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Fabrication of ZIF-67-Derived Hollow Flower-like Ni, ;Co,,S/MoS,
Composite Catalysts for Hydrogen Production via Water Electrolysis
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(State Key Laboratory of Advanced Fiber Materials, College of Materials Science and Engineering ,
Donghua University, Shanghai 201620, China)

Abstract Hydrogen energy, as one of the most promising clean energy vectors in the 21st century, has positioned
its efficient production technology as a critical pathway for global energy transition. However, large-scale implementa-
tion of water electrolysis remains constrained by the high overpotentials of hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) , resulting in inefficient energy conversion. Although noble-metal-based catalysts
(Pt, IrO,/Ru0,) exhibit exceptional catalytic activity, their scarcity and prohibitive costs severely restrict industrial
deployment. Transition metal sulfides (TMS) have emerged as competitive alternatives to noble-metal catalysts due
to their cost-effectiveness and tunable electronic structures, yet their inferior intrinsic activity hinders large-scale
applications. Metal-organic frameworks (MOFs) , featuring ordered porous architectures, high specific surface areas,
and uniformly distributed metal nodes, can be converted through controlled sulfurization into cobalt-based sulfides
with hierarchical porosity. This conversion not only preserves the three-dimensional skeletal advantages of the
precursors but also effectively modulates the density of states at metal centers via sulfur-atom doping. In this work,

NiCo ZIF-67 is employed as a precursor to construct a hollow-structured Nig;Co,,S/MoS, flower-like composite
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catalyst through sulfur-induced Kirkendall effect-driven synthesis. The hollow framework of the composite

synergistically enhances cycling stability by effectively anchoring MoS, nanosheets, while its expanded interlayer
spacing facilitates sufficient electrolyte infiltration and optimizes charge transfer pathways. The Niy,Co,,S/MoS,
catalyst demonstrates exceptional electrocatalytic hydrogen evolution performance, achieving a low overpotential of
150 mV at 10 mA/em?. Remarkably, after galvanostatic stability testing (80 h at 10 mA/cm?) and 2000 cyclic voltam-
metry cycles, the overpotential increases by only 7 mV, highlighting its superior activity and long-term durability.
This study provides a novel strategy for designing efficient and stable TMS-based electrocatalysts for water splitting,
offering significant scientific value for advancing green hydrogen technologies.

Keywords Hydrogen evolution reaction; Transition metal sulfides; Structural engineering; Hydrothermal synthesis
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X FEELA DR T T K AE RIS JE R N A S 2 S KSR ) AT R

AR, 42 B A HUHELE (MOFs ) fi7 42 5w R 32 71 TMS AL P RE SR AE T BFr ke )y 210 DLk A bk
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ASLLANiCo ZIF-67 A HTIRAAR , i1 8] B i — 25 K Gk il T — LA 25 .0 25 19 Nig 5Co, ,S/MoS,
TR A AL . W 4 PEE S e 7 S (HRTEM) 1 X SRS (XRD) RAE/MHFIESS, =4 H 3%
PR 223 O/ T AAHE B2 45 4 368 3o AT LA B 80 A R ] 1T MoS, 40K i 2 ) HES: , FL(002) dh A2 [ Y™
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1 SCIGERsY

