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Preparation of rGO/NiCo,S, and High-Performance Asymmetric
Supercapacitors Using GO/ZIF-67 Template

YANG An-Le QIN Tian-Tian FENG Xue-Lei WANG Gui-Xian LIANG Li-Yun”™

(Key Laboratory of Material Chemistry for Energy Conversion and Storage, Ministry of Education,
School of Chemisiry and Chemical Engineering, Huazhong University of Science and Technology, Wuhan 430074, China)

Abstract: This study based on ZIF-67, which was grown on the surface of GO to make GO/ZIF-67 as a template.
After etching by nickel nitrate, carbonizing and treating by hydrothermal with sodium sulfide, the final product of
rGO/NiCo,S, composite was obtained. X-ray diffraction (XRD), scanning electron microscope (SEM), and X-ray pho-
toelectron spectroscopy (XPS) were used to characterize the structure and morphology of the composite which con-
firmed the expected product was obtained. Subsequently, the rGO/NiCo,S, composite material was made into a posi-
tive electrode material and tested the electrochemical performance. The test results show that the rGO/NiCo,S,-1.5 h
electrode material has a specific capacitance of 1 577 F+g™' at current density of 1 A-g™. When the current density
reached 10 A-g™', the rate performance was 86.4%. After 2 000 cycles at a current density of 10 A-g™, the capaci-
tance retention rate of rGO/NiCo,S,-1.5 h was 76.9%. In addition, an asymmetric capacitor of AC//rGO/NiCo,S,-1.5
h was assembled in a 6 mol- L' KOH electrolyte. It delivered an energy density of 33 Wh-kg™ at a power density of
723 W-kg™', and it remained as high as 23 Wh+kg ™' even at 7 277 W-kg ™.
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AN RE ML P F AR AR A 22— 2 XU
= Eﬁ,g(electric double-layer capacitors, EDLCS)M’ ST
T A AR R T/ B S ok SE A e L R B ER
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Rk 2173.1 F-g', HAEFR 1 000 K5 , B AR IR
11535 91.1%., Guo!i# 1 # 5 Ak A1 22475 (GO) 5 & )8
BT Co" 45 &, Bl S i A A HLBEC A, 15 2 ZIF -
67@rGO, 2 Ji5 # X JH AIOOH | Ni(NO,),- 6H,0 #b B
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1.1 ZIWER

ARSI FH 3 0 24 5 15 Ry o3 e, R AT A i Ak
AbER T VES(YEC-8) H i M 4 PRk R AT FRA R
A1 5585 (graphite powder) ) F K HRF % B AL 251850 A
BELZA 1) L 2- FF 5 bk s (CLH N A [ 1A B s T 38 )
ABRAFE],

= B R A (KMnO,) . il BR £ (NaNoO,) | ¥ B 2
(H,S0,, 98%(wlw)) . B4 7K (H,0,, 20%(whw)) . £ TR
(HCI, 35%(w/w)) .N , N- — F 3 F Bt e (DMF) . TG 7K B
fit (CH,OH) . 7S 7K A il R B (Ni(NO,), - 6H,0) . 7S K &
B AR %S (Co(NO,), - 6H,0) . JE/K £ % (CH,CH,0H) , JL/K
A AL EA (Na,S - 9H,0) & A AL B (KOH) ¥ W [/ L i
EZAFIARAR . KB TFKAH.

1.2 #MHEH&EE
1.2.1 A S0 A

K FH ekt 1) Hummers 725 i) 25 S840 A1 28045 (GO),
FARTRT A = R 43 in A A 28 3.00
g FHBREN 1.00 g, Z J5 7E vk K iy  HLIR I $F i 25 1
T, 20 mL AR BR IR , Bl IS 2215 0 A 9.00 g =
FRER , KOKIR T RN 2 he ZJETHE 2 35 °C, 187
TIN50 mL (9 25 85 1K, FEIN e )5 , TR 2 98 C. Fifi
J& FAR Y N 100 mL (42585 F7K , 20 mL B BUEEK o
TN sE Y e, 4R SE W 30 min, W HUG A 10%((w/
w) I ER IR VB =k, B0 JE TR B GO BE .
1.2.2  GO/NiCo-LDH [ & ik,

