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Abstract

Abstract

As an attractive member in the group of efficiently renewable power sources,
high-performance supercapacitors are of great scientific and technological importance
due to their excellent properties including high power density, fast recharge capability
and long cycling life. Generally, pseudo-capacitors based on transition metal oxides
can offer higher capacitance values than electrochemical double-layer capacitors
(EDLS) based on carbon materials. Therefore, tremendous efforts have been focused
on the former type of supercapacitors. It has been well-accepted that the realization of
the high specific capacitance largely depends on the structural features of the
syntheéized electrode materials. Hierarchical nanostructures with large exposed
surface area can offer great advantages over their bulk counterparts because of the
efficient decrease of material agglomeration. More significantly, the desired structural
features can be expected to highlight the merits of each component, which may
display a strong synergetic effect on the final capacitive performance of the electrodes.
With this in mind, the rational construction of advanced hierarchical electrodes with
varied components and morphologies has already been the most attractive focus in the
field of pseudo-capacitors.

In this thesis, we have successfully fabricated hybrid core/shell nanoarrays on Ni
foam via different methods. The morphology, composition and structural features of
the as-synthesized electrodes are characterized by X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), field emission scanning electron microscope
(FESEM), field emission transmission electron microscope (TEM) and Nitrogen
adsorption/desorption isotherms. The potential usage of these nanostructured
materials for applications in supercapacitors has been investigated. Besides, the
relationship between the morphology, composition and structural features of these
electrode materials and their electrochemical characteristics has also been discussed.
The main contents are as follows:

1. We have designed and synthesized 3D hierarchical structures of CoAl
LDH@Ni(OH), nanosheet arrays (NSAs) by a facile two-step route. The hierarchical
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electrode exhibits excellent electrochemical performance (1528 F ghats mA cm”,
73% maintained at high current density and 92% retention after 1300 cycles), which is
much better than that of the pure CoAl LDH NSAs electrode. It can be expected that
the synergy of the two hydroxides has played a key role in improving the
electrochemical performance.

2. The uniform 2D Co304-based building blocks have been prepared through a
facile chemical etching assistant approach and a following treatment of thermal
annealing. The obtained nanosheets array has been directly employed as 2D backbone
for the subsequent construction of hybrid nanostructure of Co3O04@NiMoO4 by a
simple hydrothermal synthesis. As a binder-free electrode, this constructed 3D hybrid
nanostructures exhibit a high specific capacitance of 1526 F g at a current density of
3 mA cm? Moreover, an asymmetric supercapécitor based on this hybrid
C0304@NiMo0Oy and activated carbon can deliver a maximum energy density of 37.8
Wh kg at a power density of 482 W kg™, It can be expected that the aforementioned
assistant synthesis strategy can be directly applied to other multifunctional
components to construct 3D nanosturctures, achieving the hybrid electrodes that hold
the promise for pra(;tical applications in supercapacitor.

3. We have successfully fabricated the hybrid electrode of Co3O4@Au-decorated
PPy core/shell nanowire arrays (NWAs) on Ni foam via in situ interfacial
polymerization between HAuCly and pyrrole monomers. With the advantages of high
electrochemical activity of each component, and the high electrical conductivity of the
Au-decorated PPy layer, this hybrid electrode exhibits remarkable pseudo-capacitive
behaviors. Such facile synthesis method offers an attractive strategy to further
improve the electrochemical performance of pseudo-capacitors and undoubtedly
shows promising applications in electrochemical energy storage.

4. We have demonstrated a binder-free electrode composed of
C0304@Co-Ni-sulfides core/shell nanowire arrays with tunable Ni/Co ratio for the
high-performance pseudo-capacitors. This as-fabricated electrode can offer the
desired structural features for the efficient usage of active materials. With the
advantages of the well-ordered architecture, the electrochemical performance of the
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Abstract

Co304@Co-Ni-sulfides are superior to that of the pure one. Besides, an asymmetric
supercapacitor based on this synthesized electrode can deliver a maximum energy
density of 44.8 Wh kg and a good cycling stability of 91 % retention after 4000
cycles. Our results presented here demonstrate that this hierarchical electrode has
potential usage in electrochemical energy storage.

Key words: Supercapacitor, Electrode materials, Hierarchical structures, Core/shell

nanoarrays
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Fig. 1-1 Ragone plot for various electrochemical energy storage systems
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Fig. 1-2 The typical structure of supercapacitors
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Fig. 1-3 The EDLC structure based on a positively charged electrode surface
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Fig. 1-4 Different types of reversible redox mechanisms that give rise to pseudocapacitance: (a)
underpotential deposition, (b) redox pseudocapacitance, and (c) intercalation pseudocapacitance.
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Fig. 1-5 Preparation of LDH microspheres with tunable interior architecture from core-shell to
hollow structure. TEM and SEM images of (A, E) SiO,/AIO0H microspheres; (B, F)
SiO,/NiAl-LDH core-shell microspheres; (C, G) SiO»/NiAl-LDH yolk-shell microspheres; (D, H)
NiAl-LDH hollow microsphere.
®1-5 LDHZ & MERFI %R B . SEMAITEMRAE(A, E) SiO/AIOOHMEK, (B, F)
SiOy/NiAI-LDHAZ 401K, (C, G) SiO»/NiAI-LDHERFC4E #4143k, (D, H) NiAl-LDHZE L
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Fig. 1-6 Schematic illustration of a-Ni(OH), into B-Ni(OH), with successive morphological
changes (a). TEM and SEM images of a-Ni(OH), nanoflowers before hydrothermal reaction (a
and b), 1 h hydrothermal reaction (¢ and d), 10 h hydrothermal reaction (e and f).
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Table 1-2 overview of electrochemical behaviors of nanostructured powder materials for

supercapacitors

R 12 FET WKL LGB AFE B s PEsexT T

HAb AP R s %
E AR R FRL i N . \
HAE DR geEEEE SO
Mn304-Co304 1 MNa,SO, 450F g 333Wkg'  85.6Whkg' [42]
0.5M 1 1 '
MWCNTs@MnO, 380F g 11.28 kW kg — [43]
Na2804
NiO NSHSs 2 M KOH 415F g — — [44]
Chain-like NiC0,04 6 M KOH 1284 F g’ — — [45]
NiCo,S, 6 M KOH 1048 F g — — [46]
NiMoO, nanotube 2 M KOH 864F g — — [47]
Ni,Co;LDH-ZTO 2MKOH 1805Fg’ 2842kWkg' 23.7Whkg' [48]
Ni,Co3.,S4 hollow 0
, 2MKOH  8952F¢g — — [49]
nanoprisms
NiCo0,04 hollow 1
6 M KOH 1141F g — — [50]
spheres
canbon/MnO, 1MNa2,SO, 252Fg" — — [51]
NiCo,0/CFP 2JMKOH  1422Fg’ — - [52]
Ni~Co-DHM 6MKOH  2275Fg" — — [53]
NiC0204 -1
2 M KOH 1886 F g — — [54]
nanosheets@HA _
, N 3 5.2 [55]
MoS,@Ni(OH), 6 M KOH 516F g 11 W em 3
mWh cm
Fe;0,@C@Ni-A1LDH 6 M KOH 767F g — — [56]
a-Ni(OH), i
2 M KOH 1677F g — — [57)
nanosheets@HA
CoS; hollow sphere 2 M KOH 1301 F g’ - - [58]
CNF@NiO 2 M KOH 642F g’ — — [59]
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Fig. 1-7 the typical structure of binder-free electrode for supercapacitor
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Fig. 1-8 Schematic illustration of the formation of NiCo,O4 NWAs/carbon textiles composite.
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Fig. 1-9 Schematic illustrating the fabrication processes of the Co;0,@MnO; NAs.
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Table 1-3 overview of electrochemical behaviors of self-supported nanowire arrays for

supercapacitors

F 13 FEF YIRS REF B 7 S B L

AL AE T AR %
AR ) AR — — e \
HLAH g AemEE O
Co304 NW arrays 6 M KOH 1160 F g 195Wkg' 378 Whkg' [69]
MONRASs 0.5MNa,SO;  678Fg' 1128 kW kg — [70]
NiCo,S, nanotube a1 1 q [71]
A 6 M KOH 2398 F g 156.6 W kg 31.5 Whkg
rrays
ZnO@Co50; 2 M KOH 857F g — — [72]
Co304@NiMoOs4 2 M KOH 1230F g 5kW kg™ 56.9 Whkg'  [73]
NiCo0,04 MHSs 3 M KOH 2623F g’ 250 Wkg'  91.1 Whkg'  [74]
Ni@rGO—NisS2 987F g
I@rGO~NLS: 6 M KOH . 915Wkg'  s52whkg' (7]
Ni@rGO-Co3S4 1369 F g
Mn-Ni-Co nanowire 6 M KOH 638F g 264 W kg 123 Whkg'  [76]
NiosCo1.5(OH)2COs3 i
2 M NaOH 928F g — — [77]
NWPAs
Mo-decorated CosOs 2 M KOH 2000 — — [78]
NiMoOs NWAs 2 M KOH 4.94 F cm™ — — [79]
NiC0204@CoMoO4 2 M KOH 14.6 F cm™ — — [80]
NiC0204@NiO/CC 2 MKOH 1792F g 420 W kg 270 Whkg'  [81]
NiCo0204 Bl -1 -1 [82]
NSs@EMRA 1 M KOH 678 F g 7.8 kW kg 15.4 Wh kg
S S
ZnCo204 NWAs 3MKOH 1625F ¢! 800 W kg! 125 Whkg'  [83]
H-CoOx@Ni(OH)2 6 M KOH 2196F g’  1.01kWkg' 453Whkg' [84]
Ni-Co oxides q
, 1 M NaOH 2353F g — — [85]
NWs@TiO2NTs
ZnO@MnO> 31.3
I M Na,S0, R [86]
nanoforest mF cm™
NisS:2@Ni(OH)2/ 1
3 M KOH 1277F g — — (87]
3DGN
CoO@NiHON — 798 F g — — [88]
NiC0204 2 M KOH 3.12Fem™ — — [89]
TiN PVA/KOH 0.33 F cm™ — — [90]
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Fig. 1-10 the possible formation mechanism of Ni-Co LDH hybrid films supported on Ni foayims

