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ETF MXene iR ERFP Cs;Sb RIRLE
FH R R T B ik

axEb BEMY W'y HE) miFaY
M2 FhEEDIT I E A DI

1) (BRI RS, K e Al SE AR ER TR0 a, HilF  200241)
2) (RIFK A= 5o FRbFp, I 430072)
3) (LLPu K2, M2 Rl aHT .G, KB 030006)
(2021 4E 5 A 20 Hig#F); 2021 45 6 A 15 HUEMEEH)

DI (CsySb) AR 2 1 Bl 4 J AL 1 S AAO L I LA B P R0R L AR T & S B L i o 1y DR A5 4
ATV SR BRAR 0 5 L Tk PR SR CsySb R4 & BURF & AR, i S5 A faoe, TIEH ML,
SR LT R SRR R R R G AT R AT IR 2 AR CsySb SEIIK, A B4 8T B 15 Mk e O B AR AT R
H H TSR B = 38 A 1 4 RE, RE S LE AR 40 3R [ B 2k FR R T sR A (W) R0 2 TR ARk it JE 4
JE K /R ALY) (MXene) #1828 0N W78 348, FE RS 51 A ik R4 T DUAR 47 b 8 4% MXene 48} 1 25 #4 F1
4. R CRFME T — R 5 MyCTy-Cs;Sh 7 i 44, 5 T8 — M EB A T4 iE M), |
TFHECLE (M/C). HEVeby Y Kk He il (T) S0 Wl s2m. W58 2 B, R [R] ek R R 2 AU #  S S 25 1) W 52 i)
R M T H AL R (—F/—0/—Cl/—S/—NH), 7 —OH/—OCH; B+ 844 il () M,CT,-CsySb 7 5t 44
FLAT R AR I W R FH 25 43 W for 25 B RN RE 0T IE 40 BT e 1 S I s W I AR AR IS D, B0 S Joi 46 L T o A T
o A S B AR AR T 1 S TR] R TR A R TR gad il R & B, ML,C(OH), (M =V, Ti, Cr) I
M,C(OCHs), (M = Ti, Cr, Nb) £5#4 7l LLG 1E #LAE /) ik Z 4R, JEILJZE V,C(OH)»-CssSb (W = 1.602 eV) Fl
Ti,C(OCH3)y-Cs3Sb (W = 1.877 eV). ARAFFAUA B F IR A B % MXene-CsySb 57 Jit 25 HiL T 45 14 F1 Y 24 1 I
[ A1, Ay 2 P B G AR R b 1 3 50 s 4 40 2 25 Ak 3

SERA: AETROCIING, —4EbPR, SERSS, S5

PACS: 85.60.Ha, 68.65.-k, 79.60.Jv, 63.20.dk DOI: 10.7498/aps.70.20210956
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Bk g -1 oK, BIHATTE R, B E O )
%Z O,, CO, CO, Fl HyO S5 MR (Rl 1012151
BT S, T BUT AR Ar BRI, MELL
AR IS R Y s RO, — @ R R 1 s
Frmi .

h T ARG ERE PR, W] LA R
AT, H UL T M R & Y B
R )Z 5. Py 32 240 3 3R S Uk AR
IR A S 00T TR T URJE I SO S
JEATEL L TR 2 AR S AR 20 G 0819 HAE Y
W TR OGO R, 4 e H 45 F 52 1k 1y [A]
R, 7 B Xof D' B ARORA Rk ) LAt P i 2 s i Y 2
SO, LI, X R A A IR B SR R
R, BEA B S RO E R AU T R
AU BN 3G 0 3% B DD SRR AT
SR, T CsBr/Crl, W/Cr S1E MY IRIZN]
DABE i SCBA A B  A A AR e 1, (LR Hh TR Th 34
Al L R R DG R, IR HBREAIG 1 G L FR SR AL
R 18:20-22] ik (23— 28] e fa Sl A S m AR
FEEP Cu, K,CsSb, CsPbX; (X = Br, I) ZF[H#K,
SRR I A SR BT B A DR APV E T (B T ek SR
I RCE AR A TE R . Wang 55 19 1E
T Spicer 2t B LT & SRR R IR )ZE E G
WA FROR (QEcoqea) TR

