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ARTICLE INFO ABSTRACT

Article history:

A novel halloysite@YF;: Ce3*, Tb®>* anocomposite with strong luminescent properties was designed and
synthesized by a facile direct precipitation strategy. Owing to the halloysite as a support, it can signifi-
cantly prevent the aggregation of YF;:Ce>* Tb®" and the distribution of YF;:Ce**,Tb>* on halloysite was
highly uniform. Importantly, due to the unique surface-interface-dielectric multiple confinement
(SIDMC) effects, the as-harvested halloysite@YF;:Ce®*, Tb®>* nanocomposite exhibited excellent lumines-
cent performance. Compared with YF5:Ce®* Tb>*, the luminescence intensity of halloysite@YF3:Ce3*,
Tb** nanocomposite is significantly enhanced by about 6 times under 255 nm excitation. However, the
fluorescence lifetime of halloysite@YF;:Ce>*,Tb>* nanocomposite (7.21 ms) is shorter than that of YFs:
Ce**, Th>* nanoparticles (8.34 ms). This finding indicated that halloysite can change the luminescent prop-
erties of YFs:Ce®*, Tb>* nanoparticles through an SIDMC effect. The combination of halloysite and YF5:Ce>*,
Tb3* nanoparticles not only endowed halloysite with special properties, and effectively tuned the lumi-
nescent properties of YFs:Ce®*,Tb®" nanoparticles, thereby improving the utility of halloysite and YFs:
Ce3* Tb>* nanoparticles. The research supplies an insight on the development of natural mineral-based
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luminescent materials, and hopefully it could promote them application in many fields.
© 2022 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan.

1. Introduction

Rare-earth luminescent materials have very important applica-
tion value in the fields of display and image materials [1]. Rare-
earth fluoride (YFs:Ce3* Tb3*) is a good green fluorescent material
because of its low phonon energy, high thermal stability, and good
bio-compatibility [2]. However, it also has defects, such as easy
agglomeration, low luminescent intensity, and limited resources
[3]. More importantly, it accounts for approximately 30 % of the
display cost as rare earth phosphor [4]. Therefore, preventing
agglomeration, eliminating surface effects, improving luminescent
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intensity and utilization rate, and reducing display manufacturing
costs of YF5:Ce®*, Tb** have become major subjects.

At present, methods for improving the emission intensity of
rare-earth luminescent materials mainly include modulating
matrix material (doped elements, such as Li*, Zn?*, Bi>* and Ce**)
[5-7]. However, controlling the concentration of the doping ele-
ment and target substitution position is difficult, which easily leads
to fluorescence quenching and an increase in the production cost.
Another methods for improving the emission intensity of rare-
earth fluoride is reducing fluorescence quenching by coating the
inert shell (SiO,) [8]. However, this method increases the size of
the shell. More importantly, the inert shell (SiO,) lacks chemical
activity so it cannot further increase the luminescent intensity of
rare-earth luminescent materials. In addition, the emission inten-
sity of rare-earth fluoride can be enhanced by exposing different
crystal faces and changing the electronic transition [9], and by cou-
pling with localized surface plasmon resonance (LSPR) materials,
such as noble metals (Ag/Au), oxygen-deficient metal oxides
(W/MoOs.4), and sulfides (Cu,,S) [10-12]. However, precious
metals (Au or Ag) are expensive, and the morphology and defect
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concentration of oxygen-deficient metal oxides and sulfides are
difficult to control, so it is difficult to achieve wide application [13].

