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First-principles Study of Doping and Point Defects Modulating the
Photodissociative Water Properties of MoS,/ZnO Heterojunction
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Abstract The electronic structures, optical properties and photocatalytic performance of MoS,/Zn0O heterojunction
doping with C and Pd elements and point defects were studied using first principles calculations. The stable sites of C
and Pd atom doping MoS,/ZnO heterojunction is S2 and Zn site, and the stable defect point is Zn defect. The analysis
of electronic structures shows that band edge position of the intrinsic MoS,/ZnO presents a type II band alignments
with a direct band gap of 0.66 eV. Doping and defects can effectively regulate the band gap of MoS,/Zn0O. Pd@Zn
system exhibits magnetic semiconductor, V,, and V, systems exhibit magnetic metallic properties. Doping and
defects increase the light absorption coefficient of MoS,/ZnO heterojunction in the visible light range (500—760 nm).
Intrinsically, there is a built-in electric field from ZnO layer to MoS, layer at the interface in the doping and defective
MoS,/Zn0O, which promotes charge transfer from ZnO layer to MoS, layer. The charge transfer amount of Pd@Zn,
C@S2&Pd@Zn increases. The intrinsic MoS,/Zn0, C@S2, Pd@Zn, V,,, Vg, and V, systems form direct Z-type
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heterojunctions, which promote the effective separation of photo generated electron hole pairs. The band edge

potential of MoS,/ZnO, C@S2, Pd@Zn, V,, V, and V, crosses the oxidation-reduction potential at pH=0 and 7,
indicating that these heterojunctions can undergo oxidation-reduction reactions under strong acid solution and neutral
solution conditions, and the carriers have strong oxidation-reduction ability.

Keywords MoS,/ZnO heterojunction; Doping and defect; Electronic structure ; Photocatalytic property
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Fig.1 Top and side views of MoS, mono-layer structure(A) and ZnO(001) structure(C), energy bands
of MoS, mono-layer(B) and ZnO(001)(D)

Yellow stands for S atoms, cyan stands for Mo atoms, gray for Zn atoms, and red color represents O atoms.

MR T 3RO R A ESRES ), 43 AN 2(A) ~(C) B . T8 DR A2 MoS, 3x3x1 [ -5 52 Zn0
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-0. 820 eV, AB-O BIZEMHHA BARMILE A RE, BIILIEEEEI L AB-O B MoS,/Zn0 5545 M 3L mtittf T 5 .
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Fig. 2 Stacking structures of AA(A), AB-Zn(B) and AB-O(C)
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K13 (A) R MoS,/Zn0 S 45 LAL I A Z5HE , 82 Sk s e vh DLUSR o i Ze R Bl b i . it
TSR ITE CE T R4S TP AE4 & 57 S1(C@S1) , S2(C@S2) T 0(C@O) , 4x )@ It % Pd B4 5+ it
5 ) Mo (Pd@Mo ) 5 Zn (Pd@Zn) B BB 4454, DL C, Pd 535l 4 S2 55 Zn (C@S2&Pd@Zn ) AL
BaRaEt . Wi REERTHE (), #iE TRESH[IK3(B)~(D)].
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Fig. 3 Doping stabilized structures of MoS,/ZnO(A), C@S2(B), Pd@Zn(C) and C@S2&Pd@Zn(D)

Table 1 Comparison of the E, of different systems

Structure E eV Structure E eV
C@sl 5.31 Vi 6.56
C@S2 5.24 Vg, 3.50
C@0O 9.59 Vg, 3.45

Pd@Mo 4.54 v, 4.94

Pd@Zn -6.49 v, 2.92
C@S2&Pd@7Zn 5.69

K 4(A)~(E) 705 0 s B RS E S5 48 , 32111 0, S1, S2, Zn Fll Mo BLIE T BRFAZEFY , X BI45HE 73
%’Jﬁl‘@ﬂﬂvo, sz VSZ’ VZnﬁVMo'

A) ®) © D) ®

i 2 0 < SR 2 22 2 L CRERE
et S TN DN, e, A oo
Fig. 4 Structures of monatomic defects of V,,(A), V,,(B), V,(C), V(D) and V,(E)
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K B, (eV)IRFEBIEBEIA R SRR ; E,,.(eV)IURAME MoS,/Zn0O A R I S BE L ; Ex(eV)IUER
BRI By (eV)IURBHIB Ao HE i F I REE .