N, 1 hv — W
QEcoated (h’l)) === Ia ho ToptTe

N
Y T

Horp Ny FoR ABDGF LG N R iR S 4K
LRGSR B, 78 SRR AL o (ho)
BV L (ho) ARG F BB Top A1 T
5390 MXene IR)ZRDGF R FEL R, ho MR
STHFRURE S WORGRIR M IR 2 (BP )RR
). T URIZ PR S T H 0 55 AH AR T
FAE CssSb 2R, PRI AT DA A HO G2 M B 1,
L FHRUN A E L (ho) ASBE MXene 32221k, T
R L ZE MXene 5 ¥ X6 6715 13T o FITHL T35
AT B2 ] ZWEANTT, PRI ] DA RUA 81
1) W RIA A T4ERD I R = QEN2L PRk, dnfay
T ZFP RIS A TR E MR T A A,
TELRFEE AR A b A M 14 [ B 4 4 = 1) QE.

T4k (2D) MOEWE S — 2SR 2R B R A
BE, BTz N TE B BRUR . FREE AR My
AR BRAR B U AL, B W B 52 e B A

ANEA BT Wang 5 19 58 38 5 — P R BT T
1 %) (Graphene), —fifb 50 (MoS,) FI & 1k
(BN) 3 il 2D 1815 il 4 & B# Cs,Sb AR
B2, % B8 BN-CsySb BUREZ 254495 Graphene-
Cs3Sb., MoS,-Cs;Sb AJA], BN #5447 ik (CBM) 1
T Cs3Sb WK EEY (Ey), #EIMH1H BN-Cs;Sh 5
Jot 45 1) 1 R B RRAER, T QE il Cs3Sh IR QE
FHIEAS DAOREE. 7RI TAESERN |-, Wang i —2
BT “C2DB” 2D A BB P PO, ) 25 Ui S 28
il 2D #RL, HAEH 45145 BN 2600, I 42 Sk
TEAE M EARTR 2 AR, BV I B A S At U 4
JE Rk /B (MXenes)PU. 5 G [RB, A8 PREUA i
I TAERE T Mounet 25 B2 0 4 5 #1 85 2D 44
RPECHE A, AR — MR PSR, T 222 F 2D-
Cs3Sb 7 BT 45 B REH S5 1, IF43 87 T 2D AR
THREHEXT S EE W ISEm, & B 2D AR LT
A (EA) 55 A5 W 2 A7 2 M A
M, TR BT T W AR A S T 4 2 4 3,

MXene M EME R — BB 8 2D #kE, HiAfb 2
L FRN M, X, Hoh M AR 48T,
X AR F ek AU T, ARz N TR AT
AE . R AE AR | SRR TN R 7 45 JER A Ak, (34101,
Naguib & M1 F 2011 4E A B T MXene #1#},
fdi /] HF 3% 20 Ti AIC, KR h 48 Al R T,
5 BAA S0 B R AR TiyC, Z5 4. MAX a2k
MAX ISP FEARRE R M—A &R R
BUREE 20 A TR, SR)5E AU ES, BinT
232K MXene #1EE MXene #1811 % 329
Sz BIWFGR AT 2 R, TR S KR BT
S TAEHESD T MXene MRS M FIE R
T A& J 344 i MXene BT M TizC,y
RRY BN R, F BRI T2 (-8
YA 7 3 1021 SR R 2 R Ak 5558, Horpr) B
FEHE ) A MXene #1 R REE 5 00 0 R B2
Yang %5 59 3 i1 55 — M R BRI R B Ti,C, TigCy
Xf—O/—OH/—F HAH w1 4 2R T W RSk, B+
SER TR TiyC, TigCo FMmTE TR H T A fk
i) Ti-3d #i8. Zhang 55 [ 52 &k B—OH 5 %
X MyXOy 5, (OH)y, (M = Ti, V; X = C, N) 4514
T ST PR 52 I %5 K. Khazaei 25 61 58 1 BiS 11
BT T —0/—F/—OH &H % MyC (M = Sc/
Ti/Zr/Hf/V /Nb/Ta) 52, i —EXHH—F/
—O/—OH BH:H M RIS TRE R /0T, e T
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66 Fp ) i £5 52 1) MXene 285 4 62, Zhang 45 63 75
UEIEAl B TR T —Cl/—S B E AL, B
M, C Z5H99° R 2 M,N 4544, 158 Z e B f e
Y MXene 2514,

