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ABSTRACT: Ceria nanorods were investigated using in situ
Raman and FTIR spectroscopies for CO adsorption and
subsequent reaction with water at 200 and 350 °C. The
involvement of defects in ceria nanorods during CO
adsorption and reaction with H,O is dependent on the
temperature. At 200 °C, most of the carbonate and formate
species formed in CO do not involve the formation of defects,
while at 350 °C all of the carbonates and formates formed can
be correlated to the formation of defects (15% by formates and

Ce0, nanorods

+CO/ H,0

85% by mono/bidentate carbonates). Finally, at 350 °C very stable polydentate carbonates are formed that do not induce defects

and cannot be regenerated with water.

B INTRODUCTION

Cerium oxide (CeO,) is widely investigated as a catalyst or
catalyst support for various applications in the field of
environmental catalysis,' in three-way catalysts,” and as a
catalyst support in heterogeneous catalysis.” > The high
performance of ceria is generally attributed to its unique
redox nature and high oxygen storage capacity (OSC), allowing
it to quickly switch its oxidation state between Ce*" and Ce’* in
the stable fluorite structure.'""

Due to recent advancement in synthesis approaches, ceria
can now be synthesized into desirable nanoshapes with well-
defined active exposed planes that further enhance the catalytic
activity.'>"* CeO, nanorods are an example of such tailored
morphologies. In our recent work, we have reported that our
ceria nanorods expose mainly (111) stable planes in place of
the previously believed (110) and (100) planes.'* As ceria
nanorods provide a high surface area and have inherent defects
(vacancy clusters, pits, and a high degree of surface rough-
ness),”"* they are reported to have enhanced reactivity for the
CO0'" and NO' oxidation and reduction reactions, respectively.
One of the first detailed investigations of defects using UV (325
nm) Raman spectroscopy on these ceria nanoshapes was
reported by Wu et al.'” The authors showed that nanorods
contain more intrinsic defect sites in comparison to other ceria
nanoshapes (cubes and octahedra). Recently, Lee et al
reported about CO oxidation on ceria nanorods (with/without
Au) by monitoring the oxygen vacancy levels using visible (514
nm) Raman spectroscopy.

UV Raman spectroscopy is a potentially powerful tool to
detect structural features, such as defect sites, oxygen vacancies,
and atomic scale structure disorder of ceria nanomaterials." In
comparison to visible lasers, the use of UV lasers enhances the
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detection sensitivity in the surface region of these materials due
to the limited probing depth of 10—20 nm.*

Despite the intensive studies of CO adsorption and H,O
reactivity on ceria supports, there is still a lack of understanding
of the role of defects and active —OH species on ceria
catalysts."»'7*'">3 In our recent work, we investigated the
reactivity of —OH species toward CO for different ceria
nanoshapes at 200 °C.>* We reported that the interaction of
—OH groups with CO depends on the shape of ceria
nanoparticles, and we showed preliminary data describing the
importance of intrinsic defects in the ceria structure.
Furthermore, theoretical investigations have clearly indicated
that the formation of carbonate species induces defects in the
ceria lattice upon interaction with CO.*** In the present work,
we follow up this by addressing the role of defects in ceria in
detail using in situ UV Raman spectroscopy and the results will
be related to Fourier transform infrared (FTIR) measurements
recorded under similar conditions. This combination of
techniques has proven successful in monitoring the structural
defects and adsorbates on catalysts®*>*® We will assume that
the concentration of defects at the surface is correlated with the
bulk defect concentration which can be probed by Raman
spectroscopy. We focus in this work on ceria nanorods due to
their high intrinsic defect density as outlined above.

B EXPERIMENTAL METHODS

Sample Preparation, HRTEM, and BET Character-
ization. Ceria nanorods were synthesized using the recipe
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reported by Mai et al."> For synthesis procedure details refer to
the literature.'* After drying, the sample was always calcined in
air at 500 °C and subsequently analyzed using Raman and
FTIR spectroscopies.

The X-ray diffraction (XRD) pattern of nanorods (not
shown here) was similar to those reported in our previous
work."* As reported earlier, the observed XRD diffraction peaks
can be indexed as face-centered-cubic phase CeO,.

A Micromeritics Tristar instrument was used for determining
the BET surface area. The sample was outgassed in a vacuum at
300 °C for 24 h prior to N, physisorption. The BET surface
area of the nanorods after calcination was 80 m?/ g, which is
consistent with the values reported earlier."”

