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1. Introduction

Trivalent Lanthanide (Ln**) ions doped materials are well-known due to their superior
luminescent properties and widely utilization in display field and fluorescent lights. Com-
pared to organic fluorophores and semi-conducting nano-particles, Ln**-doped inorganic
nano-particles have high photochemical stability, sharp emission bandwidths and large anti-
Stokes shifts, therefore can be applied as excellent luminescence materials [1,2]. More recently,
they also attract great interests as a new class of bioprobes, because their long-lived and intense
emissions offer promising applications to biosensing, biological labeling and imaging tech-
nology [3-9]. Therefore, many researchers devote themselves to explore how to synthesize
Ln**-doped inorganic nano-particles. Ever since the first report on oxyfluoride glass ceramics
(GCs) [10], they have received great attention from many researchers due to the perfect
mechanical stability and the efficient visible to infrared emission [11-14]. However, the
luminescent nano-particles embedded in the bulk glass matrix can not be applied in mentioned
tields directly, and how to free them from glass matrix is a problem to be solved. Unfortunately,
there have been much research on the properties of nano-particles in GCs but no publication
has been reported about how to obtain free and pure nano-particles into aqueous solution from
the oxide glass matrix and how to apply it to the fields mentioned above, especially in biological
field. Only Mortier and Patriarche [15] have reported an original way to synthesize single-
crystal PbF, nano-particles used oxide GeO,-PbO glass as the template and then the nano-
particles were produced by dissolving the amorphous GeO,-PbO phase of GCs with
hydrofluoric acid. However, the corrosion reaction between the amorphous GeO,-PbO and
hydrofluoric acid can hardly be complete so that the obtained nano-particles had an amor-
phous phase as a shell in their experiment. Therefore, it is of great significance to develop
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convenient routes to fabricate inorganic nano-particles doped rare-earth (RE) ion in aqueous
solution from GCs in order to meet their practical application requirements.

This chapter describes an innovative route to fabricate Ln*-doped nano-particles, with high
efficient luminescent intensity and adjustable size, from oxyfluoride glass by the thermal
induction and corrosion treatment [16]. Then the structure of obtained nano-particles can be
investigated directly because optical properties of Ln** ions are very sensitive to the local
environment [17,18] and Ln?** ions are normally used as probes to survey the local structure in
luminescent materials [19-23]. To determine the chemical composition of the obtained nano-
particles accurately, energy dispersive X-ray spectroscopy (EDS) has been applied after getting
rid off the interference of oxide glass matrix. X-ray diffraction (XRD) measurements were
performed to identify the crystallization phases of nanocrystals with a power diffractometer
(D/Max-2500), using CuKa as the radiation. To prove the structure of nano-particles, Rietveld
analyses of XRD patterns were also carried out with the Fullprof program [24] or MAUD
(material analysis using diffraction) program [25] in therange 10°-120° using the profile function
of pseudo-voigt with axial divergence asymmetry. For the Rietveld analyses, the XRD data were
acquired in the step-scan mode with a step of 0.02° (20) at a counting time of 1 s per step. High
resolution transmission electron microscope (HRTEM) analysis was performed to observe the
morphology of samples on a Philips TZOST TEM operating at 200kV. STEM and EDS line scan
were performed on a Tecnai G2F30 field emission transmission electron microscope (FE-
TEM) using HAADF as imaging mode. The emission spectra were recorded on an Edinburgh
Instruments FLS920 spectrofluoremeter equipped with the continuous (450 W) xenon lamps.

2. Nano-particles preparation

The chemical compositions of the precursor glasses are shown in Table 1. About 20 g of raw
materials were fully mixed and melted in a covered platinum crucible in air atmosphere at
1,000 °C for 2 h, and then cast into a steel plate [26-28]. To obtain nano-particles in glass ceramic,
the glass samples were subsequently heat-treated at 470 °C for 8 h at the nucleation tempera-
ture measured by differential thermal analysis (DTA). Using DTA equipment (TA-Inst 2100),
samples were held in a Pt crucible and analyzed against a calcined Al,O; reference at a heating
rate of 20 °C min™.

