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Owning to exceptional optical and physicochemical properties, lanthanide-doped inorganic dual-mode
luminescence materials are regarded as promising platform for multifunctional applications. Herein, a facile
hydrothermal method is used to integrate Ce3+ and Nd3+ ions co-doped NaLuF4 phosphors, achieving dualmode with ultraviolet (UV) and the second near-infrared (NIR-II) luminescence from single particles under
two excitation sources. Higher NaF/LnCl3 ratio can not only promote the crystal phase transformation from
cubic to hexagonal and the shape evolution from nanoparticles to microprisms, but also promote the UV
and NIR-II luminescence properties of NaLuF4:Ce3+, Nd3+ phosphors. Upon irradiation with X-ray, Ce3+ and
Nd3+ ions co-doped NaLuF4 phosphors exhibit strong broad band UV emission due to 5d 4f transition
emission of Ce3+. Under 808 nm NIR excitation, the phosphors give NIR-II emission with two peaks at
around 1060 nm and 1340 nm, which are attributed to the 4F3/2 4I11/2 and 4F3/2 4I13/2 electron transitions
of Nd3+ ions respectively. Furthermore, the possible emission and energy transfer mechanism between Ce3+
and Nd3+ under the excitation of X-ray and 808 nm laser are discussed in details. The above results not only
pave the way for future research of dual-mode luminescent materials, but also endow such materials with
potential bio-applications for deep tissue bioimaging and therapy.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
In recent years, the dual-mode luminescence multifunctional
materials have attracted tremendous attention due to their potential
applications in various fields such as anti-counterfeiting, displaying,
solid state laser, solar cells, biomedicines and light emitting diodes
(LED) [1–4]. The dual-mode luminescence host materials include
phosphates, vanadates, borates, and fluorides. For example, some
groups studied the dual-mode luminescence of the Yb3+ and Tb3+
ions co-doped YPO4 nanocrystals [5] and YBO3 materials [6], the
Yb3+ and Ho3+ ions co-doped YVO4 nanoparticles [7] and the dual-
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mode emission of NaGdF4:Yb/Tm@NaGdF4:Ce/Tb nanoarchitecture
[8]. Among them, rare earth fluorides (NaLnF4) with low phonon
energy, high chemical stabilities and high refractive index are con
sidered as excellent down-conversion (DC) and up-conversion (UC)
luminescence host materials for lanthanide ions due to their large
Stokes shifts, sharp emission peaks, widely tunable emission colors,
high photostability and low toxicity [9]. According to previous lit
erature reports, NaLuF4 have been known as one of the most ex
cellent host materials due to a unique electronic state at the top of
the valence band and a smaller unit-cell volume [10–12]. Further
more, Lu based host (NaLuF4) has large X-ray absorption coefficients,
K-edge values and the largest atomic number, making it ideal con
trast agent for X-ray computed tomography imaging [13].
It is well known that the emission of lanthanide-doped materials
originates primarily from the electronic transitions within the un
ique 4fN configurations (N=0–14) of trivalent lanthanide ions (Ln3+)
[14,15]. Different lanthanide dopants produce different emission
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Ce3+ and Nd3+ ions, with special emphasis on the dual-mode lumi
nescence properties of the obtained system. In this work, Ce3+ and
Nd3+ ions co-doped NaLuF4 phosphors were prepared by hydro
thermal method. The effects of NaF/LnCl3 ratio on the phase com
positions, morphologies, size and luminescence properties of
NaLuF4:Ce3+, Nd3+ crystals were investigated in detail. Selecting Ce3+
and Nd3+ as activators can simultaneously show UV and NIR-II
emission under X-ray and 808 nm laser excitation. Corresponding
energy transfer mechanism under different excitation sources was
also proposed. These single-particle phosphors with dual-mode
emission would have potential applications in many fields such as
deep tissue bioimaging and therapy.