Recently, some studies reported that the fluorescence quantum
yield of NaGdF,:Eu®>" nanoparticles can be improved by introduc-
ing Al,03/SiO, with dielectric confinement effect [14-15]. The
dielectric confinement effect is a phenomenon of enhanced dielec-
tric properties due to the enhancement of the surfaces and inside
local fields of the nanoparticles. However, the preparation process
of Al,05 and SiO, nanoparticles is complex, and their morphology
and sizes are difficult to control. Thus, these nanoparticles have
limited applications. Halloysite nanotube with specific surface is
a good carrier of nanoparticles. Halloysite has many excellent
properties, such as abundant reserves, low cost, high biocompati-
bility and environmentally friendliness [16], and thus it is widely
used in bio-medicine, sewage treatment and other fields [17]. Hal-
loysite is formed by dislocation and crimping of the silicon-oxygen
tetrahedron and aluminum-oxygen octahedral lattices. Their
aspect ratios are large, and their surface hydroxyl densities are
low. Therefore, as support, they effectively offset the agglomera-
tion of rare-earth fluorides nanoparticles [18]. Halloysite not only
adjusts the structures, sizes, morphology, and dispersion of
nanoparticles through its specific surface [19], but also changes
their electronic structures and band gaps through the SIDMC effect
[20].

The SIDMC effect is the general name for surface confinement,
interface confinement, and dielectric confinement effects. The sur-
face confinement effect is the effect of surface structure on the
sizes, morphology, and properties of nanoparticles [21]. The inter-
face effect refers to the response and characteristic of a nanocom-
posite material when it is subjected to physical and chemical
actions [22]. The dielectric confinement effect is the enhancement
of dielectric properties due to the enhancement of the surfaces and
inside local fields of the nanoparticles [23].

We deposited monodispersed YF5;: Ce3*, Tb3* on halloysite to
synthesize novel types of halloysite@YF5:Ce>*,Th** nanocompos-
ites (Fig. 1). A combination of halloysite and YF;:Ce**, Tb* can
not only effectively tunes the luminescent intensity of YF;:Ce®*,
Tb3* nanoparticles through the SIDMC effect, but also endows hal-
loysite with new functions. This research provides novel ideas and
new methods for improving the utilization rate of halloysite while
tuning the luminescent intensities and utilization rates of YFs:
Ce®*, Tb** nanoparticles.

2. Experimental sections
2.1. Reagents

All reagents were of analytical grade and used without further
purification. Halloysite was purchased from Xin Cheng Shen Fei
Aluminum Alloy Co., Itd. (Wenzhou, China). Ammonium fluoride
(NH4F) was purchased from Beijing Chemical Works. Y(NOs)s, Ce
(NOs); and Tb(NOs); were purchased from Science and Technology
Parent Company of Changchun Institute of Applied Chemistry.

2.2. Preparation of halloysite@YF;:Ce>*, Th>* nanocomposite

YF5:Ce3* Tb>* nanoparticles were deposited on the surface of
halloysite with a direct precipitation method. In a typical proce-
dure, 0.5 g of halloysite was dispersed in 50 mL of H,O and then
3.2 mL of Y(NO3)3, 1.2 mL of Ce(NO3)3 and 0.4 mL of Tb(NOs); solu-
tions were added. The mixture was sonicated for 10 min before the
addition of 10 mL of NH4F (0.6 mol/L) solution, and then heated to
75 °C under vigorous mechanical stirring. After 2 h, the resultant
products were washed with ethanol and deionized water and dried
for 4 h at 60 °C.

Advanced Powder Technology 33 (2022) 103775
2.3. Characterization

X-ray diffraction (XRD) patterns of the samples were measured
using an AXS D8 Advance diffractometer (Bruker, Bremen,Ger-
many) with Cu Ka radiation (A = 0.15406 nm) at 40 kV and
40 mA. Scanning electronic microscopy (SEM) images were
recorded on a Hitachi S-4800 microscope. Transmission electron
microscopy (TEM), EDS, HRTEM and SAED (FEI, Tecnai T20, Nether-
land) were carried out after dissolving all samples in ethanol and
mounted them in a copper grid. The UV/Vis light absorption perfor-
mance was analyzed by UV 3600 spectrometer. A Bruker Vertex 70
infrared spectrometer was used for FTIR analysis. The valence
states of the elements were analyzed by X-ray photoelectron spec-
troscopy (XPS) Thermo Scientific K-Al pha +. The X-ray source was
Al Ka micro-focusing monochromatic source which the beam spot
was continuously adjustable from 30 to 400 um, and the step size
was 5 um. The photoluminescence (PL) spectra, PL quantum yield
and PL lifetimes were recorded on an Edinburgh FLS1000 fluores-
cence spectrometers. The quantum yield was measured by using
BaSO, standard sample as reference. The fluorescence lifetime
was measured with 375 nm-EPL as excitation light source and
542 nm as fluorescence monitoring wavelength, and then the flu-
orescence decay data were collected and fitted at room tempera-
ture. Agilent 4294A impedance analyzer was used for dielectric
constant and dielectric loss analysis at room temperature.

