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ST B R R BORUZE MoS, BHAARA 25 B w5 1 € D
TEAREL, BRI AR I TR, LA B B AT
Li %5 031 % B AR Biy0oSe AR FE fE b 2/ H i
FEIT R SRR TR M RE A RGOk,
JEAREEF IR Z B TR E R 2 . Hop,
— B ) Yk U 4 R ik AL W) A ALY MXene
H 2011 AF RIS — BB Z P9 110, E#
HPERE T, EEHE SRS 4R MXenes Y
PELPERE, 1 Se,C T, (T = O, F, OH) (p &! Sc,CO,
M ZT,. = 0.35,n %I Sc,CF, 1) ZT,,,.. = 0.45,p Y
ScyC(OH)y 7E 900 K 1) ZT,,, = 0.5)17, K M,CO,
(M=Ti, Zr, Hf) (n %! TiyCOy # Z T, = 0.45,n !
Zr,CO, ) ZT,,. = 0.35, n % Hf,CO, 7F 700 K
I ZT. = 0.30)1. 3240 1EHE Y FiR — 4
14 MXene MR ZT (M AL A=, B
T 2015 4 BT A A I 42 JE J6 % MXene, 40
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e A M BB MXene ARHEHE T H7 DF 5 7
], 58 M MXene fbA W i —id S IR AR L,
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RETE 25 7 A5 . Jing 46 RO FI T 2 Sk Cr,TiC,
1 CryTiC, Ty (T = O, F, OH ) MXene AY#AHLIERE,
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PEBE ZT fH ik 3.0, Kim 282U Fij T Mo XUt
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(T =F, O, OH) Wy FHiizti, /5, Karmakar
S22 F T Tiy Mo, Cy Ty (z = 0.5, 1.0, 1.5, 2.0,
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VYCO, HZREHF 45T, SR HSE06 72 PRt 5 LA
HEFR PBELZ o8O0 BB AARAT 28, ML iz R4 (S,
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F it P TA]E ALY BoltzTraP2 #2715 . AR 4
JE A8 #H i (deformation potential, DP) 1} %
MXene 446} 5th 2 BF 1] 7 it ek 85 17%) o 50 79 A2 Ak 10,
I B — 1k I B o F B 1 AU (ab initio
molecular dynamics, AIMD) J7 3% Uriff 17115
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2 H A E . >R H Thirdorder F2 7 X7 MXene i#
17 3x3x1 ¥ IR i 8 IE AR AR ST
=W S E BERE. ShengBTE F2I7456 M 1 # %k
JH A0 = B 3 BORE A B BLZ TiZeCO, Al
VYCO, Mz BT, Jy 1 S k577 12 i e
P, ASCUIBF R 2 H A5 ) SR i) — 455 2 H-
MoS, FERITESERAMER | TS5 R AE 4
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3 #XR5it%
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HE TiZrCO, 1 VYCO, 4x4x1 #HELsHanE 1.
A I B AR BOR TR 1 ks TiZrCO,
VY CO, MY AbA% H 5 o 50510 3.19 A1 3.32 A.
J T BT BT AR B R M, A B T A )
B 1A LA B R s RE . b TiZeCO, Fl
VYCO, i F i e A 7% B I 2 4,
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ZA) Fll 12 AE2EIE (optical), 7 Fised HmEA,
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fit. FEI 2R v T, AT AIMD 115 T
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rm i SRR R R AT A, SR LR 1. A5 IR
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B 1 AR TiZrCO, M VYCO, 4x4x 1 MM Z5 LA (a), (b) FMIALE (c), (d)
Fig. 1. Top view (a), (b) and side view (c), (d) of monolayer TiZrCO, and VYCO, 4x4x1 supercellular structure.

