NO, or [NO+O,] complexes are
needed for the interaction with PtOx. Nevertheless, the NOy storage was still too high to be
explained only by the participation of PtOx in NOx storage, since the amount of deposited Pt was
too low. On the other hand, activation of gas-phase oxygen is expected to play a role also over
oxidatively pretreated Pt/CeQs, either via already existing Pt° particles (see Table 1) or by metallic

platinum particles formed during the interaction of NO or [NO+O>] with PtOy. Oxygen activation
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may result in the reoxidation of surface oxygen vacancies, explaining the higher NOy storage

capacity compared to the consumed ceria surface oxygen.

NOx desorption

Based on the influence of the pretreatment and the state of platinum on NOy storage, also an
influence on the NOy desorption is expected. To this end, the most important factor is the type of
species responsible for NOy storage, i.e., nitrite or nitrate. Oxidative pretreatment leads to more
nitrate formation and consequently a larger fraction of NOx desorbing at higher temperatures. In
our previous studies it has been shown, that primarily nitrites were formed, which in turn were
transformed to nitrates at long storage times.'> A conversion of nitrites to nitrates during NOx
storage in the presence of gas-phase oxygen was also observed at higher temperatures (>200°C).”-
35,37, 38 If samples were pretreated oxidatively and NO was stored in the presence of oxygen for
one hour at 30°C, around 60-87% of the stored NOx were released at 200-500°C, while more NO»
than NO was observed in the outlet confirming the formation of stable nitrates (see Table S2). By
contrast, reductive pretreatment led mainly to the formation of nitrites'?> and therefore 55-58% of
the stored NOy were already released at 30-200°C, while in the outlet more NO than NO, was
observed (see Table S2).

If ceria was loaded with Pt, the amount of NOy desorbing at low temperatures significantly
increased, while compared to bare ceria, the overall amount of desorbed NOy decreased. Since
room-temperature NO reduction over Pt/CeO was already reported® and is consistent with our
findings, the decrease in the overall amount of desorbed NOy can be explained by NO reduction

occurring concurrently with NOy adsorption.
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NOx desorption itself was also dependent on the Pt state. Metallic platinum led mainly to
a higher fraction of NOy desorbing within 30-100°C, while less NOy desorbed between 100 and
300°C, and the NO/NO; ratio remained nearly unchanged between 30 and 200°C compared to bare
ceria (see Table S2). On Pt-loaded ceria, within the region 200-300°C, only NO, was observed
during desorption, whereas on bare ceria also NO was detected. The change in NO/NO; ratio can
be explained by NO oxidation to NO; following NOy desorption, consistent with the literature,
showing that Pt-loaded ceria can oxidize NO at temperatures >200°C.23

The higher amount of desorbed NO within 30-100°C over reductively pretreated Pt/CeO»
can be explained by a destabilization of NOxadsorption sites in the proximity of metallic platinum.
In DFT calculations, a charge transfer from metallic platinum to the ceria surface was observed,’”-
7 which is expected to result in a weakening of adsorbed NOy, since for NOy adsorption also
electrons are transferred from the NOx molecule to the ceria surface.

If Pt-loaded ceria is pretreated oxidatively, PtO formation is observed. Upon NO exposure
the PtOx is partly reduced to metallic platinum. However, during NOy desorption, reoxidation of
formed metallic platinum particles to PtOx occurred, particularly, in the temperature region 100-
300°C (see Fig. 9). At these temperatures also the largest increase of desorbed NOy for oxidatively
pretreated Pt/CeO, was observed compared to bare ceria (see Table S2), suggesting that the
reoxidation of metallic platinum induced a destabilization of adsorbed NOy species. In the
literature it was found by isotopic experiments, that the reoxidation of metallic platinum on ceria
proceeded with the aid of ceria lattice oxygen rather than gas-phase oxygen.*! If oxygen is
eliminated from the ceria lattice because of the formation of PtO,, the ceria will be reduced leading

