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ABSTRACT: Crystal facet engineering (CFE) has been widely
employed to regulate the photoreactivity of crystalline materials,
mostly concerning the surface atomic and electronic structures.
However, surface defects ubiquitous in real catalysts have long
been less recognized. An integrated examination of various
influence factors is necessary for the elucidation of an accurate
structure−function relationship. Herein, we carefully studied the
heterogeneous photoreactivity of CeO2 nanocrystals (NCs) with
well-defined crystal facets in multiple processes, including
photocatalytic oxidation of volatile organic compounds (VOCs),
O2 evolution, and ·OH generation. Variable reactivity priorities
were found between different nanoshapes as well as samples of
identical nanoshapes. With integrated examinations of the
coexisting surface factors (i.e., atomic, electronic, and defect structures), surface defects were evidently proved to compete
with other surface factors in deciding the final photoreactivity orders. Surface-defect structure (e.g., Ce3+ ions and O vacancies)
was suggested to greatly influence the surface properties of ceria NCs, including the activation of reactants as well as the mobility
of surface lattice oxygen. The results clearly confirm the surface-defect dependence of photoreactivity and provide further insights
into the complex surface effects in semiconductor photocatalysis. It also underscores the significance of surface-defect structure as
an essential supplement to the traditional CFE strategy for achieving desired solar energy utilization.
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■ INTRODUCTION

As one commonly employed approach to optimizing the
reactivity and selectivity of crystalline materials, crystal facet
engineering (CFE) has initiated a flourishing interest in
semiconductor photocatalysis.1−4 Essentially, the basis of this
strategy is the consensus that the heterogeneous catalytic
performance of nanocrystals (NCs) is dominated by the
anisotropic surface chemistry. As such, crystal facets with a
higher percentage of under-coordinated atoms as active sites
have long been pursued, such as the {001} facets of anatase
TiO2.

1,5,6 However, photocatalysis is the integration of
photoexcitation, which involves light harvesting as well as
charge carriers output, and surface catalysis, which includes the
utilization of photoinduced e−/h+ pairs.7,8 In order to achieve
ideal solar energy conversion, the above two sequential steps
must be guaranteed concurrently.7 Therefore, CFE, which
mainly concerns surface reactions, may not always be the
exclusive determinant in catalyst design. One experimental
verification is that Liu et al. found an unexpected reactivity
order ({001} < {101} < {010}) for anatase TiO2 in
photocatalytic ·OH generation and H2 evolution.2 A cooper-
ative mechanism of surface atomic structure and surface
electronic structure was further proposed to modify the pristine

CFE strategy.2,9 However, it is crucial but less recognized in
CFE that surface defects ubiquitous in real catalysts play
essential roles in both photoexcitation and surface catalysis,
including defect-mediated light absorption, electron capture,
and reactant activation.10−12 Up to now, the discussions on
photocatalysts with specific crystal facets are generally one-
sided. An integrated examination of various influence factors is
necessary before the conclusion of an accurate structure−
function relationship.
Fluorite ceria is technologically important due to its wide

applications in catalysis.13−16 Besides, it has been studied as a
promoter in photocatalytic pollutant degradation, water
oxidation, and selective organics transformation.7,17,18 Recently,
we proved within CeO2 that the coupled electronic and ionic
conduction can help integrate low temperature catalysis into
photocatalysis, inducing greatly enhanced activity as well as
improved resistance to deactivation.19,20 In catalysis, the past
decade has seen systematic studies on shape-controlled CeO2
with well-defined surface planes, including CO oxidation,
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oxygen storage, and water−gas-shift (WGS).14,21−23 Actually,
since the 1990s and even before, theoretical simulations have
tried to probe the heterogeneous reactivity of different CeO2
crystal facets, indicating dipolar {100} with the highest surface
energy, followed by {110}, and then the most stable
{111}.24−28 However, experimental results in some reports
showed evident divergence with the suggested reactivity
order.29−32 For instance, CeO2 nanorods ({110} + {100})
were more reactive than {100}-dominated nanocubes for CO
oxidation.29,30 In-depth studies by Nolan et al. revealed that the
{110} facet has the lowest vacancy formation energy, different
with the stability order as evaluated by surface energy.26,27