F 1 R TiZrCO, Fl VYCO, TR E AL o, SRR IR

Table 1.  Lattice constants a, elastic tensors, and bandgaps of monolayer TiZrCO, and VYCO,.
a/A Ci(Cyp)/(N'm™) Crp/(N-m™) Ces/(N'm™") Eppg/eV Eysros/eV
TiZrCO, 3.19 247.64 87.88 0.01 0.74 1.50
VYCO, 3.32 78.41 38.93 0.20 1.10 2.15
a) 25 T b) 25
(=) TiZrCO, ®)
T
20 [ > 20
.U A
B 15 15
SEBL S =
= g
g g
[} (9]
= 10t 2 10 /_
(9} (9]
L: l'-: T
0 0 %
r M K r M K

‘Wave vector Phonon DOS

Wave vector Phonon DOS

2 HZ TiZrCO, (a) Ml VYCO, (b) 7 T (B £ FI /s T8
Fig. 2. Phonon dispersion curve and phonon state density of monolayer TiZrCO, (a) and VYCO, (b).
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JZ TiZrCO, F1 VYCO, W 454, WK 3 Fim,
P 25 A TR B SR 3R B RN
By PBE ¥Z #R, TiZrCO, 1 VYCO, F7H Bl 43 51
7 0.74 eV 1 1.10 eV. H1F PBE 7Z bRl &L
R, FEUL LR ok FHITRE (1) HSEO6 12 PR 115,
TiZrCO, F1 VYCO, i Bl 431 1.50 Fl 2.15 eV.
Hrpr, TiZrCO, iy A% B F 2 Ti JE 4,
M VYCO, SAS®E T8 V T4t feirss
P L A 5 118 2 S 9 BH HL PN A U
HAFTE2E S

3.2 RMTFHWIEMHHR

i T BoltzTraP2 F& ¥ &5 T 5t 15 i (8] 3 {0 Y
LM PR L S AR T RRRIR Y, R T AR R
PHI L R A, R TR TR AR AT B AR it
FsE] 7. X 4R MXene TiZrCO, FIVYCO,,
BRI SR AR B0 5 IR 18], —ZEATRLY
S TR N ] B Ui B A28 A m] AT DA 28 343 Bl
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2h3C
= ST B (2)
Hob, n i B vE i, kg WBIRZEEHEL m*H
o TP A R R, T IR SCREE, C
Aepppltl s i, B AR ARRGE, £ 250 T 300 K
T TiZrCO, F1 VYCO, LA B A A 5% L) MoS, 1
SRR 25 SR, Hoh MoS, i 45R 5 Bin
G IR — 8, — R RRE TR SRR
BRI BE. 300 K F TiZrCO, HL, 1 A4 ot 7 1if 1)
A 6.39 fs, &% /Y sth ¥ R] N 366.56 fs, n KB
ZREIE/NT p BB AR, VYCO, HL T (5t 7 i 1] Ky
27.48 fs, Z3 7B T B[R] Sy 28.96 fs. 5 [A]2K — 4k
POBL BRI [R5 45 5RAH T (40 ScYCF, FF 7=
130 fs, 257 7 = 30 fs)3,

AR BTG, dE— Ak
1) S, o Ml k, SEHFHHE AHCHE R, 55 anlE 4 BF
7~. MNE 4(a), (b) MXene H1JZ TiZrCO, Il VYCO,
I Seebeck FREPHAILFHREEASLAT A, FE—E Y

T

(b)

VYCO, Total

3
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(¢}
I'o 2 4 6 8
DOS/arb. units

Energy/eV

N\7al
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—
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‘Wave vector

B 3 HZ TiZrCO, (a) F1 VYCO, (b) ¥£ HSE06 12 M T [ BB 45 14 Je 45 9% )% &
Fig. 3. Band structure and state density of monolayer TiZrCO, (a) and VYCO, (b) under HSE06 functional.

#2300 K FHUZ TiZrCO, Ml VYCO, BIILZHGE By, e & O ARUTTE m> | SBIRIT] 7 (355 A R S0k [35]

R AE )
Table 2.

Deformation potential energy Ej, elastic constant C, effective mass m* , relaxation time 7 of monolayer TiZrCO,

and VYCO, at 300 K (the data in brackets are the calculation results of Ref. [35]).

