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SYNTHESIS AND ELECTROCHEMICAL PROPERTIES OF
MOFs AND THEIR DERIVED SULFUR FAMILY
COMPOUNDS

ABSTRACT

With the rapid development of social science and technology,
electronic equipment has become an indispensable element in people's
daily life. The normal operation of electronic equipment requires the
support of electrical energy, so it is particularly important to provide a
continuous, stable and efficient power supply for electronic equipment.
Energy supply devices for general electronic devices are categorized into
capacitors, supercapacitors, and batteries. Supercapacitors stand out from
the crowd of energy storage devices and are favored by researchers because
of their long cycle life, high power density, and fast charging and
discharging capabilities. Among the electrode materials for supercapacitors,
MOFs and derived chalcogenide of MOFs show good potential for
application in energy storage due to their advantages of high porosity, large
specific surface area, and tunable structure. Therefore, in this research, the
application of MOFs and sulfur family compounds derived from MOFs in
supercapacitors was investigated using MOFs and chalcogenide derived

from MOFs as electrode materials.
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(1) Transition metal selenides have large specific capacity, abundant
redox sites, and excellent electrical conductivity, and combining them with
MOFs can enhance the stability, electrical conductivity, and specific
capacitance of the MOFs structure, which is an effective method to enhance
the performance of MOFs materials. The NiFe-MOF precursor was first
obtained by hydrothermal synthesis by letting Fe*" etch the nickel foam and
displacing Ni**, followed by the coordination reaction of Ni** and Fe** with
the ligand 1,3,5-benzenetricarboxylic acid (BTC). Subsequently,
NiFeSe@NiFe-MOF-2 electrode materials with nanocoral rod-like
structures were successfully constructed by introducing a selenium source.
Through DFT theoretical calculations, we found that the selenization
modification of NiFe-MOF resulted in NiFeSe@NiFe-MOF-2 with
enhanced metallic properties and greatly improved the electrical
conductivity and electron transfer efficiency of the material. In addition,
the introduction of selenium enhances the adsorption capacity of the
material for OH", which is more favorable for the rapid chemical reaction
of the material in the electrolyte. The structure of the material after
selenization treatment also becomes more stable, and the electrochemical
performance of the electrode material is comprehensively improved.
NiFeSe@NiFe-MOF-2 has a cycling stability of up to 84.0% (after 1000
charge/discharge tests at a current density of 1 A g'!') and a capacitance

retention of up to 81.0% at different current densities (1 A g'-10 A g).
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Subsequently, the button-type NiFeSe@NiFe-MOF-2 // AC is assembled,
which has a multiplicative performance of up to 92.7% (6 A g'-10 A g™1)
and an electrochemical cycling stability performance of up to 99.7% (after
1000 charge/discharge tests at a current density of 10 A g!). In addition,
NiFeSe@NiFe-MOF-2 // AC was able to achieve an energy density of 61.0
Wh kg! at a power density of 5060.0 W kg!. Therefore, the coral rod-like
NiFeSe@NiFe-MOF-2 composites developed in this chapter have good
prospects for application in supercapacitors.

(2) Transition metal sulfur family compounds possess a wide range of
oxidation valence states with high specific capacitance and high
conductivity. Therefore, the MOFs-derived sulfur family compounds
obtained by combining MOFs with sulfur family metal compounds are
expected to be excellent electrode materials in terms of high energy storage
efficiency and good conductivity. Firstly, the NiFe-MOF precursor was
obtained by hydrothermal synthesis by letting Fe*" etch the nickel foam
and displacing Ni**, followed by the coordination reaction of Ni** and Fe**
with the ligand terephthalic acid (PTA). Subsequently, they were subjected
to sulfurization, selenization, and tellurization derivatization to obtain
MOFs-derived transition metal family sulfides (NiFeS@NiFe-MOF,
NiFeSe@NiFe-MOF, NiFeTe@NiFe-MOF). The obtained MOFs-derived
transition metal-sulfur compounds all have high energy storage effects,

with specific capacitances of 2172.2 F g, 2327.4 F g'!, and 1980.1 F g,
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respectively, at a current density of 1 A g''. And the material stability
properties are also greatly enhanced, with capacitance retention of 1000
charge-discharge cycles at a current density of 10 A g™ of 98.6%, 79.8%,
and 87.8%, respectively. Therefore, the obtained MOFs-derived sulfur
family compounds all have excellent electrochemical properties and are a
series of electrode materials with high development potential.

(3) Zinc-ion hybrid supercapacitors have the advantages of both
supercapacitors and batteries (high power density and high energy density),
and are an energy storage device with a better energy storage effect.
However, zinc dendrites are inevitably generated on the negative electrode
during continuous charge/discharge cycling, which severely limits the
cycle life of zinc ion hybrid capacitors. Therefore, it is urgent to develop a
protective layer of negative electrode material that reduces the growth of
zinc dendrites on the negative electrode. MOFs are considered to have great
potential for zinc-ion hybrid supercapacitor anode modification due to their
advantages such as large specific surface and a large number of tunable
pore structures. The ZnFe-MOF@Zn electrode was obtained by
hydrothermal synthesis by allowing Fe** to etch the zinc sheet to displace
Zn**, and subsequently, Fe** and Zn?" were coordinated with the ligand
1,4,5,8-naphthalenetetracarboxylic acid (NTC) to generate a thin
protective layer of ZnFe-MOF in situ on the zinc sheet. The more porous

structure of the ZnFe-MOF protective layer inhibits the growth of Zn
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dendrites and improves the cycling performance of the material (the ZnFe-
MOF@Zn pairs of batteries were able to operate stably for 2433 h and 2252
h at currents of 1 mAh cm™ and 5 mAh cm™, respectively). Moreover, the
hydrogen precipitation reaction on the material surface was reduced
(hydrogen precipitation voltage of -0.178 V) and its corrosion current
density was reduced (corrosion current density of 0.54 mA cm™). Secondly,
the ZnFe-MOF protective layer has a strong hydrophilicity (contact angle
of 33.9°), so the obtained ZnFe-MOF@Zn electrode material can be fully
contacted with the electrolyte, which enhances the chemical reaction
kinetics between the material and the electrolyte. The assembled button-
type NiFe-NTC@Zn // AC possesses a large specific capacitance (up to
108.4 mAh g! at a current density of 1 A g) and a good electrochemical
cycling stability (specific capacitance retention of 99.0% after 5000
charging and discharging cycles at a current density of 10 A g'!). Therefore,
ZnFe-MOF@Zn provides a feasible approach in efficient and stable Zn-

ion hybrid supercapacitor electrodes.

Fuhuai Cao (Chemistry)

Supervised by Professor Rongmei Liu

KEY WORDS: Supercapacitor, Metal-organic framework materials,
MOFs derived sulfur family compounds, Zinc ion hybrid supercapacitors,

Zinc anode modification
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RO RN T e 2R B A . DR, T A AR T R T
IRATBR AR KN 21T P E B br . 8 28 M H AR 2k Rl = AT
HLAL, S ZEHR A 10 mA em? bRt B 1) A B AMENT St i, #
SRR, AT U SO DLIEAT IR BRGSO R
RS TR G R AR A A A R

(5) JEEREE ()

5 ol PRI R T R/ IN S A B 28 TR 5 o A PR 7 25 v B SR g ol 2 )
FEAERR, O b R R N Dok P T o S ok L B — M TT LA Tafel 2%
AT, MR Tafel M2k, T LLLH] 5 log ) IZkMESR R, R NIEM AT ZE,
A LAARAE DA A SRS

n =a + blogj 1-8

)

iy

1.2.4 BRE A BFERMRBFRIPR

R 2 FEL 2 A I FLAT A7 2 AT A AR A R OR S B, DR B R R &
e A A PRI HLARADRL 2 SR AT 0 57 1 RE AR 2 L A 4 (R 2k itk RSB A SR A RE R
JEUnKE 1-3 fos, (RGPS EA (1) EERR (BlniE xR
A RIUKESS); () EREME (EREAMY. ERAELY. R
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BRACEEED: (3) FHEGWMEL CRER. KM, Bl g a5 4
MEMLHE & B A HIHESEZE (MOFs. MOFs fiTEW%5) Akl

2022 Ub
W “Biomass . f.. B
a g ‘ e m%"ﬂ%‘-ﬁ
- 4oy o material | y
= Ny 2019 20 Y

‘Bh 'T' +2D materials Key points for - |
oy ill 2016 Mos, and WSe, [ latest findings |
<R - LSGIManganese X
- b \ - + Pseudocapacitive |
¢ 2013 dioxide \ ' |
m “Hybrid supported with
materials Q 20 materials
y 2011 ) i} |
“Transition \ d |
| el metal * e SR
oxide X @ . 2023 electrospinning
s X *Waste plastics !
2000s 0 \ detived |+ Flexible hybrid
«Carbon 2 o
nanotube 2016
«Transition metal
1980s 2014 dichalcogenides
Activated q ‘Mxene
carbon \\ 2012
*Conducting
lymer
v 2010 o ’
*Graphene - e .. ‘
1990s
*Carbon .‘
aerogels {

1-3 B R A R R T R 7 B0,
Fig 1-3 Schematic diagram of the development of supercapacitors (161,
(1) WA R}

BB A RL A R 2 25 s 1 o T AR R, — IR A B RORII LR TR (SA,
HEAIAF] 1000 m* g PLED L BGE R AR A AT S TR R R U
PSR ARk 10 L R 23 B 42 5 ) AR AR TR AT TR RE Ty o — MBOR UL, ALBRL Ry
WAL R AR, ORI A G At AT . HRTHE AN DR A T 2T AT 05
PRTRAT BT TREF, B0 Wang %5 N USIREH 26 36 V57 5] 5 25 6] & 1A
REHHENE, ST NBRNZERESY) (MCPs) MY (MCCs), MCCs
MILLAETE 02 A gt BIER] 301 F ¢!, TEEHERERE (5AgH TEH 5000 X
J&, WA EM GCD MZEEARREAL, XEUESE T MCCs # R A & LA 2 A
KIAPEEA R EME . Lu S8 NNl — PSR G 72, &t T N/S $hiB %

WMEFFRZAIK (N, S-MC), XFRZ LM LR IMAL R T 1339 m? g,
FEHIREE 0.2 A g M T T LL AR 1 464 F g, 78 HLBEFR I 10000
WJa, AR R W EIL 92%.
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(2) &J@EARL

SRR ARAM E Z B NS RENY . SREAENY. SRMIELED
S5, ARATE AR FE AR AR T 1) T 3 A A I R s R R 2 T X HL A
(TR B ARG B R 3L Rl i A7 e, S B R AR LU BT 38 B & ) L L S A B
S0 H PEROB, G J SR A FE AR R R T LG A R R v, X T LR mi b R
7o HURI LR #E . Wang S8 APYDORIR BN IR, MW T H TR AR08
HANIL CosOa PIK o ZMBHE I E Y 1 mA em™ [FIZAF T, HEHAER T
610 mF cm™, UL4h, MPEHE A BSF A e 1E, £ E N 4 mA cm?
2N, Z&ad 3000 RIEIA G LA RE CRIFRIIRE Y 94.5%. 1< @ AL
Pk — R BA IR E LA R, ERAAEE RSB ) F G A R R A 5%
A . Zhu S5 NPV I K RA B 77 VR A T T AR AR I R AR R
NiCoMn-LDH HL#l2, ZATEEHRZEE N 1A F 10 A gt 444 LR 431
N219C g M 117 C g (ERMAEN 53%). ESAg HEREE T, FoHBCETE
12000 VG b AR R RONVIBATE R 83%. &R &l —EA R
B AR, DB R, Ansari 25 NP —497E G B T CuFeS:
ERAIGOK AR RL, ZAMEHE 0.5 A ¢! HEREE FEA 589 F ¢! Mt
7%, f£2000 % (HREEAN4A ) WIER)G, EAREMEERT 82%.

(3) FHEEY

SHESGY (CP) FHHREAR MR, MIRE. 5T &R
W TR ARENTT R F LS REESWAE Kk (PPY). EAEMK
(PAND %5, — & T mERAWNTEA S EE. R EE T
WER G BT RAEBEFEI R AIEBY, Naresh 2 ABHLUR ML AE AT
YR AE 2 FL A AT P-SMSCs HIARA R DLIZATARL Bl 20 25 IR 2 v
Ze%, HWHZATIA 60 mF cm?, R4 5.44 uWh em? HIRER S ERT, ThRHE
A LLIAEIA 2778 W em? o ¥ FHIEG Y SRR R A B8 B3 IR MRHE
BE, Gao SFABPIG R T H TR HEAEMRN G-PANI CREM-A 5204 Bk,
G-PANI G R E I H P AR, JFRARESLR, AMAZE SRS
29422 F g ML, JF BLAE 1000 X 78 BORIGIR 5 L LA I IR KRNI URE
1) 76%.
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W A A A R FE . MXene. UM EHIAESE (COFs) M& @A
PLHEZR (MOFs) Z541EL. MXene 52— Mg MM —4Egk itk HAES S
Ve R KRR R ORUPE R, HCA S IR I R A 1 o 1 5 i o | 1
Z[6) I e AR A A T r AT A%, ARGl BE DU A RPN 77 B4 3Lt
AHUHEZE (COFs) &—Fhalih 2 LR EMMEL, Hom A Fr i) 2 SLA A
(A 2R A AR AN ) LR o A G P ) RE SR B A0 e i s A 2 e, JF HL
a2 ALEH, N TR AT e AR O B IR, - SRERAE
G BMEI, SEAVAEL (MOFs) KHMAMAALKER. LR
ORGSR RS0 i, FAR T KR A AL S B VR A B T S8 AL JR S
A, KKPER 7B AT IRE 71, (e i w as T BA T 2 IR A Rl
50, RS2 T U B B R . IR EAPRL S B, TR TERE . KIE
A3 (R g L R AR R AL 1T R BN TT 1A

1.3 MOFs EA BB R B = 25 PRI A

1.3.1 B ENIESEME (MOFs) BY% R M#EIA

EIBANHMELRE (MOFs) 2l &ET 0 (REETHERE SHNE
oEd RO SR B AR B AR AE A AR FDE R E R, TR —
KA AL 2% 25K 1) S AS 2 FLAEIBS, MOFs 197 SR T LUB 1 21 1995
4F Yaghi 2 N 8 A E IEEEH T MOFs (1454, FifiJi MOFs DA K35 M
b A S g 2 FUMBH EE R T AR (—MTIE 7000 m? g'). 25 i ] g 14
CRI RLIZEFEAS A B <6 A mU R AT ATLIC Aok 5 B VT FIUAR ) MOFs £544)) . 4544 )
itk (MOFs W] UM B X S 2R AT S S50 & T BOoRAS 2 BT I S iR 45 1), N
PRI A 22 SN ER IR 35000 RAR S BLHEES ) Z2 30 71 KWP A N B ok
245 ik, CEAE 20000 Fit) MOFs M4 kMg it ok, I+ B4 MOFs #f
FERRABTEAR W I . S5 GEAAMRAHEL, MOFs &M L s, BfA
KBTI SRS M ARG £ 8 S RO A, A S O PR REAR 7 (1
PR . BAR MOFs fAEE R E T2 (24 MOF 1ERRVEIR G N4 %)
RALGEKPIE . ¥ MOFs fEEE KT 300 °CH, 52k TEL DKM
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FERCAE MR IAR Z 5, Gl K 2 38 B A (R R P PRI 3P 350 DT 52 M A e A it f £ (1
71 MGHARLEERE, (R MOFs MEHS H AR (FlInTHREEY. &F
S eREIRIEEY) EE )5 P32 MOFs £ & F R B v UL MOFs
FAAERIMERL. WO T W FEAATI %, Ak MOFs k. MOFs & & BHE -
HLAS 3 TR S AT H R AR AR,

1.3.2 B & EM% &8 MOFs

)8 MOFs HAEMEFMEH, FER X 2 77 sCBkAT s A7 G 1R (R I
<3 J& rhLad T LUE I A I R R AR AR I R LY, 2R R R R I
HUARARE . Xu &5 A BRI 6] S /K G BV & T B 5% (1D)
Ni-MOF #5k# ([Ni(HOCsH4COO)148(OH)o.52.1- 1. 1H20]), K5 Ho 2 28 il 4% FL 25
MG, R T REFMEAMER, ERREREN 1A ¢! MFETHREAER T
166 F g's Li %5 AP 3 /K # 1y 7 vk #l % & 7 /S 77 Ni-MOF
[Ni(NO3)2-6H,0,1,3,5-benzenetricarboxylic acid,4-4'-bipyridine], 1K 1-4a fT7w,
AL Ni-MOF [T (001D B A SZEPLRI 2 ALAKait, AR TH
FRIT AT Y B . WERE T R EE (B 1-4b) RE, FEM Y3 R
HIEIT RS TEA,  B HRIE R R AR TE 0.5 A g INHITRE LT,
LR mIA 977.04 F g, 35 H 7808 5000 VG HL AR RN 92.34% (K]
1-4¢).

