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ABSTRACT: In recent years, considerable attention has been given to the role of
oxygen defect centers of oxides in photocatalysis, electrocatalysis, and related materials
performance studies. CeO, is one of the text book examples of oxygen defects (and
associated Ce* cations). In this work, we revisit this in order to quantify these defect
centers and obtain fundamental data that may help in designing new materials. O,
adsorption on reduced polycrystalline cerium oxide (CeO,_,) was therefore monitored
using diffuse reflectance IR spectroscopy at different temperatures and pressures via the
stretch vibration of surface superoxo species (1125 cm™'). Ce*" cations of the ceria
particles were monitored from the intensity of the spin—orbit electronic transition
(°Fs), to *F,),), in the 2050—2200 cm ™' range. This latter signal was attenuated upon
adsorption of O, and nearly disappeared at full coverage. The isosteric heat of
adsorption of O, to the superoxo species was found to be about 0.7 eV at near-surface
saturation. Moreover, the relationship between the appearance of the superoxo species
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and the disappearance of the spin—orbit transition of Ce®" cations at different temperatures was found to be inverted. While higher
O, pressures are needed at higher temperatures for surface saturation, lower O, pressures are needed at higher temperatures for the
disappearance of the Ce®" cations signal. Both trends may be explained as being due to the dissociation of O, followed by atomic
oxygen diffusion into the bulk of CeO,_,. The IR signal of O, adsorption on CeO,_, is therefore not simply due to titration of static

surface Ce3* sites but has a component of oxidation reaction in it.

INTRODUCTION

CeO, stands out as one of the most stable reducible oxides
known, lending itself to a variety of uses, ranging from
heterogeneous catalysis to solar-thermal materials and sensors.
Its effectiveness in diverse roles—such as a three-way catalyst,"
a water gas shift reaction catalyst,” or a thermochemical water-
splitting oxide,” is due to a shared characteristic: the ability to
abstract and recover oxygen atoms from its surface and lattice.

Much work is devoted at the computational® and
experimental” levels to probe into this property in order to
link it to specific reactions or, as in many cases, to provide
fundamental information needed to improve our under-
standing. Experimental research exploring its redox properties
has utilized techniques such as photoelectron spectroscopy
(specifically X-ray and ultraviolet photoelectron spectros-
copies, XPS and UPS), electron spin resonance,” and UV—
vis absorbance.”

In photoelectron spectroscopy, the analysis of Ce 3d core
electrons and Ce 4f valence electrons is primarily used for
near-surface and surface studies, which have significantly
enhanced our understanding of this redox property. Key

findings include the observation that a reduced surface exhibits
high reactivity toward reactants (such as CO, reduction and
oxidative dehydrogenation of alcohols to aldehydes’). More-
over, cerium oxide provides a stable Lewis acid—base
adsorption sites (Ce*'—0?7) for reactants.'” These two
combined properties together with its stability make it one
of the most useful oxides to study.

Computationally, it has been recognized early on that the
coordination number of Ce cations of CeO, (which has a
fluorite structure) plays a crucial role in the surface stability
(surface energy)'' where the (111) terminated is more stable
than the (110) followed by the (100) (a reconstructed surface,
with its exact atomic positions still under study).'”'?
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Experimentally, reduction occurs upon heating at high
temperatures under vacuum (typically 1000 °C or close) or
in the presence of a reducing agent (such as H, or CO) at
lower temperatures because of the chemical energy that these
molecules provide.'*

The reduction of CeO, (like other reducible oxides) occurs
upon removal of oxygen atoms. Because the electron affinity of
O~ in the gas phase is positive (+845 kJ/mol or 8.7 eV)," the
Ce*"—0?" bond dissociation leaves behind electrons and, for
each O atom, it removed two electrons, which are left in the
lattice. The removed O atoms recombine and desorb as
molecular oxygen. The two electrons left are shared by two Ce
cations with locations depending on several factors including
coordination number and unit lattice dimension (compression
and expansion).'®

There are a few key properties to consider for such a
process. Among the most studied are the following. The energy
needed to remove oxygen atoms, the energy needed to diffuse
them, and the stability of the reduced surface. Typically, the
cost of a bulk reduction was computed and values between 4.0
and 3.0 eV are reported depending on the method used [DFT
+ U'” and hybrid functions (DFT and HF)'®. Also, the cost
of removing a surface oxygen atom or an oxygen atom from the
second layer has been studied, and it was observed that (111),
which is composed exclusively of oxygen anions, three-fold
coordinated to Ce cations of the layer below, does not stabilize
oxygen vacancies.~ The activation energy for oxygen diffusion
in CeO, has been measured and computed also many decades
ago.”’ Energies close to 1 eV have been reported; which is
small when compared to the energy cost of removing oxygen
atoms from the bulk. In other words, for practical purposes, it
is not a limiting factor in the reduction process but can be
important in the reoxidation side of the process.

