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CO oxidation is a model reaction for probing the redox property of ceria-based catalysts. In this study, CO
oxidation was investigated over ceria nanocrystals with defined surface planes (nanoshapes) including
rods ({110} + {100}), cubes ({100}), and octahedra ({111}). To understand the strong dependence of
CO oxidation observed on these different ceria nanoshapes, in situ techniques including infrared and
Raman spectroscopy coupled with online mass spectrometer, and temperature-programmed reduction
(TPR) were employed to reveal how CO interacts with the different ceria surfaces, while the mobility
of ceria lattice oxygen was investigated via oxygen isotopic exchange experiment. CO adsorption at room
temperature leads to strongly bonded carbonate species on the more reactive surfaces of rods and cubes
but weakly bonded ones on the rather inert octahedra surface. CO-TPR, proceeding via several channels
including CO removal of lattice oxygen, surface water–gas shift reaction, and CO disproportionation reac-
tion, reveals that the reducibility of these ceria nanoshapes is in line with their CO oxidation activity, i.e.,
rods > cubes > octahedra. The mobility of lattice oxygen also shows similar dependence. It is suggested
that surface oxygen vacancy formation energy, defect sites, and coordinatively unsaturated sites on ceria
play a direct role in facilitating both CO interaction with ceria surface and the reactivity and mobility of
lattice oxygen. The oxygen vacancy formation energy, nature and amount of the defect and low coordi-
nation sites are intrinsically affected by the surface planes of the ceria nanoshapes. Several reaction path-
ways for CO oxidation over the ceria nanoshapes are proposed, and certain types of carbonates, especially
those associated with reduced ceria surface, are considered among the reaction intermediates to form
CO2, while the majority of carbonate species observed under CO oxidation condition are believed to be
spectators.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction (RDS) since the reoxidation with O is very facile for reduced ceria.
Cerium oxide and ceria-containing materials have received
intense investigation as catalysts and catalyst supports for use in
variety of catalytic reactions [1–9]. These applications generally take
advantage of the excellent redox property and high oxygen storage
capacity (OSC) of ceria. Therefore, great effort has been devoted to
understanding the special redox property of ceria and to exploring
ways to improve this property [10–18]. CO oxidation, a primary
function of three-way catalytic convertors containing ceria
catalysts, is a prototype model reaction for probing the redox
property of ceria catalysts. CO oxidation is believed to proceed via
Mars–van Krevelen mechanism over ceria [1,19], namely, it involves
the removal of surface lattice oxygen by CO and consequent annihi-
lation of vacancies by gas phase oxygen. The removal of surface oxy-
gen, i.e., oxygen vacancy formation, is the rate determination step
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Extensive experimental and theoretical studies have been devoted
to understanding CO oxidation over ceria catalysts [11,15,17,20–
28]. A general consensus has been reached that CO interaction with
ceria is structure dependent. Previous studies on polycrystalline cer-
ia with differently exposed crystal planes already implied that CO
oxidation is structure sensitive on ceria [17]. Recently, thanks to
the advance of nanomaterial synthesis, ceria nanocrystals with con-
trolled crystallographic planes [11,15,16,28–32] such as ceria rods
and cubes, exposing crystal planes of {110} + {100} and {100},
respectively, have been successfully obtained and compared with
multifaceted ceria nanoparticles for CO oxidation. It has been shown
that ceria nanocrystals exposing reactive {110} and {100} planes on
the surface are more active for CO oxidation than those dominated
by {111} surfaces. The structure dependence of CO oxidation activ-
ity is explained largely based on theoretical work [33,34], which
suggests that the oxygen vacancy formation energy is surface sensi-
tive, following the sequence {110} < {100} < {111}. In order to
understand the CO oxidation mechanism over different ceria sur-
faces, a number of theoretical studies have been dedicated to the
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interaction between CO and ceria surfaces [22,23,25–27,35–37]. The
calculations show structure selectivity for CO adsorption, predicting
weak CO adsorption for the most stable {111} surface and stronger
chemisorption on more open surfaces, such as the {110} and {100}.
The strong binding of CO to these ceria surfaces is mediated by the
formation of carbonate-like complexes [23]. These investigations
point to the direction of improving the redox property of ceria cata-
lysts via utilizing ceria nanocrystals with more open surface
structures.

Despite the intensive experimental and theoretical studies of
CO adsorption and oxidation on ceria catalysts, there is still a lack
of spectroscopic investigation of how CO interacts with different
ceria surfaces and what the reaction mechanism is. Also lacking
is the understanding of how the surface and bulk oxygen reactivity
and mobility are affected by the surface structure of ceria, which
could also have an impact on CO oxidation behavior. In this work,
along the lines of our recent work [10] using ceria nanocrystals
with define surface structures (nanoshapes), in situ vibrational
spectroscopy including infrared and Raman will be employed to
study the nature of the interaction of CO with three distinct ceria
nanoshapes: rods ({110} + {100}), cubes ({100}), octahedra
({111}). We provide molecular-level insights into the surface
dependence of CO oxidation over ceria catalyst and the mechanism
of CO oxidation. Our results show that CO adsorption and reaction
with ceria, and the reactivity and mobility of lattice oxygen are
strongly influenced by the surface structure of ceria, thus leading
to the nanoshape dependence of CO oxidation. The majority of car-
bonate species observed under steady state CO oxidation are reac-
tion spectators while carbonate species associated with reduced Ce
cations are possibly among the reaction intermediates in CO oxida-
tion over ceria catalysts.
2. Experimental

2.1. Material synthesis

The synthesis of the three ceria nanoshapes has been described
in detail in our recent paper [10]. Briefly, CeO2 octahedra, rods,
and cubes were prepared by hydrothermal process [16,29] in
Teflon-lined stainless steel autoclaves at different hydrothermal
temperatures and durations. For CeO2 octahedra, 0.434 g
Ce(NO3)3�6H2O (ARCOS, 99.50%) and 0.0038 g Na3PO4�12H2O (EM
Science) precursors were used. 0.868 g of Ce(NO3)3�6H2O and
9.6 g NaOH (BDH) were used as precursors to obtain ceria rods
and cubes. After the hydrothermal treatment, fresh white precip-
itates were separated by centrifugation, washed with deionized
water and ethanol several times, followed by drying at 333 K in
air overnight. Nitrate species were detected on ceria rods and
cubes while phosphate species on octahedra by Raman spectros-
copy [10]. The amount of P on the ceria octahedra surface was
determined by XPS to be small (P/Ce atomic ratio around 0.16).
Although P has been found detrimental to the redox property of
ceria catalyst, previous study indicated that the effect is relatively
limited at XPS P/Ce ratio <0.2 (corresponding to bulk P/Ce < 0.03)
[38]. So it is still reasonable to attribute our experimental obser-
vations largely to the surface structure effect of octahedra rather
than P poisoning.
2.2. Material characterizations

XRD patterns of the ceria nanocrystals were collected on a PAN-
alytical powder diffractometer using Cu Ka radiation. The electron
microscopy images of the ceria nanocrystals were recorded on a
Zeiss Libra 120 TEM and Zeiss Merlin VP SEM/STEM systems.
Brunauer–Emmett–Teller (BET) surface area of the 623 K calcined
ceria nanocrystals was measured via nitrogen adsorption at 77 K
by using a Micromeritic Gemini 275 system.