The high resolution transmission electron microscopic
(HRTEM) image of the ceria rods was recorded on a
GATAN CM300ST-FEG electron microscope (operated at
an acceleration voltage of 300 kV). For HRTEM measure-
ments, the sample was ultrasonically dispersed in ethanol and
subsequently droplets of the suspension were deposited on a
copper grid coated with carbon. The HRTEM image of ceria
nanorods is shown in the Supporting Information (Figure S1).
The low magnification HRTEM image of ceria nanorods
demonstrates that the particles have the desired morphologies
with a length of approximately 50—200 nm.

UV Raman Spectroscopy. UV Raman spectra (wave-
number region from 190 to 1480 cm™") were collected using a
Jobin-Yvon T64000 triple-stage spectrograph with a CCD
detector and a spectral resolution of 2 cm™". The laser spot size
on the sample was less than 0.5 mm. The laser power at the
sample was 6 mW for the 325 nm laser line of a Kinmon He—
Cd laser. It was verified by recording spectra at different laser
intensities that at these settings the laser did not induce any
damage to the sample. The spectrum was recorded by two
times 600 s subsequent laser exposure (two coadditions); hence
recording per spectrum took 1200 s. Teflon was used as a
standard for the calibration of the Raman shift. Typically,
approximately 10 mg of sample was loaded and slightly
compressed to get a dense catalyst bed in a purpose-built
stainless steel in situ cell fitted with a thermocouple placed
close to the sample. The cell was covered with a quartz
assembly. The gas flows used in the in situ Raman experiments
were preheated at 100 °C and then flowed through the sample.
For CO adsorption experiments, 33 vol % CO (Linde) in He
(Linde, total flow 20 mL/min) was used. For the H,O
reactivity measurements, He (20 mL/min) was flowed through
a saturator filled with H,O at S °C, resulting in a water vapor
pressure of 9 mbar.

FTIR (Fourier Transform Infrared) Spectroscopy.
Transmission FTIR measurements were recorded with a
Bruker Vector 22 with an MCT detector by averaging 128
scans with a spectral resolution of 4 cm™ and time interval of
120 s. The spectrum was collected in the wavenumber region
800—4000 cm™". A self-supporting wafer (~10 mg sample) was
pressed and placed into a custom-built stainless steel cell walled
by the thermocouple. For adsorption experiments, 33 vol % CO
in He (Hoekloos 4.7, total flow 20 mL/min) was used. For the
water reactivity measurements, He (Hoekloos 5.0, total flow 20
mL/min) was flowed through a saturator filled with H,O at §
°C (H,O vapor pressure of 9 mbar). All the tubings prior to the
FTIR cell were heated to 100 °C, to avoid condensation of
H,O in the lines. To remove traces of water in He gas during
FTIR experiments, helium was dried with a Varian
Chromopack CP17971 gas clean moisture filter. The back-
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ground spectrum was obtained while flowing He gas through an
empty cell at room temperature.

Experimental Sequence. Raman and FTIR spectra were
recorded after flowing gases in the sequence as shown in the
experimental scheme in Figure 1. The sample was exposed to

o
® 200°C
=
E He (1) Cco(2) He (3) He (5)
E|RT He
2
Time (mins})

Figure 1. Experimental scheme for Raman and FTIR experiments at
200 and 350 °C.

each gas for 30 min respectively. The sample was heated to the
required temperature (350 °C/200 °C) with a ramp rate of S
°C/min. The total gas flow was maintained at 20 mL/min. We
labeled each separate gas flow stage of the experimental
sequence with its sequential number as indicated in Figure 1,
which we use in the Results and Discussion section for clarity.

Data Analysis. Raman and FTIR data were analyzed using
Bruker OPUS (version 7.0) software. All Raman spectra shown
in the present paper were baseline corrected (concave rubber
band correction, two iterations) and smoothened (using the
OPUS Savitzky-Golay algorithm, 21 points) to better identify
the observed changes. To verify that changes observed after
smoothening are real, Figures S2 and S3 (see the Supporting
Information) compare the raw and smoothened spectra. Raman
spectra in Figure 2 were normalized with respect to the F2G
band at 460 cm™". This is in accordance with common practice,
although Daniel et al. have also employed the 2LO band (at
1179 em™) for normalization.”” The FTIR spectra presented in
this work were baseline corrected (concave rubber band
correction, two iterations).

