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ARTICLE INFO ABSTRACT

The SrF, nanoparticles activated by Nd>* were synthesized via precipitation method. The samples were char-
acterized by X-Ray diffraction (XRD), field-emission scanning electron microscope (FESEM), energy dispersive X-
ray spectrometer (EDS), high-resolution transmission electron microscopy (HRTEM) and optical transmission
spectrum. The FESEM results showed that reactant concentration played significant role in the morphology and
size of final SrF, particles. i.e., slab-like shape with about 400 X 200 x 100 nm in size SrF, grains were
synthesized at 0.1 M reactant concentration. While a size of about 15-30 nm and near-spherical morphology
particles could be obtained at 0.5-1.0 M. Due to higher probability of particles collision, the situation changes to
cone-like grains with mean size of about 500 nm at 1.5 M. Observed lattice distortion from HRTEM measurement
indicates successful introduction of Nd®* into the SrF, matrix. The as-prepared Nd:SrF, nanopowder can be
fabricated to transparent ceramic with a transmittance of about 80% at 1060 nm under vacuum hot pressed
sintering at 800 °C for 2 h, indicating good sinterability of the nanopowders.
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1. Introduction

Lanthanide-based luminescent inorganic nanomaterials attract
growing interests during the past few years owing to their wide appli-
cations in solid state lasers [1,2], biological labeling [3], flat panel
displays and thin disk lasers etc [4,5]. Considering the chemical com-
position, size and morphology of nanomaterials are fundamentally re-
lated to their chemical and physical properties [6-8], great endeavor
aiming to obtain nano-scale particles with improved microstructure has
been devoted to investigating the synthetic approaches of these mate-
rials and vast progresses have been achieved. Li and co-workers [9]
reported the synthesis of monodispersed CeF3 and NaCeF, nanocrystals
by using liquid-solid-solution method. Fatima and co-workers [10]
obtained nano-sized tetragonal scheelite-like NaGd; — xYbx(WO,), par-
ticles via a mild hydrothermal approach, etc [11-13]. However, most of
these methods usually require strict reaction conditions such as cata-
lysts, expensive and toxic templates or surfactants, relative high tem-
perature, costly steel autoclaves and a number of complicated proce-
dures. As a solution, precipitation method attracts considerable
attention, for it is a relatively simple way to synthesize nanopowders
with composition homogeneity, good crystallinity, low react tempera-
ture as well as high productivity, and has been widely used to obtain
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both transparent ceramic precursor powders and phosphors such as
YAG [14], CaF, [15], (Y1-xGdy)203 [16,17], CaySb,0, [18].
Alkaline-earth fluorides based lasers, such as CaF,, SrF,, are served
as promising substitution of YAG for several reasons: (i) High solubility
for trivalent lanthanide ions substituting for divalent alkaline earth ions
[19]. (ii) Large band gaps (above 10 eV) make them transparency in a
very large frequency region (0.15-10 pm) [20]. (iii) Low phonon en-
ergy (~ 350 em™ Y  [21] and high thermal conductivity
(8.7-9.7 Wm ™' K™1), which are important to high power laser emit-
ting. When doped with Nd*, an attractive luminescent ion for high
power laser, it is reported that the near-infrared (NIR) laser output with
high power and high slope efficiency were obtained in both single
crystals and polycrystalline laser ceramics [2,22,23]. Generally, com-
pared to CaF,, the SrF, host provides for a larger tolerance of Nd**
dopant without the occurrence of detrimental clustering, and in addi-
tion has a remarkably long emission lifetime [24], thereby permitting
the efficient extraction of energy from Nd:SrF, amplifiers. In spite of
widely reports on Ln®** doped CaF, [25-27], however, to our best
knowledge, there have been few literatures available on systematic
studies in producing Nd** doped SrF, via precipitation process.
Herein, we reported the preparation of SrF, nanopowders activated
by Nd** via precipitation method. To obtained nano-sized particles, the
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Fig. 1. FESEM images of undoped SrF, particles with different reactant concentration. (a) 0.1 M; (b) 0.5 M; (c) 1.0 M; (d) 1.5 M.

influence of starting reagent molarity on final size and morphology of
the particles was studied. In order to prove successful introduction of
Nd3" into the SrF, lattice, microstructure and morphology behaviors of
the nanoparticles on Nd** doping were characterized via XRD, FESEM,
HRTEM measurements. Additionally to test the sinterability, the ob-
tained Nd:SrF, powder was fabricated to transparent ceramic by va-
cuum hot press sintering, and the optical transmission spectrum was
measured.