Compositions Mole Fraction
Sio, 50-y-x
Al, O, y
PbF, 40
CdF, 10
RE,O, X

Table 1. Compositions of the raw materials.
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Figure 1(a) shows the XRD pattern of the investigated glass ceramics. After thermal induction,
the XRD pattern of GCs presented intense diffraction peaks, which can be easily assigned to
the pB-PbF,:Er*,Yb* phase [29,30]. The lattice constant of (3-PbF, crystal with the fluorite
structure is a = 0.575nm. The slightly smaller lattice constant of the present nano-particles can
be interpreted by that the nano-particles are a (3-PbF, solid solution in which Pb* ions with
ionic radius of 0.129 nm are partially substituted by RE-ion with ionic radius about 0.100nm
[29]. This result is further supported by TEM of our GCs shown in Figure 1(b). The micrograph
reveals that nano-particles are uniformly dispersed in the glass matrix. Furthermore, the
particle size distribution has been shown in Figure 1(c). The average size of as-prepared nano-
particles determined from TEM image is 42.6 nm.
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Figure 1. (a) XRD patterns of glass ceramics after thermal induction. The asterisks correspond to JCPDS file NO.
06-0251 (B-PbF,). (b) TEM micrographs of nano-particles existing in glass matrix. (c) The size distribution of nano-parti-
cles in glass matrix [16]. Reproduced from Nanoscale Res. Lett., 2008, 3(12), 516. Copyright 2008, Springer.

To extract the nano-particles from the oxyfluoride glass ceramics, the corrosion treatment
methods are as follows:

i Firstly, the powder of GCs (about 500 mg) was immersed into 10.89 mol/L hydro-
fluoric acid. Then a benzene isolated layer was added to cover the hydrofluoric acid
in the improved setting, as shown in Figure 2. Thus, corrosion reaction becomes more
thorough and during the corrosion process, the benzene-blocking-layer separates the
reactants and the air atmosphere, which is able to avoid oxidation efficiently.

ii. Secondly, the mixed solution was stirred for about 20 h to get rid off silicate glass
matrix with the formula ofSiO, + 4HF =SiF 1 + 2H,0. After corrosion treatment, the
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Figure 2. A general description of the corrosion process design.

nano-particles were deposited by solid-liquid separation. Then pH value was
adjusted to neutrality by repeated adding distilled water.

iii. Finally, the nano-particles in aqueous solution were dispersed using sodium lauryl
benzenesulfate and vacuum dried at 65 °C for 24 h to acquire the powder of nano-
particles.

As shown in Figure 3, XRD spectra and TEM image of the obtained nano-particles after
corrosion treatment are presented. Phase identification of the nano-particles has been studied
by using XRD. The typical XRD patterns show strong diffraction peaks that can be indexed to
the B-PbF,:Er’*,Yb* phase due to the appreciably shift of XRD peaks position and former
research results. No additional or intermediate phase is detected in the sample. The peaks
position and half peak breadth of XRD are in concordance with those measured in GCs, which
indicates that nano-particles are released from glass matrix to aqueous solution. Moreover, the
baseline of XRD isnearly a straight line compared with that of XRD of GCs, which also indicates
that silicate glass host is corroded completely. The Figure 3(b) is the TEM image of nano-
particles in aqueous solution and Figure 3(c) reveals the size distribution. The average particle
size is obtained as 41.7 nm, which is very close to the former calculation result of nano-particles
existing in glass matrix 42.6 nm. And the comparison of Figure 1 and Figure 3 indicates that
the nano-particles formed in glass matrix are released to aqueous solution and their structure,
shape and size distribution in glass host are kept well. The potential reason could be the
restriction of glass network structure during the thermal induction process. The nano-particles
exhibit a narrow size distribution and display a good dispersibility in aqueous solution.

To illustrate the luminescent properties of the nano-particles can be kept after corrosion
treatment, Figure 4 reveals the main up-conversion (UC) emission of the 2H,;,/*S;,/*Fop,— L1
transition in GCs and in aqueous solution under 980nm diode laser excitation. The weak
ultraviolet UC radiation of the *G;;,—"l,5,, transition were not shown here, since we focus on
the ratio of red and green fluorescent intensities, which could show the variation of crystal
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Figure 3. (a) XRD patterns of glass ceramics after thermal induction. The asterisks correspond to JCPDS file NO.
06-0251 (B-PbF,). (b) TEM micrographs of nano-particles existing in glass matrix. (c) The size distribution of nano-parti-
cles in glass matrix [16]. Reproduced from Nanoscale Res. Lett., 2008, 3(12), 516. Copyright 2008, Springer.

