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Abstract

Apatite-type lanthanum silicate with a formula of La10(SiO4)6O3 is a potential candidate electrolyte for SOFC system because of its high ionic

conductivity and low activation energy. Pure La10(SiO4)6O3 powder was prepared by solid state reaction and using a suitable thermal pretreatment

(1000 8C/5 h) of the as-purchased La2O3 powder. Materials characterization, thermal behaviors, and electrical properties of La10(SiO4)6O3

samples were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and two-point

probe DC conductivity. A pure La10(SiO4)6O3 pellet was prepared at the sintering process of 1600 8C and 2.5 h with a high relative sintered density

of 96.91%. The existence of secondary phases in La10(SiO4)6O3 pellet resulted in a lower conductivity than that of pure La10(SiO4)6O3 pellet.

Eight-hour reduction-resistant stability tests under reducing atmosphere at the elevated temperature of pure La10(SiO4)6O3 prepared in this study

shows a good thermochemical stability as compared to the well-developed 8 mol% Y2O3 stabilized ZrO2 (8YSZ).
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1. Introduction

8YSZ is the most mature material to be an electrolyte in

traditional solid oxide fuel cells (SOFCs). Owing to its low

ionic conductivity, however, SOFC systems usually operated at

elevated temperatures (800–1000 8C) for a higher efficiency of

power generators. Thus, several issues such as thermal

mismatch between ceramic components and coking problems

etc. should be considered carefully due to its high operation

temperature [1]. In order to reduce the operation temperature of

SOFCs from 800 8C to 500 8C while maintaining the higher

power generation efficiency, the main current researches have

been focused on the developments of preparing a thin-film

electrolyte (<10 mm) [2–4] and new electrolyte materials with

higher conductivity [5–8] to decrease the resistance of cells.

Rare earth silicates with an apatite-type structure were

discovered as a novel oxide-ion conductor for its exceptional

ionic conductivity of oxygen ions, lower activation energy and
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excellent stability [8–10]. Rather than the electrolytes with fluorite

(e.g. doped ZrO2, CeO2) and perovskite (e.g. doped LaGaO3)

related structures with high symmetric structures, the apatite

silicates with a high ionic conduction are believed to migratevia an

interstitial pathway mechanism. Excess oxide ions in the apatite

silicates can be introduced in the structure and enhance the oxide-

ion migration in the conduction channel along the c-axis, which is

in contrast to the oxide ion vacancy mechanism in perovskite and

fluorite-type oxide ion conductors [8–10].

Nakayama et al. have firstly declared the ionic conductivities

of lanthanoid silicate of the Ln10(SiO4)6O3 (Ln: La, Nd, Sm,

Gd, Dy, Y, Ho, Er and Yb) solid solution series [11,12]. Among

these lanthanoid silicate series, doped lanthanum silicate,

La10(SiO4)6O3, is believed to be a good candidate electrolyte

for SOFC use, because of its higher ionic conductivity at lower

temperatures (500–800 8C). According to their results of the

hexagonal structure of the La10(SiO4)6O3 (space group: P63/rn)

ceramics determined by the Rietveld method, a three-

dimensional (3D) network structure is established by inter-

connection of the tetrahedral-site SiO4 and the octahedral-site

LaO. Besides, they also referred that the mobile oxygen ions

located at the 2a site are surrounded by lanthanum ions at the 6h

positions [11,12].
d.
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Fig. 1. Experimental flowchart of apatite-type La10(SiO4)6O3 prepared in this

study.
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For the preparation of lanthanum silicate from La2O3 and

SiO2 as starting materials by solid state reaction, either La2SiO5

or La2Si2O7 with lower ionic conductivity is easily formed as

secondary phase, which might be due to the inevitable

absorption of La2O3 by H2O and CO2 from the ambient

atmosphere. Thus, Béchade et al. proposed a new faster and

lower temperature method for preparing pure apatite-type

lanthanum silicate from a solid-state method by using an

appropriate thermal treatment of the starting mixture [13].

Besides, Nakao et al. have referred a single solid oxide fuel cell

with a sandwiched structure of Pt/La10(SiO4)6O3/Pt under a

presence of CO2 in a hydrogen fuel gas [14]. In the chemical

stability test of their fabricated single-cell system, the cell

voltage under a constant current density was stable during the

operation for over 100 h.