To highlight the relative differences in the Raman and FTIR
spectra as a function of gas treatment, the difference spectra in
Figures 7 and 8 are expressed as the relative difference, defined
as

_ Al
A(leo = Tye)

where Al is defined as the difference between two consecutive
treatments in the scheme shown in Figure 1. A(Ico — Iy) is
the maximum peak intensity increase after dosing CO, at
approximately 550 cm™" for Raman and 1576 cm™ for FTIR
spectra, representing the total amount of species formed upon
CO exposure. In addition, the relative amounts of species are
calculated by integrating the specific peaks observed in
normalized Raman and FTIR plots (see Figures 7 and 8). By
expressing both the Raman and FTIR changes in relative
differences, the observed changes by the two techniques can be
easily compared.

y

B RESULTS AND DISCUSSION

In Situ Raman and FTIR Spectra in Helium at Room
Temperature (RT). In situ Raman and FTIR spectra of the
fresh ceria nanorod samples in He flow at room temperature
are shown in parts a and b, respectively, of Figure 2. The
Raman spectra were normalized to the 460 cm™' peak. The
Raman spectrum of the calcined ceria nanorods (Figure 2a)
consisted of sharp peaks at 460 and 589 cm ™', shoulder peaks at
404 and 487 cm™" and a broad intense band at 1179 cm™". The
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Figure 2. In situ (a) normalized Raman and (b) FTIR spectra of ceria nanorods in He flow at room temperature (black spectrum). In situ (c) Raman
and (d) FTIR spectra of ceria rod in He flow at 200 (red spectrum) and 350 °C (blue spectrum).

peak at 460 cm™' (labeled as Ip,,) is due to the symmetric
stretch mode of the Ce—Og crystal unit, which is characteristic
for the fluorite lattice structure.”>*® In addition, the peak at 589
cm™" (Ip) has been assigned to the defect-induced mode arising
due to the presence of Frenkel-type anion defects (an oxygen
ion is displaced from its lattice position to an interstitial
position, creating a vacancy at its original position and a defect
at the interstitial site) in the ceria lattice.'”?**%*” Shoulder
peaks at 404 and 487 cm™" on both sides of the fluorite band
have been earlier observed for ceria nelnopal‘ticles,17’28 although
they were not assigned. The band centered at 1179 cm™
corresponds to the second overtone of the longitudinal optical
(LO) band.?%*%%

In Figure 2b, the FTIR spectrum of fresh ceria nanorods was
dominated by the strong bands related to physisorbed water in
the spectral region 3800—2500 cm™ and at 1635 cm™.*° Other
than these physisorbed water bands, ceria hydroxyl (O—H)
stretching vibrations at 3693 cm™ and formate and carbonate
(C-0) stretching and deformation bands between 1700 and
800 cm™" were observed.*' ~** These carbonate/formate species
formed due to the interaction of lattice oxygen/hydroxyl
species with atmospheric CO, on the fresh ceria sample when
exposed to air.>**°

In Situ Raman and FTIR Spectra in Helium at 200 and
350 °C. In situ normalized Raman spectra of calcined ceria
nanorods in He flow at temperatures 200 and 350 °C are
shown in Figure 2c. Similar to the Raman spectrum at room
temperature, the fluorite lattice vibration I, (457 cm™) and Iy,
defect band (597 cm™) were observed at 200 and 350 °C
(Figure 2c). Two immediate observations related to the fluorite
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band can be made: First, the peak at 460 cm™" (RT) shifted to
457 cm™' (200 °C) and then to 450 cm™ (350 °C). Second,
the relative intensity of the shoulder fluorite peaks at 404 and
487 cm™! increased with temperature, resulting in an overall
broad fluorite band centered 450 cm™" at 350 °C. The relative
intensities of the peaks at 597 and 1179 cm™' with respect to
the Ip, vibration decreased with temperature. We further
observed an as yet unreported small overall shift from 589 to
597 em™.

As reported previously, the broad fluorite band observed in
the Raman spectra (Figure 2) and the broad XRD peaks (as
compared to other ceria nanoshapes) reported earlier'”** are
due to the distorted fluorite structure of ceria nanorods. This
lattice distortion occurs due to the presence of intrinsic
roughness (internal voids and surface steps) in nanorods.>*
We propose that the distortion in the lattice gives rise to bands
at 404 and 487 cm ™! in ceria nanorods. At higher temperature,
oxygen mobility is enhanced leading to reorganization of the
ceria lattice.*® This explains the decrease in I, intensity with an
increase in Ce—O vibration intensity (IFZg) with the increase in
intensities of the side peaks at 404 and 487 cm™", as observed in
Figure 2c. Any further shift or broadening of IFZg,IS’37 or
possible shift of the I, peak, can be attributed to thermal
restructuring, ie, the recombination of defects with vacant
lattice sites.

