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Hexagonal phase NaGdF, microrods have been successfully synthesized via a facile hydrothermal
method with ethylene diamine tetraacetic acid (EDTA) as the structure-directing agent. The additive
amounts of NaF and NaNOs as well as the reaction time have great effect on the morphology evolution of
the products. A possible growth mechanism was proposed for the formation of 3-NaGdF, microrods.
Under the excitation of 980 nm near-infrared laser, bright green upconversion (UC) emissions can be
readily achieved from NaGdF,:10%Yb>*,1%Er>* microrods. In addition, the NaGdF, microrods exhibit
excellent paramagnetic features with the magnetization value of 5.02 emu/g (18 kOe) at room
temperature. Both the UC luminescent and magnetic properties are closely related to the size of as-
prepared products. These multifunctional 3-NaGdF, microrods would have potential applications in the
fields such as solid-state lasers, lighting, displays, and magnetic resonance imaging (MRI), and so on.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In modern chemistry and materials science, rare earth (RE)
fluorides with the formula of (RE)F; or A(RE)F,4 (A = alkaline metal,
RE = rare earth elements) have aroused much attention because of
the unique electronic and optical properties [1-6]. With doping
trivalent lanthanide ions (Ln>"), these compounds might possess
prominent luminescent features [7] and magnetic properties based
on the 4f electrons in lanthanide ions [8,9]. All these properties are
highly depend on the size and shape of as-synthesized nano-/micro-
scale particles. Therefore, to elucidate their shape- and size-
dependent properties, most efforts have been made to the
controllable synthesis of nano/microcrystals in recent years [10-
17]. Among the RE fluoride hosts, sodium rare earth fluorides
(NaREF,) are regarded as the most outstanding host lattices for
upconversion (UC) luminescence due to their low phonon energies
[3-5,18-20]. As one typical example in them, NaGdF, possesses
some unique physical properties which originate from Gd>* ions.
Firstly, since the lowest excited state 6P7/2 of Gd3* locates in the
ultraviolet region, the energy transfers from other lanthanide ions
such as Er¥*, Tm>*, and Ho®* to Gd>* are effectively cut off in visible-
infrared region, which decrease the excitation energy loss and
improve the luminescence efficiency in UC processes [21]. Secondly,
Gd>* can serve as an intermediate ions to pass the excited energy
from sensitizers (e.g. Yb®**/Tm>" ions pair) to activators ions (e.g.
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Tb>*, Eu®*, and Sm>*), and consequently facilitate the energy transfer
processes in fluoride phosphors [22]. Thirdly, Gd>* ion is widely
known as an ideal paramagnetic relaxation agent because of its large
magnetic moment and nanosecond time scale electronic relaxation
time [23]. Therefore, NaGdF, has been used in biological fields, such
as bioseparation and paramagnetic relaxation agents in magnetic
resonance imaging (MRI) [24].

Up to now, most of the reported researches, to our best
knowledge, are predominantly focused on the controllable
fabrication of Ln®>* doped NaGdF, nanocrystals (NCs) in both cubic
and hexagonal phase owing to their promising applications in
biolabel, bioseparation, and so on [12,19,24-29]. However, there
are few reports on the manufacture of single-crystal NaGdF, with
uniform size and well-defined shape at submicron or even micron
scale, let alone the further studies of their UC luminescent and
paramagnetic properties [30,31]. Furthermore, compared with
NCs, NaGdF; microcrystals (MCs) might have many novel
chemical, optical, magnetic, and electrical properties. Therefore,
it is also significant for researchers to synthesize NaGdF, MCs with
controllable shape and size and further investigate their optical
and magnetic properties.

In this article, well-defined hexagonal phase NaGdF, microrods
prepared via facile hydrothermal method are reported. The
controllable regulation of crystalline phase, morphology, and size
of as-synthesized products can be performed by adjusting the
amounts of NaF and NaNOs;. More significantly, the unique
formation process of 3-NaGdF, MCs is revealed through a time-
controlled experiment. The size-dependent properties of UC
luminescence and paramagnetism are also investigated in detail.
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These multifunctional microrods would have potential applica-
tions in solid-state laser, lighting, displays, MRI, etc.