In this study, the material investigated is strictly focused on

preparation and characterization of La10(SiO4)6O3 by solid

state reaction and using a suitable thermal pretreatment

(1000 8C for 5 h) of the as-purchased La2O3 powder. XRD

and SEM were used to examine the microstructural morphol-

ogy, crystal structure, and surface porosity of the sintered

pellets. TGA/DTA was used for analyzing the thermal behavior

of the calcination process for different La2O3/SiO2 powder

under nitrogen atmosphere. Archimedes method was applied to

measure the relative densities of the samples. The thermo-

chemical stability of La10(SiO4)6O3 powder at temperatures of

500–800 8C under reducing atmosphere was carried out by

TGA as compared to the common electrolytes 8YSZ, Bi2O3 and

GDC10 (Gadolinium Doped Ceria, Ce0.9Gd0.1O1.95).

2. Experimental

La2O3 powder (99.99%, Alfa Asear, USA) and SiO2

powder (99.9%, Alfa Aesar, USA) were used to prepare

apatite-type La10(SiO4)6O3 samples by solid state reaction

process. The flowchart of the experimental steps is shown in

Fig. 1. In order to determine the appropriate stoichiometry  of

La10(SiO4)6O3 powder, the thermal pretreatment of La2O3

powder under 1000 8C for 5 h was firstly performed, which

could eliminate the lanthanum hydroxide (La(OH)3) or

lanthanum hydroxycarbonates (La2(OH)6�2x(CO3)x) due to

the exposure of La2O3 powder to the atmosphere. A

stoichiometric ratio (5:6) of thermally pretreated La2O3

powder and as-purchased SiO2 powder were added in ethyl

alcohol and then physically mixed and grounded at 380 rpm

for 1 h by high energy ball milling in a planetary ball mill

(Model PM100, Retsch, GmbH, Germany). The obtained

mixture slurry was dried at a vacuum evaporator at 40 8C and

subsequently calcined at a heating rate of 10 8C/min using a

programmable cube furnace in air at 1200 8C for 10 h to

obtain the stoichiometric reaction:

5La2O3þ 6SiO2 ! La10ðSiO4Þ6O3 (1)

The calcined powder was uniaxially pressed at a pressure of

100 MPa to form a circular pellet of 15 mm in diameter. The

pellets were then sintered at 1550–1600 8C for different hours

in air at a heating rate of 5 8C/min. A Netzsch STA 449F3
thermogravimetric analyzer/differential thermal analysis

(TGA/DTA) was used for analyzing the thermal behavior of

the calcination process for different La2O3/SiO2 powder under

nitrogen atmosphere. Then, the calcined powder and sintered

pellets were verified by the X-ray diffractometer (XRD, Bruker

D2 Phaser, Cu-Ka radiation of radiation of l = 1.5405 Å),

employing a scanning rate of 0.05 deg s�1 in the 2u range from

20 to 608. Secondary electron images from SEM were used to

observe the microstructural morphology and grain size of the

sample. The sintered densities of La10(SiO4)6O3 pellets were

then derived by the Archimedes relations. Conductivities of the

sintered La10(SiO4)6O3 samples were measured at temperatures

ranging from 500 8C to 800 8C. Silver electrodes of 0.1 cm

diameter were secured via Ag adhesive paste, which were

coated on either sides of the sample pellet and held at raised

temperature for 1 h. Two-point probe DC conductivity was

measured accordingly.

The thermochemical behavior of La10(SiO4)6O3 powder at

temperatures of 500–800 8C under reducing atmosphere was

carried out by TGA. The ramping process was firstly heating to

the fixed temperature under N2 atmosphere. Then, 20% H2

reducing gas with a flow rate of 20 sccm was introduced to

TGA chamber for the 8-h reduction-resistant stability test.
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Common electrolytes of 8YSZ, Bi2O3 and GDC10 were also

used for the comparison.

3. Results and discussion

As the previous studies of La10(SiO4)6O3 preparation, the

often encountered secondary phases of La2SiO5 and La2Si2O7

were observed in the case of solid state reaction process, which

is resulted from the inappropriate stoichiometric reaction of

La2O3 and SiO2 powder during the preparation [13,15].

However, the inappropriate stoichiometric reaction is attributed

to the absorption of H2O and CO2 of La2O3 from the ambient

atmosphere to form La(OH)3 and La2(OH)6�2x(CO3)x during

the preparation. Through the thermal pretreatment of La2O3

powder (t-La2O3) at 1000 8C for 5 h, the elimination of

La(OH)3) and La2(OH)6�2x(CO3)x could be achieved [13]. In

this study, the as-purchased La2O3 powder without the thermal

pretreatment was denoted as p-La2O3.

