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Fig. 1. (a) ZT values of typical Zintl phases with 2D covalent bond substructures [310-12141821.2425.2832-33. (1) suymmary diagram of

the maximum Z7T value of some representative 2D Zintl phase over time.
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Fig. 2. (a) Crystal structure of AB,X,-type Zintl material; (b), (c¢) unit cell. Temperature-dependent ZT values of (d) Sb-based
AB,X,-type Zintl phases; (e) Bi-based AB,X,-type Zintl phases(®2!:31:36-13],
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Table 1.  Summary of thermoelectric properties of 1-2-2 type layered Zintl materials.

i 1] e P/(mQ-cm)  S/(uwW-K') k/(Wm'K?')  ZT T/K ZTrr
2005 Cag 95 Y by 75Zn,Sb, ) 3.7 170 1.4 0.56 773 0.08
2007 BaZn,Sbyls! 6.1 185 1.25 0.33 673 0.05
2008 YbZn, ¢Mng ;Sb,P") 1.5 150 1.6 0.65 726 0.05
2008 EuZn,Sh, ™ 1.8 180 1.45 0.9 713 0.16
2009 YbCd, ¢Zng 4Sb,l*0! 1.66 180 1.1 1.2 650 0.2

2010 Yby ¢Cag4CdySb,l 4.4 240 0.9 0.96 700 0.14
2010 Ybyg 75E 10 25CdSh, 5! 4 240 1 0.97 650 0.18
2010 EuZn; ¢Cd »Sb,*7 2 200 1.4 1.06 650 0.18
2011 YbCd, g5Mng, ;5Sb, /) 5.7 245 0.6 1.14 650 0.17
2012 YbMg,Bi, 5 180 1.8 0.44 650 0.07
2014 Yhbyg.99Zn5Sb,l0 1.3 160 1.7 0.85 800 0.05
2016 YbCd,; ¢Mg,Sb,l 3.3 230 1.02 1.08 650 0.2

2016 Cag5Ybg sMg,Biy*! 2.8 187 1.08 1 873 0.1

2016 Cag 995Ny gosMgoBi o5 3 200 1.25 0.9 873 0.05
2016 Eug»Ybg»Cag ¢Mg,Bi,l*! 3.5 215 0.92 1.3 875 0.25
2018 YbCd, 5Zng 5Sby34 1.7 172 1.2 1.26 700 0.18
2018 Ybyg.g6Bag.04Cd; 5Zng 5Sbyl 2 185 0.94 1.3 700 0.18
2019 Bay 7975 Ybg.2Nag o925 CdpSby /! 4.1 210 0.81 0.93 700 0.1

2019 EuCd, 4,Zn, ¢Sby!*2 3.5 220 1 0.96 700 0.18
2020 Cayg g;Yby.35Mgy oZng  Biy g5 2.63 185 1.04 1 773 0.2

2020 YbMg,Bij 55Sbg 4 4.1 219 1 1.05 873 0.14
2020 Stmig.25 Y bo 571,375 Mg Biy ggl*”! 3.7 197 0.9 0.9 773 0.18
2020  (YbgoMgg1)Mgg sZn; 19sAgy 002Sbsl2 4.75 257 0.74 1.5 773 0.28
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p AUFN n RUAHFEHD, BT AAKSETE R S PERE p AY 1-2-2
R Zint] AH H A RHIE 5T B AR B EL Pk R, HE L
EipN

2.1.2  Mg,;Sh, %

5=J0t AB,X, # (CaAl,Si, 45#4) Zintl #
ANTH], PG Y [ 4544 Mg,Sh, 3 Zintl 1K} A {37
1 BALAR R Mg TR, &l 3(a)—(c) iR,
DRI, HL A 2y Mgt B B )2 LU % Mg, Sb]5
FRAE N ZH N AR, 2019 4F Zhang
2L 162) 3 3o %% T V2 PR BRIE N Mg, Sh, 2544 il s kA7
W, RIHSERTE a, b, ¢ 7 1A I 4% 15 [H)
PE, AT L 2R R SRR, I Zhang
21620 Al MgyShy 1A 3D 45H), H B 78] fy KB
I1 B D rr A R 4 AN 1A 3(d) A7 TR B
7). MgySby HH ) EL S R s 45 #4) K HoxH iz v: RE Y
YEHIALEEIS A ik — AR E. S5 T MgsSh, HEA1 KL

