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ABSTRACT: Tm3+, Er3+-doped and -co-doped α-NaYbF4 nanoparticles were
synthesized via a facile hydrothermal route with oleic acid as the capping agent.
Experimental results showed that the doped NaYbF4 nanoparticles possessed a
cubic phase with the average size of ∼13 nm. Upon excitation by a 980 nm laser,
the as-synthesized nanoparticles exhibited blue and red upconversion emissions
corresponding to the monodoped Tm3+, Er3+ in the cubic-phase NaYbF4,
respectively, and intense green and red emissions in the Tm3+/Er3+-co-doped
NaYbF4 nanoparticles. Furthermore, the possible energy transfer mechanism
among Yb3+/Tm3+/Er3+ in α-NaYbF4 nanoparticles was also proposed. The cell
toxicity test revealed that the as-synthesized upconversion nanoparticles
possessed remarkably low cytotoxicity. All of the advantageous features including
facile synthesis, controllable emission, and low cytotoxicity make the
upconversion nanoparticles promising for multicolor bioimaging and anti-
counterfeiting applications.

1. INTRODUCTION

Over the past decade, the upconversion nanoparticles
(UCNPs) with lanthanide doping, converting low-energy
excitation light [e.g., the NIR or IR] into high-energy emission
(e.g., ultraviolet, visible, or NIR), have shown a wide range of
potential applications in lighting and displays, bioimaging,
therapeutics, and photovoltaic devices because of their
excellent photostability, large anti-Stokes shift, narrow-band
emission, and long excited-state lifetime.1−6 Among the
lanthanide ions, the Yb3+ ion has attracted great attention for
decades owing to its high absorption cross section at the
excitation wavelength of ∼980 nm, which also lies in the NIR
optical window for biological tissues. Moreover, Yb3+ ions are
also an effective sensitizer to transfer the absorbed photon
energy to the nearby activators to yield efficient upconversion
luminescence (UCL).1−6 So far, most studied co-doping or
tridoping systems have a relatively lower Yb3+ doping level
(typically less than 20%) for the reason of UCL quenching,
especially in the short wavelength range.7−10 However, some
unique UCL properties in the high-level Yb3+ ion doping
environment have also aroused much attention in recent years.
For instance, Chen et al.11 reported that the intensity of NIR
UCL can be increased by up to 43 times when they increased
the relative content of Yb3+ ions up to 100% in NaYF4:Yb

3+,
Tm3+ nanocrystals. They also demonstrated the core/shell (α-
NaYbF4:Tm

3+)/CaF2 nanoparticles that exhibit highly efficient
NIRin−NIRout UCL for high-contrast deep tissue bioimaging.12

In addition, Liu group has also found an intense four-photon-

promoted violet UCL in KYb2F7:Er
3+ nanocrystals.8 As a

result, Yb3+ ions could play two major roles as both a host
matrix and an excellent sensitizer to improve the UCL
performance in the high-level Yb3+ ion doping environment,
and achieve the particular emission properties in upconversion
nanomaterials.
In the upconversion emission systems, energy transfer (ET)

is the major mechanism to achieve the desired emission with
high UCL efficiency.6,13 Especially, Yb3+ ions act as an effective
sensitizer to transfer the absorbed photon energy to some
typical activators (e.g., Tm3+, Er3+, and Ho3+ ions) and then
generate the corresponding multicolor emissions. Among the
NIR-triggered upconversion systems, the multicolor outputs
(blue, green, and red emissions) can be controllably tuned via
co-doping Yb3+/Tm3+, Yb3+/Ho3+, and Yb3+/Er3+ pairs.14−16 In
addition, researchers have even reported the generation of
multicolor and white-light emissions with more complex
systems including the tridoping system for the diversity of
UCL emissions, such as Yb3+/Tm3+/Ho3+ in β-NaLuF4
microstructures16 and Yb3+/Tm3+/Er3+ in Lu2O3 nanocryst-
als.17 However, in the complex multidoping systems, there
exist many nonradiative transition channels, exerting a negative
effect on the UCL efficiency. Thus, the controllable synthesis
of high-quality UCNPs and the ET-modulated UCL have
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become extremely critical because of the high demand for
multicolor UCL in bioimaging, security, and anticounterfeiting
applications.4,6,15,18−20 It is worth noting that NaYbF4, as a
host, could also play an important role in minimizing the
excessive nonradiative transition in the multidoping systems.
Nevertheless, studies on the controllable UCL emission and
energy transfer of Tm3+/Er3+ pairs in the NaYbF4 UCNPs still
remain insufficient.
Therefore, in this work, we report a facile hydrothermal

