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FILEFRTAR, 2 AP RIS S 7 R L AR TR A, i T
MR R, S T RBE) )% XU LAE AT m v R R A 1
HURA R LA S B e BT SRR L T T 0%

(3) TE5E I LAEh 4 TAR B AL R ZE T &k e, B el
AL R T HT S S8 4 SR LAk Ak — SRR IE 5L Y (CO2RR) o
K I TRT 52 ) BRI VR ) o 17 BB VR AR I AT I 7K 5 THT £ 6 i
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CONTROLLABLE SYNTHESIS AND ELECTRO
CHEMICAL PROPERTIES OF FUNCTIONALIZED
TRANSITION METAL-BASED CATALYSTS

ABSTRACT

The excessive use of non-renewable energy sources such as fossil
fuels has led to problems such as energy shortage and environmental
pollution, so there is an urgent need to develop energy conversion
catalysts with excellent properties to generate clean energy to alleviate
the energy crisis. Transition metals are favored for their abundant
reserves, low cost and unique electronic structures, and have become a
hot research topic. In this paper, transition metal oxide catalysts were
prepared by selecting common transition metal elements as raw materials,
and the catalyst structures were rationally designed through effective
strategies such as interface engineering, doping of non-metallic elements,
and modification of MOFs, which increased the number of catalyst active
sites and improved the catalyst activity. The specific research content of
this thesis is as follows:

(1) Phosphorus-doped bimetallic oxides P-CoMoO4/CF for water
splitting were prepared. Bifunctional catalysts P-CoMoQO4 with different

morphologies were prepared on cobalt foams using solvothermal

v
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synthesis, impregnation, and annealing methods from transition metal
nitrates, polyoxometalates, and urea. The effects of metal molar ratios,
different metal sources, and solvents on the morphology and properties of
the catalysts were investigated. The catalysts were characterized by the
following properties: P-CoMoO4/CF-1 was used for the oxygen evolution
reaction (OER) in 1 M KOH has an overpotential of 292 mV at a current
density of 100 mA c¢cm™ and it showed an overpotential of 28 mV at a
current density of 10 mA cm™ for hydrogen evolution reaction (HER).
The current density was close to 100 mA cm™ at 1.66 V when used as an
electrode material for water splitting and the material could be operated
stably for more than 24 hours. The high catalytic activity of the
composite catalyst is attributed to its special hollow nanotube structure
and the high number of active sites, and this work provides an idea for the
preparation of electrode materials for water splitting with controllable
morphology and high specific surface area.

(2) In view of the high cost of cobalt foam in the previous work, the
bimetallic oxide-MOFs composite CuMoOx-HKUST-1/CF for oxygen
evolution reaction (OER) was prepared using low-cost copper foam (CF)
as the substrate. The precursor was first grown in-situ on the surface of
Cu foam by hydrothermal reaction with transition metal nitrates,
polyoxometalates, and urea as raw materials, and then annealed under N>

atmosphere to obtain CuMoOx. Finally, CuMoOx-HKUST-1/CF was
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prepared by growing Cu based metal-organic-framework material
(HKUST-1) was grown on its surface. The effects of different
hydrothermal times, hydrothermal temperatures, metal molar ratios,
bimetallic element synergism, and composite HKUST-1 on the
electrochemical properties were investigated. The OER test of
CuMoOx-HKUST-1/CF-1 was carried out in 1 M KOH, and the
overpotentials were 290 and 368 mV at current densities of 50 and 100
mA cm, respectively. In addition, the catalyst showed good stability
after 2000 cycles. The bimetallic oxide CuMoOyx increased the
conductivity of the catalyst, and the growth of HKUST-1 gave the
catalyst a larger specific surface area, and the synergistic effect of the two
modulated the electronic interactions at the interface, accelerated the
electron transfer rate, and improved the reaction kinetics. This work
provides a method for designing high-performance and low-cost electrode
materials for efficient OER.

(3) Due to the poor HER performance of Cu-based catalysts in the
second work, we consider the use of Cu-based catalysts for the competing
reaction electrocatalytic carbon dioxide reduction reaction (CO2RR) for
HER. Cu-based oxide composite catalysts loaded with ionic liquids(ILs)
and having hydrophobic interfaces were prepared for CO2RR by a facile
synthesis method. The effects of different components, ionic liquid types,

ionic liquid amounts and polytetrafluoroethylene (PTFE) additions on the

VI



8 W YN T e VAT

catalyst performance were investigated. The prepared
Cu,0O-HKUST-1/IL1/PTFE catalyst exhibited an faraday efficiency (FE)
of up to 96.5% for the C; product at -1.7 V vs. RHE and excellent
selectivity for carbon monoxide (CO) (FEco = 92.7%). In addition, the
activity and selectivity remained almost unchanged after 20 hours of
CO2RR reaction. Cu,O-HKUST-1 has strong adsorption capacity and
more active sites, [Ls are beneficial to improve the selectivity of CO2RR,
and the incorporation of hydrophobic material PTFE can construct good
hydrophobic interfaces and effectively inhibit the HER side reaction. This
work provides a method for designing Cu-based catalysts with MOFs
with large specific surface area, high adsorption capacity and multiple
active sites for CO2RR.
Wang Jie (Chemistry)
Supervised by Shen Fengcui
KEY WORDS: clectrocatalysis, transition metal-based catalysts, water
splitting, hydrogen evolution reaction, oxygen evolution reaction, carbon

dioxide electroreduction
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images of the samples®!
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Cu@NiFe LDH 1E JyFHAR AN B A% FH T~ FL MK, G FRLUR % B2 AE LR 40 ) A 1.54 A
1.69V B} HLI 4 FEIAF] 10 A1 100 mA em2. ZUA A S AR BIA7LE A X 7K
uf, eRRE T R PE R R, AEBE AR S B BRI A RO,

. _ Chemical o ; Electro-
, Y oxidation 4 USSR calcination reduction
, A i 7 4 =8 ‘ o 3
SRR T AR RT, 20 min S s 180°C,3 h 3 RT, 30 min
Cu foam (CF) Cu(OH), NWs/CF CuO NWs/CF
S it
Electro- m- o
deposition . iH, et B
e PN
: ‘ ; : i 7 Open channels @ 5
ﬂt 15min E——. | S I o |
Cu NWs/CF Cu@NiFe LDHICF —_——

""'"""""7"'""""""""': Horizon lallvdlrechon
Self-standing 3D core-

shell electrocatalyst NiFe LDH

K 1-5 =4i#%5% Cu@NiFe LDH HL {4k 77 1) 46 T 25 2 P29
Figure 1-5 Schematic diagram of the preparation process of three-dimensional core-shell
Cu@NiFe LDH electrocatalysts!?*]

AU 4 A R e A e PEAIRR (V) 3d AR SZ B T ok i
& JB EAAETRE A B R DU AL S OER 51, HA S HERe /e s Tk
[l OER A [HF=#)(*O *OH. *OOH) 54L& fe TERRPE A H B 8 il DL &
MURE I AR AR 1Y, Lin 258 ABFEVRIRER B UTF Mo-NiC0204/CosarN 577 45
P A Bl — 4K BE 51 Mo-NiC0204/Cos 4/N/NF, & RUIHEAL LB A K E RN
W TEAL A . Mo-NiC0,04/Cos.47N/NF ] HER 3t A7 170 mV@50 mA cm?2,
OER {13 H147 4 310 mV@100 mA cm?2. 24 Mo-NiC0204/Cos.47N/NF 1y B Az i3k
ITHLRKES, 7E 1.56 V HLE T RIAIAS] 50 mA ecm?. Gao %5 NB3IJF R T —FfA]
PRI E R LR, R E SRS SR AT, Wl 1-6
fis, FIRSEAE . ARSI & TIRG SR EMME S8R, IHENS
P #E OER 1 HER EALFIBEAT R . 24 Co:W:Cu JE T LA 1:1.5:8 I, HEALFITE
0.1 M KOH &7 i K 1) HER Al OER &, Hoid 54720 5124 103 mV@50 mA
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cm? M 313 mV@100 mA cm?. AT /R KIS, FERLE Y 1.588 V I HY,
ME LA 50 mA em?, I HAK [T AR £iE 1. I 6e 4B A E 6+
BEER T AR, $e5 7 HAYERE, JE B B Hl & A0 R, &
EELE IR PR S Xy 2 T B

Structure formation
Chemical stability

Low overpotentials
High conductivity
High durability

OER/HER Electrical
activity conductivity

K 1-6 2 & &)@ S AR R BT A& B3]

Figure 1-6 Design and synthesis of composite metal oxide catalyst materials (33!
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AEAPRAR . ESG, T CO 7 IR R, F BRI AL, HUUERE R
¥ HER B354, 5 CO2 It JR B EAL SV & S YIAH L, ERURAIR AL T
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Bk DAL 2 e

CORR e Ll F A% VYA ZEHE IR (1) CO 7 H AT 1 A4 220
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BIE A R BRSSP E B &Y (OEFHASIIIRE, =P DAL
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8



8 W YN T e VAT

¥, PIRCHEN PISRA R B RIEAT o BB —FERAT R CO2 70 1 S Y
HERAFINRTE, K55 MMEWM—A 455 TR *COOH Hlalfk, £ Tk
HHMG—A e EGEK*CO FIK, HA&*+CO 2 WEALFIZR I Bk, Bt CO
A SRR COy A TAERR MRS, S5 —A e & TR Al & 1

HHIE(*COY), HHS— HE & XM COOH Falfk, Bt CO.
co, =00

Rate determining step 1 Rate determining step 2 [
Absorb NG sk ot bl syngas |

= r |” ,A, alkanes I
&"a {HO /0 (|2 {CO 0@ |—>
NN\ °”°"’| alcohols

S

-
(H*+e)

L
W/ / coonj'

H,0 r

carboxylic acldsl

=—0—0 §

‘ *CO,~ ‘ electrode

B 1-7 CO» - 2AIE JF N CO AT BER R R A28
Figure 1-7 Possible reaction pathways for the electrochemical reduction of CO> to CO 1381
FEPHAL L) CORR PERERS, AR A REMT 2 BRI 2 R UE LR .
HLARI IS AT V0 S AR D15 4500 712 (AR AT TR, HAr, Stie=

21 28 F gt S F A LA e V7 85 1400,

H 2 e figith (1] 1-8 a)7E 5240 5 LA 266 B 2 b v ) 11 5 A8 3R R T
FHAR A BH 12 58 12 3 A AR o 7E COx FLIEJE R FE T, CO» 2L E N IR
WA o B 3 RS I B 3 S B U (GO I SR oy« SRS AL
r COL IR JF AR P4 LA 35 4+ 1) HER SN2 FP A SNE ) CO2 A1 Hao PHARE ) A2
KA OER [ 78 H AL A EAE CO, HLIE R R BRI h f 2 tg, xR T
COx 1E HLMR I A AR FEARMG, B BTS2 3 1 BEARI,

FEVL BN Y B (& 1-8 by, AR Bl AR 1) — M AT A gt B ¥ CO2 X
A, S —e] DAl e AT, ATIAE AR R AN [E AR SR . BERL) CO2 T I8
AT BRI LZ Y BRI A R TR S 5 CORR IS8, AT A 20k 4
T AR CO2 A T BR A o Ak, VRS AT DAAE simBs 1t v A o AT
i B FELAR R ) HER RSN 10 R A o FE 25 7 B F AR R 10 48 3 284 F gt o
CO:RR HJHLYL % LA IE 2] A/em?, CO I Co =) B 51 FEs 73 5l 4#%3T 100% A1
90%!421,
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FESL SN R L fif v a5 R R SR, EAT BE 2D DALAS BB A AR A S A (T
1-8 ¢), RZESMEMT & T ASHA)— M, FFRRABIR B, JeRREAF
£ o KAL) BB R AR IR R T BORE I IR AR, m] DAY/ IR FELA ZHAPF S 2 45 v
AR T R, AR BRI fE B e . RARIE B COL AT 24 iL 2]
AR, AN e G 2% ot PURRFE HEAL TR TR BE I8 2D COs> A HCOs (77 A2 [,
i LRI LA s I 5 T 3 P IR v LB, /D S RE RN, IR fRIAL T R 11
ZERII,

a Cathode 101 b GDE Cathode C ——
node ) 1 i node
gas prodics | GOE Anode] %ecg,,, o GDE Cathode
outlet 2 Ougye, ‘ s 2 |
‘ 2 G o
— = L £
o, | , 8~ §_=g- i
[ o [o]
[ g [~ 0O
@ o
‘ ‘ F e ®a | 4 Q
CO, inlet | & o Sins - =D
s e /) £3g g e
rofJ’!e 2 2g < = é_
ioh-exchange Nty 2 s ion-exchange 22
membrane 5 membrane g.
[+]
H-Cell Flow-Cell MEA-Cell

K 1-8 (a) H BLHLfigth, (b) Wzh AL MR, (o) B R AH A e B 2% 30
Figure 1-8 (a) H-Type electrolytic cell, (b) flow-type electrolytic cell, (c) membrane

electrode module reactor [*!