H AT #0E 14 Ko TR S ABy X,
B[R E5 R AR -, A SCRR A 9 By — 4e 34y
HEFLERIY Zint] AH AL ISR,

p B! Mg;Sby R HA LAY AT AL R Y PE
DUse R, B A B AR 1S ZT (8473 AR B
(~0.3)9], 2014 4 Bhardwaj &5 0 il 13 & & L8 15
THSR W p U Zintl #%F MgyPb, ,Sb, s B9 ZT H
PEEEL 0.84. FHIL, TR Mg 2300 (VMg)
PEETFLIE DK BRI I 1 A &k 9], MgsSby  Bi,
B4 — BEBOA N R 4 X (1 p B Sk 109, 1 3]
2016 4F, Tamaki 55 7 ¥R A T n 2 Mg, ,Sby 5
Big 4o Teg o L FUFHAE 773 K P34 TRk 2714
2y 1.5. flfi 148 HA SR Mg S SC 8 n BUVRRE ) 32
B, M Te BT A0 #E— D42 & T o F 20 1
WeBE. ZEILIAI, Zhang 55 B3 SN Te {H A A s
B hn Mg, 4 19 MgsSby 5Big 4sTeq o4 FE A
ALY R AT n BUPERE. — B[] [ PR b B il )
n %! MgsSb, 14 R B HLELBA 15 LR, 2017 4%,
PRI R 27 1) Shuai 55 9 8 1085 50 AIF 584 RL B 2
BRSPS T2, BT n B MgsSb,
PRZRRIRIFIRL, N Mg #9731 BREE JE S n 7
Mg;Sby A R B 2, Miid i Mg JF A2
. I3 Kanno 55 08 $2 ) Mg,Sb, AT 2 —
Foft " BTG AT BRAC SE AR IR | B 75 (L A1)
Bt i) Al PP PR R 255, i R PP R Mgy Shy B
A 5 HAD Zint] AR E B n BURHE, JCFPER
BESR TR TS BRIk IE, MgyShy £ Zintl AHAS
BHY PSR RANTEARSE, 30 T T H S A P fE
A9 TR SRR L R st — 2 A HAE A B 2B G
AIPEH].

JEAE n A MgySby MR X FAHL PEREB AL 57,
(B Tt BT PR RE AR, BTS2 22 FR SE k2 %
Tk DX 0 T B FL DR AL A A i M. 26 R
i K Ren PRI P00 DL K IG TR Sui PR
2 DOV AE Mgy Sby 5Big a9 Teq o1 2EAl L, 73515 Co,
Nb, Y, Mn FHB247E Mg £ |, AHIRIR AR /324
T B AL B A2 ST S M e 2 7 -
THU, IMERAS TS S 5/ ZT1E, 1
U Mgg 15Mnyg 05Sby 5Bi0g 49 Teg o 2 it T ZT 1 th
Mg 5Sby 5Big 40 Teg o B 0.2 #F+ = 0.42, H &
ZTHTE 723 K N ik3|2 1.85010, 2020 4F, Imasato
A5 110 ) 2t B o B Mgy Shy A R B AL 2% it
R, 48 AR R ST n 7 MgsSh, AR I T
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Fig. 3. (a) Crystal structure of MgsShy; (b) crystal structure along the c axis; (c) crystal structure along the a axis; (d) MgzShy
structure with traditional layered covalent bonds compared to the 3D covalent bonds; (e) temperature-dependent ZT values of
Mg;Sby-based Zintl phasesl®10:2223.486669.76-78];  (f) average ZT values of MgsShy-based Zintl phases at 300-500 K and 300

773 K[9—12,69.73.75,78—82]_

BOALH A & EZCE. R, P87 MgsSh, 3%
i 18 i RO 53 o S, b e 2 T i AL
il 1] 7 - P RO A ML 3(f) B,
Chen 5 (12) 3 535 3 /55 478 285 T B 18 R ik ROt [ e
Pl Mg & RS R 2T N E A 0.61 4E
23] 773 K F 19 1.81, 7 300—773 K i X 4 F-15
ZTEHA AR 1.4, =R XL DB ELS
BiyTes #HLFTEL.

