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Abstract

The oxygen storage-release dynamics in ceria nanorods is elucidated by using a combination
of in situ multi-wavelength Raman spectroscopy and DFT calculations. Ceria nanorods
exposing Ce02(100) and CeO»(110) facets are shown to be characterized by highly facet-
dependent properties regarding molecular oxygen activation and decomposition as well as
lattice oxygen dynamics. Temperature-dependent Raman results show that oxygen is stored in
the form of peroxide species on the (100) facets which are then released as gaseous oxygen,
whereas lattice oxygen is involved with the (110) facets. On the latter, peroxide species first
decompose into oxygen atoms that heal vacant lattice oxygen sites before being released as
gaseous oxygen. The exposure of different facets makes ceria nanorods an interesting material
for catalytic applications, because they allow the use of a mixture of oxygen storage-release

functions, as well as their synergistic interactions, in a single system.
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Ceria is an important support material for precious metals in oxidation reactions such as
the CO oxidation or the water-gas shift reaction.! ™ It is therefore of great interest to understand
the reduction and re-oxidation of the support during reaction. In addition, ceria is used as an
oxygen storage component in the formulation of automotive catalysts. Whereas the choice of
the surface facet has been shown to have a strong effect on the oxygen storage capacity,’® a
detailed understanding of the oxygen storage properties of nanostructured ceria is still missing.
In the context of ceria materials, Raman spectroscopy has proved to be a powerful method to
detect adsorbed oxygen species or oxygen defects.” 2 In previous studies, the dependence of
oxygen activation on the exposed ceria facet has been investigated employing single crystal
surfaces,'® while we have addressed catalytically interesting ceria powder samples with either
CeOy(111) or Ce02(100) surface termination.® Our previous study has revealed a facet-
dependent behavior regarding oxygen adsorption and activation, resulting in the formation of
peroxide (0.%), superoxides (O27), and weakly bound oxygen (0,%") species.® The relevance of
investigating the adsorption of Oz species on ceria surfaces lies in the fact that O species not
only serve as probe a molecule, as e.g. CO,'* but may also be involved in the dynamic exchange
of lattice oxygen and the catalytic activity of ceria-based systems.!*!>18

In this work, we study the facet-dependent oxygen adsorption, activation and dynamics
at ceria rods, exposing (110) and (100) facets, employing a combined multi-wavelength Raman
/ DFT approach, where our previous study on ceria nanocubes serves as a reference for the
(100) facet.® We show that the oxygen storage-release mechanism depends largely on the
exposed facet and is related to differences in the molecular oxygen activation and

decomposition properties as well as in the ease of formation of lattice oxygen vacancies.

Based on the growth mechanism of ceria rods and findings from the literature, we know
that the proportion of both (110) and (100) facets is significant, whereby that of the former is
slightly higher.!® The (110) facet has been shown to be the facet with the lowest surface oxygen
defect formation energy.!*2°22 Thus, this facet is particularly interesting for reactions in which
lattice oxygen is involved. After the hydro-thermal synthesis of the ceria rods (for details see
SI), they were characterized using TEM, XRD and N> adsorption at 77 K. The TEM images in
Figure 1A and Figure S2 demonstrate the successful synthesis of ceria rods containing (100)
and (110) surface terminations, based on the observed distances between lattice planes of
0.27 nm and 0.19 nm, respectively.?>** Using FFT of the individual domains and masking the
diffraction patterns with subsequent inverse FFT, the surface terminations were analyzed in

more detail (see Figures S3 and S4). To exclude the presence of the (111) surface termination,



Raman spectroscopy with an excitation wavelength of 385 nm was used as a more integral
method than TEM. Comparing the spectra of the rods with those of particles exhibiting a (111)
termination reveals, that the rods do not show the characteristic transversal surface mode of the
(111) surface at around 402 cm’!, in contrast to the sheets and polyhedra (see Figure S5).” The
XRD results show that only cubic CeO; is present (see Figure S6). Using N> adsorption and the
BET model, a specific surface area of 88 m?/g and a pore volume of 0.22 cm?/g were determined
(for isotherms see Figure S7) and by means of the BJH model an average pore diameter of 28
nm could be determined (see Figure S8). Our previous detailed TEM analysis has confirmed
that the morphology and size of the particles does not change during exposure to water-gas shift
conditions, which are much harsher than the conditions applied in this study.!” Thus, we can
safely assume that the surface termination and the shape of the particles are preserved during
the here performed experiments.