In situ transmission FTIR spectra of ceria nanorods obtained
in helium flow at 200 and 350 °C are shown in Figure 2d. As is
clearly evident, the strong bands corresponding to physisorbed
water that were present at RT (Figure 2b) disappeared, leaving
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behind distinct peaks in the O—H stretching range between
3800 and 3000 cm™".

At 200 °C there are three clear regions, corresponding to
hydroxyl, formate, and carbonate species. The hydroxyl stretch
regions for nanorods showed three strong bands at 3700, 3648,
and approximately 3500 cm™!, corresponding to single-
coordinated hydroxyl species, bridgin% hydroxyls, and hydrogen
bonded —OH species, respectively.”***3* The peaks observed
at 2932, 2840, and 2723 cm ™! are assigned to C—H stretching
vibrations of formate species.** *° Finally, between 1800 and
800 cm™!, intense bands were observed related to C—O
stretching and bending vibrations of carbonates (visible at 1356
and 854 cm™) and formates (evident from peak at 1540 cm™,
see also Figure S10 in the Supporting Information).”**' Based
on the literature, several carbonate species can be distinguished
in the 1800—800 cm™' range; see Figure 3 and Table 1 for
structures and the peak assignments.

Ce
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Figure 3. Schematic of types of carbonate and formate species.

Table 1. FTIR Peak Assignments of Carbonate and Formate
Species Observed on Fresh Ceria Nanorods at 200 and 350
oCa

peak (cm™) type of species temp (°C) ref

2932 F + second overtone of P 200 38—41

2922 second overtone of P 350 38

2840 F + second overtone of P 200 38—41

2850 second overtone of P 350 38

2723 F 200 38—40

1540 F 200 38—41

1494 M 200 32, 35, 46

1474 B 200 32,47

1462 P 200,350 32, 35, 38

1391 By 200 32, 38

1370 P 200,350 32, 35, 38, 41

1356 M 200 32, 35, 38, 41, 46

1298 F 200 32, 38—41

1145 Br 200 32, 38

1062 P 200,350 35, 38, 41

1044 M 200 32, 41, 46
854 M, B, and P 200 32, 35, 38, 41
854 P 350 35, 38, 41

“ F, formates; P, polydentate carbonates; M, monodentate carbonates;
B, bidentate carbonates; By, bridged carbonates.
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As can be seen in Figure 2d, formate (1540 and 1298 cm™")
and mono/bidentate carbonates (1044/1474 cm™') species
were no longer visible as they are unstable at 350 °C.** As a
result, two distinct regions related to hydroxyl and carbonate
bands were observed. In comparison to 200 °C, at 350 °C total
hydroxyl peak intensities in region 3800—3000 cm™' were
lower. In addition, the 3700 cm™' band disappeared and the
3648 cm™' peak decreased in intensity relative to that at 3500
cm™". The carbonate peaks observed in the region 1600—800
cm™' (see Table 1 for peak assignments) correspond to
polydentate species (see Figure 3).*

At 350 °C, fewer carbonate species were observed with FTIR
spectroscopy compared to 200 °C, accompanied by the
decrease in the peak ratio Ipp, in Raman spectra. It is
reported in the literature that exposure of ceria to CO/CO,
results in the formation of carbonates by interaction with lattice
oxygen, which creates defects in the ceria lattice.*””* The
presence of fewer carbonate species (observed via FTIR
spectroscopy) hence also explains the existence of fewer
defects (I /F2p Raman spectroscopy) at 350 °C. More details
on the relation between defects and carbonate species are
discussed below.

In Situ Raman Spectroscopy at 200 °C: CO Adsorption
and H,0 Reactivity. To investigate the defect chemistry of
ceria nanorods at 200 °C, the sample was exposed to the series
of gas flows outlined in Figure 1, resulting in the spectra shown
in Figure 4. Running from top to bottom of Figure 4, each plot
on the left-hand side contains two spectra corresponding to
“before” and “after” exposure to the respective gas flow. The
graphs plotted in the right-hand column are the difference
spectra of the spectra in the left column. The difference spectra
were obtained by subtracting the spectrum obtained before
exposure from the spectrum obtained after exposure.

