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Abstract:

With the depletion of fossil fuels and the intensification of environmental pollution,
the advancement of renewable and clean energy has emerged as a necessary_strategy
for ensuring sustainable development of mankind. Hydrogen is considered to be the
most likely clean energy alternative to traditional fossil fuels due to its.zeto carbon
emissions and high calorific value of combustion. Improving the efficieney of hydrogen
production catalysts is a key scientific issue for the promotion and utilization of
hydrogen energy, and the construction of heterojunction of two-dimensional materials
is one of the most effective measures to improve hydrogen production. In.order to solve
the problems of cumbersome steps and serious burden on the econemy and environment
of the existing heterostructure construction methods, this study is committed to
developing a simple and green heterostructure construction method, using supercritical
carbon dioxide (scCO2) technology.to construct. Ultrathin 1T-MoS; and CoFe-LDH
nanosheets were prepared by stripping off CoFelayetred double hydroxide (CoFe-LDH)
and MoS;, and the crystal structure of MoS: was transformed without the help of any
organic solvent (part of .the 2H- phase was converted to 1T phase). Then, the 2D/2D
heterostructure was comstructed by. simple electrostatic adsorption of positive and
negative charges, and the effective recombination of the stripped two-dimensional
ultra-thin CoFe-LDH and MoS; nanosheets was realized. The experimental results
show that the two-dimensional ultra-thin CoFe-LDH-sc/PMS heterojunction material
prepared. by this” method exhibits excellent electrocatalytic activity for the total
hydrolysis reaction in the alkaline electrolyte. This study not only provides a simple
and green new method for constructing 2D/2D heterostructures, but also provides
important experimental data and theoretical support for the design and application of

electrocatalytic catalysts for total water hydrolysis.

key words: Two-dimensional materials; Electrocatalytic overall water splitting;

Supercritical carbon dioxide; Heterojunction materials; Hydrogen energy; 1T-MoS»
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scCO, Xt MoSy HHATRIE,  FLARD IR R Lo il 5 IS ARl iy 44 PMS-x,
Horb x REETT.

¥ 45 B A BE SN 2R R0 208, 40% 1 2 B2 7530 5 #8 75 AL EE 30 min,
FrE 3h, B LZ B, PL9000 r/mind 1 2.0 7 min, HUUUHE, FE DM
#4560 min, 73 2 [ 4R o

7 AL S BN - C q
7 ) ] P f

—
2-2 I A AR AU (SE R B 2 B A 7] Y Spe-ed SFE-2 & 4t)
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2.2.3 HEMRIHI %%

W bR AT 2 AR SO I B R, B 2-3 s, IIA =02
MEEFKF, Hifk 24h, LL 4500 r/min 3 B0 7 min, A T 15 60
min, BF45 B8 AR il AR BE, #F 4 id 4 CoFe-LDH-sc/PMS,

2-3 {1 90-3"PELIA XU 0 T B 30 T AR R 24

2.3 SHRIE (%)

RAEAX A 4 B 2-4 P 2~ , K FEI Tecnai G2F30 F1 JEOL JEM2100F ]
7% 5T B, CTEMO. (K @& 4y 8% TEM (HRTEM) Floc & BLG) xf H
SE R Rt 4T T R B L H L CUS010 BEATHIH H 7 B st (SEMD WM %
MR S5 . JR T 7 A8 (AFMD K OMCL-AC160TS #£41, W H 4
Cypher VRS JEM-ARM 200F % % H T & f I LR I A fE B 7 B
5 (HAADPF-STEM) Will. ] Cu Ko %85 7E Rigaka D/Max 2500 _E#47 x
AT (XRD) . K Thermo Scientific Nicolet 6700 Yt i {3 4T {8 B it
A5 i 4L ANCFTIR) Y6 3 I o 5% ) LabRAM HR GHAT H7 2 615 MR . 1] Belsorp-
Max 5 48 I 58 BT I - B B 25 R 2k . Zeta A7 SR Bh 2506 Bl 2 B AR

(ZetasizarnanoZS90, Ji[E) AT & .
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2-4  (a) FEI Tecnai G2F30 & - ®fl5i.  (b) HIZ CUB010 HA4fi i1 2l 5i
(¢) Belsorp-Max 27 B 7344 . (d) Rigaka D/Max 2500x S RATH . (e)
Nicolet 6700 YL “(f) ZetasizarnanoZS90. (g) LabRAM HR 7 Z Wil {%. (h)
[ ARTLE

2.4 BEAEI

R A U 2 72 CHI 760e TAE 25 Bk 4T o HER IR A = s A It A
Foo N 5B A TR0 100 B B FELRR A Dy AR A, B R AR S X B AR, Hg/HgO
LR (RN 2 s .

