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Abstract: CeF; and CeF5:Tb®" nanocrystals were successfully synthesized by the ultrasound assisted ionic liquid (IL) method at room
temperature. X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), selected area
electron diffraction (SAED), high-resolution transmission electron micrographs (HRTEM) and photoluminescence (PL) spectra were
employed to characterize the nanocrystals. The results of XRD indicated that the obtained samples crystallized well with a hexagonal
phase crystal structure. SEM and TEM images demonstrated that the obtained CeFs:Tb®" nanocrystals had a discoid shape in the
presence of ultrasound and IL, whereas only granular nanoparticles were obtained by magnetic stirring. The possible formation
mechanisms of the crystal growth were proposed. The PL spectra of the CeF5:Tb** nanodisks exhibited a strong green emission when
excited at 254 nm. Furthermore, the photoluminescence intensity of CeF5Tb* of the discoid particles was largely improved com-

pared with that of the granular nanoparticles.
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Rare-earth-based nanomaterials have attracted exten-
sive research interests because of their promising appli-
cations in optical amplifiers!", biological applications™® ),
light emitting devices (LEDs)'!, photocatalysis'”, and so
forth. Among various rare-earth-based nanomaterials,
CeF; has received considerable attention for several ap-
plications. Studies indicate that CeF; can be used as solid
lubricant™® and scintillator™”, as well as an important
fluorescent host material owing to its low vibration ener-
gies and the subsequent minimization of the quenching
of the excited state of the rare-earth ions'"”. It is well
known that the shape and size of rare-earth fluoride
nanocrystals have a significant effect on their chemical
and physical properties. Therefore, the synthesis of
nanocrystals with controllable morphology and uniform
sizes is also a subject of interest. It has been found that
two dimension (2D) shaped nanocrystals with large sur-
face area and high aspect ratio have potential applica-
tions in information storage, whisper gallery mode lasers,
transducer, light emitter, catalyst, and sensort''). Up to
now, several approaches have been employed to synthe-
size discoid shapes CeFs:Tb’* nanocrystals. For instance,
Guo'"! has synthesized CeFs5:Tb’" nanodiskettes via a

hydrothermal microemulsion method with bis(2-ethyl-
hexyl)sulfosuccinate (AOT) as the template to control
the sizes and shapes of nanocrystals. Zhu et al.'¥ re-
ported an ultrasound-assisted route to fabricate disk
shaped CeF;:Tb’" nanocrystals using toxic KBF, as the
fluoride source. However, these synthesis approaches
require either high temperature, time consumption and
template or toxic fluoride reagents, which would limit
their universal technical applications. Therefore, explor-
ing a more facile, template-free and environmentally be-
nign approach for the synthesis of 2D CeFs:Tb’* nanos-
tructures still is a challenge.

Currently, ionic liquids (ILs) have garnered a tremen-
dous amount of attention owing to their fascinating
properties such as high melting point, negligible vapor
pressure, reasonable thermal stability, good dissolving
ability, high polarity, etc.">'®!. Thus, ILs are regarded as
“green solvents” to replace traditional volatile and toxic
organic solvents for long-lasting development of human
society. Herein, we reported a facile, simple, low-cost
and environmentally friendly ultrasound assisted ionic
liquid method, which was used to synthesize 2D CeF; and
CeF5:Tb*" nanodisks. In addition, the morphology, struc-
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ture and luminescent properties of CeF; and CeF5:Tb*"
nanodisks were investigated. The possible formation
mechanisms of the samples were discussed in the paper.
In this system, IL 1-butyl-3-methylimidazolium tetra-
fluoroborate ([BMIM][BF,]) acted as fluorine source,
template and co-solvent.

1 Experimental

1.1 Materials

Ce(NOs);:6H,0 (99%, Sinopharm Chemical Reagent
Co., Ltd.), [BMIM][BF4] (99%, Lanzhou Institute of
Chemical Physics CAS, China) and TbsO; (99.99%,
Shanghai Chemical Reagent) were used as starting mate-
rials. All the reagents were of analytical grade.

