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Abstract With the gradual depletion of traditional energy sources, hydrogen energy as a clean energy source has gradually
attracted people's attention. Among various hydrogen-production methods, semiconductor photocatalytic water splitting
stands out as a promising approach due to its numerous advantages, including low-cost operation and environmental friendli-
ness. The efficiency of photocatalytic hydrogen production is intricately linked to the electronic properties of photocatalysts.
One of the key factors is the recombination of electrons and holes, which can significantly reduce the utilization of pho-
to-generated carriers. Therefore, precisely and rationally regulating the transfer of photoelectrons has emerged as a crucial
strategy to enhance hydrogen production efficiency. In this paper, the electronic structure, optical properties, interfacial prop-
erties, and carrier transport after illumination of the MoSi2N4/ZrS2(HfS2) heterojunction were studied by using first-principles
and nonadiabatic molecular dynamics. The results show that the MoSi2N4/ZrS2(HfS2) heterojunction exhibits stronger light
absorption capability in the visible region, the carrier mobility in the heterojunction is significantly higher than that in the
single phase, and the electron-hole separation efficiency is also effectively improved. Additionally, the interfacial properties,
which play a vital role in carrier transfer between different materials, and the carrier transport behavior after illumination are
studied in detail. The research findings reveal that within the visible-light region, the MoSi2N4/ZrS2(HfS2) heterojunctions
demonstrate enhanced light-absorption capabilities. Moreover, the carrier mobility within these heterojunctions is remarkably
higher compared to their single-phase counterparts. This higher mobility promotes the rapid movement of electrons and
holes, effectively improving the efficiency of electron-hole separation. As a result, more electrons can participate in the hy-
drogen production reaction, simultaneously, the heterojunctions exhibit a higher hydrogen evolution efficiency. The AGu*
value in the hydrogen evolution reaction is lower than that of their single-component materials. A lower AGu* indicates that
the reaction requires less energy input, which can effectively enhance the performance of photocatalytic water splitting for
hydrogen production. Based on these experimental results, the paper elaborates on the corresponding mechanisms in detail,
aiming to provide in-depth insights into the underlying principles. This study offers a solid theoretical foundation for the fur-
ther development of highly efficient two-dimensional heterojunction photocatalysts.
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ular dynamics (NAMD)
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Figure 1 Electron transfer mechanism and catalytic performance of MoSi,N4/ZrS,(HfS,) heterojunction under illumination
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tron-hole recombination, and (f) hole transfer (The color bar on the right represents the distribution of electrons or holes in different energy states, and the

dashed line represents the average electron or hole energy)

FROSIESE, HrMma oy, Bkl iy
gk, miEEd R TR RE 7(d). BTEAEE
AeE 7(e)f=y R RE R 7(f), AT1H MoSibN4/ZrS,
FEAETE 1000 s N, B0 LASE R, T2 R AE
500 fs AEATFERHERS E] ZeS, (1) VBM L. 2 38 5 B B
PRFER-BFE A REE. FEEEHE 8(d), S(e)
A1 8(H) "] LAKITIE, MoSi;Ny/HTS, 7 i £57E 1000 fs PN HL T
I AT LLE U R, P A R [T -1 T
HAHE. SR, WX E 7(d), 7(e)f 7(H5 K 8(d),
8(e) M1 8(f), W LAB] L H MoSi;Nu/ZrS, 7E 1000 fs PN
I B INAR T (0 FB AT RS T B, RIS, P A AR )
TIOEBEE S BTG G, XK MoSibNy/
ZrS, A BRI T 0 S, FREZNHRTS
S AR, BT AR B bk e, it i —
BT 2) T 7(b) 5 B 8(b), FTRAE H, 7E 1000 fs
WHTF B CEEMR T, 12 e [F] 5 71 2
500, 170 fs BHEFFaRFER. SRMEASE R, 7R
B [EEERT 1000 fs P, PRI T5 27O R®R
P A, X RS A AR R KT IR T
LRI E], 75 1000 fs A, BT IRAesSmIEE 4.
RUE I FE@TE A BR (AR 1] Py I 2R 28 I H BA 2 1)
A, AEATY AT DUIE 0T bGP B [ 22 S SR o R 45 11
BTl

