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Abstract

High performance electrode materials are the key to the performance improvement of super capacitors
in the future. In this paper, a plum-like hierarchical structure NiCo;0; nano-flower/electrospun
carbon nanofibers (ECNFs) composite material was prepared by electrospinning technology com-
bined with hydrothermal technology. The physical properties and structure were characterized by
SEM, XPS, XRD and TEM. The electrochemical properties of the samples were tested in alkaline
electrolyte with a three-electrode system. The results showed that the capacitance of the compo-
site was better than that of the single material. The hybrid NiCo;04 nano-flower/ECNFs electrode
exhibited a high capacitance of 884 F-g-1 at a current density of 0.1 A-g-1 in 6 mol-L-1 KOH aqueous
solution, and good cycling stability (93.4 % retention after 7500 cycles at a high current density of
4 A-g1). The enhanced electrochemical properties can be attributed to two factors: on the one
hand, the contact area between electrolyte and electrode material is enhanced due to the mixed
structure of 3D nano-flower and 1D carbon nanofibers assembled by 2D NiCo.04 nanoflakes, and
on the other hand, the contact area between electrolyte and electrode material is enhanced due to
the mixed structure of 3D nano-flower and 1D carbon nanofibers, on the other hand, the pseu-
do-capacitance of ECNFs double-layer capacitor superimposed with NiCo,0, increases the overall
capacitance of the material.
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1. 51§

A A RR IR 75 SR A PRI KA S T HAL S A R (EES) W& K o BB FRL A28 (SCIE N — Rl BY A i
BIPURREEAAE RS, SEGHRSREAANE, a8 G 7 H S i A S AR 78 B B ke, AT A
ARNFEE . KA A SIS 2 A [1] [2] [3] [4]. Mg R s REAEARCRR S EIGRT3E
HUSRAR OB 22 T, DRI, AR R s LR SR A% LB — o LA SR AR RHE TR
EREIR A N =2K,  BIXURZIERARL, A A S U R S AL I e A AR BREEAT R AR
EMEFHELR AR, SRBEGWEE S REC R R A B BT Bltt, il e B
HUR AR AR R R S AR, X T IRTHE S AR SR R R BT R E BT AW 7 S

TERLE G R A AR, B R A S NiCo,0, B T AAB S MBS LA . RAFHITE
AN BRI AR RIS A A5 o DA S LA A 22 R REAS 5 A BRI A S A — 308 Ji B B AT
RO LR B AE AR, ISR Z B2 AT F[5] [6] [7]. {22, NiCo,O4 AL A E M2,
HEMRRRTARMZ T AT, RKFK T e B2 PERE8] [9]. WHERMIE S BA m T it
B AT EEE NiCo O, 3 HLME, MM KFEEE SR i NiCo,04 IIELHLA, T3 K 4% NiCo04 HIMR AT K
B o TEARZ BT, BRAIKEF YRR L — 4R S5 (AR T B 7 5 1T, o BER I LA AR e
WA R EAT R BEAR R0 R, AR SRR A% AR R, TR mT Hr B e i R a8 B AT R RIS

L YT L PSS ) 5 SR AN AR AT Y e B RN Tk —, RA T2 MEMA R iz BT
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SRR, R R L B KGR R TR 4 FLBR 45 K4 T A T S5 i, (R B e 25 S AU 22 R [10] [11]
[12]0 A SCR B L2 22 H R B 45 T NiC0,04 9NKAEIECNFs 544 2 25 46 ) = e 3 A AT i il A A4 R
HLAb 22 PR RE A 45 R T, NiC0o,0,/ECNFs 5 A RL/E 6 mol-L ™ (1) KOH HLfil i, 0.1 F-g LR # BE T,
FLHL 2 mrih 884 F-g ™, 4 A-g t HIUUSSE TEE 7500 Yk, LB ARAFAE 93.4%, HARIFHIREE M.

2. KRS
2.1 R S5ER

FHEKE(PAN, Mw = 150,000)%F Sigma-Aldrich 227 . Ni(NO3),.6H,0. CoCl,.6H,0. 753 F LY
%, N-N ZHEH B (DMF). Z5A M (KOH), B1vstral, T 258 B A G R A R . Se5 i
FHZRRR K g S5 28 E il o

2.2. YR BHELH

P R IE NG (PAN)K AR A T DMF 1, SR T RE I3+ 20 min 2EK, B2 2 ER /KB A 60°C,
1HIL 4 h B2REEW, BEREN 8%(wt) 5 ik (PAN) L5 W . Bl J5 437 W] R G5O 0.3% 1)
Ni(NO3), 1 CoCl, (i tb A 1:1), BiFEEIEIHHL.