FI9> 1T RSP FEEX 14.025 g SR H, 4 S B8 2 250 ml 25 &
#7 IMKOH & . # 4 mg CoFe-LDH-sc/PMS, MA/NE O . FHHB K
FE 43 AIEL 900 L ZFE . 70 uL 2% 85 77K+ 30 pL Nafion &, IO /N B O
o K /NES O 30 min, TSN A R IR o KRR RSP B TE — B R
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b, EJEBES B4R — SRR 0.05 wm B R, FH 78 1 K I SO TR A
HAR M0 JE R BB FL AR Y 8 - YA R B e (B 4T BE AN IR 2-5 Ca) . 4T BF 20
min. K ST B U 1) B AR TN B K ZBE OB P 5 & 6, R
B FL AW PR B B ) 4R 6 B U e T

HC7 wL B0 T LAE AL 0.07 om? (1 35 Bk AR b ke il & T AR FEHR .
B UM T B B H A 5 Hg/HgO FARAm A H B R i 1 B =, Bk
RGN H B AR AP R = . anl&] 2-6 Frow, R LA S T B b4kt
PRI SR ST 7 S B A 7R ) BB A b, B B AR R SR AE Hg/HgO Rl b, 4
0 HL B SR S A T e FEL AR

(a)

&l 2-5 (é/) HLARAT BRI, Cb) BBk il (c) Hg/HgO Hitk. (d) Bk

TE VLI N = 4l IR B A, 7R A R B AR 2 (Cv) i
25 J5 MR RE IR 2 1t F 34 PR 22 C LSV il 42, AT A5 BILE LA 10 mA B
X L AR I ER

i 3A L sty B S AT S i ad s %

48
.
IE

] 2-6 CHI 760e FEAk. 2~ T AFuk

20



B=F 4R508

3.1 R EITESL R G HIRAE

3.1.1 TEM. SEM. AFM F1 Mapping 4>t

FIFH TEM. SEM . AFM . HRTEM 1 mapping FEI{% 7] LB 7R il 25 & 19
JES. SiRgAEREE . Hoh TEM 5 SEM #/2 L1 Wi, SEM H-T SR 5 1)
RIMEHAIEE, TEM H TN 451 . 5 SEM MI'TEM 73 ek H H
THRIFFAE SRR AR S ESAR, AFM FIFIRET 54 b 2 1 WA R 1E A )
SKAREUR TSR, T F T 1 5 ot 2 1A T DX Al AL X s o 72 o 7 3% I TR 115
3 Jg& 7 M TG FRAERE i v 1072 (8] 43 A

ZERE 3-1 ok, @ik 3-1a F 3-1b fiass, CoFe-LDH R I E FIR
g5k, JEEEZ)0N 175.5 nm; & Him R # B85, CoFe-LDHs-sc M2 3y 5 i
HRSFR /NP 4 R E5#0, 98B K258 100 nm, JEEEZ10N 22.5nm. X EKE
MR RA R LRTR, 2 T R iRy o T N A F . A 3-
1a3 5 3-1b3 WA & H R B AT 5 0 CoFe-LDH M f b8 52 £ %8 0.27 nm, X BT
LDH ] (012) it K 3-1c J@&/R TAEPMS 2K E 113 T CoFe-LDH 4K
Fo B 3-1cl 5 3-1c2.A75H CoFe-LDH 44k A Z B it 25 76 55 N 58 i) PMS
Bk b dbAh, FRATEKILE 3-1e3 F B 0.24 nm F1 0.27 nm & #5825 53 71
XF T 1T-MoS: f (100) /45 i A CoFe-LDH ) (012) {#ifi. 1T-MoS: ) H Bl it
B scCO, K 3R 4> 2H-MoSs #1EN 1T-MoS,, FE% 2 H A 1 T fbk& ILEL ) 5
AR, BT SRMARA RIS EM, X EATR MR RS0 MoS, iR
HY B R IK AR TS P, L5 CoFe-LDH-sc 54 TR 55 45 44k B A B 47
BT PERESY . B 3-1c5 KB, 113 CoFe-LDH 9K F EELy 29.5nm,
PMSS B JE B 2974 69.4 nm. [&] 3-2d B, CoFe-LDH-s¢/PMS # i 15 Mo.
S. O+ Fe fil Co fiffiyiZ . Co. Fe fl O JLERAEICR ML BUE F G K sl /0
W, Mo 5 S B R ABONEEES, 5K 3-1cl 5 3-1c2 AT B H AR i
AR UL ERAEIESL T 5 5 45 (M i 2
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K 3-1 (a) CoFe-LDH. (b)“CoFe-LDH-sc<. (c¢) CoFe-LDH-sc/PMS HJ SEM. TEM.
HRTEM. AFM K% A /5 . (d) CoFe-LDH-sc/PMS )71 2% i) 14