1.1 RAFE5E
ANIKEHIRE [ Co(NO,),*6H,0] , /KA MBS Ni(NO,),-6H,0 ], — HIZEBKIE[ C,HN, | Fl /KA 4
FREH (Na,Mo0,-2H,0) , ZrAfréli, FIEBTHn T A AR I A FRA w5 & (KOH) | JRE (CHLNL0)
FRAC IR (CHNS) , Ztirali, EZ54E R AR A FRA R 258 F7K (FPH#>18. 2 MQ-cm).
Zeiss GeminiSEM 560 4 #47; & Bl i, 7 B AUEE (SEM) , {8 [E Zeiss 23 F] 3 Escalab 250Xi 7 X 44k
HL BB 35 X (XPS) Ml Talos F200S 7Y i ff HL 7 2 82 (TEM) , 3¢ [5 38 3R K /R B A IR 28 ] 5
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D8 Advance {37 FLAb 2% X GFZRAT S (XRD) , £ [ 715 & 70 /3 1 5 Autosorb iQ 4 [ Sl AR FHY,
EE RS AER A F] 5 IVIUM BY AL 2E T AR, far 22 SCAER R A PR A A
1.2 EEFIRHEE
1.2.1 NiCo ZIF-67 BT B MK By #1 % 155, ¥ 0. 873 g(3 mmol) Co(NO,),-6H,0 F10. 087 g(0. 3 mmol)
Ni(NO,),*6H,0 7843 ¥ fift 76 30 mL Jo/K HHEEH, T2 BA TR A5 SR, 1 1. 97 o - H SLBR e 58 53 15 i A
20 mLJG/K B, TR B. KA A SR B FU/MRA, TEEIR T E 24 h, HEELERSY .
FHFEE B OUEE 3G, 7660 'CF EH 25 T4 12 h, BI15 ) %8 {4 NiCo ZIF-67 1E /N A . AT
Ni(NO,),-6H,0, L AT, 153 Co ZIF-67.
1.2.2 Niy;Co,,8/MoS, & & 1 7| by 4 & R —87K 3% £ X4 J& NiCo ZIF-67 117 4 1) Ni,, ,Co, ,S/
MoS, & &AL . BRI « FRE 125 mg NiCo ZIF-67 & T 100 mLESHR 1, fINA 25 mL Tk 2B,
#7430 min fiff NiCo ZIF-67 7847 70 . SR )5 , FRiE— & & 1) Na,MoO, - 2H,0 A A £ W% T 25 mL
BRI R R 30 min TE IR AL RS IR A BT N2 IR NiCo ZIF-67 23 BOR Y, Btk
30 min, [HHIE G A K FRIB GBI EE RS £ 100 mL K W b, J67E 120 CAEHR 4 h, FEL
5 °C/min [ THE 2 200 C, fRE 16 h. i B ELOBRE W 3R, 5T 60 CHZE T4 12 h, EIfS
FI| Ni, ,Co, ,S/MoS, & A4k 7 . Horp | Na,MoO,-2H,0 1 C,HNS Ay EL 4 B 543 514 0. 2 F1 1. 25 mmol .
0.4 F1 1. 25 mmol 1 0. 8 F 2.5 mmol, JF 5 {# 4k 5 43 51 ic 4 Niy ;Co, ,S/MoS,-1, Ni, ;Co, ,S/MoS,-2 Fll
Ni, ,Co, ,S/MoS,-3. AN Na,MoO,+2H,0, F & A, 152X} kLS Nij ,Co, S.
1.3 BN

FIEAT H AL 2R 78 IVIUM B AL 2 T AR AT

TAERAR (WE) il 5%, BUS mg & AR E T 1.5 mL B0, SRS MW A
480 pL ZEEAEFR, FHIA 20 wL 5% (JFH53%50 () Nafion VAW, #6505 B THE S THYENLH, #5455 min il
ARSI SR . TR 6 WAL S, W nTe LAY i e A R 1T, FF H AR T4 BRIVl
15 TAEHA.

S5 HER Y7 1. 0 mol/L KOH (A B ih kAT, Horp 48 bR UARAE N 2 LU Ll (RE, HARHEH
W HL AR 0. 098 V), A1 8 AR AR AT HL Al (CE) , 5 TAE AR A B — AR R R G . A SO i 343
I BE R AR T T S AR AL SE B A ) —Ak, T R AR R A AT

E(Vus.RHE) = E(WE) + E(RE) + 0.059 x pH (1)
Tafel FH% e AR 2t £k a5 5] .

n=a+blgj (2)
Hod s a MHEEG j(mA/em?®) HHUFZEE 5 b(mV/dee) N Tafel BER . @5, Tafel BEREUN, ALY 3 )
SR HURORT R B 2 HL 2 (C,) 5 b2 R AL (ESCA ) BLIE e, AT DAE i HL OB J2 HL 25 R/
R M HEBCAE S A TR RO S H 22 5 AR SR IR e h 4R, FEAS R AE AR A AR 7 56 X []
P, DS [l R T PR e 2, 13 Rl A T FL TR B I 22 (B (), WA [ R
() A BEATERPERN G, RERRI A2 LA P . 76 10 mA/cm? HL I 25 B X6 7 49 F A5 A0 o i
BBt (EIS) , MRS S 0. 01~100000 Hz.