The binding energy of neutral oxygen molecules on oxidized
surfaces is under 0.1 eV, necessitating temperatures well below
room temperature. However, on reduced oxide (CeO,_, in this
case), the situation changes and charge transfer can stabilize
adsorbed O, as superoxo (O, ™) species, at ca. 1130 cm™" and
peroxo (O,7"), at ca. 850 cm™’, adsorbates. These were studied
on both powder and single crystals by infrared and Raman
spectroscopy.”’ "> These two species were observed on
reduced CeQ,(110) and (100) but not on the reduced
CeO,(111) single crystals.”® Also, it has been noticed by many
researchers that the peroxo species is more pronounced on
heavily reduced CeO,, relative to the superoxo species. The
interaction of O, with reduced ceria results in the formation of
a paramagnetic O,” superoxo species or of a diamagnetic 0,"
peroxo species. Each oxygen vacancy (V) in reduced CeO, is
associated with the formation of two Ce>*—4f' ions. The O,
molecule interacts with V5 where the molecule is adsorbed
with one O atom filling the vacancy and the other pointing out
from the surface, in the case of the superoxo (17') or when both
O atoms bonded to the surface (%) in the case of the peroxo.
A detailed discussion on these and the associated energetics
has been given previously.”” CeO,_, exhibits an IR-active
electronic excitation at ca. 2050—2200 cm™'. This is due to
Ce* (’F;), to °F,),) spin—orbit electronic transition.”®>°
Therefore, one can monitor the appearance of the superoxo
and/or peroxo bands and the disappearance of the electronic
transition band at the same time.”'

We are not aware of reported experimental results for the
adsorption energy of O, on oxidized or reduced CeO, powder.
This quantity can be computed using the Clausius—Clapeyron

equation as has been conducted for other molecules in which
the adsorption is pressure-dependent.”” In this work, we
studied O, adsorption on CeO,_, powder at different pressures
and temperatures in order to extract the adsorption energy at
different coverages. In addition, the decay of the electronic
transition (of Ce*" actions) was monitored to help understand
the fundamentals behind CeO,_, oxidation via the diffusion of
O atoms into the interior of the ceria powder particles.

Methodology. Diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) measurements were performed
in a VERTEX80 FTIR (Bruker) equipped with Praying Mantis
diffuse reflection optics (Harrick) and a liquid-nitrogen-cooled
mercury cadmium telluride detector (LN-MCT). For the
DRIFTS measurements, the powder sample was placed in a
high-temperature in situ cell (Harrick) covered with ZnS,
windows. The powder temperature is controlled by a heating
cartridge below the cell and by a water circulation system.
Polycrystalline ceria powder from Solvay (BET surface area =
ca. 100 m*/g, and particle size = ca. 10 nm) was pressed into
small pellets. Figures S1 and S2 present XRD and scanning
electron microscopy (SEM) images of CeO,. TEM images of
this CeO, were reported by others.”>** To ensure that samples
do not detach from the holder and prevent samples from
dislodging, the pellets are subsequently crushed to create large
flakes, which improve the diffuse reflectance. The ceria flakes
are then weighed, approximately 100 mg, using a microbalance.

After transfer, the DRIFTS cell is evacuated by using a SH-
112 Dry Scroll Pump, achieving a pressure of ca. 107> Torr.
Subsequently, the pressure is reduced to ca. 107> Torr using a
turbomolecular pump. A background IR spectrum (256 scans,
4 cm™' resolution) of the untreated sample is recorded at 25
°C. Thermal reduction is performed by heating the powder
samples to 1073 K under vacuum for 60 min before cooling to
a desired temperature for exposure to O,. Reduction is
conducted under vacuum in the absence of H, in order to
minimize the formation of surface hydroxyls as they have
shown to affect O, adsorption.” A second reference spectrum
(256 scans, 4 cm™' resolution) is recorded and used as the
background for the IR absorbance spectra recorded in the next
steps. Before backfilling the chamber with O, [>99% O,
(Linde)] at different pressures up to about 760 Torr, the
lines to both pumps are closed. At this point, continuous
recording of spectra (256 scans, 4 cm™! resolution, each taking
ca. 50 s) started. After saturation of the IR signals was
achieved, the cell was again opened to the pumps, restoring a
base pressure of ca. 10 Torr. Subsequently, further IR spectra
were recorded to investigate the desorption process of
remaining adsorbates.

