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In the present study, high-quality apatite-type Lag 33GeqOr¢ powders are successfully synthesized by a facile molten-
salt synthesis method (MSSM) at low temperatures, using LiCl, LiCl/NaCl mixture (mass ratio 1:1) as molten salt,
respectively. Experimental results indicate that the optimal mass ratio between reactant and molten salt is 1:2, and
LiCl/NaCl mixed molten-salt is more beneficial for forming high-quality Lag 33GegOs¢ powders than LiCl individual
molten-salt. Comparing with the conventional solid-state reaction method (SSRM), the synthesis temperature of apatite-
type Lag 33GegOy¢ powders using the MSSM decreases more than 350 °C, which can effectively avoid Ge loss in the
preparation process of precursor powders. Furthermore, the powders obtained by the MSSM are homogeneous, non-

agglomerated and well crystallized, which are very favorable for gaining dense pellets in the premise of avoiding Ge

loss. On the basis of high-quality precursor powders, the dense and pure ceramic pellets of Lag33GeqO¢ are gained
at a low temperature of 1100 °C for 2 h, which exhibit higher conductivities (0350 oc(Lic)) = 2.3 X 1072 S.em™ !,
0850 °C(LiCl/NaCl) = 4.9 X 102 S-cm™ ') and lower activation energies (Eawicy = 1.02 eV, Eyici/Nact) = 0.99 eV) than

that synthesized by the SSRM.

Keywords: solid oxide fuel cells, electrolyte, ionic conduction

PACS: 82.47.Ed, 82.45.Gj, 66.30.Dn

1. Introduction

Apatite-type lanthanum silicates (ATLS) and apatite-
type lanthanum germanates (ATLG), as novel electrolytes
for the intermediate temperature solid oxide fuel cells (IT-
SOFCs),!=151 have been attracting widespread attention of
the scientific community due to their clean energy conver-
sions, superior ionic conductivities, excellent long-term sta-
bilities and low processing cost. In contrast to the fact
that traditional fluorite and perovskite-type oxide ion conduc-

(16-18] apatite-type

tors have a vacancy conduction mechanism,
materials have an especial interstitial oxide ion conduction
mechanism,'%?°1 which could be responsible for their high
oxide-ion conductivities. It has been found that among the
apatite-type conductors, ATLG has a higher conductivity than
that of ATLS at similar temperatures. However, ATLS have
been investigated more extensively than ATLG due to several
problems related to Ge loss at high temperature.[?!-24]

It is well known that the conductivity of solid electrolytes
highly depends on the levels of purity and densification. In
general, dense apatite-type ceramics prepared by conventional

SSRM require the repeated long-time and high-temperature

DOI: 10.1088/1674-1056/27/4/048201

(1300 °C-1700 °C) sintering. However, high sintering tem-
perature > 1120 °C (melting point of GeO,) will induce the
Ge volatilization loss, further bringing the secondary phase
LayGeOs into the samples, finally resulting in the reduction
of conductivity.[?!=?#l Therefore, in order to exhibit their best
electrical properties using SSRM, dense ATLG ceramics with
high purity are very difficult to obtain. In order to overcome
this drawback, some synthesis methods were developed to op-
timize the precursor powders of ATLG, such as the ball-mill
method,”>! sol-gel auto-combustion process,?®! hydrother-
mal synthesis method,?’! MSSM, 8] etc. Comparatively, the
MSSM as a low-cost, low-temperature, few steps and versatile
method can provide a melting-salt environment to form high-
quality ATLG powders, further to lay a solid foundation for
gaining the highly dense and pure pellets at a lower sintering
temperature. 28-30]

In this paper, we successfully synthesize apatite-type
Lag 33GegOy6 powders by MSSM through using LiCl and
LiClI/NaCl mixture (mass ratio 1:1) as molten salt, and the
corresponding synthesis temperature reduces about 350 °C
(LiCl), 500 °C (LiCl/NaCl) compared with by using the con-

*Project supported by the Natural Science Foundation of Shandong Province, China (Grant Nos. ZR2016FB16, ZR2015AQ010, and ZR2016AQ08) and the
Shandong University of Technology at Zibo and Zibo City Integration Development Project, China (Grant No. 2016ZBXC205).

fCorresponding author. E-mail: sunml@sdut.edu.cn
fCorresponding author. E-mail: gwei@jlu.edu.cn
© 2018 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

