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Fig. 2. Crystal structures of MA X-phase compounds. Reprint-
ed with permission from Ref. [11]. Copyright ©2016 John
Wiley and Sons.
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Fig. 3. Microtructure and properties of CryAlC: (a) Atomic structure; (b) thermal conductivity, compared to the values found in the

literature; (c) measurements resistivity; (d) predicted out-of-plane resistivity. Plane reprinted with permission from Ref. [21]. Copy-

right © 2020 American Chemical Society.
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Fig. 4. Microtructure and properties of Cr,AlC: (a) Etched surface; (b) electrical conductivity and resistivity; (c¢) thermal conductivity,

heat capacity, and thermal diffusivity; (d) total, electronic and phonon thermal conductivity. Plane reprinted with permission from

Ref. [33]. Copyright © 2011 John Wiley and Sons.
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Fig. 5. Thermoelectric properties of TizAlC,: (a) Electrical resistivity; (b) thermal conductivity. Plane reprinted with permission

from Ref. [34]. Copyright © 2011 John Wiley and Sons.
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R H Wiedemann-Franz &, MAX #H B A
() R TR — Aok A T i R AR B A
SR A B 5 AT S Y R N A
MR 5 HAREAEEA RN MXZEAR,

AGLE T E TR MX %5 M % 52, 6] i) 78
PRzl LI —Fp Rattle 500, I ELREE A A7)
TR AR, Xl Rattle 2500 S hIAA &, M R
fICA s AT R HE TigSiC, #H, ZEZ IR 2A
3.8 Wem MKt By fiAg AT 28 B HeAh, i ] LA
FEsR A HUN, IMERAS, A958R, % RRR
LN, MAX FHARA DT T R, SRpaIam, s 24
SRR TR AT DA O AR BE s PRI T 3,
¥ M Ao EE g =Jc, 345 7T MAX A (Ti,
Zr, H),SC, HA WK AT 84 Wm LK !,
XANELELRBAH TipSC /Y 1/4 B,

1 WA MAX O3 151507

Table 1.  Thermoelectric properties of single-phase MA X!143436:37),
YIARRNE MR /K BUIKRE/ (100 K'Y &R/ (Wm LK) @ SH/(10° Sm 1)  FENTREEK/(WV-K )

CryAlC 473 12.50 17.5 1.8
Ti,AIC 300 (8.10 + 0.50) 46.0 2.8 —

21141 Nb,AIC 300 8.10 20.0 —
Ti,SnC 300 10.00 4 2.00 — 14.0 —
Ti,SC 300 8.40 60..0 1.8 -12.7

- Ti,AlC, 85 9.00 £ 0.20 2.5 0.22
Ti;SiCy 300 9.20 46.0 —

41341 Nb,AIC, 300 5.75 13.5 —

T MAX AHEA A YW B s o), 28
DU5E ZBOMAR, (RIS 2E D1 50 R IE SAS i H 3 B
(R T BE HEA T AR, BRI 1M 4 L 2 R
TS T e 2 i R i A R 26 DL vt REUE T —FP oAy
BFB0, H, RS MAX A EA N 0 S,
A2 o A R IR ARG Y 28 D1 58 RECR KRR 1
MAX FHTERAE U .

3 ATH MXene # oy | 270 44 i M 52

3.1 T4 MXene tHRIHI &

AT PERRPEZ I M, AX, HIEY A DL, FIAHY
MX EFTLIE G RZ R G Y MXene, i n =1,
2, 3 I, IERAHRIH) My X T,, My X, T, F1 My X, T,
Hodp My X (0 TinC 88 Mo,C) — AR N i I 4 )8
At (TMC) st I 4 J8 /A4 (TMN), xeen]
Pk CVDIHY DK PEPLDM2 46 (R b5k
2. B iE T CVD AR B MXene
MoSi,N, WL X My X Al My X, HRTEZESEM MAX
FHECE HABZARAE D (10 Zr;Al,C51, HE[AL/
Si],Cg™ Fl ScAlyC4l0l) 35 P54 ZI ik i ok . (ELA5 7