method to synthesize the Tm3+/Er3+-doped and -co-doped α-
NaYbF4 UCNPs. The morphologies and phase of as-
synthesized UCNPs are studied in detail. In a high Yb3+ ion
doping environment, the UCNPs exhibit the blue and red
UCL corresponding to the monodoped Tm3+, Er3+ in the α-
NaYbF4 under excitation of a 980 nm laser, respectively. For
the Tm3+ co-doping in NaYbF4:Er

3+ UCNPs, intense green
UCL is observed because of the cross relaxation between
Tm3+/Er3+. The possible ET mechanism among Yb3+/Tm3+/
Er3+ in α-NaYbF4 UCNPs has been proposed on the basis of
the plots of UCL intensity versus power density and the
lifetime decay curves. The cell toxicity test shows that the as-
synthesized NaYbF4 UCNPs possess remarkably low cytotox-
icity. The achieved results indicate that NaYbF4 UCNPs with
multicolor emission may have a huge potential for bioimaging
and anticounterfeiting applications.

2. RESULTS AND DISCUSSION
2.1. Controllable Synthesis of Tm3+/Er3+-Doped

NaYbF4 Nanocrystals. To check the crystalline phase of
the as-synthesized sample, Figure 1 shows the X-ray diffraction

(XRD) patterns of different dopants in NaYbF4. It can be
clearly seen from Figure 1 that all of the diffraction peaks in the
patterns can be indexed to the standard card of NaYbF4
(JCPDS #77-2043) with the lattice constants of a = b = c =
5.471 Å, α = β = γ = 90°. No other impurity phases were
detected, which indicates that the as-synthesized products are
purely cubic phase. With the diverse doping concentrations of
Er3+ and Tm3+ ions, the crystalline structure of NaYbF4
remained the same, meaning that the low-concentration Er3+

and Tm3+ ions have negligible influence on the NaYbF4 crystal
structure.

The morphologies, compositions, and crystal structures of
as-synthesized doped NaYbF4 nanocrystals were also charac-
terized by transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM). Figure 2 shows the typical results
by taking NaYbF4:1%Tm

3+ nanocrystals as an example. Figure
2a exhibits the TEM image of the synthesized product that
consists of a series of nanoparticles with the size ranging from
6 to 21 nm [see Figure 2c]. The HRTEM image [Figure 2b]
reveals that the clear crystal lattice fringes with the d-spacing
values of 0.2718 and 0.3084 nm correspond to (200) and
(111) d-spacing of the cubic-phase NaYbF4 (α-NaYbF4 phase),
respectively. Moreover, energy-dispersive spectroscopy (EDS)
of the corresponding product clearly shows the peaks
according to the designed elements (Na, Yb, Tm, and F) in
Figure 2d. Furthermore, Figure 2e−i shows the two-dimen-
sional mapping distribution of Na, Yb, Tm, and F elements,
showing a very uniform distribution in a single α-NaYbF4
nanocrystal. Therefore, we can confirm from the results in
Figure 2e−i that the product is mainly composed of Na, Yb,
Tm, and F elements, and Tm is evenly distributed in the cubic
NaYbF4 matrix nanocrystals.

2.2. UCL Properties and ET Mechanism. Subsequently,
UCL properties of the as-synthesized doped NaYbF4 nano-
crystals have been investigated upon excitation by a 980 nm
laser. The UCL spectra of as-synthesized NaYbF4:0.5%Tm

3+,
NaYbF4:1%Er

3+ nanocrystals are shown in Figure 3, which
displays the characteristic emission peaks of Tm3+ (blue curve)
and Er3+ (red curve) ions. The blue curve in Figure 3 describes
the following transitions of Tm3+ ions. For the visible region:
1D2 →

3H6 (361 nm), 1D2 →
3F4 (452 nm), 1G4 →

3H6 (479
nm), 1G4 →

3F4 (651 nm), 3F2 →
3H6 (678 nm), and 3F3 →

3H6 (699 nm), and for the NIR region: 3H4 →
3H6 (800 nm).