lattice field around the RE-ion. Compared to GCs, the red fluorescence intensity of nano-
particles in aqueous solution dramatically increases. The UC mechanisms of the green and red
emissions had been researched by our groups [30]. And the Er** ion can be promoted to the
*1,,,, state through ground state absorption (GSA) of laser photons, and then to the ?H,,, state
by use of the excited state absorption (ESA) or energy transfer UC (ETU) processes. The *S;),
state can also be populated by relaxations from the upper *H,,, state. The green luminescence
is emitted by the transition from ?H,,, and *S;, state to *I;5,, ground state. Hence, the green UC
luminescence seldom subjects to influence of phonon energy difference of crystal field around
the RE ions. The red UC luminescence, however, comes from the phonon-assisted quantum
cutting (PQC) process, which primary generated in low phonon energy crystal lattice field. It
is worthwhile to point out that luminescent signal include emission from RE ions in glass host
and fluoride nano-particles at luminescent spectra. In GCs, most of RE ions are incorporated
in the fluoride crystal phase, which mainly emit red UC luminescence. Nevertheless, a part of
RE ions exists in glass host and mainly emits green UC luminescence. As Figure 4 shows, the
ratio value of red and green UC luminescent intensities increase from 1:1.31 in glass ceramics
to 1:0.61 in nano-particles aqueous solution. The key reason for the red UC enhancement arises
from the fact that the glass host is corroded by hydrofluoric acid, the fluoride nano-particles
formerly embedded in glass matrix are released to aqueous solution and eventually red UC
luminescent intensities increase sharply. These results are consistent with the conclusion
drawn by XRD and TEM. The nano-particles in aqueous solution have the same luminescent
properties as them existing in glass host.

107



108 Developments in Corrosion Protection

3000000

————— glass ceramic
nano-particles in aqueous solution

2500000 4

2000000 +

1500000 4

1000000 4

Intensity(arb. units)

500000 4

T T x T ¥ T # T
500 550 600 650 700
Wavelength (nm)

Figure 4. UC red and green emissions of GCs and nano-particles in aqueous solution under diode laser excitation of
980 nm [16]. Reproduced from Nanoscale Res. Lett., 2008, 3(12), 516. Copyright 2008, Springer.

In conclusion, the nano-particles can be extracted from glass matrix by the mentioned thermal
induction and corrosion treatment. Their structure and luminescent properties can be kept as
well. However, although the preparation method is based on a fundamental consideration,
our proposed corrosion treatment has its limitations: (i) the matrix that need be corroded can
react with the hydrofluoric acid, in general, they are some oxide compounds; (ii) the nano-
particles can not react with the hydrofluoric acid, in general, they are some fluoride nanocrys-
tals such as PbF,, CaF,, BaF,, NaYF,, and so on. But notably, these RE-doped fluoride nano-
particles attract much more attention compared with oxide nano-particles because of their low
phonon frequency. Therefore, our proposed corrosion treatment can be applied widely to any
other eligible systems.

3. Structure investigations of the obtained nano-particles

In general, the optical properties of Ln* ions are very sensitive to the local environment, and
especially the emission intensity of Ln**-doped materials are closely correlated with the
surrounding crystal-field [18,31]. Therefore itis of primary importance to identify the structure
of nano-particles in rare-earth doped GCs [32,33]. However, from Cd,Pb, F, model to Pb,.
Er.F,, model, most of structural investigations of nano-particles in GCs are indirect due to
the effect of the glass matrix. The quantitative tetragonal structure has been proposed directly
until the corrosion treatment method has been reported. Based on corrosion treatment,
additionally, the distribution of different RE ions in GCs can also be determined clearly. Some
proposed structure models in different stage are summarized in Table 2 below. And then, the
distribution of different RE ions in GCs is discussed detailed in parts 3.1 and 3.2.
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Do corrosion treatment or

Glass Matrix Doped ions ot Structure of Nano-particles Refs.
Si0,-AlL0, Pr3*, Er**, Yb3+ Not Cd,Pb, ,F, [10,11]
Si0,-Al, 04 Ers* Not B-PbF,:Er3+ [34]
GeO,-PbO Er3* Not B-PbF,:Er3+ [35,36]
Si0,-Al,04 Ers* Not Pb,ErFy.y [26]

