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A B S T R A C T

Tm3+ ion doped a-NaYbF4 nanocrystals (NCs) and b-NaYbF4 microcrystals (MCs) were prepared by one-

step hydrothermal method through tuning pH values. Through the comparative study on the crystal

growth mechanism guided by two different organic additives, the effect of Na+ cation on morphologies

was discussed. Under 980-nm excitation, intense ultraviolet (UV) and blue upconversion (UC) emissions

were observed from both of them. The UC luminescence properties of the as-prepared MCs were studied

based on changing the Tm3+ ion concentrations. The fluorescent lifetimes of MCs doped with different

amount of Tm3+ ions indicate that the obtained NaYbF4:Tm3+ MC was an excellent matrix for UV UC

emissions.
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1. Introduction

With the advent of cheap laser diodes, the frequency
upconversion (UC) of infrared (IR) radiation by suitable trivalent
lanthanide ions (Ln3+) combinations is of current interest [1–7]. UC
is an anti-Stokes process in which low energy radiation, usually
near infrared (NIR) or IR light, is converted to higher energy
radiation such as ultraviolet (UV) or visible light via multiphoton
absorptions or energy transfers (ETs). Insufficient intensities,
however, constitute still the main limitation for practical applica-
tions of UC materials; especially efficient UV emissions via UC
remain challenging because they require more than three
participated NIR photons. It is well known that the luminescence
properties of materials are significantly concerned with their
morphologies, dimensionalities, and sizes. The rational control of
morphology can be a feasible and efficient strategy in tuning their
physical and chemical properties. Consequentially, plenty of
inorganic materials with various morphologies have been synthe-
sized with the purpose of seeking for high effective UC lumines-
cence materials [8–11]. Morphology control has been performed
by adjusting Ln3+/F� ratio, temperature, solvents, and organic
additives [12–14], however, rare attention has been paid to the
effect of cations on morphology. As an organic additive, trisodium
citrate (TC) introduces more Na+ ions into the reaction system and
causes different morphologies, compared with citric acid (CA).
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As conventional luminescence matrixes, the fluorides based on
NaREF4 (RE = rare earth ions) are currently under vigorous
investigation due to their superior spectroscopic properties and
potential applications in wide ranges of flat-panel display devices,
short wavelength solid-state lasers, optical data storage, fluores-
cence imaging, drug deliver, and so on [15–19]. While NaYF4 NCs or
MCs have been generally demonstrated as the most promising UC
luminescence materials, it is still imperative to explore other
NaREF4 crystals with high quality and fewer quenching centers to
achieve high efficient UV UC emissions [20–24]. The excited state
of Yb3+ ions locates at approximately 10,000 cm�1 and is resonant
with 980 nm laser. When codoped with the other Ln3+ ions, Yb3+, as
an ideal sensitizer, can actively transfer the absorbed energy to the
other codopants [25,26]. The doping concentration of Ln3+ ions is
very important for getting efficient UV UC emissions. Much
research on concentration tuning has been done using NaYF4 and
YF3 matrixes [27,28], however the best doping concentration of
Tm3+ in NaYbF4 matrix has not been investigated in detail.

MCs and NCs have been synthesized through various methods
such as high temperature thermal decomposition [29], micro-
emulsion [30], high pressure [31], and hydrothermal/solvothermal
[32,33] approaches. Compared with the other methods, hydro-
thermal treatment works at low reaction temperature with
relatively simple equipments and processes. It also has advantages
in preparing various inorganic materials with less pollution, high
homogeneity, high purity, and controllable morphology.

In our study, Tm3+ ions doped a-NaYbF4 nanospheres and b-
NaYbF4 microprisms (MPs) were prepared at different pH values by
one-step hydrothermal method with TC or CA as the organic
additives. The effect of Na+ cation on morphologies was
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investigated by comparing the reaction processes modified by the
two different organic additives. Moreover, intense UV UC
emissions were observed in both the NCs and the MPs, the visible
and IR UC emissions from 500 nm to 900 nm were nearly vanished.
The blue UC light from the MPs was easily visible to the naked eye
in the daylight. The best doping concentration of Tm3+ ions in the
MPs was confirmed as 1.5 mol%. The UC luminescence properties
of the MPs were investigated by temporal evolution curves of UV
and visible UC emissions.