and the illustration scheme of the asymmetrical supercapacitors.
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Table 1-4 overview of electrochemical behaviors of self-supported nanosheet arrays for

supercapacitors

R 1-4 HETAK R BRI S R AR 25 M BEXT Eh

. B TEREE % %
e L T omm wmmm memm OB
Co30, Nanoflower 6MKOH 1936Fg" — — [98]
Ni Al LDH IMKOH  795Fg’ — - [99]
NiC0,0;4 2MKOH 3.5Fcm? — — [100]
NiCo,0,4 3MKOH 2010Fg" — — [101]
Ni(OH),@NiCo,04 IMKOH  52Fcm? - — [102]
Co304/Ru0, 30%KOH 905Fg' 08kWkg' 80Whkg' [103]
NiC0,04 3MKOH 2658F g’ — — [104]
Ni(OH), nanoflakes 1IMKOH 1416Fg' 150Wkg' 184 Whkg' [105]
CoMn-LDH/CFs IMLIOH 1079Fg' 17kWkg' 126Whkg' [106]
CoMoO, nanoplate 2MKOH 2526F g — — [107]
Ni3S, nanosheet 6MKOH 1370Fg' 150Wkg' 34.6Whkg' [108]
Mmoo Mon U= = oo
NiCo0,04 NSWC 2MKOH 2132Fg' 325kWkg' 125Whkg' [110]
NiO nanosheet 1 M KOH 674F g — - [111]
MnQ,/LDH/CFs IMLIOH 944F¢’ — — [112]
Co30, NSWA 1MKOH  715Fg" — — [113]
NiCo0,04 NS/3DGN 6MKOH 2173Fg’ — — [114]
Ni(OH),/UGF 6MKOH 119Fg' 44kWkg' 69Whkg' [115]
LDH@P(NIPAM-co-SPMA) 1 MKOH  518F g’ — — [116]
Sn0,@MnO, 1 M KOH 780 5 — — [117]
mF cm™
MnMoO, 4H,0 NPs 1MNaOH 642F g’ — — [118]

WRART, MRISR &M e g g s a g,
TG % T BUAT 2 R AT

RN LAGNAK MBI A — B 2R 454, KT
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VR AA R TSN Ni(OH), iETEA S, Hl#3K78 T CoO@NI(OH), gk )1 %
S AER AR L. SRR AL, KRS E A AR R T
TR AR, MEEA R R E AR FE N, B L EE B AU
T AR 0 At 2 4 ) 428 W 4 A 1 4% D A b ek T R L o BB R T AR L A B TR
HIH FRHIR A 2258720, Liv i KA AE TR 1977 sEEL T R
FHRHA 1 2 R AT, SRR TR NiCo0, 4K T — R A A e L, £
R ARG SRIOMIFE F Tl B R B TR i, WMTELL R & 534
S Ak 2 R RS ek 3, FoAh T AR g K R B R L2 4R S FARA LY
FHRHIFUIRE LR 1-4.
1.3.4 SMEBIEN 2 R raRAT e

AR SRR, BAIAAER L, ST ibiE 48 AR A h Rk i, Eid
WG M H %R, TR SO R R g Ak, ARG R g ik
ROV BT R R B T 0 B AL 28 vE . ARTT, o 6 R AR I P A ARV L FR
T B8 xR S Rk, (5T H & K AR e e LR PRI E

| S MuQ: GEEENn @ Nu'

2) !o‘o‘.'.o.

Sectional
View

MaOz51Ma0y
Mn navoinbe nanutube arrays  Section plane of wall

o An02 taver
2N _Mn layer
uter and § AnO7 layer

inner surface
§ oxidations

Current culiector Current coliector

Fig. 1-11 (a) Nanotube Array Architecture, Triple-Layered Structure, and High Conductivity in
Electrodes Provide Ion and Electron “Superhighways”. (b) Illustration of the Formation of
MnO>/Mn/MnQO, SNTAs
B 1-11 (a) GRS, FELEMFEFEFEERER, (b) MnOy/Mn/MnO; B

WA B G 7R R
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%—%F it

B THRRRIRE. —BkH, GOKERBIRL. JUKERM RIS BREDERAN
Fid I & B A AR N T RS, S AR S s st O UL, X
BREP &%) bind-free ZY EARATRL T L B8 7 TH (4 SO AR B SR BRASZ B E LB AT
M, YRR 2 DT Ub (R oty i BE AR T AR IE, Jh SESSAR DG TAESR B T A
HIZ 2% KA. Li Sl miss A 7 UL ZnO GKiRIES BRI & T &8
KD, FEEd S mEA TN, ST &REAKE RS E4k,
WZ3RMFT MnOy/Mn/MnO, £ @ etk AR ikdr kL, MR, BE&E
SR AR T H T AR5 ) B Ak S 1, AR B R KA FR M R RGP A
BE, MHEREEN 15A g I, tWARRAMN 933 F g, G 3000 BlJE b2
EAA T, 5%

Composite layer

CoQ@-C

, R Coo@C
Fig. 1-12 Schematics of the formation process of the CoO@ f- C hybrid nanostructures in a

comparison to CoO@C. (a) ALD coating of Al,O;. (b) Immersion in glucose solution for 24 h. (¢)
Annealing at 450 °C in argon atmosphere for 2 h. (d) Removal of alumina in KOH solution (can
be also done during the electrochemical measurement in a KOH electrolyte).
B 1-12 CoO@ f- C M1 CoO@C MM BN HIFREE . (2) ALO; BT REIIH, (b) Hi%H

PR PR 24 b, (c) @A A 450 °C HuibFE 2 h, (d) IBTEMNBESER

PR T B SRR E L, SRS, HE BT TSR R A Bk
MEHRBAHEE Ao Guan S7ERABM BT ITIE S BENY) T RIERERE T T
WAL T EA SR HETF B, FIRE R ALD MHl&@E, B AEKRE KK
CoO SR _LUTRL ALO;, BEJE AR ATRIE, & T AKEHBA R 1
AR, BFFTRY, ALO; MITEEXT THLKBR IS HIE EXREEN
YEF, AT SR I ook e A R i AL 2 M RE S 20 T IR G, R, ALD
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B Wi AT AB/AK S BN AR S AL B R
Bt 7 iR IR AT N F A AR R AR B & 5, RFERTE T S R 540
%%wm,mmm%ﬁ&Wﬁmmm%%mm

BERAWEN - REENEEAAR BT E, FFEEFREFNSEE
ﬁTﬁﬁFmWA%ﬁﬁ%%,&ﬁﬁ%,mmw$uﬁﬁﬁ&£%ﬁm@
Tm%ﬂﬁkmmiﬁoH%,ﬁﬁ%%ﬁm&ﬁﬁﬂmmwﬁﬁmaﬁNF

LR R R AR L S B B RGN 2 S T A RS T BT gt
&, JiBe iR g% h AR B BT R 3R A T —ANBTIIER . Han S8R T BT
g5, CUKBGEI& R LDH kR S EME 5, B30T 5Hm
LDH@PEDOT #3% %*ﬁ%ﬂ%mﬁﬂ,Mﬁkm,WEAMMKW$TWH
MR R, B HEBESERINEE, binder-free BUZ 7o A B LLAH ]
4 43 B AR R B B AR S B IR AR B M A% o DX B B AR B S R M R S
PEBE MRS T3 R S A R B M RE IR A A BRI, RS RAF LW
DM T AU, Hofh A ST bind-free 7Y BT ARL T FELIEE B8 7 TH SO (R AH ST
FARE WL 1-6.

Current collector

PEDOT sheli 4——[__.

v\!op view

B\ EDOT monomer _

8 CofNQ;);
Al(NC3); LDH core
CO(NH;)

" LDHNPA  LDH@PEDOT NPA

Fig. 1-13 Schematic illustration for the fabrication of LDH@PEDOT core/shell nanoplatelet array
electrode.

P 1-13 LDH@PEDOT #% 549K Fr FE AR e il &% m 7

A EIREFST TAERTLAE i, binder-free BB AT R R R RIFEA T T H
S RTINS 2 R G TR SRR A B R RS R . RS
SRR, REFEH R EE S FFR R — MRS %, Frsl&rE
AR ES LRI BRI PRI, WMAEREELEE . SREEEIREE
MRS AR RTIISE . [N, fEh ZREMPRISUIER 5 — M E R0&1E,

Mk & B AM RS B W SRR AR S B AR SRS MESR
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&fa, HTESMEIE SRRy A — Dot FRREw X LI RERS
BN E. R, REE N binder-free B BB R CHUE T i 5t &,
ERAREHRMRERIEFMRAFEEF S AR, FEE—PHERI

7, REFHHIRIER,

Table 1-5 overview of electrochemical behaviors of electrical conductivity improved materials for

supercapacitors

R 1-5 T FEEIERERL AR SBIEREN

IR A Zz %
AR R EL AR : \
HLZE ThE 2 feEwmE XM
CoO@PPy 3MNaOH  2223Fg'  875Wkg' 43.5Whkg' [122]
Co;04/PEDOT-MnO, 1 MNa,SO,;  400F g* 9.8 Wkg 20Whkg'  [123]
Ni@NiO 1MNaOH  949F g — 84.8 Whkg' [124]
C0;0,@PPy@MnO, 1 M KOH 782F g — — [125]
Co304@PPy@MnO, 1MNaOH  629F g’ 80Wkg'  343Whkg' [126]
5 12.35 8.67
PPy-MnO,-CC H3PO4/PVA  1.41Fcm? 3 5 [127]
mW cm mW h cm

TiO,@PP 1 M H2S04 646 0.013 [128]

: _

2 Y mF cm™ mW h cm™
Ni@MnO, 1 MN2,SO;, 1121F g’ 72 kW kg™ 9Whkg'  [129]
Ti@MnO; IMLIOH  4678F g — — [130]

C/MnO, DNTAs I MNa,SO, 793Fg’ 16 kW kg 35Whkg'  [131]
CuO@AuPd@MnO 1 M KOH 1376 F ¢! 413 055 [132]
2 & mW cm™ mW h cm™
LDH@CNPs 1 M KOH 1146 F g 51kWkg'  47.7Whkg' [133]
3DOM Mn/Mn 3MKCI 1260Fg'  05kWkg' 140 Whkg' [134]
Co/NiO , 2 M KOH 956F g — — [135]
0.5M N
MnPtNF 1222F g — — [136]
Nast4
Ni@Co030;4 2 M KOH 780 F g — — [137]

L TR ARk B, PR T L T B SRR X . 4AT,
B L P 5 TR LSS 2 2 8 A I o ST, AR
IR L TUBUR s T TIRULL AR A, TR 0 200 T 2R K B W B
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b itk A TH. AM/ARS BB RT. HER LB EREHNA

b A s R, Bk, WmiT7ERS & A e AR BRI FEN, AR
BRRIF 2, TR L7 B A A LU AR o 2 A R PR RE i AT B
Mo SR, H AT SCHER A RS ) BT SR A SE R,

2. WETHTIE, EHnS AR RIS, TR binder-free FUFRMRFIH}, b2
B AR, SRR 2 PR RE RO P A A RS B AT R FRT, A
ot 7 v AN R SE 36 F BE AR R #BRERETE — B RR AL AR T I e A HR AN L Y
AL S P REIR B EE o (R, BBT S PR DO Al 1 g o Rt 7 ST 4
HEEPTRENE - DPER.