Multi-wavelength Raman spectroscopy with excitation wavelengths of 385 and 532 nm
was employed to monitor the oxygen dynamics of the ceria rods, where the penetration depth
at 385 nm is less than that at 532 nm, and since ceria shows absorption at 385 nm, a selective
(resonance) enhancement of the ceria-related vibrational modes is possible. The use of an
additional visible excitation wavelength (633 nm; see Figure S9) does not provide any
fundamentally new insight compared to 532 nm excitation, in contrast to the 385 nm spectrum,
as described in the following. The in situ Raman spectra of ceria nanorods in 25 % O at room
temperature are shown in Figures 1B and 1C. In the 385 nm Raman spectrum (see Figure 1B),
due to the resonance enhancement, the defect band at 600 cm™! is more intense than the F2, band
at 459 cm™!, indicating the presence of near-surface oxygen defects.” The bands at 263 cm™ and
1187 cm™ are assigned to the 2TA and the 2LO overtones, respectively.” Furthermore, a
peroxide-related band at 835 cm™ appears, which originates from the adsorption of molecular
oxygen at surface oxygen vacant sites with the excess electrons located at nearby cerium
atoms.®!3?> The asymmetry of the 835 cm™ band can be explained by the occurrence of
agglomerated peroxides, which are characterized by a blue-shift, as shown previously for the
(100) surface, and will be here discussed in more detail for the (110) surface in the context of
Figure 2A.% In the 385 nm spectrum, a small band at 336 cm™! is observed, which is assigned to
the deformation vibration of peroxides on the surface of the ceria rods based on the results of
the DFT calculations (see below, Figure 2B). Note that typically this band cannot be observed
by visible Raman spectroscopy (532 nm) due to overlays in this region (see Figure 1C), thus
making the use of different excitation wavelengths essential.* Moreover, it is also noticeable

that despite the presence of the CeO2(100) facet, no or only very weak superoxide bands



(1103 cm™ and/or 1137 cm™)® are observed, in contrast to our previous studies on ceria cubes
exposing (100) facets only. The absence of superoxide bands strongly suggests that the presence
ofthe (110) facet next to the CeO2(100) facet modifies the latter, resulting in different properties

as compared to those of ceria cubes.
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Figure 1: A) TEM image of ceria nanorods. White arrows on the right side indicate the distance
of the lattice planes in the direction of the particle surface. The two magnifying glasses on the
left side show theoretical top view images of the CeO2(110) (at the top) and CeO2(100) (at the
bottom) surfaces together with the calculated smallest distance between two surface oxygen
atoms (PBE+U/4.5 eV). B) In situ 385 nm Raman spectrum of ceria nanorods recorded at 25 °C
in 25 % Oz/He (pretreatment: 2 h, 120 °C, 25 % Oz/He, 50 mL/min), at a total flow rate of
50 mL/min. The asterisk (*) marks bands originating from the sapphire window, while other
sharp features result from cosmic rays. C) /n situ 532 nm Raman spectrum of ceria nanorods
recorded at 21 °C in 25 % Oo/Ar, at a total flow rate of 100 mL/min. The high intensity F», peak

at 455.1 cm™! was cut off to allow an enlarged view of the other features.