Fig. 2 shows the thermal behaviors of p-La2O3/SiO2 and t-

La2O3/SiO2 mixtures by TGA/DSC analyses. In the plots of

DSC, both of these two mixtures represented four endo-

transition peaks due to the possible reactions which were

previous reported by Béchade et al. [13]. The peaks at 300–

400 8C (peaks a and b) were attributed to the dehydration and

decarbonation of La(OH)3 and La2(OH)6�2x(CO3)x to trans-

form into LaOOH and La2O2CO3, and both finally decomposed
Fig. 2. TGA/DSC plots of (a) p-La2O3/SiO2 and (b) t-La2O3/SiO2 mixtures.
into La2O3 above 460 8C (peaks c and d). Even the thermal

pretreatment of La2O3 powder was applied, La(OH)3 and

La2(OH)6�2x(CO3)x were inevitably formed at room tempera-

ture, which were proven in Fig. 2b. Furthermore, the calcination

processes applied to p-La2O3/SiO2 and t-La2O3/SiO2 mixtures

were made at 1200 8C for 10 h, respectively. XRD patterns

(Fig. 3(a) and (b)) show the crystalline structures of

La10(SiO4)6O3 powder, indicating the existence of the

secondary phases was only obtained at p-La2O3/SiO2 mixture

after the calcination process. Based on the possible reactions

observed by Béchade et al., the smaller peaks and less weight

loss of t-La2O3/SiO2 mixtures at TGA/DSC plots (Fig. 2(b))

and calcined La10(SiO4)6O3 powder without secondary phases

at XRD pattern (Fig. 3(b)) could evidently concluded the

thermal pretreatment of La2O3 powder under 1000 8C for 5 h

could effectively eliminate La(OH)3 and La2(OH)6�2x(CO3)x

phases for the further preparation of obtaining the appropriate

stoichiometry of La10(SiO4)6O3 powder.

Sintered samples of calcined La10(SiO4)6O3 powder without

secondary phases at 1550 8C and 1600 8C for different time

were also examined by XRD as shown in Fig. 4, which all the

cases revealed a single phase La10(SiO4)6O3 with an apatite

structure (JCPDs # 53-0291) and the strongest diffraction peak
Fig. 3. XRD spectra of calcined La10(SiO4)6O3 powder prepared with the

mixtures of (a) p-La2O3/SiO2 and (b) t-La2O3/SiO2.



Fig. 4. XRD spectra of pure La10(SiO4)6O3 pellets sintered at different

temperatures and time: (a) 1550 8C/3 h, (b)1550 8C/6 h, (c) 1550 8C/12 h,

and (d) 1600 8C/2.5 h.
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of (2 1 1) plane is recorded at the 2u of 31.98. The calculated

lattice parameters of sintered La10(SiO4)6O3 pellets

(a = b = 9.707 Å and c = 7.174 Å) were in a good agreement

with previous literatures [11–13] and the corresponding Joint

Commission on Powder Diffraction Standards (JCPDs) file card

(JCPDs # 53-0291).

The densities of the samples were separately measured

according to Archimedes method. The relative densities of the

samples sintered at different temperatures and time are 89.12%

(3 h, 1550 8C), 94.37% (6 h, 1550 8C), 95.50% (12 h, 1550 8C),

and 96.91% (2.5 h, 1600 8C), respectively. It has been shown

that high temperature process resulted in relatively higher

sintered densities with a more uniform packing behavior. For

maximized density of sintered La10(SiO4)6O3 pellet, sufficient

sintering temperatures using solid state reaction process is

preferred. Plane view SEM images of the sintered samples are

shown in Fig. 5. The grain sizes increased on average of 1.0–

mm as the sintering temperature and sintering time increased

from 1550 8C/3 h to 1550 8C/6 h, 1550 8C/12 h and 1600 8C/

2.5 h. It is also evident that the porosity of 1600 8C-sintered

sample corresponded to a high sintered density is 2.1% at a bulk

density of 5.441 g cm�3.
In order to realize the benefits of thermal pretreatment

