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WU Da-xiong(% KH#E), WU Xi-jun(RA1#4), LU Yan-fei( B # &), WANG Hui(E )

Institute of Material Physics and Microstructure, College of Materials and Chemical Engineering,
Zhejiang University, Hangzhou 310027, China

Received 26 September 2005; accepted 18 April 2006

Abstract: The ionic conductivity (at room temperature) of nano-LaF; bulk material and a new discovered phenomenon of increasing
ionic conductivity caused by grain boundary relaxation activated by AC (alternating current) shocking were reported.
Nano-crystalline powder of LaF; with average grain size of 16.7 nm was synthesized with a method of direct precipitation from
aqueous solution. Particle size and shape of LaF; nano-crystalline powder were analyzed by XRD and TEM. Nano-LaF; bulk
material was prepared by compacting the powder to 1 GPa at room temperature and vacuum of 10~ Pa. The ionic conductivity of
nano-LaF; bulk material was studied with complex impedance spectra at room temperature. The ionic conductivity of nano-LaF;
bulk material (107 S/cm) at room temperature is significantly increased compared with that of single crystal LaF; (107° S/em). A
special phenomenon is observed for the first time that the ionic conductivity increases gradually with AC scanning times.
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1 Introduction

Fluorides have been widely applied in many fields.
They are used as components of various sensors,
batteries and actuators due to their excellent
electrolytes[ 1], as important components of toothpaste to
prevent the decay of teeth, as additive of wear and crack
resistant materials[2], as additive of welding materials[3]
and so on.

Fluoride ion is one of the smallest anion with high
mobility, thus fluorides exhibit high ionic conductivity at
solid state. With the development of nano-technology, it
is an effective method to increase the ionic conductivity
of fluorides by fabricating the corresponding
nano-crystalline bulk materials. In 1993, WU et al[4]
synthesized CaF, nano-crystalline with average grain
size of 16 nm. In a temperature range of 300-530 C,
the ionic conductivity of nanoscale CaF, was 1-2 orders
of magnitudes higher than that of coarse grain
polycrystalline CaF, and CaF, single crystal. Later in
1995, HEITJANS reported the similar results[5].
Subsequently, WU and his group synthesized nanophase
PdF, in the same way and the ionic conductivity was
studied[6]. The

results indicated that the 1onic

conductivity of nanophase PdF, was about 1 order of
magnitude higher than that of coarse crystalline PdF,.
Among all traditional coarse grain fluorides, rare
earth fluorides with tysonite structure show highest ionic
conductivity[7]. LaF; is an excellent F ionic conductor
among other rare earth fluorides. LaF; based chemical
sensors have been applied for sensing the fluorine,
oxygen and carbon monoxide because of its high
chemical stability and ionic conductivity. The ionic
conductivity of LaF5 single crystal is about 10° S/cm at
room temperature[8]. Many techniques have been
developed to synthesize nano-crystalline LaF;. Recently,
LaF; thin films with particle size ranging from 50 to 90
nm was prepared by vacuum evaporation and
conductivity was studied[9]. LaF; superfine powder with
particle size ranging from 100 to 200 nm was also
synthesized with microwave heating method and
compacted into a slice and then conductivity was studied
[10]. The results indicated that the grain refining of LaF;
could increase its ionic conductivity. Other methods such
as microemulsion|[11] and hydrothermal means[12] were
applied to synthesize nano-crystalline LaF; powder. In
this paper, we synthesized nano-crystalline LaF; powder
with the method of direct precipitation from aqueous
solution, which is simple, effective and suitable for scale
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production. The powder was then pressed into bulk
material under high pressure and high vacuum and ionic
conductivity was studied.

2 Experimental

The following chemical reactions is involved in the
process of LaF; formation:

La(NO;);+3NIH,F=LaF; | +3NI,NO, (1)

La(NOs);-nH,O(AR) and NH,F(AR) was dissolved
in deionized water to prepared 0.3 mol/lL La(NO;); and
1.0 mol/L NH,F aqueous solution. All containers

contacted fluoride containing solution are made of Teflon.

The solutions were then mixed rapidly with stirring
speed of 100 and precipitation occurred
immediately. After stirring for one minute, the resulting
suspension was filtrated with millipore filter (0.22 pm).
Precipitates were collected, and washed with deionized
water several times and dried in vacuum (10 * Pa) at 300
‘C for 3 h. Thus the anhydrous LaF; nano-crystalline
was obtained.

r/min

The resultant powder of anhydrous LaF;
nano-crystalline was dispersed in absolute alcohol with
supersonic vibration for 15 min. and then observed with
transmission electron microscope(TEM, JEM200CX
mode, operated at 160 kV) to study the particle size and
shape.

