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Strong red upconversion luminescence of rare-earth ions doped in nanocrystals is desirable for the biological/
biomedical applications. In this paper, we describe the great enhancement of red upconversion emission (*Fo/
— 4,5 transition of Er** ion) in NaYF,:Yb**, Er** nanocrystals at low doping level, which is ascribed to the
effectiveness of the multiphonon relaxation process due to the existence of citrate as a chelator and cross
relaxation between Er’* ions. The dissolution—recrystallization transformation, governing both the intrinsic
crystalline phase (cubic and/or hexagonal phase) and the growth regime (thermodynamic vs kinetic), is
responsible for the phase control of the NaYF, crystals. The possible formation mechanism of the NaYF,
crystals and the role of trisodium citrate which acts as a chelating agent and shape modifier are discussed in
detail. It is also found that the o — f phase transition is favored by the high molar ratio of fluoride to

lanthanide and high hydrothermal temperature as well as long hydrothermal time.

Introduction

In recent years, upconversion luminescence of rare-earth
fluoride nanocrystals has drawn considerable interest,!™ due
to its potential applications in sensitive bioprobes.!~!2 Compared
with the conventional fluorophores (e.g., cy5), upconverting
phosphors have many conceivable advantages as fluorescence
labeling materials, such as low photobleaching,'® carrying out
easily in vivo imaging upon the NIR irradiation with noninvasive
and deep penetration to the tissue or cell,' improved signal-
to-noise ratio due to the absence of autofluorescence and
reduction of light scattering,'>'¢ and feasibility of multiple
labeling with different emissions under the same excitation.
Upconversion emission of rare-earth (RE)-doped nanocrystals
has been observed in various crystal structure hosts.!” 2> Up to
now, hexagonal phase NaYF, has been regarded as the most
efficient upconversion host material.'? Precise control of the
size, shape, and phase allows manipulation of the properties of
the nanocrystals as desired.?® Rare-earth ions, especially trivalent
erbium, are much more suitable for the conversion of infrared
to visible light (upconversion) due to their favorable electronic
energy level structures. The excited states (*lop, and *I;1) of
Er*" ions with long lifetimes can easily be populated with CW
NIR irradiation. Yb*" ions, used as a sensitizer, are efficient in
promoting the upconversion process due to the high absorption
cross section of the 2F;, level of Yb®' ions than that of the
“I,1,» excited state of Er*" ions.2”?8

Compared with other synthetic routes in nanocrystal prepara-
tion, the hydrothermal method has the following advantages:
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(1) Synthesis occurs at relatively low reaction temperature (in
general <250 °C). (2) Size, structure, and morphology of the
products are subject to hydrothermal conditions and easy to be
modified. (3) The purity of product is high owing to recrystal-
lization in hydrothermal solution. (4) The required equipment
and process are simple. In order to obtain small and uniform
particles, organic additives are often used, e.g., EDTA and
citrate. Previously, we reported that the size of the particles
synthesized with citrate is smaller than that synthesized with
EDTA due to their different chelating constants and molecular
structure. The difference between EDTA and citrate in chelating
structure might lead to different product morphology because
of the influence of the chelator on growth orientation in the
phase transformation process.”? We have also synthesized YVO,:
Er*" nanocrystals using trisodium citrate as a chelator via
hydrothermal reaction.’® Recently, the 3-NaReF, (Re = Lu, Y,
and Yb) microstructures have been prepared using the hydro-
thermal method by Li et al.?!

In this work, we performed a systematic research on the
synthetic mechanism and found that the special dissolution—recry-
stallization transformation mechanism, governing both the
intrinsic crystalline phase (cubic and/or hexagonal phase) and
the growth regime (thermodynamic vs kinetic), is responsible
for the phase control of the final products and the surface energy
controlled by selective absorption of citrate resulted in aniso-
tropic morphology evolution of the NaYF, crystals. It is also
found that high molar ratio of fluoride to lanthanide, high
hydrothermal temperature, or long hydrothermal time is favor-
able to the o — S phase transformation. In addition, the process
of multiphonon relaxation (MR), when citrate is used as a
chelator, is proven to play a role in the great enhancement of
the red upconversion emission of Er*™ at low doping level, i.e.,
Yb** 10 mol %, Er’* 1 mol % in both o- and S-NaYF,
nanocrystals. Such an enhancement was usually observed at
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TABLE 1: Synthesis Conditions and Characteristics of the Samples Prepared via the Hydrothermal Method