PRI 100 mg 19 GO, 73BT 20 mL i) DMF v, 15
FNWREE N S mg-mL™ A BUR R . BEJEKE BT
R W, 19 3R 28 1 mg-mL™ B9 GO 43 K
Vowr: Vinon=1:4)0 FREL1.74 g (75 7K & Bl R 46 43 B
T30 mL (1 HI B VR, B0 PRV A% 15 min 5 A 40
mL A 1.98 g 2- FF LR e () B S W, B 4 30 s
B 5 A 30 mL &R 1 mg-mL™" A9 GO 438U, T
WA TR N 3 he SOWASHE , FHTC/K H B 5.0
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PR3, Ba BT 60 CEZS A, T 24 h,
135 GO/ZIF-67 %840 [ {4

I 100 mg [ 3RA 1) GO/ZIF-67 4B, 43 BT
20 mL A LA T o BEJS N 200 mg 7S 7K A g iR
BOTFHIRTHRIE LS he EX LR ZIF-67 %
B NP BT 20, T ARAS S B 19 304 TR ARk
¥ (layered double hydroxides, LDH)f=%) . fxJ5 H &
Pt B0 R 3 WK, IFAE 60 CELZS THRAR N T4 24 h,
A3 E AR K, 10 M GO/NiCo-LDH-1.5 h, ZIh A [H]
IR (1 F0 2 h)f5 2] 8984 8L 53 5118 2 GO/NiCo-LDH-1 h
1 GO/NiCo-LDH-2 h,

123 rGO/CoS £,

B 100 mg iR 4 B GO/ZIF-67 ¥ K}, E 454
Hg A& B AR T, L2 C-min™
U THE 2 400 CIRIR 2 h )5, A B E ., Hk bt
B 2ok G B A 0.10 mol - L™ A i AL 44
VA0 mL, FHE 2 150 CR 8 h R EXRIRIG,
FH 2 B TR BE U 3 IR, T 5 15 21 28 (0 [ A, 0 A
rGO/CoS,

1.2.4  rGO/NiCo,S, &,

FREL 100 mg GO/NiCo-LDH-1.5 h k£ 5, # Ho
TELP AT S ERSI AR, L2 C:
min” B AR 2 400 CIRR2 h 5,22 ER .
FEp R % 22K I BE S A 0.10 mol - L™ A it
FLARE I 40 mL, FHE 2 150 CR N 8 he FFAEI &
R, B PR VR 3, T A 15 3 2B [
A, iE/E rGO/NiCo,S,-1.5 ho  HAR Kl £ A an i 1

B
@ Co* GO/ZIF-67
‘ O C4H6N2

GO/NiCo-LDH

rGO/NICo,S,

El1 rGO/NiCo,S, K] it B s 2
Fig.1 Illustration of preparation process of rGO/NiCo,S,
1.3 FMRAFTE
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AR SoAt ) AT T B HUR R 40 KV, A FLRE
60 mA, 14 35 B Ry 5°~80° , R Ky 5 (°) -
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250X 2 A A B T R AL R & . RAHE
T B, T 1 0485 (SEM, Gemini SEM 300, 1 &35 7] , i
R A 10 kV)ZRAEM B 2 I OW S5

14 TiEEHRFIE

R = AR AR RN A MR R AR 2 R R
F122 VL AR AT Ag/AgCL R 43 3 A X AR R 2 L FlL
e , LN 6 mol - L™ KOH /KB . I F CS350H
H A2 A il (RDORH VRS IR0 A R m)) %t e
e A4 BE E AT 18 R AR 22 (CV) FE B 3 36 755 A, ) 3k
(GCD).

