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ABSTRACT: Ceria nanoparticles with rodlike (ceria-rod), octahedral
(ceria-octahedron), and cubic (ceria-cube) morphologies and similar
crystallite dimensions have been synthesized. Transmission electron
microscopy results revealed that ceria-octahedra and ceria-cubes are well-
faceted, mainly enclosed with {111} and {100} facets, respectively. On the
contrary, ceria-rods are not well-faceted. By CO adsorption, in situ Fourier
transform infrared, and 17O solid-state NMR (ssNMR) experiments on
H2

17O-enriched ceria, it is shown that the adsorption behavior of CO/
H2O is highly crystal-plane-selective. These results are well-supported by
surface-enhanced dynamic nuclear polarization 17O ssNMR. A correlation
between the formation of oxygen vacancies (isolated vacancies and
vacancy clusters) and the surface properties of ceria is proposed.

1. INTRODUCTION

CeO2, as the most significant oxides among rare earth
elements, plays an important role in commercial catalytic
processes, such as in three-way catalysis and fluid catalytic
cracking.1 For improving the activity of ceria-based material
and expanding its application area, the prerequisite is an
atomistic understanding of the catalyst structure. Hence, the
synthesis of CeO2 nanocrystals with various morphologies has
been extensively investigated for developing their structure−
performance relationship.2−7 However, the effect of surface
area (crystallite size) and local surface structure is yet quite
unclear. Since the crystal size of ceria determines its oxygen
storage capacity and the formation of oxygen vacancies,8,9

investigating CeO2 materials with different morphologies but
similar crystallite dimension can help us to shed light on this
problem. In particular, while previous studies proposed that
ceria-rods are predominantly enclosed by {100} and {110}
facets,10,11 more recent studies suggested that ceria-rods are
not well-faceted in comparison with cubes ({100} facet) and
octahedra ({111} facet).12 The ceria {110} facets can also
undergo extensive restructuring to the {111} facets.13 In some
recent works, ceria polyhedra with particle sizes smaller than
25 nm were applied to study the ceria {111} facets, and they
have shown similar catalytic performances with ceria-rods.14−16

The main factor to determine the catalytic activity of CeO2
remains under debate. To address this question, it is necessary
to apply experimental techniques that are able to identify the
different oxygen species in the materials. From these data,

substantial progress in understanding the ceria-based catalysts
will be gained.
Positron annihilation lifetime spectroscopy (PALS) and

solid-state nuclear magnetic resonance (ssNMR) are two
advanced techniques that may provide such information. PALS
has revealed that the oxygen vacancy structure is important in
affecting the catalytic property of CeO2.

11,17 ssNMR has been
used to probe the oxygen species in inorganic oxides.18−22

Since all stable isotopes of Ce have a nuclear spin I = 0, Ce
nuclei cannot be detected using NMR. In a recent study on
17O-isotope-enriched ceria nanoparticles with variable sizes,
different oxygen species have been identified by 17O ssNMR.23

However, these reports focused on 17O-enriched ceria
materials that were prepared under 17O2 gas at high
temperature, which may result in structural changes of the
original samples. The development of dynamic nuclear
polarization (DNP) solid-state NMR spectroscopy opened a
new pathway to study oxygen and other species on pristine
oxides without isotope enrichment.24−26 Very recently, 17O
DNP NMR was applied to 17O-enriched CeO2. This approach
enabled the first three surface layers of the material with high
selectivity to be distinguished.27 Thus, 17O DNP NMR has the
potential to characterize oxygen species on ceria surface sites,
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whereas other conventional methods provide only limited
information.
In this study, we have synthesized ceria nanoparticles with