O, adsorption energies were determined from the superoxo
coverage (which is assumed to be proportional to the 1125
cm™! absorption band) at different sample temperatures using
the Clausius—Clapeyron equation®® (the isosteric differential
heat of adsorption method). Thus, the equilibrium pressure
(P) versus temperature (T) at constant coverage (0) is given as

d AH AH 1 .
follows: ?p = — 4T or d(Inp), = _Td<?)9' In practical
terms, the isotherm of the adsorbed O, signal obtained from

the peak intensity is plotted as a function of the O, pressure
(Po,) at different temperatures. Then, the different pressure

values needed to obtain a constant coverage are plotted as a
function of 1/T.



RESULTS AND DISCUSSION

Figure 1 shows spectra recorded at different pressures of O, at
300 K. Only the superoxo band at 1125 cm™ is seen, and the
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Figure 1. Changes of the superoxo species at 1125 cm™ upon O,

adsorption on reduced CeO, at 300 K at the indicated pressures.
Surface saturation is reached at ca. 10 Torr [inset (a)]. The inset (b)
shows decrease of the 1125 cm™ peak upon evacuation at 300 K.

peroxo band found at 885 cm™ for CeO,(110) single-crystal
surfaces was not observed here. We explain the absence of this
peroxo band to the mild reduction conditions in our case and/
or to the absence of (110)-oriented facets on the powder
particles studied here. While information is available on the
surface orientations of CeQ, nanoparticles of defined shages
(such as nano-octahedra,®” nanorods,®® and nanocubes®),
much less is known on the structure of their reduced states. A
study conducted by environmental TEM on predominantly
orientated (111) nanoparticles of CeO, has shown consid-
erable flattening of their surface which become mostly (110)
terminated upon reduction at 720 °C under 0.5 Torr of H, and
then cooled to 873 K under H,.*’ The superoxo band increases
with an increasing O, pressure on CeO,_, until it saturates at
about 10 Torr. The inset (a) in Figure 1 shows the normalized
intensity (surface coverage). The coverage dependence of the
1125 cm™ peak is well reproduced by a Langmuir-type
function; the fit yields R* = 0.99. Upon evacuation of O, gas,
the signal disappears at 300 K with time [see the inset (b) in
Figure 1].

Figure 2 shows the IR band in the 2050—2200 cm™" range
related to the Ce** (°F;, to F,),) spin—orbit transition signal
as a function of O, pressure at 300 K. The data shown are
obtained upon the subtraction of the actual data from a
reference spectrum recorded just before exposure to O, and is
therefore a measure of [Ce**] consumption (by removal of an
electron to yield Ce*"). Unlike the O, superoxo band, the
shape of the signal is complex, with multiple peaks attributed
to Ce®* in different environments by others.” For the
quantitative determination of Ce®" concentration, the inte-
grated total peak area is assumed to be proportional to [Ce**].
Two observations are worth mentioning.

First, the signal related to Ce** decreases with increasing O,
exposure [inset (a) in Figure 2]. The decay at 300 K mirrors
the increase of the superoxo signal [inset (a) in Figure 1]; this
is not the case at higher temperatures, as seen below.
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Figure 2. Changes of the Ce*" (*Fs), to °F,,) spin—orbit electronic
transition upon O, adsorption on reduced CeO, at 300 K at the
indicated pressures. Near full oxidation is reached at ca. 10 Torr [inset
(a)]. The inset (b) shows continued disappearance of the signal of the
traces left of the signal upon evacuation at 300 K.

Second, the signal does not recover when the O, is pumped
away; it continues to decrease [inset (b) in Figure 2]. This
second observation indicates that the oxidation of Ce®" cations
is irreversible under the conditions of our experiment.

It is important to mention that, strictly, the surface is not
oxidized due to the adsorption of O,; this is because the overall
charge would still be neutral

Ce** + 0,(g) = Ce** + 05 (1)
(charger per site = + 3)(charge per site = + 3)

It is only upon the reaction that oxidation takes place. In
other words, the disappearance of the Ce** cations as tracked
by IR in this work upon the exposure to O, is linked to the
reaction-dynamic {the multiple steps involving adsorption,
dissociation, and diffusion among other steps; the overall
exothermic reaction of the oxidation of cerium sesquioxide
[Ce(III) oxide] to cerium dioxide is Ce,O5 + 1/0, — 2 CeO,,
AH, 298 K = —388.3 kJ/mol}."!

