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Abstract. Luminescent material CeF3 was synthesized by a facile and effective microwave-
hydrothermal method. The products were characterized by X-ray diffraction (XRD),
transmission electron microscopy (TEM), field-emission scanning electron microscopy
(FESEM), BET method and photoluminescence (PL). The results indicated that specific
morphology and size of product could be controlled by changing fluorine sources and reaction
temperatures. Varing fluorine sources from NH4F to KBF4, hollow CeF; nanocrystals or
multidimensional disk-like CeF3 microcrystals could be obtained respectively. With increasing
reaction temperature, the surface areas of samples decreased and sizes and crystalline increased.
PL spectra showed that the CeF; samples exhibited emissions of Ce*" (5d-4f) and they could
achieve not only downconvertion luminescence but also upconvertion luminescence. The
luminescence properties were related to not only size and crystalline but also shape.
Furthermore, the mechanism of luminescence of the CeFs; samples was proposed and the
upconversion luminescence could be deduced to the multi-photon simultaneous absorption
luminescence.

1. Introduction

In recent years, great effort has been devoted to the synthesis and property of CeF; micro- and nano-
crystals. Due to its high density, fast response and high radiation resistance, it is considered as one of
the most promising scintillators for the next generation experiments in high-energy physics'"; owing
to its lower phonon-energy and low rate of fluorescence quenching, it is also an important fluorescent
host material®; because of its layered structures, CeF; is also a good solid lubricant®®!. So far, various
methods, including hydrothermal™® or solvothermal™ process, polyol methods!®, microwave
irradiation!”)] ionic liquid methods®®, reverse micelles or microemulsions!” have been developed to
synthesize CeF; with specific shape and unique properties such as nanoparticles!®, nanocrystals!'”,
nanoplatest'”’, nanowires!'?, nanocages!'"), nanorings!"*!, nanococoons !*!, circular hollow disks!'*),
disk-like!" and flower-like nanostructures!”). However, it is still a challenge to fabricate some novel
structures of CeFs; with well-controllable morphology and size and investigate the effects of
morphology and size on photoluminescent properties.

Furthermore, CeF3 was rarely considered as an upconversion luminescent material (ULM) in the
past years because energy levels of Ce’" are too simple and lack of corresponding metastable energy
levels in visible region or near infrared region. Recently, it was demonstrated that the upconversion
luminescence of Ce®" doped in different host materials excited by simultaneous absorption of three
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infrared photons using the fem tosecond laser irradiation!'>'®). This discovery suggests that CeF; could

be a good candidate for ULM. Therefore, it is also a challenge to investigate the properties and
mechanism of upconversion luminescence of CeFs.

In this paper, we reported a facile rapid microwave-hydrothermal method to prepare CeF;. The
influences of fluorine sources and reaction temperatures on the morphology and size of the final
products were studied. In addition, the photoluminescent (PL) properties, especially upconversion
luminescence of as-prepared samples with different shape and size were also investigated.

2. Experimental Section

2.1. Sample preparation

The luminescent material CeF; was prepared by a microwave-hydrothermal method. In a typical
procedure, 1 mmol Ce(NOs);-6H,0 was dissolved in 15 mL of distilled water, then 15 mL of distilled
water containing 9 mmol NH4F was dripped into the solution under stirring. The suspension was
transferred into a teflon lined vessel and experienced a microwave treatment at appropriate
temperatures for 30 min. Finally, the products were collected by centrifugation, washed and dried. The
samples synthesized at appropriate temperatures of 120, 180 and 220 °C were denoted as S1, S2 and
S3, respectively. S4 employed a similar synthetic procedure in 180 °C using KBF; as fluorine source.

2.2. Characterization

X-ray diffraction patterns (XRD) of the samples were obtained on a Bruker D8 advance diffractometer.
Transmission electron microscope (TEM) was recorded on a JEM-100SX electron microscope. Field-
emission scanning electron microscope (FESEM) images were taken on a JSM-6390A electron
microscope. Nitrogen desorption curves were obtained using a quantachrome NOVA 2000e apparatus.
The room temperature photoluminescence (PL) spectrums were measured on a Hitachi F-7000
fluorescence spectrophotometer.

