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a b s t r a c t

Novel upconversion luminescent material CeF3 and visible-light-driven photocatalyst CeF3/TiO2 compo-
site were synthesized by microwave-hydrothermal method and microwave-alcohothermal method
respectively. The prepared samples were characterized by XRD, TEM, SEM, EBSD, EDS and PL. The CeF3/
TiO2 composite was applied on the photocatalytic reduction of CO2 with H2O under visible light
irradiation (4515 nm). XRD and TEM images showed that the as-prepared CeF3 sample was hexagonal
phase and hollow sphere-like or rod-like nanocrystal. The study of fluorescent spectrum indicated that
CeF3 could convert visible light (420–600 nm) into ultraviolet light (285–380 nm), and two emission
peaks at 304 nm and 324 nm were observed under the excitation of 524 nm and 554 nm at room
temperature. XRD, SEM, EBSD and EDS images indicated that CeF3 particles were well wrapped or
intermixed with TiO2 particles in the CeF3/TiO2 composite. The results showed that CeF3/TiO2 was an
effective photocatalyst for CO2 reduction under visible light than pure TiO2 due to the upconversion
emission; the corresponding average energy efficiencies were about 0.2% and 0%, and methanol yields
were 162.2 and 0 μmol/g-cat under the same conditions. Additionally, the mechanism of photocatalytic
reduction of CO2 on CeF3/TiO2 composite was proposed.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Over the past decades, the increasing in the level of atmo-
spheric carbon dioxide (CO2) due to fossil fuel combustion has
raised serious concerns about global warming, and it is extremely
urgent to study the conversion and utilization of CO2. CO2 itself is a
kind of potential carbon resource, and it can be converted into
fuels, such as CH4,CH3OH, CO and low carbon hydrocarbons [1–3],
which is helpful not only to eliminate the atmospheric greenhouse
effect, but also to synthesize organic fuels or chemical intermedi-
ates and save fossil resources such as oil, natural gas and coal. At
present, since solar energy and H2O are clean, abundant and non-
polluting, research studies are focusing on the solar photocatalytic
reduction of CO2 with H2O into hydrocarbon fuels by photocata-
lysts [4,5], which has the potential to store intermittent solar
energy and to recycle CO2.

Titania (TiO2) has been extensively studied as a photocatalyst
for applications such as water and air remediation, hydrogen
evolution and photocatalytic reduction of CO2 [6–9], because of
its relatively high reactivity, physical and chemical stability. How-
ever, TiO2 has a relatively large band gap (3.2 eV) that requires
ultraviolet (UV) light (o387 nm, about 5% of the solar spectrum)
for activation. Therefore, it is of interest to develop a TiO2-based
photocatalyst which is sensitive to visible light (about 48% of the
solar spectrum) in order to make more efficient use of solar energy
in practical applications. Various strategies have been employed
including doping metal or nonmetal elements, surface photosen-
sitization and combination with narrow band gap semiconductors
[10–12].

Recently, much attention has been paid to extending the
photoresponse range of TiO2 by upconversion luminescent mate-
rial (ULM) including Y3Al5O12:Er3þ , Y2O3:Er3þ , YAlO3:Er3þ , NaYF4:
Er3þ , 40CdF2 �60BaF2 � xEr2O3 and 10BaF2:NaF, Na3Al6 [13–19].
Rare-earth CeF3 exhibits good luminescence property, lower
phonon-energy, and special lamellar structure. Therefore, it is
regarded as a most promising candidate for the materials in
high-energy physics, biomarker, and lubricant [20–22]. However,
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CeF3 was rarely considered as an ULM in the past years because
energy levels of Ce3þ are too simple and lack of corresponding
metastable energy levels in the visible region or near infrared
region. Recently, it was demonstrated that the upconversion
luminescence of Ce3þ doped in different host materials excited
by simultaneous absorption of three infrared photons using the
femtosecond laser irradiation [23–25]. This discovery suggests that
Ce3þ doped materials can be good candidates for ULM. Compared
with other host materials, fluoride is an excellent ground host
material, so CeF3 may be a promising ULM.