patterns under irradiation sources. Through judicious selection of
lanthanide ions embedded in an appropriate inorganic host lattice,
the luminescent properties, such as emission color from ultraviolet,
visible to NIR and luminescent intensity, can be accurately controlled
due to the rich energy levels of Ln3+. As they can be tuned from the
UV to the NIR region, lanthanide-doped luminescence materials
have attracted great research for potential bioapplications including
bioimaging, detection, as well as disease diagnosis and
therapy [16–19].
Recently, the trivalent Ln3+ ions such as Ce3+, and Nd3+ with
unique properties are widely concerned by the researches. For in
stance, Ce3+ ions serve not only as the great sensitizer to enhance
the emission intensity Ln3+ ions, but also as an excellent lumi
nescent center to show a broad UV emission band due to its 5d to 4f
transition emission [20,21]. Ultraviolet radiation spans the range of
wavelengths between 200 and 400 nm and can be divided into
three groups: ultraviolet C (UVC, 200–280 nm), ultraviolet B (UVB,
280–320 nm), ultraviolet A (UVA, 320–400 nm). Many researches
have confirmed that UV photons are able to inactivate cells due to
their direct interaction with DNA, causing a variety of forms of
damage, and have been extensively used in medical applications
such as sterilization and disinfection, treatment of psoriasis, pho
todynamic therapy [22–24]. However, commonly used UV lamps or
lasers have major drawbacks, such as severe phototoxicity and
significantly limited tissue penetrability. Owing to the excellent
penetration ability, X-rays hold the potential to become an ideal
energy source to excite the luminescence centers and are widely
used in clinical cancer diagnosis and therapy in deep tissue without
considering the energy loss [25]. Thus, an in-situ generation of UV
light utilizing particles with a low-energy X-ray excitation is quite
desirable. Ce doped phosphors are able to convert X-ray energy
into UV photons, thus achieving deep penetration into tissue. For
example, Clement et al. reported the CeF3 nanoparticles conjugated
with the photosensitizer verteporfin through electrostatic inter
action. Upon 8 keV X-ray radiation, CeF3 emits UV light, which in
turn, excited verteporfin and leaded to singlet oxygen generation,
which enhanced cell killing and supplements the ionizing radiation
and photodynamic treatments of cancer [26]. Zhang et al. reported
the downconverted UV fluorescence from Ce-doped LiYF4 na
noscintillator under X-ray induced irradiation enabled the gen
eration of electron–hole pairs in ZnO nanoparticles and the
formation of biotoxic hydroxyl radicals, achieving synchronous
radiotherapy and ionizing-radiation-induced deep PDT [27]. Du
et al. reported that Ce-doped LiLuF4 not only can act as radio
sensitizers for enhancing the yield of ROS including O2−• under Xray irradiation, but also could convert X-ray into UV light to acti
vate the photoactive RBS to release NO for effective theranostic
agents in cancer radiotherapy [28]. Besides, Nd3+ is particularly
interesting among Ln3+ ions for bioimaging due to its excitation
light of 808 nm and intrinsic NIR emissive luminescent properties
[29]. First of all, it can be efficiently excited with 808 nm radiation,
which lies in the first biological window and has been also de
monstrated to be a non-heating, non-damaging wavelength in
biological applications that can be produced by cost- effective laser
diode. Moreover, Nd3+ ions present down conversion NIR-II emis
sion bands (at around 1060 and 1340 nm), all lie in the second
biological windows, which exhibit enhanced deep-tissue imaging
capability using an infrared camera. Up to now, there are some
groups that have synthesized the Ce3+ ions doped NaLuF4 and Nd3+
ions doped NaLuF4 [30–32]. However, as far as we all know, the
dual mode luminescence behavior of Ce3+, Nd3+ ions co-doped
NaLuF4 phosphors have not been investigated. With the combined
favorable properties that arise from lanthanide doping, multi
functional materials for various bio-applications may be achieved.
The main goal of the current paper is the evaluation of the
physico-chemical properties of NaLuF4 phosphors activated with