2 GRS

2.1 EEMHEMNFHIEERE

Ni, ;Co, ,S/MoS, Hi faf B A I 25 s A W (Scheme 1). B4, M1 T NiZ* 5 Co HAG ML A & T 42 Fl g,
ok, I, BHAELE Co ZIF-67 A Mt 2 HR A i Ni(NO,), - 6H,0 158 T X4 J& NiCo ZIF-67. NiCo ZIF-67
5 Co ZIF-67 EA R A E /N EHARTESE I 1(A)FI(B) ], 3 HARAR B IEAR—F(400 nm £ 47 ) , 1568 Ni>*
B FIEAE] Co ZIF-67 FIMEZRZEA IR i, T3 —A1 . a3 XRD FI FTIR Xt NiCo ZIF-67 #E47 1 2 H:43#7 .
TEE 2(A)H, Co ZIF6T F) FTIR Y3 £E 600~1000 cm™ F1 1100~1500 em™ A f W Wi s 43 551 V1 i T ke e i
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C02+ Ni2+

Hydrothermal

Aged 24 h 120 °C,4h +200°C, 16 h

NiCo ZIF-67 Nip3Co0275/MoS;

Scheme 1 Preparation of Ni, ,Co, ,S/MoS, composite catalyst

B 4E Fi s A=, 4% C=N, C=C, —NH FI—CH, 5 5[, Hr 1575 711418 em™ &b A AL 43
SIHJE T C=NF C=CHEPR SN . NiCo ZIF67 Y FTIR Y3tk i i T SR il 5 Co ZIF-67 I E S, 3
HI NiCo ZIF-67 (L2~ 25 W4T KA MUE . [RIET, £ NiCo ZIF-67 B XRD i & [ &1 2(B) | h BB L% 5] 5
Co ZIF-67 (i B MR AT I6 , 5 ISR Y ZIF-67 FOfT ST B - 0m4 , BB N2 51 AR B ik
5 Co ZIF-67 (R EaARGS 1) . ARG, SRR LR NiCo ZIF67 M4 i MoS, 41K 1, Bt 2 Bl /v e A
[ H,S 78 FTF Niy, sCo, ,S/MoS, & A AL 7= A 25 O HEZRZE R , 2S5 FKAA R T A SRR HE , [RIAs 3
T Ak ) 5 F A TR A A A R, 4 TR AR, A AU SE HER (1 E T

may
B

Fig.1 SEM images of Co ZIF-67(A) and NiCo ZIF-67(B)
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_J | X 1J PO O et
Co ZIF-67
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Fig.2 FTIR spectra(A) and XRD patterns(B) of Co ZIF-67 and NiCo ZIF-67

Pt 4 B Ni,, 4Co, ,S/MoS, 5 & HEALFA] 9 SEM BE 1 21151 3 s . 7E Nij, sCo, ,S/MoS -1 11, ZTHIARIIE
SR THALF K 3(A) |, (HRZ T RERI AR R, A AR, N Co, ,S/MoS,-2

T = o

500 nm
e ——

500 nm
e

Fig. 3 SEM images of composite catalysts with different MoS, loadings
(A) Niy ;Co, ,8/MoS,-1; (B) Nij ,Co, ,8/MoS,-2; (C) Ni, ,Co, ,S/MoS,-3.
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ZIHRNIE AR 2] T HALFEE 3(B) ], RITAOK R m¥5], Bodidd, AR EET, Rtk
55 Ni ,Co, ,S HA—F, 7E 400 nm 2247 . Ni, ,Co, ,S/MoS,-3 Hh Z WA IE S5 A e R , 150 B bt 45 4 5 Fl
TR RGN, ZIF-67 0\ TEARZS A BT s, e 6 T HEZEXT AL SR AR AT, [RIB il 3l T 3
i MoS, H [R] AR SS HE I 4K 7 S5 R [ 11 3(C) |, XRS5 AR A Ak B v % 0T . 119 EL 3R 1
FAFLEGEHE A ) T A S0 3 R AR TG L 5P 7870 22 B8 L) e R A UM G R AR K, b4
eI RE BT 43 A

Niy ;Co, ,S/MoS, 1 % B - J5t B 45 U4k [l 4 (A) 1o SR TV RUAE IR 26, R IR 35 R A FL A
Bl HAFLA AR A& 4(B) Fi7R . Nig ,Co, ,S/MoS,-2 Fi H 2 185 FH (S, =119. 120 m¥g) Eb Ni, ,Co, ,S/MoS,-3
(Spr=98. 952 m*/g) Fl Niy ;Co, ,S/MoS,-1 (Sy=57. 484 m¥g) B K (£ 1), 3 H B & 5 K my A fL £ i
(S,.,=89. 311 m%g) , IXH FIF LA MR it R M RFUZIK , SR8 T 5 Z MG A 05, A Bh F i
fhast R b OH HWE . IR, 2645 Ni, ,Co, ,S/MoS,-2 HFA TG 425255, LASRIS Ak PERE .