3. Result and discussion
3.1. XRD, SEM and TEM analysis

The structure and composition of the halloysite@YF;:Ce** Th**
nanocomposite were determined through XRD measurements
(Fig. 2). In the XRD pattern of the nanocomposite, besides the char-
acteristic reflections (26 = 21.08°, 26.23°, 34.92°, 62.76°) of the
monoclinic phase of halloysite (JCPDS.29-1487), and the diffrac-
tion (20 = 26.23°, 28.38°, 44.90°, 46.22°, 52.23°) of the orthogonal
phase of YF5:Ce®*Tb®" (JCPDS. 05-0392), no diffraction peaks of
impurities were detected, revealing the final product as the hal-
loysite@YF;:Ce>*,Tb>* nanocomposite.

The morphological characteristics of the halloysite@YF5:Ce3",
Tb** nanocomposite were observed through SEM analysis. As
shown in Fig. 3a, ¢, halloysite had an obvious rod-like structure
and smooth surface. After YF;: Ce®*, Tb>* nanoparticles were
deposited on the surface of halloysite, they retained rod shapes
and showed slight aggregation (Fig. 3b and d). Compared with hal-
loysite, the roughness and looseness of the surface of the hal-
loysite@YF;:Ce**, Tb>* nanocomposite increased (Fig. 3d). More
importantly, isolated YFs;: Ce®",Tb®* nanoparticles were not
observed in Fig. 3d, which indicates that YF5:Ce®*, Tb>* nanoparti-
cles were fully deposited on the surface of halloysite.

The morphology of the as-prepared halloysite@YF;:Ce** Tb**
nanocomposite was characterized using transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM), as shown
in Fig. 4. The halloysite@YF;:Ce>*, Tb>* nanocomposite exhibited a
typical tubular nanostructure with an inter diameter and outer
diameter of approximately 30 and 40 nm (Fig. 4A). The HRTEM
image of the halloysite@YF;:Ce3* Tb>* nanocomposite (Fig. 4B)
clearly demonstrated that the nanoparticles bound tightly to the
surface of halloysite. Their lattice spacing values were approxi-
mately 0.313 and 0.343 nm, which corresponded to the (111)
and (020) planes of YF5:Ce3*,Tb?*, confirming that the nanoparti-
cles were YF53:Ce3",Tb* crystals. Halloysite plays an important role
in the growth of YF5:Ce3*,Tb®* nanoparticles on a halloysite surface.
In the halloysite@YF;:Ce**, Tb** nanocomposite, many nanoparti-
cles with mean sizes of 20.03 nm (n = 100) were uniformly coated
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Fig. 1. Synthesis procedure and schematic illustration of luminescence enhancement mechanism of halloysite@YF;:Ce>*, Th*>* nanocomposite.
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Fig. 2. XRD patterns of halloysite, YF3:Ce**,Tb®* and halloysite@YFs:Ce®*,Th>*
nanocomposite.

on the halloysite surface (Fig. 4A). Y>* ions were adsorbed on the
negatively-charged halloysite surface, and then nucleation and
growth of YF;:Ce** Tb3* occurred on the halloysite surface (Fig. 1).