In addition, the inset (left side) shows the eye-visible blue
emission in the synthesized NaYbF4:0.5%Tm

3+ colloidal
suspension because of the UCL band from 435 to 550 nm,
though the emission peak at 800 nm (invisible region) is the
strongest one, which may be ascribed to the effective
absorption of high concentration of Yb3+ ions and increased
ET efficiencies between Yb3+ and Tm3+ in the NaYbF4
nanocrystal.11 On the other hand, the red curve in Figure 3
shows the spectral peaks of Er3+ corresponding to the following
transitions: 2H11/2 →

4I15/2 (524 nm), 4S3/2 →
4I15/2 (546 nm),

4F9/2 → 4I15/2 (654 nm), and 4I9/2 → 4I15/2 (804 nm). The
inset (right side) shows the eye-visible red emission in the
synthesized NaYbF4:1%Er

3+ colloidal suspension, which is
ascribed to the red UCL (654 nm) intensity dominated in the
visible range when excited by a 980 nm laser.
To reveal the ET mechanism of the upconversion emission

involved in the Er3+ and Tm3+ ions in the cubic NaYbF4
nanocrystals, the dependence of the UCL intensity on the
pump-laser power density has been investigated in detail as
shown in Figure 4a,b. In principle, the UCL intensity has a
power dependence on the NIR excitation laser power over a
limited range, which can be written as IUC ∝ (INIR)

n, where n is
the number of absorbed photons during the process.21,22

Experimentally, the n value is the slope of corresponding fitted
lines, as shown in Figure 4c,d. For the emission spectrum of
Tm3+ ions in the visible range (361, 452, 479, 651, and 699
nm) and the NIR range (800 nm), the corresponding n values
in Figure 4c are 3.40, 3.35, 2.11, 2.42, 1.53, and 1.55. In this
way, the respective emission can be then categorized according
to the number of photons (n value) absorbed in that particular

Figure 1. XRD pattern of as-synthesized NaYbF4 nanocrystals with
different dopants.
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UC process: four-photon (361 and 452 nm), three-photon
(479 and 651 nm), and two-photon (699 and 800 nm)
processes. On the basis of the analysis above, the ET
mechanism of UCL can be illustrated as shown in Figure 5,
which exhibits schematic energy-level diagrams of Yb3+, Tm3+,
and Er3+ ions. Upon the NIR laser irradiation, the Yb3+ ions are
excited to the 2F5/2 state from the ground state 2F7/2, and then
transfer the energy to Tm3+ ions. In principle, the 1G4 state of
Tm3+ can be easily populated by a Yb-assisted three-photon
ET process, and then continue to accept energy to transit to an
even higher excited-state 1D2 state (four-photon process).
However, a cross-relaxation (CR1) process of 1G4 (Tm

3+) +
3F4 (Tm

3+) → 3H4 (Tm
3+) + 3F2 (Tm

3+) between Tm3+ ions
may play a vital role in depopulating the 1G4 state, and
facilitate the photon population of 3H4, which can further
explain the intense NIR UC emission (800 nm) in the whole
UCL spectrum. In addition, the higher-concentration Yb3+ ions
also prefer the four-photon process (452 nm), especially under

the higher excitation power density in Figure 4a.10 Meanwhile,
for the visible (524, 546, 654, and 667 nm) and NIR (804 nm)
UCL of Er3+ ions, the corresponding n values in Figure 4d are
2.11, 1.93, 1.83, 1.85, and 1.43, which indicates that the 524
nm UCL may involve a three-photon process and the others
(546, 654, 667, and 804 nm) are two-photon processes. The
corresponding ET mechanism from Yb3+ ions to Er3+ ions is
also depicted in Figure 5. Via a Yb-assisted two-photon ET
process, the Er3+ ions can be promoted to the 4F7/2 and

4F9/2
states. As demonstrated above, the UCL of Er3+ ions prefer to
give out red UC emission (654 nm) in the α-NaYbF4
nanocrystal, which may be due to the CR2 process: 4F7/2
(Er3+) + 4I11/2 (Er