H)E, H4J8E MOFs RGN R —M, MIHAESHEEE. WHEBK,
Tt o M 2 5 I R HE DATE R 2 P25 38 TR RIS UF (it e AR . 248 MOF's K
EIREGGBANAEL, KAFEKEEE IR AR EWHEZE L, R HAR
G )@ 2 IR IR F ok 42T MOFs [tk BE. 5948 MOFs M £ 48 MOFs
W55 T MOFs Z5kfaett, JFHAE MOFs MIHELR A 7 MASEE N2 FE, X
FESEA R T AT HEZL LM EAT & BB, 2L RETE N0 = (M g L A 28
ekl B Bu 5 NFONE I — 25 K # B BRI T IR FE LA BRI 1146 T Ni/Co-
MOF (Ni/Co-terephthalic acid/NF) = MTEGIKFFES] . XFERITEMIE =4 T
—/NZ4E (3D) MIZEEEH, AT AE F AR R RE 8 TE R, BRI 1 AT A
B A5, Ni/Co-MOF FERMTE MR 1 A g MM FHHEARS T
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1003.5C g'. BtAh, T Ni/Co-MOF [HIHEZ H 2R 7E 6000 X 78 i FELAIEFA J5 LE
FIRFFRIER] T 75.2%. AR Cao 5 NWERFFRI AL — KL, 1EIRHK
BER E I T NiCo-MOF Hifl (Kl 1-5). NiCo-MOF H 4 )& i 2 1t Al
RUNAE AR RHE LE s S IR AR e VD7 T PERE #0192 T B, TE IR
JERNTA g KM, ZHERMHLHEAER 7 18943 F g, Jf HAE 7 B IEIA
1000 Y bE AT REARFFHIUA 1) 80.2%. AT, 3ETF NiCo-MOF [#) NiCo-MOF
/I AC #1F A MR ERE, 78 10000 UAIEPF MR G i A R FF R F A
87.9%.

(@) shortV/

v W

pravL
VA

' WS 'A_ A\

é'\ Av

NeTAYA N,

bW s
x w VIAYS

(c)

7

2 .
e g
:i

»

-

-

-

-

»

-

-

g

Specific Capacitance (F g")

M‘.,to.tntao--aﬁ
ARAR AR A R AR A NS
400
L} 1000 2000 3000 4000 "0
Cycle Number

1-4 (a) FLAT ARSI RE 71 JIHE (001) AR i Il _E 7 =&, (b) 7NI47E Ni-MOF Y3 # i
MR BB EE, (o) /57 Ni-MOF Y1-5 FEGRTE 0.5 A g T RITER T RER,
Fig 1-4 (a) Schematic illustration of charge transfer process on (001) and rectangular crystal
planes, respectively, (b) SEM image of hexagonal Ni-MOF Y3 sample, (c) Cyclic performance of

hexagonal Ni-MOF Y1-5 samples at 0.5 A g 31,
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g

w
b
S

&

g

Specific capacitance(F g'l)

T NiCo-MOF-2 // AC

Cycle number

& 1-5 NiCo-MOF-2 [f1 &% & NiCo-MOF-2 // AC {15245 & i,

Fig 1-5 Synthesis of NiCo-MOF-2 and and schematic diagram of the NiCo-MOF-2 // AC 4,
1.3.3 MOFs T &AL

MOFs [ LU R AR, K& ml 4% 10 FL R 45 440 £ L e 3 AR i B e £ i
WA R SESEMRAY (TMS) AFEHREAE. SHETE G
ER RS T AR, MR TE IR HHT TR D, R WAL
WML (A A 2R, 7T DU BEAS [RIVE 1 A7 7= A2 B8 22 (1 B[R 2L
Mo % MOFs JBEATERALATA 1S 2 1Y) MOFs fiT =itk 4k 2K 7 MOFs £ 55 E 4L
VEFURE YR m A B SRR AL AR R A A
A Rl —, 2R T RN BN EM . Zhao 5 A UAERRAT L4 T
R0 ) Ni-Co-S/ACC gKFFEF . Ni-Co-S K Fr & i ihZ/ 5 738 3 07
B R ANREZRATAE T REY, FE4E/K T MOF HJZ5# )5, Ni-Co-S 44K v 31
NEEEZ LK 450, A ARG SR AL T LE R TR S AL AT
PETE T AR L R AN SE MRS GE 1, Ni-Co-S/ACC HERMEIAE 1 A ¢! HIHR
T ReARME 2392 F g LU A, JFH ARG RIFHIMERMERE (TEHRREEN 1-
20 A gt B, FERMEREN 80.3%), T Ni-Co-S/ACC HEM I AR 8 R I H
TARFBIEHERE, 7E 10000 (X B FETBORAEI 5 EE A IRIF L 82%. Chen
NS T — R AL K 20 BR B E IR MOF B (HN2CMS).
OBRB LR AL TRECOR M LR AR I Bt T R R A AR e . B
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RN BRI & T AR R i %, IR T 58 2 1AL R
SN o R, HNoCMS HURR I T A 2k fe, fEHRIREE N 1A
g "B LA TIA 938.1 C gty HH ARG 5000 IR )5 L LA AR BE = oA 46
fHIY 85.0%. b4k, AEXFREEF AR (HN.CMS/AC) 7E 10 A g I IR
N, FBCH 5000 X LA B BONBIAAE) 81.1%. AR Liu 5 AL
SAL BN, SN TR 1,4,58-Z50UF IR (NTC) &K T Ni-NTC,
HREAT TERALATAES S T Ni-NTC@NIS 99K Fr 5 R 454 . X R 7 M 2 Ni-
NTC@NiS &AW EIEAH, MBS TR S RA (ERREE 1A
g' N, WWHAERIZE 1996.8 F g, 3 HHET Ni-NTC@NiS # k- ) B 25 45 3K
L TR SRR E MERE (FE 10 A g INHIREE T, 405 20000 VX 78 G 5
BEAR RN 119.1% FIAIHE L HL ) o

, -;300
y V| B
P p Urea g0
s{ / N \f' E
S s i
‘\\ N\ ’ ?120
‘% A
0 o 9 ,‘
ﬂl{ydrothermal ’ Cyclelmnber' i \

B 1-6 Ni-NTC@Ni$S [ %14 F2 & Ni-NTC@NiS // AC 281+ G g 1K 144)
Fig 1-6 Preparation process of Ni-NTC@N:iS and cycling performance diagram of Ni-NTC@NiS

// AC devices 41,
1.3.4 MOFs £ i1t 49

AR AL 3[R — F 0, P EAR BRI AR 2 i, SR
Wit (TMSe) [FIFERAMCHAIENE IS @A &, HAMKZREIENRZ A
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WA, AR TR ERMGE, I HREBORINRTR T, A SR 1
fEAFRE ERE RS R AE /1. Rk, MOFs 2 A7T 423513 i) MOFs 5L i 4 g ffi 1k
Y (TMSe) &AM AT B BN A e b i 25 A0 S 4 S0 A e P e R 25 A
WAk, Ding %5 AMSILL CoFe-PBA TSR EL, #EZ MU T Alifk PBA 7
J7 b AR AE LR AR KT — SR AL UK 15 3 T (CoFe)Sex@NC  HIL AR #4 Kt
(CoFe)Sex@NC B A A BL 45 M) . BRIIBCAL S [ RIBR . 2 L A% S ZE 1K
A JEIEVEAL A, BRUEAR ORAR B B4 & o A B AR i 1 30 ) 2 1 e
TRk T SRR S BLAE A7 AT I RE T, BhAh, ZEA PRI 2 o 37 5 e 45 ¥4 3 e A
B fa e . (CoFe)Sex@NC 1E 5 A g [ LR T LA A& 640 F g,
B ff 7E 20000 RAG N J5, EAUTREIR B 99%IW L ML A CR 7 3 . BLAMEE T
(CoFe)Sex@NC I IR 4% B A RIFIIIGEIAFSETE, 7EHIRE AN 2A g 5%
TG 6500 K5, HBFMRRERN 81.1%. Liu 25 NFOVE i 3k 4 B i1 5 124
& ) NiCo-MOF R BRAKATI{L 155 T NiCoSes@NC H#% (K 1-7). M=
2 T R IR S5 0 B 1 R T R A AR S AR T . IR AR 2
] (¥ B R S e T AT AP I PR e, 13 2 E A M BT B g s 2%
() FEAR A RN 28 B 00 S 1 LAk 2 BE o NiCoSes@NC £ HLIR S 8 0.5 A g
10Ag" FECHZES SN 768 F g M 611 F g, R IEREEL 80%, W@ m T8
— SR R e . JE B A OB R AR AR, 7E 10000 KBTI
R G LA B RIS H] T 89.73%.

@ Ni(NO;), 6H,0
@ Co(NO,),"6H,0
@ rvp

® H,BTC

NiCo-MOFs

s
‘ Se power

P&l 1-7 NiCoSes@NC [ 43t Fi 2 1),

Fig 1-7 Schematic diagram of the preparation process of NiCoSes@NC 6],
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1.3.5 MOFs T L4

Conductivity S
'i Se
' Te
Thermal stability Cost
Electronegativity - Density
,//’
Capacity Safety

Bl 1-8 S. Se Fll Te [ B LL 471,
Fig 1-8 Comparative performance graphs for S, Se and Te 7],

SR FIRR AL, AR R TR A, TE A RE AT ) B
HEAMEIE. SEHMMcEMLL, MoRRIHHEMMmSE (8 1-8), 56l
JLE (5X 108 Sm™) AffiytE (1X10°Sm™) M SERME, wWiHESRE
w, IRENT 2X 102 Smt, WA EEM S EMERE, B LA A )
FE W FEVERE . VRN RS B R S HT 75, MOFs A7 A fili 4b 4 s iR RL 5
& TN AR R M. Qiu 28 AMILL NiCo-PBA A AT IR AT fifi fL Ab HE 15
2|7 NF@(Ni-Co)/NiTe 55145 &5/ AR RL, A BEERILE 100 7 1Y i
PEBE. NF@(Ni-Co)/NiTe 7£ 1 mA ecm? FIHIRZE N, HHEFIAE]T 2390.7 mF
cm?, FFHZ] 5000 KFERERE 80.3% [ HAMRFER . Muhammad %5
NAE CuO GKZL IR CoZr-MOF JHiE47 1 Rt A BEA3 2 T Co-Zr-Te@CuO X
— WAL, Co-Zr-Te@CuO F I kALY B PR FL AL de P, (R I 3
THEAMARGIKELA MOFs Bm it LR A4k, R e TR L 2
A /2 T AR E M RE 1-9). Co-Zr-Te@CuO 7 4 A g HIRZEE T, LS
EET 576 C gty I HAE 10 A g I HLIR S BN ATBCBAEH 10000 [ )5, HERES
TRIFARIL B T HIURIE I 88.7%
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1-9 Co-Zr-MOF@CuO F1 Co-Zr-Te@CuO [¥] (a) CV Hik, (b) GCD HhZk, (c) 5 ERE,
(d) Nyquist 41, () TEMFRENE, () BN AETTHRIE, (g) REEAFRENLHIH).

Fig 1-9 Comparison of Co-Zr-MOF@CuO and Co-Zr-Te@CuO of (a) CV curves, b) GCD curves,

(c) Nyquist, and (d) magnification performance, (e) Cycling stability, (f) Diffusive and capacitive

contribution, (g) energy storage mechanism depiction of Co-Zr-Te@CuO 1,

1.4 MOFs ES ¥ B FRABRBERFZIHNA

141 3BT REBRBEAFNMIINK

FETREaHEFBAES (ZHSC) SHIBMBEHBAEGHL (B 1-100, &
A DL B S IR v 1) R A FE AN T A B B, JF H R PRIE M iR R T L K
(] BRI A0 34 A7 i M SEAIR A 3 BAS o 2 BT DA B T VR 5 R LA 2 ) R AR RE B
JEEE, SRR IR R A S U R I BE R DA e AR, ]
D k. SHMAERML, SRSEA 2T, Hlin, ShrdEa ik
M, &EPEEAE-0.76 V FMRENEEBAL, RN A RIF MR RS E
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(820 mAh g1) FMAFIZEE (5855 mAh cm™), 54 BAM L4 84 5 N %

4, FFHEREAE R P TR T S, AR AR, A R i
TR 2] HL 25 38 BN AR S (R ik RE B (R AERKIN [ I FE i e i R v, e R AR 1
RIMATT I G 2 AR K BERL , DARP = AR I I SR S PR T PR RE . o A
(R 3 TR B R R AR T R . TRIUL, A B0 R 8t M R AR (M 38 Tl 21
LA A R R B AT 7T 3

10h 1h 6 min 36 s

< b, :

2 100 ”917'98 Zn-ion 36s
£ batteries

= s Moty .

> At

:.é tte”es ’ HSCS

(O]

QO 104 Supe

> rcapaCito,-s 0.36 s
s

L

Conventiong)
Capacitors
1 LJ L) Ll
10 100 1000 10000 100000

Power Density (W kg™)
1-10 A [ 2R AL G Ge 2514 (1) Ragone 101,

Fig 1-10 Ragone diagram of different types of energy storage devices [,
1.42 MOFs e Mt iR E S FREBRB A RPN A

MOFs K H A B KM R AR 2 M nf S R FLBR 450, e sE ]
A& R R T B B S A K . 9140 Wang 25 NBUZERE S il R TH A K 7 — b
BT ZIF-8 (972, 38T Zn@ZIF-8 AR kL. ZA R R B LB 5 17
4, BT Zn@ZIF-8 I EEIEE I AR 28 AR 100% 00 B 3 e ig AT, I
HAETER T 1600 X5 IR KDL BER A K . thdh Wu 5 NP2ER A T 7E 8
Gtk b BT b ZIF-8 FERAL I ERI % T Ny O XS IRk ZIF-8 fiT Bk HK -
CAMCAH B B A AR TE | A g IR % B R A 135.5 mAh g i LU LA,
FEFRE 800 W kg ! Dy F B FEI, ReE %] IA 108.4 Whke!, BAKAR R (IEF 1
BE, FEHLEREN S A g 4 T 4 6000 I 78 UG IR i b LR (R R N

17



RT3

91%. Yang 35 NAESE SRR A MOF NFEJRAEE 1 =0 ZoNiP 49K Fr (51 G Ak

FEE (B 1-1100 DA ZoNiP BGRB8 7R Ol 2 R A B A RE 3 T

67.4Whkg I, $2HET 15.9kW kg DhRHE, If LRI CROMEI R,

f£ 10000 JXHI TS HRAEIAJE L RE DR FF 88% I ELHLZY
HHK. PTA

‘ = /Phosphide
Ni** Hydrothermal Phosphorization g X
Zn?* AR Cftron
VR Step I Step 11 ‘ | ‘
Ni Foam ZnNi-MOF ZnNiP

1-11 ZnNiP Z0K J7 B 51 1 4 o = 3

Fig 1-11 Schematic of the synthesis of ZnNiP nanosheet arrays [3],

1.5 IR RYIE R kiR R RE

FBHAFOR U IR, i s 8 REBL & (PR [z (AL, X 3 e i
AR ML RE il REAR T IEREI L 20 B AT IS AN FL 2L B BN TH
AR (B O RE A 1R, RIN AT & i A s R I SE T e 7T« LS (78
A7 i AR b R e ) L R S I, S A R TR 0 B A ik (H N PR BE IR
AR . MOFs 1E8—F 2 SL9RMRL, ST B BOR R LB R A
AR S0 RS M HA U RE R B A A AT RL, (HIGF R R
ik, St ARkl 1 MOFs AT SWEINAE MOFs B2 UL 45 111
Al RE MR ATAEMIRIOC RAFIE . BRIk, o8 73RS ARG BAFVERER MOFs 258
GoR AR @ G N B A BR B AL AT REAAR 2 I A Ik $4E MOF's
18145 MOFs AT EY) [F B BAF2E I MOFs Z5 A4 Hp RO 7 (1 B Ak 2= P e 2 31 A5
Do R LA s AR R — Mg 4. L E R R & e — KB A s
A S RIE HAEEAT AR E R SRR B AE T R AT RL, R R MOFs
5t e mBURAL S VIARSS & 3 2 MOFs AT BRI & B4k K MOFs
45 R A I Y 8 S B AL S e A S R PR R R O B IR AL A
REMIHEZN L m a A R

(1) FZ[ NiFe-MOF (FC&N 1,3,5-381K = HR) Z5HITEL P Al 72
BORTEA G, = 3 EAIIR 45 HE BIRIA M {E NiFe-MOF [ AL A TERE 2 5150
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Wi A4 ) A iy A T 9REN NiFe-MOF 45 H A Fa 5 i FH 5 i Ji 25 o, DA
NiFe-MOF 1E A1 WA 34T 7 WAL AT AE AL 2, 193] T MOFs fiTAE WL &)
(NiFeSe@NiFe-MOF). K NK ML AIIA71E, NiFeSe@NiFe-MOF [z € 14
ML PRI ] TR T AEKINE B AR, Gl 238 NaaSeOs &,
K% NiFeSe@NiFe-MOF HIJESN, FHxf AT 145 3RE, Mk 7 B
PERE .