The adsorption energy of peroxide species, 03~, on ceria surfaces is the result of two

energy contributions with opposite effects, E ads,03~ = —Eyac,0 + Eqas,0, namely, the energy

. . . 1
gain upon healing the surface vacancies on the reduced facet, —Eyqc0 = —[Eceo,_, + 3 Eo, —

Eceo,], and the repulsive interactions between the charged chemisorbed species, Egq50 =

1 . . .
Eo2-/ce0,, — EEOZ — Eceo,- Eqas,o 1s the adsorption energy of the resulting O atom on the



corresponding clean facet resulting from the vacancy healing by the peroxide species. In the
following, we consider the process of oxygen vacancy formation and healing using the
examples of the (100) and (110) surfaces with ¢(2%2) (see Figure S11) and (2%2) periodicity,

respectively (0q,,.= ®02— = 0.125). The healing of a surface oxygen vacancy (—E,4. o) is an
2

exothermic process on both surfaces, but on the (100) facet the energy released is by about
0.07 eV higher than on the (110) facet (cf. —1.39 eV, Figure S7A and Table S4 in ref 8, and
—1.32 eV, Figure S10F and Table S1, respectively), which is in line with corresponding values
for the surface oxygen defect formation energy (+E,qc0) in the literature.'* However, the
oxygen adsorption energy after the vacancy has been healed by the adsorption of peroxide
species, Eqq450, 1s exothermic on the (100) facet (—-0.34 eV, see Figure S8A and Table S4 in
ref 8) and endothermic on the (110) (+0.15 eV, see Figure S11G and Table S2). As a
consequence of the facet-dependent E,. o and Egq4 o energy values, the calculated peroxide
adsorption energy on the (100) facet is by 0.56 eV higher than on the (110) one (cf. —1.73 eV,
Table S4 in ref 8, and —1.17 eV, Table S2, respectively). Summarizing, on ceria rods, 03~

species are strongly bound on the (100) facets, and the removal of lattice oxygen is more facile

at the (110) facets.

Comparing the 057 /Ce0,(100) and 037 /CeO2x(110) structures at a peroxide coverage
of 0.125 ML, we found that the O—O bond length of the chemisorbed 0%~ species on the (110)
facet is smaller by 2.3 pm than on the (100) facet (cf. 1.445 A, (2x2)-(110), Table S2, and
1.468 A, ¢(2x2)-(100), Table S4 in ref 8), which is in line with previous studies.!® This
difference in bond length, results in a higher stretching vibrational frequency by 30 cm™! for the
03~ species on the (110) facet compared to those on the (100) one. Thus, the presence of
peroxides on the surface of CeO; rods exposing both facets, may lead to band broadening due
to the facet-dependent O—O bond lengths of the chemisorbed 03~ species. Moreover, as
previously discussed for the (111) and (100) facets,® on the (110) one, the O—O bond length
also decreases with increasing 0%~ coverage from 0.125 to 1 ML (see Table S2), which is
reflected in an increase of the stretching vibrational frequency (see Figure 2A), with the
consequent broadening of the peroxide band due to the simultaneous presence of different local
coverages. As a special feature of the (110) facet, we found that in the complete peroxide

monolayer (@gz- = 1 ML), two peroxide configurations with different O—O bond lengths exist

(see Figure S11E and Table S2), which is reflected in two different vibrational frequencies

(indicated as green and blue dots in Figure 2A), that may also contribute to the broadening of



the peroxide band in the experimental spectra. Summarizing these results, the observed band
broadening in the experimental spectra for the rods is due to both the presence of different local
coverages and the existence of two facets. It should be noted that on the CeO>(110) surface, the
creation of a surface oxygen defect next to an existing peroxide is energetically favorable. For
example, a surface oxygen atom from the 0%~ /CeO,x(110)-(1x1) structure with 00,4:= ®0§— =
0.5 (see Figure S11D) is removed for a cost of 1.63 eV, i.e., 0.48 eV less compared to the case
without a nearby peroxide (2.11 eV, see Figure S10A and Table S1). For a comparison of our