1.3.2 ZEEREENTAT _SHRELREHHRER

TR 10— B (B], ANATHRN T K& RS I T vt R AN & Pl i 4
J& AT TR CO i JF N B AN A PRI & B AL B . B4 8 E M RHE
CO:RR 75 T R B B m (K5 M, 0 Au R Ag 3X 25 5t & J@ 4 Ak 7004 FI T CO,
IR CO, EATH CO B FE: IH K T3 L84 A0 71 R D *CO Hh Al B A 4L
S R, HR AR 5 R A B A R CO S R PE sl HA AR R RS AT AR 1
4 JiE AN G K IOk 2 30 HE v IR B A . Kauffman 58 NI HfF 5T R B,
Aups #ESE-1 V vs. RHE I 8B 2k CO, I8 5% CO, FE {HZIL 100%. {HIZ
73 PR AP 6 LA SR A A5 75 0 s m AR R 8 M A I8 FH AR A AN T AT, I IR T I
JAS T 4 S LR AR 1 75 SR 47

Atz FIE CORR FIMEALFI, PN COo Btk e Bt i i i Ak & P
EEMED), AR S CO FEE PR YMLS G ReIE T, AR TR S
JE W E B[R] P24, 1EKE COLIE JR B B = i 7 T 51 7RO O SR, A&
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44T CORR 51— RAVEI S, I HFZARR R Az R IR0
HHARLIEAT B2 . RN SUERI 250 TR VAT 52 COaRR JFHEBOS3,
Cuenya 5 NFUEH O 5B TR HA K 7 —Fl CuO 4K, ££-0.9 V vs. RHE
B, £ B o 20 LA R RS PE AL BEPE(FE = 60%) . 75 =4 (1 A B
AR TR A FRLRE B B OC I NME A . KA Ha 55 8 1A 38 m] s /D i
W AR 2R, FORDRE A3 DLOR B E R BE AN PRAR 7P, X ) el M
PP BE S AL E R E (). XAFS F1 STEM-EDS 25— R FI| R AEH A #E—54F
S¢S MR R, B AR T AL Cu0 L AAFEAE Cu-O WFh . 18
RSB AR BRI, SO R A R S T REDRE T DA ) 20 R R e 2 [
(R B (B 1-9) 0 IXTUTAETERA T Cut™Fi vl LA il B0 | B &A%, 48
TN T XF COp MR SR (B 2 W% . Chou %5 ANISHIESE T CutHFl Cul 22 8] f) Bip 7]
RO A o RO i PR PR S LI A 77 B SR B DR R o A AT 46 7 A AN RSB A S 1
Cu® Fl CutVR A TR, FH R ALLL ARG IS BT 52 1 o 8= MAE AN R AL 7R
TR RIS Do S5 5RR I, Cu® A Cut R AEAEXS T A2 BT IR B ) CObriage AN TR B
(¥ COwp AR R EEE, XA HFT LG M.

i

60 -
)
9.\.:- 50
2
2
g 0T CaH,
3
o 30F
3 O S Mass
g 20 | co. Co \{ diffusion
w & CEn Cu limited
10} SNLCH —=
CH,
0+

Polished H, 0O,+H, Increasing
Cu plasma plasma O,plasma

B 1-9 WA B4 NS AR08, I Ho S5 B IR IRBLIS , O 45 B 1% 5 L f 4 9 P 414 e )
GAN =4 ki 55 e 54
Figure 1-9 SEM images of pristine copper foil, after reaction with H, plasma, and O> plasma
reaction of copper foil and Faraday efficiency of the product!>4!
Yang S NG T — RGP IER Cux0 405, XS5 97 1k Cut ik
JR1561, Firef) % () AR AL AT 1 SRR A N bl 7 A T S50 A B A K
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Cuz0.7E-0.61 V vs. RHE 1 1, 7E CO:RR JG5F Co P WIHITERLHER A 75.2%
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Cu20 MM 2 O LR, FFIEE Cufr 15 Cw0 454, MM i T A1 FLIE
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3 Tt EE R AR 5 R AR A M BT, CuoO 3% P B AT DU S B s T R T
CO2RR A L E B i« Han 55 NBTH F JF A7 #LId S5 AT B TRR v i T =4
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Ji, ZH FE FIAE] 60%. X AR ARG BT v AT AT LR SR 45
AL A ST VERT A3, b H AR Ay B RS B 2 KR RAAIC, fIE
J5 5 i A A ROIR = 4R S5 M AR T Co P o

bR T & ARIPIES, CuO AT ELHR AR PIKE (MWCNTSs) b& Bk B
&M K. Abussaud 55 AN PUHRIE K Cu0 ik A MWCNTs & B2 & # K
(Cu20-MWCNTs). Frifil & 2 &M B Cu0 & EM 10 %3] 50 %A, #HAE
CO2RR HL{EILF. 54 MWCNTs 1 Cu0 HItL, T Ci,O-MWCNTs B4
MRS B T HEAGIE T, 4 CunO B =R EE 30% 0 2 & i BHE iR &, 7E-0.8 V
vs. RHE "~ F B[ 28 203 i KT I8 31 38 %. £ MWCNTs E 5] A\ Cu0 AMY
WA T R, R TR COa B, 1 B MWCNTSs IRIAALEIL RS E T FLBR
Cu™fi i, Bt e A s BRI AR (Cu® £ Cu?). BE4h, BT MWCNTs
v 5L, IR REAR I BT TR BE R BiB) 7] % . 7E Cu,O-MWCNTs 1
Tl o3 2 [E) (R B RIAE P S )3 & 7 COLRR (¥ R AR SE 14

TEEJRENY) LB 4L & I8 o R A 23 = CORR HITERE. Lee 25 A
R ARSI 0K Ag B R Cw0 H191, N T IR A7 Ag-Cu0
R CORR HLEE, 7E& B HEH T AR R A BT PR A AN F 454
FEFIH Ag-CuaO AL, S6H ] KCN & 7 — MRS Ag-CuxOrs,
H Cu0 Fl Ag AHIIE) 43 A, ORI NH3 TR T —FiAH 4 B Ag-CuzOps,
b Cu0 Al Ag M EAHIER . 383 STEM-EDX( 1-10)A] DL 2 Hh 00 823 5 f
AT S FI S PR Ag-CunO EALTHIES AT S il AL 7 R0, Ol
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WEFEIE AR R A TR AIB A%, XA AT CORR AEH CO AL, 1M CO K
TR X 24 N HEHFE Cu 705 B CHo*, MTTERE CH.CO* TR, &= 2
B, 5 Ag-CuxOps #HEL, Ag-CuxOps 7 Hi 5 = 1) L BEE £ 1E, AR FE 7371
N 34.15 %(Ag-Cu20pp) Al 20.1 %(Ag-CuzOps), X AR T HF I EHE £ Ag-Cu
BRI T, Ag-Cu RAHIAFEEZ , CO A Cu b CHA* MRtk , AR LI
R B P e . XU B AL AN &8 2 A1 P R /E I fRT4L T COo 7E FLfE
wJ%ﬁmwm%m Mﬁ%%cmmuﬁa

Element Atomic%
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Ag AN
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Cu 78.47
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Element Atomic%
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AJ - an
1-10 AgCuxOps A1 Ag-CuOpg [ TEM Al EDX [E{£15]
Figure 1-10 TEM and EDX images of AgCu>Ops and Ag-Cu,Oppl>’!
CORR 7 #)ids ek wI atl iod Ft 1] A S SR et 1 U <& Js O AL M e,
P AN AR AR AR AR ) R — A BT, 12 5 A BT 4K ROk Y e 2o
AFSE MO, Chang 55 A SSHH R K 4 49 K UKL 70 BIUE CuoO EERTH, AR T —
SERIATIE ) Cu/Cup0 FHH, 540 Cu 1 Cu0 A L, Z 5 1 A i RCSE AL B A 7= (FE
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= 53.6 %)Mt T IR IS . BLATH SR, Cu HeKIRLE RS CO*
SHEAG ST, 0T H*SRAEE, XA R T AR H RN ERE .
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Figure 1-11 Schematic diagram of the synthesis process of calcined samples at different

temperatures[66]
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K 1-12 fos, XM E S ERETR 2RI Cu0 MR R, E&H 1,3,5-9K
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CwO@Cu-MOF f£-1.71 V vs. RHE FJHLE N B BE AT LAORSF 3 /NN B R € 14
il Cu20 1 Cu-MOF 7E 30 73 ¥ 5 G E 2 N % . Cu.0@Cu-MOF E &4 KHI L
FPEREVAR T Cu-MOF Al CuxO Z [AJ B [ 05, Cu-MOF HA vt R AR 22
fLEH, BERERE CO WM, 5 Cu.0 B&EH M T 5HMERINMEEIEN, F
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Figure 1-12 Schematic of the process for synthesizing Cu20@Cu-MOF[®8]
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EF) 100 mA em?, I BRI RRRREVE . S R A T R
PERE, 2 OGRKEESUE B A B R AR 2 e AL S, B FEER
REEFLIVE T, A% T HER 1 OER i M. 1% TAE ol % B A n R H KM
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XTI LAE g v w8 UG AR 1R ARk ST B v BT SRR L T P47 I T i

(3) i S A5 0 5 T V) 4 17— T B VR A A U ) R A R K S T ) A
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MOFs & —Ff DA<z J& oy 0 S5 3 B A DLBC A4 B 2H 2 AH SR T BRI AT L,
HAZ e, smHREAR . R0 o AR et B A8 55 Ry 83851, iy 1
MOFs HIZ fL451, O 1 Ha Refig PRk i, MM Jy OER 1 HER HLMHE A [ B
BT RIS N T HE— 54k MOFs (1B, HF & S AE R R4 b 1O 1E T,
MOFs 7£ =4t <5 R FE A RIER T B2 B 72 03B 87, 16 2 52 5 2 107
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VEOL s, P A SE SR AR ELA R R i s AR S, R e A TR R PR ARG e 1
SR SRS ER 9 R PR LA ) A R g H T e I BRI B B R TR AR [ e
il P B AT = e 5 R ) B 4 DR IEAT BN 2R (ZIFs)Ry52 E SCH e, JRAE AR
BEAT O, R R LG RS B0 7 S P BEAN L K LA AL I R 188 80,

X TAETEHEARSS B4 7 C. N Al P #5241 P-CoMoO4/CF-1. J& N A 4H
1 (PMo2) AN 2 i AF 9 <6 Ja Y FE VL K Bl b LA & BT SR A4 [ 51, PMona 1E N
Keggin R XML, W LAEIESIABEE T, & HA — & RERYEA R4 KRR,
SRJE R AT IRARIR N 2-FR BRI R iR 5T, TR ZIF-67 S AR IR S 14
BN T AR LER AR, A TSR R T AR R S PR R IR = O e
FEE IR K, 198 =4 B SCEE AR P-CoMoO4/CF-1 fET LS N A A
L5 1) HER A1 OER TERE, RN — R RRAS 1Y HLAd K B AR A AL o

2.2 SKBRERS

2.2.1 LM S

2% 2-1 2R

Table 2-1 Chemical reagents

24 I 44 PR 25 G

HERZ / DINAE AR S

PRE 7 Hr 4k K] 244 4]
INIK B IR ARl [ 24 141

i BH 12 o Hr 4l K] 24 4 4]

8 1R o Hr 4k I 24 4 4]

A A o Hr 4l BN

TooK L ARl [ 24 141

A B o Hr el K] 24 4 4]
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2.2 iy

Table 2-2 Instrument

&R G

i 4 7K L Fig MBI A A
B RS SR WA A IR A E

R 27 T A Fig RS IR AT
TR B8 2 A W Bt 22 A AT BR

7 i U A e ) B bR A S & TR A
CEYa o HERE i A4 8L B AR AT IR 2 7]

2.2.2 {EEFIRHIE

P-CoMoO«/CF-1 (il % &5, A PIEE. 280K BN IR A (CF)REAT
TEYE, SRJETE 60 CCHIBLF HHET . 4 0.1 mmol PMoi2. 0.4 mmol WEER %G 757K &
Y)(Co(NO3), - 6H20) (Mo/Co=3:1)F1 1 mmol K Z (CONH,),) 4> §i7E 3 mL 2= B 1
JKFI 6 mL /K CEERIR G, A SRR RE 10 20 . Bz 215 1Y
TIE A AN RS R, R — B CF IR NJLHR, 7E 180 °C MEAR H (R FF
24 /BT, FARAEIR R 1935 ER TR A 28 K AT K SRR 3 K
SRIGAE 60 °C BT . AR5, FRE 0.02 mol [ 2-FSEBKMEA T S mL /K4
BEF1 S mL 2585 7oK, B S MR, AT 15 IR i SRR VL TE I T v 48
NS, B BT ORRITGK SRR T 1. )5, BRI S MR e
AT 400 °CH A SR AR K 2 /NS B B P-CoMoO4/CF-1.

