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FL il 0 TV BE AR Ak, DTl — kel 2 1T 1) 5
L P R AR AR AR 031 SR 22 Bh ARV BE R BEiE
|, BT 4 MXene 20K 7 19 SUMAAL B U HAD
THERRFRIRAGIRES (Unfr BN RN AR ) B
fR (5 M L 09, FE R T MXene HME RS | S AAE
JERABLA T2 B TR 77 MXene Z[H] [ HL
fikh 7%, T 3 B0 MXene 19 B 3 0k A8 . s
MXene #4414 2 1 R i B 68 12 X 2% 5 3 5% i)
MXene HAHBIERE, X Hi15 MXene I H TAZ R4S
F A A 03191 Ti,CO, 1R —Fh 2 2t il 25 R 1
HHY MXene, HELATHIXT B 25 5 il & 005, 904
2 VR 11 L 2 T R R A5 1 Ak 2 AR i 16181 L
TSR FR M RE, JUH R LA 4 )8 2 ]
HABWPAMEAER, I H AL RS i A R
%\%}% [19]‘

AR, TiyCO,y J 2 I H T COy WK 20 A
NH, W 21 S840tk b, WFe e, aladad V48 15
T AT LA B R R AR X AR T A TR
Xie % R HF5E T 42 )@ AL BAR 0 B Ja 4 RE B (%
B Hy, SO, Al NHs, & B4 @ B0 A s st 1 6k
W bR S BOMEfE. Zhao %5 231 5 1 % FE 12 bR RIS
XS T Li, Na, K80 Ti,C LBy fig A PERE.
Zhu %5 U BF5E T 42 )8 Fe &M Ti,CO, b 1 W it
CO 170, % BUAT B i 4038 — 2R R X SR 211
W B4 . Hussain 45 290 iF 58 & B0, SRS C3N, X
CO, SR RE 1 — R, 283 I 42 8 IR T (Se,
Ti, V 55) B C3N, X CO, WM GE 7 0] i 2%
Hang . SR H AT T & @B MXene XK T
W RFF AR AR ST B E AT 4. Sc 2% 4 R 15 Ti A
Byt A E, 5 Ti AR F45H. Fit,
AR SCHE B Ti,COy VE MR, BEHL Sc 4 & (&1
F, IS HXT CO, NH;, NO 2SR BRI
DIHIZAT AT LR R —Ff i Y A S AR AL T2 A1 L

2 WEFEEEMBER

SCHR ITAT TR R PR T 5 — M D A 4
Z KBS AL R (19 CASTEP 844, 29, SR T X
BT GGA HY PBE 32 pR1E N B T R HL T4
AR SSHOCHR e &Y 7). BT LBFGS J5iEi1k
RS S RO AR AR AL S, H R RFRIRIR R AR, 155

FoE B9 AR ZE AL . Zead W SR, 1 1 % JE 40 Y
SREMR T AEHL 450 eV. Al Ti,CO, 5 Tiy,CO,
Z 18] AR A F R B A = AR 25 AR SCR
3x3x 1 AYMEMIAERL (] 3x3x 1 PR ZEAfT HLIH X
WEEE. APy (2 RAHEAER, 78 Ti,CO, Z R
BT 15A (1A =10"m)BRHESZE, DKEE
IR TiyCO,. NHIRLEF TEHE, BERUR SRS
WH 105 eV/atom, H G (SCF) T ISR H
106 eV /atom, N JJYLELT 0.03 eV/A, i F K
ST 0.05 GPa. MAb, JUPETLHI 7 1520 R 5L
F Grimme 9% 72 RS- 8 (DFT-D) Jrik
HATRCIE.

J THF5E Sc &)@ B i Ti,CO, MIFaE T, &
SUERHE (Er) N

Er = FEscy1i,co, — Eriyco, — Esc,
, Escimipsco, N Sc @B Ti,CO, 25 F4 1Y .
, Briyco, WARME Ti,COy W HERE, Esc M Sc
BRI, Er < OULHIZS MR E, H EcBUh, 12
PR

SIRTE Ti,COy FIRIIRE (Faa ) 2 XH

b H

5

B & m
H

Eaq = ETiyc05+905 — Esc4Tiacoo — Eagass
KN, Eriyco,+eas HEANWHHA R B ERER, Fos
TSR FIIRER. 24 B < OB, FAMHA
AJETHHCRE, Ui Sc £ J@ B ) Ti,CO, W
FRACHAR Y SO T L A & AT, AR R 2518, —Fag
(BB, W RFF A1 AR, AR5 R ] A AH B
JH i (28],

3 gRAitR
3.1 Ti,CO, # Sc-Ti,CO, HIZH]

H TR Se IR MRS Ti,COy BYRFHEAS
b, ARSIk T SHERTIS Sc-Ti,CO, B LAY
AL I AT LA, B 1 RARSE TiyCO,, Sc
W B Ti,CO, PfbaliFa 1 K Rl .