3+) → 4F9/2 (Er
3+) + 4F9/2 (Er

3+) of adjacent
Er3+ ions in a α-NaYbF4 nanocrystal with a high-concentration
Yb3+ ion environment, thus facilitating the population at 4F9/2
state, and a high red/green (R/G emission) ratio in the
NaYbF4:1%Er

3+.
Moreover, with different Tm3+ doping concentrations, the

Tm3+ and Er3+ ion co-doping in the cubic NaYbF4 nanocrystals
has also been studied in this work. Figure 6a shows the UCL
spectra of as-synthesized NaYbF4 nanocrystals with different
dopants and concentrations under the NIR laser excitation. It
can be clearly observed from the spectra that the green UCL
(4S3/2 → 4I15/2, 544 nm) of Er3+ ion in the α-NaYbF4
nanocrystals can be greatly enhanced with co-doping of
Tm3+ ions, whereas the short-wavelength UCL (1D2 → 3H6
(361 nm), 1D2 →

3F4 (452 nm), and 1G4 →
3H6, (477 nm)) of

Tm3+ ions quenches in the meantime. In addition, the red and
green UCL ratio (R/G ratio) in the Er3+:NaYbF4 samples with
or without Tm3+ co-doping has also been calculated in Figure
6b; it is obvious that the R/G ratio in these samples decreases
with the increasing co-doping Tm3+ concentration from 0 to
1%. Thus, with the Tm3+ and Er3+ ion co-doping, strong eye-
visible green-yellow UCL can be achieved in the synthesized α-
NaYbF4 nanocrystal colloidal suspension, as shown in the inset
of Figure 6b.
To understand the ET mechanism of the UCL involved in

the Yb3+, Tm3+, and Er3+ ions in the cubic NaYbF4
nanocrystals, Figure 7a,b shows the dependence of the UCL
intensity on the pump-laser power density in detail. For the
typical UCL of a Tm3+ ion (477, 697, and 804 nm), the
corresponding n values in Figure 7a are 2.83, 1.56, and 1.76,

Figure 2. (a−d) TEM image, HRTEM image, size distribution, and EDS spectrum of as-synthesized Tm3+-doped NaYbF4 nanocrystals,
respectively. (e−i) Two-dimensional mapping distribution of Na, Yb, Tm, and F, respectively.

Figure 3. Room-temperature upconversion emission spectra of as-
synthesized NaYbF4:1%Er

3+ (red curve) and NaYbF4:0.5%Tm
3+ (blue

curve) under excitation of a 980 nm laser. (The left and right insets
show the visible photoluminescence images of the NaYbF4:0.5%Tm

3+

and NaYbF4:1%Er
3+ UCNP colloidal suspensions excited by the 980

nm laser, respectively.)
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which are almost in accordance with the results in Figure 4c.
On the other hand, the n values in Figure 7b corresponding to
the characteristic UCL of Er3+ ions (525, 544, and 658 nm) are
2.50, 2.47, and 2.63, respectively, indicating that both green
and red upconversion emissions originate from the three-
photon process of the Yb3+ ions when co-doping with the
Tm3+ ions, and show an obvious difference compared with the

previous n values in Er3+ monodoped α-NaYbF4 (in Figure
4d), which may be ascribed to the ET process from Tm3+ to
Er3+ ions. Moreover, the fluorescence decay curves of UCNPs
have been investigated to further demonstrate the ET process
between Tm3+ and Er3+ ions. Figure 7c shows the decay curves
of NIR emission at 804 nm (Tm3+: 3H4 →

3H6 transition); the
lifetime of Tm3+ (3H4) obtained from NaYbF4:0.5%Tm

3+, 1%

Figure 4. (a, b) UCL intensities at different excitation power intensities of as-synthesized NaYbF4:0.5%Tm
3+ and NaYbF4:1%Er

3+. (c, d)
Corresponding excitation power densities’ dependence on the emission of UCNPs under excitation of a 980 nm laser.