P-CoMoO4/CF-2. 3 [l 4 J51% 5 P-CoMoO4/CF-1 2518L, {EH:K Mo/Co i
TR 2:1 F1 4:1. P-CoMoOu/CF-4 J&7E 55— 35 /K BT K 3 mL 25 & 77K
6mL /K LB 9 mL 12585 FK, JE4EAE S P-CoMoO4/CF-1 [l 4 H 1] .
P-CoWOu/CF-1 /2 1E 35— R A B S BK &P (PW12) AR PMono il & AT IR, JE

A2 5 B A L) 5 S L P-CoMoO4/CF-1 52448,
2.2. 3 EAFIBBLEFERN
AR R SR T, HHREEAE T E =Bk RGP T, X
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FARRFEAE Jy 5t b, Ag/AgCl FARRAE NS LU HaAl, DL 2% IR S A Dy A FURAE
1 M ) KOH ¥ 4T A

FMHAAREZEN 5 mV s £ B TAERIA3K1S 7 HER A1 OER [ LSV
Wtk it Ze. LSV Hi-RENZ IR CV EH G MFS Inik H1 2k . FrA ri A8 5N
Al R (RHE).

Tafel #PRZHR4E Tafel HFEFH1F2]. HER. OER FlIHLfF /KA 2 2T
FE L 3k AL R 383 T B A EA T R, SRS [R] 2 24 /N

FELAL 2 B BT 3 R £E 0.01Hz-100000Hz (1475 R RS 21, HRIE N SmV s,

HALZEXUZ LR CV 354E 1.2-1.3 V vs. RHE FIHSAJEEP, HHUTA
[F (1493 204 40, 20, 40, 80. 80, 100, 100, 120, 140, 160 mV s'. 7E 1.25
Vvs. RHE FZ:Hi AJ 5 B R, MR CakFos Bl imt
ELIE A

2.3 4R 5178

2.3.1 SSHIMFLHIRAE

-
Hydrotherma
. - s
o o Reaction
L] \J

K 2-1 99KEFEY] P-CoMoO4/CF-1 E5MENE R T 2nE

Figure 2-1 Schematic diagram of the synthesis process of the nanotube array P-CoMoO4/CF-1
composite

K =Dk A ), AT R 2-1 s . 35— DRk A A BE /R
LEROBEEHIR, EIR A SR = AE R IR BOA i, e B RN, TN —H 1 cm x
2 om [RTEHAES, 138 F MR OB S INAEE 180 °CLRHF 24 /NI, il % HH Bl BH WU 4>
JESEACIHTIRAR RS . 55 00, TR T IR AR VAL 2- FF R BR MV 48 /)
i), Af ZIF-67 S M AKERTIREFESI R T, &5, REFHNESHETRE
JBNE X, £ 400 °C B EHIR K 2 /N, JERG T Co N AP 332511

21



8 W YN T e VAT

ZIER CoMoOs 49K 5%, it 8 P-CoMoO4/CF-1. N T W5t 4@ B /R Eu i Fa Ak
~L,

=P RE R RZIA, 1] 4 T P-CoMoO4/CF-2(nmo/nco = 2:1)F1 P-CoMoO4/CF-3(nmo/nco =
4:DFEd . AT BT EE A AL R B2, )4 T P-CoMoO4/CF-4(nmo/
nco = 3:DFEdh . A T FL & B SR 1 RE AR AR, A PW o 1 o 4 VR ]
#% 7 P-CoWO4/CF-1(nw/nco = 3:1).

i XRD KHIE | P-CoMoO4/CF-1 E& MR A R Bl 2-2 a ] XRD El1E
TN — DK PR B AL RTIRAR CoxMo,O HRTH 45 SRR AR, 755 PR
VA 2- FR JE K YA VRS 1) CoxMoyO/ZIF-67 7~ i 5 ZIF-67 FIBFLIE AR — (7.4 °.
10.4°, 12.7°, 16.5°, 18.1°, 26.8°), {EK] 2-2b H#] XRD &5 1K, F=D
28 J5 A BT P-CoMoO4/CF-1 5 21-868-CoMoOs [RIRFIEIE—5, AT S AL 71
XRD % E 7R T CoMoO4(JCPDS 21-868)[J4FIEIE(19.1 °. 23.4°, 26.5 °, 28.5 °.
32.0 °F1 33.6 °), FHHTEIHHAHET LRI AR T CoMoOs. JHIT XRD tHEGIE 7% bt
FE P-CoWO/CF-1, WK 2-2 ¢ Fizr, 5 CoWO4(JCPDS 72-479)F4FiEIE—£5(19.0 °.
23.8°, 24.7°. 30.8°, 36.3°, 41.4°, 54.0°. 64.1°), UESL | CoWO4 fE IR,
Wi)orRrifEgn

——Co,Mo,0

o

a ——Co, Mo, O/ZIF-67 b ——P-CoMo0,/CF-1 =——P-CoWO, J(T.F-I
ZIr:61 ——21-868 CoMoO =—772-479 CoWO,
- 4 - I l l
';:‘ L‘_.ln IL 2 3
& g &
? | e A JZ’ £
5 e L 2
= = =
- L PRI T " -
l o IO I ¥ PO
Wl Sk,
20 40 60 80 20 40 60 80 20 40 60 80
2 Theta (degree) 2 Theta (degree) 2 Theta (degree)

Kl 2-2 (a) BiEHEAL PRI SRR AR I 2-H SR KM 5, (b) P-CoMoO4/CF-1 [£51, (c)
P-CoWO4/CF-1 [ 51ff) XRD K3
Figure 2-2 (a) XRD patterns of Co-Mo oxide precursors and soaked 2-methylimidazole, (b)
P-CoMoO4/CF-1 arrays (c) P-CoWO4/CF-1 arrays

fi A T AR N AN R & D BRI A R RS 3EAT 1 — 2P AT .
P-CoMoO4/CF-1 {£ 58— /K MG KL AN Kl 2-3 a, b fias, K& Sty 515k
AR B, KAEEZ N 10-20 pm, REHLBOGIE . @R 2-FEEBKMIE R 5
1EKE] 2-3 ¢, d H AT LLE BIRERZ WA A ARG, X2 B TR PR I S AK T
ZIF-67. 1R )G (K 2-3 e, DAIE MAEWFIR A REF RIFIEIRSGE 1, 9K
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B BAEAE RN — IR, PORE R0 E B SIS, X2 fLE5 /i mT L
e KB VENL A, R F AL S BRI 70 o e, B B AU Y o X
PR 1) 28 ) e T EH A AR (RT3 JB S I T BT [ B A
WA G s, TORMERE4ERIRE, AT T FE AR TR) B AR 1

M SEM B %2 T HoAth 42 BE R ELXH SR A2, 76 18] 2-4 W H 24 Mo/Co
=2/1 I, P-CoMoO4/CF-2 /nth ™ HREMPIRBILE, B2, &
FEFIRANEAIYE], KA RE R T Co? WL & EU A A K32 BH, 49K B 3 LA
T 4 Mo/Co = 4/1 I}, P-CoMoO4/CF-3 [ Bk fA FL A AR X i IR 4 KB IR
{iF, AH R A ER A 51, EIR MG ZIF-67 A 51 0 A A0 1 UK & 1 (K] 2-5),
XA REHH T Co* WKL FEAIL, CoMoOs %5 FEAELER B Rk /)N, FEVER Hh FEAIK
T BRGNP 25 R 1R T o

41

2

AN

Qi ¥

10 pm.+ 5 pm

K] 2-3 (a, b) P-CoMoO4/CF-1 Fi R4 BT A, (c, d) RUBRARAE 2-FF SR Hig i 5 1Y)
A BERIE, (e, H Zke)a raH B KR
Figure 2-3 (a, b) SEM images of P-CoMo0O4/CF-1 precursors at different magnifications, (c, d)

precursors after immersion in 2-methylimidazole, (e, f) after the air-fired
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] 2-4 (a, b) P-CoMoO4/CF-2 R 9K A ({1448 LB 1R, (c, d) ATIRAALE 2- F Bk i iRt )i 1)
AR gRIEG

Figure 2-4 (a, b) SEM images of P-CoMoO4/CF-2 precursors, (c, d) precursors after immersion in

2-methylimidazole

] 2-5 (a, b) P-CoMoO4/CF-3 Fif Sl Hy 41 LB 1R, (c, d) RTIRAALE 2-FH LRI iR I 1Y
A L B
Figure 2-5 (a, b) SEM images of P-CoMoO4/CF-3 precursors, (c, d) precursors after immersion in

2-methylimidazole

K 2-6 o 7 Ad 25 7K AVE N7 A LT P-CoMoO4/CF-4 Rif SRR TSR,

24



LRUTARE R 22 A S

TRV ARG B 2B AN &) BURTRCIR YD AL I IR L i, 55 P-CoMoO4/CF-1 [17E
PEARK . XYL LB — R PEVA ), B OB R ] d iR A, 15
FIEARRIEH AT BEE 2-FEEBKIEER IR L BORL R AR AR 1S AR,
(HEEAARAIIRR AN FIERCIR I, AR T AL 24T

i 2-6 (a, b) P-CoMoO4/CF-4 FTERAR I F4 LB KR, (c, d) AT IRIATE 2—%%%%&@%?@6 il
R L EG
Figure 2-6 (a, b) SEM images of P-CoM0O4/CF-4 precursors, (¢, d) precursors after immersion in
2-methylimidazole
A8 F 3% 55 7 R AR (TEM) ik — HIESE | P-CoMoO4/CF-1 VKR (1 IR 54,
& 2-7 a W7 1 P-CoMoO4/CF-1 TEAIRAE ORI 1) TEM BIR, SR 1 SR gk
LR, AR AT BRI L R T AURIEE 22 (TG PR A, X fa A2 s L B T
ARy BB Rl Bhah, B 2-7 b B4 HEE T T B S (HRTEM) £
B, AT E 0.335 nm F SRS 25 806 BT CoMoOs (JCPDS 21-868)H1(002) 4 1 -

h | 0 N,

2-7 (a) P-CoMoO4/CF-1 [f] TEM FE{%, (b) HRTEM K14

Figure 2-7 (a) TEM image of P-CoMo0O4/CF-1, (b) HRTEM image
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EE 2-8 a-f FI TR R G — PR, Co. Mo. O. N. PIXUE 0
WAy A fE P-CoMoO4/CE-1 |,