1E TiyCO, RIAA 3 A5 UL BB 85, 4351
B EZE TN ()2 TR B C T (C
F 07 LR 2 Ti gy (F)2 Ti EF LJ7). i
T B ak Rt /NI S X A G S A R
Sc JRF BRI LR B 5 152 2.5 AL 2 X He s At
KHL, M Sc PO TS50 C T 1 3.474 A
Ab s I R RSCR B i, T BLRE M -6.91 eV, U AEAS

073101-2


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
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. 73, No. 7 (2024) 073101

W R P R TECER, JFIE A T RS A5 A . i P TR it
TR L B B8 G BRI R T MR ) A 23R
RESCERME ). Sc HUls 1 iy N SR AESL IR (H 3.90 eVEY)
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Ti WAz C TUAEHE in—4> Sc JF-, anf&l 2(a)—(c)
Fi7R, LAORYGIE Sc B Hi Ti,CO, 1A R F e Pt
SRR

@scoeCc @O °Ti

B 1 (a) Tiy;CO, G5 H4IEL; (b) Sc-Tiy,CO, £H
Fig. 1. (a) TiyCO, structure diagram; (b) Sc-Ti,CO, struc-

ture diagram.

Bl 2 (a) Sc JFF7E C T M F)Z Ti Wifi; (b) Sc i F7E
CTALFI 12 Ti B ; (¢) Sc i 776 FJ2 Ti Wi # L2
Ti T5if;

Fig. 2. (a) Sc atoms on top of C and lower Ti; (b) Sc atoms
on top of C and upper Ti; (¢) Sc atoms on top of lower Ti
and upper Ti.
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E.
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T ) F PR R AR R A AR I M, B Ti,CO,
B REAS IR 2 AT AT, WERRHE 1Y Ti,CO, 1 RERT
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TRUMREE, T Z MM PRk B . X AT fg
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fIE. Sc-Ti,CO, AT e B B = A L TR B, AT
BEGR TOH E E AUARR  Ff RE

Energy/eV

Energy/eV

B 3  TiyCO, Fl Sc-TipCO, REH Bl
Fig. 3. Ti,CO, and Sc-Ti,CO, energy band map.
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H T E SRS FAE Ti,CO, AW
M, BB A 3 AR R R A, ol R
TiJgF I A S (B2 TigT BJr), B2 Ti
i Bri (P2 TiJs5 EJ7) UK OB T
(C T LJ7), B R T HCEAEAS AWz 5 L
VAR A I RS, St 1 SO0 T i X R
AT

&4 3 AR IR S AL
Fig. 4. Three different adsorption sites.

3.2 S5 FRHEFE
3.2.1 R4 B R AR

ANFEVSAAY TAE TigCOy B | BRI B 7
JSHNE 5 iR, NO 5 Ti,COy B FARSHES , W f
B N R FAERIZE Ti R 7 17 3.128 Adb,
B HE N -0.026 eV. CO 7E_IJZ Ti To{v7 I B R0 i
I, BEES )2 Ti 51 3.816 A, WEHffER-0.238 eV,
J& TR B NH, 76 )2 Ti B T4 W B3k SR
e, R TR PR 2.344 A, RS
~0.108 eV, J& T HENZ [, SO, 75 T )2 Ti i+ 1
15 I B35 R S i, SO, 19 O JRFHEA BT O Ji
T 17 2.997 Ak, WHHEE M-0.314 eV, & T W HE
Wt CH, 78 12 T J5 7 T00 o7 2 B 2 SR e e, BB
BRI Ti BT 4.359 A, W AE 7 -0.291 eV.
H,S £ 1 )2 Ti Ji T o W B s R dee e, S TR i
B Ti JL T 3.880 A, WEHREN-0.140 eV. X4t
S5 L5k [21, 31-34] 4338 KBRS

