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a b s t r a c t
Three series of solid electrolytes were prepared with the nominal compositions of (Y2 − xLi3x)Ti2O7 (Y3LT),
(Y2 − xLix)Ti2O7 − x (YLT) and Y2 − xTi2O7 − 3x/2 (YT) with x = 0.040 − 0.11. Comparing the unit cell a-axis of
the YLT with that of YT, the latter is shorter with the same amount of x. This indicates a successful substitution of the Li ion into the Y site of Y2Ti2O7. However, both Y3LT and YLT have exactly the same unit cell a-axis
length with the same amount of x so that the solid solution formed probably has the same formula, (Y2 −
xLix)Ti2O7 − x, in which only one Li ion is substituted into the Y site. Extra Li2O added in the Y3LT is probably
acting as a self ﬂux to lower the melting point of the mixture. As a result, materials become more compact
and grains grow bigger. One compound of Y3LT with x = 0.060 has a total conductivity of 4.3
(4) × 10 − 4 S⋅cm − 1 at 700 °C. Adding Li2O as a ﬂux and carefully controlling the heat treatment history,
compact sample of Y3LT with a relative density higher than 90% was obtained at a temperature as low as
1150 °C. Its ionic conductivity is comparable to one Y2Ti2O7 prepared at 1600 °C with a conductivity
reported as 2.30 × 10 − 4 S⋅cm − 1.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Solid oxide fuel cell (SOFC) is an electrochemical system that generates electricity directly from oxidizing a fuel. A single cell consists of
porous anode and cathode, and a dense layer of solid electrolyte in
between [1–5]. All of them are stacked together and are less than a
millimeter thick. In order to prepare a compact electrolyte, the sintering
temperature is generally high. For example, YSZ (yttria−stablized
−zirconia) and GDC (Gd-doped ceria), both of them require 1450 °C
sintering temperature and several hours heat treatment period for
achieving dense materials [6,7]. Both YSZ and GDC have a ﬂuorite
(AO2) phase [8]. They are used as electrolytes in the SOFC. Pyrochlore
has a formula of A2B2O7, which is a superstructure derivative of the simple ﬂuorite phase [9]. For every four units of AO2, there is an oxygen
vacancy [10]. Both Ln2Zr2O7 and Ln2Ti2O7 (Ln = rare earth cation) are
possible candidates as electrolytes in the SOFC [1,4,11]. High temperatures are required to prepare compact samples. Ln2(Zr,M)2O7
(Ln = La, Nd, Sm, Gd and Er; M = Y, Ti, In and Mg) pyrochlore materials
were sintered at 1650 °C and they have a relative density higher than
95% [11]. Lu2Ti2O7 was sintered at 1400 °C or 1700 °C for 10 h to achieve
92.5% or 93% dense ceramics, respectively [1].
⁎ Corresponding author at: Department of Chemistry, Tamkang University, Tamsui
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Adding ﬂux to reduce sintering temperature is one of the options
for preparing compact solid electrolyte materials. That is an application of the eutectic property. Many literature reports dealing about
the way of fabricating solid electrolytes and some of them are listed
as follows. Adding 0.5 mol% of Sr2Ga2O5 as a sintering aid in the preparation of 20SDC ((Ce0.8Sm0.2)O1.9), 1250 °C is high enough to obtain
a pellet with a relative density of 97%. Nevertheless, without
Sr2Ga2O5, 1550 °C is required to obtain the same pellet [12]. Adding
0.5 wt.% cobalt metal powder as a ﬂux, at 1300 °C, relative density
of 10SDC ((Ce0.9Sm0.1)O1.95) reaches to 96%, instead, without ﬂux,
sintering at 1400 °C, relative density is 91% [13]. Adding 0.5 mol%
Ga2O3 into 20GDC, at 1300 °C, 94% relative density is achieved [14].
Besides, the ﬂux could be used as a scavenger to decrease grain
boundary resistance [13,15]. However, the existence of the second
phase would probably decrease the conductivity of the electrolyte if
it hinders the transportation of the ions [16].
In our previous report, Li2O was added into Y2Ti2O7 to prepare