3. Results and Discussion

3.1. Microstructure analysis

Fig. 1 shows the XRD patterns of the as-synthesized CeF3; samples. The high and sharp peaks in the
patterns indicate that all of the samples are well crystallized. The characteristic diffraction peaks of the
hexagonal phase CeF3; can be observed, which are in good agreement with those in the standard
JCPDS file No.08-0045. With increasing temperatures from 120 °C to 220 °C (S1~S3 in Fig.1), the
XRD patterns of CeF; (fluorine source: NH4F) become narrower and narrower, suggesting a gradually
increased tendency of crystalline and size according to the Scherrer equation (D= kA/Bcos0).
Compared with S2 (fluorine source: NH4F), the peaks in the pattern of S4 (fluorine source: KBF4)
appear to be noticeably sharper, corresponding to dramaticlly larger average grain size. In addition, the
relative intensities of diffraction peaks of S4 are approximately changed, which indicate the
orientation of crystal growth can be influenced by different fluorine source, and the products may
exhibit different shapes. Based on the XRD analysis, we can conclude that temperatures and fluorine
sources play important factors in controlling the size and the orientation of crystal growth.
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Fig. 1. XRD patterns of CeF3 S1~3 (fluorine source: NH4F) obtained at different temperatures (120,
180, 220 °C) and S4 (fluorine source: KBF4) obtained at 180 °C.

The morphology of the as-prepared CeFs; is investigated in Fig. 2. Seen in the TEM images of CeF3
(Fig. 2. (A, B and C)), all of the CeF;samples (S1~S3) synthesised with KBF4 as fluorine source are
nano-hollow sphere-like or rod-like particles, but the size and morphology of samples obtained at
different temperatures are different. When the temperature is 120 °C, the sphere-like nanoparticles
have a diameter of about 20~30 nm, while rod-like nanoparticles have a length of 20~30 nm and a
diameter of about 15 nm. As the temperature increases to 180 °C, some little hollow-particles have
interlocked together to form bigger particles with multiple inside cavities. Upon further increasing the
temperature to 220 °C, the size of the nanoplates become bigger and bigger. The diameters of sphere-
like nanoparticles are growth to 40~60 nm and the length and diameter of rod-like nanoparticles are
growth to about 80 nm and 30 nm respectively. Meanwhile, the sizes of the inside cavities also
increase

(E) S4.
compared with which are in S1 and S2. Seen in the FESEM images of CeFs (Fig. 2. (D and E)), the
morphologys of the samples are obviously different when using different fluorine source. S2 are
sphere-like or rod-like nanoparticles, while S4 are uniform multidimensional disk-like or flower-like
particles and the average diameters and thickness of the plates are 2.5 um and 300 nm respectively,
indicating the morphologies and particle sizes of CeF; are effected by fluorine sources.
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Nitrogen adsorption-desorption isotherms of CeFs; were shown in Fig. 3. CeF; S1~S3 yield
isotherms (type IV) with Hs-type hysteresis, which indicate that some crack-like mesopores (2 nm ~
50 nm) exist in samples. With increasing temperatures from 120 °C to 220 °C (S1~S3 in Fig. 3), the
Brunauer-Emmett-Teller (BET) surface areas of CeFs become smaller and smaller (S1: 46.166 m?/g,
S2: 32.961 m%/g, S3: 27.032 m?/g, respectively), suggesting a gradually increased tendency of the
crystallite size. CeF3 S4 prepared with KBF, as fluorine source also yields a type IV isotherm with Hs-
type hysteresis, but its surface area is low to 2.842 m?/g, which results from the large size and smooth
surface of S4. The results confirm that BET surface areas of CeF3 are not only dependent on reaction
temperatures but also on the fluorine sources.
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Fig. 3. Nitrogen adsorption-desorption isotherms of CeF3; S1~4.
3.2. Luminescence properties