- Nd?3*, Eu®, Er3* Not Pb,ErFo. [37]
SiO,-Al, 04 Eu3* Not Tetragonal [33]
SiO,-Al, 04 Er3+, Yb3* Do Tetragonal PbREF; [24]
SiO,-Al,04 Nd3* Do Core-shell structure [25]
Si0,-ALO, Yb*, Tb*, Tm?, et al. Not Cubic Pb;REF and Tetragonal [38]

PbREF,

Table 2. Different proposed structure models of nano-particles in glass ceramics systems.
3.1. Distribution of heavy RE ions and the tetragonal structure proposed

Oxyfluoride glass with composition (mol%) of
305i0,-15.5A1,0;-40PbF,-10CdF,-0.5Er,0;-4Yb,0O; was thermal treated by 460 °C, 480 °C, 500
°C, 520 °C, 540 °C, 560 °C and subsequently cooled to room temperature to be GCs (labeled as
GC@460 °C, GC@480 °C, etc.). Afterwards, corresponding nanocrystals (NCs) (labeled as
NC@460 °C, NC@480 °C, etc.) were obtained by corrosion treatment mentioned above [16]. For
samples of Pb/Cd =40/10, the EDS measurement of the NCs presents that at% of NCs is Pb:RE:F
=1.06:1:4.99, which is very close to the stoichiometric proportion 1:1:5. These indicate that RE
ions are incorporated into fluoride nano-particles during thermal treatment. GC samples
which are thermal treated at different temperatures remain essentially the same proportion.
The detected trace of Cd in EDS up to only 0.09 at% indicates that the nano-particles is RE*
doped B-PbF, (here RE* = Er** or Yb*), rather than Cd,Pb,_F,. And even the trace of Cd in EDS
of samples of Pb/Cd =25/25 is only 0.19 at%. The same low atomic concentration confirms that
Cd hardly congregated into the nanocrystals, which is basically independent of the initial
content of Cd in raw materials. This RE** doped 3-PbF, composition has been accepted by more
and more researchers in the past decade [26,39,40].

Figure 5 shows the XRD patterns of the GCs as made. After crystallization, several diffraction
peaks are exhibited. Apparently, XRD patterns are divided into two groups by the shape of
peaks as: one is low temperature group (460 °C, 480 °C, 500 °C) and the other is high temper-
ature group (520 °C, 540 °C, 560 °C). Some peaks of XRD corresponding to high temperature
group split quite obviously compared with those corresponding to low temperature group.
Since the chemical composition acquired from EDS of all these samples is almost the same and
the sum of relative intensities of the splitting XRD peaks is basically equal to the relative
intensities of the corresponding peaks which do not split, we believe that the basic structures
of crystals of the two groups should be similar in general.
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Figure 5. X-ray diffraction patterns of GCs obtained from the oxyfluoride glasses after thermal treatments at different
temperatures [24]. Reproduced from Phys. Chem. Chem. Phys., 2011, 13(4), 1499. Copyright 2011, Royal Society of
Chemistry.

The conclusion that the most commonly found trivalent RE site in CaF, is one of tetragonal C,,
(4mm) crystal-field symmetry. Since 3-PbF, has a structure of CaF, (i.e., fluorite structure), the
formation mechanism of RE** doped crystal is clearly alike. Additionally, Beggiora et al. have
proved that the F- interstitial mechanism is energetically more favorable than Pb vacancy
compensation as a charge compensation mechanism by computer simulation methods [26].
Mainly based on the points above, we put forward the structure displayed in Figure 6. RE** is
substituted for Pb* at the center of the tetragonal lattice with four more interstitial F- ions
residing in the midpoint of the edges besides the original eight F- in fluorite structure. This
structure has a typical Dy, (4/mmm) point symmetry, which results in a higher symmetry, but
includes all the symmetry operations of C,, (4mm). The space group corresponds to P4/mmm
(NO.123). Site symmetries and other atomic parameters are listed in Table 2 (“Ox.” and
“Wyck.” are short for the oxidation number and the Wyckoff letter, respectively).

