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GUILIN UNIVERSITY OF TECHNOLOGY

Are superior to all others

for lighting art galleries

Daylight Quallty of the nght

I for other reasons which we Id be
pl ed to explain in detail '\1]

Nernst Lamp Co Plttsburg Pa.

New York, Bosto PIII d Iplll B ll l Cleveland, Detroit,
Chicago, Sl L uis, Deny er, San l‘runclsco_ Seattle.

W. Nernst

0% O° Q@

07
r4+$ @ "o

g 3 ;05> 2V +35 0+ Vg Yo 3
e
c 3 % - PSs 03 9
& g " Ytiria-stabilized zirconia o
0o 8o @

o % “o
FIuorlte structure F 0 —— @



https://en.wikipedia.org/wiki/Yttria-stabilized_zirconia

1. Solid-state oxide ion conductors: Main
technological applications

ﬁElectrolytes for solid oxide fuel cells (SOFC%

v Oxygen sensors and pumps

v Oxygen permeation membranes
v’ Catalysts for syngas production
\v Cathodes for SOFCs -

Development of oxide ionic conductors

v o, ~102 S/cm at 500-600 °C

Challenges F 7»/
/

/
'

v Negligible electrical conductivity.
v Chemical stability ;1072 bar < pO, < 1 bar



1. Oxide 1on conductors: Main structures

Fluorite structure Cubic -Perovskite Apatite
o ~4-103 S/cm c ~3-10* S/cm Mg, Sr-LaGaO, o ~ 1102 S/cm

c ~2:102S/cm * & at 600 °C

02

o1
LAMOX LaBaGaO, Non-stoichiometric melilite ;Ieer);?g?(?; IS
La,Mo,0, o ~4-10* S/cm Lay,,Sr1.,G8307.0.5¢ s ~ 2103 S/em

c ~4-103 S/cm c ~2-102S/cm



1. Oxide ion conductors: Metals coordinated by 4 oxygens " M; x4
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Fluorite structure Mayenite Cubic -Perovskite Apatite
o ~4-103 S/cm c ~3-10* S/cm Mg, Sr-LaGaO, o ~6-10* S/cm

~

(\9\‘9‘.&0 Ba \\\

LaBaGaO, Non-stoichiometric melilite Hexagor_1a|
perovskites

La,Mo,0, o ~4-10* S/cm Lay,,Sr1.,G8307.0.5¢ s ~ 2103 S/em
c ~4-103 S/cm c ~2-10 S/cm




No. ?)trroligil;;ael Typical example Defect (Polyhedra (Year)
1 Mayenite Ca,,Al;,O4, Interstitial (caged extra O) | (1988)
2 pefolig'lfi o | Mg, Sr-LaGaO, Vacancy (MO,/MO,) | (1990)
3 Apatite Lag 224, 106,15, | Interstitial (MO,0INt/MO;) | (1995)
4 £SnWOQO, La,Mo,0, Interstitial (MO/MO;) (2000)
5 Cuspidine La,GaTiO, . Vacancy (MO,/MO;) (2005)
6 | LaBaGaO, La,Ba, ,GaO,, Vacancy (M,0,) (2007)
7 Melilite La, -,Sry 16Ga50- - Interstitial (MO.) (2008)
8 Fluorite Bi, V.0, ., Vacancy (MO,) (2012)
. Scheelite Sr-doped BiVO, Vacancy (M,0-) (2014)

LaNDb, o, W4 0604 04 Interstitial (MO/MO;) (2018)
10 ';;);f/gscl’(rl‘f‘e' Ba;MoNbO, . Vacancy (MO,/MO.,) | (2016)
11 sm:tlgige Na,W,0, / (2018)
12 YBO, Zn-doped YBO, Vacancy (MO.) (2022)
13 | LaSr,GaO. Oxogallate Vacancy (M,0-) (2022)