AN ESARS FAE Sc-Ti,CO, BEH 4 B A
B SAHIE 6 . FE Sc-TiyCOy Wl NO AHY |-
ALVEE] NO 5 Sc JEFIE AL, N—Sc K
2.146 A, O—Sc #K 2.088 A, WHflfiEh-1.421 eV,
J& T2 . ZEMZ CO B | CO i C R
T Sc JEF 7 SRR, IF HOE R T e, sk
g 2.418 A, WEHHHER-0.735 eV, AT 4 HH % Fff Fn
b 250 B 22 6] . 7E Sc-Ti,CO, M fi NH, #57) |f
PIEF) NH; i N 75 Sc R B b M, ik

g 2.310 A, WL HHRE Ky -1.385 eV, JB T4k 2 W Bt .
TEWL I SO, MR S JFH1 O J F4B Sc Ji
T B s, W B RE R -2.043 eV, & T1h2E ik
Fff, O—Sc #K 2.165 A, S—Sc #1K 2.766 A. CH,
W RHE Se IR B, H CIRFIEE Sc i+
2.643 A, W FFFBE A -0.537 eV, J& T ¥y BRI B, H,S
W RHAE Se I F i EJ7, H ST Sc R FIE L
Hefrh S—Sc f K 2.812 A, W FIHE}-0.898 eV,
Ja& T 3L 6 R A2 22 )

NO  og co ©@

Bl 5 RESARTE Tiy,CO, L5 Fif 1]
Fig. 5. Adsorption diagram of different gases on Ti,COs,.

B 6 ARSI Sc-TiyCO, L 1 B}
Fig. 6. Adsorption diagram of different gases on Sc-Ti,CO,.
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T SEBRI IR T AETE O,, 2J8 Sc B4 f5
(1) TiaCO, FEBUH 25 (1 T3 B, MR T %
LT B SRR AE S, RS LI T
Fo & AR, Sc-TiyCOy K H S BRI, W i BE >
~1.25 eV. {HZ i F UL R IR Sc-Ti,CO, %
AT IS5 H P2 A SR, ELIF R AR X O WA RS, 1%
BEHRL A AN 7 77, HOFR AR 2%t HM S AR A W B 7

7 Oy 7E Sc-Ti,CO, I Y1 Fif &
Fig. 7. Adsorption diagram of Oy on Sc-Ti,CO,.

M EREHE AT E t, K SUART Ti,CO, J2&
BUREY, XA R T TiyCO, M ARG RS, {H )2
X B R ER SRR ANE R Ti,COy I #2585
Py BRI 213030 A SRy SARAL SR AR 3 25 5 I
ANFITF R oA HH AR HEXT Ti,CO, 184 I8 Sc
M I, W PR R AR A 21 T B I A B W RRFRE A
Lt 22 HTER A B3N, 5 R (B2 Sc-TiyCO, M B
SO, S, {H}-2.043 eV, 3672 BB IS A R XF
SO, fe MHUR, i ELXFT-2.043 eV WK REIF A&
FF AIXEDEA T RRE. X606 BRI SRS T, Bilan CO
1 Oy 55, Sc-TiyCOy XML IS, SMIEA A A
T3 R SR B i s, WA A AR E R . Sc-
Ti,CO, FEM MRS, R W IR &4
B S R, XA AR SR R . 25 1 RTA,
Sc-Ti,CO, HHEM MK CO, NH;, NO, SO,, CH,
F H,yS &SR MR

3.2.2 wTHA

FLar 7 B8 s S o SRt A AR F ) R
TR S T W AR SR Z [ 1 F 2 7%
5, AR SCR FH Hirshfeld 75 21554 5 W 4
Z IRl H far F AR Ak, T AR 3 R R . — ik
VLI RE R, PR ik 2. 38 1 B85 T Iriise
1) SR AE Ti,CO, Fl Sc-Ti,CO., 7 1 1Y W Fi fE LA
PGNUEEAT

F 1 ARFESMAEE Ti,CO, F Sc-TiyCO, 2 MY
WK B A L 5 7%

Table 1. Adsorption energy and charge transfer
between different gases and Ti,CO, and Sc-Ti,CO,

monolayer.
LMK W RS A Epa/eV CT(e)
NO -0.026 0.12
(¢]0) 0.238 0.04
NH, -0.108 0.20
Ti,CO,
SO, 0.314 0.04
CH, ~0.291 0.00
H,S 0.140 0.04
NO ~1.421 -0.150
(¢]0) 0.735 0.130
NH, ~1.385 0.310
Sc-Ti,CO,
SO, 2.043 0.170
CH, —0.537 -0.380
HoS -0.898 0.320

MFE 1 ATLLE B, AME TiyCOy RS i 14
RELRS L A IR, RIS R 55
B THHE L, SRR 22T BT, 1 Ti,CO,
B CH, BIAR R IR KA LTS, Sc-Ti,CO, W Ff
SRR R HL far e A5 B AR LUARE Ti,CO, MR 1A
MR R BB R, RAESIAT Sc &g,
A b SR I AURR, W BRI AR, ML
R A FEIE S T _ RGO HER .

