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Abstract

Ceria is widely used in heterogeneous catalysis owing to its redox properties. Engineering the
shape of ceria particles offers a powerful tool to develop materials with enhanced catalytic
properties. In this study, we provide evidence for the shape-dependent dioxygen adsorption and
activation of ceria nanoparticles with (111) and (100) facets by in situ Raman spectroscopy and
relate these properties to unique adsorption sites employing density functional theory.
Temperature- and gas phase-dependent experiments demonstrate a facilitated formation of
peroxide, superoxide, and weakly bound dioxygen species on the (100) facets as rationalized by
calculated vibrational frequencies of O2>~, 0™, and O species on CeO,..(100) surfaces. Our results
show that the localization of the excess charge, driving the Ce*" — Ce** reduction, significantly
affects the stretching vibrations. Our approach provides a powerful basis for future developments

of ceria based catalysts by bridging the materials gap between idealized and real catalytic systems.
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Ceria is an important metal oxide used as oxygen buffer material in automotive exhaust
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treatmen as a catalys as well as non-innocent oxide support in catalysis,’ ¢ 7 in fuel-cell
applications, ® and as photo catalyst. > The morphology and size of ceria nanoparticles affect their
performance in applications as the differently exposed facets are not equal with respect to the
atomic arrangement. '° In particular, studies on well-defined ceria nanocrystals have clearly

established that the exposure of specific surface terminations affects the surface chemistry, !!
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oxygen storage capacity and reactivity, providing a precious tool to enable the bridging
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of the materials gap between the knowledge from studies on planar surfaces
powder samples, which are of relevance for catalysis. In this context, we highlight the relevance
of shaped ceria nanoparticles for catalytic processes taking place at lower temperatures, i.e.,

oxidation of volatile organic compounds, !° or CO oxidation and water-gas shift reaction in the

presence of gold. 143

The ceria functionality in applications is strongly related to the ease with which oxygen
vacancies can be created, which is accompanied by the localization of the excess charge on cerium
ions. At these vacancy sites, molecular oxygen (O2) can be activated via the formation of weakly
adsorbed dioxygen (O2,44s%), superoxide (O2’), and/or peroxide (0.%) species according to the

following reactions:
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Raman spectroscopy has previously been applied to polycrystalline ceria
ceria nanocubes, rods and polyhedra, 2* and both peroxide and superoxide species have generally

been observed, although not for the case of the nanocubes for which superoxide species have not

yet been reported. Further, IR spectroscopy has enabled the detection of superoxide species at



2627

polycrystalline ceria surfaces 2° and ceria nanorods, as well as peroxide and superoxide species

at the crystalline CeO2(110) surface, '® and superoxide species at the CeO2(100) surface; '°

however, no reactive dioxygen species were observed at the crystalline CeOx(111) surface. '
Despite these studies there is still no consistent picture of oxygen adsorption at shaped ceria
nanoparticles in the literature, probably due to the presence of impurities resulting from the
synthesis and/or size effects.

Density functional theory (DFT) with an on-site Coulomb correction (DFT+U) 22 has been
employed to model the formation of superoxide and peroxide species on ceria surfaces. '* 393! In
particular, at a surface defect on the (111) and (100) surfaces, the higher stability of peroxide
species with respect to almost perpendicular or slightly tilted superoxide species has recently been
predicted. '

In this contribution, we present results on the O> adsorption and activation at reduced ceria
nanoparticles of approximately the same size but selectively exposing (111) and (100) facets and
show that surface orientation does matter. We employed in situ Raman spectroscopy in
conjunction with state-of-the-art DFT calculations to detect peroxide, superoxide, and weakly
bound dioxygen species and assign their adsorption sites, for the first time, employing a combined
in situ Raman and DFT approach. While resolving previous literature ambiguities our approach
provides a powerful basis for the description of O adsorption and activation on other oxide powder
catalysts.