2.3. CO oxidation performance

CO oxidation over the ceria nanoshapes was tested on a plug-
flow, temperature-controlled microreactor system (Altamira AMI
200). The sample (ca. 50 mg) was well-mixed and diluted with
quartz sand to a similar volume to minimize diffusion limitations.
The sample, loaded into a U-shaped quartz tube (4 mm i.d.) and sup-
ported by quartz wool, was pretreated in flowing 5% O2/He (30 mL/
min) at 673 K for 1 h and cooled down to room temperature (rt) in
O2/He atmosphere. The gas was switched to the reaction mixture
(30 mL/min 5% O2/He + 10 mL/min 2% CO/2%Ar/He; O2: CO = 7.5)
at rt, and the system was ramped up to 673 K and cooled back to rt
at a rate of 1 K/min. A portion of the product gas stream was ex-
tracted periodically with an automatic sampling valve and analyzed
using a dual-column gas chromatograph with a thermal conductiv-
ity detector. All gases, unless specified, were provided by Air Liquide
with the UHP helium as balance gas, with moisture content less than
1 ppm.

2.4. Temperature-programmed reduction and desorption (TPR and
TPD) and oxygen isotopic exchange

CO-TPR, TPD, and oxygen isotopic exchange over ceria samples
(ca. 30 mg) were also conducted on the AMI microreactor system.
Before each of the experiments, the ceria sample was pretreated in
flowing 5% O2/He (30 mL/min) at 673 K for 1 h and cooled down to
rt and switched to helium purging for 30 min.

� For TPD, the pretreated sample was exposed to 2% CO/2%Ar/He
(30 mL/min) at rt for 30 min and then purged with helium at rt
for 45 min. Then the sample was heated (10 K/min) up to 690 K
in flowing helium and hold for another 30 min.
� For CO-TPR, the pretreated sample was exposed to 2% CO/2%Ar/

He (30 mL/min) at rt for 30 min and then ramped (10 K/min)
up to 1073 K and held for another 30 min. In both CO-TPR and
CO-TPD, the gas stream was analyzed by an online quadrupole
mass spectrometer (QMS) (OmniStar GSD-301 O2, Pfeiffer
Vacuum).
� For oxygen isotopic exchange, the pretreated sample was

exposed to 1% 18O2/He (30 mL/min) at rt and ramped
(10 K/min) up to 1100 K. The oxygen isotopomers (32, 34, and
36) were monitored by the online QMS.

2.5. In situ spectroscopy

IR spectra were collected using a Thermo Nicolet Nexus 670
spectrometer in diffuse reflectance mode (DRIFTS) while the exit-
ing stream was analyzed by QMS [39,40]. A Pike Technologies
HC-900 DRIFTS cell with nominal cell volume of 6 cm3 was used.
Before each of the following IR experiments, the ceria sample
was pretreated in the DRIFTS cell in flowing 2% O2/He (25 mL/min)
at 693 K for 1 h and then cooled to rt before switching to He.

� In CO adsorption experiments, the pretreated sample was
purged with helium at rt before switching to 2%CO/2%Ar/He
(25 mL/min) flow for 30 min.
� In temperature-programmed reduction experiments (CO-TPR-

IR), the pretreated ceria sample was exposed to flowing 2%CO/
2%Ar/He (25 mL/min) for 30 min at rt and then ramped
(10 K/min) up to 773 K in the same gas.
� In CO oxidation experiments, the ceria sample was pretreated at

693 K, purged in He at 693 K and then exposed to the reaction
mixture (20 mL/min 2% O2/He and 5 mL/min 2%CO/2%Ar/He;
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O2:CO = 4). The O2/He and CO/Ar/He flows were switched off
and on separately to allow monitoring surface species change.
Switching between 2% 18O2/He (Isotech, 18O2 purity of 99%)
and 2% 16O2/He was also done during CO oxidation reaction.

IR spectra and QMS profiles were recorded continuously during
these processes. All reported IR spectra are difference spectra refer-
enced to a background spectrum collected after pretreatment but
prior to CO adsorption/oxidation. For CO-TPR-IR, the IR spectra
were referenced to the background spectra collected at the same
temperature during cooling down from pretreatment process.

The CO-TPR process on ceria samples was also monitored by
in situ Raman spectroscopy (CO-TPR-Raman). The ceria sample
was pretreated in a Raman catalytic reactor (Linkam CCR1000) in
flowing 2% O2/He (30 mL/min) at 673 K for 1 h and cooled down
to rt and purged with He (30 mL/min). The sample was then ex-
posed to 1%CO/He (30 mL/min) flow for 30 min at rt and then
ramped (10 K/min) up to 773 K in the same atmosphere for CO-
TPR-Raman study. Raman scattering was collected via a customized
ellipsoidal mirror and directed by a fiber optics bundle (Princeton
Instruments) to the spectrograph stage of a triple Raman spectrom-
eter (Princeton Instruments Acton Trivista 555) [41]. Edge filters
(Semrock) were used in front of the UV–vis fiber optic bundle to
block the laser irradiation. The 532-nm excitation (20 mW at sam-
ple) was emitted from a solid state laser (Princeton Scientific, MSL
532-50). A UV-enhanced liquid N2-cooled CCD detector (Princeton
Instrument) was employed for signal detection. The Raman reactor
sits on an XY stage (Prior Scientific, OptiScan XY system) and trans-
lates in raster mode while collecting the spectrum. The fast transla-
tion has shown been able to eliminate/minimize any laser damage
of the samples. Cyclohexane was used as a standard for the calibra-
tion of the Raman shifts.
3. Results

3.1. Structure of ceria nanocrystals studied by XRD, TEM, and BET

Measured XRD patterns and TEM images of the three ceria poly-
morphs were similar to those reported in our previous work [10]
and are not shown here for brevity. Their XRD patterns can be
indexed to the pure fluorite cubic structures (space group Fm3m
(225), JCPDS 34-0394). The cubes and octahedra exhibit sharper
XRD peaks than the rods, and the mean particle sizes, determined
from the Scherrer equation, are 11, 43, and 72 nm for rods, cubes,
and octahedra, respectively. The high-resolution electron micro-
graphs of the nanoshapes before reaction [10] show that the cubes
expose {100} surfaces and octahedra expose {111} surfaces, in
agreement with their geometric shapes and previous studies of cer-
ia nanomaterials [15,16,29]. Although previous work [10,15,16,29]
has concluded that the rods consist of a mixture of {110} and {100}
surfaces (ca. 50% of each), the micrographs [10] showed that the
rods used in our study are also characterized as having higher con-
centration of dark area than the cubes and octahedra, likely due to
the presence of concentrated coordinatively unsaturated (cus) sites.
Fig. 1 shows electron micrographs of the ceria nanocrystals after
exposure to CO oxidation reaction conditions at 673 K. No evident
change of the morphology is observed for the three nanoshapes,
consistent with our previous observation that the three ceria poly-
morphs are thermally stable at temperatures up to 773 K [10]. To
keep the morphology and surface structure intact, measurements
on the three ceria nanoshapes were carried out at temperatures
lower than 773 K, except in some temperature-programmed exper-
iments (such as CO-TPR) where samples were sacrificed by heating
to higher temperatures. The BET areas of the rods, cubes, and octa-
hedra are measured to be 93, 29, and 12 m2/g, respectively.
3.2. Catalytic CO oxidation