Moreover, CeO2-based catalysis in various processes may also
be controlled by the nature of defect sites, including CO
oxidation and WGS.14,33,34 Li et al. found that oxygen vacancy
clusters can greatly promote the reducibility of ceria nanorods,
rendering the most stable {111} facet with superior activity in
CO oxidation, compared to the {110} facet embedded with
isolated vacancy associates.
To our knowledge, no CFE studies on CeO2-based

photocatalysis have been conducted. Given the thorough
knowledge of defect-mediated surface chemistry in CeO2, a
systematic exploration on multiple photocatalytic processes
over CeO2 with well-defined crystal facets can be expected. In
this study, we elaborately discussed the heterogeneous
reactivity of regularly shaped CeO2 NCs with different surface
planes in multiple photocatalytic processes, including the
oxidation of VOCs, O2 evolution, and ·OH generation.
Surface-defect structure (e.g., Ce3+ ions and O vacancies) was
clearly suggested to influence the surface properties of ceria
NCs, including the reactants activation as well as the mobility
of surface lattice oxygen. In addition to the surface atomic and
electronic structures, the results evidently proved the surface-
defect dependence of photoreactivity. That is, there existed a
competition among the coexisted surface factors (i.e., atomic,
electronic, and defect structures) in deciding the final
photocatalytic performance.

■ EXPERIMENTAL SECTION
Material Synthesis. The synthesis of the two ceria

nanoshapes has been described in previous reports.14,22 Briefly,
CeO2 nanocubes (C) and nanorods (R) were prepared by a
hydrothermal process at different hydrothermal temperatures.
For C−Cl and R−Cl, CeCl3·7H2O (2 mmol) was added into
the NaOH aqueous solution (6 M, 40 mL) and transferred to
the 50 mL Teflon lined stainless steel autoclaves, and then
heated at 180 and 110 °C for 24 h, respectively. For R−NO,
the preparation conditions were identical with that of R−Cl,
except that Ce (NO3)3·6H2O was used as the cerium precursor.
After the hydrothermal treatment, the precipitates obtained
were washed with deionized water and anhydrous ethanol for
several times, followed by freeze-drying and drying at 60 °C in
air overnight, successively. Finally, the powders were calcined at
400 °C in air for 3 h before further characterizations and
photocatalytic reactions.
Material Characterization. The powder X-ray diffraction

(XRD) patterns were recorded on a Rigaku D/MAX 2250 V
diffractometer using monochromatic Cu Kα radiation, with an
operating voltage of 30 kV and current of 100 mA. The
morphologies and microstructures of as-prepared samples were
investigated by transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) with a TecnaiG2 F20
S-Twin. Diffuse reflectance spectra were obtained on a UV−vis

spectrophotometer (Hitachi U-3010) using BaSO4 as the
reference. The N2-sorption measurements were performed at
77 K using a Micromeritics Tristar 3000 analyzer. X-ray
photoelectron spectroscopy (XPS) analysis was performed on
ESCALAB 250 (Thermo Scientific Ltd.). The C 1s was used to
correct the charge effects. Room-temperature photolumines-
cence (PL) was recorded on a Hitachi F-4600 fluorescence
spectrophotometer. The hydrogen temperature-programmed
reduction (H2-TPR) and oxygen temperature-programmed
desorption (O2-TPD) were performed (50 mg for each
sample) on a Micromeritics Chemisorb 2750, equipped with
a thermal conductivity detector. Briefly, H2-TPR was operated
under a 10% H2/Ar flow at a heating rate of 10 °C min−1. For
O2-TPD, the adsorption of O2 was performed in a 4% O2 /He
gas flow for 1 h at room temperature. Afterward, the sample
was heated to 850 °C at a heating rate of 10 °C min−1 in a pure
He gas flow. Prior to both the H2-TPR and O2-TPD tests, the
catalyst powders were preheated under a He gas flow at 300 °C
for 1 h in a quartz reactor so as to dislodge the absorbed H2O
and other organic adsorbates, and then cooled to room
temperature.