Figure 1 depicts in situ Raman spectra (532 nm) of the synthesized ceria nanostructures (for
details on the synthesis and characterization see Supporting Information) next to the corresponding

transmission electron microcopy (TEM) images. The measured TEM layer spacings of the

sheets/polyhedra of 0.31 nm (see Figs. 1A, B) and cubes of 0.27 nm (see Fig. 1C) compare



perfectly to the (111) and (200) reflexes of the cubic fluorite type lattice of ceria confirming the
presence of (111) facets on the surface of sheets/polyhedra and (100) facets on that of the cubes.
The sheets are rather uniform in size (12 nm) whereas polyhedra sizes range from 6 to 10 nm and
those of the cubes from 11 to 60 nm. Specific surface areas were determined as 61 m?/g for sheets,
as 124 m?/g for polyhedra, and as 51 m?/g for cubes. The resulting crystal sizes are in line with

those determined from TEM (see Table S1).
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Figure 1. Left: In situ Raman spectra (532 nm) of ceria nanostructures. Spectra were taken in a
constant gas flow of 25% O./Ar at a total flow rate of 100 ml/min and were normalized to the most
intense F2g band. Insets illustrate the longitudinal and transversal stretching mode of the CeO2(111)

surface. Right: Transmission electron microscopy (TEM) images of the ceria nanostructures: A)

sheets, B) polyhedra, (C) cubes.



The in situ Raman spectra corroborate the results from electron microscopy. Recently, we
have assigned the Raman features of polycrystalline ceria at 246 cm™ and 402 cm™ to longitudinal
and transversal stretching modes of the CeO»(111) surface on the basis of density functional
perturbation theory calculations (see insets in Fig. 1). *? Indeed the Raman spectra of sheets and
polyhedra exhibit a band at 246 cm™! and a shoulder at 402 cm™!, whereas the intensity of the former
is roughly doubled for the polyhedra as expected from the specific surface areas. Both features are
absent in Raman spectra of ceria cubes. The smaller band at 264 cm™ for the cubes is assigned to
a 2TA overtone of bulk ceria *3 that is also present at sheets and polyhedra but largely covered by
the corresponding longitudinal surface mode. ** Generally, Raman spectra show differences
between ceria sheet/polyhedra and nanocube surface modes and defect-related features at around
600 cm™.

To model the CeO>(100) surface a checkerboard type reconstruction of the surface oxygen
ions was assumed (for details on the DFT calculations see Supporting Information, see Fig. S5).
16 3435 Note that other surface reconstructions have also been proposed. 3 37 The vibrational
analysis of the modeled surface reveals Raman active vibrations with frequencies of 331 cm™ and
563 cm™! (see Fig. S6). For ceria phonons calculated with the DFT(PBE)+U approach, ** a scaling
factor of 1.06 was found for the F2, ceria mode, measured at 464 cm™ and calculated at 437 cm™.
Accordingly, the small shoulders at 350 cm™ and 600 cm™ observed in the Raman spectra of cubes
(Fig. 1), can be assigned to the calculated vibrations of the (100) facet. The band at 735 cm’!
observed for polyhedra originates from residual nitrate impurities (see Fig. S1). Therefore, in the
following we focused on sheets and cubes exhibiting comparable specific surface areas and

selectively exposing CeOz(111) and CeO2(100) facets, respectively. The thermal stability of the



(100) and (111) surface facets was confirmed up to 120°C (see Supporting Information, see Fig.
S2).

In Fig. 2 Raman spectra in the region 700-1700 cm™ are shown highlighting the effect of the
exposed facet orientation. Specifically, peroxide species are observed at both surfaces, but
superoxide ones only at the (100) facet. Moreover, the peroxide intensities are higher on that
surface and, as discussed in the following, the temperature-dependent behavior and the relative
intensities of the peroxide features depend on the facet exposed. For the CeO2(111) facet, the
peroxide intensity shrinks at elevated temperatures (60°C and 120°C) in oxygen flow. In a reducing
environment the intensity is larger compared to that in oxidizing environments and it is most
intense upon exposure to CO/O2 (cf. Fig. 2, bottom left, brown spectrum). We attribute the
increased peroxide (and superoxide) intensity during/after CO/O: flow to the formation of surface
oxygen vacancies due to removal of weakly bound molecularly adsorbed oxygen such as 0%
species. From the spectrum in CO/O; it is apparent that the main peroxide feature at 832 cm!
possesses a second component at 860 cm™'. The peroxide adsorption behavior can be readily
understood in the light of our recent DFT+U results *? predicting two peroxide configurations with