048201-1


http://dx.doi.org/10.1088/1674-1056/27/4/048201
mailto:sunml@sdut.edu.cn
mailto:gwei@jlu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 27, No. 4 (2018) 048201

ventional SSRM, respectively, which can effectively avoid Ge
volatility, agglomeration and crystallinity problems encoun-
tered in the conventional preparation process of precursor
powders. Furthermore, on the basis of high-quality precursor
powders obtained by the MSSM, highly dense and pure ce-
ramic pellets are obtained at a lower temperature of 1100 °C,
which exhibit higher conductivities and lower activation ener-
gies than those obtained by the conventional SSRM. In addi-
tion, the optimal mass ratio between reactant and molten salt,
the optimal synthesizing temperature and the associated mech-

anisms are investigated in detail.

2. Experiment

Original reactant powders of LayO3 (purity > 99.99%)
and GeO; (purity > 99.99%) were weighed in the stoichio-
metric composition of Lag 33GegO,¢. Before weighing, La; O3
powders were precalcined at 1000 °C for 2 h to remove any
lanthanum hydroxide or carbonate. The LiCl and LiCl/NaCl
mixture (mass ratio 1:1) were taken as eutectic salt and
weighed. The mass ratios of reactants to eutectic salt were
fixed to be 1:1, 1:2, and 1:3, respectively. Mixtures (reac-
tants and eutectic salt) were further ball-milled, dried, ground,
sifted, and calcined at 600 °C-750 °C for 8 h, sequentially.
Then the as-synthesized powders were washed repeatedly with
de-ionized water and filtered to remove eutectic salt until
there was no white precipitate in the filtrate by adding the
AgNO3 solution. Finally, Lag33GeqO,¢ powders were ob-
tained through drying the products at 110 °C for 12 h. Then
the as-synthesized powders were pressed under 100MPa for
30 min and sintered at 1100 °C for 2 h to obtain the dense
pellets. In addition, for comparison, the pellets synthesized
by conventional SSRM were prepared (the precursor powders
were synthesized at 1100 °C for 4 h, and the final pellets were
sintered at 1300 °C for 2 h).

Phase identification of samples was carried out by x-ray
diffraction (XRD; Shimadu XRD-6000). The data were col-
lected over the 20 range of 20°-60° in steps of 0.02° by us-
ing Cu—Ko radiation. Microstructures of samples were ex-
amined by scanning electron microscopy (SEM; JEOL JSM-
6700F) and transmission electron microscopy (TEM; JEOL
JEM-2200FS). Electrical characterizations of dense pellets
were carried out by electrochemical impedance spectroscopy
(EIS; Solartron 1260 frequency response analyzer). The Pt
electrodes were coated on both surfaces of pellets and sintered
at 800 °C for 1 h. The EIS measurements were performed at
a 50-°C interval between 300 °C and 850 °C in a frequency
range of 0.1 Hz—1 MHz, then the impedance spectrum data
were analyzed by Z-View software.

3. Results and discussion

To confirm the optimal mass ratio of reactant and molten
salt, the mixtures of reactants and LiCl salt with the mass
ratios of 1:1, 1:2, and 1:3 are calcined at 650 °C, 700 °C,
and 750 °C according to the melting temperature of molten
salt (see Fig. 1), respectively. The corresponding XRD pat-
terns are shown in Fig. 2. It can be concluded that the ap-
atite structure cannot be acquired when the mass ratios are
1:1 and 1:3 at different temperatures, which implies that these
two mass ratios are unsuitable for synthesizing apatite-type
Lag 33GegOs¢ powders. It is mainly because the original re-
actant powders (La;O3 and GeO;) cannot completely dissolve
in the melting-salt environment when the mass ratio is of 1:1,
but too much melting-salt environment will inhibit the pre-
cipitation of Lag33GeqOr¢ powders as the mass ratio is 1:3.
In contrast, the apatite structure is obviously observed as the
middle mass ratio of 1:2, and a pure apatite phase without
any impurity is obtained at a calcining temperature of 750 °C,
which indicates that the middle mass ratio of 1:2 is optimal,
because this proper melting-salt environment can simultane-
ously ensure the good dissolution of original reactant powders
and the good precipitation of Lag 33GegO,¢ powders. Compar-
ing with the SSRM, the calcining temperature is much lower
than 350 °C, which can effectively inhibit Ge loss and re-
duce energy consumption when preparing the precursor pow-
ders. However, there is a problem as LiCl salt is difficult to
remove. In order to overcome this drawback, the proper NaCl
is incorporated into LiCl as eutectic salt. Experimental results
indicate that the LiCl/NaCl mixed salts with the mass ratio of
1:1 can effectively solve the above problem. More excitingly,
the pure apatite-type Lag 33GecO,6 powders are successfully
synthesized at a lower temperature of 600 °C (see Fig. 3) due
to the lower melting temperature of mixed salts (see the inset
of Fig. 1), which is more than 550 °C lower than that of the
molten-salt synthesis method.