Photocatalytic Tests. Various photocatalytic tests were
performed under the irradiation of a Xe lamp (500 mW cm−2)
at room temperature (25 °C), including the degradation of
volatile organic compounds (VOCs), O2 evolution, and ·OH
generation. In each test without special statement, 50 mg of
catalyst powder was used for each CeO2 sample. The dosage
(50 mg) here was determined according to the high-loft feature
of as-prepared catalyst powders (Figure S1). With this dosage,
the powder dispersions of three CeO2 NCs are sufficiently
concentrated to absorb the incident photons to a similar extent.
(1) VOCs degradation. Photocatalytic oxidation of propane (25
ppm) and propylene (25 ppm) was operated in a gas-closed
vitreous reactor (650 mL) with a quartz window on the top and
a double-walled jacket. During the tests, catalyst powders were
spread at the bottom of the reactor. The VOCs oxidation was
monitored by the decrease of C3H6 and C3H8, by GC analysis
(GC 7900, Techcomp) with a TM plot-Al2O3/S capillary
column and a flame ionization detector (FID). (2) Water
splitting. O2 evolution by water splitting was conducted in a
Pyrex cell (600 mL) with a quartz window on top, in the
presence of AgNO3 (0.01M, 200 mL) as an electron quencher.
The amount of evolved O2 was determined by using online gas
chromatography (GC 7890 II, Techcomp) with a thermal
conductivity detector (TCD) (NaX zeolite column, N2 carrier).
Prior to irradiation, N2 was purged through the cell to remove
residual oxygen in water. (3) •OH generation. The formation of
hydroxyl radicals on the surface of various CeO2 samples under
Xe lamp irradiation was monitored by photoluminescence (PL)
in the presence of terephthalate acid (TPA) as a probe. Briefly,
catalyst powder (30 mg) was added into deionized water (100
mL) containing NaOH (0.01 M) and TPA (3 mM). Before
exposure to light, the suspension was stirred in the dark for 30
min. At given time intervals after irradiation, 3 mL of the
suspensions was sampled and centrifuged for fluorescence
analysis with a spectrophotometer (Hitachi F-4600). The
formed 2-hydroxyterephthalic acid has a fluorescence signal
around 425 nm by excitation of 315 nm.

Electrochemical Analysis. The electrochemical analysis
was performed on a CHI 660D electrochemical workstation
(Shanghai Chenhua, China) using a standard three-electrode
quartz cell. A Xe lamp (CHF-XM500) was used as light source.
To make a working electrode, CeO2 powders were deposited
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on a fluorine-doped tin oxide (FTO) substrate by nafion
coating. Briefly, 10 mg of catalyst was suspended in 400 μL of 1
wt % nafion-ethanol solution and the mixtures were ultrasoni-
cally scattered for 15 min. Then, 150 μL of above slurry was
coated on the FTO glass. After evaporation of ethanol, the
catalyst coated FTO substrate was used as the working
electrode. The flat-band potentials (Vfb) were estimated from
Mott−Schottky plots by the electrochemical method, per-
formed at a fixed frequency of 1000 Hz with 10 mV amplitude.
The current−time curves were collected at 0.6 V vs SCE.
During the measurements, the electrolyte was 0.1 M Na2SO4
solution (pH 6.8) and bubbled with nitrogen.