Owing to the surface confinement of halloysite, the growth and
aggregation of YF5:Ce3*, Th>* were inhibited, thus leading to the for-
mation of uniform YF;:Ce>* Tb>* nanoparticles. In addition, no sin-
gle halloysite nor YF3:Ce®**,Tb®* nanoparticles was observed. Fig. 4C
shows the SAED patterns obtained from the halloysite@YF;:Ce>*,
Tb?* nanocomposite, and polycrystalline diffraction rings consisted
of discrete diffraction spots. The halloysite@YF;:Ce** Th>*
nanocomposite were successfully fabricated with the method used
in this work.

The composition of the halloysite@YF;:Ce**,Tb** nanocompos-
ite was determined through EDX analysis, as shown in Fig. 5 a-h.
Fig. 5b-h is the distribution map of Al Si, O, Y, F, Ce, and Tb. All
the elements were evenly distributed. TEM and EDX analysis fur-
ther confirmed the formation of the nanocomposites. The combi-
nation of halloysite and YFs;:Ce* Tb®*" nanoparticles can enhance
the luminescent intensity of YF;:Ce3* Tb®>* nanoparticles. Halloysite
performed a new function (luminescence), and the utilization rate
of halloysite was improved.
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Fig. 4. (a) TEM image and (inset) corresponding particle size distribution histogram, (b) HRTEM image, and (c) SAED pattern of halloysite@YF5:Ce**,Tb** nanocomposite.

3.2. FT-IR analysis

Fig. 6 shows the infrared spectra of halloysite, YF;:Ce3* Tb>* and
halloysite@YF;: Ce3*,Tb®*. Halloysite generated strong splitting
peaks at 3697 and 3619 cm ! in the high-frequency region, which
were attributed to the stretching vibration absorption peaks of the
inner tube wall OH of halloysite. The deformation vibration
absorption peak of H,O molecule appeared at 1637 cm™' in the
middle frequency region. In the low frequency region, the absorp-
tion peaks at 1040 cm~! were attributed to the telescopic vibration
band of the -Si-O- bond. The absorption peak at 910 cm™! and
759 cm~! came from the OH flexural vibration band and the Si-O
flexural vibration absorption. The absorption peaks at 689 and
543 cm~! were attributed to the vibration bands of Al-O-Si and
Si-O-Si, respectively[24]. In the spectrum of YFs:Ce3* Tb3*, the
H—O—H stretching vibration peak appeared in the high-
frequency region of 3300-3500 cm™ . In the intermediate fre-
quency region, the bending vibration absorption peaks of H—O—H

and the vibration absorption peaks of NO3 appeared at 1637 and
1424 cm™!, respectively[25]. In the low frequency region, the
absorption peaks at 1070 cm~! came from the absorption peaks
of C—0 (CO, absorbed on the surface of YF3:Ce* Tb3*) [25].
When YF;: Ce3*, Tb>* were coated on the surface of halloysite,
three absorption peaks appear at 3697, 3619 and 3440 cm™! in
the spectrum of halloysite@YF;: Ce**,Tb3*, because of the stretch-
ing and bending vibration absorption of ~-OH [25]. In the low fre-
quency region, the absorption peaks at 1070 and 1040 cm™!
came from the absorption peaks of C—0 (CO, absorbed on the sur-
face of YF3:Ce",Tb®") and the stretching vibration absorption peak
of the Si-O- bond [26]. Compared with the spectra of halloysite, the
flexural vibration absorption peak of Si-O at 759 cm ™! and the flex-
ural vibration peaks of Al-O-Si and Si-O-Si at 685 cm™' and
543 cm~! gradually weakened, indicating that YF;:Ce3* Tb** was
successfully coated on the surface of halloysite [26]. The H—O—H
stretching vibration peak (at 3340 cm~!) and the H—O—H bending
vibration absorption peak (at 1637 cm™!) in the spectra of
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Fig. 5. (a) TEM images of halloysite@YF3:Ce>*,Tb>* nanocomposite; (b-h) energy
dispersive X-ray (EDX) mapping of halloysite@YF;:Ce>*, Tb>* nanocomposite.

halloysite@YF;:Ce>* Tb>* nanocomposite were weaker that those in
the spectra of YF;:Ce3*, Tb®*. This result confirmed that YFs: Ce®*,
Tb3* was deposited on the surface of halloysite. When YF;:Ce3*,
Tb3* was deposited on the surface of halloysite, which reduced or
removed the partial groups on the surface of YF;:Ce3*, Tb**, the
emission intensity of YF5:Ce3*, Tb3* improved.