2. Results and discussion

2.1. Phase identification and morphologies

Fig. 1(a) shows the typical XRD patterns of the as-prepared
products synthesized at different pH values using TC as the organic
additive. The product obtained at pH 3 is a-NaYbF4, which is
consistent with the literature value (JCPDS 77-2043). When the pH
value increased to 7 or 10, the crystal structure changed to
hexagonal phase NaYbF4 (JCPDS 27-1427).

The representative FESEM images of these samples are shown
in Fig. 1(b)–(d). The samples synthesized at pH 3 are nanospheres
composed of a great deal of smaller particles with the diameters of
200–400 nm, as described in Fig. 1(b). It is noteworthy that large
amount of emarginated MPs appeared as the pH value was
adjusted to 7 (Fig. 1(c)). The average length and diameter of MPs
are 8 mm and 2 mm. When the pH value increased to 10, the MPs
were 4 mm in length and 3 mm in diameter. The concavity of their
ends became more obvious.

The XRD patterns of products prepared by using CA at different
pH values are shown in Fig. 2(a). The product obtained at pH 3 is b-
NaYbF4 (JCPDS 27-1427) mixed with a-NaYbF4 (JCPDS 77-2043).
All the diffraction peaks of products prepared at pH 7 and 10 can be
indexed to pure b-NaYbF4.
Fig. 1. (a) XRD patterns and (b–d) FE-SEM images of products modified by trisodium
Fig. 2(b)–(d) represent the typical FESEM images of these
samples. The samples synthesized in an acidic environment are
long MPs mixed with NCs. The average length and diameter of the
long MPs are 15 mm and 5 mm, respectively (Fig. 2(b)). High
quality MPs were obtained as the pH value increased to 7, it can be
seen clearly that there is a hexagonal groove on the top of the MPs
and the average length and diameter of the MPs are 3 mm and
2 mm (Fig. 2(c)). When the pH value increased to 10, the MPs grow
bigger with 4 mm in length and 3 mm in diameter and the
morphologies of the MPs did not vary too much compared with
that of the ones prepared at pH 7.

2.2. Growth mechanism

In a typical hydrothermal process using TC or CA as the
chelating agent, first, the H3�nCitn� ions are combined with the
added Ln3+ cations and form steady metal complexes owing to the
strong chelation between them in the precursor solution. This can
be confirmed by our experiment that a milky suspension have been
observed in the aqueous solutions containing both Ln3+ cations and
H3�nCitn� ions. When NaBF4 is added into the reaction system
under hydrothermal condition, the chelation of the RE3+–citrate
complex is weakened and RE3+ ions are released to form small
primary crystal nuclei with NaBF4 through the increase of the
reaction temperature and the prolongation of reaction time under
high pressure [34,35]. If the pH value of the liquid solution is
changed, the existent form of the H3�nCitn� and the chelation
between H3�nCitn� and the metal ions are affected. As a
consequence, the morphologies of the obtained samples are tuned
under different pH conditions [36,37]. However, morphologies are
a little different between the samples using trisodium citrate or
citric acid with different ionization degree under the same pH
condition. When the environment is alkaline, H3�nCitn� exists as
Cit3� and so the chelation reaction between Ln3+ and Cit3� is
strengthened. However, if the pH decreases, the existent form of
 citrate at different pH values. The pH is 3 (b), 7 (c), and 10 (d), respectively.



Fig. 2. (a) XRD patterns and (b–d) FE-SEM images of products modified by citric acid at different pH values. The pH is 3 (b), 7 (c), and 10 (d), respectively.
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Cit3� will change to HCit2�, H2Cit�, or H3Cit, and its chelation
ability decreases significantly. As we have known that planes
appear when the crystal faces possess the lowest growth rate
compared with other faces. At different pH values, the surfaces of
crystal occupied by Cit3� are different, the surface energy is
effectively reduced and the growth rate of different surfaces of
crystals will differ from each other, then the anisotropic growth is
induced dramatically, so the morphologies and the sizes of
ultimate products are controlled. According to previous reports,
citrate ions can adsorb on the facets of b-NaYbF4 and prohibit the
typical growth in the [0 0 0 1] direction [14]. Therefore NaYbF4

evolved into well-defined crystallographic MPs with smooth
surfaces.