To the best of our knowledge, there is rare study on the
upconversion fluorescence properties of CeF3, the synthesis and
application of CeF3/TiO2 composite. In this paper, the CeF3 was
prepared and its upconversion luminescence properties were
investigated. Subsequently, a visible-light-driven composite
photocatalyst (CeF3/TiO2) was prepared, its photocatalytic activity
was tested and the mechanism was proposed as well. The photo-
catalytic reduction of CO2 under visible light irradiation was found
to be effective.

2. Experiments

2.1. Preparation of CeF3

The CeF3 sample was prepared by a microwave-hydrothermal
method. NH4F aqueous solution (0.067 M) was dripped into the Ce
(NO3)3 aqueous solution (0.6 M) under stirring. After stirring for
30 min, the suspension was transferred into a Teflon-lined vessel
and experienced a microwave treatment. Finally, the product was
collected by centrifugation and washed with distilled water and
ethanol for several times, and dried at 60 1C.

2.2. Preparation of CeF3/TiO2 composite

A microwave-alcohothermal method was employed to synthe-
size the CeF3/TiO2 composite. 0.4 g CeF3 was dispersed in ethanol
and injected with 7.8 mL acetic acid. Then, 6.6 mL butyl titanate
dispersed in ethanol was added to the suspension with a control-
ling speed upon stirring. After stirring for 30 min, the above
precursor suspension experienced a microwave treatment
(180 1C, 600 W, 30 min), centrifugation, washing and drying. The
dry powder was annealed to obtain the CeF3/TiO2 composite. In
addition, pure TiO2 was fabricated by the same method without
addition of CeF3 to be a reference.

2.3. Characterization

X-ray diffraction patterns (XRD) of the samples were obtained
on a Bruker D8 Advance Diffractometer with high intensity Cu Kα1

(λ¼0.15406 nm). Field-emission scanning electron microscope
(SEM) images were taken on a JSM-6390A electron microscope
with electron backscattered diffraction (EBSD) and energy-
dispersive X-ray (EDS). Transmission electron microscope (TEM)
images were recorded on a JEM-100SX electron microscope. Room
temperature upconversion luminescence properties were observed
using a fluorescence spectrophotometer (Hitachi F-7000).

2.4. Visible light photocatalytic tests

Visible light photocatalytic tests were evaluated by photocata-
lytic reduction of CO2 with H2O in a circulated quartz photoreactor.
A spherical xenon lamp (500 W) with sun-like radiation spectrum
equipped with a 515-nm cutoff optical filter was employed as the
visible light source of the self-made reactor. The system was
shielded by a black box during the reaction to prevent the reactor

from being interfered with outside light. In a typical experiment,
0.4 g of photocatalyst was suspended in 400 mL of distilled water.
Prior to irradiation, CO2 (99.995%) was bubbled through the
reactor for at least 30 min to eliminate dissolved oxygen and
saturate the solution. The concentrations of reduction product of
CH3OH were monitored using a GC9790 gas chromatography. The
methanol yield and energy efficiency were calculated based on
Eqs. (1) and (2) below.

YCH3OH ¼ ðCCH3OH � V reaÞ=Mcat ð1Þ

Ee ¼ΔHCH3OHðCCH3OH � V reaÞ=Ea ð2Þ
where YCH3OH is the methanol yield, in micromoles per gram of
catalyst, CCH3OH is the methanol concentration, in micromoles per
liter, V rea is the volume of react ion solution, in liter, Mcat is the
mass of the photocatalyst, in gram, Ee is the energy efficiency,
ΔHCH3OH is the combustion heat of methanol, in joules per mole, Ea
is the energy of photons absorbed by photocatalyst, in joule

3. Results and discussion

3.1. Microstructure analysis

Fig. 1 shows the XRD patterns of the as-synthesized CeF3, TiO2

and CeF3/TiO2 composite. The high and sharp peaks in the patterns
indicate that all of the samples are well crystallized. The char-
acteristic diffraction peaks of the hexagonal phase CeF3 and
anatase TiO2 can be observed in the XRD patterns of CeF3 and
TiO2 samples, which are in good agreement with those in the
standard JCPDS file nos. 08-0045 and 21-1272 respectively. The
pattern of CeF3/TiO2 composite includes both characteristic dif-
fraction peaks of the hexagonal phase CeF3 and anatase TiO2

without other impurity peaks, which indicates that the composite
process does not change the crystalline phase and chemical
properties of TiO2 and CeF3.

