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Abstract: This study explains the conductive mechanism of
C12A7:C from the perspective of crystal structure. C12A7:C
is a carbon derivative of C12A7 and prepared by CaCO3; and
Al,O3in sealed graphite crucible through high-temperature
sintering experiments. The main component was con-
firmed to be C12A7:C through X-ray diffraction inversion
analysis. The four-probe method revealed that it is a semi-
conductor with conductivity of 4,339 S/m. A conductive
model of C12A7:C crystal was established to study its con-
ductive mechanism. Through theoretical calculations of
the conductive structure model, the density of states and
transfer function are important factors determining the
conductivity of C12A7:C crystals. Based on the analysis of
these two factors, C is the key to electron transfer in the
C12A7.C crystal. Further research indicates that the C-C
bond is the main form of C in C12A7:C crystals. These C—C
bonds satisfy the formation conditions of conjugated sys-
tems and are key to the conductivity of C12A7:C crystals.
Through simulation calculations, the volt ampere charac-
teristic curve of C12A7:C exhibits Ohmic conductor char-
acteristics. The conductivity of C12A7:C obtained through
theoretical calculation is consistent with the experimental
results. In conclusion, the conductivity of C12A7:C crystal is
mainly due to the C—C conjugated system formed by carbon
atoms in the crystal.
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1 Introduction

C12A7 (12Ca0-7Al,05) is known as a mineral of calcium
aluminate. As a light metal oxide, C12A7 is a kind of insu-
lator in common conditions. It can be used in many optical
devices due to its high transparency. C12A7 belongs to
cubic crystal system (a = 11.98 A, Z = 2, space group 143d).
The crystal cell is composed of [CayAlyg06,]* lattice frame
and two free 0%, expressed as [CayAlyg0g,]*" + 20%". Each
cell of C12A7 has 12 cages. The diameter of each cage is
about 0.4 nm. The average charge is +1/3. To maintain the
overall electrical neutrality, the other two free 0% ran-
domly occupy the center of two cages. The binding force
between 0% and the frame [CayAlgOg4]*" is weak. Therefore,
the 0 is able to shuttle freely in the cage [1]. Each cage is
connected to eight adjacent cages through a window com-
posed of six atoms (about 0.1nm in diameter). The six
atoms include one Ca atom, two Al atoms, and three O
atoms. The window can be used for the exchange of mate-
rials inside and outside the cage. With this unique function,
other anions such as OH™ [2], C1” [3], NH?™ [4], H™ [5], O™ [6],
and even e [7] can be flexibly used to replace the free o*
in the cage.

In previous studies, when C12A7 is treated by some
reduction atmospheres (such as Ca, Ti vapor), electrons
can replace the free 0" in the cage to reform an inorganic
electronic compound [Caz4A128064]4+ + 4e” (C12A7:¢) [8].
The electrons will be evenly distributed in each cage, and
the inner diameter of the cage is similar to the C12A7 empty
cage. This cage deformation will be eliminated, because the
average inner diameter of C12A7:e” cage is slightly larger
than normal C12A7. Similarly, using other anions to replace
the free 0% in the cage will also have this effect [9].

In recent research works, studies on the application of
C12A7 derivatives as electride materials mainly focus on
C12A7:e” [10-16]. In Jiping et al’s study [10], a single crystal
of C12A7:e” was prepared via a spark plasma sintering and
the electrical conductivity at room temperature is 1,960 S/m.
In Kim et al’s study [11], they found that C12A7:e” had high
potential as an efficient electron-injection electrode for
organic light-emitting diodes. In Adachia et al’s study
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[12], they found that the C12A7/C12A7:e” devices exhibited a
bistable resistance switching effect with an on-to-off resis-
tance ratio of ~10* and operated as a resistive random
access memory. In Yanagi et al’s study [13], the value of
0.4 eV between C12A7:e” and Cgy is the lowest electron
injection barriers for conventional organic semiconduc-
tors. In Matsuishi and Hosono’s study [14], C12A7:e” is a
promising candidate for electron emitting source with
small work function of 2.4 eV. In Lalan and Ganesanpotti’s
studies [15,16], a new C12A7 material C12A7:e"@G was
obtained by improved process. It is superior in all aspects
to the unimproved C12A7. In their study, the electrical con-
ductivity of C12A7:e”@G is 1,050 S/m. It is far better than the
electrical conductivity of C12A7:e"/MG with 42 S/m.