N T B e TR AR AL T, A
T AR IARE B BT T 43 0. #E NAMD #5401, NAC
WIE T HART B MER, HESTREERIEL, 7T
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L A (@B, 52 3, NAC IR/ S B 775 A
A ICE <gVRH|py> FIIZEE R IELTT S 725 k
) fE B 22 R BB 260, X R B AT DLIE I B 2 (1 S X
FEE AR (1) 75 - DU R /N BRI K NAC B, B
T(c)FE 8(c)F Ik RN TR & R, A BfMEGn
MFR A GRS G R . RS R SRR
FIELG. xv y AARHN7 516 7 HES MoSiaNs. ZrSy(HfSz)
ANFREE AR T, YA ARl IETT 1], 12T R R K T
VBM [Ige 5 A B g & s T CBM [ RET. 18l o4&
W5 S X A S 5 R A B MoSiaNy/
ZrSo(HS,) L #6 5 I NAC 5 28 N FE I NAC KT e~
h S AW NAC, IFHER FHREEREL B TFE 5 EE
P iE R ERATAT LIS 2, MoSixNa/ZrSo(HFS:) 7
JREEAEEIR ST, MoSiaNyCBM  Ab 64 vy 7 i 72 3|
ZrSy(HfS;)VBM Ak, ZrSy(HfS,)VBM 4b AR 25 SR 5|
MoSi,NsCBM 4b, W35 T3 5 TRT MoSiNsVBM 757X
5 ZrSo(HfS,)CBM L7 E AW, HAFE 18 R 4
HERRAZ.

bR 2 SRR =R R N R i NP Ly Xt
o, R SRS AN EESY. A, Rt A
RS M R R T IR R G B T E A
FIFIEEAL e, R IER AR AR L2858 1 A o BT &
T MoSiaNgy ZrSy(HfS2)H MoSioNy/ZrSo(HES,) i i T
TR, BRI THR 1K 1 WTUEHRS TR
SMBIR T y TR ERERRMHE T x TR,
MoSixNy, HfS, fl ZrS, W #E IR T %(98.861 cm?/
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1 MoSiNy/ZrS,(HFS) F i 45 ML B EIH x. y T MIMER FEB R

Table 1 Carrier mobility of MoSi,N4/ZrS,(HfS;) heterojunction and its single layer along the x and y directions

BZ Ji1A] PR C/(Nem' ) EdeV m* (mo)"* p/(em2eV les™)
e —1.29 1.971 178.785
x 5.191
h —4.94 —1.719 16.119
ZrSz
e —1.95 0.657 927.459
y 6.788
h —4.83 —0.573 198.751
e —16.57 2.236 6.342
x 38.788
h —6.59 —4.917 8.303
MOSi2N4
e —12.62 0.745 98.861
y 38.964
h —6.54 —1.639 75.998
e —1.59 1.855 181.751
x 7.072
h —5.17 —1.767 19.022
HfS,
e —1.58 0.618 1701.824
y 7.302
h —5.06 —0.589 184.695
e —4.58 0.698 1112.332
x 50.568
MoSi,Ny/ h —8.43 —0.423 890.465
7S, e —4.58 0.233 10029.576
y 50.807
h —8.85 —0.141 7299.525
e —4.54 0.689 1200.605
x 52.350
MoSi,Ny/ h —5.35 —1.340 228.467
HfS, e —4.52 0.229 11027.355
y 52.556
h —5.36 —0.447 2058.138