Figure 5. Schematic illustration of the energy transfer mechanism in Tm3+, Er3+-doped α-NaYbF4 UCNPs.
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Er3+ (225 μs) presents a slight decrease compared with that
from NaYbF4:0.5%Tm

3+ (234 μs). On the other hand, the
lifetime of Er3+: 4F9/2 →

4I15/2 at 658 nm in Figure 7d shows an

obvious increase in NaYbF4:0.5%Tm
3+, 1%Er3+ (234 μs)

compared with that in NaYbF4:1%Er
3+ (303 μs). Therefore,

with Tm3+ and Er3+ co-doping in α-NaYbF4, besides their ET

Figure 6. (a) Calibrated UCL spectra of different Tm3+/Er3+-doped NaYbF4 samples under 980 nm laser excitation. (b) Red and green UCL ratio
of the different Tm3+/Er3+-doped NaYbF4 samples. The inset shows the visible photoluminescence of different Tm3+/Er3+-doped NaYbF4 colloidal
suspensions excited by a 980 nm laser.

Figure 7. (a, b) Corresponding excitation power densities’ dependence on the emission of NaYbF4:0.5%Tm
3+, 1%Er3+ under 980 nm laser

excitation. (c) Fluorescence decay curves of Tm3+ emission at 804 nm (3H4 →
3H6) from NaYbF4:0.5%Tm

3+ and NaYbF4:0.5%Tm
3+, 1%Er3+

under 980 nm laser excitation. (d) Fluorescence decay curves of Er3+ emission at 658 nm (4F9/2 →
4I15/2) from NaYbF4:1%Er

3+ and NaYbF4:0.5%
Tm3+, 1%Er3+ under 980 nm laser excitation.
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process with the sensitizer Yb3+ ions, the nearly resonant cross-
relaxation energy transfer process (CR3 process: 3F4 (Tm

3+) +
4I11/2 (Er3+) → 3H6 (Tm3+) + 4F9/2 (Er3+)) in Figure 5
probably occurs between the Tm3+ and Er3+ two dopants
because the energy of the 3F4→

3H6 transition matches that of
the 4I11/2 →

4F9/2 transition.
14 In this way, the depopulation of

Tm3+: 3F4 state might have a negative influence on the
population on the upper level of Tm3+ (including the 3H4 and
1D2 states), leading to lifetime decrease of the Tm3+: 3H4 state.
However, the CR3 process could not only facilitate the photon
populated on the 4F9/2 (Er

3+) state but also be conducive to
the Yb-assisted three-photon ET process to the upper level:
2H9/2 (Er

3+) state. Therefore, the green UCL emissions would
be enhanced with the nonradiative transition from 2H9/2 (Er

3+)
to the lower level (4F7/2,

2H11/2,
4S3/2), as the results in Figure

6a depict.
2.3. In Vitro Cytotoxicity Test. Cytotoxicity test of the as-

synthesized UCNPs in cells is a fundamental procedure to
assess the potential biosecurity of UCNPs. Herein, the
cytotoxicity of UCNPs with different concentrations (200−
1000 μg/mL) was assessed by (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) (MTT) assay based on
HeLa cells, as shown in Figure 8. After 24 h culture, the cellular

viability of the HeLa cells decreased to 89% at a concentration
of 1000 μg/mL UCNPs in comparison to the control group,
revealing that the UCNPs present low cytotoxicity and good
biocompatibility for the potential biological applications.

3. CONCLUSIONS
In conclusion, Tm3+/Er3+-doped and -co-doped α-NaYbF4
UCNPs with the average size of ∼13 nm were obtained via
a mild hydrothermal method. The UCNPs exhibited strong
blue and red UCL by doping Tm3+, Er3+ under excitation of a
980 nm laser. The possible ET mechanism among Yb3+/Tm3+/
Er3+ in α-NaYbF4 UCNPs has been proposed on the basis of
the plots of excitation power density and UCL spectra and the
lifetime decay curves. Moreover, with the Tm3+ and Er3+ co-
doping, short-wavelength UCL of Tm3+ ions quenched,
whereas green UCL of Er3+ ion enhanced greatly, the R/G
ratio in the UCL tends to be smaller as the doped Tm3+ ions
increase, and controllable UCL can be tuned in the co-doped

NaYbF4:Er
3+ UCNPs for the cross-relaxation ET from Tm3+ to

Er3+. Furthermore, the cell toxicity test results presented
relatively low cytotoxicity in water-dispersible α-NaYbF4. The
Tm3+, Er3+-doped and -co-doped α-NaYbF4 UCNPs possess
many advantageous features including facile synthesis, control-
lable emission, and low cytotoxicity, which make them highly
promising for applications in bioimaging and anticounterfeit-
ing.