B, NMERZEE L H 2R AR, MAX
FHH A B MX DL HCESSR Ak F A A, LT
B SER  Z0 R () a0 SRR A5 ) iAEAT 2k, X
TR MAX MHE BT E IR E RSN
55—~ MXene i1 IR ZI 1 TizALC, 15
(I 6(a))l2, HF HF F5RE o, $l4 0 TisCy T,
TEAEVFZ BE AFLIR, X T HABZR AR M Xene, —
P 5 B ) 20 A5, BN NbyC, 7 2 NbsAlC,
TEFHR M 50% 1) HE $1Zilid 90 hi47, Mo, TiC,
T 2 Mo, TiAlL,Cy 7E 55 °C F 78 & 2 50 50%
) HF HrZI5d 48 Wil 5 i 78 2 phoad #2 Hh 5]A Li
B THZ, W LiF /HC ZIhiA R, /L HF
T A S B M Xene B2 (] 6(b))#) LAk,
i 1 F ¥ Fb 3 (NaHF,, KHF,, NH,HF,) 7£ &
R EF T2, WS R EFEE KA M Xene £H PV
DL 74519301 M Xene #8A8T] e 54 F
Zeui, BT BORGR  fE T e, — S Te Y 2 iy
A R R T k. BRI R SRR RE A H ER
B TR MAX AT U i, H2 0] Dl i K #4004
RAEE RS E FXF MXene #EF7Z100, 440 KOH bY.
MAX FA 50T DLVE A BHAR R ik oz FH 28
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BT b, WE 6(c) iR, ¥4 TigAlC, # Li | i T 78 TBAOH 5 NH,CI 1) 2% i b ik £ %)
FHAR, FRZE K AL &4, BA 5L r@aﬁ Tl MAX A, TR TG IR A i1 M Xene, i
A DA K R R AR B, DT 9k v ) J23 DT 52 W) TBA*, BeA B+ LA KR LB 1) NH,OH #fi
PN ALJZZ0 0k, JERTG F 28560 MXene P2, it A MXene JZ[8]. i XA ER TBAOH,
Ab, MAX AHRT LAAE F At/ Ay BH AR B2 20 ol Al DL E AR HCLI W h 20 MAX #0715 3] MXene
T TCE TR 53, 7E Rl 1) Yang 25 B4 1 KR (& 6(a))Bo=571, Ak, 765K AYRERS o, 1R85

(a) (b)

Route 1
LiF:Ti;AIC,=5: 1 »
+ sonication

TizCoT, flakes

Route 2
LiF:TizAlCy
no sonicati

aTi «C 8Al 80 +H T=_OH,-F,—-O

.“e"z”r"r"v’f o
= = "ﬁ" -

280 P ere g Be Expansion

W ,,:}’ : 1]

@®Al®Nb ®C 10 »H

L]
| 4n,50C
| —
lectrochemical

Bulk TizAlC, exfoliation

‘{m ‘f ’;, 3D composition Nb,AIC E-etched NbyCT, MXenes
f electrode MAX phase
s « 1%}%’ Ch‘)h“e é —— Acetylcholinesterase (AChE)

Centnfugatlon
g A i AChHE
’x ot gy &#JJ&;’ J) e Glutaraldehyde

" . ﬁl A'ﬁ (GA) layer
Sigle layered Py ﬁ Q“‘ Yy i HF-free NbyCT,NSs

TizCoT, Acetylcholine
ATCh)

Ik

Sonication

(Enhanced enzyme
© activity and electron

Li .Ti eAl - vy R iy and o &
o e - C ! HZO 0 . alloy Choline (oxidized) HF-free NbyCT, nanosheets
T == C =T =G T e
(e) (f) TiC—Ti—C—Ti— o e \
TisAlC, TisZnC, TisCyCly oo ! ! |I Q‘Oiﬂ
I TAARED 1 | I I
Mme L5 I, AH . HCI/H,0 s
w&E& T 6 h K XM Al AL Al 5} 0 ooy
1 9.0, 4 ). 0. €. 0 N &X’g‘j‘:&\ 1 1 I Buehing o 1 P iy, RN
& XA N e KAKARD T 898 8 —Ti—C—Ti —C —Ti— " °
LA )\. y CKKKXK & W B ' i 1 o .. oH
v VYL VWV —Ti—C ~Ti—C —Ti— ' : '
‘:-:‘ * 6 & 6 t:féf * —Ti—C—Ti—C ~—=Ti—
[N epe e NN
O™ ¢ OO ¢ KAK £ & Ay
¥ o