In Figure 4a, the spectrum obtained in CO (2) flow at 200
°C is shown together with the spectrum in He flow (He (1)).
To focus on the Raman intensities of fluorite and defect bands
under exposure to CO and H,0, the spectral region 200—680
cm ™! is shown. In CO, the broad fluorite band centered at 457
cm™' decreased in intensity as is evident from the negative
peaks at 413 and 464 cm™ in the difference spectrum (Figure
4b). The overall I, band (520—590 cm™') broadened to a
lower wavenumber due to a new band arising at 550 cm™, clear
from the difference spectrum (2) — (1) in Figure 4b. The
maximum intensity of the defect peak at 593 cm™ remained
unchanged. This observation indicates the formation of defects
in the ceria lattice upon introduction of CO, which is in
agreement with the literature.®'®*® The inverse relation
between the Ip,, lattice vibration and the defect I;, band has
been suggested previously in the literature.'®

The spectrum in CO (2), the spectrum obtained in He (3)
immediately after CO, and their difference are shown in Figure
4c,d. On flowing He (3), 95% changes that were observed upon
CO introduction disappeared and the spectrum regained its
original peak positions as for the fresh sample in He (1). This
observation indicates that the CO-induced changes are
reversible on the ceria rods at 200 °C.

H,0/He (4) was flowed after He (3); see Figure S4 in
Supporting Information for the spectrum obtained after H,0/
He (4). Subsequently, He (5) was flowed to remove
physisorbed H,O, and the resulting spectrum is shown in
Figure 4e. Only subtle changes in intensities of the fluorite
peaks at 457 and 404 cm ™' and the defect band at 593 cm™

dx.doi.org/10.1021/jp409989y | J. Phys. Chem. C 2014, 118, 4131-4142
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Figure 4. In situ Raman spectra at 200 °C of ceria nanorods (a) in He (1) (black spectrum), followed by CO (2) (red line); (b) CO (2)—He (1);
(c) CO (2) (red line) followed by He (3) (green dash—dotted line); (d) He (3)—CO (2); (e) He (3) and He (S) after He/H,O (4) flow (blue

spectrum); (f) He (S)—He (3).

were observed upon water treatment and subsequent He flow
as confirmed by the difference spectrum in Figure 4f.

In Situ Raman Spectroscopy at 350 °C: CO Adsorption
and H,0 Reactivity. The Raman spectra for ceria nanorods at
350 °C after CO adsorption and rehydration with H,O can be
seen in Figure S (left-hand column). In the difference spectra
shown in Figure S (right-hand column), the induced changes
on adsorption of CO and regeneration by H,O can be seen
more specifically.

In Figure Sa, the spectrum obtained in CO (2) flow is
plotted with the spectrum in He (1). In the presence of CO,
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decrease in intensity of the entire fluorite band (404, 450, and
487 cm™' peaks combined) was observed. In addition, the
defect peak at 597 cm™' remained unchanged. The band
between 520 and 590 cm™' significantly increased due to the
formation of additional new defect peaks at lower wavenumbers
(see Figure Sb). Due to the noise level of the spectrum and
thus the uncertainty in peak position, individual defect peaks
were not specifically assigned in Figure S. The spectrum
obtained on flowing He (3) after CO can be seen in Figure Sc
(green dash—dotted spectrum) together with the CO (2)
spectrum. Minor changes were observed, i.e., a small increase in

dx.doi.org/10.1021/jp409989y | J. Phys. Chem. C 2014, 118, 4131-4142


http://pubs.acs.org/action/showImage?doi=10.1021/jp409989y&iName=master.img-004.jpg&w=389&h=519

The Journal of Physical Chemistry C

350°C, "

In-situ Raman 350°C

He(1) CO(2)  He@d) HO@4)  He(5)
rT He

Spectra
(a)
|25
g — He (1)
b
\ — G (2)

N

=

=,

g

=

200 2;’:0 360 3%0 -160 450 StlJD 530 G(IIIO EISG

Raman Shift (cm™)

—_—
L)
—

Raman Shift (cm™)

- CO (2)
o =-=+He After CO (3)
—_— =
e g
o
=
w
c
o
E
T T T T T T T T T T T T :[ T T T
200 250 300 350 400 450 500 S50 600 650

Raman Shift (cm ")

=-=+=He After CO(3)

He After H,0(5
E
&
=
0
=
@
=

1 T 1 I= T L I T
200 250 300 350 400 450 500 550 600 650

Difference Spectrum

().,
II ‘nll

20 =

Intensity (a.u.)