■ RESULTS AND DISCUSSION

Two CeO2 nanoshapes (i.e., rods and cubes) were synthesized
via a reported hydrothermal method, with the X-ray diffraction
(XRD) patterns readily indexed to a cubic fluorite structure
(Figure S2).14,22 Besides, two CeO2 nanorods were prepared
with different cerium precursors (i.e., CeCl3 and Ce (NO3)3).
No morphology-inducing agent was introduced so as to avoid
any unexpected interferences in deciding the photoreactivity of
various ceria NCs. For simplicity, the three samples are named
C−Cl, R−Cl, and R−NO according to the nanoshapes and
precursors used. According to the transmission electron

microscopy (TEM) images (Figure S3), the size of well-
defined CeO2 nanocubes (C−Cl) is in the range of 15−40 nm,
whereas the two rod-like samples (R−Cl and R−NO) are 8−12
nm in width and 120−180 nm in length (Table 1).
As well characterized by the high-resolution electron

microscopy and electron diffraction (Figure 1), the exposed
crystal facets of single-crystal CeO2 were clearly identified. It is
shown that ceria nanocubes and nanorods are dominantly
terminated by {100} and {110} + {100} facets, respectively,
which agree well with previous reports.14,22 Based on the
geometric models in Figure 1d, the relative proportion of {110}
planes can be roughly determined to be 52% in ceria nanorods,
assuming the length and width to be 150 and 10 nm,
respectively. Given the large aspect ratios, there should not be
much difference in the relative proportion of {110} planes
between the two rod-like samples, R−Cl and R−NO.
Additionally, in Figure 1 and S3, all the three ceria samples
have been characterized by a simple microscopic morphology,
free of any kinds of pore structures except general random
stacking of discrete nanoparticles. That is, when under light
irradiation, the powder dispersions of three CeO2 NCs can be
illuminated by light to a similar extent without internal shading
from pores.35 Note that in Table 1, the BET surface areas of
ceria nanorods are nearly twice that of nanocubes, closely

Table 1. Exposed Crystal Planes, Shapes, Sizes, and BET Surface Areas of As-Prepared CeO2

items C−Cl R−Cl R−NO

shapes cube rod rod
planes {100} {110} + {100} {110} + {100}

sizes (nm) 30−50 (8−12)* (120−180) (8−12)* (120−180)
BET (m2 g−1) 32.7 60.2 78.5

Figure 1. High-resolution transmission electron microscopy (TEM) images of C−Cl (a) view along [001], R−Cl (b) and R−NO (c) view along
[1−10]. Insets are corresponding selected area electron diffraction (SAED) patterns. Geometric models of CeO2 nanocubes and nanorods (d).
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related to their different sizes. These differences may influence
the photoreactivity of different samples and should be taken
into consideration to some extent.
Due to the relatively positive level position of the valence

band (VB), CeO2 has been widely studied in various
photocatalytic oxidation.7,17,18 Herein, several photo-oxidation
processes were evaluated over three CeO2 NCs (Figure 2),
including the VOCs degradation, O2 evolution as well as ·OH
generation. A Xe lamp equivalent to 5 suns in illumination
intensity was used to simulate the solar irradiation. Compared
with our previous work, the dosage here was appropriately
reduced on account of the high-loft feature of as-prepared
catalyst powders (Figure S1).36

As shown in Figure 2a,b, within 40 min, propene (C3H6, 25
ppm) can be completely eliminated over all the three CeO2
samples, whereas propane (C3H8, 25 ppm) undergoes a much
slower degradation. This should be attributed to the instability
of CC double bond in propene. Apparent rate constants
were roughly calculated by applying the pseudo-first-order
reaction kinetics (Figure S4). As mentioned above, all three
CeO2 NCs present simple microstructures free of porous
structure. In other words, when under light irradiation, the
three samples probably own similar proportions of surface
active area which can be illuminated by the incident photons.
Taking the surface area differences into consideration, the
normalized kinetic constants were summarized in Table 2.
Notably, CeO2 nanocubes (C−Cl) presented much better
performance than nanorods, indicating the superiority of {100}
facets in VOCs oxidation to {110} ones. On the other hand,
compared to ceria nanorods, cube-like C−Cl showed a 4−5.7
times larger rate constant in propane degradation and a 1.9−3.2