2. Results and discussion

Generally, controllable synthesis of rare earth compounds in a
solution-based system not only depends on the intrinsic structure
of the target compounds but also requires precisely setting some
growth parameters such as surfactants, the pH value of precursor
solution, reaction temperature and time, and so on. In our designed
system, we mainly focus on three effects on the final composition,
morphology, and size of the as-synthesized products, including the
molar ratio of NaF to Gd**, the addition amount of NaNOs, and the
reaction time, which will be discussed in the following paragraphs
seriatim.

2.1. Effects of NaF and NaNOs additive amount on final products

To investigate the possible effects of varied NaF content on final
products, the NaF/Gd>* ratio was selectively regulated from 6 to 12
with other synthetic conditions unchanged. As can be seen from
Fig. 1a, when the NaF/Gd>" ratio is 6, the sharp diffraction peaks
which indicate the high crystallization of products can be well
assigned to orthorhombic phase GdFs; (JCPDS card no.12-0788).
The corresponding SEM image (Fig. 2a) reveals that the morphol-
ogy is uniform lotus-like NCs which formed from an ordered
assembly of numerous rice-like nanoparticles with the mean
particle size of about 110 nm. When the ratio reaches 7, some new
diffraction peaks appear; as shown in Fig. 1b, and they can be
rightly indexed to the hexagonal phase NaGdF, (JCPDS card no. 27-
0699). Fig. 2b illustrates that these emerging NaGdF, are
hexagonal microrods. Their average diameter and length are
~0.7 pm and ~1.6 pm, respectively. However, a large number of
brick-like nanoparticles emerge instead of the original lotus-like
GdF; NCs. With the continuous increase of the ratio to 8, the
diffraction peaks from 3-NaGdF, increase and the diffraction peaks
from GdF; decrease, as shown in Fig. 1c. It is clearly observed from
Fig. 2c that the corresponding morphologies are well-shaped
hexagonal microrods and minor rice-like nanoparticles. Based on
the above description, it is worth noting that the morphology of as-
obtained GdF3 alters with increasing the additive content of NaF
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Fig. 1. XRD patterns of the products with different molar ration of NaF to Gd3*. (a)
NaF/Gd3* = 6:1; (b) NaF/Gd3* = 7:1; (c) NaF/Gd>* = 8:1; (d) NaF/Gd>* = 9:1.

regularly. More significantly, with the increase of NaF addition, the
final products can transform from GdFs; to NaGdF,. When the NaF/
Gd>* ratio comes to 9, the final products can completely convert to
pure hexagonal NaGdF, microrods, as can be seen from Figs. 1d and
2d. According to the above results, we can conclude that the
composition, shape and crystalline phase of the as-synthesized
products are seriously affected by the critical reacting amount of
NaF with other synthetic parameters keeping unchanged.

To illustrate the variation of crystal structure of final products,
the possible reaction processes for the formation of both GdFs; and
NaGdF, are summarized as follows:

Gd>* + EDTA* — Gd>" — EDTA*" (complex) (1)
Gd>* — EDTA*" + Na* + 4F — NaGdF, + EDTA*" (2)
Gd** — EDTA* + 3F — GdF; — EDTA*" (3)

Based on the comparison between Egs. (2) and (3), it can be
concluded that the lack of F~ ions will make the formation of
NaGdF4; much more difficult than that of GdFs. Therefore, it is
easier to obtain GdF3 NCs rather than NaGdF, MCs at the low ratio
of NaF/Gd®', as presented in Fig. 1a. When increasing NaF
gradually, the concentration of F~ ions is enough and Eq. (2) is
the primary reaction process instead of Eq. (3). Thus, NaGdF, MCs
are obtained under high ratio of NaF/Gd3*, which is in good
agreement with the above experimental results. Lin et al. have
reported that improving the pH value of mother liquor can make
the composition transformation from GdF; to NaGdF, [32]. They
proposed that the low pH value is favorable to the synthesis of
GdF3 and NaGdF, is preferred under high pH value. In our case, the
original pH value of mother liquor is fixed at about 3, accompanied
by the low reactants ratio of NaF/Gd>*, which make GdF; NCs form
inevitably. However, when the ratio of NaF to Gd** continues
increasing to 9, 10, and even 12, the as-obtained samples become
to pure hexagonal NaGdF, microrods, as shown in Fig. 2d-f.
Especially, the corresponding TEM images and SAED pattern of the
obtained NaGdF, microrods synthesized at the ratio of 10 are
presented in Fig. 3, which can directly confirm the single crystal
characteristic of the microrods. It can be clearly found that the
diameter of as-synthesized NaGdF, microrods decrease whereas
the slenderness ratio of these NaGdF, microrods increase with
increasing the molar ratio of NaF to Gd3*, which is well depicted in
Fig. 4. The specific reason for this phenomenon will be given below.