process applied to the as-purchased La2O3 powder for the

further preparation of La10(SiO4)6O3 pellets, the calcined p-

La2O3/SiO2 and t-La2O3/SiO2 mixtures forming into

La10(SiO4)6O3 powder with and without secondary phases

were uniaxially pressed into the La10(SiO4)6O3 pellets and then

sintered at 1600 8C for 2.5 h in air. Fig. 6 showed the Arrhenius

plot of the conductivities of these two kinds of La10(SiO4)6O3

pellets determined by two-probe DC method. The existence of

secondary phases in La10(SiO4)6O3 pellet resulted in a lower

conductivity than that of pure La10(SiO4)6O3 pellet. The

activation energies (Ea) for these two La10(SiO4)6O3 samples

are also obtained and listed in Fig. 6. Ea values of 0.81 eV for

pure La10(SiO4)6O3 pellet were larger than the previous reports

[10–13], but apparently lower than that of La10(SiO4)6O3 pellet

with secondary phases (0.86 eV). From the results of materials

characterization and conductivity measurement, thermal pre-

treatment process applied to the as-purchased La2O3 powder for

the further preparation of La10(SiO4)6O3 pellets could

effectively eliminate the formation of secondary phases during

the calcination or sintering process. Furthermore, for the

application of SOFC, the requirement for the ionic conductivity

of electrolytes at the operation temperature of 700 8C is 10�2 S/

cm [16–18]. In Fig. 6, the conductivities of pure La10(SiO4)6O3

pellet at 700 8C is 1.1 � 10�3 S/cm, which is subpar to the

common SOFC electrolyte material i.e., 8YSZ. Thus, the

additional ion doping into the Si-site or La-site was believed to

effectively enhance the conductivity of La10(SiO4)6O3 samples

as the electrolytes for SOFC use [19–23].

For practical application of SOFC electrolyte, the material

should be thermochemically stable in reducing atmosphere (H2

or CH4 gas) and high temperature conductions without any

degradation. Eight-hour reduction-resistant stability tests of

bulk samples under 20% H2 reducing atmosphere in TGA

chamber were performed in this study. Fig. 7 shows the weight

changes of La10(SiO4)6O3 pellets under 20% H2 reducing

atmosphere at 500–800 8C, which represented superior

thermochemical stability without any apparent weight loss.

From the XRD analyses in Fig. 8, no metallic species, no

secondary phases, and no apparent peak shift in pure

La10(SiO4)6O3 pellet were observed after 8-h reduction-

resistant stability tests at 500–800 8C.

Common electrolytes of Bi2O3, GDC10 and 8YSZ were also

used for the comparison of thermochemical stability under 20%

H2 reducing atmosphere in TGA chamber. So far, d-cubic Bi2O3

is well known for its exceptional ionic conductivity of oxygen

ions, but the problems of using Bi2O3 as SOFC electrolyte

currently encounter the low chemical stability in reducing

atmospheres and narrow phase stability temperature range.

According to the theoretical calculation, the theoretical

maximum oxygen capacity of Bi2O3 which means the total

weight loss after the complete reduction is 10.3%. An obvious

weight loss of 8.2% after 3 h reduction-resistant stability tests

shown in Fig. 9, indicating most of Bi2O3 was reduced or

reacted by H2 gas to form metallic bismuth (Bi) electronic

conductors, which is not applicable for SOFC. Therefore,

through suitable doping some aliovalent species, the high ionic



Fig. 5. SEM surface morphology of La10(SiO4)6O3 pellets sintered at (a) 1550 8C for 3 h, (b) 1550 8C for 6 h, (c) 1550 8C for 12 h, and (d) 1600 8C for 2.5 h.

Y.-L. Kuo, Y.-Y. Liang / Ceramics International 38 (2012) 3955–3961 3959
conduction phase is believed to be stabilized [5,24,25]. Our

previous study also found that 14.3 mol% TiO2 doped in Bi2O3

(Bi12TiO20) after reduction-resistant stability tests by TGA

revealed possible upper application temperature is below

700 8C under CH4 atmosphere [26].

Pure stoichiometric CeO2 has the calcium fluoride (fluorite)

type of structure and is known to be an electrical conductor.