2. Experiment section
2.1. Chemicals and materials
Lutetium chloride hexahydrate (LuCl3·6H2O, 99.99%), neody
mium chloride hexahydrate (NdCl3·6H2O, 99.9%), and cerium
chloride hexahydrate (CeCl3·6H2O, 99.99%) were purchased from
Aladdin (Shanghai, China). Oleic acid (OA), NaOH, NaF (98%) and
ethanol were supplied from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All the chemicals were of analytical grade and
used without further purification.
2.2. Preparation of OA-coated NaLuF4: Ce3+, Nd3+ samples
OA-coated NaLuF4:xCe3+, yNd3+ (x=0‐0.07, y=0‐0.05)(x=0–0.07,
y=0–0.05) samples were synthesized via hydrothermal method
using oleic acid as a stabilizing agent. In a typical procedure, 10 mL of
ethanol was added to 3 mL of an aqueous solution containing 0.6 g of
NaOH under stirring to form a homogeneous solution. Then, 14 mL of
oleic acid was added to the above solution to yield a viscous solution.
After vigorously stirred for 20 min, 1 mmol RECl3 (RE=Lu, Ce, and Nd
with at designed molar ratios) was added into the above solution
and kept vigorous stirring. After agitating for 30 min, 4 mL (4 mmol)
of aqueous NaF solutions (1.0 M) were added. The mixed solution
was agitated for 30 min, then transferred into a 50 mL stainless
Teflon-lined autoclave, sealed and heated at 200 ℃ for 24 h. After
reaction, the system was cooled naturally to room temperature and
the products were deposited at the bottom of the container. The asprepared samples were separated by centrifugation, washed several
times with ethanol and dried at 60 ℃ for 12 h. Different NaF contents
(2, 3, 3.5, 5 mmol) were employed to study the effects on the phase
structure, morphology, and particle size of the NaLuF4:Ce3+, Nd3+
samples by similar procedure as described above.

2.3. Characterization
The crystal structure of the samples was measured using X-ray
diffraction (PANalytical, Netherlands) at 40 kV and 40 mA with Cu Kα
radiation (λ=1.5406 Å) and the date were collected in the 2θ range
from 10° to 80°. The morphology and elemental mapping of the
NaLuF4:Ce3+, Nd3+ samples were measured by transmission electron
microscopy scanning (TEM, JEOL, JEM-2100, Japan) and electron
microscopy (SEM, S-4800, Hitachi, Japan) equipped with energydispersive X-ray spectrometer (EDS) detection function. The NIR
fluorescence spectrum was measured by using the FLS920 fluores
cence spectrometer (Edinburgh, UK), equipped with an external
808 nm diode laser (500 mW power) as the excitation source at
room temperature. And the X-ray excited radioluminescence spectra
were recorded using fiber optic cables connected to the FLS920
fluorescence spectrometer. An X-ray tube operated at 50 kV and
80 μA has been used for the X-ray excitation.
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3. Results and discussion

4:1(Fig. 2d), short hexagonal phase microprisms with average size of
1.64 µm in diameter and 0.67 µm in thickness are achieved. Further
increasing the NaF/LnCl3 ratio to 5:1, the as prepared samples pre
sent long hexagonal microprisms with average size of 1.44 µm in
diameter and 1.97 µm in thickness further growing along the axial
direction in Fig. 2(e). These results are in good agreement with the
XRD results. These elementary results indicated that the NaF content
has a great effect on the morphology and size of the as synthesized
crystals. To confirm the elemental composition, energy dispersive Xray spectra (EDS), and elemental mapping were performed. EDS
analysis illustrated in Fig. 2(f) verified the element composition of
Na, F, Lu, Ce, and Nd, indicating the Ce and Nd were successfully
doped into the host matrix. In addition, EDS elemental mapping
results further revealed that the elements including Na, F, Lu, Ce, and
Nd were evenly distributed over the particles, as presented in
Fig. 2(g)–(l).