There are also multiple studies on other derivatives of
C12A7, which mainly focuses on chemical and engineering
materials [17-22]. In Hosono et al’s study [17], C12A7:H" is
formed by heat treatment of C12A7 in a hydrogen atmo-
sphere and exhibits a persistent insulator-conductor con-
version upon ultraviolet-light or electron-beam irradiation.
In Huang et al’s study [18], they found that the emission
intensity of C12A7 derivative with all the anionic species
strongly depended on the sample surface temperature and
the extraction field. In Hayashi et al’s study [19], the
radical incorporated C12A7:0” has a large magnetic sus-
ceptibility that obeys Curie’s law. In Wang et al’s study
[20], the production of hydrogen from the catalytic steam
reforming of bio-oil, generated from fast pyrolysis of bio-
mass, was investigated by using novel metal-doped cata-
lysts of C12A7:07/M (M = Mg, K, Ce). In Hayashi et al.’s study
[21], the effect of humidity on the electrical conductivity in
porous and dense ceramics of Ca;pAl;4032:SixCly., (X =0, 1.7,
3.4) with a mayenite structure was examined at room tem-
perature. In Ruszak et al’s study [22], mayenite was found
to be a promising catalyst for economically appealing sec-
ondary abatement of nitrous oxide in nitric acid plants.

In Chen et al’s study [23], C12A7:e” is directly prepared
by doping aluminum powder into high-temperature sin-
tering. The parameters of the sample vary with the alu-
minum powder content. The sample with a concentration
of 25% aluminum powder has a maximum conductivity of
111 S/m. In the study by Yang et al [24], carbon is doped
C12A7 crystal and forms a new C12A7 derivative with good
electrical conductivity. The resistance of sample is about 3
Qm at normal temperature. The electrical characteristics
are similar to semiconductors. Meanwhile, the sample has
a low surface work function of lower than 3.7 eV. There-
fore, it has great application prospects in optoelectronic
devices.

In this study, we prepared a kind of C12A7 derivative
semiconductor and explained the conductive mechanism
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from the perspective of crystal structure. C12A7 derivatives
were prepared by high-temperature sintering method in
graphite crucibles. Through X-ray diffraction (XRD) inver-
sion analysis, the C12A7 derivative obtained in the experi-
ment was confirmed to be C12A7:C. The conductivity of
C12A7:C was measured using four-probe method. The con-
ductivity mechanism of C12A7:C was confirmed through
the analysis of its conductivity model. Then, the theoretical
conductivity of C12A7:C is calculated to verify the results.

2 Experimental preparation and
XRD analysis of C12A7 derivatives

C12A7 and its derivatives are usually prepared by high
temperature sintering method in the laboratory. In this
experiment, we use thermal arc as heating source to obtain
high temperature field in sealed graphite crucible.

2.1 Experiment

The experimental device is shown in Figure 1.

Synthesis of C12A7:C is shown in Figure 2. Calcium
carbonate and alumina powder are mixed at a mass ratio
0f 1:0.595 and stirred in distilled water to obtain the slurry.
The slurry is brushed evenly on the surface of the molyb-
denum sheet and heated to 85°C for about 20 min to
remove moisture. Then, the sheet is placed in the graphite
crucible and the crucible is sealed next. The sealed gra-
phite crucible with the sample is placed in the thermal
insulation material and heated by high temperature arc.
The crucible temperature is monitored by tungsten rhe-
nium thermocouple. The arc current can be changed by
adjusting the power supply voltage to control the internal
temperature of the graphite crucible. As the crucible reaches
a high temperature of 1,750 K, the high temperature is kept
for above 2 h. After heating, the device is cooled naturally to
room temperature. The sample of C12A7 derivative obtained
is shown in Figure 3. The surface of sample is polished care-
fully to remove the graphite layer and reduce the impact of
surface roughness on XRD analysis.