No. ?)trrolig::l;/;ael Typical example Defect (Polyhedra (Year)
1 Mayenite Ca,,Al;,O4, Interstitial (caged extra O) | (1988)
2 pefolig'lfi o | Mg, Sr-LaGaO, Vacancy (MO,/MO,) | (1990)
3 Apatite Lag 32, S1s0,6,15, | Interstitial (MO,OInt/MO;) | (1995)
4 £SnWOQO, La,Mo,0, Interstitial (MO/MO;) (2000)
5 Cuspidine La,GaTiO, . Vacancy (MO,/MO;) (2005)
A =6 |_LaBaGaQ, | _Lay;4Ba,,Ga0,, | . _ Macancy (M,Q;)_ _ | (2007) |
(L7 Melilite La, ,Sr; 46Ga;05 ,; Interstitial (MO.) (2008)
[ 8 7 ~Fiuoti® ~|~ ~B;V,0z, ~ [ — — Vacanty (MO, — — [ (2012)°
( _9_ _S_C h;el_ite_ [ Sr-doped BiVO, | — — Vacancy (M,O,) — | (2014)
b — EaND o, Wi5:Ou oz T — Imterstitiar (WG/MG,)— 1 (20618) 1
10 ';jéfi?(?f‘e' Ba;MoNbO, . Vacancy (MO,/MO.,) | (2016)
11 Sl';g:t';ige Na,W,0, / (2018)
A d2_ | YBO, _ | Zn-doped YBO, 1 _ _ Macancy.(MO,) _ _ . (2022) .
(L 13 | LaSr,GaOg Oxogallate Vacancy (M,0-) (2022)
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2. Oxide ion migration in La,,,Sr, ,Ga;O-,, =,
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2. Melilite. LaSrGa;0,

Insulator!

e
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2. Non-stoichiometric melilite compounds ekt
La,, Sr; ,Gas0,.qc,: Lay03 + 2815, - 2Lag, + 0} + Sr0 o
High mobility of oxygen interstitials: La, -,Sr; 4G50 »7, o ~ 102 S/cm at 600°C ﬁ
T(°C) Dr. X. Kuang
1,000 800 600 400
100 I ' T ' T
ot 0.42(1)
T 1077 800°C ;
1072 5 g A LT
B 5
; 1073 3 o . . 600°C oo
5y E
1074 3
E Bﬂq% 0.95(1) TP A AL A A A A LM
1073 1.19(7) PO, (atm)
1 1aSrGa.0 La, o557 956840
. Ia rla3 ?, 1.05°10.95 |3 ?0.25 | t02—~ 0.95 (600-1000 °C)

T I T T T T
0.8 1.0 1.2 1.4 1.6 1.8 2.0
1,000/ T (K1)

X. Kuang. Nat. Mater., 2008, 7, 498.



2. Non-stoichiometric melilite compounds. Introduction
of interstitial oxygens

La,, Sr;,Ga;0,,q¢c,: Lay03 + 2515, - 2Lag, + O] + Sr0 @

High mobility of oxygen interstitials: La, ,Sr, ,4Ga;0- ,7, 6 ~ 102 S/cm at 600°C ﬁ.

Dr. X. Kuang
o 00 00 00 00 O

» » » CN P » . » » 04
0 00(00 00/00 O-rus

~53A

v" Difference Fourier map and average structure
from neutron powder diffraction data
v" Interstitial oxygen: within pentagonal ring,
between La/Sr cations, lies within Ga plane

X. Kuang. Nat. Mater., 2008, 7, 498.



From VT ND data £
%

Tetrahedral layer
Nat. Mater., 2008, 7, 498. ACS Appl. Energy Mater. 2019, 2, 2878.



2. Transparent melilite. Aerodynamic
levitation synthesis method for RESrGa,0,

/~ Aerodynamic Levitation + CO, lasers heating

- Upto>3000°C
- Contactless

- High quenching rate ~ 300 °C/s> metast{bility!

J

Crystallization

e

Careful
Annealing
treatment

- Single heat treatment

- Fullicrystallization Dr. M. Boyer Dr. M. Allix

(CNRS-CEMHTI)
J. Mater. Chem. C. 2016, 4, 3238



2. Transparent melilite electrolytes. Aerodynamic
levitation synthesis method

| |
74
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Aerodynamic Levitation + CO, lasers heating A

Up to > 3000 °C
Contactless
High quenching rate ~ 300 °C/s—> metastability!

JCO2 Laser




2. Non-stoichiometric melilite

G ;
d Sr, .Ga,0O 2 K5
compounds. RE,,,Sr; ,Ga;0,4 s, Hairaks
800 700 600 500 400 300
M 10° 31— r . T . T
Ceramic c) o fu5,60,,
10.,?‘ ] Gdler“Ga’OH
, g " ~~. ¢ Tb Sr GaoO
eu 2 : 5 B ) e T —--.La;;sr“ohaoGazo;n
Flis wi® sy
' s S RN
& 3 ® i
Gd -l . E
’ b- L2 RS
Y6 5 s
4 \\\\
. ®
n
& k2]
]
L L L ¥ T o
1,2 1,4 1,6 1,8
1000/T (K")