(Y2 − xLix)Ti2O7 − x solid electrolyte with a solid state reaction method.
Samples were heat treated at 1180 °C and the relative density is only in
the range of 50 to 60% which is too low to be used as a solid electrolyte.
Therefore, no ionic conductivity was measured [17]. On the other hand,
Yamaguchi et al. prepared Y2Ti2O7 at 1600 °C, which is dense enough
for the electrical measurement [18].
In this report, compact (Y2 − xLix)Ti2O7 − x was prepared at temperature as low as 1150 °C. Relative density is increased to more
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2. Experimental
Nominal compositions of the materials prepared were (Y2 − xLi3x)
Ti2O7 (Y3LT), (Y2 − xLix)Ti2O7 − x (YLT) and Y2 − xTi2O7 − 3x/2 (YT) with
x = 0.040 − 0.11. Appropriate amount of 99.99% of Y2O3 (Strem), 99%
of TiO2 (Junsei), Li2CO3 (Merck) and PMMA (poly (methyl methacrylate)) were weighed and ball milled for 24 h with zirconia balls in
acetone. The dried ﬁne powder obtained was pelletized by a uniaxial
press with 840 MPa pressure and then heat treated with a series of
temperature programming steps for the Y3LT and YLT samples and
1150 °C for 10 h is ﬁne for preparing dense materials, but in order
to make the YT series, higher temperature and longer time were
needed. They were prepared at 1200 °C for 36 h. Ceramic samples
were cooled in the furnace by turning off the electric power. It is
assumed that the Y3LT has one mole of Li ion doped into the Y site
and two moles of the Li2O act as self ﬂux to enhance the relative density of the samples [17]. Weight percent of the Li2O employed as ﬂux
was listed in Table 1. They are between 0.31 and 0.88% when x varies
from 0.040 to 0.11, respectively. In the YLT series, it is assumed that
all the Li ions are doped into the Y site. In the YT series, there is a Y
deﬁciency of the Y site that is prepared for comparison with the
Y3LT and YLT in order to understand whether Li ion is doped into
the crystal lattice.
The relative density of the sintered specimens was measured by
the Archimedes method using de-ionized water as a liquid medium.
Powder diffraction data used for the Rietveld reﬁnement were
collected on the BL01C2 beam line at the National Synchrotron
Radiation Research Center (NSRRC) in Taiwan and operated at ring
energy of 1.5 GeV and 300 mA. Powder diffraction patterns were
recorded by a Mar345 imaging plate area detector with the X-ray
wavelength of 0.495941 Å (25 keV). The GSAS (General Structure
Analysis System) program developed by Larson and von Dreele was
employed for the structural parameters analysis with the Rietveld
method [19]. In the beginning of the Rietveld reﬁnement, thermal parameter, Uiso, was set as 0.025 Å 2 for all the atomic sites. All three oxygen sites are constrained to the same Uiso and they are not allowed
to vary independently because of the light mass of the oxygen atom
compared to other atoms in the sample. Morphology of the sample
was observed with a VEGA\\SBH Scanning Electron Microscope.
Electrical parameters were determined by the AC impedance spectroscopy (EIS) using fully automated Autolab PGSTAT30 Potentiostat/
Galvanostat system in air in the frequency range from 1 Hz to 1 MHz
with a density of 10 points/decade and the excitation amplitude of
50 mV in the temperature range from 450 to 700 °C. Pellet samples
were measured by a two-probe method with Pt electrodes and Ag
paste. An R-type thermocouple was attached near the sample to measure the temperature. Electrical conductivity with respect to the partial pressure of oxygen was also measured by the EIS spectroscopy.
Different amount of oxygen and nitrogen gas were allowed to ﬂow
into the sample chamber simultaneously to control the oxygen partial
pressure. Percentage of the oxygen gas varied from 10% to 100%. The
ﬂow rates were ﬁxed by a mass ﬂow controller to a total rate of
Table 1
The wt.% of the extra Li2O added into the Y3LT series.
x
wt.%

