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Fig. 1. The crystal structure model of C12A7: (a) A cell of C12A7 whose cage cavity is highlighted; (b) a

cage cavity which contains one O atom; (c) a cage cavity which contains an electron replacing the O atom.
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Fig. 2. Band structure: (a) Calculated band structure of C12A7 : e—; (b) the schematic of C12A7 and

C12A7 : e~ energy structures.
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Fig. 3. The density of state of C12A7 : e~ and partial density of state of elements: (a) Calculated total
density of state of C12A7 : e~ ; (b) calculated partial density of state of Ca element; (c) calculated partial
density of state of O element; (d) calculated partial density of state of Al element.

047102-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 67, No. 4 (2018) 047102

K3 (b) HC12AT : e~ H1 Ca JE TR &%, W]
LA Hh Ca J5 -1 24t iy To s 1) A iy $2 43k 1) Pl 7 3
Wb, FEONERFWRMEAESHE T B3(e)s
1 C12A7 : e A A0 R THI 0 &%
FE, Bt AT DUE ), i Tiim A O 4 fitp &5
T, B T T S AR SRS IR TR,
B3 (d) A C12A7 = e~ FFFP 5 AL ALJE T (1) 53
BEE, WTLE AR p 2 s 700 L T8 s
S HEZR A TTRRIR . A RSB SNEE
FERTLAAB: C12A7 : e~ MM EEB O JEFHp
A TR HAER S FEh Cafi T mdaH
TR AARFEETERERSWHETAEES
k14 eV, HZH N Ca bR BT AE AN
5.76 eV (24 x 0.24), O TLEREHTEZEE N0 eV, Al
TCRHTFEEELIN1.4 eV (28 x 0.05), BT LI I
Sy R BE T O e I DTR (6.84 V), XA
g5 L 5 R O SRR s 45 R — 5 2

102
1020 F
101 f

1| 0 U
1017 F
1016 |
1015 |
101/1 -
108 |
1012 f

101 f
1010 v

(a) Reduction time: 20 h

Carrier concentration/n-cm=—3

800 900 1000 1100
Reducing temperature/C

1022
102t _(C) Reduction temperature: 1000 °C

Reduction time: 30 h
1020 -

1018 |

1017 7
1016 |
1015 F
104
1013 |
1012 |

1011
100 f

Carrier concentration/n-cm=3

109
Powder Particle Block

The form of Ti

Kda ARLZ%4THER CI2A7 © e~ BIEIR TIKE

3.2 Cl2A7:e HHIETZEH

BlASH T A T2 %A% F #1451 C12A7 -
e MR TIKE. B4 (a) 4 T K Ti ks
JR, FEEAE107° Pa B JRI (A4 20 h 214 F, i&
JE T X IR IR RIS, B TR, 2
W JFUR AR T 1100 °C I, Fifi % 34 J5UIE B2 16 7 v,
C12A7 : e~ WIERILTIRIE R 38 ka3, (HiE 5k
FETFF] 1100 °C I, %1000 °C I #5070 7 K 28
PRI, IR 2 PR A OB I 8] — 58 B, s S B v
et 4 )8 Ti 5 C12A7 FIIE JF N, {H A2 i T 32 31
35 2 A R P R ) o R O A R R
1100 °C. ME 4 (b) ATLAE H: KA Ti F0bE R,
M EAEN107° Pas B RIEE N 1100 °CHE, 18
10—30 hid i) (8] N s D 45 1 80 IR BE LN
10181020 ecm =3 [ C12A7 : e~ Bl FEE L
JEINF A R ZE K, C12A7 = e~ MR TR E 218Nt

102

(b) Reduction temperature: 1100 °C
© 1019 F % 7
| 7
g %
é: 1017 -
<
g
S 108
©
-
El
g 108
=]
8
o 1011 F
L
5 100
S 10
107
0 10 20 30 40
Reduction time/h
1023
(d) Reduction temperature: 1000 °C
« Reduction time: 30 h
| 1021
g Ti: particle
I}
£ 1071
o
5
o
g 15 F
S 10
o
B
5 1omf
O
101t 7
5x10-° 5x10-% 5x10-3 5x10-2