3.1.2 B B - B X

HI T~ R R T IS A AR AR, — AN T IARIH, TR A AE & AR
RANHIFLEE R, LD E AR AR LN, AREFH BRI TR 20, by T
VRN T fRFE S FLBRME B, X FT#34£ 5 CoFe-LDH. CoFe-LDH-sc. CoFe-LDH-
sc/PMS JEAT 1 R TR B BT IR, 4538 57 408 it S0 - I B T 2 B R AL AR 0 A
. R4 Brunauer-Emmet-Teller 777%, HI% 3-1 £33 CoFe-LDH-sc # /i Ei 3
AR N 126 m? g7ty FLIRYE t-plot J7iZ 20 HT 7 R it b N A AR L i AR LA
P BB ISR 3-1 o BHER W] scCOL PG, 215 i i HL R I AR
SRS, BT 2 HVE A A, (R AR A 7K 20 i PR PR o A
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300 0.010

—u— CoFe-LDH —a— CoFe-LDH
—e— CoFe-LDH-SC —e— CoFe-LDH-SC
~%%1 —+— CoFe-LDH-SC/PMS 00084 —4— CoFe-LDH-SC/PMS
.-,g 200
° 0.006
£
= 150 4
S
o 0.004
8 1004
3
2 504 0.002 4
0-f T T T T 0.000
0.0 0.2 04 0.6 0.8 1.0
Relative Pressure (P/P,) Pore Size (nm)
K 32 FEm (o) BAWM-I &K (b) fEa
2 3-1 HRUS B B B 75 PR A [ 5L B A o T 25 A SRR (I
SSA (m? g!) FLAF em’® g )
FF i MALRST (nm)
SBET a Smicrob Sextb Vtotalc
CoFe-LDH 112 7 105 034 0.33,1.88
CoFe -LDH-sc 126 8 118 0.40 0.39,1.88
CoFe-LDH-s¢/PMS 102 18 84 0.28 0.27,1.66

“ {f ] BET JiiEHHAS BRI LLAR TR (Seer)
P f# T t-plot J7 i HAG BRI AR (Swtero).
¢ FERR L F129 0.97 I SREFHTFLAAR (Vo) -

3.1.3 Raman 431

N BT 2H-MoSs BN 1T-MoS, JITi I (b 2 4546 . AHATE 254545
B RHOR-MoS, MIANFscCO, R B /111 MoS, FEdn kAT 1205 iE M. 2
POt TR SR BN S 2 T HUR I, K2 AU 6 5 N\ GHEOE B A IR i
Ko, B Do B G I 5 NG AN TR o 3 3 53 U K e 502 e
B L S Pk, W& 3-3 pos. X THI4RTE, 378 A1 402 em! AL HYIE
53 A8 T 2H-MoSy FITH A HR 3 Eag B AN HI AMRS) A1 0T, 22 5cCOy b
JE W AE 145, 193, 226 1326 cm ' AEMLEE S 4 DMETIHL 20, 735 )& T 1T-MoS,
9 01, 32, 32 A0 )3 BEHE—AEIERCT 1T A MoSao1. BL_EHHIZE scCO2
[RIE R 2H-MoSy Mt 1T-MoSz.
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402
1

Intensity (a.u.)

T T T T
200 300 400 500 600
Raman shift (cm™)

K 3-3 Bk MoSy KAEAREF1 7RI ) MoS, # il i) Raman & 1

3.1.4 FT-IR 4 #7

LLAMRAO G = B 2 TR BN AN B R g | R 1, H B B Bl A 141 1) )&
TRETAWHRS) (B3 BPRAS, HARBHEE LA RS A 2 . LA,
FHELAM RG240 B A 2 BB R e TR AR RS RSC, AN[R] ) A 25
BE BERR ISR AN, IR A A A R B e e RME B . ] 3-
4 7R, CoFe-LDH [ HIHAFMLL A il 0y = A F B S50, DL 3433 em ! Ny
HRCa PR B 1T 3 (1 2% 5 DA DR - PR 2 IR 4 7 1) O-H hiff#R3), 1650 cm™! Al
1355 em™ RN E 73 V= P B K3 7~ H-O-H 25 #h RS A2 R BRERAR 25
TR FRAF IR BN T/E S PMS E&/5, CoFe-LDH [ZLAME I F 148 H K
A RAEA, B PMS IR B0 CoFe-LDH ¥4