3.1. Crystal structure of NaLuF4:Ce3+, Nd3+
The crystal structure of NaLuF4 has two forms of the cubic (α-)
and the hexagonal (β-) phase. α-NaLuF4 nanocrystals and β-NaLuF4
microcrystals can be obtained by simply adding different NaF con
tents into the initial solution. The XRD patterns of NaLuF4:Ce3+, Nd3+
crystals with different molar ratios of NaF/LnCl3 at 200 ℃ for 24 h are
shown in Fig. 1(a). The sample exhibits pure cubic phase (JCPDS No.
27-0725) when the NaF/LnCl3 ratio is below 3:1. when the molar
ratio of NaF/LnCl3 is fixed at 3.5:1, β-NaLuF4 phase emerges in ad
dition to the α-NaLuF4 phase, indicating that the sample partially
transforms from cubic to hexagonal phase. With the NaF/LnCl3 ratio
further increases to 4:1 and 5:1, pure hexagonal phase NaLuF4:Ce3+/
Nd3+ crystals are obtained. In addition, as the NaF/LnCl3 ratio is
enhanced to 5:1, small amounts of NaF were found in the XRD
patterns of the samples. The results indicate that larger NaF/LnCl3
ratio is benefit for the formation of hexagonal phase NaLuF4. The
XRD patterns of the hexagonal phase NaLuF4:Ce3+, Nd3+ (NaF/
LnCl3=4:1) with different Ce3+, Nd3+ concentrations are shown in
Fig. 1(b). All the diffraction peaks are in good agreement with re
ference data of hexagonal NaLuF4 (JCPDS No. 27-0726). Notably, no
other diffraction peaks are detected, indicating the formation of the
pure hexagonal phase crystals. In addition, it is noticed that the
diffraction peaks exhibit a slight shift towards a lower angle with
respect to those of NaLuF4 in the JCPDS card due to the substitution
by Ce3+ and Nd3+ with larger ionic radius than that of Lu3+ in the host
lattice, which indicates that Ce3+ and Nd3+ ions are incorporated in
the lattice by substituting the Lu3+ sites.
To further verify the phase and detailed structure, the as-pre
pared NaLuF4:0.05Ce3+, 0.02Nd3+ particles with different molar ra
tios of NaF/LnCl3 were characterized by TEM and SEM. Fig. 2(a) and
(b) show the TEM images of α-NaLuF4:0.05Ce3+, 0.02Nd3+ crystals
prepared with the NaF/LnCl3 ratio of 2:1 and 3:1, which are spherelike structure with an average size of about 20 nm. With the NaF/
LnCl3 ratio increases to 3.5:1, the corresponding TEM image (Fig. 2c)
exhibits two distinct particle morphologies including small nano
particles and larger microprisms. As the NaF/LnCl3 ratio increases to

3.2. Luminescence properties of α-NaLuF4 and β-NaLuF4 crystals
We selected α-NaLuF4:0.05Ce3+, 0.02Nd3+ nanoparticles prepared
at NaF/LnCl3=3:1 and β-NaLuF4:0.05Ce3+, 0.02Nd3+ microprisms
prepared at NaF/LnCl3=4:1 to investigate the luminescence proper
ties of α-NaLuF4 and β-NaLuF4 crystals. X-ray excited luminescence
spectra and the NIR-II emission spectra of NaLuF4:0.05Ce3+, 0.02Nd3+
crystals with different molar ratios of NaF/LnCl3 are presented in
Fig. 3. We can see from spectral analysis that the UV and NIR-II lu
minescence intensities of β-NaLuF4:0.05Ce3+, 0.02Nd3+ microprisms
were much stronger than that of α-NaLuF4:0.05Ce3+, 0.02Nd3+ na
noparticles. As the physical dimension of the particles is reduced,
high surface tension triggers phase transformation from hexagonal
to cubic, resulting in a significant decrease of luminescence. It is
known that the luminescence efficiency of hexagonal NaLnF4 crys
tals is much higher than that of the cubic phase [33]. Therefore, it is
very important to study the effect of the hexagonal phase structure
on the luminescence properties of rare earth doped NaLuF4 crystals.
3.3. UV luminescence properties of NaLuF4:Ce3+, Nd3+ Microprisms
The X-ray excited luminescence spectra of pure NaLuF4 and
NaLuF4:0.05Ce3+ phosphors (Fig. 4a) and NaLuF4: 0.02Nd3+, xCe3+ (x=0,

Fig. 1. The XRD diffraction patterns of (a) NaLuF4:Nd3+, Ce3+ crystals synthesized with different molar ratios of NaF/LnCl3, and (b) NaLuF4:xCe3+, yNd3+ samples prepared at NaF/
LnCl3=4:1. The peak marked by asterisk (*) arises from excessive cubic NaF.
3
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Fig. 2. TEM images of NaLuF4:Nd3+, Ce3+ samples with molar ratio of NaF/LnCl3 = (a) 2:1; (b) 3:1; (c) 3.5:1. SEM images of NaLuF4:Nd3+, Ce3+ samples with molar ratio of NaF/LnCl3 = (d)
4:1; (e) 5:1. (f) EDS pattern of the β-NaLuF4:0.05Ce3+, 0.02Nd3+ prepared at NaF/LnCl3 = 4:1. SEM image of (g) the β-NaLuF4:0.05Ce3+, 0.02Nd3+, and the corresponding elemental mapping
images for (h) Na, (i) F, (j) Lu, (k) Ce and (l) Nd.