No amorphous
(glassy) phase

No porosity
Micrometer scale
grain size

Thin grain boundaries

J. Mater. Chem. A. 2018, 6, 5276



2. La,,Ba, ,Ga;0-,,, Melilite CWS gemgh'tp

Solid state reaction route

Solid state - Levitation",

/7
La,,,Ba; Ga30;,0 5, x=0.35 ~.x=0.725- Dr. Haytem
CEMHTI
Temperature (°C)
1071 800700 600 500 400 300 200
3 | I 101 L T T T T T T T T T
| I B —o—09
2 i Ima? i 107 —4—0.38 3
107 5 -— ! ma ! v 07 ]
_/ \I - | 10°} e 06
— 1 =
- *I PA2ym : — Lay5,51468,0, 5,3
€ 1034 ! I 107} E
o i " | £ ]
| | i .
5 | \ Ima S 10°| | Dr. M. Allix
10 4 P42,m : L] & E
| | -6 .
I I\ 107 3
| |
1 | |
| | -7
10 4 i i 107 ¢ .
05 055 06 065 07 075 08 085 09 095 1 10° —

*Oncoming paper

10 12 14 16 18 20 22
1000/T (K)
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3. Oxide ion migration in Bi,_,Sr,VO, -,

¥ /




3. Bi.,Sr,VO, 45, Scheelite. Average Cemhts
structure @ cemti

S.G. 12/b or 14,/a Sample preparation by Aero@ynamic levitation method
VO, tetrahedra EnhanZiment of Sr solubility

200
W W
x=04
o [ 03 x=03
g | o0z (200) | (©20)
2 |02 0.2
5 A o1 ]
= Mol
| oos ) 01
o
| mBivo, y o _J 0
5 2 25 0 3% 40 45 100 102 104
2Theta (°) 2Theta (°)
Average
structure model
1Bi
1V

20 Nat. Comm., 2018, 9, 4484.



2Sr0 + 2Bip; + 05 — 2Srg; + Vi, + Bi, 04

T(°C)
700 600 500 400 300
e o, X =0.025 700 °C
' S:Q\-: ° x=005 102 -
3 3 A x=01
| 1375) ¢ x=02 = 1 = ————a——— =
i Bi__Sr_ VO
B 0.74(2) eV é 0.9 0.1 3.95
107 N
1 gl"' . 0.77(1) eV
1% //\\ S oo BiVO,
: (d)
W0 0% o ol o1 0w
T X T T T
T T T T T
1.0 1.2 1.4 . 1.6 1.8 10% 107 10°
1000/T (K™) poz(atm)

t,2-~ 0.88 (700 C)

Nat. Comm., 2018, 9, 4484.
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o(S/cm)

102 +———
e o

10° 4

10

700

2Sr0 + 2Bip; + 05 — 2Srg; + Vi, + Bi, 04

600

T(°C)

500 400 300

How are the oxygen vacancies

T
. x=0.025
e x=0.05

A x=01
Ah\\A o-h X:OIZ

107 1

4 L o

700 °C

-
Bi_Sr VO

0.9 0.1 95

stabilized and how do they migrate

 through the structure? ‘\-\Bi

o, (Slcm)

1.0 1.2 14 . 1.6 1.8 10% 107 10°
1000/T (K™) poz(atm)

t,2-~ 0.88 (700 C)

Nat. Comm., 2018, 9, 4484.



3. Bi.,Sr,VO, 4, Scheelite. Average @ Cemht
structure -

Synchrotron XRD data

“E’ bbbl ' - \“\
g 20 = 2 2'426 (32'6 28 30 \@Ul ~ 2-3% VO ;
= l gll “ ¥ positional disorder
0 1b I 2|0 I 3|0 I 40
20 (°) .
NPD data Defect s_tructu re”
x 3-coordinate V?

20 1 40 ‘6|O 80 100 120 Nat. Comm., 2018, 9, 4484.

26(°)



3. Bi,Sr,VO, 4:, Scheelite. 51V NMR — @ Cemhts
S e_—.—.:/’
local structure

/ Diffraction \ 51\ NMR
x=0

| Jl& x =0.05
4 types of
x=0.10 vanadium local
environments!!!

Average
structure model

1V

-360 -400 -440 -480 -520 -560 -600
K / Nat. Comm., 2018, 9, 4484.