different morphologies but similar dimensions to study the
crystal plane effect for CO oxidation.28 With the help of
ssNMR techniques, the oxygen species on different CeO2
crystal planes are investigated.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis. The requisite amount of a cerium
precursor was dissolved in deionized water and mixed with
NaOH or tert-butylamine solution of the appropriate
concentration. Note that details on usages have been listed
below. This stock solution was stirred for 30 min in a Teflon
bottle and sealed tightly in a stainless-steel autoclave.
Hydrothermal treatment was carried out at different temper-
atures (T) for different times (t). After cooling, the white
precipitates were collected by centrifugation, washed with
deionized water and ethanol several times, and followed by
drying at 100 °C in air overnight. The samples were calcined in
air at 400 °C for 3 h. The values T and t were varied according
to the target crystal shape as follows: ceria-rod: nNaOH = 240
mmol, nCeCl3 = 2 mmol, T = 140 °C, t = 16 h, in 40 mL of

deionized water; ceria-cube: nNaOH = 240 mmol, n Ce(NO3)3 = 2
mmol, T = 180 °C, t = 24 h, in 40 mL of deionized water;
ceria-octahedron: ntert‑butylamine = 1.3 mmol, nCe(NO3)3 = 1 mmol,
T = 180 °C, t = 16 h, in 25 mL of deionized water and 15 mL
of toluene.
In addition, ceria-bulk was synthesized by a previously

reported method.29 Ceria-octahedron with phosphate impur-
ities (denoted as ceria-octahedron-P) was prepared by the wet
impregnation method with a solution containing Na3PO4 on
ceria-octahedron. The additional two samples were applied to
discuss the size effect of octahedral-shaped ceria in the
Supporting Information.
2.2. Material Characterizations. The crystal structures of

the three shaped ceria were identified on a Philips X’Pert Pro
diffractometer using Ni-filtered Cu Kα radiation (λ = 0.15418
nm).
Brunauer−Emmett−Teller (BET) surface areas were meas-

ured by nitrogen adsorption at 77 K on a Micrometrics ASAP-
2020 adsorption apparatus. Before adsorption measurements,
the samples were degassed for 3 h at 300 °C.
Transmission electron microscopy (TEM) images were

taken on a JEM-2100 instrument at an acceleration voltage of
200 kV. The samples were dispersed in A.R. grade ethanol with
ultrasonic treatment, and the resulting suspension was allowed
to dry on a carbon film supported on copper grids at room
temperature and atmospheric pressure.
Raman spectra were recorded on a Jobin-Yvon (France-

Japan) T64000 type Raman spectrometer using an Ar+ laser
beam. The Raman spectra were recorded with an excitation
wavelength of 514 nm and a laser power of 300 mW.
X-ray photoelectron spectroscopy (XPS) analysis was

performed on a PHI 5000 Versa Probe high-performance
electron spectrometer, using monochromatic Al Kα radiation
(1486.6 eV). The binding energies (±0.1 eV) were referenced
to the C 1s peak at 284.6 eV.
Electron paramagnetic resonance (EPR) measurements were

performed on a Bruker EMX-10/12 X-band spectrometer
operating at a frequency of ν ≈ 9.7 GHz, and 100 kHz field

modulation was used for the measurements. The spectra for all
catalysts were recorded at 298 K.
In situ diffuse infrared Fourier transform (in situ DRIFT)

spectra were recorded in the frequency range of 1200−4000
cm−1 at a spectral resolution of 4 cm−1 (number of scans: 32)
on a Nicolet 5700 FT-IR spectrometer equipped with a highly
sensitive mercury cadmium telluride detector cooled by liquid
N2. The DRIFT cell (Harrick) was equipped with a KBr
window and a heater that allowed samples to be heated to 400
°C. The catalyst powders placed on a sample holder were
carefully flattened to enhance the IR reflection. The samples
were purged with a N2 stream at 400 °C to eliminate
physisorbed water and other impurities. The sample back-
ground of each sample was measured at 200 °C. Then, the
appropriate sample was exposed to a controlled stream of
CO−Ar (10% of CO by volume) at a rate of 5.0 mL min−1 for
30 min. The spectra were recorded at 200 °C and processed by
subtraction of the corresponding background reference.
The CO oxidation activity of the catalysts was measured in a