3.2.3 KA

T ARIE ARG RS vl LS B A, ZEMR o8
R PSR R N 1] B A A ] 3 g i
PEA PSS, AT LUK B A T AR B 6 R R
Sk 1 PR AL It [ 52 S

7= A~ le~Bu/(IGT)

Hr, ARSARR (A = 102 51), B2 IHAE,
Ky IR 258 R (8.62x10° eV/K), T EIRJE.
R T ORUE SR A AW BT AR, 3 R 7
IR T AR TANRER 2 W, I B A4k
A3 F R BB ke 16, 2k /NI A K A2 B[] R A B
HLE 8 A T 3 R A RAEAS AR EE T IR
mFIE]. YR B TFE] 210 K BF, CH, £F Sc-Ti,CO,
R E AR IE I R] S 7.6 s; iR THE] 300 K
ff, CO 7E Sc-Ti,COy MK I 1R 5 B [E] 2y 2.2 s
MR TR 360 K Y, HyS 7E Sc-TiyCO, M8 I
FIVKRE RN 3.7 s; 24T E T3] 540 K i, NH;
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TE Sc-Ti,COy #KF I BRI [H] 2 8.4 s; ik
T3] 560 K Bf, NO 7£ Sc-Ti,CO, #1581 K E
AR 6.1 s; 24 F T3 800 K B, SO, 7E Sc-
Ti,CO, #EF LRI BFIE] A 7.4 s. A Sc-Ti,CO,
ARAT DL sk 42 i 4RI EE 1) 2Ok R <A 53
TR B T], 3 AT R T AR E R, dmT L
IR B X2 6 AN [R) B AR A T e B e . 4
J& Sc M) TiyCO, A7 E BN —FI L F5 1) S0kt
BT CO, NH;, NO, SO,, CH, Fl H,S A&,

200
180
160
140
120 +
100
80 F
60

40
20 F

Recovery time/s

200 300 400 500 600 700 800
Temperature/K

I 7 N7 e N i Y- i R /=4 )
Fig. 8. Recovery time of gas molecules at different temper-

atures.

3.24 BEESMN

S (TDOS) #1430 A% (PDOS) Bl
T Hr 45 AR5 F L S MXene 22 [8] 9 AH
YER. B9 R Sc-Ti,CO, AR, FTLAEH Ti
JEF 3d Ui A B 16 KRB AL Ti,CO,
(1) MXene AR 4, i Bk it T 2p % 7F 2% K AE 2K
AR TTHRAR D, TR Z 8L MXene #18—FE, Ti,CO,
MXene FJFKBEH AT M GE (X HJE Ti 5T
1) 3d A7 R

- —— Tid |
60 |
I> — C-p |
o 45t H
S |
3 30 !
1
2 15} ;
{
0 . ; R
. 1
T 75 : i‘?-TIQCOQ :
> 60
o 45— C
g s0f 9 !
u 1
A sk Sc !
ol A AL AT
~15 —-10 -5 0 5 10 15

Energy/eV

B 9 Sc-Ti,CO, Al 7525 FE Fl 4375 25 B K]
Fig. 9. Plot of state density and fractal density of Sc-
Ti,CO,.