times larger rate constant in propene degradation (Table 2).
That is, ceria nanorods had achieved a comparative advantage
for destruction of CC double bonds, probably due to the
presence of surface defects. Besides, R−NO was unexpectedly
more reactive than R−Cl despite their identical morphologies
and sizes, indicating the existence of other determinants in
deciding the final photocatalytic performance.
Additional tests further verified the complexity in the

photoreactivity orders of different CeO2 samples. As indicated
in Figure 2c, all three samples gave continuous oxygen
production via photocatalytic water splitting. The slowing O2
evolution is probably due to the photodeposition of Ag
nanoparticles on ceria surface. On the basis of the average
reaction rates after 6 h irradiation (Table 2), a photoreactivity
order of R−Cl > C−Cl > R−NO can be obtained. Although no
strict correspondence between the activities and surface areas is
guaranteed in catalytic processes, one conclusion that can be
drawn is that R−Cl is assuredly more reactive than cube-like
C−Cl and rod-like R−NO.33 Moreover, photocatalytic ·OH
generation was studied on the basis of the fluorescence at 426
nm, stemming from the transient radicals capture (Figure 2d
and S5). The normalized growth rates of the peak intensity of

Figure 2. Photocatalytic degradation of propane (a) and propene (b). Oxygen evolution from water in the presence of AgNO3 (c). Temporal
evolution of fluorescence intensity at 426 nm (d). The notes inside each panel are the apparent reactivity orders before normalized by the BET
surface areas.

Table 2. Normalized Reaction Kinetics Data of Multiple
Photo-Oxidation Processes over CeO2 NCs

items C−Cl R−Cl R−NO

kC3H8/SBET (h−1 m−2 g) 0.04 0.007 0.01
kC3H6/SBET (h−1 m−2 g) 0.19 0.06 0.1
rO2/SBET (μmol h−1 m−2) 1.24 1.70 0.97
I·OH/SBET (h−1 m−2 g) 1.35 0.52 0.63
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characteristic fluorescence (Table 2) obviously indicated that
cube-like C−Cl was the most active, followed by the rod-like
R−NO and R−Cl, successively. This reactivity order is quite
similar to that in VOCs degradation. In summary, there exist
variable priorities between different nanoshapes as well as
between different samples of identical nanoshapes, dependent
on the photocatalytic processes selected. Specific surface
properties in addition to the general atomic and electronic
structures decided by the exposed crystal facets are clearly
suggested.
In order to decouple the above intricate photoreactivity

orders, several surface factors (i.e., atomic, electronic, and
defect structures) were integrally examined. Energy band
structures of the three samples were studied by diffuse
reflectance spectra (DRS) (Figure S6), electrochemical
Mott−Schottky measurements (Figure S7), and valence band
(VB) XPS spectra (Figure S8). As indicated in Figure 3a, CeO2

nanocubes (C−Cl) own a larger band gap (3.23 eV) compared
to the rod-like R−Cl and R−NO (3.13 eV). Besides, the VB of
C−Cl lies more positively than that of the two rod-like samples.
That is, once excited the photoinduced holes in C−Cl will
exhibit superior oxidizing ability to those in R−Cl and R−NO.
This difference in electronic structure should be the main
reason for the heterogeneous activities in photo-oxidation that
nanocubes behaved more energetically than nanorods. One
exception in our tests is that R−Cl ({110} + {100}) was more
efficient in oxygen evolution than {100}-dominated C−Cl.
Given the higher surface energy of {100} facets (Figure 3b),
there should be other competitive factors in addition to the
surface electronic and atomic structures, probably related to
surface defects.24,26