sample no.  NaF/citrate/Ln molar ratio  hydrothermal temperature (°C)  hydrothermal time (h)  phase morphology reference
1 4/0.5/1 200 2 a sphere Figure 1A
2 8/0.5/1 200 2 a sphere Figure 1B
3 12/0.5/1 200 2 plates Figure 1C
4 12/0/1 180 2 oandf  rod and sphere Figure 2A
5 12/0.5/1 180 2 oandf  plates and sphere  Figure 2B
6 12/1/1 180 2 a sphere Figure 2C
7 12/1.5/1 180 2 a sphere Figure 2D
8 12/0.5/1 160 2 a sphere Figure 3A
9 12/1.5/1 180 0 a sphere Figure 4A
10 12/1.5/1 180 1 a sphere Figure 4B
11 12/1.5/1 180 3 a sphere Figure 4D
12 12/1.5/1 180 4 aandf  grain not shown

higher doping level and ascribed to cross relaxation (CR) when
other chelators were used.

Experimental Section

1. Materials. All reagents were analytical grade.
Ln(NO3);+6H,0 (Ln =Y, Yb, and Er) salt was freshly prepared
by the reaction of Ln,O3 with nitric acid. Water was distilled
and deionized using a Millipore Milli-Q Purification System,
which has a resistivity not less than 18.2 MQ. Trisodium citrate
was purchased from Beijing Chemical Plant (Beijing, China).

2. Synthesis of NaYF4:Yb*', Er** Phosphors. In a typical
procedure for the preparation of NaYF,: 10 mol % Yb3*, 1 mol
% Er’*' nanoparticles, an aqueous solution of Ln(NO3);*6H,O
(0.1 mol/L, lanthanide ion molar ratio, Y/Yb/Er = 89:10:1) was
mixed with an aqueous solution of trisodium citrate under
vigorous stirring, and a white precipitate of lanthanide citrate
was formed. An aqueous solution of NaF was then added slowly
into the above mixture, and the pH value was kept at ~6.5.
After being stirred for 1 h, the resulting precursor solution was
transferred to a 60 mL autoclave. The autoclave was then placed
in a digital type temperature controlled oven and heated at the
elevated temperature for several hours, and then allowed to cool
down to room temperature naturally. Subsequently, the precipi-
tate of NaYF,:Yb**, Er** phosphors in the autoclave could be
separated from the reaction media by centrifugation (6500 rpm,
15 min) and then washed several times with deionized water.
After being dried in a vacuum at 60 °C for 24 h, NaYF;:Yb’",
Er*" phosphor was obtained. Finally, the two picked representa-
tive samples were heated to 300 °C and were kept at the same
temperature for 2 h under the protection of an argon atmosphere.
Samples with other dopant parameters were prepared in a similar
way.

3. Characterization. The structure and morphology of
NaYF,:Yb*", Er** phosphor were characterized by X-ray
powder diffractometer (XRD), scanning electron microscopy
(SEM), Fourier transform infrared (FT-IR) spectra, and trans-
mission electron microscopy (TEM). The obtained samples were
characterized by XRD using a Brucker D8-advance X-ray
diffractometer with Cu Ko radiation (A = 1.5418 A); the
operation voltage and current were 40 kV and 40 mA,
respectively. The 26 angle ranges from 15 to 60° with a step of
0.021 and counting time of 0.2 s. The size and morphology of
NaYF,:Yb*", Er¥" were characterized by field emission scanning
electron microscopy (FESEM, Hitachi, S-4800). FT-IR spectra
were recorded at a Perkin-Elmer 580B infrared spectrophotom-
eter with the KBr pellet technique. In making the KBr pelletes,
1 mg of sample was diluted with approximately 100 mg of KBr
power. The FT-IR spectra were collected in the spectral range
400—4000 cm™!. Low- and high-resolution transmission electron
microscopy (HRTEM) was performed applying an FEI Tecnai

G2 S-Twin instrument with a field emission gun operating
camera. The upconversion emission spectra of NaYF,:Yb",
Er*" phosphors were acquired using a Jobin-Yvon LabRam
Raman spectrometer system equipped with 1800 and 600
grooves/mm holographic gratings, respectively, and a Peltier
air-cooled CCD detector. The samples were excited by a CW
semiconductor diode laser at 980 nm. The maximal excitation
power used in the experiment was about 760 mW with a
focusing area of about 0.03 mm? The upconversion lumines-
cence spectra were measured under identical conditions in order
to compare their relative emission intensities.