3. BRI RN = AR AR R ) B ERAR AR R R o X T B SE T (E ) FE AR
FRMARIT S, B EAIRERE TRt S B ER RS R FIL,
FE AR FE KT R D RE T, DAY AR I Bl o 2= P RER A U7 s E A &

4. JEFEBARO SRR & TS, R A R A% 7 15w LSS I R A
FOBL R ITE 5 B BI04 1 DA B R R T 55 0 e 1B 2 3 S

F7 N 144
14. WIXHIEBKE LEARARE

m%%ﬁ%w%lﬁﬂu%&,ﬁ?ﬁﬁé@%ﬁ%@%mﬁﬂﬁﬁ,%m
SCE ST T MR e AR A B B AR o FE s R o, AR
W/ KL BRI RS, oF T3 hn sAs/ HR AR ) e, T BB doRL
MAMRGEBEHR. WA, EEWSUEEER L, RN B A S B
BEIIRE, HRGY. G, WATHH &R 56 RTB BEAmaAEt
(AR R AT AR L, LIRS AR B W B AR S &, X Tl
HAERIR T RE RIGHURN . 2F BREE, BATRE T UKL, 9Kk
SERONFEARTCH, WRLE G T B, WS LR S s e e B Uy T
F, HETH. BREERESEEMENME. KXW TEIRANENT:
L& BIEAZ AR T B ARADRHK & RAEAT R AL 2 P BRI

B SE R K- IR 5 T Bl T CoAl LDH@NI(OH), ¥ 7e 4
KA D, A HAE B RS iR, MR T TSRS AR 7E 2 R G5 A sl
MEA A 2E RS . MRS AR, PR A R AR R A S A ek bl
TR H & TBEIHMTHEE )G, MEERILE TR0 ik 2 im .
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¥ —F 4

BTl ERBEY R —EEARFHEEEBRM . Bk, EKH6%
S8 T LDH YK A 302 5, BATRARZI R 75255 LDH B 7#E4T T AL 2L,
IR B BAE TR R ot — 4B BEEAT St AL, B AR N AR R Y
AL RE . RN ZERZI 2 5, SR “ 0K 5 A R H 51N NiMoO,
RS, MITUNK P % SR MR B, I EL IR 3T T R AL, 75
= BRI AR A R T R GEIR T LA binder-free B FRAR I FRAL 24 TR
2. B B RAOKRG S ARSI R A A P AR

WK A R R A, S SRR SHOHAT T MR, BATAEIRER
BIE LERT CosOAKEIES, FEFE# SCHR T P 2 A0 5T X dithe T e Pk ke i
FERAT T %4, R HAuCL 5t ki e R &, Wit easm “—
VE” ST B IR AR G I A R . AL SE SRR YT, 1T E
BRSO D7 VA AR 0B SE T TV 4 TR A rR AR L B AR, T T 3RS 1 &
BENY) T AR EYE ML AR E AR B AV,

B BT S BRI R R EE m R E R AR, (AR T %
FRMEEZ , B S E Y KR AT 255 B AR BHRIE R D .
Bk, BATERISIRD T Co0, KLEIETI R FE, K “RytA” KHl& 75X
ek B oS N EMA R, BIE RS T Co30.@Co-Ni-S Z5eé
Keeg ARl ERGEHII T AR A AR

S&{l:
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FoF ZHRAAAREMNKS

EE NWERRRIEMNRTTIE

21 EEII ER R

AR S BN R L R Kol Lk 2-1.

Table 2-1 experiment materials

% 2-1 SLIRER

o ) aE

HFR
IKETHERES AI(NO;);-9H,0 Iy Hfrat - Sk P BEAL TR 4 B A F
IKETHER A Ni(NOs),:6H,0 paRiE 7wl
LR Ni(CH;COO),-4H,0 G Hh [ B 25 L Ak 24 A 7
FHER W Na;MoO,4-7H,0 Gpiest RERHE AL AR FE R A A
A NH,F SrHTaE B L TRy A R A B
IRE CO(NH,), pA e FaBEAL T4 75 PR A 7]
flR CN,H,S e PEBRAL TRy PR E]
KA AL Co(Cly,-6H,0 el BRI 23 H R A F]
KA FALER Ni(NO3), 6H,0 PR E BB WAL A PR A
i3 C,H:N Gyl MR EA SRR R A A
AER, HAuCly vAiiEal E 2 B 2T A IR A F
AE A KOH e Pl AL TR A B A &)
A NaOH el P B TGy PR 7]
oK L CH;CH,OH S aE PO BEAL T A PR 22 ]
R HCI paREat [ 2542 A 2 R A R 2 )
AR LiCIO, ShH FIZ5% BHb AT R A A
T TR AR BRI SDS Sy T4 E 2548 FAL 2R A PR =]
TR C Diki WrE-RAR HER AR
FIUR L -[CF-CF3]-n i S TRAERA A
TR Ni foam i KIEHZ EE: #irKy T

29



i X A T4, BB/ AKS AN, SIEALLEHEMT
2.2 FELWF
ARV R S AR 2-2.

Table 2-2 experiment instucments

R 2-2 KR

LIS 5 I3
EL AL T AR, CHI660C; CHI660E R R AE
LAND EJBllA R % CT2001A KN EwBE AR
FE SRR BS221S ERES MR THRAE
F KSL-1100X ENER R EHEARE WA 7
HAEE AL GSL-1600X EHER M R B2 7
BB KT A DHG-9240A bifg TR S E R A
R KQ-300DE LTI A2 A PR E]
AR EFHL 769YP-24B REETRSE ST A F]
Milli-Q #B4t /KX Advantage A10 % [ % 7 i (Millipore) 2\ 7]

SERGUEIR L R 28 DF-101S FBINA IR T A ]

2.3 BEARA R RS EE R AR A2 >

2.3.1 FHHBET BHESEM)

AR BT IR MR A B A BV IR AL AR O S R EF B B
ST 1o SR AR 1 A0 2 B P T BRI i, ST PR SRS A b R AR T AR
RN, SR SHINE S, BiEXHX s BEEZ . MORREREIR, M
SHURRFER TSR T IS . AR STHET ISM-6701F 35 % 41413 7 B
BNl A AT O TS RAE
2.3.2 EH BT BME(SEM)

F T BRI IR AR BT R AR E AR L, TS
RS 0 R T REFETTORAS 7 17, 07726 SEAR AR R o BN A R kN S S Ay 2
L B, FULTTCUE SRR R, B EREERR. REGAERERS
P b BoR sk o ARVE ST TF-20 B35 R 54l B 7 S AR ot 1 4 BRI T 00
FESRAL .

30



% =% FRBHARELEM XS &K
2.3.3 X &M RATH (XRD)

X SHEATSGRFIN X ST T T AR P A BT RO S, %
N T SRAR R 04T . AR SR D/MAX-2400 B XS 8ef7 404 (XRD, H
A Rigaku A5, CuKa §8HVH, L =1.54056 A) AL,

2.3.4 X SHE6 B T HE I (XPS)

X SR TF R R X HEEmHEREMS, R T TR Z BT
BTSRRI B FRUREE, MMIRERE MR TR AR, ik
ANy T G55 75 T 1915 B « A8 SR AT ESCALAB 210 B X 4806 F 7 RE 1Y

(VG Scientific, UK) Xf#f & 7 28 4 L 2 RS HEAT 27
2.3.5 EERERARALBET)

R EGEY RN —TEESE, EANERRARR., IR, K
T B s e LGS R B DA O o L TR B R AR A A il e e R B 1, BAE %€
JEHTF, #Ees ORBFD RIABIRE T X ESF (RMED gy
MR BT, R R — 2 HE 3 FR AR R (K P A W B o S W S IR B, AT
PO 0 A5k s A I RE o (R LR T AN . AR B SR asap 2020 B LERTEAR 447
SGHEATIE, Wi BET A1 BJH A5 % bRk R m AR A FLA AT 2047 o

24 BARPPRII AL MR R A

2.4.1 TEFHRZAE

IR %% (Cyclic Voltammetry) F2& - -Ffr i FiI B BRAL A BF 50 5 15 ETE
FEH L 3 DA R R, BRI ) L = AT — IRE B IR I, a2 A
LA L BERCRE R AR AN R B IR SR AL R Y, R 3 L - FE B i ko
2.4.2 18 B 70 R

LR PR R SRR IR ik, WSO (2 P AR B TSR
Vo W TEIE 4 T e I B AR AT FE TR AR AR 1 3L FR A BB IR ] A2 AL R
&, AT R R, KRR,
2.4.3 AWFEHTAR