2.3. BRERYILH|E Co-Ni E& PAN FKEF4E

K L3R LG RRE R 20 mL BRSSP, O s FR AN AR, WSO B e s A A .
A RN 15KV, FFRFeAESE B R B 10 em, SRS AR 1 mL-h Y, 135 Co-Ni B4
GORLTYERE . B HEIR T BT 80°CIE R, #Hs

2.4. Co-Ni EEBRAPKALEF| =

P HIERK Co-Ni E4 PAN L4 8 T, 34T, BN EELL 2°C min ! Ay
THE % 240°C, fHiE 0.5 h, FJFHEZE 280°C, 1HIE 0.5 h; SR NS4, PA 3C-min FHEEZ,
M 280°CTHE 2 900°C HfEIELESE 1 h, [RE =R, B3 Co-Ni B &5 HgNKLl 4.

2.5. NiCo,0,/ECNFs E &# ¥l &

&1 0.3 g Y Ni(NOs),, 0.47 g ] CoCl, 1 0.63 g 1)/ M0 F kDU SIS AR AE 40 mL £ B 17K, =&
NI A A ST IR R R T K T T # 31 50 mL A UG 20 W S, T BN ECNFs
JEL, SRIGTE 120°C K BGEAE R R 2 he K ATl £ (1) NiCo,O,/ECNFs I F 2518 /K F B2 | S b gl J LK
HAE BB 4T T 80°CT4 12 /N, 50,

YERXTELIRES, NiCo,04 FLIR A BH % i #2[R] 1.5, HEAE&H ECNFs.

2.6. EEIRHIE

NiC0,0/ECNFs ZI 45 Al 1l 4% . #1 NiC0,04/ECNFs £F- 45 By 3 s i A9 1 em? (I8, FRE S5 3k
FEPR R AR (B AR A 3 mol/L HCI TiAb R TH i A6 Z) 2 7], SRS 7E & 7 HL LA 10 MPa J& 71
HAK .

NiC0,0, HL# I % : F NiC0,04 ZJIREEF PVDF &5 (AFIN NMP, IKFEA 5%wt)$% [ 85:10:5
P LRSI, ARG Y S0 RAE TG AR B AT PR R (bl W) b, BT EASTEMH, HERE
T 150°CTEIE T 12 h, ERAEEFREGRC N Wy, 5 H AR R E Wa(Ws = W, — W) B
JE R HL 10 Mpa JE 77 R B iR 48 e i R I otk a4 o
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2.7. FRAE

K 34 BT 2545 (SEM, JSM-7800F, JEOL Co., Japan) &t A4 BHK TSR RO S5 M HEAT R AL« SRARRT
$H53 K H XRD D/Max-RA 4 (H A % Rigaku 2 &) X- S 2R A7 5 e, 20 MEJuk 0.5°~135°, 4 #%
RCEETE) <0.07°. HMARHK T E M B ECSALAN 250 %Y X 5285 B T B8 (XPS) A 20 Hr, Wit 4%
59 K Al Ka 554205 (hv = 1486.71 eV). K] LabRam-010 %4 & i st B S kAT 2007, It 44
Ne EERy 2cemt, REEN 1,000 mW, BREEWEREEN 3.5cm ™, OB A 514.53 nm L,

2.8. EBALEMEEMIR

HL AL 22 MR BE IR AE CHI 660E Ha 4k T/E vk (B R A S A IR A 7)) Ese . s H 4f f1) H A%
(NiCo,0/ECNFs £F4:fi . NiCo,0,) 8 LAFHHk, Hg/MHgO NSt rtlk, 4A7(30 x 20 mm?) i Bk, A%
M= HAA R . BIRRRTSEE % T 6 mol-L ) KOH Mk, BEA4M N REIE. TEHRRZMERT)
HLAZIX [E] 4 0~0.5 V5 78 i LR FEAE X B A 0~0.4 V; BHPTIIR A5 2% [X ] & 0.01~105 Hz, FR1iE v 0.005 Vo