PR & RO . AR KK, iﬂ; m m
YOXOK YOXORY XYY m\ m
c‘"ﬁ*’?)‘)‘r ¢ ¥ ¥ F Y - “ -

eTi ¢Al eCl «C _{ AlCl3 SRASAR RN R as

©Zn ©Zn2t eeZn3t «Electrom &m“ &

4Ti #C #Al QI 4OH O 'CAII;;

K16 MXene il & 77 (a) HF Z1iE 125 (b) LiIF+HCL 20005k 19 (c) Li 93k 5 62; (d) AL 20 ik 575 (e) 1 5 SR 200 ol vk 02);
(£) B2 fo 3 (091

Fig. 6. Preparation methods of MXene: (a) Etching method wvia HF!Z; (b) etching method via LiF+HCI*!; (c) lithiation
expansion?; (d) electrochemical etching®”; (e) Lewis acid etching!®; (f) iodine - assisted etching[®!. Panel (a) reprinted from Ref. [12],
Copyright 2011 John Wiley and Sons. Panel (b) reprinted from Ref. [49] with the permission of John Wiley and Sons. Panel (c) re-
printed with permission from Ref. [52]. Copyright © 2019 American Chemical Society. Panel (e) reprinted with permission from
Ref. [62], Copyright © 2019 American Chemical Society. Panel (f) reprinted from Ref. [65] with the permission of John Wiley and Sons.
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BT AN FH R sk 1 S AL AR 2% A B M Xenel™®),
(HAF B Z, B TR AR T, FEKE
W ZIIE B M Xene 1] BE 29 A LTE B U 45 )8
ALY (TMOs), i 40 Jo 2 & Ti0, P, M i 5 il
MXene 75 HLAL 2= RESE )7 T O TPE RE, A ik S /K 1Y
A, HRTC 25080 T EIRK R A HLE R h
ez G W TisCy T,

MAX M5 RGEICER WA EAE R &7 A A 8B Y
ML, FEMGEICEZES (S, Se, HyS) fEFIF, MAX
FHLL K MXene A] LUS%EAE 1 "4k (2D) 675 5L H- 37
WA 81 7T A0 SRR 5 B 1 MAX AR (140 Ti,SCy)
A IR AUSAE R 3G i MXene Ti;Cylol.
TR AR E 240k, k=75 2k MXene
BARAEZ&mEIEAL: F, OH A O, ity K
MXene JZBEIEE, 7K S EF5] A MXene £
v, RIS AT A (02651 ) ol 2 o 15 e ) ok
()5 A T B B — 351 M Xene(TiyC,Cl,,
NbsC,Cl,), TEZIMFE T, #§ 5 iR (ZnCly, CuCl,
) Y Zn F1 Cu S E e U MAX MHTP I A 47
JCE, MM B —FP 8 ) MAX A8 (TisCuC,,
NbsCuCy 55), SR )5 18 b it it e % & e i) 77 =X
Xk e R MAX FHEAT 2k, e 28 R Cl
2t i MXene([E] 6(e)). a5 o AR i 5 3 iR 1) Fp
25, Bl FH 4 Jm ALY AT 20, mT AR XA
Br £ ) MXene, TEMFERE I & #L & P4 S
Y (LiyO, Li,S, Li,Se F1 LiyTe) 8; NaNH, #E17H
RN, AT LA &2 & A O, S, Se, Te, NH LUK
TeLumi iy MXene 04, F it fig il 1 3 i< il ish 20 (1) G
A ) Ti,Co T, (T = O, OH) ( 6(f)), BA
1250 S-em ' (AR HL 3%, 5458 HF 21015 2|
) MXene 1 REAH 24 69,