Fig. 4. X-ray excited luminescence spectra of (a) NaLuF4 undoped and doped Ce3+;
and (b) NaLuF4:0.02 Nd3+, x Ce3+ samples with x=0, 0.01, 0.03, 0. 05, and 0.07 after
excitation with an X-ray source at ~80 kV and 5 μA; Insets are the strongest emission
intensity of Ce3+ in the as-synthesized samples as a function of Ce3+ions concentration
upon X-ray excitation. All the samples were prepared at NaF/LnCl3= 4:1.

Fig. 3. X-ray excited luminescence spectra and the NIR-II emission spectra of
NaLuF4:0.05 Ce3+, 0.02 Nd3+ crystals with molar ratio of NaF/LnCl3=3:1 and 4:1 after
excitation with an X-ray source at ~80 kV and 5 μA and the excitation of 808 nm laser
(500 mW power).

0.01, 0.03, 0.05 and 0.07) (Fig. 4b) were examined at room temperature.
Under X-ray irradiation, the pure host of NaLuF4 didn’t show any ob
vious emission, while the Ce doped phosphor exhibited an intense
broad emission band in the range of 250–350 nm peaking at about
298 nm, predominantly in the high-energy UVB spectral region. The
dominant UV emission portion is attributed to the 5d 4f transition of
Ce3+. Considering that the X-ray mass absorption coefficient of lutetium

is high, it could absorb energy from the X-ray and transfer to the lu
minescent center more efficiently. The luminescent measurements
demonstrated that pure NaLuF4 is an effective host to transfer the high
energy of X-ray to Ce3+ ions as the luminescence centers, but can’t act
as a scintillator by its intrinsic transition. Furthermore, we investigated
the relationship between the amount of Ce3+ doping and the
UV luminescence intensities to determine the optimal doping
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Fig. 5. X-ray excited luminescence spectra of (a) Ce3+ doped, Nd3+ doped and Ce3+Nd3+ co-doped NaLuF4; and (b)NaLuF4:0.05 Ce3+, yNd3+samples with y = 0.01, 0.02,
0.03, and 0.05 after excitation with an X-ray source at ~80 kV and 5 μA; Insets are the
strongest emission intensity of Ce3+ as a function of Nd3+ ions concentration upon Xray excitation. All the samples were prepared at NaF/LnCl3=4:1.

Fig. 6. The NIR-II emission spectra of (a) NaLuF4 undoped and doped Nd3+, and (b)
NaLuF4:0.05Ce3+, yNd3+ samples with y=0, 0.01, 0.02, 0.03, and 0.05 under the ex
citation of 808 nm laser (500 mW power) at room temperature; Insets are the
emission intensities of Nd3+ (1060 nm) in the as-synthesized samples as a function of
Nd3+ ions concentration upon 808 nm laser irradiation. All the samples were prepared
at NaF/LnCl3 = 4:1.