Fig. 2A exhibits the light-off curves from CO oxidation over the
three ceria nanoshapes based on equal reactor sample weight.
Rods are the most active, followed by cubes with octahedra the
least active. For example, the temperature for 20% CO conversion
is 533 K on rods, 593 K on cubes, and 686 K on octahedra. Since
the three nanoshapes have well-defined surface terminations
and known surface area, it is possible to compare the CO oxida-
tion activity on the basis of surface sites. Taking into account
the different surface oxygen densities [10,42] and assuming the
equal composition of {110} and {100} on rods surface [15,16],
the CO turnover frequency on the basis of surface oxygen sites
(TOF, converted CO per surface O per second) is compared in
Fig. 2B for the three surfaces, {110}, {100}, and {111}. To main-
tain differential conditions, the CO TOF is calculated only in the
low conversion regime (<15%). The structure dependence of CO
oxidation over ceria nanocrystals is clearly demonstrated, i.e.,
{110} > {100} > {111}. There is no deactivation of the ceria nano-
shapes during CO oxidation because the CO conversion curves
during heating and subsequent cooling coincide (see Fig. S1 in
supporting information).

To understand the surface structure dependence of CO oxida-
tion over the ceria nanoshapes, it is necessary to study how the
two reactants, CO and O2, behave when interacting with different
ceria surfaces. For CO, its adsorption on ceria and reduction of ceria
was followed by in situ IR and Raman spectroscopy. For oxygen, it
is the lattice oxygen rather than the adsorbed or gaseous oxygen
that is relevant to CO oxidation under typical high reaction tem-
peratures. So, the reactivity and mobility of lattice oxygen were
studied by isotopic exchange.

3.3. Adsorption of CO studied by IR spectroscopy

Fig. 3A shows the IR spectra from CO adsorption on ceria rods at
rt as a function of time after switching in the CO feed. In the region
above 2000 cm�1, the development of a rather sharp band at
2172 cm�1, due to adsorbed CO on surface cus Ce4+ [2,43], is
observed superimposed upon the gas phase CO bands as more
CO is exposed to the sample. CO is weakly held on cus Ce4+ sites,
and the 2172 cm�1 band disappears rapidly upon removing CO
feed. No IR bands due to adsorbed or gas phase CO2 are observed.
CO interacts strongly with the surface oxygen and forms a variety
of carbonate species as evident from the development of a series of
IR bands in the range from 1800 to 800 cm�1. This is similar to pre-
vious investigations of CO adsorption on polycrystalline ceria
[2,43]. The assignments are made in Table 1 based on previous
studies of CO and CO2 adsorption on ceria [2,43–48]. Bicarbonate
species (864, 1216, 1395, 1616, and 3619 cm�1), bidentate carbon-
ate species (864, 1024, 1265, and 1647 cm�1), and bridged carbon-
ate species (1024, 1265, and 1695 cm�1) are formed upon CO
interaction with the surface oxygen of ceria rods.

Fig. 3B compares the IR spectra of the three ceria nanoshapes
after adsorption of CO at rt for 30 min (see Fig. S2 for CO adsorption
on ceria cubes and octahedra as a function of time). No production
of CO2 is observed on any sample, and CO is only weakly adsorbed
on surface cus Ce4+ cations. But the relative intensity of the band at
2172 cm�1 to the CO gas phase bands is clearly different on the
three samples, indicating the amount of CO adsorbed on cus Ce4+

sites follows the trend: rods > cubes > octahedra. Carbonate species
are formed on all three surfaces. Similar carbonate species are
observed on both rods and cubes surfaces since the spectral fea-
tures below 2000 cm�1 on the two samples are quite similar to
each other, while different types of carbonate species occur on
the octahedra surface. The specific assignments of the spectral fea-
tures are listed in Table 1.
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Fig. 1. TEM images of ceria rods (A, scale bar 10 nm), cubes (B, scale bar 30 nm) and SEM image of octahedra (C, scale bar 100 nm) after CO oxidation to 673 K.
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To investigate how strongly the carbonate species are held on
the three ceria nanoshapes, temperature-programmed desorption
(TPD) in helium was conducted after CO exposure at rt for
30 min on the ceria samples. The evolution of both CO and CO2

was monitored by online QMS, but there was essentially no CO
desorption observed from the three samples during TPD process.
CO2 is the major product, due to the thermal decomposition of sur-
face carbonate species. Its appearance in TPD implies reduction of
the ceria surfaces. As compared in Fig. 4, both rods and cubes show
CO2 desorption over a wide temperature range and the desorption
still continues while holding at the final desorption temperature
(690 K), indicating the existence of both weakly and strongly held
carbonate species on these two surfaces. The roughly similar CO2

desorption behavior is consistent with the IR observation of similar
surface carbonate species on rods and cubes. Octahedra show a



Table 1
Assignment of IR bands observed upon room temperature CO adsorption on ceria nanoshapes.

Sample Species m (CO3) p (CO3) d (OH) m (OH)

Rods Bicarbonate 1395, 1616 864 1216 3619
Bidentate carbonate 1024, 1265, 1647 864
Bridged carbonate 1024, 1122, 1265, 1695

Cubes Bicarbonate 1056, 1392, 1611 862 1216 3619
Bidentate carbonate 1030, 1281, 1572 862
Bridged carbonate 1030, 1124, 1281, 1688

Octahedra Bidentate carbonate 1298, 1616
Unidentate carbonate 1400, 1578
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main CO2 desorption peak at temperature below 400 K and a smal-
ler desorption peak above 600 K. Apparently, weakly held carbon-
ate is dominant on the octahedra surface. The TPD profiles suggest
that the strong interaction between CO and the more open {110}
and {100} surfaces leads to more thermally stable carbonate spe-
cies on ceria rods and cubes.

3.4. CO-TPR studied by IR and Raman

Fig. 5A shows CO2 profiles evolved during CO-TPR of the three
ceria nanoshapes normalized on weight basis. All samples exhibit
low- (<850 K) and high-temperature (>850 K) reduction regimes,
due to the removal of surface oxygen and bulk oxygen as in the
case of H2-TPR [1], respectively. Of note, the low-temperature peak
of CO2 evolution closely matches the temperatures for the onset of
CO oxidation (Fig. 2A) for each nanoshape and is thus of interest for
CO oxidation reaction. The more intense and broader low-temper-
ature CO2 peaks at 570 and 740 K for rods indicate the presence of
large amount of reactive oxygen on the surface of the rods. The
cubes show a low-temperature CO2 peak (570 K) with extension
to higher temperatures, while octahedra only show a rather broad
high-temperature peak at 740 K. Evolution of H2 is also observed
during CO-TPR of ceria samples and is presented in Fig. 5B. H2 pro-
duction is due to the reaction between surface OH groups and CO
via water–gas shift type reactions [49,50]:

COþ OH! 0:5H2 þ CO2 ð1Þ

COþ 2OH! H2 þ CO2 þ OL ð2Þ

The temperature of H2 evolution roughly coincides with the tem-
perature of CO2 production at the higher temperature range
(650–850 K). The amount of CO2 evolved from these surface reac-
tions is determined to be more than 50% to the total CO2 production
in the low-temperature range (300–850 K) on the three ceria nano-
shapes (see Table S1 for details). The CO2 peak at 570 K in CO-TPR of
rods and cubes seems to be due to CO reaction with reactive surface
lattice oxygen (OL),

COþ OL ! CO2 ð3Þ

while the higher temperature peak at �740 K is the combination of
CO reaction with both surface hydroxyl groups and lattice oxygen.
The presence of one broad peak at 740 K for octahedra indicates
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that the surface lattice oxygen and surface OH groups are close in
reactivity to CO on the {111} surface.

