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Fluorite CeO, nanorods (NRs) with tunable surface defects are
successfully prepared via hydrothermal synthesis followed by
post-calcination under different atmospheres. Impressively, the
CeO, NRs obtained under mixed Ar and H, gas at 800°C
exhibit superior catalytic activity towards water oxidation
under visible light (A > 420 nm), which is 10 times higher than
that of CeO, NRs treated under air at 800°C. Detailed
characterization and theoretical analysis reveal that the rich
surface defects including surface oxygen vacancies and ce*
ions are the origin of the enhanced performance of water
oxidation for the CeO, NRs treated under the reduced
atmosphere.

Photocatalytic water splitting under irradiation of solar light is an
intriguing approach to obtain renewable and clean energy for
sustainable development in future.”? Among many types of
photocatalysts, transition metal oxide semiconductors have
received most attention due to their low cost, easy acquisition and
good photo/chemical stability. Unfortunately, the widely used
transition metal oxides like CeO,, TiO, and ZnO can only exploit a
small portion of solar light due to their wide bandgap,“’5 and
moreover the large excition binding energies of these
semiconductors are unfavorable for separation of photogenerated
electron and hole pairs.s'8 Both disadvantages severely limit the
practical application of transition metal oxides in photocatalytic
water splitting. Generally, two strategies have been suggested to
increase the solar energy utilization and enhance separation of the
photoexcited electron and hole pairs. The first method involves
doping of other metal ions into the transition metal oxide matrixes
to narrow the band gap for harvesting more visible Iight;9
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however, the metal dopants are likely to introduce deep impurity
levels in the forbidden band of semiconductors, where they act as
recombination centers and impair photocatalytic activity.m’11 An
alternative way is to create abundant surface defects on transition
metal oxides, especially semiconductor nanomaterials of larger
surface to bulk ratios, to improve separation efficiency of the
electron and hole pairs,13 Nevertheless, the control over both type
and concentration of surface defects on semiconductor
nanomaterials remains great challenge, causing that the impact of
the surface defects on the photocatalytic activity is not clearly
clarified." Therefore, it is imperative to understand and
manipulate the surface defects on transition metal oxide
nanomaterials, which eventually benefits advancement of the
photocatalysts toward efficient water splitting.

In this work, CeO, nanorods (NRs) of rather uniform size are
chosen as the photocatalyst candidate for investigation of the
influence of surface defects on the oxygen (O,) evolution from
water splitting. CeO, nanomaterials are well known to possess
abundant surface oxygen vacancies (SOVs) as well as ce* ions,
which endow them many applications in CO oxidationls’le, 0,
storage”, solid oxide fuel cellsm, electrochemical water oxidation
and high temperature organic oxidation™. Given the fact that
CeO, nanomaterials themselves cannot efficiently utilize the
visible light to split water due to the wide bandgap, such CeO, NRs
would offer an excellent platform to study the effect of surface
defects on water oxidation under visible light, when such defects
are intentionally introduced. Furthermore, compared with the
other half reaction of water splitting, the hydrogen (H,) evolution,
the O, evolution is a complicated four-electron process and
represents more technical (:hallenges.ﬁ’20

Synthesis of CeO, NRs starts from hydrothermal reaction of the
solution containing the mixed NH;-H,0, ethanol and CeCl;-7H,0.
The morphology observation by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) imaging shows
that as-prepared products are rather uniform NRs with 1-3 pm in
length and 40-100 nm in width (Fig. 1a, 1b, and S1). Powder X-ray
diffraction (XRD) pattern reveals that the hydrothermal products
are mixture of CeO,, Ce(OH); and Ce,0; (Fig. 1c). Such a mixed
composition is further proved by X-ray photoelectron
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Fig. 1 (a) SEM image, (b) TEM image, and (c) XRD pattern of as
synthesized Ce-based NRs; (d) corresponding XPS spectrum of
Ce3d. U™, v, u",v", U, V, U, V', Uy and V, represent the peaks
of Ce™ 3dsy, Ce™ 3dy, Ce* satellite, Ce™ satellite, Ce*
satellite, Ce™" satellite, Ce® 3ds),, Ce® 3ds),, Ce** satellite and
ce® satellite, respectively.