3. Bi,Sr,VO, ., . DFT calculation of
°1\V NMR parameters

a model1

¢ model 3

PN

3

- 7.
‘% o*

e model 5

Ky T

g model 7

25

~ Dr. Fayon, (CEMHTI)

VO,(8Bi)

o & °

IR Ny <
' V,0, (2sr, 5-6Bi) | :
1043
I
o 5=
VO,(2Sr, 6Bi) © ® =
09O
1013
oo/ o) =
5
VO,(1Sr, 7Bi) © =
09
109
T
0()

-400 -420 -440 -460 -480 -500 -520 -540 -560 -580 -600

1 ' |

Calculated *'V isotropic chemical shfit (ppm)
Nat. Comm., 2018, 9, 4484.



3. Bi,Sr,VO, 5, Scheelite. >V NMR @g:emht“,.

-

C 4 ' A
ol Oxygen vacancies are

AcR stabilized by formation

_ WeW -
o) Jl& x=0.05 2 s X of V,O- dimers. )
e We
q jk\po.lo ) X¥ -\
W4 W i
.
(d)

360 -400 440 -480 520 -560 -600 V207 Nat, Comm., 2018, 9, 4484,

>V frequency (ppm)

51y NMR oly NMR Spectra to probe defect structure
(a) jk x=0

26



3. Scheelite Bi,,Sr,VO, 4 -,. Molecular dynamics simulation

0.5

05
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04 02
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03 %% 50 100 150
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200
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0o
S
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0
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Long-range migration of oxygen vacancies takes place via
the continuous breaking and reforming of V,0O, dimer.
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4. Oxide 1on migration in La, ,Sr,, GaO, -, oxogallate
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4. Oxogallate: La,_Sr,,, GaO. ,«,

_ LaGaO, LaBaGaO, LaSrGaO,
* o at 500 °C P b c I
\, N o lalal " Ga3*exhibits can be
\ Q9 o j ofa .
: ﬁg, " s ¥eVo stabilized under different
\Q@ | @od /“‘%- o "_{}: o . .
& , ‘/ $ . V. corrdination enviroments
5> , %4 \___ (CN=4,56)
- - S V707 @rass
6 4 o PN R
s

5 1104S/cm

9 99 00 90

NI&WX

00 20 09 JJ

JJ JJ JJ OLO

ffﬁ!ﬁ“‘r

90 09 00 00
La; 545704663307 55
203900900

ﬁi

N

\ c ~5-10°S/cm

Highlights
*Moderate mixed p-

= type/H* conductor (2005)

*Structure model /14/mcm
(2000)



. La, Sr,,,Ga0: , .. Solid solubility

Intensity (a.u.)

V:La0, i
. 51,6a,0, JLL W : X =04
x=0.3
JLL M e e A
x=0.2
N . JLL JLA A Moo A b
x=0.1
JL Lk N ! Ao
x=0
| V| TN
LaSr,GaO, ICSD : 409463
| |I | |‘ L . ]||. |I|| L1
20 30 O 60

2 Theta (deg.)
Inorg. Chem. 2022, 61, 5113

Li Jiachen (PH. D)

___ Solid solubility

Stability range



4. La, Sr,, GaO. 4. Impedance spectroscopy

Y PP

GUILIN UNIVERSITY OF TECHNOLOGY

LaSr,GaO,

10°
o = b 0
107
~ 0.2 .
'E 10 10
S '
< ~ g 10°
O 10 g Lio®
& O jou
1024 o O 10%
10" 10° 10' 10° 10° 10° 10° 10° o
13
00 8000 Frequency (H2) ’t\‘ 1 100 10° 10° 10° 10° 10° 10° 10°
00° 4 OOOO 6@ 0000,
0, Frequency (Hz)
3 5 3
1 0.0 4 1
T T T T T
0.0 05 0.1 0.2
7' (10" a-cm) La Sr Gao Z'(10°a-cm)
C O 99.99% N, a . o 8 52963/9?:/0 Ar
1 300 °C S toco, 800 °C
404 6.5% O
6.3% O, 10.0% ©
10.3% © 354 2
~ 20.9% OZ ~ O 20.9%0,
§ 1ol O 209%0, £ 304 o O 99.99%0,
. O 99.99% O, L s °
mc mc 7] °
£l 50000°%0%00 S 204 °,
N %o N o
N os ° N 15 o Q
R 1.0
[e]
% 054
0.0 . ¢ 0.0 . T
. 20 25 3.0 . 15
Z' (10°a-cm) Z' (10° e - cm)
T(¢C)
900 800 700 600 500 400 300
10° T T . . T T
w—103S/cm
€ 10* ' 1 C f 10°4 | x=0
[ L W x=01 P type
s . = @ W x=02
1074 . = § B x=03
L] = &
—~ 10° L] = & . 10*4
E . - : e
\\V_J, 107 . . ] H @,
© W x=0 n ©
8 ™ 5 L}
10° @ x=01 10°
W x=02 . /'/
1074
W x=03 []
10" T T T T T 10° T T T T
1.0 12 14 16 18 10° 10 10° 10° 10" 10°
1000/T (K™ P, (atm)