0.040
0.31

0.050
0.39

0.060
0.47

0.070
0.55

0.080
0.63

0.090
0.71

0.10
0.80

0.11
0.88

7500

Intensity (count)

than 90%. Ionic conductivity and transference number at different
temperatures, as well as oxygen partial pressures were investigated.
Li ion has a valence of 1+, replacing one atom of Y 3 + by one Li +
ion, one oxygen vacancy is created. Ionic conductivity is generally increased with increasing the carrier vacancy. In addition, among the
alkaline oxides, Li2O is the least volatile one. In order to keep alkaline
cation in the sample, Li2O is the best candidate.
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Fig. 1. XRD pattern of the Y3LT with x = 0.060. Wavelength of the X-ray beam is
0.495941 Å.

100 sccm. The electromotive forces (EMFs) were measured on an
oxygen concentration cell, in which ambient air was employed as a
reference and a mixed gas, 50% oxygen and 50% nitrogen, was introduced to another side of the cell. The whole system was allowed to
stabilize under each condition before the measurement.

3. Results and discussion
All three series, Y3LT, YLT and YT from x = 0.040 to x = 0.11, have
single phase XRD patterns and no impurity is observed. If there is Li2O
coexistence with (Y2 − xLix)Ti2O7 − x, it cannot be detected due to the
low reﬂecting power of the Li ion to the X-ray. One typical example is
shown in Fig. 1, which is the XRD pattern of the Y3LT with x = 0.060.
Wavelength of the X-ray beam is 0.495941 Å, which is about three
times shorter than the common X-ray source of the Cu Kα radiation
(1.5418 Å) so that the diffraction angles in Fig. 1 are about one third
of the 2θ angles found in several literature reports [20,21]. The unit
cell parameters of all samples were determined by the Rietveld
reﬁnement method. One reﬁned result for the (Y2 − xLi3x)Ti2O7 − x
with x = 0.060 is shown in Fig. 2, which includes the experimental,
calculated, and difference XRD proﬁles. Crosses are the experimental
data; solid lines are the calculated proﬁles. All the possible Bragg
reﬂections are indicated with short vertical tics below the calculated
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Fig. 2. Rietveld reﬁnement result of the Y3LT with x = 0.060. The ﬁgures include the experimental, calculated, and difference XRD proﬁles. Crosses are the experimental data;
solid lines are the calculated proﬁle. All the possible Bragg reﬂections are indicated
with short vertical tics below the calculated proﬁle. The difference between the experimental and calculated results is plotted below the Bragg reﬂection tic. Wavelength of
the X-ray beam is 0.495941 Å.
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Fig. 3. Unit cell a-axes of the (■) Y3LT, (●) YLT and (▲) YT series with the amount of x.
Standard deviations are included.

proﬁles. The difference between the experimental and calculated results is plotted below the Bragg reﬂection tics.
The a-axis of these samples with respect to the amount of substitution, x is plotted in Fig. 3. The unit cell parameters vary linearly with
the amount of x. They obey the Vegard's law well. For the Y3LT and
YLT, they have the same a-axis with the same amount of x. It indicates
that they have the same amount of Li ion doped into samples. Therefore, both series have the same chemical formula, (Y2 − xLix)Ti2O7 − x.
The extra Li2O added into the Y3LT series probably acts as a self ﬂux to
increase the grain size and the relative densities of all samples, as
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shown in Figs. 4 and 5. Unit cell a-axis of the YT series are shorter
than the Y3LT and YLT with the same amount of x that is probably
caused by the deﬁciency of the Y site cation. On the other hand, Li
ions are doped into Y site to increase the unit cell parameters of YLT
and Y3LT so that their a-axes are longer than their counterparts, the
YT series with the same amount of x. Ionic radii of 8-coordination
Y 3 + and Li + are 1.109 and 0.92 Å [22], respectively. A linear decrease
of the a-axis length in the YLT series is also an indirect proof of the incorporation of the Li ion into Y site in the pyrochlore phase. In the
Rietveld reﬁnement calculation, all of the Rwp and Rp obtained are
less than 5 and 2.5%, respectively and the χ 2 is between 0.09 and
1.6. All of them are acceptable and the results are believable.
In the preparation of the Y3LT and YLT samples, the temperature
was held at 600 °C for 2 h, 675 °C for 6 h, 1150 °C for 10 h, slow cooling
to 800 °C and then cooling in the furnace by turning off the furnace
power. During the thermal history, PMMA was ﬁrst decomposed, and
then Li2CO3 was decomposed to Li2O. Both YLT and Y3LT were sintered
at 1150 °C. However, in the preparation of the YT samples, the same
conditions were ﬁrst used, but impurity was observed in the sample's
XRD pattern. In addition, the resulting samples were porous. Therefore,
the temperature was raised to 1200 °C and held for 36 h to prepare the
YT samples. Single phased materials were then obtained, but their relative density was still too low to carry out electrical measurement. They
must be less than 60% dense. Adding Li2O into YLT and Y3LT indeed
helps to accelerate the formation of the (Y,Li)2Ti2O7 pyrochlore phase.
Microstructure of the Y3LT and YLT examined by SEM are shown
in Fig. 4; 4(a) and 4(b) is the YLT samples with x = 0.060 and 0.11,
respectively and 4(c) and 4(d) are taken from the Y3LT with the
same amount of x. For the YLT samples, which are a solid solution