spectroscopy (XPS) survey in which both ce** and Ce"" ions co-
exist on the surface of the hydrothermal products (Fig. 1d). In
addition, the rich presence of the hydroxyl groups on the Ce-
based NR surfaces can be also discerned by XPS analysis as well
as transform infrared spectroscopy (FTIR) spectrum (Fig. S2).
Conversion of as-synthesized Ce-based composites to pure
CeO, NRs has been performed by calcination at varying
temperatures under different atmospheres including Ar mixed
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with 10% H, (in volume) (Ar-H,), argon (Ar), and air (Table S1).
The aim to implement the calcination process under different
atmospheres is to introduce the surface defects of different
densities into the products. Seen from the XRD pattern survey
(Fig. 2), it is evident that when the calcination temperature is
higher than 300°C and the calcination time is set to 3 h, all the
Ce-based composites are completely converted to the surface
modified CeO, NRs of the cubic fluorite structure regardless of
the used atmospheres. In addition, the crystallinity of the
calcinated products is found to be increased with raising the
calcination temperature, and at the same calcination
temperature the crystallinity of three CeO, NRs under Ar-H,, Ar
or air is almost same. Furthermore, all the calcinated products
well preserve the original rod shape with identical size (Fig. S3).
As comparison, when the calcination temperature is decreased
to 100°C for 3 h, XRD data shows that partial Ce,0; and Ce(OH);
are left in all the samples, demonstrating that high temperature
benefits formation of CeO, phase (Fig. S4).

All as-calcinated samples shown in Fig. 2 are then subjected to

the UV-Vis diffuse reflectance spectroscopy (UV-Vis/DRS)
characterization and visible-light stimulated O, evolution
measurement (Fig. S5 and S6). It is clear that though these
samples obtained with same calcination temperature but
different atmospheres have similar crystallinity, shape, size and
surface area (Fig. $7 and Table S2), they exhibit large difference
in visible light absorption feature as well as O, evolution
performance, especially for the samples treated at 800°C. This is
understood that a high calcination temperature easily causes a
large distinction in the surface defects of the samples under
different atmospheres. Therefore, we select the CeO, NR
samples treated at 800°C, named as Ar-H,-800, Ar-800 and Air-
800 as the representatives to disclose the effect of surface
defects on the water oxidation under visible light.
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Fig. 2 (a), (b) and (c) XRD patterns of CeO, NRs calcinated under different atmospheres (Ar mixed with H, (10 % in volume), Ar, and air) at
300°C, 500°C and 800°C, respectively. The calcination duration for all the samples is set to 3 h.
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Fig. 3 (a) UV-Vis/DRS spectra of CeO, NRs calcinated at 800°C for 3 h under different atmospheres. (The shadowed areas display visible light
absorption region.) (b) Ce 3d XPS spectra of Ar-H,-800, Ar-800 and Air-800, respectively. U™, V', U", V", U, V, U', V', Uy, V, represent the
peaks of Ce* 3ds/,, Ce™ 3ds,, Ce™ satellite, Ce™ satellite, Ce™ satellite, Ce™ satellite, Ce** 3ds;,, Ce® 3ds),, Ce™ satellite and Ce** satellite,
respectively. (c) O 1s XPS spectra of Ar-H,-800, Ar-800 and Air-800 respectively; I, IT and III stand for the peak of absorbed oxygen, active

oxygen and lattice oxygen, respectively.

Among the surface defects, the SOVs of the calcinated products
can be discerned by UV-Vis/DRS spectra (Fig. 3a). As displayed in
Fig. 3a, the CeO, NRs treated with the mixed Ar and H, absorb
maximum visible light in the wavelength region of 420 nm to 750
nm (black curve), whereas the CeO, NRs obtained with air
treatment almost do not absorb any visible light (blue curve).
Generally, SOVs would bring the defect energy levels between
valence band and conduction band of the metal oxide
semiconductors, resulting in the enhanced absorption in the range
of visible light. Therefore, generating more SOVs in the CeO, NRs
via thermal treatment with the mixed gas of Ar and H, should be
reason to absorb more visible light. Furthermore, the appearance
of SOVs is known to be associated with simultaneous formation of
ce** ions in CeOz,Zl’22 so the chemical composition difference in
the products is investigated by XPS analysis (Fig. 3b). The surface
of Ar-H,-800 is of the highest ratio of ce® (32.59%) corresponding
to the peaks Vo, Ug, V' and U', compared with other two samples
of Ar-800 (29.96%) and Air-800 (17.91%) (Table S3). The similar
difference in surface Ce* content is also recognized by electron
paramagnetic resonance (EPR) spectra (Fig. 58).25 Apparently, the
fact that the surface of Ar-H,-800 possesses more SOV and ce*
pairs than Ar-800 and Air-800 should be attributed to stronger
chemical reduction under H, atmosphere at 800°C. Notably, the
ratios of Ce>*/ (Ce®* + Ce") for the other products obtained at