1.2 Synthesis of CeF5:Tb** and CeF; nanocrystals

Preparation of CeF5:Tb*" (10 mol.% Tb**) nanodisks:
in a typical synthesis, appropriate amounts of Tb,O; was
first dissolved in 10% nitric acid, and then mixed with
Ce(NOs); (18 mL, 3.60 mmol) aqueous solution in a 100
mL polytetrafluoroethylene beaker under magnetic stir-
ring for 5 min. Subsequently, 2 mL ionic liquid was added
dropwise into the above mixed solution under magnetic
stirring for another 5 min to form a homogeneous solu-
tion. Finally, the above homogeneous solution was ex-
posed to ultrasound irradiation in ambient air for 2 h. Ul-
trasonic waves were emitted from a titanium horn, which
was directly immersed in the reaction solution. The total
acoustic power injected into the solution was 238 W.
After irradiation, the white precipitate was collected by
centrifugation at a speed of 9000 r/min for 4 min, washed
with deionized water and ethanol twice in sequence to
remove residual impurities, and then dried at 70 °C for
12 h. For comparison, a sample of CeF5:Tb*" nanoparti-
cles were also synthesized via vigorous magnetic stirring
under the same condition. The CeF; nanodisks were pre-
pared in the similar way, except that 20 mL 0.2 mol/L
Ce(NOs); aqueous solution was used instead of the
mixed solution of Ce(NO;); and Tb(NO3);.

1.3 Characterization

X-ray diffraction diffraction (XRD) was carried out on
a Bruvker D8-advance X-ray diffractometer equipped
with Cu Ko radiation (4=0.154056 nm). Scanning elec-
tron microscope (SEM) images were obtained on a Hi-
tachi S- 4800 SEM operated at an accelerating voltage of
10 kV. Transmission electron microscope (TEM) and
high- resolution transmission electron microscope
(HRTEM) images were performed with a Philips TF-F20
transmission electron microscope with acceleration volt-
age of 200 kV. The room temperature photolumines-
cence spectra (PL) of the samples were recorded on a
Hitachi F-7000 spectrophotometer equipped with a 150

W xenon lamp as the excitation source.

2 Results and discussion

2.1 Structural properties

The phase structure of the as-synthesized products was
carried out using powder XRD. Fig. 1 shows XRD pat-
terns of CeFj5 ultrasonic irradiation for 2 h (1), CeF3:Tb3+
stirring for 2 h (2), CeFs:Tb*" ultrasonic irradiation for 2 h
(3), as well as the calculated line pattern for CeF;. The
lattice parameters of the undoped CeF; (1) were calcu-
lated to be a=0.71545 nm, ¢=0.72073 nm, which closely
match the standard pattern of CeF; (JCPDS No. 89-1933).
No peaks of other phases or impurities could be observed,
suggesting the high purity of as-obtained samples. The
XRD patterns of the Tb*" ions doped CeF; (2, 3) are
similar to the undoped CeF; and no impurity lines are
observed, showing that the doped Tb*" ions do not cause
obvious change in crystal phase.

Fig. 2 shows the enlarged XRD patterns near 26=28°
for the (111) peak. It is worth noting that the diffraction
peak of CeF5:Tb’" nanocrystals was shifted to larger an-
gles compared with the undoped CeF; nanodisks (as

Fig. 1 XRD patterns of CeF; ultrasonic irradiation for 2 h (1),
CeF5:Tb*" stirring for 2 h (2) and CeF5:Tb*" ultrasonic
irradiation for 2 h (3) and the literature values of JCPDS
No. 89-1933 for bulk CeF;

