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Abstract: Two-dimensional CoPS; electrocatalyst for water splitting suffers from scarcity of in-plane metal active
sites, resulting in slow kinetics for oxygen evolution reaction (OER) at anode, thereby limiting overall efficiency of
hydrogen production via water splitting. To address this issue, this study proposes a new strategy to enhance the
catalytic activity through synergistic effects of quantum confinements and edge chemical modification. Initially, two

typical CoPS; quantum dots (CoPS;-QDs) structures with high edge-site densities were constructed. Through binding
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and bond energy calculations, structure of thermodynamically stable CoPS;-QDs1 was identified, with its edge Co2

site exhibiting the best OER activity among other edge sites (Gibbs free energy change for the rate-determining step,

AG at 1.68 eV). Subsequently, oxygen modification was introduced at Co2 site of the CoPS;-QDs1 and its neighboring

sulfur atoms, obtaining five O-CoPS;-QDs models. Theoretical calculations revealed that the M4 model (with O

modification at the S3 site) had an overpotential (°**) of only 0.32 V, which was 29% lower than that of the

unmodified system but significantly better than that of the noble metal catalyst RuO, reported in the literature. Partial

density of states analysis further revealed that O modification optimized charge redistribution around the Co sites,

enabling moderate adsorptions of oxygen intermediates (*OH, *O, *OOH). This study elucidates the crucial role of

edge-site modification of quantum dots in regulating electronic structure and reaction kinetics, providing a theoretical

basis for designing efficient and low-cost OER electrocatalysts.

K ey wor ds. CoPS;; quantum dot; oxygen evolution reaction; edge state

AReEN—FER . TTHARNRE, BARE
B E A EHE R, RS R R 4B
AR . SEELER AT H R ) 5 R YR A AU,
HEL i 7K i) S e L v RV M AR TG Bk HE S A A
GO T R AR, BB OER 1 sk id
FE O 81 2 I N, 5 B AR AT & B (Hydrogen
Evolution Reaction, HER)#H Lk, ¥ & VU H F# &
IR, NN TN, A B A R AR 1
A, BAR I/Ru FEAE AL 72 H §T B S5 #E 19 OER
HLHEAL A, (E 52 BRT H A B S s A, R MK H
e PO, BRIk, R R B EE . AR E M S AR
A 1 5 A A A7) B A 12 S ) A 9 A A

T4k =t & J@ W R JE 4k ) (Transition  Metal
Phosphorus Trichalcogenides, TMPChs, HH TM 1Y,
F NiFe Ml Zn 1 8 IV £ 48U HK, ChfR3E S.
Se EIHR A TR KA G IR [P,Che] HI Y 1Y
RINTEETL/R BTERM B, BS5EZ [E1EH J187E
LR W e g g, A BRI LR AR A
& R ER A S R, 7R RE YRR AL ST R B H T
il 1 v UL 9, Ren 250N Hu ik NiPSs #1559
S/ RSB T4k OER; Gusmao 251N i/
FIH FEK CoPS; M2 E S 2] —4E CoPS; 449K v H
THiE 4k OER; Konkena HIPAUHF5% 7 — 4k NiPS;
EHEATEFPEMIT N, 53T NiPS;@
NiOOH #7545 44 OER Ak 7; Li 205 it 1L
FHB 4Lk, 4% 7 (Ni,Fe)P(S,Se)s, I H B K
f] OER 1 BLAZ(10 mA-cm 2, 210 mV). %L, HEf
B 4058 T BRI T2 K 22 42 X AR AE S A1 R
BYCKE LR R B R 4 R J AT u R B A B 4y
Ho. BRTEBRI. RRASE SR E T
AR BV T B SR T %R OER 1ERE,
EHRAMEM =R SRR 78 L. 6
JRFELZE, MELAERT A0 #iE, FEOZEMEM