AR SO T — PR IR B R G T — R D)
MXene #18F My,CT, Fl MyCT,-Cs,Sb 5 i 45 ) £,
FLEMRRE, 5T MR M/C BL L HEBAa A
HEHE (T) XOLHIRAT R WY, JE— B0
R T4 -F/—~0/—~OH/—Cl/—S/—OCH,;/—NH
T AR R . 7E LR JERN b Ok
THA WEARSOR A/ 5 B4 4548, JF o0 1
M,CT, I REHZER 5 MyCTo-CsySb 1 W Z [ 1y
KR, B4 6 2203 v fir 8 B R R REG8T 1E i
BT WAL FESR . A3 T AR B FIR A H
fift MXene-Cs3Sb S Bi4s I HL T HDGAAVERE, Ak
BEFAET MXene W2 HEH I bHEHR SIS
2 E@s
21 HEFE

ARSCHE T4 BE T2 pR R ) B — PR i B 2 (0465
KH VASP (Vienna ab-initio simulation package)
A4 06 SR T MXene Fll MXene-Cs;Sb 57 5t
ZE 0 B 25 M BRI . SR H Projector Augmented-
Wave (PAW) J5 72 67651 F1 Perdew-Burke-Ernzer-
hof (PBE) B 52 4 Sy pR (69700 4ib B A, 3~ [1] F) 58
HeAH AR, i F DET-D3 (508 1E 70 Fi a0
AE (720 ) 075 1 A 3R S I 44 T () ) 9 1 BL A g, il
FH Monkhorst-Pack 75 ¥ 3 %145 BLIK X (1 & £ ™
2% A% S E R 0.03 AL TR R B IR RE S
500 eV, BERICEARIE N 100 eV, TSR N
10* eV /atom, RHL Blochl %7 1E A DU T4 5 (IS-
MEAR = —5) #4745# it i8I 15 2 H + A HHEE.

2.2 ZEHEE

Cs3Sb 454 (19 25 [H] J5HE S Fm3m, S H 4K
a=b=06.61 A, CsJFFH Sb FEFRILLBIHR 3:1, 11
AIEEL =) [111) VI AABA A CsySb S 7,
il ARSI A 95 19 “2DHS Maker” JAIZA 44 £
SRS T Zur-McGill 55 k8 % SR 5 £
FE T RUR I R HE R (7 5 A5 24k, s )R R PR
930 A, T “2DHS Maker” (40T ik il W 2:2%

SCHR [33]. I RGEMGE T AR MyCTy G548 X E
W FREMER R, /% M = Sc, Ti, Cr, Y, Zr,
Nb, Mo, Hf, Ta, V, W X 11 Fud {4, UKL T =
—F/—0/—O0H/—Cl/—S/—OCH;/—NHIX 7 fl &
HEA W, K 5 —0/—F/—OH B HH#K
M,C 5K T Khazeai %5 62 () TAE, 7—S/—Cl
BEHAEEA MyC Z5HRIET Zhang 45 6 TAE, 77
—OCH,/—NH S48t M,C 454 R A7 SCHR R,
ENTEE IR T A SO TR . DL Zr,C(NH),
I MXene 2544 A1, B 1 E/R T —NH S
M-top/X-top/Mixed iX 3 FitRIZ5Hy, Hr M-top
MR B A T MXene 58 M R T 19 1E
75, X-top 1T X JEFHIIE L, Mixed F4%L & M-
top Fll X-top I IR G TE, &—Fh L FAXFR
LR

(a) (b) (c)

¢ © L* © ¢ ¢ (& % ¢ © € <

NS !\,ﬂ:\{!\‘,\
'J\‘}\F-‘ 4 J\%T-‘%.