3.3. XPS analysis

Furthermore, the interactions at the halloysite-YF5:Ce3* Th3*
interfaces were investigated by XPS analysis. Fig. 7a shows the
XPS full spectrum of halloysite@YF;:Ce* Tb®>* nanocomposite. It
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Fig. 6. Infrared spectrum of halloysite, YF5:Ce3*, Tb®* and halloysite@YF;:Ce®* Th**
nanocomposite.

can be seen from the full spectrum that the halloysite@YF;:Ce>*,
Tb3* nanocomposite consists of Al, Si, O, Y, F, Ce, and Tb elements.
Because of the penetration depth of XPS is about 5-8 nm, which
indicates that the thickness of YF;:Ce**7Tb®* layers in hal-
loysite@YF;:Ce3*, Tb®>* nanocomposite is only a few nanometers.
The incident area of XPS is near the interface between halloysite
and YF5:Ce®",Tb3* shells, which shows that the detected results
reflect the characteristics of halloysite@YF5:Ce>*, Tb>* heterojunc-
tion interface.

Besides that, the high-resolution O 1 s, Si 2p, Al 2p, Y 3d, Ce 3d,
Tb 3d, and F 1 s XPS spectra were also collected to analyze the
bonding environments of the coated YF;:Ce>*,Tb>". The O 1 s peak
shifted from 531.78 to 534.39 eV after the YF;:Ce>*,Tb** combined
with halloysite (Fig. 7b), indicating that the oxygen-bearing groups
of the halloysite interacted strongly with YF5:Ce3", Tb3*. In addition,
the Si 2p and Al 2p binding energies also increased from 102.85
and 74.52 to 105.27 and 77.64 eV after coating YF;:Ce3* Tb>*,
respectively (Fig. 7c and d), indicating the bonding of YF;:Ce®*,
Tb3* on halloysite component.

The details of the combination of YF;:Ce3*Tb>* and halloysite
also can be found in the changes in the Y 3d, Ce 3d, Tb 3d, and F
1 s spectra. Before the combination, the Y 3d spectrum displayed
doublets centered at 159.08 eV for Y 3ds, and 161.07 eV for Y
3ds),. After the combination, the binding energies of the Y 3dsp,
increased by ~ 0.5 eV, further revealing the bonding interaction
of Y3* with HNT-OH. Before the combination, the Ce 3d spectrum
displayed doublets centered at 885.55 eV for Ce 3ds;, and
904.30 eV for Ce 3dsp,. After the combination, the binding energy
of Ce 3ds), and Ce 3d3), increased by approximately 2.1 eV, and this
was attributed to the HNT-0-Ce®* complexation between the
structural HNT-O and combined Ce3*. Before the combination,
the Tb 3d spectrum displayed doublets centered at 1242.66 eV
for Tb 3ds, and 1277.19 eV for Tb 3ds,. After the combination,
the binding energy of Ce 3ds, and Ce 3dj3, increased by approxi-
mately 3.82 and 2.59 eV respectively, and this was attributed to
the HNT-O-Tb3* complexation between the structural HNT-O
and combined Th*.

In addition, the F 1 s binding energies also increased from
684.85 to 687.81 eV after the combination (Fig. 7c and d), indicat-
ing the bonding of YF5:Ce®*, Tb>* on halloysite component. More-
over, we conducted composition analysis of the halloysite@YFs:
Ce** Tb** nanocomposite via TEM elemental mapping with Al, Si,
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0, Y, F, Ce, and Tb, further demonstrating that the YF;:Ce>* Tb>*
shell is located on the surface of the halloysite.