Next, the effect of exposing reduced CeO, to O, was studied
at different temperatures, ranging from 300 to 423 K. Figure
3A shows the superoxo coverage profiles for three
representative runs at 323, 373, and 398 K. As expected, it
takes higher pressures (Figure S1) to reach surface saturation
at higher temperatures (note the coverage profile shift to the
right in Figure 3A). The isosteric heat of adsorption at
different coverages is thus obtained from the plot of
[Ln(Po,)]p as a function of [1/T], It is found to be highly

sensitive to the coverage. The extracted energy increases with
increasing coverage. The inset in Figure 3A gives the obtained
values at a high coverage. The scattering of the data at low
coverage did not allow extraction of the adsorption energy.
The energies ranged from 0.7 eV at near saturation to 0.4 eV at
6 =0.38.

Figure 3B presents the corresponding decay of the Ce’
transition during the same experiment. While the profile
mirrors that of the superoxo species at 323 K (similar to that
found at 300 K), it deviates at higher temperatures. The
disappearance of the Ce®" signal has accelerated at high
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Figure 3. (A) Changes in surface coverage of the superoxo species as
a function of Py, at the indicated temperatures. The inset shows the
computed isosteric heat of adsorption obtained from a plot of Ln(P)
as a function of 1/T. The green arrow points toward the need for
higher pressures to saturate the surface. (B) Changes in the fraction of
reacted Ce** (*Fs, to °F,,,) spin—orbit electronic transition as
monitored by DRIFT with Pg, at the indicated temperatures. The
inset shows the reacted fraction of Ce®" as a function of temperature
at the indicated pressures. The green arrow points to the opposite
direction of that in (A) because of faster oxidation with increasing
temperature.

temperatures; note the shift to the left side of the plots in
Figure 3B. This fits with the dynamics of the reaction in which
adsorbed oxygen molecules on the reduced CeO, will need to
be dissociated and then diffuse to further oxidize subsurface
Ce®. The diffusion energy barrier is higher than that of the
dissociation—reduction of O,* and therefore is poised to be
more rate limiting. This is further highlighted in the inset in
which the conversion of Ce®" is plotted as a function of the
temperature at different pressures. The slope decreases
considerably with pressure. Data indicate that both the
temperature and pressure have a cooperative effect on the
oxidation of Ce®". At high temperatures, low pressures of O,
are required for the oxidation process, while higher pressures
are needed at low temperatures.

ACet

x POz @)
where ACe’" is the difference between Ce3* before
([C‘33+]P02=0) and after O, adsorption ([Ce3+]P02) at a given

conversion as measured by the IR signal centered at ca. 2100

em™' attributed to (*Fs/, to ’F;,) spin—orbit electronic

transition, T is the temperature, and Pq, is the pressure of O,

between 0.2 and 760 Torr.

This observation points out that the oxidation of Ce,
formed in the bulk of the powder particles by thermal
reduction, is sensitive to oxygen diffusion from the surface to
the bulk™ (in the presence of molecular oxygen in the gas
phase) to oxidize Ce® in the bulk, at the investigated
temperatures.

The above results indicate that the observation of surface,
near surface, or bulk oxygen defects (and/or associated Ce®"
cations) does not guarantee a specific catalytic (or photo/
electro catalytic) activity because it is very sensitive to the
reaction environment. Said differently, an initially highly
defective binary oxide (such as in this case CeO,_,) would
become irreversibly oxidized very fast during the reaction in
the presence of low partial pressure of molecular O,, and
therefore, associated catalytic cycles will stop in the absence of
additional energy input (to regenerate the reduced states).

CONCLUSIONS

The adsorption of O, on reduced CeO, powders of about 10
nm in size, leading to the superoxo species, is studied at
ambient pressures by DRIFTS at different temperatures and
pressures. The reduced surface contained a pronounced IR
signal in the 2050—2150 cm™ region due to the (*F;,, to
’F,),) spin—orbit electronic transition. The appearance of the
1125 cm™" band of the superoxo is concomitant with the signal
decay of the (*F;,, to °F,,,) transition. The isosteric heat of
adsorption of the peroxo adsorbate species, extracted from the
Ln(Py,) versus 1/T, was equal to about 0.7 eV at near surface

saturation. The profile of the decay of the electronic transition
while sensitive to Po, changed with increasing temperatures.

This indicates that the oxidation process is a function of atomic
oxygen diffusion, in addition to the partial pressure of O, in the
gas phase.
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