AT T2 PR

AR SRR T PO R B, W R AR R SR
% 8T 5 (Quantum dots, QDs, BJIF# [m] ]~k /s 2]
L) 20 nm) REERS, QDs 75 £/ B — 4E R4 R4 (1)
—Se[E AR S AL b, P SRR R AR A
T R 3% P AT B E (30 AN RN TR A7 i 1 B A1)
ATHEF 2 80%LA b)), WI AR B PRIBALNY, 7EREIR
FEALAT R U e 350 120, Jena PLABIZHP
AR MoS, & A.(MSQDs), 545K F 45 /A0
b, FBLHE K OER 1 HER WG 1. #E—FFip
HREESE 7 &7 AL AT ST AR P B
T IEM AL . w0, B RO A R 4
BEEA MBI . BeAh, BT LGB s
(WA B A FEA D a5 ) nT A& AL S H
GER, HESNHE AL SN o 5, Li 41 i o — i R PR
HHEARGHA T By N. Py S &35 175 740 f 5
I ' 7 1 (GQDs)1E i X Ih fig 434 Ji [ )% (ORR) Al
OER LTI RE I FomT . &5 SRR, J: R 115 44
INT GQDs HI n 7%, TENA T GQDs HIH
T 45K, WA R 7S A 1] 1 I B 5
Dong 25 e 5 32 bR BB AR R 1 It g &35 A AN
ot 2L A (H,0. OH) Ih fig A6 XU 56 i mT LLAR 4k
GQDs [MH T &5 55 AN M 3 HEE. 25 L,
Wi E TS REBER IR R ELES
TR, AR AE 5 T AR AT AR S K
OER i 7% 1) i [ AR IR I B AT 9, X2 3 s & o
A ZR OER MEREMI A RUENE . 2R, RT =08 )E
WA B AL P 25 T s S5 T4k OER [
FREMEEARE. Hik, R =J0&ElmELY
BT IIiA g &G OER B /A it it BG HE
B

AW FIE T — PR JE BB, M PR CoPS;
1 m(CoPS3-QDs) 45 #4451 4 3 6k H itk 47 J LA AR AL



11 W

WIEER, A UM CoPS; B 1 RUIL SR AT EIE VE B0 55 — 1k I BRI 7T 1231

BT R B MV, i th B S A S R A B
KEEAE FEE S5 MR, 22T Mulliken B3 A5 J& 43
#r, 878 CoPS;-QDs 1%k HA AR 22 IR 15 v
B rio £HX OER (VY LT BXARRFAE, RS FL %10
ST 5 S R AR (FOH. *O AT*OOH) W
TN BT A E AR IL(AG), Tk B
BIE AL SRS F A . RS F SE R 0
OER I fEHF A EFFEEN O A, Nilt—DSib Ll b
BT AUAL B AL M RE, 4K 7E %A R FL AR I
UAANEM S JRF E5IN O B4, 4 Effh
O-CoPS;-QDs #EA! . Jiid RGeS A X Hhix e i
T2 BE, B R O BIRfL B, LIk
e fe I 7 /) O-CoPS3-QDs 1AL .

1 H&EFE

11 H&ESH

AT TR F 5 % 532 66 #28 (DFT) ) Dmol®
PR H A TR J8 J LA Ak B 1 R K FL AL OER
PG EP SR SRS FZ I AL(GGA) T 1Y) Perdew-
Burke-Ernzerhof(PBE)JZ B ik Hi 158 #e I A 20,
1§/l DFT 2 k%1 55 (DSPP) J7 AL FE A% HL 7271, 3L
HUH M AL (DNP)JEAL A R P 8 JR T HEY . Ae i
IR KL B SAhrdE 43 ) ¥ B A 1.0x107° Ha.
0.002 Ha/A #10.005 A.
12 OERitEHY

AW AR HE Nerskov 262233 1 i) OER U Ha, 7
NI R AH SCER R TF B o AR 4 A 1 S LA (SHE)
5 LAafl, —ANRFHA—AHBETF e FHBHEZ
AL F TARES AR FESH HAEER 1/2. RIFE pH O,
KAJEN 10° Pa, #3FEH 298 K B, 1/2E 5, =Eqiee
2 pH 0 i, A OER &L 72 {0 V0 A HL 7 I B 25 B
R

R1:H,Oq) +* —*OH + H* + ¢~ (1)
R2:*OH ->*O+H* + e~ 2)
R3:*0+H20¢1) > *OOH +H* +e~ 3)
R4:*OOH - *+H* + 07 + ¢~ 4)