4. EXPERIMENTS
All of the rare-earth nitrates RE(NO3)3 (RE

3+ = Yb3+, Tm3+,
and Er3+) (99.99% purity) were purchased from Alfa Aesar.
Other chemicals were of analytical grade and used as received
without further purification. All of the ion doping concen-
trations are in molar ratio in our experiments.

4.1. UCNPs’ Synthesis. The doped α-NaYbF4 nanocrystals
were synthesized via a mild hydrothermal method with oleic
acid as a stabilizing agent.23,24 Typically, under magnetic
stirring, 16 mL of ethanol was added into the aqueous solution
with 2.4 g of NaOH and 4 mL of deionized water. Then, 40
mL of oleic acid was slowly added into the homogeneous
solution with a vigorous magnetic stirring for 40 min. When
forming a metal−oleic acid complex, 2 mmol stoichiometrically
mixed RE(NO3)3 (RE

3+ = Yb3+, Tm3+, Er3+; Yb3+/Tm3+/Er3+ =
(1 − x − y):x:y. For example, α-NaYbF4:1%Tm

3+, 1%Er3+
Yb3+/Tm3+/Er3+ = 0.98:0.01:0.01) solution and 16 mL of an
aqueous solution of NaF (1.0 mol/L) were added into the
complex under magnetic stirring for another 20 min; the
above-mentioned solution was then transferred into a 100 mL
stainless-steel Teflon autoclave, and then sealed and heated at
120 °C for 12 h. After the autoclave was naturally cooled down
to room temperature, the resulting precipitate was collected by
centrifugation using a rotator speed of 10 000 rpm for 6 min,
washed several times with deionized water and ethanol to
remove oleic acid and other residual solvents, and finally
redispersed in cyclohexane.

4.2. Characterization. The crystalline structures of
nanocrystals were characterized by X-ray diffraction (XRD)
in a D8 advance X-ray diffractometer (Bruker, Switzerland) at
a scanning rate of 0.2°/min with Cu Kα radiation (151.54056
Å). The morphologies, size distributions, and compositions of
as-prepared nanocrystals were investigated by field emission
scanning electron microscopy (FE-SEM, Merlin, Zeiss) with an
energy-dispersive X-ray spectrometer (EDS) and high-
resolution transmission electron microscopy (HRTEM, Talos
F200X, FEI). The upconversion emission spectra were
recorded by a spectrophotometer (Ocean Optics) under the
excitation of a 980 nm laser (BWT Beijing Ltd.). The
photographic images were taken from the NaYbF4:Tm

3+/Er3+

colloidal solutions dispersed in cyclohexane under the 980 nm
laser excitation. Fluorescence lifetime was measured with an
Andor spectrometer equipped with a MDO3034 digital
oscilloscope (Tektronix) under the same laser excitation. All
of the measurements were conducted at room temperature.

4.3. In Vitro Cytotoxicity. The water-dispersible α-
NaYbF4 nanocrystals were obtained via a typical acid-treatment
process as previously reported.25 For the cell cytotoxicity test,
HeLa cells (5000 cells per well) were successfully seeded in a
96-well plate with Dulbecco’s modified Eagle’s medium and
incubated overnight. Then, different concentrations of α-
NaYbF4 (0, 200, 400, 600, 800, and 1000 μg/mL) were added
to each culture well. After further incubation for 24 h at 37 °C
with 5% CO2, 10 μL of (3-(4,5-dimethylthiazol-2-yl)-2,5-

Figure 8. In vitro cytotoxicity of water-dispersible α-NaYbF4 UCNPs
against HeLa cells after 24 h incubation.

ACS Omega Article

DOI: 10.1021/acsomega.8b02936
ACS Omega 2018, 3, 17814−17820

17819

http://dx.doi.org/10.1021/acsomega.8b02936


diphenyltetrazolium bromide) (MTT) solution (5 mg/mL)
was added into each well. The plates were incubated for
another 4 h before replacing the original culture medium with
100 μL of dimethyl sulfoxide. The absorbance was measured at
490 nm, and the cell viability of HeLa cells was calculated as
the ratio of the absorbance of the sample well to that of the
control well measured by a microplate reader.
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