A8 R BEL 47T 35—l T /N8 FEE A U P M P ke AR B, BEAT B AL 2 0
(77 . RIS MIAT R HHUEOE, AT DARRYE Al A L S R i, T LA DA HR
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ah BER A T4 BM/R S B SAAT Rt ISR R B EBRAR
WS N S5 . AT CHI660C, CHIG60E HY A Ak 2% T4 wfdh ik 22 3t BHL Heill il
B HARAR AL P . AT R BT RL IR BUPH T, DA T s A Rl reLAL
M ReARAH JR A

2.4.4 TEIREEE M

MU, I AR T M AR AR DA 58 B R B R A R B A S AR
HEE 2 MR AR R o SCOO AR, % AT LA R AR B B i
A HB R BCERIEIMR BB R BRI, B e A TE R SR
TR E A e A AR 22 i ZR R — MR Rl TR IR R AR L
FL 2 TR 2R A SR T e A AL 22 P AR RO AR T '

2.4.5 YE MR AR ] &

FELHBERITRR A TGN, HEHER AR “WRIE” Hlg. BUDSEN:
Bm R MR DU IR Z M B L 95 - S VR A, WD EIL/K CRERSISK, B
B SPRRTE IR EET A B, WIBEE T 80°C M T4, &J57E 10 MPa J5J T
e il15 2 TAE B
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=% CoAl LDH@Ni(OH), #Z5=MN K F BRFH LA H &

REBAMRETR

LDH(Layered double hydroxides)& —2BH /KB A I B &M LA KL
AR — BT LR IR A M LM (OH)-][AY 1rzHa0. BT AT RLE A #
ALK 4K, BTUARERERER TEE, FIWEt. B, BT aisn
BEZHN AR, 5438 LDH FR, B SR B R LK A
SME T, MG EAE AR AR A AR B R PR AR

LEREEWY R —FMEA R B SEERA R, BT BB SR
FasEMhLr, DAL A 2 2 A R B B A v A S T2 OB A,

2HIRRI, HESESEEASMAMY T BRAENELZE, MERIBLZE
EHE AR BRI S,

HF LDH EFRGHEMREN, HYgeRAhlsadBmems, Kk, 4
£ REEFHIH &SRR — M 0B R R Jb4t, BT RES
PRARAE A B AR L B AT Y B AL 2 1 (R R — A SR RS R 7
TERAE M B . 0 T SO E BRI R B2 Al ATLIE % B IOPE RIS,
TRATRA K- Bl L3RS T &ttt i) CoAl LDH@NI(OH), #
FAUK A AR, RGEHAAL T H& 415, JEREA IR R T PRI AL = R e
MAREE SRR, MBI 2SI H S NIRRT A G, RAZRSE
FITESR 0 e AR A LRI T U0 5 ) rELAR 20 R RN AR E M AR
3.2 SEWES
3.2.1 LR IERE

KETHRET Co(NO3)»6H0, /KETHERER AIINO;); 9H0, #AbsE NHAF, Bk

% CO(NH,):, /KETHEREE Ni(NOs)6H,O 253y oyt 4fl, A i Er A gt — 25 &b
I,

3.2.2 ARSI &

CoAl LDH 44K J7 R fy il £ 1> 21 13 CoAl LDH 442K J (il a6 R AK

33



B R A T4 BM/AKE AL AL SIEAL SRR EHE

W%, 5 96 Co(NOs),-6H,0 (1 mmol), AIINO;)3-9H,0 (0.5 mmol), NH4F (5 mmol)
MPKE (35 mmol) ¥ T 50 mL EBAIKT, BE/EIG SN N KB T, [
IS I7) SR8 HH N 228 P ke AR GRIRAR . S RIEED, KINEE T 95°C
HAER SN 6 h, NAE RGBSR, T 50 °C AT,

CoAl LDH@NIi(OH), B2 40K Fr (50 >4 %), 4 3d 72 B CoAl LDH 44
KA A E R, Bl Ui El & K MEMAR 5N Ni(OH), & A 5.
BARBEWT, % 10 mmol Ni(NO;),6H,0 ¥ T 100 mL #B4i/KH, 5 armw
JETE= AR R A BEAT A 2R o & S 2 o LB FRR A S e R, AR R FR
W (SCE) HZLLrHK, CoAl LDH 41K Fr /Ml A LAE i), HyTRIAE B
JE57 0.25 mA em” (4 FHEAT o AS RIGTRRIS I (ORE 58 R0 B3R AH [ A il 4% 46 1
(t=20 min, 40 min, 60 min, 100 min).

3.2.3 BRI S HRIE

FE ol S A 25 1030 i D/MAX-2400 T X-GHR AT 4 (XRD, HZA Rigaku 2 F],
CuKo STHITE, A= 1.54056 A) FE. MOTLIBSHLENI B35 RS RIS (FESEM,
ISM-6701F) FIH R H1EH 5 (FETEM, TF-20) #ATHIE,

3.2.4 EBARATRLIG AL M RE IR

B0 B AL 22 PR BEMNRTE Tl T HEAT, 8 S BRR g R, KA im v
BHOWR B BERMNECA/ERK, SCE FfES LMk, 17 it ek, mn
3 2 M KOH JK¥E W FALZE TAERE i #E Bl R4 CHI 660E, fEIMR 2R 4
(0.2 ~0.6 V Vs. SCE), {HFHF AR MR ~0.45 V), ATHPHHTIMA S
PR 0.01 ~ 100 kHz, 3RIEH 5 mV). SR AL 2206 IR Fa T M e e R
SV T H IR F Land CT 2001 A HMIINA 2 55 FiAT.

3.3 R 5T

CoAl LDH@NIi(OH), # 7. % & K WA Ak i il s il R an i) 3-1 R, R
BFEHA DI —, Wl KA BTE IR AR %14 CoAl LDH 40K 1 1451
., LA CoAl LDH 49K Fr R H A R ACE BE 45K, AT iR AL ZE TR, Ak
UWRPIINDENEFEIEH Y, BAWIFE CoAl LDH@NI(OH), #5241k F I
I R L
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% =% CoAl LDH@NIi(OH), #% & 24k | AR A 464 #) & A & 50
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Step 2 Electrodeposition O

0.1 M Ni(NO,),6H,0

Fig. 3-1 Schematic illustration of the two-step synthesis of hierarchical CoAl LDH@Ni(OH),
NSAs electrode.

B 3-1 CoAl LDH@NIi(OH), & F 4K Fr iR A R ROl &~ B E

V' CoAl LDH (012) Substrate
¢ N(OH), v CoAl LDH
CoAl LDH#'Ni(OH
(003) 110y ° @ Ni( )l
- 4 *
H] v (006) \ a10 4q3)
< [ ]
A
>
=
‘% 012}
S 110y (113)
= 003)
= v \N/
| - W P . N Y
w‘. A . A
L A I3 A ] i A ] A L
10 20 30 40 50 6l) 70

20 (degree)
Fig. 3-2 XRD patterns of the CoAl LDH NSAs, hierarchical CoAl LDH@Ni(OH); NSAs and ITO
substrate.
& 3-2 ITO. CoAl LDH 45k J 1 CoAl LDH@Ni(OH), 52 40°K F BEFI# L) XRD FAE

PRI XRD RAELE SR ME 3-2 Fios, ARYESCIRIER 40, A KSKIEA
SERIAELRE 7R (003), (006), (012), (015), (018), (110), FI(113)EHEHFIEATH
e, (B, 244K PHRLE [ 52 O HEF B R B, — S0 R ERT AT e fE 2 i SR> 21,
WUE L, BAOIPFTHIEME XRD RIS RIEGFA LR CRE R &, FHmTE
11.8°, 34.3°, 59.8° FI 60.8°KIATHFIERTITE H(003), (012), (110) F(113)HFATHIRY
FFEATS S, IR —O TSR I, PEIRRATHI & CoAl LDH 44K i s dl
LR E R OHFIE R . BhAh, 58— CoAl LDH #PEMALL, B5E4KAH
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A HERX AT S/ 3 B LEik. HERL L EREHNR
BHEE 11.8°, 23,8941 33,704k (477 5 e 1t B A & Ni(OH ), T 4 20, L3 XRD
R RPRAEIE T AT A CoAl LDH@NI(OH), #5e41K i
AR A AL O6 136 1571 '

Fig. 3-3 SEM images of CoAl LDH NSAs (A, B) Scale bar = 1um. SEM images of the CoAl
LDH@Ni(OH), NSAs obtained by electrodeposition for various times: =20 min (C), 40 min (D),
60 min (E) and 100 min (F), respectively. Scale bar =100 nm.

B 3-3 (A, B)AS I HURA% 2R T 19 CoAl LDH 4K A BEFI(H R 1um)FIAS 7] B FUAR I [R) 19
CoAl LDH@Ni(OH), #7402k A FE AR SEM Bl 2 £ =20 min (C), 40 min (D), 60 min (E)

and 100 min (F), #xX 100 nm.
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% =% CoAlLDH

Ni(OH), # A KA S 4] &AL B A M MR

LEB I %3545 T CoAl LDH %12k )4 FE%IRI CoAl LDH@NI(OH), 554k
FrEEFIR BN S5, BATR B A BEAT T R AR S MR, B 3-3 KA RS
F AR R R . & 3-3 (A, B)ATLLE i, CoAl LDH 4K A B T4
R, kA2 e, BT RER “V” BALE. XIMEEAHFIT
WS R T 5 LS Mo R SE i« B 3-3 (C-F) 8 AR s AR I ) J5 A S T2 30
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Fig. 3-4 TEM images of CoAl LDH NSAs (A) and hierarchical CoAl LDH@Ni(OH), NSAs
(C). Scale bar: (A) 200 nm; (C) 100 nm. And EDX spectra of CoAl LDH NSAs (B) and
hierarchical CoAl LDH@Ni(OH), NSAs (D).
%] 3-4 CoAl LDH 402K 5 B 31#1 CoAl LDH@Ni(OH), ¥ 72 48K H BFEFIR B TEM RALE A
(A, cj%u EDX 73 #7(B, D)
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Fig. 3-5 (A) CV curves of the hierarchical CoAl LDH@Ni{(OH), NSAs electrodes at a scan rate of
10mv s, (B) charge/discharge curves of the hierarchical CoAl LDH@Ni(OH), NSAs electrodes
at 5 mA cm?, (C, D) Mass-specific capacitance and areal-specific capacitance of the hierarchical
CoAl LDH@Ni(OH), NSAs at different current densities, (E) the specific capacitance values and
total deposition mass of Ni(OH) as a function of deposition time, (F) EIS tests with the frequency

from 0.01 Hz to 100 kHz. The inset shows the magnified high-frequency regions.