AR, 25 E PG A Lin %5 23 DA BE & 38 19

FBAT, BT R Bk S S A e e i
IR Z R A BIEAKR (GNP) 5 n B Mg;Sb,
A, 5IAR GNP FURARXT T B R EERAIR,
T Te #5241 MgsSby T I T A4k 5 1h #4BH.,
ST S A A ek e IR R AR T, R TR
FIVRERIERS A, g om 1 AR DL oe R A 2. X
Tl A A5 ) 2 DR AEAS ™ F 4 L SR I I
EEEEHG, RIS ) T AR AL KA
SRR A TR AREAR, FAAETT Mg, Bi, 1Y
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2 MgsSh, 5 Zintl MEHAR PRI B3

Table 2. Summary of thermoelectric properties of MgsSby-based layered Zintl materials.

P ] e p/(mQcm)  S/(WV-K?)  kx/(WmlK')  ZT T/K ZTqr
2006 Mg;Sb, 29 288 1.2 0.21 875 0.001
2013 Mg;Bij »Sb; ¢ 40 400 0.58 0.6 750 0.01
2014 Mg;Pby ,Sby 548 28.6 280 0.28 0.84 773 0.03
2015 Mgy 9575 Nag 1255bo 5.4 200 0.95 0.6 773 0.03
2017 Mg 0s5A80.0155D522 9 205 0.65 0.51 725 0.08
2016 Mg; 2Sby 5Big 49T 01" 5 286 0.79 1.51 716 0.2

2016 Mg;Shy 45Big 45 Teg 045 10 ~205 0.73 1.6 750 0.6

2017 Mg; 05Nby,159b1.5Big 49 T 011" 4.35 277 0.84 1.57 700 0.31
2017 Mg 1Cog.1Sby 5Big.49Teg.01*” 5.1 -295 0.78 1.7 773 0.4

2018 Megs 15Mny g55b 5Bi0 49 Teq o, 4.5 -302 0.79 1.85 723 0.42
2019 Mg, 55b1 5Big.9Te0.01:Mng gp ™ 4.5 ~290 0.9 1.6 773 0.65
2019 Mg 05SbBig o7 Teg g5™ 1.7 -202 0.92 1.31 500 0.71
2019 Mgs 05 Y025y 5Big 511 4.2 -270 0.76 1.8 773 0.2

2020 Mg 5Sby g9 Teg g+ GNP 6.4 -320 0.74 1.7 750 0.18
2021 Meg 17B0.03by.5Bi0 49 Teg 1 5.4 ~296 0.69 1.81 773 0.62

MO0 R fe i ZTfHAR T2 1725 SR,
72 2 LB BIEAFE MgzShy 4 Zintl M2 TAER
PEMERE TR, n B MgsShy AT RBHE AR oK & J iR
R, KRR AL EHLAAR IR = B A B bR A 2
FEZ Fp i S5 T BAUE SR BiyTey 1 PhTe 44
KL RIS o YA PR e JRE Al O RSB e p AR
APERESR AL T 2 AY45 T5 ).

2.2 9442978

20 {22 70 4E4%, 9-4-9 8 CagMn,Big #] Zintl
FERESE B 2 A R B4, 2001 4F, Kim 25 89 458 1
A2 YhoMn,Biy LA54). 2004 4E, Bodev 4 861
H—HAHE T CagZng., Sby LA YbeZn,, Shy (0.2 <
z < 0.5) (b A Wfb2ET R L X ST 5
BT FRIT 9-4-9 B Zint] A RIAS 5E PR AR
IR 25 AT R A 20 AgM, Py HEFE, o A
il 4@ (Ca, Sr) B + 48 (Eu, Yb), MK
SR, Pn o VIEIGR. W& 4(a) FIE 4(b) h
CagZn,Sby K], A {7 Ca HBEEERFR/R, ML Zn
¥iERFRN, Pn i Sb HZRERF/R. X — Zintl FHZ
P Z BB T [ M Png) ' 1 9 MPHFE B 156, 7] LA
A XL AR F e AN SR A R R R, X A
BT B E X 9-442-9 B Zintl A1, HE5H 3%
LAl M,Ong JE 18 TCBIR SE A1 fr) “ 222t ™ T 433k
@ o 7 180, XL 4 o A SR — 2R M,Py