180 0.025 v

— (A) -~ Nip3Co0278/MoS:-1 y ®) ~-Ni:C0278/MoS:-1 ©

T o150 —o— Ni3C027S/MoS;:-2 p = 3 ——Ni3C027S/MoS;-2 .

en T 0.020 -

- > Nig5C02,S/MoS,-3 = ~-Niy3Co::$/MoS:-3 Nio;Co2,5/MoS>-2

5120 3 a

= ko 0.015

g 90 ma W Nip3Co27S

2 S 0010} -

<60 %

“é = MOSz

Z 30 55 0.005 - ok .

G 2 l d=3.1°  MoS,(PDF#37-1492)

0 0 g 1 1 [ P il 1
0 0.2 0.4 0.6 0.8 1.0 0 4 8 12 16 20 24 28 10 20 30 40 50 60 70 80

Relative pressure, p/p, Pore diameter, D/nm 26/(°)

Fig.4 Nitrogen adsorption-desorption isotherms(A) and pore size distribution curves(B) of composite
catalysts with different molybdenum disulfide loadings, and XRD patterns of Ni, ;Co, ,S/MoS,-2,
Ni, ,Co, ;S and MoS,(C)

Table 1 BET specific surface area, mesoporous surface area and mesoporous volume of three composite catalysts

Catalyst S/ (m* ™) S, ../ (m>g™) V,.J(em’g™")
Nij ;Co, ,9/MoS,-2 119.120 89.311 0.241
Niy 1Co, ,/MoS -3 98.952 71.764 0.125
Niy 4Co,,S/MoS,-1 57.484 21.135 0.043

Niy ;Co, ,S/MoS,-2 ) XRD 3% ¥ [ 1814 (C) ] H 3L T MoS, (PDF#37-1492) #il Co,S, (PDF#41-1448 ) )¢
TEAT S0 . AEASH S, MoS, 1 20=14. 1°4bXF 1y (002 ) i 1 () 3 RIS B AT B £E Ni,, ,Co, ,S/MoS,-2 [
XRD 15 Hr /N B RS (26=9. 04°). ARHE AT Jr FEAT45 2, Niy 4Co, ,S/MoS,-2 H1 %) MoS, 44K F ()2 1]
0. 978 nm) 5 5 if MoS, (JZ2[H#E 0. 628 nm ) A Fe HAG A2 AR, 5 EUE /K G #2 i)  BERT DA
i ENIE S EAT 98 )2 (R R A AR B AR S 5 BB ) MoS, 2

TEM FE R TESE T Nij ,Co, ,S/MoS,-2 h2s B TE B L 181 5(A) ], BE T TR R 8800 >, TAA 7 /& i
K BOK A B (1 S 8E HoS) , S5 NiCo ZIF-67 FE 18 ) Ni* Fll Co™ & Az bR Je by, T 1l — 2 1
Y N 5Co, ,S. Ni**Fl Co™ P\ ZIF-67 PR ] #7858 2 B PR S 1) N BB B98I, S 30U i i A i)

Fig.5 TEM images(A, B) and HRTEM images(C, D) of Ni, ,Co, ,S/MoS,-2
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HERE . IR Cor RpSk I ST RE I SIS L0, RIS , TR g . I, S ] g
SIREIR ZIF-67 (KO RC (4 5 Co (Y BTIEE , FE0AFREEHI 511

1 5 (B) AT WL, Niy 1Co, S/MoS,-2 IR T NiCo ZIF-67 BUBLIN 2 T ARTE 52, AT Wy vh 2 P
R (20400 nim) 5 NiCo Z1F-67 fy RS AFIE . Niy (Co, S/MoS,-2 94 AL 38 32 B0y /Iy
MoS, 20K F BEALHE R 5 LAY . HRTEM IR 5[ 18] 5(C) 13 B H 45 B9 Ni 5Co, S AT EAAT R4 M S 45 173 1K
MoS,, fi MoS, 71 4 i AT P (7 45 70 40 5457 , 4R FHIEL IR . i — B MUK RO HRTEM B[ 5(D) %
B, Ni, ,Co, ,S/MoS,-2 F 42 MoS, I JZ I EZ4) 4 0. 98 nm, K18 MoS, f4))Z 0] (0. 630 nm)**’, iX 5
XRD % E 45 R —20. HIE 67T UL, Ni, Co, Mo Al SILE I EISIHTE Niy, ,Co, ,S/MoS,-2 H, FH MoS, 4}
KR 5 A AE TR 28 1 Niy, 4Co, S Z RIRZ A .