Q) JEEERELEMEAERER. FHAEANASFE AL
JE R SLTE AL s SRR A, XSRS B TR R A M R . DR, R
WL BRI A X —H 5 5] N3] MOFs &5, HEEHEE MOFs MR Hi1L
FYERE. N TIRF MOFs fTERGAL & WA EHK B R TERE, AT G )
NiFe-MOF (HeAA st 4 — W) BT TRiATA . AT A, meiimEae ) 1
NiFeS@NiFe-MOF. NiFeSe@NiFe-MOF. NiFeTe@NiFe-MOF. i i £ 2 jx
I [ RN NG A, XS HIE SRS M BEAT 1 3RAE, M6t 1 ok s A 12 BE

(3) MOFs FH B G HKLRTAKE T HFLBRE MG AL, BN s
B TR A A S ARy T B BRI ). MOFs (1 H (AR 451 A
TR P ST, AT D T B A s T e 2B G 3 B TR 5 R A 4 28 1
RABHBARTIEN SR E . Bk, BATES KA B A B
fidK T —)2 ZnFe-MOF (EifA N 1,4,5,8-ZEVUHER) 1372, BT T HAMHIE:
G I SSRGS e A A K RE T, IR AT
T HABN IS IR A B R A ZnFe-MOF@Zn // AC [ -2 PERE .
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F -8 S RIHMNKHKLTHE K NiFeSe@NiFe-MOF #j
IR B F I RERIR

215|8

BEABORE R R IE 18 e o 1 S, JE A AATTIE SR Ak 6 R0CR S 47 1 ik
Red BTl [ AR TS R LI B B T BB AN B AR R E M2 L S A
Ry DA EARAE )8, A DAAE R T Z L% A1 75 2K AR FH 75 fi AL e b R 4%
TERIBSOI, SER 2l A 25 R B tH MRS e ME R D 3R 6, O TR
WA AN 20U B T 27 i w5 R (6293, SR, R A 28 (M Ae 25 R MG, B
W 7 HORMUB R A, DRIk, Bevt H AT 78 %5 B2 37 55 b B 1) v RGRE 2 L 2 28
PRI & — Tk AR 04061,

0 HL A 2 R IR AR LS BB M L. SR A SRS A
MOFs AR, MOFs DA H: 5 L R AR A G LR A S5 R, A ] e oAy AR
(R R ARATRHOST, SRTTT,  I A] 4 B A 2 O 0 0 PT A 2 BRI SX A AL R ) AL B &6
1, FEOXFR AR, Sy 7SS KL, R iE MOFs 25141k
SEVERIIEIAEBE, AMTHFLAZ20KG MOFs #80A14E, 13%] MOFs ATAEA RT3,
FE4k K MOFs L7 FLEREE I B [FIRS, MOFs 742 IR AR RHE AT DL N — 2634
fh ez, LATREMNRZE MOFs AL 22 PERE FIAS R4, Rk, MOFs fTAEME &
FARHIRE 7T SN H A B HIE 72 R f — AT 46 R

VAT T 76 3R BRI R A% BRI H SR R G 1 A 3 S R T
SR B BRI A &, T8 1A AR SR AL S ) 5 i vEro81,
MOFs & —Ff 14z & 0 S ECAR S5 &1 i A 22458, X5 MOFs [flL n] LAfS
F| MOFs [IRRALATAE A RHE2831, t MOFs fiT 4= 1 & )@ i AL 044 kAL 2L A5 MOFs
FRIPIe S FLRR 5 A (84851, A 0K 1 T 3 T ASURD 4 Al Ak ) DO 36 8 P 1 BB T, 3
ffi MOFs fiTAE & JB Al AL &) 2 AT R4 1A% 1 A0 S AR i) S S m i v, BTtk
X H SO R AR R AL 1A ) S BSOS,
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SRR, 8 Fed ZIMIEE R I 5ANEA BTC (1,3,5-%18 =HR) i
fr, RRINERAR T TSR NiFe-MOF, B J5 51 N AR A1 il I 5 18 S5 7 K &
FRAE FIRE CEAT 0, 72 NiFe-MOF JGH 9K #E Lo E T — 2 A 9 K Bk,
B3 7 BA AR ) NiFeSe@NiFe-MOF-2. & i & & A BEAE B N
VARG REA, T HBOE 7 AR, A A S NS AL s £
ALl AN EHTAA AR T AR I R R RORE, A AR AN [ 10 LR R R A
AHEmEM LA, [FINWEE 7R R ETE, AR 1L T B AR RE K I 8]
TEIR T A S5 B8R, A BHE I (B P83 T R AR Em A &
DFT #STHH IR T _LiA45 18, BI5 NiFe-MOF #flt, NiFeSe@NiFe-MOF-2
HAHERA AN 7ERORAEZ i B A B K DOS fH. X &
NiFeSe@NiFe-MOF-2 F A 5 5 1) H 1~ B8 /0 A SE 40 1) R AL 25 S 2 Bl g 2 P g
[FliNf, NiFeSe@NiFe-MOF-2 % OH™ I Mt fie 7J A9 3 7 35, MR kLS i
fiR 5T 2 TB) F S S B IR . NiFeSe@NiFe-MOF-2 #1RME IR E N 1 A ¢! i,
FLH A ENR 17729 F gl A RAMABREERG, ZaaFEA L 92.7%
s Mg (6Ag'-10A ") F199.7% (AL AR EERE (76 10 A g 451
NEJ7 5000 RAEFRE, LA IRRRR VIR 99.7% ). HET LA B4, A
%2 1) NiFeSe@NiFe-MOF-2 BT B 7E it g U A 4% Hh (M R

2.2 SCEGER 4y

22.1 XEE5%m
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K 2-1 NS R T KBS Sk, BARWTT.
R 2-1 BB ERE K

DEER N iR e

N BS 2248 e IR 2 FITRL AR A IR A
L VAECER 85-1 bR IR A
R Vet JK-300CDE B L TR B P A A5 TR 7
HL A X Tt A DHG-9036A LR SRR AR A IR A
J L MSK-HRP-MR 100A GRYNFH i BB R A PR A 7]
LR MSK-T10 GEYNF i BB R A TR A 7]
SN MSK-10 YRR AR PR A A
HLAL 2 T AR, CHI660E RS H IR A F]

B AN RS CT2001A DU T I A IR A 7
ali KA PSDK1-10-C JEH R LR R A A

R 2-2 NI RG], B ARG e o et

R 2-2 IR R

S 2 G ¥ 7= b

1,3,5- B = H R CoHeOs BT T (Aladdin)
AVIS=EIREATR FeCl3-6H,0 F vk (Macklin)

A 2 Na,SeOs Bif$: ] (Aladdin)

KA N>H,-H,0 1] 244 Ak R BR A )
A AL KOH BiT$: T (Aladdin)

To/K 1 CH;CH,OH 1] 244 4k 43R0 AT PR
IR (PPL:110) Ni KIE ) Z VFRHA PR

222 BRI A RSB RE AR

(1) NiFe-MOF )& ¥

PREL 15 mg BTC #1 27 mL £ B 77K, A 40 mL R MmN, 11
VMR 30 min, {f BTC 7B REMAE LB TR, iR a s, B3 mL
0.001 mol L™ FeCls ¥, #AJ5H PAbEEf5 FIR U1 (2.4%3.5 cm?) K/,
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TNV LGN AT R, BE % TRV L0 N AT AR SE T E 120 °C i
R RS 12 he FF MG RERFIR G, HEETKM OB EIRER, Il
NHBEFE BT Y, 1931 B 75 4130 NiFe-MOF VAR .

(2) NiFeSe@NiFe-MOF )& Jik:

¥o— B TMRRE. 27 mL 2B F /KM 3 mL K& BHEEFEIA 40 mL 5
VSR CHE AT, SRV R 30 mine SEAIEAR)G, ¥ LR 713 NiFe-MOF [
WA E] 40 mL RVUH O JG WA AN, 75 180 °C F /=M 12 he Ffx
LG R I RS, B S 25 8 KR SRR, OB A
%M, 1536 % 1 NiFeSe@NiFe-MOF .

£ & i NiFeSe@NiFe-MOF [t #Edr, MR DARREAR A INE (0.0216 g-
0.0433 g+ 0.0865 g+ 0.1296 g), H415 21 =¥ 3 hil i 4 9 NiFeSe@NiFe-MOF-1
NiFeSe@NiFe-MOF-2. NiFeSe@NiFe-MOF-3. NiFeSe@NiFe-MOF-4. ¥ 1 #)
5 FR) 5 e AR R S I VLR AR BT B AR A R B E 1Y), 2 HIE R 1 mg em™.
T S IX R S IR AT AR A, BT T A 0 2R I BTN AR R S

(3) NiFe-MOF//AC F1 NiFeSe@NiFe-MOF-2//AC ] % :

IEW AR % B ) 135 NiFe-MOF Fll NiFeSe@NiFe-MOF-2 [F)f8ik
B, HU AL A A 6 mm R, SREH AR ESE (EEER
FEEZ) 0.2 mm).

GO 2% B SR U HLKE Dl R R B3R 8Y e 42 09 8 mm I8
% DRI 40 mg iEPER . 5 mg PTFE Al 5 mg Z B, AR
F, HARSTE 20 min FHIRAIHE], ZJEEETINNGE & 1) 7 A R AT 78 43 0
% 20 min J5 K5 SLB R R4 F B9 08 8 mm IR IRER I A EBONBER BRI T 4T
BT 6 h Z st HaH T E R (JEEZ8 02 mm), RN,

FEE A A I AR B A AT R T ) IEAR AR AR R, AR
EMEFE. B, A B, B, 4ERBIE. M. k. RSEm
I 2H 2 T 2B 2 FRL AR 28 I P A et 28, A5 BRI NiFe-MOF // AC.
NiFeSe@NiFe-MOF-2 // AC 1B 4 7548 CFEMRECN 6 mol L' KOHD .
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2.2.3 #FmAYARIE

BT RS (SEM, HAiZL S-4800) A% W H T B4 (TEM,
FEI Tecnai G2 F20 S-Twin) XJ & Bt i I TE SN S ks R #ET TR ABTFT. @
it RE R R X $2861E (EDS, FEI Tecnai G2 F20 S-Twin) Fl X 286 TAE
W (XPS, Thermo Fisher EscalLab 250Xi) M #HTFE MR M C R AMN . 18
i X AT (XRD, SmartLab) RAE T & BUFE i (1Y) S AR 2 AN AR 25440 o

2.2.4 LM REMR

K = HR R BT AL S MR RERAE, 2R RS TAEEMR (B RS,
XTHMR CEOR ). Sl CHREMHD L& 1 mol L KOH HEMR, WX E
N CHI660e AL AR . WM&, KGR 7R3 (CV).
fHH TS (GCD). FFTIE T (EIS) K AG¥Fa i 1 45 22 T r Ak 24 P BB P
fliSES

PR (BB AR WK RS: HEMER AR GEMER. CHE,
BV O iRt 8:1:1). 6 mol L' KOH Hf# i« F& . IE 1%
(NiFeSe@NiFe-MOF-2) FIE{ LanHeCT2001A MK RSl £ HIK RS
AT 1A U R A A I AL SR A A A, AR FAG S AR BT T
AHR AR RIEARZE (CV). ER AN (GCD). A BTN
(EIS). 4Nz A S LL LAY . BB FE AN DN 3% B ] 2y illdd A 5K 1-3
1-4 F1 1-5 THE TS

225DFTHHE

Jiif5 DFT i3 T Vienna Ab initio Simulation Package (VASP). A2t %
HL# B Perdew-Burke-Ernzerhof (PBE) |~ M BiE % (GGA) THEIRTG . HT-BT
FHELAE F e 2 (PAW) fi#Re. BT DFT i+ AEBUEREE DY 400 eV
(261 FEAT . XF T NisSea-Fe, Brillouin X 3 X 3 X 1k SRA%KAE. X
7 MOF A1 NizSe2.Fe-MOF, HITHIARSIHK, Brillouin KXRAMMNE (I') £
LT X 1 X1 RCREE . BRI RRE A W SIhR ik 4 il e 107
eV #10.05 eV Al. RH DFT-D3 Jj AR el (vdW) AHEAEH .
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WPt BE (Eaas) HITHE A N:
Eas=Exop - Eon - Esup A3 2-1
Horh Eon F1 Evon 73 AR OH B TAERLE _E W B AT AR I S I RE e B #2185
AR ) RER

23 ER5TL

2.3.1 NiFeSe@NiFe-MOF HOZE#) 3R 1E

& 2-1 NiFeSe@NiFe-MOF )& i i K o

Fig 2-1 Schematic diagram of the synthesis of NiFeSe@NiFe-MOF.

] 2-1 4 NiFeSe@NiFe-MOF & on 2Bl &%, M F ZIMitifsE, &
et N2, RS Ni2M P Stk (BTC) KA RS, 7EHAE EIFEA K
th NiFe-MOF, PR EARERAATE AR, 7KE WHENIE R F% NiFe-MOF 47
WAL AL TR, AT K2 T 6 RESIR NiFe-MOF T %1 s it 1B IR ) NiFeSe@NiFe-
MOF.
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A& 2-2 (a) NiFe-MOF, (b) NiFeSe@NiFe-MOF-1, (c,d) NiFeSe@NiFe-MOF-2, (e)

NiFeSe@NiFe-MOF-3, (f) NiFeSe@NiFe-MOF-4 [f] SEM K14 .
Fig 2-2 SEM images of (a) NiFe-MOF, (b) NiFeSe@NiFe-MOF-1, (c,d) NiFeSe@NiFe-MOF-2,
(¢) NiFeSe@NiFe-MOF-3, (f) NiFeSe@NiFe-MOF-4.

K] 2-2 ¥ NiFe-MOF AL 2% NiFeSe@NiFe-MOF ) SEM El1%. K
2-2a AHTYRAE NiFe-MOF (1) SEM K14, M EIH ] LIE AL GRS 30 A
FIBR G IR S A A IR R T . B 2-2b FRaf DU R, HRITF 467
Iov AR R AN I HH 53] 0.0216 g I, NiFe-MOF 4K e #iifith, FIEIRA
JEHE AR IZ T AR A RS F i A — LRk, M 2-2¢ FTA] 2-2d R,
Rt IV AT R0 1) N B R T 38 I IRk B 0.0433 g I, KR T2 AT AR 19 5
RN, AR RN AR A3 B S Pt B AE 9K b, RS0 B3
FF I BIPIR 25 44 38 5] O AR KA TR IR AR b o (HBE RS WA ER BN B8 I =ik E1) 0.0865
g I, NiFe-MOF (R iR 45 #6120 M il Jos ik, MR G5 460 ) L7 Bl il A SR Bk BT BLAR,,
MR SUZ AR T (B 2-2e) . 4k 2523 Jin S0 A7 % 400 F ) 2 i 348 o 1)
0.1296 g i, MOF HIESRE5 4 58 IR IR 25 . BRI T UG tH45ie: D&
AR AN BE TS N[ MOF BT SEE K, (A EERGEMPHNG . (Hid
Z (LA R AH 2 TR MOF AT (TSR AE ), (TR 3E B ERR LR
Blo HREE L ANERAN A INE N 0.0433 g (NiFeSe@NiFe-MOF-2) I, #1k}
HATE BN IEAT 7 TSR A o R, FRATDO AT 1 SRR 45 M R AE
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100 nm

I Map Sum Spectrum
Wi o

A 2-3 NiFeSe@NiFe-MOF-2 [fJ (a-b) TEM E{%, (c-e) HR-TEM Elf%, (f) Mapping EI%, (g)
TEM-EDS K14
Fig 2-3 (a-b) TEM images, (c-¢) HR-TEM images, (f) Mapping, (g) TEM-EDS elemental analysis

map images of NiFeSe@NiFe-MOF-2.
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i#id TEM/HR-TEM % NiFeSe@NiFe-MOF-2 £ fit IO 45 433 — 25 20 7
K] 2-3a F11&] 2-3b &7~ T NiFeSe@NiFe-MOF-2 [)3i% &t B 7~ S st g, M
AU SO SRR s G (B 2-2c FIE] 2-2d) A F F R 251,
HHMUE B EA RIFMNERE. KB 2-3c. KB 2-3d. B 2-3¢ /& NiFeSe@NiFe-
MOF-2 ] HR-TEM EIE, M AT LABE Dy 28 1 5 320 & o Bir B 1 = AR/ N
KAE0 0.759 nm K/MEIERAK% S5 800 N7 NiFe-MOF ) (222) #1fi, 0.212 nm
KN A% 2 SO0 R NisSer () (202) FhTHT, 0.180 nm K /NI &% 25 800 B
¥ FeSe 1 (110) #4ifi. FfJ5, JEILX NiFeSe@NiFe-MOF-2 # [ #F1T Mapping
SrHT, #45E T NiFeSe@NiFe-MOF-2 FE iR M 7o 3 /- R th I, 15345 R &
2-3F Fiome iy L B BRRIE GRS M AR ERE R . N T AR R
& T RS E, X NiFeSe@NiFe-MOF-2 #47 TEM-EDS ik (& 2-3g), H
EIFT %1 Se. Niv C. O. Fe SR ETHEA DT, 7014 39.0%. 37.3%.
18.8%- 4.0%- 1.0%.