—— DTA of LiCl

evaporation of water
and carbon dioxide

— DTA of (LiCl + NaCl (1:1))
Y%

evaporation of water
and carbon dioxide

melting of LiCl

DTA/arb. units
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melting of (LiCl + NaCl)
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Fig. 1. DTA curve of LiCl salt among 50 °C-800 °C in air, and the
inset is DTA curve of LiCl/NaCl mixed salts (mass ratio 1:1) among
50 °C-800 °C in air.
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Fig. 2. (color online) XRD patterns of the powders synthesized by LiCl MSSM with different mass ratio of reactants and LiCl salt
(1:1, 1:2, and 1:3) at 650 °C, 700 °C, and 750 °C for 8 h, respectively.
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Fig. 3. XRD pattern of the powders synthesized by LiCl/NaCl MSSM
at 600 °C for 8 h.

The microstructure of Lag 33Geg O, powders synthesized
by MSSM are displayed in Fig. 4. As shown in the figure,
the as-synthesized powders are nano-sized, homogeneous and
less agglomerated particles, which should be ascribed to the
effect of the melting-salt environment. The melting-salt en-
vironment can promote the dispersion of reactants to make
them realize an atomic/molecule-scale reaction, which, mean-
while, can exist around the growing particles to effectively in-
hibit the agglomeration and control the particle sizes. Com-
pared with the SSRM, the MSSM can effectively solve the
main problems such as Ge volatility, agglomeration and crys-
tallinity encountered in the preparation of precursor powders,
and the high-quality precursor powders are obtained, which
will be more beneficial for gaining the dense and pure pel-
lets. In addition, it can be seen that the Lag 33GegOagpowders
synthesized in LiCl/NaCl mixed melting-salt environment are

more homogeneous than that synthesized in the LiCl individ-
ual melting-salt environment, and the corresponding particles
have an average size of around 200 nm.

100 nm 500 nm

200 nm

Fig. 4. SEM (a) and TEM (b) images of Lag 33GesO,¢ powders obtained
by LiCl MSSM at 750 °C for 8 h; and SEM (c) and TEM (d) images of
Lag 33Ges 06 powders obtained by LiCl/NaCl MSSM at 600 °C for 8 h.

On the basis of high-quality precursor powders, the
proper pellets are sintered at 1100 °C (which is lower than
the melting point of GeO;) for 2 h. The low sintering tem-
perature and short sintering time can effectively avoid the
high-temperature Ge loss problem encountered in conven-
tional SSRM, which can be confirmed by the XRD pattern
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of pellets in Fig. 5. As shown in the figure, the proper pel-
let has a pure hexagonal apatite-type structure with no im-
purity (La;GeOs). Moreover, the relative density of pellets
reaches a high level of ~95% measured by the Archimedean
method, which can be illustrated by the SEM images of pellets
(Fig. 6). In addition, the pellets obtained by the more homo-
geneous precursor powders that are synthesized in LiCl/NaCl
melting-salt environment have fewer grain boundaries, which
should be more useful for oxide-ion conduction.

pellets-SSRM-1300 °C/2 h

pellets-MSSM-1100 °C/2 h

Intensity/arb. units

1 1 1 1 1 1
40 50 60

20 30
260/(°)
Fig. 5. (color online) XRD patterns of Lag33GegOo¢ pellets obtained by

MSSM at 1100 °C for 2 h and the compared pellets sintered by SSRM at
1300 °C for 2 h.

(a)--MSSM (LiCL)

(b)--MSSM (LiCI/NaCl)

Fig. 6. SEM images of the pellets prepared by the powders obtained by
LiCl (a) and LiCl/NaCl, (b) MSSM at 1100 °C for 2 h.