TAE R AR A 25 2 K B B AR SR DU R
(PTFE) R BIE B E L 8: 1 1 /0 T il &
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TEAS KR 0 88 2 L 25 o i it AR b, AT PR 2
(AC) T, tGO/NiCo,S, IE HEATEHME Ny IEA A 8}, R
FH 6 mol- L™ () KOHAE R HLAR WL . R T A A XS AR
AR B R BE  ARAE A (2 T T3 IE Ttk 4
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Fig.2 (a) XRD patterns of GO/ZIF-67, GO/NiCo-LDH-1.5 h and rGO/CoS; (b) XRD patterns of rGO/NiCo,S,

with different etching times

200 nm|

(a, d) GO/ZIF-67; (b, €) GO/NiCo-LDH-1.5 h; (c, f) rGO/NiCo,S,-1.5 h

I3 FEa 9 SEM A
Fig.3 SEM images of the samples
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BRAA B R 2S5, 3 J2: P A R AR A 20 ol P80 . L
PRZIPHLER AN R N5 H,0 K& A2 K S, K it 7
A= 1 HoXF ZIF-67 $E47 20 ik, ff Co™ M\ ZIF-67 BRI,
BRI B S ) Co*, HAE O, LA M NOFIAFAE T 948
b Co™ 5 5 TR, ¥ T HP H 8 AR A A ) 450 1Y
OH 5 1 14/ B 1 Co™ . Co™ N & HE LI,
R E W 4 Jm S E ALY NiCo-LDH ., J5 £k 1k M fidk
J& ( 3¢.30), 76 1GO R 2 B R Y it 2L 3951 0 A
AR URLIR BT

K JH XPS 4387 rGO/NiCo,S,-1.5 h & 4 4k 4%
JTC R WA= N AR 25 R R 4 BT
rGO/NiCo,S,-1.5 h & & M Bk BV 0 2 4l = 2445
Ni.Co.S.0.CHFICE (B 4a). El4bHEB/R T Ni2p
[ Ni2py, Al Ni2p,, 0 S AR B i) T8 B 0, o i 1
856.1.873.9 eV Ab ¢ ik 0 XJ Jif () J2& Ni**, 7 853.2.

870.4 eV Ab YRR WE T JE T Niv*te Bl 4c P /R T
Co2p B Co2p,, 1 Co2p,,, S HAH R i T3 W, Horp (7
T 778.0.792.9 eV &b 1 R ik 06 X L /Y J& Co™ , 1E
781.1 F1797.4 eV AL B HFRIEIE T JE T Co* . El4d
R T ST S2py, A1 S2p,, LA T — AN X6 10 1Y
153007 F 161.0,162.2 F1168.7 eV, HH1 162.2 eV
AL R Y JE: S*(M-S), 161.0 eV X 1o f) | 2 Ab T 3 1
BB B T LA LS5 UEBH rGO/NiCo,S,-1.5 h
SRR IEAE NI Ni>*  Co™ . Co™ . S* LR 45
BT . Z2MERMESNEAE M RHEEE T FEE
(A FELAL 2 RN, BG5S T 2 A AR LAk SR PERE . A
it A2, vGO/NiCo,S, B2 A M L Fh A7 75 1T 13 1Y 4
i JF R, =X (5)Fn(6) T2,

NiCo,S,+30H™ = NiS, ,,OH+2CoS,0H+3e~  (5)

CoS,0H+OH™ = Co0S,0+H,0+e” (6)

@ Ni2p Ols
Co2p
Cls
S2p
1200 1000 800 600 400 200 O 890 880 80 80 850 840
Binding energy / eV Binding energy / eV

815 810 805 800 795 790 785 780 775 770
Binding energy / eV

174 172 170 168 166 164 162 160 158 156
Binding energy / eV

Kl 4 1GO/NiCoS,-1.5 h & & # L (a) XPS 23 K (b) Ni2p . (c) Co2p F(d) S2p B 7 H % X PS &l %

Fig.4

22 EBEFEMBERIE

R FH = A A 2R D5t o P A 1) rL Ak 2 PR R L 32
BRI I Ty VA G B AR A 1k (CV) R H 3L 78 5 H
(GCD), B JE7E 2 mV-s™ B9 # T X} GO/NiCo -
LDH-1.5 h. rGO/NiCo,S,-1 h. rGO/NiCo,S,-1.25 h.
rGO/NiCo,S,-1.5 h F1 rGO/NiCo,S,-2 h T Fl v # #4 K}
AT CV I 2 , 25 R & 5a fr s o B B AT,

(a) XPS full spectra and high-resolution XPS spectra of (b) Ni2p, (¢) Co2p and (d) S2p for rGO/NiCo,S,-1.5 h respectively

