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# 1  Na JA, G4HMETE
Table 1.  Calculation of bond distances of Na; ,IA alloy.

Nay JA, In Dy (na)/A Duy (na) /A na Ioo Dy (na)/A Dy (na) /A No |AD|/ A
Na 8 3.7296 3.7502 0.05160 6 4.3004 4.3210 0.00810  0.0206

Nag g0Kq 01 8 3.7381 3.7538 0.05220 6 4.3103 4.3260 0.00820  0.0157
NaygRbggr 8 3.7430 3.7572 0.05220 6 4.3157 4.3300 0.00820  0.0143
Nagg9Cspor 8 3.7454 3.7628 0.05220 6 4.3187 4.3361 0.00810  0.0175
Nay 95K 02 8 3.7465 3.7574 0.05290 6 4.3202 4.3310 0.00823  0.0108
NaggsRbgge 8 3.7564 3.7643 0.05290 6 4.3310 4.3389 0.00820  0.0079
NaggsCspp2 8 3.7611 3.7755 0.05290 6 4.3370 4.3513 0.00817  0.0143
Nag 97Ko 03 8 3.7550 3.7610 0.05348 6 4.3301 4.3361 0.00829  0.0060
Nayo;Rbggs 8 3.7697 3.7713 0.05351 6 4.3463 4.3479 0.00825  0.0016
Nagg:Cspo3 8 3.7769 3.7881 0.05354 6 4.3552 4.3665 0.00821  0.0113
Nag 96K 04 8 3.7635 3.7647 0.05411 6 4.3399 4.3411 0.00834  0.0012
NaggsRbogs 8 3.7831 3.7785 0.05415 6 4.3616 4.3570 0.00829  0.0047
NaggCspos 8 3.7926 3.8009 0.05419 6 4.3735 4.3818 0.00824  0.0082
Nag 95Ko.05 8 3.7719 3.7684 0.05474 6 4.3498 4.3463 0.00840  0.0036
NaygsRbggs 8 3.7965 3.7856 0.05479 6 4.3769 4.3661 0.00834  0.0109
NaggsCspos 8 3.8084 3.8136 0.05484 6 4.3918 4.3971 0.00827  0.0052

Fiis. 3RS R Na BUR 2 24, B4 )8 K, Rb,
Cs WU 4 24 W, BEAE TA TR B2t i3gn,
N AFE n, s 5 p HHEFE n, 5 n, BTN,
Al HL A ny D X S B T AR SRR A
THEPERERAY, TTRA S bERE. TR 45 R
L3 3.

TSR RN AN A4 Na, JA, SRS
ZEGReRiE A IR P o 3Gk T REAL;
Cs JR T2 MR . i fr e s ik 5
EA e EBUARRL, B K, Rb, Cs JiRFiB4 &
3 I G, M m AR B, Cs 19 E, 551K,
K I B, e, IR 4 0 f 348 fh 15 Bl 5 50N
AR —B IME AR S S EAHST. SEIR{E
Na Fl TA JETCE 1Y 55 9 3R AR B2 422 43 L T
YRS

Ec=(1—2)Exa+ - Ea. (23)

& @ FLAR B P BE S I B T4 R B DA SC B B
B2% IA LRI A 4 Nay JA, W] LAVE$E A
(L P25 48, R e R, & 1 RRBAIA S
HL 450 S B A 2 (R A SRR, FlE 1B 4 i1
fin, 7€ Na, ,Rb, fl Na, ,Cs, & 4 W1 o5 AL,
Cs BARM A& FRMRE I 8. BN & 4 i 745
a0 A8 b LA S I AR G, BB B 2% I T
A FLF 5 B REAIG, LM n, AT s AT

Bong RBHTINAEE. T ER T RIEE, R
TR, I i R . ST A LT
[ 7 HL T A e Al ARG AR Y | a8 a5 A0 A 3 22
PET20 30 A% LT SR AR DRGS0
BBEURAR FRUSEE B4 S PR 11 A 25 [B] B 20 A, ARG
HNIRE. B SRS RE LR B AN R A B4R,