26,27

results with previous theoretical studies,”" see the Supporting Information.
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Figure 2: A) Relationship between the coverage and the Raman shift of peroxides species on

the CeO2(110) facet, based on the most stable structures for coverages of @z~ = 0.125, 0.25,

0.5, and 1 ML (see Figures S11G, F, A, and E, respectively). Surface oxygen is shown in
yellow, cerium atoms in gray, and lattice oxygen in red. For the 1 ML structure, the two different
peroxide species are shown in green and blue. B) Calculated Raman intensities for the most
stable peroxide structure at 0.5 ML coverage on CeO»(110) with (1x1) periodicity (black) (see
Figure S11A) and on CeO»(100) with ¢(1x1) periodicity (red), according to our previous study.

The symmetry (9, v) of the vibrations is indicated.



Moreover, Figure 2B shows that for peroxides on ceria surfaces, besides the O-O
stretching vibration, another vibration occurs at lower wavenumbers, which is also Raman-
active but less intense than the stretching vibration. Note that this vibration is observed for all
peroxide coverages (not shown). The symmetry of this vibration can be best described as a
deformation vibration (5). Both the stretching and deformation vibrations of 03~ species on the
(100) facet are at significantly lower wavenumbers compared to those on the (110). Based on
the above-mentioned higher stability of the 0%~ species on the CeO2(100) facet, we assigned

the experimentally observed band at 336 cm™

on CeO; rods (see Figure 1B) to peroxide
deformation vibrations of species predominantly adsorbed on the (100) facets. While a band
and a shoulder have previously been reported for CeO»(111), at 357 and 340 cm™!, respectively,

no clear assignment was provided.!!

On the CeO2(110) facets, for which peroxide species are weaker bound as compared to
the (100) facets, a more facile dissociation of the peroxide species after O adsorption at an
oxygen vacant site is expected, where the resulting oxygen atoms heal adjacent oxygen
vacancies, consistent with the behavior observed previously for single crystals.!* As discussed
above, it is likely that surface oxygen vacancies would form in the immediate neighborhood of
adsorbed peroxide species on the (110) facets. This would also occur on the (100) facets.® For
instance, the removal of a surface oxygen atom from the 03~ /CeQ,x(100)-c(1x1) structure with

00,4~ G)OZ_ = 0.5 is by 0.45 eV energetically less costly compared to the case without a
2

nearby peroxide (cf. 2.13 and 1.68 eV, respectively®). However, two factors would favor the
breakage of the 03~ species into two O atoms on the (110) facets compared to the (100) ones,
namely, the closer distance by 1.3 A between anionic surface sites on the former (see Figure
1A), as well as the higher exothermicity of the reaction leading to the re-oxidation of the surface

(e.g., the reaction energy of 057 /CeOa« (©0,,.= L, ®OZ_ = 0.5) - CeO: equals to —1.895 and
2

—1.360 eV for the (110) and (100) facets, respectively). Consequently, we conclude that the
observed peroxides on the rods mostly originate from peroxides adsorbed on the (100) facets.
In this context, it is worth mentioning that previous theoretical studies have shown that oxygen

28-30 and at the (111) surface®!' can occur with barriers below

vacancy migration in bulk ceria
0.5 eV. Oxygen vacancy migration is not just conceivable on the (110) and (100) facets, but is

likely to play an important role after peroxide dissociation occurs.