3.2 MXene fBHYFAEHERE

REERZH MXene J&&JmIER), H M A7 4
J& d BB R SRR, AL R,
BN ScyC, TinC, Zro,C, HoC 5. tehh, —2& M {3
Z LR TR MXene (TH N 854 MXene) H
AARE LS ZT 1, F1U0 TiMo,CoFy(ZT = 3.14
@800 K)[6 FICr,TiCy (OH)y( ZT=3.0@600 K)67,
RAEH —5ET MXene I PERERGE, H
& HHT AR RGN IREIE, X MXene #HLPE
RERIFIT B4R TP e T2 — MR I A RS 5
KBS TS R, $85 MXene $ArL Mk
MHEARE, FEAARE K TR JZE TR, 5

T T AR N TRE  BRFA T RRAE.
3.2.1 3% ITALA B ] TAR

RIS F2 B, MXene 4 BEMS 25 F4 Bk T4
w2k fuFE—OH, —O, —F, —Cl, —Br, —S, —Se,
—Te, —NH DL R Tc &5, T MXene 7E¥ W 1 ik
7 —E I B R R R 2 S W R BH S T, 49
i Nat, K+, Ca2t, Co?*, Sn*t, NH**, TBA+4, I
7R ARG R ARLN, FEXG R A2 RIEE TRl [
171 A DMSO #1 CTAB, )2 [REE#E—23 K. B
FEFEM 3 1k A [ e B FIELBE B BRI Ti3Cy T,
AT AKHAAE L Ti,C, T, A3 PR BE A A B I AR Ak,
AL PR A FHETFE 44.98 Wem LK 268,

3.2.2 & IAE

A B R A i SRR A S R T e O A
Jo7 BELRS P (R A% i, DA ITTRARARR i A 1) S L PR . 7
Pl R ST A2 i, EATRYREAT AT LR iR
2 AR ER R, W SRR . X TS S
e Z 2B MXene, Wi AR ZERY £ 2454
5 75— MR R A R S B RE R IERIUR B K
WAR. WA TisCo T, TR FEE R, B
85 e 1 P R AI P 2 DL v R Bk, anfEl 7
N, I SR FE D SO R A SWCNTs #1185 &
Al DABR TR ZE DL ve 2R A, Tl et k- =4k (2D-
3D) Je)R L5 G| ARG AT YRR, T LAFE S I T4
MXene FUHERHTHETE 25 45 (77.9 pWom 1K 2)[69],
BB AR, n K MXene 5 p 1Y) PEDOT:PSS
AT A, MXene T H F 5 5] PEDOT:PSS
o, JRFES I L AR AR E A, BHZE TARRE R T
iz 8y, MNIMTAE FL T R ) [R] A 3k 8104 g 1) 1 2 D
SEFREN, IR BN 1 ) R - {E 0

323 mAIA

N ) TREAE AR R T EL 2 SE N, M Xene
) S JR A 1 L BB 6% 7R 32— A R A%, DT 7 A2 1
AR HET S MXene () REHS 2544, DTS2 ) JC A
B PERE. BEE Ti,CO, B XU A8 M B (FE4E) %
E (REAd) g, w7 Bz s in, Ik 5 i (Rl
Wi 2 75 Sy B HE AT BRI S A5 Y. Bafekry 45 (721 38
HHEISTTE E W Ti,CO, MXene H143 T JZ1EN 1
TRT AL R m 48 (K8). X THEAM
H B (0.03 1 0.045 eV) [ WCrCO,, it 5] AR
AR T AR, FEHRIN AR N BB Y BRI K, T ZE R
SR R A BRAE /N, SRR A JE M L SR, X
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a MS film b MSM film c SMS film
(a)
SWCNTs TigCQTI TingTT SWCNTs TingTT SWCNTs TingTz SWCNTs
e TTi——
. rg Ay A Y s
.\ &3 als /|, N Al NGB
% ; L S o % ; | S A——— % ; e —— ’ % ;
il 5] > >l gl ) ol el IG) 51w el ()
| = o | & © $ —|z © N — |z (3] s -z
< | & | < | % < | & o | % < [ & ol % < &
& S| F S| E & S| & & S| B &
o | S | ]
E; Ex E
W+ Low energy carrier W+ High energy carrier VB level
(d) 20 (e) 90 (f) 35
M/S MSM SMS
s P & 28 )
M M 4
: % < 60k [
TE // TE - 21+
= 10 | % g g
o % / =~ =
¢ 1= €
0 %M%_ 0 0 —
0 30 50 70 100 25 50 70 100 0 30 50 70 100
SWCNTs/% (weight content) SWCNTs/% (weight content) SWCNTs/% (weight content)
[ T 1000
! h
(g) i 60y !\ : ( )- 800 :|‘-\
Ly z §
| 600 @
h < 1 1 &
SR, Internal electric field & _‘} N
B - S 20} N z
2 1 f-& 1400 =1
. o %( i 2
Hot side Cold side s ol L i E
N i {200 £
i Scatter g d & g
1 2 —20r : 10 ©
bl 1
3 . . . . . .
0 20 40 60 80 100
Interfacial effect
o~ 200
L ®
Hot side Cold side T 160
£
= 120f
_—— __ N
= 80F
/\hL/ 2 i
. LR A
Two conductive nets - i
Hot side Cold side 4
A S .
@ MXene /_s PEDOT:PSS 0 20 40 60 80 100
+(—) Induced charges h*(e~) Holes (electrons) MXenes loading/% (weight content)