19\ "*:"\%t‘};_ 9‘_ .J\_}‘-f_}\_

A‘" aTanata ,@\f:ﬁ_\’.\'\?:}\_'

GO KR

OK, SOOK,

Fa "\h 3 ‘?\'_.7%\-

Kl 1 Zr,C(NH), 45819 3 fig L (a) M-top #%; (b) X-
top H#!; (c) Mixed #4#1

Fig. 1. Three types of Zr,C(NH), structure: (a) M-top style;
(b) X-top style; (c¢) Mixed style.

W Tt P a8 MOFEFERESE R T 2552
MZXene 251 R E 1, B 2 45 T MyC(NH), #
M,C(OCHs), M4 R, Horh BB, &
ARAHXSBERE (E/eV) B, Xof 1 o AL 2 0] B Es 7 .
tean, MyC(NH), (M = Sc, Cr, Mo, W) fJ X-top
Fg R M,C(NH), (M = Ti, V, Zr, Hf) fil M,C
(OCH,), (M = Y, Zr, Nb, Hf, Ta) i M-top #J
71 M,C(NH), (M = Y, Nb, Ta) fil MyC(OCHS),
(M = Sc, Ti, Cr, Mo, W) i Mixed ¥ %4, ¥4 Lt
HA PRI AL T INERE . A SO A8 S B 25 A
BT A ) MXene 2514,
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1.0
Mixed 0.5
0 o
o B TR
-1.0 !
M-top —-15
—-2.0
1.8
Mixed . 1.4 -
1.0 %
X-top 0.6
@)
0.2 |
M-top f —0.2
—0.6

Sc Ti V Cr Y Zr Nb Mo Hf Ta W

Bl 2 MyCT,Z5#1 3 Fi#h £ (M-top #4 2!, X-top 14 2,
Mixed 1 #1) AH Lt T~ J0 B 19 MoC 45 14 119 AH X fE 12 22
(AE/eV), Hr i diE, o8 4] “Eitﬁ Xof 7 1) A 24
I RS

Fig. 2. Relative energy difference (AE/eV) for the M-top,
X-top and mixed configurations of M,CT, structures with
respect to those of M,C structures. The blue color repres-
ents the lowest energy and stable configuration.

3 HREH
3.1 MiTE#MM/C

g 3 pR, BEE SR MR A
Wrds K, AT RFEHEA) M,C R HXT B 57 4t M, C-
Cs3Sb Z5H491) W 3L 8 & A LA AR ik W] —
S 30100 D RO 3 O, WOR IR O, Tk
W(Sc,C) < W(Ti,C) < W(V,C) < W(CryC). iX
FEIEH T M TR By i AR/ R S . TR
— TR NZE B, dE S B R, it k.
R L AAChR B R M KIS, Se(1.36) < Ti(1.54) <
V(1.63) < Cr(1.66). ik, M,C Z5H4 /975 HLF-fE
R, FL R A A R, R Y T R AR R F
— LU Cs;Sb BLRG, S gl Bkl
Bl W(M,C) = W(M,C-Cs,Sb). IAk, iR %5 T
Hoft EoH 4 M,CF,, MyCO,, MyC(OH),y, MyCCl,,
M,CS,, MyC(OCH3),, MyC(NH), #) W ARALTE L,
WK S1—& S7 (online) iz, 5 MyC 248, JE K,
S B 45 J5 IF A 13 S AR MXene 19 W R/,
XF T MyCFy il MyCO,, HANREF S MyC 2RIy
JRH AR A AR X T A B A N [m] i 4
JBICER I W R 7 BB A T A e FL A
Pl Nb,,,C, Ty 5 Nb,,,,C,To-Cs;Sb K i, it —#
5% T MXene £5HH M 5 C 78 3 F 5 Fc
W (n=1,3,4) F WHZHHEE, 18 S8 (online)
PR, S5k, AT W B I N U R T
Be L, JtH 2T Nb,, 1 C,To-CsySb 5 R 45 (5%