200 nm 200 nm i 200 nm 200 nm

Fig. 6 HAADF-STEM image(A) and elemental mapping of Ni(B), Co(C), Mo(D) and S(E) of Ni, ,Co, ,S/MoS,-2

XJ Nig 3Co, ,S/MoS,-2 #4717 XPSFRAL(E 7), LA AL o R AL MmE bR . mEI7(A)
HAT LU SIS Ni,, (877. 10 F1873.70 €V), Ni,, (855.72 V) HINi—P 4 (850. 7 eV) 3 MFHEIE, [F]
Bf Ni,, XPS 1% B Pt A7 7E TR I (Sat. )27 [AIFE, Co,, XPSTEEILEI7(B) JAT LA A 24~ H e LB [k
F XU, ]Il Co,, (792. 88 F1796. 88 eV) Fl Co,, (777.78 F1779. 78 eV) FIP iR sl LR I, ER] T4
A AL Co,S, BIAETE . WAL 7 (C) BT /R, Moy, 9 XPS 1 [ AT L 43 fi# Sk 5 AN, 43 51 U5 J& F Mo,
(228.84 V), Mo, (231.97 eV), Mo (233.39 V), Mo§; (235.61 eV)FS, (226 eV) ™. S, 1Y XPS i
i A7AES,, (161.58 eV)HIS,, (160.28 V) BN 7(D) ]

(A) (B) ('(t, 3n

Satelite

Co;
Satclitc“kﬁ \ “%“d‘{ -

1 | | 1 1 1 1 | 1 1 1 | | 1
882 876 870 864 858 852 846 810 804 798 792 786 780 774
Binding energy/eV Binding energy/eV

© D)

236 234 232 230 228 226 224 222 168 166 164 162 160 158
Binding energy/eV Binding energy/eV

Fig.7 XPS spectra of Ni,,(A), Co,,(B), Mo,,(C) and S,,(D) of Ni, ,Co, ,S/MoS,-2

2.2 HEELTSMERE
FERSME FL A SO (1 mol/L KOH) H , i F = FE AR R E T Ni,, ,Co, ,S/MoS,-X ) HER HL bk
fE. @I LSV LR %2 Ni, 1Co, ,S/MoS,-X 7E A ] HL i 28 T i a3 [ 8 (A) 1, Hirfr, MoS, 44K F 14
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Fig. 8 LSV curves(A), electrochemical impedance spectra(B) and Tafel slopes(C) of Ni, ,Co, ,S/MoS,-1,
Nj, ;Co, ,S/MoS,-2, Ni, ,Co, ,S/MoS,-3 and MoS,

5143 A 19 Niy, ,Co, ,S/MoS,-2 JI 47 e A i HER 1 BE (9,,:=150 mV) , #HXT T 38 MoS, (1,,=295 mV ) iz H1 3
FEAIK 145 mV. MoS, 40K - 76 & Jm s Ak W2 1mi e , FLIE i Dt DR 331 -4l Ak A A8 S 2k 2
AL, [FIEE, & R AR AN 5 LB 380 T Ni, sCo, ,S/MoS, TEVENL S B R EE B . B T2 045
AR5 T R TR R AR, BRAR TAE BB Y, BRI, Niy 4Co, ,S/MoS,-2 HLAT fie /N g 5% B FLBH
(& 8(B) IR () v i FE A 508 . 1% Al A3E 3k Ni, 4Co, ,S/Mo0S,-2(85. 21 mV/dec) F13% 18 MoS, (162. 45
mV/dec) i Tafel FEEUFSZ[ K 8(C) . MoS, Ay #k % HER PEREWAETESZ I, 24 MoS, 2248 /N (Ni, ,Co, ,S/
MoS,-1) i, [T MoS, AL T A7 25 320, HE HER 1 BEAT BT B AR, (75 2 Bt 38 (7,,=163 mV) A %}
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Fig. 9 Cyclic voltammetry curves of Ni, ,Co, ,S/MoS,-1(A), Ni, ,Co, ,S/MoS,-2(B), Ni, ,Co, ,S/MoS,-3(C)
and MoS,(D) in the non-Faradaic region
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Fig. 11 LSV curves of Ni, ;Co, ,S/MoS,-2 before and after 2000-cycle CV test(A) and stability test E-¢
curve of Ni, ,Co, ,S/MoS,-2(B)
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