MU (R S B S e S e L S L S S S C s S
250 300 350 400 450 500 S50 600 650

Raman Shift {cm”)

a
S

He After CO - CO
(3-(2)

Intensity {(a.u.)

-40

T T T T - T T T
200 250 300 350 400 450 500 550

Raman Shift (cm ')

) .

He After H__,O - He after CO
(5)-(3)

=

o
(=]
L

Intensity (a.u.)

40

T T T T — T
200 250 300 350 400 450 500 550 BOO 650

Raman Shift (cm")

Figure S. In situ Raman spectra at 350 °C of ceria nanorods (a) in He (1) (black spectrum), followed by CO (2) (red line); (b) CO (2)—He (1);
(c) CO (2) (red line) followed by He (3) (green dash—dotted line); (d) He (3)—CO (2); (e) He (3) and He (S) after He/H,O (4) flow (blue

spectrum); (f) He (S)—He (3).

the intensity of the 450 cm™" peak and a subtle decrease in the
defect-related band, as can be better seen in the difference
spectrum in Figure 5d.

Subsequently, the sample was exposed to H,O/He (4) flow
(Figure SS in the Supporting Information) followed by He (5)
to remove physisorbed water (Figure Se). After exposure to
H,0 and He (5), the fluorite band centered at 450 cm™
showed an increased intensity accompanied by an overall band
broadening. The CO-induced defect band centered at 550 cm™
disappeared (Figure 5f), and thus the overall peak area of the
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defect band between 520 and 590 cm ™" decreased. As indicated
above, the observations at 350 °C suggest that the Ij, band is
inversely connected to the Ig,, band.

It is clear from Raman spectra that the interaction of CO and
subsequent reaction with H,O on ceria nanorods is different at
200 °C compared to 350 °C. The differences are addressed in
detail in the General Discussion section when compared to the
changes observed in the infrared spectra.

In past years, several studies proposed different types of
defects in ceria lattices, which can be classified into four

dx.doi.org/10.1021/jp409989y | J. Phys. Chem. C 2014, 118, 4131-4142
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different types based on energy calculations.** > The four
types are (1) anion Frenkel pairs (an oxygen atom is displaced
from its lattice position to interstitial site), (2) oxygen vacancies
(an oxygen atom is missing from one of the lattice positions),
(3) interstitial sites (displacement of both a cerium and oxygen
ion to interstitial sites), and (4) Schottky disorders (removal of
cations and anions from their lattice sites creating vacancies
while maintaining stoichiometry). In all cases, the formation of
these defects introduces vacant sites (V) in the ceria lattice.
Anion Frenkel pair defects (ca. 600 cm™) and oxygen vacancy
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defects (550 + 10 cm™') were experimentally first assigned on
doped ceria®*** and subsequently for uncalcined ceria
nanoparticles.”” For calcined ceria nanoshapes, Wu et al.
suggested the presence of anion Frenkel pair defects, and
showed that oxygen vacancy defects appear after H, treatment
at 600 °C."

In the present study, CO exposure to ceria nanorods results
in the formation of a Raman band centered at 550 cm ™!, which
could be assigned to oxygen vacancy defects based on previous

assignments. However, the Iy band is very broad and has
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Figure 7. Relative changes introduced in different gases with respect to the species formed in CO for (a) Raman and (b) FTIR data at 200 °C. (c)
Schematic reaction mechanism of ceria nanorods at 200 °C (“V” represents oxygen vacancy). For simplicity only surface defects are indicated.
However, oxygen diffusion will occur through the lattice to reach equilibrium between surface and bulk defects.

distinct shoulder peaks at 525 and 570 cm™" (Figure 4). In our
opinion, the observation of these shoulders suggests the
existence of different types of defects, such as interstitial
defects and Schottky disorder, in addition to the previously
proposed Frenkel pair defects, and can also be due to the
clustering of vacancy defects to form vacancy dimers and
trimers.””>®* We believe that the present work is the first
experimental evidence that shows the existence of additional
types of defects. Further investigations are required for specific
defect identification and corresponding peak assignment. In the
remainder of this paper we will refer to vacancies (V) without
differentiating between the different kinds of oxygen disorder in
the ceria lattice.