comparable Q2% adsorption energies at the CeO2.x(111) surface (cf. Table S2), namely, E ads, 02~ =
—1.900 eV (outer O leans toward a Ce*", O-O stretch at 900 cm™) and Eg02- = —1.919eV

(outer O leans toward a subsurface O atom, O—O stretch at 938 cm!; less intense), in line with
previous experimental 2° 2! 22 and DFT+U 3° studies calculating a 20 meV barrier for transitions
between them. Besides, a further blue shifted frequency (calculated at 973 cm™) was predicted for

agglomerated peroxides (1 ML peroxides E_, 2- = —1.773 eV), ?° and previously observed at
ads,03 y

polycrystalline ceria at low temperature. '® This behavior shows that a blue shift of the peroxide

mode can also be caused by agglomeration of peroxide molecules at the surface (coverage effect).



For the (111) facet, 02> vibrations show a decline in intensity with increasing temperature without
major changes in the 832 cm™'/860 cm! intensity ratio. However, for the (100) facet, the intensity
of the band at 832 cm™! increases at 60°C and strongly decreases at 120°C, whereas the second
component at 862 cm™! is stable at 21°C and 60°C but increases at 120°C and after cooling to 21°C
(see Fig. S3). Based on the known coverage effect of peroxides on the (111) facet discussed above
and the prediction of the existence of only one type of stable peroxide species at the (100) surface,
the existence of two peroxide species at the latter indicates an increased population of isolated
peroxide molecules at 60°C (832 cm! band in Fig. 2) and the formation of stable 02>~ aggregates
at 120°C (862 cm™ band in Fig. 2). Indeed, for the CeO2-x(100) surface, DFT+U calculations reveal
only one stable peroxide configuration for coverages up to 0.25 ML with the O2%~ species lying

flat as depicted in the bottom inset of Fig. 3, and a calculated adsorption energy of E_; 03~ =

—2.141 eV as well as a O-O stretching vibration at 868 cm™ for a p(2x2) structure (0.25 ML).
Note that our result is in-line with that recently published by Yang et al. '° Precisely, if we use
their computational setup that includes dispersion interactions, we closely reproduced the reported
data (Table S3). In the following, we will refer to results obtained using the same settings as in our
previous study on the 0?/CeOxx(111) system, ** though pointing out that the inclusion of
dispersion interactions has only a minor influence on the results (orange, dark blue, and gray dots
in Figs. 3 and 4). At this point, we relate the lower intensity of the observed 832 cm™ peak at the
(111) surface as compared to that for the (100) to the lower binding energy of peroxide species at
the former (cf. Tables S2 and S4). Figure 3 depicts the calculated peroxide stretching frequency as
a function of coverage. The frequency shifts from 868 cm™ for coverages <0.25 ML to 873 cm’!
for 0.5 ML coverage, whereas for a full monolayer, a blue shift to 907 cm™' is observed together

with a rearrangement of the peroxide molecule adopting a 14° angle with respect to the surface



plane (see Fig. S8 for all structures). By assigning the two regimes of low and highest peroxide
coverage to the two experimentally observed bands at 832 cm™ and 862 cm! and interpolating by
a linear function, Vipeo = 1.30 @ Vey, -214 cml, we are able to describe coverage effects. We
note that exactly the same slope of 1.30 has been obtained for describing such effects at the
CeO2(111) surface. However, at the (100) facet only a single peroxide configuration for isolated
peroxide molecules was found. 3! This finding highlights that comparable effects govern peroxide