Mg /NF X Nb,, C, Ty FIFEIR AN A2 T M/C
BC Eb XS Sl W RS S . e, BT H
AL % 4 )8 Ta A1 Ti, B Ta,,,,C, T, 5 Ta, 4
C,Ty-CssSb (n = 1, 2, 3), Ti,.,C, Ty 5 Ti,.,
C,Ty-Cs3Sb (n =1, 2, 3, 4), HAKZER LN S9
FIE S10 (online), ZIHASI A S Nb,,,,C, Ty,
Nb,,, 1C,T-Cs3Sb .

10

—i— M,C
8+ —e= M,yC-CssSb

6+

4_M

Work-function of structures

ob v v
Sc Ti V Cr Y Zr Nb Mo Hf Ta W
Structure of MyC
3 M,C/M,C-Cs;Sb 4514 i1 T s 4 (W, eV) Bl M J5
PR AL IE
Fig. 3. Work-function (W, eV) of M,C and M,C-Css;Sb

structure vary with metal elements.

3.2 HEBRGEY

AN TR] 1 2 () ME B by 78 25 52 i 449 2 S5 Jof 245 1Y)
ghthy, BRI sE L W/, ASGE A FRE R
2DHS Maker A, JF Zur-McGill B k4046 T
ST I T ), T LA ) S B A AR A
TR E ) MXene 285 14 364l k47, XFF M-Top
1 X-Top t9 %I MXene, 7E5 Cs;Sb FECIE Bl 5+
JREsRt, IFT0 BTN R X 4. HIEX T Mixed #4784
M5, e B R X5, PR EE a0 S o 4t 2%
FIASTA]. T Mixed 45%4 & M-top Fl X-top 47
FHRSTE, SRgsh 2D ARG 2w L. M-top
FaRIAAR, R R LA X-top HH4 A7, B Model-1;
2R X-top #7Y, T KIE A M-top H%I, FR
A Model-2. 7E Khazeai %5 62 F1 Zhang %5 631 () {if
WITAEEERY |, $EH Sc,CO,, TayCS, Fil Zr,C(OH),
X 3 FhEs g R, e AR E 25 ¥ A Mixed
FH, 43T Mixed FH T e xd 5 4 B F4dk
FIsZI, WA 4 fs. 461 50T 3 F M,CTy-CsySb

SEFLE R Model-1 F1 Model-2 B W HIZ [H] 45 &
fig (B,) K/, difaieit B AR B, = [E(AB) -
E(A) — E(B)]/S, i E(AB), E(A) fl E(B) £/~
AB, A fl B45# 0o+ A g, SR FEn
FEfol e AR B R AN TR B HE R X M,C Ty
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(a)

peskgegugushegediovogeg

B 4 Mixed B FF45 7R E B (a) Al (b) Model-1 %l Model-2 T Sc,CO,-CsySb F B4k : (c), (d) Fl (), (£) M43 3% B TayCS,-
Cs3Sb Fl Zro,C(OH),-CssSb 5t Fi 4. 208k, O JiF; KBk, C IR F; W @k, Cs Ji 7 B E Bk, ShJEF; 43k, Zr i+ WKk,
Ta JfT; #ER, SHET; HEK, Sc/H JEF; (a) A A, B 73 J| 7R CsySb FLJE B Cs, Sb JH T

Fig. 4. Mixed style of heterostructures, subgraph (a) and (b) refer to the Model-1 and Model-2 style of Sc,CO,-Cs3Sb structure, sub-
graph (c) and (d) to TayCSy-Cs3Sbh, subgraph (e) and (f) to ZryC(OH),-Cs3Sb. The red, gray, dark purple, light purple, green, blue,
yellow and white balls represent O, C, Cs, Sb, Zr, Ta, S and Sc/H atoms respectively. A and B in panel (a) refer to the Cs and Sb

atoms respectively, in the Cs3Sb basement.