NiF eSe@NiF e MOF-2
M v % tv ol
L 4 L
~ —— NiFeMOF
=
=1
S
2 CCDC 846570
@
=
o FeSe 75-0608
=
i
\ —— Ni,Se, 85-0754
1 a 1 a |I||.|||I|. Ll .llu TN |
10 20 30 40 50 60 70 20
20 (%)

P 2-4 NiFeSe@NiFe-MOF-2 fl NiFe-MOF 1] XRD K .
Fig 2-4 XRD patterns of NiFeSe@NiFe-MOF-2 and NiFe-MOF.
2-4 A NiFeSe@NiFe-MOF-2 1 NiFe-MOF [{] XRD &1 (£ 75 Bk,
MR B B S R BEAT IR ) . SR 4 Y NiFe-MOF, 5445 1
(CCDC 846570) — ¥, ik W] B o) & B / NiFe-MOF. 4L f4 i% £ Jy
NiFeSe@NiFe-MOF-2, NiFe-MOF X 87 (1) 4 #E A7 45 06 FH 46 € 5 P8l 3R AT 1 A i

28



RT3

M 29.5°. 37.1°, 42.6°. 52.4°, 52.7°. 53.4°, 65.6° F1 73.6°4bH Lt .OIEFRIC
[P, X REARAE R A NisSe: [IATHIE (PDF#85-0754). 1F 32.4°. 42.1°F150.5°
AbFE O ZZTEFRIC I, XN TFRiER v FeSe HIfTH I (PDF#75-0608). [,
TR L 1 Bk, P LAE— 2P E T NiFeSe@NiFe-MOF-2 #1 NiFe-MOF
(G e

a —— NiFeSe@NiFeMOF-2 b
—— NiFeMOF

C O 1s
Cls M- s

NiF eSe@NiF e MOF-2
%

NiFe-MOF MO

NiFeSe@NiFe MOF-2
CA

Se Auger | =

= oo
Se 3d|

NiFeALOF cc
0-c-0 co

A
(e

Intensity (a.u.)
2
Q
Intensity (a.u.)
Intensity (a.u.)

0-c=0

000 800 500 200 0 0 292 288 284 280 536 s34 55 530 528
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

d Ni2p € F Fe2p f Se3d

e2py,
il il 2 Ni 2p,, Ni NiFe MOF-2
NiFeSe@N ii)IOF 2 iz, D3 iFeSe@NiFe MOF Fese

Se 3dg,

Felp,,

%

890 5% 70 560 850 740 750 70 710 700 62 60 58 56 54 52
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

-~
-

: 5

-~ &

Ni

£ N ’ 29y B

z NFeMOF _ Nizp,, Z

o

z &

5 =

= o

Intensity (a.u.)

& 2-5 (a) NiFeSe@NiFe-MOF-2 il NiFe-MOF [{] XPS &)¢i%, (b)C 1s, (c) O Is, (d)Ni
2p, (e) Fe 2p A (f) Se 3d Km0 #EE XPS Mi.
Fig 2-5 (a) Survey XPS spectrum of NiFeSe@NiFe-MOF-2 and NiFe-MOF, high-resolution XPS
spectra of (b) C 1s, (¢) O Is (d) Ni 2p, (¢) Fe 2p, (f) Se 3d.

BEE, RINMMAH X #H4&tm 1Rt (XPS) 70 #1 T NiFe-MOF Al
NiFeSe@NiFe-MOF-2 ML AT & i) u gk LA & . Bl 2-5a B ) XPS &6
WA LAE Y, NiFeSe@NiFe-MOF-2 #l NiFe-MOF RM# & A 4. 2. WAETT
%, MR BLE NiFeSe@NiFe-MOF-2 [{IK . BiJ5, A1 T &R
RN SR . B 2-5b /R T C1s Mm% XPS oL, PR il
RIS KA A . 284.8 eV AL HIFTHIEN B T C-C 8, 286.8eV 4t
HIRTSSIEXS BT C-O HE, 288.3 eV ALHIRTHIIEXS BT O-C=0 ##, 289.3 eV ALHY
ATHP XS T -, TXLESE FAEW] 1 PIAMARE S TP 54 MOF 4. O 1s I
Sy R XPS ik Wi 2-5¢ iR, H 5314 eV bATHIE, REELSETRS
HITRZ MR, B M-O #, &P OS5IAES RS TEl. £
NiFeSe@NiFe-MOF-2 H1 5| Nl G R J5, AT & & 4E 74k, HIEE

29



RT3

533.1 eV AL HIRTH IS N T Se-O B . K 5d 278 T Ni2p IR 4> #E% XPS M,
873.9 eV M1 856.1 eV AL HIATHIIES) 76 N2E Ni 2p1j2 A1 Ni 2psn, 880.0 eV F1861.9
eV ALIIRTH G NSRRI, XL BHIER] T NiFeSe@NiFe-MOF-2 Fl1 NiFe-
MOF F1 484 Nite Fe 2p HIE 2R XPS Yeili Wik 2-5e i, i 727.6 eV
b B AT B W G BT Fe 2pin, 712.5 eV AL AT S IE X N T Fe 2psnl®l, i
NiFeSe@NiFe-MOF-2 ifi £k 1 706.5 eV ALHIATHIE N /& Fe 5 Se 25 & A=A 10.
Kl 2-5f 24 Se 3d 1) XPS mi4r#E#etily, 1F 54.0 eV, 54.9 eV AbIAT 53 Xt
JBi T Se 3dsi2 Al Se 3dsn, 58.9 eV AL HIATHTIE AT REZ AN AL 1E 2 S AL BT U,
X F R 4 B AT 78 2 UAESE T NiFeSe@NiFe-MOF-2 £l NiFe-MOF IR & o

2.3.2 NiFeSe@NiFe-MOF B 4L BEM iz

—s— NiF e MOF ) —1Ag!

-
Tep2500} b NE cSe@NFo-MOE-1 € ——15a¢g!
0sf = —— N eSe@NFe-MOE-2 05t
= —w— NiF eSe@NiF e-MOF -3
el < 2000 —a— NiFeSe@NFeMOF4 |
2 04 g [
st = et
= T 1500 =
s 03 g =
3 T 1000 =
A T o =]
01t S s
W
B
uu 1 I I =l u I I I I I ﬂﬂ 1 I I -I
500 1000 1500 2000 2500 0 2 4 6 8 10 0 300 600 900 1200 1500 1800 2100
Time (s) Current density (A g°) Time (s)
2400 50 1800
o~ i h“ e u NFeAMOF ".l‘ﬁ f u S]I:MOF vior
w0 d [T NiFeSe@NiFe MOF-2 200 T NiFeSe@ NiF e- M OF-1 'on 1600 | o NEeeENEMOF2
aZﬂﬂﬂ .- # NiFeSe@NiFe-M OF-2 <3 eSe @NiFe-MOF-3
17720 1% E:i] : = 1400
& = 1634.1 \ - 250 . M z
= 1600 168 740 heo ) ﬁ 1200 F
£ = 200 - = 1000}
s
Z 1200 e o =
g s 150 . £ S00p
o ~N . =
S sw0 . < 600
= -, =
= v = 400 Faa.
;;“ 400 50 g. 200 l.“..“‘ o sa I.“-““::
7]
7
0 0 . . . . . . 0 . . ; :
1 25 5 7.5 10 0 50 100 150 200 250 300 350 0 200 400 600 800 1000
Current density (A g‘l] Z’' (Ohm) Cycle number

B 2-6 (a) NiFe-MOF. NiFeSe@NiFe-MOF-1. NiFeSe@NiFe-MOF-2. NiFeSe@NiFe-MOF-
3. NiFeSe@NiFe-MOF-4 Hi{[#] GCD Hizk (1A g") 1 (b) NE I E R HEERE,
(c) NiFeSe@NiFe-MOF-2 TEAN[F] Lt % FE N Y GCD #h£k, (d) NiFeSe@NiFe-MOF-2 /s [q] By
MEE THEEHE AR, (e) Nyquist FAT (f) 10 A g FHITEAHERER
Fig 2-6 (a) GCD curves (1 A g!") and (b) magnification performance diagram of the NiFe-MOF,
NiFeSe@NiFe-MOF-1, NiFeSe@NiFe-MOF-2, NiFeSe@NiFe-MOF-3, NiFeSe@NiFe-MOF-4
electrodes, (c) GCD curves of NiFeSe@NiFe-MOF-2, (d) magnification performance of

NiFeSe@NiFe-MOF-2, (e) Nyquist plots and (f) cycling performance at 10 A g'.
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=HIR ARG H 1 mol L' KOH /ENHAR . HVE AN k. & B EHE N
TAEEM . HREWENS AR, E=ERIERT, SARFE ARG
JnE ) NiFeSe@NiFe-MOF [ i AT 18 A PEREIK. & 2-6a F1 2-6b 437l
BoR T ASEIALFEFE ) NiFeSe@NiFe-MOF HiA Al NiFe-MOF 7E 1 A g R %
JEFM7RE (GCD #iZk) %Lk DL TEA Al R B FE N 1 b st e FRAiTmT
CLURIL, 1 FLIR S IR KIS UL R, NiFe-MOF [ LG HiL 2% R 30 R B% .
FJZ, NiFeSe@NiFe-MOF-2 fEA A L% B T H A A H mb s, BARFM
FesE M, IXAF A RHEAR AL J5 7E S [5] 1) FRL 3 B2 HUA A S AR 1 FL A A7 s
AE1. &l 2-6¢ Al 2-6d 737 o T ASEHLR# FE R NiFeSe@NiFe-MOF-2 ] GCD
i 2% DA KA [F) FLUAL 2 S R L A AR . I AT BLE H, NiFeSe@NiFe-
MOF-2 HAG R4 1 ik 2 rl i M AN BOR I EE AL, X AT BB 1 T ) 51N EE8
P TR SR C R RN, WE T BONRE N BT R, R
TEAN TR IR B N 3R TR L %%, NiFeSe@NiFe-MOF-2 [1£5 %M 8
15 81.0% (1 A g'-10 A gb). B RN MER S AN MMEA R, B 2-6e K
NiFe-MOF FIAS [ VA7 & A I A8 15 (¥ FEAR (¥) Nyquist B, 3 rp s 49 X 3 [
AR R /INRE R e W H F R FEL AT R R BRI R/, AT DX 3 2 e R 1 TR
WA BHE B T3 BRI LG Y, NiFe-MOF 1 HLf 5 7 HLBH ALK,
AT T B FAE AR R R o A, A Ak FAROM R (1 Ha A7 5 s L BELER B A
FIREE B RRAG, X ATRER B T 5l N3 s T MRS & 5B T IaE. &
WAL 2 I KA J5 B AR G PR 2 PPN FE AR RS 75 A 5 B — A, DR e 3R
fi1%} NiFe-MOF. NiFeSe@NiFe-MOF-1. NiFeSe@NiFe-MOF-2. NiFeSe@NiFe-
MOF-3 1 NiFeSe@NiFe-MOF-4 Bl R85 AT 1 VPl Wil 2-6f Frx. M
KA LU i, NiFeSe@NiFe-MOF-2 ATl RIARENE, ERRIREE N 10A g
VRIS, Aad 1000 RATBCBIE G, HHRAME ATA BIWIAGE Y 84.0%. AH
K, HEAMFEZME T, NiFe-MOF 25t 1000 A & L fL 78 H ARGk B4 44 1)
68.0%. N T #E— R NiFeSe@NiFe-MOF-2 [{fasEtE, i 14 fo B3 e H A
e AR R A HET 7 R 1E. NiFeSe@NiFe-MOF-2 fF¥R (T J& it 4714 FL B I
% 2-7 Fios, AT LAE ) NiFeSe@NiFe-MOF-2 HIFESRAENEIR 1000 1K 5 3 A
TRAFFAAS . DAk, FRATTRT LASE b i 1) 51 N4k T MOF 14544 .
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& 2-7 {3 J5 NiFeSe@NiFe-MOF-2 {313t s 45 15

Fig 2-7 SEM images of NiFeSe@NiFe-MOF-2 after cycling.

B S, FRATHETE T H AR A R A B A 1 75 2 LA R P B R A 5 R
1, BATH NiFeSe@NiFe-MOF-2 #H 4T T #EH R 22K (FAHGHEEM 5 mV 57!
#n#E 30 mv s, MR R 2-8a Frok. MEIFFATLIEH, BEEFEA R
I, CV IR FIERBIA KR, X RBH NiFeSe@NiFe-MOF-2 B A R IF iz
Yoo IR, CV EFHILT PSR A5, X AT fRg2 T FeSe/FeSeOH
F1 NizSea/NizSe2OH Z 0] KA T8I S5 [ B f2 OH it B it 7= AR Fr 01,

NiFeSe@NiFe-MOF-2 H i) [ UEAE FLR -5 FE R0 B2 1 0% SR 1] 2-8b fiTs (Gl
AR 1-6 X CV -HETHETT43), A a] LIS H IR IR b 9 0.62, BAK
IR b2 0.65 (24 bAATE 0.5-1 JEFEI IS,  HLA A7 [ I 52 T FL A 4 il g™
BEHI RS ) . AT W, NiFeSe@NiFe-MOF-2 Hi # ) oL i 77 it i 20 52 3] %
THT FE, 22542 A R FBCA ) ) 00 S

I, FRATIE 4T T FRRAA LA ity AT I AR DTk o b, AT i A 1-7
HHEAER, RWmE 2-8c MK 2-9 Pin. ERIRMTRERT, ¥Eras
FNFTH A (B 2 A K, ABBEE FRGE ARG, 08 2845 ) 1) v fer £7
i LU IR R AIG T 6 TE 2542 W ) PG A2 B8, AE T30 30
mV s I, AT EIAE] 76%.
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0.10
oosf @ Lt b ~ 120t C diftasion controlled
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& 2-8 (a) NiFeSe@NiFe-MOF-2 £ R & F MIIEHRR % 2k, (b) log(i) 5 log(v) M

Fig 2-8 (a) The cyclic voltammetry curve of NiFeSe@NiFe-MOF-2, (b) The linear relationship

between log(7) versus log(v), (c) Capacitance and diffusion contribution plots of NiFeSe@NiFe-
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Fig 2-9 (a-f) Surface capacitance and diffusion capacitance contribution plots for scan rates of 5,
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MOF-2 at various scan rates.
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N 7T NiFeSe@NiFe-MOF-2 Al NiFe-MOF #4 Rl 74 B 17 ) BE

BATAT T HFiZ kB (DFT) 1154, K 2-10a 73578 T NiFe-MOF. NiFe-
Se 1 NiFeSe@NiFe-MOF-2 HIALAL o & 12 & 44 A
NiFeSe@NiFe-MOF-2 ] OH™ Wy {7 s an B i b Frs . B e, AT
DFT i 5E0] LG B A RHEE B Af BT AL oo OH MR B RE, &5 R anf&] 2-10b
ffi7~ . NiFe-MOF. NiFe-Se fll NiFeSe@NiFe-MOF-2 % OH™ KWLt g 73 5l A -

Bl
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1.88 eV. -3.22 eV fll -3.54 eV. 5 NiFe-MOF F1 NiFe-Se L, NiFeSe@NiFe-
MOF-2 %} OH- [ I AETE F1, B NiFeSe@NiFe-MOF-2 X OH E. A4 5 5 )W
Bt . @I LA BRI, AT BT NiFeSe@NiFe-MOF-2 75k M FLf# i Hh
HA RN % VERE, 5 IR RS I NI B B3, T AR A
A AR PEREP, ATIEW 5T T MEH AR (DOS), LA E B4 KHE) B A
B F, NiFe-MOF. NiFe-Se il NiFeSe@NiFe-MOF [1) 4555 & 115 45 4> )
WK 2-10c-e fiom. SIAIEE )G, NiFeSe@NiFe-MOF 7E 2 K Ae 2 i BA 5
KEPIREZEE (DOS). K, 5 NiFe-MOF #Et, NiFeSe@NiFe-MOF E.f5 5
AR R . I BRI T, BATAS RIS RS S A RN A
SLIRI R B ZA R AL PR RETE I\ Se U R GTF 3] TR BGE .

a X 29 5
) %ﬁ» > | b
o % @ -3.54eV
% ; “4r 3.22eV /
0 _‘ % \
8 B > oy
e ' 3 S 3
2 -
NiFeSe-MOF R %
2 2, = -1.88 ¢V
"0 o g \g g 2tk \
% 8 3 -9
53030 4 =
o8 48O DR 2
o 2 it (&) d = -1
FARFHP b 44 <
vo
NiFe-Se NiFeSe@NiFe-MOF-2 0
Ore Oni O se oc o0 H NiFe-MOF NiFe-Se NiFeSe@NiFe-MOF-2
0l ¢ : —— TDOS| 300} d — TDO!

g
g
4

DOS (state /eV)
g - 8
%E; 2
4
233
DOS (state /eV)

g

o

e it A A b

1
| OE0ey

g

DOS (state /eV)

g
g

g
g

4 4 4

" Energy @) " Energy(eV) " Energy V)
2-10 (a) JET 454 B2 (OH- W Bt Az s FI IS L [ BB ), (b) OHT IIMRFH B, (c) NiFe-
MOF FIA%E, (d) NiFe-Se I E, (e) NiFeSe@NiFe-MOF-2 A%
Fig 2-10 (a) model of atomic structures (OH™ adsorption sites are labeled with blue circles), (b) the
adsorption energies for OH", (c) density of states of NiFe-MOF, (d) density of states of NiFe-Se,