Results and Discussion

The synthetic conditions and characteristics of samples
prepared via the hydrothermal route are listed in Table 1, where
the optimal synthetic parameters for small, uniform nanoparticles
are given, i.e., a molar ratio of NaF/citrate/Ln of approximately
12:1.5:1 and a hydrothermal time of 2—3 h at a temperature of
180 °C. For pure hexagonal NaYF, submicroplates, the optimal
parameters include the following: molar ratio of NaF/citrate/
Ln of approximately 12:0.5:1, hydrothermal time of 2—3 h at
200 °C. The pH values were kept at around 6—7 in all cases in
order to explore the influence of other parameters. It turns out
that the NaF/Ln molar ratio, citrate/L.n molar ratio, hydrothermal
temperature, and hydrothermal time are the key factors for the
crystal structure, size, and/or morphology of the nanocrystals.

1. Effect of NaF Content. To investigate the effect of the
NaF content on the morphology, size, and structure of the as-
prepared NaYF, nanocrystals, the NaF/Ln ratio was taken as 4,
8, and 12, respectively. The SEM images and XRD patterns of
the nanocrystals are given in Figure 1. It can be seen that the
as-prepared NaYF, nanocrystals are spherical with coarse
surfaces when the NaF/Ln ratio is 4 (Figure 1A), indicating
low crystallization of the sample.?’ When the ratio reaches 8,
crystallization of the NaYF, nanoparticles is improved, as
evidenced by the more regular shape and smoother surface
(Figure 1B). When the ratio increases further to 12, however,
pure hexagonal-shaped NaYF4 submicroplates are formed with
the size of ~600 nm x 300 nm (side length x thickness, Figure
10).

Furthermore, NaF content affects not only the shape and size
but also the crystal structure of the samples. Figure 1D shows
the corresponding XRD patterns of the NaYF, nanocrystals
prepared with different NaF/Ln ratios. The bottom and middle
XRD patterns depicted in Figure 1D (a and b) match very well
with the standard face-centered cubic structure data (JCPDS card
no. 77-2042), whereas the top XRD pattern shown in Figure
1D (c) coincides with the hexagonal phase NaYF, (JCPDS card
no.16-0334). Note that the as-prepared sample without the
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Figure 1. SEM images (A, B, and C) and XRD patterns (D) of NaYFy:
Yb**, Er*" nanocrystals and submicroplates synthesized under different
NaF/Ln ratios: (A and a) 4:1; (B and b) 8:1; (C and ¢) 12:1 (temperature
= 200 °C. time = 2 h. citrate/Ln = 0.5).

Figure 2. SEM images of NaYF,:Yb’", Er’*" nanocrystals prepared
under different citrate/Ln ratios: (A) 0:1; (B) 0.5:1; (C) 1:1; (D) 1.5:1
(temperature = 180 °C. time = 2 h. NaF/Ln = 12).

hydrothermal process is the cubic phase. The crystal structure
must undergo transformation from the cubic phase to the
hexagonal phase during hydrothermal treatment when the NaF/
Ln ratio is equal to 12. Recently, Wang et al.” and Ghosh et
al.’? reported that, when the F~ ions are excessive, the 8-NaYF,
nanocubes and nanocrystals can be formed. In the synthesis of
the NaLnF, crystals, F~ anions serve as a reactant as well as a
mineralizer and the presence of an excess of F~ ions lowers
remarkably the crystallization temparature.>*~3 Therefore, the
amount of F~ ions affects significantly the crystallization of the
product. Keeping hydrothermal conditions the same, the pres-
ence of excessive F~ favors the growth of the hexagonal NaYF,
crystals. In order to investigate the influence of other parameters,
the NaF/Ln ratio is kept at 12 unless specifically mentioned
otherwise in the following text.

2. Effect of the Ratio of Citrate/Ln. It is known that the
chelating agent is key to the size of particles and the aggregation;
therefore, it can be used to prepare nanoparticles with small
size and good dispersion.”?%3° To clearly demonstrate the effect
of the citrate content on the NaYF, nanocrystals, the ratio of
citrate/Ln was taken as 0, 0.5, 1, and 1.5, respectively. As shown
in Figure 2, the obtained NaYF,:Yb*", Er*" nanocrystals exhibit
different morphologies including spherical nanoparticles, na-
norods, and submicroplates. The samples are composed of
nanorods and spherical nanoparticles that aggregated together
without citrate (see Figure 2A). Increasing the amount of citrate
to a ratio of citrate/Ln of 0.5, a mixture of cubic nanoparticles
and hexagonal submicroplates is obtained (Figure 2B). However,
when the ratio reaches 1.0 and 1.5, pure nanoparticles with a
size distribution of 30—50 nm are formed (Figure 2C and D),
implying that the crystal growth is restricted. The corresponding
XRD patterns demonstrate that cubic crystal structure is formed
with the citrate/Ln ratio more than unity and the mixed crystal
structures of cubic and hexagonal phases coexisted with the
citrate/Ln ratio less than unity (see Supporting Information
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Figure 3. SEM images of NaYF,:Yb*", Er’" nanocrystals prepared
under different temperatures: (A) 160 °C; (B) 180 °C; (C) 200 °C (time
= 2 h. citrate/Ln = 0.5. NaF/Ln = 12).