Fig. 2 Enlarged XRD patterns near 26=28° for the (111) peak
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shown in Fig. 2). According to Bragg equation, we could
determine that the lattice parameters become smaller, in-
dicating that the large Ce® ions (radius is 1.034 nm)
were substituted by small Tb*" ions (radius is 0.923 nm),
so the diffraction peaks move to high angles. In addition,
the peak in Fig. 2(3) shifts toward much higher angle as
compared to that in Fig. 2(2). That is because the ultra-
sonic irradiation method can provide an unusual chemi-
cal environment, so the Tb*" jons are more easily dif-
fused into the crystal lattice of CeF;. That is to say, more
Tb* ions substitute the sites of Ce’" ion when the sam-
ples were prepared by ultrasonic irradiation method.

2.2 Morphology

The size and morphology of the samples were charac-
terized by SEM. Fig. 3 shows the SEM images of the
as-synthesized samples. Fig. 3(a) and (b) show SEM
images of the CeF5:Tb’" prepared with ultrasonic irradia-
tion for 2 h. The SEM image with a low-resolution mi-
crograph (Fig. 3(a)) reveals that the CeF5:Tb*" is entirely
comprised of disks with a uniform size and round shape.
The high-resolution micrograph (Fig. 3(b)) illustrates that
the mean thickness and diameter of the disks are 80 and
450 nm, respectively. The CeF; sample that was prepared
via sonochemical method has the similar morphology
with the CeF5:Tb** sample, as shown in Fig. 3(c) and (d).
These results indicated that the doped Tb*" ions have no
obvious effect on the morphology of CeF; nanodisks.
That is to say, the Tb’" ions are well-dissolved in the
CeF; nanocrystals, which is in good agreement with the
XRD results.

Fig. 3(e—f) are the SEM images of the CeFs:Tb*" syn-
thesized via stirring method with different magnifications,
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indicating that the product is composed of a large quan-
tity of particles with diameter ranging from 50 to 175 nm.
Moreover, high-resolution micrograph (Fig. 3(f)) dis-
plays that their shapes are discoid to a certain extent. It
can be assumed that the disk-like nanostructures can be
obtained via the stirring method if prolonging the reac-
tion time. Additionally, in the case of stirring method,
only a little product could be obtained after magnetic
stirring for 2 h, indicating that only a little portion of the
[BMIM][BF,] was hydrolyzed in the reaction. Based on
the above results, it is visible that the ultrasonic irradia-
tion could notably shorten the reaction time, accelerate
the hydrolyzation rate of [BF,] ions of [BMIM][BF,],
increase the crystallinity and improve product yield.

Fig. 4 displays low and high-resolution TEM images
of the CeF5:Tb*" nanodisks. The low-resolution TEM im-
age (Fig. 4(a)) shows that the as-synthesized CeF5:Tb’"
crystals are composed of nanodisks with thickness of 60—
65 nm and diameter of 260—425 nm. The high-resolution
TEM image (Fig. 4(b)) shows the high crystallinity na-
ture of these nanodisks. The distances between two
fringes were measured to be 0.32 and 0.35 nm, corre-
sponding to the d spacing of the (111) and (110) lattice
planes in the CeF; crystals, respectively. The inset figure
in Fig. 4(a) is a SAED pattern of one particle. The SAED
pattern indicates that the CeFs:Tb*" nanodisks are single
crystal in nature. These results indicate that highly crys-
talline products can be obtained via the ultrasound as-
sisted ionic liquid method.