RS R RIERRES TR 1. RS RER, 7£C, PABARIKR T, C@S2Hl Pd@Zn {£
FIL M RERAR, G5 ERFeE , PA@Zn A RIIELRE N UME, LIRS G . S EIR R, V, Ik
R LR, S5t RAa e .
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2.2 TRAEEMMIMER
EARAE MoS,/Zn0 SR 45 M L, 824K F C@S2, PAd@Zn Fll C@S2&PA@7Zn 45 ¥ K A T — 5 WY W 75
[E3(B)~(D) |, BMBAIE I kA T2 L. 24 THB 78 SRR R S5

Table 2 Layer spacing(D), bond length(d) and magnetic moment(}) of MoS,/Zn0O, doping and defective systems

Structure D/nm dy, /mm d, _/nm di_y /am dyy_o/nm 102M/(A-m?)
MoS,/ZnO 0.319 0.241 0.183 — — 0
C@S2 0.364 0.242 0.187 0.202 — 0
Pd@Zn 0.251 0.242 0.194 — 0.211 1.681
C@S2&Pd@7Zn 0.212 0.241 0.188 0.214 0.221 0
Vi 0.430 0.240 0.187 — — 1.418
Vg, 0.411 0.240 0.189 — — 0
Vg, 0.409 0.239 0.187 — — 0
v, 0.375 0.241 0.190 — — 0
v, 0.361 0.241 0.187 — — 1.648

T CITFRE/NFSET, B8 C@S2 kR C—Mo i K /NF Mo—S K, Pd T2 KT
In i, FEPA@Zn 1A R PA—O0 8K KT Zn—O0 8K . Pd@Zn (& Z 102 B (D) W/, I HLP= A i
PE, W R 1.681x107 A+m?, ZnO (001) v 5 5 MoS, B2 iy R 25 /N A Al T % 7% . Xt T
C@S2&Pd@Zn AR , JEF- A KGR T30 D AR T /N, /N 2 AT B F MoS, #LZ A1 Zn0 (001) 7
A AT AR T RIS O . ML AIEIR R, Vi, Vi Ve, VoMV, KR ZRIBESA R
[l R B B30, FF FLAE VMV, R R = AR T RGN, BEFE 5300 1. 418x107 F1 1. 648x107 A -m™
I, JZMIEE R3S AT e BRe A BRI SOR BB M AR , REAE 58 75 1 B 22 0 6 1 57 a5 FUAN TR ke
B, PTG HL S e MR TS, A R R T BT USRI 48U I A 1
23 HEFEHEH

N T B SR RINRE T 5 5%, HEIE=0 eVIENTORAER . B 5(A)~(A,) 5l
AN T ARAE S S5 1R R I RE A S5 M A, vl DL, ARAE MoS,/ZnO 5 51 45 (1) 545 JiE (CBM) A1/ 7 T
(VBM) AT G s, RN BB SR, S5 S8 0. 66 eV. HLF A BEm FFN H Em T RReH 45
M SRR, IR R A EARENE . AAE MoS,/Zn0 5545 h i CBM 5 VBM 4351 i MoS, /21 ZnO
JZFT Rk, BLHITE MoS,/Zn0 S 45 FR I R T TTASHTHES . ARIE MoS,/Zn0 S5 25 i B /)y, B
AL DA VBM [n] CBM AR NS 5 , itk T 525 O 435