F 1 ScyCO,-Cs,ySh/TayCSy-CsySh/ZryC(OH)o-Cs,Sb Y Model-1 Fll Model-2 153 B4 i) ) sRECRIZ 6] 4545 BiE
Table 1.  Work-function and binding energy of Sc,CO,-Cs3Sb, ZryC(OH)y-Cs3Sb and TayCSy-Cs3Sb in Model-1 and Model-2.

M,CT, M,CTy-Cs3Sb in Model-1 M,CT,-Cs3Sb in Model-2
Wy/eV W, /eV AW, /eV Eyy/(meV-A 2) W,/eV AW, /eV Eyy/(meV-A 2)
Sc,CO, 5.484 3.547 ~1.937 ~4.161 2.096 -3.388 ~5.705
Ta,CS, 5.383 4.490 -0.893 ~6.122 5.076 -0.307 ~5.364
Zr,C(OH), 1.701 2.064 0.363 ~1.701 2.078 0.377 ~1.778

Cs3Sb Y Wiz i 3, 5 Bi4h )2 0 B, ok, &
45 H) WA MyCT, 28 fE # K. XF T ScyCO,-
CssSb 1 5 , H XN Model-1 1 5% Fi 45 09 E, I
W, 43 5 —4.161 meV /A2 Fl 3.547 eV, Model-2
TS RS 1 By F1 Wy 43 3] 2 -5.705 meV /A2 Fil
2.096 eV, i H Sc,CO, (W = 5.484 V), 43 51 ik
INT AW, =-1.937 eV Fl AW, = -3.388 eV; X T
Ta,CSy-Cs3Sb, H: Model-1 1 Model-2 1 W 435
/N AW, = -0.893 eV Fl AW, = —-0.307 eV; Tl
¥ F ZryC(OH),-CsySh, H: Model-1 Fl Model-2 1)
W AR AW, = 0.363 eV F1 AW, = 0.377 V.
K AT DA th, AR HES A BT S L2 1 W 5%
M AN [R), FLs2 M =R R T MXene G54 5 1 2
S, it P4 R e R A AN

3.3 BHEHEXE(T)

Kl 5(a) it 1A Al Y MyC-CssSh
gERE) WoR/. IR 5(a) AT LA —OCH;, —OH
FlNH B S 2s 1) W R AR T A 2
(e, i F/—Cl/—0/—S. Hrp, aff O B
SR RAE 0 W SZ b A TR M S A A LAt
MR . 5 CsySb IR TR B L (W =
1.919 eV)[9 4 —OCH,/—OH 24 1) 5 45 1Y
WSS E R/ INHXT BEAR, AT ARV AE 1 BEAR 2D-
MZXene IRZEMEL ARG R IHET—O0H/—0CH;
EHAA B R R AR, R RE IR, Sh T
fie ik, NI —OH/—OCH, B 1) M,CT,
A WAL (WE S11 (online) Fr7w), MiJE AL
SIREE AN R W AR L LT,
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WE— 51 T OH fil—OCH, & H: 8 1
M,CT, Fl MyCTy-CssSb i WAl B, 455 L& 2.
XFF—OH E+E4, MyC(OH),-CsyShb SF 2y W
Iy A AE 1.602—2.599 eV Z [8], By 4 A £ -0.600
F-3.715 meV/A2 Z [0]. H i V,C(OH),-Cs;Sh
1 WA 1.602 eV, H W2 MyC(OH),-CsySb 55t
ghh /NG X —OCH, 245, M,C(OCHS;),-
Cs3Sb S5 45 T RS A AE 1.877—2.118 eV Z
W], By 28 A fE-1.219 & -2.602 meV /A2 Z i), H
H1, Ti,C(OCH;),-Cs3Sb BB pREC R 1.877 eV, H
W& MyC(OCHS;),-CsySb 5 i 25 i fe /NAY . A L