2.3 Formation mechanism

In the case of the current system, the possible forma-
tion mechanism of nanodisks under ultrasound condition

Fig. 3 Low-resolution and high-resolution SEM images of the as-synthesized samples
(a) and (b) CeF;:Tb*" nanodisks with ultrasonic irradiation for 2 h; (c) and (d) CeF; nanodisks with ultrasonic irradiation for 2 h; (e)

and (f) CeF5:Tb*" nanoparticles under stirring for 2 h
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Fig. 4 TEM (a) and HRTEM (b) images of CeF5:Tb*" nanodisks (Inset figure in Fig. 4(a) is the corresponding SAED pattern)

is proposed as follows. When [BMIM][BF,] was slowly
added to the Ln(NO;); (Ln=Ce,Tb) aqueous solution, the
[BF4] ions of [BMIM][BF,] interacted strongly with
water molecules by hydrogen bonds!'”. Then, the mixed
homogeneous aqueous solution was irradiated with high-
intensity ultrasound. It is observed that many small cavi-
ties grew rapidly under the Ti-horn. Once these cavities
have overgrown, they could no longer sustain themselves,
the surrounding liquid rushed in and these cavities im-
ploded. This phenomenon is the so called acoustic cavi-
tation: the formation, growth, and implosive collapse of
bubbles in a liquid, which can generates hot spots with
temperatures of roughly 5000 °C, pressures of about 500
atmospheres, and a very short lifetime!"®. The generated
transient high temperature and pressure could partly de-
compose [BMIM][BF,] into [BMIM]" cations and [BF,]”
anions, and furthermore the [BF,] anions undergo hy-
drolysis to produce F~ ions, BF;-H,0, HF and BO,* [1920],
Subsequently, the F~ ions would react with Ln*" ions to
form tiny LnF; nuclei, and the formed LnF; nuclei sus-
pended in solution. And under ultrasonic irradiation con-
dition, the cavitation and shock waves were created
which can dramatically accelerate LnF; nuclei to high
velocities, leading to the interparticle collision and effec-
tive fusion at the point of collision®®". Therefore, tiny
LnF; nuclei collide together to form small LnF; particles.
For the hexagonal LnF; crystals, there is a growth com-
petition between (100) planes and (001) planes. In gener-
ally, the growth rate of (100) planes is relatively larger
than that of (001) planes®. Therefore, the tiny LnF; par-
ticles formed initially grow the primary building blocks
with nanodisks shape®. Additionally, it is notable that
the ILs can self-assemble into disk-like supramolecular
structure through the m-m stack interaction of the imida-
zolium rings at the higher ionic liquid concentrations in
aqueous solution™?, The formed supramolecular
structure can be used as a soft template to determine the
shape and size of the products”®. Moreover, the decom-

posed products of IL and NOs anions could also be se-
lectively absorbed on the surface of the (001) planes of
these LnF; nanodisks, which further slowed down the
growth rate along the [0001] direction, consequently in-
hibiting the longitudinal growth along the [0001] direc-
tion with a relative enhancement of the growth sideways
and gave rise to the 2D disk-like LnF; nanostruc-
tures'' 71,

While the experiment was performed with magnetic
stirring, the cavitation and shock waves were absent. As
a result, it needed much longer time to decompose the
[BMIM][BF,]. In the same reaction time, the chemical
species produced by the decomposition of the
[BMIM][BF,] were less with respect to that under ultra-
sonic irradiation. Consequently, the chemical species
absorbed on the surface of the (001) planes of the LnF;
particles were less, leading to the decreasing inhibitory
degree of the crystal growth along the [0001] direction.
Therefore, the LnF; nanoparticles were formed instead of
nanodisks. In a word, both the ultrasound and the
[BMIM][BF,] have great effect on the formation of
CeF;:Tb*" nanodisks.

2.4 Luminescence properties

Fig. 5 shows the excitation (1) and emission (2) spec-
tra of CeF5:Tb’" nanodisks that were obtained by ultra-
sound irradiation. The excitation spectrum (A, =544 nm)
(Fig. 5(1)) shows a broad band ranging from 200 to 300
nm, peaking at 254 nm, which can be attributed to the
4f-5d absorption of Ce’* ions™. Meanwhile, it can be
seen that some weak excitation peaks in 300 to 500 nm
region are related to the f—f transitions of Tb>* ions:
"Fe—°Dy, 'Fe—L;, 'Fe—'Lo, Fs—"Gs, Fs—Gg and
"Fe—"D,**. Fig. 5(2) shows the emission spectra of
CeF5:Tb* (Aex=254 nm), the four characteristic emission
peaks at 491 nm (’D,—F), 544 nm (°D4;—Fs), 585 nm
(’D4,—"Fy), and 622 nm (°D;—'F;) were observed in the
emission spectra[31’32]. Amongst these, the SDy—"Fs
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Fig. 5 Excitation (1) and emission (2) spectra of CeFs:Tb*
nanodisks