The resultant powder of anhydrous LaF;
nano-crystalline was put in a vacuum chamber and
degassed for 2 h in a vacuum of 107 Pa. Then the
powder was pressed and shaped with the pressure of 1
GPa in the same vacuum degree. After holding the
pressure and vacuum for another 2 h, a disk specimen of
nano-LaF; with 1.5 mm in thickness and 10 mm in
diameter was formed. The XRD analysis of the
nano-LaF; disk specimen was accomplished on a
RIGAKU Rint 2200/PC X-ray diffraction spectrometer
with CuK, radiation (1=0.154 056 nm). Grain size of
nano-LaF; was calculated by Scherrer’s equation:
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where £ 1s 0.89. The physical broadening value S is the
full-width  half-maximum(FWHM) of characteristic
peaks in XRD patterns. The instrumental broadening has
been corrected according to Voigt function by using LaF;
single crystal as criterion.

Finally gold was evaporated respectively on upper
and lower bottom of the disk specimen in a plating
machine. Gold plating can decrease the contact
resistance on surface of specimen as small as possible.
Thus conductivity will be measured more accurately. The
ionic conductivity of nano-LaF; was determined by

complex impedance analysis. Complex impedance
measurement was completed on a LCR tester controlled
with computer. Each scanning included 503 defined
frequencies within the range from 12 Hz to 100 kHz.
Each scanning lasted about 6 min. The scanning was
repeated 20 times with 20 min interval in between. In a
standard testing procedure, one may scan twice to get an
average value of conductivity. In this work, we scanned
20 times to study the change tendency of conductivity.
The measurement was performed at constant temperature
of 300 K.

3 Results and discussion

3.1 TEM observation of nano-LaF; powder sample

Fig.1 shows the TEM image of nano-LaF; powder
sample. Particles are mainly spherical with a size ranging
from 10 to 20 nm. The inserted image shows the selected
area diffraction(SAD) pattern of a 300 nm X 300 nm area
in Fig.1. The clear rings indicate that these particles are
of crystalline phase. According to the classical
nucleation theory[13], high super-saturation enhances
nucleation process and more nuclei formed. Large
number of nuclei results in small crystal size. The
relation between super-saturation (S) and the radius (r) of
stable nuclei can be expressed by Ostwald-Freundlish
equation[14] as

. 2077
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where

o, I, R and T are surface tension, molar volume of
precipitate, gas constant and absolute temperature
respectively. K, is the solubility product constant of
Lak;, and K, 1s the real solubility product of LalF; in
the reacting system. As the Ky, value of Lal’; is very
low (7.0X107"), super-saturation (S) of the reacting
system is very high, thus results in ultra-fine stable
nuclei.

3.2 XRD analysis of nano-LaF; bulk material

Fig.2 shows XRD patterns of nano-LaF; bulk
material. All peak positions are identical with that of
LaF; (tysonite structure) in the JCPDS Card (32-0483).
No other phase is found. The average grain size obtained
from the broadening of (111) and (223) diffractions by
Voigt function and Scherrer equation is 16.7 nm. The
grain size calculated from XRD patterns is consistent
with the result of TEM observation, indicating that grain
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growth has not occurred during the formation of
nano-LaF; bulk material. To avoid the grain growth, we
prepared the bulk material of nano-LaF; at room
temperature with high pressure (1 GPa) and high vacuum
(107* Pa) that guarantee high density and clean interface
between grains. The relative densities of resultant
specimen measured with Archimedes method is 92.3%.

Fig.1 TEM image of nano-crystalline LaF; sample and
corresponding SAD pattern

(111)
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Fig.2 X-ray diffraction pattern of nano-crystalline LaF;

3.3 Ionic conductivity of nano-LaF; bulk material
Fig.3 shows the typical complex impedance plots of
nano-LakF; bulk material. Curves A, B, C, D, E, F and G
represent the complex impedance of 1st, Sth, 7th, 11th,
13th, 15th and 20th scanning respectively. The
equivalent circuit model is also inserted on the upper
right of Fig.3. In the equivalent circuit model, resistance
of grain boundary (R,,) is connected in parallel with the
capacitance of grain boundary (Cg,). The parallel circuit
of Ry, and Cyy 1s then connected in series with the bulk
resistance of grain (R,) at one end. At the other end, the
parallel circuit of Ry, and Cgy, is connected in series with
another parallel circuit of Rep and Cy. Cy refers to the
double-layer capacitance of electrode interface. Rer
refers to the transition resistance of electrode interface.
The parallel circuit of Ry, and Cy, gives rise to the first
arc in Fig.3, while the parallel circuit of Rer and Cy

gives rise to the second arc. If the AC frequency of
scanning is high enough, the first arc will extend to the
high frequency end (to the left) and shape a semicircle as
can be seen in Fig.5. The semicircle will then have two
crossover points with the real axis. The crossover point
at the left side represents the resistance of grain boundary
(Ry). The diameter of the depressed semicircle represents
the resistance of grain boundary (R,,). The crossover
point at the right side represents (Ry+Rg,), which is the
real resistance applied to calculate the ionic conductivity
of nano-LaF; bulk material. The ionic conductivity of the
specimen can be then calculated by
1 1
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where L and S are the thickness and area of the
specimen, respectively.
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Fig.3 Complex impedance plots and equivalent -circuit

representation of nano-crystalline LaF; sample
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Fig.4 Resistance (a) and conductivity (b) of nano-crystalline