2. Experimental section
2.1. Chemicals and materials

Nanocrystalline powders of Sr; _,NdF» ., were synthesized using
commercially available reagents (produced by Sinopharm Chemical
Reagent Co. Ltd, Shanghai, China): hydrated strontium nitrates
(99.9%), hydrated neodymium nitrates (99.9%), and hydrated po-
tassium fluoride (99.9%). Water was distilled. There was no further
purification of any of the chemicals or reagents used in this study.

2.2. Preparation

One typical sample (1.0 M reactant concentration) was prepared by
the following procedures: A solution containing the cationic precursors
(Sr?>* and Nd®*) was made by dissolving nitrate salts in distilled water.
The total concentration of strontium and neodymium ions was 1.0 M
with the ration of these two ions determined by the stoichiometric ra-
tion of the molecular formula Sr; _4NdFs . The anion solution (F’)
was made by dissolving KF in distilled water with a concentration of
1.0 M. These two solutions were stirred separately for 5 min. Then the
cationic solution was added dropwise to the anion solution which was
stirred magnetically. The synthesis can be expressed by the following
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chemical equation

(1-x)Sr(NO3), +x Nd(NO3)3 + (2 +x) KF—Sr; _ yNdyF5 4 5 + (2 +x)KNO3
(€]

Where x is doping level (x = 0, 2, 5, 8, 15 and 20 mol%). The mixture
aqueous solution was stayed for 4 h at room temperature, and then
centrifuged at 11,000 rpm for 15 min. The precipitation obtained from
centrifuge tube was washed by ultrasonic dispersing in distilled water
10 min. After repeating 3 times centrifugation, the recovered nano-
particles were oven dried at 80 °C for 24 h and crushed in an agate
mortar to obtain the final Sry _,Nd,F5, x nanopowders.

The obtained powders were filled into a graphite mold with a cavity
diameter of 16 mm and sintered in a carbon heated vacuum furnace
(Shanghai Chenrong Electrical Furnace Co. Ltd., Shanghai, China),
under an axial pressure of 30 MPa and vacuum about 5.0 x 103 Pa.
The heating rate was 15 °C/min, and the annealing time was 120 min.

2.3. Characterization

Powder X-Ray diffraction (XRD) measurements were performed on
a D/Max-RB (Rigaku, Japan), using Cu K, radiation (A = 1.54056 A).
The Nd®* content determination of the Nd:SrF, powders were assessed
with inductively coupled plasma optical emission spectroscopy (ICP-
OES) using Prodigy 7 (Leeman, America) with argon gas pressure of
0.3 MPa. The size and morphology of the products were characterized
by field-emission scanning electron microscope (FEMSM; ULTRA,
PLUS-43-13, Zeiss, Oberkochen, Germany), equipped with an energy
dispersive X-ray spectrometer (EDS), operated at an acceleration vol-
tage of 5kV. High-resolution transmission electron microscopy
(HRTEM) images were obtained from a JEM-2100F (JEOL, Tokyo,
Japan) with an accelerating voltage of 200 kV. The optical transmission
spectrum pattern of Nd:SrF, transparent ceramic was collected by
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Lambda 750 (PerkinElmer, USA). All measurements were performed at
room temperature.