200 nm ‘ 200 nm 200 nm

d N f

2-8 KR4S P-CoMoO4/CF-1 170 2 it B4

Figure 2-8 EDX elemental mapping images of nanotube array P-CoMo0O4/CF-1

i

250 nm 250 nm 250 nm

W

250 nm 250 nm 250 nm

K] 2-9 (a) P-CoWO./CF-1 ] SEM K%, (b) TEM 14, (c-h) EDX JuZ BRI 1R
Figure 2-9 (a) SEM image of the P-CoWO4/CF-1material, (b) TEM image, (c-h) EDX elemental

mapping image
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F PW 12 il % [ {E L7 P-CoWO./CF-1 ) SEM FEA WK 2-9 a s, AILLE
HEKEIR, I s BICHE A /NORRL. & 2-9 b i) TEM EEMIED] 73
BIRE o 18] 2-9 c-h TR MU B — P LB, Cow W. O. N, PiX%5g
FH LM A fE P-CoWO4/CF-1 L,

X} P-CoMoO4/CF-1 1 P-CoWO4/CF-1 4L AT T R & (il x ST 2R 61
M, K 2-10 ) EDS MRIESE T P-CoMoO4/CF-1 HLiL2EfE L FH C. N. O
P. Co. Mo JLERIMAELE, P-CoWO4/CF-1 HAL2EALFH C. N. O, P. Co. W
TOE AEAE

] 2-10 (a) P-CoMo0O4/CF-1 Fl (b) P-CoWO4/CF-1 fEit &

Figure 2-10 (a) Energy dispersion spectra of P-CoMoO4/CF-1 and (b) P-CoWO./CF-1

FIFH BET WA 4T 1 P-CoMoO4/CF-1 25 JUA £ ZLRE i IR T AR A LR 40 A o
Bl 2-11a 73 #7 7A% a1 No IR B it 28, P-CoMoO4/CF-1, P-CoMoO4/CF-2,
P-CoMo0O4/CF-3, P-CoWO4/CF-1 [f] BET LbR 454 71.55, 39.05, 36.91
F130.39 m%/g. 4 Mo/Co=2/1 K (P-CoMoO4/CF-1)A74 fx K BET ELRHEA, X
A2 BTG R T P ER G A 7 A KBRS R T, K1) BET HR AN AT LA
R R ETEEAL R, IR SERR A v RE . B 3.8b AR TH A 21
LAz, LA B 2-11b s, & e LR AE 15 2 50 nm 2 [8],
RHH AN AU EL
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& 150+ P-CoMoO,/CF-1 220,012 —— P-CoMo0,/CF-1
e s P-CoMoO,/CF-2 E —— P-CoMoO,/CF-2
E 120} —— P-coMooyCF3 £ o018 —— P-CoMo0,/CF-3
= — 5
= F-LOWO/CFL g 0.008 ¥ —— P-CoWO,/CF-1
"
90 )
’g = 0.006
g E
T 60p ::5{?/ = 0004
D
-
E 30l o 0.002
S £ 0.000
0 1 1 1 1 ' 1 1 1 1 1 i 1
0.0 02 04 06 08 1.0 0 10 20 30 40 50 60 70 80 90
Relative Pressure (P/Pg) Pore Diameter (nm)

B 2-11 (a) FEAR A No VB BASIR 28, (b) FE & LR 4045
Figure 2-11 (a) N, adsorption-desorption isotherms and (b) pore size distributions of the samples
AR H XPS FRAE, #—25 T# T P-CoMoO4/CF-1 {4k 7138 T itifk 27 i 4>
MITEN .

a Cls b Nls
- _
3 g
=] —
& =4
z 3
z g
£ £
300 295 290 285 280 405 400 395 390
Binding Energy(ev) d Binding Energy(ev)
c P2p

Intensity(a.u.)
Intensity(a.u.)

545 540 535 530 525 1;10 1_%5 150
Binding Energy(ev) Binding Energy(ev)

a
Pty

Co 2p Co2p 5, Mo 3d Mo 3d

Intensity(a.u.)
Intensity(a.u.)

810 805 800 795 790 785 780 775 240 235 230 225 220
Binding Energy(ev) Binding Energy(ev)

P 2-12 P-CoMoO4/CF-1 [ 50 #E XPS Y% (a) C 1s, (b) N 1s, (c) O 1s, (d) P 2p, (e) Co 2p Fl(f)
Mo 3d
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Figure 2-12 High-resolution XPS spectrum of electrocatalyst P-CoMoQO4/CF-1 (a) C 1s, (b) N 1s,
(¢) O 1s, (d) P 2p, (e) Co 2p, and (f) Mo 3d

XPS it EE#MIESZ T C. Ny O, P, Co. Mo JCRMAFEE. K 2-12b &
7~ T N 1s B XPS Jeif . N 1s St Emtne-N e E-N HANE, 45680000
398.4 11 399.7 eV. H W 5 K & 8 -N Fkie-N #)F7£ HER 1 OER i F2 (135 P
AP AR B E R, AP EL /KR 2R 02, fE1&] 2-12 ¢ H, O s [ XPS il
BN 530 eV 1 530.8 eV 45 G RE, IXLERE BRI P-CoMoO4/CF-1 H171E &R
ARV H-OH ZE A5, P 2p G s 1 129.9. 133.1 F 134.3 eV 401
WEE (B 2-11d), 7E 129.9 eV &LMJUEXT T P 2p3/2 45 & RE, 133.1 fil 1343 eV
A0 B T Uk N T R 26 v ) P-O 40, Co 2p ) XPS Yeit i 2-12 ¢ fian, 45
HHEN 796.9 A1 781.3 eV I 235124 Co (IT) 2p1/2 1 Co (I1) 2p3/2931, fHiA~F &
M2 15.6 eV, A CoMoOs . 1AM, 803.3 eV ALTIERZ Co (INH T
BRI, B 2-12f IR Mo 3d XPS YLl AR AFE 5. AT 232.9 eV M
2355 eV I 45 & B8 70 B 8 Mo ) Mo 3d5/2 F1 Mo 3d3/2 ¥, & | T
P-CoMoO4/CF-1 H{F1E Mo-O #, 1X5 MoO4> Hi SRR FI & — 2%

2.3.2 BiEREMTEERE

FIP A FE 50 ) HER #1 OER MEREHR REZ I T, =K/ 1.0 M KOH #
7RG B . T 8] 2-13a BT3RS & FhRE S HER YRR IS5 R, B
P-CoMoO4/CF-1 7£ HER I )i B2 28 mV@10 mA cm2, fik T P-CoMoO4/CF-2
F P-CoMo004/CF-3 {13t #1472 95 mV@10 mA cm?, 35 mV@10 mA cm?2. X B
T 4B BE R Lok HER 4 REAZ A0 ¥ B 220, Jlid 2 1T (1 SEM 43 81 AS A fr BE /R L
H & A B AR FRES, HYUAB SRR L, R 2 x
PRI, A5 TS E LR AR 2 FLAUK AR B S8 2 s AL S, A
FT- L FA 0k, S I Al R B 21 (K R T A B R, AR R IR PRIERE TS 1
2-13b ATLAEH, 7F 10 mA cm2 i, P-CoWO4/CF-1 fjid £ 4 70 mV, HER 1%
BEAINT T P-CoMoO4/CF-1 52, &4 Co A Mo (1130 4 J& 1 Ak 77 H AT 58 A0l v
fiA6 HER TERE . X 3R B A0 7 1) M e 52 24N 7] 4 YR (2 35 52T, Mo JCRAE
TR PR E EEAEH, Mo JCRIMAAEFH P JGE B AL Co Hif B = 1
IEHLA, HISS TR BHZK R O-H 82, {3 T /K IR RS, M BOt e T Ha

29



8 W YN T e VAT

re4 . B 2-13 b i8R T MR P-CoMoO4/CF-4 [ LSV #ik, £ 10 mA cm?
R, HidHAh 58 mV, 25T P-CoMoOs/CF-1 . iX 1 B
CEE TR AL IV R AE B RO, X T B R e FLE S R . LR
PR ), S AR Hh S ] A 11 A 2 T AR SR T R 45 R B, AT 3235
TEAS 22 507, FEWR SN 0 A A R I LER T AR AR B 51, 8 n 1 & 1k
fr A%, 2% 7 HER PEAE, it SEM B R ERRIESC. Skl 1R 1
OER 1/, £ K] 2-13 ¢ W LSV HR AL HI 2k 7R, £ 100 mA em 2 i P-CoMoO4/CF-1
()it BLA7 N 292 mV, /21K T P-CoMoO4/CF-2 il P-CoMoO4/CF-3 [#)id Hif7 334 mV
351 mV, XERY Cor WS IREE = AT T OER Mo 4 J& U5 A 70
OER PRERIFMM A 2-13d 7R, 7E 100 mA cm? 514, P-CoMoO./CF-4 Fl
P-CoWO4/CF-1 {3t AL 554 414 mV #1465 mV, ¥ T P-CoMoO4/CF-1 [
I HAL, X R HER SRR, & @Y 1A ANV 7 I PE7E OER A2 H A
PR AR R, X R A BAT X S R EIR G5, AR T & PR AR
$EN, SE5R T HAG R

a b .
<@ 0 - P-CoMo0,/CF-1 & ——P-CoMoO,/CF-1 .
E [ e P-COM0O,/CF-2 E o P-CoM00,/CF-4 ,
-« = P-CoMo0,/CF-3 2 200 ——P-CoWO /CF-1~ ’
£ 200} E
= £ K
) ¥ 2
= ‘E -400 |
£ 400} £
-] U
= = /
S -600f g ~600F
E o 5
=
&)
© 800 ; i : i . _800 ; ; i i i
0.6 0.5 -04 03 -02 -0.1 0.0 06 -05 -04 03 -02 -01 00
Potential (V vs. RHE) d Potential (V vs. RHE)
1200 , =
.E P-CoMo0Q /CF-1 .E 1200 —— P-CoMoO /CF-1
b4 w——P-CoMoO/CF-2 o
= 900 | ——P-CoMaO,/CF-3 7 4 < P-CoMoQ,/CHF-4
= / g 900 P-CoWO,/CF-1
o v
£ 600t z
‘Z Z 600
Z £
-5 U
- =
AW £ 300}
) g
=1
= z
= -
o 'L . . , < -
1.2 1.4 1.6 1.8 2.0 1.2 14 1.6 1.8 2.0
Potential (V vs. RHE) Potential (V vs. RHE)

€ 2-13 (a, b) HLAEALF HER [ LSV #iZE, (c, d) OER [ LSV %k
Figure 2-13 (a, b) LSV curves in HER performance of electrocatalysts performance, (c, d) LSV

curves in OER performance
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FRAE AR 1 LSV MeAk £ T Tafel RIZE, LMEMNSI S5 MEIRN T
HER F1 OER F7EE

a0.|2 b 0.16
P-CoMo0,/CF-1 * P-CoMoO,/CF-1

- + P-CoMoO,/CF-2 o 04} P-CoMoQ,/CF-4
: 0.10 *— P-CoMoQ,/CF-3 < “ P-CoWO,/CF-1
= £ 012 i
= = | 58.7 mV dec”

0.08 & 162.9 mV dec™' »
2 153.0 mV decly/ 821 mV dec! £ 010
=9 &
aa 56 _.A.',‘
2 006 © 0.08f
= P = 47.6 mV dec-1

0.04 F = 47.6 mV dec] 0.06

e ; : : . . 0.0
0.6 07 08 09 1.0 11 1.2

4 A ! 1 1 1 1 1
07 08 09 1.0 11 12 13 14
Log(abs(j)) Log(abs(j))

cﬂ.04 d

0.4
—m— P-CoMo0,/CF-1 = P-CoMoO,/CF-1
| 5 .
o 0.0zl 58.6 mV dec *— P-CoMoO,/CF-2 S 03} *  P-CoMoO,/CF-4
= + P-CoMoO,/CF-3 = g +— P-CoWO,/CF-1
= 0.00} o2t S
£ a /1928 mV dec!
2 7, 2
? -0.02} /347 mV dec! B v ’E 0.1 47.1 mV dec’l
4 -0y dect 29.6 mV dec”!
O -0.04 / < 0.0 ' m/ec
-0.06 L— - : ; - -0.1 . : : ;
150 155 1.60 1.65 170 1.75 0.8 .0 12 1.4 1.6 1.8
Log (abs (j)) Log(abs(j))

