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 /{���w�'�� Sr � Mg 5�
 LaGaO3 ��oe),��[u�'� Sr �
Mg 5��w LSGM ,�
\oS
yB�
$!5�� Sr �Mg 5��
�L�LSGM ,�
o\&�w�L�Q^=S#0�/)\h� LSGM1520 * LSGM2015 z�=�o\&�Kt,�}Wi
��?;<
 LSGM ,�
�7o\&�2�)s
n�z�L� ln(σT )� 1/T �4R=>;�u'�J&
!=�^l)s% T

∗, Z2�)sh� T
∗ t�b�7LkC;<S�)s�� T

∗ 
C;<�i v R
 Sr � Mg 5� LaGaO3; ��oe)
?w.s
�7\oS:�b�m
TQ 174 !#G�

A

1 2,��
41X�pB (SOFC) "bYX�K�d4Y>34&p>�tI{�a�dp!/t�a�d37H'�0L#(.Y5rd�m�{b_�!�dx| [1∼5].��
41X�pBj�~	+�<=�G��pf*�uE�aE+�d�-�	��pf*~"b}qpBT>d�U-�	?&��pf*-�x{��d
8℄pT�idp8℄pT�a(dK/TF�
46�h*+d,qT [6].9NA,q4
4C (QJ& YSZ) ?&��pf*-��tIk��*8{��d
8p℄'�+�
46�K
+d,qT�t{�!�|��*5r [3]. Y��*�W8�p7m��pf*-�
8p℄'d��+�b-�d�
4>�6�<E [7,8], t{��f℄i��
41X�pBdv|*t [9]. ~ Ishihara �9-= [10] d Sr � Mg 6�
LaGaO3(4Yy� La1−xSrxGa1−yMgyO3−0.5(x+y), x V" Sr 6�8|�� y V" Mg 6�8|��QJ& LSGM100x100y > LSGM) �3#=&+i*�W8v|d��pf* [11], I
800◦C udp℄'	& 0.1S/cm, �[� YSZ1000◦C udp℄'	Æ�+i*8{��d
8p℄��2(dp8℄pT�vI��>=& 800◦C o8v|d SOFC X�pBd��pf*-� [12,13]. Y Sr � Mg 6� LaGaO3 ?& SOFC pf*-�dx|�6P�o8jI-�� (1) -�d(�-�	 Sr �Mg 6�d LaGaO3 �	,j�a
8�(�&�+p7m LaSrGaO4 + LaSrGa3O7 gip℄���zC��-�d
8℄pT��!��hdd&�+ Ga p8��;ob_�%/td-�Æ (2) (� Sr � Mg 6��x LaGaO3 �pf*-�d

8G℄>�zCg.U���flj*Z�-Æ Sr � Mg 6��d LaGaO3�e��� 2004–12–22, �V*de���2005–10–31r|'
� #K�X9#[�?i (` �� [2003]14 )); ,	�hTX�X\v~�?i (050302F)=8u{� s 4 (1965– ), :�%|\vl�[p� E-mail: shimin@mail.hf.ah.cn
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606 / A , � W � 21 |���pf*-��N{lj*���-��+i*8d
8℄pT	S�of�t�9Nb_{�a�
8p℄'O{�a�%/t Sr � Mg 6�d LaGaO3 �[�; [13].�+℄w�(� Sr � Mg 6�d LSGM -�d
8℄pT�#℄w�3�*t 4x
LSGM -�
8℄pTdzC�9d~&=b�ai*t8{�a�
8℄pTd LSGM-��N{℄i SOFC dv|*t	
2 �-�`��0| La2O3(It >99.99%) � SrCO3(It >99%) � Ga2O3(It >99.95%) +
MgO(It >99.99%). �4YI��4V;��,���_?" +�M_��d0�nH+ ZrO2 �JP (P�� 3:1), W1�ROyP7BfP7 15h, 3
& 120r/min, YZ��_H 1 La1−xSrxGa1−yMgyO3−δ �/XPb

Table 1 Dopant content in La1−xSrxGa1−yMgyO3−0.5(x+y)

Dopant content Dopant content Dopant contentSpecimen Specimen Specimen
Sr/mol Mg/mol Sr/mol Mg/mol Sr/mol Mg/mol