3. Results and discussion
3.1. Effects of reactant concentration on particle size and shape

It is well known that reactant concentration plays an important role
in size and final morphology of precipitation products. In order to ob-
tain nano-sized SrF, particles, four undoped SrF, samples with different
reactant concentrations (0.1 M, 0.5M, 1.0 M and 1.5 M) were prepared
and FESEM images of these products are shown in Fig. la-d, respec-
tively. The product obtained at 0.1 M reactant concentration presents
homogenous slab-like morphology with a size of about 400 X 200 X
100 nm. As shown in Fig. 1a, the particles are soft agglomerated and we
assume that the grain fragments are generated during the ultrasonic
dispersion processes. The morphology in this case is in accord with
previously work [28]. With increase in reactant concentration, the
particle size decreases dramatically at first to an average size of about
30 nm, with spheroidal morphology at 0.5 M (Fig. 1b), and then mildly
decreases to an average size of about 20 nm with amorphous shape at
1.0 M (Fig. 1c). Both 0.5M and 1.0 M nanoparticles are slightly ag-
gregated. When the reactant concentration raises up to 1.5 M, FESEM
image illustrated in Fig. 1d shows a bimodal distribution of the SrF,
particles, for both large and small crystals are observed. The occurrence
of large crystals can be explained as that, 1.5 M reactant concentration
offers a large degree of supersaturation to the solution environment and
leads to large nucleation rate. In fact, a large number of nucleuses have
formed in the fleeting first moment, thus the probability of particle
collision is greatly improved. As a result, cone-like grains with a length
about 500 nm are finally synthesized. Though both large grains can be
obtained at 0.1 M and 1.5 M reactant concentrations, Fig. 1d suggests
that the large cone-like grains are formed by oriented close-packing of
the small particles, while the slab-like grains obtained at 0.1 M shown
in Fig. la presents single grain nature with respect. This difference
indicates lower crystallinity of the product synthesized at 1.5M and
which has been further demonstrated in XRD patterns. The size evo-
lution as a factor of reactant concentration can be described as:

_ 29V
" RTInS

(2

where r is critical radius of nucleus, S is the supersaturation level which
has a positive correlation with reactant concentration, o is the inter-
facial tension, V is the molar volume, R is the universal gas constant, T
is the absolute temperature. Eq. (2) clearly indicates that with increased
supersaturation, the critical radius of nucleus decreases at a given
temperature. However, this point cannot be overly stressed because of
that the situation will be different at higher reactant concentrations,
since smaller nucleus implies larger surface energy and nucleus colli-
sion probability which consequently leads to serious agglomeration and
increase of grain size. On the other hand, the explanation of mor-
phology changes of the particles observed in present study is suspected
to the changes of supersaturation level and driving force for the pre-
cipitation [29].

Fig. 2 shows the XRD patterns of these four undoped SrF, particles.
Broader peaks are presented with increased reactant concentration,
revealing lower crystallinity and smaller crystal size. The XRD result is
in accord with FESEM measurements.

3.2. Effects of Nd®>* doping on microstructure and morphology

The XRD patterns of SrF, particles doped with 2-20 mol% Nd>*
ions (Sr;_4Nd,Fs,4, x = 0.02, 0.05, 0.08, 0.15, 0.2) are shown in
Fig. 3a. All the diffraction peaks of the samples can be readily indexed
to the pure cubic phase of SrF, (space group Fm3m) according to the
JCPDS file No. 06-0262 without any second phase, indicating SrF,
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Fig. 2. XRD patterns of the undoped SrF, powders.

nanoparticles doped with 2-20 mol% Nd** ions are isostructural with
SrF, crystal. This coincides with Yuan et al. [30] and Zhi et al. [31],
who reported no second phase was found in 1-20 mol% Nd>* ions and
0.4-40 mol% Er>* ions doped CaF,, respectively.

From the XRD patterns, the intensities of diffraction peaks are de-
creased and the full width at half-maximum (FWHM) values are in-
creased with the increase of Nd®** doping, indicating the decrease of
crystallinity and crystal size. Notably, it is different with Nd** doped
CaF, that, no conspicuous shift of diffraction peak is observed with the
increase of Nd** doping, revealing invariability of Nd:SrF, lattice
constant. The reason may be that, on one hand, the radius of eight-
coordinate Nd** ions is smaller than Sr** while close to Ca®*
(124.9 pm for Nd®>*, 140 pm for Sr**, 126 pm for Ca®*) [32], the
substitution of Nd®** to Sr** would shrink the lattice constant. On the
other hand, charge balance compensating F ions enter the fluorite
structure in interstitial fluoride cubic sites at the same time, and the
electronic repulsion between F ions results in an increase of the lattice
parameter. In the case of Nd:SrF,, the two opposite effects might mostly
offset each other. While only the latter effects for Nd:CaF,, thus re-
sulting in low angle shift in XRD diagram [30].