In Situ FTIR Spectroscopy at 200 °C: CO Adsorption
and H,0 Reactivity. Recently, we reported FTIR studies on
ceria nanowires at 200 °C.>* The spectral patterns when
exposed to CO and H,O at 200 °C for ceria nanorods obtained
in this study are similar to those reported for ceria wires. To
avoid duplication of results, the FTIR plots for the ceria
nanorods are shown in Figure S6 in the Supporting
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Information. Summarizing, the following observations were
made: On exposure to CO, the isolated —OH species (at 3700
and 3648 cm™! in the Supporting Information, Figure S6)
decreased in intensity accompanied by significant formation of
formates (3000—2800, 1800—800 cm™') and carbonates
(1800—800 cm™'). Upon subsequent exposure to He after
CO flow, approximately 10% of the adsorbed carbonate and
formate species desorbed with subtle regeneration of bridging
hydroxyl (—OH**®) species. Finally, by flowing H,0/He for 30
min, major regeneration of hydroxyl species and decomposition
of carbonate and formate species (approximately 90%)
occurred; Figure S11 in the Supporting Information presents
a set of time-resolved spectra, showing that most of the changes
take place in the first 5 min.

In Situ FTIR Spectroscopy at 350 °C: CO Adsorption
and H,0 Reactivity. The in situ FTIR spectra at 350 °C are
shown in Figure 6. Upon exposure to CO (2), the —OH**
and —OH** intensities decreased, whereas the —OH***® peak
increased and shifted to 3637 cm™' (Figure 6a, inset). The
latter band has been previously assigned to O—H stretching in
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CO,(OH)~.**%* In addition, the formation of formate C—H
stretch bands at 2945 and 2840 cm™! was observed, with a
significant increase in peak intensity for C—O vibrations of
formates and carbonates in the 1800—800 cm™ region (see
Figure 6a). The exact band positions of the species formed (at
1581, 1417, 1322, 1084, 1053, and 857 cm™') can be better
seen in the difference spectrum (Figure 6b). After CO, the
sample was exposed to He (3) (green spectrum in Figure 6c).
The key observations were a slight rise in intensity of hydroxyl
species at 3668 cm™', with an increase and shift of the 3637
cm™" peak to a higher wavenumber (evident from the S-
curve®®? in the difference spectrum in Figure 6d). Furthermore,
the formate peaks at 2945 and 2840 cm™' disappeared and the
band in the region 1800—1100 cm™' became narrower. These
induced changes are clearly visible in Figure 6d, where negative
bands at 1581, 1294, 1084, 1033, and 847 cm™! are observed.*!
The disappearance of C—H and C—O vibrations of formates in
the difference spectrum indicates the decomposition of formate
species.
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On subsequent treatment with H,0O/He (4) followed by He
(5) (blue spectrum in Figure 6e), —OH groups at 3668, 3637,
and 3480 cm™' were restored (Figure 6e, inset). Furthermore,
subtle changes were observed in the carbonate region (1700—
800 cm™'). In the difference spectrum (Figure 6f), negative
carbonate bands at 1552, 1420, 1312, 1048, and 854 cm™" were
observed, indicating decomposition of carbonate species. Based
on the literature, these carbonate species were identified as bi/
monodentate carbonates.*****® Therefore, the remaining
carbonates in the spectrum (at 1462, 1370, 1062, and 854
cm™') after treatment with H,O correspond to polydentate
species (see Table 1).* These carbonates are also visible when
comparing the spectra obtained at 350 °C for the fresh and
regenerated nanorod samples (Supporting Information, Figure
S8). The amount of —OH species (region 3800—3000 cm™")
recovered after H,O treatment was higher in comparison to
that in the fresh sample.
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Figure 9. Bar diagram of species formed (positive) and decomposed (negative values) on introduction of different gases in ceria nanorods at 200 and
350 °C. The numbers represent the relative change (%) for each individual species.

B GENERAL DISCUSSION

Ceria Nanorod Defect Chemistry at 200 °C. To
compare the Raman and FTIR results, the relative differences
in the Raman spectra were plotted with respect to the most
intense defect peak (~550 cm™") formed upon introduction of
CO (see Experimental Methods). We have assumed that the
total defect concentration is semiquantitatively correlated with
the relative Raman intensities. Likewise, FTIR difference
spectra were normalized with respect to the most intense
peak (formate peak at approximately 1576 cm™"). The relative
changes observed on exposure to each gas type at 200 °C in
both Raman and FTIR spectra are shown in parts a and b,
respectively, of Figure 7.