1#(LSGM0505) 0.05 0.05 10#(LSGM1020) 0.10 0.20 19#(LSGM2005) 0.20 0.05

2#(LSGM0510) 0.05 0.10 11#(LSGM1025) 0.10 0.25 20#(LSGM2010) 0.20 0.10

3#(LSGM0515) 0.05 0.15 12#(LSGM1030) 0.10 0.30 21#(LSGM2015) 0.20 0.15

4#(LSGM0520) 0.05 0.20 13#(LSGM1505) 0.15 0.05 22#(LSGM2020) 0.20 0.20

5#(LSGM0525) 0.05 0.25 14#(LSGM1510) 0.15 0.10 23#(LSGM2025) 0.20 0.25

6#(LSGM0530) 0.05 0.30 15#(LSGM1515) 0.15 0.15 24#(LSGM2510) 0.25 0.10

7#(LSGM1005) 0.10 0.05 16#(LSGM1520) 0.15 0.20 25#(LSGM2515) 0.25 0.15

8#(LSGM1010) 0.10 0.10 17#(LSGM1525) 0.15 0.25 26#(LSGM2520) 0.25 0.20

9#(LSGM1015) 0.10 0.15 18#(LSGM1530) 0.15 0.30 27#(LSGM2525) 0.25 0.25

� 1 Æ 1500◦C g
 24h '�<� LSGM 
 XRD�F
Fig. 1 XRD patterns of LSGM sintered at 1500◦C

for 24h

��A+/��
�_�J.+�h�MZ_ 1200◦C1�* 24h1$�ÆCM�h1d
�
q&℄7��h�Gb_
Ud
��
�+M_=PH�W1q&&e�=Q���+hd�Gb_
Ud�e��edhd*t& 1500◦C, V�(�do*
t+�*uP	(�d(� Sr�
Mg 6��d LaGaO3 �ed=�T" 1.0|��-a�3q�ed/t�|
D/Max-Rb P X k>_km (CuKα ��
40kV, 80mA, 4◦/min) lR�ed�d�<=�2Æ0| XL30-ESEM Pd2pt�4�ed:$< Æ#| CHI604A_!:�Gm3q��ed
8p℄'	

3 xko�	
3.1 S% LSGM L�Z~�yg
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3 H r 3�e
 Sr � Mg 5� LaGaO3 ��oe),�
�7\oS[u 607� 1 &(�=� Sr �Mg 6�d LaGaO3 d X k>_k�G�I+ 16# xx LSGM1520�e�21# xx LSGM2015�e��T��,=�d�eU+~Xjd��� LSGM<=�Io�d�℄W+'6�d LaGaO3 je{�nPd�B�d�����o5	tL�x�
LSGM1520 + LSGM2015, 0|���x��o=bIt.�dXjd���	

� 2 ABO3 
n�
�zq�
Fig. 2 Diagram of crystal structure of ABO3H 2 I� Sr � Mg l�X LaGaO3 �/X}fO�

Table 2 Lattice parameter of Sr and Mg-doped LaGaO3

Lattice parameter Lattice parameter Lattice parameter
Specimen Specimen Specimen

a/nm a/nm a/nm

1# 39.00 10# 39.17 19# 39.03

2# 39.06 11# 39.21 20# 39.07

3# 39.11 12# 39.18 21# 39.12

4# 39.22 13# 39.02 22# 39.20

5# 39.20 14# 39.07 23# 39.20

6# 39.25 15# 39.10 24# 39.10

7# 38.96 16# 39.13 25# 39.13

8# 39.07 17# 39.20 26# 39.20

9# 39.12 18# 39.22 27# 39.22� 2 &nPd�B�o�d�{r��I4Yy~ ABO3, &��P	� LaGaO3 d�+� La �y LaGaO3 d�d A (&� Ga �y LaGaO3 d�d B (&�{ LaGaO3 q6�
SrCO3 � MgO 1� Sr +�TV La d(&�{ Mg +�TV Ga d(&�Io�d�+I
LaGaO3 ��	(�'�d Sr � Mg 6�1:vJo�8� a d 4�T" 2.� 1+ 13# �14#�15#xx LSGM1505�
LSGM1510 � LSGM1515 =�d�e��T�`,=�d�eE�����!�6�k}�^ LaSrGrO4 > LaSrGr3O7.