microreactor with a gas composition of 1.8 vol % CO, 10.0 vol
% O2, and 88.2 vol % N2 at a rate of 40 mL min−1. The
reaction temperature (100−450 °C) and the amount of
catalyst (5−30 mg) were adjusted to limit the conversion of
CO between 5 and 20%. The catalysts were pretreated in a N2
stream at 300 °C for 30 min and then cooled to room
temperature. After that, the catalysts were treated with the gas
mixture. A gas chromatograph equipped with a thermal
conductivity detector was used for analyzing the products.
The apparent activation energy was calculated employing

the Arrhenius equation in its linearized form (eq 1)

r A E RTln ln /a= − (1)

where r stands for the reaction rate, A for the pre-exponential
factor, and Ea for the apparent activation energy. The reaction
rate r (in μmol m−2 s−1) for the CO conversion to CO2 was
determined by eq 2. It was measured at different temperatures
to calculate Ea.

r N S/CO cat2
= [ ] (2)

where N[CO2] is the CO2 molar gas flow rate in the outlet gas
and Scat is the surface area of the catalyst calculated from BET
data.

2.3. 17O Solid-State NMR and DNP-Enhanced Solid-
State NMR Studies. 17O-enriched ceria was prepared by
heating ceria nanoparticles with 17O2 (70 vol %, Cambridge
Isotope Laboratory). Typically, 100 mg of ceria was evacuated
and heated at 250 °C for 8 h in a quartz tube (ca. 50 mL). The
system was cooled in vacuum to room temperature and treated
with 0.2 atm 17O2, followed by heating the materials at 400 °C
for 12 h.
For H2

17O selective enrichment experiments, a calculated
defined volume of H2

17O (35 vol %, Cambridge Isotope
Laboratory) was mixed with 40−100 mg of CeO2, to reach a
H2

17O concentration of 10 μL m−2 on the surface.
Conventional 17O solid-state NMR spectra of H2

17O
selectively enriched samples were recorded on a 14.1 T Bruker
Avance III HD spectrometer corresponding to a Larmor
frequency of 81.35 MHz for 17O. Samples were packed into 3.2
mm ZrO2 rotors and spun at 20 kHz. Samples were irradiated
with π/2 pulses of 4 μs length. The recycle delay was set to 2 s,
and 72 000−80 000 accumulations were performed. 17O
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chemical shifts were referenced to H2O at 0 ppm. All spectra
were fitted with the software package included in Topspin 3.2.
CeO2 materials used for the DNP experiments were

obtained by calcination at 400 °C for 12 h. For DNP
measurements, samples were prepared according to refer-
ences.30−32 Typically, the samples for DNP experiments were
prepared by wet impregnation using 1,1,2,2-tetrachloroethane
(TCE), a nonaqueous solvent to ensure that no 17O NMR
signal from the solvent is obtained. The powdered solid
samples (ca. 25 mg) were ground in a mortar and pestle, and
25 μL of a 15 mM solution of bis-TEMPO-bis-ketal (bTbk) in
TCE (unless otherwise stated) was added, yielding a gel/paste.
Then, the slightly wet mixture was packed into a 3.2 mm
sapphire rotor and capped with a zirconia drive cap.24

17O DNP NMR spectra were recorded on a commercial 9.4
T Bruker AVANCE III spectrometer system equipped with a
263 GHz gyrotron, a transmission line, and a 3.2 mm Bruker
triple-resonance low-temperature probe. All DNP-enhanced
NMR spectra with and without microwave (MW) irradiation
were recorded at a spinning rate of 10 kHz at sample
temperatures of nominally 110 K. All measurements on
samples in natural abundance were performed with a recycle
delay of 90 s, and 96−564 scans. Ninety seconds were used
according to 1.3 times the 17O built-up time obtained from a
saturation recovery experiment measured at 110 K with MW
on. This saturation recovery experiment was performed for
ceria-rod enriched with 17O2 at 400 °C, and the signal at 877
ppm was analyzed.
To further enhance the signal intensity of the central

transition, the pulse sequence “dfsel90” implemented in Bruker
Topspin 3.2 was employed. This sequence contains a double
frequency sweep (DFS) pulse followed by a selective π/2
excitation pulse, which enables the selective inversion of
satellites and transfers population to the central transition.33,34