In addition, further comparison between Egs. (2) and (3) reveals
that the addition of Na* might be another effective route to obtain
NaGdF,. Hence, parallel experiments are performed by adding
NaNO; as additional mineralizer at the NaF/Gd>* ratio of 6 with
other condition parameters unchanged. XRD patterns and SEM
images of the as-synthesized samples prepared by adding different
amount of NaNOs are shown in Figs. 5 and 6, respectively. With
increasing the addition of NaNOs from 2 to 50 mmol, the final
products can transform from GdFs to NaGdF, which can be
confirmed from Fig. 5. Furthermore, as clearly depicted in Fig. 6, the
corresponding morphology experiences the transformation from
originally lotus-like NCs to the mixture of lotus-like NCs and
hexagonal microrods and finally to the pure hexagonal NaGdF,
microrods. Therefore, improving the concentration of Na* is indeed
a practical way to obtain 3-NaGdF4 MCs.

As discussed in above paragraphs, the reactants molar ratio of
NaF to Gd3* can greatly influence the size and the slenderness ratio
of as-obtained [3-NaGdF, microrods. In current synthetic system,
with increasing the addition of NaF, F~ becomes excessive
compared with Gd®>* and the redundant F~ will cap on the crystal
surface inevitably due to the strong coordination effect between F~
and Gd3'. According to Gibbs-Thompson theory, the relative
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Fig. 2. Effect of the molar ratio of NaF to Gd>* on the as-prepared products. (a) NaF/Gd>* = 6:1, lotus-like NCs; (b) NaF/Gd>* = 7:1, brick-like NCs and microrods; (c) NaF/
Gd3* = 8:1, rice-like NCs and microrods; (d-f) NaF/Gd** = 9:1, 10:1, 12:1, pure microrods.
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Fig. 3. TEM images and SAED pattern of NaGdF, microrods prepared at the NaF/Gd** = 10:1.

chemical potential of a crystal is simply proportional to its surface-
atom ratio, which is determined by the average number of
dangling bonds per atom over the entire crystal [33]. The capping
effect of F~ would decrease the average number of dangling bonds,
and further decrease the chemical potential of the crystal as well as

that of crystal surface. Due to the density of Gd** on the [1010]
crystal plane is higher than that on the [0 0 0 1] crystal plane, the
selective absorption of F~ on the [1017 0] crystal plane would be
greater than that on the [0001] plane, and the similar
interpretation has been illustrated clearly in 3-NaYF; system
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Fig. 4. The function image of the effect of the NaF/Gd>" ratio on the size of obtained
NaGdF,; microrods.

[34]. Then, as described above, the surface energy of the [1010]
crystal plane will be certain to decrease dramatically while that of
the [000 1] crystal plane increases relatively. As a result, the
relative growth rate along [0 0 0 1] is much quicker than that along
[1010), finally leading to larger aspect ratio of microrods at higher
NaF/Gd>" ratio, as shown in Fig. 4.

Additionally, the effects of the amount of EDTA on the
morphologies of final products are also discussed with other
reaction conditions similar to S5. When decreasing the molar ratio
of EDTA/Gd** from 1:1 to 0:1, the as-prepared PB-NaGdF,
microcrystals exhibit quite irregular shapes as shown in Fig. 7a.
In addition, it can be clearly found in Fig. 7b that the top/bottom of
the microrods becomes thinner than the middle parts when
increasing the molar ratio of EDTA/Gd*" to 2:1. The obvious
changes in the final morphologies of as-prepared products can be
mainly attributed to the selective adsorption of EDTA*" on the
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Fig. 5. XRD patterns of the obtained products with different addition of NaNOs. (a)
2 mmol; (b) 10 mmol; (c) 30 mmol; (d) 50 mmol.

different facets of growing NaGdF, crystallites, giving rise to the
difference of the growth rates between different crystallographic
directions and forming the various morphologies and sizes [35]. In
addition, the effects of excessive EDTA on final products (Fig. 7b)
further confirm the existence of selective binding. To sum up, it is
clear that EDTA plays critical roles as a structure-directing reagent
binding to the surface of crystals selectively, resulting in different
well-defined morphologies.