agglomeration and contribute to the O—O stretch frequencies at both ceria facets.
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Figure 2. Spectral region of adsorbed oxygen species of in situ Raman spectra (532 nm) of CeO-

sheets (left) and cubes (right) in 25%0/Ar flow at different temperatures (top) and during



oxidizing (25% O2/Ar), reducing (2% CO/Ar), and reaction (2% CO/10% O2/Ar) conditions at
35°C (bottom). During the temperature-dependent experiments the samples were first heated to
the desired temperatures in 25% O2/Ar flow by applying a heating ramp of 15°C/min and then held
at each of those temperatures for about 60 min. Cooling from 120°C back to 21°C took place
initially at 15°C/min and later at 5°C/min on average. Spectra were normalized to the Fag band

intensity. The omnipresent band at 1556 cm™! is due to gas phase oxygen.
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Figure 3. Calculated peroxide stretch frequency for 02?7/CeQO2(100) structures as a function of
coverage. The models depict the structures for 1 ML (top) and 0.125 ML (bottom) coverage. Red
and orange circles refer to the absence and presence of dispersion interactions in the calculations,
respectively. The experimental bands (indicated by black circles) at 832 and 862 cm™ are

correlated to the calculated bands at 868 and 907 cm™'.

Figure 2 demonstrates that for CeO2(100) facets superoxide Raman bands are observed at
1103 cm™ and at 1137 cm™!, representing the first Raman report of such species at ceria nanocubes.
In previous Raman studies on nanocubes superoxides were not observed probably due to the
presence of impurities. 2* Recently, the existence of nearly upright superoxides at single crystal
(100) surfaces has been reported using IR spectroscopy and DFT+U calculations. '¢ However, we
found that up to a coverage of 0.5 ML, only flat-lying superoxide species are stable. Structures
showing an angle with respect to the surface plane are predicted to be transition state structures

(see Tables S3, S4 and Figs. S9, S10). Moreover, we considered three different configurations for

11



the location of the Ce®" cation, namely, nearest neighbor (NN) and next nearest neighbor (NNN)
to the O2~ species at the surface or NNN in the subsurface cerium layer (cf. Table S4, Fig. S9 and
insets in Fig. 4). The configuration in which the Ce*" is NN is predicted to be the most stable
structure. For the example of the 0.125 ML coverage, the binding of a O2 species with a NN Ce**

amounts to E,ys 0> = —1.344 eV, whereas that with a NNN Ce’" is by either 0.168 or 0.283 eV

less stable, depending on whether the Ce®" is at the surface or in the subsurface, respectively. For
all other coverages considered, we refer to Table S2 and Fig. S9.

In Fig. 4 we show the calculated O—O vibrational frequency of the O27/CeO2-x(100) structures
as a function of coverage and configuration. At 0.125 ML coverage, the vibration is predicted at
1050 cm™ for Ce** in NN position, whereas for Ce*" in NNN positions at the surface and in the
subsurface, lower frequencies of 1025 cm™ and 1024 cm™ are calculated, respectively. Clearly, the
vibrational frequency depends on where the Ce*" is located, giving rise to two distinct vibrational
regimes. We attribute these values to the experimentally observed Raman bands at 1137 and 1103
cm’, i.e., the former is assigned to superoxides with Ce*" in direct proximity, whereas the latter to

superoxides with Ce*" in NNN positions.

12
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Figure 4. Calculated superoxide stretch frequency for O27/CeO2x(100) structures as a function of
coverage and for different locations of the Ce*" cation. The models depict the structures for 0.125
ML coverage, from top to bottom: Ce** in a NN position (squares), Ce** in a NNN position at the
surface (triangle down), and Ce*" in a NNN position in the subsurface (triangle up). Red and orange
forms refer to the absence and presence of dispersion interactions in the calculations, respectively.
Dashed lines indicate two distinct structural features, i.e., Ce>" in direct proximity to superoxide
(1050 cm™, experimental 1137 cm™) and in the second coordination sphere (1024 cm,

experimental 1103 cm™).