Figure 4. SEM images of NaYF,:Yb*", Er’" nanocrystals prepared
with different hydrothermal times: (A) O h; (B) 1 h; (C) 2 h; (D) 3 h
(temperature = 180 °C. citrate/Ln = 1.5. NaF/Ln = 12).

Figure S1). Recently, Li et al. showed that the presence of citrate
can restrict the growth of the 3-NaYF, hexagonal microprism.?!®
These results indicate that citrate can be used to control the
size and the morphology of the particles as well as the crystal
phase. Because of the strong coordination effect of the car-
boxylate and hydroxyl group of the citrate with lanthanide ions
in the aqueous solution, the o — [ phase transformation is
hindered. Relevant discussion is going to be detailed in the
following sections.

3. Effect of the Hydrothermal Temperature. The effect
of the hydrothermal temperature on the size and morphology
of nanocrystals was also examined. Increasing the hydrothermal
temperature from 160 to 200 °C leads to completely different
morphology and size of the products (Figure 3). Lower
hydrothermal temperature favors the formation of smaller size
nanoparticles, whereas higher hydrothermal temperature benefits
the formation of mix-shaped nanocrystals or submicroplates.
The corresponding XRD patterns verify that the nanoparticles
are in the cubic phase while the submicroplates are in the
hexagonal phase (see Supporting Information Figure S2).
Therefore, it can be concluded that high hydrothermal temper-
ature can provide energy that is required for the transformation
from o~ to B-phase NaYF, and the activation of specific faces
for the anisotropic growth of pure S-NaYF, nanocrystals.

4. Effect of the Hydrothermal Time. It is expected that
the hydrothermal time influences the size, shape, and crystal-
lization of the nanophosphors. The hydrothermal time was set
from O to 3 h at 180 °C with a citrate/Ln ratio of 1.5. From the
SEM images shown in Figure 4, it is clear that the sample
without hydrothermal treatment appeared as aggregates of many
primary particles with a coarse surface (Figure 4A). When the
hydrothermal time extends from 1 to 3 h, the size of the
nanoparticles increases slightly due to the presence of citrate
which restricted the growth of the nanoparticles and their surface
becomes smooth. The corresponding XRD patterns are shown
in Supporting Information Figure S3. All of the diffraction peaks
match closely with the a-NaYF, structure with the hydrothermal
time less than 3 h. The intensity of diffraction peaks becomes
sharper and stronger with the extension of the hydrothermal
time due to the improved crystallization and the increased size
of the as-prepared samples. When the hydrothermal time is
longer than 3 h, some diffraction peaks characteristic of
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Figure 5. FT-IR spectra of the NaYF,:Yb*", Er’* phosphors: (a) mixed
shape, without citrate; (b) nanoparticles, citrate/Ln = 1.5; (c) submi-
crocrystals, citrate/Ln = 0.5.

B-NaYF, appear in the XRD pattern (not shown). It should be
mentioned that with lower citrate/Ln ratio (e.g., 0.5) the 0. — 8
phase transformation occurs in a shorter hydrothermal time (e.g.,
2 h). Recently, it was reported that pure S-NaYF, and 3-NaYbF,
microplates can be obtained at 180 °C for 2 and 2.5 h with a
citrate/Ln ratio equal to 1, respectively.’'> These primary results
indicate that the long hydrothermal time facilitates the crystal-
lization and growth of nanocrystals. As mentioned above, the
formation of the hexagonal phase needs higher thermal energy
than that of the cubic phase. It seems that long hydrothermal
time is beneficial for the transformation from a- to (-phase
NaYF,Yb’", Er’", by supplying energy to speed up the
dissolution, renucleation, and crystallization process.