Fig. 6. The effects of the addition amount of NaNO3 on the composition of final products of S2. (a) 2 mmol, lotus-like NCs; (b) 10 mmol, lotus-like NCs and microrods; (c)

30 mmol, rice-like NCs and microrods; (d) 50 mmol, pure microrods.
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Fig. 7. TEM images of B-NaGdF, microcrystals synthesized with different amount of EDTA and other conditions are similar to S5. (a) Irregular microcrystals at EDTA/

Gd?*=0:1; (b) spindle-like microcrystals at EDTA/Gd®* = 2:1.

2.2. Formation mechanism of [3-NaGdF, microrods

The formation procedure of as-synthesized crystals undergoes a
two-step growth process as follows: (1) the formation of crystal
nuclei, and (2) further crystal growth from the nuclei along with
the reaction time. Here, S5 is chosen to perform time-controlled
experiments for the detailed investigation of inherent crystal
growth mechanism. In the nucleation stage, the possible reaction
processes for the formation of NaGdF, crystal nuclei have been
shown in Eqgs. (1) and (2), as described above. As NaGdF, crystal
nuclei formed in the mother liquor, further crystal growth would
carry out immediately. As shown in Fig. 9a, the as-obtained
products under hydrothermal treatment for only 15 min are
composed of spindle-like MCs with average length of 1.1 wm and
spherical nanoparticles with about 0.28 wm in diameter. The
various morphologies of products are in accordance with the co-
existence of diffraction peaks of cubic and hexagonal phase NaGdF,
as shown in the corresponding XRD pattern. The extremely weak
diffraction peaks, as depicted in Fig. 8a, demonstrate that high
crystallinity cannot be achieved in such short reaction time. When
the reaction time increases to 30 min, the well-formed spindle-like
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Fig. 8. XRD patterns of samples at different reaction time of (a) 15 min; (b) 30 min;
(c)1h; (d)2h.

NaGdF; MCs, as well as the spherical NaGdF; nanoparticles,
become big and smooth, which are presented well in Fig. 9b.
Accordingly, the diffraction peaks of both cubic and hexagonal
phase NaGdF,4 become intense and sharp as shown in Fig. 8b. When
the reaction time continues elongating to 1 h, a large number of
well-defined hexagonal microrods appeared with other spherical
nanoparticles became smaller than before (Fig. 9c), which results
in the higher intensity of hexagonal phase peaks than those of
cubic phase, as shown in Fig. 8c. The above results indicate that the
transformation from cubic to hexagonal phase is proceeding with
prolonging the reaction time. Finally, when extending the reaction
time to 2 h, the cubic phase NaGdF, completely converted to
hexagonal phase and all the obtained products are of pure
hexagonal microrods with average length of about 1.55 wm, as
shown in Figs. 8d and 9d, respectively. From free energy viewpoint,
the crystal growth is processed towards more stable direction in
thermodynamics. It is well known that hexagonal phase is a more
thermodynamically stable phase than cubic phase [36]. In the
synthesis process, owing to the reaction is carried out under high
temperature and high pressure conditions, the sufficient supply of
thermal energy makes the final products become stable hexagonal
phase rather than the initial cubic phase. In other words, a
dissolution-recrystallization (D-R) process, which means the
dissolution of metastable o phase particles to serve as the
component source for the further growth of 3 phase, inevitably
occurs in the phase transformation process. It is worth to note that
the simultaneous formation of cubic and hexagonal phase NaGdF,
at the early stage in reaction process (Fig. 8a) is different from pure
cubic phase obtained in the synthesis of NaYF, [37]. This difference
could be attributed to the difference in ionic radii between Gd**
and Y3". Theoretically, the light lanthanides with large ionic radii
exhibit a high tendency towards electron cloud distortion owing to
the increased dipole polarizability, and thus favor the hexagonal
structure [21]. Therefore, NaGdF,, doped with bigger Gd** ions
than Y3*, will prefer to form hexagonal phase than NaYF,.