PMS

CoFe-LDH

CoFe-LDH-sc ¥ :

1
! I I
I I
: CoFe-LDH-sc/PMS :

Intensity (a.u.)

g

L) L] L] L] L] L]
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

& 3-4 PMS. CoFe-LDH. CoFe-LDH-sc. CoFe-LDH-sc/PMS HI4T4MGHE R

24



3.1.5 XRD 4 #7
IR AT R R X AT i, RATTRR I bk gite . i 3-

5, X SHEATH R R CoFe-LDH il CoFe-LDH-sc 1 11.4°.22.9°,34.4°fi1 60.3°
BT FOAT %5 508 LDH 9 (003D« (006) «  (012) Al (110) TH, AT
BAT LDH £5M1031, MZtid seCO, 4b#E, CoFe-LDH-sc #H%% CoFe-LDH K1
003 FHTHIRT ST ISR B ARG, XA T CoFe-LDH ### fT#(. CoFe-LDH-sc/PMS
A A _EiR LDH FAEAT S U6, 38 HAT MoSa HIRFIEAT S U, 25l A7 T~ 14040
29.0°. 32.7°. 33.5°. 35.9°. 39.6°. 44.1°, 49.9°. 56.0°. 58:3°FH 60.1°,. 73 A%}
J%F MoS, (ICDD Card No. 37-1492) K] (002) + (004> v, (100D A (101 .
(102) . (103) « (006D + (104) . (106) & (110D Fl C108) o4,
iEB] CoFe-LDH 5 MoS, I E A, HHE T R4 .

‘ l CoFe-L'DH-sc/PMS

CoFe-LDH-sc

'L-WL Prdat NVt -

A CoFe-LDH

| |

i A A
;__J — o N M A A A A

Intensity (a.u.)

10 20 30 40 50 60 70 80
Degree (2 theta)
K 3-5 PMS{ CoFe-LDH. CoFe-LDH-sc. CoFe-LDH-sc/PMS HJ XRD &

3.2 Bk PERENIE

3.2.1 AL HER UK

3-6 2y CoFe-LDH-sc/PMS HLfEALFIFE | M KOH ¥ 1) HER ARt 28
TR AR A i 22 PT LA H AN [RIAORHEE AR [ HL 25 B2 R IR s34 . 7 10 mA em 2 (1)
HYR %% (j) F, CoFe-LDH-sc/PMS HL{EALFH 1L FHAE 346 mV. MHELZ T,
PMS. CoFe-LDH. CoFe-LDH-sc IX =F A7 2 H L% E 215 10 mA cm ™2 i,

25



BA M A58 710, 614 1 446 mV, X[ HER HERE(C. &S 55
A PMS i miss, MR AL HER HEREH FTiE &

20
04
. 20
)
5
-40 -
<
£
N
= -60 4
-80 - oFe-LDH 614 mv
oFe-LDH-s¢446 mv
oFe-LDH-sc/PMS 346 mv
'100 T T Al T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

E (V vs.RHE)
/) 3-6 AFEALHIZE 1 M KOH ¥R, %4 10mVi! F i) HER HiLih 2

3.2.2 EAE4L OER MK

OER M 5 HER MG [A) BE AN [ 77U 7E 4 M KOH # H f) OER AL
22U 3-7 sk, PMS. CoFe-LDH. CoFe-LDH-sc 7£ 10 mA cm™2 FHLJii % & )
I AT BN 686 67191598 mVie . CoFe:LDH-sc/PMS 7 10 mA cm2 LI 25 &
NI AR 464 mV, /HAE A OER VEREHIET AT = Fh Hu Ak A IR KT

100
PMS 686 mv
CoFe-LDH 671 mv
CoFe<LDH-sc 598 mv

CoFe-LDH-sc/PMS 464 mv

80

60

40

j(mA em?)