The red spectra in Figure 7a,b show that with the formation
of vacancies (Raman spectrum, S50 cm™) significant amounts
of formates and carbonates are formed (FTIR spectrum, 1800—
800 cm™'). This observation is schematically represented in
Figure 7c. Upon flowing He after CO, the majority of defects
disappear (Figure 7a, green line). At the same time in the FTIR
spectrum at 200 °C (Figure 7b, green line), only approximately
10% decomposition of formates and carbonates and 10%
regeneration of —OH groups are observed. Thus, desorption at
this stage indicates that the defects created are related to about
10% of the carbonates and formates formed on exposure to CO
and that they are reversible in nature (schematically depicted in
Figure 7c, top row). Separation of different types of carbonate
species connected with defects is not possible for this
experiment because they decompose simultaneously.

Finally, the FTIR spectra show that major regeneration of
—OH species and decomposition of carbonates and formate
species occur in the presence of H,O (Figure 7b, blue line),
without significant changes in the defects observed with Raman
spectrscopy.

In conclusion, at 200 °C, upon the introduction of CO, 90%
of the carbonate and formate species formed do not involve the
creation of defects as depicted in Figure 7c (middle and bottom
rows). Most of those species decompose in the presence of
H,O while regenerating the —OH groups.

Ceria Nanorod Defect Chemistry at 350 °C. The
normalized Raman and FTIR plots obtained at 350 °C with
the mechanism scheme are shown in Figure 8. Similar to the
experiment at 200 °C, at 350 °C also formates and carbonates
are formed by interaction of CO with —OH species,
simultaneously creating defects in the ceria lattice (Figure 8¢
depicts a schematic representation).
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Interestingly, subsequent He flush decomposes only all
formates, most clearly evidenced by the negative peak for the
C—H vibrations between 3100 and 2900 cm™'. The complete
formate decomposition only removes 15% of the vacancies
(Figure 8a, green line), while recreating hydroxyl groups. Thus,
formates are forming at the expense of part of the hydroxyl
species, and creating a small amount of defects within the ceria
structure (schematically shown in Figure 8c, top row).

Upon H,0 flow, the remaining 85% of the defects
disappeared (blue line, Figure 8a), while 35% of the carbonates
decomposed (blue line, Figure 8b) and hydroxyl groups were
formed. These carbonate bands at 1552/1048 cm™ can be
specifically attributed to mono- and bidentate carbonate
species, leaving the polydentate carbonates as residual species
on the ceria, as summarized in Figure 8c.

As the defects produced upon addition of CO disappeared
after the series of treatments, it must be concluded that the
polydentate carbonate species are not related to defect creation
(labeled as “Vacancy not created” in Figure 8c).

Figure 9 summarizes the temperature effect on the reactivity
of ceria with CO and subsequently H,O. In Figure 9 the
relative amounts of species appearing and disappearing upon
the different treatments are compared for the experiments at
200 and 350 °C. Clearly, after regeneration with H,O, at 350
°C stable polydentate carbonate species were observed, while
no residual carbonates were observed at 200 °C [Figure 9
(residual species)]. At the same time, this study shows that the
formation of vacancies in ceria nanorods cannot uniquely be
assigned to the formation of a specific species adsorbed on
ceria. Further, although the Raman signatures of the defect
band arising after addition of CO are very similar (Figure S9,
Supporting Information), their chemical origin seems to be
different since at 350 °C the addition of H,O is needed to
remove the vacancies, while at 200 °C the majority disappeared
already in He flow.

This research is an important step forward to understanding
the behavior of ceria nanorods toward the catalytic reactions
involving CO and water. Furthermore, our results give scope
for further theoretical and experimental work to understand the
roles of different defects in ceria catalysts.

Bl CONCLUSION

This study revealed the complex role of defects in ceria for
reactions involving CO and H,O. For ceria nanorods, the
involvement of defects during CO adsorption and consecutive
reaction with H,O fundamentally changes with temperature. At
200 °C, most of the carbonate and formate species that form in
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CO do not induce the formation of any defects in the lattice.
However, at 350 °C, the formation of formate and carbonate
(bi/monodentate) species does lead to defect formation.
Further, very stable polydentate carbonates are formed
exclusively at 350 °C without creating vacancies and these
species are stable in water vapor. These results show that,
depending on temperature, the formation of certain specific
formate and carbonate surface species involves lattice oxygen
from CeO, forming defects, whereas other species do not.
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