2.2 XRD analysis of C12A7 derivative

The XRD result of the sample is shown in Figure 4.
In Figure 4, the experimental XRD results are marked
in red. The main peaks are at 26 = 18.1°, 30.5°, 33.4°, and
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Figure 1: Experimental setup. (1) Tungsten electrode (+), (2) tungsten rhenium thermocouple, (3) tungsten electrode (-), (4) insulation layer, (5)
insulating sealing sleeve, (6) sealed graphite crucible, (7) high temperature arc, (8) graphite partition plate, and (9) Sample.

CaCOs

Al,O3

CaoH38014

Figure 2: Synthesis of C12A7:C.
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Figure 3: Surface photo of the sample.
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Figure 4: XRD pattern of sample prepared by experiment.
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36.7°. The maximum peak is at 260 = 18.1° and the second
peak is at 20 = 33.4°. The only phase consistent with the
peak position is C12A7. The standard card of C12A7 is
marked in blue. It can be seen that there is a significant
deviation between the peak value of experimental XRD
results and C12A7 standard card. Therefore, the experi-
mental product is a kind of C12A7 derivative. Based on
the composition of reactants, the possible derivatives are
C12A7:e” and C12A7:C. Meanwhile, the experimental results
do not match XRD of C12A7:e” as well [21,22]. As a result, the
only possible product is C12A7:C.

In order to further confirm the composition of the
sample, a theoretical model of C12A7:C is established. The
atom coordinates of C12A7:C are based on the C12A7 crystal
model [8]. The C12A7:C model is established by adding C to

Figure 5: Crystal structure of C12A7:C.
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Figure 6: XRD pattern of C12A7:C theoretical model.
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replace 0" and vacancies in the crystal cage and then
optimizing the structure in energy. Crystal structure of
C12A7:C is shown in Figure 5. The green particles are Ca,
pink particles are Al red particles are O, and gray particles
are C.

The XRD theoretical inversion of the crystal structure
model is carried out to obtain the theoretical XRD pattern
of C12A7:C. The result is shown in Figure 6.

The XRD pattern of the sample is basically consistent
with the XRD pattern of C12A7:C theoretical model in
Figure 6. Comparing the experimental and theoretical cal-
culations, their maximum peaks (relative intensity I; = 100)
are at 20 = 18.1°, and their second peak (1) is at 20 = 33.4°.
The relative intensity of the second peak is about 96. There
are also similar peaks at 26 = 30.5° and 20 = 36.7°. Conse-
quently, the crystal sample is determined as C12A7:C, a
C12A7 derivative.

3 Measurement of C12A7:C surface
conductivity

The electrical conductivity of the sample surface can be
measured by four-probe method. The four-probe resis-
tance ratio tester is shown in Figure 7.

In this experiment, EC-700 coating thickness gauge is
used to measure the thickness of crystal sample on the
surface of molybdenum sheet. The electric conductivity
of C12A7:C coating on the sample surface is measured
with FT-330 four-probe square resistance tester. The dis-
tance between the four probes is 2mm.

The thickness of the crystal coating can be obtained by
the coating thickness gauge directly. The sample is put into
the four-probe resistance ratio tester. The four probes are
pressed to the surface of the sample slowly. Then, the elec-
trical resistance of C12A7:C obtained in the experiment can
be read from the tester.

The measuring errors of the experimental results are
mainly due to the measuring error of the film thickness
meter in measuring the coating thickness of the sample.
Meanwhile, the surface nonuniformity of C12A7:C also
causes the measurement error of the four probes. Therefore,
the average thickness value is taken as the final sample thick-
ness after several times of measurement. The measured thick-
ness is 0.145 mm. The electrical conductivity is measured by
resistivity tester in different positions of the sample surface.
The average value is used as the final result. The conductivity
of the sample is 4,339 S/m.
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Figure 7: Four-probe square resistance ratio tester.

4 Electrical conductivity
mechanism of C12A7:C

C12A7is an electrical insulator, but many C12A7 derivatives
have good electrical conductivity. Many research works on
C12A7 derivatives speculate that the change in electrical
conductivity is due to its unique crystal structure. In this
experiment, C12A7:C also has good electrical conductivity
by experimental measurement. In order to illustrate the
mechanism of this conductive C12A7 derivative, an elec-
tron transport model of C12A7:C is developed.