3.4. UV-vis and UV-vis DRS spectra analysis

Fig. 8A-C shows the UV-vis and UV-vis DRS spectra of YF5:Ce>*,
Tb>* and halloysite@YF;:Ce** Tb* nanocomposite, respectively. As
shown in Fig. 8A, the halloysite@YF;:Ce** Tb** nanocomposite
showed an obvious optical absorption in the UV-vis region (200-
600 nm), indicating that the halloysite@YF5:Ce3* Tb** nanocom-
posite possessed unique optical properties. Compared to that of
individually dispersed halloysite (4.338 ev, Fig. 8B), the absorption
edge of halloysite@YF;:Ce3* Tb>* nanocomposite has an obvious
red shift of about 100 nm, which can be attributed to the
heteroepitaxial growth of YF5:Ce>* Tb>* on the halloysite surface.
As shown in Fig. 8D, the band gaps of the halloysite@YF;:Ce®",
Tb3* nanocomposites are about 2.12 eV. Better than YF5:Ce3* Th>*
(Fig. 8B, 4.34 eV) nanoparticles and halloysite, halloysite@YFs:
Ce3* Tb®>* nanocomposites with a narrow band gap should have a
high light adsorb activity in the UV-vis region and was suitable
for light emission under different excitation wavelengths. But band
gap modification is significative, which explain that halloysite have
effect to band gap of YF;:Ce®", Tb>*. The significative change in the
band gap values can be attributed to the combined effects of
surface-interfacial defects. The results of XRD analysis showed
the low crystallinity of YF3:Ce®*,Tb®* layer in the nanocomposite.

The low crystallinity increased crystal defects. The growth of
these defects at a specific concentration would generate the defect
energy level, and defects dispersed and overlapped with the edge
of the conducting band [27]. These effects led to the narrowing
of the band gap of the YF;:Ce®**Tb>* nanoparticles on the surface
of halloysite. This result was consistent with the analysis of UV-
absorption spectrum [27]. The obvious influence of halloysite on
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the band gap of YF5:Ce3* Tb>* nanoparticles may be related to the
content of interface defects.

In the halloysite@YF;:Ce3* Tb>* nanocomposite, the increase in
interface defect concentration produced the overlap of the wave
functions in defect states, which split the separated defect energy
levels into energy bands. The width of the defect energy band is
proportional to the defect concentration [28]. The wide defect band
led to the overlapping of defect band with the conduction band,
moving the conduction band downwards and thus narrowing
down the band gap.

3.5. Urbach tail energy

To obtain evidence of increment in localized defect states and
change in the structural disorderliness of the material, we calcu-
lated Urbach tail energy by using Eq. (1), where o is absorption
coefficient, o is a constant, h is the Planck constant, v is the fre-
quency of photon and E, is the Urbach tail energy. The value was
calculated from the inverse of the slope by using the plot of In(a)
and hv and the obtained results for YFs;: Ce®*, Tb>* nanoparticles
and the halloysite@YF;:Ce>*,Tb®>" nanocomposite were 0.251 and
0.505 ev, respectively (Fig. 9).
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Fig. 9. Urbach tail energy fitting of YF;:Ce®* Th>* and halloysite@YF5:Ce®* Th>* nanocomposite.

halloysite@YF;:Ce*", Tb®>* nanocomposite had a larger Urbach
energy than YF;:Ce3*,Tb®* nanoparticles, implying the larger den-
sity of defect states, that is, surface, interface, interstitial, or any
kinds of defects. Therefore, according to the Urbach energy values,
halloysite can act as a good carrier for YF5:Ce>*, Tb>* nanoparticles,
and the emission intensity of YF5;:Ce3", Tb3* nanoparticles can be
enhanced.