Figure 6. Stereoscopic view of structure of nano-particles embedded in glass ceramic [24]. Reproduced from Phys.
Chem. Chem. Phys., 2011, 13(4), 1499. Copyright 2011, Royal Society of Chemistry.
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Atom Ox. Wyck. Site symmetry x/a y/b z/c
Pb 2 1a 4/mmm 0 0 0

Yb 3 1d 4/mmm 1/2 1/2 1/2

F -1 4i 2/mm. 0 1/2 174

F interstitial -1 1b 4/mmm 0 0 1/2

Table 3. Atomic parameters of the structure model (Space-group:P4/mmm (NO.123)-tetragonal). Adapted from Ref.
[24].

XRD patterns of the six GC samples as made were compared with the theoretical calculation
by program Diamond 3.1d based on the structure proposed above. For high temperature group
samples, take GC@540 °C for example, as shown in Figure 7(a), the lattice parameters were set
as a=4.026 A, c=5.793 A. Since the calculation results can only be expressed as the form of
vertical bar theoretically (see vertical bars in Figure 7(a), lower panel), the XRD trace (raw data)
was converted to the form of integral intensities of peaks (i.e., the peak area value, see vertical
bars in Figure 7(a), upper panel) in order to compare with the theoretical results. Indexing
according to the tetragonal model was also taken as exhibited in Figure 7(a), lower panel. As
seen from Figure 7(a), the positions and integral intensities of peaks derived from experiment
are consistent very well with those calculated based on the tetragonal model. Quantitative
calculation indicates that the average relative errors between theoretical and experimental
values are only 0.052 % and 2.363 % in 20 and relative intensity for every peak, respectively.

Much the same, with GC@480 °C as the representative, Figure 7(b) shows the compared XRD
data of the low temperature group samples. With the indexing of tetragonal, lattice parameters
were set as a =4.065 A, c =5.749 A. Calculated average relative errors between theoretical and
experimental values are only 0.068 % in 20 and 2.199 % in relative intensity for every peak,
respectively. These results quantitatively support the proposed structure.

To further confirm the validity of the proposed structural model, the XRD refinements of the
NCs were made by the Rietveld method with the Fullprof program. Based on the Lattice
parameters and the atomic coordinates adopted above, the scaling factors, zero corrections
and peak shape parameters (including FWHM, asymmetry and pseudo-Voigt profile func-
tions) were deduced. Figure 8(a) and Figure 8(b) show the final Rietveld plot of GC@480 °C
and GC@540 °C respectively. Although the envelope lines due to the existing of glassy matrix
and peaks broadening due to the small size of the nano-particles exert a serious impact on the
results of fitting, the corresponding factors R,(=7.86%), R,,,( = 10.6%) for GC@480°C and R( =
8.76%), R,p( = 12.4%) for GC@540 °C indicate a relatively good agreement between the
experimental and calculated patterns.

3.2. Distribution of light RE ions and the core-shell structure

Precursor glasses (PGs) with the composition 445i0,-5A1,0,-40PbF,-10CdF,-1NdF; (mole
fraction) were prepared by traditional melting-quenching method. With the prepared precur-
sor glasses, the corresponding transparent GCs were obtained by thermal treatment for 48
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Figure 7. Quantitative comparison of theoretical and experimental X-ray diffraction patterns of glass ceramics thermal
treated at (a) 540 °C and (b) 480 °C [24]. Reproduced from Phys. Chem. Chem. Phys., 2011, 13(4), 1499. Copyright
2011, Royal Society of Chemistry.

hours at 440 °C, which is determined by differential thermal analysis (DTA). With corrosion
treatment, the corresponding fluoride nano-particles were obtained afterwards [16].

Figure 9(a) shows the diffraction patterns of compounds of GCs, along with the diffraction
pattern of PGs without thermal treatment. Two curves show an overlap of the peaks corre-
sponding to the amorphous matrix of Si-Al glass. The differences between PGs and GCs
indicate that the crystallization process takes place in glass matrix under thermal treatment,
and the characteristic diffraction peaks of pure cubic 3-PbF, (JCPDS: 06-0251) emerge. XRD
patterns of the GCs were compared with the theoretical calculation by program Diamond 3.1d
based on the structure of pure cubic (3-PbF,. Since the calculation results can only be expressed
in the form of a vertical bar theoretically (see vertical bars in Figure 9(c)), the XRD trace (raw
data) was converted to the form of integral intensities of peaks (i.e., the peak area value, see
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Figure 8. Rietveld analyses for X-ray diffraction patterns of (a) GC@480 °C and (b) GC@540 °C. The positions of the
Bragg reflections are indicated by vertical bars (]). The difference between the experimental (small circles) and the cal-
culated (solid line) intensities from the model is shown by the plot in the lower part of the diagram [24]. Reproduced
from Phys. Chem. Chem. Phys., 2011, 13(4), 1499. Copyright 2011, Royal Society of Chemistry.