concentrations. With increasing Ce3+ doping concentration, the UV
luminescence intensities increased gradually and then reached to the
maximum at x = 0.05 and then decreased because of concentration
quenching effect, which could be ascribed to the cross relaxation be
tween neighboring Ce3+ ions, as shown in the inset of Fig. 4(b)..
Fig. 5(a) illustrates the emission spectra of the NaLuF4:0.02Nd3+,
NaLuF4:0.05Ce3+ and NaLuF4:0.05Ce3+, 0.02Nd3+ products under X-ray
excitation. The emission spectrum of the Nd3+ single doped samples
exhibited some weak emission peaks at around 350 nm, 380 nm,
410 nm, and 450 nm corresponding to the 4 D3/2 4IJ transitions of Nd3+
ions under the X-rays excitation [20,34]. With Ce3+ and Nd3+ codoping, the UV emission band from 5d 4f was detected in the UV
spectral regions, while the small emission peaks of Nd3+ ions were not
observed. Besides, we can also find that the main emission intensity (4
D3/2 4IJ) of Nd3+ ions gradually decreases with an increase in the
amount of Ce3+ ions and is almost undetectable finally when the Ce3+
concentration is higher than 0.05 (see Fig. 4b). A possible explanation
for this phenomenon is that Nd3+ ions and Ce3+ ions in the doubledoped system are competitive in absorbing the high X-ray energy to
yield the emission of numerous lower energy photons. Compared with
Ce3+ ions, Nd3+ ions have relatively weak absorption of excitation
energy. The X-ray energy absorbed by the NaLuF4:Ce3+, Nd3+ samples is
transferred to Ce3+ ions rather than Nd3+ ions, so Nd3+ ions cannot get
more energy, which leads to its luminescence attenuation. And ad
ditionally, the UV emission intensity of Ce3+ and Nd3+ ions co-doped
NaLuF4 was significantly weaker than that of Ce3+ single doped NaLuF4
shown in the Fig. 5(a). The above phenomenon evidently demon
strated that the introduction of Nd3+ ions effects the UV emission of
Ce3+ ions. To further reveal the effect of Nd3+ ions content on the UV
emission, we investigated the emission spectra of Ce3+ and Nd3+ ions
co-doped NaLuF4 phosphors by fixing the doped concentration of Ce3+
ions at 0.05 and changing the doped concentrations of Nd3+ ions from
0.01 to 0.05. From the inset in Fig. 5(b), it is clearly seen that emission
intensities of Ce3+ ions are sensitive to the presence of Nd3+ co-do
pants. The UV emission intensity of Ce3+ was gradually decreasing
with increasing Nd3+ concentrations which may be induced by the
concentration quenching effect. It is found that the distances among
lanthanide ions will change with lanthanide ions doping in host ma
terials [35]. Therefore, when increasing the concentration of Nd3+ ions,
the distances between the Ce3+-Ce3+ ions become shorter, resulting in
stronger interactions and cross relaxation between Ce3+ ions. Finally,
the UV luminescence emission intensity becomes weaker. Upon X-ray
irradiation, Ce3+ and Nd3+ ions co-doped NaLuF4 phosphors can con
vert X-ray photons to UV light that matches well with the absorption
band of a range of photosensitizers, such as titanium dioxide (TiO2)
[24,36] and ZnO nanoparticles [27,37], which enables them to be po
tentially applied in deep-seated photodynamic therapy.

3.4. NIR-II luminescence properties of NaLuF4: Ce3+, Nd3+ Microprisms
Fig. 6(a) exhibits the emission spectra of pure NaLuF4 and
NaLuF4: Nd3+ phosphors at room temperature. Under excited at
808 nm diode laser (500 mW cm−2), the pure host of NaLuF4 didn’t
show any obvious emission, while the Nd doped phosphors ex
hibited two main NIR-II emission bands located at around 1060 and
1340 nm, which were attributed to the 4F3/2–4I11/2 and 4F3/2–4I13/2
electron transitions of Nd3+ ions respectively. The results also in
dicated that pure NaLuF4 could be an effective host to transfer the
energy to Nd3+ ions as the luminescence centers. In order to select
the optimum Nd3+ doping concentration in NIR-II luminescence, the
emission properties of the as-prepared NaLuF4:0.05Ce3+, Nd3+ sam
ples with different Nd3+ concentrations were investigated under the
same experimental conditions. As shown in Fig. 6(b), following the
increase of Nd3+ concentration from 0.01 to 0.02, the intensity of
NIR-II emission increased. However, after reaching the maximum
emission intensity at y=0.02 (inset in Fig. 6b), it gradually decreased
with higher Nd3+ concentrations. The enhancement of NIR-II emis
sion intensity induced by Nd3+ doping is mainly attributed to the
efficient energy transfer between the decreased distances of the
adjacent Nd3+, while the decrease of emission intensity at high
doping level may be ascribed to the severe cross relaxation among
neighboring Nd3+ ions.
Fig. 7(a) illustrates the NIR-II emission spectra of the Na
LuF4:0.02Nd3+, NaLuF4:0.05Ce3+ and NaLuF4:0.05Ce3+, 0.02Nd3+ samples
under the irradiation of 808 nm laser. The Ce3+ single doped samples
didn’t display any obvious emission spectrum in the near infrared region.

Fig. 7. The NIR-II emission spectra of (a) Ce3+ doped, Nd3+ doped and Ce3+-Nd3+ codoped NaLuF4, and (b) NaLuF4:0.02Nd3+, xCe3+ samples with x=0.01, 0.03, 0.05, and
0.07 under the excitation of 808 nm laser (500 mW power) at room temperature;
Insets are the 1060 nm emission intensity of Nd3+ as a function of Ce3+ ions con
centration upon 808 nm laser irradiation. All the samples were prepared at NaF/
LnCl3=4:1.
5
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Fig. 8. Schematic energy-level diagram of Nd3+ and Ce3+ in NaLuF4 as well as the UV and NIR-II emission mechanisms under the excitation of X-ray and 808 nm laser.