In situ DRIFTS and Raman spectroscopy were employed to mon-
itor surface species evolved during CO-TPR of the ceria samples up
to 773 K. IR spectra of rods during CO-TPR are shown in Fig. 6a–f.
The rt spectrum is the same as shown in Fig. 3 for CO adsorption,
exhibiting features due to adsorbed CO on surface cus Ce4+ sites
and a variety of surface carbonate species (bicarbonate, bidentate,
and bridged carbonate). Changes in the spectra are observed in the
following three regions as the CO-TPR temperature rises. First, in
the 3800 to 2600 cm�1 region, bands characteristic of formate
(2965, 2932, 2842 cm�1) and derived from reaction between CO
and surface OH groups [44,45,48] start to appear at 373 K. The
band at 2965 cm�1, due to bridged formate [44], grows in intensity
at low temperature and then gives way to the bands at 2932 and
2842 cm�1 due to bidentate formate [44] at higher temperatures.
The bidentate formate reaches maximum amount at around
573 K and disappears at 773 K as evident from the IR bands inten-
sity change. Formyl species, a proposed intermediate to formate
[45,51], is also observed at 573 K with an IR band at 2721 cm�1.
Negative-going features above 3300 cm�1 are observed to accom-
pany the evolution of IR bands of formate as a function of temper-
ature, in accordance with the consumption of OH groups in the
creation of formate species. Specifically, negative features include
a broad band below 3600 cm�1 due to hydrogen-bonded OH
groups, three sharp bands at 3623, 3642, and 3711 cm�1 due to
type III, II, and I hydroxyl groups [2], respectively. Second, in the re-
gion from 2500 to 2000 cm�1, the peak due to weakly held CO on
surface cus Ce4+ sites (2172 cm�1) disappears below 373 K. This
spectral region is dominated by gas phase CO bands at temperature
above 373 K. A broad and elevated background extending from
2000 to 3000 cm�1 appears at 673 K. This broad feature is most
prominent at 773 K and is due to electronic absorption in reduced
ceria, a characteristic semiconductive property observed on ceria
[2] and other semiconductors such as ZnO and TiO2 [52,53]. Its
appearance is an indication of the reduction of ceria (Ce4+ to
Ce3+) by CO. Third, in the region from 2000 to 800 cm�1, the spectra
show subtle changes in intensity as a function of temperature. This
is due to the fact that carbonates decomposition and new carbon-
ates formation (via CO interaction with surface oxygen) are taking
place simultaneously and both events are promoted by elevated
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temperatures. The sharp peak at 1216 cm�1, characteristic of bicar-
bonate, disappears above 473 K. The IR features observed at 773 K
can be assigned roughly to a mixture of unidentate (1600, 1404,
1078, 863 cm�1), bidentate (1600, 1267, 1048, 863 cm�1), and
bridged (1781, 1404, 1195 cm�1) carbonate species.

Similar spectral changes, but with different degree of changes,
are also observed in the CO-TPR-IR spectra of ceria cubes and octa-
hedra (see Fig. S3). For comparison, CO-TPR-IR 773 K spectra for
cubes and octahedra are shown in Fig. 6g and h. The 773 K spectra
of rods and cubes are similar to each other, featuring a broad back-
ground due to the reduction of ceria, and evolution of a mixture of
carbonate species. However, two clear differences can be seen
between these two and octahedra. First, there is hardly an elevated
spectral background for octahedra, suggesting less reduction of
octahedra by CO. Second, IR bands due to carbonate species are
barely observable on octahedra. This is consistent with the CO-
TPD observation that carbonate species are weakly held on octahe-
dra surface and unstable at 773 K.

Fig. 7A exhibits the Raman spectra collected during CO-TPR to
773 K on ceria rods in the spectral range below 2000 cm�1. Before
exposing to CO, ceria shows a characteristic strong band at
462 cm�1 with weak bands near 590 and 1180 cm�1, due to lat-
tice oxygen motion (F2g mode), defect sites, and second-order lon-
gitudinal optical (2LO) mode, respectively [10,54]. During CO-TPR,
two broad bands centered at 1350 and 1600 cm�1 start to form at
temperature of 673 K and grow in intensity as a function of
reduction time and temperature. They dominate the Raman spec-
tra at 773 K and are even stronger than the attenuated ceria F2g

band (462 cm�1). According to their frequency, they could be
due either to surface carbonate or to a carbonaceous species.
However, two experimental observations support their assign-
ment to carbonaceous species. First, the Raman spectra of ceria
rods were affected differently when exposed to either He or O2

purging at 673 K after CO-TPR. As compared in Fig. 7B, the spectra
are essentially the same before and after He purging, but the two
bands at 1350 and 1600 cm�1 are completely eliminated after the
O2 treatment. Since the thermal stability of carbonate species is
not expected to be largely different in either He or O2, the two
bands are not likely due to carbonates. Second, since the rods
and cubes both show similar carbonate features in the CO-TPR-
IR at 773 K, then similar Raman spectra would be expected for
rods and cubes if the two broad Raman bands are due to carbon-
ate species. This is not the case as shown in Fig. 7C, which com-
pares the Raman spectra of all three ceria nanoshapes before and
after CO-TPR to 773 K. In contrast to the rods, the two bands on
cubes and octahedra are extremely weak in comparison with
the ceria F2g mode at around 462 cm�1. Therefore, both observa-
tions suggest that the bands at 1350 and 1600 cm�1 are not due
to carbonate species. Instead, the complete burn off in O2 makes
it reasonable to assign the Raman features to the D and G modes
of carbonaceous species, respectively [55,56]. The carbonaceous
species are originated from the CO disproportionation or Boudou-
ard reaction:

COþ CO! CO2 þ C ð4Þ

which has been previously observed on reduced ceria surfaces upon
interaction with CO [57–60].

Interestingly, the amount of carbonaceous species is very small
on both octahedra and cubes based on the weak D and G bands.
The recent detailed study of the mechanism of CO disproportion-
ation on ceria surface [57] suggested that two CO molecules ad-
sorbed on adjacent Ce sites and the presence of reduced Ce3+

sites are favorable for the CO disproportionation. The Ce3+ sites
provide electron back-donation to weaken the C–O bond of ad-
sorbed CO. Thus the large amount of carbonaceous species formed
on ceria rods, i.e., facile CO disproportionation reaction, implies



300 600 900 1200 1500 1800

462

1180
590

1600

In
te

ns
ity

 (a
.u

.)