& 3-5 (A) 10mV s 93 FARRVIB A F B3 CoAl LDH@NI(OH), ) CV i, (B) 5 mA
em” BRI E L T ARVURSAE T B3 CoAl LDH@NI(OH), ({18 BRI MR I, (C,D) &
RIFTRAAL T BT CoAl LDH@NI(OH), (T AR L - R AN TR A BRI I 2 LRI LR,

(B) YT AT AR A B B K AR IR KR, (F) HAL4&A1 T CoAl LDH@Ni(OH), 1

CoAl LDH E AR RS H BHFT IR
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% =% CoAl LDH@Ni(OH), # A A K S AR #4441 & B & A M 4T 5
PRIE R T 5e 28 (R 72 460, BLI T BAT ISR P D VER 3 2 R A 1 AR
RTTATHY . FIR, W5t EDX 44745 SRR, BATHTHI#EI# B s 3 Co,
Al Ni L&,

T RSB A RIS, BATE EWER T A FIUTARI TR R B i -& B AL i
LR RS, L5 3-5 i, EAETRAD OV HIA B4 WA S A B A
RN, MUTRIRTAI%ERE 60 min I, FMER CV F& iR E R,
R, AL 1 A I TS R A 4 SR AR U IR A A R A S R R T R .
3-5(C, D)y DU FE S R et L, ATLAEH, A BmEEEEN, BT
60 min FIEEAAPEIRILH T IR, HEE Ni(OH), iEHEA ST IA
B, %9 s B B SR RS IR RS, XS B Tt e
BT IRRAL 25 FARXT N, ULRARE S TSR I TR R B S R
A BEAL, AT AT XA R, AT T &4 T CoAl
LDH@Ni(OH), 1 CoAl LDH AT, Wik 3-5(F)Jim. TEEMIETD
B, WRTRR T B AR BT TR . (R @D I v DU Y, T
P % T 3548 0 CoAl LDH@NIi(OH), MM B EFB/MIAE, Ak
$0K S R P O B AR H AL S M RRER TR — N ERRUAL

TERB T BRI, BT i — SR BEd A ERR 2 R
AL AR BT AR BRI BE AR 3, 3 ok EATVE4I XS LU e T =4 0 i & B
WEEVERR, ZRWE 3-6 Fin. Hepr, BEAAZGEREMIE EIRRUAMF THAT.
XL AR B CV I TT LRI, 2 RESH BB LI CV Bl & fh 2 A ok,
PO H AL I R T, XS5 R S IR E R IR S RS . FEAH R E
#E T, CoAl LDH@Ni(OH), ¥ 7w 4k A Al Rl ) 78 A s N i) e 4, A EE T 50
VEVEA ST, BRATE I G535 4 00 2 A H F A LR B T RGR A
RN, WEIAELER T B RANERE. R, BR8N AT a6 R AL s A E
RAa e M A A3 BIATREY, e 3-6(D, )N, A BREEMIKEHEA, 2
AMEERRIE T B A (1528 F g'), FHEZLT 1300 BHEH )5,
HAREE RN 92%, MRMREYERLEE M T 50— Ni(OH), TR MR, &
R R RIS RRME R Moh, BAVTHREREZ Sk i
Bt SO0 T SCRRE (1 R SRR > 51,
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Fig. 3-6 (A) CV curves of the hierarchical CoAl LDH@Ni(OH), NSAs electrodes at various scan
rates, (B) CV curves of the CoAl LDH NSAs, Ni(OH), and hierarchical CoAl LDH@Ni(OH),
NSAs electrodes at a scan rate of 10 mV s™, (C) charge-discharge curves of the CoAl LDH NSAs,
Ni(OH), and hierarchical CoAl LDH@Ni(OH), NSAs electrodes at 5 mA cm>, (D, E)
Mass-specific capacitance and areal-specific capacitance as a function of current densities, (F)
Cycling performance of hierarchical CoAl LDH@Ni{OH), NSAs electrode.

B 3-6 (A)A[FH338 &AL CoAl LDH@Ni(OH), BRA KK CV £k, (B) 10 mV s H# F =
BRI CV IIERXTLE, (C) 5 mA om™ B ETE N = 4140 FE 5 15 B 75 OB X EL, (D, E)
=y B n (K TR EE A B A SR LU A R H R B I R AL R R, (F) flt CoAl

LDH@Ni(OH), FEMA /G Fa e Mg MR .
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2. BALZIRRIL, TEBMRE& AT, SHEH BRI RRILY 775
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£ W9F Co0,@NIMoO,  EAR A BB &R L QT MEMT
FME Co;0,@NiMoO, FEMK F iR AHH 9 Fl &

REBARMRENR

41 ¥iE

N T AR E R E B R A, MR T R R S A E B
HIEX. Cos0s2—F A mHEinh A EREEAME. T 88 BAAEE
B, TEARE KR A, FRHAR & S REM BRI RES, BERIEAR
SRR R G AT R S g sl 19, HEr, SRR RS EER K
2, GKFPIRERLS . TR NE&ST S, RIS KRG RRETFR
JT B 8 ol 1 5 7 30204 105 1081 L7 TR, KA SRAG AN K Fr S5 M L
I Hgik A HE BT 2 BB IR BREE X, JEE AR T/ LR Z R AN
M. (R, TSR AR B 2R — K 3R 46 BT SRAG MO B BE K T B AL 2 P 247
BRFERE. Bk, RS PRI AR B G RELE. AEEATH
L —E&Hl4% CoAl LDH MRtz b, EEHZIMI 7%, 3RE T S its)
BEILAUK A D, FEl N TS SR 2 R A K R AR K S5 2
i, BLLLSEMERE RS R U, FE /KA & X Bt 2 b3l ool ] 2R B2 Tk AL 2
EEEEAR A AR B AL SR PR B T BN U B BGE, RIS A —F
BB M HAT JE SR FE S 1 4 FTERAB 1 Co304@NiMoO, AZ T4 Fr R AR AL
WRILH TR BB . T LATROUN, XX 7 B2 )l 221t A 3 5V Ay Ja il 6
[l R gk 251 AR AT EHR AL T B i Bl 12
4.2 KIS

4.2.1 SERER

IKETHERES Co(NO;),-6H,0, KETHEREE AI(NO;);9H0, FALEk NHAF, fK
% CO(NH,),, H 45 Ni(CH;C00),4H,0, £HER$H Na,MoO4 7H,0 S350 4 44k,
6 FEI BT A — 2D Ak 21
4.2.2 AR HI%

Tz LS LDH g0k B (&1 CoAl LDH HI% 2 EH =%, KHl&Lr
ft] CoAl LDH ] 5 M NaOH /K# BT O Z1 b 3], RNVIE R, AR M 5EE,
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B W AT BB/ K S B SR HIE AL L ERESR
FES TR EBAKEES, T 50 °C AT HR& .

Co304@NiMoOy #Z 5w A IR HL ). il s F2 LA 2 ik ) LDH 48 52
gZhky, i oK BT EIN NiMoO, WA 2. BERBEMT, ¥ 05 M
Ni(CH;COO0),-4H,0 #1 0.5 M Na,;MoO47H,0 T 50 mL #4iKS, fFeei
filfs, WA KRS, FRHEMZME R LDH BN RN+,
R NEETF 140 °C M M 1 h, RS FEAUKER T8, RERITERGE
300 °C A N HUAEFE 3 ho ANEIZK ISR IS 1) 0 A it SR T L S AH [ 6 o 46 0 sk
H4&MF (t=0.5h, 1h, 2h)

423 AXHRELBERIHLE

TATLL Cos;04@NiMoO4 AZFeHAK ST A IEM, WEIERRA FRALE T DX FR
FARARC, T WA RS GURETREZ 7 T R AT PR S R, BRI AR
HE ARSI BT R LG, B

mlm.=AV. C/AV: Cs
He, CREREMRMLBERME (F gD, VAR BHEIRAR PR Sa
HEH, mARPHEBIEEMERE.

BT Co;04@NiMoOs B FAH1K F AR S o n, il IR OCRR
B ] LAVHEL AN NS R A % L 25 28 B T PP L R T o AR e o SR N
B R AR |

E=0.5C4Vy
P=E/
4.2.4 HARPIE S5 RAE

BT AR S5 HI0 L D/MAX-2400 2 X-GI & ATH{X(XRD, HZs Rigaku A H],
CuKa 45, A =1.54056 A) RAE MER Y B X-G 2600 7B (XPS,
ESCALAB 210, VG Scientific, UK) AT, #8HLLR BRI asap 2020 FLL
KRB FTOGATIAR, BRI FTAE 80 °C FHAALEL 6 /M. M ESREEH
t37 & SR 4 (FESEM, JISM-6701F) Fli% k& &5 B85 (FETEM, TF-20)
BEATRAL .

4.2.5 ARG AL 2P BRI
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FmE NiMoQ, A% i sh & H i AT ed 4l & AL & B AT R

BE R0 P AL 22 M BEAE R T T, = mRNEIE R, B REE N

o BV AR T B A TAE FBAR(Co304 HK IR E = 0.8 mg em™, CoAl LDO

KB IAFER = 1.1 mg em?, Co304@NiMo0,s ZFREREMTTIRTE ~ 1.75

mg cm™), PAFIH KRB (SCE) FfESthimik, i Biohxt e, BN

2 M KOH K¥EW. B2 T /st s® Fig /R4 CHI 660E, TEIMRZEMREMF

(-0.2 ~ 0.6 V Vs. SCE), {8 B 78 A LIRS A0 ~ 0.45 V), A2 BT A (0

6 0.01 ~ 100 kHz, FFEEEAL, IRIEA 5 mV). MERBRAEIERIRE MR
7ERN &V ST AR A T Land CT 2001A IR RS AT .