With Ce3+ and Nd3+ co-doping NaLuF4 phosphors, the NIR-II emission
intensity was slightly higher than that of the single doped Nd3+ ions. To
reveal the effect of Ce3+ content on the NIR-II emission, NIR emission
properties of the NaLuF4:Ce3+, 0.02Nd3+ samples doped with different
concentrations of Ce3+ (0.01, 0.03, 0.05, 0.07) were further studied under
the excitation of 808 nm laser, as demonstrated in Fig. 7(b). Obviously,
with the increase of Ce3+ concentrations and fixed Nd3+ concentration,
the intensities of NIR-II emission at 1060 nm have changed little.
Therefore, all the results confirmed that the introducing of Ce3+ dopants
has little effect on the NIR-II luminescence of Nd3+. These observations
imply that there is no energy transfer between Ce3+ ions and Nd3+ ions
under the 808 nm laser excitation.
Since the excitation of 808 nm lies in the first biological window
(700–1000 nm) and the strongest emission wavelength at 1060 nm
belongs to the second biological window (II-BW) (1000–1400 nm),
NaLuF4:Ce3+, Nd3+ samples have great potential as an optical imaging
agent for deep tissue imaging with deeper light penetration and high
contrast imaging.

and 1340 nm, respectively. Energy transfer seems to work from Ce3+
to Nd3+ ion under different excitation conditions.
4. Conclusions
In summary, Ce3+ and Nd3+ ions co-doped NaLuF4 phosphors
have been successfully synthesized through a simple hydrothermal
method in order to achieve efficient and dual-mode emissions at
single-particle levels under different excitation conditions. It is
found that with the larger NaF/LnCl3 ratio, the phase of NaLuF4:Ce3+,
Nd3+ transforms from cubic to hexagonal, and the morphology
changes from nanoparticles to microprisms, which results in the
sharp increase of UV and NIR-II emission intensity. Excitation by Xray, which corresponds to the 4 f→5d transition in Ce3+ ions, causes
all the Ce3+-Nd3+ co-doped NaLuF4 samples to show a broad UV
emission due to the 5d→4 f transition of Ce3+ ions. On the other
hand, excitation at 808 nm laser, which corresponds to the 4I9/2 to
4
F5/2 transition in Nd3+ ions, causes all the Ce3+-Nd3+ co-doped
NaLuF4 samples to generate NIR-II emissions due to the 4F3/2 → 4I11/2
and 4F3/2 → 4I13/2 electron transitions of Nd3+ ions. Furthermore, the
energy transfer mechanism between Ce3+ and Nd3+ ions is proposed.
As a result, by adjusting the dopant content of Ce3+ and Nd3+ ions in
the host lattice, efficient dual-mode luminescence can be achieved
in the co-doped NaLuF4 microprisms through the dual-mode ex
citation strategy, which could provide potential insight for highly
promising multifunctional applications such as deep tissue bioima
ging and photodynamic therapy.

3.5. Energy transfer mechanism
Based on all these observations, we propose a plausible me
chanism for the UV and NIR-II luminescence of Ce3+-Nd3+ co-doped
NaLuF4 under different excitation source, as schematized in Fig. 8.
Upon X-ray irradiation, the absorption of an X-ray photon yields an
energetic, ionized free electron. This hot electron collides with
atoms in the material, and it triggers the cascading production of
additional ionized electrons. Lower-energy collisions may cause the
excitation of valence band electrons into the conduction band,
leading to the formation of many electron–hole pairs. The ther
malized electrons and created holes are subsequently captured by
Nd3+ and Ce3+ ions, respectively. Via relaxation process such as
radiative pathway or heat dissipation, the excitation energy can
migrate to the Ce3+ giving rise to the 5d 4f emission, or it can
transfer to the Nd3+ in the form of the 4 D3/2 4IJ emission. The
simple competition between Ce3+ and Nd3+ for excitation energy
can take place as a parallel process. Under the excitation of 808 nm
laser, the Ce3+ ions don’t show any emission peak in the NIR region,
while the Nd3+ ions are excited from 4I9/2 to 4F5/2, and then the
electron from the excited state relaxes to 4F3/2 nonradiatively. Fi
nally, recombination of Nd3+ occurs from 4F3/2 to 4IJ (J = 11/2, 13/2)
and gives out the corresponding NIR-II emissions at around 1060
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