A, HEIE VAL A, *OHL *O F1*O0H fCE iEME
AF R B P SR HR TR Al I B A 1 3 2 T
T Norskov 2523 i (1 1 58 S AR M A S8 11 4
RI~R4 YA 2 b5 B8 1) 75 A i H HH AE 22 (AG) R AT
fli. OER JETIEH KRN, URENIZ = B R A BT 75 1
PRSI 2 P AT HLA N 1.23 Ve BRig E, R1I~R4
MR AT AG=AG=AG3=AG,;=1.23 ¢V,
Rl UE %S OER U5 3R v & B BT 75 () S e 2 2R

HH 4x1.23 eV=4.92 eV. BB ARIT:
AGi = AEon) + AZPE —~TAS + AGy + AGp ()
AG> = AE(0) + AZPE —TAS + AGy +AGp  (6)
AGs = AEoon) + AZPE —TAS + AGy +AGon (7)
AGs =4.92 - AG) - AG> — AG; (8)
Hrh, AE. AZPE FI AS 4y AR 2 B 40 () R Bt
Ae FHBEEMEA, B47eVe Hyw O A1 HO 1Y
E MR IE IS AR DFT 15 3R HC. Hy AT HoO 1 8
T E A ERE, BEAIR TS 518 0.41 1
0.67 VP2, AGy = —eU , FoRANINALER R — A
HEr=Ama R, HhEE ¢ RE -1 HBT
B i R, 1.602176634x107"° C; U &R T 45
AES R S, REFFH U HEL 0. AGon R
2830 HR BEAB IE L 16 pH 512 10 75 45 7 5 B RE AR AL,
AGp = ksTIn10ApH « H ', kg N PIR 2 20 4L,
1.380649x10> J/K; T NIEE, K; AWFFHIHHHE R
Fl pH 0. ZW BRI AE R a0 F 2 205
AEon) = E(*OH) — E(*) -[E(H20) -1/ 2E(H2)] (9)
AE(0) = E(*O) - E(*) -[E(H20)- E(H2)]  (10)
AEoon) = E(*OOH) — E(*) —[2E(H20) -3/ 2E(H2)]
(11)
H, E(*). E(*OH) . E(*O) 1 E(*OOH) 7 5l N
DFT THAA5 2 (357 55 4000522 T A FL2R 1T 49 ) e Bt
OH. O 1 OOH JE & RERE, eV. E(H,0) Ml E(H>)
AR THEAF R H,0 FI H, 20 FHIBER, eV
IE AL 7 R VP AL R BB AR 95 B EE B S 4L
Z—o g b, XEh— AN RS A BT TR B R
HA S P e s AR, SEbrtE LR, N T
JRe S5 e e 5 o R 3 22 081 4 A A BEL RN % i
BH, it i) e R3S 75 TS R . T3 A e
SR AT R R BRI S T E T (Eeq) M 22 4H, RIOK
Bl N R AE TR NI B, n=E - Eeq o nith
K, FoR RN RAE, BT e IR Re 228k F
T B OER fH AL PERE 1) 7OFR AT 20 (12) 11 545 21
AGOER

e
AGOFR = max{AGy, AG>, AG3, AGs}  (13)
Hr, W8 e & M A N — > B B s 1 H ey
. pOER MK, fORME AT PR,
13 SHMEBIMNIREMEHIE
SEERE (Eco) FIEERE (Ey) & VEAl CoPS; & ¥ s #k
JIFRREMERI RS Ec, 81, RRE TS
PR . Ey BOK, RANR TS AR, #ois

ER _—
nOER =

~1.23 (12)



1232 T AL A R R

540 5

Fese M 4,
Ep =[nxE(Co)+sx E(P)+txE(S)—EQD)]/(n+s+1)
(14)
Eco = E(QD)—nx E(Co)—sx E(P)—txE(S) (15)
H ny s f ¢ R EF HH Cov PHIS R
JEF#; E(Co). EP)HNI E(S)7r5IJ9 Co. P HIS JHT
A REE, eV; E(QQD)IR /N E ¥ A REE, eVe