Raman Shift (cm-1)

1350

773 K
673 K-30min
673 K-1min
573 K
473K
373 K
fresh

(A)     CO-TPR-Raman on rods

300 600 900 1200 1500 1800

673 K in O2

673 K in He

In
te

ns
ity

 (a
.u

.)

Raman Shift (cm-1)

CO-TPR-673 K

(B)

300 600 900 1200 1500 1800

1350

Octahedra

Cubes

Raman Shift (cm-1)

In
te

ns
ity

 (a
.u

.)

Rods

Cubes

Octahedra

1600

 ---  after

       before

(C) CO-TPR-Raman-773 K

1200 1500 1800

before

after

after

1350 16002 LO

before

Fig. 7. (A) Raman spectra collected during CO-TPR on ceria rods. (B) Raman spectra
of ceria rods after CO-TPR to 673 K and subjected to He and O2 purging at 673 K. (C).
Comparison of Raman spectra of ceria rods, cubes and octahedra after CO-TPR to
773 K. Inset shows the enlarged spectral region for carbonaceous species on cubes
and octahedra. Solid spectra are collected before CO-TPR while dashed ones are
collected after CO-TPR to 773 K. (For color interpretation in this figure the reader is
referred to see the web version of this article.)

500 600 700 800 900 1000 1100

Q
M

S 
re

sp
on

se
 (a

.u
.)

Temperature (K)

Rod-O2-16
Rod-O16O18
Cube-O2-16
Cube-O16O18
Oct-O2-16
Oct-O16O18

Fig. 8. QMS profiles of O2 isotopomers, 16O2 and 16O18O, during oxygen isotopic
exchange over ceria rods, cubes, and octahedra.

Z. Wu et al. / Journal of Catalysis 285 (2012) 61–73 67
that there are more abundant Ce3+ sites on the rods surface than
the cubes and octahedra surfaces, consistent with the easier reduc-
tion of ceria rods as observed in the CO-TPR profiles.
3.5. Oxygen isotopic exchange

Temperature-programmed isotopic exchange between 18O2 and
lattice 16O in ceria nanoshapes was carried out in order to gain
information on the mobility of lattice oxygen. Similar experiments
have been reported on polycrystalline ceria, and two mechanisms
were proposed for the isotopic exchange [61]. One is simple hetero-
exchange between 18O2 and only one lattice oxygen anion, leading
to both gaseous 16O18O and 16O2. The second one is multiple hetero-
exchange where two lattice oxygen anions participate in the ex-
change with 18O2, leading to only 16O2. As shown in Fig. 8, the
evolution of both 16O18O and 16O2 was monitored during the isoto-
pic exchange up to 1100 K. In general, the 16O2 isotopomer is pro-
duced at lower temperature than 16O18O on all the samples,
indicating that the multiple exchange mechanism is favored over
simple exchange [61]. The lower the isotopomer evolution temper-
ature is, the higher is the lattice oxygen mobility. In this respect, the
oxygen isotopomers are produced at lowest temperature on rods,
followed by cubes, with octahedra at much higher temperature
(almost 200 K higher). For all nanoshapes, exchange of both surface
and bulk oxygen is evident from the Raman spectra (see Fig. S4 for
the rods as an example) where the F2g and 2LO modes of bulk ceria
show clear isotopic shift after the exchange reaction.

3.6. In situ IR study of CO oxidation

In situ IR spectroscopy combined with QMS was employed to
follow both the CO oxidation light-off process and steady state
reaction. Fig. 9A shows the IR spectra obtained as the ceria rods
are heated in reactant mixture and then held at 693 K. The CO con-
sumption and CO2 evolution followed by online QMS are shown in
Fig. 9B. IR spectra collected at temperature below 573 K are very
similar to the corresponding spectra obtained during the CO-TPR
(Fig. 6) process, i.e., appearance of formate species upon heating
as indicated by the peaks in the C–H stretching region. Bicarbonate
is also present as evidenced by the sharp peaks at 1395 and
1216 cm�1. At temperature of 573 K and above, gas phase CO2

peaks start to appear and keep increasing in intensity with temper-
ature, consistent with the increasing production of CO2 as followed
by QMS (Fig. 9B) and thus the onset of CO oxidation on ceria rods. It
is noteworthy that the broad elevated background observed in
CO-TPR-IR at 673 K is absent under CO oxidation conditions
(O2:CO = 1:4) up to 693 K, implying that the ceria surface remains
oxidized. After CO oxidation at 693 K for 30 min, the bicarbonate
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and formate are absent and the spectrum is dominated by bands
that can be assigned primarily to bidentate carbonate (1584,
1283, 1040, and 853 cm�1), bridged carbonate (1698, 1201, and
1040 cm�1), and minor unidentate carbonate (1446, 1283, 1060,
and 853 cm�1) in addition to the gaseous CO2 peaks. In a separate
Raman measurement of ceria rods during CO oxidation at 693 K
(spectra not shown), the Raman spectrum collected under CO oxi-
dation condition is very similar to that of freshly calcined rods.
When the O2 is switched off, leaving CO as the only reactant, Ra-
man bands at 1350 and 1600 cm�1, due to carbonaceous species,
grow in. These features disappear when the O2 is switched back
in, i.e., co-feeding CO and O2. It is clear that the surfaces of the rods
are oxidized and free from carbonaceous deposits under current CO
oxidation conditions.

IR spectra obtained on all three ceria nanoshapes during steady
state CO oxidation at 693 K are also compared in Fig. 9A. Strong IR
bands due to surface carbonate species are observed on both rods
and cubes while the spectrum from octahedra shows little sign of
surface carbonate. Again, this agrees well with the CO-TPD and
CO-TPR results where carbonate species are strongly bound on
surfaces of rods and cubes while weakly held on octahedra.

To further investigate the role of surface carbonate and carbona-
ceous species in CO oxidation, labeled 18O2 was used in CO oxidation
over ceria rods sample and the results from in situ IR and QMS are
shown in Fig. 10A and B. The rods sample was pretreated at 693 K
in 16O2/He and purged with He before exposure to CO + 18O2 at
693 K. C16O2 is immediately observed and dominates the product
as seen by both IR and QMS at the start of the reaction. The IR spectra
are essentially the same as those from CO oxidation with 16O2, i.e.,
the appearance of gas phase C16O2 (2362 and 2332 cm�1), bidentate
(1585, 1275, 1210, 1040, and 852 cm�1), bridged (1678, 1210, and
1040 cm�1), and unidentate (1446, 1275, 1040, and 852 cm�1) car-
bonate species. This clearly demonstrates that CO oxidation over
ceria undergoes a redox mechanism, i.e., CO reacts with lattice oxy-
gen (16OL) of ceria even in the presence of gaseous 18O2. As the reac-
tion proceeds further, the IR spectra start to show additional peaks of
gaseous C16O18O (2342 and 2322 cm�1). This is consistent with the
QMS observations where C16O2 gradually decreases in partial pres-
sure while C16O18O increases steadily and dominates the CO2 isotop-
omers at prolonged reaction time. The production of C16O18O is
expected since the gas phase 18O2 would gradually refill the oxygen
vacancy created by initial CO oxidation and then participate in sub-
sequent CO oxidation. Interestingly, only some of the IR bands due to
surface carbonate species show isotopic shift during the reaction
process but at a very slow pace. Specifically, gradual redshifts are
seen within 100 min for following bands due to unidentate
carbonate: 1446–1433 cm�1, 1275–1268 cm�1, 1040–1022 cm�1,
and 852–847 cm�1. It appears that only this type of carbonate
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species can undergo scrambling with isotopically labeled gas phase
carbon dioxide and lattice oxygen, leading to the observed isotopic
shift. The bidentate and bridged carbonate species are stable and
inert to the exchange.