# 2 NaRALrH0 45
Table 2. Valence electron structures of cathode Na
based alloy.
Na, JA, ne I ny, m R(1)

Na 0.4614 0.4606 0.0008 0.5386 1.4181
NaggoKgor  0.4668 0.4660 0.0008 0.5332 1.4217
NagosKoge  0.4722 0.4713 0.0008 0.5278 1.4254
Nayg.97Ko.03 0.4776  0.4767 0.0009 0.5224 1.4290
NagosKoos  0.4830 0.4821 0.0009 0.5170 1.4327
Nagg5Kog5  0.4884 0.4875 0.0009 0.5116 1.4363
NagggRbgg;  0.4668 0.4660 0.0008 0.5332 1.4235
NagosRboge  0.4722 0.4713 0.0008 0.5278 1.4289
Nagg;Rbgg3  0.4776 0.4767 0.0009 0.5224 1.4343
NagosRbgos  0.4830 0.4821 0.0009 0.5170 1.4397
NaggsRbggs  0.4884 0.4875 0.0009 0.5116 1.4451
Najg9Cspo1  0.4668 0.4660 0.0008 0.5332 1.4263
NaggsCsppe  0.4722 0.4713 0.0008 0.5278 1.4345
Nagg;Cspp3  0.4776 0.4767 0.0009 0.5224 1.4428
NaggsCspos  0.4830 0.4821 0.0009 0.5170 1.4510
Najg5Cspo5  0.4884 0.4875 0.0009 0.5116 1.4592
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# 3  BItt Na, JA, SERRES. 255685 b
Table 3.  Melting point, cohesive energy, and electric potentials of cathode Na; IA, alloy.

Biate  JFF OEW BA &M Tw/K  E./(eV-atom?!) B /(eV-atom™) |AE/Ec| /% I/ V
0 Na 3 — — 336.76 1.113 1.165 4.67 0.1482
0.01 Na 2 K 4 336.64 1.111 1.164 4.77 0.1481
0.01 Na 2 Rb 4 336.45 1.110 1.163 4.77 0.1480
0.01 Na 2 Cs 4 336.02 1.103 1.161 5.26 0.1478
0.02 Na 2 K 4 336.64 1.109 1.163 4.39 0.1481
0.02 Na 2 Rb 4 336.14 1.108 1.161 4.78 0.1478
0.02 Na 2 Cs 4 335.29 1.110 1.158 4.32 0.1475
0.03 Na 2 K 4 336.60 1.103 1.162 5.35 0.1480
0.03 Na 2 Rb 4 335.85 1.109 1.159 4.51 0.1476
0.03 Na 2 Cs 4 334.58 1.108 1.154 4.15 0.1471
0.04 Na 2 K 4 336.57 1.107 1.162 4.97 0.1479
0.04 Na 2 Rb 4 335.57 1.103 1.157 4.90 0.1474
0.04 Na 2 Cs 4 333.88 1.109 1.151 3.79 0.1467
0.05 Na 2 K 4 336.55 1.108 1.161 4.78 0.1478
0.05 Na 2 Rb 4 335.30 1.107 1.156 4.43 0.1472
0.05 Na 2 Cs 4 333.20 1.108 1.147 3.52 0.1463
WE 2 s, BEE B AN, =/ E&aE 0.60
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REARI] 2 TR, Cs A5 & FRIRE . WL 745 T ., j0.56
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A 7 ab 014600 06T 002 0.0 0.04 0.05
32 EMASNBTFEMSH. Bk TR0t o
Fx

it
- o NN 3 % Nay_ IA, A4 008 B il 7505 o 3 iy SCIR 18]
Zlijcj“%: Pb’ Sb’ Sn :‘ﬁjﬁ%&%%ul+@'wﬂz Fig. 3. Correlations of various electrons and electric poten-

JaE HAL 1) FH ﬂééﬁ‘z\, Sn, Pb, Sb AH Xﬂ‘ﬂ:ﬁ:’ffﬁé‘z\ﬁ R tials for Na, ,JA, anode alloys.
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BRI AYE, 85 VE IS 48 it A b
ALB-34. Na 8 Firiz 2| %, 54 )& Pb, Sb,
Sn W IE AN (545 4): NasSb, NaSn,
NaysSny, NaPb. PUFNG 4465 W00 Sk gs e, L
4.

o SRR R 22 07 kTR U AN A b A T g
FrA seRE, TR SCIR AR, R R 22 AR 2
FIPE: |AD| < 0.05 A, THEZER I 5.