B 7 MXene ) A1 T/ B HEBE (a)— (c) TisCyT,/SWCNTs (M/S), TisCy T,-SWCNTs-TigC, T, (MSM) il SWCNTs-
TisCy T,-SWCNTs (SMS) 2 J2 I8 K i i U8 500 /R 22 18 09 (d)— (f) 3 R & 48 R X 17 19 o 3 K+ il SWCNT's H 43 HL 9 A8 L[] 9]
(g) MXene 1 PEDOT % & J5 J¥ i 4 £ #8 3%7R 2 [ ; MXene/PEDOT:PSS 1A [7] MXene 5t &8 43 80 T 1Y (h) 25 00 55 R Fi g § R
PLR (i) Py -

Fig. 7. Interface engineering and thermoelectric properties of MXene. The schematic energy diagrams of (a) Ti3CoT,/SWCNTs
(M/S), (b) TizCyT,-SWCNTs-TizCy T, (MSM), and (¢) SWCNTs-Ti3Cy T,-SWCNTs (SMS) showing the different energy-filtering ef-
fectsi®-. Power factor of (d) TizCyT,/SWCNTs (M/S), (e) TisCy T, SWCNTs-TiysCy T, (MSM), and (f) SWCNTs-TigCy T,-SWCNTs
(SMS) films. (g) Schematic diagrams for the interfacial effect between MXene and PEDOT(™. (h) Seebeck coefficient and electric-
al conductivity and (i) power factor of MXene/PEDOT: PSS as a function of the MXene loading™. Panels (a)—(f) are reprinted
from Ref. [69] with the permission of John Wiley and Sons. Panels (g)—(i) are adapted with permission from Ref. [70], Copyright ©
2020 American Chemical Society.

MXene 29K A RUL, T ARG RIBEN, EH AR IS 280, Kamysbayev V3 04 ) fF
TRy 85 A AR T3 AR H R, BN AE T AR f)— FLRW, BATCYIICIRR) MXene HAT e KA IH
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P AR B, T 2 A Vol 4 1 B TR B 2 i F MXene o, FEAEXTT M F1 X A7) 5 BFG. I
(T, =F, O, OH) /) MXene F:1EHAT Il N K45 0, Hh, MAX AHI 20 pld B 25 7= A= g, 0 HR TR
AEHYRFIE. FERTE HE 2l 7, BT, M LR e R
3.2.4 HRIEIAZ Sy ¥k HE JE L, PR DU — 2 LUl Se 58 Y HX

BT S (25 B A L 2R (17 18 MXene 1) M 3K 7= A2 25 (60 A7 ¥ (9 MXene, 38
BE) L THIEREE (258 A R, RZ50 MXene J2 A EEEMEZIh (Moy 5S¢y /3),A1C HHY Sc F1 Al il
o1 MAX MY, DI MAX M Bl AT L gk R & T HA SRR A0 Moy 55C (] 9(a)) ™.