GO/NiCo-LDH-1.5 h L AF RS CV il 2 T AR f /)
rGO/NiCo,S,-1.5 h Uil A BHH) CV il Ze il AU K, ik
S rGO/NiCo,S,-1.5 h B H iy b 28 fH . 81 5.
Sc 43 ) A FE RN AE AN [ FLUR R ) L F S
1 AT 4401, rGO/NiCo,S,-1.5 h BB A1 B 2555 P R i
fEo MMM A g HRF10 A-g ' 5, A8}
L A4 0 R 1577 Be 1 362 F-g' A R RE =
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ik 86.4%. MZIiM1.,1.25.2 h FIERALSS FRE R, HA
RYEREST K 82.7% . 84.4% .83.9% , YL T-Z 1 1.5
h B PR RE 33X 1 — 25 UE B vGO/NiCo,S,-1.5 h FL M 44
B R LA ERE . rGO/NiCo,S,-1.5 h B
FEARREB TR CV iZ & sd s . B HHEN
TR, BH R e S I AK e 3 531 o) P A B v B SRR )
MR 5l X 2R TRl A R A3, A R
TS B HL B K. M rGO/NiCo,S,-1.5 h HL Al A1 A
e AT 2T DUE M REEAE BT Y R
ER s SIE) R p S RO R =N N A S
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Sk IE B A R R 0T 4 T F Ak P R Y E B, X
R TR ER 2 h B GO/ZIF-67 FEAT i i AL L 7K 4
WALAL IR, AT A5 3 vGO/CoS B A MR, IE X 4T
HL A PR RE NI . S5 R W Bl A 3S K, CV
Hi 2 2 R TR R AR A g /DN, e B A R LA o | Pk
B Ak 2 i 7 (T 6a) o 5 2 i IR B 20 ok o 4% B9 1 GO/
NiCo,S,-1.5 h #E47 X} Eb Al %1, rGO/CoS 1 CV i & Hh
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(A) tGO/NiCo,8,-1 h; (B) rtGO/NiCo,8,-1.25 h; (C) rtGO/NiCo,8,-1.5 h; (D) rGO/NiCo,S,-2 h; (E) GO/NiCo-LDH-1.5 h

K5

TLFPRE B @) 722 mV s P CV ITZR ((b) 76 1A 10 A~ g™ BRI AR 2 K () A ) HRL A 2 B2 19 LU L A1

rGO/NiCo,S,-1.5 h ()7EA R T B CV HIZR () 7EA ] FLIAL 2 B T Y GCD IR AN (D5 10 Ao LR T AL A

ERE
Fig.5

(a) CV curves of different electrode materials at 2 mV +s~

, (b) discharge curves of different electrode materials at 1 and

10 A- g™ respectively, and (c) specific capacitance versus various current densities of different electrode materials;

(d) CV curves at different scan rates, () GCD curves at different current densities and (f) capacitance retention at a

current density of 10 A g™ for tGO/NiCo,S,-1.5 h
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(a) rGO/CoS 1Y CV I1Z2; (b) rGO/CoS 1Y GCD £k (¢) rGO/CoS TEA 7] Ht it 25 B T 1 L HL 25

(d) tGO/NiC0,S,-1.5 h } rGO/CoS 1E23 S 4K T (AT 43 H7 14

Fig.6

(a) CV curves of rGO/CoS; (b) GCD curves of rGO/CoS; (c) Specific capacitance versus various current densities of rGO/CoS;

(d) Thermogravimetric analysis curves of rGO/NiCo,S,-1.5 h and rGO/CoS at air atmosphere

% HB BB db 1 AR 3 0 5 (] B DA S 38 5L B AN
B i /Y GCD TR (%] 6b) Ay 45 J rp T BT HE | rGO/CoS
A AR A 2 RN B R R B R & GO/
NiCo,S,-1.5 h, P17 5 85 b i R8I, e m U
332 F-g's

SR 7 Ak ek U 4 T Ak A 0 LA R R R
H L 1EAS Z A FB HXF rGO/CoS FiT rGO/NiCo,S,-1.5 h
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¥ rGO/NiCo,S,-1.5 h HL B B4 L5 4 4 s (A C) il
JRR X B B2 3 (AC/GO/NiCo,S, - 1.5 hy, AT
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