DU Ff AR & 4 B M B 25 R AL IR R 6
fi7R. NagSh &4tk &9: 2¢ ML HY Sb BUE 2 4+
By, R L7 20 S ALAY Na M 4 ¢ fr, Hig
LM LT 4f SOZAY Na BUEE 2 2%, 4L SRR
T. NaSn 5 &b & Mgl 16emhiny
Na J 32¢g ffii i) Sn Frigflt. Sn i T, S8
AL T 16f 546709 Na H MM BT Nay;Sny &
SALEY): A E T H 16¢ fOLAY Sn & 48e i
() Na Fr42fit, T 120 FOLAY Na HR AT
NaPb &4 b&Y: AT 329 fALH Ph H#4H i T

FIBAS LT 16e fb AL Na HARBEH AT (2T
16f fi i Na HAR M L T

WAl T 25 S8 TH R RS Sk B
YRR, BNOHE S S ST, TR R T
Fin. PRSI DR A A 4 1b & W 0 s,
B30 I 7E 604.89—1142.96 K 2 [A], NaPb 44 &
AKX, NagSb 45 s 5 5. R ML, NagSh i i
1.152 V, NaSn [l 0.7343 V.

3.3 BEEEHRBHNAEEE

I FH I i e (18) 2R G i35 B | BH HL A
Z IR FF R L. 3 8 51 M 4 e b B LT s A
{8, THEL5FFW]: Na||Sb HAR 2 8] 59T 8% H 1R 0
&= T 1 V. Nal[Sn HLAR A9 6 L RAIG, 20 AT
H 2P TR R S T B 5T 1 s TR
K, P X das BB IR NagSb(0.2693), H:
TF 6 HL R B 5 P24 @k L F d5 i 9 NaSm, 3

T B P P e .
R4 TERMA R SAL

Table 4.  Crystal structures of anode alloys.

H z3 Al o/ A b/A  ¢/A JEF difiz T y z
Sh 2¢ 0.3333 0.6666 0.2500
Na3Sb P63mme (194) 5.355  5.355  9.496 Nal 2b 0 0 0.2500
Na2 4f 0.3333 0.6666 0.5830
Sn 32g 0.0696 0.1260 0.9362
NaSn 4/ acd (142) 10.460 10.460 17.390 Nal 16f 0.6258 0.8758 0.1250
Na2 16e 0.8724 0 0.2500
Sn 16¢ 0.2083 0.2083 0.2083
Nay5Sn, I43d (220) 13.140 13.140 13.140 Nal 12a 0.3750 0 0.2500
Na2 48e 0.1270 0.1548 0.9670
Pb 32g 0.0696 0.1186 0.9383
NaPb My/acd (142)  10.580 10.580 17.746  Nal 16e 0.2500 0.1250 0.5000
Na2 16f 0.1250 0.3750 0.6250

#5 MG
Table 5. Bond distances of the anode alloy.

e HEF AT I Dy (na) /A Dy (na) / A Na |AD|/ A
1 Sb-Na2 6 3.0975 3.0910 0.39055 0.0065
2 Sb-Nal 4 3.1685 3.1620 0.19416 0.0065
3 Nal-Na2 4 3.1780 3.1715 0.18030 0.0065
NagSh 4 Nal-Nal 6 3.4769 3.4704 0.03738 0.0065
5 Sb-Nal 12 3.4813 3.4748 0.05846 0.0065
6 Na2-Nal 12 3.4813 3.4748 0.05630 0.0065
7 Na2-Nal 12 4.4310 4.4245 0.00147 0.0065
8 Na2-Na2 2 4.7575 4.7510 0.00064 0.0065
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Table 5 (continued). Bond distances of the anode alloy.