Figure 3 shows the temperature-dependent oxygen activation and dynamics for rods (A)
and cubes (B), as probed by the formation of peroxides/superoxides species and the Fa, shift,
as a measure of near-surface oxygen defects. For the ex situ measurement at 21 °C, the F2, band
position for the ceria rods is at 454.3 cm™ (see Figure 3A) corresponding to a red-shift of
~10 cm™! as compared to ceria cubes exposing (100) facets (464.0 cm™, see Figure 3B). This
red-shift is indicative of a high defect concentration in the rods,*? in line with the observed small
intensity of the Fa, band (451.1 cm™) and the strong defect band at 600 cm! when using a
385 nm excitation (see Figure 1B), as well as with the greatest ease with which oxygen defects
can be created on the (110) facet. It should be noted that the position of the F», band varies if
different excitation wavelengths are used, which can be related to the associated different
penetration depths. In fact, if 532 nm excitation is employed for in situ Raman measurements
on rods, the F, band is red-shifted by 3.9 cm™ (455.1 cm™!, see Figures 1C and 3A) compared
to the position observed at 385 nm excitation (459 cm™, see Figure 1B). For an excitation
wavelength of 532 nm, due to weaker absorption,* the laser penetrates deeper into the sample
increasing the contribution of subsurface layers.** Thus, the observed red-shift of the Fog band

at 532 nm excitation indicates that the subsurface of the rods is also defect-rich.
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Figure 3: A) Temperature-dependent Raman F»g position and peroxide integral for ceria rods
at 532 nm excitation. B) Raman F2g position, peroxide, and superoxide integrals for ceria cubes
at 532 nm excitation based on previous data.® The data points for in situ conditions correspond
to the mean value of three measurements. Inaccuracies of the Fag position are given as standard

deviations. The scaling range for the F», positions is the same for rods and cubes.

Furthermore, Figure 3 shows that the Fag position varies with temperature. According

to previous studies,** an increase in temperature leads to a red-shift of the F2, band. However,



within the temperature range considered here, those changes are small (<1 cm™") and thus within
the experimental error. Hence, a temperature effect alone cannot explain the observed changes
of the F2, band position (see Figure 3). When switching the temperature from 21 °C to 60 °C,
a blue-shift of 2.3 cm™ is observed for the rods and a red-shift of 1.2 cm™ for the cubes,
indicating ceria oxidation and reduction, respectively.” At the same time, for both rods and
cubes, the peroxide band shows its maximum intensity. The increase in the amount of adsorbed
peroxide species as the temperature increases from 21 °C to 60 °C, is related to the above-
discussed ease with which oxygen vacancies can be created close to an existing peroxide on
both surfaces. Peroxide species bind at those vacant sites on both surfaces, which is consistent
with the observed maximum intensity of the peroxide bands (see Figure 3). However, as stated
above, the stability of peroxide species on the different facets is not the same.

Referring back to the DFT data and our previous argument, peroxides on (100) facets
are stronger bound than on (110) ones, and peroxide dissociation — followed by healing of
lattice oxygen vacancies— is more exothermic on the (110) facets. Thus, we here propose that
on ceria rods exposing (110) and (100) facets, two different oxygen storage mechanisms operate
simultaneously as follows. The weaker bound peroxide species on the (110) facets decompose
and oxygen atoms are stored in the lattice, which is in line with the observed blue-shift of the
F2¢ band (see Figure 3A). At the same time, oxygen is also stored in the form of chemisorbed
03~ species on the (100) facets of the rods. Conversely, for the cubes, exposing solely (100)
facets, as the temperature increases from 21 °C to 60 °C, oxygen vacancies are created near the
surface and 03~ species strongly adsorb (i.e., are stored) on those vacant sites on the surface,
but the deeper layers remain reduced because the 03~ species do not decompose, which is
consistent with the observed red-shift of the Faog band (see Figure 3B). We turn now to the
question of oxygen release from rods and cubes.