vertical bars in Figure 9(b)) in order to compare with the theoretical results. Indexing was also
taken as exhibited in Figures 9(b) and (c). As seen in Figures 9(b) and (c), the positions and
integral intensities of peaks derived from experiment are very consistent with the calculation
based on the structure of pure cubic 3-PbF,. Quantitative calculation indicates that the average
relative errors between the theoretical and experimental values are only 0.98% and 4.37% in
20 and the relative intensity for every peak, respectively. In order to further confirm the
validity of the nanocrystals structure, pure cubic 3-PbF,, X-ray data refinement was made
using the program MAUD. The analysis was started assuming the structure of 3-PbF, (F,;,,
NO. 225) for the nanocrystal phase; and the structure of cubic amorphous silica-Al glass (P,;;
NO. 198) for the amorphous phase. The used crystalline structures can all be found in the
database of the MAUD program. The corresponding factors R,,, (= 4.69%), R.., (= 4.27%)
indicate a relatively good agreement between the experimental and calculated patterns.
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According to the results of obtained quantitative analysis, about 8.6 mol% to 13.5 mol% of the
original Pb would contribute to form crystalline B-PbF, during the thermal treatment. In
addition, the structure cell parameter of nanocrystal phase corresponds to that of pure cubic
-PbF,, which further checks the structure of nanocrystal phase.
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Figure 9. (a) X-ray diffraction patterns of GCs and PGs, Rietveld analyses for XRD pattern of GCs and the error curve.
The calculated line spectrum from peak area of GCs (b) and the simulated line spectrum of GCs from Diamond pro-
gram (c) are presented for comparison [25]. Reproduced from Nanoscale Res. Lett.,, 2012, 7(1), 275. Copyright 2012,
Springer.

The Nd** ions could not be incorporated into nanocrystal phase by reason that the structure
of nanocrystal phase is pure cubic 3-PbF,. Corrosion-treated methods were applied to acquire
the NCs so as to explore the information on chemical compositions and structures of NCs and
weaken the interference of glass matrix. For Nd*-doped samples, an unusual change happens
when the nanocrystals embedded in glass matrix abstracted by etching process. Unlike our
pervious work [24] of Er*/Yb¥-codoped GCs that only (-PbF, phase was observed, the
complex mixture were obtained after etching off the glass matrix of GCs doped with Nd*.
With peak indexing, the additional intense diffraction peaks appear to be NdF; (JCPDS:
09-0416) and Pb;AlF, H,0O phase (JCPDS: 45-1458). The new crystal phase NdF; generates in
the course of the etching treatment, namely Nd** ions existed in glass matrix reacting with F-
ions in acid generates NdF;. Likewise, Pb and Al ions of glass matrix reacting with F~ions in
acid generates Pb;AlF, H,O phase. MAUD program based on Rietveld method was used to
calculate the relative amounts of 3-PbF, and NdF; phases. The crystal structure information
of the concerned phases is acquired from the Crystallography Open Database (http://
www.crystallography.net/). The refinement results and difference plot for the observed and
calculated patterns of NPs are shown in Figure 10. The refining factors of R,,, (= 8.07%) and
R,,, (= 4.02%) indicate a good agreement between the experimental and calculated patterns.
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The structure cell parameter of 3-PbF, obtained from refinement of NCs (0.5890 nm) and GCs
(0.5898 nm) is nearly the same as that of pure 3-PbF, (0.5927 nm), which further verifies the
existence of Nd* outside the NCs. According to the else relative results obtained from Rietveld
analysis, the cell parameters of the other two phases are nearly the same as that of the standard
structures separately, which further certifies the authenticity of the complex phases suggested
above. From the results of the relative weight fraction obtained from refinement, moreover,
through the sample arithmetic conversion, we can acquire that about 10.9 mol% the Pb of raw
material contribute to form crystalline -PbF, phase during the thermal treatment. This
conclusion is in accordance with Rietveld analysis data from Figure 9.