Spectra were recorded at 10 kHz spinning. The pulse
parameters were set according to the literature.24 The pulse
power for the π/2 pulse was optimized on 17O-enriched CeO2.
An optimum duration of 2.5 ms was determined for the double
frequency sweep (DFS) pulse with a radio frequency field of
ca. 12.5 kHz, sweeping from ±100 to ±200 kHz. The selective
π/2 pulse contained a length of 100 μs. The 17O chemical shift
was referenced at 110 K to the signal of 17O-enriched CeO2 at
877.0 ppm.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Basic Characterization of Ceria

Nanostructures. Ceria-rod, ceria-octahedron, and ceria-cube
nanoparticles containing cubic fluorite structures (as illustrated
by X-ray diffraction (XRD), Figure S1) of similar dimensions
were synthesized to minimize the size effect. Their BET surface
areas are 47, 24, and 19 m2 g−1, respectively. The exposed
facets were determined by high-resolution TEM (HRTEM)
and Fourier transform patterns (Figure 1). This analysis shows
that ceria-cubes are mainly enclosed by {100} facets. Similarly,
ceria-octahedra are mainly enclosed by {111} facets. The
exposed planes of ceria-rods are complex. They grow along the
[110] direction and have different side facets (Figure S2).
Besides, the dark pits and hillocks imply that ceria-rods are
rough in surface. They contain a large number of edges and
corners. Similar results have been reported in a previous
study.12 Since ceria {110} facets can undergo extensive
restructuring to {111} facets,13,35 the inherently exposed facets
in ceria-rod are supposed to be {111} and {100}.

3.2. Catalytic Activity Tests. The investigation of the CO
oxidation activity (Figure 2) shows that the reaction rate
(normalized to the surface area) of these ceria nanoparticles
follows the order of ceria-cube < ceria-octahedron < ceria-rod.
The apparent activation energies of ceria-octahedron and ceria-

Figure 1. TEM images (a−c) and HRTEM images (d−f) of the three shaped ceria nanoparticle samples. Insets show the Fourier transform
patterns corresponding to the selected area: (a, d) ceria-rod, (b, e) ceria-octahedron, and (c, f) ceria-cube.
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rod are almost identical, as it has been discussed in some
recent works.15,36 The inherently exposed {111} facet in ceria-
rod is considered as the reason. For comparison, octahedral-
shaped ceria with an averaged particle size above 100 nm has
been prepared, employing a previously reported recipe.29 The
normalized reaction rate is far less for the large-sized ceria-
octahedron compared to that of ceria-rod. This corroborates
the well-known strong size effect on the catalytic activity
(Figures S3 and S4).8

Moreover, the concentration of oxygen vacancies follows the
order of ceria-octahedron < ceria-cube < ceria-rod, as
suggested by Raman results (Figure S5). XPS measurements
(Figure S6) indicate that these three differently shaped ceria
contain similar Ce3+/Ce4+ concentration. Hence, the CO
oxidation activity of the catalysts seems to be dependent on
other factors, possibly the adsorption behavior of reactant
molecules and the formation of oxygen vacancies.
3.3. CO Adsorption on Ceria Nanostructures. In situ

DRIFTS provide valuable information to understand CO
adsorption on the ceria surface. Figure 3 shows the in situ
DRIFTS spectra of the CO adsorption on ceria at 200 °C. In
the region between 2000 and 2400 cm−1, gaseous CO and CO2
are observed. More interesting are the bands in the range of
1200−1800 cm−1, which are assigned to a variety of carbonate-
like species. Unidentate carbonate species (1465, 1402 cm−1)
are the main species on ceria-cube. Tridentate carbonates near
oxygen vacancies (1587, 1286 cm−1) are the main species on
ceria-octahedron.37 Inorganic carboxylate is present on ceria-
octahedron, which is indicated by a weak signal at 1528
cm−1.38,39 Since ceria-cube and ceria-octahedron are relatively
well-faceted, we assume that unidentate carbonates are favored
on the {100} facet and bidentate carbonates are favored on the
{111} facet. The spectrum of ceria-rod is likely to be a
superposition of ceria-cube and ceria-octahedron, indicating
the coexistence of {111} and {100} facets in ceria-rod.
The appearance of inorganic carboxylate species (1528