3.6. Dielectric properties

Dielectric constant and dielectric loss are two important indica-
tors for evaluating the dielectric properties of materials. In a lumi-
nescent nanocomposite, the dielectric confinement effect plays a
vital role in the regulation of its luminescence performance [20].
According to the literature [29], the dielectric constant of halloysite
is lower than 2.90, and the dielectric loss is lower than 0.005. As
shown in Fig. 10A, B, the dielectric constant of YF;: Ce*, Th®*
nanoparticles was lower than 60.00, and the dielectric loss was
lower than 4.00. Moreover, as frequency decreased, its dielectric
constant and dielectric loss gradually weakened. As shown in
Fig. 10A, B, the dielectric constant and dielectric loss of the hal-
loysite@YF;:Ce** Th** nanocomposite improved to a certain extent.
The main reason was that the interface polarization effect occurred
at the interface of halloysite and YFs: Ce3*, Tb®*, which increased
the accumulation of electrons at the interface. As the frequency
increased, the dielectric constant and dielectric loss factor gradu-
ally decreased. The above results showed that halloysite combined
with YF;:Ce3*, Th®** nanoparticles, and a strong dielectric confine-
ment effect was produced at their interface and enhanced the
emission intensity of the halloysite@YF;:Ce>*, Tb®** nanocomposite.

3.7. Luminescent properties

To investigate the luminescence properties of the nanoparticles,
we recorded the photoluminescence (PL) spectra at room temper-
ature, Fig. 10. In the excitation spectra (Fig. 10C) monitored with
542 nm emission of Tb3*, the strong excitation band at 255 nm
can be assigned to the absorption of 4f-4f5d band of Ce>*. In the
emission spectra (Fig. 10D) obtained by the excitation at 255 nm,
the weak emission peaks centered at 379 nm are assigned to the
5d-4f transition of the Ce®" ijon [30,31], and the characteristic
strong transition lines of Tb** (°D,-"F;, ] = 6, 5, 4, 3) can be observed.
It can be seen that the dominant emission is centered at 542 nm
due to the °D,-Fs transition. It figures out that energy has been
effectively transferred from Ce®* to Tb>* in the YF5:Ce**, Tb3* and
halloysite@YF5:Ce3*, Tb®** nanocomposites. Additionally, as shown
in Fig. 10D, the intensity of both excitation and emission spectra

of halloysite@YF;:Ce3" Tb>* increases comparing with YFs:Ce®*,
Tb3*. And the quantum yield of YF;:Ce**,Tb®>* and halloysite@YFs:
Ce3* Tb*" was also measured, which was 8.53 % and 91.70 %,
respectively. This further proves that the luminescence intensity
of YF5:Ce®* Tb>" is enhanced by halloysite.

Fig. 11 show the decay curves of the prepared YF5:Ce*", Tb>" and
halloysite@ YF;:Ce3*,Tb®>* nanocomposite. The fluorescence decay
curves of YF3:Ce®*, Tb>" and halloysite@YF;:Ce>*,Tb®>" nanocompos-
ite conform to the dual-exponential decay behavior, and the dual-
exponential function is adopted:

I(t) = oy ™) 4 gpel~t/72) (1)

Where I is the fluorescence intensity, t; and 7, are the fast pro-
cess and slow process of fluorescence decay, «; and o, are the fit-
ting index of the two processes. Its average fluorescence lifetime
(t) is calculated by formula (2):

T= (00T + 02T3) /(01 T1 + 02 T2) (2)

Based on the formula (2), the fluorescence lifetime of YF5: Ce®*,
Tb3* and halloysite@YF;:Ce®*, Tb®>* nanoparticles is 8.34 ms and
7.21 ms, separately. It can be seen from Fig. 9 that the fluorescence
lifetime of the halloysite@YF;:Ce®*, Tb>* nanoparticles is shorter
than that of YF;:Ce3*,Tb>* nanoparticles. Combined with the above
fluorescence spectral analysis, it can be seen that the quantum
yield is accompanied by the weakening of the fluorescence
lifetime.

T = (K + Knr) ! (3)
¢=KtT (4)

where T is the fluorescence lifetime, Kt is the radiation attenu-
ation probability, Knr is the non-radiation attenuation probability,
¢ is the quantum yield.