Cm*RIET mo AT AR R, mo R AT R L SR, HEUEZN 9.11X10 3 kg,

(Ves) < 1701.824 cm?/(Ves) Al 927.459 cm?/(Ves)) 5
Hong*, LvI?'fil Muhammad 5B 5T —#2[270, 1800
A1 1045.3 cm?/(Ves)], ik T iHE BT EENE. ZeS,. HES,
16 x Ay J51 b, B IR B RS R AT B TS X
£ y Ji1A) _E, MoSi;No/ZrS, I HLF-IT#% 218 ] 10029.576
em?/(Ves), 23 T MoSiaNy [98.861 cm?/(Ves)]Fl ZrS,
[927.459 cm?/(V+s)]. MoSi,N4/HfS, [11027.355 cm?/(Ves)]
M FIERE T MoSioNs [98.861 cm?/(Ves)]Fl HfS,
[1701.824 cm?/(Ves)]. Z/GERE R MR I R A,
TEMEFREWIG, TR RIE. X R,
SRR, TSRS BT T % W3
I B R L R R A BT S B A ok P e
HAFE R, MoSiNY/ZrS, 7E x« y 7 EH L FiE R
253 AL MoSiLNy/HIS, #E H 2 8% 10%, 177U
REFENDE, WA ES 72%. X431
W], MoSiNo/ZrS, fEBR 718 EHA &I
2.3 kRl

A — AT 12 B AT WS R 2 VAl ' A )
AL PERE B — NI A AR UE. WU 2R Z (absorption coeffi-
cient) & 18 7 Ji 6} 5 8 P K ORI RE D R, B
ST H AL IEUE, IR SRR RE
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IR, FAE CUEE ARG AR BATE—STHHET
MoSioNy L2 ZrSy(HfS,) 82 Al MoSiNy/ZrS,(HfS,) 5
JREE e ERe. I 9, WTULEH ZrSy(HFS:) 5
MoSiNy X 1] W65 BA B MR IS RE 77, MoSiaN4 H
JEAEWE G OB AT O X A R I m R T
ZrSo(HES:) IEIR SURE Y, 75 330 nm bR I H B & (1)
Wb, T ZeSy AT HES, 43 AILE 570 F11 500 nm Ab R I H BH
SRS U, 2 BH 32 BRSO B RS TR]. SR T MoSiaNu/
ZrSo(HES,) 77 B 43 8 0.63 5 0.89 eV izt izt /T MoSiaNy
[ 1.75 eV B ZrS, 117 1.03 eV 7 BAT HES, 1) 1.24 eV
TR, DR S o A R S B R T R AL R IR,
A IR T MoSioN, 512 K 3 X I8 5. 78
AL OEYE Y, RO &G I o U PE e R R T
ZrS,(HfS2)5 MoSiaNy R, I HAER X AT LA X
SRS IR T BAR BIR . SRR, HREY
PR L, S5 0T 45 45 16 0 R L A SR AR D' A S 4 1) v
N SR TE YR, IR RO A, T RT BAE AR
ZHIAE T, MRS 7L E T80,

2.4 fE{LMERE

AR Fu SSCUHEHITHE T, 337 MoSizNs.

MoSiaNa/ZrS, Al MoSiaNa/HFS, = Fh &8 Fy [ b & SN it
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— ZrS 2
‘ SINZIS — MoSi,N,/Hfs,
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B9 (a) MoSi,N, 1 ZrS, 82 LL K MoSi;N./ZrS, )i 44, (b) MoSi,N, Al HS, B2 LA K2 MoSi,Ny/HES, 5 i 45 6 R U £ %k
Figure 9 Light absorption coefficients of (a) MoSi,N4 and ZrS, monolayers, MoSi,N4/ZrS, heterojunction, (b) MoSi,N, and HfS, monolayers, MoSi,N./