3.2.1. Downconversion luminescence properties
The three-dimensional downconversion luminescence scan spectrum, the excitation and emission
spectra of CeF3 S2 were measured (See Fig. 4). It can be seen clearly that CeF; samples can convert
MUYV (200 nm ~ 310 nm) into NUV (285 nm ~ 380 nm), and two emission peaks at 304 nm and 324
nm are observed under the excitation of 260 nm and 280 nm at room temperature, which is probably
assigned to Ce’" electrons’ transfer between the different sub-levels of 5d excited states split by the
crystal field !'" '*! and the 4f ground state (°Fs» and °F7,). The phenomena demonstrate obvious
properties of broad-band absorption and emission, which is in consistence with most references '*..
Fig. 5 shows the emission spectra of the CeF3 samples S1~4. With an increase in temperature from
120°C to 220 °C (S1~S3 in Fig. 5), the emission spectra are similar in shapes and positions, but the
intensities of the emission light are increasing. These results may be related to the semblable
morphologies with only slightly differences in crystalline and size of CeF3. Analyzed from the XRD.
TEM and BET, samples S1~S3 have similar morphologies, and their specific surface areas decrease
with sizes and crystalline increasing in sequence. These lead to a decrescent probability that CeFs;
could be oxidized or formed defect on their surface, and in consequence the luminescence intensities
of samples enhance in sequence. Meantime, with the increasing temperature (S1~S3 in Fig.5), the
emission peaks have slightly blue shifts. These results may be related to the variations of 5d excited
state of Ce’" in different samples. For Ce**, the 6S electronic shell has no electron, so its 5d excited
electronic configuration of Ce®" is not shielded from the surroundings and is very sensitive to the
change surrounding Ce’" ions at or near the surface!®”, which may ascend when the grain size becomes
bigger and lead to a blue shift in the emission spectra.
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Fig. 4. (A) The three-dimensional downconversion luminescence scan spectrum of CeF3 S2; (B)
Downconvertion excitation spectrum of CeF3 S2 and the emission spectrum.

However, using different fluorine source, there are clear differences between the emission spectrum
of CeF3 S4 (fluorine source: KBF4) and that of CeF3; S2 (fluorine source: NH4F). The intensities of the
emission light present dramatically descent and the emission peaks have blue shifts. It can be
illustrated that the emission spectrum is related to not only size and crystalline but also shape and
surface areas. Compared to CeF; S2, the size of S4 increases by two orders of magnitude and reach to
micron, the surface area of S4 decreases by one order of magnitude, and the shape becomes disk-like
or flower-like.
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Fig. 5. Downconvertion emission spectra of CeF; S1~S4 (the monitoring wave-length is 260 nm).

3.2.2. Upconversion luminescence properties

The three-dimensional upconvertion luminescence scan spectrum of CeF3 was measured (Fig. 6(A)). It
can be seen clearly that the visible light (420 nm ~ 600 nm) and near-infrared light (750 nm ~ and 870
nm) can be converted into ultraviolet (UV) light (285 nm—380 nm) by CeFs. Fig. 6(B) and (C) shows
the upconversion luminescence emission and excitation spectra of CeF3 S2. Using the monitoring
wavelength at 324 nm, two visible light excitation peaks at 524 nm and 554 nm and two near-infrared
light excitation peaks at 780 nm and 850 nm are found in the excitation spectra of CeFs (Fig. 6 (B)).
Using the monitoring wavelengths at 524 nm, 554 nm 780 nm and 850nm respectively, two UV
emission peaks at 304nm and 324nm are detected in the emission
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Fig. 6. (A) The three-dimensional upconversion luminescence scan spectrum of CeF3 S2; (B)
Upconvertion excitation of CeF3; S2; (C) emission spectra of CeF3 S2.
spectrum of CeFs (Fig. 6 (C)). Meanwhile, with increasing in wavelengths of excitation light, the
intensities of emission lights are decreasing. Seen from Fig. 7, the effects of different CeF3; samples
(S1~84) on the upconvertion emission spectra are similar to that of the downconvertion emission
spectra (Fig. 5), indicating that the variation tendency also due to the change of size, crystalline and
shape of samples.
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Fig. 7. Upconvertion emission spectra of CeF3; S1~S4 (the monitoring wave-length is 524 nm).