However when ceria is doped with oxides of divalent or

trivalent metals, the ionic conductivity becomes much larger

than the electronic conductivity [27]. According to the

comparison of the ionic conductivities of oxide doped ceria

by Steele, the most appropriate composition for IT-SOFC at

500 8C is Ce0.9Gd0.1O1.95 (GDC10) [8,17]. From the reduction-

resistant stability tests of GDC10, the small weight loss of 1.1%

might be due to the chemical reaction of the lattice oxygen of

GDC10 with hydrogen gas, which subsequently resulted in the

partial reduction of Ce4+ to Ce3+ states. The associated

electronic conductivity from the Ce3+ states in GDC10 can

produce an internal short circuit in the SOFC stack, which can

significantly lower the efficiency and performance of the SOFC

[17]. Due to the apparent weight losses by the reduction of

Bi2O3 and GDC10 under reducing atmosphere, this problem

can be solved by using an additional ultra-thin interfacial

electrolyte layer (YSZ) which prevents the electronic transport

[28].

8YSZ as the electrolytes have been favored several

decades in traditional SOFCs system operated at high

temperatures (above 1000 8C) because of its pure ionic

conductor and chemical stability in reducing atmosphere at
the elevated temperature. As done by reduction-resistant

stability tests, 8YSZ represents superior thermochemical

stability under H2 gas without any weight loss. Due to its low

ionic conductivity, however, SOFCs systems using 8YSZ as

electrolyte usually operated at elevated temperatures (800–

1000 8C) for a higher efficiency of power generators. For the

application of intermediate temperature SOFCs (500–

700 8C), a thin-film 8YSZ electrolyte (<10 mm) maintaining

the higher power generation efficiency was discussed

elsewhere [29,30].

The single phase La10(SiO4)6O3 with an apatite structure

prepared in this study shows a good thermochemical stability

as the same as 8YSZ. According to the report by Nakayama and

Sakamoto [12] pure lanthanum silicate possessed a pure ionic

conduction with a transport number of 1.0 over a wide range of

oxygen partial pressure. However, the ionic conductivity of

pure La10(SiO4)6O3 is not high enough (1.1 � 10�3 S/cm at

700 8C shown in Fig. 6), two models of cation doping in this

apatite-type structure are addressed. Divalent (Sr2+,

r = 1.20 Å) or trivalent (Nd3+, r = 1.09 Å) ions with the

comparable ionic radii to La3+ (r = 1.10 Å) are proposed to

occupy the La site, which resulted in an increase of the

conductivity [19,20]. Smaller cation such as Al3+ or Ga3+

doping of the Si lattice was also reported to enhance the ionic

conductivity [21–23]. Therefore it was believed that cation

doping in this apatite-type La10(SiO4)6O3 is a promising

candidate as the solid electrolytes for IT-SOFCs because of its

high ionic conductivity and excellent thermochemical stability

under reducing atmosphere.



Fig. 6. Arrhenius plot of the conductivity as a function of temperatures for

1600 8C-sintered pellets (a) pure La10(SiO4)6O3 and (b) La10(SiO4)6O3 with

secondary phases.

Fig. 7. Eight-hour reduction-resistant stability tests of pure La10(SiO4)6O3

pellets under various reaction temperatures (a) 500 8C, (b) 600 8C, (c)

700 8C, and (d) 800 8C.

Fig. 8. XRD spectra of pure La10(SiO4)6O3 pellets after 8-h reduction-resistant

stability tests under various reaction temperatures (a) 500 8C, (b) 600 8C, (c)

700 8C, and (d) 800 8C.

Fig. 9. Comparison of 8YSZ, Bi2O3 and GDC10 and La10(SiO4)6O3 pellets

after reduction-resistant stability tests.
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4. Conclusions

Pure La10(SiO4)6O3 powder with an apatite phase was

prepared through a suitable thermal pretreatment of as-

purchased La2O3 powder at 1000 8C for 5 h, well-mixed with

SiO2 by high energy ball milling, and subsequently calcined at

1200 8C for 10 h. The high relative sintered density of 96.91%

was obtained at 1600 8C for 2.5 h. The higher conductivity of

pure La10(SiO4)6O3 sintered pellet with an activation energy of

0.81 eV from the conductivity measurement, implying the

existence of secondary phases inside La10(SiO4)6O3 behaved as

a blocking effect of ionic conduction through the electrolytes.

The secondary phases inside La10(SiO4)6O3 could be recog-

nized as the higher resistance of ionic conduction. In addition,

pure La10(SiO4)6O3 after 8-h reduction-resistant stability tests

under 20% H2 reducing atmosphere at 500–800 8C represented

the behavior of a good thermochemical stability without any

sign of phase separation or reduction, as compared to the well-

developed YSZ electrolyte.
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