Fig. 4. Morphology of the YLT with x = (a) 0.060, (b) 0.11; the Y3LT with x = (c) 0.060, and (d) 0.11 examined by SEM.
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of the Y2Ti2O7 and Li2O. The melting point of the solid mixture is
always lower than the pure materials. Increasing the amount of
Li2O, the depression of the melting point is enhanced so that grains
grow better in the samples with x = 0.11 than that in the x = 0.060.
Relative density is also increased with increasing the amount of x
shown in Fig. 5. That is another evidence of melting point depression.
Looking into Fig. 4(c) and (d), x = 0.060 and 0.11, respectively, grain
size increases with increasing x, because the amount of extra Li2O is
further increased (see Table 1). Li2O acting as a self ﬂux to decrease
the melting point of the mixture. Comparing Y3LT with YLT for the
same amount of x, both grain size and relative density of the former
are larger than the latter. In Fig. 4(d), tiny particles on the surface of
the Y3LT are observed. They are marked by circles, which are probably caused by the extra Li2O. However, no second phase is found in
the YLT samples in Fig. 4(b), in this case, all the Li2O are probably
soluble into Y2Ti2O7.
Relative density of the Y3LT and YLT measured by the Archimedes
method is plotted in Fig. 5. Relative density of the YT series is too low
to be measured so that they are not shown. For the YLT series, they
are in between 60 and 80%. Relative density increases with an
increasing amount of Li content in the sample due to the lowering
of the melting point by the addition of more Li2O. The more is the
amount of Li2O, the lower is the melting point of the mixture. For
the Y3LT series, all samples have a relative density higher than 90%.
In this series, extra Li2O is added as a ﬂux, melting point of the
mixture is further decreased and the relative density is higher than
YLT series. The wt.% of the Li2O as a ﬂux is listed in Table 1. They
are in the range of 0.31 to 0.88%. The Y3LT with x = 0.050, relative
density is 95%. The amount of extra Li2O is 0.39%. It seems that 0.4%
of extra Li2O is a sufﬁcient amount to obtain compact solid electrolyte
of (Y2 − xLix)Ti2O7 − x.
Typical impedance Cole−Cole plots (Nyquist diagrams) obtained
from Pt|Y3LT|Pt are presented in Fig. 6(a) and (b) at 547 and 648 °C,
respectively in the ambient pressure for a Y3LT sample with
x = 0.060. The impedance data can be interpreted by using an equivalent circuit model of the form (Rb//Cb)(Rgb//Cgb) where the bulk (b)
and grain boundary (gb) contributions are in series, and R and C in
parallel accounts respectively for the corresponding resistance and universal capacitance values of each contribution [23] at 500 °C where the
Rb is the bulk resistance at higher frequency semicircle and Rgb is the
grain boundary one at lower frequency semicircle shown in Fig. 6(a).
At higher temperature, only the grain boundary semicircle is observed,
the equivalent circuit model of the form Rb(Rgb//Cgb) was employed for
the calculation shown in Fig. 6(b). Conductivity of the Y3LT at different
temperatures is listed in Table 2. Conductivity at 500 °C is in the order of
10− 5 S·cm− 1, which increases to 4.3(4) × 10− 4 S⋅cm− 1 at 700 °C for
the Y3LT with x = 0.060. That is higher than the Y2Ti2O7 measured at
the same temperature by different research groups [18,24]. It has
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Fig. 6. Complex impedance plot obtained at (a) 547 °C, (b) 648 °C for the Y3LT sample
with x = 0.060. The equivalent circuit model is shown in the ﬁgures.