2
o

4.3 ER511e

Co30,@NiMoOy #ZF K K EARAT R HI & TR I A 4-1 B, EREHEH
MBI —, BTG AR SR 5 % CoAl LDH 40K /P51, BEG
S2H 5 M NaOH 7K ¥t i3k 78 59 LDH 40K B FEFI BT 2 AL B, —, P&
SR LDH RTIRACH R AT RGN, BT —UOKRRN, WA R T 5]
A NiMoO, ¥EEA 5y, BmAMFIE Co;04@NiMoO4 74K Fr FEF ikt .

Chemical Etching

Hydrothermal

Process Growth

Fig.4-1 Schematic illustration of the chemical etched synthesis of hybrid Co;0,@NiMoO; NSA
electrode
Bl 4-1 Cos0,@NiMoO, Biseaik Fr % 45y e ilb Rkl & m i
TEHIBRIRET Co;0.@NiMoO, B FRAK H MR 2 J5, BATE X an
BT T XRD 5 XPS RIE, RILLRWE 4-2 Fin. B 4-2(A) M E XRD #%
B, W TR EARA RSk, 7E 44.4, 51.6, M1 76.1 bR =ANMTaT T LA
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Bih AR AT BB/AK S RSN ANET. SIEELBERERT
JB AV RS R BT AT ST ERS ), R ERATIIESS, FRRRAE 31, 36, 35
AT STIEFT BT Cos04 (220). (311). (440)SHTHIATEIIE, Cos04 HIGHALEFR
YETE JISCPD no. 42-1467 fRIFHIST I, BtBABAIHI &M Cos04 A3LT7 B AL, BhAh,
L HAEMIBRATRIAE 19.3 A1 49.3 kb 55 P AMATSHIERS N T NiMoOs (JCPDS
no. 33-0948), UtB THEF: A NiMoO, & A A MFE Al 4 T 3b— Ak B BTl
5 10 2 S 51 AR R T B SR R, BRATTRIAE S#EAT T XPS 4347, 11 4-2(B,C,D)
53719 Ni, Co, Mo ) XPS 43, Hrr, 76 781 F1 796 eV &5 ReAb i — X7}
HARFKT Co 2psn F1 Co 2pi, BEHIFERPTELE Cos04. 7E 856 N 873.8 eV 45
EHehb i — Xt BIARER T Ni2psp F1 Ni2pip, UHHFESFEEMNE. B,
Mo 3d IEEFTE 232.6 F1 235.7 eV A BN H BN EEE, RVIFER
G IEANAH Mol 1R RAELE RULHI T FA1HTHI 4 1 2 B4 Bl kL

(A) (B)

—— Cos04@NiMoO4 v Co0304 NSA

. C0304-based NSA
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Fig. 4-2 (A) XRD patterns of the chemical etched Co3;04 NSA and hybrid Co;04@NiMoO4 NSA
electrodes. (B, C, D) XPS spectra of Co 2p, Ni 2p and Mo 3d for hybrid Co;04@NiMoO4 NSA
electrode.

4-2 (A) W& Cos04 HIKF 5 Cos04@NiMoO, L TEHIK Fr FeAk satfb i) XRD 1 H o

(B, C,D)Co2p,Ni2p 5 Mo 3d &ICEM XPS /it K.
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HHASE A Co304 F1 NiMoO, PIFIE 405

RN, AT iEB Bt v & R & B . RS SR gk 7B JRstAT T2
T G5 FIRAE . B 4-3 gzl i b 3 AT /5 s DR SRS L R R R i .
S EEBRATRIL, 2T IR IR B AR A FET R T3, Rl
PR B R B IR M BACEEHES Ak A s, (BN T R — gk ik
U, S SE, KRR T KADRFR DL TATHER, XHEH
ISR S R T B i s AR R B 1A BB, TS R AR AL 22
BEMEE, KT, 7EEEA RN PSR TEE.

10 um » D ™

Fig. 4-3 SEM images of CoAl LDO NSA (A) and chemical etched Co3;04 NSA (B).
B 4-3 CoAl LDO 5 ZIih Cos04 41K At R Fr

FERIN I T CosOs PR B JG , TATRA UK IE B 75 1% 1m) A R
5| N NiMoO4 VEPEZL S, B 4-4 9 N[ K #E 1A) T B3R 48 R 49K b B F H e
BilE . TTLAE Y, BEAG ORI T o028, Rk i) SV 35t R AR 2 AH N R BE A
I, NiMoO, i s Ak BAWREZ B4 . 7E ZYOKM NV FFEEET, 7] AL
TUE] Cos04 42K MR R T ZE B IR ZN b f5 T B T R/ ASE [ /NL, X5 Bk
SEM RAELERWA, ZUOKMRR 0.5 /MITE, BT NiMoO4 W& A 7 FITTAR,
MEHE R IRE 9K i R FIET, FRs IR 2 R B E, ERER TR,
KRR BT 1 /N, B3SRBS T R S RS
SR, TR AI4REEIEINE 2 M, B4R NiMoO, 40K BRI 454 T Wi m]
M., A3 % NiMoO, i& 4 4 AL S BURTE 1 Cos04 K T IEFIFESRHE K, K
Uk, FEARFFTAARS, “HOKABTNEE 1 /D AE. TTETUL, NiMoO, 44y
BIBIN, AR I R EHA R R BSMIE I T 55— M S sy, EAE
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#Ah el ETH. BB/ MRS BB R, HEB LB EMEMA
B C AN T B BRI S, ZERE MK R 7 EEK B TE
ARG AR P G54, AN SRE TR CosOs 4K B ZREKIY “V” BULIE,
SEFPG AR G5 OB S48 BB S AR A VR R TR, A TSR THb
RN A EE

Fig. 4-4 SEM images of the electrodes obtained at different hydrothermal growth times: (A) 0 h,
(B)0.5h,(C) 1 h, (D)2 h.
Kl 4-4 AREZKAETIR] R Cos04@NiMoO, F7HH B &5 & A,
(A)Oh, (B)0.5h,(C) 1 h,(D)2h.

AT BE— B RAEMR R GERRRAE, BATS AR BT T 3B 0 5 g iE
SHEgERAE. B 4-5 BRI TR & REM B R . TTLEH, K%
HIAK B RHESAE, MNASE R S HE B RAERIT YIS . N E ] i s
KR L, AT DAY SEENEM 1 S 4580, Coy04 WK A B EFEINIEE A 0.241 nm, X
NV T35 FH Cos0s FIGB11) &I, X5 XRD 4558 5. 7 Cos;0,@NiMoO, 145544
KEREM A, SRR 0.207 nm 1 0.465 nm 4y BT NiMoO, [f1(330)F1(101)
e EIRZEIRWIRIFHIUESE T 2 SR G5 M AT B S P & Co304 AT NiMoO,
P RS PEL 57 o
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FWE Co0,@NiMo0s ¥ R AKA EHMAIHIE AL LSRR

Fig. 4-5 TEM and HRTEM images of chemical etched Co;04 NSA (A, B) and hybrid

C03;04@NiMo0, NSA (C, D. 1 h sample). Inset: SAED patterns of chemical
etched Co304 NSA (A) and hybrid Co;0:@NiMoO4 NSA (C).

B 4-5 Cos04 41K 5 Cos0s@NiMoO, B e 40K B T e B A

(A)ssf B [
-~ —ue C0302-based NSA il ) wwe C0304-based NSA
D 4n |l —#— Co304@NiMoO: NSA — 1 e Co304@NiMoOs NSA
e @ o03}
L qg ’
§ 9 ‘."I/" o
g 0.02¢
3 o 3
4 s .,0".’ .c‘ # § W, ;r\
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§ ..44",’:"""'. 5 s
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Fig. 4-6 (A) Nitrogen adsorption-desorption isotherms of Co3O4-based NSA and hybrid
Co304@NiMoO, NSA (sample of 1h). (B) The pore size distribution curves of Co3O4-based NSA
and 3D hybrid Co;04@NiMo0O4 NSA, respectively.

8] 4-6 (A) Co304 #1K H 5 Co30,@NiMoO, T4 K H B AW BEHT 12X, (B) CosO4 KA

5 Co;0,@NiMoO, #5e4iK F FLA% 53 A0
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Fe e AT4E. B/ ARS AN SIS AL B RBERMR
Table 4-1 Specific surface areas of Co3;04-based NSA grown on Ni foam, 3D hybrid
Co0304@NiMo0O4 NSA grown on Ni foam and bulk Ni foam, respectively.

R 4-1 Cos04 91K K, Co;0.@NiMoO, L FEHAK i HIRHRAR LR TR

Sample Specific surface area (cm2 gh)
C0304-based NSA & Ni foam 5.98
hybrid Co;04@NiMoO4 NSA & Ni foam 10.28
Ni foam 0.13

AT BE B RAEFTH & 2 R APPSR, s 4-6 TR, BT
FERBEAT T BET 23 #T. WAL SRR, H—) Cos04 41K A LLRTHN 5.98 m’
gl, MEREMPILLRTTRNIE A 1028 m* ¢!, SHHREEREMLL, B
SERAPPRMTTR VA sl LU R T AR 0, B, B 2 &N LR e
BRI BAVHE, A AR R B A 2 SR AT AR AR AR KRR e T
B AR, BRI, PR A M B A AR B A A
PERE. X2 A5 221 s Ak 2 PR AR Pt 648 BIHIE 3K