H 3 LSGM1520 �/�w�t`$`�^X3&
Table 3 Impact of sintering time on

relative density of LSGM1520

Sintering technology Relative density/%

1500×6h 93.3

1500×12h 95.6

1500×24h 97.5

1500×36h 95.4
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608 / A , � W � 21 |℄w"6 [16], LSGM ~�ItdXjd���<=u.{��d

8p℄'�[P�k}�up℄':2℄i�0�*9��
41X�pBxpf*dfQ	
3.2 %a�_" 3 :{� LSGM1520 �e� 1500◦C hdu�*uPx�x/tdzC	[�*uP~ 6h ^9_ 24h u��x/t�U�Y�*uP:& 24h 1�ed�x/tY℄i	� 3 & LSGM1520 �e� 1500◦C hd(�uPd SEM�D��T[hduP:& 24h,o�Y&t9U����+k}�g0FdK���y�t{�ed�x/t℄i [11,17].

� 3 '�g
�V7 LSGM1520 �d
�aj
1os�C
Fig. 3 SEM photographs of LSGM1520 under different sintering conditions

(a) 1500◦C×6h; (b) 1500◦C×12h; (c) 1500◦C×24h; (d) 1500◦C×36h���x/tx-�d(�{��[-fdrs	t&���
41X�pB+�pf*��?uUYuaEdK�����xfQ��pf*{�.(dK/T�I�6'xai�t{I�x/txa�	℄w"6 [16], ��pf*-�d�x/t >95% .�?&��
41X�pBdpf*-�	L!���pf*-�d%/tg"bzC-�d

8p℄'	t&I+dK�:=&

8�(�bd����M
�(Mld>
�t{℄i-�d

8p℄'	
3.3 �<U℄)

LaGaO3 +6� Sr � Mg d{�
8℄pTd�t~~� Sr2+ +�TV� 2 + A (
La3+ d(&{ Mg2+ TV� 2 + B ( Ga3+ d(&� La � Ga 4-N& +3 N�{ Sr �Mgd4-N& +2 N�tL6_ Sr2+ �Mg2+ 1&�A-�dp+T:Q=

8�(�

8�(dqDMlv-�{�
8℄pT	
3.3.1 %a�_
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3 H r 3�e
 Sr � Mg 5� LaGaO3 ��oe),�
�7\oS[u 609~" 3 ��[hduPN 6∼36h, �x/t�x�M�R_>U$1��uPd^9�x/tRi	� 4 :{�� 1500◦C hdd LSGM �e�(�d3�*t8b_d
8℄p'��T�[hduPN 6∼24h, �(�d3�*t8�r��ed"%�G
8℄pT�x�M�R_>U$1��uPd^9
8℄pTRG	�"6
8p℄'��x/t�PP�"bd�5	�o\&�5�x/tdRG�
8p℄'℄i	�1f~~��5�x/tdRG�K��9�M�v
�(Mld:��M�tL
8p℄'YRG	

� 4 LSGM1520 Æ 1500◦C g
'�tO
�7o\&
Fig. 4 Ionic conductivities of LSGM1520 sin-

tered at 1500◦C for different time

� 5 ln(σT ) � 1000/T 
�4�
Fig. 5 Relationship between ln(σT ) and

1000/T

3.3.2 �_~� 4 �T��3�*tdo��
8p℄'�U��~t&*tdo�v
�(dMl
t��	� 5 &(�3�*t8� Sr-Mg 6� LaGaO3 d ln(σT ) � 1/T d�5	p℄'�"{& [18]:

ln(σT )=lnC−Ea/kT > σT=C exp(−Ea/kT )y+ Ea &
�(MlD<>� k &$|6+8�� T &3�*t	H 4 LSGM J�X.���1sqÆ E1 n E2 4 Huang [DWXwj (E′

1 n E
′

2)
[19]

Table 4 Activation energies of oxygen-vacancy motion of LSGM for this work (E1 and E2)

and Huang’s results (E′

1 and E
′

2)
[19]