4.1 Crystal electrical conduction model

In the crystal electrical conduction system, the electrical
conductivity of the system at equilibrium can be expressed
as [25] follows:

p= —%‘[ £.(E - E)Im{G(E)}dE, (1)

where f; is the Fermi distribution function of electrode u at
equilibrium, E; is the corresponding Fermi energy, and G is
the Green’s function.

The following equation can be used to calculate the
quasi-charge flux between the system electrodes.

2
I = 5 [Tu®IFENE, @

where T, is the transfer function, representing the total elec-

tron transmittance between electrode ¢ and v. It is an impor-

tant parameter to describe the conductivity characteristics.
Transfer function T}, can be expressed as

Tw(E) = TriI(E)GUE)L(E)G(E)], ®

thickness
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where I',, is the energy of the electrode and G, is Green’s
function.
Then, the linear conductance o can be expressed as

o = (20 [T(E)(-3f JoE)dE. @)

Formula (4) shows that the value of conductance
mainly depends on the density of states (DOS) df/0E and
transfer function T,,,.

Therefore, the analysis on DOS and transfer function
of C12A7:C crystal can infer roughly the main contribution
part of crystal electrical conductivity.

The common method to calculate the conductivity of
crystals is to construct crystal layers with electrodes at
both ends. The circuit model is constructed with three
C12A7:C crystal in parallel as resistors with electrodes at
both ends. Its length, width, and height dimensions are
35.94, 11.98, and 11.98 A. The density functional theory
BLYP method is used to calculate the crystal conductivity
model. The calculation will obtain the electron transport
process and volt ampere curve of the crystal.

The crystal electrical conduction model of C12A7:C
crystal is shown in Figure 8.

4.2 Transfer function of C12A7:C crystal

Based on the crystal electrical conduction model, Dmol3
module is used to calculate the transfer function of C12A7:C.
The density functional Becke exchange plus Lee Yang Parr
correlation (BLYP) of generalized gradient approximation
(GGA) is selected. The SCF tolerance is 1.0 x 1074 max SCF
cycles is 180 and core treatment is DFT Semi core Pseudopots.

The transfer function T, of C12A7:C is obtained by
calculation (Figure 9).
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Figure 8: Crystal electrical conduction model of C12A7:C.
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Figure 9: Transfer Function of C12A7:C.
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hydrogen electrode v

In Figure 9, the transfer function T, of CI12A7:C is
mainly distributed in the energy state range of -2 and
1eV. The maximum peak of the transfer function is at
-0.3 eV, and the peak value is 1.98.

4.3 DOS of C12A7:C

Another factor affecting crystal conductivity is DOS. The
DOS in C12A7:C crystal is calculated by GGA-BLYP density
functional equation. The energy cutoff is 700.0 eV. The SCF
tolerance is 2.0 x 107° eV/atom. The relativity treatment is
Koelling Hormon. The calculated energy band structure of
C12A7:C is shown in Figure 10.

It is shown in Figure 8 that the band gap of C12A7:C is
2.247 eV, and Fermi energy level of DOS is 66.5 eV.
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Figure 10: Energy band structure of C12A7:C.
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Figure 11: (a) DOS and (b) PDOS of C12A7:C.
Figure 11 shows the total DOS of the crystal. Figures
12-15 show the partial density of states (PDOS) of Ca, Al O, 1.2
and C, respectively, in the crystal.
Figure 11a shows that there is only one peak in -2 and i 1.0
1eV energy level range (Figure 9) in the state density dia- g
gram of Cp,A7:C. The partial DOS indicates that the peak ‘§ 0.8
belongs to the p-orbital electron (Figure 11b). The partial Z:,
DOS of Ca (Figure 12) and the partial DOS of Al (Figure 13)in & 08
¢ have no peak in -2 and 1eV energy level range. There- ¢
fore, Ca and Al in the crystal have little contribution to the _g. 04
crystal conduction. In Figure 14, DOS of O has an incom- g 02
plete peak in -2 and 1 eV energy level range. The maximum ©
value is 1.6. In Figure 15a, DOS of C has a complete peak in 0 A N
. 50 0 30 -20 -T0 0 10 20
-2 and 1eV energy level range. The peak value is 6.1. The Energy(eV)
peak value of C is larger than O. Meanwhile, considering %
the chemical property of O, it is excluded that O provides Figure 13: DOS of Al in C12A7:C.
1 2.
9
< 8 —
i E 2.0
K FRE
g o
2 K
o9 % 1.0
G 3 ‘s
= =2
2 2 2 0.5
[ ] [
ol a
| X
FAN 0 A M
50 a0 30 20 -10 0 70 20 =50 20 30 -20 10 0 10 20
Energy(eV) Energy(eV)

Figure 12: DOS of Ca in C12A7:C. Figure 14: DOS of O in C12A7:C.
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Figure 15: (a) DOS and (b) PDOS of C in C12A7:C.

free electrons. Therefore, the C of C12A7:C makes a main
contribution to crystal electrical conductivity.