Carrier type C/(Jm2) E,/eV m*/me T/fs
Electro 248 10.8 2.69 6.39
TIZI’COQ
Hole 248 2.7 0.75 366.56
Electro 78 3.7 1.67 27.48
VYCO,
Hole 78 4.81 0.94 28.96
o Electro 168(166) 8.34(8.61) 0.46(0.44) 42.51(40.9)
10S,
Hole 168 3.81 0.56 167.3
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I TUSEIEREIN, TiZrCO, F1 VY CO, 1Y Seebeck
FBHR SR I A O R B A B R T R, B TR
FER LT T R, AEA i B R T RR
MG, MG W EFEAL, p Mol n BLHZE TiZrCO, M
VYCO, 1Y Seebeck REI I N RIS, X2
P T e R AR I T3 B BRSO 1 8, L
L g U ) AR G R . %o TR A 2
He i, n A TiZrCO, B9 Seebeck ZREE KT p M,
1M n BT p B VY CO, A EH K/ Seebeck F
B AR e p Bl n A, VYCO, Seebeck %
KT TiZrCO,.

Kl 4(c), (d) B THZ TiZrCO, fl VY CO,
(LT o BRI Tk AR AL 2, Bl B T
WP R K, p BUAT n B TiZrCO, F1 VY CO, FH,
SRABEZ K, BT E AN, [FE, T
n % TiZrCO, HZH T KT p & TiZrCO,
AR T it B ), n A TiZrCO, By L S /N
T p B TiZrCO, [, 1 p BT n B VY CO,
(R 22 BN K. BLAh, BfE TR E  TE R, p A
Hl n & TiZrCO, F1 VY CO, (L G 3R 1 W .
i Wiedemann-Franz £ (k, = Lo T, HH LJ&
AR 2L H L) TAIBOAT L P T SRR e R R —
FERNE LR, R H TR AT A AL

k.

TiZrCO, Fl VY CO, )2 [H 7 b 2k I 11k
AN 4(e), (f) s, PIFE - BER EE T s
N IR EFAX PF = S20 & Sl o BEERIR T
WA G A B BT 1, TR A2 bl 3
iU S RN, TR B0 TR BN 23
— M. p B TiZrCO, MIPREFRKF n HY,
TR TR E H 2.77x1012 cm 2 i, 300 K F p %Y
TiZrCO, f PF . =11.40 mW/(m-K?). Ifif p £IF
n A VYCO, R/NVEA AL, TEHIR TR E N
9.27x10%cm 2 i, 300 K Fp BIVYCO, [ PF, 0=
2.80 mW/(m-K?) (KT n# 2.20 mW/(mK?)),
T Sc,CO, (2.5 mW/(m-K2))7L R, p Y TiZr
CO, I Y)HH T8 p B VYCO, K, X J&H N
p A TiZrCO, A T = L 3 30

3.3 FETEEMR

N TR B R R A, T
TiZrCO, f1 VYCO, HZ I kTR, HXTIE T
ARG MoS, g TR, g5 1wl 5, A3t
B MoS, B F RV (300 K, 47.6 W/(m-K))
5 Xiang 45 B3 (45 58 (300 K, 47.5 W/(m-K)) LA
R 2B 52 45 5 (300 K, 52 W/ (m-K)) B A —%L.

— 300 K, p-type — 600 K, p-type — 900 K, p-type

— 300 K — 600 K — 900 K ---300 K, n-type ---600 K, n-type - --900 K, n-type
(a) 900 (c) 107 (e) 12
p-type TiZrCO, TiZrCO, TiZrCOy
600 F 106 E‘T 10
T 800¢ T 10k Moot
X B ‘
= 0 TO104F E 6}
= n-type c BE 4
> —300 < 10%F S
%) S 10 E
—600 102 o, 2r
—900 . . . 101 Ll . . 0 : vl
1010 1011 1012 1013 1014 1010 1011 1012 1013 1014 1010 1011 1012 1013 1014
Carrier concentration/cm=2 Carrier concentration/cm=2 Carrier concentration/cm=2
(b) 1000 (d) 105 (f) 3.0
VYCO, VYCO, VYCO,
p-type AL & 2.5 F
. s00f 1ot )
n T ~20¢F
M £ 10%F ‘a
= 0 7 e 715t
S n-type SR S =
a S 1.0fF
—500 ° =
10 a, 0.5
—1000 " " " - 100 " " " - 0 il L
1010 101 1012 1013 1014 1010 101 1012 1013 1014 1010 101! 1012 1013 1014