Vacuum degree/Pa

(a) Ti @ik, 107> Pa, & J 20 h; (b) TiPiki, 1075 Pa,

1000 °C; (c) 1072 Pa, 1000 °C, &7 30 h; (d) Ti Hiki, 1000 °C, /5 30 h
Fig. 4. Influence of different reduction processes on carrier concentration of C12A7 : e~: (a) Ti particle, 10~° Pa,
restore 20 h; (b) Ti particle, 1075 Pa, at 1000 °C; (c) 1075 Pa, at 1000 °C, restore 30 h; (d) Ti particle, at 1000 °C,

restore 30 h.
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Fig. 5. The physical pictures and XRD diffraction pat-
terns of before and after C12A7 reduction.
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Fig. 6. The SEM photos of Ti layer on the surface of the sample after reduction and the photos of electron
probe scanning: (a) The cross-section of Ti the inlayer of Ti, the outer layer of Ti; (b) the area of electron

probe scanning; (c) the data of electron probe scanning.
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Fig. 7. The diagram of reduction: (a) The diagram of reduction; (b) the diagram of the sample after reduction.
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Fig. 8. Temperature dependence of conductivity for C12A7 : e~ polycrystalline.
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Abstract

The [Ca24A128064]4+ : de” (C12A7 : e7) electride composed of densely packed, subnanometer-sized cages. This
unique structure makes it possess distinctive applications in fields of electronic emission, superconductor, electrochemical

reaction. In this paper, we explore a new method to prepare the bulk of C12A7 : e~ electride. The following areare
systematically studied in this work. 1) the condition of preparing bulk of C12A7 : e~ electride by solid reaction combining
spark plasma sintering and reduction with Ti particles at high temperature, CaCOs and AlO3 powders are used as
raw materials; 2) the first principle calculations of band structure and density of states of the C12A7 : e~ electride;
electride. The bulk of C12A7 : e~ electride

is successfully prepared by this method, so the results show that the bulk of C12A7 : e~ electrode with the electron

3) the analysis of the electrical transport properties of the C12A7 : e

concentration 10'8-10%° ¢m ™3 is synthesized at 1100 °C and a vacuum pressure of 10~ Pa for 10-30 h. In the process of
Ti reduction, Ti particles become evaporated and deposit on the surface of C12A7, the free O?~ atom in the cages diffuse
to the sample surface, the Ti vapor reacts with the O?~, forming a loose TiO, layer. In order to maintain electrical
electride. In addition, the

neutrality, the electrons of the free O?~ atom leave from the cages, forming the C12A7 : e
loose TiO,, layer also provides a channel for the diffusion of the O?~ atoms in the cage, ensuring the continuation of
the reduction reaction. The calculated band structure and density of states of the bulk C12A7 : e~ electride show that
when electrons replace the O?~ atoms in the cage, the Fermi level of C12A7 : e~ crosses over the cage conduction band
(CCB). Thus the free movement of the electron is the main reason for the insulator C12A7 to convert into conductor
C12A7 : e”. At the same time the electrons near the Fermi level in the cages are easy to jump from the CCB to the
frame conduction band (FCB). Combination of the above experimental results suggests that the electrons in cages are
easier to escape to vacuum under the action of electric field or thermal field, which is the main reason for low work
function of C12A7 : e™. This way provides an new approach to the realization of the insulator C12A7 converting into
C12A7 : e electride. And the C12A7: e~ is a good electronic emission material due to low work function, low working

temperature, and highly anti-poisoning ability, so this method of preparing bulk C12A7 : e~ electride provides a good

new way to synthesize a new electronic emission material.

Keywords: [CagsAlagOgy]*™ : 4e~, Ti reduction, first principles, electrical tansport properties
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