Attention was paid to the condition that redundant Na+ cations
were introduced to the hydrothermal reaction when TC was used
as the organic additive compared with CA. The Na+ cations also
have some effect on morphologies that they would selectively
adsorb on the particular crystal facets of the growing crystals and
change the growth rate of the crystalline plane. The effects of Na+

cations can be confirmed by comparing the samples modified by
the two different organic additives under the same acid condition
(pH 3). The effect of different pH values is further discussed as
follow:

2.2.1. TC

Under acid condition, Cit3� existed as H2Cit� or H3Cit and there
was rare Cit3� absorbed on the crystal surface, so the restraint
effect on the {0 0 0 1} facets of NaYbF4 crystal was weak. When the
NaBF4 was added, it hydrolyzed to BO3

3� and F� anions as
illustrated by the following reaction:

NaBF4þ H2O ! Naþ þ F� þ 3HF þ H3BO3 (1)

The excessive Na+ cations introduced into the hydrothermal
process by TC promoted the isotropic growth of the a-NaYbF4
nuclei and suppressed the above reaction. As a result, the a-NaYbF4

nuclei just grew to a spherical shape and did not increase along a
special crystal axis determined by the absorbed organic group to
transform to b-NaYbF4 crystals.

Under neutral condition, Cit3� existed as HCit2� or H2Cit�, the
effect of Cit3� became important and the phase of NaYbF4 crystals
changed from cubic to hexagonal, this process was considered as a
disorder-to-order change, and then, the hexagonal crystals grew
up simultaneously. Under alkaline condition, TC existed as Cit3�.
The inhibiting effect was obvious and the crystal growth along the
(0 0 0 1) axial was slower, as a result, the b-phase MPs became flat
gradually.

2.2.2. CA

Under acid condition, when NaBF4 was added, the crystal
growth along the {0 0 0 1} was accelerated by a small amount of
absorbed Cit3+ ions and the reaction (1) processed effectively
without excessive Na+ cations, so most of the a-NaYbF4 nuclei
transformed to b-NaYbF4 crystals with a large scale along the
{0 0 0 1} crystal axis.

Under neutral or alkaline conditions, CA existed as HCit2� or
Cit3�, and the formation process of the MPs was the same with that
of the ones produced by TC.

The pH of the precursor aqueous solution has been increased
through adding NH3�H2O although it is also a chelating reagent
[34,36]. The effect of NH3�H2O on the morphologies is not so
important compared with that of the H3�nCitn existent form in this
system. Further more, when NaOH aqueous solution was used, no
product can be obtained properly due to the formation of another
complex Yb(OH)x

3�x, as a result, NH3�H2O was chosen.

2.3. UC luminescence properties

The UC luminescence spectra of different NaYbF4:0.5 mol%
Tm3+ samples are shown in Fig. 3 (modified by TC) and Fig. 4



Fig. 3. UC luminescence spectra of crystals produced by trisodium citrate at different pH values under 980-nm excitation.
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(modified by CA). Unusually, intense UV and weak visible UC
emissions were observed both in the NaYbF4 MPs and NCs. These
UV UC emissions were observed to be centered at 264 nm, 291 nm,
309 nm, 347 nm, and 362 nm, which were attributed to the
3P2! 3H6, 1I6! 3H6, 3P2! 3F4, 1I6! 3F4, and 1D2! 3H6 transi-
tions, respectively. Blue and green emissions were detected from
the 1D2! 3F4, 1G4! 3H6, and 1D2! 3H5 transitions centered at
approximately 450 nm, 476 nm, and 510 nm, respectively. The red
and NIR UC emissions were observed to be centered at 576 nm,
643 nm, 689 nm, and 807 nm, which were from the 1D2! 3H4,
1G4! 3F4, 3F3! 3H6, and 3H4! 3H6 transitions, respectively. They
were all the characteristic emission lines of Tm3+ ions excited by
the ETs from Yb3+ ions. It can be seen that the 5-photon UC
emission of 1I6! 3F4 was even stronger than the 4-photon UC
emission of 1D2! 3F4 in Fig. 3. The 1G4! 3H6 and 3H4! 3H6

emissions almost vanished in Fig. 3(b). The ratios of UV/blue
emissions in the TC modified MPs (TMPs) were larger than those
modified by CA. First, it was probably due to the different local
environment around the Ln3+ in the two different materials.
Second, there were fewer luminescence quenching centers on the
surfaces of TMPs, because TC had better ability in morphology
control. All these conditions were better for the formation of
stronger UV UC emissions.