HIS, heterojunction

FE NN B, i AR (T), SRR A R
6T 5 NS R BH G R R Th 2R 4 il i 47 R0y SR AN 45 31
FERE fans, FIFEEIEAR(8) (9), B2 T HEER
18 E, SR 201H 806 e 5 S TR 0 H g R 3
TIEBE pa, BIGLEECRBCIEMBIR TR E
ARBRFERCER. G5 LREIER P T MoSiN, Al
MoSiNo/ZrSo(HES,) =2 sk %%k, Bk 2. I3k 2 #]
PLE HAHE T MoSiaNy )2, #HEK MoSiaN4/
ZrSo(HESy) 57 03 25 40 36 58 /1N ) s B DA B B8 v R T 280
N A, BN BRAR EE RO IGE FE, T
KIS AL AL T 5 G PR P B 7 1 R, XA 1S 57
SEIEIOORCR S BT R 2RI B T ORI
HEM A KBS = T P AR, W 10 Fos, HAE 250k
FT 40.94%F1 29.12%, Z1°8 MoSiNg HLZE 1) 10.5 £5 51

60

50 |-

40.94%

IN
)
T

31.21%
29.12%

STH efficiency/%
8
T

15.57%
13.10%

9.10%

MoSi,N,/  GeS/ MoSi,N,/ Zr,CO,/ SiH/
zrs, GeSe Hfs, WSe, GaSe WsSe,

WSSe/

B 10 GeS(SiH)/GeSe, Zr,CO,(WSSe)/WSe, Fl MoSi,N,/ZrS,(HfS,) ]
FARE

Figure 10 The STH efficiency of the GeS(SiH)/GeSe, Zr,CO,(WSSe)/
WSez and MOSizN4/ZI'S2(Hsz)
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7.5 £, RAFEE R MoSimN/ZrSo(HISy) 57 it 25 14 nf LA
BRI v A K 23 AT S 1 .

BeAh, X A B4 R R B R S P AR
., U1 GeS/GeSe (31.21%)B32. Zr,CO/WSe; (15.57%)133.
SiH/GaSe (13.10%)B451 WSSe/WSe; (9.10%)3%), #] LLFE
i MoSixN4/ZrS, 5 MoSiNa/HfS, 57 45 th 35 e I i 4%
EHIFEERCR, Hrp MoSioNy/ZrS, iSRRI HoAth
A, BRI TR ENE. W ETR, 54
TERE, BT I G, IR B e ¥ AR
W AT 5 B 5. b Ak, A SR A TR S T H - R
X A 5000 S A R T AR A X B v o SR
RAERRRIE .

TR EHLIE 5T MoSi:NY/ZrSa(HIS2) 57 i 45 1
WrEBe ), AT T BT SR SL(HER) i 72 R [a] 435
il H AU (AGy:). HAxH{E ik 7 HER i F24h
BT RN LD, K AGufE—EFEE bt
THEAGTT HER W& 1, AGu-HIMEH 2~ (10)%4 . HER 5
JEMEA SRR RIS A . BB AR TR
HIINR DL B A RIS A 30 B, MR EZ N
HAEH TS5 HER B, MITEA R T et =%
FPES. THE T HER B9 B HAee i, W 11
Fin. R H T TR MR 5, A5 S Ji 71T
f1(—520.00 eV). Pt J&FMITAL(—518.03 eV)FIZ AL
(—518.15 eV)REE:, #3324 H KW AL S TR -1
R AR, K H RFEMAT5 S FT4a.
HER {5i[7] T KA 7E ZrSo(HFS,) R 1.