LaF; vs scanning times

Curve A in Fig.3 shows the complex impedance
plots of the first scanning. From curve A we know that
(RytRgp) 1s about 180 k€ and the left arc is much longer
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Fig.5 Complex impedance plots of first scanning(a) and 20th

scanning(b)

than the right one indicating that more plots are located
on the left arc. The curve contains 503 plots totally, the
plots of low frequency located on the right end of the
curve and those of high frequency located on the left.
Curve B is the complex impedance plots of the fifth
scanning. Resistance (Ry+Ry,) derivated from curve B is
120 k€, which decreases
comparison with that of the first scanning. From curve A

about significantly in
to curve G, the crossover point representing real
resistance (Ry+tRg,) moves to the left sequentially. In
other words, the resistance of nano-LalF; bulk material
decreases gradually from the first scanning to the 20th
scanning. The tendency can also be illustrated Fig.4.
Curve (a) in Fig.4 shows the decreasing tendency of the
resistance (Ry+R,,) with increasing scanning times. The
resistance is decreased by more than 10 times after 20
scanning, which leads to an equilibrium value of about
12.5 kQ at last. Curve (b) in Fig.4 shows the increasing
tendency of the ionic conductivity, which is increased
more than one order of magnitude after 20 scanning. The
final value of ionic conductivity obtained from the 20th
scanning is 1.5X 107 S/cm which is also about one
magnitude higher than that of the LaF; single crystal
(107° S/cm).

The decrease of resistance (or increase of

conductivity) of nano-LaF; specimen against increasing
scanning times is quite similar to the decrease of
resistance of fluorides against increasing temperature.
The similarity also lies in the gradual change of the
complex impedance plots. For a normal testing of
complex impedance of fluorides, as testing temperature
increases, the left arc of the complex impedance plots
becomes shorter, the diameter of the depressed
decreases, and the point
representing real resistance (Ryt+Rg,) moves to the left.
All these happened in Fig.3 from curve A to curve G. It
seems that the AC scanning acts as a driving force like
high temperature, which could bring rise to some kinds
of change to the nano-LaF; specimen that favors the
increase of ionic conductivity. According to the previous
research[15], fluoride anions occupy different positions
of the sub-lattice proportionally in LaF; crystal. The
mobility of the fluoride anions varies with the positions
that they occupy. At low temperature, most fluoride
anions are difficult to move, the conductivity 1is
contributed from small amount of highly mobile fluoride
anions, and thus the conductivity is quite low. As the
temperature increases, more and more fluoride anions
turn to occupy the positions with high mobility in the
sub-lattice, which relatively  higher
conductivity. When the temperature increase up to 500
‘C, almost all fluoride anions participate in the process of
conduction.

Fig.5 shows the complex impedance plots of the
first scanning and the 20th scanning (the thin lines are
the fitting semicircles). From the first scanning to the
20th scanning, just like the phenomenon in heating
process, real resistance (Ry+Rg,) of nano-Lal; specimen
decreases from about 180 kQ to 12.5 kQ. Unlike the
heating process, the bulk resistance of grain (Ry)
basically remains constant in all scanning (the left end of
fitting semicircle in Fig.5). The resistance of grain
boundary (Rgp, diameter of the fitting semicircle in Fig.5)
decreases from about 177 kQ to 10 kQ. But the bulk
resistance of grain (R,) is nearly 3.0 kQ in the first
scanning and about 2.5 kQ in the 20th scanning, which is
the typical value of R, in all scanning. Such special
situation leads to a theoretic hypothesis to explain the
increasing conductivity of nano-LaF; with AC scanning.
As we know, in heating process, R, and Ry, decrease
together because increasing temperature can activate all
fluoride anions of the crystal. It seems that the AC
scanning affects only those fluoride anions located at
grain boundary, which is of very large proportion in LaF;
nano-crystalline. Unlike the regular lattice inside the
grain body, the grain boundary of LaF; nano-crystalline
exists in a metastable state. The array of atoms in the
grain boundary is quite irregular and the restriction of
atoms is relatively weak, thus the positions of fluoride

semicircle Crossover

results 1n
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anions are adjustable. A relatively weak activation as the
alternant shock of AC scanning can provide enough
driving force for the reorganization of fluoride anions.
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boundary (R,) decreases accordingly. As the AC
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therefore much smaller than that of heating process.

4 Conclusions

1) Nno-LaF; bulk material with average grain size
of 16.7 nm was prepared at room temperature with high
pressure (1GPa) and high vacuum (107'Pa). Nano-
crystalline powder of LaF; was synthesized with a
method of direct precipitation from aqueous solution.

2) Ionic conductivity of nano-LaF; bulk material is
1.5X 107 S/em at room temperature, which is about one
order of magnitude higher than that of L.aF; single crystal
(107° S/em).

3) Repeating AC scanning results in continuous
decrease of grain boundary resistance (Rg) of nano-Lal’s
bulk material. It is a hypothesis that alternant shock of
AC scanning activates the reorganization process of
fluoride anions at grain boundary, thus increases the
1onic conductivity of grain boundary.
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