S I A R ARG

2014 4F, Bux %5 ¥ 3HZ#4 % YboMn, ,Sby #1
RHA PR PEBETEAT THRSY, X2 B AR IE 1Y 9
4+2-9 B Zint] FFRHARMERE. DI5ERIN, YboMn,,
Shy b &M HA =i FAUH 0.67 W-m K A%
POGRAN R A B s PERE, 960 K B Z7 (H T3k
0.7087. —4E2Z )5, Kazem %P {iti T EugCd,, ,Sb,
IEE—H Cu, Ag UK Au 228U Cd, 2z
BT PR B 3G I A R - HOR S m, ST 750 K
Tt — PR AR TRER 04 Wm LK, 4R
T 35 A 5 - 19 F S R R AIR 19 3 DL o R AR 3K
EuyCd; 75Ag; 5Sby Tt K ZT{HAL A 0.32. 2016 4,
Wu 55 N SPS T 2514 T CagZny 5Sby
MR RGE T HRs 27140 0.37(823 K); flif]
E— W ZBAE Zn (i Cu 2% 0] LIAE4ERRE
D178 R B IG5 D B FHR ) K CagZng 55
Cug 15Sby B 1 ZTEIE R E 0.72. 5 Wu 54
Y77 AR R4, Ohno 25 27 5% BRI #5018
KT T CagZny s, Sby FF &, 3 3 7 59
¥ Zn & (CagZng, Shy), 7E 875 K A S T &
ik 1.1 B9 ZT (8. 2019 4F, Chen %28 1%} CagZn, 5., ,
Shy #EATAIFE, 7E Ca fii#E 1T Eu 2%, M1L)E 1Y
Cag 755U, 95Zny -Sbe #1 76 773 K By ZT1{H ik %
1.05, N HEE AR AR X N 2T HiR4
0.73, B2 B CagZny 5, Shy FATRHE THAIRTF.
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Fig. 4. (a) Crystal structure of CagZn,Shy; (b) crystal structure of CagZn,Shy along a axis. Temperature-dependent (¢) ZT values;
(d) Seebeck coefficient; (e) electrical resistivity; (f) thermal conductivity of 9-4+z-9 type Zintl phases 7238790,

£ 3 94429 B Zintl OB R B R
Table 3. Summary of thermoelectric properties of 9-4+2-9 type layered Zintl materials.

i 1] M p/(mQ-cm) S/(uV-K?')  r/(Wm K1) ZT T/K ZTrr
2014 YboMn, 5Sbhyl*! 7.9 185 0.58 0.7 950 0.035
2015 EugCdj 75Ag; 49Sbgl?Y 2.0 85 1.0 0.32 750 0.03
2016 CagZny 55Cug 155by™) 3.0 140 0.8 0.72 873 0.1
2017 CagZn, ¢Sbyl?7 11.0 270 0.48 1.1 873 0.1
2019 Cag 75Euy 957n,, 7Sy 5.55 200 0.53 1.05 773 0.21
2021 SrgMg, 45Bigl"! 3.75 135 0.65 0.57 el 0.14 (323 K)
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RARFEREWE PRI S AL L, i HAe it
PO T 23 18] UK, R U X 2 5 b ] 7 H: i
B PERE, M S BLR L PERE R E— R T

2.3 2-1-2%

AR, ZrBeSi 454411 2-1-2 & Zintl A4
ML BAR A S R 70 2T (852 28k
HRZHSEE. 2019 4RI /RIE Tk K22 (GI) Zhang
PR I 58 il 45 T R B 241 EuyZng ¢gSby 75
823 K N ZT{HiAE] 1. W& 5(a) A1 5(b) Fras,
2-1-2 8 Zint] MR AT LB AEZ T 1-2-2 B Zintl #
BH R 72 hif A — 2 HE T, IR far <
fH T LA BH B 155 18 50%, M £5 31) 2-1-2 Al 2%
¥ 291 DL EuyZnSby K i, [l 5(d)—(f) B ERAR
# Eu i+, Z0R0ER Zn JiF, BrEkiCER Sb R+
TR R, A5 T 1-2-2
R ) JZ2 RS — 2 A2 NP2, i AL e s 3
T =28 H. X} EuZn,Sh, il EuyZnSh,, Eu
FHE 7 )2 0946 Al Bu?t-[Zn,Sb,|2 B A E T2 IR
SEH97E R Eu?t-[V,,Sb] -Eu?+-[ZnSb] ! 2R &5,
ot s e A R R Zn &S A2 7RG N
25 R Z A, AR i 7 R RO N TR
RS, DTS A A S 2 R 3 290 n &1 5(j) e
7N, 2-1-2 AU Zint] AH G IR R AR, 7T 5 R
FE IR 9-44-2-9 I Zint] FHEZE.