cm−1) requires a high surface oxygen deficiency.37,38 Thus, the
absence of these species on ceria-cube illustrates a high surface
oxygen saturation near the adsorption sites. On the contrary,
the strongest band at 1528 cm−1 on ceria-rod suggests the
lowest surface oxygen saturation near its adsorption sites,

followed by the ceria-octahedron. These results imply an active
redox cycle near the adsorption sites over the {111} facet in
CO oxidation reaction, which might be responsible for the
superior catalytic activity of ceria-rod and ceria-octahedron.

3.4. 17O Solid-State NMR of Ceria Nanostructures.
Prior to the DNP-enhanced experiments, we recorded standard
thermally polarized 17O magic-angle spinning (MAS) NMR
spectra of ceria enriched with 17O2 gas (Figure S7). The
resonance at 877 ppm indicates bulk oxygen (BO),

20,21,40 and
the broad signal at 1000−1050 ppm is assigned to the surface
oxygen species of (SO).

23 The broad signal ranging from 870 to
838 ppm is attributed to oxygen ions near Ce3+ or oxygen
vacancies (VO).

23

Selective 17O enrichment of the surface via isotope exchange
with H2

17O and diffusion of the 17O in the subsurface layers
provide a feasible way to monitor the surface oxygen species by
17O ssNMR.23,27 If the enrichment by H2

17O is performed at
room temperature, the maximum signal intensity in the 17O
spectrum of ceria-octahedron is 4 times higher than that of
ceria-rod and 21 times higher than that of ceria-cube (Figure 4,
top). If the enrichment is performed at 100 °C, the signal
intensity increases but the difference between these three ceria
samples diminishes. In this case, the signal intensity for ceria-
octahedron is only 1.3 and 3.2 times higher than that for ceria-
rod and for ceria-cube, respectively (Figure 4, bottom). There
are different possible reasons for the higher 17O isotope
enrichment degree toward ceria-octahedron, which are not
mutually exclusive. The first reason is the different hydro-
phobicity of the (100) and (111) surface.41 Since the fully
hydroxylated ceria (100) surface is hydrophobic, it is more
difficult for water molecules to contact the hydroxylated {100}
facet.42 In contrast, reversible adsorption of water molecules is
favored on ceria (111) surfaces.43 The second possibility is that
there are differences in the oxygen exchange kinetics between
−OH groups and (100) or (111) surfaces. Considering that
surface hydroxyls can inhibit the CO oxidation reaction on
ceria,44 hydroxyl groups on the ceria (100) surface may
account for the poorer catalytic performance of ceria-cube.

3.5. DNP-Enhanced 17O Solid-State NMR of Ceria
Nanostructures. Finally, the samples were investigated by
DNP-enhanced 17O solid-state NMR. This technique can

Figure 2. Arrhenius plots of CO oxidation reaction for ceria-rod
(black), ceria-octahedron (blue), and ceria-cube (red).

Figure 3. In situ DRIFTS spectra of CO adsorption on ceria at 200
°C for ceria-rod (black), ceria-octahedron (blue), and ceria-cube
(red).
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monitor the surface oxygen species on different ceria facets, as
recently shown by Hope et al.27 The randomly distributed

natural abundance 17O2− on surface/subsurface sites is
selectively enhanced by this technique.
For 17O-enriched ceria material, the maximum 17O DNP

enhancement factor (Figure S8) is about 27, which reduces the
experimental time by a factor of ca. 730 (note: for ceria with
natural abundance 17O, the 17O signal is too weak to be
detected without DNP).
In the 17O natural abundance DNP-enhanced spectra of

ceria-rod, ceria-octahedron, and ceria-cube (Figure 5), no

surface oxygen signals (SO) are visible. The absence of surface
17O NMR signals (SO) in these spectra may be related to short
17O T1 values, which are caused by the hyperfine coupling to
surface near radicals and the dipolar coupling with protons.
Shorter 17O T1 values lead to lower DNP enhancement in
direct 17O DNP experiments. An alternative explanation would
be that the obtainable enhancement factor for these surface
oxygen species, which can be estimated to be on the order of
10−50, similar to recently studied vanadium oxides,45 is still
too low to compensate the low natural abundance of 17O. The