20

T T

1.0 1.2 1.'4 1.6 1.8
E (V vs.RHE)

K 3-7 ANFEMEALFIZE 1 M KOH W, #3308 10 mV™' N OER AL £
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3.3 B EREKNE

K 3-8 NE A H1EL CoFe-LDH-sc/PMS 7E 1 M KOH ¥R F 4L 4= il /K o 1
Fro MR ZE 3 00 A AT S SO PR B B FELR A 3 R R AR AT AR SR TR A kR e
A LLE HAIZ AR T A R KA A R RIHEAAE T o 78K S St e
FRATIE R 52 2 77 A AR WE PR T SR A, I R Xy b S 52 20T CoFe-
LDH-sc/PMS X i fJ L {4k, HER i B #4EMIK F- OER i H 3

|
] 3-8 CoFe- LDH sc/PMS 71 M KOH # i Ak 2 it /K B

3.4 CoFe-LDH-sc/PMS 4L A7k & M ATLEE

A TAE CoFe-LDH-sc/PMS’ 5 Jit G5 M1 4= Al 7K BTN~ = B ] 3-9 4k ]
i, BASR AT EUSRL, AR M & B 7EAE ] scCO2 43 A%t CoFe -LDH
A1 MoS, #EAT R B #E ./ 2H-MoS, #4624 1T-MoSa, JERE 2 H A1 T &g ULHC
M5 REEk, BT 1T SJEAEA RIF S, XA RIR T RS MoS:
I e B K R RRE S T

K| 3-9 CoFe-LDH-sc/PMS HLfE A 4 /KL Fin = B
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UbAt, AT AR K Zeta BT SRR AR BN K BURLAE 7%
T T AT 5T, W] 3-10 P, 3B IS Zeta HUAL AT BA#3 A1, CoFe-LDHs-
sc 3 BRTE/K BTy BT D IEHL, Zeta HAAZZ9+21.4 mV; T PMS 20 8UE K H By
LA N L, Zeta FAALZA-42.5mV. MEER I, CoFe-LDHs-sc 5 PMS AJ-LA
L E AR EM E 2D/2D A, X DR Dy A A AR R R R
i, TTIZEAR ELAET I 22 R A i e BRI B S 2 4544

i &

20

-
o
1 "

o

Zeta Potential (mV)
8 3
1

&
S
1

A
<)

-50

PI\IAS CoFe-ILDH-sc
& 3-10 CoFe:LDHz=sc il PMS ] Zeta Hif7

Xof T B A AR ) 1k R A A AR BEAEL, 55 W R B b DL b A ) St Ay 2t
TR C BN — R S A NS PR X . CoFe-LDH 5 MoS, 416 i
JR&s, TTLALE PR R i ) S A= A A PR AR O, R 2H-
MoS: F A6 1T-MoS, .45 #4) (1 2L B (i AH B8 77 A8 (0 TR 254 SEEB v R
SRR KMEA T RE . \CoFe-LDH=sc/PMS 53 i 45 & B i K B Bl [RI RORE . HELFAH L
VEREE, W] BLRE 5 BRgh i i 3 A e o TG MR, fURE B L RN 7 s T o T A P R
RE 2 TR i AR 14 DL B bR TS [E) AR (9 S [ e oty 1 1) 2 5 3500 5 T Ak R A
LR RSy A AR S0 4 4 11 2 1D F 1
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BNE g

AHIF 72K F 7K $49%:11] 445 81 CoFe-LDH, 1 J5 FIH scCO» FA Bt Hufk
CoFe-LDH 1 MoS, #ATRIE, FAERAAEATANIEFIHIFE B TS MoS, K4
KRR, )45 7 I 1T-MoS2 Fl CoFe-LDH 402K o 33511, ) FH a7 5. (1) 5 e
FARBIE G EL CoFe-LDH-sc/PMS. SE4 770 P REB. FIBE9KE 5 4
B AE FH AT HLVA AT G A58 56 ol /AR L, ASHIE 78 iR FH 1 526 i L L% 7 v AN ]
E IR ARG SRR, TR T BB 2 BIRE O,
TR BIME S AT SR, DT S H 4 Rk 5 S A oL IR e 11 v A
S R WIRr

TEM. SEM Z5EEUESE CoFe-LDH 5 MoS, INE &, A HEHE AL AN
RM%, HEARIFMFRT MK L1 7E 1M KOH %3 H 45 5
#H4T HER F1 OER iR, 3% CoFe-LDH-s¢/PMS f{]-HER A1 OER i HL3ALE 10
mA cm 2 R /359 346 mV I 464 mV,« JtH] CoFe-LDH-sc/PMS [ B AT #H R 4F
f¥) HER A1 OER PEf¢, UESE [ 15BN B R 4 0 FEL AL A K PR RE -
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