ad B T I Dy (na) /A Dy (na)/ A Moy |AD|/ A
1 Sn-Sn 2 2.9748 3.0201 0.42650 0.0453
2 Sn-Sn 4 2.9925 3.0378 0.39849 0.0453
3 Nal-Sn 4 3.3355 3.3808 0.07506 0.0453
4 Nal-Sn 4 3.3592 3.4045 0.06854 0.0453
5 Na2-Sn 4 3.3974 3.4427 0.13064 0.0453
6 Na2-Sn 4 3.4231 3.4684 0.11837 0.0453
7 Nal-Sn 4 3.4870 3.5323 0.04197 0.0453
8 Na2-Sn 2 3.5225 3.5678 0.08083 0.0453
NaSn 9 Na2-Sn 4 3.5482 3.5935 0.07324 0.0453
10 Nal-Na2 4 3.6148 3.6601 0.03985 0.0453
11 Nal-Na2 4 3.6658 3.7111 0.03277 0.0453
12 Nal-Nal 1 3.7218 3.7671 0.01197 0.0453
13 Sn-Sn 2 3.7406 3.7859 0.02257 0.0453
14 Sn-Sn 2 4.3780 4.4233 0.00196 0.0453
15 Nal-Na2 4 4.4919 4.5372 0.00138 0.0453
16 Nal-Sn 4 4.6674 4.7127 0.00045 0.0453
17 Na2-Na2 1 4.7095 4.7548 0.00132 0.0453
1 Sn-Na2 24 3.2378 3.2854 0.20850 0.0476
2 Na2-Na2 24 3.2624 3.3100 0.19499 0.0476
3 Nal-Na2 24 3.3425 3.3901 0.11017 0.0476
4 Na2-Na2 12 3.3468 3.3944 0.14830 0.0476
5 Sn-Na2 24 3.4049 3.4525 0.12127 0.0476
Nay55ny 6 Sn-Na2 24 3.4189 3.4665 0.11589 0.0476
7 Nal-Na2 24 3.5026 3.5502 0.06555 0.0476
8 Sn-Nal 24 3.5482 3.5958 0.05582 0.0476
9 Na2-Na2 24 3.8138 3.8614 0.03261 0.047
10 Na2-Na2 24 3.9794 4.0270 0.01906 0.0476
11 Na2-Na2 12 4.1712 4.2188 0.01023 0.0476
1 Pb-Pb 2 3.1464 3.1452 0.33477 0.0013
2 Pb-Pb 4 3.1618 3.1606 0.31556 0.0013
3 Pb-Na2 4 3.3653 3.3641 0.19895 0.0013
4 Pb-Nal 4 3.3888 3.3876 0.08237 0.0013
5 Pb-Na2 4 3.4215 3.4203 0.16035 0.0013
6 Pb-Na2 4 3.4847 3.4835 0.12582 0.0013
7 Pb-Nal 4 3.4929 3.4917 0.05524 0.0013
NaPb 8 Pb-Nal 4 3.5549 3.5537 0.04354 0.0013
9 Pb-Nal 4 3.6172 3.6160 0.03428 0.0013
10 Pb-Pb 2 3.6418 3.6406 0.05001 0.0013
11 Nal-Na2 8 3.6967 3.6955 0.03479 0.0013
12 Na2-Na2 1 3.7406 3.7394 0.06488 0.0013
13 Pb-Pb 2 4.4008 4.3996 0.00272 0.0013
14 Nal-Na2 4 4.5455 4.5443 0.00134 0.0013
15 Pb-Na2 4 4.7513 4.7501 0.00097 0.0013
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# 6 HBHRMHE L5
Table 6.  Valence electron structures of anode products.
G ¥ ABr Ne s Ty m R(1)
Sb 2 3.0000 0.5694 2.4306 0 1.4279
NasSb Nal 4 1.0000 0.9982 0.0018 0 1.3070
Na2 2 0.4614 0.4606 0.0008 0.5386 1.4181
Sn 1 2.0000 0 2.0000 2.0000 1.3990