Further analysis of PDOS of C in Figure 15b shows that
the p-orbital electrons have one peak at -2 and 1eV energy
levels. This is consistent with the overall DOS of C12A7:C
crystal. The s-orbital electrons have no obvious peaks in
this region. Thus, the p-orbital electrons of C are deter-
mined as main contribution to the electrical conductivity
of C12A7:C crystal.

4.4 Details of C;,A;:C crystal conductive
mechanism

To explore the specific electron transport mechanism of C
in the crystal, other parameters obtained in the calculation
of the DOS are summarized and analyzed, including popu-
lation, bond number, and electron spin direction.

The bonding state of each atom is analyzed in the
crystal. According to the bonding of non-carbon, the possi-
bility of other atoms providing migrating electrons in the
conduction can be roughly ruled out. This can further
verify that C in C12A7:C has a major contribution to its
conductivity. According to the bonding condition of C, the
C—C bonds provide the main way to transfer electrons in
the conductance. Therefore, population distribution of the
theoretical model of C12A7:C (Figure 5) is calculated. The
bonding population distributions of C are shown in Table 1.

In Table 1, each bond in the crystal is classified
according to the kind of bonding atoms. The first column
in the table is the number of the bond, the second and
fourth columns are the kind of bonding atoms, third and

DE GRUYTER

7

| s
. —p
=
9
o 9
{ =
o
@ 4
i
i)
E 3
"
‘c
> 2
‘@
®
D 1

4% i
-50 -40 -30 -20 -10 0 10 20
Energy(eV)
(b)

fifth columns are the atomic numbers. The bonds of 1-17
are C—Al bonds. 18-22 are C—C bonds. 23-39 are C—Ca. 40-92
are C-0 bonds. Consequently, the possible carbon-con-
taining bonds in C;pA;:C are C-Ca, C-Al, C-0, and C-C.
The population distributions of 1-17 and 23-92 bonds
show that the populations of C-Ca, C-Al and C-O in the
crystal are small. Their maximum absolute value is 0.11.
Therefore, there is hardly any bond about C-Ca, C-AlL and
C-0 bond in Cy,A7:C crystal.

The bonds of 18-22 numbers are C-C bonds, C1-C12,
C3-C13, C7-C10, C14—C17, and C15-C16 specifically in C;,A;:C
crystal. The absolute values of C—C bond populations are
larger than other bonds. The populations of C1-C12 and
C3-C13 are 2.11 and 2.05, respectively. The populations of
C7-C10, C14-C17, and C15-C16 are 1.52, 1.5, and 1.51 respec-
tively. As a result, almost C exists in C;pA;:C crystal as
C—C bond.

In order to distinguish the type of C—C bond, the elec-
tron spin direction of C;5A7:C is calculated using theoretical
model. The results are shown in Table 2.

The charges in the three directions P,, Py, and P, of the
p-orbitals of C atoms listed in Table 2 can be used to deter-
mine the spin direction of the bond formed by two C atoms.
If the charge values in the three directions P,, P, and P, of
the C-C bonds are close, it can be determined that the
p-orbitals of the two atoms of C-C bond have the same elec-
tron spin direction. In Table 2, the charges in spin direction
of p-orbital electron P,, P,, and P, of C1 and CI12 are 1.014
and 1.015; 0.978 and 1.081; and 1.077 and 0.977, respectively.
These values are close. It can be concluded that the spin
direction of the p-orbital electrons of C1-C12 bond are the
same. Similarly, for other C-C bonds of C3-C13, C7-C10,
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Table 1: Bonding population distributions of C in C12A7:C crystal

