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Porous Flower-like NiC0204/C03S4-M Heterostructure: Preparation and
Its Performance of Asymmetric Supercapacitor

SHI Pu', LU Qianqgian', LIU Xin', ZHANG Yagqin', LI Fuzhi?

(1. School of packaging engineering, Hunan University of Technology, Zhuzhou 412007, China;
2. School of materials science and engineering, Hunan University of Technology, Zhuzhou 412007, China)

Abstract: Supercapacitors are demonstrated significant application potential in the energy storage field due to their high
power density, rapid charge—discharge capability, and long cycle life. However, their relatively low energy density
restricts further development. In this study, porous flowerball-like NiC0204/Co03S4-M heterostructured electrode mate-
rials were constructed via hydrothermal method, template-assisted growth, and sulfuration treatments, and their elec-
trochemical performance was systematically investigated. In three-electrode system, NiC0204/C03S4-M exhibits a spe-
cific capacitance of 2362 F-g! at 1 A-g’!. The porous flowerball structure affords abundant active sites, and the hetero-
interface facilitates electron/ion transport, synergistically boosting both conductivity and stability. Furthermore, an
asymmetric supercapacitor (NiC0204/Co03Ss-M//PC) was assembled using NiC0204/Co3Ss-M flowerball as the cathode
and porous carbon (PC) as the anode, achieving a high energy density of 98.4 Wh-kg™ at a power density of 375
W-kg™!, which maintained 45.42 Wh-kg™' with the power density even increased to 7500 W-kg™!, along with outstand-
ing cycling stability. After 10000 cycles at a current density of 5 A-g™', the capacitance retention rate reached 99.7%
with a Coulombic efficiency of 97.56%. This study indicates that the strategy of heterostructure design and microstruc-
ture modulation can effectively achieve high specific capacity and superior cycling stability, providing new research
insights for the development of high-performance supercapacitor electrode materials.
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BN, I K IR B BE T A T ARIRERE
T E A MEL NiC0,04/Co3Ss-M,  FF R G 5T H
HLAL M RE

1 SLIAE

1.1 NiCo-gly
FREL 0.25 mmol Co(NO3)2:6H,0 1 0.25 mmol

Ni(NO3),:6H,0 % fi#T 40 mL SEHREEH, SRIGIMA
12mL H i, $ii#: 30 min, H75 10 min. RAE 180 C
BEFE IS 6 h, iy S BRSOl 7K IR S e,
1E 60 CHHE, s =#Fric v NiCo-gly.

1.2 NiCo-gly@Co-MIM

# 20 mmol Co(NOs)2:6HO T 20 mL FHEE1S
FIVEW Ao RN, # 20 mmol 2- F FE DK (2-MIM) ¥
F 20 mL FHEES 2B B. # 100 mg ) NiCo-gly
STV A GBS I ZE B R, HE8E 20 min.
Z B0 BIWEETTTE , LREVER, Ff3id N NiCo-
gly@Co-MIM,

1.3 NiC0,04+-M

NiCo-gly@Co-MIM T 300 CH# X priB -k 2
h, FrfS 2 PFRIC N NiCo204-M. 1E X, BEER
1% NiCo-gly AT 53 7= 045 1c 9 NiCo204.

14 NiC0204/C03S4-M

FREC 0.8 mmol WAL LW T 40 mL LB, 7
AN 80 mg NiCo,04-M, #ii: 1 h 5, ¥ Z RN
W, 7E 120 CHER TR ER1L 4 h, 3 2] NiC0,04/Co3Ss-
M.

NTRFTES AL = RE S, 75 iR D
R NiCo,04 B AR NiC0o,04-M, FHE = #knic
it N NiC0,04/C03S4-

TR A RERAE R HEA 22 AR 7 7 A S A K
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NT R B AAR L AR, X S D BRI
YIEAT T X SHERATHH(XRD)E AL . B 1(a)H, NiCo-
gly 7£ 20=11°F — MR AT, 5 SCEkiHRE
— 8, UESERIhA R T B 4R H . NiCo-
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K 1 (a) NiCo-gly #1 NiCo-gly@Co-MIM, (b) NiC0204-M
F1 NiCo0204, (c) NiC0204/C03S4-M F1 NiC0204/Co3S4 Y
XRD P

Fig. 1 XRD patterns of (a) NiCo-gly and NiCo-gly@Co-MIM,
(b) NiC0204-M and NiC0204, (¢) NiC0204/C03S4-M and

NiC0204/C03S4
(c) Star: Co;S4 (PDF#47-1738); Diamond: NiCo,0,4 (PDF#20-0781)