-

(" The system behaves as a mixed )

p-type/oxide ion conductor

t,,. ~ 0.34 (La,Sr,GaO.)
ty,. - 0.15 (Lag ¢Sr, ,Ga0, o) )

O
~—

= LaSr,(Ga0,)0 (S.G.: P4/ncc)
= Sr Ga(OH),, - ICSD : 249850
=== Sr(OH),H,0 - ICSD : 15366

L MI |H.‘|.

2

Intensity (a.u.)

L ||l g

40 50 60
2 Theta (deg.)

Non stable in wet environments
No proton conductor

Inorg. Chem. 2022, 61, 5113
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4. La, Sr,,Ga0: . MD simulations td ekt
> i -------- °
>
.
Ve
=

MD simulations and BVSE did not succeed

Any problem with the structure model?



4. Oxide ion conductors. La, ,Sr,,,GaO; -,

Intensity (a.u.)

Non-indexed
Extra reflections

V:la0, b
x = 0.4 [ e
.._: : Sr4Ga2C)‘7 JL}L' }U | . n A x =0.3
JLL x =0.3
0.2 X =0.2
X =0.
Lk A M Mo
M
x:O._l_ ] - D
J ')UL—A——-:M——A_ —|| x=0.1
x=0
d A N *h N ﬂ.___*_“h__‘__'___ ""’/\—'ws—l\—«j\\-
LaSr,GaO, ICSD : 409463 x=0
| | | ‘ ! ] \ | | . ]‘. i
I I ! I ! I | ! I ! I
20 30 40 50 60 33 34
2 Theta (deg.) 2 Theta (deg.)

Inorg. Chem. 2022, 61, 5113



Intensity (a.u.)

Intensity (a.u.)

4. Oxide ion conductors. La, ,Sr,,,GaO; -,

Some extra peaks cannot be indexed according to any known compound

b \
" | The Extra peaks can be indexed according to a single
: : 5[] phase P4/ncc
Jl ll A J A x:... E
l x=01 % N/
A M A = x=01 . .
| e We propose a new structure model differing from the
e Riverst previous centering body structure due to the GaO4
, T Ay ) tetrahedra tilting
20 30 40 50 60 33 34
2 Theta (deg.) 2 Theta (deg.)

14/mcm
old

/ P4/ncc
a B 2




4. Oxide ion conductors. La, ,Sr,,,GaO; -,

Average structure model La, 4Sr,,GaO,

La

0.834sr2.166

(Ga0,)0

0.917

Oxygen vacancies

Intensity (a.u.)

05 10 15 20 25 30 35
d (A) 1 La site

1 La/Sr site
1 G site
2 Oxygen sites: only one of them has vacancies

Inorg. Chem. 2022, 61, 5113
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MSDs (A%

1.5
2.5
10 — 0
—01 — Ga
2.04 & ——02 —la
05 // — 5
0 10 50

1.54

Mean square displacements (AZ)

30
10- Time (ps)
0.5 1
0.0 T T T T
0 10 20 30 40
Time (ps)

~~~~~~~

v'Simulations breaking and reforming of Ga,0, dimmers within the ab plane
v'Migration facilitated by the subtle GaO, tetrahedra tilting.

Inorg. Chem. 2022, 61, 5113
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Conductivity comparison b st sk
T (10° °C)
, 987 6 5 4 3 2
10 ] | | | | | | | |
1 Melilite
2 Fluorite (Bi0.913V0.O87ol.587)
1074 O
5 107
o ] Scheelite Ga-BiyO,
10° 4
- Oxogallate La St} ,GaO,
108 +———— —

08 10 12 14 16 18 20 22
1000/T (K™



4. Conclusions:

NCERT TP / Oxide lon-Conducting Materials \
e, Containing Tetrahedral Moieties
- . - @%} %
2 > B\ " i : -
GO T\ @ v' Remarkable rotation/deformation flexibility
B ite |S|7 of the tetrahedral units
(eeeceo 5 v ] N
B C Select metal elements with the ability to
) L tolerate a variable coordination number
© fon mi o~ K (Gas*. V°*, B3, Mo®*, Ge*)
MD DFT AMO

/
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