— Exp.trace of NCs
—— Rietveld trace
# —— Error curve

Intensity(a.u.)

A p-PbF, ( JCPDS Card File 06-0251)
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Figure 10. Rietveld analyses for XRD pattern of NCs and the error curve are presented. The line spectrum of B-PbF,,
NdF; and Pb;AlF, H,O are revealed for comparison [25]. Reproduced from Nanoscale Res. Lett., 2012, 7(1), 275. Copy-
right 2012, Springer.

High resolution TEM micrographs of GCs and NCs are displayed in Figure 11, providing a
visual characterization of the samples and a directly analysis method. In GCs, as shown in
Figure 11(a), only spherical 3-PbF, nanocrystals with an average size about 22 nm distribute
in glass matrix, which has a good consistency with the calculated size by using the Scherrer
formula. However, in NCs, besides the 22 nm-nanocrystals already existed in GCs, as shown
in Figure 11(b), a large amount of additional crystals and flake-like substrates also emerge.
Particularly, most of these additional crystals assemble around the known 3-PbF, nanocrystals,
forming a core-shell-like structure. According to the HRTEM micrographs, the periodic
arrayed crystal planes can be viewed clearly and part of symbolic interplanar distance (d)
values, which measured accurately for both GC and NCs, have been labeled. The measured
values of d, 0.294nm or 0.295nm for both Figures 11(a) and (b), are attributed to crystal plane
(002) of pure cubic 3-PbF, that as the core, while the d values 0.303nm and 0.316nm around
[-PbF, nanocrystal belong to crystal planes (020) and (-121) of shell NdF; respectively, and the
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other one d value 1.141nm is for the symbolic crystal plane (001) of the substrates Pb,AlF, H,O.
This conclusion is in accordance with the XRD refinement result of NCs, which has been
displayed in Figure 10 above. On the basis of Rietveld refining results and HRTEM micro-
graphs, the Nd*" ions are reserved in glass matrix after thermal treatment and aggregated
outside 3-PbF, particles in the form of NdF; crystals when glass matrix are removed through
the etching process. Therefore, a simplified model is proposed to describe the distribution of
Nd* ions both in GCs and NCs, as shown in the insets of Figures 11(a) and (b). That is to say,
with thermal treatment on PGs, the phase segregation process happens and on the one hand,
as shown in the inset of Figure 11(a), Nd* ions with a inhomogeneous distribution form an
aggregate structure, which has been reported on previous research [41,42], on the other hand
Pb and F element get together to form high temperature phase 3-PbF, nanocrystals, while the
formation of Nd* clusters prevents the process of incorporation into (3-PbF, phase. During the
etching process for removing glass matrix, the Nd*" ions meet F ions in the acid solution and
generate NdF; crystals. And then the large quantities of NdF; crystals adsorb the surface of
the B-PbF, nanoparticles. The model for NCs is simplified as a core-shell structure for further
analysis, viz. B-PbF, particle as core and the covering NdF; crystals as shell, as shown in the
inset of Figure 11(b). This rough simplification is acceptable considering the quantitative
analysis result of NCs.

.-‘/ =10.303 nm

-'J.

i d = 0.295 nm|
' BT

E—

Figure 11. High resolution TEM micrographs with the marked interplanar distance d values of GCs (a) and NCs (b). The
insets are the simplified models for GCs and NCs, where the large white spheres stand for B-PbF, nano-particles and
small black spheres in GCs are for Nd** ions [25]. Reproduced from Nanoscale Res. Lett.,, 2012, 7(1), 275. Copyright
2012, Springer.