Specimen E1/eV E2/eV E
′

1/eV E
′

2/eV

LSGM1005 0.648 0.851 0.642 0.783

LSGM1010 0.767 1.114 0.733 0.993

LSGM1015 0.654 1.028 0.790 1.050~� 5 �Tx�,j�S>~~�vK'(�d"><=�K'V"
�(MlD<>	�v">_mxx3�*t T ∗, x`�S>~���	 670◦C. " 4 �D�~� 5 +�v">dK'QDdD<>	 E1 xx T > T ∗ u
�(MlD<>� E2 xx T < T ∗ u
�(MlD<>	~" 4 ���3�*ti� T ∗ ud�eU�*t�� T ∗ d
�(MlD<>	�t~[*ti� T ∗ u��5*td℄i�
�(0X�&={Q=�OÆ{[*t�� T ∗ u��(0X���D	{-Nl_
�(d��+ [19]. Huang g [19] ℄wd
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610 / A , � W � 21 |%g��" 4 +	�a�T��)++QDd
�(MlD<>+ Huang g [19] �`dd%�8bm	
3.3.3 Q
Fp� 6 & LSGM (�d Sr �Mg 6��x 800◦C ud
8p℄'dzC	�T�5 Sr �
Mg 6��d�M�
8p℄'�x�M�R_>U$1�0*RG	�~~�� Sr � Mg6��d�M�
�(dBt�x�M�t{
8℄pT�U�Y Sr � Mg 6��&Uu:~�
�(Æ-{Fq [17], t{
8p℄'0*Ri	� 6 �T�� 800◦C u LSGM1520+ LSGM2015 {�>�p℄' σ=0.148S/cm, � Huang g [19] �`d σ=0.150S/cm bm��[� YSZ � 1000◦C ud
8p℄'�tLv| LSGM1520> LSGM2015 ?&��
41X�pBd��pf*�+| YSZ ?��pf*���Iv|*t�℄i	 200◦C. ~� 1 +
16# �e (G LSGM1520) + 21# �e (G LSGM2015) d XRD �G�T�Lu LSGM1520 +
LSGM2015{�Xjd��� LaGaO3,{~� 6 �T�LSGM1505 
8p℄'	& 0.12S/cm,+ Huang g [19] �`d 0.126S/cm gabm�i� LSGM1520 d
8p℄'	{~� 1 +
13# �e (G LSGM1505) d XRD �G�T�Lu LSGM1505 E����� LaGaO3, 6�k}�^ LaSrGa3O7 + LaSrGaO4 P�	
8p℄'d℄i�>�ip℄'dk}�dP��� [20].

� 6 800◦C 
�7o\&� Sr � Mg 5��
�3R=
Fig. 6 Relationship between ionic conductivities at 800◦C and Sr, Mg dopant content of LSGM

4 x	
1. � 1500◦C hdu��ed�x/tT}�hduP��5hduPd^9��ed�x/t�x�U�R_>U$1�0XRG	
2. �5�e�x/td�U�
8p℄'�MÆ�5 Sr � Mg 6��d�M� LSGM-�
8p℄'�x�U�R_>U$1�0XRG	 800◦C u LSGM1520 + LSGM2015{�>�d
8p℄' (800◦C u σ=0.148S/cm), �[� YSZ -�� 1000◦C udp℄'�t{℄i��pf*-�dv|*t�Lu LSGM -�~Xjd��� LaGaO3 <=Æ{[P�k}�u�I
8p℄'Y℄i	
3. 
8p℄'�3�*tdo�{�U� ln(σT ) � 1/T S>?<�v(�K'd">�_m*t T ∗ 	& 670◦C, [3�*ti� T ∗ u�

8MlD<>U�*t�� T ∗ udD<>	
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Ionic Conductivity and Microstructure of Sr- and Mg-doped LaGaO3

SHI Min1, XU Yu-Dong1, LIU Ning1, WANG Can1, MAJEWSKI P2

(1. School of Materials Science & Engineering, Hefei University of Technology, Hefei 230009, China; 2.

Max-Planck-Institute for Metals Research, Stuttgart 70569, Germany)

Abstract: Samples of Sr- and Mg-doped LaGaO3 (LSGM) were prepared by using a solid state

reaction method. The conductivities of LSGM with various additions of Sr and Mg were dealt

with. The results show that the ionic conductivities of LSGM increase with the increase of x or y

at first, and after reaching a maximum, the ionic conductivities of LSGM decrease with the further

increase of x or y. It can be seen that Sr- and Mg-doped LaGaO3 materials with the highest

conductivity, σ=0.148S/cm at 800◦C, are LSGM1520 and LSGM2015. For the two compositions,

LSGM materials are composed of single phase-LaGaO3 without secondary phases. It can also be

seen that ionic conductivities of LSGM increase with the increase of testing temperature and the

curves of ln(σT ) with 1/T reveal two straight lines intersecting at T ∗(T ∗ is about 670◦C) and

activation energy of oxygen-vacancy motion at lower temperatures (T < T ∗) is greater than that

at higher temperatures (T > T ∗).

Key words Sr- and Mg-doped LaGaO3; solid electrolyte; relative densities; ionic conductivity