FI5(B)~(B,), (C)~(C)HD,)~(D,) 4 HER THBIKRIREW A 5% . T IL, B2k
AN 5 S E RN Z, EVORRERMHIL A T4 . C@S2 IR R Al S5 M I F G a5,
IR HEZAT PR 2R HAT IR 0. 41 eV, ZIK R ABEN 15 B BEm TRt a5 e XK, vilizs e
TR Z ARG T, B 2 Hp B 24 TR RE R R BB 24T C 2p, S 3p 5 Mo 4d & & A2 4L B
B . 7E PA@7Zn 1 R Hh 24 T BB 43 ) HE BRAE A E ] L BEAT Z5 A A Mty =2 i 5 B B T T BB 45 4 1Y) At
ZH, AR RE R EEEH Pd 4d, Mo 4d 10 2p S5k, FECABEN FIMREH A EA 0. 57 eV W EE
BRI A BE M R R REHT 25 A HAT 0. 66 eV B MRIFEHT B, AIEm b5 A BER T A BB 45 H I A X R, 1%
TR R R A G- R BB A 1. 681107 A+m”.

L6 R R Z2 00 B T v far 2% B I, B 3RO IE n] B e HL fr 4% 3, T (3878 L 1) g FL 7y 286 5.
I 6 (A) AT L, PAd@Zn {4 F S04 %5 3 %0 iy PA A1 O J5L 7 F o2 ik 4 1 18 B 4 (43 51 0 0. 794x107% Fil
0.442x107% A-m?) 4Ll . HAS % BRI W] o0 br 1, G2 f F Pd 4d $1U3E LT JR 38 3 THEFT Mo 4d, O 2p
BT A S HAHSCAE AT, Pd, Mo H10 J5 7 (5B FL 32 U AE FH IR 2 & A 2 Ak I i fifi 14 22 L
BHgtk. HES(D)~(D,) AL, C@S2&PI@7Zn #iriis 55 Tk I/ AT G i 5 M i, IR R KB Ry [l
B R, BN 0.36 eV, I HAEFCKREHR ML, T84T Pd 4d 55 0 2p B LML, 774
B2, fEFS i 73 5 A BT 2 Sy, IR R R 42Tt
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Fig.5 Band structures and density of states of MoS,/ZnO(A,—A,), C@S2(B,—B,), Pd@Zn(C,—C,)
and C@S2&Pd@Zn(D,—D;)
@A) ®

Fig. 6 Spin charge density diagrams of Pd@Zn(A), V,,,(B) and V,,(C)
K7 SR T BB TR RV RETF S50 S8 .V, AR P SR RERIE A MY, JF HIL ATEm 5 A i
6] N BE ZE AN RIRR, UEIZIAR R A R rE HAR B B m I, ST RER T Mo J 72 (i A 5O T T
5 S IETIE AL A RO ER 080, S ECRPER T 5 SRR REAIE N, AR BB . iR e(B) AL,
Vo, 1 F B0 2 i Mo 25 (60 AH 4 S J5L ¥ 15 Mo J5LF BT 5T Ak 114 1E 16 8% %5 (43 531 2 0. 869x107 il
0. 559107 A-m*) A%, AR 1. 418x107 A-m’. V IRR M TS S R AL T Gl LR R R
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Fig. 7 Band structures and density of states of V, (A,—A,), Vi,(B,—/B,), V.,(C,—C,), V,(D,—D,) and V, (E,—E,)