AT B UE TSR] BB P g vk T AR ek FR 2 B O B A U, TERE
etz v AR, FRATTE et XTI T A A A A SV RR AT T XL I
4-7 } CoALLDO 5 Co304 41K F iy e A 22k BE IR £ o 72 = e il ik & T
FTA MR AE 2 M KOH BB P AT o ITTRAE IR AR 2 LA B H P R 78 T LT
LK, BATR AR 20t ek 7 VAR AR T AR R . AEAETE CV 4
SR BRI S A, IR, PR RN N fE Dt B AR AR
CV & BRI E D IR, S UG R A 2 A T ) B3R, ik
b, FHEHR B A R B AE FRIR AR I AR AR A B T RIS AE, AR PR TR i
25 CV KRG RAHY) S, 0 R AT B A, UhAh, (1R
BRZ, WA G, CosOs BK A BB HIZ I T, RFMEEEGE
(K Lb 25 . PR R R TR AR A SRV T A, ZE BB 3mA em” IF, Co304
Yok Fr B AL R R OR L R A ik 1033 F g7, 172 BRI 5T 2 30 mA cm ™ I,
MEHELAEETREE 533 F g, XEEARZAINE CoAl LDO 4K Fr (1) H 2t A s
FRZGmA em™ BIREE FHAE N S16F g, RN, SR Cos0, 45k
F EARAE L 7R SN R A B U T TR P LE A SR M ARt BT CoAl LDO 4K KA
HAMAT RN (5 1% vs 44%). SICHRIRIEANLL, DA b rAb 22 I 45 SR B iz v 18
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Fig. 4-7 (A, C) CV curves of the bare Co;04-based NSA and the CoAl LDO NSA electrodes at
different scan rates, (B, D) discharge curves of the bare Co3O4-based NSA and the CoAl LDO
NSA electrodes at different current densities, (E) CV curves of the bare Co;04-based NSA and the
CoAl LDO NSA electrodes at a scan rate of 20 mV s™', (F) Mass-specific capacitance and
areal-specific capacitance of the bare Co3;04 NSA and the CoAl LDO NSA electrodes as a function
of current densities.
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Fig. 4-8 Electrochemical performances of Co;04@NiMoQ; electrodes measured in 2 M KOH
solution. (A, C, E) CV curves of Co;0,@NiMo0Oj electrodes at different scan rates, (B, D, F)
discharge curves of pure Co;0; electrode at different current densities.
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Fig. 4-10 (A) Graphic illustration of the asymmetric supercapacitor, (B) CV curves of the hybrid
C0304@NiMo00; (-0.2 t0 0.6 V) and AC (-1.0 to 0 V) at a scan rate of 20 mV s',(C,D)CV
curves of the as-fabricated Co30,@NiMoQ,//AC asymmetric supercapacitor at different scan
voltage windows and different scan rates, respectively. (E) charge-discharge curves of the
as-fabricated Co;0,@NiMoO,//AC asymmetric supercapacitor at different current densities, (F)
specific capacitance values of the Co;0,@NiMoO,//AC asymmetric supercapacitor as function of
current density, (G) Ragone plot of the Co;04@NiMoO4//AC asymmetric supercapacitor
compared with other reported data. (H) A photograph of the as-fabricated asymmetric
supercapacitor devices and light-emitting diodes (LED), (I) A photograph of a red LED lighted up
by two Co304@NiMoO,//AC devices in series.

B 4-10 (AR FRAEA R REE, (B) Cos0,@NiMoO, TEARANIE Mk FUkAT L CV #h
%, (C, DYRXFRE S BAF s A6 AN E R AE DR CV ik, (E)RXIFRAA SR
RIS ML, EORNHREFRRAMSERBEEOREXR, G FNRBERNIRE
EMERHEEE, (AHREARSERBRIYE, OFNRSERRRBRTERTES

BcE, AL LED 4 5.

55



b Wb A F4E. BM/thk S BEMBBAIIRT. PERE L EHEAR
4.4 KENG

AEE KPR B % 0TERE T SRR YK B
WAkl RADSARGRERY, DX TRA B E TG, SRR
AR R AL PR BRI 2 T G A ET R AR N — R G AT R TS
. bR, B “ ZUOKE BIH1ETT AR F ST NiMoO, iE A
7. BILIEFAEN RN &M, A LASKIN SR &M BB HIH %
ALK R I, ST R € B R R A AR B B R it T — AT
HER R,

56



% 2% Co;0,@Au-PPy L AAR K LABMA NS E AL L EABERIAA
FERE Co;0,@Au-PPy %KL AR L B HIl &
REBFMERETR

51315

S BEN R LB AR AR T, Sy T 3k E

M RERAE R AR, B XTI &R AL M BUHERE 98— B LASRAR 2 i AT A
WRMEZ— . Binder-free B RIRA BT IL, A ERIEIIEHIHI&H Tk
HERNER. AR, BTTEGBAMAD B FHNBEN AN, FET il
& 1 RS R E SE B MR A AL S TR PEAR IR R AR ER AR . HIL, el Sl b2k
MRS AR BA U EE . Buk B AT, SCRIRIE S E AR Tr AR AR
B ALLTFRR: —, BESEENY S RE BT SEM RN MR BEM
BHHTEAMN: B, SRR 1206 BLIS, — Rl ESR
A AR R IR AR FIAGKRERTRL(: B & ]RE), A
W E AP R AR S R A 2 PP B R A E A TR, UER
P et 07 ER AT LSRN i I 4 R AL s AR A B AL A MR RE R B . AR, A
e I 14 B SRy R X P R B T R R SRk, B AT SR IAH SR 3CRR
RiE. RERINRABRMRENTTE, BIRTE Cos04 FIAKLRITHH — Dk AR
B AR R BIAGKE R S SRR AY, WM T BB g —
MR R LW, BT HA VTR I — k6] % B AR BRI T Pl AL
W o X A M6 O & D VAR I & B A AR B B P R E R N A
e

5.2 SKHBEY

5.2.1 LR R

IKETEERES Co(NO3),-6H0, ki NHF, JRE CONH,),, HAuCly /KER
(2.42 mM), MG BRI bral, BRI SRy R 2R A, HAhaln AT A
FAE— AL

5.2.2 FARAMBL R Hl &

Co304 GHAER 151 166 120.192.193), 32 1 5 mimol Co(NO3),6H,0, 3 mmol NH,F

57



b M R T4 BB/MKS BERLEAE R HEAL G ERBMA
Y5 7.5 mmol JREVET 50 mL BAUKY, FTELWEME, BERENKHRNE
[ ) S R VR R RONVE BE T YRR AR A A, F 120 °C B4R RN 8 h JEER
HEEm, HARRERTE, &G 300 °C &4 T #4028 3 h.

Co30:@Au-PPy 1Z5EG KL FEARATRLAIHIET > 1) BATTHE Cos04 k£ HE
BebrRl R MR A A R A 75 T INGR &5 2R i FRbn, TS AR A Rl AT
S P sk . B 400 0.1 mL ZEAE AR B AR T 30 mLﬁykzvﬂ‘%EP@s mM),
HBEHIH: 10 2080, B CosO4 PIKERIBN TS TR LA, BRG] Cos04
YKk LR _ LA i 2 B Aﬁz(ﬁ%ﬁbnwﬁﬂﬁ 0.4 mL). 50 E 5o
Ja, BANERIKRE HAuCL K@l . OB TR, RMIR . FRMER,
PR o B B AK 5 C B Ve T, TIR&M . FRFIA RIS IR R 56
F[HEIN (24 mM, 96 mM).

Co30,@PPy #ZFeHKLR lEARAT L1420 1980, AR SCikdal, FeATRA
DIARB 71125 Cos0:.@PPy #Z e aliK ek . HUTAR R NBECE T, %% 50 mM it
%, 40 mM LiClO4 #1 56 mM SDS ¥+ 100 mL #B4i/KH . FrEeiiiE, =
AR R P Ll Ag/AgCl S Lhmtk, Pt B st easl, WitByiiRa Co;0, 45K
LR H % PPy, FRULARESIA] t=60, 90, 120s.

5.2.3 AXFFELBERNLL

FATLL Cos0.@Au-PPy BZFRAIKE N IEM, WEHERA AARALE T AR
FEFH. BANARTESEENE.
5.2.4 FARAPRIKI S MR AE

B RS D/IMAX-2400 B! X-§F 26475 (U (XRD, HZA Rigaku A7,
CuKo FESFUIR, L =1.54056 A) RAE, PEEREYIFFEH X-H 6B FHIEIUXPS,
ESCALAB 210, VG Scientific, UK)ZATHIR, A& HCRER RIS
REFEREE (FESEM, ISM-6701F) 3% & 41 Z 4 B8 (FETEM, TF-20) #4T
R
5.2.5 HARARH AL BRI

i B RG22 M BEATE IR T AT, FE= A R, K SIS A
RHRV AR BB R VE LA ladl, MR H K i Ak(SCE)A{ES thiatl, 4AH RN

58



% A% Cos0,@Au-PPy # R AR K BRAMAT #l & AR & MR R

STEAR, FEMEWH 2 M NaOH K¥E#H. ik TAEuh%# B R4 CHI 660E,
TEARAZERNRLH (0.2 ~ 0.6 V Vs. SCE), {EHEKFHEBIIRELMHO ~ 045
V), ZHBEHIRAHOREIERE 0.1 ~ 100 kHz, JFEHEA, FRIEH 5 mV). #7
B AL B R AR R MR SR AR R Zeik, 43585 10mV s
53 £R511e

Co;0:@Au-PPy B FTHPKEL AR ELIIHI B 10 A 5-1 Bivn. BB KRS
R AR R IR L HI & Cos04 91KER; Fl/E, UL HAuCL K EVRCRINL R
rEARE, BERMAREN TR, RA-JPEHFHSEFHETEDR
Co3;04@Au-PPy % FeHKEZL .