H T ERGRI AR B CO, NH;, NO,
SO,, CHy il HyS Ao+ ra2e e Asfk, 51 10
H TigCOy I Sc-TigCOy W A I it 25 55 FE 4] .
ME 10 AT LVE ), Zid 48 Sc &40 f5 AH L AR 1R
1 TiyCO, B9 TDOS EIASEA K, FEPOKBEAL
FHl3E T Sc WIFED, ArA Sc-TiyCOy 7E 0—5 eV
Z ] BB 25 T Ti,COy. X UL Sc &4 5 5%
M) TiyCOy T Y L T-4544, A5 B B i i
TFHE oA FREH 25 F W s . &2 )8 Sc B ifimT LA
# Ti,CO, KRG ABIMABE T, T MBI EE
HELEHE) , X BERR A B P25 0T AL TT 22 (4 I B 7
AL, BE ORI SR Sy 5 R A A BEAE . Se-
TiyCOy W AR 1Y 2555 B I AB AL A X /0N . FE
RRHSE A5 BRFT RE AR 31— 2L SR O RE G AR Ak, SRR
R R AR AN 25 B3 0B S — AN ARG
iy, WEZLRAE KA R E F s, A%/
il 2 FH R AR 3 T P4 235 R P SR T A e A AN T i
MRS, AR R, S T HRK IR e s
FHfRE ST, i H AR A8 NG R TR AR B R
TR HERE .
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Ti & . Sc B T CO, NH; 43 [a] (1) # fa 1 H
HERE T Sc-Ti,COy X CO F1 NH, AWK/ FH . M
& 10(c) AT, NO RIS, AHLET TiyCO,
WA R, Sc-Ti,CO, W FHA R 1Y AT IS A 75, 3X
W T 3 eV ML N R0 p P, Ti R+ d
BB Sc IR0y d PUBEAHE 2, [#15 Sc-Tiy,CO,
XFNO 43k, W aess . AE 10(d) 7]
PIA H, W SO, SR JE TDOS ik v = gt 7
s, T Ak ot V-2, ST p 5L
ETETORREH TSt T — 4= BT, Sc i+
d LA AW (A A LG T A AR P W BRI 3R B, 3R
B Sc-Ti,COy 1K R X} SO, VEFEME T i1, N AS5
FABEfRREE T Sc-Ti,CO, ME B SO, 1YW B HE i K AY
JRA. Wi 10(e) Bz, TisCO, Al Sc-Ti,CO., W it
CH, 52J5, TDOS FEASEAS K, 156 B 1 15 o g 44
A5 CH, fEHAXT 55, 7474 Y0 B HHRRAE. 40
& 10(f) 7R, Sc-TiyCO, M B4 2 1) i W Gl A
B, £ 0—2.5 eV 4b, S JFFHY p FLiE, H JFFH s L
W, Ti BT d BE A Se J5 719 d 803 A 4
1k, f§i75 Sc-TisCO, Xt HoS M FFH% R4 35 . 27 |-
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Fig. 10. State densities and fractal densities of different gases adsorbed on the surface of intrinsic Ti,CO, and Sc-Ti,CO,: (a) CO;
(b) NHg; (¢) NO; (d) SOq; (e) CH,; (£) HsS.
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Fig. 11. Work functions of different adsorption systems.
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Abstract

MXene materials have received increasing attention due to their unique properties and potential
applications. Tiy,CO,, as a typical MXene material that has been prepared, has been widely studied. The
adsorption characteristics of two-dimensional materials for gas molecules can be significantly improved through
transition metal modification. However, there are few studies on the use of transition metals to modify TiyCOs,.
In this work, the adsorption processes of different harmful gases (CO, NH3;, NO, SO,, CH,, H,S) on the surfaces
of these two materials, i.e. TiyCO, and metal Sc modified Ti,CO, are studied and analyzed based on first-
principles density functional theory and generalized gradient method. The geometric optimization calculation of
the metal-modified adsorption harmful gas structure is carried out, and the kinetic energy cutoff energy of the
plane wave basis set is taken as 450 eV. The calculation results show that the structure in which Sc atoms are
located above the C atoms in the hollow position has a large binding energy, but it is smaller than the
experimental value of the cohesive energy of solid Sc (3.90 eV). Sc atoms can effectively avoid clustering.
Surface Sc metal provides active sites for gas adsorption. By analyzing the optimal adsorption points,
adsorption energy and other parameters of different gases, the adsorption effects of metal Sc-modified Ti,CO,
on these gases are analyzed. Among them, the adsorption effect of SO, is better, the adsorption energy is
increased from -0.314 eV to —2.043 eV, and the adsorption effects of other gases are improved. Due to the
introduction of new atoms on the surface of TiyCO,, the carrier density and carrier mobility of the material are
increased, thereby improving the charge transfer on the surface of the material, which is beneficial to its
sensitivity to gas molecules. The results of density of states and work function further verify that the carrier
density and carrier mobility of Sc-Ti,CO, are increased, which is beneficial to gas adsorption. It is expected that
the metal Sc-modified Ti,CO, becomes an excellent gas-sensing material for the detection of CO, NH;, NO, SO,,
CH, and H,S, and the present work can provide a reference for theoretically studying the gas-sensing

performance of metal Sc-modified Ti,CO, materials.
Keywords: MXene, first-principles, metal modification, gas sensors
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