The average particle sizes and lattice constants of the obtained
Nd:SrF» nanoparticles were calculated using Scherrer and Bragg equa-
tions, respectively. The results are shown in Fig. 3b. The sizes and
average values of lattice constants are found to be in ranges of
24-13 nm and 5.805-5.812 A, respectively. A very slightly expansion
trend of the SrF, lattice with increase in Nd** doping presented in
Fig. 3b indicates that the electronic repulsion between charge balance
compensating F” ions is a litter more predominant in the lattice constant
evolution with respect to the substitution of Nd** to Sr*>*. It should be
mentioned that, the regularly shifts of XRD diffraction peaks are used as
proofs of successful introduction of impurity ions into the hosts lattice
[18,31,33]. However, since the XRD result in present work is not ob-
vious thus not persuasive that the Nd®>* ions have been doped into the
SrF, lattice, it is meaningful to look for other evidence.

Ln®* doping can not only impart new and useful optical properties
for many functional nanomaterials, but also be served as an effective
way in controlling nanocrystalline size and shape [33,34]. Once the
Nd3* ions have entered into the SrF, lattice, the final particle mor-
phology and size should have been changed more or less. In order to
observe this variation, we prepared SrggsNdg osF205 samples at re-
actant concentrations of 0.1 M and 0.5 M with their FESEM images
presented in Fig. 4a, b, respectively. The product obtained at 0.1 M
after Nd®* doping shows much smaller size of about 100 nm in length
and thinner plate-like morphology compares to that of undoped SrF,
(Fig. 1a). In the case of 0.5M, the size and shape of Nd** doped
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Fig. 3. XRD patterns of SrF, naonoparticles with different Nd** doped concentration (a), and nanoparticle size and lattice constants versus Nd*>* concentration (b).

product are similar to the undoped SrF, (Fig. 1b). FESEM results in-
dicates that morphology of large size strontium fluoride particles syn-
thesized via precipitation method is more susceptible to Nd** doping
than small size particles. The modifying mechanism had been pre-
viously studied by Chen [34], charge compensating F~ ions into the
grain surface may induce transient electric dipoles with their negative
poles outward, and these transient electric dipoles hinder the diffusion
of F~ ions from the solution to the grain surface, thus retarding the
growth of the SrF, grains. However, when the crystalline size is very
small, the surface energy is large enough to dominate grain growth.
Additionally, the explosive nuclear generating and growing rates,
which are drawbacks of precipitation synthesis, finally lead to irregu-
larly shape and fairly aggregated dispersity.

To find more evidences proving Nd®* ions has been effectively
doped into the SrF, lattice, further insight into the microstructure
evolution of SrF, after Nd** doping was afforded by HRTEM. Images
displayed in Fig. 5a, ¢ corresponds to the nanoparticles of undoped and
Nd** doped SrF, at 0.5 M reactant concentration, respectively. The FFT
images are taken as inset. Magnified pictures of selected areas are
presented in Fig. 5b, d for a better observation. The pure SrF, crystal is
well crystalline according to Fig. 5b for its well-laid-out and highly
ordered lattice fringe. The observed characteristic space is 0.329 nm,
which matches the (111) lattice plane of strontium fluoride. The Nd3*
doped SrF, sample (Fig. 5d) shows un-continuous and disordered lattice
fringe compares to that of undoped SrF,, indicating the formation of
lattice defects which originated ascribe to the introduction of Nd** ions

into the SrF, lattice. The lattice fringe distances were measured to
0.331, 0.291 and 0.206 nm in this case, which are associated with the
(111), (200) and (220) interplanar space of SrF,. Although obvious
lattice distortion is observed in the HRTEM image when doped with
Nd3*, it is not contrary to XRD result that no evident regular shift is
presented, since XRD reflects the macroscopic nature of the whole
sample while HRTEM takes the microscopic pictures in a small local
place which clearly recorded the influence of the two opposite effects
(discussed above) on lattice evolution. Therefore, HRTEM images
shows poorer crystalline and lower structural uniformity of SrF, na-
nocrystal after Nd®>* doping, thus suggesting successful introduction of
Nd3* ions into the SrF, lattice.

Furthermore, the actual doping contents of Nd®>* ions in the
Sr; _yNdyF5 ., x (x = 0.02, 0.05, 0.08, 0.15 and 0.2) powder products are
quantitatively determined by ICP-OES analysis and the results with
respect to designed contents of the starting reagents are listed in
Table 1. The actual Nd®>* contents are 1.88 mol% for the x 0.02
sample, 4.36 mol% for the x = 0.05 sample, 7.23 mol% for the x = 8
sample, 14.17 mol% for the x = 0.15 sample and 19.14 mol% for the x
= 0.2 sample. This as well confirms a good incorporation of the Nd**
ions in the SrF, products, for only a very small amount of Nd3* loss in
the final powder products compared with the starting solutions.