5. Formation Mechanism of o-NaYF, Nanocrystals and
p-NaYF, Submicrocrystals under Hydrothermal Conditions.
As discussed above, the nanocrystals are spherical particles in
the cubic phase before hydrothermal treatment. After hydro-
thermal treatment, the samples undergo changes in crystalliza-
tion, size, shape, and crystal structure. High NaF/Ln ratio and
high hydrothermal temperature and/or long hydrothermal time
favor the formation of 5-NaYF, crystals. The presence of excess
F~ ions decreases remarkably the crystallization temperature,* %
which indicates that the hexagonal NaYF, can be obtained in
the presence of excessive F~ ions at lower temperature. It is
supported that the hexagonal phase is a thermodynamically
stable phase and more ordered and the transition from the cubic
to hexagonal phase [Fm3m — P63/m] is a disorder-to-order
change.'?

Here, one might have a question: what is the original driving
force for the structure transformation and morphology evolution
in solution under mild hydrothermal conditions? To this end,
we recall that a two-stage model is well accepted to exist in the
formation of the NaYF, phosphors: nucleation and crystal
growth. The controlled release of Ln cations from the Ln—citrate
complex helps to separate the nucleation and growth stages.
Furthermore, the decomplexed citrate anions would attach to
the surface of the nanocrystals and lead to formation of well-
dispersible nanocrystals in water. FT-IR spectra can be instruc-
tive at this point. Figure 5 shows the FT-IR spectra of the
representative NaYF,:Yb*", Er*" phosphors. In Figure 5a, the
absorption bands around 3400 and 1650 cm™! of the sample
without citrate correspond to the OH stretching and deformation
vibrations,*® respectively, which arise from the absorption of
H,O. The absorption band around 3400 cm ™! in Figure 5b and
¢ may be the vibration superposition of the hydroxyl groups of
the water and citrate absorbed at the surface of the NaYF,:Yb*",
Er*" nanocrystals/submicroplates. The weak bands at about 2927
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and 2850 cm™! are assigned to the asymmetrical and sym-
metrical stretching vibration modes, respectively, of the CH,
group.’” The peaks at about 1610 and 1400 cm™! are assigned
to vibrations of the carboxylate anion in the citrate,3*3® which
proves the presence of the citrate ligands at the surface of the
nanoparticles/submicroplates. The influence of nucleation rate
on the particle size has been discussed in detail in our previous
study.? In the crystal growth stage, a delicate balance between
the thermodynamic growth and kinetic growth regimes can
strongly control the final structure of the nanocrystals.*** When
the thermodynamic growth regime is driven by a sufficient
supply of thermal energy (K7), the most stable crystal structure
is preferred. Crystallographic phase transformation in solution
usually undergoes a dissolution—recrystallization process in
order to minimize the surface energy of the system.*' Mai et
al. have reported that the energy barrier is the main reason for
a-NaReF, formation.*? It is reported also that the phase transition
from a-NaYF, to f-NaYF, is mainly due to the modification
of the environment of Y** occupation sites, including coordina-
tion number.*> Y3* or other cationic sites are conveniently
coordinated by F~ ions with increasing fluoride concentration
(12:1), which would decrease the energy barrier, and as a result,
an ordered hexagonal structure appears. Otherwise, a less
ordered cubic structure should be obtained at low NaF/Ln ratio
(4:1). This result supports the conclusion that fluoride concen-
tration plays an important role in tuning the crystal structure.’>?
Furthermore, it is confirmed that low hydrothermal temperature
and short hydrothermal time are not beneficial for the transfor-
mation from a- to $-NaYF,, mainly because of the lack of
enough energy to overcome the energy barrier and to speed up
the dissolution, renucleation, and crystallization process.

The thermodynamic behavior of small particles is different
from that of the bulk material by the free energy term yA, the
product of the surface (or interface) free energy and the surface
(or interfacial) area.***® When the different surface area of
polymorphs of the same materials possesses different free
energies in the growth stage, the change in phase stability can
occur in response to both the changes in surface environment
and particle size. In our case, tuning the citrate/Ln ratio of the
growth solution is a crucial step in the control of the size and
morphology of NaYF,. There are a number of roles that the
added citrate may play in the synthesis. The major one is to
modulate the thermodynamics and kinetics of nucleation and
growth of the system by controlling the interfacial tension
(surface free energy). According to the chelating properties of
citrate, increasing the citrate amount decreases the interfacial
free energies of the system.*’ In this work, we speculate that,
during the growth of NaYF, nanocrystals, the chelator (citrate)
might selectively bind to the certain crystal surface of the
nanocrystals, which results in the surface free energies of the
various crystallographic planes differing significantly and
renders the anisotropic growth along crystallographically reac-
tive directions, as reported previously for the formation of
B-NaReF, hexagonal microplates.’! Figure 6 shows the repre-
sentative TEM and HRTEM images of the 5-NaYF, hexagonal
submicroplates parallel to the substrate. The very regular
hexagonal cross section can be clearly observed (Figure 6A).
In the corresponding HRTEM image, taken with the electron
beam perpendicular to the edge of the submicroplates, the
interplanar distance between adjacent lattice fringes is deter-
mined as about 0.53 nm (Figure 6B), which corresponds to the
d-spacing value of the (1010) planes.>' The selected area electron
diffraction (SEAD) patterns are consistent with a hexagonal
phase structure of NaYF, (Figure 6B, inset), demonstrating its
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Figure 6. (A) TEM and (B) HRTEM images of S-NaYF, submicro-
plates lying flate on the substrate. Inset: The SEAD patterns of 5-NaYF,
submicroplates.