Number of bonds Atom Number Atom Number Population Length (A)
1 C 8 Al 1 -0.1 2.70434
2 C 5 Al 2 0.06 2.70434
3 C 2 Al 2 0.05 2.70434
4 C 4 Al 3 0.05 2.70434
5 C 6 Al 6 0.05 2.70434
6 C 1 Al 9 0.05 2.70434
7 C 3 Al 6 0.04 2.70434
8 C 9 Al 13 0.04 2.70434
9 C 12 Al 12 0.04 2.70434
10 C 1 Al 1 0.03 2.70434
1 C 10 Al 15 0.03 2.70434
12 C 13 Al 13 0.03 2.70434
13 C 15 Al 13 0.03 2.70434
14 C 17 Al 1 0.03 2.70434
15 C 7 Al 10 0.02 2.70434
16 C 14 Al 10 0.02 2.70434
17 C 16 Al 16 0.02 2.70434
18 C 1 C 12 21 113737
19 C 3 C 13 2.05 113737
20 C 7 C 10 1.52 1.47232
21 C 15 C 16 1.51 1.47232
22 C 14 C 17 1.5 1.47232
23 C 5 Ca 12 0.11 2.6987
24 C 2 Ca 4 0.1 2.6987
25 C 9 Ca 15 0.1 2.6987
26 C 4 Ca 7 0.09 2.6987
27 C 6 Ca 1 0.09 2.6987
28 C M Ca 17 0.09 2.6987
29 C 13 Ca 20 0.05 2.6987
30 C Ca 2 0.04 2.6987
31 C 1 Ca 1 0.02 2.6987
32 C 8 Ca 14 0.02 2.6987
33 C 12 Ca 18 0.02 2.6987
34 C 7 Ca 16 -0.01 2.6987
35 C 10 Ca 16 -0.01 2.6987
36 C 14 Ca 24 0.01 2.6987
37 C 15 Ca 22 -0.01 2.6987
38 C 16 Ca 22 0 2.6987
39 C 17 Ca 24 0 2.6987
40 C 8 0 17 0.48 113737
4 C 8 (0] 32 -0.1 1.47232
42 C 8 (0] 18 -0.09 2.6287
43 C 13 0 13 -0.07 2.6287
44 C 3 0 45 -0.06 2.6287
45 C 3 0 56 -0.06 2.6475
46 C 10 0 22 -0.06 2.6287
47 C 12 (0] 12 -0.06 2.6287
48 C 16 0 4 -0.06 2.6287
49 C 17 0 5 -0.06 2.6287
50 C 1 0 50 -0.05 2.6287
51 C 12 0 50 -0.05 2.97187
52 C 13 0 45 -0.05 2.97187
53 C 14 0 8 -0.05 2.6287
54 C 4 0 53 0.04 2.6475
55 C 7 0 25 -0.04 2.6287
56 C 9 0 20 0.04 2.6287

(Continued)
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Table 1: Continued

Number of bonds Atom Number Atom Number Population Length (A)
57 C 9 0] 63 0.04 2.6475
58 C 13 0] 63 -0.04 2.6475
59 C 15 0 1 -0.04 2.6287
60 C 1 0 9 -0.03 2.97187
61 C 2 0 49 0.03 2.6287
62 C 3 0 16 -0.03 2.97187
63 C 4 0] 38 0.03 2.6287
64 C 5 0 33 0.03 2.6287
65 C 6 0 56 0.03 2.6475
66 C 7 0 36 -0.03 2.97187
67 C 10 0 37 -0.03 2.97187
68 C n 0 59 0.03 2.6475
69 C 12 0] 62 -0.03 2.6475
70 C 14 0 27 -0.03 2.97187
U C 15 0 63 -0.03 2.6475
72 C 15 0 30 -0.03 2.97187
73 C 16 0 34 -0.03 2.97187
74 C 17 0 61 -0.03 2.6475
75 c 17 0 28 -0.03 2.97187
76 C 1 0 51 -0.02 2.6475
77 C 6 0 26 0.02 2.6287
78 C 7 0 60 -0.02 2.6475
79 C 10 0 65 -0.02 2.6475
80 @ 1" (] 15 0.02 2.6287
81 C 14 0] 60 -0.02 2.6475
82 C 16 0 66 -0.02 2.6475
83 C 2 0 52 0.01 2.6475
84 C 2 0 10 -0.01 2.97187
85 C 4 0 24 -0.01 2.97187
86 « 5 0] 52 0.01 2.6475
87 c 6 0 6 0.01 2.97187
88 C 8 0 61 -0.01 2.6475
89 C 8 0 39 -0.01 2.97187
90 C 9 0 41 -0.01 2.97187
91 C 5 0 2 0 2.97187
92 C 1" 0 43 0 2.97187

C14-C17, and C15-C16 are also considered that the spin
direction of p-orbit electron of C atoms constituting bond
are same.