Figure 4. 17O MAS NMR spectra of H2
17O-enriched (a) ceria-rod,

(b) ceria-octahedron, and (c) ceria-cube at 25 °C (top) and 100 °C
(bottom). Note that all samples were enriched with H2

17O (35 vol %)
at 25 or 100 °C for overnight. Signals marked with asterisks are
spinning sidebands of the signals in the range of 830−900 ppm.
Signals marked with # are spinning sidebands of the signal group
centered at 1038 ppm. The spectra were normalized to the bulk
oxygen signal intensity of ceria-octahedron; the magnification was
noted top left.

Figure 5. Natural abundant 17O DNP NMR spectra (black lines) for
(a) ceria-rod, (b) ceria-octahedron, and (c) ceria-cube. Best-fitting
simulations (gray lines) decomposed into each individual component
(blue solid lines for second layered oxygen, green lines for BO, and red
and purple lines for vacancy-related oxygen VO).
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signals in the range of 870−838 ppm most probably relate to
oxygen ions near the oxygen vacancies (VO). Wang et al.23

suggested that the contact to Ce3+ ions leads to lower chemical
shift values of oxygen ions. This is in agreement with studies of
La2O3- or Y2O3-doped ceria, where oxygen ions with a larger
number of M3+ ions in the first coordination sphere have lower
chemical shift values.46,47 According to these studies, we
performed a tentative assignment of the signals between 870
and 838 ppm to the valence state of the neighboring cerium.
The purple lines in the range of 860−838 ppm in Figure 5 are
attributed to oxygen ions that are surrounded by more Ce3+

ions. The red lines in the range of 870−860 ppm are attributed
to oxygen ions that are surrounded by less Ce3+ ions. The ratio
of VO/BO sites is in the order of ceria-rod > ceria-cube > ceria-
octahedron (Table 1), which is in good agreement with the
results from Raman spectroscopy (Figure S5).
VO at lower chemical shift (860−838 ppm) is clearly

identified for ceria-octahedron but not for ceria-cube. This
implies that cerium ions with lower valency have assembled as
clusters on the {111} facet. As a result, oxygen vacancy species
on the {111} facet are most probably clusterlike, while isolated
vacancies are favored for the {100} facet. This result is
coincident with the IR result that the (111) surface may have a
higher oxygen deficiency near the adsorption sites.
3.6. EPR Studies of Ceria Nanostructures. EPR has

been performed to investigate these assignments to the
vacancy clusters (VCs) (Figure 6). Both ceria-rod and ceria-
cube show a signal with g⊥ ≈ 1.952, g// ≈ 1.933 that clearly

refers to paramagnetic Ce3+ ions in the cubic fluorite structure
of CeO2 nanocrystals.

48−50 Interestingly, this signal is absent in
ceria-octahedron. This result is surprising since the XPS
spectra in Figure S6 indicate that the Ce3+/Ce4+ concentration
for all three shaped ceria samples is similar.
In a recent theoretical study,51 the electronic state of ceria

oxygen vacancies has been discussed. For oxygen vacancy
clusters, the charge derived by the vacancies distributes among
the surrounding cerium ions. The electronic state is inclined to
a covalent model, and all of the valence electrons are paired in
the molecular orbit. For isolated vacancies, the charge derived
from an oxygen vacancy is localized on cerium ions in the
second coordination shell, resulting in two Ce3+ ions, which are
paramagnetic. These results match well with our observations.
The isolated vacancies on {100} facets contribute to the Ce3+

paramagnetic signal in ceria-rod and ceria-cube. Meanwhile,
the {111} facets in ceria-octahedron are dominated by oxygen
vacancy clusters (VCs), which are EPR silent.
Our findings are consistent with the results reported by Esch

et al.52 that linear surface oxygen vacancy clusters (LSVCs) are
the dominant oxygen vacancies on reduced CeO2(111)
surfaces. Vacancy clusters such as LSVCs have been proven
favorable for oxygen migration since the migration of oxygen
takes place via a vacancy hopping mechanism.53 The larger-size
VCs will prompt a continuous migration of bulk oxygen to the
surface, providing enhanced reducibility and reactivity.11