P 2-14 (a, b) HLfELF HER ) Tafel £, (c, d) OER [¥] Tafel £} %
Figure 2-14 (a, b) Tafel slope in HER, (c, d) Tafel slope in OER

Wi 2-14 a #12-14 b fi7x, P-CoMoO4/CF-1.  P-CoMoO4/CF-2. P-CoMoO4/

CF-3.P-CoMoO4/CF-4 Fl P-CoWO4/CF-1 £ HER it 72 71 [ 35 /R L5371 A 47.6
153, 82.1. 58.7 1 162.9 mV dec!, iXilE#] P-CoMoO4/CF-1 HA i 13 7121
BE, MEALFTIXNT HER B9 NGEE AR . P-CoMoO4/CF-2 # K HIHE FE /R BHER R W
LTRSS, e T TRk AL S EPUR B S AR, BUN R T S50
FELAAR O 1) R A B 2 B AT, VMRS 5080/, B ) 2 R AR 22 . P-CoWOu/CF-1 1) Tafel
RERIOR, X R EEFIES & BR8] (W P R F 2, BHE 70 s fl 2 iE v B
HEE . EE 2-14c AT LUE HE OER 2 H P-CoMoO4/CF-1 AL 5 E
IRFVERARXS /IS, O 29.6 mV dec, /N T FARAR R EE /R L] £ 18 A0 750 A 3 SR 2R R
#(58.6 mV dec! fl 84.7 mV dec™!), X FHRULH T Mo/Co = 2/1 A fERE/RLIL, A
A OER WETE. IbAh, AFEMEHBIKRE 2 AR EREEE, HESR
HER AR, B TR LA, B )RR % . P-CoMoO4/CF-1 & L& 1
R 23 Lo K 5 A0 SE A R TN S R e, A AR S 1) 3 e, AT 32
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mOH W M 2-14d # W] , P-CoMoO4/CF-1(29.6 mV dec!) <
P-CoMo0O4/CF-4(47.1 mV dec! ) < P-CoWO4/CF-1(192.8 mV dec™), Xt F k™
BT R RS B 4R IR A B 2SR X OER T AR AR AT T, AU 4 7 35
FEVETEAL S H AR D, 59 5 008 & (R R M AVE TR s 858, R 50%
SRR B U SR AR AL 7 T4 s I A R R e

] 2-15 Hp A R R FELBELIK BIS AFF 9T T 3 SRR A PRSI B 1%,
RN T il AL 3 ) 0 5 . i34 K3, P-CoMoO«/CF-1 (1 i1 %15 i
N BB RNR BT RS (RN 10.5 Q, HA BRI TR R, B
Mo/Co=2/1 I}, X<z Ja ) b [F)/E FH ) AR Fi ey O A2 338, A 0] 3 I 1 R0 H 1 00
o, IR 13 )5 AR

N T FAEAG TR 0 F A S PR IR, 72 1 M KOH VW Hdsd Ca $PAY 7 A
[F AL ECSA. AN A EHE Ca 8 WL 2-16: P-CoM0oO4/CF-1(16.5 mF/cm?) >
P-CoMoO4/CF-4(15.7 mF/cm?) > P-CoMo04/CF-3(11.66 mF/cm?) > P-CoMoQ4/CF-
2(5.99 mF/cm?) > P-CoWO4/CF-1(4.33 mF/cm?). 25 HB%H, 5HAh & sUE A
Lt P-CoMoOu/CF-1 H A i K [ BLAG 25 iE MR T AR, 3459 5 T 25O AR 454,
BEIN T 5 AR B A, AT DAL EE 2 3R A mROR AR L HL R A PR BT

12

—a— P-CoMoO,/CF-1
10 L —=— P-CoMoO,/CF-2 T
—s— P-CoMoO,/CF-3_—"

o—"/.\
./ \.
2N

E : k
0 5 10 15 20 25 30
Z' (ohm)

-Z'" (ohm)
N £ (=% (-]

] 2-15 P-CoM00O4/CF-1, P-CoM0O4/CE-2 1 P-CoMo0Q4/CF-3 [#] Nyquist &1

Figure 2-15 Nyquist plots of P-CoM004/CF-1, P-CoMo00O4/CF-2 and P-CoMo0O4/CF-3
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K 2-16 (a) P-CoM004/CF-1, (b) P-CoM0Q4/CF-2, (c) P-CoM004/CF-3, (d) P-CoMo0QO4/CF-4, (e)
P-CoWO4/CF-1 £ 20 % 160 mV-" 32 T ¥ H Ak 2235 1 LU R T AR R 28, (DX R CafE
Figure 2-16 (a) electrochemically active specific surface area curves of P-CoMoO4/CF-1, (b)
P-CoMo04/CF-2, (¢) P-CoM00O4/CF-3, (d) P-CoM00O4/CF-4, (¢) P-CoWOu4/CF-1 at different rates
ranging from 20 to 160 mV-!, and (f) corresponding Ca value

e LR VRO FELAEAL R 2 15 B SR N FH V) 1) B AR, T e 5
BBV VR RT e S A R o, e R PR L VAR A I S I [ PR A A A2 4T B HER
AT OER 1 F2 /) ZHFK. P-CoMoO4/CF-1 7 HER Fl OER H &I H R U [)Fa €
PEo B 2-17a 7R T 4£ 1 M KOH H1 ¥l P-CoMoO4/CF-1 HL1 ¥ HER Mif A 1 1)
i-t {2k, ZMERHIE 10 mA om? [FTHLRE BE R, HIARABELE 24 /NN CRIFHE
PE. 7E£ OER i, 7£ 50 mA em [ FLIL % BE T HLF 24 /NS 27 L7 AT B
PRSI AE I R S, LRI AL F5 I AR 1k

33



GRUTRRE R 2L 2 A

o 80

.E e OER After test

3 el = ~——P-CoMo0,/CF-1
« = ——21-868 CoMoO,
E« re— @ Z

L -

E‘ 40 e
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S 20} 5
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,'=" [ | R al

= -20 > : . . v . T T :
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Time (h) 2 Theta (degree)

K] 2-17 (a) P-CoMoO4/CF-1 HARFEAE AL T 134T HER #1 OER (1] i-t #f14k, (b) OER Ml /5
P-CoMoO4/CF-1 [¥] XRD K
Figure 2-17 (a) i-t curves of P-CoMoO4/CF-1 electrode for HER and OER at the different
potential, (b) XRD pattern of the P-CoMoO4/CF-1 samples after OER test

— FROR AL e T TS AL ) OER A8 7€ 1 LB — %, £E OER J M. Jm X fEEA,
F3EAT XRD i, #£5 8 XRD(E 2-17 b) &R H 5 CoMoO4 I 002 &1 (26.5°)
AR DA SR AT 0, FCARARF LG AT BE 2 i T RN S AER TR I T B 2 &4k
#£ OER XM J, WXMHEAAIBET T IARAE. P-CoMoO#/CF-1 A% £ 18]
2-18 a,b R, HEZEGUKEREPIEAS SINET R a8 45 M AR R FFAEIL, 2
AR AR AU AORLRE , TR FREE K 2 M Ak S AR SR AR 45 SRR WY, o] % 10 fh
WA AH RiFHIE .

] 2-18 OER it 5 P-CoMoO4/CF-1 £ 5 (44 FE 85 1

Figure 2-18 SEM of the P-CoMoO4/CF-1 samples after OER test

2.3.3 HfEKMERE

T P-CoMoO4/CF-1 B 4Fff] HER f1 OER PEfE, X FhfeAb 71 m] LAVE A o fi
K BHAR AL . SN 7 BF P-CoMoO4/CF-1 TE i K TRt B iF Pk fE, M T4
P A KR TR FE 34T T SRR
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& 500 o~ 80
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B 2-19 (a) B P-CoMoO4/CF-1 || P-CoMoO4/CF-1 [ HL AL K 2 i 1 28, (b) P-CoMoO4/CF-1
AR FLE K I it BHZR, (c) HR/KFE AR AMESE, (d) Bl iHEA B ESIER B R
Figure 2-19 (a) overall water splitting performance of electrodes P-CoMoQ4/CF-1||P-CoMoO4/CF
-1, (b) i-t curves of P-CoMoO4/CF-1 electrode couples for water splitting, (¢c) amount of hydrogen
and oxygen produced by water splitting and (d) faraday efficiency of hydrogen by calculation.
M 2-19 a Hp KN GCRT DU Y, R AE FRRL N 100 mA em? Y
5 1.66 V BB EEIAT AT KO0, X ZILT IrO2@CF|PYC@CF MLtk Bh4h,
IR T P-CoMoO4/CF-1 FEAKCIN [A] N FLAL 2 (AR E 1, £ 50 mA em™ [ LI
R, EHEA R0 R KRR e MR 2-19b). 3 A GRS
FiHEFTP SRR E R TR, WE 2-19 ¢ Frl LA H, Bt Hy P2 A Sk E
5526 Ho PR AE SR B R A A, K P-CoMoO4/CF-1 774 Hy VAR 80R
LI 100% (B 2-19d). FiR4E R E R, P-CoMoO4/CF-1 HMIERME &1 N B
S R AR K 1 B
2.3.4 &g

W R E R TE, ST C N P BEE RIGH SN E RS
&%) P-CoMoO4/CF-1, B Gt 7 b 2= MR . ZEBPEA i +H T OER iE 2+,
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IR E N 100 mA cm? I, I EACN 292 mV, £E HER AR R A 3%
(AL EPE, RN 10 mA ecm? I, 3 HA K 28 mV. F X FHRL
Thge s AL FIREAT AL K, AT LAAE 1.66 V I HLE T SEEE 100 mA em™ (17 Ha
TEE . HRA, XM AL FRITE F AR KD FE HH RETE 50 mA om Y HRLAL S BE R AR
Rt 24 /NEFHOFSE M . P-CoMoO4/CF-1 BA M MR TE AT RE S LA R IR &R
A (1) 18 =4E T R RIS BRA A K 1 2 DR R M S5 F R iR T 3
5 AR R AT BB, R AR K Z ALK S A B R A VIR &7, B F
F OER i 2 H 1) LI rff 4% 8% . (2) JEIE MOFs A& i A0 41 1) 285 4 3 24
ik, ArE AR EE AL SR, I AR R, SRR, A
AR FL I P-CoMoO4/CF-1 ¥4I TG MEAL s i $s, AT PR TR, (@
BE TR . (3) WU FH AR 70 3 18] (¥ B 54 F B e 1 #4771 1) HER
A OER ik, 2z, 3T FLH TRER MOFs S 16iRE 51 45 Ha) i — o6 5 T S b
2 71 2L TRNE PR SR, G R T80 B SIS L s i 4 R R
AR e R A 7SR S B BE UR AT A
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FIT NWEEEHLE &4 CuMo0 ~HKUST-1/CF Y%l & & H
rEE e

3.1 518

AL 22K O AR AR S s BEVR (1 R e 7 TR O8), R KA A S R, ad i b
IS BRI Hay  BHARRR AN Oz, IX PRI SARER 0] AR i AF RO R, SR n]
FRAEFRTE T RRURDS 1000, AR, A K SR A% OER JRE, DU HL-T 4% 7%
BMg, 155 0-O SIYBUAH IR S B [ AARI01 1021 5 3 i W R R 22 o 5242 R
FEHIN RuO2/IrOx T2 F T4 b S S B AR AL T, 9 T JH A 0 ) £ e AT
B R AN AR BELA T E MK 2 A v 1R 7 Ml R O3, 7R AR T 3 Hh e = RE A IR 55 4
J1o IAERAETT &) AR B T RAMIG . 35 AR AN S AR e Ve T 2 AhaE
I 4B AL A& T OER B2 1 Hafii Ak 7nos. 105,