Fig. 5 shows the detail population and photoluminescence
processes in NaYbF4:Tm3+ crystals. The pump light excites only the
Yb3+ ions, the 3H5, 3F2, and 1G4 levels are populated by three ETs from
Yb3+ to Tm3+ with the increase of Tm3+ ions. The populated 3F2 may
nonradiatively relax to 3F3 and 3H4 levels, which produce 699 nm
and 807 nm emissions. The 1G4 level radiatively depopulate to 3H6
Fig. 4. UC luminescence spectra of crystals produced by citric acid at different pH

values under 980-nm excitation.
and 3F4 levels, which cause 476 nm and 643 nm emissions. And then,
the 1D2 level of Tm3+ is efficiently populated by the cross-relaxation
(CR) process of 3F2 + 3H4! 3H6 + 1D2 between Tm3+ ions [38].
Subsequently, the electrons of 1D2 level radiatively transfer to the
ground-state and inter-states, which cause 362 nm, 450 nm,
510 nm, and 576 nm emissions. On the other hand, the electrons
of the 1D2 level may be excited to the 3P2 level via another ET process,
produce 265 nm and 309 nm emissions. The electrons of 3P2 level
usually transfer to 1I6 level and emit 291 and 347 nm UV UC
fluorescence efficiently. Radiative transitions from the 3P2 level are
difficult to occur owing to the rapidly nonradiative relaxation of the
nearby 3P0,1 and 1I6 levels.

In order to find the appropriate Tm3+ concentration for the
strongest UV UC emission intensities, the dependence of UC
emissions on the Tm3+ concentrations was studied. Fig. 6(a)
displays the UC emission spectra of NaYbF4:xmol% Tm3+ TMPs at
pH 7. The doped concentrations of Tm3+ ions are 0.3, 0.5, 0.8, 1.0,
1.5, 2.0, and 2.5 mol%, respectively. As can be seen from this figure
that when the Tm3+ concentration is 1.5 mol%, UC emission
intensities are the highest, and then they decrease sharply with
increasing Tm3+ concentrations further due to concentration
quenching. It is clearer that 291 nm, 347 nm, 362 nm, 450 nm,
and 576 nm emissions get stronger with increasing Tm3+

concentrations from 0.3 to 1.5 mol% and then decrease as shown
in Fig. 6(b). However, the intensities of 476 nm and 643 nm are the
Fig. 5. UC mechanism of Yb3+-sensitized Tm3+ emissions in the as-prepared

samples.



Fig. 6. (a) UC luminescence spectra and (b) variation of the UV and visible UC emissions depend on Tm3+ concentration of NaYbF4:xmol% Tm3+ TMPs under neutral condition

(x = 0.3, 0.5, 0.8, 1.0, 1.5, 2.0, and 2.5).

Fig. 7. (a) Luminescence decay curves of Tm3+ (lex = 953.6 nm, lem = 450 nm, which represent the 1D2! 3F4 transition) and (b) variation of the UV and visible UC emission

lifetimes in TMPs doped with different concentration of Tm3+ ions.
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strongest at 0.5 mol% and then decrease gradually. This phenome-
non can be explained as followed. In our group, we considered that
the 1D2 level were populated by the CR process of
3F2 + 3H4! 3H6 + 1D2 between Tm3+ ions, when the concentrations
of Tm3+ ions increased, the CR process enhanced and so the amount
of electrons reached 1I6 and 1D2 levels became large. The emission
intensities of 4- and 5-photon process increased, gradually. At the
same time, more electrons which reached 1I6 and 1D2 levels from
3H4 level made the population of 1G4 decrease and the radiative
transition from 1G4 level to 3H6 level become inefficient. The
emission intensity of 3-photon decreased as a result [27].