K] 1(b), NiCo204 Al NiC0204-M HJ XRD K
P LA — 5, 7F 260=18.9°.31.2°.36.9°.44.6°.55.4°,
65.0°40 251 2 BB B AT S 08, 23 % Y. NiCo,04
(PDF#20-0781)J(111)~ (220)~ (311). (400). (511)-
(440)#4TH U7, NiC0,04-M Al NiCo,04 B AL J5 FT 577
¥ NiC0204/C03S4 Al NiC0,04/C03S4-M ] XRD i [&]
(B 1(e)FEEA—F, B 7 HA NiCox04 T IESE,
BTE 20=16.2°, 26.7°, 38.17°. 55.1°F1 62.2°4b HiF}
THATE U, A BN CosSs (PDF#47-1738) (1)
(111)+ (220). (400). (440). (620)fL TS, HAh, 7E
20=31.5° [ RTHTIE XN CosS4 (PDF#47-1738)1(311)
fnlfl, 5 NiCoO4 MATH I HEZ .

K S1 24 NiCo-gly, NiC0,04, CoNi-gly@Co-MIM
HI'NiCo,04-M 1] SEM 8 Jv. Wil 7w, NiCo-gly(/&l
Sl(a~c)) RERTE, KHEAHXGH, FEIRAE KL A 300
nm. NiCox04( S1(d~D) W NERTE LS, HERARSMI
W LA - T CoNi-gly@Co-MIM, 1P S1 (g~i)fr
7N, 5 NiCo-gly #HLL, KRB R A, HRm L&
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# T REYKE R, BT IRk .
NiCo-gly@Co-MIM Z3 1B K 42 J5 15 2] T NiCo,04-
M S1G~), HAEBRIESR KIS, BRIAREE R
U HAMMAK SR 38 &) 0 78 36 A BB A K B o
NiC0204/Co3S4 ¥ i (B 2(a~c)) H A % M HLKE 1
BRIEIESR, S84k AT NiCo,04 IITESR(E S1(d~f))FE
AL, RIAIRACE R D IR T A S5 M HESE,

500 o

2 (a~c) NiC0204/C03Ss Fl(d~F)NiC0204/C03S4-M ] SEM
W F; (2)NiC0204/Co3S4-M ] EDS TG & /3 i

Fig. 2 SEM images of (a~c) NiC0204/C03Ss and (d~f)
NiC0204/C03Ss-M; (g) EDS elemental mappings of
NiC0204/C03S4-M

2R AL AL RS, NiCo,04-M B Ih # 4k Ky
NiC0204/C03Ss-M, FHAREH T HACBRIR GO 25 #4 (K
2(d~). HULFI, T 99K B SA04L .k
MR 2L, X T ST E I N .
ZEE A R T BARIGEIE S S AR, TR THAM
BRI AL 2 RRUO200, K 2(a~c) R 2(d~DAH EL
5, NiC0204/Co3Ss-M 1 [k 32 TH U B & K T
NiC0204/Co3S4, W] LA HETE 22 514 A7 £ AN T 14 5 R
b2z RERY, & 2(2)f X SR RE I (EDS) R AL S5 5
B, Cov Niv O. S [UFJLETE NiCo,04/Co3Ss-M
PRI TEBREE AL 3 5] HOE S AT o IX MW E R S
[E) 43 A5 1) F P ELFEUE S T NiCo204 5 CosSs P FHTE
WO E L E s BN RRES, NEsk
o5 B AL 2R M RE BE T 5 R Rt

P 3(a, b) N NiC0,04/C03S4-M ] TEM &},
WS TR B, R LR B % AT
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Kl 3 NiC0204/C03S+-M 1] (a, b) TEM BBH . (c) HRTEM B
B\ (d,f,h)FFT B, (e, g i) IFFT B K (~1) @&IEEE
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Fig. 3 (a, b) TEM images, (c) HRTEM image, (d, f, h) FFT im-
ages, (e, g, i) IFFT images and (j~l) lattice spacing of
NiCo0204/Co03S4-M

Kl 3(c) A NiC0204/C03S4-M Ff it [f] HRTEM i}
Fr, REZYIREA R4 . FIH Digital Mi-
crograph #f4, % HRTEM FEE H 5% X ik 47 s
{8 57 A5 i (FET) ARG (8 37 -39 AR # (IFFT), &5 21
WE 3(d~D)FTR. FHEEEER b, 3Dkl &E
T ERTE R, WE 3G~DFar. BARTE, M 33)
TSR A T TATBE A 0.28 nm, X B NiaCo,04 11(220)
i 1 5 AN L 3k, 1)l 45 ) T8 1) R 23 791 D9 0.24 #1017
nm, 7 5% R CosSq HI(400)F1(440) 54 TH . %45 RS
XRD 7 #fr — 8, ¥ —BUESE I & KT
NiC0,04/C03S4-M [ 5 Jifi £5 422231,