The electrochemical impedance of ceramic pellets are
measured in air from 300 °C to 850 °C in steps of 50 °C, and
the complex impedance plots measured at 300 °C, 550 °C,
and 700 °C are displayed in Fig. 7. In order to distinguish the
contributions of bulk, grain boundary and electrode, the corre-
sponding contributions are analyzed with the Z-View software
by modeling the impedance spectrum with the equivalent cir-
cuit including four serial R; and (CPE); parallels (i refers to

“bulk” for bulk, “gb” denotes the grain boundary and “elec”
the electrode). As shown, the impedance spectrum measured
at 300 °C exhibits two independent semicircular arcs and a
straight line from high frequency to low frequency, which cor-
responds to the conduction across the bulk (Rpy), the con-
duction across grain boundary (R,,) and the impedance re-
sponse corresponding to electrode (Relec ), respectively. With
the increasing of temperature, the arc corresponds to the grain
contributions gradually disappearing, and the arc or spike cor-
responds to the grain boundary and electrode shifted to higher
frequencies as shown in the impedance spectrum measured at
500 °C. When the temperature is beyond 700 °C, the arcs cor-
responding to the grain and grain boundary contributions dis-
appear, and only an arc ascribed to the contribution of the elec-
trode is observed, which indicates that the oxide-ion could dif-
fuse through the entire thickness of bulk and grain boundary.
Furthermore, the dense pellets sintered by more homogeneous
precursor powders that are synthesized in LiCl/NaCl mixed
melting-salt environment exhibit a better electrical property,
which should be attributed to the higher density and fewer
grain boundaries.

The corresponding conductivity is converted by the resis-
tance R using Eq. (1), and the activation energy is calculated
by the Arrhenius equation (2):

c=1/(R-S), (H
0 = op*exp[—E,/(k-T)]/T, ()

where [, S, 0, 0y, E, and T are, respectively, the sample thick-
ness, the electrode area of the sample surface, the conductiv-
ity, the pre-exponential factor, the activation energy, the Boltz-
mann constant and the absolute temperature.

The conductivities of pellets prepared by MSSM and
SSRM at different temperatures are plotted in Arrhenius
plots (Fig. 8). As shown, the pellets obtained by MSSM
exhibit evidently higher conductivities than by SSRM. The
Lag 33GegOy¢ pellets prepared by the MSSM exhibits excel-
lent conductivities with values of 2.3x1072 S-cm™! (LiCl)
and 4.9x1072 S-cm™! (LiCl/NaCl) at 850 °C, respectively,
which are higher than those of the pellets with the same com-
positions reported in Refs. [24]-[26], [31], and [32]. Fur-
thermore, the corresponding activation energy is calculated by
the Arrhenius equation. The activation energies (Eyyicy) =
1.02 eV, Ey(Lici/Nac) = 0.99 eV) of pellets prepared by MSSM
are lower than those (E,ssrm) = 1.09 eV) of pellets prepared
by SSRM, which should be ascribed to the high density, no
impurity and fewer grain boundaries. In addition, consistent
with the fewer grain boundaries, the dense pellets obtained by
LiCl/NaCl MSSM exhibit a higher conductivity and a lower
activation energy than those obtained by LiCl MSSM, which
is consistent with the case of fewer grain boundaries.
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Fig. 7. (color online) Electrochemical impedance spectra of Lag 33GesO,¢ pellets sintered by the powders obtained by LiCl (a) and
LiCl/NaCl (b) MSSM measured at 300 °C, 550 °C, and 700 °C, and the corresponding schematic equivalent circuits.
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Fig. 8. (color online) Arrhenius plots for the conductivity of
Lag 33GeqOy6 pellets sintered by MSSM at 1100 °C and the compared
pellets sintered by SSRM at 1300 °C.
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4. Conclusions

High-quality Lag 33GegOs¢ powders with apatite struc-
ture are successfully synthesized via a facile MSSM by using
LiCl, LiCl/NaCl mixture (mass ratio 1:1) as molten salt, re-

spectively. The optimal mass ratio of reactant and molten salt

is 1:2, and LiCl/NaCl mixed molten-salt is more beneficial for
synthesizing high-quality Lag 33GegOy¢ powders. Compared
with the SSRM, the MSSM can evidently reduce the synthesis
temperature to aviod Ge loss and obtain homogeneous, non-
agglomerated and well crystallized powders. Furthermore, the
dense and pure ceramic pellets of Lag 33GegOx¢ are obtained at
1100 °C for 2 h, which exhibit higher conductivity and lower
activation energy than those obtained by the SSRM, due to
their high density, no impurity and fewer grain boundaries.
Additionally, the dense pellets obtained by LiCl/NaCl MSSM
exhibit the best conductivity and lowest activation energy.
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