Polymenzation

’-—-—a

HAuCH &

Pyrrole monomers

Step | Hydrothermal Synthesis Step 2 Thermal Anealing & Polymerization

Fig. 5-1 Schematic illustration of the construction of hybrid Co;O4@Au-PPy NWAs
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Fig. 5-2 (A) XRD patterns of the pure Co;04, NWAs and hybrid CosO4@Au-PPy NWAs
electrodes; (B, C, D) XPS spectra of Co 2p, Au 4fand N 1s for CosO4@Au-PPy NWAs electrode
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Fig. 5-3 SEM images of the bare Co;0, NWAs (A) and hybrid Co;0,@Au-PPy NWAs (B)
electrodes. TEM images of the bare Co;04 NWAs (C) and hybrid Co;04@Au-PPy NWAs (D)
electrodes. HRTEM images of the bare Co;0, NWAs (E, F). And EDX analysis (G) of the Co;04
NWASs and hybrid Co;0,@Au-PPy NWAs, respectively.
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Fig. 5-4 (A) CV curves of hybrid Co;04@Au-PPy electrodes at a scan rate of 5 mV st (B)
Charge-discharge curves of hybrid Co;04@Au-PPy electrodes at a different current density of 5 -
mA cm?, (C) The specific capacitance values of hybrid Co;04@Au-PPy electrodes as a function

of current density, (D) EIS tests with the frequency from 0.01 Hz to 100 kHz.
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Fig. 5-5 (A) CV curves of the bare Co;0, NWAs and hybrid Co;04@Au-PPy NWAs electrodes at

a scan rate of S mV s'l, (B) Charge-discharge curves of the bare Co;0, NWAs and hybrid

Co304@Au-PPy NWAS electrodes at 5 mA cm‘z, (C, D) MSC and ASC values of the bare Co;04

NWAs and hybrid Co;04s@Au-PPy NWAs electrodes as a function of current densities, (E) EIS

tests with the frequency from 0.01 Hz to 100 kHz, the inset shows the magnified high-frequency

regions, (F) The cycling stability test of hybrid Co;04@Au-PPy NWAs electrode at 10 mV s\,
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Fig. 5-6 (A) CV curves of the Co;0,@PPy NWAs electrodes at a scan rate of 10 mV s™, (B)
Charge/discharge curves of the Co;0,@PPy NWAs electrodes at 5 mA cm™, (C) The maximum
ASC values of the Co;04@ PPy NWAs electrodes as a function of deposition time, (D) CV curves
of the pristine Co304 NWAs and Co;0,@PPy NWAs electrodes at a scan rate of 5 mV s'l, (E)
ASC values of the pristine Co3;0, NWAs and hybird Co;0,@PPy NWAs electrodes as a function
of current densities, (F) EIS tests with the frequency from 0.01 Hz to 100 kHz.
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Fig. 5-7 (A) schematic illustration of the asymmetric supercapacitor conﬁguration; B,C)CV
curves of the as-fabricated Co;04@Au-PPy//AC asymmetric supercapacitor at different scan
voltage windows and different scan rates, respectively. (D) charge-discharge curves of the
as-fabricated Co;O4@Au-PPy//AC asymmetric supercapacitor at different current densities, (E)
specific capacitance values of the Co;04@Au-PPy//AC asymmetric supercapacitor as function of

current density, (F) Ragone plot of the Co;04@Au-PPy//AC asymmetric supercapacitor compared
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Fig. 6-1 Graphical illustration of the construction of hybrid Co;0;@Co-Ni-S NWAs electrode
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Fig. 6-2 XRD (A) and XPS (B) spectra of Co;0s NWAs and hybrid Co;04@Co-Ni-S NWAs
electrodes.

Bl 6-2 BIAEH XRD 1 XPS FAE

¥7E TEM RAEH 3 — BB FNE LR B

Kl 6-3, 6-4 HEEMIIARBEIEN BRI . HE 6-3(A), 6-4(A, B,
OFLLEH, BATRINHIEE T Cos0s SR HMMAMEL, H Cos0s H1KZHS
B TRRBRERARE, MR T EE TERMEKNYRERES], 9Kk
ROk, ERERNE, AL B FIRE/R TR AiEEaN S,
PR R A RIFERE, (BRI HRZ 2R, WH 6-3(B), 6-4(D,E,
PR, BRMEERRZRE RSHWRRRREGHRE THERE K& ER4
. BARARHR XA e S <R REE R4 0 5 AR IR AR B ek, AR
FIFREMEE R AR, RBIE BRI R AR B B,

AT #H— PRGN, FAT2 AT TEM 1 HRTEM Ui, K&
6-3(C, D)y HARGIK LR R AT B B IR AT B I TESRXT LE . ATLAEHH, Cos04 442K
£ 5br bR YRR BURMERR T R, = AR HERRUT U R A T AR & i A 3
NAXRERK. [EH, PEESEESEMEEEE TALEE. X T

72



%53 Co-Ni Sulfides #zzr,%zmiiéi%*z&ﬁ%é@%ﬂ%&;ﬁ@gﬁﬁa R
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Fig. 6-3 SEM and TEM images of the pure Co;0; NWAs (A, C) and hierarchical
C030,@Co-Ni-S NWAs (B, D) electrodes. HRTEM images of the pure Co;04 NWAs (E) and
hierarchical Co;04@Co-Ni-S NWAs (F) electrodes.

Kl 6-3 Co304 41KEZR(A, C, E), Cos0,@Co-Ni-S #7241 K45(B, D, )1 s B LG ik

(RGO
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Fig. 6-4 (A, B, C) SEM and TEM images of pure Co;0, NWAs; (D, E, F) SEM and TEM images
of hierarchical Co;04@Co-Ni-S NWAs; (G) corresponding SAED pattern of the hierarchical
C0;04@Co-Ni-S NWAs; (H) EDX analysis of hierarchical Co;0,@Co-Ni-S NWAs; (I) BET tests
of the pure Co304 NWAs and hierarchical Co;0;@Co-Ni-S NWAs, respectively.

Bl 6-4 Co304 412K £(A, B, C), Co;0,@Co-Ni-S #FEAKLE(D, E, F)F 1l BERLE T e B R A1
HF, Cos04@Co-Ni-S M FTHIREILIRATI (G)FN EDX W EI(H), (I) Coy0, 4K LA

Co304@Co-Ni-S % 7e 4K 2k W B- It B IR FIFL 2 1

Table 6-1 Specific surface areas of Co;0, NWAs grown on Ni foam, hierarchical
C03;04@Co-Ni-S NWAs grown on Ni foam and bulk Ni foam, respectively.

F 6-1 Co30, 9K LR, Co304@Co-Ni-S M Teg N4 5k R Hfn

Sample Specific surface area (m’ gh)
Pure Co;04 NWAs & Ni foam 9.02
hierarchical Co;04@Co-Ni-S NWAs & Ni foam 13.65
Pure Ni foam 1.3
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Fig. 6-5 (A) SEM image of the hierarchical Co;04@Co-Ni-S NWAs on Ni foam (JSM-5601LV);

(B, C, D) elemental mapping images of Co, Ni and S.

[ 6-5 (A) Co;04@Co-Ni-S BFe Kk s I I TR I T, (B, C, D) Cos04@Co-Ni-S
Bk ATk Co, Ni & S TCRINTEE A i

Fig. 6-6 (A) TEM image of the hierarchical Co;0,@Co-Ni-S NWAs; (B, C, D) elemental
mapping images of Co, Ni and S.
Bl 6-6 K 6-5 (A) Co;0,@Co-Ni-S #ZITHIK L RIRA BB S B/, (B, C, D)
C030,@Co-Ni-S %54 K £k i B Al Co, Ni & S TCRINTRE A0 K
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Fig. 6-7 Electrochemical performance of Co;04@Co-Ni-S NWAs with different Ni/Co ratio

(deposition conditions: 4 cycles). (A) CV curves of Co304@Co-Ni-S NWAs at a scan rate of 10
mV s'; (B) charge-discharge curves of Co;04@Co-Ni-S NWAs electrodes at a current density of
5mA cm; (C, D) MSC and ASC values of the Co;0,@Co-Ni-S NWAs electrodes as a function
of current densities. (E) EIS tests with the frequency from 0.01 Hz to 100 kHz.
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Fig. 6-8 Electrochemical performance of the hierarchical Co;04@Co-Ni-S NWAs with different
deposition conditions. (A) CV curves of hierarchical Co;04@Co-Ni-S NWAs at a scan rate of 10
mV s7'; (B) charge-discharge curves of pure Co;0; NWAs and hierarchical Cos04@Co-Ni-S
NWAs electrodes at a current density of 5 mA cm; (C) MSC values of the hierarchical
C03;0,@Co-Ni-S NWAs electrodes as a function of current densities; (D) EIS tests with the
frequency from 0.01 Hz to 100 kHz, the inset shows the magnified high-frequency regions.
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Fig. 6-9 Electrochemical performance §f the pure Co;04 NWAs, pure Co-Ni sulfides and
hierarchical Co;04@Co-Ni-S NWAs electrodes measured in 2 M NaOH. (A) CV curves of the
three electrodes at a scan rate of 10 mV s™'; (B) charge-discharge curves of the three electrodes at
a current density of 5 mA cm’; (C) ASC values of the three electrodes as a function of current
densities; (D) cycling stability tests of the three electrodes.
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Fig. 6-10 Electrochemical behaviors of the pure Co;0, NWAs and hierarchical Co;04@Co-Ni-S
NWAS electrodes characterized in a standard three-electrode system. (A) CV curves of the two
individual electrodes at a scan rate of 10 mV s™', (B) Charge-discharge curves of the two
individual electrodes at a current density of 5 mA cm™, (C) MSC and ASC values of both the
electrodes as a function of current densities, (D) The cycling stability tests of the pure Co;0,4
NWAs and hierarchical Co;0,@Co-Ni-S NWAs.
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Fig. 6-11 (A) Graphic illustration of the asymmetric supercapacitor, (B) CV curves of hierarchical
C03;04@Co-Ni-S NWAs and AC at scan rate of 10 mV s, (C, D) CV curves of the as-fabricated
Co304@Co-Ni-S NWAs//AC asymmetric supercapacitor at different scan voltage windows and
different scan rates, respectively. (E) charge-discharge curves of the as-fabricated
Co0304@Co-Ni-S NWAs//AC asymmetric supercapacitor at different current densities, (F) specific
capacitance values of the Co;0,@Co-Ni-S NWAs//AC asymmetric supercapacitor as fuhction of
current density, (G) Ragone plot of the Co;04@Co-Ni-S NWAs//AC asymmetric supercapacitor
compared with other reported data, (H) The cycling stability and Coulombic efficiency of the
C0304@Co-Ni-S NWAs//AC asymmetric supercapacitor, (F) EIS tests with the frequency from
0.01 Hz to 100 kHz. The inset shows the magnified high-frequency regions.
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