3.7. Structure and Role of Ceria Surfaces and Oxygen
Vacancies. Finally, the nature of ceria (100) and (111)
surfaces is discussed. A reversible adsorption of water
molecules is favored on the ceria (111) surface.43 As a result,
the exchange of oxygen between water and CeO2 can occur
efficiently. The VCs on the (111) surface will enhance this
exchange process. The hydroxyls on the ceria (100) surface
will not only block the exchange process between water and
CeO2 but also inhibit the catalytic CO oxidation.44

Another vital aspect is the structure of the oxygen vacancies.
Oxygen vacancies on the CeO2(111) surface are mainly VCs,
which are EPR silent. They result in the formation of inorganic
carboxylates upon CO adsorption. Meanwhile, isolated
vacancies are favored on the CeO2(100) surface, showing
typical Ce3+ resonances in EPR. Oxygen species are
surrounded by cerium ions with higher average valence.
Inorganic carboxylates upon CO adsorption at 200 °C are
absent. The presence of VCs can enhance the activation and
transportation of oxygen species, as suggested by Liu et al.11 It
will further promote the reactivity of CO oxidation on CeO2
and may explain the better catalytic performance of ceria-

Table 1. Summary of 17O NMR and DNP Dataa,b

DNP-CeO2-NA CeO2-H2
17O-25 °C CeO2-H2

17O-100 °C

ceria-rod ceria-oct ceria-cube ceria-rod ceria-oct ceria-cube ceria-rod ceria-oct ceria-cube

SO (%) ND ND ND 35 38 26 35 18 3
2ndO (%) 7 10 8 37 43 13 29 68 20
BO (%) 29 72 65 19 14 46 18 8 62
VO (%) 64 18 27 9 5 15 18 6 15
VO/BO 2.2 0.25 0.42 0.47 0.36 0.33 1.0 0.75 0.24

a% is the percentage of each single signal with respect to the sum of the signals SO, VO, BO, and 2ndO. The calculations do not consider spinning
sidebands. bDNP-CeO2-NA, CeO2 in natural abundance measured with DNP-enhanced 17O ssNMR; CeO2-H2

17O-25 °C, CeO2 selectively
enriched at room temperature (25 °C) measured with 17O ssNMR; CeO2-H2

17O-100 °C, CeO2 selectively enriched at high temperature (100 °C)
measured with 17O ssNMR. With each method, CeO2 samples of ceria-rod, ceria-octahedron, and ceria-cube were measured. Spectral data was
fitted with the software package of Topspin 3.2. Spectra referring to DNP-CeO2-NA are shown in Figure 5, and spectra referring to CeO2-H2

17O-25
°C and CeO2-H2

17O-100 °C are shown in Figure 4. ND stands for nondetectable signals.

Figure 6. EPR spectra recorded at 298 K for ceria-rod (black), ceria-
octahedron (blue), and ceria-cube (red).
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octahedron compared to that of ceria-cube. The high CO
oxidation activity of ceria-rod compared to that of the other
samples seems to be caused by the VCs combined with a large
number of defect sites.

4. CONCLUSIONS
In summary, isolated vacancies and vacancy clusters are
identified on ceria with different shapes. The interaction
between H2O/CO and ceria is proved to be highly facet-
selective. A relationship between the reactivity of nanosized
ceria particles and the nature of their exposed facets is
established by combining DNP-enhanced 17O ssNMR with
conventional characterization methods. These results let us
assume that DNP-enhanced 17O ssNMR combined with other
surface techniques will evolve into a more common approach
for the investigation of composite oxide materials and their
structure reactivity relations.
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