The sizes and morphology of the as-prepared CeF3, TiO2 and
CeF3/TiO2 composite are investigated in Fig. 2. As shown in Fig. 2
(a), the CeF3 samples are nano hollow sphere-like or rod-like
particles. The sphere-like nanoparticles have a diameter of about
15–35 nm, while the rod-like nanoparticles have a length of about
20–30 nm and a diameter of about 15 nm. It is apparent that the
CeF3 samples consist of a large number of nanoparticles with a
relatively uniform size which tends to adhere to each other (Fig. 2
(b)). However, in the SEM and EBSD images of CeF3/TiO2 composite
(Fig. 2(c) and (d)), very few CeF3 nanoparticles are found on the
surface of the TiO2 particles or between the TiO2 particles, which
indicates that CeF3 particles are well wrapped or intermixed with
TiO2 particles. The EDS image of CeF3/TiO2 composite is used to
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Fig. 1. XRD patterns of CeF3, TiO2 and CeF3/TiO2 composite.
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analyze element composition, and the result is shown in Fig. 3. Ti,
O, Ce and F are obviously found in the spectrum, confirming the
existence of CeF3 and TiO2 in the CeF3/TiO2 composite.

3.2. Upconversion luminescence properties

The three-dimensional upconversion luminescence scan spec-
trum of CeF3 was measured (seen in Fig. 4). It can be seen clearly
that the visible light (420–600 nm) can be effectively converted
into ultraviolet (UV) light (285–380 nm) by CeF3. Fig. 5 shows the
upconversion luminescence emission and excitation spectra of
CeF3. Using the monitoring wavelengths at 524 nm and 554 nm
respectively, two UV emission peaks at 304 nm and 324 nm are
detected in the emission spectrum of CeF3 (Fig. 5(a) and (b)). Using
the monitoring wavelength at 324 nm, two visible light excitation
peaks at 524 nm and 554 nm are found in the excitation spectrum
of CeF3 (Fig. 5(c)).

Further investigations revealed that CeF3 can also emit two
emission peaks at 304 nm and 324 nm when it is excited by
260 nm and 280 nm (seen in Fig. S1 in Supporting information).
This downconversion luminescence is probably assigned to Ce3þ

electrons' transfer between the different sub-levels of 5d excited
states split by the crystal field [26] and the 4f ground state (2F5/2
and 2F7/2). The phenomenon demonstrates obvious properties of
broad-band absorption and emission, which is in consistence with
most references [27–29]. It is apparent that the emission peaks of
upconversion luminescence are similar to that of the downconver-
sion luminescence in shapes and positions, which indicates that
they undergo a similar emission process. The excitation energy of
260 nm is almost twice as much as the excitation energy of
524 nm. Meanwhile, the excitation energy of 280 nm is almost
twice as much as the excitation energy 554 nm. Therefore, the
upconversion of visible light is dominated by a two-photon
excitation process. However, because there are no intermediate
energy levels between 5d and 4f levels of Ce3þ , it may be deduced
to a multi-photon simultaneous absorption. This mechanism could
be considered that more than one photon are absorbed at the

same time, which results in direct electron excitation from an
initial state to a final state.

The possible luminescence process of CeF3 is showed Fig. S2 in
supporting information. First, an electron located on the ground
state (2F5/2) absorbs one 260 nm photon (4.77 eV) or simultaneously
absorbs two 524 nm photons (2.37 eV) and transfer to the excited
5d state (4.77 eV); it absorbs one 280 nm photon (4.43 eV) or
simultaneously absorbs two 554 nm photons (2.24 eV) and transfer
to the excited 5d state (4.43 eV). Then, the electron nonradiatively
relaxes to the lowest 5d state (4.08 eV). Finally, the transitions from
the lowest 5d state to the ground state (2F5/2) or the state (2F7/2)
result in the emission peaks at 304 nm and 324 nm.