(e) density of states of NiFeSe@NiFe-MOF-2.
2.3.3 NiFeSe@NiFe-MOF-2//AC HYEE {314 REMK

FRYE LR X NiFeSe@NiFe-MOF-2 # KL ¥ERE 4T, AT AH B R
(PR RS ERTERE, DI RATAH S T — 1 LL NiFeSe@NiFe-MOF-2 N IEMR#1EL,
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FOERIEPE R (IR A AR, 6 mol L A SEALHI N LR, F4E RN
b A K B 25 88, 255 1) NiFeSe@NiFe-MOF-2 // AC #3443t i
2-11a fos. Bl 2-11b Aizas sl S & 1, "] RAE B A3 5 s B
BOKHIHEAIE D, FFHIEHR (AC) Al NiFeSe@NiFe-MOF-2 [ HLJE X [A] V& A&
B, FCHERESRA R BATER.

a b
= 0.02}
P =
0 = ~
s = Z ool
o é = ~
o == -
L = L
é = g 000 7
= = 01
o = -
[ 0 =
° ¥ = 0.02}
= — AC
= ~— NiF eSe@ NiF e M OF-2
K* @ OH 0.03 ik

712 110 08 06 0.4 0.2 0.0 0.2 0.4 06
Potential (V vs. SCE)

& 2-11 (a) NiFeSe@NiFe-MOF-2 // AC #3/4F4, (b) S mV s B} i PE R Fll NiFeSe@NiFe-
MOF-2 ] CV #fi£k.
Fig 2-11 (a) NiFeSe@NiFe-MOF-2 // AC device diagram, (b) CV curve of activated carbon and
NiFeSe@NiFe-MOF-2 at 5 mV s\,
bt J5 FRAT 0 B AT T A F AL B R RE T . ] 2-12a BOR TR

BRI R 2 M 2, EAFKEREE (5-50 mV s FYREFREFITZIR,
T T S AR IR E . B 2-12b A1 2-12¢ BoR T %R F A AR I TR
PEAEAME R IERE, MR B NiFeSe@NiFe-MOF-2 // AC #3+ HAT BTt fifk
SRR AR RS (92.7%) . SRS BRATTAT AR AR AT BE BT BRI, 45
Rkl 2-12d Frse. ABOREHE i o G B w] LB ), 2488 Rs FiRE
29908 Q, Ret FAFHZIN 2.5 Q, REW iz A RO0IAT R fet. T
BOUEFRATH B L A s BAT A MERE, FRATR VR AR L (R SR AL S A i 1
REREAT T LR, AiRNE 2-12¢ PR, FEDIHRELN 5060.0. 5867.0. 6655.6+
7428.2 F118268.3 W kg I}, LA BER % L4308 61.0. 60.3. 59.9. 58.6 FHl
56.5 Wh kg, IXFERIIINALE RE R RS L BARRHE . fEHMERet
VAT AR R — /N O TR bR . RIBL, FRATTVEAS T NiFe-MOF // AC Al
NiFeSe@NiFe-MOF-2 // AC AL I VERE . MIE] 2-12f AT LIS RE S 2],
NiFe-MOF // AC 23 5000 X 7e i il al)e, Hem A SRR B (BUONBTAR1E Y
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28.2%), A A7fiE 2 B KIRC, 1814 NiFeSe@NiFe-MOF-2 // AC £:3d 5000
REIER G, WA SERMHEZEAKR, REEEIE 99.7%, XRWALTMN
S, MR AR E AR B T ORI T . RS, RATHRE T AN
3\ NiFeSe@NiFe-MOF-2 // AC 284, #4717 misa/ M, 458 K 2-12¢
fi7ne. B NiFeSe@NiFe-MOF-2 // AC 285 1T LA s ma/INT i, FRRERFSE A5 30
min. KL, FATVCONIRAIALE 1) 25 1 NiFeSe@NiFe-MOF-2 // AC KA 1R K1
F& 77

0.02
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B 2-12 NiFeSe@NiFe-MOF-2 // AC [f] (a) CV HiZk, (b) ANFIFRFEEE FHFRHCEIIZ, ()
3 ERE, (d) Nyquist &, (e) Ragone &, (f) TEHMPERERE], (g) NiFeSe@NiFe-MOF-2 // AC
A R/MT IR
Fig 2-12 NiFeSe@NiFe-MOF-2 // AC of (a) CV curves, (b) charge/discharge curves at different
current densities, (c) multiplicity performance, (d) Nyquist plots, (¢) Ragone plots, (f) cycling

performance plots, and (g) NiFeSe@NiFe-MOF-2 // AC devices lit with small bulbs test.
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2.4 ING

AERABEL KGRI, ik FS ZIMIEReE, B ih N2, BERD N2
M Fe 5tk 1,3,5-¥2K =R (BTC) KRNI RN, 32| T NiFe-MOF H K
o B S, SINRIRBEAT R AAT AL, BT AR T G 9N R I B A IR 5 M 1
NiFeSe@NiFe-MOF-2 HitkAt kL, A achddss 7 i kHfae i, Bk 74yt
. 4 I R B MR Bl NiFeSe@NiFe-MOF-2 FLA 1 5 1 £ Z2 1 i AR 52 (14
TEIATERE, TEHMEEAN 1A g B, HEAEEIL 17729 F gt fEHRE s
HRHARG, CHAMRSMREME. 75 10 A g 4 NEHEH 5000 K5,
LC BB AT PR IFERIARAE IR 99.7%. MR AR TIFEE N 5060.0 W kg I,
REE % ik 61.0 Wh kg'. it DFT it %47, 5 NiFe-MOF # L,
NiFeSe@NiFe-MOF-2 7E 2K Be 2k I I R ILH B3] DOS FHEE 31 OH WK Fff &g
71, XN NiFeSe@NiFe-MOF-2 5 &M BHI 7 AL R RRFR AL T & B AR B8 52
. Bk, Rk ERPIRANIFTA T NiFeSe@NiFe-MOF-2 HA T [ i N A

VN

Al 52
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5 = E NiFeS@NiFe-MOF, NiFeSe@NiFe-MOF,
NiFeTe@NiFe-MOF B & p X BB AL F M BERI 5

3.15l5

R R A A D9 A T LR R 8 2 T8 I S A B s 1 R FL LA DR ) 78
B RETT R PEMPERE . BORI T RE L, OO AR R i 711t
REBL % 2 — D20, (LG ng AT R R B IR R, IR A, SRR
W, WEERERAEYE, MOABR ARG PR T NPT, W
JEBLEAL G Y SRR IE RS REARLE AT B v 5 B8 0 A0 B KK H i A i e
OS9), i iR A AWML, EEEERRA &Y A Bk,
e ) AL S PR AT S O A R 2, l DUINTE i 71 e, IR AL
U NE FR AT SR g K BR B2 A Ak A U010, i, LR iR & B A
Mo e A EAT R RH) S R ERE, (HHEHRMIMAUR (e SR PR
D ERMERERE EDAEARRRNIHRRE LT, BRFERI L EE,
I BLAEAC I 8] ) 78 78 I A e B A B Ak CRALSA R R E VEREZ ) LIS
T AL A A TP R 17,

FEAPHER (MOFs) HATRIIL & 2aiH, Hm LR HaT i i £L R
FOT o BRI AR L T 20 A FA) 45 A4 A5 A D iR 200 P 7 4% 0 B AR R B R 081090,
SRIMT, MOFs MEHIE & = LR RN A E BRI A, X E R
MOFs #4 BH'E g BB A4 2 8 2 i 2 2 o (0 R F U IOTBT, Sk, R N B3 ATT A
MOFs AR BEAT A AT, 153 7 = PERER) MOFs fiTZEA BE. MOFs ATA4E4 K
FEARK MOFs R ALASHI RN, IEaess & B a1, karb
MOFs S H M FIfRE thRe A 2418, Rk, MOFs #1455 A M EHE g A
SRS R KRR 2] 7T TRz N,

fits WA O R FE T AR (BRocR), AAFE KNS
HIE 2T, IRAE H AR T 2 B AEN 200 e, TR S m iR &
PIRIOL AR PEAN MOFs A IG5 MR B, AT TN BT TEL MOFs DA pi i A
1) MOFs T & mbtikib SV HRAFELE SRR S A &,
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BT RS ST AR R FR, il MOFs H it E ZE g i M iR b T
W& R S YRR T AR . TSRO, RSB A, (1S AR ARHR P e
AL HAE, PR SRS oA 0 5 R 4 i 25 2 F AR R 27181

LTI, AREFEEIRL R HR (PTA) {EARMA, B KMRG R
AR ELR F/338] T NiFe-MOF gikfA. BEjE, XFHAT Tt i,
LT AE AL TR, 1937 MOFs AL E £ BRI EY) (NiFeS@NiFe-MOF,
NiFeSe@NiFe-MOF. NiFeTe@NiFe-MOF). JBid 5] Nl 4 @itk &4, i
58 1 MOFs ML TFERIIEMEH SHRMERR T BEN R, EHWE 78R oR
Z B [FAE R = T MOFs fA4 LTI RE /1. X MOFs B 283047 1 3Rk 3 5
T MOFs gikfifase . Frfl# i MOFs #12Eid i &Rt & ¥ B A BK
LA S MRt EEre, EHAEE 1 A g B, NiFeS@NiFe-MOF.
NiFeSe@NiFe-MOF. NiFeTe@NiFe-MOF ] EL B 257> BiA %] T 21722 F g\
23274Fg'. 1980.1F g!, FHTE 10A g FHRZE R 7R SR 1000 K, H
BARFEFR AN 98.6% 79.8%. 87.8%. IXEELERFN, KA E I — K5
MOFs FTAE LU 4 J& Bt I A & W0 76 168 2% v 25 4% W AR R 7 T LA 0K 1) v FH 98
7o

3.2 SLIGER 4y
321 U HB5%H

ARSI P A 58 53 2-1 A
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R 3-1 sie T, B G e e et

% 3-1 LT — b8

S R 72

X A R CoHeOs FifHi T (Aladdin)
INKEFEA FeCl3-6H,0 F Mk (Macklin)

it IR CH4N>S F bk (Macklin)

RIA T Na;SeO; BTHi T (Aladdin)
DIRGTE] Na,TeOs Fifhi T (Aladdin)

KA W N>Hs-H,0 I 244 AL S R0 BR A ]
R HCI I 244 AL S R0 BR A ]
A& e KOH BT T (Aladdin)

To/K CH;CH,OH ] 244 14k 370 BR A ]
3.2.2 IR EIEY A R

(1) NiFe-MOF )& ik
¥ 10 mg BIXE B (PTA) A1 27 mL 255 F/KIIAF] 40 mL )5 VU5
CATmNAT R, BEREIEMR 30 mine fE MRS, I 3 mL 0.001 mol L™ FeCls %
W (B EDD . MELEEVLER NF (2.4*3.5 cm?) — 18 3] 40 mL %
VUB 206 N AT AR AN S B 28, 7E 120 °C ISR B 16 ho [ Bi4h
WG, SERMNEAIEEIR, B NF, HEE 7K EEMETE, wks
BB JSTHAE 60 °C MEAE 1%
(2) NiFeS@NiFe-MOF [£]J & il
43 PRI 10 mg HIBRAKRFT 30 mL ()25 5 F/KIRA A Z] 40 mL K25 &
N, BEERARE 30 mine fEEAIEMEE, ¥ LR 13A NiFe-MOF HViA
BIIAE] 40 mL VYR 25 A A A EE N RIS . BERDANE] 160 °C HIHLFE
12 he SR RN RS, RNMEAMEER, B NF, HEE KA E
T, RS ER GO R 60 °C FIHLAE o T8 & T o AR R B[] () A [
(6 hy 12 h. 24 h), ¥ 15 2 1 4 kL7 7 oir 44 4 NiFeS@NiFe-MOF-6h.
NiFeS@NiFe-MOF-12h. NiFeS@NiFe-MOF-24h. 3 V44 i 1) i & 2 38 i )z B
A JE R M R 2 T HE AT, TR =2 HI7E 1| mg em 2.
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(3) NiFeSe@NiFe-MOF & i:

FREL 40 mg ) NaaSeO3 A1 2 mL NoHa-HoO SIS S A 28 mL 255 /K5
VISR S A, BEHEVE#E 30 mine fF58 V6 )G, K LR 51 %0H NiFe-MOF
FHERER A INE] 40 mL ZEVUSR M AT AR AN N 2. BEED NS 180 °C
AR R RS 12 he SSRFRMNGERE, RMEANEER, B NF, HEET
KA EE PR T35, Pt se B R N 21 60 °C FUMEAR b T s F o AR IR SN R Bt
[ EAE (6 hy 12 hy 24 h), KA B BIM KL 73 65 % 8 NiFeSe@NiFe-MOF-6h.
NiFeSe@NiFe-MOF-12h. NiFeSe@NiFe-MOF-24h. %45 1) 5 & il i e i
A R VLR AR I B R 2 T RS, TR R R AR HIZE 1 mg em 2,

(4) NiFeTe@NiFe-MOF ¥ & i :

FREL 15 mg fY) NaTeO3 Al 2 mL NoHa-HoO HIAF S 28 mL 25551 7K ) 40
mL BV AN, SRR 30 min. f352 VMG, ¥ LR 7130H NiFe-
MOF RGN E] 40 mL FEVUGR 205 AT A B 28 . BE RO E
180 °C MR M. 12 he ZERFIRMNGEHR G, RMNEAIZEER, BUH NF,
2B FIKFA SBET e T44, PP 5e SRS O] 60 °C MEAEH THR& M. R
P I NI A B AR [E (6 he 12 hy 24 h), ¥ B B M AR 5 6 & N
NiFeTe@NiFe-MOF-6h. NiFeTe@NiFe-MOF-12h. NiFeTe@NiFe-MOF-24h.

T VA PR o R A S I J AR R ) R 2 T SRS, TR MR ) o B R

7 1 mgem 2,

3.2.3 fEmAYFRIE

A SEIG R AT AR [ 2.2.3,

3.2.4 B M REMNR

A R A A AL AR 2.2.4.
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3.3.1 NiFeS@NiFe-MOF, NiFeSe@NiFe-MOF, NiFeTe@NiFe-MOF B4 £3RAE

Vulcanization
'

e Hydrothermal /O f Selenylation ”
—— EEEEEE—

NiFeSe@NiFe-MOF

NiFe-MOF

Tellurization '
—

NiFeTe@NiFe-MOF

& 3-1 NiFeS@NiFe-MOF. NiFeSe@NiFe-MOF. NiFeTe@NiFe-MOF K44 B} & i f4
Fig 3-1 Schematic flow diagram of the synthesis of NiFeS@NiFe-MOF, NiFeSe@NiFe-MOF, and
NiFeTe@NiFe-MOF nanomaterials.

K 3-1 ¥ NiFeS@NiFe-MOF. NiFeSe@NiFe-MOF. NiFeTe@NiFe-MOF [1]
GRS REE . B, BIREIRAN S AR R IR (PTA) MSELE:R%E
W IRAE R B SE T AT KON o FE KRG R, R I Fed SRk Bk Ak
B NATE] T NP, RJG AR T Ni*OH Fe’™ 5 PTA #H4THCAL, 7EIUUR
B LA RS E) NiFe-MOF. 285, A7 7% AT 3K 44& NiFe-MOF #E4T 1
IRAHTAE . AALATAE . TfbfiTAEA5 2] T NiFeS@NiFe-MOF. NiFeSe@NiFe-MOF
NiFeTe@NiFe-MOF. {ERALATARIERE S, FOBRITRK S AE1F NiFe-MOF
(W7 R A K B AR A, I Ho v B 2 8] SR BLHE B T B 1 AR AR AR G5 4 1
NiFeS@NiFe-MOF . {ERALATA R RE S, Byl & 1 5] A €15 NiFe-MOF
W RS AR 2 1 ordk, 1EJFEAGH Fr B A B E AL R BRI AR Y TR
[HFAE ) NiFeSe@NiFe-MOF Ji =45 . FERRALAT AR I A o [ AL AT A 2R A0,
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KON TC R MG AN E4S NiFe-MOF [ f7 /24515 2] 1 amtt, fEIRALH R4S
B TR WAL 9K BORLAS B 1 R IAHRE ) NiFeTe@NiFe-MOF f7 /= 4
1

B Jio K P 34 H 7 B s A 1 NiFeS@NiFe-MOF. NiFeSe@NiFe-MOF .
NiFeTe@NiFe-MOF MWL AT 7 & 4E. &l 3-2 9 NiFe-MOF A [F AT
4z NiFeS@NiFe-MOF [1] SEM K% . & 3-2a JyATY% NiFe-MOF [¥] SEM K&, 7]
LAE i NiFe-MOF 23 v EE5 143 S MR b, I mAGR I
R 6h 5 (B 3-2b) JEAM K F 2R AL 4R R HTAR N b J2 S50 3 A 7 ke
Ko BB 12 h G (B 3-20) NOIRGEHIFIEAH A GEkK, EEEs&17 s
KGRI SR, KR T REFOTEHRS . BHASRNE 24 h 5 (B 3-2d)
N ZBETI AR, XSG BRI T 2 45 R IF BT RS T 7 K

& 3-2 (a) NiFe-MOF, (b) NiFeS@NiFe-MOF-6h, (c) NiFeS@NiFe-MOF-12h, (d)
NiFeS@NiFe-MOF-24h ] SEM &% .
Fig 3-2 SEM images of (a) NiFe-MOF, (b) NiFeS@NiFe-MOF-6h, (c) NiFeS@NiFe-MOF-12h,
(d) NiFeS@NiFe-MOF-24h.