emission at 544 nm is the strongest. Besides, it can be
clearly observed that there is a very weak emission band
of Ce’" at 360 nm, indicating that an energy transfer from
Ce*" to Tb®" occurs in the CeFs;:Tb® nanodisks. The
strong and well defined emission peaks of CeF5:Tb**
nanodisks also show that the Tb*" ions were well dis-
solved in CeF; nanocrystals.

Fig. 6 shows the emission spectra of CeFs:Tb’"
nanoparticles (1) and nanodisks (2) that were obtained
via stirring and ultrasonic irradiation, respectively. Both
the samples were measured under identical conditions
with the excitation wavelength of 254 nm. Although the
two emission spectra are similar in profile with the major
peak position at 544 nm, the emission intensity of the
CeF5:Tb*" nanodisks is much higher than that of
CeF5:Tb®" nanoparticles. Generally, such differences in
the PL spectra can be caused by factors like the extent of
crystallinity, morphology, size, the content of lumines-
cent ions in phosphors. XRD results revealed that the
discoid particles (Fig. 1(3)) and the nanoparticles (Fig.
1(2)) prepared with or without ultrasonic irradiation are
highly crystalline with the same crystal structure and
similar crystal intensity. Therefore, the difference in the
PL intensity may be due to the difference of the mor-

Fig. 6 Emission spectra of CeF5:Tb®* nanoparticles (1) and
nanodisks (2)
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phology, size and the content of Tb*" ions in CeF;:Tb*"
phosphors, which have similar phenomenon observed by
other researchers!'**>**!. In addition, it is known that ul-
trasound irradiation of liquids caused by acoustic cavita-
tion can generate transient high temperature and pressure,
which may lead to the fewer surface defects of the nano-
disks synthesized via ultrasonic irradiation. In contrast,
the nanoparticles synthesized via magnetic stirring pos-
sess more surface defects. Some of these defects act as
nonradiative recombination centers, and they may be re-
sponsible for the decrease in the luminescence intensity.
A more extensive investigation of the differences in the
luminescent properties of the products with different
morphologies, crystal structures, sizes and dimensions
will be further investigated in our future work.

3 Conclusions

In summary, 2D CeF; and CeF5:Tb®" nanodisks were
synthesized by a facile and environmentally friendly ul-
trasound assisted ionic liquid method. The CeFs:Tb**
nanodisks with average diameter of 450 nm and thick-
ness of 80 nm were obtained with ultrasound and ionic
liquid, whereas granular nanoparticles of CeF3:Tb*" were
obtained with stirring and ionic liquid. Furthermore, the
CeF5:Tb*" nanodisks exhibited a strong green emission
from the °D,—'F, (J=6,5,4,3) levels under 254 nm UV
excitation. The emission spectra of the CeF5:Tb®" sam-
ples with different morphologies that prepared by the two
methods had similar features, but the emission intensity
of the CeF5:Tb*" nanodisks prepared via ultrasound irra-
diation was higher than that of the granular crystals pre-
pared by stirring.

In this system, [BMIM][BF,4] was used as the fluorine
source, co-solvent and temple. At the same time, ultra-
sonic irradiation could accelerate reaction velocity,
shortened reaction time, and improved the luminescence
intensity. Thus, ultrasound assisted ionic liquid method
has a potential application for synthesis of other lumi-
nescent materials.
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