Compressive

o T ===
A 6%
é{“,——:?"\. 67

44 Uniaxial-tensile
@® Uniaxial-compressive

¥¥ Biaxial-tensile
[T Biaxial-compres?/

Energy/eV

o

10
Strain/%

Kl 8 &4 0.81% Oz i TiyCO, 75 (a) HLAHAN (b) XU AL T B9 FL 5 R 45445 (c) TipCO, HF B RE R 77 1948 4L [
Fig. 8. Electronic band structure of the O-vacacy Ti,CO, structure (for 0.81% defect concentration) as a function of (a) uniaxial and

(b) biaxial strain. (c) Variation of band gap with respect to strain. Reprinted from Ref. [72], Copyright © 2020 John Wiley and Sons.

Etching &
delamination

Removal
of Al

B9 MXene FJHLE TR (a) Mo, 535CP); (b) W 44,Cl70

Fig. 9. Defect engineering of MXene: (a) Moy 33C; (b) W, 33C. Panel (a) is reprinted with permission from Ref. [75], Springer Nature.
Panel (b) is adapted from Ref. [76], Copyright © 2016 John Wiley and Sons.
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Meshkian 557077 M i- MAX FH (W, 5S¢, /3),A1C
il (Wy/3Y/3),A1C HEEEPEZIDE Sc/Y F Al A
TER W, 33C (B 9(b)). 1ZJ7E: W45 ] MXene H)
RV BRI T AT RE.
325 AeftiiE

Fe TR TR FARIRBCESY, MXene
FILR I Z R T BA e PERE A AR SR {1
THREMIRAR. M AL Z R EARAE M LA

NE A ES RN RE. XX M A7 MXene,
My FFH AT DL AS [ 4 08 ST ik, v RAEE XS n, p
R BRI, S5 1, dil& T M Ah Mo 5
Ti ) MXene ZetE A SZH MR, 7EIR K5 210 L il
1k, WL ORHR T, T YR BT AL
RIPETt, AT L= P ZE - (18] 10(c) ™.
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Fig. 10. Alloying engineering and thermoelectric properties of MXene. Temperature dependent thermoelectric properties of Mo-
based MXene papers during the first thermal cycle: (a) Electrical conductivity; (b) Seebeck coefficient; (c) thermoelectric power
factor™. (d) Lattice and electron thermal conductivities of Cr-based MXene "], (e) Thermoelectric figure of merit (Z7) of Cr-based
MXene 197, (f) Temperature-dependent electronic and lattice thermal conductivities of TiMo-based MXene . (g) Thermoelectric
figure of merit (Z7T) effificiency for passivated TiMo-based MXene 9. Panels (a) (c) are reprinted with permission from Ref. [78],
Copyright © 2017 American Chemical Society. Panels (d), (e) are reprinted with permission from Ref. [67], Copyright ©
2019 American Chemical Society. Panels (f), (g) are reprinted from Ref. [66] with permission from American Physical Society.

206501-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 70, No. 20 (2021) 206501

2 MXene BT BRLA B BRI T A% 5 180-99)
Table 2.  Bandgap and carrier mobility of MXenel80~%9,
MXene B eV B/ (cm? Vst Tk /LA EZ BN
1000—5000 (e)
Se,CF, 1.0 200500 (1) PBE [80-83]
1.85 HSE06 82]
2000 (e)
0.45 PBE 80-83
Scy(OH), ? 50240 () [80-83]
0.845 HSE06 82]
1.8 PBE (80, 82]
S¢,CO,
2.87 HSE06 [82]
2001300 (e)
Sc3(CN)F .
c3(CN)F, 1.18 801000 (h) HSE06 [84]
- 250610 (e) .
0.170.26 2000074000 (1) PBE [80-82, 8]
. 70150 (e)
Ti,CO: . ,
1,CO, 0.9 1000040000 (8) HSE06 82, 86, 87]
2900 (e)
1.03 10005000 (1) HSE06 [88]
0.740.2 (e) Experimental [89]
TizCy T,(T = O, OH, F) 1.06 (e) Experimental [90]
0.66 Experimental [91]
0.880.97 PBE (20, 82]
0.66 PBE 81]
150 (e)
Zr,CO, 170 140017500 (h) HSEOG 182, 871
14376 (e)
1.58 1701950 (1) HSE06 [88]
1.34 mBJ [92]
0.8—1.0 PBE [80-82]
77330 (e)
HE,CO, 1.66 100034000 (h) HSEOS [82, 871
24700 (e)
1.78 5201300 (8) HSE06 (8]
451460 (e)
ZrysHfy 5),CO . 9:
(Zry 5Hiy 5),CO; 1.74 15006200 (h) PBE (93]
0.250.30 PBE 81, 82]
Mo,CF,
0.86 HSE06 [82]
Mo,CCl, 0.05 PBE [81]
Mo,C(OH), 0.1 PBE 1]
W,C0, 0.0683 HSE06 [82]
, 0.04 PBE (94, 95]
Mo,TiCy0,
0.10—0.17 HSE06 [94-96]
Mo, TiC,(OH), 0.05 PBE [97]
Cr,CF(OH) 0.383 PBE [98]
Cr,CF, 1.105 PBE [98]
Cr,C(OH), 0.396 PBE GGA (98]
0.066 PBE [95]
MoyZrCy0,
0.110.13 HSE06 [95, 96]
0.154 PBE [95]
Mo,HIC,0,
0.20—0.24 HSE06 [95, 96]
W,TiC,0, 0.29 HSE06 [96]
W,ZrC,0, 0.28 HSE06 [96]
W,HIC,0, 0.41 HSE06 [96]
200—1000 (e)
Lu,CF
w,CF, 2.07 146000 (1) HSE06 [99]
Lu,C(OH), Log 100000—200000 (c) HSEOS 09