in turn to a destabilization of adsorbed NOy species.
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Conclusions
In this contribution, the role of platinum on the NO, storage and desorption behavior in ceria at
30°C was investigated. The investigations were performed by online FT-IR gas-phase analysis, in
combination with in situ Raman and UV-vis spectroscopy. The combination of Raman and UV-
vis spectroscopy gave information on the state of platinum on ceria. While Raman spectra provided
access to finely dispersed PtOy, UV-vis spectra allowed detection of larger metallic platinum
particles by broad absorption within 400-1000 nm. However, very finely dispersed platinum
particles on ceria showed no absorption in this region and therefore could probably not be detected
by UV-vis spectroscopy. With the aid of online FT-IR gas-phase analysis the amount of adsorbed
and released NOy was detected, providing quantitative information on the NOy storage capacity.

During NOy storage and desorption, Raman spectroscopy provided the opportunity to
analyze changes in ceria surface and subsurface oxygen, as well as PtOx during NOy storage. Most
notably, no reaction of NO with (sub)surface oxygen and PtOx was observed in the absence of
oxygen. Only in the presence of gas-phase oxygen a decrease in the amount of (sub)surface oxygen
and PtOx was detected, indicating reaction and storage of NOx. Therefore, it is assumed that only
NO; and [NO+O;] complexes are able to react with surface oxygen and finely dispersed PtO,,
leading to new reaction pathways for NOy storage. It should be noted that in the presence of
oxygen, the NOy storage behavior was dominated by oxygen-mediated reaction pathways
determining the NOy storage capacity.

As expected, the state of platinum on ceria was dependent on the pretreatment of the
sample. Oxidative pretreatment led to the formation of finely dispersed PtOx, while reductive
pretreatment resulted in metallic platinum particles. By detailed analysis of the NOy storage

behavior, we could show that both platinum states participated in the NOy storage at 30°C and
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each platinum state led to new reaction pathways. However, upon deposition of platinum on ceria,
NOx adsorption sites are occupied leading to a concurrent effect between the decrease of NOy
adsorption sites and new reaction pathways for NO storage.

For metallic platinum on ceria we propose a room-temperature activation of gas-phase
oxygen, leading to a healing of oxygen vacancies on the ceria surface and consequently the
formation of new NOy adsorption sites. By contrast, in the absence of oxygen, a reduction of NO
by metallic platinum to N.O and N, was detected. All in all, after reductive pretreatment the
platinum-loaded ceria showed a better performance in NOy storage than bare ceria. For oxidatively
pretreated Pt/CeO; the loss of NO adsorption sites, caused by platinum deposition and subsequent
formation of PtOy, overmatched the supportive effect of the formed PtOx in NOy storage.
Nevertheless, the participation and supportive effect of PtOx in NOy storage was shown.

The NOy desorption behavior was on one hand dependent on the pretreatment and on the
other hand on the presence of platinum. Oxidative pretreatment resulted in the formation of a
higher fraction of nitrates and therefore the highest amount of NOy desorbed within 200-500°C.
By contrast, after reductive pretreatment more nitrite was formed, thus 55-58% of the stored NO
was released already between 30 and 200°C. The deposition of platinum on ceria led to a larger
amount of NOy desorbing at temperatures <300°C. If mainly larger metallic platinum particles
were present, especially the amount of NOy desorbing below 100°C increased. By contrast, if
finely dispersed metallic platinum particles were formed during NOy storage, the amount of NOx
desorbing within 30-300°C increased, while the largest amount was desorbed within 100-300°C.
The overall increase in desorbed NOy within 100-300°C was associated with the reoxidation of

small Pt particles to PtOx.
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Considering all results, oxidatively pretreated ceria showed the best performance in NOx
storage at 30°C and in the NOy desorption behavior, leading to the largest NOy storage capacity

and largest amounts of desorbed NOy within 200-500°C.
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Elucidating the role of platinum on NOy storage / desorption of ceria by online gas-phase

analysis combined with in sifu spectroscopy.
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