HL AR TR B A KON

| x At
C= mx AV @
A VTR, A AtABCERTE], s; m ONHEMRFRINRE, 9; AV RHEERE I, V.
3. BR5R
3.1. XRD F1E

K1 ARSI XRD B, MEIHET LA HY NiCo,0/ECNFs 7E 20 = 24.7°4b T 57 16 7] 19 45 A 5B AL B
JE 5 (002) U, AHLEL T4l ECNFs, 1820k Z R SFIEETE, XA REZ H T NiCo,04 A4 5121
7 18.9°, 33.6°, 36.5°, 40.8°, 59.1°F1 61.6°[ATHI&, XF N T4 A1 NiCo,04 iR HI(111), (220), (311),
(400), (511)F1(440)1H (JCPDS N0.20-0781), iX 54l NiC0,0, [FIHFALRT ik — o
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Figure 1. XRD of spectra of NiC0,0,/ECNFs, NiCo,0,4, and ECNFs samples
[ 1. NiCo,0,/ECNFs, NiCo,0,#1 ECNFs #£& XRD i[&|
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3.2. Raman FR4E

2 78 T NiCo,0,/ECNFs Fll NiCo,0, [ & i . NiCo,0,/ECNFs & A#+F 54 7E 1330 cm™ (D %)
H11583 et (G B B Wk PN TR, T A0 BRI E2g B G e, 5 2-D NSRS H sp2 A
BT IARENAE G, T D Al WU S T /N4 % A 82 i BRI ATTE PR AS[13] [14]. X4 T4l NiCo,0, #F
i 86T, A28 Co-O M Ni-O BEMIIRBNIFLIN, 7F 181, 456, 501 Fll 654 cm* PRc Wl 42 1] (U vy 1
[AF NiCo,0, 7 1430/ F2g, Eg, F2g Al Alg [15].

——NiCo,0,/ECNFs
——NiCo,0,

Intensity (a.u.)

1o'oo. ' p 1500
Raman shift (cm™)

Figure 2. Raman spectra of NiCo,0,/ECNFs and NiCo,04 samples
& 2. NiCo,0,/ECNFs F1 NiCo,0, ¥ 5 Raman i [&|

T T
0 500 2000

3.3. XPS F4E

NiC0,0/ECNFs 1] XPS Jt:3 1114 3 175 « Mk NiC0,0,/ECNFs ] XPS & A4 fig i € (1€] 3(a)) 1 il LA
NiCo,0/ECNFs It A N Niv Co. O Ml C. M &G T7E, 4r5il%f Ni, Co JuERMIAEHEHEAT I
&, GRWE 3(b)-(c)fia. & 3(b)F Co2p Kl BT Co® Ml Co* BN [ e S 18 A7 ATt B
TEIER sat), SEAREN 781.11 eV F1 796.95 eV [JIEK T Co*, 454 AEN 780.12 eV 1 794.85 eV (]
Ik F T Co* [16] [17]. & 3(c)M Ni 2p Jeit, ATLLE F Ni®* A Ni* A E BERIE (B4 1 R0t B a2
I (R sat.), 45&HEN 854.56 eV F1871.29 eV A Ni**, 4i4AEN 855.28 eV F1 874.12 eV A Ni** [18] [19].
XU R ECNFs IR M A % T Co®*, Co®, Ni#fl Ni*',

3.4. SEM F4EF

FE i 19 SEM B Ui B 4(a)-(b) BTz, S 4()H & Hi ECNFs £F4E R 6 7 HL, A4 NiCo,0, 5 (4 4(b)),
NiC0,0,/ECNFs ({78 i & FSHFALIR K NiC0,04 YIAKALIR KL, AKAEH I IR S5 R 3X 2 T 1EX]
BRI NI, AFAEFRTHIN Co™ . NI*FE/N 0 AR DU R R HEAGVE F R AR OB, TR R s R A3 A5 R AT 4 35 T 11
NiC0,0, fth%, BEE R NHEAT, LF4ENIBIN Co® . NiZBMi i 4 4R 4 BURNE mAZE K, IWITZ K
BT JEHER S5 R . B JEXT NiCo,O4/ECNFs ZEAT [ JRili R &l X S ZOGIE(EDX) 704, LAWK 7T
RN HE 4C)TTHMNE SIS C, Co, Nifil O LK, C LEKE TRIKIHEILE, 1 Co,
Ni F1 O JeE MK 4 T NiCo,04. Hi mapping ZMHr AT %1 Co. Ni. O JTLEUSHE C L4kt 515046 (K 4(d)).
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Figure 3. (a) General XPS spectra and high-resolution XPS spectra of (b)Co 2p; (c) Ni 2p for the NiCo,0,/ECNFs sample
3. NiCo,0,/ECNFs XPS #£[&, (a)2iZEl, (b)Co2p &4## XPSiL&E; (c) Ni 2p &2 ## XPS iZE