single-crystalline nature. According to our observation, when a
small amount of citrate is used (e.g., the citrate/Ln ratio is less
than unity) under the same hydrothermal conditions, the phase
transformation from a- to ($-NaYF, occurs easily at low
hydrothermal temperature and/or short hydrothermal time. In
this way, thermodynamic colloidal instability could be expected;
i.e., in the specific reaction circumstance (hydrothermal treat-
ment), the primarily thermodynamic stable state (a-NaYF,)
becomes thermodynamic unstable, resulting in a considerable
promoting of the ripening processes. The particles of o-NaYF,
spontaneously grow by an Ostwald-ripening process to reach a
new thermodynamic equilibrium state, where the [-NaYF,
structure is more thermodynamically stable than the a-NaYF,
phase, henceforth, making the phase transformation occur.
During the growth stage, citrate might specifically bind to the
{0001} facets of 5-NaYF, nuclei, which lowers the surface
energy of these facets, where typical growth in the [0001]
direction is prohibited, and the growth of nuclei is driven along
six symmetric directions: £[1010], £[1100], and %[0110],
which directly resulted in the formation of 5-NaYF, submicro-
plates. When the citrate/Ln ratio is more than unity, the
interfacial free energies of the system are further depressed and
there are enough citrate molecules which can bind to every
crystal surface of a-NaYF,4 nuclei. As a result, the surface energy
of every growth direction is reasonably the same and the
structure transformation from the cubic to hexagonal phase is
thus hindered. The thermodynamic equilibrium state is con-
served during the growth stage of the nanocrystals. Obviously,
the crystal structure of NaYF, nanocrystals can be controlled
by tuning the citrate/Ln ratio of the growth solution.

In summary, there are two kinds of key factors that determine
the final shapes of a-NaYF, nanoparticles and S-NaYF,
submicroplates. The first one is the dissolution—recrystallization
transformation, which is responsible for the a — [ phase
transformation. The anisotropic structure of the thermodynami-
cally stable 5-NaYF, seeds induces the anisotropic growth along
their crystallographically reactive directions. The second one
is the citrate anions used as the chelating agents and shape
modifiers, which play an important role in restraining the
structure transformation from the cubic to hexagonal phase and
inducing the formation of the 5-NaYF, submicroplates.

6. Upconversion Luminescence Spectroscopy of NaYF,:
Yb**, Er*" Phosphors. Figure 7 shows the upconversion
luminescence spectra of the o-NaYF,: 10 mol % Yb**, 1 mol
% Er’* nanoparticles prepared at 180 °C for 0, 1, 2, and 3 h
with a citrate/Ln ratio of 1.5 upon irradiation of 980 nm
wavelength. The green emission in the 510—570 nm region is
assigned to the (*Hyyp, *S3n) — “Iys,, transition, and the red
emission in the 620—690 nm region is assigned to the *Fo;, —
1,5y, transition of the Er** ion in the NaYF, nanocrystalline.5":!2
To investigate the upconversion luminescence mechanism, the
pump power dependence of luminescence intensity was per-
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Figure 7. The upconverted fluorescence spectra of NaYF4: 10 mol %
Yb**, 1 mol % Er** nanoparticles prepared under different hydrothermal
times upon radiation of 980 nm wavelength (power = 550 mW): (a)
0 h; (b) 1 h; (c) 2 h; (d) 3 h (temperature = 180 °C. citrate/Ln = 1.5.
NaF/Ln = 12).
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Figure 8. Pump power dependence of the upconverted green and red
integrated intensities of NaYFy: 10 mol % Yb*", 1 mol % Er’*
nanocrystals under 980 nm excitation.