EEAR S, HR—FERKITE, S8, 8. S5HMEE L ILE S
bt BRI A BN ARG, SRS PUB IS R0, 4R A ) (i
A AR TEBR M R A RROE M TR AR R T A A T A
(R A0TSR, B AL A I T e, R — PG AR i A T OER
S EN8T, BH JE B e S, S XA 4G A A IR i R R AT LAY Y S
R THEEAER, AT R EUN. tAh, SRR T4
F6) TR 4 LA AL PR RE (0 AR g 110 1, 4 Rk BAT S i I LU R TR, 1
R T A s (el i, 360 T R R A AL S R, AR T AR 3 A
JRF B2 13 H R TR SR TR AL AT B N TR, YRR AURE
SIRGER . RIEFBA. B S LRSS0 19, Li S AMO@E N =25
AR R SR F A T —ANHT ) =4 CoNiCu-LDH@CuO/CF 745t . HT
CoNiCu-LDH 5JEP & U8, & m VIS TEAL AR 2. AR
S R S8 KRS, 4R 1.53 V H B AL E] 100 mA em2,
Zang"VEEE IR BRAGFI L TTAR T AR MR & R T CooSe/CuaS 2 A
W, ZHEARE R TOAR BFAH TR A R BT R IR R . 2 CooSs/CusS
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[/ A PHAR AT AR, 75 50 mA em™ R HLAF/K BT 75 B HLEAUN 1.60 V, IFRERS
SE FLE 24 /NN, B0 00 AL IR RE

MOFs [ £ FLE5 AT 7E OER i A2 3 O BRIEIR H, v OER AR fb & N H2 {1
TR B /E N MOFs #RLZ — [ 1,3,5-2 = SRR HI(HKUST-1) B A S L%
AR i IR SE I, 40 B F T AL AN REIEAR DG 4118 191, HKUST-1 R K HE &
THARAE A A S B AT AR R B 22 (MR M A, IR BEIT TR S Al i T 8%

FEX I LAE R, Gl K HGE B AR IR B E AR K ER AT IR i, A5 1E
N2 77 TR k193] CuMoOs, K FUSEIEMIH] CuMoOx 1E A4 BT i, 1EHRMAE
K HKUST-1, FEJURHIFR 4% 1 HKUST-1 JESUS 5 ARG v, M@ T —F
MOFs-Hil5H %04 J& AP HL AL 7], AR A 7RI T A K 1Y) MOF's 380N T ik 1) 5 v
fiE i IRl A, e T R ARV G ROE T 2 RE AL R, B
AR AT RS R . /F OER 2, CuMoOx-HKUST-1/CF-1 fEALFI1E it %
FE25 50 mA em? B, 3 HEACH 290 mV,  FF HAEFERE 2000 P8 53 LSV #IZR L
FARFFARAE, & OER [HERAEE (L7

3.2 LWy

3.2.1 SERMRISE

£ 3-1 1227

Table 3-1 Chemical reagents

24 fh A4 7K Al R

HEM N / JRMZESLIIR R
=R E IR srifrat SRS
1,3, 5- K =HI srifrat EvA N

HARBEEZMAUNERI 2.2.1,
3.2.2 fEUFIRHIE

CuMoOx-HKUST-1/CF-1 il . 50, A 2808 7K A L BEXS I A A
HEATHE A DTS Ve AL B, SR S5 7E 60 °CHIMEFE -t T+ . 0.1 mmol PMoi2, 0.6 mmol
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Cu(NO3)2:3H,0(Mo/Cu = 2:1)F1 1 mmol J& 2 CONH2) 4 #(7E 10 mL £ B -F/KH
HEE 5], K2R B R UM OGN AT AN R, TRl — ikt
FHERER AN F A E 120 °C BIMAE TP EREF 15 /NEF, BAAMEIZE =R, B TR
K, LB TFRRMIKCEES S, 1660 °C KA TE 254k, R5, ¥
TR HTIRARAE No 0 A S BL S °C min! R INFAE] 300°C, 7E IR
Bl A 4545 2 /NIsE . B 1 mmol Cu(NO3)2-3H20, 0.21g BTC % 12 mL /KA1 12 mL
ToK CEERVIRGVE W, B 10 2080, W% 72 2R VU S 20 P A AN 540
R, B NINITE No 0 IR IR AT, R EETE 110 °C FIHEFE 4/
Fr 24 /B, BUHEES, I ZTBKANTGK ZBES G G AE 60 °C BIMAE RHLT, il
#% i CuMoOx-HKUST-1/CF-1 ¥

CuMoOx-HKUST-1/CF-2. 3 [l % J71%5 CuMoO-HKUST-1/CF-1 251l
B 55— HK S TR ZE 4 12 h A1 18 ho CuMoOx-HKUST-1/CF-4. 5 NI 2455
— 3B BRI EAE Ny 150°CAT 90°C. CuMoOx-HKUST-1/CF-6. 7 &4 55— K
U Mo/Cu [ J5 T EL & N 1:1 F1 3:1,CuOx-HKUST-1/CF-8 F1 MoOx-HKUST-1/
CF-9 52 £ 25 — DK #ii] £ i B2 Hh AN I PMoiz A1 Cu(NO3)2:3H20 . CuMoOy/CF
[ 1 2% ) /2 B CuMoOx-HKUST-1/CF-1 F1 58 =% %, RAEELERHAEK
HKUST-1.

3.2.3 EWFIRBHFER

Fa g MR 2000 B CV 153 J5 S 1, H 4y 5 & d Ak 2A#EA 0 2.2.3.
3.3 £RE5iR
3.3.1 S&HMAIRTRIE

i =0 & T 2 A MEL B e, {8 PMoiz. Cu(NO3)2:3H20(nvo/ncy = 2:1)
S 1 mmol JRETCHIER, SRIGIIAN—H 1 om x 2 cm TRACFR VAT, BEAT/KH
SR & AT BRI GNOK 3R . BE S, R AT IRAARAE No 50 R IR K B AT
CuMoOx/CF A M. o, HiB KGR IRAIEREAR Ok B IR B, fEHR T A
K HKUST-1 73 385 €11 CuMoOx-HKUST-1/CF-1. A T W 78 55— 25 /K #00i [a] %:f
HAL A PEREIREIR, 4 T CuMoOx-HKUST-1/CF-2. 3 #fh. NTWHRE P
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IKFGR X AL S R BR324 T CuMoOx-HKUST-1/CF-4. 5 ¥, AT
98 58— 20 4 J PR R LT rELAR 22 BE RS2, 4% T CuMoOx-HKUST-1/CF-6+
THRE . AT IR FE R4 R A 5 A 1 Bk R AR R OO B SRR SR, & T
CuOx-HKUST-1/CF-8 #1 MoOx-HKUST-1/CF-9 ¥£/i#. ATt E & HKUST-1 %f
AL AL E R RE RIS, )45 T A E HKUST-1 /) CuMoOx/CF #£ i .

ST oK RTIRAR, AR5 XRD W1 3-1a fis, Sos 17 36.3 °.
42.5°, 61.2 °f1 73.3 °[f] CuaO(JCPDS 05-0667FFHIEIEFIA T 43.5 °. 50.7 ©, 74.4 °
[PV E] Cu(JCPDS 04-0836)FF{iFIE . 25 — B 7E Na 4UH B K ) CuMoOy/CF fE
21.8°, 24.3°, 25.8°, 322°, 47.7°, 53.6°. 61.3°. 77.1 “ALICIAT 504 %F M T
MoOs HFHIEIEE(JCPDS 01-0706), HAth [RRFEIE BT CuO FHVE AR (& 3-1b).
CuMoOx-HKUST-1/CF-1 ] XRD i 3-1c ffizx, 78 7 MoOs. Cu0. Cu
A HKUST-1 fUSFIEIE(6.7. 104, 11.6. 13.4 F118.9°), Xit—iFEH T Cux0.
MoO; 1 HKUST-1 ZEJEA R4, CuMoOx/CF Hl HKUST-1 & & .

= CuMoOx precursor b e CuM o O/ CF c = CuMoOx-HKUST-1/CF-1
010706 Mo, 010706 MoO, 010706 MaO,
—_ o —— 050667 Cu,0 - —— Simulated HKUST-1
g = LJ ——vs8g6 CuFoam | H ::::;:::n?
< a WO 1 ) e & bt
2 - N z z
g ' 1 L. Bl die e b b s = oA ¢ b1
=
= I = l | | - l ‘lk a |
I 1 s A l
l . L. i A
l | J A ] | f
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
2 Theta (degree) 2 Theta (degree) 2 Theta (degree)

P 3-1 (a) CuMoOx T JRAA, (b) 7E No 78l NiE K Ji5 ) CuMoOx/CF, (c)
CuMoOx-HKUST-1/CF-1 f#] XRD FEI#f
Figure 3-1 XRD patterns of (a) CuMoOx precursor, (b) CuMoOy/CF after annealing under N and
(c) CuMoOx HKUST-1/CF-1

BE—2 ] SEM XA BEIHEAT 1 70T, B 3-2 ATERIA . CuMoO«/CF
Al CuMoOx-HKUST-1/CF-1 ff] SEM E{R. 7£ K] 3-2 a, b A LAE B _EAGw 1
RIGHE FIAKERATIRAR, FEIR KGN R BRRITES, JF R 7 U R-Fi
(K 3-2¢,d). K 3-2e, £y CuMoOx-HKUST-1/CF-1 ] SEM &, ®J LA H/\TH &
S5 ) HKUST-1 dd i A RAE AL R TR, IX A S A3 K T A7) 5 B o 2
[ At AR, #Ek 72 HNETEAL AL, AN TR s A A TR RE .
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3 pm

500 nm

i 3-2 (a, b) CuMoOy BSR4, (¢, d) 7E N2 iR K J5 1) CuMoO,/CF, (e, f)
CuMoOx-HKUST-1/CF-1 f i s (%
Figure 3-2 SEM images of (a, b) CuMoO; precursor, (¢, d) CuMoO,/CF after annealing under N»,
(e, f) CuMoO,-HKUST-1/CF-1

IR T AEAFIK IS TE], KGR L, <@ R R o BRI AL IR T TS
SEM EMZNE 3-3 IR, XERE G K2 ZTEF AR, Hilkd EEK
WA 5yl T e, XM TS R 4 A A IR A BRI B R A
CuOx-HKUST-1/CF-8 F1 MoOx-HKUST-1/CF-9 ] SEM FE 4/ 3-4 AR, 448
JHAH Cult, 7EHEA A KR HKUST-1 A A 5], I X b & %
EHES(E 3-4 a, b), KW T Cu? WS 5 T B AN TE R %4 . AN
TN INARVE A ) MoOx-HKUST-1/CF-9 H T e & & &K, EHRIE AR
) HKUST-1 N A TES(El 3-4 ¢, d).
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Sum

e ——

2 pm

-” #71;0 pm

o

] 3-3 (a) CuMoO-HKUST-1/CF-2, (b) CuMoOy-HKUST-1/CF-3, (¢) CuMoOx-HKUST-1/CF-4,

(d) CuMoOx-HKUST-1/CF-5, (¢) CuM0oOx-HKUST-1/CF-6, (f) CuMoOx-HKUST-1/CF-7 ¥ 414
L R
Figure 3-3 SEM of the other samples (a) CuMoOx-HKUST-1/CF-2, (b) CuMoOx-HKUST-1/CF-3,
(c) CuMoOx-HKUST-1/CF-4, (d) CuMoO,-HKUST-1/CF-5, (e) CuMoOx-HKUST-1/CF-6, (f)

CuMoOx-HKUST-1/CF-7

10 pm

[ 3-4 (a, b) CuOx-HKUST-1/CF-8, (c, d) MoOx-HKUST-1/CF-9 {434t i 55 1%
Figure 3-4 SEM of (a, b) CuO,-HKUST-1/CF-8, (c, d) MoO,-HKUST-1/CF-9
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IR XPS RAE, #—25 T T CuOx-HKUST-1/CF-1 {8 445732 H 144 2%

R AT R S o

CuMoO,/HKUST-1/CF-1 Cls

— Cu2p

- —_—
3 =
= &
5
= &
7 =
2 =
£ 2
= =
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K 3-5 (a) CuOx-HKUST-1/CF-1 ] XPS J:i, (b) C 1s, (c) O 1s, (d) P 2p, (e) Mo 3d F(f) Cu 2p
[ o HEEE XPS il
Figure 3-5 (a) XPS spectra of CuO,-HKUST-1/CF-1, high-resolution XPS spectra of (b) C Is, (c)
O 1s, (d) P 2p, (e) Mo 3d and (f) Cu 2p
XPS HiEUESE T Cy O, Py Cus Mo JGERMIMFEB-5a). B 3-5b B/RT Cls
(1) XPS Jtith, TS 2] = ANAEI C 1s {55 . BTC BiAAH 2RI 1) C-C B2 1E 284.9
eV WM EZBNE(E R R, C-O/C-OH P IIAF1E AT LARRETE 286 eV AW 52 (11
fE, 7£ 288.5 eV ALMIUEFT )R T2 C=0 BB a0, 718 3-5 ¢ 1, O 1s () XPS
JERELE 531.6+ 532.5 eV ALHI{E 553718 Mo-O Fil H-O-H #8051, P 2p HJ6HE G
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1 133 A1 134.2 eV ACHJUEAE (K] 3-5 d), "EATT0 N T W R 56 i P-O #1001, ] 3-5
e ‘Z78 T CuOx-HKUST-1/CF-1 ] Mo 3d XPS Ji, £ 232.3 eV £l 235.4 eV 4L1H)
g 73 6 N.F Mo 3d5/2 Fl Mo 3d3/2, 1XUiH] T Mo #Fh A7 7E200, 8] 3-5 f &2
787 Cu2p i XPS Jit, ATLIA H CuOx-HKUST-1/CF-1 £ 934.4 eV i1 954.7 eV
B 45 A RE 20 ) B T Cu ) Cu 2p3/2 A1 Cu 2pl/2. 7E 932.4 eV A1 952.5 eV )
W& 23 %6 N F-F Cut ] Cu 2p3/2 A1 Cu 2p1/2. B4k, 7 941.2 V. 943.3 eV 1 962.5
eV A=A A2 IR Cu Al Cut [ B SRR,
K 3-6 1) A B O BOEIE W ESIE T CuMoOx-HKUST-1/CF-1 #1 C. O. P.