S

3

Figure 4. (a) SEM images of ECNFs and (b) NiCo,0,/ECNFs; (c) EDS of C, Co, Ni and O in NiCo,0,/ECNFs; (d) elemental
mapping of Co, Ni and O for NiCo,0,/ECNFs
[ 4. SEM [El; (a) ECNFs; (b) NiCo,04/ECNFs; (c) C. Co. Ni#10 g EDS [&; (d) Co. Ni. O Jt&E%%m mapping &

3.5. BLEMEENIR
K 5(a)y NiCo,0/ECNFs FI NiCo,0, fE411# Ky 5 mV/s FHIMEH R 222k, MEIHE F4E NiCo,0,
- I4E 0.26 £ 0.01 V #10.53 + 0.01 V H B T & ALIEJE %, 1 NiCo,0/ECNFs £ 0.15 + 0.01 V #10.33 £ 0.01
V LT B4R R, KB 2 A Bk A T BAIRIR )N, EALIE R IE Bk 5 M-O/M-0-OH #
KA FE B, Horp M AR NI fil Co &EF, HREWT:
NiC0,0, + OH™ +H,0 <> NiOOH + 2CoOOH +¢" (1)
MOOH +OH™ <> MO, +H,0+¢" (2)

ULEA P A AL RS B IR e, (AR R AL B R AE T — @ AL RS, XRER T EE TR
MRE, NiCo04 HIA IS JFE ALK 2] 78 JE R R e . 55— J71, ME A LLEH
NiC0,0/ECNFs K CV M KT 4l NiCo,04 W NiCo,0/ECNFs HAEIF L Z . K 5(b)ExrT
NiC0,0,/ECNFs 7f 5~200 mV s ' (Ui #H R T CV B, WULEHRAFTE T, KEEARE %, A
30 J55 PRI I A i R DT 3G K, L B T R s D 0 (1 U A 0 o ) st v RS AI ) FELAE
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Figure 5. Cyclic voltammetry (CV) curves of (a) NiCo,0,/ECNFs, NiCo,0,at scan rate of 5 mV/s; (b) CV curves of Ni-
Co,0,/ECNFs at different scan rate
[#] 5. NiCo,0,/ECNFs, NiC0,0, 7£ 5 mV/s 13iE T CV Hi%k(a),(b) NiC0o,0, FE R EIFHR KM THI CV Bk

4 6(a) v NiC0,0,/ECNFs Fl NiCo,04 LA BIFE 0.5 Alg BT FIMFE AT N, 2 NEERER I
L A S8 PR R R 2R, A B4l NiC0,04, NiC0,0,/ECNFs FRIJE AR I 8] B S5 386k . 14 6(b) 4 NiCo,04/ECNFs
FER A B R 1Y) GCD 2k, T LAFE HH 7e i r ik 0 it 5 P 30 2 B (A9 388 K )26 28 1, BREYE 10 Ag™
IR T, AR AR PR RR BT I B, SERIADRL I o] i PR RS e PR . i —DARIE A (1)
HE TR, 45370 6(c)fias, NiCo,04/ECNFs il NiCo,0, B ALK b i 28 4t 2 FEL IR 25
JEE B BT Rk /DS, LA AR R A LR 25 B T, NiCo,04/ECNFs ) b Ha 25 B (2 47 F-40 NiC0,04. %] 6(d) N 4 A-g™
HL T, NiCo,04/ECNFs fE# 7500 (X1 L LA B, FUATRIFER Y 93.4%, (N FE)K 6.6%, KU
B RIF G AR e Mo R Bk PR RE TT LB R T UREY 3D ARIA R, AR KA R 5 bRk
YOREF YR NiC0,04 GPKRALIRHLERINAL T B FH HUEAE, MITIHE I T H AR BRI 2 [RGBk
B, A A E.