3-3 2y NiFe-MOF AR F{LAT4E NiFeSe@NiFe-MOF f) SEM El{%. M
EIPaT AE SR N TER RN IS 6 h e (B 3-3b) JEUARHR F R 2% L
LER T URAR AR, MR R GE M SR T W] DL WARDIR IR . MR8 12 h J5

(B 3-3¢) FrtRE5H AR 2815 50 D9 W EL 2R 10 AR URLAR P 5 3 50 1) B 26 TE 48
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Kb, BRI T REFOEICRE. B)E, ZRN 24 h (E 3-3d) J5EANR
NiFe-MOF Fr R 2 1 i ts, FEMRIMPRRDRY B &, RINARS AL
Fro

3-3 (a) NiFe-MOF, (b) NiFeSe@NiFe-MOF-6h, (c) NiFeSe@NiFe-MOF-12h, (d)
NiFeSe@NiFe-MOF-24h [#] SEM K14
Fig 3-3 SEM images of (a) NiFe-MOF, (b) NiFeSe@NiFe-MOF-6h, (c) NiFeSe@NiFe-MOF-12h,
(d) NiFeSe@NiFe-MOF-24h.

¥ 3-4 y NiFe-MOF FUA AL fi74E NiFeTe@NiFe-MOF ] SEM K%, M

A R] DL A AT AR R AT AR AT SRR AL, S HF A 5 N ERR R B SR 6 h J5

(K 3-4b) FLAE WL NiFe-MOF Jv )2 EHIL 7 SRR EY) . 4= 12 h J5

(B 3-4c) FrR&S My L HUBURI Y BN S T /L NiFe-MOF J7 2 L, ZILH

T RIFIESRG . GRB 24 h (K 3-4d) J&, FIZSMIFAEARSANE W &
(R RURLAR 4 T FF A R 245
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3-4 (a) NiFe-MOF, (b) NiFeTe@NiFe-MOF-6h, (c) NiFeTe@NiFe-MOF-12h, (d)
NiFeTe@NiFe-MOF-24h f] SEM {4 .
Fig 3-4 SEM images of (a) NiFe-MOF, (b) NiFeTe@NiFe-MOF-6h, (c) NiFeTe@NiFe-MOF-12h,
(d) NiFeTe@NiFe-MOF-24h.

KM X W& AT 5 (XRD) %f NiFe-MOF. NiFeS@NiFe-MOF-12h.
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37.9°. 40.3°H1 50.9° 4048 (o oRAEHRIE FINTHTIEE, X REEFRHER i FeS i Y (4R
I (PDF#76-0964), £ 29.6°. 49.4°H1 58.7°4b% 0 = ML A FIMTH G, Xt
FEFRAE R A NisSy 5 B B R 1E 0  (PDF#74-1336) . & 3-5b i {0 i 28 K
NiFeSe@NiFe-MOF-12h, HH7E 15.6°H1 18.3°Kb&k i B FEARyE: (AT ST, X1
# NiFe-MOF g fR-IEIE . 76 30.4°. 32.4°, 42.1°H1 50.5°4b9R 15 0o T briE
HORTSUEE, XN THR#ER v FeSe HIHRFIEIE (PDF#75-0608). f£ 29.5°. 37.1°,
42.6°. 52.4°H1 52.7° 4075 (0 =M TEARIE AT, 6 RIEFRIE R NisSea FUHFIE
I (PDF#85-0754). [ 3-5¢ #4328y NiFeTe@NiFe-MOF-12h, FHH7E 9.3°
AT 123K SR (A TEARTE AT S8, % W36 NiFe-MOF di 2 [RHFAE IS . 7E 30.1°,
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30.9°. 36.9°. 41.5°A045. 740Ky CAFAERRIE AT U8, X REFRTEE R B FesTe Y
FREVE (PDF#41-0795). fE 31.7°. 47.4°F1 59.6°AbkE A2 FEARIE AT S IE, X
N EFRE R F NisTex FIFFAEIE (PDF#08-0004), JEid L E&s Bk v, EsET
NiFe-MOF. NiFeS@NiFe-MOF-12h. NiFeSe@NiFe-MOF-12h. NiFeTe@NiFe-
MOF-12h FI& -
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3-5 (a) NiFeS@NiFe-MOF-12h, (b) NiFeSe@NiFe-MOF-12h, (c) NiFeTe@NiFe-MOF-12h
() XRD K3t
Fig 3-5 XRD patterns of (a) NiFeS@NiFe-MOF-12h, (b) NiFeSe@NiFe-MOF-12h, and (¢)

NiFeTe@NiFe-MOF-12h.

3.3.2 NiFeS@NiFe-MOF. NiFeSe@NiFe-MOF, NiFeTe@NiFe-MOF RYEE {314

REAI

FE=HRIR RGP, WAFRRRERAATA . AT A . R ATAE ) NiFe-
MOF #47 7K. K 3-6(a-c) & A [FERALES 3] NiFeS@NiFe-MOF [P fE
MBI ATLLT fi# %) NiFe-MOF fEfRML T 12 h J§ (NiFeS@NiFe-MOF-12h) 5%
T MG R R . 5 NiFe-MOF ALk, NiFeS@NiFe-MOF-12h 7EAN[F] HL it %5
ETNHRIE AR 7w, IF AR 2 N5E (NiFe-MOF K% Z M6t
N 38.2%, NiFeS@NiFe-MOF-12h [ Z3MEREN 62.3%), MM AR MG
F7HRE (WA 3-6b AEH, NiFeS@NiFe-MOF-12h B EB/NAIHSL), 7
10 A ¢! FCHEAEFR T 1000 F&lJ5 NiFeS@NiFe-MOF-12h fEHLH T mfa e v,
LE SRR RIAE] T 98.6% (NiFe-MOF [IfEIMEEHEAH 13.7%). K 3-6(d-f)
& & AN [A] Al 4L i 18] NiFeSe@NiFe-MOF [ #H o< 1 6 . M B A BL T iR 3
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B 3-6 A [F] ) B2 [H] NiFeS@NiFe-MOF HLR) 1) (a) f5 2% % BEE],  (b) Nyquist BIFH (¢) 10A g
MR PEREIE, AN[R] I BB [A] NiFeSe@NiFe-MOF HLAR 1) (d) s 5 HREEl, (e) Nyquist B!
(0 10 A g (ITEEREE], AR SR [A] NiFeTe@NiFe-MOF HLFZ K (g) s MEREE, (h)

Nyquist FF1 (f) 10 A g FIEAHERER
Fig 3-6 (a) multiplicity performance plots, (b) Nyquist plots and (c) cycling performance plots of
NiFeS@NiFe-MOF electrode at different reaction times for 10 A g!, (d) multiplicity performance
plots, (e) Nyquist plots and (f) cycling performance plots of NiFeS@NiFe-MOF electrode at
different reaction times for 10 A g”!, (g) multiplicity performance plots, (h) Nyquist plots and (i)
cycling performance plots of NiFeS@NiFe-MOF electrode at different reaction times for 10 A g’
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R 3-2 AN HUARA R FAb A RE
HURRAA R 44 B LR (Fgh ERMERE%  EIRENERE%

NiFe-MOF 2020.8 38.2 13.7
NiFeS@NiFe-MOF-6h 1660.3 66.5 243
NiFeS@NiFe-MOF-12h 2172.2 62.3 98.6
NiFeS@NiFe-MOF-24h 1252.1 48.0 50.8
NiFeSe@NiFe-MOF-6h 1279.3 73.0 76.9
NiFeSe@NiFe-MOF-12h 2327.4 723 79.8
NiFeSe@NiFe-MOF-24h 2085.8 73.5 63.8
NiFeTe@NiFe-MOF-6h 21183 64.7 87.0
NiFeTe@NiFe-MOF-12h 1980.1 83.6 87.8
NiFeTe@NiFe-MOF-24h 903.4 91.3 93.5

3.3.3 MOFs T4 L. UM RIBELFE AL
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NiFeSe@NiFe-MOF-12h 2 & X e K 78RO IS (] A5 26 PE RE I bh s an & 3-
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Xt T NiFe-MOF BAR KI5 R PERE (38.2%) Bt Ja i) F BRI 5 Mk BE R A5 21 1 42
Tt G & BHEL AN GINGRL T MOFs 7EAN R FRLI S B R R A7-fil FEL T (19
faEtE), Hrb NiFeTe@NiFe-MOF-12h [ f5 R M REAINH R KL F T 83.6%. [
J&, BRBTHIMEREINA LS Fad &l 3-7c P, MEH AT BLE i NiFe-MOF [ Hifif
R (R X B SRR, ek 2 i e B AR FEAC R B 2 Fl ek s G i
SBTAINGR T MOFs [ H-FAERRCE), BHIUBR/NG A FI T80 A 0 EE

HLREAIRE, $RTF A R B RE R . )5, NiFe-MOF. NiFeS@NiFe-MOF-
12h. NiFeSe@NiFe-MOF-12h. NiFeTe@NiFe-MOF-12h Hi {1 3 F2 e PERE L
W 3-7d fiar, W] LAE BRSO NiFe-MOF [P fa e M2, 7£ 10A g
T ABHRAIEIS 1000 K5 R A PRI RALX BIHIRME R 13.7% (X FERE A
MOFs Z5H7EK IS R IR I RE /G, S5 HHHR S 80T Lo & BRI RO,
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B 3-7 NiFe-MOF. NiFeS@NiFe-MOF-12h. NiFeSe@NiFe-MOF-12h. NiFeTe@NiFe-
MOF-12h 1] (a) GCD Hh4k, (b) 5% EEE, (c) Nyquist B, (d) fEAFaEERE .
Fig 3-7 (a) GCD curves, (b) multiplicity performance, (c) Nyquist plots, and (d) cyclic stability
performance of NiFe-MOF, NiFeS@NiFe-MOF-12h, NiFeSe@NiFe-MOF-12h, and

NiFeTe@NiFe-MOF-12h.
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3.3.4 NiFeS@NiFe-MOF-12h 45 #3RAE

& 3-8 NiFeS@NiFe-MOF-12h [f] (a) TEM %%, (b) HR-TEM E{4, (c) Mapping E{%, (d)
TEM-EDS K.
Fig 3-8 (a) TEM images, (b) HR-TEM images, (c) Mapping, (d) TEM-EDS elemental analysis
map images of NiFeS@NiFe-MOF-12h.

T %G, X NiFeS@NiFe-MOF-12h 347 | TEM FIZRAE, DUHRALE H AL
5451, 7] LA H NiFeS@NiFe-MOF-12h 5 SEM E£AE 45 BAHE, 2N
Rty (E13-8a). Bi)G, mordiii@al i RIESs R an &l 3-8b o, I LLE W
W AR 2R S0 BoR 7RI RAF, BEAM 0.742 nm (& RE ) EE B A & T
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NiFe-MOF ] (010) &l 0.213 nm K& AERIH)E T FeS #Y (202D #ATHIM
0.278 nm ) fm % (A FE U JH & T NisSz ) (220) fTfi . NiFeSe@NiFe-MOF-2
Mapping FI- i85 R aE 3-8c FiR, . Bk, 8 SRIBCRBI S M ARTER
MR . TEM-EDS JGR T (K 3-8d) thRHHZRMIAGE. . 8. %A
MICHR.

Ba)5, FRATRIH T XPS 2041 T NiFe-MOF #1 NiFeS@NiFe-MOF-12h ) £ 1
TCEH AN 57221k . ] 3-9a 4 NiFe-MOF Al NiFeS@NiFe-MOF-12h [f] XPS 4=
WK, ATRAE R, Bk EABKCERBAFLET NiFe-MOF 1 NiFeS@NiFe-MOF-
12h 1, TR G EINARAE T NiFeS@NiFe-MOF-12h. C 1s &0 #2Oki i & 3-9b
F7R, fE 284.8 eV A 288.4 ALHIRT U&7 J % N C-C BEA1 O=C-O #, B4t
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874.1 eV AEHIATHSUE, 73 70 N AG BT ER I Ni 2pia 1 Ni 2psp, I HAEG WA T
BV, TSRS Fe 2p W1l 3-9¢ Fizn, fE 709.9 eV, 713.2 eV F
715.3 eV AL HIRT S, 3 RIXE N Fe 2psn. FEIE (Sat.). 1 Fe2pin. Hit, i@
it Ni2p A Fe2p iE#] | # 0 R MEL TR AFAE T NiFe-MOF #1 NiFeS@NiFe-MOF-
12h . B 3-9°8 S 2p B HEEOkE, 1E 164.1 eV, 161.8 eV Fl 169.0 eV &b
I RTETUE > IR P S 2pias S 2psns AI—MpEIE (Sat) 1320, [ s DA
4y #r A A1, NiFeS@NiFe-MOF-12h H1 7 7£ % NiFe-MOF, Jf H B EiE T
NiFeS@NiFe-MOF-12h #&7E NiFe-MOF %4 ¥4 () 3 At _E il i i Ak 7 A2 3R 1510
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3-9 (a) NiFeS@NiFe-MOF-12h il NiFe-MOF [f] XPS £ ¥i%, (b)C 1s, (c) O Is, (d)Ni

2p, (e) Fe 2p 1 (f) S 2p Wi 2 #F % XPS Jikk.

Fig 3-9 (a) Survey XPS spectrum of NiFeS@NiFe-MOF-2 and NiFe-MOF, high-resolution XPS

spectra of (b) C 1s, (c) O 1s (d) Ni 2p, (e) Fe 2p, (f) S 2p.

3.3.5 NiFeS@NiFe-MOF-12h e {4 S 4 BERF 52
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Fig 3-10 (a) The cyclic voltammetry curve of NiFeS@NiFe-MOF-12h, (b) The linear relationship

between log(i) versus log(v).
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3-11 (a) NiFeS@NiFe-MOF-12h 7EA A4 3 T (1 A A HooTmk I, (b-0) FfiH R
N1, 2, 3, 4, 5mV s IR AR B A ST E .

Fig 3-11 (a) Capacitance and diffusion contribution plots of NiFeS@NiFe-MOF-12h at various
scan rates, (b-f) Surface capacitance and diffusion capacitance contribution plots for scan rates of
1,2,3,4,5mVs",

WL A 1-7 % CV T Z R B, 433 T NiFeS@NiFe-MOF-12h HAR A4
B T i AR A TRk A 0 e, 45 RaE 3-11 fos. £ 1 mV s i
AR, P HCE A MR A R B sTRME 2 R AR, (EBEE R AR,
3B A ) ) TR B3R BRI, T % T R A 4 o ) LM G N, AE T4
HEN S mV s I, R A LA B 67% 4 i L A 4 I ) BB
33%. X LB ZE R I R A o T 5 AR A A A R AT B O R A 3 A R T
K.
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3.3.6 NiFeS@NiFe-MOF-12h // AC HYEE {4314 R

N T B iE NiFeS@NiFe-MOF-12h #4 ¥} 75 SZ br B A 19 7] 68, AT LA
NiFeS@NiFe-MOF-12h {ENIEM . MR (AC) fENTR, MIhRI4%E 70
R AR (NiFeS@NiFe-MOF-12h // AC). T 5IRATFIZEHE 5 mV s — 50
mV s R R X ] Y REAT TR 2B I, et S 18] 3-12a B
A DL I AR 380, CV il 2 60 22 A T AR 38 K HLT R AR K A 1
Ak, X T NiFeS@NiFe-MOF-12h // AC FEARIFE R N H A K&
EPERE. B 3-12b AR BRI T2 K, T GCD 4R 7 B i L T A
ZEARKR, AR T #0F REF BT B 3-12¢ o T NiFeS@NiFe-
MOF-12h // AC TEANFR L %5 & PRI LL 258, ATDAE R EEE SA gL,
6Agl. TAg!. 8Ag 9Ag A 10Ag! N, ZHFMLLLEEDHIEET 221.0F
g'. 2063 F g'. 1942.0F g'. 1819 F g'. 1724 F g'#1166.1 F g!, [AIi} 284
(s RIEREBIE R T 75.2%, XL NiFeS@NiFe-MOF-12h // AC £/ [A] B i
W B RA R BASE RAE i B A 1 AE ). ] 3-12d 9 NiFeS@NiFe-MOF-12h
/] AC HIFHHTINRSE B, MKt A 45 NiFeS@NiFe-MOF-12h // AC i) Rs HFHZ) N
1.5 Q, Ret WHFHZI N 1.3 Q, XU T & F A RACHRE, Bt NiFeS@NiFe-
MOF-12h // AC A BENS eI tHAE 3 1R LAy A7 RE U AT FEL R BE . & 3-12¢ B i
TR IR EE SR ERE KRR, ATLE R S8 F4t 78.6 Wh
kg'. 73.4 Whkg'. 69.1 Whkg'. 64.7 Whkg'. 61.3 Wh kg i1 59.1 Wh kg™ [/
DR ERy, HAEREE LT T 4007.9Wkg'. 4857.4Wkg'. 5679.5 Wkg
. 6416.5Wkg'. 7211.8 Wkg' 1 8151.7 Wkg!'. & i, NiFeS@NiFe-MOF-12h
I/ AC I Fa e MRS RAan &l 3-12f s 76 5 A g IHREE T, JiZ 6000
YRIA 78 LG 3R NiFeS@NiFe-MOF-12h // AC ] Eb FL 25 457 AT 31 1 WIUA1E 1)
85.0%, IXJEILH TR AL R AR M. I HNEIR B mT DL T A 21
7E 6000 8] () 78 3B E PR 1 NiFeS@NiFe-MOF-12h // AC I FEAS R AR FRLE 98%
KA, KRR T SR R AT . B 3-12g 5 NiFeS@NiFe-
MOF-12h // AC fiseiseydE B K, WA NiFeS@NiFe-MOF-12h // AC #3447 LA
mSGANRBE [RRE RAT 95 R s BT O . @I BL X NiFeS@NiFe-MOF-12h
/I AC HERERITEAN 3BT, FRATATLL T AR EIZ8 5% NiFe-MOF HEATBRALATAE B 1EAS
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F|f¥) NiFeS@NiFe-MOF-12h AL 7 LA PERE, FréH 3611 NiFeS@NiFe-MOF-
12h // AC HA A S Re &% A D) 2 FE AR e B Feoe v . ERLE, FRATT AT
# ¥ NiFeS@NiFe-MOF-12h H A % R I 1M A 5 .
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< Z 1.2}% \ 9ag! g 200 942 yee 1724
= = \ wag' [ £ 24 166.1
g £ 0o} \ g 150
@) 0.6 © 100
O = S
=
. 0.3 5 s0 |
wm\js: :%
-0.04 " L " L omvs 0.0 L " " N ‘0
0.0 0.4 0.8 1.2 1.6 2.0 50 100 150 200 250 5 6 7 8 9 10
i s. SC Time (s) Current density (A g!)
Potential (V vs. SCE) ime (s “urrent density (A g

300

a
S
3
S

f

d ® NiFeS@NiFe- MOF-12h // AC ~

Rs Ret w
Pt
~ 40}
.
=

'
= 250}

3
S

g 200p
N

1
..........