T, W —OCH; B HHM T igsn) WHl B 7 fh
IX [ AH tb—OH A e . 285 M JGE .
M/C L L FIHESRAG B S T4 W RsEn, & 3k
R AN MLCTy 454 1 FL Rt i HE
ELAUN WG R A B &, AN IE R M,C

—
(=)

(a) —— M,C

== M,CCly
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JERPEL
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THEM MyCT, 450, KEFER L EmM R, b
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Electron affinity of MXene
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Fig. 5. (a) Changes of work-function (W, eV) of MyCT,-CssSb structure as a function of elements M and dangling bonds T
(b) changes of work-function (W, eV) of MyCTy-Cs3Sb structure as a function of electron affinity (EA, eV) of MyCT,.

# 2 i -OH f—OCH, BH:4n M,CT, A1 MyCT,-CsySb 45K Y Th R BN Z 181 454 Ak

Table 2.  Work-function and binding energy of M,CT, and MyCT,-Cs3Sb structures with dangling bonds of —OH and —OCHS;.
—OH M,C(OH)y-Cs3Sb —OCH; M,C(OCHj3),-Cs3Sb
W,/eV Wy/eV AW, /eV Ep,/(meV-A 2) W,/eV Wo/eV  AW,/eV Ep,/(meV-A 2)
ScyCTy 1.549 1.969 0.05 2.036 2.869 2.025 0.106 2.101
Ti,CTy 1.642 1.897 -0.022 -2.235 1.571 1.877 -0.042 -1.678
V,CTy 1.743 1.602 -0.317 -2.065 1.88 1.965 0.046 -1.658
Cry,CTy 1.441 1.813 -0.106 -1.848 2.088 1.896 -0.023 -2.418
Y,CT, 1.348 2.096 0.177 -3.714 2.404 2.118 0.199 -1.696
Zr,CTy 1.700 2.047 0.128 -1.783 1.267 2.003 0.084 -1.300
Nb,CT, 2.012 2.126 0.207 -2.941 1.090 1.904 -0.015 -1.265
Mo,CT, 2.153 1.974 0.055 -1.934 1.610 1.961 0.042 -2.602
Hf,CT, 2.018 2.376 0.457 -3.441 1.582 1.964 0.045 -1.219
TayCT, 2.511 2.492 0.573 —2.497 1.375 1.952 0.033 -1.359
W,CT, 2.962 2.599 0.680 -0.600 2.732 1.946 0.027 -1.456
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PL VoCTy-CssSb S M ], 3= 3 5T A
[l B T XF Vo,CTy 1 W RS2, Hohay—S il
—NH B V,CT, 25 EA R/ MR, 258K
P, 5 CsySb IHJRAMLL (W = 1.919 eV), V,C(OH),
B WAl At —2 08N (AW = —0.317 eV), 1l V,C
(OCHy), 5 WILFARFEAZE (AW = 0.046 eV),
HoA B 25 B W ORI R AR (AW =
0.659—4.522 eV). N T i — MR [ iR B R T
WAL RY B A, & 6 43l s T V,CFo-Cs3Sb #il
V,C(OH)y-CsySh S48 12 53 Hi 1y 25 B I R RE DT
ES TR B, HAt AR LA S14—S19 (online).
Kl 6(a) KL 6(c) Fems 2545 Fa far 25 BE R, S5 (ELTAI I
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45K, Ep T CsySb, T BUR P45 5 A R T H af 7]
Cs3Sh JZ 5685, i1 Cs,Sb JZ B L 25 BE RS K, 3%
K b3 BRI i CsySb 248 1) V,CT, 2. A
MR, ISR BITE Cs JRF b 23 IW A0 v fif 119 2
Bor A, AN, BUNEE G BEREIRAE N T A0
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B, FIRERSSER iR H 28, FRan
W ET /N SR A R, X V,CF, 2544, H W
KT CsySh, By ik T Cs,Sh, R F F45 )5 CsySb
J2 1 H Ao 25 BE /N, N ER AR A N V,CTy J2 48 W)
Cs3Sb J2, M KE5E BE B IR AE N BB R B,
eSS O SR R R R DRSSy N (= 2
B WK, 82 Vo,CT, 258 WE{ EA 5 V,CTy-
CsSb S 45 W IRIFELEBSR ARG, H B fiE
GAIART A LR AE By Ty 1] | ST AR 5 1] AN
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Table 3.  Electron affinity of V,CT,, work-function

and binding energy of V,CTyCs;Sh.