In order to verify the anticipation, EDS line scans in HAADF mode across the 3-PbF, particles
are carried out on a Tecnai G2F30 FE-TEM to offer signal intensity values for different elements.
The line scanning paths are shown in Figures 12(a) and (b) and the results are shown in Figures
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12(e) and (f). In GCs, the detected trace of Nd in EDS like that of Cd indicates that nanocrys-
talline phase is pure 3-PbF,, rather than 3-PbF,:RE, as previously suggested by many research-
ers. Even the trace of Nd in EDS of the other samples doped different concentration of Nd, the
former researches confirmed that Cd hardly congregated in the nanocrystals, which also
indicated that none of Nd ions were incorporated into (3-PbF, crystalline phase [24,26,39].
Figure 12(c) shows EDS line scan for the ideal spheric body model of crystalline 3-PbF, in GCs.
As an ideal sphere model, dot A is for the center of it. Axial direction (Z) is the orientation of
EDS line scan. Dot O and length x are the initial point and the distance of line scan separately.
From Figure 12(c), we can get the relation formula the content of Pb satisfies:

Y, @ 2/R? - (R-x)’ (1)

Where Y] is the relative intensity of element Pb, R is the half size of 3-PbF, nanocrystal and x
is the length of line scan. Through conventional mathematical analysis, simulated curve is
shown in Figure 12(e), which is in accordance with the fitting curve of experimental measure-
ment. In the same way, the ideal core-shell structure model of NCs, which is shown in Figure

(a)
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\IJ
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— Exp.intensity of Cd L
— Exp.intensity of Pb
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.. Cal.Model curve ¢

Figure 12. EDS line scan graphs in HAADF mode (a) and (b); The two pictures (c) and (d) are EDS line scan for the ideal
models of crystalline B-PbF, and core-shell structure in NCs, respectively; The relative element signal intensity of Pb, Nd
and Cd in GC, the fit curve and the calculated model curve of element Pb are presented for comparison (e); The fit
curve of relative element intensity ratio Pb/Nd in NCs and the calculated core-shell model curve are also showed (f)
[25]. Reproduced from Nanoscale Res. Lett., 2012, 7(1), 275. Copyright 2012, Springer.
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12(d), is analyzed by conventional mathematical simulation, as shown in Figure 12(f). From
Figure 12(d), the signal intensity ratio of the content of Pb and Nd can be expressed by
following formula:

RS ~(R, ~x)

Y, i @
: \/Rf—(Rz—x)Z—\/Rg—(Rz—x)2

Where Y, is the relative element intensity ratio Pb/Nd, R; and R, is the half size of core-shell
model and B-PbF, nanocrystal respectively, and x is the length of line scan. The accordance
with experimental results, as shown in Figures 12(e) and (f), proves the rationality of the model.
Therefore, it is concluded that all of the Nd* ions locate in glass matrix, while few of the
Nd* ions dope into crystalline phase.

4. Conclusions

An innovative route to fabricate nano-particles from oxyfluoride glass by the thermal induc-
tion and corrosion treatment was described. Although thermal induction and corrosion
treatment were used to prepare 3-PbF,:RE* nano-particles in aqueous solution in this chapter,
it may directly apply to any other silicate glass ceramics doped with other RE ions and
embedded various composition of nano-particles, since the preparation method is based on a
fundamental consideration. After obtaining the free and pure nano-particles, the structure of
nano-particles can be studied directly. A tetragonal phase model with the chemical formula
PbREF; has been proposed for heavy RE-doped nano-particles in this study. The correspond-
ing space-group P4/mmm (NO.123) are proved by quantitative EDS and XRD analyses. Two
specific crystalline phases with the same space group have been observed at 460 °C-500 °C and
520 °C-560 °C, respectively. Moreover, a super “pseudo-cubic” cell based on our tetragonal
model may give a good explanation to the probable previous cubic-symmetry-misunder-
standing by researchers. The RE-doping mechanism is considered to be RE** replacement of
Pb* as well as interstitial F- charge compensation. However, unlike the study of heavy RE ions
doped systems, core-shell-like structure of pure (B-PbF, surface absorbed NdF; crystals
generated after thermal treatment for light RE ions (Nd**) doped nano-particles. This study
has paved a way to more comprehensively understand the properties of the light RE ions
doped oxyfluoride glass. The results here would benefit further research on the optical
properties and applications of such materials. Recent years, our group has paid much attention
on the research of the fabrication of Ln*-doped nano-particles from oxyfluoride glass by the
thermal induction and corrosion treatment, and has done much work on the structural
investigations of the obtained nano-particles. In the present and future research, to broaden
the application of this material, we will pay much more efforts on the dispersion and surface
modification of nano-particles during or after the corrosion process to fabricate the transparent
luminescent collosol. And so far, we have made some progress on this work.
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