conductivity in the range of 1.67 − 2.30 × 10− 4 S⋅cm− 1. Yamaguchi et
al. [18] prepared Y2Ti2O7 sample at 1600 °C for 10 h. The sample has
total conductivity of 2.30 × 10 − 4 S⋅cm− 1. Comparing the results found
in our samples, introducing Li2O as a ﬂux, Y3LT prepared at 1150 °C
has a conductivity at the same level as the Y2Ti2O7 sintered at 1600 °C
although the second phase is probably present in the Y3LT sample
shown in Fig. 4. That does not seem to affect the conductivity of Y3LT
sample. Adding Li2O as a ﬂux, preparation temperature has been
lowered dramatically. Obviously, Li2O is an effective ﬂux for making
Y2Ti2O7 solid electrolyte. By introducing Li ion into Y2Ti2O7, unit
cell a-axis is decreased, which is not favored as the ionic conductivity
is concerned. Nevertheless, oxygen vacancies are increased in the
meanwhile so that ionic conductivity is probably compensated. As
a consequence, conductivity is not affected by slightly shrinking
the unit cell parameters.

88
Table 2
Electrical conductivity of the Y3LT with x = 0.060 measured at different temperatures.
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YLT

72

64

56
0.04
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0.08
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0.12

x
Fig. 5. Relative density of the Y3LT and YLT vs. x. Standard deriations are included.

Temperature (°C)

σtotal (S·cm− 1)

453
484
500
547
570
600
621
648
674
700

3.7(2) × 10− 6
7.4(2) × 10− 6
1.32(4) × 10− 5
2.36(8) × 10− 5
3.7(2) × 10− 5
5.8(3) × 10− 5
8.5(6) × 10− 5
1.3(1) × 10− 4
1.8(1) × 10− 4
4.3(4) × 10− 4

*Parentheses are the standard deviation of the measurement.
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Fig. 7. Arrhenius plot of the total conductivity for the Y3LT with x = 0.060.

Fig. 7 is the Arrhenius plot of the total conductivity (σb plus σgb) of
the Y3LT with x = 0.060, which follows the Arrhenius behavior quite
well, the correlation value for the linear least square simulation is
0.998, very close to 1, it indicates that the ionic diffusion process is
thermally activated [25]. The activation energy (Ea) of the oxygen
ion transport is 1.08(5) eV, which was calculated by taking the
slope of this plot into Arrhenius equation. Activation energy obtained
by Uematsu et al. [24] and Yamaguchi et al. [18] for the Y2Ti2O7 is 1.00
[24] and 0.86 eV [18], respectively. Our result is quite close to that
obtained by Uematsu. For the oxides with a similar structure, such
as, GDC ((Gd0.2Ce0.8)O2−δ) and SDC ((Sm0.2Ce0.8)O2−δ) investigated

5.0

(a)