2 #R5ITE

21 CoPS;EFRHILGEHIEE

W RARZAREA CoPS; R B B Z AR, TUAA
AL G155 4L 202 CoPSs /S J7 45 MR R 1) 3= 4L ]
AL W 1(a, b)FT7n. 2060k 2660 Bl 1) 5 f i)
P S HON a=b=5.7714 A, 5 CHR[34]3RE 45 FAH
W4 AN A 2 4 Co JR 7, 2 NP JETAT6 A
S . Hrh, Co &7 547577 fnAk 1)\ T 4 [a] i
firi, 564 SEFIEHILN M LEH L, 24P JEF
S5 3A S IR R [P,Se] G5t BT . I8,
OER M FEF MmN Al &R E A E, tH2
Co JLFEAEMEIL OER J71H I tH AR AL, 451
Co0,. CoOOH. CoP, %5, #Rifi, ¥.JZ CoPS; Ffj«=
a0 R PR T, BB PR BERT, &8
Co #JefErhiE, H Co JA-FA/NEALMALRE, R
M5 HoAth Ny T R . DR, R SCHR[ 18R IE (1 B
JZ CoPS; ARG PEEL % o

BT EFRMMEES MR, KR E T
PRI LAY CoPS; & T 11 45 # £ 21 (CoPS;-QDs)
Bl 1(c, d)arml s 12 i 12808 20 HULP AL

BT CoPSs ) HLJR fi M 2 R AL R 1B i 45 A A R

Fig. 1 Monolayer crystal structure model and quantum dots
model of CoPS;

(a) Top and (b) side views of the monolayer CoPS; structure model;
(c, d) Top views of (c¢) CoPS;-QDsl and (d) CoPS;-QDs2; Red dashed
line in (a) indicating unit cell of CoPS;
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indicate electron accumulation and green regions indicate electron depletion, with isovalue=0.048 e/A*; (c) Orbital-resolved partial density
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Fig. 2 Optimized structure model and electronic property data of CoPS;-QDs1
(a) Top view of the optimized CoPS;-QDs1 structure model, where S1-S4, Col, and Co2 represent six inequivalent edge atomic
positions obtained from Mulliken charge calculations; (b) Charge density difference map of CoPS;-QDs1, where blue regions

of states (PDOS) and (d) atom-resolved PDOS of CoPS;-QDsl1. Colorful figures are available on website
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Fig. 4 Structural models of O modification at the Co2 site of CoPS3;-QDs1 and its surrounding four inequivalent S atoms
(a) Distribution of Co2 site and its surrounding four S atomic sites; (b) Model M1 with O modification at the Co2 site;
(c) Model M2 with O modification at the S1 site; (d) Model M3 with O modification at the S2 site; (¢) Model M4 with O
modification at the S3 site; (f) Model M5 with O modification at the S4 site. Colorful figures are available on website
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Table S1 Fractional coordinates of each atom in the
optimized geometrical structure model of CoPS;-QDs1

Fractional coordinates

No.
X Y Z

Cola -0.251 0.002 —-0.005
Colb 0.275 0.002 —-0.005
Co2a -0.128 0.266 0.015
Co2b 0.152 0.266 0.015
Co2c —0.128 -0.263 —-0.026
Co2d 0.152 -0.263 —-0.026
Sla -0.239 0.167 -0.175
S1b 0.263 0.167 -0.175
Slc -0.238 —0.164 0.165
S1d 0.262 —0.164 0.165
S2a -0.315 0.187 0.137
S2b 0.339 0.187 0.137
S2¢ -0.316 —0.184 —-0.147
S2d 0.340 —0.184 —-0.147
S3a 0.012 0.374 0.185
S3b 0.012 -0.369 -0.197
S4a 0.012 0.394 —0.130
S4b 0.012 -0.392 0.119
P1 0.012 0.070 0.084
P2 0.012 —0.066 —0.094
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Fig. S2  Schematic structure models of six active sites (S1-S4,
Col and Co2) of CoPS;-QDsl adsorbing three oxygen
intermediates (*OOH, *OH, and *O), illustrated using site S1
and Co2 as example
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Fig. S3  Optimized structural models and charge density difference
maps of O modification at the Co2 site of CoPS;-QDsl and its
surrounding four inequivalent S atoms, where blue regions
indicate electron accumulation and green regions indicate
electron depletion, with isovalue=0.2 ¢/A’
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