During CO + 18O2 reaction, C18O2 is also observed to increase
with reaction time in the QMS profiles, although it is the minor
portion of all CO2 isotopomers. It could also be produced via
exchange reaction between carbon dioxide with isotopically
scrambled surface carbonate species that slowly develop with
time. Another possibly faster route to C18O2 is the direct oxidation
of carbonaceous species (from transient CO disproportionation
reaction) by reaction with 18O2 or with two adjacent isotopically
labeled lattice oxygen anions.

Upon switching from CO + 18O2 to CO + 16O2 (top curve in
Fig. 10A), the redshifted IR bands shift slowly (about 90 min) back
to their original frequencies as the isotopically scrambled carbon-
ate species undergo exchange with the increasingly dominant
C16O2 product. As expected, the C16O18O and C18O2 isotopomers
decrease in partial pressure after the switch (Fig. 10B).

Since CO oxidation proceeds via a redox mechanism, i.e., CO
reduction of ceria followed by ceria reoxidation by O2, insights into
the reaction intermediate maybe gained by conducting transient
gas switching between CO and O2 during CO oxidation. The IR
spectra collected during such switching on ceria rods at 693 K
are shown in Fig. 11A. The carbonate species generated during
CO oxidation are pretty stable under either He or O2 purging at
693 K (compare curves a–c) as their IR bands intensity does not
change much in comparison with the one under reaction condition,
indicating they are not actively participating in the CO oxidation
reaction cycle. Upon switching from CO oxidation to CO alone at
693 K (curve d), an obvious increase in background is observed
from 1500 to 3000 cm�1, due to reduction of ceria. There is also
an increase in the total intensity in the carbonate features as well
as changes in their relative intensities, indicating that CO reduction
causes an increase in carbonate species and changes in their speci-
ation. Specifically, IR features due to unidentate carbonate (1401,
1080, 865 cm�1) and bridged carbonate (1782, 1401, 1190 cm�1)
increase in intensity in relative to those of bidentate carbonate
species that dominate under CO oxidation condition. Switching
from CO to He purging (curve e) has little effect except for a mod-
erate decrease in the band at 1590 cm�1. However, subsequent
purging in O2 brings the spectrum contour back to the one under
CO oxidation, namely, the IR bands at 1782 and 1401 cm�1 nearly
disappear while the one at 1590 cm�1 further declines in intensity.
A downward tailing is observed in the low wavenumber region
(<1100 cm�1), likely due to the background change caused by the
reoxidation of the reduced ceria by O2.

The transient switch from CO to 16O2 shown in Fig. 11A (curve f)
leads to evolution of CO2 as shown in the QMS profile in Fig. 11B
(left side). If instead the switch is performed with isotopically
labeled 18O2, the IR spectra are essentially the same as those
obtained with 16O2 purging (Fig. 11A). But the QMS profile shows
the production of isotopically labeled C16O18O and C18O2 in addition
to the unlabeled C16O2 (Fig. 11B right side). Considering the differ-
ent shapes of the QMS profiles of the three CO2 isotopomers, two
sources for CO2 production can be proposed. One is the decomposi-
tion of surface carbonate species as evident by the decreased IR
bands intensity of carbonate species upon O2 purging. These car-
bonate species (unidentate and bridged carbonate) must be associ-
ated with reduced ceria and would decompose to release C16O2

once the reduced ceria is oxidized by O2. A similar phenomenon
was observed on ceria-zirconia system by QMS and IR spectroscopy
[62,63]. A second source of CO2 is the oxidation of carbonaceous
species formed from CO disproportionation reaction at 693 K as
demonstrated in the CO-TPR-Raman study. The oxygen isotopic
exchange results (Fig. 8) show that the lattice oxygen of rods can
start to exchange isotopically with 18O2 at 693 K. This would be pro-
moted especially when the rods are reduced by CO. Thus the scram-
bled ceria lattice oxygen can oxidize the surface carbonaceous
species at 693 K (as shown in the Raman results, Fig. 7B) to give
the three CO2 isotopomers. The relative amount of each CO2 iso-
topomer is proportional to the population of labeled lattice oxygen
around the carbonaceous species. The delayed production of C18O2

in comparison with C16O2 and C16O18O is due to the fact that it takes
longer time to formulate two labeled lattice oxygen (18OL) adjacent
to the C atoms than just having two 16OL (to give C16O2), or one 16OL

and one 18OL (to give C16O18O) around the C atoms. Apparently,
C16O2 can be produced by both carbonates decomposition and oxi-
dation of carbonaceous species upon O2 purging.

4. Discussion

4.1. Surface structure dependence of CO oxidation

There has been renewed interest in CO oxidation over ceria
because the recent successful synthesis of ceria nanocrystals with
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different morphologies offers opportunities to study the surface
structure dependence of CO oxidation over ceria catalysts. It was
shown that ceria rods [15,20,28,30,64], nanowires [28,64], and
nanotubes [64,65] exposing {110} and/or {100} surfaces outper-
form their counterpart irregular nanoparticles in CO oxidation in
terms of light-off temperature. The oxygen storage capacity was re-
ported to follow the order of cubes > rods� polyhedra but their
corresponding CO oxidation activity was not systematically com-
pared [16,66]. Our results here present a direct comparison of CO
oxidation performance of the three common ceria surfaces, {110},
{100}, and {111} by utilizing ceria nanoshapes with well-defined
surface planes. The light-off temperature is the lowest on rods, clo-
sely followed by cubes, and the highest on octahedra. Furthermore,
the TOF of CO oxidation also follows the order of {110} >
{100}� {111}. This gives clear evidence that CO oxidation is
strongly surface structure dependent over ceria catalysts. The result
is well supported by both previous theoretical work and our detailed
spectroscopic studies. The oxygen vacancy formation energy was
predicted to follow the reverse order of lattice oxygen reactivity:
{110} < {100} < {111} [33,34] since the less energy that is needed
to form an oxygen vacancy, the more reactive is the surface plane to-
ward a CO molecule. Experimentally, the in situ spectroscopic inves-
tigations here provide in-depth molecular-level information about
the surface dependence of CO oxidation over ceria, which is largely
lacking in current literature. Specifically, we find that the interaction
of CO with ceria (adsorption and reduction) and the reactivity and
mobility of ceria surface and bulk oxygen are closely related to the
exposed surface structure of ceria nanocrystals.