/

n
S

Ohm
g
Energy density (Wh kg™)
3
Specific capacitance (F g)
.
.

0 10 20 30 40 50 60 000 4000 6000 8000 10000 0 1000 2000 3000 4000 5000 6000
Z' (Ohm) Power density (W kg™) Cycle number

& 3-12 NiFeS@NiFe-MOF-12h // AC [¥] (a) CV #iZE, (b) /NIFIFEILEEFE T (7
28, (c) 5% MH8E, (d) Nyquist B, (e) Ragone &, (f) TEMHRER], (g) NiFeS@NiFe-MOF-
12h // AC #e At ki e B Pt
Fig 3-12 NiFeS@NiFe-MOF-12h // AC of (a) CV curves, (b) charge/discharge curves at
different current densities, (c) multiplicity performance, (d) Nyquist plots, (¢) Ragone plots, (f)

cycling performance plots, and (g) NiFeS@NiFe-MOF-12h // AC device light-up device plot test.

3.4 INgG

MOFs AT2E B % 4 J@ 4k & W78 AT MOFs 8 53 45 Pk 1) ] e o e L2 ik 7
GRS AR, FHRESEN A FL, AT 5 KRG B
Jivk, EHEE LUK R ZHR (PTA) NELKS T NiFe-MOF, #RJ5 F LA
NiFe-MOF MR 2t BRI AT A . WALRTAE . WifkfiTAE1S 8] T NiFeS@NiFe-
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MOF. NiFeSe@NiFe-MOF. NiFeTe@NiFe-MOF, Jif5#f) MOFs fij 4 it i 4
JRBRGEA AV HAE RIFHI AL ERE, TERREE N 1Ag" T, NiFeS@NiFe-
MOF. NiFeSe@NiFe-MOF. NiFeTe@NiFe-MOF [FJ L HL 27> N 2172.2 F g\
23274 F g\ 1980.1 F gt FFH WA KIGR 7 A R EERE, 76 10 A g FUHIR
FEENHEAT T 1000 K78 B E A K, NiFeS@NiFe-MOF. NiFeSe@NiFe-
MOF. NiFeTe@NiFe-MOF ] LA LRFFH 7371 9 98.6% 79.8%. 87.8%. B 5Kt
G RE BT 1Y) NiFeS@NiFe-MOF 4145 il NiFeS@NiFe-MOF // AC B4 L2525,
IR TR R IR N 4007.9 W kg! i, BEEZFENIAF] 78.6 Wh
kg'o JHH, BB AAREMIREN, EHREE SA g K4 FTHHEAER
203.8 F g, ABCBAEI 6000 k)5, HHAIREFFAVIGEER 85.0%. XLL4E
T, i) MOFs MRHHLL MOFs 74 I 4 J8 B i b & B4 2 1 R s
RERCR . i i S RA T GRS B I, TEB R F 25 25 PR R B 45 A
RIS 7 6
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SEPUE S RIRIAE ZnFe-MOF MARR EHSTRARE
B 5 52 T O 2

415|535

B FR R I WTIES 7 IR R I . T PR 0 74
B L ) A 2O 7 T AR WL — 197, T SR A AU
iR RO REV A ML T B AL B R P B RGERIT R Ve, HUPRE. KPR A
HATAERRBD SN I BT 7 . BRI, T R A P A
BTN G 142,

BEAP R A B A=K, BRI, A A g R4,
B A AR M A B R, B RR . ERE N AR
AL, B L TP AL 2 DR BRI KO3 A T S 2 SR A
3 EL ST H0 3 350 0 DA 3 B 30 7 5 FRCVS1480, 820 st 08 A
FHUE A MO K MR R BORHO T B B4 00 4, ELFEAR G
A LI Z R T B IR AR A B L R 5 3 P 0
R L8 G 3 0 A5 € 0 P A D919
G SRR R g B A B AT ST TSI UMb, LR B LL AL (823
mAh g). SRHAHIE R (SRR AEE R 0.76 V). ATEERAI L
RSP ELAE R G I ] (0 76 P R R RS B SR 0 T/ P38 4 22
6 B IR T 72 OSSR T R ERE T8 i 06 T 2 B P
BT R TF AR 7T 0] R R A B 10 R 1 22
[152-154]

R B G BIEAT S T M R 77 B0 = RS0, 2, SRR
7 VA B R TTUR LR 2R TR S i RO B2, 774
O 80 T 5 S O (G B P A, L TR 77 0 LA BB R TR 4
R T e SET AP R R A7, 32, R RIRE M0 %
AR SRR L — J2 4P BRL, 2R OB 0 T 7 A 05 2
RERRS BER A B 208 0 B0 2 SR B SEHLR T B SR P AL 2, (Lt
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TURIE R Fr 2 1B &5 6 1M 5055 1) 9% 2R B FR AR AE K I B] 1 AR R IR = AT e it
Vo I 5 S H AR A B FRAG S PERE B PRI . BB =28, Rl VAR e A v R T 5
RAERK MRS Z, 1ZITVEE T E ROAT DU A4 O/ 47 2 10 )R 2 5 8 3R TR 25
RO — MO AR R34 ORI R I T

MOFs BA B KM LR AR 2 1)l LR M, CHEmH %A
R EE A RN i B = Az [163-166 i HL, MOFs A By —F il R 1 F Al A
Bl AR EAEAORTE KA SN I 2 1Tt m DA ] Ik 3 5 THEE S Ak 2 1
REMIRR . DR, R8RSl bAKIJEM A K —2 MOFs i Z2—Fi &
BRI O SRR S B 7925, B ORI B i 110,

ZUWR K, AR KNG R EESE R EIEALAERK T —Z MOFs
45K (ZnFe-MOF) 33T ZnFe-MOF@Zn Hit%. F&T ZnFe-MOF 4% (LB
SRR AR I G P AE KA B T R A A HI G N 7 R AR A A7 (ZnFe-
MOF@Zn *f FEHBAE HLIR N 1 mAh em™ fl 5 mAh em? TSR, 40 HlRefa g islT
2433 h #1 2252 h), - HHT ZnFe-MOF {R¥ 2 FIAFEMA R T @ B S TR &
AR LA WA R] TEORIR T . TR s S TR SR A
ZnFe-MOF@Zn // AC fEHIREE N 1 A g I4IF FHEZRIAR] T 108.4 mAh g
Lo f£10 A g I HLIRE E T 1 5000 B ) 78 FRAE IR, JE30 5 I B AR OR R 3R 5
£ 99.0%. K, ASLIGHTA RN ZnFe-MOF {#37 ZEAR A R EK T8+
RE BRI Garie 2Tt 7 AF R viee, 2 —F RARKREE )
B R DR A o

4.2 SLEGER 4y

42.1 XEF5%m

A S BT AL 28 545 53R 2-1 A .
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R 4-1 Nsse TG, B G e e et

*® 4-1 LI R — AR

S 24 ¥ 72 b

1,4,5,8-Z% VY FH iR C14H3Os F Mk (Macklin)

LK SRR ZnS04 7H,0 [ 24 £ L A R A BR 2 7]
INIKE RN FeCl3-6H,0 F Mk (Macklin)

ToK L CH;CH,OH [ 24 £ L A R A BR 2 7]
EETK H>0 7= F 4K

BH EEE 0.1 mm) Zn ZROIER R R A A

4.2.2 ZnFe-MOF@Zn Ho%$ &

£ 40 mL ) 5 VY5 M5 AT R 43 A IIN 15 mL (1) 258 A1 15 mL i) LBE )
B EDREFRELR 10 mg 19 1,4,5,8-ZE DU HER (NTC) AIAFEHE AR 30 min. 578
SRS, M 3 mL 0.001 mol L S BRIE RO AT BB BT 4 (4 v (2.4
*3.5 em?) —IHFEH A 40 mL R LM N AT AN BM IR N3 d, 7E 80 °CHRHE
P12 he SfFRMNAHRIG, RMNEAMEZEER, T Zn Fr, HEBETK
ARG T, P se S S IONE] 60 CHIMEAE T2 H .

4.2.3 SEHIFRIE

K 2 Rl RAEF B A e ST R 0. R H AL S-6800 141 H %
(SEM) MR S TG H M ATRHE; {58 SmartLab X ST (XRD)
AT AR LSRR A SL250 ' 24 fuk A O 8 T ENR R M. TR A
WMS-1030 A=) s S e A il AR AT

4.2.4 BALZ M EEMIN

CV. GCD F BIS MR A 2.2.4. X it R G5 i AH F (1 IE Ak (4% 8mm 1)
PEEl ZnFe-MOF@Zn [ /)« 2 mol L' ZnSO4 H MR« B 38 £ 4 [ i K 501
LanHeCT2001A WX RSk, FEBATH A W E RANER E PRI
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3ERSITIR

4.3.1 ZnFe-MOF@Zn 8 & MR RAE

Zinc tablet ZnFe-MOF@Zn ZnFe-MOF@Zn // AC

T s <,

After cycle I r——— —
k\,\x e Yy \/ —— s
—C ‘\\ I e, S > N A e
o S e oo

4-1 ZnFe-MOF [I4r R IR 5 K 2 284 ZnFe-MOF@Zn // AC IR .

Fig 4-1 Synthesis of ZnFe-MOF, inhibition of zinc dendrite growth, and schematic diagram of the
device ZnFe-MOF@Zn // AC.

WME 41 FoR, DR NILE, AN =S Bmmzlvhes i, BERD, 4
T BB T RIEAA NTC — e K AR R A R BNAERE i b A A K — 2
ZnFe-MOF i, X523 7 AT FHEN ZnFe-MOF@Zn . FRATLLAT &
B ) ZnFe-MOF@Zn 1E Nt 3P FRARAE N IEAR . 2 mol L 1) ZnSO4 fEH
RV BT YE A R R R D) 2H 26 8 B IR A B R 45 ¥ ZnFe-MOF@Zn //
AC. MWEIIRATHATLL TR, KB A BORER G, B FAKH T
BERGE, WRATEER R AR LA, KA AR A PR A AR, 5
B TR A A s A N BRI T A B B R S B A AR AN REAR S T
ER . MIRAIFTE R ZnFe-MOF@Zn H#%[KH K ZnFe-MOF {32 17
FE, P TR IR AR AT 38 & O TrORR 7 AN 3 T 38 S, 1 SRR 4T 4 B M A
BB T RE, RS TR GBI AR TR STRENEBIT T E, 5
TEE RS YRR A A A A
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| Era b

& 4-2 (a-b) ZnFe-MOF ) SEM K14, (c) ZnFe-MOF f#] SEM-EDS JC £/ #1 &, (d-g) C,
O, Zn, Fe WtEm Al
Fig 4-2 SEM images of (a-b) ZnFe-MOF, (c) SEM-EDS elemental analysis of ZnFe-MOF, (d-g)
Elemental distribution diagram of C, O, Zn, Fe.

T SEM WA RAE T ZnFe-MOF FITOWIES . Kl 4-2(a-b) T] LLE H ZnFe-
MOF {R7 Z 3 S A AAE R IR, SN ZnFe-MOF S 3 9 [ IR 8 v
JR45H . X ZnFe-MOF R Z3R MK TG R 4T EDS 70 (&l 4-2¢), #iE T
ZnFe-MOF fRIFESHB. A . Bouk. FERIXIXLEITTERAE ZnFe-MOF fk
PR ATGIRGLHEAT T Mapping RAELS R ANE 4-2(d-g) s, B A B 8ot
RIS M A LERE R

a i —— ZoFe-MOF@Zn b
—_ . .' ’_.\
= ) J k S
< s )
E CCDC-1815182 z WY g Al
= =
= o
— -
= =
= Zn PDF#87-0713 | ™=
T , : : :
10 20 30 40 50 60 70 80 5 10 15 20 25 30
20 (%) 20 (°)

&l 4-3 (a) ZnFe-MOF@Zn, (b) UKJ5 ZnFe-MOF@Zn ] XRD [&]if%.
Fig 4-3 (a) ZnFe-MOF@Zn, (b) XRD pattern of ZnFe-MOF@Zn after magnification.
13d XRD *f ZnFe-MOF@Zn #1471 #f— P 3&AE. Bl 4-3(a-b)/& ZnFe-MOF
) XRD B, £ 36.3°. 39.0°. 43.2°. 54.3°, 70.1°H1 77.0°4b 4k 05 Bl briE
fiThfug, XPRIZE 8 (PDF#87-0713) R HIHFMEVE, 7E 8.1°. 8.8°. 12.0°
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21.5°F1 22.7°4b W5 (2035 T2 bR v O AT 8 0%, X B 5 L $L 1 ZnFe-MOF (CCDC
1815182) EMARHIRFIEIE ., IXLbat B T EsE i 3R BRI 2K T ZnFe-
MOF {#%" ),

4.3.2 ZnFe-MOF@Zn 8 &7 R 14 RE MR

RENHT 3RJE TXRJE RBENH TRJE

& 4-4 (a) ZnFe-MOF@Zn [l M EME, (b) B F il A %, () #F 4 1 ZnFe-
MOF@Zn Z17E 2 mol L' ZnSO4 HLfRE F 0 3. 7 KuT/E MK, (d) £ Al ZnFe-
MOF@Zn 12I7E 2 mol L' HifiiH 0. 7 K51 SEM B4
Fig 4-4 (a) Contact angle image of ZnFe-MOF@Zn, (b) Contact angle image of Zn, (c) Images of
Zn and ZnFe-MOF@Zn before and after immersion in 2 mol L' ZnSO4 electrolyte for 0, 3, and 7
days, (d) SEM images of Zn and ZnFe-MOF@Zn after immersion in 2 mol L' ZnSOy electrolyte
for 0, 7 days.