The C-C bond consisting of C atoms with the same
p-orbital electron spin direction is called m-conjugate system.
Therefore, these C-C bonds of C1-C12, C3-C13, C7-C10,
C14-C17, and C15-C16 are m-conjugate systems.

As known, conjugate conduction is the common case
for electric conduction of C—C bond in molecules [26-29].
This provides the conditions for the carrier of free elec-
trons to migrate out of the region. Therefore, m-conjugate
system in the molecule is the main reason for the conjugate
conductive phenomenon. Considering that the electric con-
ductivity of C;5A7:C is lower than the common conjugated

conductive polymer, there may be scattered m-conjugate
system of C-C in C12A7:C crystal. The band gap of C12A7:C
(Figure 9) is 2.247 eV. In general, the band gap of m-conju-
gated system is 1.5-3 eV. The band gap of C12A7:C is consis-
tent with it. Thus, the conclusion is believable.

In brief, Ca, Al, and O contribute little to the electrical
conductivity of C12A7:C crystal. The atoms C in C12A7:C
crystal play a major role in the electrical conductivity.
Specifically, part of C in the crystal will form C-C bonds.
These C—C bonds meet the formation conditions of the n-
conjugate system. When the potential is applied at both
ends of the crystal, the m-conjugate system will happen
conjugate conduction. This explains the mechanism of
C12A7:C crystal electrical conduction.
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Table 2: Spin direction of C atoms in C12A7:C crystal

Atom Orbital charge
S Py P, P,

al 1.346 1.014 0.978 1.077
Q2 1.936 1.432 0.609 0.377
a 1.365 1.016 0.99 1.076
c4 1.938 0.314 1.381 0.714
(6] 1.937 0.764 0.271 1.378
c6 1.939 0.65 0.327 1.419
a7 1.597 0.928 0.947 0.958
c8 1.606 0.732 0.662 0.727
o] 1.937 0.714 1.382 0.309
C10 1.604 0.929 0.94 0.954
cn 1.941 1.354 0.27 0.754
12 1.353 1.015 1.081 0.977
c13 1.355 1.01 1.089 1.01
C14 1.599 0.959 0.938 0.939
C15 1.599 0.958 0.942 0.945
C16 1.607 0.955 0.943 0.925
17 1.613 0.958 0.949 0.921

4.5 Theoretical calculation of C12A7:C
electrical conductivity

The electrical conduction model of C12A7:C crystal is shown
in Figure 7. Dmol3 is used for electron transport simulation
calculation of the crystal conductive model. Voltage applied
at the ends of model is 5mV. The results are shown in
Figure 16.

In Figure 16, the volt—-ampere curve of C12A7:C shows
an obvious linear distribution. It is entirely consistent with
Ohm’s law. Therefore, C12A7:C crystal is a type of ohmic
conductors at room temperature.

0.8

0.6

0.4

Current(nA)

0.2

0.0 0.1 0.2 0.3 0.4 0.5
Potential(mV)

Figure 16: Volt-ampere characteristic curve of C12A7:C.
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The electric conductivity of the crystal can be calcu-
lated by the volt-ampere curve and the formula for crystal
layer size is as follows:

ag= a, 5)
where A is the cross-sectional area and L is the length of
the crystal layer.

In this calculation, the length of the crystal layer is
3.594 x 107 m. The cross-sectional area is 1.435 x 107*
m? The conductivity of C12A7:C crystals can be calculated
as 3893.7 S/m based on the volt-ampere curve.