Carrier concentration/cm =2

Carrier concentration/cm™

2 Carrier concentration/cm—2

4 p BUFN n BB TiZrCO, Al VY CO, Seebeck (a), (b). HLF3 (c), (d) MIIHHETF (e), (f) MR T 1 B2 L&
Fig. 4. Variations of monolayer TiZrCO, and VYCO, Seebeck (a), (b), conductivity (c), (d), and power factor (e), (f) with carrier

concentration for p and n types.
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ZIR (300 K) N TiZrCO, Bk E% N 5.08 W/
(m-K), VYCO, B A% 4 T %Ny 3.22 W/(m-K),
TR NS AR R I 428 MXene, U1 Sc,CO,
(59 W/(m-K))' Pt,C04(9.22 W/(m-K))* | DL
Mo,C (9.72 W/ (m-K))#, & F 526 0 {5, (dn
Mo,C T, (0.37 W/(m-K))“42 1 TiyCyT, (2.84 W/
(m-K))130), AT A8 i R B 0 o 1 AR R 2
JZBE R AR JZ (RIS 23 A s A T 38 D) S S
A MXene FRIAE AEAT A SA—. BT 900 K
i, TiZrCO, A1 VYCO, Y % #4543 51 4
2.14 W/(m-K) Fl 1.09 W/(m-K). &k 5 R
R DN, R R LT S
TR B0 1. EL 6 757X TizZrCO, Fl
VYCO, A T 280 TTHR AT M, 75 2% 75 10
& PTG DTRR B BE L T8/, s s X
rn A AT R TR B TR B T TG Ok, HL A
TR AT 30% (300 K i} TiZrCO, 1 VYCO,
I35 26.39% 1 37.32%), AN [HF— L8 4R R
JEEF R FAEAE PR DTk 5 FEEAIC (40 Ti,CO, |

5 (a) — TiZrCO,
— VYCO,
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Abstract

The quantum restriction effect of charge carriers in two-dimensional materials can significantly improve
their power factors. MXene, as a new type of two-dimensional double transition metal material, has attracted
extensive attention due to thermoelectric properties, and higher controllability than single transition metal
MZXene, which has potential applications in thermoelectric devices. In this work, new two-dimensional
monolayer double transition metal MXene, i.e. TiZrCO, and VYCO,, are designed and their stabilities,
electronic and thermoelectric properties are studied by the first principles and Boltzmann transport theory. It
has been shown that both are indirect bandgap semiconductors with mechanical, thermodynamic and kinetic
stability, and their thermoelectric properties (Seebeck coefficients, electrical and electronic thermal
conductivities and lattice thermal conductivities) in a temperature range from 300 K to 900 K are studied. For
the optimal carrier concentration at 300 K, the p-type TiZrCO, power factor is 11.40 mW/(m-K?), much higher
than that of n-type one, and the VYCO, power factor of p-type (2.80 mW/(m-K?)) and n-type (2.20 mW/(m-K?))
are similar to each other. At 300 K, TiZrCO, and VYCO, have low lattice thermal conductivities of 5.08 W/(m-K)
and 3.22 W/(m-K), respectively, and the contributions of optical phonon to the lattice thermal conductivity are
both about 30%, i.e. 2.14 W/(m-K) and 1.09 W/(m-K) at 900 K, respectively. At the same time, it is found
that at 300 K, when the material sizes of TiZrCO, and VYCO, are within 12.84 nm and 5.47 nm respectively,
their lattice thermal conductivities are almost unchanged, and can be adjusted by adjusting the compositions.
At 900 K, the thermoelectric value of p-type TiZrCO, and VYCO, reach 1.83 and 0.93, respectively, which are
better than those of n-type, 0.23 and 0.84. The double transition metals MXene TiZrCO, and VYCO, have
better thermoelectric properties than the single transition metal MXene (such as Sc,C(OH),, ZT = 0.5), and
have the potential applications in new thermoelectric materials with excellent comprehensive properties. A set
of calculation methods used in this paper can also provide some reference for exploring the thermoelectric

properties of a new double transition metal element MXene.

Keywords: double transition metal MXene, first principles, thermoelectric property, lattice thermal

conductivity
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