NaSn Nal 1 1.0000 0.9982 0.0018 0 1.3070
Na2 4 0 0 0 1.0000 1.5133
Sn 4 3.6638 0.8319 2.8319 0.3362 1.3990
Nay5Sn, Nal 4 1.0000 0.9982 0.0018 0 1.3070
Na2 3 0.5350 0.5340 0.0010 0.4650 1.4029
Pb 2 2.0962 0.0481 2.0481 1.9038 1.4300
NaPb Nal 4 1.0000 0.9982 0.0018 0 1.3070
Na2 1 0 0 0 1.0000 1.5133
T OERAEENES GRS
Table 7.  Melting point, cohesive energy, and electric potentials of anode alloy.
&4 T,/K B Tm /K | AT /Tin |/ % RV n B E./(eV-atom ')
NasSb 1129 1142.96 1.2 1.1520 4 0.60 1.766
NaSn 851 813.16 4.4 0.7343 5 0.60 2.103
Nay55ny 681 746.16 9.6 0.9074 3 0.71 1.318
NaPb 645 630.68 2.2 0.8263 6 0.60 1.559
1% 3
Table 8. ilf)fen giimvi?fji%fhe battery. @Fﬁ 1$5ﬁ\%éé%\%¥}§iﬁﬁﬁ%7 §a| |Sb_
SRR Pb-Sn W& A 42 8 H it HU B 0940 FBL 45 L AL 4
NI ERE . A ROT R, BEIT R B 4
3 155944
Na 1.0038  0.5861 0.7592 0.6781 Nal’a’IAI E/‘J%‘I‘J_:T‘ N éﬁé‘ﬁ%'ﬁ%%%ﬁ%ﬁﬁ%% z E]/‘J
Nk Loms 0sser 07505 067 SO TWEARG. JE %5 & R 5 LA . et T
NagosKoey  1.0039 05862 0.7593  0.6782 AL LD e 1 VN e o 11 e AR i R R R
NagorKoos  1.0040 05863  0.7504  0.6783 M, BEE BT, Sk B8 m B %
NagogKoor ~ 1.0041 05864  0.7595  0.6784 A%, XU AT T D0 SR AR OB ) A PR T 7 A
NoowKoos 10042 05865 0759 06785 2 TG A0, WA IEHL(RE, METWEARIERS 19
Nayg goRbg 1 1.0040  0.5863 0.7594 0.6783 *&%ﬁ‘z\ B@%)‘J_:l: R éﬁﬁﬁﬁ EI/‘J Jﬁfﬁjﬁ th :J: IgH ;F&F;:% ’ 3
Nay gsRby g2 1.0042  0.5865 0.7596 0.6785 VALt ST P
Nayg g7Rbg 03 1.0044  0.5867 0.7598 0.6787 1/6%}%5%:@#? ,EE:J:;Q\:I%MK%TE%%, iﬁpf
NepuRbos 100K 05869 07600 06789 Tz, AN T4 1"?1 ] LA BN & 4. HAEREA 2
Nayg gsRbg o5 1.0048  0.5871 0.7602 0.6791 E‘)‘ﬁg_@%ﬁ%%*ﬁi, Wﬁ%lﬁﬁm%%%nﬁj:%%%
NageeCsoo, 10042 05865 07506  0.6785 AHOGIR. T HL TS A% H T3 DIAH G, 511
Nayg 98Csp.02 1.0045  0.5868 0.7599 0.6788 )E¥ E/‘J HEFI' 1:% EE‘ ¥§&ﬁkfi Hf‘ ’ _le‘i‘éj EI'E#' 1:% EE‘ %ﬁ%ﬁ&
NagorCsops  1.0049 05872 0.7603  0.6792 1 NagSb(0.2693) BT # B R A ey, 10735 s L
NageCsgor  1.0053 05876 0.7607  0.6796 F i = B9 NaSn A%, %FF Na||Sb-Pb-Sn ¥ &%
NaguCsoos  100ST 05880 07611 0.6800 SRR, Sk TS (o, 1]
m/atom 0.2693  1.2500 0.3645 1.0682 ulﬁ]ﬁz EE*& E/‘J,?’%I\‘ . EE‘A@EJ‘E
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i A: TR A