Cu. Mo JLE MAFAE,

K 3-6 CuMoO,-HKUST-1/CF-1 ¥& 5 iR e

Figure 3-6 Energy dispersion spectra of CuMoO,-HKUST-1/CF-1

3.3.2 HBiE{kiTE4EE

7E 1 M KOH HUfR . 3 AR = F AR R Goxt UREAT B IR, DAVP
fl AR OER W& PE. 4id iR RIEJG, 20t 17 LSV WAk th & (& 3-7). it
DS AR A4 R K AR TR RIE S 5 AR A 0 B e B K AR 1), [ 3-7a SBos 17 AN [R] K
I [E) 1) 25 T FELAR LSV Akt 2, EIH AT BB H, CuMoOx-HKUST-1/CF-2(ns0 =
382 mV) Al CuMoOx-HKUST-1/CF-3(nso = 310 mV) B & 1k 3% ¥ 1% F
CuMoOx-HKUST-1/CF-1(nso=290 mV), XK 15 h =& & I Fhas ek it i L o
A . B 3-7b WEOR 7O A K AR FE & B LSV B Ak il 2
CuMoOx-HKUST-1/CF-4(n56=341 mV) 1 CuMoOx-HKUST-1/CF-5(n50 = 351 mV)
(I AL S PR AR X LA, R B 120 °CH2 & BUX A R B AR I MR T 3-7¢
N T ANIE 4 BE R E ) £ FE AR LSV B AR 28, CuMoOx-HKUST-1/CF-6(ns0 =
438 mV) 1 CuMoOx-HKUST-1/CF-7(nso = 377 mV) [ £ 1k 3& % 15 1K F
CuMoOx-HKUST-1/CF-1, iXZH] Mo/Cu = 2/1 J& & BUX Fidt ki et BE /R
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3-7d i LA T AN TR 42 B FE AR ) LSV MRtk i 28, CuO-HKUST-1/CF-8 Fl
MoOx-HKUST-1/CF-9 7£ 50 mA em? fJid L3573 7104 538 mV 1 427 mV, X i ¥
L BT — & MR, AT OER. th4b, it 7 %4 £ HKUST-1
(1) B A% LSV M 1k #h 28, CuMoOx/CF 1 id L £ (ns0=345 mV) b & & T
CuMoO,-HKUST-1/CF-1, Xi#t—##&I, CuMoOx 5 HKUST-1 Z [A]f¥) 5 [ HL, 1
FHEL AR F AT LR KHR 7 CuMoOx-HKUST-1/CF-1 (AL RE, A FIT hnidk s e i
¥, Mt — B m AL A B . CuMoOx-HKUST-1/CF-1 £ HLH 5 & OER
W, BEAE 50 1100 mA em I (3 A2 9 290 A1 368 mV, KT HA ] 4
HIfEAL ). XL, 7E Mo/Cu=2/1, /K# 120 °CERF 15 h HISAT G B AT AR
CuMoOx/CF 5 HKUST-1 8 & 2 Ja B A &L 7 1) OER 6. CuMoOy/CF
HKUST-1 22 [8) B F i B 5 AR EAF 3 = 1 CuMoOx-HKUST-1/CF-1 FIEALPERE .
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Kl 3-7 (a) CuMoOx-HKUST-1/CF-1, -2, -3, (b) CuMoOx-HKUST-1/CF-4, -5, (c)
CuMoOyx-HKUST-1/CF-6, -7, (d) CuOx-HKUST-1/CF-8, MoOx-HKUST-1/CF-9, CuMoO,/CF #¥
wn ) OER PEREE

Figure 3-7 OER performance of different samples (a) CuMoOx-HKUST-1/CF-1, -2, -3 (b)
CuMoOx-HKUST-1/CF-4, -5, (c) CuMoOx-HKUST-1/CF-6, -7 (d) CuOx-HKUST-1/CF-8,

MoOx-HKUST-1/CF-9, CuMoO/CF
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M LSV At i 1 H 5 AR Tafel £12%, MiiE—B4R 5T OER 1 M)
715 B 3-8 ] LA HY, CuMoOx-HKUST-1/CF-1 HIE 36 /R R R &A%, 9 109.05
mV dec”!, KT CuMoOx-HKUST-1/CF-2(228.55 mV dec™!). CuMoOx-HKUST-1/
CF-3 (126.11 mV dec'). CuMoOx-HKUST-1/CF-4 (165.58 mV dec'). CuMoOx-
HKUST-1/CF-5(176.18 mV dec'). CuMoOx-HKUST-1/CF-6(373.25 mV dec™) .
CuMoOx-HKUST-1/CF-7 (218.78 mV dec) . CuOx-HKUST-1/CF-8 (539.35 mV
dec!)s MoOx-HKUST-1/CF-9 (349.65 mV dec™")H! CuMoOx/CF (171.36 mV dec™!).
S5 K], CuMoOx-HKUST-1/CF-1 B A & NS 17t XalRee T
MOFs {EIEFR AR AK KIS, WK T AT LR TR, 3L s 2 H A
Z, (Rt 7 AR AR, BRI ).
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wm 1) Tafel &}

Figure 3-8 Tafel slope plots of different samples (a) CuMoOx-HKUST-1/CF-1, -2, -3, (b)
CuMoO«-HKUST-1/CF-4, -5, (c) CuMoO«-HKUST-1/CF-6, -7, (d) CuOx-HKUST-1/CF-8,
MoOx-HKUST-1/CF-9, CuMoOy/CF
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MoOx-HKUST-1/CF-9, (j) CuMoOy/CF [IEIF R 2 i £
Figure 3-9 CV of different samples, (a-g) CuMoOx-HKUST-1/CF-1, -2, -3, -4, -5, -6, -7, (h)

CuO,-HKUST-1/CF-8, (i) MoO,-HKUST-1/CF-9, (j) CuMoO,/CF
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MoO,-HKUST-1/CF-9, (j) CuMoO/CF [#] H 4k, 223 P bt 2 T AR
Figure 3-10 Ca values of different samples, (a-g) CuMoOx-HKUST-1/CF-1, -2, -3, -4, -5, -6,
-7, (h) CuOx-HKUST-1/CF-8, (i) MoOx-HKUST-1/CF-9, (j) CuMoOy/CF
WP 3-10 fizn, CuMoOx-HKUST-1/CF-1 ) Ca {84 15.3 mF cm?2, KT
CuMoOx-HKUST-1/CF-3(11.7 mF cm?). CuMoOx-HKUST-1/CF-4(5.1 mF cm?).
CuMo0Oy/CF(4.2 mF cm?). CuMoOx-HKUST-1/CF-5(3.6 mF cm?). CuMoOx-HKU
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ST-1/CF-7(2.1 mF cm?2). CuMoOx-HKUST-1/CF-2(1.9 mF cm?). MoOx-HKUST-
1/CF-9(1.4 mF cm2). CuMoOx-HKUST-1/CF-6(1.3 mF cm2)H1 CuOx-HKUST-1/CF
-8(0.35 mF cm?), XFEH CuMoOx-HKUST-1/CF-1 ¥4 2 A & K ECSA, HA
B OER G 1%, X5 SEM B BRI LSV A — 2. 45 RiuEW 7
CuMoO,-HKUST-1/CF-1 B4 B R HALTEVE LR TR, B RER5E 5 2 3G AL
i, R OER MhBE A3 B LT

e MR P AL PR RE R R AR 2 — o MBI 3-11a HHATRAE H, 7E CV
fiG 5 2000 G 19 LSV WAkl 28 55 98 26 6 1 i 2640 Lu AU R w5, R B
CuMoOx-HKUST-1/CF-1 &3¢ OER &M J5, AaEfRiF 1 AR R AL TR .
K 3-11b 2 & G PR E AR AR XRD B, AWE e LR, A S
B R A AR, XU R REFIRRE I, (£ Tl A= i B H B sk

o
c
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K] 3-11 (a) CuMoOx-HKUST-1/CF-1 fE¥ Ml 5 S5#I4E 1 LSV #h4:, (b) CuMoOx-HKUST-1/
CF-1 23 k)5 19 XRD &
Figure 3-11 (a) LSV curves of CuMoOx-HKUST-1/CF-1 after cyclic testing versus initial, (b)

XRD patterns after cyclic testing

3.3.3 &ip

FIFH =254 i T CuMoOx-HKUST-1/CF-1 H A% A 03P 18 9 AR AT S80S
154 @ A A R T A2 K MOFs T LU K & (i VAT sl RS OK IR 43 181 77, 4
T AR ERAT, SEIN TS TR AR o R IR FEL R A ) B R R R AT
FEOERIIFEH, 50F1100 mA cm 2 [)id HLAZ A H290F1368 mV, H Tafel Rl #44
N, 9109.05 mV dec e FATHMIEL 1 AL FTHERTEBE,  10mA e ()i B
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HR305 mV, EoNHEZEMHERTEE . teAh, ZMEFIFEOERIS FE ik I H
20008 J5 1) R4 e sE M« CuMoOWRTHK UST-1 [ ik ) 250Nz A b A i % 7% 3
B, LA H AR T K ST IR ANEAG, AR TR A0, AT
B T OERI AR (1 N AES) /)2 o X I LAE e vt i PR BRI A ) B 25 AR A
S T SRR A T AT TV
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H|AS BEFRISTIEEM Cu,0-HKUST-1/IL I ERE—G
BREE TR M RER AR

4.1 3|F

BB SRR, KEMA RN EFE, TP COor & & AWM,
SR T U 2 0NN 4 R AR W A P i R S AGATFR I 1] 1211230, SRR COo X H1
RIAFIFENT, CO2RR & —BURA WAL E AYHORI241261, FLA IR AR SR AT
A5 0 SOBEREFE  T [RISC LR R DA T COp HEBUER A 350381271, B R o Bk 3
AMUREFARI BT COx & i, B PBRIEH, RN COL etk N mI R B 5 fik
LRI R 2 5, 0 CO. CHsw CH30H. CHCOOH. CoH,%50128-1301, SR,
HI T CORR IR 2 Tl & Al o TR s BB 218, 30 R P (i B 1 I
RIEBITUA, T RIRFIX— Pk, $2E CORR HERE I — A HE 7 [ 5 2 il 4
HA R et A m R e M A7) .