4.1.1. CO adsorption
IR spectra of CO adsorbed on the three ceria nanoshapes (Fig. 3)

show the presence of two types of CO species: adsorbed CO on sur-
face cus Ce4+ sites and CO chemically bonded to surface oxygen
forming carbonate species. For the former species, CO is weakly ad-
sorbed on the cationic Ce sites of all three surfaces and readily des-
orbs at rt. The larger IR band intensity on rods and cubes than on
octahedra is likely the consequence of difference in both surface
area (octahedra have the smallest surface area) and surface struc-
ture (Ce is more cus on {110} and {100} surfaces (6-coordinated)
than on {111} (7-coordinated) [67]). As for carbonate species, IR
results show that both the type and the thermal stability of the
surface carbonates are surface dependent on the three nanoshapes.
Previous DFT work [23] suggested that the formation of carbonate
species upon CO adsorption on ceria surface is determined by three
factors: oxygen vacancy formation energy, surface lattice oxygen
coordination number and distance. It was predicted that carbonate
species can only form on {110} and {100} surfaces rather than on
{111} because neither of three factors is favored on the {111} sur-
face. The DFT results support our IR results on rods and cubes that
similar types of carbonate species, i.e., bicarbonate, bridged, and
bidentate carbonate species are produced on the two surfaces upon
CO adsorption at rt. The generation of small amount of carbonate
species (bidentate and unidentate) on the octahedra, not predicted
by the computational work [23,27,37] nor found in UHV experi-
ments on CeO2(111) films [68], is possibly due to the presence of
cus sites on edges, corners, and some defect sites inherently formed
during synthesis of the octahedra nanocrystals. As a matter of fact,
our recent Raman work [10] showed that some intrinsic defect
sites are already present on the three types of ceria nanocrystals
and their amount follows rods > cubes > octahedra. Furthermore,
the microscopic graphs indicated the presence of high concentra-
tion of cus sites on ceria rods. The presence of cus and defect sites
would provide the surface oxygen more flexibility in interacting
with CO. So the relatively large amount of cus and defect sites
present in rods would favor strong interaction with CO, leading
to the formation of variety of surface carbonates. CO-TPD shows
that the carbonate species have different thermal stability, follow-
ing the sequence of rods > cubes� octahedra. The thermal stabil-
ity is a good indicator for how strongly CO interacts with the
surface lattice oxygen on the three different surfaces. Apparently,
the lowest oxygen vacancy formation energy (+1.99 eV) [33], the
low coordination number (3-coordinated) of surface oxygen, the
shortest surface oxygen–oxygen distance (2.74 Å) [23] on {110}
surface, and the presence of largest amount of cus and defect sites
on ceria rods [10] all favor the strongest CO adsorption and reac-
tion with the surface oxygen on ceria. Although similar types of
carbonate species, e.g., bidentate carbonate species, are formed
on the three nanoshapes, their thermal stability is not the same.
So the thermal stability of the carbonate species is not only deter-
mined by their types but also directly related to the surface struc-
ture of ceria where they are bonded to.

It is necessary to point out that a carbonate-free ceria surface
requires pretreatment temperatures above 1000 K [1]. The surface
of all the ceria nanoshapes calcined at 673 K in our study may still
be partially occupied by certain stable carbonate species. Thus rt
CO adsorption is actually probing what has been left unoccupied
on the ceria surface. Although this makes it difficult to provide a
complete picture of the individual surface planes of ceria nano-
shapes, IR investigation of CO adsorption and desorption is still
meaningful for understanding CO oxidation because the reaction
also takes place on the same surfaces that may be partially occu-
pied with stable carbonate species.

4.1.2. CO-TPR
The low-temperature reduction regime (<850 K) in the CO-TPR

profiles of ceria nanoshapes is generally due to the surface oxygen
removal by CO and thus is closely relevant to CO oxidation
reaction. The reduction temperature from both CO-TPR and CO-
TPR-IR (elevated IR background characterizing the reduction of
ceria) shows surface dependence with rods < cubes < octahedra,
in general agreement with the onset of CO oxidation activity
(Fig. 2). This implies that the reduction of surface lattice oxygen
is the rate determining step in CO oxidation on ceria catalysts.
The in situ IR and Raman spectroscopic results provide information
on the surface chemistry that occurs during the low-temperature
(<850 K) CO-TPR process. The CO2 evolution in CO-TPR low-
temperature regime is determined to be derived from four reaction
channels: direct CO reduction of surface lattice oxygen (channel A),
desorption of carbonate species formed during low-temperature
CO adsorption (channel B), surface water–gas shift reaction be-
tween CO and hydroxyl groups (channel C), and CO disproportion-
ation reaction (channel D). The former three channels all involve
CO reduction of ceria surface while the last channel, CO dispropor-
tionation, does not. It is interesting to define the contribution of
each channel to CO2 production and determine how it varies on
the three different ceria nanoshapes.

Since the surface water–gas shift reaction generates over 50% of
the total low-temperature CO2 (Table S1) in the TPR process, this
route (channel C) is the predominate channel in producing CO2

on all three ceria nanoshapes. Although this reaction has been
reported on ceria surfaces [49,50], its contribution has rarely been
quantified to the low-temperature regime CO2 production in
CO-TPR. The in situ CO-TPR-IR spectra shown in Fig. 6 support
the occurrence of such surface reaction because formate and for-
myl species, likely products from the reaction between surface hy-
droxyl groups and CO, are clearly observed at low temperatures
and decompose at higher temperatures on the surface of three cer-
ia nanoshapes. Concurrently, the IR spectra background gradually
elevates, signaling the reduction of ceria surface.

The contribution from carbonates decomposition (channel B) to
CO2 evolution is rather limited and shows up at temperature below
700 K. This is mostly evident when the CO-TPD (Fig. 4) and CO-TPR
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(Fig. 5A) profiles are overlaid and compared (see Fig. S5). Since
these decomposed carbonate species are originated from rt CO
adsorption, they represent the most reactive surface oxygen to
CO. It appears from Fig. S5 that the amount of these reactive sur-
face lattice oxygen follows the trend rods > cubes > octahedra.

Channel A, direct CO reaction with surface lattice oxygen, con-
tributes to CO2 production in the intermediate temperature range
from 400 to 700 K in CO-TPR process since channels C and D pro-
ceed at relatively higher temperatures (P673 K) while channel B
contributes most to the lower temperature range. The reactivity
of this type of surface oxygen, other than the most active surface
lattice oxygen in channel B and surface hydroxyls in channel C, ap-
pears similar on both rods and cubes, but is less on octahedra be-
cause both cubes and rods show an intermediate temperature CO2

evolution peak (�570 K) while octahedra does not.
The contribution from CO disproportionation (channel D) for

CO2 production is mainly at higher temperature range (P673 K)
according to the CO-TPR-Raman study (Fig. 7). Its contribution is
difficult to quantify, even if isotopically labeled C18O or Ce18O2 is
used, due to the active scrambling among oxygen isotopomers at
such high temperature on ceria surface [60]. But, it is believed to
be insignificant on the cubes and octahedra surfaces, and was even
not observed in previous literature reports on polycrystalline ceria
[50]. Its contribution is clearly the largest on ceria rods as inferred
from the amount of surface carbonaceous species detected by in situ
CO-TPR-Raman. It is interesting that the CO disproportionation
reaction happens to much larger degree on ceria rods than on cubes,
since these two nanoshapes show similar CO adsorption and
desorption behavior. Recalling that CO disproportionation reaction
requires two adjacent Ce sites and is facilitated by reduced ceria
surface [57–60], we conclude that since the rods and cubes surfaces
are both reduced to some extent up to 773 K, the difference is likely
related to the different nature of the defect sites induced by the
reduction on the two nanoshapes. Our recent Raman results dem-
onstrated that the defect sites (oxygen vacancies) are more clus-
tered on rods surface than on cubes after 673 K reduction [10],
and this clustering on the rods therefore explains their greater abil-
ity for CO disproportionation and carbonaceous species buildup.
The clustering of defect sites was also found beneficial for CO oxida-
tion in a recent study of two types of ceria nanorods with different
defect sites density [11] and may thus be accountable for the better
CO oxidation activity on our ceria rods.