N T R FUBUE JE R P FHRR R B PRV R) PR A, FRATT 20 n 8
Al ZnFe-MOF@Zn #H4T T %M f R AE, RALLE 4 e 4-4a Al 4-4b FiR
BE T A AN 86.8° R I HBEASE K A B /KIPERT, Tl ZnFe-MOF@Zn [1)4%
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fil ff1 9 33.9° R I BRI KK, X AUEF| T ZnFe-MOF@Zn FI IR EE HL AR
(78 o 4, Lh e 5 0 R B 25 ) 1 5 R 1) AT PR 1) LA 38 D
B, GRTHRT R AR . BRI TR 4 AR ZonFe-MOF@Zn N3
2 mol L' ZnSO4 MM AT TIRIBSELS,  DAISRAR 7t s BROGT Ha A R PO i 52 72
JEEERANE 4-4c PFron. WIDTIRAKSE N BIBIREF B BIDE RN &8
TG, R =R JE R I B DGR TT R 2R AR T T 46 H B SR IX W B 2 A
ONBE T R M U6 A2 BB, IR I-E R 5 B P (0 <8 s D' A TR Vi 2R 3% T BRI
KB ERX A RER TR BRI SE. KW ZoFe-
MOF@Zn NIFFUEARIZNE AR, ZnFe-MOF@Zn EIH KL E, Ril=K
J& ZnFe-MOF@Zn IR S HRMCEAR K IMH BN, Zil-ER)E ZnFe-
MOF@Zn FIf 6 KBS VISR . B/, 8 BB RAE 1 & v il
ZnFe-MOF@Zn £ ATIN BB IR ¥ 2 IR -ER G BB R, P fs B 45
Rl 4-4d Frox. g R LOEMTHLE BB IR B R ERIAEKH T — 2
ToFF (e AR G5 CRER AR, IX 2 M AR (9 1 e L 28 3 BUB 0 A 28 R A 1
M, ZnFe-MOF@Zn 2L RJGR ML A K AEHE KA, XK ZnFe-
MOF@Zn 7t ZnSO4 R H T 52 & & HBUNAGE , XA T ik 5 AR 7]
BEAT RS AL SRR

BATCLE A 3 B . B2 A A1 ZnFe-MOF@Zn, N TAF Bt HIRH NS
FEHLH) . 2 mol L ZnSO4 N HLMER AL e 1% | = HARl R G x) 8¢ i Fl ZnFe-MOF@Zn
BT M S AR TR I . B FT ZnFe-MOF@Zn 1) LSV 2k an 1 4-
Sa iz, W LLE HEE A BT IE N -0.093 V 1] ZnFe-MOF@Zn ¥4/ E| -0.178
V, ZnFe-MOF@Zn )4 & A7 3 Ok 58 W A S S 8 28 45 B8 M 47 170 S i e 7
ZnFe-MOF R4 Z4MHI RIS B (A BikA. B A ZnFe-MOF@Zn [
Tafel fiZE W& 4-5b fi7R, HH Tafel #h£k ] LLit5 4 A Al ZnFe-MOF@Zn )
PR 5 43 50N 1.57 mA em?. 0.54 mA cm?, ZnFe-MOF@Zn %1% (& b e
TP VLA PR AR B T I, X P IESE T ZnFe-MOF R4 JZE HI LR
YEHT . BEJEFAILE 5 mA em™ () FLIAUE R X B2 v ZnFe-MOF@Zn #E4T 1 4FAYL
A PR UORR S 36 OG22 BB HEAT 1 I RRERAE, SRER A5 R0 & 4-5¢. &
4-5dffio. W LA AR TR Z 1 EE v R TG TCRURDIR Y BT, B BEE DIARITAS 5
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min J5 G 8 R BTG A ORI BT CRER AR D, B URRINT 8] A 1
FABE R T AR AR BOR BRI AN, R A A B A DUR N ) 9K T AR 1Bk BTG
FAK. KM ZnFe-MOF@Zn, TEJIRZ T ZnFe-MOF@Zn R IHGIE TR
YR, BEE VAR R R, FFRTE ZnFe-MOF@Zn FIFTH b & A 51 ik
R CEERLERD, X UL T ZnFe-MOF R4 JZ 40 1 b i TR I T %
BRI IRIEH

20 1
a Zn b Zn
&~ ol ZnFe-MOF@Zn 0F ——— ZnFe-MOF@Zn
\ //——__ —_~
R <-
< ! E
£ ! 2
:‘ -40 | ;
= | &)
e I =
; -60 F | %n
| =
© -80 | 1
I 6 F
100 | X L N " " "
-0.3 -0.2 -0.1 0.0 0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Potential (V vs. Zn/Zn*") Potential (V vs. Zn/Zn>")
c

0 min 5 min 10 min 20 min 30 min

4-5 £ 7 fl ZnFe-MOF@Zn ] (a) LSV 14k, (b) Tafel #iZk, (c) £ /7 (d) ZnFe-
MOF@Zn 7E 2 mol L' ZnSOq AR AR TR I 72 1 R AV o 2 B i s RS
Fig 4-5 (a) LSV curves, (b) Tafel curves for Zn flakes and ZnFe-MOF@Zn, (c) Zn and (d) In situ
optical microscopy image of ZnFe-MOF@Zn during zinc deposition in 2 mol L' electrolyte.

AV A T Zn M1 ZnFe-MOF@Zn HIXFRE, R 2 FARAE KN [A]
AR E . TEM NN 1 mAh em? (44 R TINR 25 S an i 4-
6a JT7~, Zn WPAR B AL B IS EEBCRELATAR,  ZnFe-MOF@Zn X FK HL it ()
AR EEONEEE, Zn X FRRMAERE BT 193 h Jafs#ik [is1T, XATRes il
TEE B A FE R AT 330 1] ZnFe-MOF@Zn X} Hx Bt B A = Ao e P R A% LA
IR B 47 2433 he B, AEHAES IR 5 mAh em™ 2540 T 2EAT I
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W, MRS RN 4-6b Fion . [FIFE Zn SHFR BIAEISAT 1 163 h jEf51E T84T,
Il ZnFe-MOF@Zn X FR AR EIZAT 1 2252 ho VL LSS RULEH T, Zn fEAHT [H]
T I AR R 2 I R I R B B TEVE IR H IE AT, ZnFe-MOF@Zn NIl & 1E
N [ P PR 5 B R B B R I AL S AR e

0.6 0.8
Zn Zn
0.4 a = LoFeMOF@Zn b —— ZoFe-MOF@Zn
. 04r
= o2l
e 2| e
-
- &0
$ 00 % 0.0 M
2 3
= |
= 02 f -
0.4 SmA em”, 5 mAh em™
04} 1mAcm?, 1 mAhem?
0.6 L L L L L -0.8 L L ; L L
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Time (h) Time (h)

4-6 (a-b) Zn fl ZnFe-MOF@Zn % HLIAE A [F] FL I 25 B I A2 e PR RE I
Fig 4-6 (a-b) Stability performance plots of Zn and ZnFe-MOF@Zn for symmetric cells at
different current densities.

AT ZnFe-MOF@Zn 1E N itk W& IR (AC) 1EAIEN. BIFLA4ElER
BB/, 2 mol L' ZnSO4 ENFHMIME, JHIEIRfAtRTe. s hr. AR bk, B
W BERE. IEMR. IERGR AR RIS TR TR G R A A. X
Zn // AC F1 ZnFe-MOF@Zn // AC 47 170 A i 2% R an i 4-7 Frose &
J&, ZnFe-MOF@Zn // AC fEARFHHE T (5. 105 20, 30 40. 50 mV s [
CV HhZk It 4-7a Brow, M EH AT LA HBE 5 03 1) 3Z 8 K ZnFe-MOF@Zn
/I AC 1) CV BRI FF A KA A1, XU T ZnFe-MOF@Zn // AC EAN[H
(R T R A R R AR PEAN S 1 F AL AT . 1] 4-7b 7E 10 mV s I
B RNXF Zn // AC Al ZnFe-MOF@Zn // AC HEAT T G AR 23R, M A AT DLA H
PR EE CV MRTERA I, XYW ZnFe-MOF {32 A7 E R OB 4 B9
TIRAEBRBEREARONE RN, FHSMEE Cv L EaERERS A%
PERTAHELAS 2 71K, XU TS ZnFe-MOF@Zn REREHEIT B £ AL IR
JRI R, XA B i AR R A FB AT TR T o BB S RATEEAR R IR R (2,
4. 6+ 8. 10 A gh), VVEAHILEE T 2B HRMER TR 74 Zn // AC T
ZnFe-MOF@Zn // AC #4T T 7o M REIIR, M0 45 Rl 4-7¢ fok. MK
A L 1 ZnFe-MOF@Zn // AC A1 Zn // AC [IFa @ MEREAR BN R, 7EMIFAIK)
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HLLE 2 N ZnFe-MOF@Zn // AC (L AR HR =T Zn /| AC, X Ui | ZnFe-MOF
R ZRIAFEIR S T ZnFe-MOF@Zn A71ift L4 11 € /{615 ZnFe-MOF@Zn // AC
UL A3 T3 . ZnFe-MOF@Zn // AC I/ [l B 25 i 1) 7 TR Hi 28 2 P
4-7d Fizs, EHEE N (0.3V-1.8V) [F%MF N ZnFe-MOF@Zn // AC 178 HL AT
HL IS A) K B[R], XA TR S T ZnFe-MOF@Zn // AC % AL ST . B
FAIXE Zn // AC F1 ZnFe-MOF@Zn // AC WIFEHTHEREREAT T, &5 Rk 4-7e
ffizce Zn// AC ) Rs HLFHZI N 8.4 Q, Ret HLFHZI N 150 Q, 1M ZnFe-MOF@Zn //
AC 1 Rs HLFHZ4 8.4 Q, Ret HFHZIN 25 Q. ZnFe-MOF@Zn // AC #ii5 % Ltk Zn
/I AC BE/NIHART RS HPH (Ret), EHH ZnFe-MOF REWS 5471 5 MR 2 A1 E
AFAG 2 S REX T LN TE F AT FE A4 18 ZnFe-MOF@Zn HL AR 1) FEAL 2 PE RER B TT
ZnFe-MOF@Zn // AC A RININRHEFEMBERZE, ME 4-7f Al %1, ZnFe-
MOF@Zn // AC D% % N 1500.2 W kg, 3001.1 Wkg'. 4501.0 Wkg'. 6005.5
Wkg's 74994 Wkg' )\ REEFEE AR T 79.9 Whkg'. 66.5Whkg'. 59.2
Whkg!. 54.8 Whkg'. 50.6 Whkg!.
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Fig 4-7 (a) CV curve of ZnFe-MOF@Zn // AC, Zn // AC and ZnFe-MOF@Zn // AC (b) CV
comparison plots at a sweep rate of 10 mV s, (¢) magnification performance, (d) GCD of ZnFe-

MOF@Zn // AC, (e) Nyquist plots of Zn // AC and ZnFe-MOF@Zn // AC, (f) Ragone diagram.
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BEJE, FAIE 10 A g FIHE S X Zn // AC fl ZnFe-MOF@Zn // AC
177 5000 P& S E PR REM S, R4 R 70 il W] 4-8a AT 4-8b . M
KRR LA Zn // AC BIEL AN 40.8 mAh g 3 HAEIBAT T 1400 MEH G &
AT B LR B AT AR TIEAT, Z AT AR BORARIFAE 95%/5 45 . ZnFe-
MOF@Zn // AC WAL LA N 60.6 mAh g 3F H R Th Ti847 T 5000 MG,
&I 5 R L ORI R 99% At G L M EAR 2% (98% ). 1X KB T il
i FE Zn BB R FEALAE K ZnFe-MOF {472 3K15 1) ZnFe-MOF@Zn HiA)%, AH
A DLBE B T IR A R 4 FB A A 1 LL rL s FLIE Rl s AR e MR A A e . N
TIAE AT %5 K] ZnFe-MOF@Zn // AC HsZhpn i FIPEfE, BATEPA ZnFe-
MOF@Zn // AC B sS5E T /NREST BB 4-8c o, /NBEAT BB R OG5RE R 4T .
B, AT AIRA BRI 2344F ZnFe-MOF@Zn // AC EA 1R K ¥ 52 FH 7 77
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Fig 4-8 (a) Zn // AC, (b) Stability performance and Coulomb efficiency images of ZnFe-

MOF@Zn // AC, and (c) digital images of ZnFe-MOF@Zn //AC
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4.4 NG

AR BRI B TV, AR E A K T — )= ZnFe-MOF R4
F133) 7 ZnFe-MOF@Zn Hi#%. ZnFe-MOF@Zn E A BT IISE/KYE Gaful il
33.9°) Jf Haedll Be i dh A KR S S R A (T LR -0.178 'V, Ji ik

RSN 0.54 mA em™). 11 H RGP BEAFREN, ZnFe-MOF@Zn %}
H/E A 1 mAh em™ fi1 5 mAh cm? [IIEOL T, > BIREREIZAT 2433 h Al
2252 ho P FHAHBE B TR G B A 4R ZnFe-MOF@Zn // AC W AL F K
PEBE. ZnFe-MOF@Zn // AC ThHRZEH 15002 W kg I, REEZEIEE] T 79.9
Wh kg'le ZEEHIREE T (10 A g HHEAEEIX 60.6 mAh g, FfHEEFIK
L, 5000 V%5 bb B AR R R ATk 99.0% . X EE4E BA K ZnFe-MOF@Zn {E4%
BrRGEN AR EE RIS HET].
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FhE FRSRE

A ICIFIE LA MOFs AT A i ¥ 15 AP0 s, BL BTC AMAEE K T
NiFeSe@NiFe-MOF, #R7tHifb Mg, HHsHEBRBSEY. ME,
NT RGVEHAR TE MOFs AT AT IR G YE B A R RIS, Bl PTA AR
&5y HE KT NiFeS@NiFe-MOF. NiFeSe@NiFe-MOF. NiFeTe@NiFe-MOF 3f:
Xt HE SR S A B AL S PR B BEAT T VR IORT 7T . i), HFEE| MOFs (12 FLIk R,
DL NTC NECAATERE itk iR FIEAZE K T — )2 ZnFe-MOF fRH72, FHR
M S EAT ZnFe-MOF {47 |28 5i0E /R 38 TR Al s 2 b, 3L
HZARVEREHEIT THEFE. L LA R MOFs B840 RIAE 2 s 25 s h I 7R HY T4
EFE R R RE . EEAS RN

(D EERWAY) RABORILA R 38 IR IE AL AU B 5
HE, K5 MOFs M4 & RE LT MOFs g ifaett. S RAHEA L
— B BUNFET MOFs MEHERERI 7%, R, fEKMIIZMET, ik Fe¥JiEbh
KI5 BTC B, 7927 NiFe-MOF, #4 5I ANl (NaSeOs) X Hfifk
fiTE133] I NiFeSe@NiFe-MOF. ZMEHERMEE N 1 A g i, HLHA S
17729 F g'o B ARG R ARG, LIREEN 5060.0 W kg i,
RERZE AR 61.0 Whke!. JFH, ZSAAARE R EE, fFEHRREE
10A g M FHHAE N 1734 F gt BEEDZ8 OB AEER 5000 k)5, HLHAERRERR
NHIBEAA ) 99.7%

(2) MOFs fiEwiE S B G WIERA MOF 1t 545 MRt i [ i I e 2
BRI AR, FHESER . ik, @ KME s ER
#| T NiFeS@NiFe-MOF. NiFeSe@NiFe-MOF. NiFeTe@NiFe-MOF, F13 2]
MOFs {745 42 JE R IRAG G VI3 A B BT M A =R RE, fEHR AN 1A g!
T, LLEAEDHIAN21722F g 23274F gl 1980.1 Fg'e I H 0858 T FHRHK
FasE TERE, 16 10 A ¢! IR E FE RREAT T 1000 R BCEIEFAMNA, g
IERFER 3TN 98.6% 79.8% 87.8%. il f5 Kl HA 1 REHLLT 1) NiFeS@NiFe-
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MOF #H#: i NiFeS@NiFe-MOF // AC #7545, WIRTT 1 HUF R D)%
RN 4007.9 W kg B, BEmEHEER[IAE] 78.6 Whkg!. JFH, ZEAHAAR
mIFRENE, EHRIRER 5 A g KM PN 2038 F ¢!, AT HIEFS 6000
KJe, HCHALRRR R NVIRE K 85.0%.

(3) MOFs (1= LR G5 A7 R T 5580 38 ST DT B Fubl b Rl B
FEA . BRI, FEEEUNGR I B RAL R AE R T — E ) ZnFe-MOF /4972, 13
#| T ZnFe-MOF@Zn itk AR RL . ZMRL A 5 B 15K (BEfl f o
33.9°), JTLAfS 31 ZnFe-MOF@Zn HLH A B} e 5 FEUMR 78 70 IO He ik, 35098 1 44
B BRI B AL RN B /)% . ZnFe-MOF {47 /255 £ (0 FL IR 45 /4] 1
B IAER, PR T MRS . JF ELBRAR T AR R AT AU S [ AT
(FTE R -0.178 V), BRAIR T HE i it % B R AL 2% 24 0.54 mA em
2o [N, PRHZERHI NiFe-MOF@Zn // AC TEHRZE 1 A g K, LA
15 108.4 mAh g!, TEHREE 10 A g T4 5000 KA HEIEIR, S RER
HAWIGRAE I 99.0%.

52 RE

AILLLE R MOFs Al MOFs RTAERRAC &I v 3R, il 17— R
ARG R, R VBB AL A RE . (H EIABE T AR T AR ST IR
IREATINRRZEE

(1) ARSCEIRWETE T MOFs fiTER R S WA R 2 f 45 T IR
ERIREE BT Sy Se. Te M@ & 7 Z AN AR ROMLER, DRIUEAE J 8 AR
PRI LUREZRIBEFE S+ Se. Te A< )& i 5~ Z I U [FIAE ]

(2) MOFs OR3P JE AL BF TR S T T A3 B I ROR AT DUOR Y — 2
MOFs fiTA B SV AR BEAT 2k, SRARTT MOFs AT AR R SV IR 2
AR TR G BB AT AN .

(3) FFETIREEIHES W UM — S A R AL B TH,  RIR
JEHIWTIE MOFs {RIPEIMHIBERGH HIALEE, Dy plm ROeE ik fRIP 2 S AL P g
A
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