formed. It is well-known that I.,, [J Ip" exists in upconversion
processes, where n denotes the number of NIR photons absorbed
to generate one frequency upconverted photon. The pump power
dependence is exemplified in Figure 8. Fitting the data points
yielded approximately slopes of 1.57 and 1.30 for the (*H;,.,
4S312) = 1,52 and *Foi;— “1;5/, transitions, respectively, indicating
that the upconversion luminescence involves a two-photon
absorption process. The slopes are deviated from 2, which could
be ascribed to the competition between different decay channels
within the intermediate state, including MR to the lower-lying
state, radiatively decay to the ground state, upconversion from
the intermediate state, and nonradiative trapping.*® Inefficient
nonradiative channels favor the upconversion process, i.e.,
higher n. In our case, the MR process should be efficient due
to the presence of citrate (vide infra). In a Yb*" and Er’*
codoped system, two main upconversion mechanisms are usually
taken into account: (i) energy transfer (ET) from Yb*" to Er**
ions and (ii) a CR process between two nearby Er** ions (Figure
9).

As can be seen from Figure 7, the upconversion luminescence
intensity of the sample without hydrothermal treatment is the
lowest. The upconversion luminescence intensities of the
samples under hydrothermal treatment for 0 and 1 h are
magnified 4 times for the sake of comparison. The upconversion
luminescence intensity increases remarkably with the particle
size increasing. Besides, the intensities of the red emission are
much stronger than that of the green one. It should be mentioned
that a similar phenomenon is also observed in f-NaYF,: 10 mol
% Yb’*, 1 mol % Er’" submicroplates (Figure 10). To
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Figure 9. A schematic illustration of the upconversion luminescence
processes of NaYF,:Yb*t, Er’" crystals.
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Figure 10. Upconverted fluorescence spectra of the a-NaYF,: 10 mol
% Yb**, 1 mol % Er** nanoparticles and the 5-NaYF,: 10 mol % Yb*™,
1 mol % Er 3" submicroplates before (solid) and after (dashed) annealing
at 300 °C for 2 h: (a) cubic, before annealing; (b) cubic, after annealing;
(c) hexagonal, before annealing; (d) hexagonal, after annealing (power
= 550 mW).

disentangle this question, the population mechanism of the *Fy,
level should be clarified. The energy level *Fy, for the red
emission (*Fo;, — *I;512) can be populated via the following
processes: the first one is direct population from the I3, level,
which can be populated through the nonradiative relaxation of
the “I;1,» level, the second one is via a nonradiative relaxation
from the *Ss/, level, and the third one is by a CR process of
4Fy, — *Fopp and “1;, — “Fop, between the two nearby Er’"
ions. The two former processes emphasize the importance of
multiphonon relaxation. In our case, the MR process is regarded
as an efficient process due to the presence of the organic groups
on the surface of the nanoparticles (see IR spectra in Figure 5).
The hydroxyl group possesses high-energy vibrational modes
(2700—3600 cm™"), compared with the dominant phonon modes
in NaYF, which lie between 300 and 400 cm™!.? These high-
energy vibrations would strongly quench the excited states of
Er*" ions by multiphonon relaxation and thus impact the
upconversion processes significantly. The MR rate, W, can be

expressed as follows:*

Wp = Aexp(—Bp) (1)

p = AE/ho 2)

where A (in hertz) and B are constants, p is phonon numbers
needed in the multiphonon relaxation, AE is the energy gap to
the next lower level, and hw is the phonon energy. For the Er**
ions, the “I;;, and “I;3, states are the intermediate levels
responsible for green and red emissions, respectively. There is
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an energy gap of ~3600 cm™! between the *I;, and *I,3, states
and ~3000 cm™! between the *S3;, and *F, states. According
to eq 1, the high-energy vibrations from hydroxyl groups make
the MR (*I;1, — 113 and *S3;, — *Foy2) much more probable
than that of the intrinsic phonons in the NaYF, host, where at
least seven phonons are required to bridge these gaps. As is
well-known, the upconversion intensity depends on the popula-
tion of the intermediate states. Therefore, the presence of the
hydroxyl group on the surface would result in an enhanced red
emission and reduced green emission if they are coupled with
Er*" ions.