Different surface-defect distributions, which may have
induced different photon-to-electron conversions, were initially
speculated by the photoluminescence (PL) tests (Figure S9,
Figure 4). As shown in Figure 4a, transient photocurrent curves
were recorded over three ceria electrodes at a bias of 0.6 V (vs
SCE). Obviously with regularly chopped light irradiation, three
ceria samples present different photon-to-electron conversions.
For further clarification, typical transient photocurrent
responses via on−off cycles of light irradiation over three
CeO2 electrodes were collected in Figure 4b. Notably, the three
samples present evident changes in the current transients when
the light is on. For cube-like C−Cl, the initial anodic
photocurrent spike and its subsequent decay is a typical
indication of the surface recombination of photoinduced e−/h+

pairs.37,38 However, for R−Cl, the anodic spike is much smaller
after turning on the light. For R−NO, no anodic spike is

observable, indicating that the recombination of photoinduced
charge carriers has been greatly improved. It has been widely
reported that surface heterojunctions constructed by various
crystal facets with different valence band (VB) and conduction
band (CB) positions can effectively improve the separation of
photoinduced charge carriers within the semiconductor.39,40

Therefore, the coexistence of {110} and {100} crystal facets
within the rod-like samples may be one reason for the
improved current transients of corresponding photoelectrodes
(Figure 4).
However, as indicated in Figure 4b, the R−NO electrode

obviously presents improved current transients compared to
the R−Cl one, though the two samples own identical
microscopic morphologies as well as crystallographic structures.
That is, in addition to the surface heterojunction factor, there
probably exist other influences on the charge separation
process. Furthermore, the current amplitudes via light on−off
cycles of R−NO electrode is obviously larger than that of the
R−Cl one despite the similar surface areas of two CeO2 NCs.
This is another evidence of the promoted charge separation in
R−NO, consistent with above discussion on the current spikes.
The different behaviors of carriers separation should largely
contribute to the different performance between the two rod-
like samples in VOCs degradation and ·OH generation. Given
the widely accepted positive roles of surface defects in charge
separation, the above different photon-to-electron conversions
are probably related to different surface structures of defects
within the three samples.12,41,42

In order to explore the surface-defect structures of various
CeO2 NCs, several surface characterizations were employed. X-
ray photoelectron spectroscopy (XPS) was used to identify the
Ce3+ and O-vacancy sites on the surface. As shown in Figure 5a,
the Ce 3d5/2 peaks of R−NO and R−Cl present successive
shifts to lower binding energies compared to that of C−Cl,
indicating increased e−-cloud density around the Ce nucleus.43

It is thus suggested that there exist more Ce3+ ions on the
surface of rod-like samples than nanocubes. This conjecture can
be confirmed by the much enhanced intensity of Ce3+ peaks
(u′, u0, v′, and v0) for R−NO and R−Cl when compared to C−
Cl. On the other hand, as a result of the charge conservation,
the presence of abundant Ce3+ ions on ceria surface proved by
Ce 3d XPS (Figure 5a) probably induce surface oxygen
vacancies, another important kind of defect sites in transition
metal oxides.
As indicated in Figure 5b, the O 1s spectra of all three

samples can be divided into three subpeaks, coming from the

Figure 3. Energy band structures of different ceria nanoshapes (a).
Slab models of atomic arrangement in different crystal facets (b).

Figure 4. Transient current−time (i−t) curves of three ceria
electrodes recorded under Xe lamp irradiation (a). The right panel
(b) is one enlarged photocurrent transient for comparison.
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coexisted surface O species, namely, surface hydroxyls,
chemisorbed peroxy anions (O2

2−), and lattice oxygen
(O2−).20,43 Notably, C−Cl presents the highest ratio of lattice
oxygen (64%) among the three samples. That is, ceria nanorods
({110} + {100}) have more O-vacancy defects than nanocubes
({100}), consistent with the theoretically predicted order of
vacancies formation energy, {110} < {100}.25,27 Taking the rule
of charge conservation into consideration, this result is also in
accordance with the discussions on Ce 3d XPS (Figure 5a),
which show that there exist more Ce3+ ions on the surface of
rod-like samples than nanocubes. Note that compared to C−Cl
and R−NO, R−Cl owns a larger peak-area ratio of hydroxyls
(24%), probably from the surface-bonded water molecules at
defect sites. This may be one origin of the superior activity of
R−Cl in photocatalytic oxygen evolution (Figure 2c), with
efficient H2O adsorption being the precondition of its
subsequent splitting.
Recall that R−NO achieved much better performance than