Based on the above analysis, it can be concluded that, besides
inherent unit cell structures of nucleated seeds, reaction time is
also a key factor in the phase and morphology evolution of the final
products. Scheme 1 summarizes the possible formation processes
of 3-NaGdF, microrods under various experimental conditions.

2.3. Upconversion luminescent properties

The UC luminescence of Ln®" has been investigated extensively
because of their potential applications in various fields, such as
lighting, display, IR detection, and medical imaging [38,39]. Here,
to verify the UC luminescence properties in our materials, S4, S5
and S6 are selected as hosts to prepare 3-NaGdF,: 10%Yb3*/1%Er>*
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Fig. 9. SEM images of samples at different reaction time of (a) 15 min; (b) 30 min; (c) 1
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Scheme 1. Schematic illustration for the formation process of NaGdF4 microrods (D-R and N/G represent dissolution-recrystallization and the molar ratio of NaF to Gd>*,

respectively).

MCs which are labeled as S4%, S5% and S6*, respectively. Fig. 10a
shows the UC luminescence spectra of S4%, §5% and S6* under the
excitation of 980 nm near-infrared laser with a pump-power
density of ~140 mW/cm?. All samples exhibit typical emission
bands of Er®* in visible region, including purple emission (centered
at 408 nm), green emission bands (centered at 520 and 545 nm)
and red emission (centered at 664 nm). According to the simplified
energy diagram shown in Fig. 10b, the above UC emissions can be
well assigned to 2Hojz — “lisja, 2Hi1j2/*S32 — *lis;z and “*Foy
2 — 152 transitions of Er**, respectively [40,41]. The possible
UC population processes are given in Fig. 10b as well. In addition, it
is worth noting that the whole UC emission intensity of samples
decreases with increasing the molar ratio of NaF to Gd3*, as shown
in Fig. 10a, which is mainly attributed to the surface quenching
effect [42]. It is well known that each emission peak include a sum
of optical emissions contributed from doped ions both at the
surface and in the interior of the particles. Compared with the
interior doped ions, the surface doped ions should show weakened
emissions owing to the quench of excitation energy by surface

defects [43]. From the inset of Fig. 10a, we found that the specific
surface area of 3-NaGdF,4 microrods increases with the increase of
molar ratio of NaF to Gd**. The larger specific surface area is, the
more surface quenching centers are. In addition, as shown in Fig. 2f,
S6* shows obvious coarse surface which may also contribute to the
surface quenching effect. Thus, S6* exhibits great weaker UC
luminescence than S5% and S4*.

2.4. Paramagnetic properties of NaGdF, microrods

Apart from the UC luminescence property, the magnetism of
NaGdF, microrods is also investigated. Fig. 11 shows the room-
temperature magnetization (M) values of NaGdF, microrods
originating from S4%, 5%, and S6*, respectively, as a function of
applied field (H) (—18-18 kOe). It is clear that all samples exhibit
obvious paramagnetism. The paramagnetic property of the Gd>*
ions in NaGdF,; microrods comes from seven unpaired inner 4f
electrons which are closely bound to the nucleus and effectively
shielded by the outer closed-shell electrons 5s25p°® from the crystal
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Fig. 11. Magnetization as a function of applied field for NaGdF; microrods
originated from S4%, $5%, and S6*, separately.

field. The magnetic moment associated with the Gd>* ions are all
localized and noninteracting, giving rise to paramagnetism [44].
The mass magnetic susceptibility values of $4*, S5%, and S6* are
determined to be 27.9 x 107>, 13.9 x 107>, and 5.3 x 107> emu/g
Oe, respectively. The magnetization values of S4%, S5%, and S6* at
18 kOe are about 5.02, 2.50, and 0.95 emu/g, which are near to the
reported value of the nanoparticles used for common biosepara-
tion [45]. In addition, by comparing the magnetization of these
three samples, it can be inferred that the magnetization of NaGdF,
microrods seriously depends on their size. This size-dependent
property may be closely related with the different distribution of
Gd>* in host materials, which need further theory and experimen-
tal studies.