4.1.3. Lattice oxygen mobility
The reactivity of surface lattice oxygen has been well revealed

by the CO-TPR study as discussed above. Since the reactivity of lat-
tice oxygen and oxygen storage capability were found to be en-
hanced by high oxygen mobility [42,61], the mobility of lattice
oxygen plays an important role in ceria catalysis. This property of
the three ceria nanoshapes is accessed by the oxygen isotopic ex-
change study (Fig. 8), which shows that the oxygen mobility fol-
lows the sequence of rods > cubes� octahedra. The underlying
reason for the high mobility of lattice oxygen on rods and cubes
is that the amount of intrinsic defect sites in the two nanoshapes
is much higher than in octahedra [10]. The presence of defect sites,
i.e., oxygen vacancies, provides relative freedom for the movement
of lattice oxygen and thus increases the mobility of oxygen in ceria.
Because the amount of defect sites is determined by the surface
planes of ceria nanoshapes [10], the oxygen mobility is thus sur-
face dependent on ceria and promotes oxygen reactivity to CO as
observed in the CO oxidation reaction.

4.2. Mechanism of CO oxidation

It has been well accepted that CO oxidation proceeds on ceria
catalysts via redox (Mars–van Krevelen) mechanism [1]. Our
in situ IR-QMS (Fig. 10) result using isotopically labeled 18O2 in
CO oxidation on ceria rods agrees well with this mechanism, i.e.,
initial dominance of C16O2 generated via CO reaction with the ceria
lattice oxygen (16OL) and then slow evolution of isotopically la-
beled CO2 due to the refilling of oxygen vacancies by the gas phase
18O2. Furthermore, our in situ spectroscopic results shed light on
the reaction pathway and reaction intermediates of CO oxidation
over ceria catalysts.

Although the CO-TPR process can have four different channels
for the formation of CO2, there could be only two pathways for
high-temperature CO oxidation: CO reaction with lattice oxygen
and CO disproportionation. Surface water–gas shift reaction would
not be sustainable as the surface hydroxyl groups are no longer
available once consumed. The reaction between CO and lattice oxy-
gen is evident from the IR-QMS study of CO + 18O2 over ceria rods
(Fig. 10) and is generally considered the major pathway for CO oxi-
dation over ceria catalysts. Three channels can happen in this main
reaction pathway. The first is direct CO reaction with lattice oxygen
to form gaseous CO2 (see reaction (3)), as observed in the steady
state reaction and transient switch from CO oxidation to CO. Due
to the fast rate of this channel, no reaction intermediate informa-
tion is obtainable in the spectroscopic studies. The second channel
is decomposition of carbonate species associated with reduced cer-
ia. In this channel, CO2 is released upon reoxidation of the reduced
ceria by O2 and is evident in the transient switching between CO,
He and O2 (Fig. 11). These carbonate species (likely bridged and
unidentate carbonate) associated with reduced ceria are not stable
under CO oxidation condition and not observable by our IR spec-
troscopy, but they could be considered among the reaction inter-
mediates in CO oxidation to CO2. In previous studies of ceria and
ceria-zirconia catalysts [62,69] under cycled feed-stream condition
of CO and O2, these two channels for CO2 production were also pro-
posed. In the third channel, a portion of the carbonate species
formed on oxidized ceria surface decomposes under CO oxidation
condition. Since only a fraction of the carbonates (unidentate car-
bonate species) undergoes isotopic exchange at a very slow pace
(Fig. 10), this fraction may play a very limited role in CO oxidation
and must be regarded as minor intermediate in CO oxidation. The
majority of the carbonate observed under CO oxidation conditions
does not participate in the isotopic exchange and seems to
represent a stable spectator in CO oxidation. This also explains
why the ceria rods and cubes are still showing high activity in
CO oxidation despite the strongly held carbonate species on their
surfaces.

The occurrence of CO disproportionation reaction under CO oxi-
dation condition is difficult to determine. The absence of surface
carbonaceous species under steady state reaction condition (from
Raman) cannot exclude that CO disproportionates since the gener-
ated carbon can be readily oxidized to CO2 at the reaction temper-
ature. Due to the fast isotopic exchange between CO and ceria [60]
at CO oxidation temperature, the use of isotopically labeled CO or
ceria would not help to confirm whether CO disproportionation
occurs or not. Considering the fact that the ceria surface is kept oxi-
dized under our CO oxidation condition while CO disproportion-
ation is facilitated by reduced ceria surface [57–60], the
contribution from CO disproportionation to CO2 formation may
be limited under CO oxidation condition and would follow the
trend rods > cubes, octahedra.
5. Conclusions

The surface structure dependence of CO oxidation over three
ceria nanoshapes, rods, cubes, and octahedra, was clearly shown
and further investigated in detail by using in situ IR and Raman
spectroscopy coupled with online QMS, CO-TPR, oxygen isotopic
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exchange and isotopic labeling techniques. Following conclusions
can be drawn from these investigations:

(1) Different types of carbonate species are formed from adsorp-
tion of CO at rt on the ceria nanoshapes. The carbonate spe-
cies are similar in nature on the more reactive rods and
cubes surfaces ({110} and {100}) and are more strongly
bonded than on the less reactive octahedra surface ({111}).

(2) In situ spectroscopy results show that several reaction routes
occur during CO-TPR of ceria nanoshapes, i.e., CO removal of
lattice oxygen, surface water–gas shift reaction, and CO dis-
proportionation. The contribution of these routes to CO2 pro-
duction is dependent on the surface planes of ceria.

(3) The lattice oxygen reactivity (accessed by CO-TPR) and mobil-
ity (accessed by oxygen isotopic exchange) are strongly
surface dependent, following the same trend as in CO oxida-
tion: rods > cubes� octahedra.

(4) The differences in surface oxygen vacancy formation energy,
nature and amount of low coordination sites and defect sites,
ultimately affected by the surface planes of ceria nanoshapes,
are believed to be the driving forces for the surface-dependent
behaviors of CO interaction with ceria, lattice oxygen reactiv-
ity and mobility, and thus the CO oxidation performance.

(5) The reaction pathways and reaction intermediates of CO oxi-
dation over ceria nanoshapes are revealed by the in situ IR and
Raman investigations. CO2 is generated via direct CO reaction
with lattice oxygen, decomposition of carbonate species, and
possibly CO disproportionation. Certain surface carbonate
species, mainly those associated with reduced ceria surface,
are possibly among the reaction intermediates. Majority of
the carbonate species observed under steady state CO oxida-
tion condition are reaction spectators.
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