CO A MM EERZ—, AIEN A BB S50 2 i g s 132-1331,
$ COLIEJFE Ay CO G T MR AN RIR A ATIRRI R A= S, 2R R T #E
BEREIR N AT AT VR o H COLIBJEA CO IR 72 R 2 S M B AR AT B8 . 5 F 20 B8 M
SRz RN 3, R IR E— MR e R o, AL CuO
R B B IR B 1 4% 52 OG0, (EE AT R B M e 22 0381401, MOFs 1 2 L5 14
A PR T AR A 2 R COL MY . %5 F CuxO [T A AL 1 R MOF's (158
CO: i fHRE ST, # Cu0 55 MOFs MR E & 7 LU m AL P RE, R & 5 AR A
A BRI R TR AN SE 2 3G AL AT, A e T s fRid, AR T
CO2RR PRE -

4K, B RIFS LB T L) E CORR HEE] 172 (HF Fe 4,
E A WKME R 25114 ILs AJ 380 CO2 VA ARIE , JFIEIL7E £ 8 F R T (1 B[R] (i A
S BEARIHAL A, $278 CORR [P E142 1431, SRTMT, CKf ILs ELEEA N2 H ik
i, TLs [ PR FE 2o SRS BRI I 25 i 7 A S RIS o DR T S BRAS RS
RS E R L S AR G 0K ILs [ AL R mU 19, Rl 2 A
Cao o7 15 [y kP2 TLs([BMIM][PFe]) 5 Cu20-MOFs B4 Rl 7e 4> RIER 3, dhom
AR S, 25 CORR A CO Mk FEE .
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S AR B (GDE) % T CORR, L2 L4 FIF Itk CO, 1] AR
AR 040l (HR AT BUZ (GDL)TE [N LN 5 st S e, A B AR i 7K )
GDL P AL RS F AR B S, S 3 COL T HUEE B3, i COL AN RE A i 4k 771
M BE PEAL f047-199), FERA BRI T HEAT B /K B0, AV BB BEL LE 5 1 1] H R A 46
IEREAE COL NITRIFEN AR, #E— € I [R] 94 & CO2RR HEfE.

X TAEA R T — P4 3L 7] Cu20-HKUST-1/IL1/PTFE, Cu,O-HKUST-1
Xt COy HA R BB M ERE, FRREEREE S = A [ B o WKMEEE TLs 7 ARTER
it CORR #24E TARAERIIEE. Bi/KMEA R PTFE MIMASIE] T HER RV,
BRI RE T CORR WHEFEM: . T RAL5M NI HIE, Cu,0-HKUST-1/IL1/
PTFE X Ci 7##)(CO A1 CH4)H FE N 96.5%, .+ CO ) FE N 92.7%.

4.2 SCERERSY

4.2.1 SERMEEMEE

#4-1 Al

Table 4-1 Chemical reagents

24 ik 4T 23 CVAIRE
B 7K 4T / A BRI T R A IR A
e 43 4 [ 244 ]
HUHR I R S W7 4 CETRN
Tk & B ER A Sy 7 4 Bl T
PTFE / AR 377 ) Sl BB A R A F
ST VG 5% CETRN
1-G1k T S S W7 4 SETD
1, 2- 7 FF 3 3k A ok e 3 b 4 Eoa
1- T 3 3- Y DR IS JR10 B R 2k AW 4 SETD

HApEE 255 IR 2-1 fil 3-1
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F4-2 I HE

Table 4-2 Instrument

BB 4 T
i L M A BB R A
CEREE I T 4 (35 TR AR 2 7
UM X A By

HAR A SR % L3R 2-2
4.2.2 EWFIRHIE

Cu20 GHKER KA = #5 0.5 mmol CuSOs - 5H20 T 10 mL ) NaOH 5 #(0.1
MY, NWEdEEE 5 T B B 1) Cu(OH): TIE . SRJ5 Al iR 3 i\ 0.5 mmol
PUR MR, ELLIHE 15 70 8h, (EAWR i a7 Nt 8l 5050 B Ui,
8 258 FOKFITE K SRR =K, 1E 50 °C (B2 T4

HKUST-1 )4 8% % 2 mmol Cu(NOs), - 3H,0 11 mmol H:BTC & fi#7E 20 mL
(1) QBRI T K= LD, ES5E A5 15 0%, IR RR
VU 205 P A IR AN 8 v T 55 TR ZEHEAE T DR 9P 110 °CIRE 24 /N, AR5 E AR
HEER, HIEOHR, B0 BEATIE, HEET/KMTKZERRE
=R, AE 60°C B HE A HEF TR

CuO-HKUST-1 (& K ¥ ik & pir) 70 mg Cux0 49KER 53 BUAE 40 mL
R, AL 20 1S RIS BIEI . SRR B B B B
Hr, IHAE 80 °C KR R BERE 5 208 B 0.7 mmol Y HsBTC ¥ f#4E 5 mL )
ToK CEEH, TSI RTINS A Cu0 BRI, 16
80 °C N ML FELEMH: 12h, fFRMARARHNERIR, BOWESOH
Cu0-HKUST-1 JiiE, )G EEF/RKFTK CRESG =R, BHET 60 °C 1)
AR R

CuwO-HKUST-V/IL K& % : FREL 0.6 g & i) CuO-HKUST-1 A1 0.2g 1)
[BMIM][PF](F & tb ol 3/1), HIHIBAYE 10 mL (B . KA ERLE 30 °C 7K

8% CurO-HKUST-1/IL ;-1 F1 Cu20-HKUST-1/IL;-2 . Cu2O-HKUST-1/IL> £ CurO-
HKUST-1/IL3 [ 45 77 1: 5 CuO-HKUST-1/ILy A5ALL, (HFT 1-T &Mt 1, 2-—
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B L 3- TR S AL Kk TLs 5 /X[ BMIM][PFs]

AR BRI s K U (¥ S mg B R FE i 2 O VA AR T 250 pL Jo/k LB
200 uL ZEF7KH 50 uL5%M Nafion ¥+, FEIIAN—E &K PTFE, R 5H R
S 30 73 e RIS IE 50 pL, HAE 1 em x 2 cm KIBIKRAL
Frfa], JER 0.5 x 1 em FTAR RN, FRAEZIR N . 78 AR AR & F2 oo
A 10 pL #1120 uL # PTFE £ & 43 5l 7 4 4 Cu2O-HKUST-1/ILi/PTFE F
Cu20-HKUST-1/IL/PTFE’.

4.2.3 EWFIRBELFEMIR

K A B A T AT LA IR . A 0.1 M KHCOs VR ATy L
W RHMS N Ag/AgCl IR, 1 x Tem? SFH Pt R AR X AR, 4k
FITTARTERRAR AR AR sl . FAZ 5 R0 i A B 8 % 480y T 3 0 LB (RHE):
E (vs. RHE) = E (vs. Ag/AgCl) + 0.210V + 0.0591VxpH. 1 F 58 VU 46 245 18 Fr Sk [
SE Pt BT A 4 IO T o AR £ 99 A% = R B A 2 ) R A LR, COL S
L 15 mL/min (38 JERFEHEN F H R 760e FAL S AR, 9353 %y 5 mV
s1, 193] 7 LSV ALl 4. LSV #dli KA L IR CV THI G ISR I 2L .
FIT A R it BT B, B e v AR HE S Al . EIS A CV IR A& 7E R A B b 2 T il
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Figure 4-1 Schematic diagram of the synthesis process of CuoO-HKUST-1/IL1/PTFE composites
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Figure 4-2 XRD pattern of different samples (a) CuO nanospheres, (b) HKUST-1, (c)

Cu20-HKUST-1, (d) Cu0-HKUST-1/IL,
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Figure 4-3 SEM of different samples (a) Cu20 nanospheres, (b) HKUST-1, (c) Cu,O-HKUST-1,

(d) Cu,0-HKUST-1/IL,

S00 nm 1 pm

400 nm

4-4 (a) Cu0 YK EK, (b) HKUST-1, (c) CuxO-HKUST-1, (d) CupO-HKUST-1/IL; i% 5} 555 &
Figure 4-4 Transmission electron microscopy of different samples (a) Cu,O nanospheres, (b)

HKUST-1, (¢) Cuz0-HKUST-1, (d) Cu,0-HKUST-1/IL,

100 nm 100 nm

100 nm 100 nm 100 nm

B 4-5 (a) Cu2O-HKUST-1/IL; [ i 5 #HE 5 S, (b-f) EDX JG R i %
Figure 4-5 Characterization of the CuxO-HKUST-1/IL; (a) HRTEM image, (b-f) EDX elemental
mapping images
Bt4h, CuO-HKUST-1/IL; ff) HRTEM B (K 4-5 a)& B, 0.245 nm FI &4 1%
806 T CuO FI(111) & TH (JCPDS 01-1142). &l 4-5 b-f )70 2 WLt B 1553 —
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Figure 4-6 Energy dispersion spectra of (a) Cu20, (b) HKUST-1, (¢) Cu20-HKUST-1, (d)
CuO-HKUST-1/IL;
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Kl 4-7 (a, b) Cu20, HKUST-1, (c, d) CuxO-HKUST-1, Cu;O-HKUST-1/IL{EDS JG & & & IR K
Figure 4-7 Histogram of EDS elemental content of different catalysts (a, b) Cu2O, HKUST-1, (c, d)
Cu,0-HKUST-1, Cu20-HKUST-1/IL;
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Figure 4-8 FT-IR of different samples
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Figure 4-9 (a) N2 adsorption and desorption isotherms of Cu,O-HKUST-1 and
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Figure 4-10 (a) XPS spectrum of CuxO-HKUST-1/IL1, (b) high-resolution XPS spectra of C 1s, (c)

N 1s, (d) O 1s, (e) P 2p, (f) Cu2p
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4.3.2 BHEL-SHBTE R

N T A E A FMEALTIA BT CORR Pk #EE R, {5 F i 8l gt A2
ANF AT AT T AR, BL 0.1 M KHCO: 1E N AR AR, VPAG T & Fhi
TR A TEE o« AR R AR BT (GO)YEAT 2 Bl WA Bl U
KL IR E B (TH NMR)BEAT 70 8. AN 4-11 Hhm] OB 21 A AR A ™
WA, TE1Z RGN CORR ¥ =F7=#12% Haw CO I CHao

paatalt

D,0

] 4-11 CO2RR J5 HLfEA 1) 'TH NMR 437

Figure 4-11 '"H NMR electrolyte analysis after the electroreduction reaction
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Figure 4-12 Comparison of total current density of different samples
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Figure 4-14 (a) Line plots of current densities for CO2RR and HER reactions of
Cu20-HKUST-1/ILi/PTFE, (b) Histogram of partial current densities for CO
Sf & AL TFIAE-1.4 %-1.8 V vs. RHE HJE FAEF=#1K) FE #4717 Ak
5 Cuw0 M, Cu,0-HKUST-1 #E-1.6 V vs. RHE I BA 8 # ) FEco, "i&%] 63%
(K 4-15), 1M CuO MIEHEPIF=E N E . CuO-HKUST-1 £l CORR HUR 1) 5.3

62



LRUTARE R 22 A S

Sy AT U DR KA P R T AR, I A A R T A7 KB B A S i ORI Oz

B co o I, 100

100 !I J L-' “ EI

14 15 16 -1.7 -1.8 14 15 -16 -17 -18
C Potential (V vs. RHE) d Potential (V vs. RHE)
100
T 3]
J| S N R ——
§0{ ——FEorcH,
80 ey —&—FE of CO
£ < 601 T Ty
= 60 =
= =
40 40 4
¥ N y ¥
20 201 S~
R
0 r 0 v v T : -
-4 -15 -16 -1.7 -1.8 -14 -1.5 -16 -1.7 -1.8
Potential (V vs. RHE) Potential (V vs. RHE)

Kl 4-15 (a, b) Cu20, (¢, d) CuxO-HKUST-1 7EAN B AL R IV 55 SCR I A IR B R4 26 1
Figure 4-15 Histogram and line graph of Faraday efficiency of samples (a, b) Cu20 and (c, d)
Cu0-HKUST-1 at different applied potentials.
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Figure 4-16 Histogram and line graph of Faraday efficiency of samples (a, b) Cu2O-HKUST-1/IL,
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Figure 4-17 Histogram and line graph of Faraday efficiency of samples (a, b) Cu20-HKUST-1/
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PTFE after test, (d) Cu20-HKUST-1/IL|/PTFE’ contact angle of different samples
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Figure 4-21 The CV of all catalysts at different rates from 20 to 160 mV s°!
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