BT T NiCo,O4/ECNFs HLAL 2= BHPTREM: , M A% A A 22 i o 0.4 V- HAE G A 100
kHz % 0.01 Hz, 453w 7 Frox. 0 B BEARAER R BRORT B AR < [R] R FELAT G RS BELAEL, 38 Ry SR3R
TRo TS S (AR S T AR R P BEL, LS RSV S PRI [ A R BH LA S T 1
TR AR R, @ R R RATX (1 B 28 S ML) & B AR RL X 2 M, bR, U
R E . IHIZE T LUE H, NiCo,04/ECNFs [FIBHPT il 28 R I H 7E Sl X3 — A28, B

05
a
—— NiCo,0 /ECNF| 041
04 1 —— NiCo,0,
2 S
5 L 03
T 03 >
4 L
= 2
> =02+
T 0.2 >
= ©
2 £
o
a [}
0.1 g 0.1
a
0.0 T T v T T T v T v T T T v 0.0 T T T T T T T T T T T
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Figure 6. GCD curves of (a) NiCo,04/ECNFs, NiCo,0,4at 0.5 A~g'1current density, GCD curves of NiCo,O4/ECNFs at dif-
ferent current densities (b), specific capacitance of NiCo,04/ECNFs at different current densities (c), and cycling perfor-
mance of NiCo,0,/ECNFs during 7500 cycles at a scan rate of 4 A-g™* (d)

[ 6. (a) NiC0,0,/ECNFs, NiC0,0, 7 0.5 A-g™ ELFZ B FHIFE MR HE%E, (b) NiCo,0,/ECNFs ZERARIHRZE FHF
MR BIZ, (c) NiCo,0/ECNFs fEREIHLRZE THILL A L, (d) NiCo,0/ECNFs TERRZE R 4 Ag' T, fEHF

7500 JRHILL R R E
10
. ] NICOZO4
- ® NiCo,0,/ECNFs
- | |
° [
E 64 n -
< ° n
2 a "
N ® a M2
° [ = Go0,
- s
E [ ] ] E10 s :
: l. 5 s -
P ° -. 05 :
00 : /
4 :. !
IOV-DZ 00 02 04 06 08 10.12 14 16 18 2‘0
O_' Z'/ohm
T T T T T T T
0 2 4 6 8 10
Z'/ohm

Figure 7. Nyquist plots of the AC impedance spectra of the NiCo,0,/ECNFs
electrode in the frequency range from of 100 kHz to 0.01 Hz
[ 7. NiCo,0,/ECNFs ELIRFES71ZE J3 100 KHz~0.01 Hz HI3Z 5 PR &

Z IR /NTF4h NiCo,0,, #H] NiCo,0,/ECNFs E A &/ Ret, H NiCo,04/ECNFs E NiCo,0, B4 % /N
(28 5 SeF kP, R/, X7 B NiCo,0/ECNFs M 18 & 25 ) AT SE /N e e B RS I BEL, AT ik
VA5 I P 0 2 A (B T RE RS, T NiC0o,0/ECNFs B bt I FLAk 24 Pk A

4, Z5ig

A FR YT 2R G B KNG AR, I HAE VRGN LT 4R R A K T = 4Rk AR
AR NiC0,04 HEAEA L K FH = Fa AR R 3FAT T NiCo,0/ECNFs [F HLAL 2 PERE . 45 5 & B NiC0o,04/ECNFs
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S ARG R AR I O e 0 Ll S R AR PR R o, F 0.0 Ag ™t IR LIRS FE R I LL FBA 0 8B4 F-g ™,
HAE 4 Ag™ I HIRES S R 7500 UARH A AT 6.69%F) 28 G . 1P i da 1 2 M e — 7 A R T
MRS HIRAE, 2 NiCo04 9K 1 3L I = HEPIRAEE & — JER DKL YRR & AR Re I, A H
WS § R FE BB BIROR N AR, SR T RS FARAORL R A A, AT B v T R A A R
F—TiT, RAEHIXUR R B A BN NiCoO4 I HIZ, 8N T AR B AA L s o IX AR 7R AR A R
AEAERERBEI RSP ERIN .

E&WmE

AN BT T8 B AR B 54:(2019-2D-0734), W TEHBEITH4(L201617), L THHEE S
VT 34:(201726), KIEWFFE R “HEEE 7 BREXAR 5

&E 3k
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