éﬁ%%@ﬁﬂ, MOSizN4/ZI‘Sz %D MOSizN4/Hsz %EE‘] Q
HREARAL 2 58 0.75 F10.98 eV, B AKX T MoSiN, i
) H HAEAE10(2.19 eV). HER 455 5S8R %
AL R —5, I H HER [WERG RKAEWEAESL T

PR OGRS, TR, WORESEIR 50T LA RO
SR,

Acta Chim. Sinica 2025, 83, 498—509



F F R

£2  MoSiN, Fll MoSi;N/ZrSy(HES,) = 2 5 %
Table 2 HsTtH of the MOSi2N4 and MOSi2N4/ZI'S2(Hsz)

Structure Z(Hy)/eV 2(05)/eV E,/eV (HSE) Habs/ Yo Hel %o N5t/ %
MoSi;Ny 0.96 0.08 2.27 25.58 15.15 3.88
MoSi,Ny/ZrS, 0.81 1.01 1.39 67.73 60.44 40.94
MoSi,N4/HfS, 0.85 1.08 1.66 53.08 54.85 29.12
25 I 500 eV IARILREL 5X5X 1 1 K AR, 1ESEHAE
Vi ik R R T A8, (RAETH SRS B2 5 20%. 500
20l i eV HELERE O & ISR 20 B 7 B R4 sk, 1
g N IR AR RE 2 S BB (), 39 058 B R A 7
2ast ¥, JEEA S REF P B RA. [N, 5X5X1
g 1) KA A R ik B Sobr e, BRORIE T THEDRERE, X
8 1.0 068 ST VHRCR, SCEL T IS HA R K SURFE. IR
N 77 HE TSGR T TE, TRATE R RIS BAE T 71
i N WCSIPREEAT T A B . AR RIS EORE N 106
Y eV, JETIIISIhruE B E A 1072 eV, DAL T 5S
0.0 L

Reaction Coordinate

B 11 MoSiNy, ZrS,, HfS, HEF MoSi,Ny/ZrS,(HfS,) 5 it 45 £
HER ) H g &

Figure 11 Free energy diagram of HER on the surface of MoSi,Ny,
ZrS,, HfS, monolayers and MoSi,N4/ZrS,(HfS,) heterojunction

3 i

AT 5T 2 — 1 SR B ) T SO VAR AR e Iy T
B /1% (NAMD) L, B 70 1 FpLJ2 R0 S5 o 45 1 - Dk
SPE ST, S 45 ) S T M R O RS I LT R R A I,
PEAE T PR R R AL MR R, 45 RN, 1036 410 &
B R4, MoSiaNa/ZrS,(HES,) 7 i 45 45 1 2 Fa w8
(). K NAMD J5 A6 6 HE 5 e A 38im 7 i 5%, it
FEEREW, BTSN EE R T B
TG IE R, BT RIS & 4 40 00 T2 5 )
SER AR L. deAh, SRR WTE AR, R N .
5T R, MoSiNW/ZrS, B P=E R %45 5
TREERS, B T2 MR 4. HER RN ER Y
7E MoSixNy/ZrSy i 45 LibAT, X Aefitb i SR 1)
PR T AAMOIEYE. AW B T A AR
L, ASIEHF IR T HEIRE S, HERITENSE RS
SERRSEYG AT REAEAE— B ZE. AT LA R HE— D% S i 45
HEAT HAR B TR B A BE A Rl — P 3% MoSiaNy/
ZrSo(HES,) 57 A 45 M YA M RE, v i Ak s T & 38
R AL
4 FHEFEMMET
BT BEY eR B I B — 1 R R B O, SR A
VASP BT L 5t thiAt, e fee iy, HEH
T A H S, RS R IR R 2T, AR
RIS m R, BATE T 8 E SO X
MAERE . K s AT Tt 5 i, kit
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Ref s 2] 208 =y PIRE BE LR, hah, A SR E AR Z
Z IR PR EAEH, BATERER P EZE T 3 nm WETE.
X — 15 B BE % 38 A J2 B) AH ELAE T R E B8 45 37 AR AN
BT, b — PR T A R R T S
AR T BRI (GGA)RESE T ) PBE
(Periodic boundary embedding)iZ B& K AL {4 JL A 45 44,
MoSi;Na/ZrSy(HfS2) 7 Ji 45 7 B BE IR TH 57 %40 Eq. 1:

Ef:EHet_Elayerl_ElayerZ (1)
Enet i%{—\‘ﬁ}ﬁé% . %‘Ei, Elayerl *u ElayerZ ﬁ%‘]%ﬂ?mﬁkﬁ

JoR R PR 9 o B J2 D
MR L R # A 2 Eq. 2 THEE 7 HUR T B AN
B 58 SR LT R AL 7 R

O=E —E, 2
Hor Eva NEARENR, Er NYKRER

RE G IR WA 28 H 1 R /) R % B2 e i i IR AL i
FRRSs, HE AT LA AR R Bk ) SR R A
(Eq. 3)B3¢:
20 5 2 % %
. {[81 (w)+52 ()] _6‘1((0)}
Hort ey Fom A U B SR, e RO U BUR BT, o
FIR B AR S A

NAMD HJsEHLIE IS N2 5 ik 3EAT, B S b A4
ARG, KA VASP B0 B AR R AT il MO 2544
tk, RIGFaE 8. B 55T Born-Oppenheimer
IR BT e M i IR GRS, KN E T
TR, RFZIEAGIRT, RN 288 %812
L[ FPAA FR AN TR B R R R (HL0 AT
). XA R B SR BEAT 7373 ) 5 (MD) R, FREX
— RHN 3T ). R 2000 fs AN Z)

o(w)=

€)
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[RZERE, XHRES MD B S B Hi 1 H Y5 34 (SCF) 1,
BRI R REE. T ARSI AR TN, R
fewest-switches %y, {515 HL T~ 25 KT HH BRI e &2 25 Al
AR UE, BT RS UR /ML, (R 2R e DGR,
BRI S HLANFZ A, DA K kT H - R 25 51 1%
A B B R, (HARVFS RO R R, BT EARS
B T8 %, B R AR L AR & (NAC)HE B T,
NAC T 230 Eq. 457

djk:<(pj 0 k>_—<¢j |VRH| ¢k>

5 q) gk_gj
K g, on, &, e 7 AR BT j A & OB BRI A
fIEAA.

LTI AR VP ARG HE AL 1 B (1Y B 2 h vfE
Z—, Hit&H a0 Eq. 58840

R 4)

5
e’ Gy )
Hop 3

kBTm*del

Hor pop FOREIR TIERZ, m* o BT B A AR T
) b A U5 &, TR FE, ma 2801 -1 356 205
B, Ey R AR A B K TR AR A A, ke A2
WOIRZZ 2 HH, Cop K ZLEM BB E R h R
B b AL
2SR (su) SN AE WPRLRE K BH e % # A W] KR4
REVRIYRE /), A H Bgs. 6~9 A4 HP:
N5t Mabs < Meu (6)

j ; P(hw)d(hw)

Maps= @)
jo P(hw)d(hw)

w P(h®)
AG[; ———d(hw)
how

Now™ ®)

[} P()d(ho)

E,.(x(H,) = 0.2, 7(0,) = 0.6)
E,+0.2—y(H,),(7(H,)<0.2, 7(0,) = 0.6)

E= )

E,H0.6—2(0,), (7(H,) = 0.2, 7(0,)<0.6)
E,+0.8— y(Hy)— x(0,), (¥(H;,)<<0.2, 7(0,)<<0.6)

Horlr, avs MU na 23 500 9 96 IR SRR G 1 R 2%
P(he)7& 61 RER ho SEAR<HEKFIREHE AM1.5G KR
RERIE &, E 2 MBI AG S22 /KRBT G 2260 1.23
eV AL, E R RKIDE T I RER; y(H2)H (02) 73
ol S S A SR A (I LA

i 7 AT E R A ST HER IR A ) 75 A
B HBEAA(AGw) LI W 45 H (R AL 1 e
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AGyw=AE, -+ AE,p;—TAS (10)
HA1, AEes AEgpes T 1 AS 73 IFRARIRIHGE. &
FAEZIETL, i AR AZ IE.
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