3.2.3. Mechanism of luminescence

In Downconvertion excitation spectrum of CeF; S3 (Fig. 4), the main emission peaks of CeFs are
about at 304 nm and 324 nm, which can ascribe to electron transitions from the lowest split energy
level of 5d to “Fs; and *F7;, in Ce’* respectively. Meanwhile, the main excitation peaks are about at
260 nm and 280 nm, which is attributed to electron’ transitions from the *Fs; ground state to different
sub-levels of the 5d states in Ce**split by the crystal field "),
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It is apparent that the emission spectra of upconversion luminescence are similar to that of the
down-conversion luminescence in shapes and positions and variation tendencies, which indicate that
the mechanism of upconversion luminescence of CeF; can also be assigned to the same Ce** electronic
radiative transition (5d-4f). The exciting energy of 260 nm is almost twice and three times as much as
the excitation light of 524 nm and 780 nm respectively, and the exciting energy of 280 nm is twice and
three times as much as the excitation light of 554 nm and 850 nm respectively. Therefore, the
upconversion of visible light and near-infrared light are probably dominated by two-photon or three-
photon excitation process. However, because there is not intermediate energy levels between 5d and 4f
levels of Ce®*"*? the mechanism of up-conversion luminescence of CeF; could not be the usual
mechanisms of up-conversion luminescence including ESA (Excited State Absorption), ET (Energy
Transfer) or PA (Photo Avalanche), all of which need intermediate levels. Hence, it may be deduced
to 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 mechanism of luminescence was proposed in figure 8. First, the electron located on the ground
state (*Fs;) simultaneously absorb one 260 nm photon (4.77 eV) or two 524 nm photons (2.37 eV) or
three 780 nm photons (1.59 eV) and transfer to the excited 5D state (4.77 eV), and it absorb one 280
nm photon (4.43 eV) or two 554 nm photons (2.24 e¢V) or three 850 nm photons (1.46 ¢V) and transfer
to the excited 5D state (4.43 eV). Then, electron nonradiatively relax to the lowest 5D state (4.08 eV).
Finally, the transitions from the lowest 5D state to the ground state (°Fs;) or the state (*F7,) result in
the emissions at 304 nm and 324 nm.

S 260 nn (4.77 V)
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260 nm

2X524 nm

3X780 n\ _|-304 m

280 nm_A"7| 524 m

2X554 nm

3X850 nm
— 2y 4960 nm (0. 25 eV)
—_— 2F5/2 0 eV

Fig. 8. Upconversion luminescence process of the CeFs sample.

4. Conclusion
In summary, hexagonal phase CeF3 with good crystallinity have been successfully fabricated through a
facile and effective microwave-hydrothermal method. Varing fluorine source from NH4F to KBFj,
hollow CeFs nanocrystals or multidimensional disk-like CeFs microcrystals could be obtained
respectively. With increasing reaction temperature, the surface areas of samples decreased and sizes
and crystalline increased. PL spectra show that the CeF; samples exhibit emissions of Ce*" (5d—4f)
and they can achieve not only downconvertion luminescence but also upconvertion luminescence. The
luminescence properties are related to not only size and crystalline but also shape. Furthermore, the
mechanism of luminescence of the CeFs; samples is proposed and the upconversion luminescence
could be deduced to the multi-photon simultaneous absorption luminescence. The as-synthesized
luminescent product may have some potential applications in the areas of light display.
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