3. Conclusion

In summary, controllable synthesis of gadolinium fluorides
with different compositions (GdF; and NaGdF;) and various
morphologies (lotus-like particles, rice-like NCs, and microrods)
is achieved by preciously adjusting the addition of NaF and NaNOs
through hydrothermal method. The time-dependent experiment
confirms the phase transition from o-NaGdF, to (3-NaGdF, with
prolonging the reaction time. By doping the Yb**-Er3* ion pair,
these [3-NaGdF; microrods present excellent size-dependent UC
luminescence property. The size dependence of paramagnetic
properties is also obtained in these [3-NaGdF, microrods.
Hopefully, the luminescent and paramagnetic properties can make
these microrods be promising multifunctional materials and have

potential applications in solid-state lasers, lighting, FEDs, MRI and
So on.

4. Experimental
4.1. Samples preparation

The rare earth nitrates RE(NO3);-6H,0 (RE = Gd, Yb, Er) were
purchased from Shanghai Shabo Chemical Reagent Company and
other chemicals were purchased from Beijing Chemical Company,
China. All the chemicals were of analytical grade and used without
further purification.

In a typical synthesis of NaGdF,4, 1 mL Gd(NOs)3 (0.5 M) solution
was poured into an 10 mL of aqueous solution containing 0.5 mmol
of EDTA. After vigorously stirring for 30 min, 5 mmol NaF was
added into the above solution. After another additional agitation
for 30 min, the obtained mixing solution was transferred into a
30 mL Teflon-lined stainless steel autoclave, and then heated to
180°C for 24 h. After the autoclave was cooled to room
temperature naturally, the resulting precipitates were isolated
by centrifugation, washed with deionized water and ethanol in
sequence, and dried in air. All the synthetic conditions and
characteristics of samples prepared via hydrothermal route were
listed in Table 1. The as-synthesized products were labeled from S1
to S6 according to the different addition amount of NaF.
Furthermore, sodium nitrate (NaNOs) can be used as the additional
mineralizer in the experiments, and the corresponding products
were labeled from S7 to S10 on the basis of different NaNOs
addition. To investigate the luminescence properties of Ln>* ions in
Ln3* doped NaGdF, microcrystals, the Yb*"-Er3* codoped NaGdF,

Table 1
Parameters of the representative experiments and the morphologies of the
corresponding products.

Sample NaF/Gd®** NaNO; pH  Product Morphology
(mmol)

s1 6:1 0 3 GdF; Lotus

S2 7:1 0 3 3-NaGdF4 and GdF;  Rod and brick

S3 8:1 0 3 B-NaGdF,4 and GdF;  Rod and rice

S4 9:1 0 3 3-NaGdF, Rod

S5 10:1 0 3 B-NaGdF, Rod

S6 12:1 0 3 3-NaGdF, Rod

S7 6:1 2 3 GdF; Lotus

S8 6:1 10 3 GdF; and 3-NaGdF;  Lotus and rod

S9 6:1 30 3 3-NaGdF4 and GdF;  Rod and rice

S10 6:1 50 3 3-NaGdF, Rod




164 Z. Chen et al./Journal of Fluorine Chemistry 144 (2012) 157-164

samples were prepared by introducing certain amount of Yb(NO3)3
and Er(NOs); solution into the solution as described above.

4.2. Characterization

The crystal structure was analyzed by a Rigaku RU-200b X-ray
powder diffractometer (XRD) using a nickel-filtered Cu-Ka
radiation (A =0.15406 nm). The size and morphology were
investigated by a JEOL JSM-6330F field emission scanning electron
microscope (FESEM). The UC photoluminescence emission spectra
were recorded using a Hitachi F-4500 fluorescence spectropho-
tometer (1.0 nm for slit width and 400 V for photo multiplier tube
voltage) with a 980 nm continuous wave diode laser as the
excitation source. Magnetic properties were measured using a
vibrating sample magnetometer. All the measurements were
performed at room temperature.
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