This journal is © The Royal Society of Chemistry 2015

300°C or 500°C follow the same trend (Fig. $9). We also notice
from the O 1s XPS survey that three types of oxygen atoms coexist
on the surface of post-treated CeO, NRs, and the peaks I, IT and III
are assigned to absorbed OH groups, active oxygen and lattice
oxygen, respectively (Fig. 3c). As demonstrated by Table S3, with
respect to Ar-800 (15.51%) and Air-800 (2.05%), Ar-H,-800
possesses a higher ratio of active oxygen (24.16%), which is
reasonable because the active oxygen is closely bound to ce®
ion. 3%

Fig. 4a compares the O, yield using the three samples under
irradiation with light of the wavelength over 420 nm. It is evident
that the catalytic activity of Ar-H,-800 is higher than that of Air-
800 and Ar-800. Within 2 h, the O, yield from water oxidation is
67.68 pumol g™ for Air-800, 642.84 pmol g™ for Ar-800 and 707.73
umol g_1 for Ar-H,-800, respectively. Moreover, the photocatalytic
performance of various CeO, NRs obtained with different
atmospheres and temperatures is also systematically evaluated
(Fig. S6), and Ar-H,-800 exhibits the highest catalytic activity
towards visible light water oxidization. Significantly, the initial rate
of Ar-H,-800 reaches 474.28 pmol g'1 h™ (Table S4) and the
average rate is up to 353.87 umol g'1 h* for 0, evolution under the
visible light irradiation, which are comparable to the record value
reported with transition metal oxides (Table 55).26'28 Many control
experiments have been performed to support the evidence that
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Fig. 4 (a) O, evolution as a function of reaction time over different catalysts under irradiation of visible light. (b) and (c) Plot of O, yield
against irradiation time in the next two consecutive cycles. Reaction condition: total water volume, 75 mL; photocatalysts, 50.0 mg; AgNO;,

0.01 M; light source, 300 W Xe lamp, A =420 nm.

such O, evolution results from water oxidation catalyzed by Ar-H,-
800 under visible light irradiation (Table S6). It is also noticed that
the photocatalytic performance of Ar-calcinated sample is
considerably high and only slightly lower than that of Ar-H,-
calcinated sample at the same calcination temperature (382.26
pumol g'1 h™ vs. 474.28 umol g'1 h™ in Table S4). Therefore, we
exclude the possibility that hydrogen doped CeO, NR surfaces
have the large contribution to enhancement of the water
oxidation efficiency.

We durability of the
corresponding samples by the repeated purge and injection cycles
with an interval of 2 h. As shown in Fig. 4b and 4c, with the cycle
number increasing, the photocatalytic activity of all three samples

also examined the photocatalytic

shows the gradual decrease. It needs to be pointed out that as
forAr-H,-800, though its initial photocatalytic activity is the
highest, the durability for water oxidation is the worst. The
photocatalytic stability of different samples follows the below
order: Air-800 > Ar-800 > Ar-H,-800. The decreased activity could
be understood from two aspects. On one hand, Ag nanoparticles,
which are produced from sacrificial agent AgNO; after capture of
photo-excited electrons, are deposited on the surface of CeO,
NRs, and thus prohibit the photocatalytic reaction (:ontinuing.27’29
The obviously high coverage of Ag nanoparticles on Ar-H,-800 can
be found by SEM images, TEM images and energy-dispersive X-

This journal is © The Royal Society of Chemistry 2015

ray(EDX) spectra (Fig. S10 and S11). The prevention effect of Ag
nanoparticles is further evidenced by choosing Ce(NH,),(NOs)e
rather than AgNO; as the sacrificial agent, and all the samples are
found to exhibit better durability (Fig. $12). On the other hand,
the ratio of Ce3+/(Ce3+ + ce™) is decreased significantly during O,
evolution process, especially for Ar-H,-800 (Fig. S13 and Table S7).
This result can be understood that besides water oxidation for O,
evolution, partial photogenerated holes might oxidize ce* to ce™,
giving rise to the gradually decreased ratio of ce* on CeO, NRs.*

How could formation of surface defects such as SOVs and Ce** ions
in CeO, NRs lead to efficient O, evolution from water under visible
light irradiation? To answer this question, the accurate energy
level diagram of SOVs is firstly figured out based on investigation
in combination of XPS valence band spectroscopy (XPS-VB),
ultraviolet photoelectron spectroscopy (UPS) and UV-Vis/DRS (Fig.
5): (1) XPS-VB spectra of different samples calcinated at 800°C
present three peaks, attributing to Ce 5s, O 2s and O 2p,
respectively (Fig. 5a).22 Detailed observation on O 2p XPS-VB peaks
(the magnified images in Fig. 5a) reveals that the energy level
position of the valence band maximum (VBM) is identical for all
three products, around 2.4 eV below the Fermi level. (2) The
accurate energy level position of the Fermi level might be
estimated by UPS measurement (Fig. 5b). As for all the three
samples, the energy difference between Fermi level and vacuum