When the temperature of the rods is further increased up to 120 °C, a red-shift of 2.0 cm™
!'is observed (see Figure 3A), indicating the onset of ceria reduction, and simultaneously, the
peroxide band fully loses intensity. Moreover, the Fag position is slightly blue-shifted by 0.3 cm”
! as compared to the initial position at 21 °C, indicating that comparatively, the system is
oxidized. What is happening is that all of the stored oxygen in the form of 03~ on the (100)
facets is released as gaseous oxygen, consistent with the loss in intensity of the peroxide band,
although part of the oxygen stored in the lattice is also released. Such operating release
mechanisms leave near-surface oxygen vacant sites and that is why a red-shift of the F2, band
is observed as the temperature increases from 60 °C to 120 °C. The fact that the F24 position at

120 °C is slightly blue-shifted compared to that at 21 °C indicates that some of the stored oxygen
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in the lattice at 60° C, for which the existence of the (110) facets is essential, has not been
removed at 120 °C. We note that as a result of the oxidative treatment, the initial reduced state
is not recovered after cooling the sample down to 21 °C.

As the temperature is raised from 60 °C to 120 °C, the cubes, exposing exclusively (100)
facets, behave once more differently than the rods (cf. Figure 3A and 3B). The peroxide band
loses intensity and a red-shift of the F», band is observed (1.7 cm™), but differently from the
rods, superoxides, O, are formed on the cubes. Hence, the stored oxygen in the form of 03~
on the (100) surfaces of the cubes is converted into O, species, and it is the release of lattice
oxygen what is consistent with the red-shift of the Fog band. Based on this observation, we
propose that at higher temperatures on the cubes a thermal equilibrium between 03~ and
03 species exists and that these species do not decompose, which is related to the high stability
of peroxides/superoxides on the (100) surface. However, if we now compare the stability of the
03~ species on the (100) surfaces of the cubes with that of the 03~ species on the (100) facets
of the rods (cf. Figure 3A and 3B), we realize that on the cubes there is a 03~ <> 05 conversion,
whereas on the rods, 03~ species are released as gaseous oxygen. This reveals that there are
synergistic interactions between the existing (100) and (110) facets in the rods, which make the

former behave differently than in the absence of (110) facets, as in case of the cubes.

Summarizing, a combined in situ multi-wavelength Raman and DFT approach has been
employed to elucidate the oxygen storage-release mechanism on ceria nanorods. It is shown
that the molecular oxygen activation, decomposition and oxygen dynamics in ceria nanorods is
quite complex due to the presence of two ceria facets. Peroxide formation on the (100) facets
is energetically favored over the (110) facets, whereas the opposite behavior is observed for
defect formation. Both facets are proposed to contribute to oxygen storage either by formation
of active oxygen species, such as peroxides, or by incorporation of lattice oxygen. Moreover,
using a combination of DFT calculations and Raman spectroscopy, the band at 336 cm™! (see

Figures 1 and 2) could be univocally assigned to the deformation vibration of peroxides on

(100).

Generally speaking, the understanding of the oxygen-release storage mechanisms in
ceria-based systems is of great importance for catalytic applications. Moreover, it is known that
the ceria surface structure may alter the catalytic activity of ceria-based catalysts, and thus, ceria
nanocrystals with controlled morphologies, such as nanocubes and nanorods are fabricated. The

coexistence of the (100) and (110) facets is assumed to be responsible for the excellent oxygen
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storage capacity of ceria rods, as demonstrated previously by experiment,>®*?* but not
understood in detail. The microscopic understanding gained in this study reveals that in ceria
rods, two different oxygen-release storage mechanisms operate simultaneously. Oxygen can be
stored in the form of activated oxygen or as lattice oxygen at low temperatures (<100 °C), which
will be released at higher temperatures (>100°C). Activated peroxide species adsorb on both
facets but the dynamics of such species with varying temperature depend on the facet. Whereas
on the (100) facets the strongest bound peroxide species are initially stored and leave the surface
as gaseous oxygen, on the (110), the creation of near-surface vacancies is easier and the weakest
bound peroxide species decompose into oxygen atoms that fill the vacancies, which then are
also released as gaseous oxygen. Thus, ceria rods enable a combination of different oxygen
storage and activation functions. Our results should be useful in the design of systems with

improved storage capacity.
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