Summing up, for the CeO»-x(100) facets, we found that peroxide species are more stable than
superoxide ones (cf. Table S4). Nonetheless, superoxides can form either due to an increase in

temperature leading to a shift in the equilibrium between O.>~ and O, (02%) species towards the
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more weakly bound oxygen species, as indicated by the appearance of bands at 1103 cm™ (02)
and 1504 cm™ (0.%) or during / after CO/O; treatment at 35°C indicated by the band at 1137 cm’
! (see Fig. 2). This can be rationalized by a dynamic oxygen vacancy formation during CO
oxidation and transfer of only one electron to molecular oxygen in the gas phase that initially
adsorbs as a superoxide molecule. Certainly, this represents a metastable state since the transfer of
a second electron would further stabilize the oxygen species as a flat-lying peroxide molecule.
Treatment in Ar/O> flow after reaction-induced vacancy formation leads to additional oxygen
adsorption as superoxide and thus an increase of the 1137 cm band (see Fig. 2). Yet, the
observation of a second superoxide species (1103 cm™!, Fig. 2) with Ce** in a NNN position can
be rationalized by the hopping of the excess electron to a NNN Ce ions at the surface or in
subsurface Ce layers, which is known to be an activated process with an experimentally determined
barrier of about 0.5 eV for bulk ceria, ** and thus it is not expected to occur at too low temperatures,
in-line with the experimental observations. Since the superoxide and most stable peroxide species
are simultaneously observed, we conclude that the transformation of the former into the latter is
kinetically hindered.

As mentioned above, in recent IR experiments on single crystal CeO>(111) surfaces at 80 K
neither peroxide nor superoxide species were found. '® This behavior has been attributed to the
known preferred localization of oxygen vacancies in the subsurface, i.e., at sites not directly
accessible by gas phase oxygen. *° 4! However, in contrast to single crystals, the here considered
(111) truncated nanoparticles obviously possess surface and subsurface oxygen vacancies and
peroxides species form at 35°C. Furthermore, in accordance with the behavior at the CeO2(111)

20 212224 42 and IR 25262743

single crystal surface, '° but in contrast to previous Raman results at

polycrystalline surfaces, no superoxides (V = 1123-1131 cm'!) have been observed in our

14



experiments at the (111)-oriented facets due to the high instability of such species at ambient
conditions.

Finally, at the (100) facets a band at 1504 cm™ is observed at 60°C, which becomes very
intense at 120°C. This is assigned to weakly bound dioxygen species (0.%) at the unsaturated
Ce02(100) surface. We found that such species are very weakly adsorbed oxygen species (cf. Table
S4) with a calculated O—O vibrational frequency within the 1544—1550 cm™ range. In addition, in
Figure 2, the omnipresent band at 1556 cm! is due to gas phase oxygen, whereas the weak feature
at around 1080 cm™' may tentatively be assigned to ozone species **.

Summarizing, we have reported on the facet-dependent oxygen adsorption of ceria
nanoparticles employing a combined in situ Raman and DFT approach for the first time. A strong
variation in adsorption behavior has been found, that is facilitated for (100) facets, enabling
identification of different kinds of di-oxygen species (02",
x =0, 90, 1, 2) as well as two possible regimes for superoxide formation at (100) facets assigned to
the distinct excess charge localization in either nearest or next nearest neighbor cationic position
to the superoxide species on the basis of computational modeling and DFT calculations.

On one hand, our study transfers the knowledge of the importance of the surface
crystallographic orientation of planar (single crystal) surfaces for the activation of oxygen
molecules '® 7 to nanoparticle ceria that can be employed as working catalysts, helping bridging
the materials gap between the idealized and real catalytic systems. On the other hand, it shows the
potential of Raman spectroscopy for in situ characterization of adsorbed and activated oxygen

species on oxide surfaces.
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Supporting Information

The Supporting Information cover a detailed description of the experimental and computational

procedures, in situ Raman spectra, as well as DFT results for CeO2(111) and CeO»(100).
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