R−Cl in VOCs oxidation, though they have identical facet
terminations as well as electronic structures. Temperature-
programmed reduction in hydrogen (H2-TPR) and desorption
of oxygen (O2-TPD) were conducted to further explore the
surface differences among different samples (Figure 6). Notably
in Figure 6a, R−NO and R−Cl present obvious H2
consumption in the low-temperature zone (150−350 °C),
which is negligible for C−Cl. This difference can be attributed
to the abundant surface defects within ceria nanorods, as

indicated by the XPS results. Moreover, R−NO shows the most
prosperous TPR trace around medium temperatures (350−600
°C), indicating the superior reducibility of Ce atoms on its
surface. Compared to R−Cl, the much enhanced reducibility of
R−NO at medium and low temperatures (150−600 °C) should
be one of the main reasons for its superior photoreactivity in
VOCs oxidation.
On the other hand, oxygen including both lattice O and

gaseous O2 from the environment plays decisive roles in
photocatalytic aerobic oxidations.7 O2-TPD helps get insights
into the adsorbed O species, as well as the mobility of
corresponding surface species.7,20,29 As shown in Figure 6b,
oxygen desorptions at about 100 and 330 °C are ascribed to the
adsorbed superoxide (O2

−) and peroxide (O−) species,
respectively. Notably, R−Cl and R−NO present greatly
enhanced chemical O2 adsorption compared to the cube-like
C−Cl. This probably stems from the abundant vacancies on
ceria nanorods, analogous to the case of TiO2.

44 Compared to
R−Cl, the more prosperous O2 desorption between 50 to 350
°C of R−NO suggests that R−NO has achieved more efficient
O2 activation on its surface. Besides, compared to R−Cl, R−
NO obviously shows a larger desorption peak above 450 °C,
attributed to the release of lattice oxygen. This difference
indicates that R−NO owns better surface mobility of lattice
oxygen, consistent with its easier reduction in H2 around 500
°C (Figure 6a).7,29 Given the above discussions on the TPR
and TPD tests, excellent surface mobility of lattice oxygen as

Figure 5. X-ray photoelectron spectroscopy (XPS) of C−Cl, R−Cl, and R−NO samples in Ce 3d (a) and O 1s (b) regions. Inset in the right panel
(b) is the relative amount of various oxygen species.

Figure 6. H2-TPR (a) and O2-TPD (b) profiles of three ceria samples.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.5b01128
ACS Catal. 2015, 5, 4851−4858

4856

http://dx.doi.org/10.1021/acscatal.5b01128


well as efficient activation of gaseous O2 within R−NO should
be favorable for its superior performance in VOCs oxidation,
compared to another rod-like R−Cl.

■ CONCLUSION
In summary, we elaborately studied the heterogeneous
reactivity of CeO2 nanocrystals with well-defined surface planes
in multiple photocatalytic processes, including VOCs oxidation,
O2 evolution, and ·OH generation. Variable reactivity priorities
were clearly found in various reactions between different
nanoshapes as well as different samples of identical nanoshapes.
Several surface factors were integrally examined to decouple the
intricate reactivity orders, including surface facet terminations,
electronic structures, and defect sites. A competition among the
coexisted surface factors is suggested in deciding the final
photoreactivity orders. As an instance in photocatalytic O2
evolution, surface defects were evidently proved to render rod-
like R−Cl with superior activity to cube-like C−Cl, which has
more reactive {100} facets exposure and a more suitable VB
position. The results provide further insights into the complex
surface effects in semiconductor photocatalysis. It also under-
scores the significance of surface-defect structure as an essential
supplement to the traditional CFE strategy for achieving
desired solar energy utilization.
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