2007 4, EEFFIAE RS Xia 55 P9 IR iRIE
2-1-2 I HEJZAR Zintl APEL 15T T CayCdSb,
H1 Yb,CdSh, BRI 25 #4) B BUBRARAE , 45 X
PP AR R B S 2 A R H PH B R A2 LT
AHE], fH 35 B 7 SCA A AN A]. i 2 B 2R A
CdSby ORI KAl A m L AATAA VB AR
He& (A RNZE, AT HHGEXREMIRE), Ca BT
HFErE)Z N, JEEWZREM R T Yb B0
YEHIH [CdSby|* 2L AAAA I RHES, A Y
MR 2R XREMN 2. ST, R E
TIREAR[A] 2-1-2 BIM B S5FG 2T K B & E 1T T8
5% 09T S SRR RS AR L S5 M 2R, AR TR
LAY 2-1-2 Y Zint] AHZSAE B BRI A AN ]
{33 S i BB 5 1 A V5 S A G L 25 0 RN A 4
REAIHRST.

2017 4, 26 E% 78 R Sun 55 P8 R % 2
ZREISIIE R G T T 2-1-2 A Bay,ZnX, (X =
Sb, Bi) AR MERE. [F4E 26 EININ K2 Cooley

45 1920 3 5 AL AR ER BE I SPS 1 ¥k B Eh i 4%
Yb,CdSb, #1 %}, 8/ Eu XF )2 6] Yb £ #E 47 5% 1%
$B4%, Eu I B ER FEB R, A
A S AR T DL e R AR AR R A R
W2 | A aAVEF LSS o B e i e = R
T A O ARG sER, DTTREAR T fds A, 25
A PGS MRS, Eu B2k E R E] 0.36%
B Yby g4Eug 3sCdSby 7 523 K T ikEHm ZT{H
25 0.7.

2018 4, MR Tl K 2% Chen %5 7 ffi H /&
REBRES AR ) 1 2 i 45 T EuyZnSh,, i
T A BRI I 37 A B 4 (HAADF-STEM) & K i
B 3 f AFr T 7% 50% Zn %S N fl &R EuyZnSb,
(P63/mmc) BIZEFFAE. X BHRAT 9% (XRD) &
IR E UG 1 EuyZnSb, 8 4 BA 22 BTAH, 5% ok 2>
Zn FEE| U Zn 2S00 JE 2RI O RN AR R iR
TR SN AT AL, X AT REIE T Zn 2S5
PEEE T3 TR, AR5, T2 40 rh A
H TGN, WeAh, DR Zn 230 A 5 A AR B
SR RRAK. 5T 2011 45, Wilson® 45 R X}
2-1-2 8 Zintl #1 K} Eu,ZnSb, A4 45 # A5 VE 17
THESE, Chen 45 2] 38 i SCI B0 AT T 48
TIANTE, (HIRAE Zn 25 (0 A A7 78 I 20 K A P 1]
FEAT SRR R B IBT. 2020 4F 2CIURHEE K2 Ma 45 199)
K% B R BTN BuyZnSh, KR AR (517
W RE R HEATER Y, BRI Zn 23 {57 BA BAR IR i fie,
PRI Zn 230 A AFAE 0] LIAME A L T e S (2544
FOMARE, X NS R MA BB T 2-1-2 8 Zintl
WAk e s 67 o B 1) A B

(S RKVE RS2, BuyZnSby 5 2-1-2 BRI} 1/ kg
(B T UL AT A B AT AT Zintl A0 A1 RE 21 4516 1)
EuyZny ¢sSby M BHE 823 K I} ZT{HIAF 4 1. 52
UL, Chen %5 24 DNRLPERESE T AT, #£ Zn (715
& Ag, SEILT #m R FERS R A RN,
LW EuyZng o5Ag) 06Sby 1 823 K I ZT HIRTTH &
11024, & [E B BRI 37 K Li 55 090 ££ EuyZnSb,
LRl 4 I Bi AE Sb A7 A 4k AT LR
N T — 2P B AR5 W] Bi (& G Al
BV /IN BT TR BE R T PN B R, i ki X
3 EuyZnSby, A &, # EuyZnSb, Bi, W HA
BRI .