To further verify the mechanism related to the UC emission
processes, luminescence decay curves of Tm3+ ions in TMPs were
detected under a 953.6 nm pulsed Raman laser, respectively. For
conciseness, only temporal evolutions of 1D2 levels of Tm3+ ions in
samples with doping concentrations as 0.3, 0.8, and 1.5 mol% are
given in Fig. 7(a). These decay curves can be fitted well into
Table 1
Deduced dynamic curve decay time constants of NaYbF4 crystals doped with

different concentration of Tm3+ ions.

lem (nm) 291 347 362 450 476 643

t0.3% Tm (ms) 70 70 80 76 180 186

t0.5% Tm (ms) 146 145 168 170 374 375

t0.8% Tm (ms) 155 151 187 197 354 356

t1.0% Tm (ms) 152 153 198 204 333 343

t1.5% Tm (ms) 248 262 319 291 335 339

t2.0% Tm (ms) 84 93 105 118 245 234

t2.5% Tm (ms) 53 48 48 48 124 119
exponential functions. All the lifetimes of Tm3+ ions in NaYbF4

crystals with different doping concentrations are given in Table 1.
The variation of fluorescent lifetimes of Tm3+ ions depend on the
Tm3+ concentrations is shown in Fig. 7(b). It can be seen that the
largest lifetimes of 1I6 and 1D2 levels were obtained when doped
concentration of Tm3+ ions was 1.5 mol%, however, the largest
lifetime of 1G4 level appeared when 0.5 mol% was doped. The
variation of fluorescent lifetimes consisted with the phenomenon
that the intensities of the UC emissions were the highest when the
doped Tm3+ concentration was 1.5 mol%.

3. Conclusions

In summary, uniform, single-crystal nano- and micro-sized
NaYbF4:Tm3+ crystals were successfully synthesized via a simple
hydrothermal method modified by CA or TC at different pH values.
Intense UV UC emissions were observed in both the NCs and MPs.
The best doping concentration of Tm3+ in the NaYbF4 MPs for the
highest UC emission intensity was confirmed as 1.5 mol%. The
fluorescent lifetimes in the MPs with different concentrations of
Tm3+ were also detected.

4. Experimental details

All the rare earth nitrates used for the synthesis were of 99.999%
purity. The other chemicals were of analytical grade reagents and
used directly without further purification.
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4.1. Sample preparation

In a typical synthesis, 1 mmol of Ln(NO3)3 (Ln = Yb, Tm) was
mixed with 10 ml of TC or CA (0.1 M) aqueous solution under
vigorous stirring for 1 h. 10 ml NaBF4 (1.25 M) aqueous solution
was then added slowly into the above solution. After stirred for
another 20 min, the as-obtained precursor solution was trans-
ferred to a 40 ml autoclave, sealed and maintained at 180 8C for
24 h. After reacting, the system was allowed to cool to room
temperature naturally. The resulting precipitates were separated
by centrifugation, washed with deionized water and ethanol by
several times, and then dried in air at 80 8C for 12 h. NaYbF4

nanospheres and NaYbF4 MPs were synthesized by the same
method through using different organic additives at various pH
values. The pH of the precursor aqueous solution was adjusted by
adding NH3�H2O or HNO3 solution.

4.2. Characterization

The purity and phase structure of the products were identified
by X-ray diffraction (XRD) using a Model Rigaku Ru-200b powder
diffractometer with nickel-filtered Cu-Ka radiation (l = 1.5406 Å).
The operation voltage and current were 50 kV and 200 mA,
respectively. The 2u angle ranges from 108 to 708. The size and
morphology of the products were observed by a JEOL JSM-6330F
field emission scanning electron microscope (FESEM). The UC
emission properties of the samples were examined by Hitachi F-
4500 fluorescence spectrophotometer (1.0 nm for spectral resolu-
tion and 400 V for PMT voltage) using a 980 nm continuous laser
diode (the power density is 320 W/cm2) as the excitation source.
The UC emission spectra were measured under the identical
conditions in order to compare their relative emission intensities.
All the analysis was performed at room temperature.
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