3.3. Photocatalytic properties

The visible light photocatalytic properties of CeF3/TiO2 compo-
site were measured by photocatalytic reduction of CO2 with H2O

Fig. 2. TEM image of (a) CeF3, SEM images of (b) CeF3 and (c) CeF3/TiO2, EBSD image of (d) CeF3/TiO2.

Fig. 3. EDS image of CeF3/TiO2 composite.
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with the irradiation of visible light (λ4515 nm). Fig. 6 shows that
CeF3/TiO2 composite has obviously effective activity, and the
corresponding methanol yield fleetly increases at the beginning
and reaches its maximum (162.2 μmol/g-cat) at 3.0 h. Meanwhile,
the average energy efficiency was about 0.2% on the CeF3/TiO2

composite in 3.0 h. However, pure TiO2 and CeF3 do not show any
photocatalytic activity when used separately under the same
conditions. The result illustrates that the visible light (λ4
515 nm) catalytic activity of TiO2 can be initiated under the
existence of CeF3, which is because TiO2 can absorb the UV light
converted from visible light by CeF3.

3.4. Mechanism of photocatalytic reduction of CO2

The visible-light-driven photocatalysis based on upconversion
emission depends on the energy transfer from CeF3 to TiO2. The
requirement for an efficient energy transfer is to make the donor
(CeF3) emission band overlap with the absorption band of the
acceptor (TiO2). The upconversion emission spectrum of CeF3 and
the absorption spectrum of TiO2 are presented in Fig. 7. It is very
clear that the absorption band of TiO2 (Fig. 7(a)) overlaps very well
with the UV emission of CeF3 particles (Fig. 7(b)). To examine this
energy transfer process, the upconversion emission spectra of
CeF3/TiO2 was recorded under the excitation of 524 nm (Fig. 7
(c)). The intensities of UV emission peaks are immensely reduced
after the combination of TiO2, which indicates effective energy
transfer between CeF3 and TiO2. The comparison of the visible
light photocatalytic activities between the donor and acceptor and
the donor–acceptor pairs could provide direct evidences for the
energy transfer (refer Section 3.3).

The mechanism [30] of photocatalytic reduction of CO2 on TiO2/
CeF3 is shown in Fig. 8. Firstly, the incident visible light was
absorbed by CeF3. Secondly, the visible light was converted into UV
light by CeF3. Subsequently, the UV light is absorbed by TiO2

particles, and electron (e�)–hole (hþ) pairs are formed and
located in the conduction band and valence band of TiO2. Finally,
redox reactions are initiated by e� and hþ on the surface of TiO2.
The active hþ can oxidize H2O to form hydroxyl radicals (OH)
which could release O2 and Hþ . Hþ and high active e� will
facilitate CO2 reduction and produce methanol or other hydro-
carbons. It indicates that six electrons are required to convert CO2

into CH3OH. It is apparent that CeF3 plays a crucial role in the
above process.

2hv524 nmþ2hv554 nm -
CeF3hv304 nmþhv324 nm ð3Þ

TiO2þhv304 nmþhv324 nm-2TiO2ðe� Þþ2TiO2ðhþ Þ ð4Þ

CO2þ2H2Oþ6e�-CH3OHþ3=2O2 ð5Þ

Fig. 4. The three-dimensional upconversion luminescence scan spectrum of CeF3.
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Fig. 8. Mechanism of photocatalytic reduction of CO2 on TiO2/CeF3.
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4. Conclusions

CeF3 hollow nanostructures with upconversion luminescence
properties was synthesized by a microwave-hydrothermal method,
and TiO2/CeF3 composite was prepared as a visible-light-driven
photocatalyst based on upconversion emission by a microwave-
alcohothermal method. The microstructures, properties and mecha-
nism of upconversion luminescence of the resulting samples were
investigated. The energy transfer from CeF3 to TiO2 under visible
light irradiation was confirmed. The visible light driven photocata-
lysis was realized by photocatalytic reduction of CO2 with H2O. This
study suggested a promising method to develop the visible light
driven photocatalyst, which may have a profound implication on the
future utilization of solar energy and recycling CO2.
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