T XPS 2T 7 NiC0204/Co3S4-M AL 22 il 43
M, R WK S2. Bl S2(a)iy XPS 4xif Kk
7 Co. Ni. O, S # C TLEIMNFEE. Bl S2(b) N Ni2p
BT HE XPS it . B EOR, 7T 856.1 il 873.8 eV
AP WX BT Ni2*, T 858.6 A1 875.7 eV AbH
PN T JE T Ni**. Bh4bh, 7E 863.0 Al 882.4 eV
Ak H BRI Dy T 2224, [&] S2(c)ff) Co2p XPS 1
BAPH A RPENE ., —HA T 779.6 (2psn)
795.1 eV (2pin), HJEN Co*'; H—AfT 782.7
(2p3n) 1 798.7eV (2p1), JHJEH Co*". ML, 786.7
F1 803.6 eV Ab M5 A Ry TR IR, AR5 &
S2(d)H i O1s XPS i, 529.9. 532.5 1 533.7 eV
Ak 25 A BRI T BT M—O M—OH 13 T W i 7k 22
2027, & S2(e)H) S2p w7 HE XPS W BIR, fE45 G
HEN 163.2 F1 165.6 eV ALAFAE—XF H e iE B,
I3 VAJE N S2pan AT S2pi, IXIE B EBALTI(M-S)
FSLAUARAE . BEAh, 7 169.2 eV AbM S B — AN IH B
(R, X SR IR T DR R T i AE A ) v R AR A
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Fh(ANBRER AR )28, & S2(H) N Cls XPS HiEHE, 1T
284.78. 286.58 F1 288.68 eV Ab {145 A REVE, 4 %t
R C-C. C-0 LK 0-C=023'1, NiC0,04/C03Ss-M
[f] Co2p 45 Ni2p 456, AHECT SCHRE> 30 i — (1
NiC0204 55 Co3Ss ¥JFF1EMMFS, 454 HRTEM M
(B 3)H W& 2 G i FL i, TERATE AR T SR T A A

N T PRI LR TR A AL 28 % AR ARk 1) e Ak 2
PERE M) W, SR A Ny WP - Bt BRI 4K 4 A
NiC0,04/C03S4-M+ NiC0204/C03S4+ NiC0,04-M FlI
NiCo204 ¥ fit ¥ EL R T AR A FLEE M - i ] S3(a) o
PUZE M2 B T v &L, JEEa B B0 R IR,
T T VORI RN A FLEE I BY, BET o #r g RaE
H], NiC0,04/Co3Ss-M HA i KK HFA(261.55
m>g ), & F&ET NiCo,04-M(233.29 m*>g).
NiC0,04/C03S4(124.44 m>g™") Al NiC0,04(109.76
m* g ) o IX E B AP T HMRR 1 7 2 2 FLACIEREE 1 .
SR EL R AR T 58 5 56 2 (13 VR AL s IR 32
BTG AT AR . B S3(b) NFLAE A fi
K, HA, NiCo,04/Co3Ss-M K I H % % FIFL1E 70 A
(3.3~17.0 nm), FIEAI T 5.6 nm, &5 T HABEE
fhe NiC0204-M B3 A JE R 2 (3.4~9.5 nm), F I
ALF 5.6 nm; 1 NiC0204/Co3S4 A1 NiCo,04 I FL1%
S AT, 53R (3.4~7.7 nm)F1(3.4~5.6 nm),
FUEIHAE 3.4 nme HXTH1(p/po) il 1 B2,
i 2R B 2T 6 IR bk s, AR DRI FLAS RO
K S3(a)H, NiC0,04/Co3Ss-M ] il 28 7F 5% =y s bR I
FoARAE S, O AL B K. hah, M S3(b)isr]
133 NiC0,04/Co3S4-M LA R 0.561 em’-g™!, K
T NiC0,04+-M  (0.268 cm®-g)) , NiC0204/C03S4
(0.264 cm*-g™") Fl NiC0204(0.178 cm*-g™") . 5K
) NiC0,04/Co3S4-M 5 AHI 7t 1l 4 (1) HoAh b4 )
FHEG, AL A B8 58 . L2 B R ORI T F A ol
T 7R LB R PO AR i S R0, H R AT KR
TR S AR L ZE AL, P h BE 22 VR 1 7 A5 5 A%
T8, AN B AR 1) LT A7 e
2.2 BRI LB