To validate this point, the two representative samples were
annealed at 300 °C for 2 h. The SEM images and the XRD patterns
indicate that the size, shape, and crystal structure are unchanged
(see Supporting Information Figures S4 and S5). The upconversion
luminescence spectra of the 0-NaYF,:Yb** 10 mol %, Er** 1 mol
% nanoparticles and the S-NaYF,:Yb*™ 10 mol %, Er** 1 mol %
submicroplates before and after annealing are shown in Figure 10.
The upconversion luminescence intensity of the unannealing
samples is magnified 5 times for the sake of comparison. The
upconversion luminescence intensity is enhanced greatly after
annealing treatment due to the reduction of the quenching centers.?’
Notably, the red-to-green (R/G) ratio decreases from 22.1 to 7.0
for the a-NaYF;:Yb*" 10 mol %, Er*" 1 mol % nanoparticles,
while the R/G ratio changes from 3.07 to 2.91 for the 3-NaYF;:
Yb** 10 mol %, Er*" 1 mol % submicroplates. This indicates that
the MR is much more efficient in 0-NaYF,:Yb*" 10 mol %, Er*"
1 mol % nanoparticles than in the 8-NaYF,:Yb** 10 mol %, Er’*
1 mol % submicroplates owing to the larger surface-to-volume
ratio. The larger the surface-to-volume ratio is, the more Er’* ions
are located at/near the surface of the nanoparticles relative to the
Er** ions in the core. Er" ions located in the surface layer coupled
strongly with the high vibrational modes of the organic groups
and thus experience more efficient nonradiative relaxation from
higher electronic levels to lower electronic levels, leading to the
unusual enhancement of the red upconversion emission. Moreover,
different chelators, which have different chelating structure,
vibrational modes, and coupling capability, will produce the
different crystallization of the product because of their influences
on the nucleation and growth processes.? A citrate molecule has
four binding sites, including three carboxyl groups and one
hydroxyl group, among which three sites can be bound with Ln**
ions.?? In our case, the ligands of citrate molecules might couple
strongly with Er** ions, which lead to high R/G ratio of upcon-
version emission of the NaYF,: Yb**, Er*" crystals.

To testify the influence of the CR process on the upconversion
emission at different sensitizer concentrations, the spectra of the
samples doped with 1 mol % Er** and 0, 1, 2, 5, and 10 mol %
Yb** ions were investigated. The R/G ratio as a function of Yb**
concentration is shown in Figure 11. The R/G ratio changes with
the concentration of the Yb** ions. As the Yb** ion concentration
increases from O to 10 mol %, the R/G ratios are about 1.7, 3.1,
9.6, 14.9, and 22.1, correspondingly. At high Yb*" ion concentra-
tion, green emission is almost entirely restrained. Due to the higher
absorption cross section of the 2Fy; level of Yb*" ions than that of
the “I,y; state of Er** ions when pumping at 980 nm and the fact
that the two energy levels are more or less even, the energy from
the efficient excitation of Yb*" can be transferred effectively to
Er*" ions. With the increase of Yb** concentration, the ET process
becomes more efficient and induced more population in the *I;
or “Fyp, levels of the Er** ions. Thereby, the strong resonant CR of
the type *Fs, — *Fop, and *I;1, — *Fop, between two nearby Er*
ions occurs, resulting in more population of the “Fy, state and a
strong red emission. This is another reason for high R/G ratio of


http://pubs.acs.org/action/showImage?doi=10.1021/jp805567k&iName=master.img-008.jpg&w=168&h=126
http://pubs.acs.org/action/showImage?doi=10.1021/jp805567k&iName=master.img-009.png&w=194&h=137

15672 J. Phys. Chem. B, Vol. 112, No. 49, 2008

P4

0+ v v T T v v

-2 0 2 4 6 8 10 13

Yb*" concentration (mol %)

Figure 11. R/G of upconversion luminescence as a function of Yb**
concentration in a-NaYF,:Yb*", Er*" nanoparticles under radiation of
980 nm wavelength (power = 550 mW).

upconversion emission of the samples. Similar phenomena were
also observed in Y,03: Yb**, Er* nanocrystals.*® However, when
other chelators were used to prepare NaYF,: Yb**, Er*" nanoc-
rystals, the abnormal strong red upconversion emission is not
observed even at Yb*™ 10 mol % and Er** 2 mol % doping
concentration.?? Therefore, in our case, we speculate that the MR
process is the main reason for high R/G ratio of the NaYFy: Yb*™,
Er’* crystals.

Conclusions

The Yb*" and Er’**codoped a-NaYF; nanoparticles and
B-NaYF, hexagonal-shaped submicroplates are successfully pre-
pared by a hydrothermal reaction using the citrate—yttrium—nitrate
complex as the precursor. An unusual red upconversion enhance-
ment at low doping concentration is observed, which is ascribed
to the abnormal strong phonon assistant nonradiative relaxation,
in relation with the usage of citrate as a chelator, and CR between
Er’* ions. Besides, the synthetic mechanism is systematically
studied in detail and optimal reaction parameters are given. The
results of this study are important for the application of the
nanoparticles as a platform in biology and biomedicine.
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