4.6 Comparison between theoretical
calculation and experiment

The relative error between the theoretical conductivity
3893.7 S/m and the experimental results 4339 S/m is 10.3%.
Considering the influence of lattice defects and impurity
components, the result is very satisfied. The theoretical
conductivity of C12A7:C 3893.7 S/m is in the typical range
of semiconductor conductivity. The consistency between
the experimental results and the theoretical calculation
results verifies that the above theoretical calculation is
quite reliable.

Many other researchers have also studied the conduc-
tivity of C12A7 derivatives. In Kimay and Hosonob’s study
[8], the electrical conductivity of C12A7:e” at 300K is
~1,000 S/m. In Jiping et al’s study [10], the electrical con-
ductivity of C12A7:e” at room temperature is 1,960 S/m. In
Lalan and Ganesanpotti’s study [16], the electrical conduc-
tivity of C12A7:e”@G is 1,050 S/m. In Khan et al’s study [30],
the electrical conductivity of C12A7:e” is 2,100 S/m. Overall,
the electrical conductivity C12A7 derivatives are within the
range of semiconductor conductivity. This is consistent
with the result in this study. The conductivity of this article
is slightly higher than theirs. The difference is due to the
structural differences between the C12A7 derivatives. In
C12A7 preparation process, different parameters will result
in different derivatives with different crystal structures. In
our study, the main contribution of C12A7:C crystal’s elec-
trical conductivity comes from m-conjugate system com-
posed of C-C. This is different from other derivatives
such as C12A7:e".

5 Conclusion

In this study, the conductive mechanism of C12A7:C is ana-
lyzed from the perspective of crystal structure. This article
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mainly includes the preparation of derivatives, measure-
ment of crystal structure, measurement of crystal conduc-
tivity, and analysis of crystal conductivity mechanism. The
analysis of crystal conductivity mechanism includes transfer
function analysis, DOS analysis, population analysis, and
theoretical calculation of crystal conductivity.

Carbon derivative of C12A7 was prepared through
high-temperature arc sintering in sealed graphite crucible.
The theoretical model of C12A7 crystal structure was estab-
lished through atomic coordinates. The XRD results of the
sample and the XRD theoretical inversion shows that the
component of the sample is C12A7:C.

The crystal conductive model is established according
to the crystal structure model of C12A7:C. Through the the-
oretical equations of crystal electric conduction, the crystal
electrical conductivity mainly depends on the product of
the DOS 0f/dE and the transfer function T,,. Results of
C12A7:C crystal conductive calculation show that the transfer
function T, is mainly distributed in the energy state interval
(-2, 1eV). Important parameters including DOS, population,
and electron spin direction are obtained through simulation
calculations of C12A7:C crystal. Based on total and partial
DOS of each element in the crystal, the key atoms to the
electrical conductivity of C12A7:C crystal is C. Meanwhile,
Ca, Al, and O have little contribution to the electrical con-
ductivity of C12A7:C.

The bonding population of C12A7:C crystal conductive
model shows that carbon in C12A7:C crystal mainly exists
in the form of C-C bonds. The electron spin direction of C
in the crystal indicates that the p-orbital electron spin
direction of C atoms in each C-C bond is basically the
same. Therefore, the C-C bonds in C12A7:C crystals can
form m-conjugated systems, leading to conjugated conductivity.
In summary, the formation of C-C bonds in m-conjugated
systems is the main factor in improving the conductivity of
C12A7:C crystals.

The electrical conductivity of the sample is measured
to be 4,339 S/m using the four-probe measurement. The
volt—-ampere curve of C12A7:C obtained by numerical simu-
lation shows ohmic conductor characteristics. The elec-
trical conductivity is calculated as 3,893 S/m. It is consistent
with the experimental result. Thus, the theoretical analysis
through C12A7:C crystal conductive model is reliable in this
research.

In conclusion, C12A7:C is a fine semiconductor ceramic
electrode material with conductivity of 4,339 S/m. The con-
ductivity of C12A7:C crystal mainly comes from the carbon
in the crystal. Carbon atoms form a n-conjugated system in
the crystal cage, promoting electron transfer in C12A7:C
crystal. Based on its conductivity, it has excellent application
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prospects in thermionic emission electrode materials. The
conductivity of C12A7:C is higher than conductivity of
C12A7:e” according to the comparison with other literature.
It has high development prospects as a semiconductor
material.
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