fsf AR 1 = HA AR R 7E 2 mol- L™ KOH &
R T NiC0204/C0384-M- NiC0204/C03S4+ NiC0,04-
M. NiCo 04 iy HALZEMERE . 18] S4(a) 9 &> AR AE
0~0.6 V HLETEE M. 10 mV s~ F98538 % K G
RzCvthZe. mEmTH, FrA B R Cv il

www.jim.org.cn



e

B, % ZBILIERAFLE M NiCo204/CosSe-M: il 2 R HIEXI PR LK A2 PR 5

LA — XTI B AR SR, R T H AR R

fiti e FE R R EFEIT N HH, NiC0,04/Co3Ss-M 1]

AR s BT B A R A6 22 O SOR H IR P37,
NiCo,0, + OH™ + H,0 & NiOOH + 2Co00H + e~ (1)

CoOOH + OH™ « Co0, + H,0 + e~ 2)
NiOOH + OH™ © NiO, + H,0 + e” 3)
C0384 +OH™ & C03S40H +e” (4)

A, B S4(a)F, NiCoy04/Co3Ss-M HLL I C
V & A s KGR, RHBERK. 5T
1 B 78TO (GCD) B2 (1 S4(b)) R4 7(5) Mt
S AR A
I-At

¢= m-AV (5)
Hrf, I(A), At(s), m(g), AV (V)7 BN IR, i
RS TR], W PE A, BRI . NiC0,04/CosSs-
M 7E 1 Ag! &M FHBE & Q2362 F-ghit T
NiC0,04/C03S4(1774 F-g™") , H NiC0,04-M (1272
F-g ) LT NiCo,04(964 F-g™!), 1XAJ T [A T H AR AL
BEEAA R LRI, RRIR LT ZIE A A, 2
U5 ARV A B A, T G 55 FE T A7 i R S
I, 5B 4 —TJ7 T, NiC0204/C03S4-M Al NiC0,04/C03S4
HL B Rk D FL A 27 B 23 o AR T T 3 AR A T £ 2% 2
AN A 1] NiC0204-M Al NiCo0,04. X A JH I T
NiC0204 55 Co3Ss AT I 7 ot 51, Hoas A ik
B 58 F B EL . RIS M AEN
B JFIE AL AL (I Co®/Co?* Ni¥*/NIZY), 50 FL i 45
PR 0 T I PR ARG HL A i #2 B 22 1400, DT $2 F H Ak
PR, B S4(c, d)H NiC0,04/Co3S4-M [ HL HL 2 7E
20A-g ' NI 1548 F-g7!, RHTHUAAORLEA R 4T
HF e s
] S4(e) 9 Fr il % FELAR 1) 22 It FHLPL(EIS ) 15 1] o 3
A Zview SR A FEM T EIS BRERATIONA, M
KPR 48 51 T2 S1. AFE S1 A A1, NiC0204/C03S4-
M HLAR AR ISR B BT Rs AT EEAL 22 FE RS BT Reo /1N
THARARL, A S T SRR
FE) B ] % B 3 7 22 1420, IR PR T FLBhRR I S R B
— 77 THI I8 A S A 1) L AR R AL T AT A
WVERAT,  —J7 THUR) ST R S RN PG FL AT A R
AE22 . I ZE PR il S 3 77251430 ] S4(h N
NiC0204/C03S4-M 7 5~80 mV-s™" 543 715 | A (1)