J. Mater. Chem. A, 2015,3,1-6 | 4
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Fig. 5 (a) XPS-VB spectra of Ar-H,-800, Ar-800 and Air-800. The
magnified images of the selected area are O 2p XPS-VB spectra at
0 - 4.5 eV. (b) UPS profiles of Ar-H,-800, Ar-800 and Air-800. (c)
Band gap calculation of Ar-H,-800, Ar-800 and Air-800 based on
UV-Vis diffusion spectra.

energy is about 5.34 eV (Fig. S14 and corresponding discussion).
(3) Calculation on UV-Vis diffusion spectraindicates that all three
samples have almost same band gap of 3.24 - 3.38 eV (Fig. 5c).
Therefore, one can deduce that the position of the conduction
band minimum (CBM) is ~0.8 eV above the Fermi level. (4)
Finally, we also notice that there is obvious difference in the
absorption intensity of O 2p XPS-VB spectra in the range of 0.9 to
2.4 eV, where Ar-H,-800 and Air-800 exhibit the largest and
smallest absorption intensity, respectively (inserts in Fig. 5a).31
Such a difference in the absorption intensity is known to be
caused by varied number of sovs. 2™ Accordingly, the energy
level diagram of Ar-H,-800 sample is drawn and shown in Scheme

This journal is © The Royal Society of Chemistry 2015
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1a. It is clear that most SOVs of the calcinated CeO, NRs are
located near the VBM in the range of 7.74 eV to 6.24 eV, which is
in good agreement with previous experimental and theoretical
studies.®*® One can see from Scheme 1a that upon visible light
illumination, the excited electrons from the defect states are

537 and reduce the absorbed

transferred to the conduction band
Ag’ to Ag nanoparticles; meanwhile, the left excited holes in the
SOVs would cause water oxidation to O,. Evidently, generation of
the SOVs on CeO, NRs should be critical for water oxidation under
visible light. In order to further testify the effect of the SOVs, Xe
lamp equipped with a cut filter of 500 nm (A = 500 nm) was used
to assess the O, evolution performance. As shown in Fig. S15,
there is no oxygen evolution with Air-800 as catalysts, whereas Ar-
800 and Ar-H,-800 of abundant SOVs might absorb more visible
light (A 2 500 nm) to produce considerable O,. Except for
photoexcited holes, the other key factor to influence O, evolution
performance should be the catalytically active sites. As elucidated
in the Iiteratures,38 water molecules are prone to absorb on the
ce® ions to be activated, which reduce the energy barrier to
facilitate water oxidation (Scheme 1b). This catalytic role of the
ce®* ions is also confirmed by repeated O, evolution experiment
(Fig. 4b and4c). With water oxidation proceeding, partial ce* ions
are simultaneously oxidized to ce ions (Fig. S13 and Table S7),
resulting in the decrease of O, yield. Altogether, one can conclude
that loss of O atoms on the CeO, NR surfaces at high temperature
and under inert/reduced atmosphere gives rise to formation of
ce®* and SOV pairs.39 The rich SOVs effectively increase the visible
light absorption as well as production of photogenerated holes,
while Ce®" sites adsorb water molecules and activate them. As a
result, the holes trapped at SOVs react with the nearby water
molecules adsorbed at Ce*" ions to bring remarkable O, evolution.
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Scheme 1 (a) Energy level diagram of Ar-H,-800, and its
corresponding charge separation towards water oxidation under
visible light illumination. (b) Schematic illustration of O, evolution
on the surface defects of Ar-H,-800.
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Conclusion

We have demonstrated the superior photocatalytic activity of
CeO, NRs for water oxidation under visible light irradiation, which
outperforms the conventional WO;, doped TiO, and CeO,
modified with Au nanoparticles under visible light. Thanks to
accurate acquisition of the energy level position of the SOVs and
guantitative measurement of ce® ions, we conclude that such
exceptional photocatalytic activity of as-prepared CeO, NRs
originates from synergetic effect of the SOVs and ce* ions on
their surfaces, which promotes absorption of visible light,
generation of photoexcited holes and decrease of the energy
barrier of water oxidation. More importantly, such surface defects
like SOVs and Ce** ions are easily controlled by thermal treatment
under various atmospheres. This finding not only gives the deep
insight into the effect of surface defects of wide bandgap metal
oxide nanomaterials on their physicochemical characteristics, but
also provides the promising route for development of high-
performance photocatalysts through manipulation of surface
chemistry and physics.
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