3.3. Sintering of the synthesized powder

The synthesized nanopowder doped with 5mol% Nd®* was

Fig. 4. FESEM images of Srp.9sNdg osF2.05 nanopowders with different reactant concentration. (a) 0.1 M; (b) 0.5 M.
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Fig. 5. HRTEM graphs of (a) StF, and (c) Nd** doped SrF,, FFT images are taken as inset. (b) And (d) are the magnified pictures of selected areas of SrF, and Nd** doped StF,,

respectively.

Table 1
Comparison of designed contents with ICP results of the samples.

Samples Nd®* content (mol%)
Starting reagents (designed contents) 2 5 8 15 20
Powder products (ICP results) 1.88 4.36 7.23 14.17 19.14

sintered at 800 °C for 120 min in a vacuum environment under 30 MPa
pressure to test the sinterability. Inset of Fig. 6a shows the appearance
of Nd:SrF, transparent ceramic sample with a diameter of 16 mm and a
thickness of 2 mm. It can be seen that the ceramic is transparently by
naked eye and the letters can be recognized distinctly. Fig. 6b presents
FESEM micrograph of the sintered sample and almost no pore is ob-
served in the fracture surfaces. The fracture modes are mainly inter-
granular. Grain size of the 5mol% Nd** doped SrF, transparent
ceramic sample is in range of about 0.5-1 pm, and the grain boundary is
clean without any trace of secondary phases. EDS spectrum of the
ceramic section (inset of Fig. 6b) verified the effectively incorporation
of Nd®* ions into the SrF, nanocrystals, as the actual content of Nd3*
was measured to 4.66 mol%. This value is slightly higher than the
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actual content of Nd®* ions in Sro 9sNdg osF».05 powder product, as due
to the loss in the amount of absorbed water (or hydroxyl groups) and
nitrates during the sintering process [31]. Fig. 6a shows optical trans-
mission spectrum of the sample, as can be seen, the optical transmission
of the 5mol% Nd** doped SrF, transparent ceramic at 1060 nm is
about 80%. Low optical transmission in the ~ 500 nm range indicates
the existence of embedded pores. As reported by Xu and co-workers
[35], the generation of these residual pores is attributed to the irregu-
larly shape and unevenly size distribution of the precursor powder.
Generally, the residual pores as well as the secondary phases are the
main scattering factors, and will do harm to the transmission of trans-
parent ceramics. Thus, it is important to eliminate these small pores, in
order to obtain ceramics with high optical properties and realize high-
power laser output.

4. Conclusion

The undoped and Nd®* doped strontium fluoride nanoparticles
were synthesized by a chemical precipitation method, using hydrated
strontium fluoride, hydrated neodymium nitrates and hydrated po-
tassium fluoride as starting materials. It is found that the reactant
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Fig. 6. (a) Optical transmission and (b) FESEM micrograph of the 5 mol% Nd*>* doped SrF, transparent ceramic sintered at 800 °C for 2 h. Insets in (a), (b) are the appearance and the EDS

spectrum of the ceramic, respectively.

concentration has played an important role in morphology and size of
the powders. When the molar concentration of starting materials in-
creases from 0.1M to 1.5M, the morphology of undoped SrF, grains
evaluate from slab-like shape with 400 X 200 x 100 nm in size to
irregularly or near sphere shape with 15-30 nm in size, then the small
particles seriously aggregate to cone-like grain with mean size of
500 nm. The obtained SrF, nanoparticles with Nd** doping con-
centration up to 20 mol% keep a single cubic fluoride structure. With
the increase of Nd** doping, the grain size and crystallinity decreased.
However, the lattice constant lacks sensitivity to Nd** doping as a
consequence of two opposite effects: the formation of interstitial
fluorine ions expands the SrF, lattice while the substitution of Nd** to
Sr?* shrinks it. The observed disordered lattice fringe suggests suc-
cessful introduction of Nd®* ions into the SrF, lattice.

The synthesized powders have good sinterability and can be fabri-
cated to transparent ceramics with a transmittance of about 80% at
1060 nm by vacuum hot pressed sintering at 800 °C for 2 h.
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