CV k. B WSS, B AR, B
A e R 37 18] B 7 1) RS 3, BH B 06 LA [0 IE 7 I A2 8
XA B T IEE S R A R T, DA S AL
5 I L T 4 TG VK g I D T PR AR A 14 Fi AR LA T i
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B RAELAEEA WS, (H CV i &I OREF &
— B TRAFAE, 3R B S0 IE i s B HL A e B mT
PEAR R A5 Z M Re
N T T B % R R R AT i AELER, X NiC
0204/C03S4-M TEAFHAHIEZR T CV #h (&l S4
(O)HEAT 1€ BB 1% W (B S4(g)). ARFAHHE
R CV R AR/ [ AR U8 A AL () 5 4 ek 2
WX R LA K (6) 12,
i=a-vP (6)
Ho, a N5 RERMERUE REE L b N 1gi1gy
AHEHLREWHEMN I FELE. B S4gT,
NiC0204/Co3S4-M ] [ # U FFHAR U 1F) b 533l 9
0.59 F1 0.52. X5 B2 A4 R ) FELAK 27 i i i A7 1 A%
B O A2 5 2R T I S [ ) 14T
N T RS BRI, A R
(7) U3V e 8 T 42 1) R0 47 BCH F1) 0T S A7 ik P A D
DR .
i(v) = kv + kyv'/? (7)
Hrb, i) (mA)R R, vimV-s )FE R E R,
ST Ak T Aoy IR DE R, AT AT 195 A [
AL 0T S AT A 1 B STk . B S4(hyH, fE 20
mV-s™' FIFE#EFR T, NiCo,04/Co3Ss-M HLAK
S i TR A AT 1 FRL R TTER 11 89.66%, R HIHE
H TTER A 10.34% .« J8IEX) NiC0,04/Co3Ss-M HLFK
RHREN 735 03 B (B SAG) KB, B 1133 58
SmV-s A S0mV-sT!, T DTk £ 4 4
Xof S AT (94.36%—85.38%), 111 2 1 FEL 4 BT BRAY
M 5.64%/NMEFETHE 14.62%. XFEE T BTG
K1 (>85%), F W NiC0204/Co3Ss-M E A5 (14
AR, BMELE 50 mV-s™! mHAfEET
A5 B 4 7 200 A A B A E R R B . [F] R
NiC0204/C03S4-M  FtJ AL 388 & A1 57 J5 5 i #3 [9) 4 FH
AR T A N I B R ST X R DL
BN 32.(>85%) e A/ &R LA TTIR(<15%)
R A g REALH, (LR H 4 25 0 R AT (1 f%
RIERE
N T BRI NiC0204/Co3S4-M A K} A 5
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Device Energy der}lsity Power deillsity Capacity reten- Ref
/(Wh-kg™) /(W-kg™) tion :
NiMoOs@MoS2//RPHPC 47.5 440 80.2%, 10000 cycles [43]
fA‘gCFO /z/(c);@TSOS'C“/ Co- 73.19 849.94 95.77%, 10000 cycles [10]
NiCo02S4@NiCoS2//AC 46.3 799.8 80%, 10000 cycles [45]
MnCo0204@CoS//AC 55.1 477.3 91%, 6000 cycles [46]
CuC02S4@NiMn-LDH//AC 458 1499 87.6%, 10000 cycles [47]
NiCo-LDH@NiCo-HOS-5//AC 63.6 800 67%, 10000 cycles [48]
rGO@NiCo-OH/NisS2//AC 53.5 760 95.5%, 20000 cycles [49]
CoMoS4@Ni-Co-S-8//AC 49.1 800 90.3%, 10000 cycle [50]
NiC0204/C03S4-M//PC 98.4 375 99.7%, 10000 cycles This work

RPHPC: nitrogen sulfur-codoped hierarchically porous carbon; MOF: metal organic framework; CNTS: carbon nanotubes; AC: activated carbon; layered double

hydroxide; HOS: hydroxysulfide; rGO: reduced graphene oxide
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Fig. S3 (a) Nitrogen adsorption/desorption isotherms and (b) pore size distributions of NiC0204/Co03S4-M, NiC0204/C03S4, NiC020a-
M and NiCo0204 samples
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Fig. S4 Electrochemical performance of three-electrode systems
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and (b) GCD curves at 1 A-g! of NiC0204/C03S4-M, NiC0204/C03S4, NiC0204-M, and NiCo0204; (c)

GCD curves of the NiC0204/ Co3S4-M electrode at different current densities; (d) Rate capability of NiC0204/Co3S4-M; (e) Nyquist
plots of NiC0204/C03S4-M, NiC0204/C03S4, NiC0204-M, and NiCo204 with inset showing magnified view of the high-frequency
region; (f) CV curves of NiC0204/ C03Ss-M at 5-80 mV-s™!; (g) Linear relationship between anodic/cathodic peak currents and scan
rates for NiC0204/Co3S4-M; (h) Proportion of capacitive-controlled and diffusion-controlled contributions in NiC0204/Co3S4-M at
20 mV-s™!; (i) Contribution of diffusion-controlled and surface capacitive-controlled processes in NiC0204/C03S4-M within 5-50

mV-s™!
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Table S1 Solution resistance (Rs) and charge transfer resistance (Rct)

Parameter NiC0204/C03S4s-M NiC0204/C03S4 NiCo020s-M NiC0204
RJ/Q 0.51 0.55 0.60 0.68
Ro/Q 0.34 0.39 0.46 0.54
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