N BB R EAFBN 0. 58 V. VoK RIIRE 455 Vo KR AL, BA 0. 64 eV B B BF
SR, VoK R 5 Vo IR R A5 PR R RER I 1 Mo 4d B8 BT 5imik, HOZZ R RER AL TARH b ok | J& T I
REZ AT REL , LR ATV AR P 8GR T I Al , AR TSGR TR A . VIR R EEET
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AR T 2, (AR5 2 rh R B T 5 4 S ECH BRI, AR RN TS AR A B T K s
565, IR R RIS R SR, BB 1. 41 eV, V, KR H AEm B ATER T aeH
SEFAE K RESL I PR W BF L, A e FAEF A HI BRI B M 1. 74 eV, I SAYERT, H e
TREFLAS I TP T BB L TR, RN AR YE, L, V, R REIRRIO R AR R
HiM 1. 648x107% A-m?. M EA AT REE R T Zn I P23 007 AE BAMY 2 FRESL , 25 50l 3K L F MM
Tz Ok A5 AR 6(C)RTLUEH, VKRR SR F 2 O 55 Zn J5FRT5THk . Zn 25 (A AHAR Y O J5
TR FEBE ST IE M REAE(1.288%107% Asm?), TTABUL Zn JEF BTk 1 1E ) BEAE 5535843 S 1 # (0. 295%107
Aem?). BRFE LA AB 2R ZR R REHT R BT DA S SR A H , SEUA R INA RIS EE .
24 REMR

R R BRE B S S R s X R PR BB R 2 . BIE, 115 T C@S2, Pd@Zn, C@S2&Pd@Zn,
Vios Vais Ve, Vo BV BETR GRS o) 4

a(@) = V2L [(e1(0) + £1(0))? - &, (o) F 3)

A v(Hz) AFEFHR 5 c(mils) WEZS P EE; 6, () Fl &, ()35 N R A HL PR EL & (0 )BSEHS AR .

KI8(A)JE/R THB AR BOEW L . Zn0(001) 38 B5 iy T R s B R s pe i) P 30 i 7 5
SECT EM IS Bl S B e R AMEIX K, 7E T D6 (400~760 nm) X3 LF- AT W R . B2 MoS, i T
LA I B, 76 ] DG KISt 2 B0 R A BRI . ARAIE MoS,/ZnO S5 25 7 ] DL TS L 6k
WS AT B R R TR B B 4 2 S B AT B R )N, BB I RE VS F RE T e, JEEL
T o T2 7O R . C@S2, Pd@Zn HI C@S2&PA@7Zn 1A R AFBRIE— /N, ZEM i 53 22 1]
TE BT 8T JR 8 2% I Re 4, (845 FL 7 RE A% M Mo TOU 1 22 R B 2 . 2% T BB 31 Rl IG IR, 359 T
C@S2, Pd@Zn I C@S2&PA@Zn & 8 7£ 1] UL 5 DX 35 1) W e 22 85, W SOB IS8 R B 20 AR e X, Hir,
C@S2&PA@Zn & R 1 620~740 nm i [ A () IO R B0 = . 81 8(B) JE /R T BB 1A R A IO 3
Vior Vais Ve V, FIV IR RERGIX FILLAMEIX FHH RIFHOE I 250, Hod, v, KR AE 0] WX
FIYET IR BARE TV, Ve, VoIV KR, H5ARE MoS,/Zn0 M HE , BRFE K Z2 7E 560~760 nm (7] W%
T8 1B DL B 2T A DX P MW e 2R 250155 i 7 5 J3E 3404 i B4 5
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Fig. 8 Optical absorption spectra of doping systems(A) and defective systems(B)
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Fig.9 2D planar mean differential charge density(Ap) of MoS,/ZnO(A), C@S2(B), Pd@Zn(C),
C@S2&Pd@Zn(D), V,,(E), V,(F), Vi(G), V,.(H) and V(I)
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Fig. 10 Work function of MoS,/ZnO(A), C@S2(B), Pd@Zn(C), C@S2&Pd@Zn(D), V,, (E), V4, (F), V., (G),
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¢: The electrostatic potential difference.
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Fig. 11 Band edge position of MoS,/Zn0O, C@S2, Pd@Zn, C@S2&Pd@Zn, Vy, Vi, and V,,
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