4.5

43

by Kumar et al. [26] and Fu [27], their Ea are 1.09 and 0.85 eV, respectively. Both GDC and SDC have a ﬂuorite phase [8]. Y2Ti2O7 has a pyrochlore phase, which is a superstructure of ﬂuorite phase [9]. In
general, activation energy for these ﬂuorites or pyrochlores is near
1 eV.
Fig. 8 presents the frequency as a function of the real and imaginary parts of the impedances measured on the Y3LT with x = 0.060.
Impedance decreases with increasing frequency for all the curves
measured at different temperatures in Fig. 8(a) and (c). This phenomenon is typical for the ionic conductors. The impedance Z′ values at
higher frequency for all temperatures indicate a possible release of
space charge [28,29]. The shape of the curve obtained at 500 °C is
slightly different than the one obtained at 700 °C. Due to the shape
difference in the Nyquist diagram shown in Fig. 6. In Fig. 8(b), two
relaxation peaks are observed for curves obtained at the temperatures ≤547 °C. Peak positions shift toward higher frequencies when
the measuring temperatures are increased. That is assumed due to
the higher oxide ion conductivity in the target compound in this
study. The relaxation peak proﬁle also becomes broader when the
measuring temperature is increased.
Fig. 9 is the total ionic conductivity as a function of the oxygen
partial pressures for the Y3LT with x = 0.060. When the measuring
temperature is at 500 °C, conductivities do not change with respect
to the oxygen partial pressures varied from 10% to 100%. In other
words, the sample has pure oxide ion conductivity at 500 °C. At
700 °C, conductivity does not change if the oxygen partial pressure
is less than 60%. For higher oxygen pressures, conductivities increase
gradually. The Y3LT with x = 0.060 becomes a p-type semiconductor
that means the sample has electronic conduction contribution at
this temperature [30].

453oC
484oC

16

500oC
547oC

12

453oC
484oC
500oC

570oC

8

547oC
570oC

(b)

4.0
4

3.5

0
0

1

2

3

4

5

6

7

8

0

1

2

log (f/Hz)

4.8

3

4

5

6

log (f/Hz)

(c)

4.4
4.0

600oC
621oC

1200

648oC
674oC

900

648oC
674oC

700oC

600

700oC

600oC
621oC

(d)

3.6
300

3.2
2.8

0
0

1

2

3

log (f/Hz)

4

5

6

0

1

2

3

4

5

6

log (f/Hz)

Fig. 8. Log−log representation of the real part, (a) and (c), and the imaginary part, (b) and (d), of the resistance vs. frequency at temperatures ≤570 °C, shown in (a) and (b), and at
temperatures ≥ 600 °C, shown in (c) and (d), for the Y3LT with x = 0.060.

44

L.C. Wen et al. / Solid State Ionics 206 (2012) 39–44

-3.30

and the conductivity of Y3LT with x = 0.060 is as good as one Y2Ti2O7
prepared at 1600 °C. The electrical conductivity as a function of oxygen partial pressure and the EMF measurement conﬁrm that the
Y3LT with x = 0.060 is a nearly pure oxide ion conductor at 500 °C,
but it becomes mixed conductor when the operation temperature is
increased.
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Table 3
The theoretical and experimental EMF, transference number of the ionic conduction of
the Y3LT with x = 0.060 measured at 500, 600 and 700 °C.
Potential

Etheory (mV)
Eobs (mV)
ti

Temperature (°C)
500

600

700

14.45
14.40
1.00

16.31
14.88
0.91

18.18
13.07
0.72

In order to understand the contribution from electronic conduction in every operating temperature, the EMF (electromotive force)
was measured at 500, 600 and 700 °C. The mixing gases consisting
of 50% oxygen and 50% nitrogen were introduced to one side of the
oxygen concentration cell, and another side was exposed in ambient
air as a reference. The theoretical potential can be given by using
Nernst equation for the oxygen concentration cell [31]. In this study,
the transference number is 0.99 at 500 °C for the Y3LT with
x = 0.060. It means that the electrolyte material has nearly pure
ionic conductivity at this temperature. Ionic transference number decreases gradually with increasing operating temperature shown in
Table 3. At 600 and 700 °C, they are 0.91 and 0.72, respectively. The
fraction of the electronic conduction is 0.09 and 0.28, respectively.
The major contribution of the electronic conductivity is probably
coming from the Ti-atom. It is possible to have mixed valence of Ti
at high temperature and the material becomes a p-type semiconductor. Y2Ti2O7 is well known as a mixed ionic-electronic conductor
[18,24,32]. Ionic transference number of the Y2Ti2O7 reported by
Kobayashi et al. also decreased with increasing temperature [32].
4. Conclusions
Li ion can be doped into the Y site of the Y2Ti2O7 pyrochlore structure. Extra Li2O acts as a self ﬂux to help the densiﬁcation of the Y3LT
materials at 1150 °C. All of them have more than 90% relative density
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