1214000 (h)
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FEAE RIS MA AR DL R TH N AT 3 T 7 AH X RS, 38
BT Z It M ALY 32 AHEE 43 M, AT LS EA
b m ZT MR &, Hd Cr-Ti il Mo-Ti 7t
MRy MXene BAT LB A BRIS I ELPEBE . (EAS
HEER R, i 8 TS E 2,
T H R TiMoyCo(OH)o 00, BEIE T8 Y s G 5
RAK (B 10(f)), 76 F A Fm I KT g I 510
LT, AREH S I e, 27 Rk AWk
T LA S 00, AT AR B R 5K

KLSj_aHeT ~ S::’T _ S%g T bi

ZT = = .
LoT L

B, REHENE FHGE T AR A RS
JIH9 MXene AH, {HJ& 325 AT 48 LA SR AE /Y
MXene IR E—/INR (K] 11). MXene EH
A EMA R, HoR AR A — e ZE DL e
FE, R EA e A T, B T A
MXene H T ZEV T AR, R TR &, TR
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. HAh, MXene MW IRIETF-Be 2 HE, FIHZFF
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z—.

Red: measured
Purple: theoretical

Bule: experimental
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Fig. 11. Status of thermoelectric research of MXene system.
Purple elements represent the constituent MXene have cer-
tain thermoelectric properties theoretically. Blue elements
represent the constituent MXene synthesized experiment-
ally. Red represents the thermoelectric properties of theses
MXene being reported. The lanthanides on the underscore
represent a class of MXene that may have thermoelectric

properties.
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Abstract

Thermoelectric materials, a kind of new energy material, can directly convert heat energy into electric
energy, and vice versa, without needing any other energy conversion. However, the present development status
of thermoelectric materials severely restricts their engineering applications in thermoelectric devices. Improving
the thermoelectric performances of existing thermoelectric materials and exploring new thermoelectric materials
with excellent performance are eternal research topics in thermoelectricity field. In recent years, the MAX
phases and their derived MXene phases have gradually received the attention of researchers due to their unique
microstructures and properties. The crystal structure of MAX phases is comprised of M, X, structural units
and the single atomic plane of A stacked alternately. The two-dimensional MXene phase derived can be
prepared after the atoms in the A-layer of MAX have been etched. The MAX phases and their derived MXene
phases have both metal feature and ceramic feature, and also have good thermal conductivity and electric
conductivity, and they are anticipated to be the promising thermoelectric materials. In this paper, the present
development status of the preparation technology and the thermoelectric properties of MAX phases and MXene
are reviewed. Finally, some feasible schemes to improve the thermoelectric properties of MAX and its derived
MXene phase materials are proposed, and the development direction and prospect of MAX phases and MXene

are prospected as well.

Keywords: thermoelectric materials, MAX, MXene, review
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