2021 4, M T K (BYIl) Zhang PRSI 10V B 5
2 [ %5 55 B 2 Singh 185 20 2505 90 K bR
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Fig. 5. (a) Unit cell of EuZnyShy; (b) unit cell of EuyZnSb, ; (¢) unit cell of EuyZnSb, along the a axis;(d) crystal structure along the
¢ axis; (e) crystal structure of EuyZnSby; (f) in the a axis direction after cell expansion. Temperature-dependent (g) ZT values;

(h) Seebeck coefficient; (i) electrical resistivity of 2-1-2 type Zintl phases; (j) lattice thermal conductivity of 2-1-2, 9-4+2-9 and 1-2-2
type Zintl phases [8:24:25:27.90,92]
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Table 4.  Summary of thermoelectric properties of 2-1-2 type layered Zintl materials.
i) okt p/(mQcm)  §/(WV-KY  k/(Wm'K'Y) 2T T/K ZTgr
2017 Yb,CdSb,l*2 5 155 0.52 0.2 523 0.23
2017 Yb, ¢4Eup 34CdSb,? 3.5 170 0.6 0.7 523 0.26
2018 Eu,ZnSh,/?’! 24.4 290 0.42 0.6 723 0.14
2018 EuyZng gsSbo) 8 220 0.48 1 823 0.22
2020 EuyZnyg g7 A gy 06Sbsl2Y 10 220 0.43 0.93 823 0.2
2020 EuyZng gsAgg 06Sbo?! 5.3 194 0.5 1.1 823 0.2
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Fig. 6. (a) Crystal structure of SrAgSb; (b) crystal structure of SrAgSb along the ¢ axis. Temperature-dependent (c¢) ZT values;

(d) power factors (compared with 2-1-2 Zintl phases);

phasesl24-26,100],

(e) electric resistivity; (f) thermal conductivity of typical 1-1-1 Zintl

5 1-1-1 BEMR Zintl MEHAERPEREC B
Table 5. Summary of thermoelectric properties of 1-1-1 type layered Zintl materials.
P 1] K p/(m-cm) S/(WV-K?1)  k/(WmtK?) ZT T/K Z Tyt
2018 Cayg gsLag 15A8) 595! 1.85 120 1.3 0.52 860 0.07
2018 Cayg.555710 sLag 15280 59Sb100) 1.6 125 1.0 0.7 823 0.1
2020 SrAgSbll 0.95 114 2.2 0.5 773 0.07
2020 Sry 01 AgSbl0) 1.27 125 1.7 0.58 773 0.1
2020 EuCuSbP 0.64 83 2.9 0.3 773 0.03
2020 EuAgSbPel 0.74 90 2.4 0.35 773 0.05
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SPECIAL TOPIC—Thermoelectric materials and applied physics

Research progress of two-dimensional covalent bond
substructure Zintl phase thermoelectric materials®
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2) (Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China)
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Abstract

Thermoelectric materials can realize the direct conversion between thermal energy and electrical energy,
and thus having important applications in semiconductor refrigeration and heat recovery. Zintl phase is
composed of highly electronegative cations and anions, which accords with the concept of “phonon glass,
electron crystal” (PGEC). Thermoelectric properties of Zintl phase have attracted extensive interest, among
which the two-dimensional (2D) covalent bond structure featured Zintl phases have received more attention for
their outstanding electrical properties. In this review, Zintl phase materials with two-dimensional covalent bond
substructures are reviewed, including 1-2-2-type, 9—4+2-9-type, 2-1-2-type and 1-1-1-type Zintl phase. The 1-2-
2-type Zintl phase is currently the most widely studied and best-performing Zintl material. It is worth
mentioning that the maximum Z7T value for the Mgz;Sby-based n-type Zintl material with the CaAl,Si, structure
has been reported to reach 1.85, and the average ZT value near room temperature area also reaches 1.4. The
9—4+2-9-type Zintl material with a mass of atoms in unit cell contributes to lower thermal conductivity thus
relatively high Z7T value. The 2-1-2-type Zintl material has extremely low thermal conductivity due to the
intrinsic vacancies, which has been developing in recent years. The 1-1-1-type Zintl material with the same
ZrBeSi structure as the 2-1-2-type Zintl material, shows better electrical transport performance. In sum, this
review summarizes the recent progress and optimization methods of those typical Zintl phases above.
Meanwhile, the future optimization and development of Zintl phase with two-dimensional covalent bond

substructures are also prospected.
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