The experimental results show that the fluorescence lifetime
becomes shorter with the enhancement of fluorescence intensity.
It can be approximated that the fluorescence lifetime becomes
shorter with the increase of quantum yield. According to formula
(4), the radiation transition attenuation Kt is significantly
increased, and the non-radiation attenuation Knr represents con-
sumption in the form of heat, which is neglected. The value derived
from formula (3) is weakened and is consistent with the experi-
mental results.

The above analysis results indicated the reason for the stronger
emission intensity of halloysite@YF;:Ce3* Tb** nanocomposite as
compared with YFs;:Ce*, Tb®" nanoparticles (Fig. 1). First, the
YF5:Ce3* Tb®" nanoparticles coated on the surface of halloysite,
which weakened or reduced the surface lattice distortion, dangling
bonds, surface adsorption and surface defects, eliminated the neg-
ative effects of the surface on the luminescence properties of YFs:
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Fig. 11. Fluorescent decay curves of 5D4 — 7F5 (552 nm) for Th**

Ce*" Tb3* nanoparticles. Moreover, it eliminated the interference of
the external environment to the rare earth ions (Ce3*, Tb>"),
thereby enhancing the emission intensity of the YF;:Ce*'Tb3*
nanoparticles. Second, the surface-interface and the effect of
dielectric confinement field between halloysite and YF5: Ce3* Tb**
nanoparticles reduced the particle size of YF3:Ce**,Tb®*" nanoparti-
cles, improved their dispersibility, and reduced the band gap and
radiation recombination probability. Third, the dielectric confine-
ment effect enhanced the surface and internal local field strength
of the crystals, thereby enhancing the luminescence intensity of
the YF;:Ce*,Tb** nanoparticles. Owing to the micro-interference
effect of the crystal field in the solid material system, only the rare

earth ions doped in the matrix lattice were excited to produce radi-
ation transitions. The rare earth ions exposed on the surface of the
matrix material or close to the surface of the matrix material were
difficult to be excite because the boundary of the gas-solid inter-
face was hardly disturbed by the degraded crystal field on the sur-
face of the matrix [31]. Under the synergy of the degraded crystal
field and coordination field on the surface of the matrix, the rare
earth ions near the surface of the matrix were excited by the com-
bination of halloysite and YF5:Ce3* Tb>* nanoparticles. Compared
with the method of enhancing the luminescent intensity of rare
earth luminescent materials through the core-shell structure strat-
egy, the method of introducing halloysite (SIDMC effects) in this
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paper is more suitable for preparing novel rare earth luminescent
materials that have low costs, can be easily prepared, can be pre-
pared through batch production, and have excellent properties.
Emission wavelength and intensity can be adjusted by changing
the excitation wavelength.

4. Conclusions

A new type of halloysite@YF;:Ce3* Tb>* nanocomposite was
successfully synthesized with the direct precipitation method.
The combination of halloysite and YF;:Ce**,Tb>* nanoparticles not
only endowed halloysite with new functions but also improved
the luminescence properties of YF3:Ce>*Tb*" nanoparticles
through SIDMC effect because of the heteroepitaxial growth of
YF;:Ce*", Tb®* nanoparticles on the surface of halloysite. Moreover,
the combination of halloysite and YF;:Ce**Tb3* nanoparticles
increases the concentration of excitable Ce3**and Tb3* ions and
reduce the surface defects of YF5:Ce3* Tb>* nanoparticles. The pre-
pared novel halloysite@YF;:Ce3* Tb3* Nanocompos-
ite have broad application prospects in various fields, such as
lighting lamps and displays, and can be used in visualizing orally
administered drug delivery carriers. The synthesis strategy has
the following merits: high output, a simple reaction device, and
mild conditions. This strategy can be used in synthesizing other
natural mineral-based luminescent nanocomposites and provides
an experimental basis for the development of novel low-cost lumi-
nescent materials.
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