£ A1 TABOTRI O Fh iR
Table Al. B type hybrid table of TA group.

o 1 2 3 4
Cho 1 0.5386  0.4650 0
Ciy 0 0.4616  0.5350 1
v 1 1 1 1
Ny 1 0.5386  0.4650 0
Neor 0 0.4616  0.5350 1

R,(1) H 0.3708  0.3289  0.3222  0.2800
Li 1.3260  1.2089  1.1440  0.9860
Na 1.5133  1.4551 1.4308 1.3070
K 1.9628  1.8794 1.8601  1.7820
Rb 2.0870  2.0270  2.0175  1.9570
Cs 2.2140  2.2260  2.2279  2.2400
H:l,m, n, 7:1000
U, m', n/, 7/:0.9982 0.0018 0 0
K A2 VAJETTRIH AR
Table A2. A type hybrid table of VA group.

o 1 2 3 4
Cho 1 0.5694  0.1983 0
Ciy 0 0.4306  0.8017 1
NTy 3orb 3orb 3orb 3orb
Ny 0 0 0 0
Ney 3orb 3orb 3orb 3orb

R, (1) 0.7000  0.7517  0.7973  0.8200
P 1.0980  1.1173  1.1343  1.1428
As 1.1800 1.2390 1.2911  1.3170
Sb 1.3560  1.4279 1.4919  1.5230
Bi 1.3990  1.4455 1.5044  1.5290

Hl,m,n, 7:1201; I/

,m/,n/, 70301

# A3 IVABILRM TR
Table A3. A type hybrid table of IVA group.
o 1 2 3 4 5 6
Cho 1 0.9502 0.8320 0.1681 0.0481 0
Cio 0 0.0498 0.1680 0.8319 0.9519 1
N1y, 4 4 4 4 4 4
n, 2 1.9040 1.6640 0.3360 0.0960 0
Ney 2 2.0960 2.3360 3.6640 3.9040 4
R, (1) C 0.7630 0.7630 0.7630 0.7630 0.7630 0.7630
Si  1.1700 1.1700 1.1700 1.1700 1.1700 1.1700
Ge 1.2230 1.2230 1.2230 1.2230 1.2230 1.2230
Sn - 1.3990 1.3990 1.3990 1.3990 1.3990 1.3990
Pb  1.4300 1.4300 1.4300 1.4300 1.4300 1.4300

H:l,m,n, 7;2200; ', m', n/, 7/; 1301
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Calculation of thermic and electric properties and valence
electron structure for metallic electrodes of
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Abstract

The valence electron structures and thermal and electric properties of Na||Sb-Pb-Sn liquid metal battery
are systematically studies with solid and molecular empirical electron theory (EET). The theoretical studies
show that the thermal and electric properties are strongly related to the valence electron structure of electrode.
The cathodic alloys Na; JA, (IA = K, Rb, Cs) are designed by doping IA group alkali metals (K, Rb, Cs) into
Na electrode since the melting points of IA group metals (K, Rb, Cs) are all lower than that of sodium. The
theoretical bond lengths and cohesive energy of cathodic alloys Na; ,JA, match the experimental ones well. The
theoretical studies show the decreasing tendency of melting point, cohesive energy and electric potential with
increasing doping content z in Na; ,JA, alloys, which is due to the modulation of valence electron structure of
IA group dopants. According to the analyses of valence structures, the number of lattice electrons decreases
with the increasing of the doping content z for the cathodic alloy and causes the melting point, electric potential
and cohesive energy to decline. It reveals that the IA group dopant modulates the valence electron structure of
cathodic alloy, and induces the electron transformation from lattice electron to covalent electron in s orbital.

The anode products such as NaSb;, NaSn, Na,;;Sn, and NaPb are formed by transporting Na ions into the
anode alloy Sb-Sn-Pb. The calculated bond-lengths and melting points fit the observed ones well for these anode
products. Owing to their complex structures with various atomic occupations in unit cell, the thermal property
or electric property is not only relative to lattice electron, but also depends on the covalent electron. The
sublattice plays an important role in the forming of the four anode products. The lattice electrons are supplied
by Na at 4f sites in NagSh, Na at 16e and Sn at 32g sites in NaSn, Sn at 16c and Na at 48e sites in Na;55n,,
and Na at 16f and Pb at 32g sites in NaPb, respectively.

The open-gate voltage is closely related to the lattice electrons and inversely proportional to the average
number of lattice electrons per atom. The open-gate voltage of NaSbs is the largest among the anode products,
however, its averaged number of lattice electron per atom is the least. Since the lattice electron number of NaSn
is the largest among the anode products, the open-gate voltage of NaSn is the least. It implies that the lattice
electron plays a very important role in Na||Sb-Pb-Sn liquid metal battery, which can modulate the valence

electron structures and thermal and electric properties.

Keywords: solid and molecular empirical electron theory, liquid metal battery, valence electron structure,

open gate voltage
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