V,CT, V,CT,-CsySh
EA/eV W/eV AW/eV E/(meV-A?)
V,C 4.637 4.525  2.606 —5.846
V,CF, 5.542  5.373  3.454 -7.515
V,CO, 6.787  6.441  4.522 ~12.23
V,C(OH), 1.743 1.602 —0.317 —2.065
V,CS, 4476 4.638 2.719 -5.140
V,CCl, 5.551  5.085  3.166 —7.342
V,C(OCH3), 1.88 1.965 0.046 ~1.659
V,C(NH), 2.629 2.578  0.659 -3.062
() V,CF,
Cs3Sb Cs3Sb V,CFy
Evac
o | 1010 5.373 5.542
<L
>
o0
)
=}
[€a]
—_—
) V,C(OH),

Cs3Sb

Energy/eV

— Ep

6 VoCTy-CsySh (T = —F/—OH) 545 (1% 22 43 L faf 25 BE & (a), (c) MIRERAT IE/R I (b), (d)
Fig. 6. Charge density difference (a), (c¢) and band alignment (b), (d) of VoCT,-Cs3Sb (T = —F/—OH) structures.
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Abstract

The alkali-based semiconductor cathodes, such as Cs3Sb that possesses high quantum efficiency, low
electron emittance and short spectral response time, can be considered as ideal next-generation electron sources.
However, the alkali-based emitters are found to be sensitive to the oxygen gases, which causes a series of
problems such as structural instability, short lifetime, and reduced electron emitting efficiency. It is known that
the employing of the ultra-thin layered two-dimensional (2D) materials to protect CszSb basement can promote
the development of novel cathodes with excellent performances. However, there is a lack of efficient 2D
materials to maintain low work-function (W) and high quantum efficiency. Recently, the MXene materials
which contain layered transitional metal carbides, nitrides and carbonitrides, have attracted great attention
particularly in the fields of catalysis and energy. Notably, their flexible types of dangling bonds can lead to
tunable structural and electronic properties of MXene-based materials. Here in this work, the MXene-Cs3;Sb
heterostructures are modeled by using home-made script and systematically investigated by using first-principle
calculations based on density functional theory. Further, the effects of transitional metal element (M), M/C
ratio, stacking configuration and types of dangling bonds on the calculated W of heterostructures are studied.
The result indicates that the type of dangling bond shows a more pronounced effect, and the MXene-Cs3Sh
heterostructures with —OCH;/—OH possess lower W than other dangling bonds. The charge density difference
and band alignment analysis are further used to illustrate the underlying reason for the change of W. And it is
found that interlayer charge redistribution can result in different surface dipole directions, and thus emitting
electrons with varying barriers. After computational screening based on the change of W, the M,C(OH), (M =
V, Ti, Cr) and M,C(OCHj), (M = Ti, Cr, Nb) can be potentially considered as ideal coating materials, and
especially for V,C(OH),-Cs3Sb (W = 1.602 eV) and Ti,C(OCHj;),-CssSb (W = 1.877 eV) with significantly
reduced W. Finally, we believe that this work can not only give an in-depth insight into the electronic and
optical properties of CssSb-MXene heterostructures, but also provide the useful criteria for the computational
screening of superior cathodes. Meanwhile, we further urgently expect the cooperative efforts from an
experimental perspective to demonstrate the superior performances of those screened MXene-Cs;Sh

photocathodes for practical applications.
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